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ABSTRACT

After the accident at Three Mile Island Generating Station, Unit 2 (TMI-2) in 1979, safety
evaluations were required by the licensee and NRC for most cleanup activities and new cleanup
systems. This supplement (Supplement 3) details the safety evaluations of 64 cleanup activities
that were performed during the 1979-1993 period and has been organized into the following
groups: data collection; pre-defueling preparations; defueling tools and systems; defueling
operations; and liquid waste management systems.

The safety evaluations for each of the cleanup activities are discussed by safety topics which
include: criticality; boron dilution; decay heat removal; fire protection; hydrogen generation;
industrial safety; instrument interference; impact on Unit 1 activities; load drop; occupational
exposure, including internal and external exposures; pyrophoricity; radiation protection/as low
as reasonably achievable practice; radiological release; reactor vessel integrity; seismic hazard;
radiation shielding; and vital equipment protection.

Supplement 3 is part of the NUREG/KM-0001 series and provides complimentary details of the
TMI-2 cleanup activities which can be found in its preceding supplements. Supplement 1
provided summary descriptions of programs, activities, systems and tools that were long
involved in the decade-long cleanup campaign of the damaged reactor core and severely
contaminated equipment and buildings. The Digital Versatile Discs (DVDs) accompanying
Supplement 1 contain most of the references cited in Supplement 3. Whereas Supplement 2
consolidated many of the experiences and lessons during the TMI-2 cleanup that had been
recorded in numerous reports and papers. Contents of the DVDs are available at the Idaho
National Laboratory Web site (https://tmi2kml.inl.gov).



Criticality
Lower reactor vessel head criticality model assumed the most reactive
spherical configuration. Assumptions included highest enriched fuel in
the center, surrounded by lower enriched fuel, no neuron poisons in fuel
regions, and surrounded by steel neutron reflector with borated water.

Hydrogen
Debris canisters contained catalyst beds to recombine radiolytic
hydrogen and oxygen to prevent buildup of combustible mixtures of
gases. Porous metal catalyst packages were incorporated into the upper
and lower (shown) heads that recombined gases at various orientations.

Pyrophoricity
Finely divided metallic Zircaloy, which was fragmented during the
accident, caused concern over a pyrophoric reaction (and fire) if core
debris were exposed to air. Samples of fine core debris that were
subjected to ignition tests resulted in no pyrophoric reactions.

Decay Heat
The main concern with decay heat removal during defueling and its
preparations involved the lowering of reactor coolant level in the reactor
coolant system and reactor vessel. Evaluations supported the Quick Look
video inspection and reactor vessel head removal.

Load Drop
Plenum being raised from the reactor vessel through the water filled
internals indexing fixture. It was transferred to its storage stand in the
partially flooded deep end of the fuel transfer canal. A six-foot-high dam
allowed the deep end to be flooded to provide radiation shielding.

Vessel Integrity
Tears were found in the cladding of the lower reactor vessel head around
melted instrumentation penetration, E7. Cracks were attributed to
stresses associated with the thermal gradient in the thick-walled carbon
steel vessel during the heating and cooling phases of the accident.

Occupational Exposure
A radiation work permit was required to access contaminated ceiling
areas above the clean lower areas of the auxiliary building main corridors.
Lowers walls and floor were painted to shield beta radiation. Piping and
cable trays hanging from the ceiling remained contaminated.

Radiological Release
TMI-2 ventilation stack being uncapped for purging accident-generated
radioactive krypton gas from the containment. The ventilation stack was
previously capped to redirect ventilation from the auxiliary and fuel
handling building to the temporary supplementary air filtration system.

Other Concerns
Other safety considerations included: fire protection; industrial
occupational safety; control room instrument interference; seismic
hazard; Unit 1 safety and operations impact; and vital equipment
protection of critical safety functions.
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ABBREVIATIONS

Ap change in reactivity

AECL Atomic Energy of Canada Limited

ADAMS* Agencywide Documents Access and Management System (NRC)
AFHB auxiliary and fuel handling building

AIGIH American Conference of Governmental Industrial Hygienists
ALARA* as low as reasonably achievable (exposure reduction practices)
amu monomeric molecular weight

ANSI American National Standards Institute

APSR axial power shaping rod

ASME American Society of Mechanical Engineers

B4C boron carbide

B&W Babcock & Wilcox

BNL Brookhaven National Laboratory

BTU British thermal unit

BWST borated water storage tank

cc/kg cubic centimeter per kilogram

cfm cubic feet per minute

CFR* Code of Federal Regulations

CLDS canister loading decontamination system

CMAA Crane Manufacturers Association of America

CPS canister positioning system

CRDM control rod drive mechanism

CTS canister transfer shield

DE diatomaceous earth

degrees C degrees Celsius

degrees F degrees Fahrenheit

DF decontamination factor

DHR decay heat removal

DOE* U.S. Department of Energy

DOT Department of Transportation

DVD Digital Versatile Disc

DWCS defueling water cleanup system

DWS demineralized water system

EPICOR EPICOR Il water cleanup system (not an abbreviation)
EPRI Electric Power Research Institute

FCSR fuel canister storage rack



FHB fuel handling building

FHBVS fuel handling building ventilation system
FTC fuel transfer canal

g/lcm?® gram per cubic centimeter

GDC general design criterion/criteria

gpm gallon per minute

GPU* GPU Nuclear Corporation (the licensee)
GWTS gaseous waste treatment subsystem
H20: hydrogen peroxide

HEPA high-efficiency particulate air (filter)

HIC high-integrity container

IF internals indexing fixture

INEL* Idaho National Engineering Laboratory (currently INL)
Kefr effective neutron multiplication (factor)
Kinfinity infinite neutron multiplication (factor)
LCSA lower core support assembly

LRVOS liner recombiner and vacuum outgassing system
LWR light-water reactor

MDM metal disintegration machining

MHC mini hot cell

MPC maximum permissible concentration

NA not applicable

NEPA National Environmental Policy Act

NO nitrous oxide

NO2 nitrous dioxide

NRC* U.S. Nuclear Regulatory Commission
NuPac Nuclear Packaging, Inc.

NUREG* Nuclear Regulatory (NRC report)

NUREG/KM* Nuclear Regulatory/Knowledge Management (NRC report)

ORNL Oak Ridge National Laboratory

OSHA Occupational Safety and Health Administration
OTSG once-through steam generator

PA plenum assembly

PEIS* Programmatic Environmental Impact Statement
PNL Pacific Northwest Laboratory



ppm parts per million

psi pounds per square inch

psia pounds per square inch absolute
psig pounds per square inch gauge (pressure)
PSLDS pressurizer spray line defueling system
RCBT reactor coolant bleed tanks

RCS reactor coolant system

RG regulatory guide

RIS regulatory issue summary

RV reactor vessel

RVLH reactor vessel lower head

scf standard cubic feet

SCSB single canister support bracket
SDS submerged demineralizer system
SER safety evaluation report

SF safety factor

SFP-A spent fuel pool “A”

SFP-B spent fuel pool “B”

Si(Li) silicon lithium

SPND self-powered neutron detector
SRST spent resin storage tank

SSTR solid state track recorders

TER technical evaluation report

TLD thermoluminescent dosimeters
TMI-1 Three Mile Island Unit 1

TMI-2* Three Mile Island Unit 2
TRVFS temporary reactor vessel filtration system
UCSA upper core support assembly
UHP ultrahigh pressure

uO, uranium dioxide

vdc volts direct current

ZrO3 zirconium dioxide

* Note: Abbreviations marked with an asterisk and in bold are used throughout this NUREG/KM
supplement. All others are first spelled out in each numbered section or subsection.
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1.1 Background

This supplement is the third report in this NUREG/KM series about the accident at Three Mile
Island Unit 2 (TMI-2) and its recovery and cleanup. NUREG/KM-0001, “Three Mile Island
Accident of 1979 Knowledge Management Digest, Overview,” (") issued June 2016, was the first
in the U.S. Nuclear Regulatory Commission’s (NRC’s) knowledge management series of reports
whose purpose is to preserve knowledge of the important historical events and research that
have shaped the NRC’s regulatory programs for present and future generations. The main
report presents an overview of the accident: emergency response, investigations, regulatory
implications, and accident recovery. Supplement 1, “Recovery and Cleanup,” (? issued

June 2016, expounds on the technical details of recovery and cleanup activities: management
and oversight, plant stabilization, worker protection, data acquisition and analysis, waste
management, decontamination, defueling, and after defueling.

Revision 1 of the main overview report (¥ and Supplement 1 include document collections that
were derived from correspondence between the licensee (> 4 and the NRC and from the results
of research activities sponsored by GPU Nuclear (the licensee), Electric Power Research
Institute, the NRC and the U.S. Department of Energy (DOE). ® The accompanying Digital
Versatile Discs (DVDs) contain about 100,000 pages in over 4000 documents, 500 photographs
and diagrams, and three NRC video presentations about the accident and recovery activities. A
hypertext markup language (HTML)-based interactive guide is provided on the DVDs to help
navigate through the historical records from both of these reports.

Supplement 2, “The Cleanup Experience: A Literature Review,” issued December 2020,
catalogs the many experiences and insights documented in numerous reports and papers
spanning the 1979 to 1993 cleanup period at TMI-2. The experiences described in the second
supplement focus on those aspects of TMI-2 relating to long-term plant stabilization, cleanup,
and defueling. Descriptions of these experiences were based on an extensive review of a wide
range of reports, papers, presentations, and interviews with personnel formerly from the key
organizations involved in the cleanup.

This newest supplement, “Cleanup Safety Evaluations, 1979-1993,” provides extensive details
of the evaluations performed by the licensee and the NRC to assess the safety of cleanup
activities at TMI-2. Safety evaluations were required for most cleanup activities and new
cleanup systems.

The groups of cleanup activities include: (e) data collection; (e) pre-defueling preparations;
(o) defueling tools and systems; (o) defueling operations; and (e) liquid waste management

@ The GPU Nuclear Corporation was added as the licensee for TMI-2 and replaced Metropolitan Edison Company as
the licensee authorized to operate TMI-2, effective January 1, 1982.

b The Idaho National Engineering Laboratory (INEL is now call INL) was tasked by DOE to manage and coordinate
the DOE’s TMI Information and Examination Program, which was jointly sponsored by GPU Nuclear (the licensee),
EPRI, the NRC, and the DOE and collectively called GEND. This program published most research and
development reports (called GEND reports) for the nuclear industry and the public. Other reports were also
published by each organization.



systems. This supplement discusses the safety evaluations of 64 activities and cleanup
systems.

Safety topics discussed for each activity include: () criticality; () boron dilution; (e) decay heat
removal; () fire protection; (e) hydrogen generation; (e) industrial safety; (e) instrument
interference; (o) impact on TMI Unit 1 activities; (e) load drop; (e) occupational exposure;
including internal and external exposures; () pyrophoricity; (e) radiation protection/as low as
reasonably achievable (ALARA) practice; (e) radiological release; () reactor vessel integrity;
(®) seismic hazard; (e) radiation shielding; and (e) vital equipment protection.

The remainder of this introduction briefly overviews the NRC’s safety evaluation review process
and information for navigating through this supplement.

1.2 Safety Evaluations

The NRC reviewed and approved the implementation of most of the cleanup activities at TMI-2.
Each request that was submitted by the licensee was evaluated by the NRC’s onsite TMI-2
Project Office. The NRC'’s evaluations ensured that all applicable regulatory and license
requirements were met to protect the public’s health and safety and to minimize worker
exposure. To the extent applicable, evaluations of safety and environmental impacts of the
proposed activity were based on the evaluations of cleanup alternatives discussed in the NRC'’s
“Programmatic Environmental Impact Statement Related to Decontamination and Disposal of
Radioactive Wastes Resulting from March 28, 1979 Accident Three Mile Island Nuclear Station,
Unit 2” (called the PEIS). (¢ 7)

This section summarizes the NRC’s safety evaluation process as documented in
NUREG-0698, @ 9 19 “NRC Plan for Cleanup Operations at Three Mile Island Unit 2,” as
revised.

e Licensee Proposals. The licensee prepared a safety evaluation report (SER) (© for each
major cleanup activity and a technical evaluation report for each new system. In addition to
many of the licensee’s contractors and consultants, the DOE and its national laboratories were
major resources for technical analyses that provided the basis for many evaluations. The
licensee’s SERs included four general parts: (e) basic description of the activity or system
design/operations; (e) safety analysis that covered a wide range of safety considerations; (¢) a
review under Title 10 of the Code of Federal Regulations (10 CFR) 50.59, “Changes, tests and

¢ Called a “safety analysis report” in some TMI-2 submittals. Today, the licensee submits a safety analysis report
(SAR), and the NRC reviews the SAR and issues a safety evaluation report documenting the results of the
agency’s review.



experiments,” (9 that determined if a change to the TMI-2 recovery technical specifications (¢
was needed (or an unreviewed safety question () was involved); and (e) environmental
assessment to demonstrate that the SER was bounded by the PEIS.

The SER of the proposed request was submitted to the NRC’s onsite project office for review
and approval.

e Proposal Approval: NRC Staff. The NRC Commissioners’ policy statement ('") that
endorsed the PEIS gave the staff the authority to approve most cleanup activities. The
Commissioners stated in April 1981 that, as the licensee proposed specific major
decontamination activities, the NRC staff (9 would determine whether these proposals, and the
associated impacts that were predicted to occur, were within the scope of those already
assessed in the PEIS. Except for the disposition of processed accident-generated water, which
the Commissioners wanted to decide on later, the staff was allowed to act on each major
cleanup activity without the Commissioners’ approval if the activity and the associated impacts
were within the scope of those assessed in the PEIS. (12

o Proposal Approval: NRC Commissioners. In the year following the accident, the NRC
Commissioners approved radiological effluent criteria for the interim period, before the issuance
of the PEIS, for radiological releases based on data-gathering and maintenance operations.
Following the issuance of the PEIS, if a cleanup task was evaluated to be outside the scope of
the PEIS, then the NRC'’s project office would recommend to the NRC Commissioners either
their approval of the task or the development of a supplement to the PEIS, as required by the
National Environmental Protection Act. This action was not necessary during the 13-year
cleanup campaign. The licensee never submitted a proposal for a cleanup activity that the NRC
determined would result in an environmental impact outside the scope of the PEIS and its
supplements. (13

The regulation in section 10 CFR 50.59 permits the holder of an operating license to make changes to the facility or
perform a test or experiment, provided that the change, test, or experiment does not meet any of the criteria in
section 10 CFR 50.59 that require application for a license amendment.

¢ Within a year following the accident, the NRC issued an order that established the new “recovery technical
specifications” (Appendix A to the facility operating license). These specifications considered the condition of plant
systems at that time. Requirements were modified as cleanup progressed. Appendix B to the facility operating
license, called the “environmental technical specifications,” which established limitations on effluent releases and
discharges; these limitations were unchanged and where to remain in effect except as provided in the order and
subsequent modification of requirements.

f The term “unreviewed safety question” is no longer used in today’s regulations (section 10 CFR 50.59 was revised
to provide safety criteria in plain English). In 1986, the term meant a change that involved any of the following:
(1) the probability of occurrence or the consequences of an accident or malfunction of equipment important to
safety previously evaluated in the safety analysis report could be increased; or (2) a possibility for an accident or
malfunction of a different type than any evaluated previously in the safety analysis report could be created; or
(3) the margin of safety as defined in the basis for any technical specification was reduced.

9 The five NRC Commissioners are usually called collectively the “Commission” and everyone else is “staff.” This

NUREG/KM uses the terms “Commissioners” instead of the Commission and “NRC” instead of NRC staff, unless
both are being discussed.
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o Safety Evaluations. The NRC and the licensee conducted safety evaluations to ensure that
the proposed cleanup activity could be implemented without significant risk to the health and
safety of the public. The NRC’s safety reviews evaluated the safety concerns applicable to the
proposed request. In general, safety evaluations by the licensee and NRC addressed similar
safety considerations to ensure worker and public safety that involved the control of radioactive
materials under normal, anticipated, and accident conditions. One significant advantage at
TMI-2 was an intact containment building (" to contain radioactive materials. Technical
specification requirements ensured containment building integrity, as needed, for cleanup
operations.

General safety concerns that were typically addressed in the licensee’s and NRC'’s SERs, as
applicable, included: (e) criticality control; (e) boron dilution; (e) radiological releases during
normal operations and postulated accident conditions; (e) hydrogen evolution and control;
(e) pyrophoricity of debris fines; (e) decay heat removal; (e) heavy load drops (impacting
reactor vessel integrity); (o) reactor vessel and primary system integrity (draining); () fire
protection; (e) occupational exposure to radiation; (e) impact on other plant activities and
operations; (e) instrument interference (disruption of instrumentation required by technical
specification); and (e) submerged combustion (burning and cutting operations damaging the
reactor vessel wall).

e Cleanup Activities and Systems. The term “cleanup” is used in this NUREG/KM to mean
actions taken to decontaminate the plant (surfaces and water); defuel the reactor vessel, reactor
coolant system and auxiliary systems; and dispose of radioactive waste. Safety evaluations
were required for most cleanup activities and new cleanup systems. The categories of cleanup
activities included: (e) data collection, such as video inspections in the reactor vessel, reactor
vessel underhead characterization, and core bore sample examination; (e) pre-defueling
preparations, such as reactor vessel head removal, heavy load handling, and reactor vessel
plenum removal; (o) defueling tools and systems development, such as defueling water cleanup
system, defueling canisters, plasma arc torch, and core bore machine; (e) defueling operations,
such as bulk defueling of the central core region, defueling lower reactor vessel core support
structures, defueling reactor vessel lower head, and defueling upper core support structure
behind the core former baffle plates; and (e) liquid waste management systems, such as
EPICOR Il and the submerged demineralizing system.

This supplement discusses the safety evaluations of 64 activities and systems. Supplement 1
provides summary descriptions of these activities and systems. Detailed descriptions can be
found in the cited SERs and supporting correspondence.

1.3 How To Use This Report

This report summarizes the most notable safety evaluations of TMI-2 postaccident cleanup
activities. Cleanup activities are defined in this NUREG/KM supplement to include

h To eliminate confusion with other nuclear power plant designs, the term “containment building” is used throughout
this NUREG/KM instead of “reactor building,” which is the standard terminology at TMI-2 for the pressure
suppression function.



decontamination, examinations, preparations for defueling, and defueling. The report describes
the many safety evaluations performed, enabling the reader to understand the thinking of the
evaluators at the time, the expectations and the reality, uncertainties in data, and measurement
and mitigation methods. It also presents a high-level chronology of cleanup activities. The
reader is cautioned to refer to the cited safety evaluation and supplemental correspondence, if
any, for the complete record of the safety evaluation at a particular point in time. A safety
evaluation preceded essentially every major undertaking in the TMI-2 cleanup. However, this
NUREG/KM may describe safety evaluations for tasks that were never undertaken. @) Not all
tasks for which a safety evaluation was prepared were executed. The discussions of safety
evaluation reports (SERs) presented here are not official NRC records or technical positions.

e Scope. Safety topics that are summarized in this NUREG/KM supplement include:

(e) criticality, including boron dilution; (e) decay heat removal; () fire protection; (e) hydrogen
generation; (e) industrial safety; (e) instrument interference; (o) impact on TMI Unit 1 activities;
(®) load drops; (e) occupational exposure, including internal and external exposures;

(e) pyrophoricity; (e) radiation protection/ALARA; (e) radiological releases; (e) reactor vessel
integrity; (o) seismic hazard; (e) radiation shielding; and (e) vital equipment protection.

e Not in Scope. This supplement does not include safety evaluations of activities associated
with (e) shipping and transportation of radioactive wastes or fuel debris; () offsite storage of
such wastes; (®) changes to technical specifications; (e) NRC orders; (e) containment building
purge of krypton-85 in 1980; (e) disposal of decontaminated accident-generated water through
evaporation; or (e) post-defueling monitoring storage. Safety evaluations of recovery activities to
stabilize the plant during the early weeks and months following the accident were typically not
documented in formal SERSs; therefore, this supplement does not include these early activities.

e Report Organization. This NUREG/KM supplement is structured to conveniently group
related sections of all safety evaluations for each safety topic. This should allow technical
reviewers to collectively review the safety evaluations associated with their specialized field in
the designated chapter, instead of having to search through the hundreds of SERs for
numerous cleanup activities.

Each chapter of a safety topic contains: () table of contents; (e) introduction that gives the
scope of the chapter; (o) list of key studies and technical reports associated with the safety
topic; (@) licensee’s safety evaluations associated with a standard set of 64 cleanup activities,
systems, and tools; (e) the NRC’s safety reviews as documented in its SERs; and (e) endnotes
that include cited references. Some safety evaluations of cleanup activities and systems did not
address a particular safety topic. In these cases, the section title indicates not applicable (NA).

" An example of a licensee’s SER being submitted to and approved by the NRC, but the request never being
implemented, is the hydraulically powered shredder. This 2.5-ton device could have been placed in the reactor
vessel to reduce the size of fuel pins and other core debris and facilitate the loading of fuel canisters or debris
buckets. The Electric Power Research Institute (EPRI) report, “The Cleanup of Three Mile Island Unit 2, A
Technical History: 1979 to 1990,” dated October 1, 1990 (EPRI-NP-6931), provides a concise overview of all
proposed and implemented cleanup plans and activities. This report is currently (at the time of this publication)
available from EPRI’s Web site.



Some evaluations were repeated across multiple activities or simply referred to an earlier SER.
As the cleanup proceeded, some discussions of the evaluations of a particular safety topic
became shorter. In some later cases, the safety topic was no longer a concern. The level of
detail presented in this supplement for each activity generally reflects the details that were
documented in the cited SER.

e Companion Supplement. Supplement 1 of this NUREG/KM (') provides high-level
overviews of various cleanup activities and descriptions of systems and equipment used during
the cleanup. This summary information is not repeated in this supplement.

The Digital Versatile Discs (DVDs) accompanying Supplement 1 contain most of the references
cited in Supplement 3. Contents of the DVDs are available at the Idaho National Laboratory
Web site (https://tmi2kml.inl.gov).

e Report Structure. To help the reader navigate this lengthy report, each chapter is tiered to

no more than three numbered subsections and four tiers of bullets. Bullets are used extensively
to help partition numbered sections in the following order of tiers: “o” first tier; “0” second tier; “-”
third tier; and “w” fourth tier (infrequent). An additional bullet “(e)” is used in a paragraph at any

tier for listing items or concepts.

e Completeness. Chapters of this supplement include safety topics that had substantial
evaluations. This supplement covers most cleanup activities, with the exceptions of those noted
in the scope discussion above. Each activity is addressed in each safety topic chapter, whether
an evaluation of that topic was discussed in the cited SER.

In most instances, the safety evaluation discussions reflect the content in the cited SER, almost
in its entirety, unless otherwise stated. However, the discussion may not reflect all subsequent
or supplementary information such as revisions and correspondences. The editors tried to
select the documents that provided the most informative and complete evaluation. In some
cases, informative supplementary materials are also discussed. This supplement generally does
not include system and operational descriptions that were typically described in the SER.

e The NRC'’s Reviews. The NRC’s SER that was discussed for each activity may be
associated with an earlier or later revision of the cited licensee’s SER. However, the editors
chose the revision to best represent a complete safety evaluation, given that the reviews of later
SERs were most often brief or referred to previous SER revisions (or, in some cases, did not
address a topic because its safety importance changed over time or the revision reflected a
minor change).

o Editorial Changes. Editorial changes to the original text were generally limited to
standardize terminology and to use consistent grammatical tenses. The writing styles from
numerous SERs that were written by different authors over the 13-year cleanup campaign were
generally not edited. However, in many cases, statements were revised to provide clarity or
improve readability. Text in many cited SERs contained lengthy paragraphs or nondescript
paragraphs covering an assortment of safety topics. To provide some description of the



contents, this supplement sectioned the text from the cited SER using bullets with keyword
titles.

e Abbreviations. To improve readability and results of language translator software,
abbreviations were kept to a minimum. Only a few of the most common abbreviations are used
throughout this supplement. Others that are frequently repeated in a numbered section (or
subsection) are spelled out at the beginning of the section that contains them. A list of all
abbreviations is provided at the beginning of this supplement.

o Units of Measure. The unit of measure (in English units or the International System of Units)
used in the original cited document also appears in this supplement. In some cases, the cited
document uses both units. A conversion chart is provided on the back cover. Abbreviations of
units were kept to a minimum to improve the results of language translations.

e Editor’s Notes: Editor's notes were added, as appropriate, to add context and to update
information that was not included in the cited SER.

e Additional Information. The reader should refer to the cited SER for complete details about
a specific cleanup activity of interest. For the complete safety evaluation of a specific activity,
refer to the SER, its revisions, and supporting correspondences. The importance of safety
considerations often changed as the cleanup progressed over time and reactor core and plant
conditions became better known.

1.4 Key NRC Requlations and Regulatory Guides

The key Code of Federal Regulations (CFR) sections and NRC regulatory guides that were
often cited in the safety evaluation reports (SERs) and referenced in this supplement are listed
below. Others that are referenced less frequently are noted in the text. To improve readability,
titles are noted only once in each chapter that contains them. However, the full title is included
in the endnotes of each chapter. The reader should consult the cited SER for the exact revisions
of the regulations and guides, as they changed over time.

o Cited CFRs. The following commonly cited regulations in this supplement are provided with
full titles at the beginning of each chapter that cites them and throughout the endnotes:

o 10 CFR Part 20, “Standards for Protection Against Radiation” ()
o 10 CFR Part 50, “Domestic Licensing of Production and Utilization Facilities” (6)
o 10 CFR Part 50, Appendix A, “General Design Criteria for Nuclear Power Plants” (')

o 10 CFR Part 50, Appendix I, “Numerical Guides for Design Objectives and Limiting
Conditions for Operation to Meet the Criterion ‘As Low as is Reasonably Achievable’ for
Radioactive Material in Light-Water-Cooled Nuclear Power Reactor Effluents” ('®

o 10 CFR Part 71, “Packaging and Transportation of Radioactive Material” (19



o 10 CFR Part 100, “Reactor Site Criteria” (29

o Cited NRC Regulatory Guides. The full titles of the following commonly cited regulatory
guides in this supplement are given at the beginning of each chapter that cites them and
throughout the endnotes:

o Regulatory Guide 1.109, “Calculation of Annual Doses to Man from Routine Releases of
Reactor Effluents for the Purpose of Evaluating Compliance with 10 CFR Part 50,
Appendix 1" (2D

o Regulatory Guide 1.111, “Methods for Estimating Atmospheric Transport and Dispersion of
Gaseous Effluents in Routine Releases from Light-Water-Cooled Reactors” (22

o CFR Past Editions. Past editions of the CFRs from the 1980s are currently not available at
the NRC or Government Publishing Office Web sites. However, early editions may be available
at a local Federal Depository Library (refer to the Catalog of U.S. Government Publications Web
site).

o NRC Regulatory Guides Past Editions. Past and current revisions of NRC regulatory
guides can be found at the NRC Web site (nrc.gov).

1.5 Endnotes

Reference citations are exact filenames of documents on the Digital Versatile Discs (DVDs) to
NUREG/KM-0001, Supplement 1, ?® “Three Mile Island Accident of 1979 Knowledge
Management Digest: Recovery and Cleanup,” issued June 2016, DVD document filenames start
with a full date (YYYY-MM-DD) or end with a partial date (YYYY-DD). Citations for references
that are not on a DVD begin with the author organization or name(s), with the document title in
quotation marks. Contents of the DVDs are available at the Idaho National Laboratory Web site
(https:/tmi2kml.inl.gov).

TUSNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup, Overview,” NUREG/KM-0001, Revision 1, June 2016 [Available at nrc.gov]

2 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

3 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup, Overview,” NUREG/KM-0001, June 2016 [Available at nrc.gov]

4 (1982-02-02) TMI-2 Organization Plan Change

5 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: The Cleanup
Experience—A Literature Review,” NUREG/KM-0001, Supplement 2, December 2020
[Available at nrc.gov]

6 NUREG-0683, Vol. 1, PEIS-Decontamination and Disposal of Radioactive Wastes Resulting
from TMI-2 (1981-03)

" NUREG-0683, Vol. 2, PEIS-Decontamination and Disposal of Radioactive Wastes Resulting
from TMI-2 (1981-03)

8 NUREG-0698, Rev. 0, NRC Plan for Cleanup Operations at TMI-2 (1980-07)



9 NUREG-0698, Rev. 1, NRC Plan for Cleanup Operations at TMI-2 (1982-02)

'O NUREG-0698, Rev. 2, NRC Plan for Cleanup Operations at TMI-2 (1984-03)

11(1981-04-27) NRC Policy, Programmatic Environmental Impact Statement of the Cleanup of
TMI-2 (46 FR 24764)

2 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

13 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

4 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

5 U.S. Code of Federal Regulations, “Standards for Protection Against Radiation,” Part 20,
Chapter I, Title 10, “Energy”

6 U.S. Code of Federal Regulations, “Domestic Licensing of Production and Utilization
Facilities,” Part 50, Chapter |, Title 10, “Energy”

7 U.S. Code of Federal Regulations, “General Design Criteria for Nuclear Power Plants,”
Appendix A, Part 50, “Domestic Licensing of Production and Utilization Facilities,”
Chapter I, Title 10, “Energy”

8 U.S. Code of Federal Regulations, “Numerical Guides for Design Objectives and Limiting
Conditions for Operation to Meet the Criterion "As Low as is Reasonably Achievable" for
Radioactive Material in Light-Water-Cooled Nuclear Power Reactor Effluents,” Appendix |,
Part 50, “Domestic Licensing of Production and Utilization Facilities,” Chapter |, Title 10,
“Energy”

9 U.S. Code of Federal Regulations, “Packaging and Transportation of Radioactive Material,”
Chapter I, Title 10, “Energy”

20 .S. Code of Federal Regulations, “Reactor Site Criteria,” Part 100, Chapter I, Title 10,
“Energy”

21 USNRC, “Calculation of Annual Doses to Man from Routine Releases of Reactor Effluents for
the Purpose of Evaluating Compliance with 10 CFR Part 50, Appendix |I,” Regulatory
Guide 1.109, October 1977 [Current and past regulatory guides are available at nrc.gov]

22 USNRC, “Methods for Estimating Atmospheric Transport and Dispersion of Gaseous
Effluents in Routine Releases from Light-Water-Cooled Reactors,” Regulatory Guide
1.111, July 1977 [Current and past regulatory guides are available at nrc.gov]

2 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]
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2.1 Introduction

This chapter describes the purpose of each cleanup activity discussed in the following chapters.
In addition, the applicable safety topics that were evaluated in the licensee’s and NRC’s safety
evaluation reports are listed for each activity. The purpose of each activity is repeated in the
following chapters, as applicable. However, to simplify the chapters, the lists of applicable safety
topics are not repeated. The reader should refer to this chapter for the listing of safety topics for
each activity.

2.2 Key Studies

This section, along with the following chapters, summarizes any key studies and technical
reports associated with a safety topic. The cited safety evaluation reports usually reference
these documents.

2.3 Data Collection Activities

2.3.1 Axial Power Shaping Rod Insertion Test

e Purpose. To individually move the eight axial power shaping rod assemblies in the core to
provide insight into the extent of core and upper plenum damage. This early insight allowed time
to factor this information into plans for subsequent inspections for the head, upper plenum, and
core removal.

e Evaluation. (") Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality; (e) fire protection; (e) hydrogen; (e) occupational exposure; and (e) radiological
release.

e NRC Review. ® The NRC'’s safety evaluation report focused on criticality.
2.3.2 Camera Insertion through Reactor Vessel Leadscrew Opening

e Purpose. To insert a camera into the reactor vessel through a control rod drive mechanism
leadscrew opening to provide the first visual assessment of conditions inside the reactor vessel.
This activity was known as “Quick Look.”

e Evaluation. ® Safety topics considered in the licensee’s safety evaluation report included:
(e) boron dilution; (e) criticality; (e) decay heat removal; () fire protection; (e) hydrogen;
(®) occupational exposure; and (e) radiological release.




e NRC Review. (Y Safety topics considered in the NRC'’s safety evaluation report included:
(e) boron dilution; (e) criticality; (e) decay heat removal; (e) hydrogen; and (e) occupational
exposure.

2.3.3 Reactor Vessel Underhead Characterization (Radiation Characterization)

e Purpose. To characterize radiation under the reactor vessel head to ensure that adequate
radiological protection measures would be taken to keep radiation exposures ALARA during
head removal. To achieve this objective, measurements were necessary with the reactor vessel
head still in place.

e Evaluation. ® Safety topics considered in the licensee’s safety evaluation report included:
(®) boron dilution; (e) criticality; (e) decay heat removal; (e) hydrogen; (e) occupational
exposure (internal and external); (e) pyrophoricity; (e) radiation protection/ALARA; and

(®) radiological release.

e NRC Review. ® Safety topics considered in the NRC'’s safety evaluation report included:
(o) criticality; (o) decay heat removal; (e) hydrogen; (e) occupational exposure;
(e) pyrophoricity; and (e) radiological release.

2.3.4 Reactor Vessel Underhead Characterization (Core Sampling)

e Purpose. To obtain up to six specimens of the core debris using specially designed tools.
These tools would be lowered into the reactor to extract samples of the loose debris and to load
the samples into small, shielded casks for offsite shipment and analysis. The analysis of the
samples would: (o) identify the composition of the particulate core debris; (o) determine particle
size; (o) determine fission product content; (e) determine fission product leachability from the
debris; () analyze the drying properties of the debris; and (e) determine whether pyrophoric
materials existed in the core debris. This examination was a follow-on activity to the underhead
characterization study.

e Background. Three shipping casks @ were considered (" for transporting the core debris
samples to the laboratory. The selected cask was the modified and recertified Model

CNS 1-13C Type B shipping cask, with the sample in a Specification 2R container. An earlier
version of this cask was used to ship spent submerged demineralizer system liners. ®

e Evaluation. ® Safety topics considered in the licensee’s safety evaluation report included:
(®) boron dilution; (e) criticality; (e) decay heat removal; (e) hydrogen; (e) load drop;
(®) occupational exposure; (e) pyrophoricity; and (e) radiation protection/ALARA.

a Editor's Note: While large shipping containers of radioactive materials may often be referred to as “shipping casks,”
the proper term for such containers, when loaded with contents and in their transportation configuration, is
“package.” See 10 CFR Part 71, “Packaging and Transportation of Radioactive Material,” Section 71.4,
“Definitions.”



e NRC Review. "% Safety topics considered in the NRC’s safety evaluation report included:
(®) occupational exposure and (e) pyrophoricity.

2.3.5 Core Stratification Sample Acquisition

e Purpose. To perform the activities associated with: () installation, operation, and removal of
the core boring machine; (e) acquisition of the core samples; () transfer of the samples from
the machine to the defueling canisters; and (e) viewing of the lower vessel region through the
bored holes.

e Evaluation. ") Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) load drop; (e) occupational exposure (internal and
external); (e) pyrophoricity; (e) radiation protection/ALARA; (e) radiological release; (e) reactor
vessel integrity; and (e) shielding.

The SER was revised four times; this NUREG/KM presents the latest revision.

e NRC Review. ('? Safety topics considered in the NRC’s SER included: (e) criticality;
(e) pyrophoricity; and (e) reactor vessel integrity.

2.3.6 Use of Metal Disintegration Machining System to Cut Reactor Vessel Lower Head
Wall Samples

e Purpose. To remove metallurgical samples from the inner surface of the lower reactor vessel
head using the metal disintegration machining system. An international research program used
these samples to study core melt and reactor vessel interactions. This program was conducted
after the reactor vessel was defueled.

e Evaluation. ("> ' Safety topics considered in the licensee’s safety evaluation report
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection;
(e) hydrogen; () instrument interference; (e) load drop; (e) pyrophoricity; (e) radiation
protection/ALARA,; (e) radiological release; and (e) reactor vessel integrity.

e NRC Review. ("9 Safety topics considered in the NRC's safety evaluation report included:
(®) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection; (e) hydrogen;
(e) load drop; (e) pyrophoricity; (e) radiological release; and (e) reactor vessel integrity.



2.4 Pre-Defueling Preparations

241 Containment Building Decontamination and Dose Reduction Activities

Purpose. To conduct decontamination and dose reduction activities in the containment building
at elevation levels 305 feet (entry level) and above. Planned activities included: (o) flushing
containment building surfaces with deborated water; (o) scrubbing selected components of the
polar crane; (e) conducting hands-on decontamination of vertical surfaces; (o) decontaminating
the air coolers; (e) flushing the elevator pit; () cleaning floor drains; (e) shielding the seismic
gap and penetration; (e) decontaminating and shielding hot spots; (e) decontaminating missile
shielding; (e) shielding reactor vessel head surface structure; (o) removing concrete and paint;
(e) decontaminating cable trays; (e) decontaminating equipment; (e) remote flushing the
containment building basement; and (e) testing remote decontamination technology.

e Evaluation. "9 Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) fire protection; (e) industrial safety; (e) load drop;
(®) occupational exposure (internal and external); (e) radiation protection/ALARA,;

(e) radiological release; (e) shielding; (e) structural integrity; and (e) vital equipment protection.

This SER was updated three times to reflect dose reduction plans for the upcoming year. This
NUREG/KM presents the latest revision for containment building decontamination and dose
reduction activities for 1986.

e NRC Review. ('Y The NRC's review of the licensee’s SER ('® included the following safety
topics: (e) industrial safety; () occupational exposure; (e) radiation protection/ALARA;
(e) radiological release; and (e) vital equipment protection.

2.4.2 Reactor Coolant System Refill

e Purpose. To refill the reactor coolant system (RCS) to the top of the hot legs in order to
purge oxygen and to provide an RCS water level that would permit operation of the
once-through steam generator (OTSG) recirculation/cleanup system. To operate the OTSG
recirculation/cleanup system, the secondary-side water level in the OTSG must be raised to the
vicinity of the upper tubesheet to minimize the chance of unborated water leakage from the
OTSGs to the RCS.

As an added measure of protection against system overpressurization, the pressurizer would
not be vented. This protective measure provided a surge volume for increases to the RCS or for
inadvertent introduction of pressurization to the RCS, such as by activating pumps or changing
valve lineups.

e Evaluation. (' 29 Safety topics considered in the licensee’s safety evaluation included:
(e) hydrogen and (e) RCS integrity.




e NRC Review. The NRC’s safety evaluation was not located.
2.4.3 Reactor Vessel Head Removal Operations

2.4.3.1 Polar Crane Load Test

e Purpose. To conduct load testing of the polar crane in preparation for reactor vessel head lift
and removal. The polar crane load test required four major sequential activities: (1) relocation of
the internals indexing fixture; (2) assembly of test load; (3) load test; and (4) disassembly of test
load.

o Evaluation. ") Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) criticality; (o) decay heat removal; (e) load drop; (e) occupational exposure;
() radiological release; () reactor coolant system integrity; and (e) shielding.

e NRC Review. ?® The NRC's review of the licensee’s SER % included the following safety
topics: (e) criticality; (e) decay heat removal; (e) load drop; (e) occupational exposure;
(e) radiological release; (e) reactor vessel integrity; and (e) vital equipment protection.

e NRC Review (Background). ? The NRC recognized that the polar crane was an absolute
prerequisite for major activities (i.e., reactor pressure vessel head lift and plenum removal)
leading to the defueling of the damaged core. The refurbishment and requalification of the
damaged crane were essential to further progress of the cleanup. Accordingly, the NRC
developed guidance for the refurbishment of the crane and forwarded the criteria to the licensee
by letter dated April 1, 1982. (® The licensee submitted the functional description for the polar
crane refurbishment and revisions following NRC reviews of the functional description reports.
Almost a year later, the licensee submitted its SER (?® for the polar crane test to the NRC. Soon
after, a licensee contractor employee made allegations about the safety of the polar crane and
other cleanup-related issues. The NRC’s extensive investigation of the allegations found that
there were administrative and procedural deficiencies in the crane refurbishment program. The
NRC requested additional information from the licensee to provide assurance that the
refurbishment and testing of the crane would have proper management controls to ensure
quality workmanship. The NRC met numerous times with the licensee throughout the review
process, and the licensee submitted many responses to requests for additional information.

The NRC concluded that, notwithstanding the identified procedural deficiencies in the
refurbishment of the polar crane, the program used to refurbish, test, and operationally verify a

b Editor's Note: The cited letter from the NRC could not be found in either public or nonpublic ADAMS. The SER
restated the guidance: (1) resistance measurements should be taken to verify that no unacceptably or high
resistances existed between the various circuits and circuits to ground, (2) the quantity and quality of lubricants
should be checked and found acceptable, or a suitable replacement of the lubricant should be made, (3) due to the
past potentially corrosive environment, a thorough inspection should be performed of the wire rope system of the
500-ton main hoist using the “Wire Rope User's Manual,” which was published by the American Iron and Steel
Institute as a guide, and (4) the checklist in Table 3.1 of the NRC letter should be used as a guide for a
recommended inspection plan.



working crane was made technically sufficient and provided reasonable assurance that the
crane was safe for the conduct of the requalification test. Further, Section 9 of the NRC’s SER
included a detailed discussion of the agency’s evaluation of the licensee’s quality assurance
and quality control requirements and practices.

2.4.3.2 First Pass Stud Detensioning for Head Removal

e Purpose. To perform the first-pass detensioning of the 60 reactor vessel studs and the
removal of up to 5 reactor vessel studs to check for stuck nuts and to examine the condition of
the removed studs.

e Evaluation. ?® 2) Safety topics considered in the licensee’s safety evaluation report
included: (e) criticality; () occupational exposure; (e) radiological release; and (e) reactor
coolant system integrity.

e NRC Review. ® The NRC's review of the licensee’s safety evaluation report (?® and
supplemental information 9 included the following safety topics: (e) occupational exposure;
(e) radiological release; and (e) reactor coolant system integrity.

2.4.3.3 Reactor Vessel Head Removal Operations

e Purpose. To prepare for reactor vessel head removal to perform the lift and transfer of the
head and conduct the activities necessary to place and maintain the reactor coolant system
(RCS) in a stable configuration for the next phase of the recovery effort.

e Evaluation. ®" The removal of the reactor vessel head was the most complex operation in
the containment building up to that point in time. The licensee’s safety evaluation report (SER)
contained over 180 pages and covered a wide range of safety considerations: () boron dilution;
(e) criticality; (o) decay heat removal; (e) fire protection; () hydrogen; (e) load drop;

(®) occupational exposure (internal and external); (e) pyrophoricity; (e) radiation
protection/ALARA,; (e) radiological release; () RCS integrity; and (e) shielding.

The SER was revised five times; this NUREG/KM presents the latest SER.

e NRC Review. ®? The NRC's review of the licensee’s SER ¥ included the following safety
topics: (e) boron dilution; (e) criticality; () decay heat removal; (e) fire protection; (e) hydrogen;
() load drop; (®) occupational exposure; (e) pyrophoricity; (e) radiation protection/ALARA;

() radiological release; (¢) RCS integrity; and () vital equipment protection.

In addition, the NRC’s SER included an extensive evaluation that considered the long-term
safety of removing the reactor vessel head and the potential for future delays in cleanup



activities from funding constraints or technical problems, such as a stuck plenum. For details,
refer to Section 5 of the NRC’s SER.

2.4.4 Heavy Load Handling inside Containment

e Purpose. To ensure that handling of heavy loads in the containment building and spent fuel
pool “A” within the fuel handling building was in accordance with the safety requirements of
NUREG-0612, “Control of Heavy Loads at Nuclear Power Plants,” ®*) issued July 1980.

o Evaluation. % Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) load drop; (e) radiological
release; (o) reactor vessel integrity; and (e) vital equipment protection.

The licensee’s SER addressed the handling of heavy loads within the containment building and
spent fuel pool “A” during defueling and described load handling areas and any necessary
restrictions to be applied while handling these loads. This SER did not address loads in areas
above the in-core instrument seal plate, the reactor vessel, and the northwest corner of the “A”
D-ring. ©

e NRC Review. %% 3) The NRC'’s review of the licensee’s SER ©® included the following safety
topics: (e) boron dilution; (e) criticality; (e) decay heat removal; (e) hydrogen; (e) load drop;
(e) radiological release; (e) reactor vessel integrity; and (e) vital equipment protection.

The scope of the NRC'’s review included transfer within the containment building, transfer to the
fuel handling building, and canister handling inside the fuel handling building but did not include
transfers to shipping casks. The NRC stated that an additional SER was required for that
activity.

2.4.5 Heavy Load Handling over the Reactor Vessel

e Purpose. To permit the handling of heavy loads (greater than 2400 pounds including rigging
weight) in the vicinity of the reactor vessel. This included any load handling activity that could
result in a heavy load drop onto or into the vessel either directly or indirectly (as the result of the
collapse of structures or equipment installed over the vessel).

e Evaluation. * Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) criticality; (e) load drop; (e) occupational exposure; (e) radiological release; and
() reactor vessel integrity.

This SER addressed all such load handling activities through to the completion of reactor vessel
fuel removal activities but excluded removal of the core support assembly. In addition, this SER

¢ D-rings were shield enclosures around the steam generator compartments; they were so named because of their
shape.



addressed the potential impact of heavy load handling activities on the integrity of the reactor
coolant system; the SER did not address the potential damage to the item dropped or the
consequences of that damage (e.g., this SER did not address damage to a dropped defueling
canister and the consequences of canister damage).

Heavy load handling activities outside the area over the reactor vessel were addressed in the
SER (49 for heavy load handling inside containment and the SER “") for plenum lift and transfer.

e NRC Review. “? The NRC's review of the licensee’s SER (3 included the following safety
topics: (e) load drop; (e) radiological release; and (e) reactor vessel integrity.

2.4.6 Plenum Assembly Removal Preparatory Activities

e Purpose. To confirm the adequacy of plenum removal equipment and techniques, the
preparatory activities included: (e) video inspection of potential interference areas; (e) video
inspection of the core void space; () video inspection of the axial power shaping rod (APSR)
assemblies; (o) measurement of the loss-of-coolant accident restraint boss gaps;

(e) measurement of the elevations of the APSR assemblies; (e) cleaning of the plenum and
potential interference areas; (e) separation of unsupported fuel assembly end fittings; and

(e) movement of the APSR assemblies.

e Evaluation. *Y Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) load drop; (e) occupational exposure (internal and
external); (o) radiation protection/ALARA,; (e) radiological release; and (e) reactor vessel
integrity.

The SER was revised once; this NUREG/KM presents the first SER. A meeting was held
between the licensee and the NRC’s onsite office to exchange information and comments. The
NRC documented discussions and additional requests for information in a letter (4 to the
licensee. The licensee responded with a revised SER, which could not be located.

e NRC Review. 4540 The NRC's review of the licensee’s original SER (“8) included the
following safety considerations: (e) boron dilution; (e) criticality; (e) decay heat removal; (e) load
drop; (e) occupational exposure; (o) radiation protection/ALARA; and (e) radiological release.

The NRC's preliminary review (49 of the licensee’s original SER approved the first five activities,
as listed in the “Purpose” of this section. The NRC’s safety evaluation stated that the remaining
three activities were still under review. The licensee revised its SER based on further
discussions and comments 0 from the NRC. The revised licensee’s SER could not be located.
The NRC gave final approval in its subsequent safety evaluation. 5"



2.4.7 Plenum Assembly Removal

e Purpose. To remove the plenum assembly from the reactor vessel to gain access to the core
region for defueling. The plenum was moved to the deep end of the fuel transfer canal that
contained reactor coolant for shielding.

o Evaluation. %? Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) load drop; (e) radiation protection/ALARA; (e) occupational
exposure (internal and external); and (e) radiological release.

The SER was revised three times; this NUREG/KM presents the latest SER.

e NRC Review. % The NRC's review of the licensee’s SER ©®* included the following safety
topics: (e) boron dilution; (e) criticality; (e) load drop; (e) occupational exposure; (®) radiation
protection/ALARA,; (e) radiological release; and (e) reactor vessel integrity.

2.4.8 Makeup and Purification Demineralizer Resin Sampling

e Purpose. To obtain resin samples from the two makeup and purification demineralizers.
Resin samples were required to characterize the present resin conditions for the development of
a technically sound resin removal and disposal program.

e Evaluation. % Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality; (e) hydrogen; (e) occupational exposure; and (e) radiological release.

e NRC Review. The NRC’s safety evaluation report was not located.
2.4.9 Makeup and Purification Demineralizer Cesium Elution

e Purpose. To remove most of the radioactivity from the resins while they were in the
demineralizers to the extent that standard resin sluice procedures could complete the task. The
scope of this evaluation included only the first phase of a three-phase process for disposition of
the makeup and purification of resins. This first phase included the rinse and elution of the
demineralizer resins. The latter two phases would include the sluicing, removal, solidification or
other packaging, and disposal of these resins. Separate safety evaluations would address the
latter phases.

e Background. During 1984 and 1985, the resins were flushed with an elution solution to
reduce the cesium-137 content in the resins. The elution process removed about 790 curies of
cesium-137 (68 percent of original inventory) from the “A” demineralizer vessel and about
3455 curies of cesium-137 (89 percent of inventory) from the “B” demineralizer vessel. The
sluicing proved more difficult. Between October 1987 and September 1988, most of the resins



were sluiced to a spent resin storage tank that had been modified to operate as a radioactive
sediment separator. A variety of resin transfer methods were employed in 51 separate transfer
operations. The “A” vessel was left essentially empty with 0.2 cubic feet of the initial 25 cubic
feet remaining, while the “B” vessel contained about 7.1 cubic feet of agglomerated resins of the
initial 25 cubic feet. Over 1 kilogram of residual fuel debris and about 1300 curies of radioactivity
were transferred, solidified, and shipped for offsite waste burial. Details of these activities can
be found in DOE ©®® and Electric Power Research Institute (") reports.

The safety evaluations could not be found for the sluicing, removal, solidification, packaging,
and disposal of the resins and fuel debris.

o Evaluation. °® Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality; (o) hydrogen; (e) radiation protection/ALARA,; (e) radiological release; and

(@) shielding.

The licensee reported results of elutions by letter (°° to the NRC.

e NRC Review. ®© The NRC's review of the licensee’s safety evaluation report (¢V and
supplemental information included the following safety topics: () boron dilution; (e) criticality;
(e) hydrogen; (®) occupational exposure; (®) radiation protection/ALARA,; (e) radiological
release; and (o) shielding.

2.5 Defueling Tools and Systems

2.5.1 Internals Indexing Fixture Water Processing System

e Purpose. To provide reactor coolant water processing capability during head removal until
plenum removal. The internals indexing fixture (IIF) processing system was selected based on
the limited reactor coolant processing capability in the drained-down condition and the desire to
provide adequate water cleanup capacity to minimize radiation dose rates around the IIF.

e Evaluation. % Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) decay heat removal; (e) occupational exposure (internal and
external); (o) radiation protection/ALARA,; and () radiological release.

e NRC Review. ® The NRC's review of the licensee’s SER (¢*) and supplemental information
included the following safety topics: (e) boron dilution; (e) radiation protection/ALARA; and
(®) reactor vessel integrity. In addition, the NRC reviewed the functional testing of the IIF water
processing system and the associated safety controls (refer to the NRC’s SER for details).



2.5.2 Defueling Water Cleanup
2.5.2.1 Defueling Water Cleanup System

e Purpose. To remove organic carbon, radioactive ions, and particulate matter from the
reactor vessel and fuel transfer canal/spent fuel pool “A” (FTC/SFP-A). The defueling water
cleanup system (DWCS) actually comprised two independent subsystems (sometimes called
trains): the reactor vessel cleanup system and the FTC/SFP-A cleanup system. The DWCS was
totally contained within areas that had controlled ventilation and could be isolated. This limited
the environmental impact of the system during normal operations, shutdown, or postulated
accident conditions.

e Evaluation. (® Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; () hydrogen; (e) load drop;
(e) occupational exposure; and (e) radiological release. The SER also contained evaluations of
postulated system failures that included: loss of power; loss of instrumentation/instrument air;
filter media rupture in the filter canister; and system line break (refer to Sections 3.2.1 and 3.2.2
of the SER for details).

The SER was revised 12 times over the 5.5-year operational period; this NUREG/KM addresses
Revision 12. This SER discussed operational improvements that were implemented because of
the unexpected concentrations of suspended solids during the initial operation. These solids
blinded the filters and reduced their performance. To alleviate this problem, the following
modifications were made: (e) use of filter aids; (e) use of coagulants; (e) use of cartridge filters;
(®) use of series filters and/or demineralizers; (®) cross-connection of reactor vessel cleanup
pumps and reactor vessel filter train inlets; (o) use of modified knockout canisters as deep-bed
filters; and (e) the installation of suction tubes taking suction much deeper than originally
designed. Section 3.8 and Attachment 1 of the SER discussed these modifications.

e NRC Review. (¥ The NRC’s review of previous licensee SERs (67 68 69.70) for the DWCS
included the following safety topics: () criticality; (e) load drop; (e) occupational exposure; and
(e) radiological release.

The NRC'’s review was based on Revision 6 of the SER. Reviews of subsequent revisions were
minor. In addition, the NRC reviews consisted of evaluations of the design, installation, and
testing of the DWCS (refer to the NRC SER for details).

2.5.2.2 Cross-Connect to Reactor Vessel Cleanup System

e Purpose. To modify the fuel transfer canal/spent fuel pool “A” (FTC/SFP-A) cleanup system
portion of the defueling water cleanup system (DWCS) to allow processing of the FTC/SFP-A
water through the “B” train of the DWCS reactor vessel cleanup system. The purpose of this
modification was to provide the capability to effectively process the FTC/SFP-A water in a
manner similar to the reactor vessel cleanup process without the installation of additional
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body-feed and coagulant equipment in the fuel handling building. In addition, the proposed
modification would authorize the use of FTC/SFP-A filtered effluent as a water source for the
body-feed tank and as dilution water for the coagulant addition unit.

e Evaluation. "V Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality and (e) reactor coolant system integrity (leaks).

e NRC Review. "> The NRC's review of the licensee’s safety evaluation report ("® included the
following safety topics: (e) boron dilution; (e) criticality; and (e) reactor coolant system integrity
(leaks).

2.5.2.3 Temporary Reactor Vessel Filtration System

e Purpose. To restore and maintain the visibility in the reactor vessel to acceptable levels to
ensure the continuation of the early defueling operations. Operation of the defueling water
cleanup system revealed that a differential pressure across its filter canisters would increase
rapidly as the result of microorganism growth in the reactor coolant. Consequently, the defueling
water cleanup system was able to process only a relatively small amount of reactor coolant
before the maximum design pressure was reached and the filter canister had to be replaced.
These developments created the need to design and operate a temporary filter system while a
permanent program to control this phenomenon was being developed.

e Background. Safety topics considered in the licensee’s safety evaluation report and
subsequent revisions included: (o) criticality; (e) occupational exposure; and (e) radiological
release.

The safety evaluation report was revised three times to update calculations relating dose rates
to fuel content of the temporary reactor vessel filtration system (TRVFS). This NUREG/KM
presents the latest revision.

o Reuvision 1: ™ This revision reflected a change to the calculations relating dose rates to fuel
content of the TRVFS based on a more realistic and conservative approach. The resulting
dose rate at the filter housing, with the revised assumptions, was about 340 roentgens per
hour. Assuming a radiation alarm setpoint of 3 roentgens per hour on the filter housing
monitor, the result was a safety margin of about 110. A possible increase of the radiation
alarm setpoint was proposed as an ALARA measure since, at that time, the filter was being
replaced based on radiation levels as opposed to differential pressure. The frequent filter
replacements were adding significantly to the exposure for defueling operations. The
changes in the proposal would limit personnel doses based on operating experiences.

o Revision 2: ™ This revision reflected the use of a new larger filter vessel that operated at
higher flow rates and had the potential for accumulation of a larger quantity of fuel debris in
the filter media. The use of a defueling knockout canister as a receptacle of the discharged



filter media was also included. The safety evaluation re-analyzed the operation of the
existing TRVFS for use with a new filter vessel and residue canister.

o Revision 3: ® This revision reflected the proposed use of filter canisters and knockout
canisters as receptacles for discharged diatomaceous earth, fuel debris, and backwash
water. The revision reflected the proposed allowance of deeper suction within the reactor
vessel. The safety evaluation reanalyzed the operation of the existing TRVFS at lower
depths within the reactor vessel and the use of filter canisters as receptacles for TRVFS
filter backwash.

e NRC Review. ("7 78.79) The NRC'’s review of the licensee’s SERs (80 81. 82,83, 84) jncluded the
following safety topics: (e) criticality and (e) occupational exposure.

2.5.2.4 Filter-Aid Feed System and Use of Diatomaceous Earth as Feed Material

e Purpose. To add a feed material into the filter canisters to promote the buildup of cake on
the filter media, thereby significantly improving the performance of the defueling water cleanup
system filter canisters. A filter-aid feed system that used diatomaceous earth as the feed
material was installed as an ancillary system to the defueling water cleanup system.

e Evaluation. ® Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality and (e) hydrogen.

e NRC Review. ) The NRC's review of the licensee’s safety evaluation report 7 and
supplemental information (8 8) included the following safety topics: (e) criticality; () hydrogen;
and (e) radiological release.

2.5.2.5 Use of Coagulants

e Purpose. To demonstrate the use of coagulants and body-feed material to improve the
performance of the defueling water cleanup system (DWCS) filter canisters in maintaining water
clarity. Operating experience with the DWCS had not achieved the desired clarity in the reactor
coolant system (RCS) water to support defueling operations within the reactor vessel. The
DWCS filters required changeout because of high differential pressure without the expected
high filter throughput. The root cause of shortened filter canister life was expected to be the
presence of hydrated metallic oxides in colloidal suspension within the RCS that were plugging
the filter media. The addition of the coagulant with body-feed was expected to agglomerate the
colloids to filterable sizes, thus forming a filter cake on the filter media.

e Background. The first coagulant evaluated (°© was about 20 weight percent of CgH1sNCI
and 80 weight percent unborated water when undiluted. The body-feed material was
diatomaceous earth. The polymer melamine-formaldehyde was the second alternate coagulant
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that was evaluated (" and showed a greater potential as a filter aid. The undiluted solution of
this coagulant was about 8 percent of the polymer and 92 percent unborated water. The
expected dosage of the undiluted solution to the DWCS processing stream was 10 to 20 parts
per million (ppm) with a maximum dosage of 50 ppm. Both safety evaluations were similar; this
NUREG/KM discusses the first evaluation.

e Evaluation. (%% Safety topics considered in the licensee’s safety evaluation report included
(e) criticality; (e) hydrogen; (e) radiological release; and () RCS integrity (chemistry control).

e NRC Review. ® The NRC's review of the licensee’s safety evaluation report ® focused on
criticality.

2.5.2.6 Filter Canister Media Modification

e Purpose. To reduce the potential for clogging of the filter canister’s filter elements by
increasing the pore size of the filter bundle in some of the filter canisters from 0.5-micron
nominal size (2 microns absolute) to 16-micron nominal size (25 microns absolute).

e Evaluation. ® The licensee’s safety evaluation report focused on criticality.

e NRC Review. The NRC’s safety evaluation report was not located.
2.5.2.7 Addition of a Biocide to the Reactor Coolant System

e Purpose. To evaluate the effects of adding hydrogen peroxide as a biocide to the reactor
coolant system (RCS) to aid the removal of biological contamination. This biological growth
reduced water clarity and fouled the water processing system filters.

e Evaluation. °") Safety topics considered in the licensee’s safety evaluation report included:
() boron dilution; () occupational exposure; (e) radiological release; and (e) RCS integrity
(chemistry compatibility).

e NRC Review. (® The NRC's review of the licensee’s safety evaluation report (°® included the
following safety topics: (e) boron dilution; (e) criticality; () hydrogen; (e) occupational exposure;
and (e) RCS integrity (chemistry compatibility).

2.5.3 Defueling Canisters and Operations

The defueling canisters were designed to accept and confine core debris ranging in size from
particles (known as fines) of about 0.5 micron in diameter to partial-length fuel assemblies of full



cross section. The canisters were intended to provide confinement for offsite transport, using a
shipping cask, and long-term storage of core debris. Three types of defueling canisters were
designed and fabricated: a fuel canister, knockout canister, and filter canister. Each canister
required fixed neutron-absorber material for criticality control; catalytic recombiners to control
the concentration of combustible gas mixtures generated from radiolytic decomposition of water;
and appropriate process connections for filling, closing, dewatering, inerting, and monitoring. All
three canisters were 150 inches long, 14 inches in diameter, and 0.25 inch thick.

2.5.3.1 Defueling Canisters: Filter, Knockout, and Fuel

e Purpose. To provide loading, handling, and storage of the canisters (filter, knockout, and
fuel) for the long-term storage of core debris, ranging from very small fines to partial length fuel
assemblies.

e Evaluation. ("% Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) criticality; () hydrogen; (e) load drop; and (e) occupational exposure. The SER
also included an extensive evaluation of the canister structural integrity during normal
operations (refer to Section 3.1.1 of the SER for details).

The SER was revised four times; this NUREG/KM presents Revision 4 of the SER.

e NRC Review. (1°1:192.103) The NRC'’s reviews of the licensee’s SER and subsequent
revisions (104 105,106,107, 108) jnclyded the following safety topics: (e) criticality; () hydrogen; and
(®) load drop.

The NRC review provided reasonable assurance that the canisters, if fabricated in accordance
with the design specifications, were capable of performing their intended function. )

2.5.3.2 Replacement of Loaded Fuel Canister Head Gaskets

e Purpose. To replace head gaskets on the loaded fuel canisters in spent fuel pool “A”
because of excessive leakage. The replacement of gaskets involved: () moving a loaded
canister from the spent fuel pool “A” storage rack to the dewatering station rack with the canister
handling bridge; (e) removing the canister head; and (e) transferring the head to a worktable. At
the worktable: (o) the head was rotated for access to the gaskets; (o) the metallic gaskets were

d Editor's Note: NRC inspections of one of the licensee’s canister fabricators, as well as the licensee’s audits and
surveillance of the vendor, identified significant deficiencies in the implementation of the vendor’s quality assurance
program. These noted deficiencies cast doubt on whether equipment provided by this vendor met required design
specifications and, accordingly, whether the equipment was suitable for use during defueling. The licensee and
others implemented a program involving an extraordinary level of quality assurance oversight in an attempt to
correct the deficiencies and to verify the canister conformance to the design specifications. The NRC’s approval of
the use of the canisters would be contingent on the agency’s determination that there was reasonable assurance
that the canisters met all design specifications.



removed; (e) new synthetic gaskets were installed; and (e) the head was inspected before
reinstallation.

e Evaluation. ("% Safety topics considered in the licensee’s safety evaluation report included:
(o) criticality; (o) load drop; (e) hydrogen; (e) occupational exposure; (e) radiation
protection/ALARA; and (e) radiological release.

e NRC Review. "% The NRC'’s review of the licensee’s safety evaluation report ("' included
the following safety topics: (e) criticality; (e) load drop; and (e) radiation protection/ALARA.

2.5.3.3 Use of Debris Containers for Removing End Fittings

e Purpose. To use modified fuel canisters as “debris containers” for removing fuel assembly
upper end fittings, control component spiders, or other structural material from the reactor
vessel. This activity was performed to expedite access to the vacuumable fuel and debris in the
core. The modified fuel canister did not have internal neutron-absorbing plates, concrete filler,
recombiner catalyst, dewatering capability, or a relief valve. After the debris containers were
loaded, they would be closed and stored in the spent fuel pool “A” racks until final dispositioning
of the containers and their contents. There were no plans to use these debris containers for
shipment. Since these canisters would not have relief valves installed (a prerequisite for
shipping), they could be easily identified.

e Evaluation. ("'? Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) criticality; () hydrogen; (e) load drop; and (e) radiological release.

e NRC Review. (""® The NRC’s SER did not identify any specific safety considerations. The
NRC’s review concurred with the licensee’s assessment that the safety consequences of the
proposed activity were bounded by the previously approved technical evaluation report for the
defueling canister and SER for early defueling.

2.5.3.4 Fuel Canister Storage Racks

e Purpose. To provide storage for the three different types of canisters (fuel, filter, and
knockout) filled with debris material from the reactor vessel. Storage for 263 canisters was
available in the racks located in spent fuel pool “A” and in the deep end of the fuel transfer
canal.

e Evaluation. "' Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) criticality; (o) decay heat removal; (e) load drop; and (e) occupational exposure.

The SER also included evaluations of structural and seismic analyses. Refer to Section 3.1 of
the SER for details. Revision 1 of the SER reflected the final design of the fuel canister storage
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racks, which contained corrections in the equations for determining the allowable lift height of
loads handled over the racks.

e NRC Review. ("'51% The NRC's review of the licensee’s SER (""" and subsequent

revision (''® included the following safety topics: (e) criticality; (e) load drop; and

(e) occupational exposure. The safety review also included evaluations of structural and seismic
analyses (refer to the NRC’s SER for details).

2.5.3.5 Canister Handling and Preparation for Shipment

e Purpose. To transfer defueling canisters from spent fuel pool “A” to the shipping cask for
offsite shipment. Defueling canisters were transferred to locations within the containment
building and fuel handling building using a transfer shield. The transfer of canisters to the
shipping cask used a different device called a “fuel transfer cask.”

o Evaluation. ("'® Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) criticality; (e) fire protection; (e) load drop; () occupational exposure; (e) radiation
protection/ALARA,; (e) radiological release; (®) seismic hazard; and (e) Unit 1 impact.

The licensee’s SER was revised six times; this NUREG/KM presents the licensee’s evaluation
in Revision 4.

e NRC Review. (20 2) The NRC's review of the licensee’s SERs (122 123, 124,125) gnd
supplemental information (26 127. 128) for the canister handling and preparation for shipment
included the following safety topics: (e) hydrogen; (e) load drop; (e) occupational exposure; and
(®) radiological release.

The licensee’s SER was revised six times; this NUREG/KM presents NRC reviews of the first
five revisions. The NRC’s safety evaluation for Revision 6 of the SER was not located.
Revision 6 removed the restriction on the use of borated water for spraying canisters during
transfers from spent fuel pool “A.”

2.5.3.6 Canister Dewatering System

e Purpose. To remove and filter the water from submerged defueling canisters and to provide
a transfer path to the defueling water cleanup system for processing. The dewatering system
also provided the cover gas for canister shipping.

e Evaluation. The licensee’s safety evaluation of the canister dewatering system was provided
in the safety evaluation reports ('2% 130 for canister handling and preparation for shipment.




e NRC Review. The NRC'’s safety evaluation of the canister dewatering system was provided
in the safety evaluation reports ('*': 132 for canister handling and preparation for shipment.

2.5.3.7 Use of Nonborated Water in Canister Loading Decontamination System

e Purpose. To use nonborated water for canister decontamination before shipment in order to
stabilize the boron concentration in the fuel transfer canal/spent fuel pool “A”. Boron
concentration in spent fuel pool “A” was increased by adding borated water and by water
evaporation.

o Evaluation. ('*® Safety topics considered in the licensee’s safety evaluation report (SER)
focused on () boron dilution and (e) criticality.

The SER was revised once; this NUREG/KM presents the latest revision.

e NRC Review. ('* The NRC's review of the licensee’s SER ('*® and supplemental
information (38 focused on (e) boron dilution and (e) criticality.

2.5.4 Testing of Core Region Defueling Techniques

e Purpose. To use hydraulic heavy-duty defueling tools for limited bulk defueling operations on
the hard crust layer of the damaged core.

e Evaluation. ("*") Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) radiological release and (e) reactor vessel integrity.

Certain activities associated with the proposed bulk defueling activities were not previously
evaluated in approved SERs. These activities included the breaking up of the hard crust layer of
the core, the removal of partial fuel assemblies, and the potential for inadvertent pulling of an
in-core instrument string. Revision 4 of the SER (3® for early defueling previously addressed
use of the light-duty tong tool and the light-duty spade bucket. The SER ('* for the use of the
hydraulic impact chisel to separate fused material addressed limited use of the hydraulic impact
chisel.

e NRC Review. 9 The NRC'’s review of the licensee’s SERs ('#": 142.143) included the following
safety topics: (e) boron dilution; () criticality; (e) pyrophoricity; (e) radiological release; and
(®) reactor vessel integrity.

2.5.5 Fines/Debris Vacuum System

e Purpose. To modify the fines/debris vacuum system using a knockout canister and a filter
canister in series. Modifications included: (o) use of a vacuum nozzle to allow larger debris
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particles to be vacuumed into the knockout canisters; (e) use of mechanical probes and water
jets on the end of the vacuum nozzle to loosen the packed rubble; (e) use of a larger vacuum
tool to allow debris removal from the lower head; and (e) temporary use of the vacuum system
without a filter canister. The initial use of the fines/debris vacuum system was previously
approved in the safety evaluation report (44 149 for early defueling.

e Evaluation. ('*9 Safety topics considered in the licensee’s SER included: () boron dilution;
(e) criticality; (o) decay heat removal; (e) occupational exposure; and (e) reactor vessel
integrity.

e NRC Review. '"*) The NRC'’s review of the licensee’s SER ('8 and supplemental
information (4 159) included the following safety topics: () boron dilution; (e) criticality;
(®) occupational exposure; and (e) reactor vessel integrity.

2.5.6 Hydraulic Shredder

e Purpose. To use a hydraulically powered shredder to reduce the size of fuel pins and other
core debris and to facilitate the loading of fuel canisters or debris buckets.

e Evaluation. "5V Safety topics considered in the licensee’s safety evaluation report included:
(e) boron dilution; (e) load drop; (e) occupational exposure; (e) pyrophoricity; and (e) reactor
vessel integrity.

e NRC Review. (2 The NRC'’s safety evaluation report did not identify any specific safety
considerations. In its approval letter, the NRC concurred with the assessment that safety issues
associated with the use of the tool were bounded by the previously approved early defueling
safety evaluation and concluded that the proposed activity did not constitute an unreviewed
safety question.

2.5.7 Plasma Arc Torch
2.5.7.1 Use of Plasma Arc Torch to Cut Upper End Fittings

e Purpose. Use of a plasma arc torch to cut the upper end fittings inside the reactor vessel to
allow the fittings to be placed directly in fuel canisters for transfer from the reactor vessel to the
fuel canal. This was the first use of the plasma arc torch inside the reactor vessel.

e Evaluation. ('*3 Safety topics considered in the licensee’s safety evaluation report included:
(o) decay heat removal; (o) flammable gas; (e) industrial safety; (o) instrument interference;
(e) pyrophoricity; (e) radiological release; and (e) reactor vessel integrity.
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e NRC Review. ' The NRC's review of the licensee’s safety evaluation report ('*> and
supplemental information (156 157. 158, 1%9) jncluded the following safety topics: () industrial safety
and (e) instrument interference.

2.5.7.2 Use of Plasma Arc Torch to Cut the Lower Core Support Assembly

e Purpose. To use the plasma arc torch to cut the lower core support assembly (LCSA),
including the flow distributor head.

e Evaluation. (%% The focus of the licensee’s safety evaluation report (SER) included:
(e) boron dilution and (e) criticality. Other safety topics were addressed as part of the SER (162
for defueling of the LCSA.

The licensee’s SER was revised once; this NUREG/KM addresses both the original and the
revision.

e NRC Review. ("% NRC reviews of both of the licensee’s safety evaluations were addressed
under the NRC’s SER ("®* for the defueling of the LCSA.

2.5.7.3 Use of Plasma Arc Torch to Cut Baffle Plates and Core Support Shield

e Purpose. To use the plasma arc torch to cut the upper core support assembly baffle plates
and the core support shield and to increase the maximum allowable drainable volume for the
plasma arc torch coolant system from 3.0 to 3.5 gallons. Cutting the baffle plates was required
to gain access to the core debris located behind the baffle plates in the core formers.

e Evaluation. ("% %) The focus of the licensee’s safety evaluation report (SER) was criticality.
Other safety topics were addressed as part the licensee’s SER (67 for defueling of the upper
core support assembly.

The SER was revised twice; this NUREG/KM presents both revisions.

e NRC Review. (1% The NRC's review of the licensee’s SERs ('8 170 focused on criticality.
2.5.7.4 Use of Air as Secondary Gas for the Plasma Arc Torch

e Purpose. To replace nitrogen gas with air as the secondary gas to improve plasma arc torch
performance by achieving longer and more efficient cuts.

e Evaluation. """ Safety topics considered in the licensee’s safety evaluation report included:
(e) hydrogen and (e) industrial safety.
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e NRC Review. The NRC’s safety evaluation report could not be located.
2.5.8 Use of Core Bore Machine for Dismantling Lower Core Support Assembly

e Purpose. To use the core bore machine, in conjunction with the automatic cutting equipment
system, to dismantle the lower core support assembly and facilitate defueling by providing
access to the reactor vessel lower head.

e Evaluation. '’ Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) criticality; (e) pyrophoricity; (e) radiological release; and (e) reactor vessel integrity.

The SER was revised once; this NUREG/KM presents the revised SER.

e NRC Review. (' The NRC's review of the licensee’s SER (" included the following safety
topics: (e) criticality; (e) pyrophoricity; and (e) reactor vessel integrity.

2.5.9 Sediment Transfer and Processing Operations

e Purpose. To collect sediment from tanks and sumps in the auxiliary and fuel handling
buildings, and also from the containment building basement and sump, in order to transfer the
sediment to the spent resin storage tanks and treat or process the sediment (for disposal).

e Evaluation. (' Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) criticality; () occupational exposure; (e) radiation protection/ALARA;
(®) radiological release; and (e) intersystem interactions.

The SER was revised four times; this NUREG/KM presents the latest SER.

e NRC Review. '""® The NRC'’s review of the licensee’s SER (""" and supplemental
information ('7® included the following safety topics: (e) criticality and () radiological release.

The NRC'’s reviews of subsequent revisions of the SER did not change the original conclusions.
2.5.10 Pressurizer Spray Line Defueling System

e Purpose. To flush fuel fines and core debris from the pressurizer spray line to the
pressurizer vessel and the reactor coolant system cold-leg loop 2A. The source of flush water
for the pressurizer spray line defueling system was the defueling water cleanup system.
Defueling consisted of flushing the pressurizer spray line in a series of steps to adequately
remove fuel fines and debris in each different flowpath from the spray line tie-in.
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e Evaluation. ('"® Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) occupational exposure; and (e) reactor coolant
system integrity (inventory loss).

The SER was revised twice; this NUREG/KM presents the latest SER.

e NRC Review. ('®) The NRC's review of the licensee’s SER ('®") and supplemental
information ('8 included the following safety topics: () boron dilution; () criticality;
(®) occupational exposure; and (e) reactor coolant system integrity (inventory loss).

2.5.11 Decontamination Using Ultrahigh Pressure Water Flush

e Purpose. To use ultrahigh pressure water flush at 20,000 to 55,000 pounds per square inch
to remove surface coatings and surface contamination inside the containment building.

e Evaluation. ('®) Safety topics considered in the licensee’s safety evaluation report included:
(e) boron dilution; (e) criticality; (e) industrial safety; (o) load drop; (e) occupational exposure
(internal and external); (e) radiation protection/ALARA; (e) radiological release; () reactor
coolant system integrity; and (e) vital equipment protection.

e NRC Review. ('® The NRC's review of the licensee’s safety evaluation report ('8 included
the following safety topics: (e) boron dilution; () criticality; (e) structure/system interaction;
() load drop; (e) radiation protection/ALARA; (e) radiological release; and (e) reactor coolant
system integrity.

2.6 Evaluations for Defueling Operations

This section discusses criticality safety reviews of the various stages of defueling. The phases
of defueling included the following:

Preliminary defueling—rearrangement of debris inside the reactor vessel

Early defueling—removal of small amounts of loose debris, structural material, and intact fuel
assembly segments from the reactor vessel

Bulk defueling—removal of the remaining fuel and structural debris located in the original core
volume and in other regions of the reactor vessel; use of the core bore machine to break apart
solidified melt material down to the lower grid support structure

Lower core support assembly and lower head defueling—dismantling (cutting, drilling) and
defueling of the lower core support assembly and partial defueling of the reactor vessel lower
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head, followed by the removal of the elliptical flow distributor, gusseted in-core guide tubes, and
subsequent completion of the defueling of the lower head

Upper core support assembly defueling—cutting and moving the baffle plates to defuel the
upper core support assembly

2.6.1 Preliminary Defueling

e Purpose. To allow movement of debris within the reactor vessel, to allow installation of
defueling equipment, and to identify core debris samples for later removal and analysis by INEL.
Some rearrangement of debris in the reactor vessel was required before the actual removal of
fuel. These activities included the loading of small pieces of core debris into debris baskets but
did not include actual loading of fuel debris into fuel canisters.

e Evaluation. ('® Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) criticality and (e) load drop. The request for preliminary defueling was submitted
while the NRC was reviewing the proposal for early defueling.

e NRC Review. ('"®) The NRC's review of the licensee’s SER ('®) included the following safety
topics: (@) boron dilution; (e) criticality; () decay heat removal; (e) load drop; (e) radiological
release; and (e) reactor vessel integrity.

The safety issues related to the movement of material in the reactor vessel were identified and
addressed in the NRC'’s previous SERs (189 190. 191, 192) for head lift; plenum removal preparatory
activities; plenum assembly lift and transfer; and heavy load handling over the reactor vessel.
This safety evaluation, in part, summarized the conclusions of these earlier NRC safety
evaluations as they applied to the proposed preliminary defueling activities.

2.6.2 Early Defueling

o Purpose. To remove end fittings, structural materials, and related loose debris that would not
involve removal of significant amounts of fuel material, to remove intact segments of fuel rods
and other pieces of core debris, and to remove loose fuel fines (particles) by vacuuming
operations.

e Evaluation. "% Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection;

(e) hydrogen; () Unit 1 impact; (o) load drop; (e) occupational exposure; (e) pyrophoricity;
() radiation protection/ALARA; (e) radiological release; and () shielding.
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The evaluations of safety topics documented in the subsequent SER (1% 199 for bulk defueling
were practically identical to this SER. (® With one exception (occupational exposure), the reader
will be referred to the SER for bulk defueling for the other safety topics.

e NRC Review. ('®) The NRC'’s review of the licensee’s SER ("®7) included the following safety
topics: (e) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection; (e) hydrogen;
(e) load drop; (e) occupational exposure; (e) pyrophoricity; (e) radiation protection/ALARA; and
(®) radiological release.

2.6.3 Storage of Upper End Fittings in an Array of 55 Gallon Drums

e Purpose. To use shielded 55-gallon drums to store end fittings and other structural material
removed from the reactor vessel.

e Evaluation. "% %) Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) criticality; () hydrogen; (e) load drop; (e) occupational exposure; (e) pyrophoricity;
and (e) radiological release.

e NRC Review. (2°°.20) The NRC's review of the licensee’s SER (2% and supplemental
information (2% focused on (e) criticality and (e) load drop.

The first NRC SER approved the loading and storage of a single drum in the 347-foot elevation
storage area. A follow-on review approved loading and storage of an array of 55-gallon drums.

2.6.4 Defueling (Also Known as “Bulk” Defueling)

e Purpose. To develop defueling tools and to conduct activities necessary to remove the
remaining fuel and structural debris located in the original core volume. An additional activity
was to address vacuuming of debris from the lower head of the vessel, a primary activity
associated with lower head defueling.

e Evaluation. °°* 2% Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection;
(e) hydrogen; (e) Unit 1 impact; (e) load drop; (e) occupational exposure (internal and external);

¢ Editor’s Note: Revision 4 of the licensee’s SER for early defueling was subsequently revised to address the
remaining defueling activities of the reactor core region. Revisions 5 through 9 were internal revisions, which were
not issued for NRC review or use. Revision 10, which was submitted for NRC review and approval, included core
region defueling tools and activities, lower head vacuuming, and the use of core bore equipment as a defueling
tool. Revision 4 was called the “early defueling” SER, and Revision 10 was called the “defueling” or “bulk defueling”
SER. Revision 10 became the baseline document, which was to be revised, as needed, to incorporate any
additional defueling operations when those additional operations were identified. However, this SER was never
revised. The safety evaluations of subsequent defueling activities following the completion of defueling the reactor
core region were addressed in separate SERs.
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(e) pyrophoricity; () radiation protection/ALARA,; (e) radiological release; () reactor vessel
integrity; and (e) shielding.

Revision 10 of the SER was the revision for early defueling (Revision 4). Revisions 5 through 9
were internal revisions that were not issued for NRC review or use. Revision 4 was called the
“early defueling” SER; Revision 10 was called the “defueling” SER. The safety evaluations
reported in Revision 10 were practically identical to those in Revision 4 with a few exceptions.

e NRC Review. (%) The NRC'’s review of the licensee’s SER (?") and supplemental
information (2% included the following safety topics: () boron dilution; () criticality;

(®) occupational exposure; (e) pyrophoricity; (e) radiation protection/ALARA,; (e) radiological
release; and (e) reactor vessel integrity. Other safety issues addressed in earlier NRC safety
evaluations included: (o) decay heat removal; (e) fire protection; (e) hydrogen; and (e) load
drop.

The NRC’s SER stated that the agency’s review and approval of the licensee’s proposal was
limited to those activities to be conducted in the core region, specifically above the lower grid
support structure. The remaining activities addressed in the licensee’s SER, including debris
removal from the core support structure and lower vessel head regions, would be the subject of
a separate safety evaluation.

2.6.5 Use of Core Bore Machine for Bulk Defueling

e Purpose. To use the core stratification sample acquisition (core bore) tooling as a defueling
tool so that other defueling tools could more effectively break up and remove the remaining core
debris. The core bore tool used a solid-faced bit to perforate the hard crust region of the core,
down to the lower grid support structure, at multiple locations. The defueling work platform
orientation system was used to position the drill mechanism with restrictions.

e Evaluation. (?* Safety topics considered in the licensee’s safety evaluation report included:
(e) criticality; (o) pyrophoricity; and (e) reactor vessel integrity.

e NRC Review. ?'9 The NRC review of the licensee’s proposal was documented in the
agency’s safety evaluation report 'V for bulk defueling.

2.6.6 Lower Core Support Assembly Defueling

e Purpose. To dismantle and defuel the lower core support assembly (LCSA) and to partially
defuel the lower reactor vessel head. Structural material removed from the LCSA included the:
() lower grid rib assembly; () lower grid forging; (e) distribution plate; and (e) in-core guide
support plate. The lowest elliptical flow distributor and the gusseted in-core guide tubes would
not be removed under this proposed activity. The use of the core bore machine, plasma arc
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cutting equipment, cavitating water jet, robot manipulators, automatic cutting equipment system,
and other previously approved tools and equipment was included in this activity and associated
safety evaluations.

e Evaluation. ?'? Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection;

(e) hydrogen; (e) industrial safety (submerged combustion); (e) instrument interference;

(e) Unit 1 impact; (e) load drop; (e) occupational exposure; (e) pyrophoricity; (e) radiological
release; and (o) reactor vessel integrity.

The SER was revised twice; this NUREG/KM presents the latest SER. The use of the core bore
machine to dismantle the LCSA was initially evaluated under separate SERs by both the
licensee and the NRC. Revision 2 of the SER for LCSA defueling included the use of the core
bore machine. In addition, a separate SER was later submitted for approval to complete LCSA
defueling that encompassed the removal of the elliptical flow distributor, gusseted in-core guide
tubes, and subsequent defueling of the reactor vessel lower head.

e NRC Review. "3 The NRC’s review of the licensee’s SER 'Y and supplemental
information (215216, 217. 218) focysed on criticality. The removal of any gusseted in-core guide
tubes and the elliptical flow distributor was not included in the scope of this safety evaluation.

2.6.7 Completion of Lower Core Support Assembly and Lower Head Defueling

e Purpose. To remove the elliptical flow distributor and gusseted in-core guide tubes of the
lower core support assembly and to defuel the reactor vessel lower head.

e Evaluation. ?'% 220) Safety topics considered in the licensee’s safety evaluation report (SER)
included: (o) boron dilution; (e) criticality; (e) decay heat removal; (e) fire protection;

(®) hydrogen; (e) industrial safety; (e) instrument interference; () Unit 1 impact; (e) load drop;
(®) occupational exposure; (e) pyrophoricity; (e) radiological release; and (e) reactor vessel
integrity.

This SER was revised once to update expected occupational exposure estimates based on the
previous experience. Further, the licensee provided clarification (?*") to a question from the NRC
on the impact of accident melt jet impingement on the integrity of the reactor vessel lower head.
This NUREG/KM presents both revisions and the clarification.

e NRC Review. 2 The NRC'’s review of the licensee’s SERs (223 229 and supplemental
information (225 226, 227) included the following safety topics: () criticality; () load drop; and
(®) reactor vessel integrity.
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2.6.8 Upper Core Support Assembly Defueling

e Purpose. To cut and move the baffle plates and to defuel the upper core support assembly.
This evaluation addressed the following activities: (e) cutting the baffle plates for later removal;
(e) removing bolts from the baffle plates; (e) removing the baffle plates; and (e) removing core
debris from the baffle plates and core former plates.

e Evaluation. (??® Safety topics considered in the licensee’s safety evaluation report included
() boron dilution; (e) criticality (reactor vessel and containment building sump); (e) decay heat
removal; (e) fire protection; (e) hydrogen; () industrial safety; (e) Unit 1 impact; (e) load drop;
(®) occupational exposure; (e) pyrophoricity; (e) radiological release; and (e) reactor vessel
integrity.

e NRC Review. ?» The NRC's review of the licensee’s safety evaluation report (39 for the
upper core support assembly defueling included the following safety topics: (e) criticality;
(®) load drop; and (e) pyrophoricity.

2.7 Evaluations for Waste Management

2.71 EPICORII

e Purpose. To decontaminate accident-generated, intermediate-level radioactive wastewater
being held in tanks in the auxiliary building. Later, the system was used to polish effluents from
the submerged demineralizer system during the cleanup of highly radioactive water from the
containment building sump, reactor coolant system, and reactor coolant drain tanks. Following
the decommissioning of the submerged demineralizer system, EPICOR Il was used to clean
residual wastewater from decontaminating the structures and systems.

o Background. Planning for the EPICOR Il system started 9 days following the accident and
was completed about 7 weeks later. Before the system’s use, the NRC Commissioners directed
the staff in their policy statement (2" to prepare an environmental impact statement, which was
completed (2*2 in August 1979. In October 1979, the NRC Commissioners directed (3 the NRC
staff to order (23* 2%) the licensee to operate the EPICOR Il filtration and ion exchange
decontamination system to decontaminate intermediate-level radioactive wastewater being held
in tanks in the auxiliary building.

e Evaluation and NRC Review. A traditional postaccident safety evaluation of the EPICOR Il
system was not submitted to the NRC. However, the NRC documented its formal review in
NUREG-0591, “Environmental Assessment for Use of EPICOR Il at Three Mile Island

Unit 2,” (%) jssued October 1979. The PEIS (?*"), issued March 1981, documented an updated
environmental assessment that applied to EPICOR Il and all other cleanup activities.

Both environmental assessments included the following safety topics: (e) occupational
exposure; (o) radiation protection/ALARA; () radiological release; and () shielding.
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Given that these evaluations were conducted early in the cleanup when the safety evaluation
and review processes were just being established, this NUREG/KM supplement does not
summarize the safety evaluations. Refer to the EPICOR Il environmental impact statement and
PEIS for details of the NRC’s safety reviews.

2.7.2 Submerged Demineralizer System
2.7.2.1 Submerged Demineralizer System Operations

e Purpose. To decontaminate the containment building sump water and reactor coolant
system (RCS) water using the submerged demineralizer system (SDS), followed by effluent
polishing with the EPICOR Il system.

o Evaluation. (®® Safety topics considered in the licensee’s safety evaluation report (SER)
included: (e) industrial safety; (o) occupational exposure (normal operations); (e) radiation
protection/ALARA,; (e) radiological release (normal and accident conditions); and

(®) nonradiological environmental effects.

e Evaluation: Background. The safety evaluation for the SDS design and operations was
documented in a technical evaluation report (TER). (" Several revisions of this report were
issued over the 6-year life of the SDS to account for changes in system configurations, water
sources, and assumptions. The first revision of the TER, 3% submitted March 1981,
documented the safety evaluation of the cleanup of containment building sump water and RCS
water. The NRC evaluated the 1981 TER to support the NRC order 40 jssued June 1981 to
start the SDS operations in July 1981 (24! and to begin processing containment building sump
water (22 in September. This TER and additional supplemental information, as requested by the
NRC during its review, were the basis of the NRC’s SER. The NRC issued the SER as
NUREG-0796, “Operation of the Submerged Demineralizer System at Three Mile Island Unit
No. 2,” ?*3 in June 1981, and it remained applicable throughout the SDS lifetime. Although the
1981 TER and the NRC SER applied to both the processing of containment building sump water
and RCS water, both evaluations were based on highly radioactive sump water as the source
term, which was significantly lower than the RCS water. These safety evaluations, therefore,
bounded the later processing of RCS water.

Subsequent revisions were submitted to the NRC included: (e) processing of RCS water without
the use of EPICOR Il (1982 (244): (e) processing of RCS water after depressurization and
draindown (1982 (249): and (e) processing of RCS water with the use of EPICOR Il to filter
increased levels of antimony-125 (1984 (249)), Other annual revisions followed. (9 247)
Subsequent NRC evaluations were minor compared to the 1981 SER. The TER revisions

f The licensee’s safety evaluation of a system design was typically documented in what is called a “technical
evaluation report.”

9 The NRC issued a revision to section 10 CFR 50.71, “Maintenance of records, making of reports,” in 1981 that
required all licensees to review their final safety analysis report annually and update as needed. The NRC
permitted TMI-2 to use TERs and system descriptions as an alternative method for documenting changes to the
facility and providing associated safety evaluations.
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provided simplified discussions of the evaluations based on actual SDS operating experience
instead of preoperational assumptions. This experience revealed that original assumptions were
conservative and radiological consequences were much lower. Also, RCS water was less
contaminated than sump water.

The safety evaluations presented in this NUREG/KM were from the licensee’s 1981 TER and
the NRC’s 1981 SER.

e NRC Review. (8 Safety topics considered in the licensee’s TER included: (e) occupational
exposure (normal operations); () radiation protection/ALARA; and () radiological release
(normal and accident conditions).

e NRC Review: Background. The NRC documented its safety evaluation of the SDS and
operations documented in NUREG-0796. (29 This report provided the NRC’s evaluation of the
licensee’s request to decontaminate the containment building sump water and RCS water using
the SDS, with effluent polishing by the EPICOR Il system. The NRC’s SER addressed only the
processing of the containment building sump water and RCS water and did not consider the
disposition of the process water.

This SER provided the safety basis for the NRC order 29 issued on June 18, 1981, to promptly
commence and complete processing of the intermediate-level contaminated water in the
auxiliary building tanks and the highly contaminated water in both the containment building
sump and the RCS using the SDS with effluent polishing by the EPICOR Il system, if necessary.

2.7.2.2 Submerged Demineralizer System Liner Recombiner and Vacuum Outgassing System

e Purpose. To eliminate the potential of a combustible hydrogen and oxygen mixture existing
in the submerged demineralizer system (SDS) liners and to facilitate the ultimate shipment and
burial of the SDS liners. The liner recombiner and vacuum outgassing system was designed to
remove moisture by evaporation from the zeolite beds of SDS spent liners. This operation dried
the beds but did not remove the water in the zeolite.

e Evaluation. (5" 252) Safety topics considered in the licensee’s safety evaluation report
included: (o) hydrogen; (e) radiation protection/ALARA; and (e) radiological release.

e NRC Review. (%% The NRC's review of the licensee’s safety evaluation report (2**) and
supplemental information (3°® included the following safety topics: () hydrogen; () radiation
protection/ALARA; and (e) radiological release.
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2.8 Endnotes

Reference citations are exact filenames of documents on the Digital Versatile Discs (DVDs) to
NUREG/KM-0001, Supplement 1, 2% “Three Mile Island Accident of 1979 Knowledge
Management Digest: Recovery and Cleanup,” issued June 2016. DVD document filenames start
with a full date (YYYY-MM-DD) or end with a partial date (YYYY-DD). Citations for references
that are not on a DVD begin with the author organization or name(s), with the document title in
quotation marks. Contents of the DVDs are available at the Idaho National Laboratory Web site
(https://tmi2kml.inl.gov).

' (1982-06-15) GPU Safety Evaluation, Axial Power Shaping Rod Insertion Test

2(1982-05-17) Order Amendment

3 (1982-07-06) GPU Safety Evaluation, Insertion Camera Through Reactor Vessel Leadscrew
Opening, Rev. 2

4(1982-07-13) NRC Review, Control Rod Drive Mechanism Quick Look Camera Inspection
(re 07-06-1982) (2)

5(1983-05-19) GPU Safety Analysis, Radiation Characterization Under Reactor Vessel Head
(No Polar Crane), Rev. 0

6(1983-07-13) NRC Review, Reactor Vessel Underhead Characterization (re Various Letters)

7(1983-07-20) GPU Safety Evaluation, Underhead Characterization, Core Sampling Addendum

8 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

9 (1983-07-20) GPU Safety Evaluation, Underhead Characterization, Core Sampling Addendum

10(1983-08-19) NRC Safety Evaluation, Addendum to the Underhead Characterization Study
(re 07-30-1983)

1 (1986-06-11) GPU Safety Evaluation, Core Stratification Sample Acquisition, Rev. 4

12 (1986-05-05) NRC Safety Evaluation, Core Stratification Sample Acquisition SER, Rev. 1
(re 08-30-1985, 12-31-1985)

13 (1989-08-18) GPU Safety Evaluation, Remove Metallurgical Samples from Reactor Vessel
SER

4 (1989-10-20) GPU Safety Evaluation, Remove Metallurgical Samples from Vessel, Rev. 1
(re 08-18-1989) (effective pages)

15(1989-11-28) NRC Safety Evaluation, Reactor Vessel Lower Head Metallurgical Sampling
(re 08-18-1989)

16 (1986-03-28) GPU Safety Evaluation, Reactor Building Decontamination and Dose Reduction
Activities for 1986, Rev. 0

17(1984-02-03) NRC Safety Evaluation, Containment Decontamination and Dose Reduction
(re 09-29, 01-23-1983)

18 (1986-03-28) GPU Safety Evaluation, Reactor Building Decontamination and Dose Reduction
Activities for 1986, Rev. 0

19(1982-11-22) GPU, Inform Plans to Refill RCS

20 (1982-12-14) GPU, Changes in Plan to Vent Pressurizer During RCS Refill (re 11-22-1982)

21 (1983-02-18) GPU Safety Evaluation, Polar Crane Load Test

22 (1983-11-18) NRC Safety Evaluation, Reactor Building Polar Crane Load Test

23 (1983-02-18) GPU Safety Evaluation, Polar Crane Load Test

24 (1983-11-18) NRC Safety Evaluation, Reactor Building Polar Crane Load Test

%5 (1983-02-18) GPU Safety Evaluation, Polar Crane Load Test

26 (1983-09-29) GPU, Plans for First Pass Stud Detensioning for Head Removal

2-32



27 (1984-01-30) GPU Response to NRC, First Pass Stud Detensioning SER (re 09-29,
12-06-1983)

28 (1984-02-17) NRC Safety Evaluation, First Pass Vessel Stud Detensioning (re 09-29,
12-06-1983, 01-30-1984)

29 (1983-09-29) GPU, Plans for First Pass Stud Detensioning for Head Removal

30 (1984-01-30) GPU Response to NRC, First Pass Stud Detensioning SER (re 09-29,
12-06-1983)

31 (1984-03-09) GPU Safety Evaluation, Head Removal, Rev. 5

32 (1984-07-17) NRC Safety Evaluation, Reactor Pressure Vessel Head Lift (re -3-09-1984)

33 (1984-03-09) GPU Safety Evaluation, Head Removal, Rev. 5

34 USNRC, “Control of Heavy Loads at Nuclear Power Plants,” NUREG-0612, July 1980
[Available at nrc.gov]

35 (1986-06-02) GPU Safety Evaluation, Heavy Load Handling Inside Containment, Rev. 3

3 (1985-11-15) NRC Safety Evaluation, Heavy Load Handling Inside Containment
(re 09-11-1985)

37 (1987-07-23) NRC Review, Heavy Load Handling Inside Containment (re various letters)

38 (1986-06-02) GPU Safety Evaluation, Heavy Load Handling Inside Containment, Rev. 3

39 (1985-04-19) GPU Safety Evaluation, Heavy Load Handling Over Reactor Vessel SER

40 (1984-11-01) GPU Safety Evaluation, Reactor Building Heavy Loads, Rev. 0

41(1985-01-25) GPU Safety Evaluation, Plenum Lift and Transfer SER, Rev. 1

42 (1985-05-02) NRC Safety Evaluation, Heavy Load Handling Over the TMI-2 Reactor Vessel
(re 04-19-1985)

43 (1985-04-19) GPU Safety Evaluation, Heavy Load Handling Over Reactor Vessel SER

44 (1984-06-18) GPU Safety Evaluation, Preparatory Activities for Plenum Assembly Removal

45 (1984-08-15) NRC Review, Plenum Removal Preparatory Activities (re 06-18, 07-31,
01-05-1984)

46 (1984-07-31) NRC Review, Preparatory Activities for Plenum Assembly Removal SER
(re 06-18-1984)

47 (1984-09-14) NRC Safety Evaluation, Plenum Assembly Removal (re various letters)

48 (1984-06-18) GPU Safety Evaluation, Preparatory Activities for Plenum Assembly Removal

49 (1984-07-31) NRC Review, Preparatory Activities for Plenum Assembly Removal SER
(re 06-18-1984)

%0 (1984-08-15) NRC Review, Plenum Removal Preparatory Activities (re 06-18, 07-31,
01-05-1984)

51 (1984-09-14) NRC Safety Evaluation, Plenum Assembly Removal (re various letters)

52 (1985-05-01) GPU Safety Evaluation, Plenum Removal and Transfer, Rev. 3

53 (1985-05-07) NRC Safety Evaluation, Lifting, Transfer, and Storage of Plenum Assembly
(re various letters)

54 (1985-05-01) GPU Safety Evaluation, Plenum Removal and Transfer, Rev. 3

%5 (1983-02-25) GPU Safety Evaluation, Makeup and Purification Demineralizer Resin Sampling

%6 GEND-039, TMI-2 Technical Information and Examination Program Annual Report 1983
(1984-04)

57 Electric Power Research Institute, “TMI-2 Waste Management Experience,”
EPRI-TR-100640, April 1992, Palo Alto, California

%8 (1984-07-19) GPU Safety Evaluation, Makeup and Purification Cesium Elution SER

59 (1986-01-28) GPU, Results of Makeup and Purification Demineralizers Elution Process and
Status

60 (1984-09-19) NRC Safety Evaluation, Makeup and Purification Demineralizer Cesium Elution
(re 07-19, 08-29-1984)

~— N N —

2-33



61 (1984-07-19) GPU Safety Evaluation, Makeup and Purification Cesium Elution SER

62 (1984-05-31) GPU Safety Evaluation, Internals Indexing Fixture Processing System, Rev. 1

63 (1984-07-24) NRC Safety Evaluation, Internals Index Fixture Water Processing System (re

05-31, 07-16-1984)

1984-05-31) GPU Safety Evaluation, Internals Indexing Fixture Processing System, Rev. 1

1989-05-12) GPU Technical Evaluation, Defueling Water Cleanup System, Rev. 12

1985-08-06) NRC Safety Evaluation, Defueling Water Cleanup System (re various letters)

1985-01-14) GPU Technical Evaluation, Defueling Water Cleanup System (with System

Descriptions)

68 (1985-04-26) GPU Technical Evaluation, Defueling Water Cleanup System, Rev. 4

69 (1985-05-28) GPU Technical Evaluation, Defueling Water Cleanup System TER (effective
pages)

0 (1985-06-13) GPU Technical Evaluation, Defueling Water Cleanup System, Rev. 6 (effective
pages only)

™ (1987-05-21) GPU Safety Analysis, Defueling Water System Cross-Connect to Reactor
Vessel Cleanup System, Rev. 0

2 (1987-06-11) NRC Review, DWCS Cross-Connect to Reactor Vessel Cleanup System
(re 05-21-1987)

3 (1987-05-21) GPU Safety Analysis, Defueling Water System Cross-Connect to Reactor
Vessel Cleanup System, Rev. 0

4 (1986-03-06) GPU Safety Evaluation, Temporary Reactor Vessel Filtration System, Rev. 1

75 (1986-04-14) GPU Safety Evaluation, Temporary Reactor Vessel Filtration System, Rev. 2

6 (1986-11-17) GPU Safety Evaluation, TMI-2 Temporary Reactor Vessel Filtration System,
Rev. 3

7 (1986-02-07) NRC Safety Evaluation, Temporary Reactor Vessel Water Filtration System

78 (1986-03-18) NRC Review, Restricted Operations of Temporary Vessel Filtration System
(re various letters)

79 (1986-04-18) NRC Review, Temporary Reactor Vessel Filtration System, Rev. 2 (re various
letters)

80 (1986-02-06) GPU Safety Evaluation, TMI-2 Temporary Reactor Vessel Water Filtration
System

81 (1986-03-06) GPU Safety Evaluation, Temporary Reactor Vessel Filtration System, Rev. 1

82 (1986-04-14) GPU Safety Evaluation, Temporary Reactor Vessel Filtration System, Rev. 2

83 (1986-11-17) GPU Safety Evaluation, TMI-2 Temporary Reactor Vessel Filtration System,
Rev. 3

84 (1986-12-01) GPU Safety Evaluation, TMI-2 Temporary Reactor Vessel Filtration System,
Rev. 3 (Missing pages)

85 (1986-06-30) GPU Safety Evaluation, Operation of Filter-Aid Feed System

8 (1986-07-09) NRC Review, Operation of Filter-Aid Feed System, Use of Diatomaceous Earth
(re various letter)

87 (1986-06-30) GPU Safety Evaluation, Operation of Filter-Aid Feed System

8 (1985-08-06) NRC Review, Defueling Water Cleanup System (re various)

89 (1985-11-05) NRC Safety Evaluation, Defueling Canisters (re various letters)

% (1986-12-15) GPU Safety Evaluation, Addition of Coagulants to the Reactor Coolant System,
Rev. 0

91 (1986-12-31) GPU, Use of Different Coagulants (re 12-15-1986)

92 (1986-12-15) GPU Safety Evaluation, Addition of Coagulants to the Reactor Coolant System,
Rev. 0

9 (1986-12-31) GPU, Use of Different Coagulants (re 12-15-1986)

64
65
66
67

.~~~ A~

2-34



9 (1987-03-27) NRC Review, Criticality Safety Evaluation for Coagulants (re 12-11-1986, 02-20,
01-05-1987)
% (1987-02-20) GPU Safety Evaluation, Criticality Safety Evaluation for Coagulants (re 12-15,
12-31-1986)
% (1987-06-10) GPU, Filter Canister Media Modification
97 (1986-05-05) GPU Safety Evaluation, Addition of a Biocide to the TMI-2 Reactor Coolant
System, Rev. 0
% (1986-05-06) NRC Review, Addition of a Biocide to the TMI-2 Reactor Coolant System
(re 05-05-1986)
% (1986-05-05) GPU Safety Evaluation, Addition of a Biocide to the TMI-2 Reactor Coolant
System, Rev. 0
100 (1987-09-22) GPU Technical Evaluation, Defueling Canister TER, Rev. 4
101 (1985-11-05) NRC Safety Evaluation, Defueling Canisters (re various letters)
192 (1986-08-12) NRC Review, Defueling Canister TER, Rev. 2 (re various letters)
103 (1987-12-04) NRC Review, Defueling Canister TER (re various letters)
104 (1985-04-09) GPU Technical Evaluation, Defueling Canisters, Rev. 0
105 (1985-09-10) GPU Technical Evaluation, Defueling Canister TER (re 08-15-1985)
106 (1986-03-06) GPU Technical Evaluation, Defueling Canister TER, Rev. 2
107 (1987-05-07) GPU Technical Evaluation, Defueling Canisters, Rev. 3
198 (1987-09-22) GPU Technical Evaluation, Defueling Canister TER, Rev. 4
109 (1986-04-11) GPU Safety Evaluation, Replacement of Loaded Fuel Canister Head Gaskets
110 (1986-04-29) NRC Review, Replacement of Loaded Fuel Canister Head Gaskets
(re 04-11-1986)
111 (1986-04-11) GPU Safety Evaluation, Replacement of Loaded Fuel Canister Head Gaskets
112 (1986-01-17) GPU, Plan to Use Modified Debris Canisters for removing End Fittings, etc
113 (1986-01-21) NRC Review, Plan to Use Modified Fuel Canisters to Remove End Fittings, etc
(re 01-17-1986)
114 (1986-05-29) GPU Technical Evaluation, Fuel Canister Storage Racks, Rev. 1
115 (1985-05-03) NRC Review, Fuel Canister Storage Racks TER (re 02-27-1985)
116 (1986-09-16) NRC Review, Fuel Canister Storage Racks TER (re various letters)
117 (1985-02-27) GPU Technical Evaluation, Fuel Canister Storage Racks TER, Rev. 0
(
(

~— N — —r

118 (1986-05-29) GPU Technical Evaluation, Fuel Canister Storage Racks, Rev. 1

119 (1987-04-02) GPU, Safety Evaluation, Canister Handling and Preparation for Shipment SER,
Rev. 4 (Effective Pages Only)

120 (1986-06-20) NRC Safety Evaluation, Canister Handling and Preparation for Shipment
Program (re 02-17, 06-11-1986)

121 (1988-03-03) NRC Review, Canister Handling and Preparation for Shipment Program TER
(re various letters)

122 (1986-02-17) GPU Safety Evaluation, Canister Handling and Preparation for Shipment

123 (1986-06-11) GPU Safety Evaluation, Canister Handling and Preparation for Shipment SER

124 (1987-04-02) GPU, Safety Evaluation, Canister Handling and Preparation for Shipment SER,
Rev. 4 (Effective Pages Only)

125 (1987-05-26) GPU Safety Evaluation, Canister Handling and Preparation for Shipment, Rev.
5 (Effective Pages Only)

126 (1986-12-30) GPU, Additional Info on Alternative Dewatering Acceptance Criteria for
Defueling Canisters

127 (1987-01-07) NRC Review, Reduced Defueling Canister Void Volume (re 11-10, 12-30-1986)

128 (1987-10-21) GPU, Plan to Discontinue Defueling Canister Gas Sampling at INL
(re 01-07-1987)

2-35



129 (1987-04-02) GPU, Safety Evaluation, Canister Handling and Preparation for Shipment SER,
Rev. 4 (Effective Pages Only)

130 (1987-05-26) GPU Safety Evaluation, Canister Handling and Preparation for Shipment,
Rev. 5 (Effective Pages Only)

131 (1986-06-20) NRC Safety Evaluation, Canister Handling and Preparation for Shipment
Program (re 02-17, 06-11-1986)

132 (1988-03-03) NRC Review, Canister Handling and Preparation for Shipment Program TER
(re various letters)

133 (1987-12-02) GPU Safety Evaluation, Use of Non-Borated Water in Canister
Decontamination System, Rev. 1

134 (1987-12-04) NRC Review, Use of Non-Borated Water in Canister Loading Decon System
SER (re 12-02-1987, 08-12-1986)

135 (1987-12-02) GPU Safety Evaluation, Use of Non-Borated Water in Canister
Decontamination System, Rev. 1

136 (1986-08-12) NRC Review, Defueling Canister TER, Rev. 2 (re various letters)

137 (1986-06-02) GPU, Testing of Core Region Defueling Techniques

138 (1985-10-10) GPU Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel, Rev. 4

139 (1986-01-22) GPU, Plan to Use Hydraulic Impact Chisel to Separate Fused Material

140 (1986-06-04) NRC Safety Evaluation, Heavy Duty Tong Tool, Spade Bucket, Hydraulic
Impact Chisel (re various letters)

41 (1986-06-02) GPU, Testing of Core Region Defueling Techniques

142 (1986-05-15) GPU Safety Evaluation, Defueling SER, Rev. 10

143 (1986-05-20) GPU Safety Evaluation, Defueling SER, Rev. 10 (Correction)

144 (1985-10-10) GPU Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel, Rev. 4

145 (1985-11-12) NRC Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel
(10-10-1985)

146 (1986-01-28) GPU, Fines-Debris Vacuum System Modifications (re various letters)

147 (1986-02-21) NRC Review, Modification of Fines and Debris Vacuum System (re various
letters)

148 (1986-01-28) GPU, Fines-Debris Vacuum System Modifications (re various letters)

149 (1985-11-05) NRC Safety Evaluation, Defueling Canisters (re various letters)

150 (1985-11-12) NRC Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel
(10-10-1985)

151 (1986-03-26) GPU, Plan to Use Hydraulic Shredder to Reduce Core Debris

152 (1986-04-16) NRC Review, Use of Hydraulic Shredder

153 (1986-08-27) GPU, Plan to Use Plasma Arc Torch to Cut Upper End Fittings (re 08-18-1986)

154 (1987-08-20) NRC Review, Use of Plasma Arc Torch to Cut Upper End Fittings (re various
letters)

16 (1986-08-27) GPU, Plan to Use Plasma Arc Torch to Cut Upper End Fittings (re 08-18-1986)

156 (1987-01-20) GPU Response to NRC, Plasma Arc Cutting

157 (1987-05-07) GPU Response to NRC, Plasma Arc Cutting (re 03-20-1987, 08-27-1986)

18 (1987-06-25) GPU, Off-Gas Releases Generated During Plasma Arc Cutting (re 05-07-1987)

159 (1987-06-25) GPU, Off-Gas Releases Generated During Plasma Arc Cutting (re 05-07-1987)

160 (1987-11-30) GPU Criticality Assessment for Using Plasma Arc Torch to Cut Lower Core
Support Assembly, Rev. 1

161 (1988-03-16) GPU, Criticality Safety Assessment for Use of Plasma Arc Torch
(re 11-30-1987)

162 (1988-01-18) GPU Safety Evaluation, Lower Core Support Assembly Defueling, Rev. 2

2-36



163 (1988-04-01) NRC Safety Evaluation, Lower Core Support Assembly Defueling
(re 01-18-1988)

164 (1988-04-01) NRC Safety Evaluation, Lower Core Support Assembly Defueling
(re 01-18-1988)

165 (1988-08-11) GPU, Criticality Assessment, Use of Plasma Arc Torch to Cut Baffle Plates and
Core Support Shield

166 (1988-12-27) GPU Criticality Assessment for Using Plasma Arc Torch to Cut Upper Core
Support Assembly, Rev. 1

167 (1988-09-15) GPU Safety Evaluation, Completion of Upper Support Core Assembly
Defueling, Rev. 0

168 (1989-01-31) NRC Safety Evaluation, Criticality Assess of Plasma Arc Torch to Cut Vessel
Internals (08-11, 12-27-1988).pdf

169 (1988-08-11) GPU, Criticality Assessment, Use of Plasma Arc Torch to Cut Baffle Plates and
Core Support Shield

170 (1988-12-27) GPU Criticality Assessment for Using Plasma Arc Torch to Cut Upper Core
Support Assembly, Rev. 1

7 (1989-02-08) GPU Safety Evaluation, Use of Air as Secondary Gas for Plasma Arc Torch

172 (1987-12-28) GPU, Use of Core Bore Machine for Dismantling the Lower Core Support
Assembly

173 (1988-01-08) NRC Review, Use of Core Bore Machine for Dismantling Lower Core Support
Assembly (re 12-03, 12-28-1987)

174 (1987-12-28) GPU, Use of Core Bore Machine for Dismantling the Lower Core Support
Assembly

175 (1989-01-10) GPU Safety Evaluation, Sediment Transfer and Processing Operations, Rev. 4

176 (1986-09-25) NRC Review, Sediment Transfer and Processing Operations (re 03-18-1985)

77 (1989-01-10) GPU Safety Evaluation, Sediment Transfer and Processing Operations, Rev. 4

178 (1986-09-11) NRC Review, Reactor Building Sump Criticality Safety Evaluation Report
(re various letters)

179 (1987-01-15) GPU Safety Analysis, Pressurizer Spray Line Defueling System, Rev. 2

180 (1986-12-22) NRC Review, Proposal for Defueling the Pressurizer Spray Line
(re 08-06-1985, 11-26-1986)

181 (1986-12-22) NRC Review, Proposal for Defueling the Pressurizer Spray Line
(re 08-06-1985, 11-26-1986)

182 (1985-08-06) NRC Safety Evaluation, Defueling Water Cleanup System (re various letters)

183 (1986-03-14) GPU Safety Evaluation, Decontamination Using Ultrahigh Pressure Water
Flush, Rev. 0

184 (1986-07-16) NRC Safety Evaluation, Decontamination using Ultrahigh Pressure Water
Flush (re 03-14-1986)

185 (1986-03-14) GPU Safety Evaluation, Decontamination Using Ultrahigh Pressure Water
Flush, Rev. 0

186 (1985-10-24) GPU, Commencement of Preliminary Defueling Operations

187 (1985-10-29) NRC Safety Evaluation, Commencement of TMI-2 Preliminary Defueling
Operations (re 10-24-1985)

188 (1985-10-24) GPU, Commencement of Preliminary Defueling Operations

189 (1984-07-17) NRC Safety Evaluation, Reactor Pressure Vessel Head Lift (re -3-09-1984)

190 (1984-09-14) NRC Safety Evaluation, Plenum Assembly Removal (re various letters)

191 (1985-05-07) NRC Safety Evaluation, Lifting, Transfer, and Storage of Plenum Assembly
(re various letters)

2-37



192 (1985-05-02) NRC Safety Evaluation, Heavy Load Handling Over the TMI-2 Reactor Vessel
(re 04-19-1985)

193 (1985-10-10) GPU Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel, Rev. 4

194 (1986-05-15) GPU Safety Evaluation, Defueling SER, Rev. 10

195 (1986-05-20) GPU Safety Evaluation, Defueling SER, Rev. 10 (Correction)

1% (1985-11-12) NRC Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel
(10-10-1985)

197 (1985-10-10) GPU Safety Evaluation, Early Defueling of the TMI-2 Reactor Vessel, Rev. 4

198 (1986-08-16) GPU, Storage of Upper End Fittings in Shielded 55 Gal Drums

199 (1986-09-09) GPU Response to NRC (Discussion), Storage of Upper End Fittings
(re 08-16-1986)

200 (1986-09-10) NRC Review, Plans to Store Upper End Fittings (re various letters)

201 (1986-09-25) NRC Safety Evaluation, Storage of Upper End Fittings in an Array of 55 Gallon
Drums (re various letters)

202 (1986-08-16) GPU, Storage of Upper End Fittings in Shielded 55 Gal Drums

203 (1986-09-09) GPU Response to NRC (Discussion), Storage of Upper End Fittings
(re 08-16-1986)

204 (1986-05-15) GPU Safety Evaluation, Defueling SER, Rev. 10

205 (1986-05-20) GPU Safety Evaluation, Defueling SER, Rev. 10 (Correction)

206 (1986-07-24) NRC Review, Core Region Bulk Defueling Operations Limited to the Core
Region (re 05-15, 07-23-1986)

207 (1986-05-15) GPU Safety Evaluation, Defueling SER, Rev. 10

208 (1986-05-05) NRC Safety Evaluation, Core Stratification Sample Acquisition SER, Rev. 1
(re 08-30-1985, 12-31-1985)

209 (1986-07-23) GPU, Plan to Use Core Bore Tooling as Defueling Tool

210 (1986-07-24) NRC Review, Core Region Bulk Defueling Operations Limited to the Core
Region (re 05-15, 07-23-1986)

211 (1986-07-24) NRC Review, Core Region Bulk Defueling Operations Limited to the Core
Region (re 05-15, 07-23-1986)

212 (1988-01-18) GPU Safety Evaluation, Lower Core Support Assembly Defueling, Rev. 2

213 (1988-04-01) NRC Safety Evaluation, Lower Core Support Assembly Defueling
(re 01-18-1988)

214 (1988-01-18) GPU Safety Evaluation, Lower Core Support Assembly Defueling, Rev. 2

215 (1987-11-30) GPU Criticality Assessment for Using Plasma Arc Torch to Cut Lower Core
Support Assembly, Rev. 1

216 (1987-11-30) GPU Criticality Assessment for Using Plasma Arc Torch to Cut Lower Core
Support Assembly, Rev. 1

217 GPU, “Criticality Safety Assessment for Use of the Plasma Arc Torch to Cut the Lower Core
Support Assembly,” GPU Letter 4410-88-L-0026/035PP, February 26, 1988 [ADAMS
Accession No. ML20147D737]

218 (1988-03-16) GPU, Criticality Safety Assessment for Use of Plasma Arc Torch
(re 11-30-1987)

219 (1988-06-06) GPU Safety Evaluation, Completion of Lower Core Support and Lower Head
Defueling, Rev. 0

220 (1988-06-27) GPU Safety Evaluation, Completion of Lower Core Support and Lower Head
Defueling, Rev. 1

221 (1988-09-09) GPU Response to NRC, Lower Head Defueling SER (re 08-11, 06-06-1988)

222 (1988-12-01) NRC Safety Evaluation, Lower Core Support and Lower Head Defueling
(re 06-06-1988)

2-38



223 (1988-06-06) GPU Safety Evaluation, Completion of Lower Core Support and Lower Head
Defueling, Rev. 0

224 (1988-06-27) GPU Safety Evaluation, Completion of Lower Core Support and Lower Head
Defueling, Rev. 1

225 (1988-01-08) NRC Review, Use of Core Bore Machine for Dismantling Lower Core Support
Assembly (re 12-03, 12-28-1987)

226 (1988-04-01) NRC Safety Evaluation, Lower Core Support Assembly Defueling
(re 01-18-1988)

227 (1988-09-09) GPU Response to NRC, Lower Head Defueling SER (re 08-11, 06-06-1988)

228 (1988-09-15) GPU Safety Evaluation, Completion of Upper Support Core Assembly
Defueling, Rev. 0

229 (1989-04-04) NRC Safety Evaluation, Completion of Upper Core Support Assembly
Defueling (re 9-15-1988)

230 (1988-09-15) GPU Safety Evaluation, Completion of Upper Support Core Assembly
Defueling, Rev. 0

21 (1979-05-25) NRC Policy, Direct Staff to Prepare Environmental Assessment for
Decontaminate and Dispose Waste Water

22 NUREG-0591, Environmental Assessment, Use of EPICOR-II at TMI-2 (1979-08)

233 (1979-10-16) Memorandum and Order, Direct the Licensee to Operate EPICOR Il

234 (1979-10-22) NRC Order (10-18-1979), Operation of EPICOR Il to Decontaminate Rad
Waste Water in Auxiliary Building

235 (1979-10-26) NRC Order Amend, Clarifies Order dated 10-26-1979 Concerning the
Operation of EPICOR-II

26 NUREG-0591, Environmental Assessment, Use of EPICOR-II at TMI-2 (1979-08)

27 NUREG-0683, Vol. 1, PEIS-Decontamination and Disposal of Radioactive Wastes Resulting
from TMI-2 (1981-03)

238 (1981-03-11) GPU Technical Evaluation, SDS, Revised

239 (1981-03-11) GPU Technical Evaluation, SDS, Revised

240 (1981-06-18) NRC Order, Operation of SDS and EPICOR-II to Process Reactor Building
Sump and RCS Water

241 (1981-07-13) PNO-TMI-81-15, Initial Operation on SDS

242 (1981-09-23) PNO-TMI-81-20, Reactor Building Water Processing

243 NUREG-0796, Operation of the Submerged Demineralizer System at TMI-2 (1981-06)

244 (1982-03-23) GPU Technical Evaluation, Addendum to SDS, RCS Processing Plan

245 (1982-11-03) GPU Technical Evaluation, RCS Processing with RCS in a Partial Drained
Condition

246 (1984-07-19) GPU Technical Evaluation, SDS

247 (1982-02-04) NRC Review, Update Recovery System SD and TER from 6 month to 1 year
(re 01-20-1982)

248 NUREG-0796, Operation of the Submerged Demineralizer System at TMI-2 (1981-06)

249 NUREG-0796, Operation of the Submerged Demineralizer System at TMI-2 (1981-06)

250 (1981-06-18) NRC Order, Operation of SDS and EPICOR-II to Process Reactor Building
Sump and RCS Water

251 (1982-10-13) GPU Safety Evaluation, SDS Liner Recombiner and Vacuum Outgassing
System

252 (1982-11-11) GPU Response to NRC (Discussions), SDS Liner Recombiner and Vacuum
Outgassing System

253 (1982-11-23) NRC Review, SDS Liner Recombiner and Vacuum Outgassing System

2-39



254 (1982-10-13) GPU Safety Evaluation, SDS Liner Recombiner and Vacuum Outgassing
System

255 (1982-11-11) GPU Response to NRC (Discussions), SDS Liner Recombiner and Vacuum
Outgassing System

256 USNRC, “Three Mile Island Accident of 1979 Knowledge Management Digest: Recovery and
Cleanup,” NUREG/KM-0001, Supplement 1, June 2016 [Available at nrc.gov]

2-40



3 CRITICALITY SAFETY EVALUATIONS

TABLE OF CONTENTS

3 CRITICALITY SAFETY EVALUATIONS....... .o rssssss s s 31
R T B [0 Yo [ T 4o ) o 3-4
3.1.1 BaCKgrOUNG......cooiiiiiiiiiieeiie e 3-4
3.1.2 Overview of Criticality Control at TMI-2.............ooomiiiiiiie e, 3-4
3.1.2.1 Early Criticality StUI@S .......cooeiiiiiiiiiii e 3-5
3.1.2.2 Reliance 0N BOron ............ooiiiiiiiiiiiiiiiic e 3-6
3.1.2.3 Safe Fuel Mass Limit ............oooiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeaeeees 3-7
3.1.2.4 Subcritical Criterion ............oviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeaaeeees 3-9
3.1.3  Chapter CoONtENtS........ooiiiiiiiiiiiieeeeeee e 3-11
3.2 KEY SHUIES ...t 3-11
3.2.1 Recriticality Potential of TMI-2 COre...........ouviiiiiiiiiiiiiiiiiiiiiiiiiiiieeieiiiiieeees 3-12
3.2.2 Criticality Analyses of Disrupted Core Models of TMI-2...........cccovviiiinnnen. 3-12
3.2.3 A Further Evaluation of Risk of Recriticality at TMI-2 ...........cccccoiiiiiiiinnnn. 3-12
3.2.4 Programmatic Environmental Impact Statement ..., 3-13
3.2.5 Evaluation of Potential/Consequences of Recriticality During Cleanup
and Defueling at TMI-2.......... e 3-14
3.2.6 Criticality Calculations To Support Recovery through Reactor Vessel
Head Removal ... 3-15
3.2.7 Verification of Criticality Calculations for TMI-2 Recovery Operations
through Head Removal ... 3-16
3.2.8 Criticality Analysis for Heavy Load Drop Accident in Support of Recovery
through Reactor Vessel Head Removal .............coooeeeiiiiiiiiiiiieeee, 3-16
3.2.9 TMI-2 Fuel Canister Interface Requirements for INEL...............ccoovvveeeen. 3-16
3.2.10 Addition of Soluble and Insoluble Neutron Absorbers to the Reactor
Coolant System Of TMI.......coooiiii e 3-17
3.2.11 Reactor Coolant System Criticality Report ... 3-17
3.2.12 TMI-2 Transfer System Criticality Technical Report ............ccccovieeiiiinnnnnnn. 3-19
3.2.13 Hazard Analysis for the Potential for Boron Dilution of the Reactor
CO0laANT SYSEM ... 3-20
3.2.14 Limits of Foreign Materials Allowed in the TMI-2 Reactor Coolant System
During Defueling ACHVIIES .........eviiiiiiiiiii e 3-21
3.2.15 Technical Plan: Ex-Reactor Coolant System Criticality Safety..................... 3-21
3.2.16 TMI-2 Criticality Studies, Lower Vessel Rubble, and Analytical
BenChMarking .......cooviiiiiiiiiiiiiiie e 3-22
3.2.17 Review of the State of Criticality of the TMI-2 Core and Reactor Vessel...... 3-22
3.2.18 Criticality Safety Assessment for Increasing the TMI-2 Safety Fuel Mass
T 0 SRR 3-22
3.2.19 TMI Fuel Characteristics for Disposal Criticality Analysis ..............ccceveeee.... 3-23
3.3 Data Collection ACHVILIES ......cccoviiieeiee e 3-23
3.3.1 Axial Power Shaping Rod Insertion Test...........ccovvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 3-23

3-1



3.4

3.5

3.3.2 Camera Insertion through Reactor Vessel Leadscrew Opening .................. 3-30
3.3.3 Reactor Vessel Underhead Characterization (Radiation Characterization) . 3-33
3.3.4 Reactor Vessel Underhead Characterization (Core Sampling).................... 3-37
3.3.5 Core Stratification Sample AcQUISItION ............coovviiiiiiiiiiiiiiiiiiiiis 3-39
3.3.6 Use of Metal Disintegration Machining System to Cut Reactor Vessel
Lower Head Wall SamPIES..........ooveviieiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeaeeeeeeaeneeees 3-42
Pre-Defueling Preparations ............oooouiiiiiiiii i 3-44
3.4.1 Containment Building Decontamination and Dose Reduction Activities....... 3-44
3.4.2 Reactor Coolant System Refill ..., 3-47
3.4.3 Reactor Vessel Head Removal Operations.............ccccovviiiiiiiiiiiiiiiiiiiieeee 3-48
3.4.3.1 Polar Crane Load Test........ccooiiiiiiiiiiiiiiceieiiee e 3-48
3.4.3.2 First-Pass Stud Detensioning for Head Removal.......................... 3-50
3.4.3.3 Reactor Vessel Head Removal Operations..................uueeviveeeeennns 3-50
3.4.4 Heavy Load Handling inside Containment ..o, 3-54
3.4.5 Heavy Load Handling over the Reactor Vessel .................euueeiiiiiiiiiiinennnnnnns 3-56
3.4.6 Plenum Assembly Removal Preparatory Activities.................euvviiiiiieiiinnnnnns 3-57
3.4.7 Plenum Assembly Removal ..............oooviiiiiiiiiiiiiiiiiii 3-59
3.4.8 Makeup and Purification Demineralizer Resin Sampling ...............ccvvviiiinna. 3-60
3.4.9 Makeup and Purification Demineralizer Cesium Elution....................c......... 3-62
Defueling TOoOoIS and SYStEMS ... 3-63
3.5.1 Internals Indexing Fixture Water Processing System ............ccccooiiiiiiinnnenn. 3-63
3.5.2 Defueling Water Cleanup .............uueiiiiiiaiiiiiiie e 3-68
3.5.2.1 Defueling Water Cleanup System ...........cooovviiiiiiiiiiiiiieeeeeeeeeees 3-68
3.5.2.2 Cross-Connect to Reactor Vessel Cleanup System...................... 3-70
3.5.2.3 Temporary Reactor Vessel Filtration System..............cccccoeeeee. 3-72
3.5.2.4 Filter-Aid Feed System and Use of Diatomaceous Earth as
Feed Material.........ooooineiiii e 3-76
3.5.2.5 Use of Coagulants ...........eeeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeees 3-76
3.5.2.6 Filter Canister Media Modification..............ccccuiiiiiiiiiiiiiiiiieee. 3-80
3.5.2.7 Addition of a Biocide to the Reactor Coolant System.................... 3-80
3.5.3 Defueling Canisters and Operations..............ccccceviiiiiiiiiiiiiieeeeeee 3-81
3.5.3.1 Defueling Canisters: Filter, Knockout, and Fuel ..................c......... 3-81
3.5.3.2 Replacement of Loaded Fuel Canister Head Gaskets .................. 3-95
3.5.3.3 Use of Debris Containers for Removing End Fittings ................... 3-96
3.5.3.4 Fuel Canister Storage RacCKS .............uuuvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 3-98
3.5.3.5 Canister Handling and Preparation for Shipment.......................... 3-99
3.5.3.6 Canister Dewatering System ...............uuuvviiiiiimiiiieiiiiiiiiiiiiiiiennnnns 3-100
3.5.3.7 Use of Nonborated Water in Canister Loading Decontamination
SYSIBIM s 3-100
3.5.4 Testing of Core Region Defueling Techniques..............cccvvvviiiiiiiiiiiiiinnnnnnes 3-102
3.5.5 Fines/Debris Vacuum System ...........cooiviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieees 3-102
3.5.6 Hydraulic Shredder ... 3-104
3.5.7  Plasma ArC TOICH ......ueiiiiiiiiii e 3-104
3.5.7.1 Use of Plasma Arc Torch to Cut Upper End Fittings ................... 3-104



3.5.7.2 Use of the Plasma Arc Torch to Cut the Lower Core Support

ASSEMDIY ..ot 3-104
3.5.7.3 Use of Plasma Arc Torch to Cut Baffle Plates and Core Support
ShiId ... 3-116
3.5.7.4 Use of Air as Secondary Gas for Plasma Arc Torch (NA) ........... 3-120
3.5.8 Use of Core Bore Machine for Dismantling Lower Core Support
ASSEMDIY ... 3-120
3.5.9 Sediment Transfer and Processing Operations..............cccoeevvvviieiieenieennn, 3-121
3.5.10 Pressurizer Spray Line Defueling System ...........ccccooiiiiiiiiiiiiee, 3-122
3.5.11 Decontamination Using Ultrahigh Pressure Water Flush........................... 3-123
3.6 Evaluations for Defueling Operations .............oooiiiiiiiiiiiiiiiiieeee e 3-125
3.6.1  Preliminary Defueling...........oooiiiiiiiiiiiiieeee 3-125
3.6.2 Early Defueling .....ccoooiiiiiiiiiiiiieeeeeeeeeeeeeee e 3-127
3.6.3 Storage of Upper End Fittings in an Array of 55-Gallon Drums ................. 3-129
3.6.4 Defueling (Also Known as “Bulk” Defueling)...........cccccoeviiiiiiiiiiiiiiiiiieeee, 3-132
3.6.5 Use of Core Bore Machine for Bulk Defueling ..., 3-140
3.6.6 Lower Core Support Assembly Defueling............ccccconniiiiiiiiiiiiiiiniiie, 3-141
3.6.7 Completion of Lower Core Support Assembly and Lower Head Defueling 3-144
3.6.8 Upper Core Support Assembly Defueling..............coovvviieiiiiiiiiiiiiiiiiiiiiininnns 3-145
3.7 Evaluations for Waste Management.................euuiiuiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieiieeeeeeneees 3-147
3.7.1 EPICOR T (NA) ettt 3-147
3.7.2 Submerged Demineralizer System...........ccooiiiiiiiiiiiiiiiee e 3-147
3.7.2.1 Submerged Demineralizer System Operations...........ccccccccee... 3-147
3.7.2.2 Submerged Demineralizer System Liner Recombiner and
Vacuum Outgassing System (NA) ......ccooiiiiiiiiiiici e, 3-148
3.8 ENANOLES ... ittt eeaeeeaeana 3-148

Note: “NA” (not applicable) means the licensee and the NRC determined that the safety topic
was not important for the activity



3.1 Introduction

3.1.1 Background

The area of nuclear criticality safety is broad and covers essentially the entire fuel cycle, ending
with storage or disposal. This document focuses on the criticality evaluations and application of
criticality safety measures for postaccident TMI-2 conditions along with the associated defueling
operations. For the TMI-2 activities, the issue of criticality was of intense interest and considered
to be a major safety concern by the NRC. Many interested parties provided analytical support,
and the NRC sponsored independent analyses, to evaluate the potential for criticality for various
scenarios. These analyses were based on various assumptions such as those concerning
debris composition and configuration.

This chapter discusses the evaluations and actions performed to ensure subcriticality of TMI-2
postaccident and during defueling operations. It includes the analysis to address the effects of
foreign materials inside the reactor vessel, measures to prevent the inadvertent dilution of
borated coolant, and the increase of boron shim from 3500 to more than 5000 parts per million
over time, as a result of changing knowledge about the condition of the damaged reactor core.
Unlike the conditions at Tokyo Electric Power Company’s Fukushima Daiichi Units 1, 2, and 3,
the TMI-2 reactor coolant system was able to sustain a borated coolant mass. This condition
allowed analysts to identify and perform bounding calculations. Also, the Fukushima units
sustained greater reactor core damage and had fuel with a higher average enrichment than at
TMI-2.

In this chapter, “criticality safety” refers to all activities that could affect the subcriticality of the
fuel debris. Safety evaluations ensured that these activities were conducted in accordance with
the plant’s license, technical specifications, and applicable regulatory requirements. For TMI-2,
some of these requirements were changed, as needed, to ensure that subcriticality was
maintained during postaccident activities. For decommissioning of the reactor, the focus
remained on protection against the consequences of an inadvertent nuclear chain reaction,
preferably by preventing the reaction. To aid the decommissioning process, certain regulatory
requirements were suspended. However, the NRC required that the fuel remain subcritical at all
times.

3.1.2 Overview of Criticality Control at TMI-2

This section briefly overviews (e) early criticality studies that were conducted by the licensee,
the NRC, and contractors; (®) special reliance on boron as a neutron-absorbing shim;

(e) adoption of the safe mass fuel limit (the amount of fuel debris that could collect in any plant
component without posing a criticality safety concern); and (e) subcritical criteria used to
determine subcriticality in the criticality analyses to support recovery and defueling operations.



3.1.2.1 Early Criticality Studies

The licensee’s criticality report (') for the reactor coolant system (RCS) provided the following
overview of early criticality studies. Soon after the TMI accident in March 1979, calculations of
the shutdown ® margin were performed on what was then known or believed to be the physical
condition of the core. The consensus of the various groups of analysts - 2 3 was that the
reactor fuel was subcritical and would remain subcritical if the boron concentration of the RCS
water was maintained at 3000 to 3500 parts per million. These results were collected and
reviewed by the Babcock & Wilcox Company (B&W), along with an additional series of bounding
calculations. This work was described in B&W's reports, “ 5 ¢ “Methods and Procedures of
Analysis for TMI-2 Criticality Calculations to Report Recovery Activities through Head Removal,”
and Addenda 1 and 2.

All of the analyses for shutdown margin reported in the above reports were based on the fuel
remaining in a stable, although damaged, configuration. Reactor disassembly and defueling
activities, which followed reactor vessel head removal, involved intentional disturbances of the
fuel. The analyses of these reports were not directly applicable to the reconfigurations of the fuel
that resulted from reactor disassembly and defueling activities. To ensure that the fuel would
remain in a subcritical state during disassembly and defueling activities, an analytical criticality
safety program was developed and described in the licensee’s report TPO/TMI-071 “Technical
Plan for Nuclear Reactivity,” dated January 1984.

The technical plan initially proposed three approaches to demonstrate that the boron
concentration in the RCS was high enough to ensure a subcritical reactor core for any
reconfiguration of the damaged fuel. These approaches included: (e) systematic review of
planned activities, definition of credible core configurations, and determination of poison
requirements for maintaining these configurations subcritical; (e) use of an infinite poison that
would maintain subcriticality for all core configurations (bounding poison concentration); and
() use of design and procedural measures to preclude fuel configurations that were potentially
more reactive than those previously analyzed.

To minimize schedule impact, the initial program strategy would include all three approaches
until the best approach to serve the recovery effort was decided. However, at the end of 1983,
the licensee realized that removal of the reactor vessel head would result in a substantially
reduced capability for increasing the boron concentration throughout the RCS. Borating the
RCS would require that the system be filled and pressurized to induce flow throughout the
system. Once the head was removed, extraordinary measures would be required to ensure a
uniform boron concentration in all parts of the RCS. Therefore, any decision that substantially

a Editor’'s Note: This summary document and the original documents often use terms such as “safe-shutdown
condition,” “shutdown margin,” and “reactor shutdown.” These terms are synonymous with terms denoting
subcriticality such as “subcritical condition,” “subcritical margin,” and “subcritical.”

b Editor's Note: Three other reports were cited in the licensee’s report: GPU Nuclear Corporation, “TMI-2 Post
Accident Criticality Analysis,” TDR-049, August 31, 1979, Brookhaven National Laboratory, “Recriticality
Calculations for TMI,” May 18, 1979, Babcock & Wilcox, “TMI-2 Criticality Evaluation Notebook,” NPGD-TM534,
December 1979. These reports could not be found in the NRC record.
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increased the boron concentration, either for the infinite poison approach or for the systematic
review approach, had to be made well in advance of head lift.

The licensee’s Criticality Task Force convened in February 1984 with the objective of
determining the appropriate boron concentration in the RCS before head lift. The licensee
decided to discontinue the systematic and procedural approaches in favor of an infinite poison
approach. The procedural approach was dropped because of the potential to impose
unacceptable restrictions on recovery methods for plenum removal and defueling sequences.

Similarly, the complex criticality analyses required by the systematic approach could not be
performed on a schedule that would support a boron concentration increase before head lift.
The systematic approach analyses might have shown that 3500 parts per million was an
acceptable boron concentration for activities through defueling; however, this conclusion was
not a certainty. Therefore, the task force decided that incurring the known costs of increasing
the boron concentration in the vessel before head lift for use of the bounding approach would be
the appropriate course of action. Subsequently, B&W and Oak Ridge National Laboratory
performed several criticality analyses for defueling.

3.1.2.2 Reliance on Boron

Given the unknown severity of core damage at TMI-2 following the accident, the control rods
were not relied on in any way for reactivity control and assurance of shutdown. The control room
operators had no way of measuring the criticality margin; so, to ensure that the core would not
become critical again, a high boron concentration was maintained in the reactor coolant. Later
knowledge showed that the control rod material was essentially melted from the core region.
The bounding analysis without credit for control rod material proved to be the appropriate
assumption.

The physical and chemical properties of six neutron-absorbing elements were studied and
combined with cost estimates to determine the feasibility of adding them to the TMI-2 reactor
coolant to depress the effective neutron multiplication (kef) to less than or equal to 0.95. (” Both
soluble and insoluble forms of several elements were examined, such as boron (natural and
fully enriched), cadmium, europium, gadolinium, lithium, and samarium. Oak Ridge National
Laboratory performed criticality calculations to determine the absorber concentration required to
meet the ke criterion of 0.95. The study concluded that all elements, with the exception of
boron, had overriding disadvantages that precluded their use in the TMI-2 reactor. Solubility
experiments in the reactor coolant showed that boron solubility was the same as boron in pure
aqueous solutions of sodium hydroxide and boric acid; therefore, solubility was not a limiting
factor in reaching the ke criterion with boron. An examination of the effect of pH on sodium
requirements and costs for processing to remove radionuclides revealed a sharp dependence in
which small decreases in pH resulted in a large decrease in both sodium requirements and
processing costs. The study also concluded that, to meet any contemplated reactor safety
requirements, boron could be added with existing equipment, but this addition had to be made
with the reactor coolant system (RCS) filled and pressurized to ensure a uniform boron
concentration.



The recovery project staff decided not to rely on analyses or models to show subcriticality when
a method ensuring shutdown with boron was available. The normal boron concentration in the
RCS was 1000 to 1500 parts per million (ppm). Just before the accident, a routine sample of the
reactor coolant contained 1026 ppm boron. A sample taken shortly after the reactor trip
indicated a boron concentration of only 700 ppm. This caused concern, especially when,

2 hours later, another sample showed a boron concentration of about 400 ppm. At the time, the
operators believed that this was evidence of a boron dilution accident. In fact, it was due to
reflux boiling in the core that was caused by low pressure and high temperatures. Much of the
water in the coolant sample from the RCS piping was condensate that contained no boron.
Because of the boiling, the actual boron concentration was higher than normal in the core.

Immediate steps were taken to raise the boron concentration in the RCS because of the low
concentration samples and the higher-than-normal neutron flux readings from the source range
monitors. Because of the uncertainty about the extent of damage to the core, the boron
concentration was then raised to over 3000 ppm, which was established as an operating
requirement. The limit was eventually raised to a minimum boron concentration of 4350 ppm to
support defueling.

Boron concentration was controlled primarily by ensuring that the sources of makeup water
contained the required concentrations. Boron dilution events due to possible operational error
were avoided by ensuring that only approved sources of makeup water were available for
injection. Reactor coolant samples were analyzed weekly to confirm this method of control.
Because samples were analyzed off site at the Babcock & Wilcox laboratory in

Lynchburg, Virginia, this method was not able to detect rapid changes in boron concentration
resulting from possible equipment failures. A boron meter (an instrument that measures boron
concentration in reactor coolant) was initially added to a temporary sample sink. Later, online
boron concentration readings were established to quickly detect any boron dilution events.

3.1.2.3 Safe Fuel Mass Limit

In the early stages of the TMI-2 cleanup activities, the licensee performed analyses (©to
establish limits on the amount of fuel debris that could collect in any plant component without
posing a criticality safety concern. The significant assumptions used in that analysis included a
fuel enrichment of 3 weight percent uranium-235, unborated water reflection and moderation,
and a maximum fuel rod diameter of 0.4 inch. The 3 weight percent enrichment approximately
corresponded to the unburned condition of the highest enriched Batch 3 fuel (2.96 weight
percent). The unburned enrichments for the other fuel batches at TMI-2 were 1.98 weight
percent (Batch 1) and 2.64 weight percent (Batch 2). (®

e Original Limit. Based on data previously compiled ® by the Savannah River Laboratory, the
licensee’s analysis (TPO/TMI-132) indicated that the minimum critical mass was 93 kilograms of

¢ The analysis was documented in the licensee’s report TPO/TMI-132, “Technical Plan for Ex-RCS Ciriticality Safety,”
Rev. 1, November 1985.



uranium dioxide for the previously stated assumptions. The critically safe fuel mass limit (@ for
the TMI-2 defueling operations was established at 70 kilograms, which was about 75 percent of
the calculated minimum critical mass. This limit provided the criterion for the maximum amount
of fuel that could collect in an isolated unit and be assured to remain subcritical regardless of
other parameter values. This limit was applied to the various defueling activities at TMI-2 unless
a specific evaluation demonstrated that a larger mass would be maintained subcritical.

Following the defueling of the reactor vessel, the licensee revised its criticality safety analysis to
increase the TMI-2 safe fuel mass limit accordingly.

¢ Revised Limit. The purpose of this revision was to develop a refined safe fuel mass limit for
use at TMI-2 during the remaining defueling activities and to evaluate long-term storage
conditions (i.e., post-defueling monitored storage). This limit was developed based on more
realistic assumptions that were still conservative but less overly conservative than those used in
the previous analyses. The significant data collected from debris samplings, video inspections,
and other defueling data, which were unavailable at the time of the previous analyses, justified
using realistic assumptions. These data provided a better understanding of the accident
scenario and the actual debris configuration and composition. Therefore, the creation of a
refined and more realistic model of the fuel debris was permitted.

The criterion for the new mass limit assumed that the calculated effective neutron multiplication
factors would not exceed 0.99, including a computer code uncertainty bias. This acceptance
criterion was consistent with the previous licensing basis ("% - 2) for the reactor coolant system
during defueling.

The revised analysis showed that, when more realistic assumptions were made about the
composition of the fuel debris remaining at TMI-2, the critically safe fuel mass limit could be
increased to 140 kilograms. This increase resulted even with the use of conservative modeling
assumptions in the base case model, such as spherical geometry, unborated water in optimal
mixture with the fuel, and no credit taken for impurities. Essentially, the fuel enrichment was
adjusted to be made more realistic, and full-sized fuel pellets were used. No attempt was made
to adjust the other three major assumptions (i.e., impurity concentration, moderation, and
particle size).

The revised limit was considered applicable for isolated accumulations of fuel debris (i.e., those
accumulations of fuel that would remain physically and neutronically decoupled from other fuel
accumulations) at TMI-2. Fuel accumulations were considered neutronically decoupled if the
equivalent of 12 inches of water separated the accumulations (based on TID-7016, ('® “Nuclear
Safety Guide”).

d Editor's Note: While the mass discussed here is labeled as the “critically safe fuel mass limit,” the same mass is
often referred to as the “minimum critical mass” throughout much of this summary document and the source
documents. While use of both labels for the same mass may be common, the more correct label is the “critically
safe fuel mass limit” since an accumulation of fuel up to that mass quantity would be subcritical.
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Based on the available sample data, as well as the various fuel relocation pathways, the three
cases presented in this evaluation were considered to bound any accumulations of fuel debris
remaining at TMI-2 in excess of the original 70-kilogram limit. Also, the degree of conservatism
for a particular assumption could have been modified and still demonstrate the appropriateness
of the 140-kilogram limit. For example, additional cases were provided in which the highest
Batch 3 fuel enrichments were used, with minimum credit for impurities and all other significant
assumptions unchanged. These cases showed allowable masses in excess of 140 kilograms.

The limit of 140 kilograms was not considered applicable in cases where the fuel debris was
surrounded by a thick lead reflector (e.g., the shipping casks) because, under certain conditions,
lead could be a better neutron reflector than unborated water. In such cases, separate
evaluations were performed.

3.1.2.4 Subcritical Criterion

Two criteria for the effective neutron multiplication (ket) were used to determine subcriticality
during recovery and defueling operations: 0.99 and 0.95. For the most part, the criterion that
was used in a particular criticality analysis was dependent on the results of previous analyses.
However, for some evaluations, the criterion was different for the different conditions being
analyzed (e.g., normal recovery operations or plant accident conditions).

The analyses for the reactor coolant system (RCS), including the reactor vessel, used the Kes
criterion of 0.99 (i.e., to be subcritical, the kerr could not exceed 0.99). The analysis that
supported selection of the additional neutron poison to use in the RCS (') and the heavy load
drop analysis for the polar crane load test (' used the ke criterion of 0.95.

o Criterion (Reactor Cooldown). The 0.99 criterion was applied during the reactor cooldown
period and was defined in the TMI-2 recovery technical specifications ('®) as applicable to the
shutdown mode of reactor operation. TMI-2 was officially placed in the shutdown cooling mode
on February 13, 1980, in accordance with the TMI-2 recovery technical specifications. These
recovery technical specifications defined an additional shutdown mode, called the “recovery
mode,” and specified maximum and minimum coolant temperatures and boron concentrations.
This was the applicable mode during the long-term cooling of the core, including facility cleanup
and recovery operations. ') Therefore, the specific criticality safety requirements for the
activities proposed through reactor vessel head removal pursuant to the recovery technical
specifications included a subcritical multiplication, ke, less than 0.99. ('8 This criterion was used
for all RCS criticality evaluations, with the two noted exceptions.

o Criterion (Polar Crane Load Test). The use of the 0.95 criterion for the polar crane load test
analysis was based on Criterion Il of Section 5.1 of NUREG-0612, ('® “Control of Heavy Loads
at Nuclear Power Plants.” NRC generic letter (3% 2") on the control of heavy loads required
licensees to address the guidelines in NUREG-0612. The analysis in the licensee’s safety
evaluation report (?? for the polar crane load test stated that damage to fuel and fuel storage
racks based on calculations involving accidental dropping of a postulated heavy load did not



result in a configuration of the fuel such that ke was larger than 0.95. Thus, the licensee
followed Criterion 1l from NUREG-0612, consistent with the generic letter from the NRC.

e Criterion (Neutron Absorber Addition). For the evaluation of adding neutron absorber to
the RCS, a shutdown margin that would render a criticality accident incredible had to be defined
and the corresponding concentration of the absorber had to be quantified. When the evaluation
began, the shutdown margin provided by the existing boron concentration was a subject of
debate because of assumptions about the extent of core damage and the core configuration.

For the purposes of this evaluation only, the criterion was established that a criticality event
would be incredible when ke was less than 0.95 with the fuel in a highly reactive configuration,
not suitably poisoned by added soluble or insoluble neutron absorbers. A conservative model of
the reactor was developed to serve as the foundation for calculations in determining the
absorber concentrations required to meet the reactivity criterion. Both the model and the
criterion were formulated based on the advice of reactor physics consultants. Oak Ridge
National Laboratory performed the calculations to determine the maximum reactivity of the
model at various poison concentrations. Given the highly conservative assumptions used in the
model, a higher ket and a lower boron concentration were established than were quantified in
the evaluation as conditions, which ensured that subcriticality under all defueling conditions
would be justified. (2%

e Criterion (Handling and Storage Defueling Canisters). Criticality analyses for handling
and storage of the defueling canisters used the 0.95 criterion. The conditions that were
analyzed included: (e) a single defueling canister in normal and damaged conditions; (e) arrays
of canisters in normal and damaged conditions; and () a single canister drop. ¥ Analyses (2
of the canisters for plant accidents (e.g., draining of the spent fuel pool) used the 0.99 criterion.
The use of the 0.95 criterion for the defueling canisters was consistent with the requirements
that INEL had specified for storage of defueling canisters in the fuel storage pool at INEL'’s site.
Since the canister storage rack size at TMI-2 was the same as the rack size to be used in
INEL’s pool (center-to-center spacing of 18 inches), the INEL subcritical criterion applied to the
defueling canisters at TMI-2. (® The plant accidents for the defueling canisters (e.g., draining of
the spent fuel pool), however, involved different conditions than were part of the analysis
requirements for storage at INEL. Thus, the analysis for these conditions was not tied to the
same subcritical criterion. (20

e Criterion (Handling and Storage Debris Containers). Criticality evaluation for canisters
(referred to as debris containers) was modified for end-fitting removal and storage to use the
0.99 criterion. This evaluation did not include a separate, explicit analysis. Instead, the safety

¢ Editor's Note: The 0.95 criterion for subcriticality is the same criterion as in the guidance used by the NRC for
analyses of transportation packages (e.g., NUREG-1617, “Standard Review Plan for Transportation Packages for
Spent Nuclear Fuel,” issued March 2000) and for analyses of interim, independent storage of spent nuclear fuel
(e.g., NUREG-1567, “Standard Review Plan for Spent Fuel Dry Storage Facilities,” issued March 2000). It is also
consistent with the guidance in the NRC’'s NUREG-0800, “Standard Review Plan for the Review of Safety Analysis
Reports for Nuclear Power Plants: LWR Edition,” Section 9.1.1, “Criticality Safety of Fresh and Spent Fuel Storage
and Handling,” and Section 9.1.2, “New and Spent Fuel Storage.” These guidance documents apply this criterion to
all conditions (e.g., normal, off-normal, accident). These NUREGSs can be accessed at nrc.gov.
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evaluation used the results from the RCS criticality analysis (") and the analysis for foreign
material in the RCS during defueling activities. (?® Although there were differences between the
assumptions used in the previous criticality analyses and those that would actually have been
used for an explicit analysis of submerged containers, direct application of the criticality results
to this evaluation was conservative. The evaluation of the containers demonstrated that the Ke
for these canisters would not exceed the 0.99 criterion during loading, handling in the canister
transfer shield, and storage in the fuel transfer canal and the “A” spent fuel pool. (2%

3.1.3 Chapter Contents

This chapter presents criticality safety evaluations of the postaccident TMI-2 and defueling
operations. It describes the many studies performed to give the reader an understanding of the
thinking of the analysts at the time, the expectations and the reality, the uncertainties in the
data, and the measurement and mitigation methods. It also presents a high-level timeline of
cleanup activities.

The evaluations presented in this chapter ensured that all activities that could create an
inadvertent criticality condition were addressed and consequences evaluated. Controls were
maintained in accordance with the requirements of the plant’s license, technical specifications,
procedures, and applicable regulatory requirements. Additionally, adequate contingencies were
developed for normal operations and accident conditions.

Most cleanup activities were evaluated for criticality.

Section 2 summarizes the key studies that were used to support safety evaluations. The
remaining sections present the safety evaluation for each applicable cleanup activity or system.
Section 8 lists the endnotes for references cited throughout this chapter.

3.2 Key Studies

This section provides a high-level chronological progression of the criticality analyses that
followed the TMI-2 event. Each subsection below summarizes the referenced document. The
intent is to help the reader understand the thinking that occurred with the progression of time
and growth of knowledge throughout the defueling procedures.

In particular, from the outset of the event, significant consideration was given to: (e) the
potential for criticality; (e) the lack of information; (e) prevention of a criticality; and (e) issues,
such as nonuniform boron concentrations, that resulted from a dilution event. Boron shim was
an early choice, but other poisons were also considered.



3.2.1 Recriticality Potential of TMI-2 Core
(NRC, May 1979)

This early NRC evaluation report % provided the results of a number of KENO () Monte Carlo
analyses to establish the potential of a criticality in the TMI-2 core. All models in this analysis
assumed the complete, simultaneous loss of all movable control rods and all fixed burnable
poison rods. Results indicated that 3500 parts per million natural boron uniformly distributed and
maintained in the moderator/coolant would guarantee subcriticality for all credible possible
abnormal states of the core. The study indicated that the highest enriched peripheral region of
the core was controlling for criticality for an accidental boron dilution event. Regardless of the
boron concentration throughout the core, a slug of completely unborated water passing through
a minimum of four contiguous fuel assemblies (in a square) and through the full length of the
core would cause a criticality. Four fuel assemblies correspond to about 2 percent of the core
volume.

3.2.2 Criticality Analyses of Disrupted Core Models of TMI-2
(Oak Ridge National Laboratory, ORNL-CSD-TM-106, December 1979)

This report 4 formally documented a series of analyses performed to support the President’s
Commission on the Accident at Three Mile Island. This study determined the reactivity effects of
various hypothetical scenarios in which the reactor core could have been disrupted and
provided documented models and analytical methods used for those scenario analyses. The
report included results of various parametric studies such as: (e) effects of fuel pin geometry
changes determined through infinite lattice pin-cell calculations; (e) benchmark analysis of the
preaccident, as-measured critical configuration at hot, zero-power reactor startup condition; and
(e) analyses of the disrupted core models that included variations to determine the reactivity
worth of soluble boron, control rods, and burnable poison rods.

3.2.3 A Further Evaluation of Risk of Recriticality at TMI-2
(NRC, April 1980)

This report 32 reviewed previous studies related to the probability and consequences of
criticality from the damaged reactor. More detailed assessments were performed to confirm the
adequacy of those studies and to provide additional insight into ways to minimize the risk of
criticality. The most probable mechanism for criticality was boron dilution, but it was determined
to be a slow enough process that, with appropriate instrumentation and procedures, the
approach to criticality would be detected and corrected. To the extent that boron concentration
in excess of 3500 parts per million could be ensured, the probability of criticality was further
minimized. The most likely direct radiological consequence of criticality was from increased

f Editor's Note: The version of KENO available at the time of this evaluation is outdated and was replaced by later
versions, notably KENO-V and KENO-VI in the currently available versions of SCALE that are supported by the
code developer, Oak Ridge National Laboratory. More modern cross-section libraries, both multigroup and
continuous energy, are also available.



dose rates inside containment. A study of more realistic and more probable criticality events
also concluded that there would be no offsite consequences.

3.2.4 Programmatic Environmental Impact Statement
(NRC, March 1981)

The PEIS ¥ for the cleanup of TMI-2 reported the options and associated environmental
impacts of the activities necessary to the cleanup, as well as the potential radiological health
and safety impacts.

o Summary. At the time the report was issued, subcriticality of the reactor was ensured by the
maintenance of sufficient boron concentration levels in the reactor coolant system (RCS). The
one operable source range neutron detector was used to monitor subcriticality. A small amount
of control rod material was believed to have melted during the accident. The available shutdown
margin was estimated to be about 15 percent Ak/k (i.e., there were about 15 percent too few
neutrons to sustain nuclear chain reaction at a constant rate). Several groups independently
examined the potential for criticality under various hypothetical circumstances. Based on these
analyses, the PEIS concluded that the reactor would be maintained in a subcritical state with
3500 parts per million (ppm) of boron in the reactor coolant, even with the total absence of other
control materials. The most probable (although very unlikely) cause of criticality was found to be
boron dilution, which would be a slow enough process that any approach to criticality could be
detected and remedied. To ensure that the reactor remained subcritical throughout the
decontamination program, it would be necessary to maintain control of the boron concentration
in the RCS until the defueling was completed.

e Evaluations. The PEIS evaluations involving criticality concerns are sumerized below:

o Revised Boron Concentration. Precise information on the extent of control rod damage was
not available at the time the PEIS was published. Therefore, to ensure subcriticality, the
amount of boron (9 in the reactor coolant was increased to about 3850 ppm, and a new
lower limit of 3500 ppm was established. Numerous criticality analyses (" 34 3% agreed that
the reactor core would remain subcritical with a boron concentration of 3500 ppm in any
physically possible geometry even if all the fixed and movable absorber rods were removed.

o Temperature and pH. The effects of temperature and pH on boron concentration in the RCS
were ruled out as a major concern. The solubility of boron as boric acid was 4400 ppm at
35 degrees Fahrenheit (degrees F) and 7100 ppm at 59 degrees F. Based on criticality
calculations from the Brookhaven National Laboratory report, “Recriticality Calculations for

9 Editor's Note: The original document(s) summarized here often referred to “boric acid” concentrations and used the
term as a synonym for “boron.” Thus, the text in this summary has changed references to boric acid to refer to
boron, or boron concentrations, where appropriate.

h Editor's Note: The PEIS referenced other studies by Argonne National Laboratory, Babcock & Wilcox, Brookhaven
National Laboratory, and the licensee. However, these documents could not be found.
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TMI,” dated May 18, 1979, large amounts of strong acid would have been added before
significant decreases in soluble boron concentration were observed.

o Underborated Water. The only concern regarding criticality indicated by the studies in the
TMI-2 situation was the introduction of water to the reactor core with a boron level of much
less than 3500 ppm. Calculations from the licensee’s technical evaluation report TDR-049,
“TMI-2 Post Accident Criticality Analysis,” dated August 31, 1979, which was supported by
experimental data from the Westinghouse Reactor Evaluation Center, showed that the
introduction of 1000 ppm borated water in a square array of the 2.96 weight percent
enriched fuel assemblies from the core’s outer region could result in criticality. Lack of
information on the existing state of the core made it difficult to accurately calculate the
critical boron concentration. However, calculations did show that the introduction of
underborated water could result in the core becoming critical, assuming an undamaged core
geometry.

o Dilution Detection. Several methods of detecting a reduction of boron in the RCS were
available to alert the operators, so that the dilute water source could be terminated before
core criticality. These methods included: (e) ex-core nuclear instrumentation; (e) periodic
boron analysis of reactor coolant water; and () pressure and temperature readings of the
RCS. Control of the reactor coolant chemistry and all sources of other water added to or
mixed with the reactor coolant during the cleanup would prevent a dilution accident.

o RCS Interfaces. Systems connected to the RCS were borated to requirements from the
recovery technical specifications. These systems included the standby pressure control
system (installed for recovery), makeup and purification system (existing system), and decay
heat removal system (existing system). A closed valve connection from the demineralized
water system to the makeup pump suction did exist, but the valve was located in a
high-radiation area where access would be administratively controlled. In addition, the
power supply breakers to the makeup pumps would be danger-tagged open to prevent
inadvertent pump operation.

o Containment Barrier. As a final barrier of defense, the containment building was specifically
designed to contain fission product inventories. Most of the fission products produced in a
criticality accident would have been extremely short lived. A review by the Argonne National
Laboratory determined that the total amount of curies released to the atmosphere during the
accident was greater than the total fission product inventory that would have been in the
current core 10 hours after a hypothetical severe criticality transient.

3.2.5 Evaluation of Potential/Consequences of Recriticality During Cleanup and
Defueling at TMI-2
(NRC, ANL-NRC-RAS-81-1, June 1981)

In support of the PEIS, this report ®®included: () an evaluation of the potential for achieving
criticality in the disrupted TMI-2 core during the cleanup operations; (e) an assessment of the
additional damage and fission product release from the damaged fuel during a criticality event;



and (e) an investigation of potential leak paths to the environment for any criticality-induced
fission product releases.

3.2.6 Criticality Calculations To Support Recovery through Reactor Vessel Head
Removal
(Babcock & Wilcox, BAW-1738, June 1982)

This report " documented the first criticality safety results specifically for reactor disassembly
and defueling activities. Previous analyses were based on the fuel remaining in a stable,
although damaged, configuration. The specific objectives of the report were to: (e) evaluate the
reactivity of postulated TMI-2 core configurations; (e) evaluate the reactivity of potential fuel
accumulations outside the core region; (e) evaluate the potential reactivity effects of various
perturbations resulting from the proposed activities; and () verify that a boron concentration of
3500 parts per million would maintain an adequate margin of subcriticality under all postulated
credible conditions.

Examples of some of the proposed activities that could rearrange fuel configurations or
otherwise affect the subcriticality of the fuel system included: (o) insertion of the axial power
shaping rods; (e) attempts to uncouple the control rod drive mechanism; (e) insertion of
inspection and sampling equipment into the reactor vessel through penetrations in the head;
and (e) removal of the reactor vessel head. The purpose of the analytical assessment was to
demonstrate that the reactor would be subcritical at all times during all of these proposed
activities.

Three approaches were proposed to demonstrate that the boron concentration in the reactor
coolant system would be high enough to ensure the core would remain safely subcritical for any
reconfiguration of the fuel. These approaches included: (e) systematic review of planned
activities; () identifying credible core configurations and determination of poison requirements
for maintaining these configurations subcritical; (e) use of an infinite poison that would maintain
subcriticality for all core configurations (bounding poison concentration); and (e) use of design
and procedural measures to preclude fuel configurations that could be potentially more reactive
than those previously analyzed. To minimize schedule impact, the initial program strategy was
to pursue all three approaches until the best approach for the recovery effort was decided.

This report provided the analyses of various geometrical configurations of moderator, reflector,
and fuel. These configurations represented both credible and hypothetical fuel arrangements in
the reactor coolant system as a result of activities relating to reactor vessel head inspections
and reactor vessel head removal.

The analyses used conservative core configurations that were assumed to represent worst case
conditions for recovery activities from the head removal, except for major core rearrangement
associated with the head drop on the reactor vessel. These static configurations included a
maximum credible core damage model (50 percent core damage in a debris bed over

50 percent intact fuel assemblies) and a model for 100 percent core damage. In addition, an
analysis was performed with fuel in the vessel but outside of the core region. Models used in the



analysis included a sphere of 50 percent of the damaged highest enrichment fuel
(19 assemblies) in the bottom of the reactor vessel, a hemisphere of 50 percent of the core in
the lower vessel, and a cylinder of fuel particles falling down from the core region.

3.2.7 Verification of Criticality Calculations for TMI-2 Recovery Operations through
Head Removal
(Babcock & Wilcox, BAW-1738, Addendum 1, October 1982)

This report 3® verified that the models used in the original BAW-1738 report % were
conservative based on the data obtained from axial power shaping rod insertion, control rod
drive mechanism uncoupling inspections, and the through-head video inspections of the
damaged fuel. Data from these recovery operations through the third video viewing inside the
reactor vessel were used to create a revised model of fuel damage. This model was then
compared to the fuel damage models used for the criticality calculations of the reactor shutdown
margins and detailed in the revised BAW-1738. The results of the comparison verified that the
criticality calculations were conservative since the calculations assumed more fuel damage than
was evident from the data. Consequently, the revised BAW-1738 was determined to be valid for
recovery operations through reactor vessel head removal.

3.2.8 Criticality Analysis for Heavy Load Drop Accident in Support of Recovery through
Reactor Vessel Head Removal
(Babcock & Wilcox, December 1983)

This report 49 discussed the worst case model of additional fuel disruptions that were
considered possible as a result of a heavy load drop accident, such as dropping the reactor
head onto the vessel or plenum. The heavy load drop model was conservative for criticality
analyses because it assumed the maximum credible amount of additional cladding failures with
the fuel collapsed to the most reactive configuration. The analyses indicated that, with this
conservative model, the core would remain subcritical with an effective neutron multiplication
less than 0.99 at a boron concentration of 3500 parts per million.

3.2.9 TMI-2 Fuel Canister Interface Requirements for INEL
(INEL, EGG-TMI-6156-R1, June 1984)

This report 4V focused on the fuel canister interface requirements at INEL. Fuel canisters loaded
with enriched uranium dioxide were required to remain subcritical under all conceivable loading,
handling, and storage situations. If neutron absorbers were used inside fuel canisters, their
continued effectiveness under transport and storage conditions was required to be
demonstrated. An effective neutron multiplication less than 0.95 was required at INEL for
loading parameters, which demonstrated subcriticality of a storage array of fuel canisters on
18-inch centers in water. Two independent criticality safety analyses were required by the INEL
Safety Manual 9020, “Fissile Material Control Areas,” dated September 30, 1983 (copy provided
in Appendix A to EGG-TMI-6156). The analyses considered the most reactive conditions that
conceivably could have occurred. These conditions included: (o) misplacement of the fuel



canisters in storage racks; () dropping of loaded fuel canisters into an already loaded rack;
() reflection of neutrons in and by water; and (e) canister flooding with nonborated water.

Specific design requirements and considerations included the following: () verification and
documentation of essential criticality safety design features such as canister size, canister
material, and any fixed neutron poison; (e) consideration in the canister design for the “future
use” of handling, transporting, and storage of canisters, including neutron interaction between
canisters located in an array and the ability to periodically inspect any fixed neutron poison;

() validation of computer codes and cross-section sets used for calculations against applicable
critical experiments; (e) off-normal conditions; (e) reflectors more efficient than water (lead cask
wall, concrete storage basin wall and floor, etc.); and (e) the highest enrichment instead of an
average enrichment in the criticality calculations. Examples of off-normal conditions included:
(®) batching of fissile material; (e) loss of solid neutron absorber; (e) redistribution of neutron
absorber and fissile material; () change in canister dimensions or breach of containment;

() lack of structural integrity (i.e., corrosion or gas pressurization); (e) loss of array neutron
isolating material such as a storage basin drainage accident; and (e) credible moderation that
could be mixed with core debris or an influx of storage basin water.

3.2.10 Addition of Soluble and Insoluble Neutron Absorbers to the Reactor Coolant
System of TMI
(GPU Nuclear, GEND-026, July 1984)

This report 42 examined the feasibility of adding more neutron absorber, such as boron or
suitable alternatives, to the reactor coolant system (RCS). This addition would increase the
shutdown margin to the extent that a criticality accident would be incredible, regardless of the
configuration of the fuel. Six elements (boron, cadmium, gadolinium, lithium, samarium, and
europium) were studied for possible additions to the RCS to maintain the effective neutron
multiplication below 0.95. Boron (as boric acid) was found to have a variety of advantages, such
as lower cost, minimum impact on water cleanup systems, and no serious materials
compatibility problems. In addition, boron could be added using existing chemical addition
equipment. Dissolved boron concentration levels of 5500 parts per million were found to be
adequate to maintain the core subcritical under all feasible configurations. Boron additions had
to be made before lowering water in the vessel because once the water level was lowered, gas
pockets at the tops of the steam generators would prevent the mixing of boron throughout the
RCS.

3.2.11 Reactor Coolant System Criticality Report
(GPU Nuclear, November 1984)

This report 4® provided the criteria and rationale used for determining the proper boron
concentration for the reactor coolant system (RCS). The chosen boron concentration ensured
that the fuel in the RCS would remain subcritical throughout all reactor disassembly and
defueling operations. This included the movement of any reactor component, including fuel
within the vessel, whether planned or due to an accident, such as a heavy load drop. This report
covered issues of criticality only within the RCS pressure boundary, predominantly the primary



coolant loop. Included in this evaluation as part of the RCS were the: (e) reactor vessel;
(e) steam generators; (e) pressurizer; () hot- and cold-leg piping; (e) reactor coolant pumps;
(®) surge line; and (o) decay heat dropline.

Results (Boron Concentration). This report provided the basis and criteria used for the

selection of a boron concentration in the RCS that supported a shutdown margin of at least

1 percent or an effective neutron multiplication (kef) less than or equal to 0.99. The report
defined a minimal acceptable boron concentration of 4350 parts per million (ppm) to ensure that
the ket of the RCS would not exceed 0.99 for all credible configurations. For the RCS
design-basis model, the calculated value of ke included a 2.5-percent delta-k computer code
uncertainty bias. To provide an adequate operating margin, an administrative limit on the
minimum operational RCS boron concentration would be established at 4950 ppm.

Evaluation Approach. The criticality study was based on four key considerations.

Limited Knowledge. First, there was limited knowledge of the spatial distribution of fuel
within the reactor vessel. At the time that the report was issued, only visuals gathered from
Quick Looks, a few “grab” samples from the core cavity region, and the topographic model
of the upper core region (rubble bed) were available.

Bounding Analysis. Second, evaluations completed for this report were performed with the
intent to bound all credible situations that could have been encountered during the entire
defueling process. No attempt was made to define assumptions for a specific defueling
activity or phase. The licensee chose this approach to reduce the potential of placing
unacceptable restrictions on recovery methods. Although a more systematic approach for
specific activities might have shown that 3500 ppm was an acceptable boron concentration,
such an approach would be complex, take time, and produce uncertain conclusions.

Most Reactive Fuel Configuration. Third, the worst fuel configuration identified as part of the
criticality safety evaluation for recovery activities from head removal was a pile of all Batch 3
fuel in the bottom of the reactor vessel. This was the most reactive location identified in the
RCS. Therefore, calculations performed for fuel in the lower head would bound conditions in
all other RCS locations.

Limited Credit for Fuel Burnup. Fourth, the study took credit for fuel burnup in the Batch 3
fuel only. Radial determination of the average assembly burnup showed that the least
burned fuel was along the periphery of the core. Batch 3 fuel was originally located along
the core periphery. The rationale for modeling burnup to only Batch 3 fuel was because the
analysis model showed a small reactivity effect if fuel Batch 1 and 2 were added to Batch 3.
So, any credit for burnup of Batch 1 and 2 fuel would have a negligible effect on ke. The
reactivity effect of Batch 1 and 2 fuel was small, since the analyses placed the entire initial
inventory of Batch 3 fuel, with the highest enrichment, in the center of the fuel arrangement.

o Assumptions. Oak Ridge National Laboratory performed calculations that used three
different concentrations to determine the ke for the hypothetical model at different poison



levels. These calculations were performed with a number of conservatisms built into the model.
The major points of conservatism included: (e) location of fuel mass (bottom reactor vessel
head region); (e) use of entire core mass; (®) shape of the model (lenticular) that excluded the
physical restrictions imposed by the lower core support structure; (e) placing highest enrichment
fuel in the center of the model (Batch 3); (e) optimized rubble model shape and size; (e) no
credit for cladding or structural materials; (e) no credit for solid poison (control rods);

(®) optimized fuel to moderator ratio; (e) optimized fuel and moderator temperature; and (e) no
burnup in Batch 1 and 2 fuel.

e Sensitivity Analyses. Several sensitivity studies were performed to determine the reactive
worth of several different parameters. The parameters studied included: (o) reflector; (o) fuel
inventory; (o) geometry shape; () boron concentration; (e) fuel burnup; and (e) fuel
temperature.

e NRC Review. “Y The licensee’s criticality report was revised by the NRC, and the agency’s
evaluation was attached to the transmittal letter. As discussed in the attachment, the NRC
concluded that an RCS boron concentration of 4350 ppm would ensure at least 1-percent
shutdown margin for the hypothetical conservative fuel model assumed in the licensee’s
analysis. The NRC noted that the maintenance of an operating RCS boron concentration of
about 5000 ppm would provide a significant larger real shutdown margin, and a corresponding
degree of enhanced safety, as the licensee conducted reactor disassembly and defueling
operations. Refer to the NRC’s safety evaluation report for further details of the agency’s review.

3.2.12 TMI-2 Transfer System Criticality Technical Report
(Babcock & Wilcox, Document No. 77-1155739-02, June 19, 1985)

The defueling canisters were transferred to locations within the reactor and fuel handling
buildings using a transfer shield containing lead. Transfer of canisters to the shipping cask used
a different device called a “transfer cask.” This report examined the effective neutron
multiplication factor (ker) for both the transfer shield and cask. This report was included as
Attachment 1 to the licensee’s technical evaluation report (4> %) on the defueling canister.

o Objectives. Calculations in this report address the following objectives: evaluate the
optimal fuel composition with the transfer shield in place; determine the effect of the gap
region between the inserted canister and the cask or shield for centered and off-centered
canisters; determine the most reactive canister type in the transfer shield; evaluate the
most reactive insertion point for a canister in the transfer shield; and evaluate the most
reactive canister for the worst insertion point in the transfer cask.



¢ Reactivity Criterion. The reactivity criterion for criticality safety used in this analysis was
that the value of ke for the most reactive canister inside the transfer system could not exceed
0.95.®

e Conclusion. The report results indicated that for ruptured and nonruptured canisters, no
poison materials, other than those contained in the canisters, were required in the design of
either the transfer shield or cask to maintain ker less than 0.95. Canisters with extensive internal
or external damage from being dropped or deformed were not addressed, since these canisters
would be handled on a case-by-case basis and therefore were not included in the current work
scope.

¢ Reevaluation. The preamble to Attachment 1 in Revision 3 of the technical evaluation report
provided an update to the criticality evaluation. The results of the original analysis (Revision 1)
assumed that the most reactive fuel particle capable of being in the knockout canister was an
optimally moderated standard, whole fuel pellet. However, this assumption was no longer
appropriate due to fuel particle sizes greater than whole pellets to be loaded into a knockout
canister. To assess the impact of this assumption, an evaluation was performed to determine
the infinity neutron multiplication factor (Kinsinity) for the most reactive Batch 3 fuel particle, when
optimally moderated with unborated water. The Kinsinity for the optimum size was found to be only
0.07 percent delta-k higher than the Kinsinity for the standard whole pellet. The results presented
in this attachment were still considered appropriate, since this increase was small and the other
assumptions included in the analysis were conservative. Additionally, even with this increase of
0.07 percent delta-k, which tends to increase the kesr, the Kes criterion for the canisters within the
canister transfer shield was met.

3.2.13 Hazard Analysis for the Potential for Boron Dilution of the Reactor Coolant
System
(GPU Nuclear, Rev. 2, September 1985)

This report 47 assessed the potential for boron dilution in the reactor coolant system (RCS)
during a variety of pre-defueling recovery activities. Methods of isolating the RCS were identified
to provide a high degree of assurance that a dilution event would not occur. The report provided
probabilities of a dilution event for different operations. The probability of a dilution event was a
function of the ability to isolate the RCS and not of the acceptable boron concentration.

The boron dilution analysis approach included the following tasks: (e) identify the potential
points of water injection to the RCS, such as core flood tanks, pressurizer, reactor coolant pump
seals, steam generator secondary side, reactor vessel nozzles, and top of the open reactor
vessel; (o) track each potential RCS injection point to potential dilution sources, such as tanks,

I The safety evaluation report indicated that this criterion analysis was consistent with the legacy section
10 CFR 72.73, “Requirement for Advance Notice and Protection of Export Shipments of Special Nuclear Material of
Low Strategic Significance,” and American National Standards Institute/American Nuclear Society
(ANSI/ANS) Standard 8.1 (1983), “Nuclear Criticality Safety in Operations with Fissionable Material Outside
Reactors”; ANSI/ANS Standard 8.17 (1984), “Criticality Safety Criteria for the Handling, Storage, and
Transportation of LWR Fuel Outside Reactors”; and ANS 8.7/N16.5 (1982), “Guide for Criticality Safety in Storage
of Fissionable Materials.” (Editor's Note: Section 10 CFR 72.73 was removed from Part 72.)
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coolers, demineralizers, evaporators, heaters, closed cooling water systems, and spent fuel
pool; (e) identify isolation barriers for each dilution source, such as removed spool pieces,
closed valves, and heat exchanger or pumps with head differences; () determine probability of
failure of isolation barrier configuration due to hardware faults and human error; and

(®) estimate total plant boron dilution potential by considering the number of injection paths, the
reliability of each isolation barrier, and the possibility for operator error, or failure, in identifying
and terminating a boron dilution event.

Credit for mitigation was heavily dependent on the detection capability. The means of detecting
a boron dilution event at TMI-2 included: (e) monitoring reactor coolant level; (e) monitoring
levels of dilution sources (e.g., tanks); (e) performing mass balance calculations of the RCS;
(e) monitoring the status of the positions of valves, pumps, and breakers by using equipment
checklists; (o) using operable source range neutron detectors; and () routine sampling of RCS
boron concentration.

3.2.14 Limits of Foreign Materials Allowed in the TMI-2 Reactor Coolant System During
Defueling Activities
(GPU Nuclear, Rev. 1, September 1985)

This revised report (8 assessed the effects of introducing foreign materials into the reactor
coolant system (RCS) reactivity. The 4350 parts per million boron concentration established in
the RCS criticality report 4% did not totally protect against the potential increase in the effective
neutron multiplication (kett) caused by the introduction of foreign materials into the RCS. The
foreign materials report concluded that the establishment of a 2-gallon limit on the amount of
unborated moderating material (i.e., a material that could become interstitially dispersed within
the fuel) in the RCS would ensure a ke N0 greater than 0.99 across all credible situations. This
result was based on an RCS boron concentration of 4950 parts per million, which was the lower
operational limit permitted by the administrative procedure at the time.

The NRC review U %9 concluded that the work described in the licensee’s safety evaluation
provided an excellent exploration and analysis of the problems of reactivity perturbations of
foreign material insertions for TMI-2 defueling operations, including the areas of approach and
criteria, calculation methodology, bounding geometry, and material selection. The resulting
analyses, leading to a selection of limits for material addition, were reasonably conservative and
determined to be acceptable.

3.2.15 Technical Plan: Ex-Reactor Coolant System Criticality Safety
(GPU Nuclear, GPU/TMI-132, Rev. 1, November 1985)

This internal licensee report (°") provided analyses to establish limits on the amount of fuel
debris that could collect in any plant component without posing a criticality safety concern. The
significant assumptions in the analysis included: (o) a fuel enrichment of 3 weight percent
uranium-235; (e) unborated water reflection and moderation; and (e) a maximum fuel rod

I Editor's Note: Formal transmittals of the licensee’s request for review and the NRC's review could not be located.
However, the cited documents were found in internal NRC correspondence.
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diameter of 0.4 inch. The 3 weight percent enrichment corresponded to the unburned condition
of the highest enriched fuel, Batch 3 (2.96 weight percent). The unburned enrichments for the
other fuel batches at TMI-2 were 1.98 weight percent (Batch 1) and 2.64 weight percent
(Batch 2). The analysis concluded that the minimum critical mass was 93 kilograms of uranium
dioxide. A safety margin was then applied, thus establishing the critically safe fuel mass for the
TMI-2 defueling operations at 70 kilograms, which was about 75 percent of the calculated
minimum critical mass. This limit provided the criterion for the maximum amount of fuel that
could collect in an isolated unit and remain subcritical regardless of what other parameters
changed. This limit was applicable to the various defueling activities, unless a specific
evaluation demonstrated that a larger mass would be maintained subcritical.

3.2.16 TMI-2 Criticality Studies, Lower Vessel Rubble, and Analytical Benchmarking
(ORNL, ORNL-CSD-TM-222, December 1985)

This report %2 documented a bounding strategy that was adopted to ensure subcriticality during
all TMI-2 defueling operations. This strategy was based on establishing a safe soluble boron
level for the entire reactor core in an optimum reactivity configuration. This report described a
two-step analysis process. First, an infinite lattice model was used to determine the fuel rubble
lattice configuration that maximized reactivity. Second, the entire core was modeled using the
fuel rubble lattice configuration and was placed into the lower vessel in maximum credible
(albeit highly improbable) geometric configurations. ® Included in the analyses were the effects
of fuel burnup, which were determined from a simplified power history of the reactor. The report
also discussed the analytical methods employed and the determination of an analytical bias with
benchmark critical experiments.

3.2.17 Review of the State of Criticality of the TMI-2 Core and Reactor Vessel
(DOE, DOE-NCT-01, April 1987)

This report °® reviewed the available information for the following topics: (e) physical and
chemical state of the fuel in the TMI-2 reactor; () calculations of the reactivity of the core using
the current configuration; (e) margin of safety estimates; and (e) level of dissolved boron to
maintain subcriticality during defueling.

3.2.18 Criticality Safety Assessment for Increasing the TMI-2 Safety Fuel Mass Limit
(GPU Nuclear, Rev. 0, February 1989)

This report ¥ presented a refined safe fuel mass limit for evaluating the remaining defueling
activities at the time and post-defueling long-term storage conditions (i.e., post-defueling
monitored storage). The development of this limit was based on more realistic assumptions,
using significant data collected from debris samplings, video inspections, and other defueling

k Editor's Note: Various aspects of the evaluation technique described in the Oak Ridge National Laboratory report
(e.g., creating an equivalent model and use of cell-averaged constants) are no longer necessary if more recent
versions of the SCALE computer code are used. These more recent versions of SCALE have enhanced
capabilities to model the rubble configurations described in the paper (e.g., a dodecahedral fuel lattice in KENO-VI
geometry). Also note that more updates and changes have been made to the cross-section libraries in SCALE
since the TMI-2 accident.
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data that became available after the original analysis in 1985. The data provided a better
understanding of the accident scenario and the actual debris configuration and composition.
Results of this assessment increased the safe fuel mass limit to 140 kilograms for isolated fuel
accumulations that would remain physically and neutronically decoupled from other fuel
accumulation, by the equivalent of 12 inches of water separating the accumulations. This
conclusion was not considered applicable in cases where the fuel debris was surrounded by a
thick lead reflector (e.g., the lead shield of the shipping cask), since under certain conditions,
lead could be a better neutron reflector than unborated water. The report stated that separate
evaluations would be required for such cases. ()

3.2.19 TMI Fuel Characteristics for Disposal Criticality Analysis
(DOE, DOE-SNF-REP-084, September 2003)

This report °® provided details of the parameters needed to perform a criticality analysis of the
various TMI canister types during intermediate storage at INEL. The document also stipulated
the conditions anticipated for degradation failures within the repository that needed to be
addressed in the criticality analysis before acceptance of this spent nuclear fuel in the
repository. The knockout canister with a full assembly’s worth of fuel pellets was selected as the
bounding case for criticality analysis. The knockout canister design offered fewer constraints for
fuel pellet distribution and for obtaining optimum moderation because of the greater free volume
for the moderator. The report neglected the canister internals, which increased the amount of
free volume available for moderator, fuel, and fuel movement. The report stated that analysis
models should investigate optimized fuel distribution and moderator ratios for the purpose of
determining maximum reactivity.

The report stated that no intact fuel assembly was loaded in a fuel canister. The highest
reported physical mass of debris inside any canister (842.18 kilograms) represented

123 percent of the specified weight of an intact assembly. The highest reported fissile loading in
any TMI-2 canister (10.06 kilograms) was only 73.3 percent of a beginning-of-life fissile load for
an assembly with maximum enrichment (2.96 weight percent). The maximum beginning-of-life
uranium-235 in any TMI-2 assembly of 13.72 kilograms provided the basis for any
single-package criticality analysis conducted with TMI-2 canisters.

3.3 Data Collection Activities

3.3.1 Axial Power Shaping Rod Insertion Test

e Purpose. To individually move the eight axial power shaping rod (APSR) assemblies in the
core to provide insight into the extent of core and upper plenum damage. This early insight
allowed time to factor this information into plans for subsequent inspections for the head, upper
plenum, and core removal.

I Editor’s Note: The licensee requested the NRC'’s review of its report; however, the NRC's safety evaluation was not
located.
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e Evaluation: Criticality. °® The purpose of this evaluation was to ensure that an adequate
reactor shutdown margin existed for the APSR movement test with a reactor coolant boron
concentration greater than 3500 parts per million (ppm). The licensee’s safety analysis
considered the effects of this test on the shutdown of the damaged reactor and the effects on
the fuel that could have been transported out of the core into other regions of the reactor coolant
system (RCS). The licensee’s safety evaluation concluded that the existing boron
concentrations of greater than 3500 ppm in the RCS, combined with existing operating
procedures and systems, ensured that the reactor would remain shut down during the APSR
testing.

e Evaluation: Criticality (Reactor Core Shutdown). °” The evaluation considered the effects
of positive reactivity insertions that could result from APSR motion and changes from fuel
displacements.

o Previous Evaluations. Following the accident, several organizations performed calculations
to assess the shutdown margin of the reactor. These independent studies all supported the
contention that the reactor would remain shut down at ambient temperature and boron
concentration of 3500 ppm. These studies assumed various core damage models and
neglected the APSR assemblies. In most cases, the other control rod assemblies and fixed
burnable poisons were also neglected, and extensive fuel rearrangement was assumed.
Parametric studies were performed to determine worst case conditions that were then used
for the calculations.

The APSR testing would not invalidate the results of the above studies, given that the
shutdown reactivity provided by the APSR rods was not included in these studies. Further,
the maximum reactivity addition that would result from the APSR motion was small
compared to the shutdown calculated in these studies.

Additional criticality studies performed by Babcock & Wilcox (B&W) and Oak Ridge National
Laboratory (ORNL) investigated in further detail the shutdown of the reactor. The results of
these studies had not been published at the time of this safety evaluation for APSR tests;
however, these results supported the conclusions of the previously noted references
indicating that the reactor was shut down at boron concentrations of 3500 ppm. The B&W
studies investigated the reactivity effects, which included: (e) fuel enrichment and loading;
(e) fuel and fuel fine (small particles) distribution; (e) fission product decay; (e) reduced
temperatures; (e) core structural materials; () control rod worth (50-percent fuel damage
model); (e) changed volume fractions, and (e) fuel burnup. The ORNL study investigated the
reactivity effects of fuel fine distribution within fuel rod lattices.

o APSR Reactivity Worth. The preaccident TMI-2 physics test manual provided rod worth
curves for the percent of total worth of the APSRs as a function of vertical position. The
curves showed that fully inserting these assemblies from their current position would reduce
their worth by 50 percent in an undamaged core. Fuel redistribution in the middle region of
the core and a less damaged lower core region would selectively reduce the worth of any
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partially withdrawn assemblies. Therefore, this decreased worth would reduce the absolute
reactivity change from their insertion or further withdrawal.

The physics test manual provided a maximum worth of negative 0.24-percent change in
reactivity (Ap) for the APSRs at zero effective full power days, 300 degrees Fahrenheit
(degrees F), and 1506 ppm boron. The manual indicated that the worth would increase
slightly because of depletion by a factor of 1.1. Using a total maximum worth of
0.264-percent Ap (0.24 percent x 1.1) and a 50-percent change due to insertion of the
APSRs, Ap was calculated to be 0.132 percent for the change in reactivity. Higher boron
concentrations would reduce the worth of the APSRs. Figures in the manual showed that
lower temperatures would also reduce the APSR worth.

These calculations were for an undamaged core. If the upper half of the core was damaged,
then the worth of the APSRs could be less in the withdrawn position. Therefore, the
reactivity increase on in