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ABSTRACT

NUREG-1179, Volume 1, reported on the rupture of a Model 48Y uranium hexafluo-
ride (UFg) cylinder and the subsequent release of UFg. At the time of publica-
tion, a detailed metallurgical examination of the damaged cylinder was under
way and results were not available.

Subsequent to the publication of Volume 1, a second incident occurred at the
Sequoyah Fuels Corporation facility. On March 13, 1986, a Model 48X cylinder
was overfilled during a special one-time draining procedure; however, no
release of UFg occurred. An Augmented Investigation Team investigated this
second incident. ‘

This report, NUREG-1179, Volume 2, presents the findings made by the Augmented
Investigation Team of the March 13 incident and the report of the detailed
metallurgical examination conducted by Battelle Columbus Division of the cylin-
der damaged on January 4, 1986.
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PREFACE

The U.S. Nuclear Regulatory Commission Augmented Investigation Team, which
conducted the investigation of the March 13, 1986, incident at the Sequoyah
Fuels Corporation facility, consisted of the following members:

R. Dale Smith, Leader
Charles L. Cain
Justin T. Long

Gary F. Sanborn
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1 INTRODUCTION

1.1 Background of Events

On January 4 1986 a f11]ed Model 48Y uranium hexaf]uorlde (UFG) cy]xnder rup-
tured while 1t was being heated at the Sequoyah Fuels Corporation (the
licensee) conversion: facility near Gore, Oklahoma. - The accident sequence and
resulting analysis are described in Vo]ume 1 of NUREG-1179. This report,
Volume 2 of NUREG-1179, describes events that occurred on March 12-13, 1986, as
the licensee drained UFg from process cold traps to:shipping cylinders. -

1.1.1 Cylinder Overfill

On March 12, 1986, the Sequoyah Fuels Corporation began draining UFg from phéé;

ess cold traps to shipping cylinders.  This operation was: necessary to:.enable .. - =
modification of facilities and equipment at the plant, which had been shut down

since January 4, 1986. A secondary obJect1ve was to attempt to:determine, by
inventory accountablllty, the amount of UFg in the cy11nder that had ruptured

on January 4, 1986. (NUREG-1179, Volume 1, presented eng1neer1ng est1mates of‘*'t'éd

the probable-: amount “but actua] data were not yet avallable )

During the course of the dra1ndown process on: March 13 1986 a Mode] 48X cy]-‘ufu\"

inder was filled with 26,017 pounds of UFg, an amount. that was 4, 987 pounds

more than the cylinder's maximum shipping we1ght specification of AT
21,030 pounds. This weight exceeded the maximum amount of liquid UF6 capac1tyv'
for the cy]inder, indicating that some solidification had occurred dur1ng the
filling process. ' The draindown process was to have been conducted in accord-:
ance with special licensee procedures (Appendix A), which further 11m1ted each -
cylinder to be fllled w1th no more than 20, 000 pounds of UFg.

The causes of the overf1]1 were 1dent1f1ed as (1) a malfunct1on1ng scale,
(2) failure to include procedures to test the functioning of the scale, and
(3) failure to recognize indications of malfunction.

The licensee's procedure prohibited the cylinders from being heated in the
~steam chests. Because this procedure was followed, the cylinder did not
rupture and no material was released. Most of the excess material was
evacuated back to the process equipment before the temperature and vacuum
equilibrated with the vapor pressure of the material, causing flow to cease.
The cylinder is in storage pending future plans for removing the excess UFg
(172 pounds above the maximum shipping weight specification, and 1,202 pounds
over the 1imit set by the one-time procedures). Reviews by the licensee and
NRC concluded that storage of the overfilled cylinder poses no significantly
greater risk than storage of properly filled cylinders.

1.1.2 Investigation of a Fai]ed UFg Shipping Container

At the time_of publication of Volume 1, a detailed metallurgical examination of
the damaged cylinder was under way and results were not yet available.
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Battelle Columbus Laboratory conducted an investigation of the failed UFg
shipping container to determine the cause of failure. The investigation
consisted of (1) an onsite inspection of the failed vessel, (2) laboratory
evaluations of appropriate sections removed from the failed container, and
(3) stress analyses to estimate the pressures required to cause failure.

The investigation revealed (Appendix B) that the failure initiated in the
region of the valve end stiffener ring. It appears that cracking of the butt
weld in that stiffener ring occurred first. Cracking in the vessel wall
appeared to be an extension of the stiffener ring crack. Upon rupture, the
cracks propagated axially in a shear mode. Stress analyses indicated that the
crack in the vessel shell may have initiated at an internal pressure of

1250 psig and that final rupture occurred at an internal pressure of
approximately 1800 psig. There was no indication that the failure was related
to material deficiencies.

1.2 Investigation of Cylinder Overfill

An Augmented Investigation Team (AIT) was assemb]ed to review the act1v1t1es
relating to the draindown of the cold traps and the resultant overfilling of a
Model 48X cylinder that occurred on March 12-13, 1986. The team consisted of
the team leader and one investigator from the AIT who had investigated the
January 4, 1986, incident, and was supplemented by representatives from Region
IV and the Office of Nuclear Material Safety and Safeguards. The investigation
was conducted in accordance with the draft "Procedure for AIT Response to
Operational Events." Accordingly, the objectives of the investigation were to

. conduct an on51te fact-finding 1nvestigation of the March 13, 1986,
1nc1dent

. identify and communicate any generic and spec1f1c safety concerns related
to this event

. document the findings and conclusions of the onsite investigation

Furthermore, the scope of this investigation did not include

. an examination of proposed licensee actions to correct the cause of the
event

. licensee actions taken or planned to be taken before resumption (or con-
tinuation) of draindown operations :

. NRC staff review of the licensee's one-time special procedures for
draindown.
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2 CONDUCT OF THE ONSITE INVESTIGATION

2.1 Personal Interviews

On March 16-17, 1986, members of the AIT conducted personal interviews with
Sequoyah Fuels Corporation employees who had firsthand knowledge of the events
leading up to, during, and immediately following the incident that occurred on
March 12-13. The team also interviewed an employee from the McElhaney Scale
Company (Fort Smith, Arkansas) who had serviced the scales on the day after the
incident. Seventeen persons were interviewed during this period. A1l of the
interviews were recorded by a certified shorthand reporter, and transcripts
were prepared.

The transcripts of these interviews are not presented separately; instead, they
form much of the basis for the observations and descriptions contained in the
investigation team's report.

2.2 Examination of Scale

On March 17, 1986, the team members examined the scale that had malfunctioned.
The team was accompanied by the scale service technician who demonstrated the
condition of the scale before and after he had serviced them on March 14,
1986.
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3 FACTS SURROUNDING THE INCIDENT

3.1 Background Information

Further background information regarding facility description, management orga-
nization, and process description may be found in Section 3 of Volume 1 of
NUREG- 1179 . _

3.2 Recent Hfstory of.Scale Use and Service

Section 2.3 of Volume 1 of NUREG-1179 describes the tests that were performed
on the two drain station scales and the final product scale on January 28-29,
1986. These tests were observed by a representative of the National Bureau of
Standards (NBS), and the scales were found to perform within expected -
tolerances. Because no mechanical abnormalities were observed at the south
drain station scale, comprehensive testing was not performed on the matching
north drain station scale. However, test weights were applied to this scale on.
January 29, and the scale was found to reg1ster accurate]y after approximately
25,000 pounds were app]1ed : : : ;

The testing was performed before any decontam1nat1on of the sca]es occurred to
ensure that the decontamination would not disturb in any way the condition of
the scales that existed at the time of the accident on January 4, 1986. The

scales were then released for decontamination, which was complieted on January
31, 1986. The scales were not retested or recalibrated after decontamination.

A1l three scales had been previously checked and serviced. by McElhaney Scale
Company on September 17, 1985, and earlier on March 6, 1985. The invoice for
the March 1985 service call recorded that one of the scales was found to be
st1ck1ng and to. have a minor weighing error that was corrected by the techni-
cian. This is consistent with earlier accounts by employees that the north
scale had been sticking and had been repaired. The September 1985 invoice
noted only that the scales were calibrated and serviced where necessary. Both
invoices advised a regular service inspection every 90 days. Records show that
the scales were routinely serviced three times a year over the past 7 years.

After the scale malfunctioned during the filling of the cylinder on March
12-13, 1986, a scale technician was summoned to the site to examine the north
drain stat1on sca]e on the morning of March 14. The invoice for this service
stated that the main lever to the nose iron had been moved out of place. This
caused the pivot, which is mounted on the lever, to be out of the bear1ng
block, which is supported in the bottom of the sca]e pit (see Figure 3.1). The
invoice further stated that the lever had been realigned, the scale calibration
had been checked, and the scale was found to be in good working order.

The AIT interviewed the scale technician during the morning of March 17, 1986,
and the technician accompanied the team members to the north drain station
scale. The floor grating was removed to gain access to the scale pit midway
between the catwalk located near the fill header and the scale platform. The
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technician then demonstrated the condition in which he had found the scale on
the previous Friday when he entered the scale pit. He then dislodged the lever
to demonstrate how it could have been done and replaced it to its normal
position. A member of the AIT then entered the pit and repeated these actions.
The scale technician rechecked the positioning of the lever. The disiodgement
of the lever was noted to take minimal effort. Thus, the lever could have been
unnoticeably and unintentionally jarred out of position by decontamination
workers work1ng in the pit.

The AIT interviewed employees who had decontaminated the scale on January 31,
1986, to determine if anyone recalled stepping on or otherwise coming in con-
tact with the lever. Although several employees recalled entering the pit to
clean it out, none were able to recall whether the lever had been touched dur-
1ng the work. These employees also indicated that this was the only occasion
since the January accident that they had observed the grating removed from
above the scale pit and, thus, the only task likely to have caused the Jever:
dislodgement. The day Sh1ft health physics technician also acknowledged that

he had not been aware of any other work 1nvo]v1ng removal of the sca]e grat1ng,lv3

AIT interviews of p]ant employees who had part1c1pated in- the filling of- the
cy11nder disclosed that some operators had observed that the scale tare poise:
was in an unusual position during the filling. One emp]oyee had notified his"
supervisor of this condition and was told by the supervisor that the change in
scale operation was likely caused by the recent calibration performed on the
scale. (An erroneous assumpt1on no actual calibration of the north scale had -
occurred.) ‘ * R T o N

3.3 Draindown Procedure Development and Review

After the January 4, 1986, accident, Sequoyah Fuels Corporation wanted to com-
pletely empty (dra1n) the UFg remaining in the cold traps to enable modifica-
tion of facilities and equipment at the p]ant and to attempt to determine, by
inventory accountability, the amount of UFg in the cylinder that ruptured dur-
ing the accident. For this purpose, the licensee had drafted a procedure,
"Special One-Time Instruct1ons for Dra1n1ng Co]d Traps," to be followed dur1ng,
the operat1on (Appendix A).

The procedure was prepared jointly by four managers at Sequoyah Fuels Corpora-
tion, none of whom was assigned ultimate responsibility for the task. Final
review and approval of the procedure was performed by the plant manager. One
of the four managers had recommended that, for convenience and to limit
activity in the area, the filling of the cylinders be performed only on the
south drain station scales. This recommendation had been rejected by the team
prepar1ng the procedures in favor of the greater operat1ng f1ex1b111ty prov1ded'
by using both drain stations.

An initial draft of the procedure was sent for approva1 to NRC's Region v
office (letter from S. D. Emerson, Sequoyah Fuels Corp., to R. D. Martin, NRC,
dated February 13, 1986), and NRC responded with recommendations in a
memorandum dated February 28, 1986 (memorandum from R. D. Martin, NRC, to S. D.
Emerson, Sequoyah Fuels Corp.). The reyised procedure was transmitted to
Region IV on March 5, 1986 (letter from W. L. Utnage, Sequoyah Fuels Corp., to
R. D. Martin, NRC), and the NRC responded with a memorandum dated March 10,
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1986 (memorandum from R. D. Martin, NRC, to'S. D. Emerson, :Sequoyah Fuels.
Corp.), stating that the revised: procedure ‘was approved and that the licensee
could proceed- w1th the cold trap dra1n1ng 8 :

Neither -the 1n1t1a1 nor f1na1 drafts of the procedure conta1ned requ1rements

for testing the scales before beginning the draining operation. The licensee
routinely uses two special cylinders of certified weight to test the response -

of the final product scale, (see Procedure N-280-1, Appendix D, NUREG-1179,

Volume 1) but these had.not been-uséd in conjunction with either-of the drain -
station scales. The cylinders have been previously:certified off site and ‘ 5
weigh 4,503 and 25,509 pounds, respectively.: The:accuracy of these weights was = -
confirmed during the January 28-29,:1986, tests. If these .cylinders had been
used to test the drain scales: before the1r use the 1naccuracy of the north o
scale would have: been 1dent1f1ed : : e al e e .w}«n

The NBS report prepared for the sca]e test1ng performed at the s1te dur1ng SRS
January- 1986 (NUREG=1179, Volume=1,-Appendix A): recommended that:the test cy
inders:be used: after:a sca]evhad%beeniserviced * This ‘recommendation:was cnot: @ =
made by NRC during its review-ofiithe licensee's draindown procedures;isincei the 2/
scales were not serviced-after the.tests performed during January. 'iIniits: U
memorandum dated February 28, 1986, NRC recommended that the licensee clearly i "
identify in the procedure that no cy11nder was to be heated in the steam

chests. .. The procedure also included-a requirement that the filled: y11nders
undergo we1gh1ng on the f1na1 product sca]e before be1ng stored L5 s

TR

3.4 Tra1n1ng of Employees -in Regard to the Ira1ndown Procedure :

The 11censee 1mp1emented tra1n1ng for the spec1f1c procedures that were to be
used for draining the cold:traps on Tuesday, March 11,1986, one day’béfore: theﬁ
draining operation:was. to begin. According to 1nformat1on ga1ned from: oo ae i
interviews of the employees who were involved; the two 'shift supervisors and @
four chemical operators who had been selected to perform the draining of the : .uv
cold traps met in the control room and reviewed in detail not only the one-time
draindown procedure but also:each of the standard operating procedures ‘
referenced in -the special procedure. Following this discussion, which took
about 3 hours; they went into-the process plant-to walk through the procedures
and check equipment at their respective work: stations.. Testing of the sca]es

at the- dra1n stat1ons was not d1scussed dur1ng the tra1n1ng se551on

The 11censee had des1gned and begun 1mp1ement1ng a. retra1n1ng program that
included:both orientation and job-related training for all shift supervisors
and chemical operators. ‘Among the :individuals assigned to the draining opera-
tion, only the chemical operators had officially entered .this program before
the beginning of the cold trap draining. These employees were in the initial
stages of the orientation phase of the program when they were withdrawn from
training to participate in the:draindown operation. The retraining program
would not have addressed the special draindown procedures.. Therefore, tem-
porary withdrawal of the operators from the program appears to have had no. -
effect on the conduct of the spec1a1 dra1ndown operat1ons ; ,

3.5 Sequence of Events for the F1rst Day of Dra1n1ng

NUREG-1179, Volume 2 3-3



R A T AN ALY,

The draindown operation began at 6:00 a.m. jon Wednesday, March 12.' The first

shift crew, consisting of a .supervisor and: two chemica]'operators,(was=to work
until 2:00 p m. A similar second shift crew-was to arrive at 11:00 a.m. and:

work until 7:00 p m. Thus the two sh1fts were to overlap by 3 hours

A s1mp11f1ed f]ow d1agram 111ustrat1ng the dra1ndown equ1pment 1s shown 1n
Figure 3. 2 y : : G e

1 E -,yx.; i e :
Cy11nder No 1033 was moved to the north dra1n statlon and cy11nder No 637 was:
placed in the south:drain station. Both cylinders had passed quality inspec- ::
tions performed.on.March 10 separately by a design engineer and an area super- -
visor. The cylinders were again inspected by the shift supervisor on.the '+ .. .o
morning of March;:12. After the.cylinders were placed on the scales, the tare . ::.u
poise on each scale was set to cancel exactly the tare: weight of each.cylinder ./ . .
and its associated cart. It was at this time that one of the operators who
noticed the abnormal pos1t1on of «the tare poise informed his supervisor that . i
the north scale tare poise- requ1red pos1t10n1ng -at’a-point different from- whatg
he was accustomed: to:encountering.. ! The supervisor - stated:thatshe:believed that+:
this resulted from the testing:and .calibration of the scales that had: occurred*
in January. ' ‘He:instructed the operator to cont1nue w1th the;dra1n1ng ST ;
procedures.. DB SRR Dt S 05 o :

Tempering:(heatingwto-approximately.ZSQF)voﬁ~two%co]d:traps beganvatAG;OOxa.m.:fﬁ P
These traps were identified in the:shift log book:.as #1P (primary: trap No. 1): - "
and #15 (secondary trap No. 1). Traps #2P, #4P, #6C (cleanup reactor trap No.

6), and #3S were placed on line with the f]uorlnatlon towers-and were:refrig-:'
erated to prov1de vacuum and backup capacity for the contents of the heated

cold traps. : Traps #1P and #1S:were switched. to-the heat cycle (to allow heat- '

ing to aboutu2109E:jn;order”to Tiquifyithe UFg) at -approximately 7:00 a.m.’* The .
#5C trap was switched to temper-cycle at 8:45:a.m.. The licensee reported that' Cai
heating of the traps was normal and system pressures were w1th1n prescrlbed ENE
parameters Fin SRR Lot EE CL

Sy
v“,,v,‘h

At 10: 30 a.m. »trap~#1P began to~be;drained into cylindereNo. 1033;ﬁwhichnwasr*'
positioned on the,north“scaTe.s By.12:15 p.m., the:northiscale indicated that =~
13,710 pounds of UFg was.in the:cylinder.: The log noted'at this time that - -
draining:to cylinder No. 1033 had sltowed.and had ‘therefore been switched to -
cylinder No. 637 on the south.scale. .. Apparently,.cylinder No. 1033 had already
been filled almost full at this point, which would explain the reduced flow
rate. At the time, however, :the shift:crew suspected that the filter-to the . .
north cylinder had.partially clogged, because they~werefaware-that the product
being drained was Tikely to have a high chromium content. (At the time of .the
January 4 accident, a- cy11nder with h1gh chrom1um content was belng evacuated
back to the co]d traps ) i e ;

Draining cont1nued 1nto cy11nder No 637 unt11 2 100 pounds of UFG was in the
cylinder and trap .#1P was empty. Trap #5C was then heated, and the contents of
trap #1S began:draining into the cylinders, starting with cylinder No.: 1033:
Cylinder No. 1033 received 980 pounds (indicated), and cylinder No. 637 .
received 540 pounds. At 3:30 p.m., a second draining of #1S added 480 pounds
to cylinder No. 637. At 3:40 p.m., draining of trap #5C began, .and the north:
scale indicated that an additional 1,150 pounds of product was drained into
cylinder, No. 1033. - Slow flow required changing the flow to the south
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cylinder, which received 3,690 pounds before trap #5C was emptied. At 5:15
p.m., traps #1P, #1S, and #5C had been emptied and were returned to a
refrigerated state. The operation was then terminated for the day. The north
scale indicated that cylinder No. 1033 had a net weight of 15,840 pounds.
Cylinder No. 637 on the south scale contained 6,810 pounds for'a total of
22,650 pounds of product presumably drained for the day. These summary data
were recorded on a "Co]d Trap and Product Status" log sheet.

3.6 Sequence of Events for the Second Day of Draining

The second day of the operat1on ‘began at 6:00 a.m. w1th the same sh1ft .
schedules as for the first day.  The #2P and #2S traps were started on.the -
tempering cycle. The #1P, #1S, and #5C traps, which were emptied on the first
day, were placed on line and refrigerated to provide vacuum and backup trap
capacity. Heating was begun on #2P and tempering was begun on #6C:at 6:45 a.m.
Trap #2S was ‘heated at 7:30 a.m., but the trap was found to be empty, as: '
indicated by the absence of pressure gain. This trap was then cooled and
refrigerated. The #3S trap was tempered at 8:30 a.m. and heated at 9:00 a.m.

At 11:00 a.m. draining commenced using trap #2P. The flow stopped after 750
pounds (indicated) were drained into cylinder No. 1033 on the north scale.
Draining was diverted to cylinder No. 637, to which 4,890 pounds of UFg were
added. Draining of trap #3S began at 1:50 p.m., and 3,630 pounds were drained
into cylinder No. 637. At this point, the south scale indicated that cylinder
No. 637 contained 15,330 pounds. Trap #3S remained heated so that another
attempt to drain this trap could be made later in the day.

One of the assigned chemical operators was also the operator who, during the
midnight shift of January 4, 1986, had filled the 14-ton cylinder that later
ruptured when it was heated in the steam chest. This operator remarked that
cylinder No. 1033 was behaving just 1ike the 14-ton cylinder had before. He
suggested that No. 1033 be disconnected from the north fill bay and moved to
the final product scale for a check weighing. At about 3:20 p.m., the cylinder
was transferred to this scale, which indicated that the gross weight (of the
cylinder and its contents) was 30,568 pounds. The net weight was determined to
be 26,017 pounds after deducting the tare weight of the empty cylinder.

The maximum net shipping weight specification for the Model 48X 10-ton cylinder
is 21,030 pounds. However, the special procedure for this operation called for
the cylinder to be filled to only 20,000 pounds. Thus, the cylinder was filled
to 4,987 pounds in excess of the maximum shipping weight specification and
6,017 pounds in excess of the amount specified in the special procedure. This
quantity exceeded, by 1-7% (depending on temperature), the maximum amount of
liquid UFg capacity for the cylinder, indicating that some solidification had
occurred during the filling process.

The shift supervisor notified the acting production manager at 3:30 p.m., who
then immediately notified the plant manager. An NRC staff member, who was with
the plant manager at the time of the notification, in turn notified NRC
regional management. NRC headquarters management was subsequently notified.

The overfilled cylinder remained on the final weigh station scale, where it was
connected to a vacuum line for evacuating the UFg to the process equipment.
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Evacuation of the overfilled cylinder to trap #1P began at 4:10. All other
traps were returned to a refrigerated state later that evening.

The production manager moved the 25,509-pound test cylinder onto the north
drain station scale. He later recounted to the AIT that the scale indicated
only about 13,000 pounds.

Evacuation of the overfilled cylinder continued unti] Friday afternoon
(March 14), at which time the contents had solidified to the extent that no
further material could be removed using the plant vacuum (about 14 inches of
mercury (Hg)). The net weight of the cylinder was then 21,203 pounds, 173
pounds above the maximum shipping weight specification of 21,030 and 1,203
pounds over the limit established by the one-time procedures.

Subsequently, the overfilled cylinder was disconnehted and placed inté storage

pending future NRC approva] of plans to further reduce the amount of the con-
tained UFg. v
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COLD TRAP UFg DRAIN SYSTEM FlLrgg ~ 27386 R3S

Figure 3.2 Cold Trap UFg Drain System
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4 FINDINGS AND CONCLUSIONS

The Augmented Investigation Team has concluded that the overfilling of the
cylinder had the following causes:

(1)

(2)

(3)

The scale used for weighing the cylinder being filled was malfunctioning.

It was determined that a beam linking the scale platform with the readout

dial had become dislodged. With its pivot point displaced, the scale gave
erroneously low indications of weight.

The procedures for draindown did not include any provisions for ensuring
proper scale functioning. Neither the one-time special procedure for con-

ducting the draindown nor any of the regular procedures incorporated by
reference required any use of check weights to determine the scales' accu-
racy and functioning. The procedure for filling UFg cylinders called only
for cancelling out the tare weight by adjusting the uncalibrated tare
poise.

The supervision in charge of the operation did not recogpize early indica-

cations of malfunction. When the chemical operator adjusted the tare poise

to compensate for the empty cylinder weight, he reported to his supervisor
that the poise was in an unusual position. The supervisor erroneously
assumed that this resulted from the recent scale calibration activities,
even though a detailed check of the north scale had not been performed.
Later, a chemical operator observed that the flow rate, as indicated by
the weight gain of the cylinder, was lower than anticipated. It was
erroneously concluded that this was caused by contaminants clogging the
newly replaced filters, even though this phenomenon was not observed on
the south scale.

The Augmented Investigation Team further concluded that a serious accident was
avoided by the following actions:

(1)

(2)

The approved procedures prohibited the heating of any of the cylinders

involved in the draindown operation. Even though the cylinder was over-

filled, the special procedures precluded its heating. The workers appeared
to have been adequately trained in these procedures. As long as the cyl-
inder was not heated, it presented no danger.

The overfilled cylinder was connected to a vent line and most of the over-

fill was removed to process equipment. In accordance with established

procedures, the cylinder was vented to cold traps under vacuum. Nearly
4,800 pounds of UFg was removed from the cylinder before the temperature
and applied vacuum equilibrated with the vapor pressure of the UFg and the
vaporization ceased.
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Revision #1
3/04/86
Page 1 of 7

Subject:

SPECIAL ONE-TIME INSTRUCTIONS FOR DRAINING COLD TRAPS

1.0 INTRODUCTION

1.1

1.2

Purpose:

To define the procedure to be followed for draining the process
product, solidified uranium hexafluoride (UFs), from all cold
traps, preparatory for total shutdown.

Background:

An emergency shutdown of the plant was performed on January 4,
1986. Since that time all cold traps have been maintained on
cold cycle. In this mode, all traps have been under a vacuum
supplied by the off-gas blower which exhausts to the Hydrogen
Fluoride Off-Gas Scrubber, or alternatively have been valved
closed to prevent any venting.

The status of the cold traps at the time of shutdown is. as
follows:.

CAPACITY .
(TOTAL FILL

' _ et o - . OF LIQUID UFe
COLD TRAP ~CONTENTS - AT 200°F)

Primary 21,000 1bs. 44,000 1lbs.
Primary 6,000 1bs. 44,000 1bs.
Primary 12,500 1bs. . 44,000 lbs.
Primary - EMPTY 44,000 1bs.
Clean Up Reactor 3,000 lbs. ' 44,000 1bs.
Clean Up Reactor EMPTY 44,000 1bs.
Secondary EMPTY 12,900 1bs.
Secondary L 600 1bs. 12,900 1bs.

Z
o
W NN MU R W N

Secondary EMPTY 12,900 1bs.
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Subject:
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For Draining Cold Traps Page 2 of 7

Sufficient void space is available in all traps for safely heating
and draining to 10-ton UFe cylinders.

2.0 SAFETY PRECAUTIONS

2.1

2.2

IR R XN B N N *iﬁ*

* * *i&*-*if*

EEEERXER X

: EEEEEEEEERIEEEEREEEESEE:
NOTE t 3
::::'- *
; : S *
Paragraphs 2.1, 2.2, 2.6 and 2.7 must be %
initialled by the two operators and shift *
supervisor in the signature blocks to *
verify that the required work has been * o
‘completed in  accordance nith the x -
indicated instructions. t 3 e
* * * X * R * * * x % * X X x x * x X e
XX KK XK XXX XXX XK XX * * % * XX X X X X X %X X
- WARNING *  *Oper. S.L.C. /5
======= x %X - %X
o * *Oper. £ %/, o
The UF¢ dump tank pressure relief system * x >

must be in service with a gauge reading of* *S. S. L ( VJ&/?
0.0 psig +/- 2 psig on the tap between thex * X ¥ % x x x
rupture disc and relief valve. x S

XX X K X K XK X X X X XK XX X KX XX X X X

XXX KX XXX KXXXEXE KX XXX K XX
- WARNING x
======= x
Review documents to assure that all x
system relief wvalves have been serviced *
according to the established preventive %
maintenance schedule. Correct any %

deficiencies before proceeding. ' x '
XX X KX XXXXXXXEXXXKEKXX K XX __
ol A
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2.3

2.4

2.5

2.6

O M I M NN

***********

% M 3 M % H N

TR N Y Y X

XX X K X X X X XK X XK XXX X KX X X K X
WARNING

Filled 10-ton . cylinders from cold trap

draining activities are not to be placed

in the steam cabinets for reheating. -

X X X X X X X X X X X X X X X X %X X X X X

X X K K X X X X X X X X XX X X Xk X X X X
CAUTION

The pressure indicator onvthe cold trap

and cylinder fill systems:  are to' be:

carefully monitored during the:draining

and filling operation. Pressure must - be.

maintained within the ranges specified in
the referenced procedures.
X X X X X X X X X X X X X X ¥ X X X X X X

X K KX K KK K XK KKK KKK KX K K X
CAUTION

Sampling of filled 10-ton cylinders from
cold trap draining activities will be
done only on those cylinders which
required less than 4 hours to £ill and do
not require re—heating in the steam
cabinets. ‘

XX XX XX X X X X x * X X X X X X X X *

**************{*-******
NOTE

New pressure gauges are to be installed
on the UFes drain header at  the  filter
inlet before draining begins.

X X X X X X X X X X X XK XX X ¥ % %k X kX%

A-3

* 3 I W N W N

***********

*afu-*aﬁu'*gtg-*at

MMM WN N

F-12-%



Subject: Special One-Time Instructions
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2.1
%
%
%
%
%
x
*
%
%
x
2.8

I EE N X R R

X X X X X X %X X % %X %X %X X X X X X X X %X ¥
==NOTE==

Only ten-ton cylinders will be used for

this one-time  draining. The maximum:

cylinder f1ll weight is to be 20,000 lbs.
net - welight rather than the weights

specified in referenced procedure
N-280-1, Rev. 6, page 7.
X X X X X X X X X X X X X X X X X X X %X X

XX K XX XXX * XX KX X KX KX XXX
==NOTE==

Ensure that the venting lines from the
cold traps are being properly heated by
the steam tracings.

X X X X X t ® X X %X %X X %X X X t x * * % %

‘*******

3/04/86

Page 4 of 7

X X X %X X X

x *Oper _)L C t/ﬂf
x x

* *oper.hfc ,LA/'
* ) .

x *s S 1. C /‘? #/)'/(
. OK KK K K X K

%

™

x

Z-1-€L

2.9 All work is to be performed according to Operating Procedure
G-001, Rev. 3, Health‘and Safety Precautions and Requirements.

3.0 REFERENCES

N-280-1, Rev.
E-008, Rev.
N-270-3, Rev.
N-270-4, Rev.
N-270-5, Rev.
N-270-9, Rev.

Eﬁergency Procedure for'ﬁFs Release
Secondary Cold Trap Operation
Primary Cold Trap.Operation
Emergency Dump Tank

O B M N & O

Freon Vapor Heating System

N-270-11, Rev. 0 Moving UFs Scale Carts

QA-001, Rev. O

QA-002, Rev. 0 Inspections - UFe Cylinders

A-4

Uranium Hexafluoride Product Handling and Shipping

Quality Assurance for UFs Shipping Cylinders
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4.0 PROCEDURES

4.1 A Special Team consisting of one Shift Supervisor and two
Chemical Operators who are experiences and trained in UFe
handling shall be assigned the duty of draining all cold traps.

4.2 The Shift Supervisor shall review this procedure and the
- - procedures referenced in section 3.0, above, with both Chemical
Opérators to ensure their complete understanding of these
‘procedures before initiating the activity

4.3 The cold trap draining is to be done during the dayshift If
‘draining of all traps heated in accordance with 4.4.c, cannot
be completed in one shift and minimal overtime, the traps being
drained will be completed and the remainder of the system shall
be returned to the cold ‘mode until the next day shift. Cold
traps shall not be maintained in a heated state on evening and
night shlfts

4.4 Draining of the cold traps will follow the procedure outlined
in N-280-1, Rev. 6 Uranium Hexafluoride Product Handling and
Shipping, dated 1/23/85 paragraphs II. A B and (oF with the
following exceptions ‘

X X X X X X X X X X X ¥ X ¥ X X ¥ X

a. ¥ *
* ==NOTE== X
x - x
X Cylinders shall be filled only to %
* the amount of UOFe indicated in x
¥ paragraphs 2.7 above. %
X X X X X X X X X X X X X X X X X X X %X
D. X X X X X X X X X X X X X X X X X X X %
x ==NOTE== E 3
x x
* The cold traps are +to be drained x
* only into ten-ton cylinders that x
* have current quality assurance X%
* inspection documentation. *
X X X X X X X X X X X X X X X X X ¥ %X %X

c. Only three cold traps (one primary, one Clean Up Reactor
and one secondary) shall be heated simultaneously. The
remaining cold traps will remain on cold cycle.
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There will be only one trap drained at a time; once
started, draining must be completed before starting to
drain another cold trap.

. ,The secondary cold trap off gas blower shall be in

operation with normal purges on the fluorination towers.
The secondary on line trap shall be on cold cycle

+ The filled cylinders shall be check weighed and sampled in :
. accordance with paragraph 2.5, above, on the Sample Room

accountability weigh scale and. then stored at the cooldown
area east of the steam chests.

,’ Filled lo-ton cylinders from cold trap draining activities
. are ng; to be placed.in the steam cabinets for .reheating.

. The Shift Supervisor is responsible for properly i”\

completing the Cylinder Status Sheets. The Filled. Cylinder
Status Sheet shall be delivered to the Accountability
Supervisor upon completion of the draining and weighing
operation. S : ; -

,As items a through h. are accomplished. the Shift

Supervisor will indicate such on the . cylinder status‘sheet
log used for the activities. Cylinders status sheets for
each shift shall be signed by supervisor and operators.
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INVESTIGATION OF A FAILED UFe SHIPPING CONTAINER

'SUMMARY

An investigation was conducted to determine, insofar as possible,
the cause of the failure that occurred in a uranium hexaflouride (UF6)
shipping container. The container fatled on January 4, 1986, while being -
heated in a steam chest at the Sequoyah Fuels Facility near Gore, Oklahoma.
The vessel had been overfilled and it was being heated to liquify thevUFG
so that the excess material could be withdrawn to.achieve the desired fill
weight.. ' . . SEETI ; = . :
- The investigation consisted of (1) an onsite inspection:of the
failed vessel, (2) laboratory evaluations of appropriate sections -removed
from the failed container to determine the mode(s) of fracture and the
properties of the steels from the vessel shell and the stiffener rings, and

(3) stress analyses to estimate the pressures required to:cause failure. = .= =
- Examination of the failed shipping.container revealed:the primary

rupture through the vessel wall and the valve-end stiffener ring and that
the middle- and drain-end stiffener rings were cracked through the butt =~ =

welds. Cracks also were:present in the fillet welds on either side of those

two stiffener rings. The butt welds for all three stiffener rings were not
full penetration welds which reportedly were specified for the vessel. The .
amounts of weld deposits that fused the ends of the stiffener rings together
was determined to range from 10.5 to 23.5 percent of the stiffener ring- .
cross sections. 4 L ,

- The markings on the fracture surfaces of the primary rupture
indicated that the failure initiated in the region of the valve-end
stiffener ring. It appeared that cracking of the butt weld in that
stiffener ring occurred first. - Cracking through the vessel shell appeared
to start by extension of cracks through the fillet welds on either side of
the stiffener into the vessel shell steel. Those cracks grew toward the
inside surface of the vessel and axially in a ductile mode until the region
of stable crack growth reached a critical size for the conditions of

.i
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temperature and pressure be1ng exper1enced by the vessel. At that time,
the vessel ruptured, with the crack propagat1ng ax1a11y through the vessel
wall in a shear mode in both directions from valve-end stiffener ring.
Examinations of the fracture surfaces through the weld metal in the butt
welds and the through the fillet welds on all sections revealed that
cracks ‘grew in all cases by a ductile rupture mode. en

The various finite e]ement‘elastic;and elastic-plastici stress
ana]yses-cdnducted during ‘this investigation and a fracture toughness  ::
analysis using the JIC value for the vessel shell steel indicated that, at-
the assumed failure ‘temperature of 180 F, the crack in the:vessel shell may .=
have initiated at an internal pressure :of 1250 psig.and that final rupture '
occurred at an internal pressure of approximaté]y 1800 psig. Those pres-
sures are 3‘and 4-1/2 times, respectively, the hydrostaticitest pressure
of 400:psig used to assess the integrity of the shipping:container and:6 and
9 times, respectively, the standard service pressure of 200 psig.

Evaluation of the‘chémicalscomposition of 'the .vessel shell steel®
revealed that it was ASME SA516, Grade 70 steel, as specified. ‘The tensile
properties of the material determined at room temperature met those required
for ASME SA516, Grade 70 steel. The fracture properties of the vessel shell’
steel determined by drop-weight-tear tests showed that at temperatures above
80 F, fractures would propagate from:a critical flawin-a ductile shear mode.
It was not reported to Battelle whether supplementary fracture toughness
requirements were specified for. the steel. ' ; :

The steel specified for the :stiffener rings was not reported to
Battelle. The chemical composition of the steels from the three stiffener
rings revealed that they were most 1ikely fabricated from AISI/SAE 1020
steel. The average room temperature tensile properties of the steels from
the stiffener rings were similar to those of the vessel shell steel. Also.
the tensile properties determined at 180 F of the steel from the vessel shell
and the steel from the stiffener rings were similar. At 180 F the ultimate
tensile strengths were 3 to 5 percent lower than ‘those at room temperature.

The microstructures of the steels used to fabricate the vessel
shell and the stiffener rings were judged to be acceptable for ASME ‘SA516,
Grade 70 steel and AISI/SAE 1020 steel. ' However, it was not reported to .

ii
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Battelle if supplementary microstructural requirements were specified for
the steels. Thus, there was no indication that the failure was related
to material deficiencies.
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INVESTIGATION OF A FAILED UFg SHIPPING CONTAINER
by

T. P. Groeneveld, R. D. Buchheit,
T. A. Wall, and J. Ahmad

INTRODUCTION

On January 4, 1986, a Model 48Y, uranium hexaflouride (UFG)
shipping container ruptured while being heated in a steam chest (under
ambient atmosphere conditions) at the Sequoyah Fuels Facility near Gore,
Oklahoma. It was reported to Battelle that the container was being
heated to adjust the fill level of the UF6. Battelle was requested to

conducp an investigation of the failed shipping container.
The objective of this investigation was to establish, insofar

as possible, the most probable cause of the failure. To accomplish that
objective the following information was to be obtained from investigation
of the rupture vessel, or calculated from the design configuration of the
vessel and the properties of the materials used to fabricate the vessel:

(1) Mode of failure, fracture initiation site(s),
sequence of failure events, and other factors
that may have contributed to the failure.

(2) The estimated internal pressure required to
cause failure based upon the design of the
vessel using the design properties of the
materials as specified, as well as the
actual properties of the materials.

(3) Whether the materials of construction met the
applicable specifications.

The Battelle study did not address the factors or events leading
to the vessel failure except as they directly influenced the service con-
ditions, or properties of the materials of construction, at the time of
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failure. In addition, in accordance with the agreement between Battelle
and Sequoyah Fuels, this study does not include recommendations for .
possible design changes to the vessel. - 3

The study consited of (1) an onsite examination of the failed
shipping container:during which sections were selected for further
examinations and analyses in the laboratory, (2) laboratory examinations and
analyses of the steel from the vessel shell and stiffener rings, (3) fracto-
graphic analysis of the fracture surfacés from the vessel, and (4) stress
analyses. The following sections of this report describe the procedures"
used to conduct the various analyses and the results obtained from them.

- ‘BACKGROUND INFORMATION

The following background information was obtained during meetings
held at Sequoyah Fuels Facility near Gore, Oklahoma, on January: 31, 1986,
and February 14, 1986. At the meeting on January 31, representatives of
Sequoyah Fuels, Kerr-McGee, Lawrence Livermore Laboratories, the Nuclear
Regulatory Commission, and ‘Battelle were present. 'RepresentatiVeS‘of those
same organizations. plus Trinity Industries, Inc., were present at the
meeting on February 14, 1986.

. The information that Battelle received at those meetings indi-
cated that the shipping container failed on January 4, 1986, while being
heated in a steam chest ‘under ambient pressure conditions for the purpose
of liquifying the UFG.inside'the container. The vessel had been in the
steam chest for about 2-1/2 hours prior to failure. The heating operation
was being conducted because it was discovered by Sequoyah Fuels personnel
that the container had been significantly overfilled (by weight) with UF6.
The details of how the overfilling was discovered or the exact amount of
overfilling were not reported to the Battelle investigators. It was the
intent of the Sequoyah Fuels personnel to withdraw sufficient UFG; follow-
ing ‘liquification by heating in the steam chest, in order to achieve the
desired weight of product in the vessel.
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There were no eyewitnesses to the explosion, but several workers
reportedly heard an explosion. As a result of the failure, the steam chest
cover had been tipped up, the vessel had rotated-about 90 degrees, and the
UF6 was draining out through the rupture. To minimize:the escape of UF6
after the failure was discovered, workers stuffed wet towels into the open-
ing created by the failure. The vessel remained in that condition from the
time of failure on Saturday, January 4, until the following Friday. At
that time, the towels were removed and the escaping material (and the vessel) -
were sprayed with water. The vessel then was rotated so that the rupture
opening was near the top; it was filled With water and a neutralizing -
chemical agent was added. It remained in that condition outdoors with the
fracture unprotected until January 31, 1986. On January 31, the fracture
surfaces were coated with grease to prevent further reaction with the
environment. Prior to the onsite investigation that began on February 14,
1986, the vessel was drained, washed to reduce radioactive contamination,
covered with plastic sheeting and moved indoors.

Information on the general configuration and requirements for
Model 48Y shipping containers that was provided to Battelle are reproduced
in Figures 1 and 2. That information was obtained from the U. S. ERDA -
publication OR0-651-REV.4, "Uranium Hexafluoride: Handling Procedures and -
Container Criteria", April, 1977. The failed shipping container was manu-
factured during 1977 by Trinity Industries, Inc. of Dallas, Texas. Battelle
was informed that the vessel was fabricated from ASME SA516, Grade 70 steel
and ASME Code UG-32D semi-ellipsoidal heads. However the purchase order
specifications for the steel, and producer data for those materials were not
reported. The grade of steel used to fabricate the stiffener rings also
was not reported to the Battelle investigators. In addition, no information
regarding'the manufacturing procedures, including welding procedures and
weld filler metals, were reported, and the engineering drawings for the
vessel were not provided for Battelle's investigation.

Prior to being p]aced'in service, the vessel was reportedly
tested hydrostatically at 400 psig. As required by the NRC, it was success-
fully retested at 400 psig in 1982 (vessels are required to be hydrostati-
cally tested’évery 5 years after being placed in service). Apparently, no
problems were deteéfed during those hydrostatic tests.
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UF. CYLINDER MODEL 48Y

— 2 T Ny e s T
: "

GENERAL DATA

Other Descrlptlve Terminology Used - 14-ton

"ENGINEERING DRAWING .  UNION CARBIDE CORPOPKT.IO‘I-\IW
__REFERENCE . eeoe esizzzc |
T -
Nominak Diameter - 48in. . :
Nominal Length ; 150in. 1
Wall Thickness R ' 5/8 in. _ ¢
Nominal Tare Weight o 5,200 Ib (2,359 kqj
Maximum Net Weight i 27,580 15 (12,501 kg)
Nominal Gross Weight 32,760 ib (14,860 kg) i
Minimum Volume ! 142.7 13 (4.04 m3) ]
Basic Material of Construction Steel
Service Pressure 200 psig -
Hydrostatic Test Pressure : 4G0 psig .

lsotopic Contant Limit | 4.5% U-235 max with

moderation control

[
{

B

i
2
ir...' e b bl tad m i

Valve Used - 1-in. Valve.

NOTE: Previously built 48F cylmded are similar in design, but do nct have certified
volumes; refer to table 3 for fill Imms and cther data applicable o this

cylmder

FIGURE 1.

‘GENERAL INFORMATION ON MODEL 48Y SHIPPING CONTAINERS

This figure and information was reproduced from ERDA
Publication ORO-651-REV. 4 (April, 1977).

(Best Copy Received by Battelle)
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The actual temperature of the vessel at the time of failure was
not known with any certainty. Therefore, it was mutually agreed that a
temperature of 180 F would be used in Battelle's experiments to estimate
the properties of the materials at the time of failure. Thatftemperature
is about half way between the temperature at which UF6’1iqu1tjes (147 F)
and the temperature of the steam (212 F) .used to heat’the yesse].

ons”I-TE .’E"xAMAI"NAT'_I',O_N]foé,;.‘t-"A1LE‘p‘, SHI .PP'I.NG. | COfN,TA INER .

The 1n1t1a1 work conducted by Batte]]e under thls 1nvest1gat1on
consisted of a thorough examlnatlon of the fa11ed sh1pp1ng conta1ner at
the Sequoyah Fuels Fac111ty near Gore, Oklahoma The obJect1ve of that
examination was to obta1n the d1mens1ons of the vessel document the
appearance of the fal]ure, 1dent1fy the fracture initiation region(s),
conduct nondestructive examinations of selected regions of the vessel, and
to select sections of the vesse] for further exam1nat1ons and analyses in
the laboratory. R o | _

Prior to the onsite examination, Sequoyah Fuels personnel had
drained the liquid from the tank (the liquid was water and the neutralizing
agent that had been placed in the tank following the rupture) cTeened the
tank to reduce the level of radiocactive contam1nat1on, coated the fracture
surfaces with grease, covered the _rupture reg1on w1th plast1c sheets and
moved the vessel: to a locatlon indoors where ‘the onsite 1nspect1on was
conducted. o -

The onsite inspection ‘was conducted by three members of Batte]]e's
staff and an inspector from Welding Consultants, Inc., Columbus, Ohio. The
inspector from We1d1ng Consu]tants was responsible for conduct1ng ultra-
sonic thickness measurements ultrasonic 1nspect1on of selected locations
for indications of cracks or other defects and magnet1c part1c1e inspection
of selected reg1ons for the presence of- surface cracks The_ons1te inspec-
tion was conducted on February 14 and 15, 1986. |

Figure 3 illustrates the failed vessel with the plastic sheets
in place, as it appeared upon arrival of the inspection team. Figure 4
shows the vessel after rémoVa]}of the plastic sheets. The rupture was
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FIGURE 3. APPEARANCE OF THE VESSEL. UPON' ARRIVAL
FOR THE ONSITE INSPECTION

Drain
~end

- 5M540

© FIGURE 4. THE FAILED VESSEL AFTER REMOVAL
N OF THE PLASTIC COVERING '
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located at the top of the vessel shown in Figure 4. The side of the
vessel containing the rupture is shown in Figure 5, and the extent of
the rupture is 111ustrated 1n F1gure 6. ' »

For purposes of this 1nvest1gation,_the-fo]1owing reference
identifications were estab1ished: (1) the end of the vessel that contained
the fi1l valve will be called the valve end; (2) the end of thefvesse1vcon-
" taining the drain valve will be called the drain end; (3) the longitudinal
seam weld in the vessel is assumed to be at the 12 o'clock p051t1on A]so,'
when viewed from the va]ve end, the rupture w111 be to the 1eft of the seam
weld, the line of the rupture (approx1mate1y the 11: 30 o c1ock pos1t1on)
will be referred to as the 0- degree pos1t1on, the st1ffener r1ng 1ocated
nearest the valve end of the vesse] w111 be ca]]ed the va]ve end st1ffener,
the stiffener ring located at the mid- 1ength of the vesse] w111 be ca]]ed
the middle stiffener, and the stiffener ring located nearest the dra1n end
of the vessel will be called the drain-end stiffener. The girth weld
between the drain-end head and the vessel plate .was established as the 0
reference point for 1ength measurements

The initial port1on of the onsite examination involved conducting
a visual examination of the vessel to determ1ne if other cracks besides the
primary rupture were present and to document ‘the 1ocat1ons of the primary
rupture and other features on the vessel. That exam1nat1on revealed that,
besides the main rupture, the butt welds in the m1dd1e and drain-end
stiffeners were cracked. No other cracks were apparent in the vesse] shell
or the heads. ‘ _ S :

To document the 1ocat1ons of the cracks and other features on the
vessel, marks were made on its outer surface to facilitate making measure-
ments. Those marks included the clock positions as described previously,
and marks at 3-inch intervals along the length of the vessel, starting at
the girth weld between the vessel shell and the drain-end head. Those
marks at 3-inch intervals were made at the 3, 6, 9, and 12 o'clock positions
to facilitate alignment of the measuring tapes during measurement of the
circumference of the vessel. :

In presenting the measurement results, the outer surface of the
vessel she?] is represented as a flat plate, as it was prior to forming
the cylindrical vessel, with the ends of the pTate that were joined by the
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CFIGURE - VESSEL WITH RUPTURE LOCATED TOWARD
. THE DRAIN END

l*'»s
H

ﬁM1dd]e
stiffener
ring

Valve-end Valve-end
~girth weld -stiffener ring-

FIGURE 6. APPEARANCE OF THE PRIMARY RUPTURE
~ "IN THE SHIPPING CONTAINER
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10

1ong1tud1na1 seam weld being at the 12 o c]ock position and the. other c]ock
pos1t1ons laid out as if the vessel was v1ewed from the valve end.

Figure 7 shows the representation of the vessel shell, 1nd1cat1ng
the locations of the stiffener rings, the 11ft1ng lugs, and the rupture.

Also shown in that f1gure are the locations and dimensions of the sections

of the vessel that were marked for remova] from the body of the vessel and.

subsequent exam1nat1on in the laboratory. Those sections will be descr1bed
in a subsequent portion of this report.

As is shown in Figure 7, the length of the vessel she]1 was 117- 1/2
inches; the centerlines of the valve- end and drain-end st1ffener rings were
Tocated 20- 1/2 inches from the respective g1rth welds; the spac1ng between
those stiffener rings and the middle stiffener ring was 38 1nches The ZM
1ifting lugs were attached to the shell on the valve-end side and the- dra1n- :
end side surfaces of the valve end drain-end st1ffener rings, respect1ve1y,{\ﬁ
and the bottoms of the’]ifting lugs were ]ocated‘at the 3 and 9“o'c1bbk pos%-
tions. S1m11ar]y, as is shown in F1gure 8, the valve was located on, the '
vertical centerline above the nameplate on the va]ve end head. The drain- endi
plug was 1ocated on the vertical centerline near the bottom of the dra1n end
head. Also the 1ong1tud1na1 seam weld in the vessel was ]ocated at the top
(12 o'clock position), and the butt welds in the stiffener rings were offset
from the longitudinal seam weld about 7 inches in the circumferential direc-
tion toward the 11 o'clock position. A1l of those observations and measure-
ments were in accordance with the dimensions indicated on the drawing
(E-S-12292-C) for the UFG Cylinder Model 48Y shown previously in Figure 2.

The nameplate which appeared to be fabricated from stainless steel
was located on the va]ve-end head of the vessel as was called out on Drawing
E-S-12292¢C.’ The location of nameplate is illustrated in Figure 8 and the
information on the name is shown in Figure 9. Stenciled on the head immedi-
ately above the nameplate was "48F", as is shown in Figure 8. The reason for
that stenciled "48F" and its significance were not reported to the Battelle
investigatons.
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The vessel outer surface is represented as a flat plate.
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FIGURE 9.

5M556

INFORMATION CONTAINED ON THE NAME PLATE WELDED
TO THE VALVE-END HEAD

The number listed for Tare Wt. (10 mbar) is
2379 kg. :
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Description of the Fracture in the Vessel Shell
and the Cracks in the Stiffener Rings

Initial visual examination‘of the failed shipping container
revealed that the primary fracture occurred through the valve-end
stiffener ring and vessel shell wall at about the 11:30 o'clock
position, as was shown previously in Figures 5 and 6. The rupture
extended axially slightly over two feet in both directions from the
stiffener ring. Toward the valve end, the fracture propagated through
the girth weld that joined the shell and the head and then turned. and
arrested in the head. The vessel shell surrounding the fracture was
bulged substant1a11y, the maximum separation (approximate1y 9 inches)
between the fracture surfaces on the shell occurred 1n the reg1on - of the
valve-end stiffener. 1In addition to the primary through -wall rupture,
cracks through the cross section were present at the 11:30 o'clock posi-
tion in the'midd]e and valve-end stiffener rings. The fracture sUrfaces
of the cracks in the st1ffener r1ngs and on the vesse] she]] were covered -
with corrosion products “which resu]ted from exposure to hydrofluoric ac1d
water, and the atmosphere subsequent to the fa11ure as was descr1bed
previously. ‘ ‘

To more precisely def1ne the extent: of the primary rupture,
measurements of the distance of the fracture from the centerline of the

longitudinal seam weld in the vessel shell (12 o'clock position) and the
separation between the matching’fracture’sUrfaces were made at the 3-
inch- 1nterva1 marks described prev1ous]y Near the two ends of the crack,
where the crack turned away from the seam weld, those measurements were
at 1-inch intervals. Those measurements are shown in Figure 10.

Figure 10 shows that the rupture extended‘from the 5 ft-10-1/2-
inch position to the 10 ft-2-inch position. Over most of that length, the
fracture was a1igned essentially axially, ranging between 6-7/8 inches and
9 inches from the longitudinal seam weld (about the 11:30 o'clock position).
At about the 6-foot mark, the fracture turned away from the seam weld and
extended about 4 inches nearly circumferentially prior to arresting. Toward
the valve end of the vessel, the crack started turning at about the 9-ft-8-
inch location, extended thrOUghthe girth weld and propagated into the head
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for about 9 inches prior to arresting. The end of the crack in the valve-
end head and the end toward the middle stiffener were located approximately
25-1/2 and 26 inches, respectively, in the axial direction from the center-
line of the valve-end stiffener.

Examination of the surfaces of the primary fracture revealed that.
in the valve-end stiffener ring fracture occurred through the butt weld and
into the vessel wall. That we]d was not a full penetration weld as is
called out on Drawing E-S-12292-C for Model 48Y shipping containers. On
half of the st1ffener-r1ng fracture surface nearer. the seamiweld_lvery 11tt1e,-

we]d 1n the va1ve-end st1ffener r1ng contalned a re]at1ve1yﬁf1at region
(essent1a11y 90 degrees to the plate surfaces) except for the regions immedi-
ately adjacent to the fillet welds between the st1ffener r1ng and the she11
The appearance of that flat region suggested that stab]e, s]ow-crack growth
may have occurred in that region. Those;features of the fracture appearance'
will be illustrated more clearly in a subsequent section of this report.

The remainder of the’ surfaces" of the fracture through the vessel shell ex-
hibited features typ1ca] of crack propagat1on in a ductile: (shear mode).

In those regions, the fracture surfaces were at an angle of’ about 45 degrees
to the plate surfaces.

The features observed on the surfaces of the rupture in the
shipping container, suggest that the failure process began with failure of
the valve-end stiffener ring through the butt weld. Cracks then extended
through the fillet welds into the vessel shell below the fillet welds on
either side of the stiffener ring. Those cracks joined forming a single
crack front that extended both axially and through the vessel wall. When

B-29



17

sMsa9 L sMse6

a. Fracture Surface on the: S1de iv. -ea o bei Matching Fracture: Surface « 7
Toward the Vesse] Seam We]d N . ¥

FIGURE 11.

FRACTURE SURFACES OF THE PRIMARY RUPTURE THROUGH THE VALVE END
STIFFENER RING AND THE VESSEL SHELL ,

SNote the f]ame cut syrfaces on the ends of the. st1ffener rings,

the flat region on the fracture through the vessel shell, and

" the shear:fracture through the vessel shell, and the shear"
‘vfracture through the vessel shell on both.sides of the flat .

region.
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that crack reached a cr1t1ca1 s1ze d1ctated by the cond1t1ons of temperature
and pressure exper1enced by the vesse], rupture occurred by rap1d crack I

propagat1on 1n a shear mode”*~‘h -
, : } :wf, uts1de surface of the shell surround1ng
the rupture d1d not‘ k ,f] any» t‘;r cracks A]so, no cracks were: observed
on the 1ns1de surfaces of the vessel shell that could. be read1]y exam1ned

without enter1ng the vessel.

] | va ve'fnd side of the stiffener ring. That
crack<d1dtnot appear‘to exte ,,’x1a11y in the vessel shell. No crack through
the fillet weld or in the shell surface was observed on the opposite side of
the middle stiffener ring. The maximum width of the crack at the top surface
of the middle stiffener r1ng was 3/32 inch. The 11m1ted amount of the
surface of that crack that could be observed showed that the crack occurred
through the butt weld joining.the’énds of the ring:and‘that: the weld was not
a fu]T*penetrat1on we1d~ :

5iffener‘ring i§§i11ustrated in
nded tﬁroughjtheffi11et weld between
_ the stiffener However, no evidence
of crack‘extens1on into the'v_v el;she]] was observed. The maximum separa-
tion of the crack at: the top surface of the drain- end st1ffener was about
1/4 inch. The. surfaces of the crack that cou]d be seen revea]ed that it
occurred through the butt weld and that the butt weld was not a full pene-
tration weld. “Evidence of significant gr1nd1ng was present on the drain-end
side of that stiffener ring.

the‘rjng and the she]],on5:oth

Circumference Measurements

The circumference of the vessel was measured at 3 inch 1nterva1s
a]ong the length of the vessel she]l between the g1rth we]ds used to join
the vessel she]l and the heads Those measurements were made to assess
whether s1gn1f1cant deformat1on occurred dur1ng the fa11ure '
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Seam weld

. 5M542
a. Vé]ve-End”51dé of StiffenerfangS . fb;fCDEaTﬁ;End”§fde*é?ﬁgtffféﬁéfdﬁfng

AR S R

Note the crack in the fillet we]d o "  'Mfw"sﬁ

S I $,

FIGURE 12.  CRACK THROUGH THE BUTT WELDsIN THE, MIDDLE STIFFENER‘RING

Bt

5M545

a. Valve-End S1de of St1ffener Ring b. Dra1n-End Side of Stlffener Ring
FIGURE 13. CRACK THROUGH THE BUTT wELD IN THE DRAIN- END STIFFENER RING

Note the cracks in the fillet welds on both sides of the
stiffener ring.
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In addition, a measurement of the circumference of each head
was made; the drain-end head was measured approximately 2 inches from
the girth weld and the valve-end head was measured approximate]yrihinch
from the girth weld. Those measurements were made with a flat steel tape
graduated in 1/16<inch divisions and a Pi-tape. A Pi-tape is calibrated
to read the diameter to the nearest 0.001 inch dihect]y from a_ circumfer-
ential measurement of a cylindrical body. However, the Pi-tape cannot be
used if the cy11nder 1s no 1onger intact: Conseduently, the Pi-tape was
used only in those reg1ons of the vesse] where they were not cracked.

The results of the circumference measurements are listed in
Table 1. To aid in v1sua11z1ng the changes in. c1rcumference, the
circumference measured for the vesse1 shell at the 1 inch location was
assumed to be the nominal c1rcumference of the’ vesse] prior to failure.

That value was subtracted from a]l the other measured values and the percent
change in circumference from that value was ca]cu]ated Those results then
were plotted as a funct1on of ]ength along the vesse] as is shown in

Figure 14. :

The resu]ts of the c1rcumference measurements and the Pi-tape
measurements, where both measurements could be made, generally showed c1ose
agreement. The maximum differences between the measured circumference and
the calculated circumference from the Pi-tape diameter was 0.188 inch or
0.12 percent (the 63-inch 1ocation) The circumference measurements show
that, starting at the drain-end girth weld, the circumference increased with
increasing length to the 9-inch location and then decreased toward the
drain-end stiffener ring. Similarly, the circumference increased along the
Tength of the vessel from the drain-end stiffener‘kﬁng, reached a maximum
at the 36 to 42-inch locations and then decreased t0ward the middle stiffener
ring. Those patterns were repeated between the middle stiffener ring and the
valve-end stiffener ring and between that st1ffener r1ng and the valve-end
girth weld; however, the symmetry of the change:in the circumference was Tost:
in the region of the valve-end stiffener ring where the rupture appeared to
initiate. As is shown in Figure 14, the maximum change in circumference
between the drain-end and middle stiffener rings was 1.4 percent; the
maximum change in circumference between the middle stiffener ring and the
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TABLE 1. RESULTS OF CIRCUMFERENCE MEASUREMENTS

e —
— ]

Distance from

Drain End Pi-Tape Calculated (b)
Girth Weld, Circumference,(a) Diameter, = Circumference,
inches inches inches inches

-2 (Drain-end head) 155-7/8 49.636 155.857

0 (Girth weld) -- -- --

1 ) 155-3/8 49.514 155.474
3 156 49.690 156,027
6 156-5/8 49.912 156.724
9 156-7/8 49,990 156.569

12 156-3/4 49.945 156.827

15 156-1/4 49.782 156.315

18 155-9/16 49.564 156.631
Drain End stiffener 171-1/8 L --

21 155-3/8" 49.495 155.414 -

24 156-1/8 49.688 - 156.020

27 156-11/16 49,900 - 156.686 -

30 157-1/8 50.041 157.129

33 157-3/8 - 50.125 157.393

36 157-9/16 -.-50.149 157.468:

39 157-9/16 50.208 157.653

42 157-9/16 50.207 157:650

45 157-1/2. 50.185 157.581

48 157-1/4 50.120 157.377

51 156-7/8 49,984 156.950

54 156-3/16 49.772 156.284

57 155-1/2 45,540 . 155.556
Middle stiffener 171-3/16 - ==

60 155-5/8 49.580 155.681 "

63 156-1/4 49.821 156.438
66 157 50.025 157.079

69 157-1/2 50.200 157.628

72 158 --(c) --

75 158-1/16 -- --

78 158-1/16 -- -

81 158-1/16 -- --

84 158-7/8 -- .-

87 157-3/8 -- --

90 157 .- --

93 156-3/8 -- --

96 155-1/16 -- .-
Valve End stiffener 169 - -- -

99 157-1/4 -- --
102 157 ‘ - --
105 157-9/16 -- --
108 157-13/16 - --
M 157-7/16 -- --
114 156-9/16 -- --
116-1/2 155-7/8 - -- --
117-1/2 (Girth weld) -- -- --
118-1/2 (Valve-end head)  153-7/8 -- -

(a)
(b)
(

c)

Measured with flat steel measuring tape.

Calculated using Pi = 3.14. ) .
Vessel rupture extended from about 70.5 to 122 inches; Pi tape could

not be used.
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Percent Change in Circumference

2.0
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Drain-End

-Girth-Weld
o

Drain-End Stiffener Ring

Valve-End
Girth-Weld

. Middle Stiffener Ring
Valve-End Stiffener Ring

'l 1 {:. |> |.  1 .| ".' l 1 1

“FIGURE 14.

60 66 72 78 B84 90 96 102 108 114 120
Distahce_From D}ain;-End Girth _Wel_d, Ihch_es

PERCENT CHANGE IN CIRCUMFERENCE ALONG THE
LENGTH OF THE FAILED SHIPPING CONTAINER

The c1rcumference measured at the 1-inch
position:was' assumed to be the nominal
”c1rcumference of the vesse] prior to
nfallure
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valve-end stiffener ring was 1.73 percent. The circumference measurements
show that the vessel shell stretched considerably as the result of pressure

buildup in the vessel prior to rupturing.

Vessel Shell Thickness Measurements

Measurements of the vessel shell thickneés were made to determine
if significant thinning of the vessel shell had occurred either during the
failure process or from internal corrdéion. Initially, those measurements
were made at the same 3-inch marks used for the circumference measurements

~along the length of the vessel at the 3, 6, 9 and 12 o'clock locations and
along - a line 1n the unfailed portion of the vesse] that was in line with the
rupture and the cracks in the middle and drain-end stiffener rings. The
starting and;finishihg thickness measurements were made 3 inches from the
girth welds between the vessel and the heads. The thickness measurements
at the 12 o'clock position were made adjacent to and on the rupture side of
the longitudinal seam weld. ‘The thickness measurements were made ultra-
sonicalTy using a Krautkramer DM-2 Digital Thickness Tester. The thickness
tester was periodically checked by measuring the thicknesses of standard
0.250- and 0.500-inch-thick gage blocks.

. The results of thoée thickness measurements are presented in
Table 2. The thickness measurements at locations away from the failure
ranged from 0.630 to 0.666 inch. The allowable thickness range for 5/8-inch-
thick plate produced to SA516 is 0.615 to 0.665 inch as set forth in ASME
SA-20, "Specification for General Requirements for Steel Plates for Pressure
Vessels"; thus all readings except the one at 0.666 inch were within the
allowable thickness range for 5/8-inch-thick plate. The last thickness
reading listed in the column under "Fracture Line" was 0.600 inch, below the
allowable thickness range. However, that measurement was located in the
region where the propagating crack had turned prior to'arresting. Thus that
low value resulted from deformation associated with the separation of the
plate. Generally, the lower th1ckness read1ngs were obtained in regions
where the vessel had stretched e.g., ‘between the g1rth welds and the
stiffener rings and between the stiffener rings. However, the change in
thickness in those'fegions along the length of the vessel was not uniform
as was the change in circumference.
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TABLE 2. RESULTS OF ULTRASONIC THICKNESS MEASUREMENTS ALONG
THE LENGTH OF THE FAILED UF6 SHIPPING CONTAINER a)

Distance from

Drain End Thickness at Indicated Clock Position or Location, inc:
Girth Weld, — . — . 75
inches 3 6 9 12 Fracture Line‘"”

3 0.656 0.654 0.658 0.648 - 0.644
6 0.654 0.642 0.650 0.648 0.646
9 0.657 0.645  0.646  0.645 0.641
12 . 0.656. . 0.646  0.650 0.650 .- 0.643
15 - 0.657 0.649 0.653  0.650 0.643
18 - 0.662° 0.654-- 0.657  0.656 ‘ 0.636
21 : fillet weld adjacent to the drain end stiffener, ring:
24 0.663 0.658 0.666 0.650 0.652
27 :0.656 0.643 ©~  0.657 0.654 ©0.653
30 0.652 0.642 0.645 0.652 . :0.650
33 0.645 0.643 0.656 0.651 0.648
36 0.657 0.650 0.652  0.650 - 0.645
39 0.656 = 0.645 0.648 . .0.654 ~.0.648 .
42 0.654 0.642  0.642 . 0.649 0.643.
45 0.652 ©~ 0.650 ' 0.650 = 0.652"° - 0.644
48 - 0:657. 0.648 .0.656 0.652 - 0.645
51 0.653 0.659 0.654  0.652 . 0.649
54 ‘0.662 ° 0.654 ° 0.657  0.653" S 0.650
57(c) 0.659 0.651  0.660 .. 0.652 - 0.642°
60(c) 0.658 0.652  0.653 0.651 0.633
63 0.664 0.655 '0.653 0.656 0.644
66 0.656 0.650  0.649: 0.656 -0.650
69 0.654 0.652 0.642  0.646 0.633
72 0.650 0.650 0.642  0.642 ' 0?600(C)
75 0.655 0.643 0.646  -0.641 -
78 - .0.653 0.646 0.651 0.642 --
81 0.651 0.644 0.636 = 0.640 --
84 0.652 0.649 0.643 0.641 --
87 0.657 0.641 0.648 0.640 . --
90 '0.661 0.651 ' 0.657 0.639 C--
93 0.665 0.648 0.649 0.640 --
96 fillet we]d adJacent to the valve end st1ffener r1ng
" 99 - 0.660 0.644 0.646 0.639 --
102 0.653 0.642  0.644 0.636 L
105 . 0.646 0.632 0.640 0.630 --
108 - 0.643 0.636 0.636 0.630 --
111 ' 0.644 = 0.652 0.639  0.639 --
114 0.649 0.649 0.643 0.639 T

(a) Measured with a Krautkramer Digital Ultrasonic Thickness Tester.

(b) In the unfailed portion of the vessel in line axially with the ruptursz
and the cracks in the middle and drain-end stiffener rings.

(c) The middle stiffener ring was located between these inch marks.
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Another series of thickness measurements was made on either side
of the valve-end stiffener ring at each clock position around the circum-
ference of the vessel. Those measurements are listed in Table 3. The
thickness measured at those locations ranged from 0.637 to 0.655 inch. The
minimum thicknesses were measured at the 11 o'clock position, which was
apprOximately 6 inches circumferentially away from the region where the
rupture initiated in the vessel plate.

To assess the extent of local deformation resulting from the
failure process, a third series of thickness measurements was made between
the 11 and 12 o'clock positions in the region where the vessel plate had
ruptured (between the 5-ft-4-in and 9-ft-8-in-length marks). A 1-inch-square
grid was drawn on the vessel surface and ultrasonic thickness measurements
were made at the,grid intersections. Figure 15 i11ustrates'the;grid net-

work and the thickness measurements made are tabulated in Table 4.
' Those thickness measurements show that the vessel shell had

thinned significantly during the failure process, particu1ar1y in the
regions where the crack propagated in a shear mode.. For example, the
measurements for Row A, about 1 inch from the fracture, and_extending

from the stiffener ring toward the valve-end head, decreased from 0.609

to 0.538 inch. Aiso the thickness was reduced over the region extending
about 6 inches circumferentially on either side of the fracture. However,
near the valve-end stiffener, as is indicated by the readings at the 7-ft-
11-in- and 8 ft-3-in locations, the presence of the stiffener and the
fillet welds between the stiffeners and the vessel plate restrained
deformation.

After the section of the vessel was received at Battelle, thick-
ness measurements were made as close to the fracture surface as was possible
using a ball-end micrometer. Those measurements were made at 1-inch intervals
along the length of the relatively straight portion of the fracture. Those
readings were taken over a length of 20 inches from the valve-end stiffener ‘
ring in the direction of the girth weld between the shell and the valve-end
head. In the other direction, measurements were made for a distance of
24 inches (where the crack turned between the valve-end stiffener and the
middle stiffener. Those results are listed in Table 5.
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TABLE 3. RESULTS OF THICKNESS MEASUREMENTS ADJACENT TO VALVE-END
: STIFFENER RING AROUND THE CIRCUMFERENCE OF THE VESSEL
C]éck — Thi;kness, ’1'nch
Position Valve Side Drain Side
1 0.641 © 0.646
2 0.648 0.646
-3 - 0.655 0.654
4 . 0.650 0.653
5 - 0.650 - 0.653
6 0.645 0.648
7 0.649 0.651
8 0.643 0.645
9 0.643 0.648
10 1 0.645 0.651
N 0.637 0.639
12 0 0.644

.643
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Direction Toward 9 O’Clock

1 Valve-End
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FIGURE 15.

Distance From Drain-End Girth Weld, Ft. and Inches
Map Showing Locations of Wall Thickness

MAP SHOWING LOCATIONS OF VESSEL-SHELL WALL THICKNESS
MEASUREMENTS ON EITHER SIDE OF THE RUPTURE

The measurements made in the laboratory w1th a micrometer
were made at the locations of the dots adJacent to
fracture surface.
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TABLE 4. RESULTS OF ULTRASONIC VESSEL WALL THICKNESS
MEASUREMENTS IN THE VICINITY OF THE RUPTURE
AT THE LOCATIONS SHOWN IN FIGURE 15

+A. Rows A through G

(a) Edge of fracture, 1/4% from girth we1d T
(b) Edge of girth we1d P L .
(c) Over girth weld"

B-41

Distance ‘
From Drain End. C e Thickness, inches
Girth weld, . AU
feet and inches A .. B o C_ . D E F G
6' - 6" 0.000 .0.000 ~ 0.000  0.000 0.636 0.634 0.638
6' - " 0.581  0.599 . 0.614  0.625 0.627 0.632 0.636 . ..
6' - 8" 0.587 . .0.608  :0.618.: 0.625 0.630 0.637 0.640 .
6! - 9" : 0.587 - 0.608: 0.611: . 0.629 0.633 0.636 0.635 . -
6! - 10" . : '0.586 . 0.000 " 0.622: "~ 0.629  0.641 0.640 0.638 -
6! - 11" & '0.596 . 0.613 0.620° - 0.632 0.638 0.642 0.643 - =
7' - 0" 0.594 0,613 - :0.619 ~ 0.627 0.633 0.638 0.637 - -
7t - 1" e 0.603 “-0.627 ° '0.625  0.628 0.633 0.636 0.636 -
7 - 2" 0.602 0.628 = 0.624 - 0.639 0.636 0.634 0. 637jfff
AR i '0.596  .0.626. . 0.624 - 0.631 0.637 . 0.638 0.638 ..
7t - 4n 0.610 = 0.624  0.626.  0.627 .0.636 . 0.639  0.640 . .
7' - 5" 0.607 . 0.627. 0.626 . 0.630. .0.639 - 0.637 0.640 . ::
7' - 6" 0.597 - 0.615:: 0.627 = 0.630. 0.638 -.0.637 0.640
VARESY AL ‘0.596 - 0.617 . 0.626 - 0.630° :0.636 0:639 0.637 -
7t - 8" 0.601 - 0.621" - 0.629 . 0.635 :0.640  0.642 0.638 -
7 - g ‘0,608 0,629 0.636"- 0.645° 0.644 ''0.642  0.640
7' - 10" 0.616 ~0.632°  0.637 * 0. 6443 0. 641 0.644 0.640
7t - 11v :0g635 0. 637:;\ 0. 638;f 0. 636; iO 639 \‘¢0 639 0.636
(The drain-end side 6ffthe stiffener is 1n approximate a]ignment with g' - 0v,)
8! - 3» 0.609 ,;0 627‘ 0 632' 0. 633v ;0 637 u.o 635 0.634
8! - 4n 0.598  0.617 ~ -0.628:.: 0.630 0.636  0.639 0.638
8! - 5" 0.592 0.613-  0.622: 0.629 0.637  0.635 0.636
8! - 6" 0.586 ~'0.610 - 70.619 - 0.627 0.640 0.635 0.636
gt - 7" 0.588 - 0.608 ’~0 615 0.624 '0.632  0.633 0.635
gr - g" ‘ . 0.588 =~ 0.608 0.619 0.625  0.630 . 0.635 0.635
gt - on ' '0.585  0.606 ' 0.619 0.622  0.625  '0.634 0.634
8! - 10" 0.584  0.608  0.616 . 0.621 0.628 0,628 0.633
8! - 11" 0.582 . 0.605 . .0.615, . 0.626. 0.626 . 0.639 0.629
gt - Q" 0.577 . 0.604 . 0.615 0.626- .0.626 - .0.630 0.636
9t - 1" 0,572 0.604 - 0.612 - 0.620: 0.626 : 0.630 0.628
9! - 2" 0.574 . 0.604 ~ 0.610: 0.621° 0.628 - 0.630 0.629
gt - 3" '0.558 ' 0.600 ~ 0.613 =~ 0.622  0.625 0.634 0.630
9! - 4" 0 556 ' '0.610 0.615  0.623  0.626  0.630 0.635
9! - 5% "0.561 -'0 604  0.612 0.618  0.625 0,627 0.631
9t - 6" 10.555 0.602 0.607 0.6: 0.623  '0.628 0.630
g1 - 7 0. saa(a) 0. sag(b p --(C) == c) ==(c) 0l627  0.633
gt - g" i N Q? - .p”0{627 0.632
==EEsSs==s = =- ===8==========-===== -===S=;= ===== —_——StmSssSEZ==sSs
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TABLE 4. RESULTS OF ULTRASONIC VESSEL WALL THICKNESS
MEASUREMENTS IN THE VICINITY OF THE RUPTURE
AT THE LOCATIONS SHOWN IN FIGURE 15 .;

B.. Rows Q through Y

Distance ‘ )
From Drain End = ‘Thickness, inches
Girth Welds R D S
feet and inches Q R S T 1] v W X Y
51 « 4n 0.640 0.650 0.647 0.649 0.647 0.646
51 - g§n ~0.637 . 0.650 0.649 0.642 0.635. . 0.633
51 - g" 0.637 0.637 0.637 0.635 0.636 | ,
5! - 7n 0.637 0.643  0.635 0.634 -~ 0.631  0.628
5! - gn 0.634 " 0.635° 0.634 0.633 0.622 0.620
51 - gn- 0.636  °0.626 - 0,626 ~0.618 0.611 0.607 ~
5t - 10" 0.630 0.623 0.6 -0.607 0.598 0.589 -
§' - 11" ¢ 0.629.- 0.621 . "0.614 0.602 0.587 0.566 -
6' - 0" 0.624> :0.622 :.0.616 ~0.597 0.580 0.545:
6' - 1" 0.625- :0.619 .:0.615 ::0.591 0.568 2
6' - 2" 0.621  ,0.610-,.0.601 :0.590 0.555
6! - 3" 0.617 -0.608 . :.0.600 0,586 0.551
6! - 4" , 0.616. 0.608 .. ,0.600 -0.579 0.529
6! - 5" o . . . 0.597 0.582
6! - 6" - 0.643 0.632 0.622° " 0.586 0.575
6' - % 0.643 0.632 0.623° 0 -0.591  0.574
6! - 8" -0.642 0,633 0.6 0.619 0.605 0.594 ' 0,572
6' - 9". ©-0,638 :0.632 0.624 ' 0.619  0.606  0.592 ‘0.573
6' - 10" ©.0.639 °0.638 0.625 0.614: 0.606 0,588 ~0.570
6' - 11" - 0.640 0,630 0.622: 0.610° '0.612 ". 0,591 0,575
7 -1" .. 0.646 -0.646 0,638 0.611. .0.609 . ,0.588 .0.553
7t - 2" . 0.643 0.629 0.623 0.613 . 0.601- -0,587 0.551
7' - 30 "'0.642 0.626 0.620 0.617 0.604 0.583 0.546
7' - 4" 0.643 0.625 0.620 0.618 = 0.606 0.588 0.580
7' - 8" 0.644 0.624 - 0.621  0.620 ' 0.605 0.584 ' 0.569
7' - 6" 0.648 0.629 0.620 0.621 0.606 0.593 |
7 - 0.649 0.628 0.622  0.620 0.610:°-0.587 Too-
7' - 8" 0.644 0,631 0.624:: 0.623 .:0.618 : - 0.590 Close
FARE - L -0.653 0.634 0.628 0.626- :0.617 ~“0.590 ‘to’:
7' - 10" 0.647 0.635 0.634: 0.629 '0.628 : 0.607 Crack
7' - 11" . 0.644 0,640 0.631 - 0.635 ,0.636:..0.618 .. |-
(The drain-end side of the stiffener is in approximate alignment with 8'-0".)
8! - 3n 0,643 0.636 0.633 ° 0.637 0.629 ' 0.607 !
8' - 4n. 0.645 0.631 0.628 0.627° 0.618 0.594 Too
8t - 5" ~0.644 0.629 0.624 0.624 0.613 '~ 0.594 Close
8! - 6" 0,640 0,629 0.621 0.623: .0.607 .0.585 to Crack
8t - 7" ‘0.644 - 0.627 0.620 0.621 -0.607  0.582 e
8! - g" 0.641 -0.623 0.619 0.623. 0.604 . 0.583 < 0.561
8t - 9n 0.642 0.622 0.616:. 0.617: .0,605 - 0,584 :0.571
8! - 10 0.641 0.631 0.617. 0.616 0.605. 0.585  0.569
8' - 11" 0.649 .0.623 0.619 0.627 0.605 . 0.587 0.540
9! - Q" .0.639 0.623 0.618 0.620 0.602 0.585 0.546
9t - 1" 0.638 0.6266 0.620 0.613 0.601 0.595 '0.560
9t - 2" 0.639 0.628 0.620 0.616 0.613 0.590 0.566
9t - 3% 0.641° 0.629 0.625 0.614 0.607 0.601 0.564
9t - 4% 0.649 0.631 0.624 0.620° 0.600 . 0.596 - 0.569
9t - 5" 0.643 0.631 0.624 0.618 0.605 0.592 0.562:
9! -~ 6" 0.645 0.632 0.626 0.6 0.610 0.593 0.572;
9t - In 0.643 0.638 0.627 0.622 0.611 0,596 0.583
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TABLE 5. VESSEL WALL THICKNESS MEASUREMENTS MADE ADJACENT
TO THE FRACTURE SURFACE WITH A MICROMETER

A. Thickness adjacent to the. fracture surface toward the vessel seam weld.

Distance toward Thickness at the . Distance toward Thickness at the. .
Valve End from - Fracture Surface  .Drain End from . . Fracture Surface
Valve End Stiffener, Edge, ~ - . ’Yalve End Stiffener, . Edge, .
inches . - . inches (a) inches ... . inches (a) .
1 0.544 1. 0.526
2 0.531 . 2 0.529 -
3 0.531 3 0.522
4 0.512 - 4 0.505
5 0.501 5 0.500 -
6 0.496 6 0.496
7 0.485 7 - 0.482 -
8 0.483 8 0.485
9 - 0.484 9 0.487
10 0.482 10 . - 0.491 - -
11 0.479 11 - 0.478
12 » 0.477 12 . 0.480 -
13 0.476 . 13 . .. 0.475 .
T 0.479 . - 14 0.485
15 - . 0.477 15 : 0.475 .
16 ) 0.477 16 0.477
17 0.479 . 17 . 0.475
18 0.479 18 0.475
19 o 0.476 19 0.477
19 1/2 0.486 20 0.475
20 Edge of the 21 0.476
girth weld 22 0.481
23 0.487

24 0.500

(a) Thickness measuréments made with l-inch ball-end micrometer at Battelie.
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TABLE 5. VESSEL WALL® THICKNESS MEASUREMENTS MADE ADJACENT |
TO THE FRACTURE SURFACE WITH A MICROMETER

B. Thicknéss*adjacent-to-the.surface on'theffracturé.ha]f*away from the seam ‘weld.

Distance toward "Thickness at the = - Distance toward ' Thickness at the::
Valve End from - Fracture Surface /""" Drain End from  Fracture:Surface . .
Valve End Stiffener, - "Edge, ~  ~Valve End Stiffener, - Edges = o omvisy
inches inches (a) inches = inchesi(a) !
) 0.526 - 1 0.530
2 0.522 2. 0.528 -
3 0.507 3 0.512 °
4 0.500 4 0.505
5 0.497 5 - 0.499
6 0.490 6" 0.492 ¢
7 0.485 7 0.492
8 = 0.486 8 0.485
9 0.478 9" 0.490
10 0.487 10 0.490
11 0.481 11~ 0.486
12 0.487 12 0.490
13 0.478 ° 13 - 0.492
14 0.479 14 0.491
15 = = 0.475 15 - 0.490
16 0.475 16 0.492
17 - 0.474 17 0.492
18 = 0.484 18 0.493
19 0.495 19 0.490
19-1/2 0.494 20 0.494
19-7/8 (Edge of 2 0.492
. Girth Weld) 22 = 0.491
" 23 0.492
24 0.494

22339 A i A i3ttt t X 3 2 133 2 i3t 1ttt 2ttt 3 3 4t F + Pttt i3 3t i1t -1 1

(a) Thickness measurements made with l-inch ball-end micrometer at Battelle.
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The thickness measurements‘adjacent'to the fracture surface
between the valve-end st1ffener and the g1rth weld ranged from 0.544
to 0.474 inch. Near the stiffener ring and near the girth we]d the
thickness was not reduced as much as in the region between 10 1nches to
19 inches from the stiffener. Over that 9- .inch length the th1ckness was
nearly constant. A similar pattern of th1ckness variation was observed
over the 24-inch Tength of fracture extend1ng from the va1ve end st1ffener
toward the middle stiffener. .

Various th1ckness measurements made during the ons1te 1nvest1-
gat1on and after the sections conta1n1ng the rupture surfaces were re-
ceived at Battelle show that the vesse] she]] d1d measurab]y th1n over avi:
distance extend1ng approx1mate1y 6 1nches c1rcumferent1a]1y on e1ther s1de 1_
of the rupture The greatest amount of th1nn1ng occurred adJacent to the Zh
fracture surfaces which would be expected for a ductile fa11ure The fhf
minimum thickness measured 0.474 1nch represented a 24- percent reduct1on ;
from the nominal wall th1ckness of 0 625 inch.

As was stated prev1ous1y, for most of 1ts 1ength the fracture 1n r
the vessel shell propagated in a duct11e shear mode It was requested that
the ang]e of the fracture surface: re1at1ve to the p]ate surfaces be de-
termined. To assess that ang]e, the 1ength of the slanted or ang]ed face
on the fracture surface was measured at each Tocation that a m1crometer h
thickness measurement was made. The angle then was ca]cu]ated by d1v1d1ng
the wall thickness by that length. That ratio defined the sine of the
angle of fracture. Those calculations showed that the fracture ang1e
in the regions of shear propagat1on ranged from about 44.5 to 54 3 degrees
‘In the regions where the thickness was essent1a]]y constant the fracture
angle was 51 degrees. Near the stiffener that ang]e increased; for examp]e,‘
one inch from the stiffener the fracture angle ranged from 61 to 70 degrees
and immediately below the st1ffener, that angle appeared to be essent1a11y
90 degrees to the vesse] inner and outer surfaces.
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Examination of Inside Surface of the Vessel

After the external features'of the vessel were examined and the
various measurements described in the previous sections were made, the
drain-end head was removed by plasma-arc cutting to permit access to the
inside of the vessel. The inner surfaces of the vessel then were cleaned
to provide an acceptable level of radioactivity prior to entering the
vessel. The plasma arc cutting and the cleaning were performed by Sequoyah
Fuels personnel. ,

Examination of the inside surface of the vessel revealed no
evidence of cracking of the shell material and ne evidence of significant
general corrosion or localized pitting of the surfaces. Cracks were detected
in the butt welds of the internal backup rings used for the girth welds be-
tween the valve-end and drain-end heads and the vessel shell. Those cracks
were located about 1 inch and 3-1/2 inches below the 9 o'clock position in
the two backup rings, respectively, and about 9 and 4 inches, respectively,
below the 3 o'clock position. Thus, those cracks were not aligned with the
vessel rupture and did not contribute to the failure.

The regions of the vessel shell immediately below the cracks in
the middle and drain-end stiffener rings also were inspected from the inside
surface by the investigator from Welding Consultants, Inc., using a Parker
DA200 AC/DC Magnetic Particle Unit. No evidence of cracks were obtained
using the magnetic particle inspection unit. Subsequently, those regions
were inspected using a Nortec No. 131 Ultrasonic Ultrascope with a 0.5-inch-
diameter, 2.25 MHz, 70-degree probe; cellulose gel was used as the couplant.
That inspection revealed one indication of a flaw below the fillet weld on the
drain-end side of the drain-end stiffener. The depth of that indication was
estimated to be 3/16 inch maximum. No other indications of flaws were ob-
tained during that inspection.

The extent of bulging on the inside surface was measured between
the stiffeners by laying a straightedge across the internal locations corre-
sponding to stiffeners and measuring the maximum gap between the straight-
edge and the inner surface of the vessel shell. The maximum gap occurred
approximately midway between the stiffeners. The results of those measure-
ments are listed in the following tabulation:
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Maximum Bulge at Inner Surface, inch
Clock Between Valve End Between Drain End
Position and Middle Stiffeners and Middle Stiffeners

1 - -(a) | 14/32

2 15/32 14/32
3 15/32 14/32

4 14/32 . 13/32

5 13/32 C13/32
6 11/32 - 12/32

7 10/32 | 13/32
8 15/32 13/32
9 15/32 13/32
10 (a) 13/32
11 (a) 1132
12

(a) S 10/32

(a) No measurements could be made at these locations because
of deformation of vessel shell during failure. -~ '

Where direct comparisons can be made (the 3 and 9 and the 2 and 8
clock positions), those measurements indiCate'tht the amount of bulge or
increase in diameter was somewhat greater between the valve-end stiffener
and the middle stiffener than it was between the drain-end stiffener and
the middle stiffener. That same result was obtained from the circumfer-
ence measurements described_previqusly.

~ Selection of Seetions for Laboratory Examinatien/‘

'Fo1]oW1ng the inspection 6f the failed Vesse], sections of it weke_
selected for further examinatibn‘and analyses at Battelle. ThoSe sections
included the rupture reg1on, the crack in the middle st1ffener and the
crack in the drain-end stiffener and sect1ons located approximately 180
degrees from the rupture and the cracks 1n the stiffeners. In addition, the
Battelle team was asked ‘to select sections approx1mate]y 180 degrees from
the rutpure and the st1ffener cracks for evaluation by the vesse1 manufac-
turer, Tr1n1ty Industr1es, Inc. The sizes and locations of the vari<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>