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A Technical History: 1979 to 1990

The fuel damage and the release of fission products after the
Three Mile Island unit 2 (TMI-2) accident required unprecedented
decisions regarding the enormous cleanup operations. The ra-
tionale for those decisions will provide valuable information for
other managers who may face similar situations. Planning and re-
sponse procedures can benefit from the insights gained from the
TMI-2 accident.

Limited applicable experience hampers effective planning and response
recovery operations in accidents involving fuel damage. TMI-2 demon-
strated that effective cleanup responses remain unpredictable, determined
targely by the specific situation. Managers must anticipate an extended
period of plant recovery and cleanup foliowing such an accident.

To describe the decision-making process during the TMI-2 cleanup, focus-
ing on the project manager’s area of responsibility and needs.

Researchers gathered information by participating directly in the cleanup.
Research by others and subsequent interviews with executives, managers,
and workers supplemented their experience. The information collected was
then analyzed, and substantive options, factors, and relevant decision-
making data were identified and summarized.

The report focuses on seven major aspects of the cleanup: cleanup man-
agement, stabilization, personnel protection, data acquisition and analysis,
radioactive waste management, decontamination, and defueling. A chrono-
logical narrative identifies the major questions and challenges facing TMI-2
cleanup managers, describes the influencing factors and the options avail-
able, and presents the final decisions and their consequences. An exten-
sive bibliography provides sources for more-technical details.

EPRI sponsored this technical history project to preserve the logic and con-
sequences of decisions made during the TMI-2 cleanup. The results may
help streamline recovery operations from similar accidents involving
damaged fuel and fission-product release. The history will assist others in
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anticipating the consequences of a fuel damage event and in training
managers accordingly. The narrative also serves as a comprehensive
source of information about the TMI-2 cleanup, providing a detailed
chronology for those making a further study of the postaccident events.
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ABSTRACT

The Electric Power Research Institute has sponsored a technical history project to ensure that the logic and
consequences of decisions made during the Three Mile Island Unit 2(TM1I-2) cleanup are available for recovery from
an accident involving damaged fuel and fission product release. The objectives of the history project are to identify
the major questions and challenges facing management; describe the influencing factors and the options available;
and present the final decisions and their consequences. This history of decision-making isintended to assist a project
manager who mustrespond to a fuel damage accident, even if the scale ismuch smaller than TMI-2. The history has
focused on decisions related to seven major aspects of the cleanup: cleanup management, postaccident stabilization,
personnel protection, data acquisition, radioactive waste management, decontamination, and defueling. A detailed
chronology and extensive bibliography accompany the text.
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INTRODUCTION

1.1 Objective

The cleanup of Three Mile Island Unit 2 (TMI-2) has been
one of the most arduous and expensive programs con-
ducted by the U.S. nuclear industry. Managers facing
recovery from future fuel damage events, even if not as
severe, will want answers to many questions regarding
TMI-2: Why did it takesolong to clean upafter theaccident?
Why were certain technical strategies selected over others?
What factors influenced these decisions? What were the
consequences?

Recognizing this, EPRI has sponsored a technical history
projectto ensure that thelogicand consequencesof decisions
made at TMI-2 are documented. This report is designed to
be a primary, comprehensive source of information for
future managers facing cleanup afteranaccidentinvolving
fuel damage and fission product release. Italso providesa
source of technical references for anyone who wishes to
find out more details about what took place during the
cleanup.

To anyone involved in the TMI-2 cleanup, the aftermath of
theaccident was a challenging time that presented a host of
problems never before encountered in such magnitude.
The mix of technical, economic, and institutional demands
was fascinating, complex, and instructive.

Writing this history took on some of theaspectsof theactual
cleanup—unique R&D work of unexpected proportions.
The accident and cleanup readily lend themselves to dra-
matic description and critique; for example, this emotional
extract from the eminent Three Mile Island: A Report to the
Commissioners and to the Public:

“The nine months since the accident have passed with
surprisingly little change...Cleanup plans and efforts are
mired in prolonged debate. The auxiliary building is
slowly being cleaned up; the wastewater outside contain-
mentis finallybeing purified. Acamerahasbeenintroduced
to the inside of the reactor containmentbuilding. Thislong

unseen space, where fiercely radioactive gas billowed and
hydrogenburned duringthe course of theaccident,appears
onthe video screen, still, shiny, dripping with humidity like
a robot rain forest. TMI-2 seems suspended in time, still
waiting to be opened, to be cleaned, or repaired, or torn
down” (Rogovin 1981, p. 164).

From the perspective of the cleanup staff, the period de-
scribed represents the culmination of nine months of hectic
and successful stabilization work in an adverse technical
and political environiment.

There were also many differing views on why the cleanup
took so long. The decision to depart from existing stan-
dards governing allowable releases and to use more strin-
gentrequirementsand new regulatory processesnotapplied
to other nuclear plants could be cited—as could the time-
linessand quality of technical proposals, funding constraints,
and theability tomeetconstruction schedulesin performing
work of unknown magnitude (Comptroller General 1981).

Inaddition, public mistrustand intervention—spawned in
partby poorcommunicationanda precautionary evacuation
order following the accident—were factors. Finally, the
initial managementapproach of planning theentire cleanup
operation as if it were a design and construction project
could be questioned. Instead, the cleanup could have been
managed as a major unscheduled plant outage (Feinroth
1985). '

The TMI-2 technical history does not resolve all of these
perspectives nor second-guess the course of events. Its
objectives are to identify the major questions and chal-
lengesfacing management; describe the influencing factors
and the options available; and present the final decisions
with a summary of results. Paths not taken are also
described—theyareasinstructiveasthoseactually pursued.
Every accident will be different, but the decision-making
process thatoccurred at TMI-2 canbe used to form thebasis
for a cohesive response.

1-1



Introduction

This project is part of the role that the U.S. nuclear power
industry has played in the TMI-2 cleanup, beginning im-
mediately after theaccident when senior technical staff was
provided and continuing with the transfer of expertise and
technology.

1.2 Approach

As the cleanup evolved, it developed four operational
phases in which certain types of tasks were dominant:

Stabilizing the Plant 1979-1980
Waste Management 1980-1983
Decontamination 1981-1985
Defueling 1984-1990

There are no specific dates on which one phase ended and
anotherbegan. Rather, these periodsemphasized different
activities; e.g., defueling planning actually began in 1979,
while wastemanagement will continueinto the foreseeable
future. Figure 1-1 depicts the major events of the TMI-2
cleanup in an overview timeline. Each major technical
section of the history likewise has a timeline that expands
onthissummary-levelone. Appendix A providesadetailed
chronology of the entire cleanup.

Because most of the engineering, construction, and opera-
tional activities are related to the four phases introduced
above, they have been chosen as the basic topics for the
history. In addition, the topics of planning and manage-
ment, personnel protection, and data acquisition and
analysis have been included to provide a complete spec-
trum of subjects of interest to a future project manager.

The sections/ topics of the TMI-2 technical history are:

* Planning and Management—A discussion of organi-
zational structure, costs, funding sources, regulatory
aspects, and outside resources.

o Stabilization—The first 15 months after the accident in
which cold shutdown of the reactor was achieved, the
containment was purged of radioactive gases, control
was established over contamination and radioactive
water, and access was gained to contaminated areas
essential for future recovery operations.

¢ Personnel Protection—The programs and techniques
required to protect workers under extraordinary con-
ditions of radiation, heat, and humidity.

¢ Data Acquisition and Analysis—The acquisition and
vital importance of data about plant and reactor vessel
conditions to ensure safety and to support planning,
operations,and thetransfer of information to the outside
world.

* Waste Management—The extended efforts to process
water contaminated by the accident and during
defueling, and the immobilization, packaging, storage,
and shipment of radiocactive waste.

* Decontamination—Thedecontaminationstrategiesand
methods to reduce worker exposure in support of
defueling and general access.

¢ Defueling—The evolving development of strategies
and techniques for removing and shipping highly
damaged reactor fuel, with its unknown conditions and
technical challenges.

One other subject is interwoven with these seven—the
post-defueling status of the plant, including cleanup end
points. This topicisintroduced in Section 1.4 and discussed
in Section 2.

1.3 Background

Three Mile Island is located in south central Pennsylvania
on the Susquehanna River, approximately 16 kilometers
south of Harrisburg, the state capital. Unit 1, an 800-MW,
pressurized water reactor (PWR), was constructed firstand
wenton line in September 1974. Atthe time of the accident,
it was shut down for a planned outage; it was not allowed
to restart until 1985. Unit 2, a 900-MW PWR, was added to
the rate base in December 1978.

Bothunitsareowned jointly by Metropolitan Edison (50%),
Pennsylvania Electric Company (25%), and Jersey Central
Power & Light (25%); they are subsidiaries of the General
Public Utilities (GPU) system. GPU serves 1.7 million
customersin aland area covering one half of Pennsylvania
and New Jersey, making it the 16th largest investor-owned
utility in the United States. GPU Nuclear Corporation was
incorporated in 1980. In 1982, it succeeded Metropolitan
Edison as the licensed operator of the nuclear plants in the
GPU system (TMI-1 and -2, and Oyster Creek in northern
New Jersey).

The TMI-2 accident began at 4:01 a.m. on Wednesday,
March 28, 1979. It was terminated approximately four
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Introduction

hours later, although full control of the reactor was not
established for some time afterward. The accident itself is
not discussed in this history because it is so thoroughly
documented elsewhere (e.g., NSAC 1979; Kemeny, et al.
1979; Rogovin, et al. 1981; Tolman, et al. 1986; ANS 1989).

Thenarrative begins with the efforts to establishand ensure
long-term control of the reactor, and to deal with the
enormous consequences of the accident. The damage
conditions inside the reactor vessel are described in Ap-
pendix B so that the reader can understand both the diffi-
cultyof thecleanup and the contrastbetween theanticipated
and actual conditions in the vessel. Photo 1-1 shows Three
Mile Island in the early 1980s; Figure 1-2 depicts thelayout
of thesite before theaccident. Figures 1-3 through 1-5 show
different computer-generated views of the plant.

1.4 Post-Defueling Plant Status

Beyond the strategies and techniques for cleaning up TMI-
2lay the question of the plant’s final disposition. For some
timeafter theaccident, before the actual damage conditions
were well understood, GPU envisioned returning the unit
toservice. Extensive planningefforts were directed toward
this end.

By 1981, a shift in thinking had occurred, and over the next
three years reached the status of a formal program strategy
in which cleanup work would be conducted without re-
gard to the final disposition of the plant (DeVine and Negin
1984). The determining factor was the extensive damage
that had been revealed. In turn, this led to a growing
understanding of the resources, equipment, and plant
modifications required to remove the core debris and
eliminate any threat to public health and safety.

In 1986, GPU proposed a TMI-2 post-defueling monitored
storage (PDMS) condition to the NRC. PDMS would place
the plant in a condition of safe, secure monitored storage
that would pose no hazard to the publicand would permit
TMI-2 to be decommissioned at the same time as TMI-1
(GPUN 1986). GPU’s primary logic for PDMS was that,
with the plantsafein termsof the public, additional exposure
to workers conducting a total cleanup was not justified.
Deferring dose-intensive decontamination work until the
future will lower exposure rates because the radioactivity
will decay and more efficient decontamination techniques
will be available (e.g., robotics).

The development of the PDMS concept followed an in-
depth survey of existing regulations and documentation,

1-4

which uncovered no specific regulations for a facility in a
postaccident condition and very little guidance for a
nonoperating and defueled facility. Several major licens-
ing issues were identified as pertinent: safety-related
equipment, quality assurance, security, fire protection,
emergency planning, effluent limits, and natural phenom-
ena (Smith and Byrne 1989).

The resulting review of these issues vis-a-vis 10 CFR Part
50—which was an awkward fit—wasformally docketed in
a proposed license amendment and PDMS safety analysis
reportsubmittedin 1988 (GPUN 1988). TheNRC performed
an environmental impact review of PDMS and found it
acceptable (USNRC Supplement 3,1989). Inaddition, GPU
obtained NRC approval for a change in technical specifi-
cations that permitted the plant to progress through three
facility modes to a fourth—the PDMS status. Modes1to 3
included defueling, onsite storage, and shipment off site of
greater than 99% of the original core inventory.

NRC approval of the license amendment, safety analysis
report,and Facility Mode 4 (PDMS) technical specifications
wasnotreceived at the time of this writing. Considering the
potential forextended regulatory and publicreview, PDMS
approval and implementation is in the future.

Although formal approval has not been received, develop-
ing the concept of PDMS brought cleanup project goalsand
emphases into focus—it gave direction and an achievable
end point for thecleanup. Within theframework of working
toward PDMS, the majority of resources were expended on
defueling operations, which eliminated the possibility of a
recriticality.

With defueling completed in early 1990, resources could
then be focused on: 1) completing decontamination to end
pointlevels; 2) quantifying residual fuel in the plant;and 3)
completing the draindown, modification, or layup of sys-
tems and equipment for long-term storage (Fonner 1989).
Decontamination efforts will remove and/or stabilize re-
sidual contamination to prevent release to theenvironment
and to minimize occupational exposure to workers con-
ducting necessary plant monitoring, maintenance, and
inspections. Section 7 presents the decontamination end
point objectives. The potential for offsite exposure from
TMI-2 will be well below the normal NRC guidelines for
operating plants (10 CFR Part 50, Appendix I).

A more detailed description of PDMS is beyond the scope
and timing of this history; however, the references cited
above provide ample guidance to the development and
implementation of the monitored storage condition.
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TMI-2 CONTHINMENT BUILDING
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Figure 1-4. TMI-2 Containment Building (View — Looking South)
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1.5 References

Many reportsand papersdocument the 11-year cleanup. In
most cases, however, the reason for choosing a particular
course of action was not clearly recorded because: 1) the
choice was clear at the time and needed no further justifi-
cation; 2) the decision resulted from an evolving process
rather than being a single step; or 3) the staff was just too
busy implementing the decision. Consequently, many of
the insights in the history are based on interviews and first-
hand knowledge.

The bibliographies accompanying each section provide
references to both the technical details and the documents
that served as the primary planning tools at various stages
of the cleanup. The following list identifies several of the
most important references for any extended study of the
cleanup:

Three Mile Island: A Report to the Commissioners and to the
Public (Rogovin, et al. 1980)—An excellent research effort
and well written account of people and technology during
and shortly after the TMI-2 accident.

Nuclear Technology, Vol. 87 (ANS 1989)—Contains the full
text of 138 papers presented at the 1988 ANS/ENS Topical
Meeting on the TMI-2 Accident: Materials Behavior and
Plant Recovery Technology. A comprehensive source on
both the accident scenario and many of the cleanup op-
erations. :

TMI-2: A Learning Experience—ANS Executive Conference
(ANS 1985)—A collection of papers presented to industry
executives midway through the cleanup summarizing
strategy, operations, and management, and the effects of
the accident/cleanup on the industry.

Defueling the Three Mile Island Unit 2 Reactor: Approaches,

Technigues, and Lessons Learned (Owenand Bentley 1990)—
An EPRI-sponsored report cataloging the tools and equip-
ment used to defuel the TMI-2 reactor vessel.

The TMI-2 Data Acquisition and Analysis Experience (Urland
and Babel 1990)—An EPRI-sponsored reporton techniques
and equipment used to characterize conditions at TMI-2,
emphasizing new methods or the novel use of proven
techniques.

TheTMI-2 Waste Management Experience (Deltete and Hahn
1990)—An EPRI-sponsored report providing detailed de-
scriptions of the water processing systems at TMI-2 and
their operating experience. Italso details radioactive waste
storageand shipment, and the shipment of the reactor core
debris to Idaho.
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The TMI-2 Decontamination Experience (Urland, Pearlstein,
and Schwartz 1990)—An EPRI-sponsored report of de-
contamination techniques and equipment used during the
cleanup.

Historical Summary of the Fuel and Waste Handling and Dis-
position Activities of the TMI-2 Information and Examination
Program (1980-1988) (Reno and Schmitt)—An overview of
the DOE role in the cleanup and a bibliography for further
reading.

TMI-2: Lessons Learned by the US. Department of Energy—A
Programmatic Perspective(Reno,Owen, and Bentley 1990)—
A listing of TMI-2 cleanup lessons learned from the per-
spective of the DOE.

Final Programmatic Environmental Impact Statement Related
to the Decontamination and Disposal of Radioactive Wastes
Resulting from the March 28, 1979, Accident at Three Mile
Island Nuclear Station, Unit 2(USNRC 1981)—Abroad study
of Three Mile Island and environs plus evaluation of many
potential cleanup technologies. Three supplementsevaluate
worker exposure, disposal of mildly radioactive processed
water, and post-defueling options for the plant.

Post-Defueling Monitored Storage Proposed License Amend-
ment and Safety Analysis Report (GPU Nuclear 1988)—The
utility licensing document describing the proposed con-
dition of the TMI-2 plant for the period after the cleanup
and pending final decommissioning.

Defueling Completion Report (GPUNuclear 1990)—Contains
a summary of the accident and cleanup, but is mainly
focused on the post-defueling status of the plant and the
characterization of remaining fuel debris. Its primary
purpose is to demonstrate that a recriticality cannot occur
at TMI-2 during Mode 4.

TMI-2 Annual Safety Advisory Board Reports—Issued to the
public by a group of independent advisors specializing in
the fieldsof health physics, nuclearengineering, riskanalysis,
and community relations.

Inaddition, several other types of documents serve as basic
reference sources:

GPU Nuclear documents—Technical plans, planning stud-
ies, data reports, and technical bulletins wereissued; safety
analysis reports, technical evaluation reports, system de-
scriptions, and procedures were the licensing/work
documents.

GEND and national laboratory reports—The GEND reports
area series of detailed reports issued as a result of the GPU,



EPRIL NRC, DOE agreement. GEND-and national labora-
tory reports are available through the National Technical
Information Service (NTIS).

EPRI—Numerous full reports, technical briefs,and nuclear
notes were issued throughout the cleanup; videotapes
summarize the accidentand cleanup. Available from EPRI
or NTIS.

Data bases—GPU Nuclear maintains an extensive micro-
filmrecord of allimportant plant documents in its CARIRS
computerized data base. A comprehensive computerized
record of cleanup-related documents and reports from the
U.S. Department of Energy’s Technical Information Office
is available at the INEL technical library in Idaho Falls, ID.

1.6 Corporate Affiliations

The TMI-2 cleanup was completed through the coopera-
tion of many distinct organizations and individuals. De-
veloping a nomenclature that would fairly represent the
role of each party proved an impossible task. To illustrate:
over 150 organizations/ companies responded within two
weeksto theaccident. Theintegrationof GPUNuclear staff
withits many contractors created one cleanup organization
in 1982, further blurring distinctions.

Occasionally, some of the major companies or organiza-
tions must be singled out in order to provide context or to
make a point. In general, however, the responsible orga-
nizations will be designated as follows: “GPU” willbe used
when thereferenceisspecificto the utility (e.g., Radiological
Controls, licensing issues, or funding). “The cleanup
project,” “the project team,” or “management,” will be
used in reference to operations/decisions that embraced
the entire cleanup effort (e.g., defueling, decontamination).
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MANAGEMENT

2.1 Overview

The management of the TMI-2 cleanup was uniquely
demanding. It not only comprised a complex techno-
logical mixture of necessary innovation and unfamiliar
safety issues, but saw many of the technical decisions
influenced by nontechnical factors.

The technical decisions and course of the cleanup were
inextricably bound with issues of management organi-
zation, planning, funding, a skeptical public, media
spotlighting, and regulatory investigations and restraints.
Mosttechnical decisionsinvolved debatereflecting these
issues. The challenge of this section is to sort through to
the real management and planning decisions related to
the technical progress of the cleanup.

2.1.1 Basic Management Decisions

Questions about how to do almost everything had to be
evaluated inlightof theunprecedented postaccidentsituation.
How to organize? How to fund? What were the overall
objectives? The answers resulted ina new company, a unique
cleanup organization, shared funding of the work, and novel
forms of federal and industry involvement.

In programmatic terms, the following major manage-
ment decisions were made:

e Survive—In a fundamental decision, GPU elected to
fight the threat of bankruptcy and potential federal
takeover of the cleanup. The utility created a subsid-
iary devoted strictly to nuclear matters (GPUNuclear)
and a division within it devoted solely to the cleanup
of TMI-2. Italso created a support division chartered
to concentrate on radiological controls. By physically
and operationally separating Units 1 and 2, GPU
removed one potential argument against the restart of
Unit 1, which was essential for corporate health. The
credibility and progress of the Unit 2 cleanup mini-

mized the potential of it being used as an issue in the
Unit 1 restart proceedings.

Ensure Utmost Safety—The decision to perform the
work with safety paramount guided the cleanup.
Although at times this was carried to conservative
extremes—adding technical difficulties, expense, and
time—no alternative was acceptable. In fact, the
cleanup was carried out at a personnel radiation ex-
posure level within the NRC’s estimate (less than 6500
person-rem) and with an OSHA lost-time accident
rate better than at many operating plants. The overall
goal of the cleanup was to establish a condition of
stability and safety such that there was no risk to
public health or safety. '

Use Experts—GPU immediately realized that many
aspects of the cleanup were beyond its expertise. The
use of resources from the government, other utilities,
national laboratoriés, and universities brought a so-
phisticated technical presence to the cleanup. In
particular, the U.S. Department of Energylaboratories
had skills and special facilities that did not exist else-
where. Combining these outside resources with the
onsite workforce was difficult, but the combination
brought much needed technical and financial sup-
port, new ideas, and a channel to the worldwide
technical community.

Hire a Contractor—In making thisdecision, GPU hired
Bechtel, the largest nuclear power A/E-constructorin
the world; Bechtel had resources and expertise, or
access to them. An alternative would have been for
GPU to have increased its staff and hired subcontrac-
tors—a drain on resources that GPU was not in a
position to undertake. By hiring a contractor, GPU
could get back on its corporate feet while performing
normal plant operations. In 1982, GPU decided to
integrate with Bechtel staff and other subcontractors
to form one cleanup organization. In itself, this wasa
major and essential step that caused some painful
adjustments and delays.
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¢ No Restart—For some time after the accident, GPU

envisioned returning Unit 2 to service or at least did
not preclude a restart. Public opposition to restart
would have been intense. As the extent of damage to
the reactor core and expense of plant refurbishment
becameevident, the decision was made to focuson the
defueling effort and work without regard to the final
disposition of the plant. At first, this was difficult to
accept for engineers and operators trained in main-
taining or improving an operating power plant. The
overwhelming advantage was that the decision fo-
cused available resources on near-termissues. Even-
tually, GPU decided to place the plantin a long-term
monitored storage condition after fuel removal.

Pursue Flexible/Parallel Approaches—No one knew
how hard the cleanup would be or how long it would
take. No one knew what the conditions were inside
thereactor vessel or what defueling tools would work.
In this situation, project management found, time and
again, that schedules and plans were quickly out-
dated. The only practical approach became to estab-
lish an overall strategy and then take steps one at a
time. Financial restraints played a role; but more
importantly, the unique nature of the damage and the
need to evaluate conditions before expending re-
sources too quickly dictated that the strategy would
be to “eat the elephant one bite at a time” (Dieckamp
1983). Flexibility required parallel and sometimes
redundant approaches until an effective method was
found. (Since the failure of one plan or piece of
equipment could stall the work for months while
another wasdeveloped, the policy made sense. Italso
meant that if one action was stymied by public or
regulatory debate, progress could still be made.)

Challenge the System—The project team struggled
inadifficultregulatory and publicenvironment. Since
NRC rules had not been written for postaccident
conditions, attempting to fit existing rules was often
burdensome. By continually showing that plant con-
ditions were safe, management slowly reduced the
burden of specific operating plant requirements to
reflect the stability of TMI-2 and the progress of the
cleanup.
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2.1.2 Management Insights

In terms of managing the cleanup, several general in-
sights stand out:

¢ The details of any postaccident scenario are unpre-
dictable and specific to the situation. Responding to
them requires elements that are alien to conventional
utility and service management organizations. Man-
aging the TMI-2 cleanuprequired anentirely different
philosophy and approach from that used to design,
construct, or operate a plant.

¢ Before beginning much of the cleanup work; the theo-
retical parameters of a postaccident situation should
be understood. At TMI-2, this was necessary before
developmental work could be performed to prepare
the way for production defueling work.

* A heavily project-focused approach is more effective than
a large functional organization of engineers and designers
responsible for small bits of several projects. The personal
involvement and the direct knowledge that this approach
created were invaluable assets at TMI-2.

¢ While redundancy in organizational functions is ex-
pensive and difficult to manage, some degree of re-
dundancy is prudent to ensure that all options and
potential problems are considered.

* In the early phases of cleanup, a centralized, high-
priority effort is needed to provide data on actual
physical conditions. Visual observations are essential
to understanding and efficiency. Visual observation
was often necessary at TMI-2 before unexpected or
hypothesized conditions were accepted as real.

* Proceeding on arbitrarily conservative or optimistic
assumptions may be counter-productive because the
real situation will likely be different. Emphasis must
be placed on having hard characterization informa-
tion before building systems and facilities.

* Insights from experienced senior technical advisors
are invaluable. Although difficult to integrate with
the workforce, their third-party review is essential in
fields where new ground is broken.

* The onsite location of production staff and experts
leads to increased efficiency and a pragmatic under-
standing of conditions.



2.1.3 Beneficial Circumstances

Just as there were impacts from sources beyond: the
influence of the project team, there were several aspects
of the TMI-2 plant that made decisions easier. The
implicit warning to other nuclear plants is that these
circumstances may not exist in a future accident:

¢ Limited Quantities of Fission and Activation Prod-
ucts—Had the plant been operated for overa year, the
presence of cobalt-60 would have made access to
many plant areas much more difficult (e.g., areas
containing surface films and crud). At the time of the
accident, the plant had been operated continuously at
power for only a few months, resulting in little accu-
mulation of cobalt-60. At TMI-2, cesium-137—a sig-
nificantly lesser external radiation hazard than cobalt-
60—was the primary radionuclide of concern. Fur-
thermore, the quantity of cesium-137 was consider-
ably less than at a nuclear power plant that had been
operating for several years.

* Empty SpentFuel Pools—Because the plantwasnew,
the two spentfuel pools had yet tobe filled with water.
Both large pools were in a seismically-qualified,
shielded, protected building contiguous to the auxil-
iary building from where connections could be made
to waste processing systems. They provided excellent
locations for installing equipment (initially water
storage tanks and a high-activity-level water process-
ing system). Ultimately, one pool served as a staging
area for core debris canisters awaiting shipment.

* Chemical Cleaning Building-—The plant was built
with a steam generator chemical cleaning building
containing two large tanks adjacent to the auxiliary
building and thus provided an excellentlocation fora
water processing system. The building was also close
to a site road, which was convenient for moving
processing vessels.

¢ Resources from Two Units—Even though the adja-
cent Unit 1 was eventually separated operationally
and administratively, it was a source of plant exper-
tise and labor for Unit 2 operations. Its containment
arrangements were a direct analog of TMI-2 and thus
could be used for orientation and job planning before
the TMI-2 containment was accessible.

Management

2.1.4 Impacts Of External Factors

There were many institutional aspects of the postaccident
period that are important because they were significant
diverting influences. Two such significant issues were
evolving radioactive waste regulations and public con-
cern.

2.1.4.1 Evolving Radioactive Waste Regulations

The TMI-2 accident occurred at a time in the history of
nuclear power coinciding with a transition in the rules
for disposal of low-level radioactive waste. This transi-
tion, which was heightened inimportance by TMI-2, was
marked nationally by adverse occurrences such as burial
vessels containing liquid, the failure of urea formalde-
hydeasa solidification media, ground water contamina-
tion at the Maxy Flats site, resistance by the leaders of the
three states with burial sites to taking the entire Nation’s
waste, crises at nonnuclear waste disposal sites, and the
separation of civilian and defense waste programs.

The transition culminated in the Low-Level Waste Policy
Actof 1980, and NRC’s subsequent efforts leading to the
adoption of 10 CFR Part 61 in 1982. These regulations
prescribed the allowable nuclide concentrations and
packaged forms of waste that could be buried as low-
level radioactive waste.

A few examples of the impacts of this situation on the
TMI-2 cleanup were:

¢ The NRC linked permission to start up the first water
processing system to the development of a resin so-
lidification method. However, project management
would not commit to meeting the requirements for a
“homogeneous monolith” for which no standard ex-
isted and in the absence of solidification data for the
ion exchange medium being used.

* The project had to construct staging (i.e., temporary
storage) facilities in order to decouple the need to
process water and the inability to ship the resulting
concentrates because of restrictions imposed by com-
mercial burial grounds.

* A memorandum of understanding was required, in
1981, between the DOE and NRC to provide for dis-
posing of highly loaded ion exchange wastes (and
core debris) that did not meet commercial burial
requirements.
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The consequences of this coincidence between a chang-
ing national picture and the TMI-2 cleanup were exacer-
bated by the public perception that TMI-2 wastes were
somehow different than those produced at operating
facilities (see Section 6).

2.1.4.2 Public Concern And Media Attention

A difficult-to-quantify yet significant influence on the
conduct of the cleanup started with the breakdown in
communications that occurred during and shortly after
the accident (Rogovin 1980, Friedman 1985). Asaresult,
TMI-2 became a focal point for many anti-nuclear orga-
nizations and politicians. Especially in the early years,
management attention was frequently diverted to ad-
dress public issues or respond to concepts proposed by
peoplenotclose enough to the project to have considered
all factors. For a certainty, every anniversary of the
accident would be marked by demonstrations outside of
the plant gates. During the prior week and on March 28,
some degree of management attention was inevitably
diverted from the work in progress.

Such things as the shipment of radioactive wasteand fuel
debris across country also had to be considered in the
context of public concern. In addition, much time and
attention were spent on developing testimony that re-
lated to the accident, defended proposed actions, or
responded to accusations—issues that contributed noth-
ing to the progress of the cleanup.

2.2 Organization

The ideal management organization for the cleanup was
often debated. The challenges were extremely difficult.
First, most of the constraints of an operating plant re-

mained, which required an organizational structure for
plant operations; i.e., a departmental-style, horizontal
organization with each member attuned to a specific
well-defined functional discipline. In contrast, the
cleanup work itself required a task-focused, project
management, development-oriented organization. Mix
these contradictions with a matrix-managed organiza-
tion commonly used by A/E companies such as Bechtel
to design and build a new plant, and the complexity is
evident. A major theme of thisorganizationsectionis the
tension inherent in the competing demands and how the
cleanup managers chose between or blended them at
different times.

The organizational structure was frequently modified as
the cleanup progressed. This caused inefficiency as
personnel adjusted to the new structure but was thought
necessary to meet new circumstances. The organiza-
tional changes are presented in terms of four major
(though simplified) organizational structures. Table 2-1
compares the type of organizational structure employed
with the major tasks of the cleanup; i.e., stabilization;
waste management; decontamination; coreremoval and
shipping; and preparation for storage.

2.2.1 Initial Organization

Immediately after the accident, management at TMI-2
was faced with the double operational emergency of
gaining control of the reactor and preventing or mini-
mizing the uncontrolled release of contaminated water
and gas. This had to be accomplished with a damaged
core containing unknown and potentially worsening
conditions, an inaccessible containment, and a highly
contaminated auxiliary building (see Section 3).

Table 2-1 TMI-2 Project Organization Versus Task

Dates Primary Type of
Management Organization

1979 Project

1980-1985  Departmental

1982-1985  Departmental

1986-1989  Departmental /Project

24

Primary Focus of Technical Operations

Stabilization
Waste Management, Decontamination
Waste Management Decontamination, Defueling Preparations

Core Removal/Shipment, Preparation for Storage



The initial threat demanded an all out effort without any
regard to cost. To handle the immediate effects of the
accident, an onsite staff approaching 2,000 was created
within three weeks. It provided round-the-clock, seven-
day-week coverage. In the following years, many who
worked at TMI-2 would regard this period as one of the
most effective and rewarding of the cleanup. There was
an urgency not present during later phases and the
organization was markedly differentinformand charac-
ter. It was primarily project-oriented, with top-to-bot-
tom direct lines of responsibility. This was extremely
effective in Herculean efforts to stabilize the reactorand
to put several new systems in place within a few months.
Figure 2-1 represents the organization shortly after the
accident.

The organization was formed on April 4, 1979, by Mr. H.
Dieckamp, President of GPU Service Corporation
(GPUSC), who had arrived on site to take personal
command of thesituation. He had established telephone
contact with senior managers and specialists throughout
the nuclear industry. The resulting mobilization in-
volved representation by nearly the entire U.S. nuclear
industry. The development of the initial organization,
the individuals and companies involved, and the effec-
tiveness of the organization are described in excellent
detail in Three Mile Island: A Report to the Commissioners
and to the Public (Rogovin, et al. 1980).

Industry leaders arriving on site immediately began to
form an ad hoc think tank of engineers, scientists, and
experts, which later became known as the Industry Ad-
visory Group (IAG). It had a distinctly R&D flavor. By
April 1, 30 people from 10 organizations had arrived at
the site to form the nucleus of the IAG. This group met
at the Air National Guard Headquarters near the Har-
risburg Airport, where they could be one stage removed
from the hectic and confusing pace of site work. The
group was headed by M. Levenson of EPRI. Eventually
over 100 persons participated in the IAG, although never
more than 40 at one time. Although members were from
competing companies, all were focused on a common
purpose.

As the group first assembled, experienced utility per-
sonnel were dispatched directly to the plant site to assist
in plant functions. Initially, group assignments were
divided into four general categories:

* Damaged core status

¢ Cooling mode problems

Management

¢ Options to take the plant to cold shutdown
¢ Waste management problems.

It was recognized almost immediately that the waste
management team needed to be an implementing orga-
nization and thus it moved onsite. The other three teams
continued as the IAG.

As a think tank, the IAG functioned in parallel with all
ongoing activities. It was not part of the implementing
organization, although people went back and forth be-
tween the two. On its own initiative or by request, the
IAG assessed potential tasks based on experience and
judgment as opposed to detailed engineering review or
to new calculations. All the while, it kept aware of the
conditions of the plant and the core, as best as could be
determined. The achievement of core cooling by natural
circulation on April 27, removed much of the urgency
for the IAG and it was disbanded on May 6, after five
weeks of operation. Many of its members returned to
theirhome offices to continue working on projects related
to TMI-2.

The Technical Working Group {TWG) wasestablished to
provide an upper-level decision-making staff. The TWG
met on a scheduled basis first thing in the morning and
last thing in the evening, and on an unscheduled basis as
necessary. Its membership included highly experienced
people from Metropolitan Edison, GPU Service Corp.,
Babcock & Wilcox (the reactor system supplier), Burns &
Roe (the plant architect/engineer), EPRI, and others.

The TWG received information (e.g., plant status, data,
recommended courses of action) from the Technical
Support Department, Waste Management Project Group,
Plant Operations Department, and the Plant Modifica-
tions Project Group. The IAG coordinator, as a member
of the Technical Working Group, could provide infor-
mation and assistance from the nuclear industry. The
TWG then set the technical goals for the recovery project.
Depending on the scope of the task, the TWG direction
was translated into specific design criteria by either the
Technical Support Department or Waste Management
Project Group. These criteria were then designed and
erected by the Plant Modifications Group. The Plant
Operations Departmentremained essentially unchanged
from before the accident and continued with its re-
sponsibility for operation of all plant equipment.

This first organization was structured for crisis manage-
ment and served very well in that role. It was organized
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to have clear division of responsibility and to operate
around-the-clock for an indefinite period, which meant
that one or more deputies with full authority were re-
quired for each group.

2.2.2 Second Organization

By 1980, the recovery organization had become depart-
mental in structure. Figure 2-2 shows the organizationas
it basically existed in 1980-1981. During this time, Mr.
R.C. Arnold, President of GPU Nuclear, assumed gen-
eral control of the project with Mr. G. Hovey of GPU
Nuclear as Director, TMI-2. Bechtel became the primary
contractor for cleanup work. Two Bechtel organizations
were brought on site: Bechtel Power Corporation for
engineering, construction, and system startup manage-
ment;and Bechtel National, Inc. for technical and admin-
istrative support and cleanup planning.

Of significant note, the radiological controls function
was elevated to report at the director’s level instead of at
the operational level; in terms of the GPU corporate

structure, radiological controls now existed asa separate

division. This was primarily because the personnel
protection issue required much.more attention than at a
normal plant (see Section 4). Reporting at the director’s
level ensured operational independence for the radio-
logical protection objective of minimizing personnel ex-
posure. '

The Waste Management Project Group in the initial
organization was distributed to other parts of the orga-
nization. Water processing and waste disposal were
placed in Operations. A special process support project
group was retained to provide support for these opera-
tions because methods werestill evolving. The engineer-
ing portion of the initial Waste Management Project
Group became a Recovery Engineering Project Group
with broader responsibilities, including those new sys-
tems put in place to control the reactor. This group was
eventually incorporated into the Recovery Programs
Department.

A Recovery Programs Department was established to
encompass the Bechtel scope of work. The objective of
the separate Recovery Programs Department was to
focus on decontamination, reactor disassembly, and
defueling. This organization operated basically in a
traditional utility-A/E construction project relationship,
with GPU performing oversight of contractors. Many
other projects werebeing worked off site by GPU, Bechtel,
Burns & Roe, Babcock & Wilcox, Allied-General Nuclear

Management

Services (AGNS), Gilbert Associates, several national
laboratories, and others.

2.2.3 Third Organization

The third organization reflected the growing sophistica-
tion of project management in terms of understanding
the requirements for recovery; the overwhelming orga-
nizational need to make the project work efficiently; and
the fact that, with the plant in effective cold shutdown,
the need for redundant organizations was eliminated.
By this time, the postaccident crisis was an event of the
relatively distant past and the organization was adopt-
ing more formal procedures.

In this context, the existing organizational elements had
become too complex and GPU saw the need to develop
a stronger team identification. In particular, having the
utility and its principal contractor operating as indepen-
dent units was inefficient. The procedural difficulties
alone were stressful (see Section 2.5.3) and GPU needed
to concentrate its resources on completing the cleanup
and supporting the restart of Unit 1. In September 1982,
GPU officially integrated its TMI-2 personnel with those
of all its onsite contractors into a unified departmental
structure. Mr. B. Kanga, a Bechtel Power vice president,
became Director, TMI-2. The resulting organization is
shown in Figure 2-3.

In addition to integrating staff, a coordinated planning
organization was set up: the Technical Planning Depart-
ment. This department’s charter was to provide plan-
ning for waste management, decontamination, and
defueling. In addition and most importantly, it con-
tained a data management and analysis group, provid-
ing a centralized location for information. In this way,
the bases for proceeding on specific projects would be
systematically gathered, analyzed, and trended data.
The Technical Planning Department’s output included
data management, engineering concept development,
and evaluations of alternatives for a variety of projects.

A separate Licensing and Nuclear Safety Department
was also set up to provide licensing support and safety
review. As with Radiological Controls, it wasa member
of the onsite organization. A separate safety review
group within the department was also established.
(Before this, safety review had been conducted on site by
the Site Operations’ Programmatic Operations Review
Committee, and off site by Technical Functions’ General
Review Committee).
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The last addition to the new organization was the Gov-
ernmentand Industry Programs Department. This small
group was needed to coordinate outside sources that
were supporting and funding the cleanup and to support
the independent advisory groups discussed in Section
2.2.5. '

2.2.4 Fourth Organization

The previous organization operated essentially un-
changed through 1985—the start of defueling. During
1984, GPU had begun to re-assume a more dominantrole
in the technical direction of the cleanup. Atthe corporate
level, Mr. E.E. Kintner, GPU Nuclear Executive Vice
President, increased interactions with DOE and the
nuclear power industry regarding TMI-2. On site, GPU
Nuclear vice presidents F.R. Standerfer (1984-1988) and
M.B. Roche (1988-1990) directed the project.

When defueling was about to begin, the project manage-
ment believed that much of the R&D nature of the
program had been completed. The main focus now
would be on production-type defueling of the reactor
vessel. Essentially all facility and major equipment
engineering, construction, and fabrication appeared to
be complete and much of the plant was characterized (or,
at least, most of the uncertainties were understood).
However, as defueling began, a multitude of new op-

erational challenges appeared and dictated a change

back to a more project-structured organization.

This organizational structure was not created immedi-
ately nor was it necessarily ideal. The history of the
previous six years, with its integration of companies, in-
place procedure system, and limited resources dictated
thatnoradical change to the organization could be made.
Yet, shortly after the start of defueling in late 1985,
project management could see that the task was far more
formidable and would demand a greater concentration
of resources than anticipated. Actually, it would require
many of the same capabilities that the organization had
displayed immediately aftertheaccident. Theintervening
years had been consumed with stabilizing the plant,
gaining access to the reactor, and planning and prepar-
ing for fuel removal. Now, asif a curtain were lifted after
months of rehearsal, the real work began with acomplex
life of its own.

Directing the work required more than one senior man-
ager, a handful of specially trained senior reactor op-
erators,and auxiliary operators and engineers borrowed
from other departments. This was the structure that had
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first been set up in 1985 to make use of the existing
organization; however, it had to be changed quickly.
Figure 2-4 shows the new form it took, with the heavy
focus of resources in a Defueling Department.

Because fuel removal was the critical path to the end of
the program, the department contained task groups that
concentrated resources across all departmental lines.
The task groups developed the overall sequence for
defueling operations, evaluated alternatives, and con-
trolled the scope of work. The task groups worked with
other sections in the same department to coordinate
engineering; training; tool design, fabrication, and repair;
and control of daily operations (which were performed
by auxiliary operators from the Site Operations Depart-
ment).

This organization was essentially the one to complete
defueling, with the major modification being the concen-
tration of all engineering functions into one department.

2.2.5 Advisory Groups

The initial advisory groups were the Industry Advisory
Group and the Technical Working Group, which are
described inSection2.2.1. With stabilization, these groups
weredisbanded and replaced over time with others. The
new groups were lessinvolved in the day-to-day running
of the cleanup and focused more on overall technical and
safety issues. The two major such groups were the
Technical Assistance and Advisory Group (TAAG) and
the Safety Advisory Board (SAB); they are discussed
below.

In addition, many ad hoc task force efforts were conducted as
the need arose; e.g,, the Defueling Tooling Advisory Group
and the Water Clarity Task Force. GPU also used its own
General Office Review Board, which contained senior mem-
bers of the corporation and outside experts and was charged
with corporate overview of all safety-related issues.

2.2.5.1 Technical Assistance and Advisory Group

The DOE had supported the creation of a Technical
Advisory Group (TAG) early in the project to assist in
choosing sound technical approaches, particularly in
developing methods of processing highly contaminated
water. The DOE had provided a similar group to assist
in waste management in the summer of 1979. The TAAG
wasan expanded, more permanent version of this group
resulting from the 1980 GEND coordination agreement
(see Section 2.7.1) between GPU, EPRI, NRC, and DOE.
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In the summer of 1981, the DOE began discussions with
GPU and the NRC regarding how best to spend the
funding that had been authorized for core damage as-
sessment and investigation. In November 1981, the
Technical Assistance and Advisory Group was formed
(it wasinitially called the TMI-2 Technology Assessment
and Advisory Group). The membership was agreed to
by GPU, NRC, and DOE and funded through EG&G
Idaho, Inc. by the DOE. Later, EPRI sponsored those
members of TAAG that were not part of the DOE infra-
structure. The chairman of TAAG was Mr. W.H.

Hamilton, a former head of Bettis Laboratories. The

members of TAAG were well experienced persons from
the utility service industry, nuclear submarine ship-
yards, and government laboratories, and they were able
to assistin providing access to many of national facilities
and sites. Their experience covered refueling, radioac-
tive maintenance and repair, water processing, analyti-
cal investigations, analysis techniques, personnel pro-
tection, and, in general, the practical side of resolving
difficult technical problems.

In the next five years, TAAG met over 50 times and
discussed all technical aspects of the recovery. TAAG
provided technical reviews, technical reports, draft pro-
cedures, and draft safety evaluations, and loaned per-
sonnel to the project to participate in specific task forces.
TAAG meetings also served the unchartered but useful
purpose of providing a forum for an integrated technical
look at the whole program. The presentation portion of
these meetings was often attended by TMI-2 managers
and staff to gain a broader perspective on the cleanup
status than existed during day-to-day operations.

TAAG meetings were held on a monthly basis through-
out much of its existence. These meetings consisted of
presentations by site personnel involved with an aspect
of the cleanup under review by TAAG, presentations by
TAAG members describing the results of independent
tasks or reviews, and presentations by independent ex-
perts invited to speak to TAAG. These presentations
were often punctuated with lively debate. TAAG would
then meet in executive session to develop recommenda-
tions and to write reports.

Although not as deeply integrated into the project as
previous groups, TAAG’s contributions to the work
often helped provide a technical basis for management
directives; e.g., contributing to a change in the approach
to defueling (see Section 8). The group stressed the need
to gather information rather than proceed from conser-
vative and somewhat arbitrary assumptions and the
importance of proceeding stepwise as new information
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was gained rather than trying to pre-plan the whole of
defueling from the start.

At the beginning of 1987, with the major planning efforts
in place and DOE and EPRI priorities shifting away from
direct involvement in TMI-2, TAAG was disbanded.
Afterward, TAAG was replaced by a smaller advisory
group—the Defueling Review Group—that more nar-
rowly focused on defueling alone. This smaller group
was funded entirely by GPU. Its membership included
some of the TAAG members from the private sector and
provided advice until defueling was almost complete.

2.2.5.2 Safety Advisory Board

Beyond specific technical review and assistance from
external sources, GPU sought a programmatic review
that focused onissuesrelated to health and safety. Given
the uniquely hazardous conditions in the plant and
public trepidation, GPU funded, in March 1981, an inde-
pendent review group comprising members of national
repute.

The resulting Safety Advisory Board appraised the
cleanup in terms of how the work related to public and
worker health and safety. In general, the SABfocused on
regulations, risk assessment, project organization and
financing, procedures, planning, and public communi-
cation and conflict resolution. The first chairman of the
SAB was Dr.].C. Fletcher, a former Administrator of the
National Aeronautics and Space Administration. He

returned to head NASA in 1986, and was succeeded by

Dr. R.Q. Marston, who had directed the National Insti-
tutes of Health. Board members were drawn primarily
from universities and were specialists in nuclear sci-
ences, engineering, risk analysis, government, and
medicine.

Four times each year the SAB met in full sessions that
reviewed the work of panels assigned to monitor the
areas of fuel removal, community relations, radioactive
waste control, and radiation hazards. Closed sessions
followed in which members debated issues. Unanimous
recommendations were then made directly to the execu-
tive management of GPU Nuclear and published annu-
ally in public reports. The Board also met annually with
the GPU Board of Directors.

Recommendations during the first several years stressed
the need for secure funding to support an expeditious
cleanup and the creation of an effective management
team. The SAB was concerned that both the NRC and
GPU were overly conservative in interpreting regula-
tions and the TMI-2 Programmatic Environmental Im-



pact Statement (PEIS) (see Section 2.6.1), thus potentially
slowing down the cleanup and adding other, nonradio-
logical hazards to the work. When funding was secure
and major decontamination had been completed, the
SAB continued to look closely at defueling and post-
cleanup planning. The SAB remained in existence until
December 1989.

2.3 Program Planning and Policy

Cleaning TMI-2 was not a logical sequence of steps
known from the beginning or a methodology applied for
reaching a predetermined goal. Plansevolved in view of
new data, available technology, regulatory guidelines,
and financial restraints. The strategic direction of the
project evolved over time.

During the course of the cleanup, many specific task
force efforts and planning studies evaluated options and
provided recommendations. However, until conditions
were generally understood, the specific steps and techni-
cal objectives of the cleanup were often wishful thinking.
This is illustrated by a 1979 estimate that called for
restarting the TMI-2 reactor in 1985.

Duringanintense, initial planning effort from April 25 to
July 1,1979, the project prepared a plan for containment
entry and decontamination in preparation for reactor
head removal (Bechtel Power Corp. 1979). The plan was
heavily qualified by emphasizing the unknown condi-
tions in the containment. That study was followed by
similar engineering studies for future steps (Bechtel
Power Corp. 1980; Bechtel Northern Corp. 1982). These
plans illustrated the initial, step-by-step approach of:

1. Decontaminate the plant to near-normal levels
2. Disassemble the reactor and remove the fuel
3. Requalify the plant for commercial operation.

As, over time, the extent of damage was discovered and
the effects of limited resources grew, the approach
changed to:

1. Stabilize conditions and gain access to characterize
the containment and reactor vessel

2. Disassemble and defuel the reactor, with supporting
dose reduction and decontamination

3. Place the plant in a safe, secure monitored storage
condition.

Management

The change began in 1981 with a management decision
to seek the early removal of the reactor core and culmi-
nated in first the program strategy documentin 1984 and
then the plans for post-defueling monitored storage,
which were submitted to the NRC in 1986. The major
strategies in this approach are discussed below.

2.3.1 Summary Technical Plan

In the fall of 1979, the project team began to develop
broad “top down” strategies and policies to identify:

* Performance objectives
* A logical, operationally focused sequence
* Completion criteria {quantitative, where possible)

¢ Priorities among and between waste management,
decontamination, and defueling

s Tasks that could be deferred.

The need to document an overall plan was catalyzed by
a request to present such a plan to Senator Hart’s con-
gressional subcommittee on TMI-2 in December 1979.
This resulted in the Summary Technical Plan for TMI-2
Decontamination and Defueling (Met Ed 1979). The plan
developed an overview of key activities, including:

¢ A basis for ensuring the reactor would remain under
control and monitored

¢ A statement that the technology was. available for
decontaminating the auxiliary, fuel handling, and
containment buildings

¢ A general approach to defueling—not detailed be-
cause there was very little information

* Plansfor processingliquid and solid radioactive waste

* A listing and brief description of facilities needed to
support the cleanup

* A discussion of the importance of and methods for
personnel protection

* Appendixes that addressed assumptions, key deci-
sions, required NRC approvals, and R&D work.

As the cleanup evolved, the actual conduct of the project
differed from this initial strategy; however, much of the
general philosophy survived. This plan provided a
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succinct platform from which to proceed and satisfied
the political community that there was an overall plan.
As it turned out, the document was invaluable for com-
municating information about the program both inter-
nally and externally—over 500 copies were printed.

2.3.2 TMI-2 Program Strategy

By late 1983, with the project stretching out, funding
concerns, and better information about conditions, a
more detailed overall strategy was needed. The result-
ing TMI-2 Program Strategy (DeVine and Negin 1984)
was published in June 1984. It put forth a logic depicted
in Figure 2-5 and defined the recovery program in three
phases: Stabilization, Fuel Removal, and Cleanup. The
Program Strategy stated that the stabilization phase was
complete, and that the fuel removal phase must be
conducted without regard to the ultimate disposition of
the plant.

The specifically stated purposes of the Program Strategy
were to: 1) provide a concise overview for corporate and
program management; 2) establish fundamental pro-
gram priorities; 3} establish a logical hierarchy of policy
and technical guidance; and 4) provide a vehicle for
communicating the program to individuals and organi-
zations not directly involved in the project.

The document provided the approach for more detailed
planningand, as with the 1979 strategy document, proved
invaluable as a means of describing the overall program.
Many of the directions were used as bases for program
cost estimates and yearly budgets.

The program strategy provided guidance for resolving
technical and managerial issues by establishing policies
addressing: 1) generic issues, 2) characterization, 3) fuel
control, 4) methods and end points for defueling, 5)
disassembly, 6) dose reduction, and 7) waste manage-
ment. Some were obvious or required by law, others
eliminated alternatives. The policies themselves had
often evolved over the course of the cleanup, were im-
plicit in past actions, or were decided during drafting of
the strategy.

Generic policies were:

¢ TMI-2 Program Objectives—The overall objective of
the cleanup was defined as “reducing to anacceptably
low level the radiation hazard resulting from the
accident.” This objective would be achieved when
fission products were immobile, fuel was shipped off
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site, otherradioactive waste was packaged and shipped
or stored, and radiation levels were low enough to
permitexaminations to supportdecisionson the plant’s
eventual disposition. The plant would not be re-
turned to pre-accident conditions and all waste would
not necessarily be shipped. The objective was stated
very carefully to avoid establishing impractical ob-
jectives whose accomplishment could be subjected to
future debate. (This policy was later modified to
include plans for long-term monitored storage.)

Definition of Program Phases, Priorities, and End
Points—Resources would be expended on current
priorities; any decision related to restart versus de-
commissioning was deferred and decoupled from
current activities. For example, chemical decontami-
nation of the primary system was delayed and then
abandoned since bulk chemical decontamination
would only be needed to prepare for ultimate dispo-
sition of the plant.

ALARA—AIl managers would make the as-low-as-
reasonably-achievable (ALARA) concept a major fac-
tor in decisions; i.e., it was not sufficient to merely
satisfy the text of the regulations. The point was to
reemphasize existing policies. Further, the NRC’s
PEIS was not to constitute control of project tasks nor
was it to be construed as a dose budget. It was to be
viewed as an estimate based on how the cleanup
might be conducted.

Use of Remote Technology—Remote technology
would be assessed on a task-specific basis before
using this rapidly growing technology. This policy
was needed because of the potential that esoteric
projects might consume substantial resources with-
out specific objectives.

Application of Regulations and Regulatory Guid-
ance—Regulations, rules, and guidelines that did not
fit the TMI-2 situation would be assessed and, where
specific compliance would not be logical, relief would
be sought. The rules were not written for the cleanup
situation and the project team would not hesitate to
question their applicability.

Preservation of Plant Equipment and Structures—
Planning and resources would only be spent on pres-
ervation for safety or achieving project objectives,
although actions precluding refurbishment would be
avoided if possible. In hindsight, this should have
been stated in more detail because the reluctance of
engineers and workers to act against their training
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continued for several years regarding preservation of
the plant’s original configuration and maintenance of
the QA chain for non-safety related work (Long 1987).

Permanence of Recovery Facilities—Facilities and
systems for cleanup work would not be designed for
a40-year plantlife. Without this policy, well-meaning
engineers might naturally overdesign with eventual
restart in mind. Early in the recovery, there was a
difference in the design requirements between tem-
porary systems (recovery systems) and modifications
to existing operational plant systems, most notably
for seismic design requirements. The logic for not
using seismic design criteria onrecovery systems was
that they would be in place for only a short time and
the likelihood of a seismic event was small. As the
cleanup progressed and the return to normal opera-
tion without a massive rehabilitation decreased, most
new systems and modifications to original plant sys-
tems were classified as “for recovery purposes only.”

Facilities and Systems Shared by TMI-1 and TMI-
2—The facilities for the two units would not be shared
except for a few limited cases where separation was
illogical and sharing would not affect operation of
Unit 1 (e.g., the truck bay and certain radwaste storage
facilities).

Opening Containment—If needed for the cleanup,

opening of the containment to the outside was accept-
able. This position was aimed atavoiding establishing
any agreement with political institutions that would

Fuel control policies were:

s Criticality and Reactivity Control—Boron was one,

but not the only, method for preventing a recriticality.
Separation, quantity control, and geometry control
could be used as well, depending on the circum-
stances (see Section 5).

Accountability of Fuel—Although accountability for
the regulatory purpose of preventing material diver-
sion was really not an issue, compliance with the law
wasrequired. Conventional means of accountability
could not be used; therefore, weighing and/or item
counting after removal were to be the primary means
of measurement, withapproximate results (“one core,
more or less”). This policy was later modified to
measuring what was left after the fuel wasremoved as
a means of final accounting {see Section 5).

Definition of Core Waste—Core wastes did not just
comprise fuel located within the original core enve-
lope, but included structural elements and other ma-
terials mixed in with the fuel. Thisdefinition wasused
in the fuel shipping and disposal contract between
DOE and GPU.

Fuel Storage and Disposal—Core wastes were not to
be stored on site for more thanan interim period. This
policy reinforced a commitment to the public and
complied with the PEIS, which stated that TMI-2 was
not suitable as a long-term waste repository.

Policies regarding methods and end points for defueling
were:

preclude such action.

Characterization policies were: * Defueling Strategy—The actual method of defueling

» Importance of Characterization—Characterization was not fully determined at the time the Strategy Plan

was vital to avoid the pitfalls of proceeding from
assumptions and models, which were comfortable
techniques for conductingaccidentanalysesand safety
reviews. Data gathering efforts, however, were costly
and would be carefully considered.

Objectives of Characterization—Data gathering ef-
forts were to support the TMI-2 cleanup project; data
for scientific purposes that did not also provide such
support was considered on a case-by-case basis. This
statement did not affect the agreement with the DOE
for work to support accident analysis information,
most of which was conducted at national laboratories.
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was published in 1984. Aslater defined, the defueling
strategy was to proceed from those areas with the
greatestamount of fuel to those with lesser quantities,
recognizing the need for operational flexibility. The

“highest priority was removing fuel from the core

region, then proceeding directly to thelower portions
of the core support assembly and reactor vessel. Fuel
that had escaped the vessel was to be removed later
unless (as occurred) parallel efforts were more effi-
cient (see Section 8).

Completion of Core Region, Vessel, and Ex-vessel
Defueling—Initially, the project team wanted to avoid
elaborate requirements and equipment to measure



minute quantities of residual fuel; consequently, vi-
sual inspection was proposed as the primary method
of ensuring fuel removal. Some fuel contamination
would not be practical to remove. Eventually, re-
sidual fuel was measured by a combination of radia-
tion measurements and visual examination (see Sec-
tion 5).

Disassembly policies were:

* Storage of Large Components—Effortstoremoveand
ship components such as the reactor vessel head and
upper internals could consume a substantial amount
of resources. Instead, local storage with some combi-
nation of shielding, isolation, or decontamination
would besufficient during the fuelremoval phaseand
while decisions for future disposition were being
considered.

Primary System Integrity—The ability to re-close the
primary system and maintain its structural integrity
were to be maintained. This was needed in case
resources were curtailed and the system had to be
sealed to maintain isolation. Thus, two of the three
barriers (fuel cladding, primary system, containment)
between fission products and the environment would
be maintained.

Decontamination/dose reduction policies were:

¢ Phase II Decontamination—Decontamination dur-

ing the Fuel Removal Phase was performed only to
support defueling and safety/end point objectives,
and not to clean areas or systems for the sole purpose
of making them clean. Decontamination work to
achieve project end points was conducted to the ex-
tent that resources permitted. In late 1988, project
management postponed most of the remaining plant
decontamination until the completion of defueling.
(Defueling was found to be recontaminating some
previously cleaned areas and so only decontamina-
tion that directly supported defueling operations was
performed.)

Criticality Prevention During Decontamination—
During decontamination operations such as sluicing
or flushing, criticality should be prevented by a com-
bination of analyses and procedural or physical re-
strictions. The policy was intended to caution about
the possible relocation of fuel during such operations;
it also allowed the theoretical use of unborated water
in the right circumstances.
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¢ Worker Efficiency—Worker efficiency should be im-

proved by taking steps that would reduce the amount
of protective equipment that had to be worn, consis-
tent with good personnel protection practices. Strik-
ing the balance between industrial safety and radio-
logical protection was the objective.

Reflooding the Containment Basement—Some ad-
visors were promoting the idea of reflooding the
containment basement for shielding and asa potential
decontamination-through-leaching method. Project
evaluations showed that the impacts would be sub-
stantial relative to the benefits, and so specific direc-
tion was given that the containment would not be
reflooded without a program-level management de-
cision. This put the issue to rest in 1984, although it
resurfaced at later times (see Section 7).

Waste management policies were:

* Storage of Waste and Closure of Disposal Sites—The

project recognized the potential for a disposal site
moratorium as a result of the Low-Level Waste Policy
Act. Interim storage could be planned, butit had to be
modular to prevent over-building.

Noncommercial Waste (Abnormal Waste)—Effi-

- cient waste processing was stressed to achieve prod-

ucts as radioactively concentrated as possible, consis-
tent with handling limits. Some non-fuel wastes at
TMI-2 did not meet waste form or content require-
ments for standard burial. Processing these to meet
burial requirements could produce excessively large
amounts of waste and, in the case of having to solidify
wastes already generated, could result in personnel
exposure that contradicted the ALARA principle. The
project management reached anagreement with DOE
in which they would take custody of such wastes
where it was not prudent to make them conform to
commercial disposal requirements.

Re-use of Processed Water—Water should be re-
cycled. The discharge of processed accident-gener-
ated water was prohibited for most of the cleanup;
therefore it was important to minimize the accumula-
tion of any new water requiring disposal. Consider-
ing the final total of approximately 7.6 million liters,
this was an important policy.

Segregation of Water at TMI-2—Water should be
segregated for only two reasons: to maintain boron
control and to minimize mixing of new, nonaccident-
generated water with water that could not be re-
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leased. Water should not be segregated by tritium
concentration because this would take resources and
require hardware for no value.

2.3.3 Post-Defueling Planning

Inthe fallof 1985, defueling plans and preparations were
essentially in place and GPU began to consider seriously
what to do when defueling was completed. Thus began
an intensive planning stage that continued throughout
1986 and culminated in a plan for monitored storage. A
task force provided the technical bases and initial rec-
ommendations from which to proceed (TMI-2 SPTF
1986). In December 1986, its three-volume study was
compressed into a one-volume document that was sub-
mitted to the NRC (and the public) to outline the
company’s plans for the future (GPUN 1986). Eventu-
ally, the position became the basis for a formal safety
analysis report, including new technical specifications;
emergency, security, and QA plans. Thisnew condition—
called Facility Mode 4 or Post-Defueling Monitored
Storage—was the fourth mode in a progression of tech-
nical specification modes designed to place the plant in
along-term monitored storage condition (see also Section
2.6.2).

The three dominant characteristics of the plant condition
were:

e Thereactor vessel and the RCS would be defueled and
the core material shipped off site (less than 1% would
remain).

¢ Decontamination would be complete to the extent
that further major decontamination programs were
not justified on the basis of worker dose.

e A condition of stability and safety was established
such that there was norisk to public health and safety
(GPUN 1988).

2.4 Staffing and Financing the Cleanup
The resources required to conduct the cleanup reflected

thelarge scale of operations and the first-of-a-kind work
involved.

2.4.1 Personnel

As has been well documented (Kemeny, et al. 1979,
Rogovin, et al. 1980), the accident brought a flood of
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engineers, scientists, workers, and regulators. Three
weeks after the accident, 1,964 people had checked in at
the TMI Observation Center near the plant. Some only
stayed days; a few stayed the full course of the cleanup.
The initial arrivals represented approximately 150
companies/organizations (Mcintire 1979).

The initial mobilization by GPU and the industry pro-
vided most of the personnel for controlling the plant,
eventually bringing it to a cold shutdown condition
within the first few months. Decontamination was
performed inlarge part by trained volunteers from within
the GPU system. Hundreds of these volunteers (clerks,
lineman, janitors, etc) worked in shifts for approximately
one year performing a vital function. No special incen-
tives were provided. The decontamination labor pool
provided abroad range of capabilities that was extremely
valuable in addressing the many skills necessary for
various decontamination tasks; i.e., specialists were
available when needed.

The GPU voluntary pool started with 20 persons and
eventually used over 400. As volunteers were recruited,
they were immediately given hands-on training and
then placed in a two-week rotation. Seven days a week,
50 people worked in three 10-hour shifts. The use of
people from outside the nuclear-related departments
allowed plant auxiliary operators and engineers to con-
centrate on stabilizing plant systems rather than reach-
ing their exposure limits performing decontamination
tasks.

The approximate number of full-time personnel associ-
ated with the TMI-2 project at the end of each year is
shownin Figure 2-6. (The numbers for 1979 and 1980 are
estimates.} In 1981, the uncertainties of funding resulted
ina substantial reductionin thecontractor force, primarily
from Bechtel and Catalytic Construction, Inc. The sub-
sequent resolution of the cleanup budget was followed
by a buildup through 1985 to support the design, con-
struction, and installation of defueling equipment.
Thereafter, most efforts were concentrated on fuel re-
moval and preparation for long-term storage, gradually
decreasing the need for much of the support that had
existed.

After the initial volunteer effort by the unions and con-
sidering the working conditions and publicity surround-
ing TMI-2, GPU was very concerned that it would be
unable to attract the craftworkers and laborers needed
for the cleanup. A special approach was needed. In
March 1980, the affected unions and GPU (with Metro-
politan Edisonas the interface) reached an unprecedented



agreement that recognized the importance of recovery
from the accident to the entire nuclear power industry
and the Nation. The agreement recognized that the work
was specialized and highly demanding, requiring large-
scale capital outlays, and exacting measures to protect
public and worker health and safety. The unions also
recognized that the company’s existence was at risk
because of its fragile financial health.

Consequently, the unions and management agreed to a
cooperativerelationship. Thisincluded a mutual ban on
any form of work stoppage or lockout, and a high stan-
dard of radiological safety practices (Arnold and Georgine
1980). Asaresultof thisagreement, labor problems were
resolved by arbitration—technical progress was not af-
fected by either labor grievances or the necessity of
planning for them.

2.4.2 Cost and Schedule

Estimating the cost of the cleanup while it wasin progress
was as elusive as pinning down its technical scope. The
cost estimates varied in direct relationship with the
uncertainty and novelty surrounding the work. They
were plagued by a lack of data and uncertainty in the
regulatory environment within which the cleanup ac-

Management

tivities were to take place (Comptroller General 1981).
The scope of work for each estimate varied much more
than the dollar figures as project management learned
the condition of the plant, conducted work, and defined
areasonable stopping point. Many estimates weremade,
and the following discussion shows only the general
course of that process.

The American Nuclear Insurers had estimated $140 mil-
lionof damaged insured property in April 1979. Another
preliminary estimate in July 1979 reckoned that the plant
could be returned to power in four years for approxi-
mately $430 million. As the real scale of the undertaking
was revealed, a series of formal program estimates was
made (GPUN 1985). In August 1980, after one contain-
ment entry, $855 million was the estimated total cost.
The projected work scope envisioned defueling com-
plete in March 1983, and then cleanup through recon-
struction to pre-accident conditions, refueling, testing,
and commercial operation, which was to have begunin
late 1985.

Anestimatein August 1981—for $1034 million—stressed
the need for significantly more data and did not include
the costs of restart. The cleanup experience of the past
year was reflected in the increased estimate, as was the
temporarily reduced level of effort resulting from the

TMI-2: WORKFORCE AND COST

2000

PERSONNEL

YEARS

105 99 64 6. 77 87

COST ($ MILLIONS)

CONTRACTORS
GU

118 118 108 92 52

TOTAL = $973 MILLION

Figure 2-6. TMI-2: Workforce and Costs
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uncertainty of funding sources. This estimate projected
January 1985 to complete defueling and December 1986
for completion of the cleanup project, assuming that
secure funding could be obtained.

Not until December 1982, with considerably more data
about reactor vessel conditions available, was a cost
estimate made that approximated the ensuing reality.
Then, based on 130 containment entries and limited
remote camera inspections of the reactor core, the esti-
mate was $975 million; defueling complete in July 1986;
and the cleanup project complete in June 1988. This cost
estimate (although not the scope) held fairly steady, only
changing toalate 1988 completion date. InOctober 1988,
with the technical difficulties of disassembling the reac-
tor internals slowing progress, the schedule was revised
to a 1989 date for completing defueling. Bulk defueling
of the reactor was actually completed in December 1989,
with final cleanup and core debris shipment in the first
part of 1990. The final direct cost of the project was $973
million.

2.4.3 Financing

Within weeks of the accident, the character of difficulties
faced by GPU expanded from a strictly physical crisis to
a fiscal crisis. The company faced bankruptcy (Kuhns
1985). The immediate cash costs of the accident were
substantial, and the cost of replacement power was $25
million per month, which GPU (Metropolitan Edison)
did not have. (Regulatory authorities ultimately recog-
nized the cost of replacement power, but only after
approximately $150 million of these costs had been de-
ferred for future recovery.) Establishing a line of credit
and arranging long-term financing and reasonable pur-
chase of replacement power became emergency issues.

GPU stock dropped from approximately 17 in March
1979 to 3 3/8 in March 1980, its all-time-low following
the accident. The company did not pay dividends from
February 1980 to April 1987. (By 1988, financial recovery
was established, leading to the award of “Utility of the
Year” by Electric Power & Light.)

In mid-1979, it appeared that the cost of the cleanup,
while in excess of insurance, represented a difficult, but
manageable problem. The onsite property was insured
for the maximum available of $300 million. This repre-
sented less than one-third of the eventual cost. Expendi-
tures during 1979 and 1980 of $200 million were largely
covered by this insurance.
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The rationale for making up the $700 million shortfall
was that theburden should be shared with: 1) those who
were collectively insured, since the insurance wasinad-
equate; 2) those who had an interest in ensuring an
expeditious cleanup; and 3) those who would benefit
from the lessons learned during the cleanup. With this
approach, GPU began an effort to achieve consensus
among the various parties that their participation was
appropriate and to develop a cost-sharing formula that
was equitable.

Adding to the urgency was the action by the Pennsylva-
niaPUCin September 1980 to deny Metropolitan Edison’s
request for emergency rate relief. The effect on the
cleanup schedule was immediate, as most Bechtel and
Catalytic workers were demobilized and only $66 mil-
lion of a desired $175 million were available in 1981. (In
any event, the full $175 million would have been difficult
to use because of a lack of sufficient plant knowledge to
support cleanup plans.)

The financial crisis continued until July 1981, when
Pennsylvania Governor Thornburgh proposed a specific
formula allocating costs among ratepayers, stockhold-
ers, the utility industry, and the federal and state govern-
ments. Three years of negotiations, discussions, and
hearings were required to put the plan fully in place.

The Edison Electric Institute established a utility volun-
tary program to contribute $150 million, which became
available to the project at the rate of $25 million per year
beginning in 1985. The DOE contributed a $105-million
multi-year authorizationfor R&Drelated to theaccident.
(Of this, approximately $76 million was for direct sup-
port and $29 million indirect.)

With the U.S. government and the utility industry par-
ticipating, the state regulatory agencies were willing to
consider customer funding. Both the Pennsylvania PUC
and the New Jersey BPU allowed cleanup funding to be
included in customer rates at the level recommended by
the Thornburgh plan. In 1982, the governments of Penn-
sylvaniaand New Jersey authorized a total of $42 million
from the state treasuries.

After several fruitless years of trying to obtain a signifi-
cantinternational involvement, a consortium composed
of Japanese utilities, engineering companies, vendors,
and the government agreed to provide direct funding of
$18 million in return for information and the opportu-
nity for more than 40 engineers to gain first-hand expe-
rience by participating in the cleanup.



Figure 2-7 shows the funding sources for the cleanup.

In addition to the funding shown in the figure, consider-
able research funding was committed that could not be
considered as being of direct benefit to the cleanup {e.g.,
laboratory work). EPRI provided approximately $11
million in funds to the cleanup and to technology trans-
feractivities. (Thisdoes notinclude the R&D fundsspent
by the Source Term Program or in-house costs such as
NSAC work.)

2.5 Other Administrative Issues

Several other issues are worthy of discussion because of
their unique roles in the postaccident situation.

2.5.1 Emergency Materials Management

Ensuring a steady flow of equipment and supplies was,
of course, an intrinsic part of the cleanup. The initial
effort at mobilizing procurement to support the cleanup
was outstanding and contributed greatly to the early
successes. The day of the accident, the plant purchasing
staff reverted to an “Emergency Procurement Mode”
that had previously been used during outages and
weather-related emergencies. A temporary warehouse
wassetup atthe Crawford Station plant, about five miles
from TMI. This operation was staffed 24 hours a day to
handle requests for supplies, equipment, and services,
and to act as a marshalling area to receive material and
equipment.
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The day after the accident a Materials Management Task
Force was also established. The task force combined the
existing personnel at the Crawford Warehouse with TMI
contract administration and added a home office team
consisting of buyers, contract personnel, and transporta-
tion personnel. An interface with corporate procure-
ment was also established. The task force pursued water
storageand processing equipmentand services, boration
and decontamination equipment, and facilities for sup-
port personnel; e.g., setting up “Trailer City” at the
observation center, about one-half mile from the plant.
Several days later, Burns & Roe purchasing personnel
were sent to Crawford to coordinate receipt of material
specified by Burns & Roe and to otherwise assist as
needed.

Within a week, project management realized that this
arrangement was insufficient for the situation and the
role was essentially turned over to GPU Service Corp.,
which had been responsible for construction of the plant
and had until recently been responsible for purchases.
The procurement organization processed over 1,000
purchase orders within approximately 40 days.

A few highlights of this initial effort:

s A diesel generator was delivered to the site in two
days, with the cooperation of four railroad companies
who flagged the shipment as an emergency.

* A large-system HEPA and charcoal filters were pro-
vided for use on the roof of the auxiliary building.
These were transported from a western utility by the
U.S. Air Force in six C141s and one C5A.

THORNBURGH PLAN - TMI-2 CLEANUP FUNDING
(3965 MILLION TOTAL)

INDUSTRY

INSURANCE

PA & NJ

_ Figure 2-7. Thornburgh Plan — TMI-2 Cleanup Funding
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* With the cooperation of the Pennsylvania State Police,
overwide and overweight tanks were shipped with-
out difficulty.

* When solicited for special pressure gauges for which
the delivery time was normally 16 weeks, the vendor
committed within four hours to fabricate and deliver
the gauges within two days.

¢ A supplier of piping materials and fittings sent an
engineer who sat with plant staff while they designed
pipingand spool pieces and arranged forair shipment
from Louisville and Houston. The supplier also lo-
cated and arranged for immediate, straight-through
shipment of a 0.2-m3/s air compressor and a large
heat exchanger, which weighed over 60,000 kg and
was grossly overweight for truck shipment. With
help from the NRC, who worked with the Interstate
Commerce Commission, permits were granted for its
transport. With two drivers, it was delivered over a
weekend.

¢ Avendormodified and shipped boron injection tanks
within three days of receiving a purchase order.

These are only a few of the numerous cases of extraordi-
nary work and cooperation to address the initial recov-
ery efforts (McIntire 1979).

As the situation stabilized, a more normal mode of
purchasing began. Much of the recovery and defueling-
related equipment was procured through Bechtel, which
had the contract for the equipment.

2.5.2 Separation of Units 1 and 2

Because the Unit 1 license was suspended by the NRC in
the summer of 1979, much of GPU’s attention and re-
sources were spent over the next six years in satisfying
new requirements, improving operating conditions and
training, and addressing the hearings for Unit 1 restart.
In the course of this, GPU separated the two units to the
extent practicable. The separation extended to facilities,
plant staff, and procedures.

For hardware, this primarily affected liquid waste sys-
tems. The method of separation was usually by double-
valve isolation, removal of spool pieces, and, in some
cases, severing of pipe. Ina few limited cases, shared use
of facilities could not be avoided or clearly would not
affect operations; e.g., interim storage of low-level radio-
active waste and staging facilities for waste shipment.
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The fuel handling building shared a truck bay, receiving
area, and bridge crane. This meant that considerable
coordination was necessary between the two units to
make sure that varying technical specification and oper-
ating procedures did not conflict.- After TMI-1 began
operating in 1985, an outage would constrain the use of
these facilities by Unit 2 (and limit the number of techni-
cians and auxiliary operators available to support the
cleanup).

2.5.3 Procedures

The paperwork associated with the cleanup posed an
additional dilemma for project management and caused
as much delay and confusion as many technical issues.
Thedilemma was finding creative engineering solutions
within the strict procedural structure of a licensed oper-
ating plant. How should GPU mesh the methods of an
A/E-engineering company (i.e., Bechtel)—which his-
torically built plants within the constraints of a construc-
tion permit—with those of a utility that must operate
within the constraints of an operating license? The
resulting paperwork mismatch was to prove a major
source of confusion and resulted in a substantial impact
on the schedule. The two big issues that combined to
delay the project were: 1) allegations regarding proce-
dure violations, and 2) the need to create anew procedure
system.

Procedural control immediately after the accident was
sometimes ad hoc and based primarily upon standard
operating procedures of GPU and, initially, Burns and
Roe (the original A/E of the plant). Until Bechtel as-
sumed the contractual responsibility for the cleanup in
1980, it and the other contractors had little difficulty
performing according to GPU direction in their limited
roles. As Bechtel assumed greater responsibility, the
difficulties increased. The GPU administrative proce-
dures in particular were a source of confusion because

‘they were alien to a construction project and time con-
-suming. GPU management recognized the problem,

which became one of the primary impetuses for formally
integrating the two companies in September 1982 (see
Section 2.2).

The period of integration—summer 1982 to spring 1983—
was a period of uncertainty about organizational re-
sponsibility and procedural adherence requirements.
During this period, the containment polar crane was
being refurbished and plans were underway for a load
test (see Section 8). InMarchand April 1983, the inherent
organizational conflict came to a head when allegations



sponsibility and procedural adherence requirements.
During this period, the containment polar crane was
being refurbished and plans were underway for a load
test (see Section 8). In March and April 1983, the inherent
organizational conflict came to a head when allegations
were made of procedural violations related to the polar
crane refurbishment. GPU vigorously contested the al-
legations and thus consumed an enormous amount of
management attention (Steir 1983).

Until the issue was resolved and the safety of refurbish-
ment established, the NRC refused to approve the use of
the polar crane, which was essential for proceeding with
the project. The period of NRC investigation was one of
intense scrutiny by both the publicand regulators. Load
testing of the polar crane was suspended for many
months while the allegations were investigated; how-
ever, other work did continue and the hiatus provided
the opportunity to complete planning and preparations
for other defueling-related work.

The second procedure-related issue delaying the cleanup
was brought into focus by an inadvertent release of
radioactive material during maintenance workona HEPA
filter. At the subsequent Region I Enforcement Confer-
encein July 1983, the president of GPU Nuclear commit-
ted the company to a complete overhaul of cleanup
administrative procedures by January 1, 1984. This
commitment resulted in a new policy and procedure
system that was adopted at the plant and corporate
levels. Cleanup work was greatly affected while the
energy of managers and engineers was devoted to writ-
ing, reviewing, and approving the new procedure system.

The resulting system combined elements of existing
administrative and operating procedures with a unit
work instruction (UWI) system, used at other reactor
facilities where many tasks were one-of-a-kind and re-
quired versatility. Anengineeringchangeauthorization
(ECA) was adapted as the basic design document; in it
were assembled the baseline documents for modifying a
structure, system, or component.

The consequences of implementing this new procedure
system, aside from the schedule delay, were a consistent
approach to procedures by all departments (hence a true
integration), the systematic identification of all TMI-2
regulatory commitments, and an increased profession-
alism (Kelly 1987). A complete system of paperwork for
cleanup operations emerged and carried the project
through the cleanup. Conceptually, it resembled Figure
2-8.
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2.6 Licensing & Safety—NRC Involvement

The accident brought enormous regulatory changes that
affected every nuclear power plant. The effects were felt
differently at TMI-2 during the cleanup because, though
it had spawned the changes, it was no longer an operat-
ing plant.

2.6.1 NRC Organization and Interaction

There were three branches of the NRC involved in the
cleanup: Nuclear Reactor Regulation (NRR), Inspection
and Enforcement (I&E), and Waste and Transportation.
Immediately following the accident, both NRR and I&E
were involved, with the latter being detailed from the
NRC Region I office in King of Prussia, PA. The Chief of
NRR, Mr. H. Denton, arrived at the site withindaysof the
accident. During the first few months, the NRC staff at
the site, composed of both NRR and I&E staff, was an
important part of the crisis teams putting emergency
systems in place.

The normal chain of communications for NRC review
and approval proved inappropriate. Since significant
license changes and safety reviews would be required
throughout the cleanup, a special field office reporting to
NRR was set up at the site: the TMI-2 Program Office
(later Cleanup Project Directorate). By 1984, this office
had 14 full-time staff on site and 7 at NRC headquarters
(NRC TMI Program Office 1984). In early 1988, with
major decisions behind the project and plans in progress
for the post-defueling phase, the NRC TMI-2 staff was
down to two full-time staff members on site.

A major accomplishment of the project office team was to
oversee preparation of the TMI-2 Programmatic Envi-
ronmental Impact Statement (PEIS 1981), which became
the basis for satisfying NRC'’s responsibility under the
National Environmental Policy Act (NEPA) for the
cleanup program. The PEIS was an overall study of the
activities necessary to decontaminate, defuel, and dis-
pose of wastes. The available alternatives considered
ranged from implementing a full cleanup to no action
other than continuing to maintain the reactor in a safe
shutdown condition. The PEIS was considered neces-
sary because of the ever-growing needs of the cleanup to
perform actions with potential effect on the environ-
ment.

Issued in March 1981, the PEIS had taken almost a year
and a half to prepare. Yet when finished, because of its
wide enveloping bounds, it provided a single reference
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by which NRC could approve specific cleanup project
technical and safety evaluations and other proposed
actions. Supplements to the PEIS werelaterissued on the
subjects of personnel exposure, accident-generated wa-
ter disposal, and post-defueling monitor storage. In a
policy statement accompanying the PEIS, the NRC staff
was given authority to approve cleanup activities that
fell within the PEIS scope. The significant exception was
disposal of accident-generated water—a decision that
the NRC Commissioners reserved to themselves.

The existence of this onsite office proved beneficial.
First, it was an NRR responsibility and so removed the
inspection and enforcement group (I&E) from continu-
ous interactions with the cleanup project. This was
appropriate because the uniqueness of the TMI-2 situa-
tion bore no resemblance to a normal power plant situ-
ation, which was the primary scope of I&E. Second, it
eliminated the need for the utility to interact with Wash-
ingtonheadquarters. Thelocal NRC staff could represent
NRC'’s responsibilities in an expeditious manner.

2.6.2 FSAR and Technical Specifications

The TMI-2 final safety analysis report (FSAR) was not
revised to accommodate changes to cope with the acci-
dent. Instead, a system was created in which technical
evaluation reports (TERs) and safety evaluation reports
(SERs) were written by the project for a system or opera-
tion. A TER had many of the elements of a mini-FSAR;
however, it was narrowly focussed on an issue. A TER
could contain, for example, a system description and a
safety review.

At the end of the project, the FSAR was not updated, but
it was applied in a limited way to TMI-2. In particular,
thebounding conditions in the TMI-2FSAR were used to
judge the acceptability of changes, tests, and experi-
ments, and the attendant determination of unreviewed
safety questions. It was also applied to those areas not
addressed by the post-defueling monitored storagesafety
analysis report (GPUN 1988)

The technical specifications were gradually modified to
accommodate the radically different plant situation. In
general, the changes in technical specifications can be
seenasa response to the decreasing hazard posed by the
plant and the desire by GPU to minimize the resources
used to maintain the plant for no real benefit. Since the
original technical specifications were of limited value to
a damaged reactor, a new set of 30 technical specifica-
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tions were proposed and then issued via an NRC Order
in February 1980.

The Order mandated that the plant be maintained in
accordance with the proposed specifications until the
operating license was formally amended toinclude them.
The Order also permitted interested parties to inter-
vene—three did. Several years passed while the con-
tentions raised were resolved in a process of meetings
and exchangesof information. Meanwhile, the proposed
technical specifications were modified by more NRC
orders to reflect changing cleanup conditions. In late
1985, the last contention was resolved and in January
1986, the license was finally changed to incorporate the
proposed specifications (Byrne and Rogan 1989).

The early modifications for the most part addressed
effluent releases and the new systems for cooling the
reactor. As the cleanup program progressed, technical
specifications were eliminated in several succinct steps
because they no longer applied to the plant conditions.
For example, after the reactor head was removed, it was
no longer necessary to maintain systems for pressuriza-
tion. Similarly, when the decay heat level was suffi-
cientlylow to remove all heat through the coolant system
and by convection, there was no technical or safety need
to maintain decay heat removal systems.

A long series of change requests were applied to the
technical specifications. One of the most important of
these was Technical Specification Change Request 53,
approved in1988, whichidentified three “facility modes”.
It initiated the concurrent reduction and deletion of
technical specifications pertaining to systems and equip-
ment that were not required for a subsequent mode:

* Mode 1—The period during which reactor vessel
defuelingand other major decontamination and waste
shipping tasks were in progress.

¢ Mode 2—The period after completion of defueling
and before completion of the core debris shipping
program.

¢ Mode 3—The period after the last shipment of core
material off site.

In August 1988, GPU submitted a proposed licensechange
to “Possession Only” and technical specifications for a
Mode 4 {post-defueling monitored storage) condition,in
which the following activities would be conducted:

¢ Monitoring and surveillance
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* Decontamination
¢ Radioactive waste processing
* Special nuclear material accountability

* Water processing.

2.6.3 NRC Advisory Panel

In response to concerns of local residents and politicians,
the NRC established and funded an independent review
group in November 1980. The NRC Advisory Panel for
the Decontamination of TMI, Unit 2 was chartered to
consult with and provide advice to the NRC on major
activities required to complete the cleanup. Itacted asa
conduit to convey local public concerns and opinions,
and asa forum for intervener groups in the area; e.g., the
Susquehanna Valley Alliance (SVA) and TMI Alert
(TMIA).

Membership on the Panel varied but usually consisted of
10-12 scientists, local citizens, and/or local politicians
who all served without pay. Mr. J. Minnich, Chairman of
the Dauphin County Commissioners, served as Panel
Chairman until December 1983, when he was succeeded
by Lancaster Mayor A. Morris. The Panel met approxi-
mately seven times per year and also held meetings with
the NRC Commissioners in Washington, D.C. At each
local meeting, GPU, NRC, and. other involved federal
and state agencies would make presentations on the
current status of the cleanup and other pertinent issues.

The utility and government agencies often found them-
selves on the defensive in this public forum, but the
meetings provided an outlet for the fears and concerns of
the public. The issues that commanded public attention
were funding, schedule, reactor vessel head removal,
defueling plans, NRC enforcement actions and investi-
gations, fuel shipping, post-cleanup conditions in the
plant, and the disposal of accident-generated water.

2.7 Involvement of Others

From the outset, recovery from the accident required
skills, specialized equipment, and institutional connec-
tions beyond those possessed by an individual utility.
Both the utility industry and the federal government
understood that if industry and national resources were
notused toresolve the situation at TMI-2, then the rest of
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the industry would be severely impacted (even more
than it was). From a management perspective, this
involvement represented an extension of the resources
available to GPU, as well as the challenge of effectively
using these resources.

The major external contributors to onsite activities were
the DOE and EPRI. The U.S. Environmental Protection
Agency (EPA) also played a role designated by the
Executive Office of the President as the lead federal
agency for conducting a comprehensive long-term envi-
ronmental radiation program.- Its role was limited, con-
sisting of environmental monitoring expertise, particu-
larly in the stabilization phase when there was extreme
public apprehension regarding releases. EPA’s role
effectively augmented the NRC’s responsibility (USEPA
1980).

Internationally, the Organization for Economic Coop-
eration and Development (OECD) contributed through
subcommittees on models and material behavior. Mod-
els of the accident were developed, compared to com-
puter codes, and adjustments made. Information was
gathered from around the world on material behavior/
interaction to help predict postaccident conditions at
TMI-2 and support defueling tool design; e.g., eutectic
reaction behavior. When defueling was completed, the
OECD, NRC, and EPRI co-sponsored a sampling pro-
graminthereactor vessellowerhead (see Section 5.5.3.2).

2.7.1 U.S. Department of Energy

The most significant extraordinary participant in the
cleanup was the U.S. Department of Energy. There were
several reasons why the federal government’s role was
essential. First, the accident generated much political
activity that was beyond the jurisdiction of any indi-
vidual locality or state, thus federal involvement was
needed in such matters as effluent release and transpor-
tation and disposal of waste. Second, from a technical
perspective, expertise and resources existed in the na-
tional laboratory system that did not exist elsewhere or
were extremely limited, particularly in terms of facilities
to handle and examine radioactive material.

DOFE’s participation during 1979 and early 1980 included
an emergency response team, technology transfer (often
via advisory groups), technical support for a wide vari-
ety of data acquisition tasks, and a local citizen’s pro-
gram formonitoring therelease of airborneactivity. Late
1979 saw the beginning of what became a major and



essential involvement. In January 1980, DOE formally
initiated the TMIInformation and Examination Program
to secure important R&D data that might be of value to
the industry and the NRC.

This was furthered in March 1980 when the four-party
GEND coordination agreement was signed by GPU,
EPRI, NRC, and DOE. The agreement set up policy and
technical planning mechanisms and defined objectives
and areas of common interest among the parties. The
Joint Coordinating Group and the Technical Working
Group were established and a Technical Integration
Office was set up at the TMI-2 site! (and INEL) and op-
erated by EG&G Idaho, Inc (AGNS 1980, Comptroller
General 1982). The site office, in its heyday, comprised
48 engineers and support staff. AtINEL, up to 25 people
worked on the cleanup at any one time.

In early 1981, the new administration in Washington
committed the substantial funding necessary to imple-
ment large-scale work over the course of the cleanup. A
fundamental point of this commitment was that it was
not to bail out the utility but to benefit the Nation. The
program was predicated on the need to resolve the
impasse that existed over how the cleanup would be
carried out and funded, and to determine the accident
scenario and progression so as to ensure the safety of
nuclear power. DOE officials believed that their offer to
assist in the cleanup through an R&D program would
have several advantages:

* Encourage other parties to modify their positions
sufficiently to resolve the impasse

 Expedite the cleanup, thereby reducing total costsand
minimizing further deterioration of equipment with
possible public and occupational health repercus-
sions

e Limitthe possibility that the federalgovernmentwould
eventually be required to assume total responsibility
for the cleanup

* Enhance the regulatory agencies’ and industry’s
knowledge of the causes, effects, and prevention of a
similar accident and thereby improve safety at other
nuclear plants

* Enhance DOE’s knowledge of high-level radioactive
waste disposal (Comptroller General 1982).

1 The Technical Integration Office was actually established on site in
October 1979, and fully operational by January 1980.

Management

The DOE focussed on two areas: 1) data acquisition and
analysis, which was a generic DOE responsibility autho-
rized by Congress and strongly recommended at TMI-2
by the Kemeny Commission (Kemeny, et al. 1979);and 2)
research and development, which centered on high-
level radioactive waste immobilization and shipment;
reactor core access, removal, and shipment; character-
ization of the molten core, damaged core structures, and
reactor vessel; and analysis and studies to understand
the accident scenario. By accepting the TMI-2 fuel core
for research and temporary storage, DOE made a vital
contribution to the cleanup and resolved the dilemma of
what to do with the debris (see sections 6 and 8).

2.7.2 Electric Power Research Institute

The nuclear power industry, primarily through EPRI but
also through direct contributions of managers and engi-
neers, was technically involved in the cleanup in three
phases. The first phase started the day following the
accident and consisted of personnel and equipment do-
nated or loaned to address the immediate crisis. The
direct contribution of personnel from utilities in the
initial postaccident period was one of the most valuable
and substantial forms of participation.

The second phase began with the establishment of a
permanent EPRI site office in November 1981. This
resulted from the GEND agreement and eventually con-
tributed to research projects on decontamination and
dose reduction, mechanical component survival, pri-
mary system pressure boundary characterization, and
robotics. Most of these were tasks identified as being of
potential value by the GEND agreement (AGNS 1980,
IEAL 1982).

The site office consisted of only a few engineers but was
able to contribute by: 1) subcontracting research off site
before onsite demonstration; and 2) the innovative use of
specialists who were sponsored by EPRI but worked
within the cleanup project organization. Using these
specialists to both support the cleanup and transfer the
technology to the utility industry proved mutually ben-
eficial. In addition, EPRI also supplied its own in-house
expertise or sponsored one-time work by experts to
address such things as robotics and water filtration
problems. With other organizations, it assisted in areas
that might not otherwise have been funded; e.g., R&D
related to robotics. The commercialization of technology
developed for the cleanup was supported and promoted
by EPRI as a practical means of transfer to the industry.
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The degree of EPRI involvement in the cleanup is re-
flected in contributions made to several projects:

* Mechanical Components Examination—What
started as a broad scope program ended up focussing
on the polar crane refurbishment. This was a very
important early activity because the polar crane was
key to many activities necessary to proceed with
disassembling and defueling the reactor vessel. In
cooperation with others, the crane was evaluated,
refurbished as necessary, and requalified for use.
Because of a lack of apparent damage, most other
mechanical components were believed to be rela-
tively too expensive to retrieve from within contain-
ment.

* Portable Spectroscopic Detectors—A compact (35-
kg) scintillation spectrometer was developed by New
York University. The value of this project was to
provide a unit that was much easier to use than larger
units that were state-of-the-art at the time.

* Chemical Decontamination Studies—There was
early interest in the possibility that chemical decon-
tamination would eventually be needed to clean the
primary system. EPRI first sponsored a review of
candidate reagents and combinations for a chemical
decontamination process. A followup project bench
tested the prime candidates and estimated the magni-
tude of the reagents and waste processing that would
result.

¢ Nonchemical Decontamination Techniques—After
studies showed thatchemical decontamination would
mean significant waste problems, EPRI helped sponsor
the demonstration of several devices such as flex-
hones, ultra-high pressure water jets, and others de-
vices. One task developed an articulated arm for
decontaminating the underside of the reactor vessel
head with water spray should it be needed during
head removal. This was unnecessary; however, the
device was later used to determine the mobility of the
particlesin the bottom of thereactor vessel displacing
them.

* Remote Technology—EPRI participated in the de-
velopment and testing of several remotely controlled
vehicles and devices. These were primarily used for
assessment and decontamination work in the highly
contaminated containment basement.

¢ Cool Suit—EPRI sponsored development of an ice
vest that was used extensively during containment
entries to reduce heat stress to the workers.
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* Analysesand Evaluation of Accident Scenario—EPRI
participated in studies that used data from the de-
graded core to validate analysis methods to predict
severe accident characteristics and consequences (the
Modular Accident Analysis Program).

There were other specific technology development
projects sponsored or partially supported by EPRI. They
included software, hardware, and expert consulting.
Most of these were related to waste management and
decontamination challenges per the original GEND
agreement.

In mid-1984, with the announcement of direct contribu-
tions to the cleanup by the Edison Electric Institute,
EPRI'srole changed. The focus then became specifically
to evaluate and transfer cleanup technology and severe
accident R&D results to the U.S. utilities via reports,
demonstrations, presentations, and workshops. This
change was formalized by a memorandum of under-
standing signed by EEI, EPRI, and GPU in February 1985
(MOU 1985).
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STABILIZATION

3.1 Overview

As theaccident ended, the pressing need was to stabilize
conditions throughout the plant. How to keep control of
the reactor? How to regain access to vital but highly
contaminated areas of the plant? How to contain and
manage large quantities of radioactive water and gas?

The months following the accident—when these
questions were answered—were later defined as the
“Stabilization Phase.” It was:

“...directed toward achieving a reasonable degree of |

control for reactivity, water inventory, reactor coolant
system temperature and pressure, mobile radioactive
fission products, and radioactive wastes, as necessary, to
permit longer term tasks to proceed safely” (DeVine and
Negin 1984).

These goals were basically clear from the beginning, but
the terminology and duration were not. Many thought
they were ina “recovery phase” that would put the plant
back online in a few weeks or months. Others felt it was
a time of hectic yet successful efforts to plug the dike.

When the initial crisis period ended on April 4,1979, the
engineering and operations challenges appeared
staggering. Whileindividual tasks had past analogs, the
magnitude was far greater. The situation facing the staff
was: '

* The extent of damage to the reactor was unknown.

* Reactor coolant system pressure and volume control
were being maintained by non-safety-related
equipment, leading to concern about long-term
reliability.

¢ Decay heat was being removed by non-safety-related
equipment because using the installed safety-related
system would have resulted in much higher radiation
levels in parts of the auxiliary building.

» Theauxiliarybuilding had recurrentair contamination
problems and the containment held approximately
64,000 curies of krypton-85.

* High dose rates inside the plant limited access and
threatened to damage important equipment (dose
rates ranged up to several thousand R/h).

* Liquid radioactive waste was being generated faster
than it could be processed and threatened to exceed
available tank capacity (approximately 3.8 million
liters of contaminated water existed and the volume
was steadily on the rise, especially in the containment
basement).

The firstone to two months werean emergency period of
gaining control; the following months saw that control
consolidated. By the end of 16 months, the project had
addressed the overriding questions of safety and control
posed by the postaccident conditions:

* The threat to the workers, public, and environment
was vastly reduced.

* Removal of decay heat from the reactor was passive.
* Radioactive gas was no longer a significant concern.

¢ Theinflux of water wasminimal and water processing
systemswere eitherinoperation or under construction.

* Waste storage was adequate.

s Accesstomostplantareas, including the containment,
had been gained and the work of detailed
characterization, planning, engineering, and cleanup
could begin.

Figure 3-1 shows the major milestones of this phase.

Because of the emergency nature of the stabilization
tasks, parallel paths were usually taken to the same end.
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Whichever path first led to the desired result was used.
The others wereeitherabandoned or finished asa backup.
Because of time and procurement constraints, designs
often had to be fashioned fromthe available material and
equipment rather than from the optimum choice.

Theorganizational structureitself wasamajor contributor
to meeting the challenges successfully (see Section 2). It
was a project organization with a direct line of
responsibility from the top to the workers. A small
group of engineers and designers was assigned to each
task; they had the responsibility and authority to get the
work done. Close cooperation among operators,
engineers, craft labor, and suppliers permitted problems
to be addressed as they occurred. Within ten months of
the accident, this organization had installed and made
operational:

* A complete nudear-qualified ventilation and filtration
system

* Two diesel generators and an emergency power system
¢ Over 380,000 liters of new storage tank capacity

¢ Two ion exchange-based radioactive water processing
systems

* A secondary closed cooling water decay heat removal
system

* A passive reactor pressure control systemand many lesser
Systems.

Much of this was built in less than two months. Some of
these systems, such as the diesel generators and the
secondary side cooling system, were never needed.
However, others were major systems used for years after
the accident.

This section describes the stabilization phase first in
functional terms of how the reactor was controlled,
radioactive gas was contained, and electrical and other
supportsystems werebuilt. Decontaminationand waste
management efforts are discussed, but only for
completeness and to note those systems or facilities
unique to the first months (sections 6and 7 provide more
complete descriptions). The purging of krypton-85 from
the containment in the summer of 1980 concludes the
section as it concluded the first phase of the cleanup
(Section 4 discusses the effort to re-enter the containment).

Stabilization

3.2 Reactor Control

Even at a plant as damaged as TMI-2, certain essential
operational and control functions were considered
necessary to keep the reactor cool. These were:

¢ Maintaining reactor coolant flow
¢ Maintainingreactor coolant system(RCS) heat removal

* Maintaining RCS water inventory

Controlling RCS pressure
 Ensuring that the core remained subcritical.

These functions will be used to address reactor control
operations during the stabilization phase.

For perspective, the conditions shortly after the accident
and at the beginning of the stabilization period were:

* Reactor coolant system pressure—~1165 psig

o Reactor coolant temperatures—~389 to 394 K
(240-250°F)

e Incore thermocouple temperatures—~589 to 644 K
(600-700°F)

¢ Reactor coolant flow—forced circulation using the
“A” pump in the “A” once-through steam generator
(OTSG) loop

¢ Heat removal method—steaming to the main
condenser from steam generator “A”

e Containment temperature—~320 X (117°F)
* Containment pressure—~negative 0.2 psig
 Dissolved gases existed throughout the RCS
* Unknown core cooling conditions

* No reactivity control.

3.2.1 Reactor Coolant Flow

The severely damage core and resulting large quantity of
noncondensible gas threatened to block coolant flow.
The project team had to act quickly to gain control, and
then, over the course of several months, establish the
long-term reliability of coolant flow.
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3.2.1.1 Noncondensible Gases

The most immediate challenge to stabilizing the reactor
wasthelargequantity of noncondensible gases, primarily
hydrogen, that had collected in the reactor coolantsystem
highpoints. The so-called “hydrogen bubble” was never
indanger of exploding because it had been formed by the
zirconium-water reactionand thus no oxygen was present
inthegas.! The primary threat was that gas would create
disturbed flow conditions (i.e.,accumulate and block the
hot leg “candy cane” pipe to the reactor vessel) and
perhapslead to pump damage. These pockets of gas had
to be removed in order to maintain sufficient coolant
flow to ensure decay heat removal.

The operations staff quickly developed procedures to
control and remove the noncondensible gases from the
primary system. Thisdegassingoperation was conducted
by: 1) maintaining the system pressure high (300-1100
psig) to force the gas in the loops and reactor vessel into
solution; and 2) by continually adding reactor coolant
makeup water. The solution was then sprayed into the
pressurizer. By maintaining the pressurizer temperature
considerably higher than the coolant system, the gas
effervesced and was then partially removed by venting
the pressurizerinto the containment. It wasalso removed
by depressurizing the letdown water to the purification
system. Six days were required for the hydrogen to be
effectively removed—it was one of the first major recovery
tasks successfully completed.

3.2.1.2 Forced Circulation

Eight days after the accident, the only then-operating
reactor coolant pump in loop “A” stopped because of
vibrations; the other loop “A” pump was started two
minuteslater. Because of concerns with potential leakage
in the “B” once-through steam generator, that generator
was not used for heat removal and, consequently, the
loop “B” reactor coolant pumps werenot used. Theyalso
had indications of high vibration.

To operate the reactor coolant pumps required a system
pressure of approximately 175 psig to prevent cavitation.
Without reliable instrumentation, it was possible to
inadvertently reduce the pressure below that required
for pump operation. Therefore, even if a pump were
operating satisfactorily, loss of the instrument functions
could effectively reduce the operators’ confidence to the
point of stopping the pumps, thus causing potential loss
of forced circulation. To avoid using the “B” loop in the
event that the remaining “A” loop pump was stopped,

"This should not be confused with the hydrogen burn (a pressure spike of at
least 28 psig}, which occured in the containment atmosphere on March 28,
1878.
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plans were developed for natural circulation heat removal
without reactor coolant pump operation.

3.2.1.3 Natural Circulation

Natural circulationisdefined asoccurring when the flow
through thereactor coolant systemis driven solely by the
thermal buoyancy (density difference) of water heatedin
the reactor and cooled in the steam generators. Natural
circulation wasexpected tobereliable (and notdependent
uponmechanical pumps), but there were questionsabout
whether the transition to it would be successful. The
available alternatives to natural circulation cooling,
including high- and low-pressure injection or
recirculation, did not offer the same long-term assurance
of reliability and fission product containment.

On April 27, 1979, the sole operating reactor coolant
pump (“A”) was stopped because of the failure of the
third and last pressurizer level transmitter. With this
event, operators made the planned switch to natural
circulation. Two immediate advantages were gained:

* The system was more reliable because fewer
mechanical and electrical components wereoperating

* A large source of reactor coolant heat was removed
when the reactor coolant pump was shut down.

At that time, the energy input from the reactor coolant
pump was approximately two-thirds of the total reactor
coolant heat load, with reactor decay heat providing the
other third (the heat was then being removed by the
steam generator). Thus, when the pump was stopped,
the reactor coolant system began to cool.

Cold shutdown conditions were established on the
evening of April 27, 1979.2 At first, both once-through
steam generators were used with steam directed to the
main condenser and the turbine turning gear running.
Withinaday, the “B” steam generator wasisolated when
there wasaradiationlevelincrease detected in the station
vent. This was later determined to be the result of
changing the station vent filters; however, the “B” steam
generator remained isolated throughout the following
years.

Thedecay heatload continued to decrease,and sodid the
natural circulation flow rate. The operators were
concerned that flow would be lost and temperatures rise
as smooth natural flow diminished. However, time and
observation of natural circulation behavior answered
this question satisfactorily.

2Cold shutdown, the most passive state for a nuclear piant, is a condition

defined as negative reactivity, zero power, and a reactor coolant temperature
low enough to avoid boiling, usually specified as below 366 K (200°F).



One unanticipated occurrence was a flow transient in the
reactor coolant system— commonly knownas the “B” loop
“purp”. It is illustrated in Figure 3-2. (This phenomenon
occurred in both steam generators, but “B” is used here as
an example.) The fluid in the “B” steam generator and the
“B” loop isolated cold legs gradually cooled until the
density was high enough to initiate natural circulation flow
in the “B” loop. The flow was only sustained until the
warmer fluid from the reactor vessel displaced the cold
fluid in the “B” steam generator and cold leg. Hence, the
phenomenon was more a repositioning of fluid of different
densities to achieve hydraulic balance. The fluid was then
stationary for several daysuntil another “burp” occurred.

Theobserved behavior of theisolated “B” steam generator
provided insights on what to expect when natural
circulation ceased altogether and it removed fears that
the core might overheat once circulation stopped for the
first time. When the temperature difference between the
reactor vessel and the steam generators was sufficient,
natural circulation would restart. Continuous natural
circulation stopped in October 1979. As expected,
circulation periodically re-established itself without the
need for activemeasures by the plant staff. The periodicity
of the surges was initially at about four hours per burp of
hot water into the cool steam generators. The period
gradually increased to over 200 hours. In January 1981,
the loss-to-ambient mode of decay heat removal
(convection and conduction to the containment
environment—see Section 3.2.2) superseded natural
circulation.

3.2.2 Heat Removal and Achieving Cold Shutdown

Getting to and ensuring cold shutdown did not follow
the normal course. Many alternative decay heat removal
systems were investigated, several were completely
designed, and one was completely installed. All of them
were conceived and developed with an eye on the then-
current emergency conditions; i.e., decay heat in the
thousands or several hundreds of kilowatts. But that
production level continued to diminish over thesummer
and autumn of 1979. In the end, the reactor cooled via
natural circulationand, eventually, loss-to-ambient. The
over-design of some of thealternative decay heatremoval
systems consumed resources but seemed prudent at the
time.

The normal scheme of decay heat removal for the
TMI-2 pressurized water reactor (PWR) used the once-
through steam generators to cool the reactor (initially to
approximately 395 K or 250°F) and then used a medium-
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pressure decay heat removal system to achieve cold
shutdown.

The TMI-2 decay heat removal system’s design pressure
was 350 psig. Because of the need to maintain RCS
pressure between 900 and 1100 psig for degassing
operations, reactor system pressure was necessarily
greater than that allowed by the design of the decay heat
removal system. Consequently, the decay heat removal
system was not used during the first week after the
accident. That turned out to be extremely fortunate
because the very high specific activity (approximately
10,000 uCi/ml) of the coolant water made using the
decay heat removal system something to avoid at almost
any cost. If the decay heat removal system had been used,
thedoserates near the systemwould havebeen prohibitively
high—approximately 11,000 R/h adjacent to where the
pumps werelocated. Inaddition, leakage from the existing
pump seals would probably have caused severe
contamination problems.

The only viable installed alternative to the decay heat
removai system was to use the steam generators to achieve
and maintain cold shutdown. This meant operating the
secondary side equipment indefinitely, and relying on
non-safety-related components to cool the reactor. At the
beginningof the recovery, noonecould be certainhowlong
that method of decay heat removal would work. If any of
the major components failed, there would be no choice but
tousetheinstalled decay heat removal system(see Appendix
O). Figure 3-3 illustrates the method used to remove decay
heat (and to force circulation) shortly after the accident.

By April 4, 1979,with decay heat production down from
160,000 kW to 5400 kW, the crisis phase of the accident was
over. The noncondensible gas pockets had been removed
from the reactor coolant system and the general situation
had stabilized. A concerted effort then began to cool the
reactor enough to achieve cold shutdown. To achieve cold
shutdown while steaming with the steam generators,
operating temperatures had to be below 373 K (212°F) in
order to remove stored energy in case of a leak. This
required operation of the steam generator shell sideand the

‘main steam piping at vacuum conditions. The main

condenser vacuumpumps wereused toreducethe pressure
inthe steam system. The plant wascooled from413t0 386 K
(283 to 235°F) between April 13 and April 19, 1979. On
April 19, the main turbine started turning as a result of
opening a bypass valve to increase steam flow to the
condenser. The reactor coolant temperature decreased to
360 K (188°F) and cold shutdown was initially achieved
on April 27, 1979 (the temperature later briefly rose above
cold shutdown conditions).
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Figure 3-3. Decay Heat Removal through Steam Generators
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Because of the potential vulnerability of secondary side
heat removal and the undesirability of using theinstalled
decay heat removal system, the project team decided to
develop backup methods to remove the decay heat from
the core. Several concepts were defined that included
short- and long-term approaches. Ultimately, these
concepts evolved into three general methods of
implementation, each with its advantages:

¢ Install new primary side systems—The main
advantage of installing a new primary side decay heat
removal system was thatitcould bemoreoperationally
versatile; i.e., could also be used for chemistry,
inventory, and pressure control.

* Installnew secondary side systems—Secondary side
approaches were more expedient because the bulk of
the heat removal equipment was already installed
(i.e., steam generators, main steam piping, condensate
piping, the main condenser, vacuum pumps, etc.) and
mostof the work could be done in the turbine building,
which was barely contaminated by the accident.
Furthermore, the steam generators isolated the reactor
coolant to within the containment—this permitted the
use of conventional, nonnuclear components, which
simplified the procurement, design, and construction
efforts.

* Improve reliability of existing secondary side
systems—This approach was theimmediateresponse
and, because the systems were not classified as safety-
related, was opento questions of long-termreliability.
No commercial PWR had ever operated its secondary
side systems long enough to achieve cold shutdown.
The systems were not designed for the low flow rates
and low heat loads associated with achieving cold
shutdown. No one could be certain how long,
chronologically or in terms of performance, secondary
systems would continue to work.

The project team decided to continue using the steam
generators for heat removal while proceeding in parallel
with the following specific alternatives:

* Onthe primary side, an alternate decay heat removal
(ADHR) system was begun outside the fuel handling
building—it was never completed because it was too
ambitious, posed serious environmental risks, and
was oversized (see Appendix D).

* Onthesecondaryside,along-term “B” cooling system
was partially installed—it remained unused initially
because of some doubt about its reliability and

eventually because loss-to-ambient proved to be a
satisfactory method of heatremoval (see Appendix E).

e When the project team realized how long it would
take to build the ADHR, asmaller, safety-grade seismic
system was built, tested, and turned over to the plant
operations staff. Although never used, this system
—called the mini-decay heat removal (MDHR)
system—was intended for the long haul at low decay
heat generation rates. It remained in standby after
installation (see Appendix F).

e Because of the potential failure of the existing
condensate pumps, abackup mini-condensate system
was installed (see Appendix G).

Asitturned out, until decay heatbecame sufficiently low
to rely on direct heat transfer to ambient, the only decay
heat removal path used after the accident was via steam
generator “A” and the main condenser.

By 1980, the reactor appeared able to cool itself via heat
loss to the atmosphere and via portions of the primary
system submerged in the flooded containmentbasement.
In November 1980, a test of the loss-to-ambient mode of
cooling was completed. No significant increase inreactor
coolant system or containment temperature was noted.
In January 1981, the turbine bypass valve from steam
generator “A” to the condenser was closed, isolating the
primary system from all active cooling modes. Loss-to-
ambient became the sole mode of decay heat removal.
(From January to December 1981, decay heat generated
by the core decreased from 95 kW to 50 kW; by 1983, it
was less than 30 kW.) The ability to use the loss-to-
ambient method for heat removal was a significant plus
for the project because it simplified a task that could have
been far more complex. ‘

3.2.3 Primary Coolant Volume and
Pressure Control

The systems for reactor coolant system volume and
pressure control were lost as a result of the accident.
Although operators were able to work around the
problems temporarily, the constructionofanew pressure
control system was necessary.

When the accident fragmented the core, the letdown to
the makeup system became loaded with solids. On the
day of the accident, the letdown flow was lost because of
blockagesin the system. Letdown flow was reestablished
the next day, at a reduced flow rate of approximately



9.5E-04 m*/s compared with the normal 2.8E-03 m?/s.
This flow was achieved by bypassing the letdown filters
and the purification demineralizers, leaving the reactor
without a cleanup system.

The normal method of controlling the reactor coolant
pressure was to increase pressure with the pressurizer
heaters and to reduce pressure with water sprayed into
the pressurizer steam space. Water for volume control
was supplied by the makeup pumps, which were also
the high-pressure safety injection pumps. The letdown
system removed water from the system via filters and
demineralizers, which purified the water before it was
used again for makeup.

The makeupsystem wasin operation during theaccident.
However, blocked letdown flow mandated throttling
both makeup flow and seal injection flow. The makeup
pumps provide cooling and seal water to the reactor pump
seals inaddition to providing makeup water to account for
the leakage from the system. However, the chemistry and
purity of this water was suspect. The dose rates near the
makeup system were extremely high—in excessof 1000R/
h in places—which made normal surveillance and
maintenance impossible.

Asdescribedin Section 3.1.1, thereactor coolantsystemhad
tobe maintained ata high pressure because of the presence
of noncondensible gases in the system. The pressurizer
heaters and their electricity supply had to be relied upon
underadverseenvironmental conditionsin the containment,
through which the heater electric cables are routed. The
insulation on the power cables feeding the pressurizer
heaters was not intended to operate in the high-radiation
environment inside the containment. In addition, most of
thetransmitters for the pressurizerinstruments werelocated
in the basement and were threatened by the amount of
water being added and a rising basement water level.

Because of the makeup system’s inaccessibility and the
threat to pressurizer control reliability, the project team
decided that a new method was needed to control the
inventoryand pressure of the reactor coolant systemand to
provideameansof water chemistry control. Anengineering
project was begun immediately to design a new pressure/
inventory control system.

Aslongasthe pressurizer heatersand instrumentssurvived,
the pressurizer could be used. The pressurizer pressure
and level instruments ultimately proved to be the weak
link. Readings were suspect almost from the beginning.
The operations staff tried to develop a backup level
measuring system based on a highly precise pressure
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gaugeontheletdownlineoutside of containment. Thisdid
not prove to be sufficiently accurate because the level
changes were on the order of less than a meter of water (i.e.,
differential pressures of 5 to 10 psi), while the pressure was
several hundred psig. Consequently, any changes were
very difficult to measure.

While work proceeded on the new system, plant operators
had to maintain pressure with the available systems. After
the last of the pressurizer level instruments failed on April
27,1979, the pressurizer could no longer reliably be used to
maintain pressure. The pressurizer was then filled with
water, and the reactor pressure and inventory were
controlled by balancing the makeup and letdown flows.
This was predominantly done by balancing the choked
letdown by manually throttling the seal injection manual
(leaking) valves and completely closing the makeup valve.
Thismethod of pressure control was very sensitive because
itrelied on the compressibility of water and elasticity of the
system boundaries for a cushion. Nevertheless, because
the heat input to the system was not changing very fast,
controlling the pressure control in this manner generally
worked well.

The main disadvantage of operating the reactor coolant
system solid was that it relied on active componentsover a
long period of time. The makeup pumps had to bekept on-
line and the valve used to throttle the letdown flow had to
be regulated. Small leaks in the makeup system piping
added to the contamination problems in the auxiliary
building and were a primary pathway for the release of
radionuclides. Eventually, a different way of operating
would be necessary.

Two conceptsforinventory, pressure,and chemistry control
were pursued:

* An active pressure/volume control system similar to
the existing makeup system

* A passive accumulator system similar to a pressurizer.

The two concepts were subsequently combined into one
system called the standby pressure control system (SPCS),
which consisted of pumps and accumulator tanks using
nitrogen gas for surge suppression (see Appendix H). In
April 1979, three 3400-L surge tanks (originally for a fast
boron injection system), two large and one small
reciprocating charging pumps,and 12largenitrogenbottles
were procured. These were connected to create a standby
pressure control system. TheSPCS, although not complete,
wasavailable to goonlinebyJune1979,if aneed developed.
The system was essentially completed by the end of 1979.
It wasconnected to the reactor coolantsystemin early 1980.

3-9
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Figure 3-4 shows a schematic of the SPCS, which is also
shown installed in Photo 3-1.

The operators preferred using the existing makeup pumps
because the pumps were familiar to the operators and
could be operated from the main control room. This could
not last, however. In February 1980, a fitting broke on
makeup pump “1B” and 3200 liters of reactor coolant
spilledinto theauxiliarybuilding. Thisresulted fromstarting
the “1A” pump while the “1B” pump was operating. The
resulting water hammer ruptured a small compression
fitting on one of the pumps. The consequent krypton-85
release forced the evacuation of the auxiliary building and
interrupted decontamination activities. The broken fitting
was isolated and the system was restarted to maintain
reactor coolant pressure.

This event reinforced the need to change the method of
pressure control. The makeup system had operated too
long without routine maintenance and so the makeup
pumps were stopped in March 1980, and never restarted.
At the time of the 3200-L leak from the makeup pumps,
the SPCS system had been in standby and floating online
“in test” for several months. After thisincident, the SPCS
wasformally placed in operation and became the primary
method of controlling the pressure and inventory of the
reactor coolant system. It remained in operation from
March 1980 through the summer of 1984, when the
reactor was depressurized before vessel head removal.

3.2.4 Reactivity and Boron Control

Given the unknown severity of core damage, the control
rods were not relied on in any way for reactivity control
and assurance of shutdown. The 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 coolant.

Later knowledge showed that the control material was
essentially gone from the core region as a result of
melting. Still, recriticality was virtually impossible
because of the non-optimum configuration of the
agglomerated fuel in relation to the surrounding water.
This was unknown at the time and the project staff then
judged it imprudent to rely on analyses or models when
a method assuring shutdown with boron was available.

The normal boron concentration in the TMI-2 reactor
coolant system was 1000-1500 ppm. Just before the
accident,aroutine sample of thereactor coolant contained
1026 ppmboron. A sample taken shortly after the reactor
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trip indicated a boron concentration of only 700 ppm.
This caused concern, especially when, two hours later,
another sample showed a boron concentration of
approximately 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
caused by low pressure and high temperatures. Much of
the water in the coolant sample, which was taken from
the loops, was condensate that contained no boron;
whereas because of boiling, there was a higher than
normal concentration in the core.

Immediate steps were taken to raise the boron
concentrationin the RCSbecause of thelow concentration
samplesand the higher than normal neutron fluxreadings
from the source range monitors. As a result of these
efforts, boron concentration increased to 1750 ppm.
Because of the uncertainty regarding theextent of damage
to the core, the boron concentration was then raised to
over 3000 ppm and this limit incorporated into the
technical specifications. The limit was eventually raised
to 4,350 ppm to support defueling (see Section 5.5.1 for
more discussion of recriticality issues).

Boron concentration was controlled primarily by limiting
the sources of makeup water containing the requisite
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 coolantsamples were analyzed weekly
to confirm this method of control. The routine was that at
4 a.m. on Monday, 500 cc of water (at 8 R/h on contact)
were withdrawn, sealed, staged, packed, doubly packed,
takento theairport, flown by chartered flight to the B&W
laboratories in Lynchburg, VA, analyzed, and results
reported by noon.

This approach had the disadvantage of not being able to
detect rapid changes in boron concentration resulting
from possible equipment failures. For this reason, a
boronometer was ultimately added to the temporary
sample sink (see Section 3.5.2). Theboronometer provided
on-lineboronconcentration readings that would indicate
any boron dilution events. After the boronometer was
put into operation in 1980, this method of reactivity
control by boron concentration was not changed.

3.3 Controlling Radioactive Gas

Because of the need to work more efficiently and the
seriousness of offsite releases, controlling radioactive
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Photo 3-1. SPCS Pressure Control Vessels



gases was a high priority task of the early recovery.
Several courses of action were initiated to address the
problem. These included:

* Releasing the contents of the waste gas decay tanks
into the containment

* Finding the source of the leakage into the auxiliary
building

¢ Replacing the charcoal filters when the dose rates
subsided

* Designing a charcoal bed adsorption system

¢ Designing and constructing a new AFHB ventilation
system

¢ Purging the containment of krypton-85 {(see Section
3.7

To understand why these actions were necessary, it is
first necessary to understand how radioactive gas was
handled during the accident. Normally, waste gas was
transported via a vent header, compressed into storage
tanks, held up fordecay,and filtered before being released
to the environment.

During the accident, ruptured fuel released substantial
quantities of gaseous fission products and the rapid
oxidationof zirconium claddingreleased large quantities
of hydrogen, all into the reactor coolant. As a result of
RCS letdown to auxiliary building systems, these
noncondensible gases were carried to various low
pressure tanks in the liquid cleanup system, where they
came out of solution. (These gases were the primary
source of problems.)

On theday following the accident, plant operators began
periodic manual venting of the makeup tank to the waste
gas collection manifold in order to eliminate the tank
back-pressure. However, because of theefforts to reduce
the gasbubble in the reactor coolant system, the pressure
buildup in the makeup tank could not be controlled by
periodic purging. On the second day following the
accident, the pressure in the makeup tank opened the
relief valve and all of the water in the makeup tank was
discharged to the reactor coolant bleed holdup tanks
(three 300,000-L tanks in the auxiliary building used for
primary systeminventory control). Because the makeup
tank was the direct source of water for primary system
makeup, the water level had to be restored and the
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operators had to manually open the makeup tank ventin
order to restore it.?

These gaseous releases were causing serious airborne
contamination problems inside the auxiliary building.
Increased airborne contamination also resulted from
releases from the waste gas compressors located across
the hall from the detector. (Direct exposure from the
makeup tank behind a 1-m-thick reinforced concrete
wall also contributed to the reading.)

There was increased pressure in the makeup tank as the
result of offgassing the letdown water it received; thisin
turn interfered with reactor coolant system letdown
operations. In addition, small leaks in the vent header
that were of only minor concern before the accident
became a direct pathway for release of fission product
gases to the auxiliary building. Surveys on March 28,
1979, showed that the dose ratesin the auxiliary building
basement (El. 282"} were 3540 mR/h, while the dose
rates on the grade floor (El. 305) were 300400 mR/h.
This indicates that the major contributor to the area dose
rates was airborne contamination. The gaseous releases
forced all personnel activities in the auxiliary building to
be performed wearing self-contained air packs, which
greatly reduced efficiency and increased fatigue.

Theradioactive noble gases were unaffected by the plant
ventilation system filters and were released to the
environment. Based on data then available,
approximately 2.5 million curies of noble gases and 7.5
curies of iodine-131 were released during the first week
of the accident (Rogovin 1980).

3.3.1 Releasing Waste Gas Decay Tanks

Theeffects of theleaksinto theauxiliary building were so
pervasive that the sources were not easy to identify.
Every time the waste gascompressors started, theairborne
contamination increased. The most likely source
appeared to be the waste gas decay tanks—the
explanation was believed to be that operation of the
compressors was opening the tank relief valves.

To reduce tank pressure, the gas was released to the
containment. This proved to be acceptable after analysis

SThe makeup vent valve was opened at approximately 07:10 on the morning
of March 30, 1979, and left open for two hours. A 1200 mR/h beta-gamma
exposure rate was measured from a helicopter 40 meters above the Unit 2
containment approximately 50 minutes after opening the makeup tank vent
vaive. This measurement and the ensuing confusion about its meaning were
major factors in convincing Governor Thornburgh to issue his limited
evacuation advisory for pregnant women and children.
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showed that the amount of hydrogen in the waste gas
decay tank, which was approximately 50% hydrogen,
when mixed with the 56,000 m?®of air in the containment,
would remain well below the 4% operating limit for
flammability. To conduct this operation, a temporary
hose wasrigged to acontainment penetrationinstrument
tubing to provide a path for venting the tanks. For five
days, the contents of the waste gas decay tanks were
transferred to the containment. The pressure in thetanks
was reduced considerably, but the effort did not reduce
the dose rates in the auxiliary building.

3.3.2 Waste Gas Leakage

After the contents of the waste gas decay tanks were
vented to the containment, the dose rates and airborne
contamination were expected to decrease tonear normal.
In fact, neither condition improved noticeably after the
tanks were emptied. The gas releases continued at
irregular intervals. The releases normally occurred in
the form of a sudden increase (spike) in the gas activity
measured by the auxiliary building monitors. The peak
activity typically occurred about 30 minutes after the
onsetand then decayed back to equilibrium in one to six
hours.

In late April 1979, a “Find-the-Leak” task force was
formed. Itsleak detection method was toisolate sections
of the waste gas decay system. Radiation measurements
were then taken to determineif there wasany measurable
effect on airborne contamination. When the leaking
portion of the system was identified, more precise
detection techniques were used to locate the exact leak
locations.

Spikesin the airborne activity that apparently correlated
with large changes in the water level in the makeup tank
caused suspicion to center on either a leaky vent valve or
relief valve on the makeup tank. A controlled test
involving changing the water level in the tank showed
poor correlation between the level changes and
radioactive gas releases.

The task force then focused on the compressors. Finally,
the leaks were traced to the “A” compressor, which had
a holeinitscasing—aresult of operating without cooling
water flow. The compressor wasremoved, repaired, and
reinstalled, and the major gas leak was eliminated.

There were other gas leaks in the system. Several of the
diaphragm valves in the waste gas system had ruptured
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or torn diaphragms. Radioactive gas leaked through the
valve stems of these valves directly to the building. The
reactor bleed holdup tank valves and/or fittings also
leaked.

In addition to the direct gas leaks, radioactive iodine
contamination was occurring. Two months after the
accident, a test was performed to determine the direction
of air flow in the building. This test showed that the air
was migrating upward from El. 305’ of the fuel handling
building and theninto the auxiliary building through the
doorways and wall penetrations. This meant that the
source of the iodine contamination was on the ground
level of the fuel handling building (Graber 1979).

Thelargest source of iodine wasidentified in the makeup
valve gallery in the fuel handling building, where some
of the valves had leaked. The floor was covered with
deep deposits of boron crystals that resulted from the
evaporation of reactor coolant. These crystals were
contaminated with iodine and other fission products.
Thisarea was decontaminated to reduce theiodine source
term, but by that time there wasalready enough airborne
contamination in the AFHB to maintain the equilibrium
concentration far too high for access without respirators.
Notuntilageneral decontamination effort was completed
was the requirement for respirators in the auxiliary
building removed.

3.3.3 Condenser Air Extraction Filtration System

TM1I-2 used three mechanical vacuumpumps to maintain
the vacuum in the main condenser. Two of these pumps
were normally required for routine operation and the
third was maintained in standby with automatic starting
capability. The discharge of the vacuum pumps was
routed to the auxiliary building stack downstream of the
filtration system because the air removed from the PWR
condenser was normally nonradioactive. The fact that
TMI-2 used mechanical vacuum pumps rather than steam
jetair ejectorsmadeit relatively easy to maintain vacuum
in the condenser and, later, in the entire secondary side
of the plant because to do so did not require steam to
drive air ejectors. As discussed in Section 3.2 on decay
heatremoval, the secondary plant, and, thus, the vacuum
pumps, were operated until the plant went to loss-to-
ambient cooling in January 1981.

Earlyin theaccident, whenreleases from the AFHB were
in excess of technical specifications, much attention was
directed toward the effectiveness of the building air



filtration system. However, there was concern that the
releases might be coming from the main condenser
because the condensate was known to be contaminated
and the condenser air extraction system discharged
downstream of the auxiliary building filtration system.

This concern led to a decision to install a system to filter
the vacuum pump discharge. The system was designed,
procured, installed, and tested within two weeks of the
accident. The filtration unit was located in the turbine
building basement just to the west of the “C” condensate
booster pump. It was a 0.9-m*/s packaged unit with a
prefilter, a HEPA filter, a charcoal filter, and a HEPA
filter. It was operated effectively until the condenser air
extraction system was secured.

3.3.4 Charcoal Bed Filtration Systems

Work was conducted on a contingent method of dealing
with the gas in the waste gas decay tanks. Rather than
vent the contents into the containment, a design was
initiated for a radioactive gas treatment system based on
the use of large activated charcoal beds, similar to those
used in boiling water reactors (BWRs) for offgas holdup.
This task became moot when the contents of the waste
gas decay tanks were successfully vented into the
containment.

Engineersalso worked on a variation of this concept that
wasarecycle systemintended to purify the containment
atmosphere by controlled purging of the system through
a charcoal bed cleanup system, and then returning the
processed gas to the containment. Compressors would
pump gas through charcoal filters, which would absorb
radioactive iodine, hold up noble gases to allow their
decay, and trap their solid radioactive daughters. The
gases would then be passed through particulate filters to
remove charcoal dust before the gas was routed to the
stack or back into the containment.

After the waste gas decay tanks were vented to
containment, the urgency for this system diminished.
Administratively, the NRC had decided that an
environmental impact statement was required before
any approved releases would be allowed. More
importantly, the recovery staff had to contend with the
need to processand storeliquid wastes. Theseinfluences
resulted in termination of the design effort for the charcoal
beds. The concept was later used in an evaluation of the
alternatives available to purge the containment.

Stabilization

3.3.5 AFHB Filtration System

Enhancing the existing AFHB filtration system became a
priority in order to support decontamination and to
control releases to the environment. The installed air
handling system for TMI-2 consisted of separate push-
pull heating and ventilating systems for each major
building. Each system consisted of a supply air system
and an exhaustair system, which provided once-through
ventilation with no recirculation.

When the radiation detector upstream of the filtration
units detected excessive radiation, the bypass damper
was closed and the filtration unit damper was opened. If
the radiation detector downstream of the filter detected
excessive amounts of radiation, the supply system was
isolated, whichreduced the flow rate through thefiltration
system and caused the building to operate at
subatmospheric pressure, ensuring allleaks were inward.

Because of a temporary alignment that had been in place
for several months while pre-accident ventilation startup
deficiencies were being resolved, all of the welding
smoke, dust, paintfumes, and other construction-related
pollutants had passed through the charcoal bed
adsorbents and the HEPA filters. The result was that the
charcoal adsorbents had been exposed to far more
contaminants in one year than they normally would
have been for many years of operation.

On April 4, 1979, the dose rates near the filter unitsin the
auxiliary building were approximately 300 mR/h,
dominated by the noble gases flowing through the units.
When the releases in the auxiliary building decreased
and natural decay had occurred, the dose rates near the
units were reduced to 50-120 mR/h. This permitted
access for replacing the charcoal cells in the filtration
units—anessential stepin reestablishing control of offsite
releases.

Only 80 spare charcoal filter trays were available at the
site. Within three weeks of the accident, 80 more charcoal
trays had been purchased and 200 additional trays had
been located in vendor warehouses. Actual work
replacing the charcoal trays began two weeks after the
accident. Twenty of the filter cells were replaced. Each
cell had to be removed individually, bagged to prevent
the spread of contamination, and placed in a waste
disposal container. All of the work had to be performed
inanti-contaminationclothing and respiratorsin general
area dose rates of 50-120 mR/h. Over the course of a
week, the filters werereplaced in the ventilation systems.
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Many of the charcoal trays installed in April had been
impregnated with potassium iodide and tri-
ethylenediamine to enhance iodine absorption. The
performance of these charcoal filters was monitored
closely and found to be decreasing in effectiveness. The
charcoal filter trays were again changed in the autumn
1979 and lasted through the stabilization phase of the
project. :

3.3.6 Auxiliary AFHB Air Filtration System

To ensure that the releases of iodine were controlled, the
projectteamdecided toinstalla temporary backup system
in parallel with the effort to replace the charcoal trays in
the existing system.

Within a week of the accident, the criteria for the backup
air filtration system were under development. Figure
3-5 shows the temporary AFHB filtration system as it
was eventually tied in with the existing air filtration
system. Functionally, the system duplicated theinstalled
filter system with an air capacity of 57 m3/s, redundant
fans, and a fire protection system. In addition, a heater/
dryer, airborne radioactivity detectors, and radiation
dose rate detectors not included in the installed plant
filter system were needed. Installation was required
within days.

The first challenge was to locate the equipment. Units of
the size and capacity required were not available from
suppliers on short notice and the only chance to meet the
schedule was to find suitable units that had already been
constructed for another nuclear power plant. Anintensive
search wasbegun of manufacturersand ownersof plants
under construction—eventually the units were located
at the Washington Public Power Supply System site.

Alternative locations and tie-in points for the filtration
system were studied. Installation inside the AFHB was
impractical because of the size of the equipment and
because the radiological conditions were unfavorable.
Thebest location was the roof of the building, which was
designed to withstand the impact from an airplane crash
and had 1.2-m-thick reinforced concrete walls and roof
(seePhoto 3-2). Theexisting ventilationsystemexhausted
through the auxiliary building roof. The tie-in point was
above the roof where the combined ventilation exhaust
ducts entered the station vent stack. The system was
installed on the roof adjacent to the stack. All of the
exhaust flow was forced through the new system by
capping the station vent stack.
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The system was used until after the containment was
vented in the summer of 1980. After the plant vent was
uncapped following the venting, this temporary system
was no longer needed.

3.4 Electrical System Improvements

As described in Section 3.2, balance-of-plant (BOP)
systems were firstused to cool thereactor—these systems
were powered from BOP electrical power sources. The
lack of redundancy in the BOP power system meant that
any interruption in electrical power would stop the
systems being used to cool the plantand potentially force
the use of the decay heat removal system, which was
undesirable.

In addition to needing a reliable BOP power system,
power was needed by the many new recovery systems.
These new systems needed to be powered by a BOP
electrical systembecause safety-related electrical systems
were still required by the plant’s license. The new
electricalloads had tobeadded while the existing systems
were being made more reliable.

An overview of the TMI-2 electrical distribution system is
showninFigure3-6. Auxiliaryelectrical power wasbrought
to the site by two 230-kV circuits from the Middletown
Junctionswitchyard of the electrical grid. The Middletown
Junction was located approximately 2.5 km from the plant
and was a major substation in the Pennsylvania-New
Jersey-Maryland (PJM) Interconnection. An auto-
transformer tie interconnects the 230-kV substation with
the 500-kV substation from TMI-2’s generator. Aninter-
tie to the TMI-1 generator was also provided.

On site, electrical power was stepped downin voltage to
6.9kV forthereactor coolant pump motorsand to4.16 kV
for all of the major power distribution buses in the plant.
Four of these buses were safety-related and backed up by
two redundant 3-MWe diesel generators. The rest of the
4.16-kV buses formed the BOP electrical system and
were not backed up in case the electrical grid failed.

3.4.1 Reliability of the External Grid

The existing electrical system supplying TMI-2 was very
reliable. It was interconnected with the PJM
Interconnection, which was interconnected with other
power pools.
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In order to improve the reliability of the electrical power
during the cooldown period, Metropolitan Edison and
the other power pool utilities undertook the following
precautions:

e All routine maintenance work was curtailed on
substations or lines in the area. This avoided the
possibility of an inadvertent loss of electrical power to
the plant.

* Operators were assigned to the Middletown Junction
and at the TMI-2 substations to back up automated
systems. The Middletown Junction and the TMI
substations were normally controlled remotely from
the Lebanon Dispatch Center. Soon after theaccident,
these substations were manned around the clock to
correct any malfunctions and to reset any breakers
that might trip.

* The TMI-2 substation and auxiliary transformers were
barricaded to eliminate any vehicular threat.

* Dailyrandom foot patrols were established to monitor
the 230-kV circuits in the area around TMI to ensure
that the proper clearances existed and to prevent/
detect sabotage.

* Combustion turbinesin Metropolitan Edison’s Western
Division that were connected to the 115-kV network
would be dedicated to the recovery and would be run if
any problems occurred at the Brunner Island Plant {a
1,500-mW coal-fired plantowned by Pennsylvania Power
& Light Co. located 5 km to the south of TMI-2). If it
failed, the voltage drop in the area might cause TMI-2 to
lose power. The Western Division combustion turbines
would be run in the event of thunderstorms in the area.

¢ All Metropolitan Edison maintenance supervisors in
thearea wereinstructed to providerapid maintenance
in case of any equipment malfunction.

These precautions remained in effect until the crisis
passed. In spite of the initial concerns, the electrical
power to the site wasnotinterrupted during therecovery.
When the plant achieved cold shutdown, normal BOP
electrical system and PJM power pool operations were
reestablished.

3.4.2 Balance-of-Plant Diesel Generators
A study of methods to improve the reliability of the TMI-

2 electrical supply systems determined that the source
reliability of four 4.16-kV BOP buses needed to be
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increased. Two of the buses required 2,500 kW. An
urgent search located two 2,500-kW diesel generators
that could be delivered to the site in a few days; they
arrived on April 9, 1979. Both generators were
skid-mounted and equipped for outdoor service (see
Photo 3-3).

One (“gray”) diesel was originally intended for nuclear
application at a BWR. It was equipped for remote,
automatic fast starts and had a solid-state fast-response
voltage regulator and other auxiliaries that made it ideal
for the application.

The second (“white”) diesel was designed for residential
and light commercial applications and had exclusively
manual controls. Extensive modifications were made to
the starting system to allow remote starting and to enable
it to automatically start and pick up lead within two
minutes. Because each diesel was required to be able to
startthe 520-kW condensate pump, a test was performed
to demonstrate that the “white” diesel generator was
adequate. This test was conducted because analyses
were inconclusive.

The units were set up to start automatically upon loss of
voltage and to close their own breakers after reaching
speed and voltage. They would re-energize their
respective buses that would be stripped of load upon
loss of voltage. The diesels were to be manually loaded.
This combination of automatic start and manual loading
was chosen because it allowed the operators to quickly
power whatever system they needed, but only when
needed. Devising anautomatic loading sequence would
havebeen difficult because of the continuously changing
conditions, addition and modification of systems, and
the inability to predicta precise course of events should
power be lost. Furthermore, because the core conditions
were not changing rapidly, there was no need for
automatic, instantaneous load sequencing.

Both diesels were installed and successfully test loaded
within six weeks of the accident. The diesels remained
on standby for approximately one year. There were no
power interruptions at TMI-2 after the accident so they
were never called into service. Eventually, they were
sold and, in December 1987, shipped to a Brazilian
power authority.

3.4.3 Increasing Reliability of Offsite Power

Concurrent with the backup diesel generators project, a
search began for a way to improve the reliability of the



other two busses, which powered the circulating water
pumps and required 4,000 kW each. It was impractical
to add two more diesels for several reasons:

* Diesel generator sets rated for 4,000 kW were usually
special order items that required long lead times for
delivery.

» They were also quite expensive and, if one could be
found, extraordinary premiums would be needed to
buy it.

» It would be difficult to find the space and the time to
install two more diesel generator sets.

The only remaining alternative was to install another
independent circuit to the site to power these buses. A
115/13.8-kV transformer at the Middletown Junction
Switchyard was selected and isolated from all other
connections except the 115-kV bus. The 115-kV bus was
backed up by the Western Division combustion turbines
and could supply TMI-2 with electrical power
approximately 20 minutes after a complete station
blackout.

Two 13.8/4.16-kV, 10-megaVolt-ampere-transformers
were brought to the site and installed adjacent to the
circulating water pump house, which wasashortdistance
from the circulating water pump buses. The transformers
were energized and connected to the busonMay 7, 1979,

The electrical transformers remained on standby for

approximately one year. Since no power interruptions
occurred after the accident, they were never called into
service.

3.5 Miscellaneous Support Systems

Inaddition to the operations discussed above, there were
several others that were of lesser importance, but
nevertheless needed.

3.5.1 Sample Sink

Thenuclear sampling system at TMI wasa shared sample
sink located in TMI-1. Reactor coolant samples after the
accident measured over 10,000 uCi/ml, and as a result
the dose rates near the 1.3-cm sample lines were quite
high(1to5R/h). These sample lines were routed inopen
areas and were causing elevated area dose rates in the
TMI-2 AFHB and in the TMI-1 auxiliary building, and
raising concerns about the spread of contamination.

Stabilization

To reduce these dose rates and to prevent the shared
sample sink from affecting the operation of TMI-1, a
temporary nuclear sample sink was installed for the
TMI-2 postaccident samples. The new sink provided for
recirculating and sampling water from points that
included the reactor coolant system and tanks that
received water from the systemand fromthe containment
basement. The sink was also the means for monitoring
thereactor coolant boron concentration. It waslocated in
the fuel handling building at grade level because all of
the sample lines from TMI-2 passed through a room
adjacent to that location. This permitted all of the new
sample lines to be shortand direct. All tie-ins were made
in the same general area.

Installation of the system began in May 1979; it was
operational by September 1979. In 1984, all of the sample
lines from TMI-2 were routed to this temporary sample
sink, converting it to the permanent sample sink.

3.5.2 Hot Chemistry Lab/Sample
Data Management

The amount of radioactivity in samples of the reactor
coolant and the water that was accumulating in the
containment basement was so much higher than usual
that normal analytical methods, equipment, and
procedures were inadequate. The hot chemistry
laboratory for the two TMI plants was located in TMI-1
and samples taken from TMI-2 made the laboratory
effectively inoperable and, sometimes, uninhabitable.

In May 1979, a laboratory design was proposed that was
very comprehensive in terms of analyses that could be
conducted. However, the proposed system was much
too complex and expensive to be built in the required
time. Therefore,a morerudimentary chemicallaboratory,
built inside a truck trailer, was modified for nuclear
applications. It was placed adjacent to the turbinebuilding
and was initially used to package samples for offsite
analysis.

This trailer was sufficient for the urgent need for a
nuclear chemistry laboratory but was inadequate for
detailed analyses. In October 1979, a gamma spectrometer
trailer was procured. Both trailers were tied together
with the air filtration system and with the necessary
electrical and utility connections. This laboratory began
operation in December 1979, and operated throughout
the stabilization period.
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Photo 3-3. Gray and White Backup Diesels



These twotrailers were subsequently replaced by a more
sophisticated trailer-mounted system provided through
the DOE and placed inside the fuel handling building.
This facility, known as MERL (mobile emergency
radiochemical laboratory) or MRL (mobile
radiochemistry laboratory), provided an onsite analytical
capability to support the recovery effort. It was used to
conduct much of the initial research on many highly
radioactive samples, including makeup demineralizer
resins, control rod drive leadscrew surface scrapings,
and containment sump water samples. Itsarrival enabled
the other two trailers to be used for other analyses. The
faster turnaround with MRL was very important for
minimizing delays in cleanup operations that required
radiochemistry analyses for planning or execution. A
more complete description of sample gathering and
analysis following the accident is contained in The TMI-
2 Data Acquisition and Analysis Experience (Urland and
Babel 1990).

3.5.3 Temporary Auxiliary Boiler System

The only method of cooling the reactor relied on the main
condenser (see Section 3.2.2). As the decay heat load
diminished with time, the pressure in the entire secondary
system was lowered below atmospheric in order to
continue steaming. Operating at this pressure required
gland sealing steam to be maintained for the turbine
shaft sealstoavoid airleakingin. This wasaccomplished
by using the auxiliary boiler located to the east of the
TMI-1 auxiliary building.

Using thisboiler eventually became a concern because of
water usage and the policy of separating the two units.
Therefore, a packaged, oil-fired boiler was purchased
and installed in the yard near the containment. It was
available for operation in October 1979, and operated
through the winter of 1979-80. The auxiliary boiler
became unnecessary when loss-to-ambient cooling
showed that gland sealing steam wasnolonger required.

3.5.4 Winterization

In the summer of 1979, the project team realized that the
supplemental air filtration system built on the roof of the
auxiliary building would be required to operate well
past its original end-of-life date of September 1979. As
the system was not designed for outdoor service during
the winter months, it had to be “winterized” to prevent
condensation and possible freezing.

Stabilization

A heated sheet metal building was erected on top of the
auxiliary building roof to enclose the fansand filter units.
Heaters were provided to keep the structure warm.
Electric heat tracing was added to exposed lines that
were not routed inside the new structure.

Several other newly installed facilities were recognized
as inadequate for winter operations. EPICORII (Section
6.2),thetemporary radwaste stagingarea (Section3.6.2.3),
and the valve pit for the ADHR system (Section 3.2.2),
among others, were modified to include insulation and
either heat tracing or space heaters in order to continue
operating throughout the winter.

A 1979 analysis of the heat loads in the containment
indicated that under certain winter conditions, freezing
temperatures could be reached inside the building. This
was a concern because power had not yet been restored
to the containment. The closed cooling water system
used for the containment coolers had a small outside
evaporative cooling tower that happened to have
electrical heaters in the basin to prevent basin freezing,.
To heat the containment, this:tower was enclosed in
polyethylene and the water circulated in the basin with
the heaters turned on. This proved to be adequate for
keeping the containment from freezing during the winter.

3.5.5 Groundwater Monitoring Program

InJuly 1979, whenitbecame obvious that the water in the
containment basement would be present for a long time,
the NRC requested that a groundwater monitoring
program be considered to provide assurance that any
leaks would be detected. The project team was skeptical
of the need because of the design and construction of the
containment {with its high quality liner), although the
auxiliary building was a potential source.

To ensure detection, the Groundwater Monitoring
Program was implemented in the spring of 1980. Eight
monitoring wells were dug in April—seven around the
periphery of TMI-2 and one in the north parking lot,
several hundred fectaway. Each well was approximately
9mdeep and contained a submerged electric well pump
to draw samples. Weekly samples were drawn from
each well and analyzed.

The samples from these wells had perplexing anomalies
in tritium concentrations. The concentrations varied
widely with no apparent correlation to the accident or to
water in the containment. Seven additional observation
wells were sunk in May 1980—six near TMI-2and one in
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the south parking lot. Beginning in May 1980, samples
from the 15 wells and a test pond were taken weekly.

Evaluation of the samples identified a source of
radioactivity coming from the borated water storage
tank to the east of the auxiliary building. The tank had
slightly contaminated water in it because it had been
filled from the TMI-1 fuel pool after the accident as an
emergency procedure. Since 1979, water leaking from
this tank and associated equipment had been periodically
identified and the sources eliminated. Soil samples near
the tank confirmed the presence of small amounts of
cesium-137 and cobalt-60.

Suchfindingsreconfirmed to the project teamthe need to
remove the water from the containment basement so as
to eliminate the potential that the 2.3 million liters of
contaminated water would be viewed as a reservoir for
contaminating the soil. Although many minor sourcesof
radioactivity were identified by the Groundwater
Monitoring Program, no leakage was ever detected from
the containment. The wells were used throughout the
cleanup to monitor site conditions.

3.6 Decontamination and Waste Management

In parallel with controlling the reactor and the release of
radioactive gases, the cleanup team had to pursue a
vigorous campaign to mitigate the effects of widespread
surface contamination and to regain control of vital plant
areas. The overall campaigns of radioactive waste
management and plant decontamination are described
in sections 6 and 7, respectively. The following
subsections provide a sketch of the actions taken
immediately after the accident.

Interms of decision-making, the decontaminationactions
weredrivenby very specificand short-termgoals: support
the construction of new systems, maintain access to
important equipment, and establish and expand areas
where protective gear was not required. The resulting
campaigns cleaned the auxiliary building to the point
where it could serve as the base for entering the
containment.

3.6.1 Auxiliary Building Decontamination

A combination of events extensively contaminated
surfaces in the auxiliary building—the primary cause
was the overflowing of the auxiliary building sump (see
Section 3.6.2). The contamination was exacerbated by
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the ventilation system flowpaths. In addition, tanksand
sumps were full and floor drains backed up. Many
valves had small leaks that became major sources of
contamination.

Within two weeks of the accident, limited
decontamination efforts had begun, primarily to support
construction of backup decay heat removal systems and
to recover general use of the auxiliary building. By the
end of April 1979, large quantities of construction
materials had been brought into the building for all the
temporary systems and modifications. This material
included lead bricks, concrete blocks, scaffolding, waste
drums and boxes, power and hand tools, compressors,
welding machines, hoses,and other miscellaneousitems.
(These, too, became contaminated.).

All entries to the building required air breathing packs
and double or triple anti-contamination clothing. All
normal change areas within the building were
contaminated and much of the contamination was beta-
emitting fission products (see Section 4 on personnel
protection practices).

The planning horizon for decontamination tasks was
one to two weeks, with daily meetings to assess progress.
The first objective was to gain easier access to permit
plant operations and then to proceed to clean up. To
accomplish this, three beachheads were established in
the building:

¢ The basement of the diesel generator building, where
access was required in case offsite power was lost

* A rollup door from grade-level in the auxiliary
building, which provided access to the radwaste
system control panel that was essential to operations

* The normal access point from the service building.

At the start of the effort, in order to make even the briefest
of entries to the rad waste control panel, a time-consuming
process of dressing in protective clothing was required.
To eliminate this need, a ventilation-tight tunnel of
herculite and scaffolding was constructed between the
rollup door and the panel. This provided a major morale
boost for the plant operators by eliminating the
requirement to spend 30 minutes to an hour
accomplishing what normally would be a five-minute
task.

The overall building decontamination work began from
the service building access at grade elevation. First, the
top floor, which was the least contaminated, was



decontaminated; then the middle or grade elevation
floor; and finally the basement level, which was heavily
contaminated. Open areas were decontaminated first,
followed by cubicles, the most contaminated of which
were bypassed. The general approach was to
decontaminate from ceiling to floor, working on all flat
and exposed surfaces including piping, lighting fixtures,
cable trays, valves, ceilings, walls, and floors.

Most of the effort was by manual wiping. A variety of
other methodsand tools wereeventually used, including
wet vacuums, water lances, high-pressure water spray,
strippable coating, floor scabbling, and steam/vacuum
surface cleaners. Because the water storage capacity was
limited, much of the initial decontamination was
performed with minimal water—a handicap to which
the work crews adjusted. Eventually, flushing was
conducted in many areas, particularly where boric acid
had crystallized around minor leaks.

By November 1979, after six months of decontamination,
the cleanup had progressed to the point that respirators
could generally be used instead of self-contained
breathing apparatus. Approximately one vear passed
before general area entries could be made into the upper
elevations of the auxiliary building without respirators.

The principal contaminating radionuclides in April 1979
wereiodine-131and cesium-137,and the general radiation
levelwas 1 R/h, with contamination levels of over 1IE+07
dpm/ 100 cm?. Within two months, the general radiation
level was between 2 and 12 mR/h and contamination
levels were on the order of several hundred thousand
disintegrations per minute. By September 1979, general
radiation levels ranged from <1 to 3 mR/h and
contamination levels were 2E+03 dpm/100 cm? or less.
Much of this decline was due to the decay of the short-
lived isotopes.

Progress canbe characterized as two steps back for every
three forward. There were approximately 100
recontaminations froma variety of sourcessuch as spills,
decontamination activities, and unknown causes. On
one occasion, bleeding moisture from the air system into
floor drains caused water to spurt out of floor drains in
other cubicles. On another, the building sump backed
up, recontaminating cubicles via the floor drains.

One of the most significant problems was the vagaries of
the ventilation system. For example, when various
combinations of doors were opened or closed, local
flows would change and puffs of contamination would
occur. This led to the institution of door controls, in
which signs would be posted warning against opening

Stabilization

certain doors while specific decontamination operations
were being conducted. Within the first several months,
such airborne recontaminations occurred five to ten
times, leading to substantial recontamination.
Consequently, much of the time, the ventilation system
was operated with only the exhaust fans running.

3.6.2 Water Processing and Interim Waste Storage

The hundreds of thousands of liters of contaminated
water in the auxiliary building were a major obstacle to
cleanup. Gettingit processed, discharged,and /orstored
were major accomplishments and gave the project
confidence that it could later deal with the far more
highly contaminated water in the containment basement
and reactor coolant system.

The existing liquid radioactive waste processing system
at TMIwas a system shared between the two units. Most
of the processing equipment was located in TMI-1 and
was used for both units. TMI-2’s liquid radioactive
waste system consisted primarily of collection, sampling,
and chemical neutralization capabilities. The system’s
components were located in the auxiliary building

After thefuel cladding failure, the reactor coolantbecame
extremely contaminated. Reactor coolant samples taken
the day of the accident had an iodine-131 concentration
of 13,000 pCi/ml and a gross cesium radionuclide
concentration of 500 4Ci/ml. During theaccident, reactor
coolant was discharged from the pressurizer relief valve
to the reactor coolant drain tank (RCDT), which was
located in the basement of the containment. The RCDT
relief valve and later the RCDT rupture disk permitted
this water to overflow into the containment sump.

Seven and a half minutes after the accident began, the
first containment sump pump turned on because of the
rising water level in the sump. Three minutes later, the
second sump pump turned on. The containment sump
pumps were aligned to pump water to the auxiliary
building sump tank. This tank had a blown rupturedisk
that was awaiting repair. It also contained about 9,000
liters of pre-accident water, leaving only 3,000 liters of
capacity available.

The containment sump pumps sentapproximately 30,000
liters of water to the auxiliary building sump tank. The
auxiliary building sump overfilled and the water backed
up through the floor drains into the building basement.
Both containment sump pumps were in operation for
approximately 30minutesbefore operatorsrealized what
was happening and turned them off, although not before
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some highly contaminated reactor coolant(i.e.,containing
recently released fission products) had also been
transferred to the auxiliary building.

Consequently, most of the water in the auxiliary building
soon became contaminated by the reactor coolant. The
activity in the water varied from 1 to 100 uCi/ml, which
aggravated the existing auxiliary building problems of
airborne activity and surface contamination.

Theday after theaccident, the TMI-2 operators transferred
pre-accident water (i.e., not contaminated with fission
products) to TMI-1 to provide additional capacity. The
installed auxiliary building tankage could only
accommodate approximately 190,000 liters of excess
water. In-leakage to theauxiliary building was obviously
going to exceed this capacity.

Not only was the water storage capacity inadequate for
thenew demands, the existing radwaste water treatment
system was inadequate for processing the highly
contaminated water. Consequently, over the next few
months, new processing systems were needed:

* A portable ion-exchange system (EPICOR I) was
brought in to process less contaminated water
(<1 uCi/ml)—commencing operation in April 1979.

* A second ion-exchange system (EPICOR II) was
designed, installed, tested, and placed in operation to
process auxiliary building water of intermediate
contamination (1-100 pCi/ml)—commencing
operation in October 1979.

* Intensive design work began on a third system
(submerged demineralizer system) to process highly
contaminated water (>100uCi/ml) in the containment
basement and reactor coolant system—commencing
operation in September 1981.

* Intensive design work began on an evaporation/
solidification facility to process highly contaminated
water—project cancelled.

Projects were also begun to store and dispose of the by-
products resulting from operation of these water
processing systems and other decontaminationactivities:

* New water storage tanks were installed.

* Temporary storage modules for expended water
processing vessels were built.

* Temporary storage space for contaminated clothing
and tools was created.
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The immediate and temporary solutions found by the
project teamin the monthsafter theaccidentaredescribed
below. The systems, equipment, and buildings that
becameanintrinsic partof the 11-yearcleanupare covered
in Section 6.

3.6.2.1 EPICORI

EPICOR I carried the plant through the initial response
stage until the more powerful and flexible EPICOR 1I
wentintooperation. EPICORIwasa portable, temporary,
lower activity level radioactive water processing system
thathad beenoperated atthe TMI site before theaccident.
(The system was also referred to as Cap-Gun.) Earlier in
1979, during the TMI-1 outage, EPICOR I had been used
to process water in the TMI-1 auxiliary building sump in
support of sediment removal activities. By March, ithad
been removed from the site. The day after the accident,
it was returned.

Although its water processing abilities were limited to
water containing less than 1 uCi/ml, the importance of
EPICOR I stemmed from several other aspects:

e [t was portable, so it could be quickly and easily
transported to the site.

* The vendor operating the system was familiar with
thesiteand so could quickly integrate into the recovery
work.

e Its operation (including taking samples) by
subcontractorsfreed cleanup workers to support other
TMI-2 emergency response activities.

* It processed and released pre-accident water, and so
freed up storage space.

s It supplanted the existing TMI-2 evaporator, which
was unusable because of high radiation levels.

The system was installed outdoors at grade level on the
reinforced concrete roof of the Unit 1 decay heat vault. It
began processing water immediately. The basic system
is depicted in Figure 3-7, which shows the flow paths of
water fromasource, througha 1.2-by 1.2-m prefilterand
3.6-m® mixed bed demineralizer, and then through a
postfilter into one of two 75,000-L Haliburton monitor
tanks. Thedisposableionexchange vessels were modified
radwaste transportation vessels filled with custom-
blended ion exchange resins.

The pumps were pneumatic-diaphragm, which became
standard at TMI-2 because of their ability to readily
pump slurries and water-bearing solids. The water
could beeither recirculated ifitdid not meet specifications
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for purification, or sent to discharge holding tanks for
reuse, retention, or discharge to the river through Unit 1.
The system was eventually encased ina temporary cover
and, although consideration was given to moving it,
remained atop the decay heat vault until its removal
from the site,

After first passing through the system, the water went
into one of two receiving tanks and was sampled. If the
water had notbeen decontaminated sufficiently to permit
release in one treatment cycle, then the filter and mixed
bed demineralizers were changed and a second
decontamination run was made. After the second pass,
the water was routed to the second receiving tank. All
batches of water treated by this system required two
passes to meet river disposal specifications in the initial
days after the accident. The first successfully processed
batch wasreleased to the river on April 11,1979. By June
6, a total of 344,000 liters had been treated and released.

EPICORIperformed well asanimmediate and temporary
solution to accident conditions. The system was used to
process over 5 million liters of lower activity level water
from both Units 1 and 2. Thirty-eight processing vessels
were generated for burial aslow-level radioactive waste.
EPICOR I was disconnected from Unit 2 in January 1981,
when the pre-accident water had been processed and the
cleanup organization had stabilized;i.e., TMI-1 personnel
were no longer required to support TMI-2 work. The
TMI-2 staff was then able to store or discharge whatever
nonaccident-related water existed while processing all
accident-related water through either EPICOR II or,
later, the submerged demineralizer system.

3.6.2.2 Water Storage

With therapid accumulation of accident-generated water,
an immediate need developed to add storage tank
capacity. The day after the accident, a search was started
throughout theindustry foravailable prefabricated tanks.
The perceived need for temporary water storage was so
great that for a short while, the project team actively
pursued a plan to locate and obtain railroad tank cars to
provide emergency capacity. Two tank cars were
purchased, although they were never actually used for
TMI-2 water.

Thefirstlocation considered for placing temporary tanks
was on top of the auxiliary building roof. It had the
advantage of being out of the way and easy to shield. It
also provided a direct route for tapping into the existing
radwaste system. This approach was abandoned when
thetemporary AFHBairfiltration system took precedence
for the use of the roof.
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The next location considered for the new tanks was the

- “A” fuel pool. Since TMI-2 had only been in operation

for three months, the spent fuel pools contained no fuel
and no water at the time of the accident. The “A” fuel
pool was the larger of two fuel pools, was closest to the
containment, and contained all of the fuel transfer
mechanisms as well as empty fuel racks. It was also a
large space in a safety-related building that had surfaces
amenable to decontamination and was out of the way of
ongoing recovery tasks. Lastly, it had a large-capacity
(100-mt) overhead crane that could be used for
construction.

Work on the fuel pool liquid waste storage facility—
known as the “tank farm”—started in early April 1979.
The initial urgent schedule targeted the tanks to be
installed and operational within one week. A survey of
the multitude of tanks that had been sent to the site
identified four 57,000-L tanks and two 95,000-L tanks
that were suitable for storing radioactive wastes. These
tanks represented the maximum amount that could be
physically placed in the fuel pool. The tanks were sent
back to the manufacturer for necessary hydrostatic testing;
they were returned in less than 24 hours.

The one-week design and construction schedule quickly
proved tobeunachievable. Inaddition to design changes
and procurement problems, worker efficiency in the fuel
handling building was severely affected by radiological
protection procedures, resulting in only a few welds
each day. Fortunately, the urgency for the tank farm was
diminished by the general reduction in leakage rates.
The tank farm began accepting radioactive waste water
inJuly 1979, and eventually held 350,000 liters of auxiliary
building water pending processing by EPICOR II.

Figure 3-8 and Photo 3-4 show the arrangement of the
tank farm. The tanks were connected by manifolds to
form two separate storage volumes: a 190,000-L volume
consisting of two 95,000-L tanks and a 227,000-L volume
consisting of four 57,000-L tanks. Each level of tanks had
separate supply and discharge headers and standpipes.
Steameductors provided the mechanism by which water
was emptied from the tanks or recirculated.

Care was taken to spread out the load to the entire
structure. The steel supporting the tanks could neither
be welded to nor penetrate through the fuel pool liner.
Also, supporting steel could not be rigidly attached to
the existing building structures—this restriction
eliminated the original plan of filling the pool with water
for shielding, as the tanks would float.
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Photo 3-4. Tank Farm in Spent Fuel Pool “A”



An additional concern with filling the pool with water
wasthat aleak into the shield water mightrender the fuel
pool area uninhabitable. Therefore, the tanks were
shielded with large, interlocked, 0.6-m-thick concrete
slabs that spanned the pool wid th. These were supported
above the pool on the same steel structure that supported
theupper four tanks. The steel was capable of supporting
a second layer of 0.6-m-thick slabs, but this proved
unnecessary. The gap between these slabs and the top of
the poolwall was shielded with 0.6-m-thick solid concrete
block walls placed around the sides.

After EPICOR II processed the initial contaminated
auxiliary building water, the tank farm was used to store
miscellaneousliquid waste that was eventually processed
through the submerged demineralizer system (SDS).
The SDS started processing water from the containment
in 1981, using the tank farm for feed staging. By that
time, the water had been significantly reduced in
radionuclide concentration by decay and the diluting
effects of decontamination activities inside containment.
The tank farm performed flawlessly as a part of the SDS.

The tank farm was removed in 1983 to make the “A” fuel
pool available for staging of the core debris canisters.
This removal required a substantial decontamination
effort.

3.6.2.3 Temporary Radioactive Waste Storage

Two types of solid radioactive waste needed immediate
attention: mildly contaminated trash and water
processing concentrates in the form of spent resins, and
several cartridge filters that were removed from water
systems.

Much of this waste could not be shipped for disposal
because of the adverse public and political pressure.
Concern with the potential quantity and type of waste
prompted the governors of South Carolina and
Washington to ban TMI-2 waste at Barnwell and Richland.
Thesestates contained thetwo primarylocationsavailable
for radioactive waste disposal, and so created the need
fortemporary onsite storage or staging. (See Section 6 for
a more complete background on the national waste
management scene and its effects on TMI-2).
Consequently, several temporary storage areas were
created.

The first project was conversion of a paint shed into an
interim storage facility for drums and boxes containing
low-specific-activity (LSA) wastes. This building was
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actually nota shed, having been used during construction
for the safe storage of paints: Allof theanti-contamination
clothingand decontamination and contamination control
material were stored in this interim facility until the
wastes could be shipped. Thebuilding had a usable floor
space of approximately 140 m2 . The yard around it was
also used to stage contaminated equipment, which was
otherwise covered. Its use was limited after completion
of other staging areas.

Interim storage of vessels containing demineralizer resins
used in water processing required a more substantial effort.
Whilethe EPICOR Ivesselswerenot particularly radioactive
and could be stored outside in open concrete culverts, the
EPICORII vessels were tooradioactive. And the operation
of EPICOR Il was, in part, contingent on a rapid solution to
the ability to store radioactive concentrates.

Two projects in 1979 addressed this type of waste.

* A quick one—A temporary radwaste staging area was
located adjacent to the TMI-2 cooling towersinarelatively
isolated area within the flood protection dike. The
facility consisted of 14 large-diameter drainage culverts
welded to a steel endplate. These culverts were placed
vertically in the ground and the area was backfilled. A
1-m-thick concrete plug covered the top of each storage
cell. Thisstaging facility was taken outof servicein 1980.

e An engineered storage facility (solid waste staging
facility or “waste acres”)—This facility consisted of two
identical storagemodules with a shared drainage sump.
It went into service in January 1980 (see Section 6.4 for
details).

3.7 Containment Venting and Initial Entry

Regaining worker access to the containment was the
culmination of the stabilization phase. With access, the
project team was at last in a position to evaluate fully the
damage to the plant and to work directly on the systems
and equipment that had been most affected. Access to
the containment was limited by an atmosphere with
levels of krypton-85 that were unacceptably high for any
sustained occupation (1.04 uCi/ccshortly before venting).
To proceed with the cleanup safely and quickly and to
reduce the potential for unpredictableand uncontrollable
leaks to the environment, the gas had to be removed.

Project management was prepared to enter the
containment with or without krypton-85 venting, but
preferred tored uce the hazard. (A attempted pre-venting
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entry was unsuccessful because of an equipment
problem.). After a long process of preparation and
review, the atmosphere was vented of approximately
46,000 curies of krypton-85 and the first entry was made
in July 1980—almost 16 months after the accident.

In May 1979, the Containment Assessment Task Force
wasestablished to determine, from outside containment,
its inside environment. With that information, the task
force planned the initial entry into the building. The
resulting effortsincluded airand water samples, radiation
readings, gamma scans, video recording, determination
of theavailability of powerand lighting, and then venting.
Appendix I contains a more detailed description of the
ventingitself. Descriptions of the personnel preparations,
monitors, training for entry, and the first entry are to be
found in Section 4.2.2.

From the first request for permission to purge in
November 1979, over seven monthsofintensivelicensing
and legal effort were required to obtain the NRC’s
approval to vent{approval to enter the containment was
granted earlier). During this period, the NRC prepared
an environmental assessment, the DOE established a
citizens’ monitoring program that recruited arearesidents
formonitoring activities during the purge, and the public
was involved in a number of ways.

The public process resulted in at least three alternative
schemes proposed by a U.S. congressman and other
organizations. One was selective absorption with
charcoal, another was a scheme for a balloon-supported
sleeve, and a third was for jet-assisted boosting of the
vent effluent to higher elevations.

Also in the public arena was the attempt by S.C. Sholly
and People Against Nuclear Energy (PANE) to block the
purge using various legal challenges. Following a Court
of Appeals ruling requiring the NRC to hold a hearing
before issuing a license amendment, an appeal was filed
with the U.S. Supreme Court—an action which stayed
the so-called “Sholly Decision” of the Court of Appeals.
Atthesametime, the NRC submitted proposedlegislation
to Congress clarifying the Atomic Energy Act so that the
NRC could issue a license amendment without prior
hearingif theissue constituted a “no significanthazards”
consideration. After the legislation was enacted in
January 1983 (Public Law 97-415), the Supreme Court
vacated the Appeals Court ruling,.

While the NRC staff was reviewing the purge request,
another option was presented for ridding the containment
of krypton-85. Lauded by the Commissioners, the
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Selective Absorption Process, under development at
Oak Ridge National Laboratory (ORNL), was the only
alternative seriously considered by the regulators. An
independent technical evaluation of the process was
conducted and stated that purging was preferred in all
respects, including feasibility, effectiveness, practicality,
health and safety, psychological stress on nearby
population, schedule, and cost (SAT 1980).

TMI-2 project management noted the risks of an
uncontrolled release of krypton-85 to the environment
and an unacceptable increase in personnel exposures as
their justification for the purge request. The NRC staff
concurred.

After the purge was completed, the “Heidleberg Report”
wasissued, arguing that particulatesreleased during the
purge could lead to radiation exposures much higher
than those possible from the krypton-85 if purging were
notdone. Much of the data supplied by thelicensee inits
original request were used by the NRC staff to refute this
document (US NRC 1980).

The NRC Commissioners requested that the staff consider
the use of a more rapid venting schedule to minimize the
stressand other psychological impactson thesurrounding
public. The project team had not requested an expedited
schedule because this would have required a temporary
change to the technical specifications on radioactive
material releases. However, the NRC staff determined
that this was in order, and issued a temporary technical
specification change to allow venting to be performed as
quickly as possible.

Theorder for Temporary Modification of Licenserequired
that none of the following limits be exceeded for any of
the 16 (22-1/2°) sectors centered on the TMI-2
containment: a) 15 mrem skin dose; b) 5 mrem total body
dose; and c) 20% of the limits in {a) and (b) were not to be
exceeded over a one-hour period. The revised technical
specificationallowed the use of real-time meteorological
data to compute offsite doses. This permitted the project
team to take ad vantage of optimum dispersal conditions
by increasing the release rate when meteorological
conditions allowed, and thus complete the venting more
rapidly while still meeting the requirements used to
compute estimated release limits in compliance with 10
CFR Parts 20 and 50, Appendix 1.

Two existing systems were used for the purge.; they are
depicted in Figure 3-9. The hydrogen control system,
which was modified with a higher capacity fan, new
controls, and interlocks, was used to vent at a rate up to
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0.28 m*/s, while the containment atmosphere was rich
in krypton-85. The “B” train of the containment air
purge and purification system was used for rates up to
8.73m?*/sduringlaterstages. Theflowrate was controlled

based on the offsite integrated dose criteria. Allreleases -

were through the station vent, which contained
monitoring instrumentation. An extensive offsite
network of monitors and samplers was established for
the purge.

Slow rate purges were conducted over an 11-day period
followed by four days of fast purging. The operation was
accomplished without incident. During this period, the
krypton-85 concentration within containment dropped
from approximately 1 to approximately 6E-05 nCi/cc.
(There were also a number of later purges of smaller
magnitude to vent the krypton-85 subsequently released
from the water in the basement.)

On July 23, 1980, two technicians, heavily laden with
protective gear and instruments, made the first
postaccident entry into the dark and dripping wet
containment. More than 2000 entry days were to follow.
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PERSONNEL PROTECTION

4.1 Overview

Now that a decade of intense, industry-wide efforts to
improve worker protection practices has passed, it may
well be difficult to picture the scene facing project
managers immediately following the TMI-2 accident.
The accident had released highly concentrated, mixed-
fission products from the reactor core throughout the
containment and into the auxiliary and fuel handling
building (AFHB). The high-energy beta component was
up to 100 times the gamma component (Rich, Alvarez,
and Adams 1981), producing conditions in which beta-
particle (skin) dose rather than gamma (whole-body)
dose was often the limiting parameter in many areas of
the plant.

Onthe onehand, it was necessary to regain control of the
AFHB and to enter the containmentand begin collecting
data for recovery planning. On the other hand, it was
crucial that no one receive unnecessary radiation expo-
sure in the process. There were no precedents as the
project team embarked on a course that would help
redefine radiation protection planning and program
management practices.

Seven major hurdles related to personnel protection
faced the recovery team early on:

1. Reassessing the GPU radiation protection organization
2. Controlling the dose from high-energy beta radiation

3. Providing for ALARA/dose reduction in hostile radio-
logical environments

4. Responding to unique respiratory protection needs
5. Controlling heat stress

6. Applying robotics to achieve ALARA/dose reduction
objectives

7. Overcoming the negative impacts of the media on
worker attitudes (Hildebrand 1985c¢).

Of these, the technical hurdles were significantly easier
to surmount than those associated with workers’ atti-
tudes. This was particularly true for workers” compla-
cency over time regarding very high beta exposuresand
for workers’ fears that some management decisions
threatened worker safety and, to a greater degree,
threatened the safety of their families; e.g., when man-
agement decided that respirators were not always re-
quired in containment (Hildebrand 1989a).

As this section will show, the TMI-2 cleanup program
was very successful in ensuring worker safety. The
cumulative occupational doseassociated with the cleanup
was less than 6500 person-rem. This falls comfortably

‘within the original (1981) NRC Programmatic Environ-

mental Impact Statement (PEIS) estimates of 2000-8000
person-rem, and well below the 1984 revised PEIS esti-
mates of 13,000—46,000 person-rem (USNRC 1981). The
annual collective doses at TMI-2 were comparable to
those at most operating nuclear power plants during the
same 10-year period (see Figure 4-1).

4.1.1 Background

The Health Physics (HP) profession knew, more than a
decade before the TMI-2 accident, that state-of-the-art
beta dosimetry likely would not be adequate for plant
survey or personnel monitoring requirements associated
with a loss-of-coolant accident (LOCA) recovery (TMI-2
TI&EP 1981). The state-of-the-art in personnel monitor-
ingamply addressed the needs of operating plantsat the
time, but no provisions for a recovery/cleanup program
of the magnitude of TMI-2 had been made. The regula-
tors and the nuclear power plant industry had focused
onactual rather than postulated needs, and health physics
practice was considered adequate for safe nuclear power
plant operations.
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This example is not unique. Other aspects of personnel
protection that might be required to meet the challenges
posed by the cleanup had been identified prior to 1979
and deferred. These included:

e Autonomous radiological controls program man-
agement

* Enhanced radiation exposure management record
keeping and tracking

* Remote and robotic tools
* Heat stress protection.

The TMI-2 project management’s decision to address
these areas and to develop a strategy for managing safe
cleanup operations was a key element of the cleanup.
Theradiation management programdeveloped for TMI-
2,and subsequently implemented at GPU’s other nuclear
power plants, provided the opportunity for the industry
to see radiation protection principles applied in a new
way. The program used four of its key elements very
effectively:

¢ TaskPlanning—Throughout the cleanup, the project
managers relied on small teams for task-level strate-
gic planning. The two committees that were dedi-
cated most specifically to personnel protection were
the Containment Assessment Task Force (sections 3.7
and 4.2.2) and the Dose Reduction Task Force (sections
4.3.3and 7). By defining the boundaries and end point
objectives for their respective efforts, these task forces
kept the cleanup on track and contributed to maximum
use of the available resources.

¢ Mockups—Although expensive, mockups proved to
be the most effective tool for radiological protection.
They were the best means identified to ensure that
workers performed at their maximum efficiency.

» Staging areas—The organizing function of staging
areas ensured rapid entry and exit, which allowed
workers the maximum staytime in the containment.

e Training—Training programs had to be modified
extensively, not only to ensure that all worst-case
scenarios were covered by the trainers, but to ensure
also that the trainees could perform in an array of
hazardous conditions.

One area that would. have benefited from additional
attention was the emotional and psychological mindsets

Personnel Protection

of the cleanup workers. Their real concerns—associated
with the safety of their families, or “taking doses home” —
were often not factored into management decisions. In
hindsight, GPU management could acknowledge that it
was naive to have assumed that the workers would find
comfort in information presented by industry experts.
Management should haverealized that the cleanup would
have special needs in the area of worker morale.

An example of this naivety became evident in the sum-
mer of 1982, when the Radiological Controls (RadCon)
Department reduced the requirement for respirators in
the containment to “exception only” status. In prepara-
tion for this change, RadCon management assembled
survey data and technical experts’ assessments to show
the workers that the air in-containment was safe to
breathe.

Management and .RadCon technicians met with the
workers to discuss their concerns and to try toallay their
fears of incurring additional internal dose and taking it
home. The Manager of RadCon volunteered to be the
first person to enter the containment without respiratory
protection. Some workers still resisted the change. The
eventual successin getting workers off respirators when
conditions permitted was theresult of personal attention
on the part of the HP technicians. Moreso than the
findings of experts, trust among co-workers and confi-
dence in RadCon were the keys to crossing this hurdle
(Hildebrand 198%a).

When selecting equipment or tools for cleanup tasks, or
deciding whether to develop new hardware, the man-
agement strategy was:

1. Use what existed on site;
2. Use what was available elsewhere; or

3. Develop a new piece of hardware as a last resort. (As
an example of this approach, robots and some shield-
ing designs had to be customized for use in the con-
tainment.)

Initially, each piece of equipment was tied to a specific
challenge. Each selection required a close look, against
a pre-determined set of criteria, to determine its efficacy
within this unique cleanup program. Decisions centered
around tradeoffs between efficiency and cost factors;i.e.,
minimum recontamination of plant areas, minimumrisk
to workers, and avoiding, where possible, the need for
decontamination of previously clean equipment (e.g.,
tools brought in from the outside).
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4.1.2 Approach

It would have been much simpler to write 500 pages on
the TMI-2 personnel protection program than to write
50. So much occurred, so many useful tools and innova-
tive approaches resulted from this effort. Fortunately,
much of this information, principally those aspects that
canbeapplied atoperating facilities, is well-documented
and readily available through EPRI, the GEND report
series, and industry associations’ conference proceedings.

The discussions in this section concentrate on those
aspects of TMI-2 personnel protection not readily ac-
cessible elsewhere. For the most part, these topics in-
clude initial efforts and, later, the decision-making pro-
cessesbehind many of the tools and programs developed
or modified for use at TMI-2.

The section is intended to provide an overview of how
work was managed and workers were utilized within
the TMI-2 personnel protection program, and to leave a
clear understanding of how that program evolved and
operated. The principles more than the products are the
focus.

This section does not include much data on personnel
dose, nor does it present a chronological narrative on the
application of personnel protection techniques during
the course of the TMI-2 cleanup. Dose data are site-
specific and voluminous (during the height of cleanup
activities, approximately 6,000 personal dosimeters per
month were processed at TMI-2). A chronological narra-
tive is not revealing because the personnel protection
programat TMI-2 wasreactivein thatit wasdrivenby an
R&D intensive environment. Thus, there were large
intervals during which work ran smoothly or hardware/
software were being developed, tested, modified,
retested, approved for use, etc. Fora general chronologi-
cal overview of some personnel protection issues, see the
timeline figure in Section 7.1.

4.2 Initial Entries

For the first 15 months after the TMI-2 accident, recovery
workers’ time was spent on two principal activities:

e Data collection, new systems installation, and decon-
tamination tasks in the AFHB

¢ Preparations for containment re-entry.

4-4

4.2.1 AFHB Entries

The entries into the AFHB commenced immediately
after the accident. The primary radiological conditions
of concern in these buildings were the result of cesium
and strontium/yttrium radioisotopes (suspended in the
atmosphere and entrained by the water that flooded
these buildings) and noble gases.

The worker protection strategy was to have the initial
work teams clean the AFHB so that the hundredsof other
workers that would enter these areas later would incur
minimal doses. At the same time, management had to
balance the impacts of potential radiation exposure
against other potential risks (e.g., heat stress, structural
impediments, and possible physical harm) (TMI-2 TI&EP
ILE 1982).

4.2.1.1 Dose Monitoring.

The Harshaw 2-chip thermoluminescent detector (TLD)
personnel dosimeter badge, widely used at that time at
nuclear power plants for personnel dose monitoring,
was used for these entries. The Harshaw TLD enabled
30-35% of the high-energy strontium-90/yttrium-90 beta
particles to penetrate the deep-dose chip. In normal
situations, the deep-dose chip value was considered the
gamma-ray dose and was subtracted from the opened-
window-chip value to derive the beta dose.

TMI-2 managers noticed problems early on. The first
was the inability to differentiate skin exposure from
whole-body exposure. The over-response of the deep-
dose chip to the high-energy beta radiation fields in the
AFHBrequired a changeinbadge readinginterpretation.

Another problem with the Harshaw TLD was its two-
dimensional design. The dosimeter was designed to
measure beta radiation coming directly at it. In some
situations at TMI-2, the dosimeter self-shielded itself
from beta particles, causing a 10-100 dose reduction
factor that had to be accounted for. This self-shielding
problem was overcome by having each entry team
member wear several badges (Ibid I:I 1980). (See Section
4.4.1 for more discussion of the Harshaw TLD and the
eventual development of a new dosimetry system.)

Badges were worn at chest level, on the forehead, thighs,
and wrists. As radioisotopic activity was increasingly
more confined to building cubicles and other enclosed
areas, management had workers wear lead aprons to
screen out beta radiation in front, and additional do-
simeters were placed in the back pocket and on the back
of each thigh to monitor potential exposures from the



rear. The lead aprons were soon abandoned, as the
added weight created excessive fatigue and stress prob-
lems compared to potential frontal exposure to beta
particles.

4.2.1.2 Protective Clothing

For the AFHB entries, workers entering dry areas wore
multiple layers of cotton protective clothing, booties,
gloves, surgical caps, and cotton, shoulder-length hoods
to protect theentire head. Inwetenvironments, workers
wore wet suits or rubber coats over the standard cotton
protective clothing. Lead-lined gloves, like the aprons
discussed above, were tried and abandoned. The gloves
greatly impeded manual dexterity.

Management observed that some workers were incur-
ring skin contaminations while undressing after exiting
the AFHB. To lessen these occurrences, people were
trained to assist in undressing workersat the stepoff pad.
No additional exposures were incurred by adding this
assistance (Ibid IL.E 1982).

As time passed and entries into the containment itself
became routine, this initial team of assistants developed,
in a series of stages, into the coordinated personnel
access facility (PAF) and contamination control corridor
(C-Cubed) concept. These facilities provided assistance
indressingand undressing, entry staging,and indelicate
equipment protection and decontamination. The facili-
ties are described in Section 4.4.6.

4.2.1.3 Respirators

During the first six months after the accident, AFHB
workers wore Scott Air Pack self-contained breathing
apparatuses (SCBAs). Airborne activity gradually de-
creased enough to enable full-face respirators to be worn
for general AFHB area entries.

By October 1979, routine entries into the corridors of the
auxiliary building could commence without respiratory
protection; workers were still required to wear SCBAsin
areas with very high airborne radioactivity, and respi-
rators in areas where smear samples exhibited >1E+05
dpm/100 cm2 or in cubicles exhibiting >0.3 mpc radio-
activity concentrations or for any task considered to
entail airborne radioactivity concerns (Ruhter 1980).

4.2.2 Containment Re-entry Program

Preparations to re-enter the TMI-2 containment after the
accident required a multi-disciplined series of activities
(see Figure 4-2). As part of its re-entry strategy, the
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project established the Containment Assessment Task
Force (CATF) in May 1979, to gather data on the current
plant conditions and to prepare for the re-entry.

The objectives and accomplishments of the initial con-
tainment re-entry programare well documented in Three
MileIsland Unit 2 Reactor Building Entry Program Summary
(Langenbach 1980). Color Photographs of the Three Mile
Island Unit 2 Reactor Containment Building: Volume 1—
Entries 1,2,4,5,6 (Eidam and Horan 1981) reproduces the
photographs taken during these entries. The radiologi-
cal assessments and equipment tests that the CATF
performed to foster entry program planning are con-
densed and provided in tables 4-1 and 4-2.

4.2.2,1 Re-entry Considerations

One of the primary goals of the first re-entry into the
containment was prompted by a psychological incentive
to “get the door open and put somebody in and start
taking measurements.” The technicalincentives forearly
re-entry included:

¢ Performing radiological surveys (isotopic analysis,
radiological mapping) needed to plan decontamina-
tion tasks

* Assessingtheintegrity of the containment, thenuclear
steam supply system, and other hardware inside the
building

¢ Determining whether various plant components
would be required to function to preserve the integ-
rity of the containment and the primary system

¢ Deciding whether people could make future entries
(For example, the containment fans were operating
under conditions that exceeded their design basis and
the possibility of failure had to be assessed.)

* Determining whether emergency maintenance and
construction work would berequired and, if so, would
be feasible.

At the Facility Decontamination Technology Workshop,
sponsored by the DOE and EPRI in November 1979,
members of the CATF discussed some of the challenges
they faced at that time (TMI-2 TI&EP II 1982, personal
citation later). One speaker described the erratic radio-
logical conditions inside the TMI-2 reactor coolant sys-
tem:

“...the cesium concentrations are decreasing in time, as
you’d expect because of the dilution, yet the strontium
concentrations are increasing; we’re getting more
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Figure 4-2. Containment Re-entry Strategy

Select airlock to be used
for entry.

Select communications
equipment, camera, clothing,
breathing equipment, lighting
and radiation/dose monitors.

Determine feasibility of
building entry prior to purge
and likelihood of obtaining
permission to perform the
purge in the near future.
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EQUIPMENT
TYPE

Table 4-2. Re-entry Equipment Selection

PRIMARY REQUIREMENTS

EQUIP CONSIDERED
(* = CHOSEN}

RATIONALE

1. Lighting

1, Portability
2. Off-the-shelf

« personal
lamps

» floor lights

weight, beam intensity
time rating

Rally Hardhat Throwaway

Meets requirements

[same as abovel

2. Respirators

« Pirst entry
{Kr-85 =
0.80 uCi/ce)

+ Second entry
(Kr—-85<MPC}

Size & weight
Ample air supply
Positive pressure
Off-the-shelf

[ VU S e

1. Self-contained
breathing
apparatus

Lights, Model #117%59, 2. Inexpensive &
rated at 2 h* disposable
+ Teledyne hand auxiliary 1. Beam too dim
flood lamp, rated at
5h
« Ikelight Underwater 1. Beam adeguate
Systems*' Clear Modular 2. Submersible design
Superlite Model #1095, facilitates decon
rated at 2 hx* 3. Rechargeable
« Bio Marine Bio-Pac 60 1. Meets requirements
2. NIOSH/NRC recall
« MSA 401~ 1. Entry team
preference
2. 30-min air supply

deemed adequate

4-10

1. High protection factor
for particulates
2. Positive pressure

Scott Air Pack positive

pressure, air mask

1. Meets requirements



Table 4-2. Re-entry Equipment Selection (cont.)

Personal Protection

EQUIPMENT PRIMARY REQUIREMENTS EQUIP CONSIDERED RATIONALE
TYPE (* = CHOSEN)
3. Protective 1. Whole body (gamma/beta)
Clothing Extremeties (beta)

* First entry
(Kr-85 =
Q.80uCi/cc)

2. Water proof
3. Off-the-shelf

* Positive pressure
+ Minimum density =
250 mg/sg. cm

(beta protection)

¢ Viking underwater, heavy
duty dry suit * ( with
rainsuit over cover to
shield dry suit from
direct exposure)

1. Meets requirements
2. Only option
available

+ Beta protection for
extremities

* Multiple layers of
rubber gloves;
fireman's boots

1. Meets requirements
2. Boots also anti-skid

Subsequent
2 entries
{Kr-85<MPC)

+ Whole body

« Extremities

* Paper overalls, cotton
overalls, and fireman's
suit*

1. Meets reguirements

e Peet - cloth shoe
covers, 3-pair plastic
shoe covers, fireman's
boots*

1. Meets requirements
2. Plastic shoe covers
disposable

« Hands - cotton
surgeon's gloves,
2-pairs neoprene
gloves {(all but
cotton taped to
layers of PCs),
lineman's gloves.*

+ Head - cotton surgeon's
cap, [respiratory mask]
cotton hoed, rain suit
hood.*

1. Meets requirements
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Table 4-2, Re-entry Equipment Selection (cont.)

EQUIPMENT PRIMARY REQUIREMENTS EQUIP CONSIDERED RATIONALE
TYPE (* = CHOSEN)
4. Communications 1. Compatible with PCs

2. Maximize free movement
3. Off-the-shelf

1. Requires cable link

» First entry * Existing plant's for each entry

commuinication system worker

2. Requires open
personnel airleck
inner door.

* Motorola MX 350 portable 1. Meets requirements

radios with set-com 2. Overcomes
elbow switches, cranial limitations of
microphone, ear existing system

receiver; Micor Base/
Repeater; T1617M
remote control console;
antenna thru R-626 and
clamped thru outer
airlock door portal *

» Second entry ¢+ Same as above but placed 1. Clearer
on speaking diaphram of communications
mask between entry team

& command center

NOTE: MX 350 transmitter
power is 5 watts; battery
life is 8 hours with 10%
talk, 10% listen, and 80%
idle; Micor transmitter
power is 75 watts
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EQUIPMENT
TYPE

Table 4-2. Re-entry Equipment Selection (cont.)

PRIMARY REQUIREMENTS

EQUIP CONSIDERED
(* = CHOSEN)

Personnel Protection

RATIONALE

5. Dosimetry

1. Accurate assessment of
dose to entry team
members.

« Telemetered dosimetry:
a dosimeter/transmitter
was carried by each
entry team member.
Each millirem of
accumulated dose
activated a coded
transmitter in unit.
Signal sent to central
station, decoded, and
recorded. Xetex S03*

1.

Continuously
monitered dose
being received by
team members.

¢« Self-reading digital
dosimeter: same as
above but accumilated
dose was displayed
via LED readout and
called out by the
entry team member*

1.

Provide verification
for telemetered
dosimeter.

» Thermoluminescent
dosimeters (TLDs)
multiple*

1. To determine

official record of
dose received to
whole body, and
extremities that
came in contact
with radiocactive
surfaces.

6. Instrumentation

1. Determine sources and
their relative
intensities in the
containment

« Eberline Model 6112
Teletector gamma dose
rate meter.*

1.

Ability to extend
probe 4 m from
person using
detector enabling
the identification
of radiation fields
ahead of entry team

Ability to detect
beta radiation.

+ Eberline RO-7 high-
range beta survey
meter*

1.

High-range beta
measurements
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strontium in the primary system, [which] impacts our
protection problems from the standpoint that it changes
isotopic mix, changes the beta field mix, and complicates
things as time goes on” (P. Ruhter, Ibid I:I-2 1980).

Another speaker highlighted thelimitations placed upon
theentry teamasa resultof the in-containment conditions:

“There are several problems with making an extended
tour, such as going up to the 347" elevation. The biggest
problem is that we have a 40-foot [12.2-m] climb through
anopen stairwell. The area probably has sump water in
the bottom of it. That will be a high dose rate area. The
guys are going to be loaded down with an extra 80
pounds [36.3 kg] of weight. A 40-foot climb with just
your street clothes on can be kind of tough sometimes,
especially if youare trying to do itina hurry” (E. Walker,
Ibid II:G-8).

4.2.2.2 Pre-entry Purge

As shown earlier, Figure4-2 outlinesa series of steps that
led to two re-entry options: re-entry without purge and
re-entry with purge. All preparations for the contain-
ment re-entry commenced with the objective of enabling
a team of workers to enter and collect information re-
gardless of whether the atmospheric decontamination
project (i.e., the containment venting) was approved by
the NRC.

The actual steps involved in the containment purge task
were straightforward and documented in TMI-2 Reactor
Building Purge—Kr-85 Venting (Kripps 1981). Venting
took place between June 28 and July 11, 1980. The
technical and regulatory steps, political aspects, and
alternatives considered are discussed in Section 3.7.

4.2.2.3 Initial Containment Re-entries

Training for the initial entry into the containment con-
sisted of over 100 classroom hours and 50 hours hands-
on inside the TMI-1 containment (with the lights out)
and the TMI-2 auxiliary building. Each member of the
entry team underwent extensive pre- and post-entry
physical examinations.

The project team hoped to enter the containment in the
spring of 1980. In April of that year, a planned entry was
postponed because of manufacturer-related difficulties
with the SCBA. On May 20, 1980, entry was attempted
but failed when the containment inner air lock door
could not be opened. At that point, the decision was
made to wait until the krypton-85 venting had been
performed.
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On July 16, 1980, the inner door to the containment was
successfully opened. Preliminary radiation measure-
ments were taken just inside: gamma ranged from 300
mR/h over the access ramp to 700 mR/h adjacent to the
elevator shaft.

On July 23, 1980, the first manned entry took place. It
lasted 22 minutes and resulted in 29 photographs, six
100-cm? smears, general area beta/gamma surveys, and
removal of a 20-L plastic bucket. General area surveys
indicated gamma at 500-700 mR/h; beta at 1 Rad/h.
Eachindividualreceived awholebody gamma exposure
of approximately 220 mrem with no skin (beta) expo-
sures. See Appendix ] fora transcript of the conversation
thattook place between the entry team and the command
center.

Survey results from the initial entry indicated that the
radiological environment inside the building was com-
parable to that inside the auxiliary building, and, there-
fore, the extensive training and physical exams were no
longer required. Training for the second entry involved
model review and review of the task plan and equipment,
along with standard radiation work permit (RWP)
training.

On August 15, 1980, the second manned entry occurred.
Itlasted 23 minutes for two members of the team, and 38
minutes for the other two members. Theresultsincluded
removal of a radiation monitor, 67 photos, 12 100-cm?
surface smears, two. scrape samples, one 30- x 40-cm
painted plate, two pieces of reflective insulation, a car-
bon steel funnel, and a sample of discolored glass. Two
experiments were performed to: 1) determine theamount
of loose contamination that could be removed using a
maslin cloth swipe; and 2) measure the beta-to-gamma
ratiosat floor level and again at 1 m off the floor. General
areasurveysatEl. 347 indicated gamma at 100-200 mR/
h and beta at 250 mRad/h to 1 Rad/h.

4.3 Radiation Protection Management
Program

The GPU radiation protection management program
was well regarded by the NRC, INPO, and other orga-
nizations charged with oversight of licensees’ radiation
protection activities. Several reports discuss those as-
pectsof theGPU program thatcanbeapplied atoperating
nuclear power plants, including special equipment, fa-
cilities, and management practices.



Relatively little, however, has been written about GPU’s
radiation protection management program during its
developmental days, plagued with the “dissection” au-
dits and employee disgruntlement that spawned the
program’s creation. So that is where this section be-
gins—in 1979, three years after ALARA was formally
defined, and four years before INPO would issue its
good practices guidelines on radiation protection man-
agement.

4.3.1 Early Audits

In1979, three radiation protectionaudits were performed
at TMI-2. The BETA Corporation, the NUS Corporation,
and an NRC Special Panel each reviewed the utility’s
existing program and listed weaknesses. If not in tone,
the principal vulnerabilities identified by these three
independent audits were remarkably similar in sub-
stance. Each response identified:

s A morale and attitude problem within the radiation
safety organization. Personnel within the organiza-
tion felt that they had neither the authority nor the
management support to stop operations in the inter-
est of radiological safety.

s A need for a formal TMI-2 radiation protection orga-
nizational structure.

* Aneed toupgrade the radiological controls technician
and radiation worker training programs, as well asa
general need to provide more technical depth within
the radiation safety program.

Thelists went on to identify areas such asbeta dosimetry
deficiencies, upgrades to the radiation exposure man-
agement system at the site, and other issues discussed
elsewherein this and other sections of the report. But the
comments cited above are the major radiation protection
programmatic concerns to which GPU responded im-
mediately. In February 1980, GPU issued its “Manage-
ment Plan for the TMI-2 Radiological Control Program”
(Heward 1980), which outlined the corrective actions
taken and planned in response to the 1979 audits. These
activities are summarized below.

4.3.2 Radiological Controls Department

The radiation safety organization, formerly a subset of
the TMI-2 Site Operations Department, became the Ra-

Personnel Protection

diological Controls Department. The new group re-
ported directly to corporate headquarters, and had the
authority to place potential radiation safety concerns
above operational task priorities. Further, the corporate
policy of using operations personnel to perform radio-
logical control tasks during outages was abandoned.
Under new policy, only radiological control technicians
or their foremen who had undergone onsite training in
accordance with the program described in the Radio-
logical Controls Program Plan would be used for Ra-
diological Controls tasks at TMI-2.

Project management held meetings and issued policies
regarding their commitment to radiation safety and to
ensuring that the health and well-being of all workers,
corporate-wide, was considered in all aspects of their
business.

The responsibilities of the new TMI-2 Radiological
Controls Department were defined in writing, and this
approach grew to encompass the radiation safety re-
sponsibilities of each person employed or under contract
at TMI-2. The Radiological Controls manager now had
adirect line of access to the senior managers in charge of
the cleanup program and to a Senior Vice President at
corporate headquarters. Internally, Radiological Con-
trols comprised five groups:

* Radiological Technical Support—Prepared the
department’s procedures and coordinated the ALARA
program with other departments on site.

» Radiological Field Operations—Performed radia-
tion monitoring.

* Radiological Training—Trained RadCon technicians
and supervisors.

* Dosimetry—Implemented and administered dosim-
etry programs.

» Radiological Support Services—Calibrated and re-
paired dosimetry equipment, tested respirators, per-
formed bioassays, operated the radiological labora-
tory, and provided radiation health services.

During subsequent reorganizations, Radiological Tech-
nical Support was renamed Radiological Engineering,
and Dosimetry and Radiological Support Services were
merged to become Radiological Health. These groups
are mentioned later in this section.
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4.3.3 Training

The training program developed to certify RadCon tech-
nicians and supervisors included 40 hours of classes
followed by written and oral examinations. During the
oral examination, the examinee was given a situation
involving either: 1) the interpretation of radiological
data; or 2) an unusual radiation safety situation (e.g.,
high airborne activity, liquid spills, contaminated in-
jured personnel). The examinee then assessed the
problem and stated what should be done to control the
situation. Based on the response, an examiner provided
additional details on the radiological consequences. Upon
completion, the oral examination board critiqued the
performance with the examinee present, and subse-
quently documented the results.

Under the revised training program, RadCon techni-
cians and their supervisors also performed practical
ability exercises to demonstrate their proficiency in
routine survey and TMI-2 routine radiation safety situa-
tions. This training approach wasalso used, in July 1980,
to develop guidelines for when mockups, walk-throughs,
and detailed worker briefings would be required for
special cleanup tasks.

Eventually, this early training program evolved into the
enhanced practical factors course thatbecame mandatory
training for all TMI-2 workers before their authorization
to work in the containment. Throughout the cleanup,
special training requirements changed, but theapproach
and criteria for determining who needed what level of
training to make an activity safe remained the same.

4.34 ALARA Strategy

The principles of ALARA had been a nuclear industry
goal for over 30 years. They evolved from recommen-
dations made in the 1950s by the International Com-
mission on Radiological Protection (ICRP) and the Na-
tional Council on Radiation Protection (NCRP). ALARA
became a regulatory requirement for U.S. facilities in
1971, and in 1976 the phrase “as low as is reasonably
achievable” (ALARA) was defined and added to the
Code of Federal Regulations.

The philosophy behind the ALARA concept is that all
radiation exposure involves some risk of biological
damage and it is therefore proper to develop cost-effec-
tive ways to reduce personnel radiation exposure. As
required by 10 CFR Part 20, all nuclear power plant
licensees must have a formal ALARA program that
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defines personnel responsibilities and describes how
organizations are to collectively implement ALARA
principles.

InJune 1981, an ALARA checklist for the TMI-2 contain-
ment entry program was produced (Brasher 1981). It
organized the listed items into three categories:

1. Items of primarily an operational nature with which
RadCon had very little direct interface except in the
context of external exposure accumulation and which
were unlikely to generate RadCon comments. Ex-
amples included: whether photographs should be
taken, consideration of physical obstructions, worker
routes to and from the jobsite, communications and
lighting requirements, special tool requirements.

2. Items that required joint decisions between the Op-
erations personnel and RadCon. These included
shielding and ventilation requirements.

3. Radiological control requirements for the jobs that fell
within RadCon’s areas of responsibility. Dosimetry
and respiratory protection requirements, protective
clothing, radiation survey, and air sampling tasks all
fell within this category.

The checklist concluded with a statement that the degree
of success in implementing the ALARA program was
directly related to the ability to identify tasks to re-
sponsible organizations and to interface where neces-
sary. This was the basic premise for the entire GPU
Radiation Protection Program.

Implementation of this ALARA strategy, however,
proved challenging during the early 1980s, when efforts
intensified to characterize the in-containmentradiological
conditions and begin decontamination and dose reduc-
tion. As data on the conditions inside the containment
becameavailable, the staggering number of worker hours
required to perform cleanup tasks became evident. In
addition, decontamination operations had not proved
effective enough in lowering radiation fields to support
fuel removal.

These factors led to a decision that dose reduction in the
containment should be considered at the program level.
Resources required for source removal, shielding, and
decontamination became a high priority. Coordination
of this effort was via the Dose Reduction Task Force,
which was formed in 1982 with the urging of the NRC
and comprised managers and engineers froma variety of
operational disciplines.



Theresulting.dosereduction program was quite success-
ful. It resulted in more than 50% reduction in average
worker dose. In 1981, the average worker dose in the
containment was 109 mrem/person-hour; by 1984 that
average was reduced to 52 mrem/person-hour (Mer-
chant 1988). Section 7 contains a description of the dose
reduction activitiesin the containment, including shield-
ing and coatings removal activities.

Attheprogramlevel, the TMI-2 ALARA strategy worked
well; however, isolated instances of human error oc-
curred. One of the most disappointing incidences—in
the eyes of the TMI-2 Radiological Controls managers—
took place January 14, 1985. On that day, three men (two
RadCon technicians, one photographer) entered the seal
injection valve room (SIVR) to obtain radiation mea-
surements and a dried boron sample, and to photograph
an instrument panel. The SIVR was known to be a high-
radiation area, exhibiting up to 250 Rad /h beta. All three
workers received skin exposures in excess of the TMI-2
quarterly administrative limit of 5 rem (the 10 CFR Part
20 limit is 7.5 rem). The NRC was notified.

In Special Inspection Report 50-320/85-03, the NRC at-
tributed thisincident to the Radcon technicians failing to
perform an adequate radiation survey and to the entry
team failing to adhere to procedures and to the radiation
work permit (Barr 1985). GPU'’s response to the Notice
of Violation provided additional insights. The response
listed a number of specific deficiencies associated with
this incident, but pointed to two overriding causes:

1. The successful dose reduction campaign made work
in high-beta areas infrequent. This created a reduced
sensitivity to and awareness of the special consider-
ations involved in protecting workers from high-
energy beta radiation sources.

2. Radiological Controls personnel became too.involved
in doing the job to adequately perform the HP over-
view function.

The incident was classified as an isolated breakdown in
the implementation of administrative controls rather
than a programmatic deficiency. In support of this
determination, GPU noted that: 1) the radiological con-
ditions presentin the SIVR should have been well known
to the RadCon personnel involved; 2) both RadCon
personnel involved were well-trained, qualified profes-
sionals; and 3) the pre-entry survey data and radiation
instruments used during the job were adequate to alert
the RadCon personnel to the high-beta radiation in the
SIVR (Standerfer 1985).

Personnel Protection

Two exposures in excess of regulatory limits occurred
during the cleanup: oncein August 1979 during work on
valves in the auxiliary building and once in 1989 during
defueling-related decontamination. Both were toskinor
extremitiesonly, and neither are expected toresultinany
significant health effects to theindividuals involved. No
whole body exposures in excess of limits occurred dur-
ing the cleanup.

The overexposure incidents, whether exceeding corpo-
rate or federal limits, served as periodic reminders to
refocus the project on the need for continual vigilance in
preparing for and executing tasks in radiologically
hazardous areas.

4.3.5 Radiation Exposure Management
(REM) System

Another programmatic area that was identified for im-
provement during the early audits was enhanced ra-
diation exposure management. Actually, the large
amounts of dosimetry data, the importance of accurate
exposure records, and increasing pressure to minimize
occupational exposure at the TMI site pointed to the
need for an automated radiation protection data man-
agement system as early as 1975, long before the acci-
dent. The initial system that was installed maintained
exposure histories and helped generate required NRC
reports.

The TMI-2 accident created a need for a more advanced
system because of the large increase in both radiation
workers and the number of tasks to be performed in
radiologically contaminated areas. To accommodate
these changes, the system was expanded, in 1980, to
include real-time data processing. Like the evolution of
the radiation training program, the REM system devel-
oped for the special needs of the cleanup programevolved
into a sophisticated exposure tracking and reporting
system that also served GPU’s operating plants and the
data analysis needs of the corporate headquarters.

The REM system maintained radiation exposure, train-
ing, and qualification records and tracked the activities
associated with RWPs using a central mainframe com-
puter. RadCon technicians and others with a need for
access to this information gained access through remote
terminals. The REM system provided real-time control
of area access by checking RWP requirements against
worker qualification data. Security was maintained via
a hierarchy of access codes that allowed varying degrees
of information access and alteration.
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The REM system had substantial exposure analysis and
reporting capabilities. Job category codes indicated the
type of work being done and exposure tracking numbers
identified specific systems, components, or activities.
Exposure estimates made before the task and a system to
relate an RWP to a specific maintenance job were also
available. The REM system could thusbe used to extract
and sort the RWP and exposure records in several ways;
e.g., spot data trends, compare actual doses to estimates,
identify high exposure systems or components, compare
TLD to pocket dosimeter measurements. The software
also permitted very specific inquiries sorted by data field
and could generate a number of required reports, in-
cluding Regulatory Guide 1.16 reports, 10 CFR Part
20.407 reports, and NRC forms 4 and 5 reports.

4.4 Other Personnel Protection Methods

Initially, there were clear deficiencies in technical knowl-
edgeassociated with the personnel protection equipment
and tools that could be used to address TMI-2 cleanup
needs. The principal needs that could not be met via
existing technology were accurate beta dosimetry and
the use of robots for initial data collection and decon-
tamination tasks in containment. Another principal
challenge was how to protect entry team members from
radiation without creating undue physical burdensand
the potential for heat stress.

Because the environment was changing every week and
accurate data were not always available, recovery
planners chose to be very conservative rather than risk
worker health and safety during the initial entries. This
resulted in sometimes overly complex planning and
procedures, but achieved its goal of safety.

4.4.1 Beta Dosimetry

In 1979, the industry’s experience base in monitoring
and protecting workers against high-energy beta radia-
tion was insufficient. Equipment for monitoring and
detecting high levels of beta radiation was not available.

In August 1979, the beta dose rates in the TMI-2 AFHB
first resulted in several skin exposures in excess of
regulatory limits during an entry into a makeup purifi-
cation (MUP) valve cubicle. This incident prompted
considerable research at TMI-2 to establish personnel
protection criteriaand to develop monitoring equipment
toadequately detect high beta radioactivity (Hildebrand
1985¢).
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The Harshaw 2-chip TLD badge, which wasused early in
the TMI-2 recovery program, had only a 270 mg/cm?
filter over the penetrating detector, and could not accu-
rately measure doses received from high-energy, high-
level mixed beta/gamma radiation fields. It did not
provide the accuracy needed for either skin dose or
whole body dose associated with the postaccident en-
vironment {Rich 1981).

Since an improved dosimeter was needed at TMI-2 for
continuing work in the auxiliary building and for up-
coming entriesand cleanup activitiesin the containment,
the project team reviewed existing dosimetry systemsin
order to obtain the best available system as soon as
possible (Rich 1981). The selection criteria included:

* Capability to monitor mixed beta/gamma energies

* Provisions for 10 CFR Part 20 reporting

Built-in quality control

e Operation within ANSIN13.11 (draft) parameters

Automated and operator-oriented.

Afterreviewinganumberof available dosimetry systems,
a personnel dosimetry system was developed that in-
cluded a modified Panasonic 4-element dosimeter and
an upgraded automated system to process the data from
the approximately 6,000 dosimeters in use at TMI-2 each
month.

The system was installed in February 1983. The dosim-
eter was a modification of the Panasonic model 802
design. It used two lithium borate and two calcium
sulfateelements, each 14 mg/cm?thick. Filtration ranged
from 14 to 1000 mg/cm?. This corresponded to the stan-
dard 802 design with the exception of element number 2,
the filtration capabilities of which were significantly
reduced (from 350 to 75 mg/cm?).

The interpretation algorithm used in this system was
designed to enable use of a changing beta correction
factor, based on the beta spectral data collected by the
dosimeter. The assessments were between thallium-204
and strontium-90/ yttrium-90, as these beta source spectra
were believed to approximate in-containment condi-
tions. Besides processing the dosimetry readings, the
software also supported the quality assurance aspects of
this dosimetry system, which included:

¢ Inspecting dosimeters on a routine basis

* Evaluating key TLD parameters daily



* Aligning and calibrating TLD readers

* Generating and comparing element correction
factors.

Aside from computer component upgrades and adding
the capability to collect glow curves, the original personnel
dosimetry system remained as initially designed. It was
certified by the National Voluntary Laboratory Ac-
creditation Program for all monitoring categories (Schmitt
1988).

The DOE sponsored a separateresearch project to develop
a dosimeter for TMI-2 cleanup survey tasks. The design
features that were considered included:

* Automatic correction for differing beta energy
spectra

* Ability to determine doses in fields of mixed beta and
gamma radiation

* Implementation of passive beta dosimetry using
widely available health physics resources

¢ Small, compact design for ease in handling and to
reduce the effects of radiation fields that vary based
upon dosimeter position.

The research produced .an 8-element dosimeter, about
the size of a pocket calculator, that satisfied all of the
above criteria (EPRI 1984). However, it was never used
at TMI-2 because the Panasonic was sufficient, the 8
elements on each dosimeter would have been
uneconomical to process, and large-scale production
capabilities were lacking.

In the latter part of 1986, some areas within the contain-
ment began exhibiting significant increases in beta ra-
diation. To address this, the project teaminstituted three
changes to the TMI-2 dosimetry program, effective
January 1, 1987. The objective was to reduce radiation
exposures to thelens of theeye of in-containment workers
and to assess more accurately whole body radiation
exposures. The three changes involved:

1. Increased eye protection to provide total shielding
thickness of 700 mg/cm?. This change enabled 100%
effectiveness in shielding the lens of the eye from
beta radiation.

2. Assessment of the whole body dose at 1000 mg/cm?
by implementing a computer processing change to
the Panasonic TLD system. This action enabled the
dosimeter to report true body dose for all tissues.
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3. Modification of the self-reading pocket dosimeters to
accurately measure whole-body dose at the equiva-
lent depth of 1000 mg/cm? below the surface of the
skin. Thismodificationincreased the accuracy of real-
time dose tracking (GPUN 1986).

4.4.2 ALARA Reviews

The TMI-2 ALARA program included a pre-work
ALARA review for all tasks to be performed in radiation
areas that met a pre-determined set of criteria. These
ALARA reviews were the responsibility of the Radio-
logical Engineering section of the Radiological Controls
Department.

The objectives of the pre-work ALARA review were:
* Analyze the radiological conditions data
¢ Perform ALARA evaluations

* Recommend dose reduction options based on the
cost/benefit ALARA evaluations.

The criteria for determining whether the ALARA review
was warranted included:

¢ Any task anticipated to accumulate 5 person-rem or
more of total exposure

* Any task for which the dose/dose rate to the skin or
the extremities, or both, might be.limiting without
special radiological controls

* Any task in which the airborne concentration was
expected to exceed by a factor of 1000 times the limits
specified in 10 CFR Part 20, Appendix B, Table 1,
Column 1 (i.e., respiratory protection of 1000 times
was inadequate)

¢ Any task that could release radioactive material di-
rectly to the environment

¢ Work inside highly contaminated systems or compo-
nents as identified by Radiological Engineering

* Reactor disassembly/defueling operations involving
core alterations.

Thestepsfor performingan ALARA evaluationincluded:

¢ Evaluate radiological conditions in each location of
work to determine the sources and relative percentage
contribution to the total area dose rate.
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* - Evaluate thearea work occupancy in terms of the total
jobhours and the schedule of work.

e Determine applicable dose reduction methods (i.e.,
shielding or source removal). Identify options and
estimate the degree of reduction from each.

* Calculate the net positive benefit derived from each
combination of options.

* Select options with the highest net positive benefit for
prioritization and implementation.

The radiation ALARA review process is described in
further detail in Radiation Protection Management Program
at TMI-2: Noteworthy Practices and Accomplishments (Owen,
Brady, and Owrutsky 1987). The outline above is pre-
sented as the basis for discussing two shielding aspects
that illustrate the TMI-2 program: 1) shielding require-
ments for the head removal activities; and 2) software
developed to expedite shielding evaluations.

4.4.2.1 Shielding for Reactor Head Removal

In December 1982, as plans for the reactor head removal
accelerated, the supporting dose reduction measures
that could be accomplished via shielding began to
crystallize (Buchanan 1982). At that time, the project
team identified the following needs and shielding
equipment that would serve to reduce dose:

* Reduce doses incurred during head removal
preparations: Because the leadscrews would be sus-
pended inthe head service structureand wereexpected
to significantly raise the background radiation con-
centration, there was an additional need to shield the
upper portion of the head service structure.

Resolution: Purchase custom-made shielding that
was suspended from the head service structure and
installed using the stud detensioning equipment. This
was expected to reduce radiation exposures by a
factor of 10.

* Reducedosesincurred afterhead removal: After head
removal and placement on the storage stand, the head
would continue to present a source of radiation at EI
347 and to persons walking in that vicinity.

Resolution: Purchase water shielding columns, which
were fiberglass columns designed to be filled remotely
and provide approximately 56 cm of water shielding
or 2 tenth-value thickness for cesium-137. These
columns were cylindrical but interlocked to avoid
gaps. They were free-standing and stackable and
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available in 1.2- and 2.4-m heights. These would
provide a circumferential shield of the storage stand
to aheight of 3.7 m. Once purchased and applied, the
water columns leaked and were subsequently filled
with sand.

» Shield the personnel trafficareas near the personnel
air lock

Resolution: Also use water shielding columns, placed
around the northwest corner of the elevator shaft to
reduce dose rates measured at 450 mR/hor greater at
that time.

* Provide shielding on the working platform and
down in the refueling cavity over the reactor vessel
annulus

Resolution: Purchase lead blankets.

* Portableshielding for general use: Flexibility was the
primary concern, both in location and in shield thick-
ness. Examples included: shielding of the incore
instrument seal table, shielded booth for removing
highly contaminated protective clothing in contain-
ment, interim radioactive waste storage in contain-
ment, tool staging area in containment, radioactive
waste staging areas in the ante-room and equipment
hatch area, and decontamination activities.

Resolution: Purchase 1.8-m frames and special 1.8-m
lead blankets that could be assembled in place or
wheeled into location as required.

Although the shielding materials recommended for the
TMI-2 program were expensive, this equipment was
designed consistent with the TMI-2 objectives of keeping
radiation exposures ALARA. Additionally, the pur-
chase was considered justifiable from a cost/benefit
stand point.

4.4.2.2 Shielding Analysis Software

Radiological Engineering personnel used the ISOSHLD
computer code for intricate dose calculations. This code
was widely used by shielding analysts and is not de-
scribed here. However, the number of shielding analy-
ses required to support the cleanup was enormous.
Many of these analyses had to consider several sources
and shield geometries. The evaluation process was time-
consuming and, because the ISOSHLD system was ac-
cessed via an IBM Time Sharing Operations (TSO) sys-
tem, engineers had to wait for an available terminal.
Also, the ISOSHLDII version was not particularly “user
friendly.”



These two limitations led to the development of two
microprocessor-based shielding analysis programs that,
although not directly associated with GPU or the TMI-2
cleanup, were used extensively by technical planners
and Radiological Engineering to perform comparative
assessments and thus remove the need for access to
ISOSHLD except for preparing the final documentation
for regulatory reporting.

The commercially available software was MicroShield
(Grove Engineering) and RADCALC (Schneider Engi-
neering). Although they differed in formatand physical
appearance, both programs freed the engineer to run
shielding calculationson a microcomputer;bothemulated
ISOSHLD in libraries and algorithms; both were ex-
tremely easy to use; and both enabled the analyst to store
calculation data for subsequent analyses.

4.4.3 Robotics

The concept of using robotics (i.e., robots and other
remotely operated equipment) for the TMI-2 cleanup
was introduced during the initial containment re-entry
planning stages. At that time, the principal motivation
for considering this option was the uncertainty as to
whether the NRC would allow the containment purge.

The general consensus at that time was that the initial
entries, due to their short duration and task objectives,
would require the logic and mobility attributes that only
a person possessed. However, as part of the pre-entry
planning, TMI-2 engineers, with the cooperation of the
DOE and national laboratory experts, had a number of
commercially available robots demonstrated for consid-
eration. Through theseinformation collection efforts, re-
entry planners were able to identify specific physical
limitations associated with deployment of then-available
robots for cleanup tasks.

Three principal limitations associated with these robots
were identified:

* The tractor-type treads could not negotiate the per-
sonnel air lock.

* The cables were not remotely powered; i.e., a tether
was required.

¢ Radio control of the robots was not possible; thus
controller communications from outside the 1.2-m.
thick concrete walls was difficult.

Personnel Protection

Remote equipment began to play a limited role in the TMI-
2 cleanup in June 1981 (for limited data acquisition). As
early as 1982, plans had been made for remote access to the
containment basement. The primary incentive for this
approach was the need to acquire more data on the radio-
logical conditions. The remote vehicles available for useat
that time are shown in Table 4-3.

Most of these robots had very limited capabilities and were
relatively expensive. The two remote vehicles that were
used at TMI-2 during this time were:

¢ SystemIn-service Inspection (SISI)—Furnished by the
DOEin1982, it wasasmall, tracked, tethered vehicle that
contained several CCTV cameras, a radiation detector,
and a small manipulator arm. SISI was used to take
radiation surveys and smear samples for assessing the
contamination on the floorsin makeup and purification
cubicles “A” and “B”. The smears werereally wipes;i.e.,
sticky paper dabbing rather than wiping. SISI also
performed video inspections of the area. The principal
limitation was the height of the vehicle (0.3 m above the
floor). Also, the tracked drive presented a problem, as
the belts would come off and requireretrieval by pulling
the tether that transmitted control power and video

signals.

s Remote Controlled MobileManipulator(RCMM a.k.a.
BIG AL ak.a. FRED)—Purchased in December 1982,
FRED was to remotely flush areas in the plant. This was
the first direct tie between use of remote equipment to
performcleanup tasksand theTMI-2 ALARA program’s
objectiveof minimizing occupational radiation exposure
(Giefer 1987). First use of FRED was in the auxiliary
building makeup pump room. A high-pressure water
nozzle was mounted at the end of the manipulator arm.
A support camera with pan/tilt was mounted ina stand
to provide additional viewing capability. Directional
flush was not completely successful by total remote
control, but the results of this effort provided a wealth of
knowledge concerning theapproachesand understand-
ings required to implement a remote device at TMI-2.
These included: 1) adequacy of viewing required to
attain a feeling of presence of the operator; 2) type and
duration of training and mockup required; 3) adequacy
of the mockup; 4) attitudes of the operators and support
personnel; and 5) adequacy and reliability of the equip-
ment. This limited experience established a basis for the
foundation that would lead to future successful efforts
with remote equipment at TMI-2.
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By 1984, the project’s use of remote equipment and
robotics was well underway. The custom-designed re-
mote reconnaissance vehicle (RRV) was delivered to the
TMI-2 site. The remote reconnaissance vehicle and oth-
ers are also discussed in sections 5 and 7. The RRV’s
developmentand useisdescribed in several EPRI reports
(Geifer, Hine, and Pavelek 1985; Owen, Brady, and
Owrutsky 1987; Schwartz 1989)

Also during this time, the remote controlled transport
vehicle (RCTV a.k.a. LOUIE) was loaned to the project
by the DOE. LOUIE made its debut in the 1950s, at the
Hanford Engineering Development Laboratory (HEDL)
(EPRI 1984b). It was a tracked vehicle containing a
manipulator arm (454-kg lifting strength) mounted to a
telescoping column. Its powerand controlsare transmit-
ted through a tether. LOUIE was used to perform a
radiation survey and measure the radiation profile from
the “A” and “B” makeup demineralizer tanks. New
approaches that were tested during this task included: 1)
evaluation of the effectiveness of a sonar range finder as
an accurate means to remotely measure the distance
from an object such as a tank; and 2) evaluation of the
ability to retrieve a complex remote device from a con-
taminated area and, with minimal effort, completely
decontaminate the device to releasable levels.

This was a successful effort, due in large part to the
lessons learned during the earlier deployments. Use of
the sonar device allowed an accurate radiation profile
not previously possible with remote devices. The task
was performed onedayin June 1985, and by the following
morning, LOUIE was completely decontaminated and
released to the noncontaminated remote equipment
evaluation area.

This section hasbriefly described how robotics technology
was introduced into the cleanup program for personnel
protection. Additional robotics descriptions are pre-
sented throughout this report, in the context of their
associated cleanup discipline (e.g., disassembly and
defueling, decontamination, data acquisition).

4.4.4 Heat Stress

The activities required to cleanup the TMI-2 contain-
ment, coupled with the highly contaminated in-contain-
ment environment, required use of several layers of
protective clothing to minimize worker contamination.
Project management recognized that this protective
clothing requirement would increase the risks of heat
stress-related illness. Therefore, early in the cleanup
program, a heat stress protection program was initiated.

Personnel Protection

Here, again, the project team followed its basic strategy of:
1) use what’s available on site; 2) use what's available
elsewhere; and, asalastresort, 3) develop a tool to meet the
need. The report Personal Cooling in Nuclear Power Stations
(EPRI 1983) provides an excellent overview of R&D in this
area.

At first, the heat stress protection approach involved pre-
entry medical screening, pre-entry trainingon thesymptoms
and hazards of heat-related ailments, and imposition of in-
containment work time limits. Table 4-4 provides these
limits (Ritthamel 1980). These initiatives only slightly
improved the situation. Time limits controlled heat stress
but severely hindered productivity. Inaddition, increased
rotationof workersadded travel time through highradiation
areas.

Another approach that was tried involved attempts to
reduce protective clothing requirements. However, the
activities required for the cleanup program afforded little
room for leniency in this area.

In1981, the project teaminitiated screening and acclimation
for incontainment workers (Pastor 1981). The screening
consisted of pre-entry mockupsin full dressand monitoring
oral temperatureand heatrate recovery post-mockup. The
advantage of this screening was thatitenabled managersto
match individuals to particular tasks. The principal disad-
vantage was that pre-entry lead times were three to four
weeks. The acclimation effort involved workers, in full
protective clothing, walking around in 290 K (63°F) areas
forincreasing time periods (15 < 30 <45 min) over a 14-day
exercise term.

Each of these early initiatives fell short of its mark—each
reduced the risk of heat-induced illness, but at the sacrifice
of worker versatility and productivity. To overcome this
phenomenon, body cooling systems were investigated.
Table 4-5 shows the results of that study, and traces the
results that led to selection of the EPRI-Pennsylvania State
University (PSU) short frozen water garment (SFWG). The
minor problems associated with deployment of the SFWG
included:

o Freezing and Storage—Onsite freezers werenotlarge
enough to store several SFWGs or to freeze ice packs
inadvanceof need. A chest-type freezer was purchased
and equipped with a center rail to support this project.
Liquid nitrogen was used to freeze ice packs quickly
during peak demand periods.

* Laundry—The TMI-2 primary laundry facility cleaned
contaminated clothing. To prevent potential cross-
contamination of clothing, a washing machine was
purchased for the SFWGs.
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¢ Durability—Over time, the SFWGs, fabricated of rip-
stop nylon, began to unravel. Cotton twill was tested
and found to be more durable and to cost much less
than the nylon. Also, approximately 5-10% of the ice
packets cracked and leaked during usage. Although
thisdid notappreciably reduce the effectiveness of the
SFWG, the packets had to be replaced. Use of thicker
plastic (8 mil) might have resolved the problem.

» Decontamination—Slight contamination of the
SFWGs could be cleaned easily; however, SFWGs that
became extensively contaminated had to be disposed
of. Very careful undressing after containment entries
alleviated this concern.

¢ Entry Timing—Close coordination between worker
dressing and entry into the containment was required
to minimize the amount of ice melting before begin-
ning actual cleanup tasks. By changing the dressing
sequence and improving communications between
the dressing area and the entry command center, this
concern was lessened.

The final aspect of the TMI-2 heat stress control program
that bears discussion is engineering controls. Early on,
engineering controls were considered along with the
acclimation and stay-time initiatives, but the variety of
worklocationsand magnitude of required environmental
changes caused project management to dismiss engi-
neering controls as an impractical option to combat heat
stress at that time.

The engineering controls option was re-visited shortly
after deployment of the ice vests. Principally, the objec-
tives were to reduce the use of ice vests,and thus theneed
for upkeep and maintenance on a large scale. The
developer of the SFWG also developed a method for
performing heat stress calculations to establish param-
eters for use of body cooling garments. The methodol-
ogy was used at TMI-2 to demonstrate that the need for
body cooling garments could be significantly reduced if
an ambient temperature of <290 K (63°F) could be main-
tained.

Consequently, a building chiller system was installed to
augment the containment air cooling equipment. Once
deployed, the chiller system enabled operators to main-
tain the ambient temperature <290 K, thus reducing the
need for SFWGs to an exception-only basis. This also
increased worker stay-times and decreased entry prepa-
ration time (EPRI 1983b).
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4.4.5 Respiratory Protection

It becameabruptly clear after the accident that the station
was ill-prepared for the respiratory protection demands
which had arisen. Therespiratory protection programin
place at TMI-2 was designed mainly for planned main-
tenance under controlled situations. While the in-place
program was very capable of handling anticipated plant
demands (including accidents such as fires and radio-
active spills), it was not geared to handle the respiratory
protection requirements of large-scale or long-term
cleanup from a radiological accident.

4.4.5.1 Immediate Problems
In the immediate aftermath of the accident, problems
with respiratory protection arose quickly, including;:

¢ Insufficient number of SCBAs—only 35 SCBAs with
70 spare cylinders existed on site

¢ Inadequate recharge capability—one 2.4E-03 m’/s
compressor on site.

With a SCBA usage rate of 10 or more units per hour, a
much larger inventory was needed, along with facilities
todecontaminate, service, and recharge cylinders. Inthe
initial days following the accident additional SCBAsand
cylinders were procured and cylinder charging assistance
was provided by several local fire departments.

A skid-mounted, 8E-03 m?/s high-pressure air com-
pressor and SCBA charging station were placed on a
flatbed truck equipped with a quick-disconnect power
supply. The unit was mobile to be able to avoid the
discharge plume from the plant (Gee 1989).

Other early problems included:

= Shortage of charcoal canisters for respirator masks,
which werebeing used atamuch greater rate than the
SCBAs.

* Inadequate number of respirator-qualified person-
nel. This created an immediate need to medically
evaluate, fit-test, and train many personnel.

Additional charcoal canisters were obtained from
neighboring utilities and with the prompt response of
onemanufacturer. Shortagesinrespirator-qualified per-
sonnel were further magnified by additional problems
like the inaccessibility of site training facilities and the
respirator quantitative fit-test booth. Several local phy-



sicians helped to conduct the necessary physicals for the
respirator qualification, and a school bus was rented and
used as a mobile training facility. The inaccessibility of
the respirator fit-test booth was overcome by changing
the method of testing. The adopted method was qualita-
tive, and used either stannic chloride (irritant) smoke or
isoamyl acetate (banana oil).

4.4.5.2 Respirators

Of the numerous types of respirators used at TMI-2, the
two most useful devices from the standpoint of worker
comfort, productivity,and dose reduction were powered-
air purifyingrespirators (PAPRs)and supplied airhoods.
Advantages of the PAPRs—which were used almost
exclusively for cleanup and recovery operations at TMI-
2—werethattheylimited dead air spaceand lensfogging
while providing a cooling effect on the face. Advantages
of the supplied air hoods were that they were much more
comfortable to wear and very useful in mitigating heat
stress because the exhausted air was directed down the
wearer’s torso.

Because of the variety of airborne contaminants, both
accident-and decontamination-induced, virtually every
type of respirator that was available commercially was
included in the TMI-2 equipment inventory.

4.4.5.3 Respirator Cleaning and Storage

For the first two years following the accident a mobile,
contractor-operated, two-trailer facility was used to
maintain and reprocess the respirators. The facility
consisted of a processing trailer, a support trailer, and a
facility ventilation unit. In 1981, the cleaning rate was
averaging 50 per day (8 h).

Respirator cleaning comprised only a small percentage
(35%)of total service provided by the facility. Inaddition
to cleaning, the facility personnel also:

* Performed receipt and release radiological surveyson
all equipment processed

¢ Received, decontaminated, tested, and prepared all
ancillary respiratory equipment; e.g., air lines, air
manifolds, air cylinders, powered-air-pack power
units

* Performed all routine maintenance on respirators,
where qualified

* Sleeved all air line hoses, belts, and powered-air-pack
blowers to minimize contamination, and prepared
equipment for use
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s Performed a daily survey of the working inventory of
respiratory equipment at all control points for both
TMI units.

¢ Performed monthly checks of emergency SCBAs and
emergency respirators

¢ Maintained all maintenance and inventory records
for all respiratory equipment.

These additional functions accounted for approximately
65% of the contractor work load (Peterson 1981).

While the design capacity of the facility was quite ad-
equate to handle projected respirator usage, the testing,
repair, staging, and equipment preparation functions of
the facility overtaxed the available space. The recom-
mendation to build a utility-owned-and-operated facil-
ity was made in December 1981. The recommendation
was based on economics and the need for efficient turn-
around. The two basic options considered were the
expansion of the existing trailer facility and the con-
struction of a utility-owned-and-operated facility. Crite-
ria used in determining the suitability of the options
were:

* Decontamination factors

e Throughput

* Radiological controls

» Capacity

* Functions performed

* Waste generation

* Capital and operating cost

* Overall operating efficiency.

Based on the evaluation results, a utility-owned-and-
operated facility was constructed in 1983. It had the
ability to decontaminate respirators with very highlevels
of contamination and could process and maintain 100
PAPRs per day. For further information regarding the
more detailed aspects of the evaluation of the respirator
protection program at TMI-2, see “Respiratory Protection,
Lessons Learned at TMI” (Gee 1989). Further informa-
tion on the engineering evaluation of the laundry and
respirator facility operation are presented in the excel-
lent report: Evaluation of Laundry and Respiratory Cleaning
Operations at Three Mile Island (General Dynamics 1981).
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44.6 PAF And C-Cubed Concept

The TMI-2 personnel accessfacility (PAF) evolved based on
activities from quite early in the cleanup program, by way
of the entry support group. That group wasresponsible for
all aspects of the initial series of containment entries.

Once the data acquisition and decontamination projects
got underway in the containment, the number of workers
and the variety of in-containment tasks multiplied, as did
the requirements for protective clothing, respiratory pro-
tection, and support equipment combinations. These new
andincreasingdemands, coupled withaneed to coordinate
suit-up timing more closely withentry schedules (toreduce
heat stress-related risks), led to the decision to develop a
dedicated, centralized area for proper and efficient dress-
ing and equipping of workers before entries.

The resulting PAF, located in the turbine building, was the
initiation point for the organized process of entering the
containment. It included a check-in area, changing area
benchesand lockers,showers, anoffice,a protectiveclothing
supply room, equipment storage areas, and work benches.

One principal difference between this PAF and the tradi-
tional staging and dressing areas at nuclear power plants
wastherole of theP AF staff inassisting entry team workers.
Because the PAF staff knew thedress requirements foreach
RWP scheduled on any given day, they assembled sets of
properly sized clothingand actively assisted entry teamsin
suiting up. The PAF staff watched for errors in procedures
such as dressing sequence (e.g., donning an ice vest too far
in advance of entry) and taping.

While the entry team dressed, the PAF supervisor checked
theentry schedule with the coordination center. If the entry
was to be delayed, that information was given to the PAF
staff, who, in turn, delayed final dressing and taping so that
the entry team workers could wait more comfortably.

Upon receiving directions from the coordination center,
final dressing wascompleted, and the entry team exited the
PAFand proceeded to the RWP control point. Each worker
logged onto the REM system and then the team proceeded
to the contamination control corridor (C-Cubed), located a
few feetaway and just outside the containmentairlock. The
entry team picked up any special tools or equipment
associated with the day’s RWP, then entered the con-
tainment.

The C-Cubed’s most important function within the TMI-
2 personnel protection program was in providing a
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means to prevent workers from contaminating them-
selves while undressing upon exit. This was accom-
plished by the C-Cubed staff, who provided hands-on
assistance, as necessary, and ensured that prescribed
clothing-removal techniques were followed. The C-
Cubed staff also vacuumed exiting workers to control
the spread of “hot particles.”

The C-Cubed staff were tasked with recording digital
dosimeter readings, retrieving TLDs, and providing
medical response inside the containment. They served
as the caretakers for all equipment (i.e., radios, respira-
tors, dosimeters) associated with containment entries.

This PAF and C-Cubed concept was very successful in
protecting workers and streamlining the ingress/egress
process for the TMI-2 cleanup project. GPU later used
thisapproach,onasmaller scale, to coordinateentries for
a steam generator repair outage in TMI-1.

In February 1989, with the cleanup activities winding
down and the number of in-containment workers di-
minishing proportionally, Radiological Engineering
decided to move the dress out area from the PAF to the
TMI-2 auxiliary building. The new dressing area, which
was staffed by PAF workers, was more convenient and
saved time. It also reduced the risk associated with
previously laundered but slightly contaminated outer
PC garments “dropping” contamination in walkwaysas
the work teams walked from the PAF to the radiological
control areas.

This move was made possible by a change in the type of
PCs worn by TMI-2 workers. The change, which was
prompted by a desire to reduce low-level radioactive
waste volumes, became effective September 1988. It
called for use of disposable, polypropylene suits as un-
dergarments in lieu of wearing two sets of PCs. These
undergarments, referred to as “paper suits,” were puton
by workers after they removed their street clothes in the
PAF. The work team then walked to the new dressing
area, and put on the outer layer of protective clothing.

An additional advantage noted by Radiological Engi-
neering was that the paper suits greatly reduced the
number of incidents of skin contamination at TMI-2.

4.4.7 Communications Equipment

Throughout the cleanup program, optimal audio-visual
capabilities were a high priority for ensuring that the



ALARA objectives were met and for minimizing the
potential risks posed by other occupational hazards.

4.4.7.1 Video Equipment

Video equipment was used for two basic support func-
tions: 1) surveillance and task management; and 2) in-
spection and data acquisition. The latter is discussed in
the Section 5; surveillance and task management support
is discussed below.

Eight RCA 2000 series cameras were mounted in the
containment. Each had remote pan, tilt, and zoom
features. Asa combined system, these cameras survey
75% of the building area subject to cleanup activities.

The video surveillance of the building was directed
through the coordination center, which was located in
the turbine building. Engineers in the coordination
center relied on this surveillance capability to:

* Monitor in-containment work teams and ensure that
cleanup activities were performed safely

e Observe and video-record tasks for future reference
¢ Watch for fires in contaminated or inaccessible areas

* Provide task support (in combination with radio con-
tact) by observing work team progress and communi-
cating detailed procedures, recording data, resolving
unanticipated questions, and recording the activities
for subsequent debriefing and future training ses-
sions.

4.4.7.2 Audio Equipment

Radio communications was an extremely important part
of the worker protection program. Supervisorsand task-
support engineers relied on these systems to communi-
cate remotely with workers inside the containment.

A number of radio systems and components were tried
at TMI-2. These are summarized in Table 4-6. The
lessons learned from the extensive use of radio systems
are discussed below.

There were two principal areas in which GPU identified
and overcame potential problems associated with radio
equipment. The first was that these components were
difficult to decontaminate. GPU’s program stressed
protection of this equipment and relied on the trained
PAF and C-Cubed staff to test and wrap the equipment
before use, and then remove the contaminated wrapping
after use.

Personnel Protection

The second potential problem was associated with com-
ponent reliability. To address this, a performance
monitoring and tracking program was established for
the radio equipment. This program:

* Provided component usage records that indicated
frequency of replacement of parts and identified
failure-prone components

» Tracked transmission and reception problems from
the coordination center

* Included periodic analyses of performance problems
data

¢ Identified chronic problems that were thenreferred to
the manufacturer for component upgrade or modifi-
cation

¢ Provided ameansforschedulingroutinereplacement
of problem components while awaiting manufacturer
upgrades.

The objective and strategy used for this program re-
sembled the basic elements of the system life assurance
methodology used to track hardware reliability at op-
erating power plants. The magnitude of the program
(i.e., the complexity) was the principal difference.

4.5 Bibliography

. Arnold, R. “Three Mile Island Nuclear Station Unit-2

Radiation Protection Plan.” Middletown, PA: GPUN.
January 23, 1981.

Barr, K.R. Letter to F.R. Standerfer (GPU): “Inspection
50-320/85-03 (regarding seal injection valve room over-
exposure).” King of Prussia, PA: USNRC. January 30,
1985.

Barton, J. Memorandum to Distribution: “Unit-II Site
Operations Radiological Performance.” 4200-81-309.
Middletown, PA: Met Ed. April 6, 1981.

Barton, . Memorandum to Distribution: “TMI-2 Use of
Ice Vests During Containment Entries.” TMI-2 4000-82-
233. Middletown, PA: GPUN. July 12, 1982.

Brasher, T. Memorandum to R. Rider: “ALARA Check-
list Review.” Middletown, Pa: Met Ed. June 19, 1981.

4-29



Personnel Protection

obesn uUowwoD.

ATuo p@oisaije.
s3Tnsax
Azo3oe3zstaesun

!s10jeaTdsai iye
-paoI03 YITM pPaTij.

Pa3ITUTT.

PoITWTT,.

obesn uowwod AIdA.

suoT1eD
~TUNWWOO OTPNE 103
ubrsep waishs oTseq.

d1T1s o3 Aouspuaj e aaey
(*zo gg) KRaeoy

butrxatdnp ou

sxojeatdsax
Jsow Y3iTa aTqtiedwodsut

sI19)iom
WOl SpPUNOS UOTJIETRYUT
aaowal 03 A13TnoaTd burinw

~9STOU IO I03EATIO® 8DTOA JO

juswisn{pe Tnjaies saijnbai

*Z ueyl IPSTD SSIT punos
*Z uey3l 9TqRIIOJWOD SSOT

butisnlpe-ax uaym
UOTIRUTWEIUOD UTHYS JO XSTI
9sea1duT ueo HutddITs

03 auoiad sT suoydoidoTw

ainjeay xaTdnp-TTng
9ZTTTIN UeD UOTIR]S
aseq 1ad siexiom g

suotido sostdies pue

yed-3179q 03] DATIPUIDITE

UOTSSTWSUBRI] IedTO
2Tqe310JWOD

93eTdease]
103e1Tdsax opTsIino pajunow

‘¢z Aq peonpoad jeyi ueyl
TeubTs 3U21STSUOO aI0W

watqoid sbeddTTs XTI 03
del13ls jO®U pPaTITPOW IOPUSA
JybTem ULTT

sSpunos I1earo

P21ePpoWNoode 9gq Ued
si19spedy ATuo-ualsTT
Jo Iequnu pa3TUITUQ

USTIEYTUTT

T-INLL e pas) sjuauodwo)) widjsAg o1pey ajepipue)) *9-p [qe ],

I9AT091/1933TWSURIY
utejuod sauoydiea

{19AT9001-1933TWSURI]
J9@speay pojeabejur‘y

(Teanionils)

Iea ybnoiyly pejjTwsuril

Abisus soTOA {BuUOydoaoTw

~-Tufw pue siayeads
butyeiodioout ecerdiey-g

sauoydoaoT woodg" g

auoydoIoT
paT1dnoly AT9ATIONPUI Y

auoydoIoTW Teiueid g

IBATBO81 wWolx si19yeads 1eva

01 8Tged {I933Twsuea]
woxJ suoydoaoTw 3jroIYy]
01 9Tqeo {I8933TWsuel]l pue

JI9AT9021 WA Y3ITM syed-atad’e

uoT3jexjzauad ybnoiyl
paiTM JUBWUTRIUOD UT
I93jradai-aseqg aTqelIiod T

m N

4-30



Brasher, T. Memorandum to Hildebrand, et al.: “Review of
BETA Report.” Middletown, PA: MetEd. August 26, 1980.

Brasher, T. Memorandum to R. Heward: “Status of Long
Standing Unresolved Problems in Radiological Controls
TMI Unit IL” Middletown, PA: Met Ed. November 18,
1981.

Bryer, M., and E. Walker. Krypton Response of the Con-
tainment Entry Suit and Breathing Air System Utilizing
Penetration R-626. TDR-163. Middletown, PA: GPU
Service Corp. September 8, 1980.

Byrne,].J. Letter toW. Travers: “Engineeringand ALARA
Evaluationsfor Decontamination Activities.” 8505290444.
Middletown, PA: GPUN. February, 26, 1985.

Clark, P.R. “Establishing the TMI-2 Cleanup Organiza-
tion.” Proceedings from TMI-2: A Learning Experience—
ANS Executive Conference, Hershey, PA. La Grange Park,
IL: ANS. October 13-16, 1985.

Daniels, R.S. “TMI-2 Reactor Building Dose Reduction
Task Force.” Nuclear Technology. Vol. 87, 4 volumes. La
Grange Park, IL: ANS. 1989.

Dobbs. Memorandum to W. Conaway: “Cost Estimate
for Respirator Cleaning Facility.” Middletown, PA:
GPUN. September 2, 1982.

Eidam, G.R., and T.Horan. Color Photographs of the Three
Mile Island Unit 2 Reactor Containment Building: Volume
1—Emntries 1, 2, 4, 5, 6. GEND-006. Middletown, PA:
EG&G Idaho, Inc. October 1981.

Electric Power Research Institute. Joint TMI-2 Informa-
tion and Examination Program: EPRI Participation and
Support. NP-2907-SR. Palo Alto, CA: EPRI. February
1983a.

Electric Power Research Institute—Pennsylvania State
University. Personal CoolinginNuclear Power Stations. NP-
2868. Palo Alto, CA: EPRI. March 1983b.

Electric Power Research Institute. Joint TMI-2 Information
and Examination Program 1983/84 Progress and 1984/85 Pro-
gram Plan. NP-3810-SR. Palo Alto, CA: EPRI. July 1984a.

ElectricPower Research Institute. “Robotsinthe Nuclear
Workforce.” EPRIJournal. Palo Alto, CA:EPRL Novem-
ber 1984b.

Electric Power Research Institute. “Multielement Beta
Dosimeters for Measuring Dose Rates.” TB NPD.6/
84.4000. Palo Alto, CA: EPRIL June 1984.

Personnel Protection

Electric Power Research Institute. “Video Cameras for
TMI-2 In-Containment Tasks.” TB NPD.14.10.85. Palo
Alto, CA: EPRI. October 1985.

Electric Power Research Institute. “Dedicated Dressing
Facility at TMI-2 Improves Worker Protection.” TB
NPD.36.8.87. Palo Alto, CA: EPRI. July 1987a.

ElectricPower ResearchInstitute. “Maintenance of Video
Cameras in Contaminated Environments.”
TB NPD.38.8.87. Palo Alto, CA: EPRI. August 1987b.

Electric Power Research Institute. “Control of Hot Par-
ticles Challenges TMI-2 and the Nuclear Industry.” TB
NPD.42.2.88. Palo Alto, CA: EPRI. February 1988a.

Electric Power Research Institute. “In-Containment Ra-
dio Communication at Nuclear Power Plants: TMI-2
Experience.” TB NPD.43.2.88. Palo Alto, CA: EPRL
February 1988b.

Federal Register. 10 CFR Parts 19and 20, Control of Radiation
Exposure to Transient Workers, Final Rule. September 1,1982.

Gee, E. Memorandum to Kovach: “Use of Supplied Air
Respirators During Post Accident Conditions.” 9240-83-
1523. Middletown, PA: GPUN. April 29, 1983.

Gee, E. Memorandum to Distribution: “Reactor Build-
ing Entry WithoutRespiratory Protection.” 9240-84-2287.
Middletown, PA: GPUN. June 28, 1984.

Gee, E. “Respirator Protection: Lessons Learned at Three
Mile Island.” Nuclear Technology. Vol. 87,4 volumes. La
Grange Park, IL: ANS. 1989.

Giefer, D., R. Hine, and M.D. Pavelek. Remote Recon-
naissance Vehicle Program. NP-4265. Palo Alto, CA:EPRL
September 1985.

Giefer, D. “Remote Equipment Development at TML.”
Nuclear Technology. Vol. 87,4 volumes. La Grange Park,
IL: ANS. 1989.

General Dynamics. Evaluation of Laundry and Respirator
Cleaning Operations at Three Mile Island. (Transmitted via
memo from T. Petersen to L. King, December 4, 1981.)
December 1981.

GPU Nuclear. “Dosimetry Changed for TMI-2 Workers.”
Island Currents. Middletown, PA: GPUN. December 23, 1986.

4-31



Personnel Protection

GPU Nuclear. “Paper’s the Thing in Unit 2 Fashion.”
Island Currents. Middletown, PA: GPUN. September 16,
1988. :

GPU Nuclear. “Unit 2 Dress Qut Area Moved.” Island
Currents. Middletown, PA: GPUN. March 3, 1989.

GPU Nuclear, TMI-2 Radiological Controls Division.
TMI-2 Occupational Radiation Exposure Report 1979-88.
Middletown, PA: GPUN. No date.

Grier. Letter to Jersey Central Power & Light: “Transmittal
of IE Information Notice No. 80-19 - NIOSH Recall of
Recirculating-Mode (Closed-Circuit) Self-contained
Breathing Apparatus (Rebreather).” USNRC. May 6,1980.

Hajnal, and Lowder. “Report of the Beta Dosimetry
Workshop, December 8-9,1981.” DOE/EML. June 1982.

Heward, R. Memorandum to Renshaw, et al.: “Manage-
ment Plan for TMI Unit 2 Radiological Control Pro-
gram.” TMI-II-R-12133. Middletown, PA: Met Ed. Feb-
ruary 11, 1980.

Hildebrand, J.E. Memorandum to R. Heward: “Radio-
logical and Environmental Controls Long Standing
Unresolved Problems.” Middletown, PA: GPUN. June
11, 1982a.

Hildebrand, J.E. “GPUN Corporation Radiation Protec-
tion Plan.” Procedure 1000-PLN-4010.01. Middletown,
PA: GPUN. November 5, 1982b.

Hildebrand, J.E. “TMI-2 Cleanup Status.” Proceedings
from the Health Physics Society 30th Annual Meeting.
Chicago, IL: HPS. May 29, 1985a.

Hildebrand, J.E. “TMI-2 Cleanup Experience and the
Influence of the TMI-2 Accident on Radiation Protection
Practices in the United States.” Proceedings from the
Annual General Meeting of the Society for Radiological Pro-
tection. London, UK. March 26, 1985b.

Hildebrand, J.E. “The TMI-2 Cleanup—Protecting
Workers.” Proceedings from TMI-2: A Learning Experi-
ence—ANS Executive Conference, Hershey, PA. La Grange
Park, IL: ANS. October 13-16, 1985c¢.

Hildebrand, J.E. Personal communication with TMI-2
Technical History Project. May 1989a.

Hildebrand, J.E. “The TMI-2 Recovery: A Decade of
Challenge.” International Symposium on Recovery Opera-

4-32

tions in the Event of a Nuclear Accident or Radiological
Emergency. IAEA-SM-316/23. Vienna: IAEA. Novem-
ber 6-10, 1989b.

Hollinger, ].N. Memorandum to J. Schork: “TMI Heat
Stress Resulting From Wearing Protective Clothing.”
Middletown, PA: Met Ed. November 3, 1980.

Institute of Nuclear Power Operations. “A Good Prac-
tice for Establishing a Corporate Radiological Protection
Committee.” 82-001-OEN-07. September 1982a.

Institute of Nuclear Power Operations. “Personnel Protection
From Beta Partidles.” 82-001-OEN-04. January 1982b.

Institute of Nuclear Power Operations. “Guidelines for
Radiological ProtectionatNuclear Power Stations.” INPO
85-004. February 1985.

Langenbach, J.W. Post Accident Sampling and Hazardous
Gas Analysis of TMI-2 Reactor Building Atmosphere for
Support of Reactor Building Entry. TDR-162. Middletown,
PA: GPU Service Corp. September 24, 1980a.

Langenbach, J.W. Three Mile Island Unit 2 Reactor Build-
ing Entry Program Summary. TDR-198. Middletown, PA:
GPU Service Corp. October 24, 1980b.

Langenbach, J.W. “Three Mile Island Unit2 Postaccident
Reactor Building Entry Program.” Nuclear Technology.
Vol. 87, 4 volumes. La Grange Park, IL: ANS. 1989.

Lochard, et al. “Cost-effectiveness Considerations in
Reducing Occupational Radiation Exposure in Nuclear
Power Plants.” Nuclear Safety, Vol. 24, No. 6. November—
December 1983,

Long, R. “Summary Report of the GPU Nuclear TMI-2
Lessons Learned Workshop held at Sheraton Valley Forge
Hotel, August 24-25, 1983.” Proceedings from TMI-2: A
LegrningExperience—ANS Executive Conference, Hershey, PA.
La Grange Park, IL: ANS. October 13-16, 1985.

Menzel, T.C.,and E. Walker. Preliminary Measurements of
Radiological Conditions Inside Personnel Airlock.
TDR-072. Middletown, PA: GPU Service Corp. October
19,1979.

Merchant, D.J. “Worker Exposures During the TMI-2
Recovery.” Nuclear Technology. Vol. 87, 4 volumes.
La Grange Park, IL: ANS. 1989.



Mulleavy, T.L. Memorandum to T. Brasher: “Long-
standing/Unresolved Problems.” -Middletown, PA:
GPUN. November 10, 1981.

Mulleavy, T.L., R. Schauss, and Weckstein. Memorandum to
J. Hildebrand and W. Potts: “REM On+line System Bench-
mark.” 9230-0287. Middletown, PA: GPUN. july 30, 1982.

Mulleavy, T.L. Memorandum to Bell: “REM On-line
System Capabilities.” 9230-83-0552. Middletown, PA:
GPUN. June 8, 1983.

Owen, D.E,, D. Brady, and S.L. Owrutsky. Radiation
Protection Management Program at TMI-2: Noteworthy
Practices and Accomplishments. NP-5338. Palo Alto, CA:
EPRI. August 1987.

Parfitt, B. Memorandum to Herbin: “Additional Informa-
tion About the Heat Stress Control Program Used at TML.”
Middletown, PA: GPUN. Qctober 18, 1985.

Parfitt, and J. Schork. Memorandum to Barton, et al.:
“Heat StressControl Program.” Middletown, PA:GPUN.
April 14, 1982.

Pastor, K. Memorandum to R. Rider: “Heat Stress
Reduction Program.” 4300-81-102. Middletown, PA:
Met Ed. April 10, 1981.

Rich, B.L. Applied Beta Dosimetry. EGG-SD-5916.
Middletown, PA: EG&G Idaho, Inc. June 1983.

Rich, B.L., J.L. Alvarez, and S.R. Adams. Interim Status
Report of the TMI Personnel Dosimetry Project. GEND-004.
Middletown, PA: EG&G Idaho, Inc. June 1981.

Ritthamel, R. Memorandum to Carroll: “Heat Stress
Exposure.” Middletown, PA: GPU Service Corp.
October 3, 1980.

Rogan, R.E. Memorandum to Distribution (including
NRC Region I staff): “NRC Enforcement Conference—
Apparent Overexposures at TMI-2.” 4400-89-118.
Middletown, PA: GPUN. December 7, 1989.

Ruhter, P. Memorandum to R. Fenti: “Responses to
Findings, No0.1-25 to QA Audit S-TMI-2-79-03.” TMI-II-
R-12002. Middletown, PA: Met Ed. January, 10, 1980.

Schauss, R. “Computer System Development to Support
TMI-2 Radiological Controls Operations and Records
Management Activities.” Nuclear Technology. Vol. 87,
4 volumes. La Grange Park, IL: ANS. 1989.

Personnel Protection

Schauss, R., and M. Slobedien. “The Use of Computer-
ized, 3-Dimensional Solids Modeling and Database
Management to Support Radiation Mappingand ALARA
Planning.” Presented at the 19th Midyear Topical Sympo-
sium of the Health Physics Society. Knoxville, TN. Febru-
ary 2-6, 1986.

Sherbini, etal. “Experimental Evaluation of a Method for
Performing Personnel Beta Dosimetry Using Multi-ele-
ment Thermoluminescent Dosimeters.” Health Physics.
Vol. 49, No. 1 (July). January 1985.

Scherpelz, R1.,, G.W.R. Endres, and L.A. Rathbun. The
Use of Multi-element Beta Dosimeters for Measuring Dose
Rates in the TMI-2 Containment Building. GEND-033.
Middletown, PA: EG&G Idaho, Inc. September 1983.

Schmidt, J., and J. Harworth. “An Upgraded Personnel
Dosimetry System for Use at TMI-2.” Nuclear Technology.
Vol. 87, 4 volumes. La Grange Park, IL: ANS. 1989.

Schork, J. Memorandum to Hollinger: “Draft Heat Stress
Guidelines.” Middletown, PA: Met Ed. November 5, 1980.

Schork, J., and B. Parfitt. “Heat Stress Control in the TMI-2
Defueling and Decontamination Activities.” Nuclear Technol-
ogy. Vol. 87,4 volumes. La Grange Park, IL: ANS. 1989.

Schwartz, F.L. Robotic Program Development Guidelines for
Utility Application of TMI-2 Lessons Learned. NP-6521. Palo
Alto, CA: EPRI. September 1989.

Slobodien, M. Memorandum to Rusticus: “Request for
Enhancing REM On-line Capabilities in the Areas of
Whole Body Counting, Bioassay, and Standards File.”
9210-0932. Middletown, PA: GPUN. January 7, 1983.

Snyder, B. “The Effects of TMI-2 on Nuclear Regulation.”
Proceedings from TMI-2: A Learning Experience—ANS
Executive Conference, Hershey, PA. La Grange Park, IL:
ANS. October 13-16, 1985.

Standerfer, F.R. Letter to T.E. Murley (IE/NRC): “Re-
sponse to Notice of Violation regarding Inspection Re-
port 85-03 of March 6, 1985.” 4410-85-L-0072.
Middletown, PA: GPUN. April 4, 1985.

Tarpinian, J., C. Davis, and R. Vallem. Technical Plan:
Reactor Building Dose Reduction. TPO/TMI-065.
Middletown, PA: GPUN. June 1984.

Tarpinian, J., and R. Schauss. Data Report: Part A Dose

Reduction. TPO/TMI-053. Middletown, PA: GPUN.
January 1984.

4-33



Personnel Protection

Tate, J., and T.C. Menzel. Post Accident Sampling and
Analysis of the TMI-2 Reactor Building Atmosphere. TDR-
112. Middletown, PA: GPU Service Corp. May 5, 1980.

TMI-2 Technical Assistanceand Advisory Group. TAAG
Report: Assess Plans for the Control of Radiation Exposure of
TMI-2 Employees and Subcontractor Employees.
Middletown, PA: GPUN. July 27, 1982.

TMI-2 Technical Information & Examination Program,
Technical Integration Office. Facility Decontamination
Technology Workshop, November 27-29,1979, Hershey, PA.”
GEND-002. EG&G Idaho, Inc. Vol. I, October 1980; Vo!l.
1I, January 1982.

United States Nuclear Regulatory Commission. Befa
Particle Measurement and Dosimetry Requirements at NRC-
licensed Facilities. NUREG/CR-3544. [Rathbun, Endres,
Roberson, Scherplez (PNL)]. Washington, DC: GPO.
July 1984.

United States Nuclear Regulatory Commission, Office of

Nuclear Reactor Regulation. Final Programmatic Environ-
mental Impact Statement Related to the Decontamination and

4-34

Disposal of Radioactive Wastes Resulting from the March 28,
1978, Accident Three Mile Island Nuclear Station, Unit 2.
DocketNo.50-320, NUREG-0683, Vol. 1and 2, Appendices
A-Z, Supplements 1 (October 1984) ,2 (June 1987), and 3
(1989). Washington DC: GPO. March 1981.

United States Nuclear Regulatory Commission. “Order
Denying Motion For Reconsideration of CLI-80-25[purge]
and Order for Temporary Modification of License.”
CLI-80-26. Washington, DC: USNRC. June 26, 1980.

Weinstein, and Autote. “RE+M—A Radiation Exposure
Record Keeping and Maintenance Management
System.” Nuclear Plant Safety. March—April 1985.

Wiblin. Memorandum to Dubiel and Rusche: “Respira-
tory Protection Program Evaluation Per HPP1616.”
Middletown PA: Met Ed. November 20, 1979.

Wood, C. “Current Status and Future Direction of the
EPRI Radiation Contro! Program.” Radiation Protection
Management. January 1984.



5 DATA ACQUISITION AND ANALYSIS

5.1 Overview

5.2 Organization and Plans for Characterization

5.2.1 TMI-2 Project Data Acquisition Plans
5.2.2 R&D Objectives

5.2.3 Sample Packages

5.3 Synopses of Major Projects

5.4 Reactor Vessel Conditions

5.4.1 Quick Look

5.4.2 Lower Head Inspection

5.4.3 Core Stratification Sampling Program
5.4.4 Core Former Region Inspection

5.5 Other issues

5.5.1 Preventing Recriticality in the Reactor
5.5.2 Pyrophoricity

5.5.3 Reactor Vessel Integrity

5.5.3.1 Lower Head Integrity Studies
5.5.3.2 TMI Vessel Investigation Project
5.5.4 Special Nuclear Materials

5.5.5 Characterization for Decontamination
5.5.6 Onsite Analysis Facilities

5.6 Bibliography

5-2
5-3
5-3

5-5

5-6
5-13
5-17
5-17
5-20
5-20
5-20
5-22
5-22
5-23
5-23
5-25
5-25
5-26
5-27



LIST OF FIGURES

5-1 Data Requirements and Implementation 5-4
5-2 Initial Reactor Core Damage Projections: 1979-1982 5-7
5-3 Known Post-Quick Look Core Conditions: 1982-1985 5-8
5-4 Known Core Conditions at the Start of Defueling: 1985-1986 5-9
5-5 Hypothesized End State Conditions before Core Boring: 1986 5-10
5-6 Hypothesized End State Conditions after Core Boring: 1986-1987 5-11
5-7 Known End State Core Conditions: 1987-1990 5-12
5-8 Conceptual Arrangement for TV “Quick Look” via Leadscrew Hole 5-14
5-9 Core Damage Profile with Drill Holes 5-19
5-10 Reactor Vessel with Baffle Plates Removed and LCSA Cut Out 5-21
LISTOF PHOTOS
5-1 Quick Look Team on Top of Reactor Vessel Service Structure 5-15
5-2 View of Debris Bed during Quick Look 5-16
5-3 View of Debris Bed during Quick Look 5-16
5-4 A Crack in the Lining of the Lower Head of the Reactor Vessel

Near Incore Nozzle E-7 5-24



5

DATA ACQUISITION AND ANALYSIS

5.1 Overview

Information about plant conditions was the single most
important factor in planning cleanup operations. A great
deal of data was available, but, for three years after the
accident, it was not systematically tracked, analyzed, or
organized. Important data were often not available early
eenough to support design work. Consequently, assumed
or inferred conditions were based on analytical models or
partially complete data, whichin turn led to overly conser-
vative or overly optimistic design and schedule assump-
tions.

Planners, engineers, and analysts had to continually ask:Is
it necessary to go after the data at all? How accurate is the
information already at hand? What kind and how much
data are needed to do the job? What are the resources
required to obtain the data? What will benefit the nuclear
industry? What are the consequences of overly conserva-
tive assumptions? What are the consequences of not
knowing?

The role that data acquisition and analysis played at TMI-
2 can only be understood in the context of the time—
postaccident conditions were unknown, unpredicted, and
unprecedented. Throughout most of the cleanup, there
existed a natural reluctance to believe the worst-case sce-
narios for reactor core damage. Even when accurate pre-
dictions of core conditions could be made, engineers and
management were reluctant to accept the bad news until it
was seen on a video screen. A picture equalled far more
than a thousand words.

In time, knowledge about plant conditions increased as the
quality of information improved:

* Conditions unknown (1979-80)—Immediately after the
accident, many areas (including the containment) were
inaccessible, instrumentation was unreliable or suspect,
and radiation readings were so high in some areas that
little discrimination could be made regarding source
term.

¢ Conditions generally understood (1981-83)—A
general knowledge of conditions in the plant was
obtained as gross decontamination progressed. Some
samples and videotapes were taken, instrumentation
was repaired or replaced, and some characterization
of isolated areas was performed (including limited
reactor vessel inspections).

» Conditions well characterized (1984-1990)—As de-
contamination and dose reduction reduced radiation
fields, a much more specific knowledge of plant
conditions was developed, along with the ability to
provide characterization support for defueling and to
characterize the plant in preparation for long-term
storage. A relatively complete picture of reactor ves-
sel conditions did not emerge until 1987; at the end of
the cleanup, some uncertainty still remained regard-
ing details of the core damage.

Management recognized the vital importance of data
from the beginning; however, its timely acquisition and
use were affected by several different factors. The two
primary factors were theneed to support ongoing cleanup
operations and the need to extract information of scien-
tific value. The importance of cleanup operations caused
the project management to give priority to starting a task
as soon as possible to attain production-level work,
especially in defueling the reactor vessel. This could be
self-defeating if the existing dataled to under- or overes-
timating conditions.

For the research-oriented scientist, TMI-2 presented a
full-scale test of existing accident models and an invalu-
able opportunity to study the effects of a nuclear acci-
dent. Management policy throughout the cleanup was
that research work could not significantly interfere with
cleanup work. Nevertheless, research work often fur-
thered the progress of the cleanup by providing informa-
tion crucial to planning cleanup operations. This infor-
mation might not have been available otherwise. For
example, the research-oriented Core Stratification Sam-

5-1



Data Acquisition and Analysis

pling Program characterized a large mass of resolidified
fuel debris impeding defueling progress and also pro-
vided the means of breaking up the mass (see Section
5.4.3).

When large numbers of outside contractors and support
personnel arrived immediately after the accident, they
found a scene of general disarray in terms of pre-accident
information on plant conditions. No rapidly accessible
information center existed to collect, evaluate, or distrib-
ute pre-accident information about the plant (e.g.,
drawings, technical specifications, operating procedures).
The technical advisors and staff had considerable diffi-
culty in obtaining exact information related to their areas
of expertise (Brooksbank and King 1979).

For several years afterward, although an enormous
amount of data was gathered, a similar situation per-
sisted. Work was conducted by different groups, and the
data gathered to support the work were held within that
group, with each performing its own data management
function. In addition, each group had its own data
requirements and own method of managing information.
In the rush to stabilize and control the plant, data had
only short-term value to support decontamination or the
rapid installation of recovery equipment.

Through the 1980 GEND agreement, the national re-
search establishment filled the role of a project data
management and analysis organization (see Section 5.2).
However, the role was limited by the objectives of the
GEND agreement and the difficulty in retrieving much
of the existing data. Since DOE and EPRT had R&D funds
available during the early years, they were able to ac-
complish several of their proposed projects, which pro-
vided both operational support and important data on
conditions; e.g., the containment entry program and the
Gross Decontamination Experiment.

In September 1982, the TMI-2 project team was reorga-
nized to integrate GPU and contractor personnel. Project
management took this opportunity to create a central
data management and analysis group (see Section 2.2.3).
This group essentially took over the onsite role of the
DOE in maintaining an accessible information base for
the project. (Not all daily plant operational data were
centralized in this group.)

The data management and analysis group was con-
ceived to serve as a library of information, but its value
was quickly seen to include systematically analyzing,
interpreting, and distributing data. The creation of this
group focused projectattention on the value of obtaining
data, as did the creation of the Technical Assistance and
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Advisory Group and the Safety Advisory Board. Still,
the debate continued over when and how much data
were needed to support cleanup operations.

Centralizing the data management and analysis func-
tion was a primary lesson of the cleanup. A related
lesson was the importance of controlling how data were
gathered. When possible, the same group would both
collect and analyze the data. This greatly improved the
way the data were reduced, interpreted, and reported.
Flexibility was also increased because it was easier to
respond to or take advantage of unexpected conditions.
Finally, when samples were sent to offsite laboratories, it
was vital to understand the specifics of the analysis
techniques used; e.g., when radionuclide concentrations
were reported per gram of sample, were the resultsa wet
or a dry reference?

Data acquisition and analysis were intrinsic to every
technical decision made at TMI-2. Consequently, this
section will highlight the major issues and point to the
relevant sections of the Technical History where the
interactive roles of characterization and cleanup opera-
tions are discussed.

5.2 Organization and Plans for
Characterization

The general objectives motivating and affecting charac-
terization work were:

1. SupportCleanup Operations—Of first concern was
the need to obtain data to support personnel pro-
tection, defueling, decontamination, and waste
management activities. This was in addition to the
characterization work required by normal plant
operating specifications (required in diminishing
degrees as the cleanup progressed).

2. Research and Development—The opportunity and
funding existed to extract invaluable information
from this reactor vessel “full-scale” accident test
case.

3. Ensure Safety—A large effort was also spent to
measure parameters of various types to ensure that
safe conditions existed; e.g., that no radiation was
escaping to the environment or that no potential for
a recriticality existed.

Thebalancebetween the three was sometimes difficultto
strike because no one could be certain if the data gained
from a particular characterization task would provide



information immediately useful to the TMI-2 project
team, useful in the long run to the nuclear power indus-
try, or of no real use at all. Figure 5-1illustrates how the
firsttwo objectives wereimplemented during the cleanup.

5.2.1 TMI-2 Project Data Acquisition Plans

A detailed long-term data acquisition plan that could
support cleanup operations was difficult to formulate.
Changing or newly discovered conditions required flex-
ibility. Conflict with cleanup work and changing pro-
gram strategies hindered any long-range plan, as the
first plan below illustrates:

e 1980 Summary Plan: Data Acquisition Entries (BNI
1980)—This plan supported the initial cleanup strat-
egy of decontamination, fuel removal, and plant
requalification. Phase I of the plan secured urgently
needed input for detailed planning, including map-
ping radiationand contamination fields, making pho-
tographic and videorecords, collecting and removing
small objects, and gathering paint samples from floors
and walls and water samples from the basement. This
work was basically performed during the early con-
tainment entry program. Phase I, never undertaken,
emphasized examining specific equipment and mate-
rials necessary to establish requirements for repair,
replacement, or requalification.

¢ 1982 Data Management and Analysis Plan (BNI
1982)—This plan was written shortly after the inte-
gration of the TMI-2 project team. It reflected the
existence of the newly created data management and
analysis group to centralize data management. It did
not dictate what data were to be obtained but instead
identified the method to be used; i.e., the sample
package, which served as the vehicle through which
data would be requested, approved, obtained, and
analyzed. It was a flexible plan that could support
both operations and R&D work.

The second plan showed that characterization had gained
recognition as an important support function to be inte-
grated with operations.

Getting the characterization work actually performed
required more than a plan. Decontamination, waste
management, and defueling operations consistently
preempted much of the time, materials, and workforce
required for thorough and methodical characterization.
The possible needs of tomorrow rarely outweighed the
work that had to be done today.

Data Acguisition and Analysis

5.2.2 R&D Objectives

The GPU, EPRI, NRC, and DOE (GEND) Ré&D agreement
was signed in 1980 to obtain information about theaccident
sequence and its effects (see Section 2.7). As a result, the
DOE established the Technical Integration Office on site.
An R&D characterization plan was developed that sought
extensive data about many areas of the plant (Eidam, et al.
1982). Its scope was broad, in part, because the plan was
conceived before information about data acquisition costs
and interactions with the cleanup program were known.

The general approach of the R&D characterization plan
was related to understanding plant accident response and
recovery for the nuclear industry. Of special interest were
the adequacy of regulatory guide assumptions, the resolu-
tion of unresolved safety issues, severe accident model
validation and/or improvement studies, and modifica-
tions to standards design, operation, and qualification. In
addition, information was sought about radioactive waste
processing and disposal, defueling and decontamination
technology, and requalification technology.

5.2.3 Sample Packages

The conceptofa sample package document wasdeveloped
because a formal method was needed to have data acquisi-
tion activities integrated with the high priority cleanup
operations underway. Sample package documents were
used to describe the characterization activity to be per-
formed, the implementation requirements, estimated per-
son-rem exposure, disposition of the data obtained, and
how the results would contribute to the cleanup.

The review and approval process included safety and
criticality evaluations, a review of the effects on permanent
plant systems, and areview of dose assessments, feasibility
studies, and funding availability. Following approval, the
sample package was scheduled into the ongoing work.

Full-scalemockupsof variouscomponents wereassembled

in the turbine building as a regular part of training for data

gathering. The mockups were used for checking out tools,
checking that ALARA objectives could be met, and ensur-
ing the efficiency of the workers during the actual data
gathering. A task in containment was usually performed
by a team of four craftsmen, one engineer, and a health
physics technician. The containment work was directed by
asupervisor in the coordination center via a radio-commu-
nications system and closed-circuit television (Patterson,
Estabrook, and Wilson 1988).
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5.3 Synopses of Major Projects

A selectivelisting that reflects the major characterization
activities and their relationship to cleanup operations
appears below:

¢ Containment Characterization from Outside the
Building—Containment radiation monitors, water
sample lines, and existing penetrations were used to
gather data about conditions in the building before
the firstentry. Samples allowed fairly accurate analy-
ses of the water in the basement and the reactor
coolant system, and a video camera inserted through
a wall penetration provided a limited picture of the
dark and dripping wet interior of the building. How-
ever, radiation levels were estimated to be several
times higher than they actually were because in-plant
radiation monitors gave false or misleading informa-
tion, and the wall penetration used did not provide
enough range to thoroughly survey the building.
Section 4.2.2 provides more information on the pre-
entry containment assessment program.

¢ ContainmentEntry Program—The entry programwas
the first effort to characterize general conditions by
personnel operating within the containment. Thefirst
entry took placein July 1980, followed by entries at the
rate of approximately one per month until November
1981, when preparations began for the Gross Decon-
tamination Experiment, at which point therate greatly
increased. All entries were extensively planned for
and had specificarea or equipment characterization
goals(GPUN 1981-82). See Section 3.7 foradescription
of the programmatic events leading up to the first
entry and Section 4.2.2 for a description of pre-entry
planning and personnel protection measures.

* Gross Decontamination Experiment—This series of
experiments was conducted in the containment in
early 1982, and required months of preparation and
pre-decontamination characterization. The results
showed that various decontamination techniques
could be effective, but that recontamination would be
a strong factor that could counteract much of the
success. Accurateresults wereoften difficultto obtain
because of a lack of comprehensive data about pre-
and post-decontamination radiological conditions
(Mason, et al. 1983; Lazo 1988). See Section 7 for an
overview of the Decon Experiment and its role in
decontamination activities.

Data Acquisition and Analysis

¢ Dose Reduction Program—The establishment of a

Dose Reduction Task Force in 1982 led to a major
source identification and dose reduction program to
support defueling. Sections 4.3.4 and 7 discuss this

program.

Instrumentation and Electrical Program—Thislong-
term program was primarily R&D, but the testing of
components both inside and when removed from the
containment identified anumber of equipmentinstal-
lation problems and instrument response characteris-
tics that had led to misleading information and
equipment failures during and after the accident;e.g.,
the radiation monitors in the building (Mayo, et al.
1986).

Polar Crane Refurbishment—A major effort was
undertaken to characterize and refurbish the contain-
ment polar crane, which was essential for reactor head
removal and defueling. The project is described in
Section 8.4.1 (Graber and Lefkowitz 1984).

Reactor Vessel Characterization—This work was the
most fundamental and important part of all cleanup
work from the accident onward. It began with analy-
ses of computer codes and accident scenarios and
continued with water sample analysis, video exami-
nations, radiation and instrumentation readings,
gamma scanning of an incore detector, debris sam-

- pling, topographical mapping by sonar, core stratifi-

cation drilling, and removal of samples of the reactor
vessel itself. Several tasks that produced turning
points in knowledge of reactor vessel conditions are
discussed in Section 5.4. Section 8 describes how the
evolving knowledge of conditions was related to
defueling planning and operations.

Ex-vessel Fuel Characterization—Some fuel debris
was known to have escaped from the reactor vessel
during and after the accident. How much and where
were questions of great concern. The combined use of
flowpath analyses; visual observation; detection of
gammarays, neutrons,and alpha particles;and sample
and analysis led to the identification and quantifica-
tion of ex-vessel fuel (Kobayashi, Distenfeld, and
Ferguson 1989; GPUN 1990). The spectroscopy meth-
ods developed for use in the field were especially
innovative. Ex-vessel defueling methods are ad-
dressed in Section 8.7. The small quantity of fuel left
in the plant at the end of the cleanup was identified in
a special nuclear materials (SNM) accountability pro-
gram discussed in Section 5.5.4.
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* Containment Basement—The high radiation fields,
sediment, construction debris, water, lack of lighting,
and floor layout made it very difficult to gain a clear
picture of conditions. Once 2.5 million liters of highly
contaminated water had been removed, there wasnot
a great urgency in addressing the area, although it
remained a challenge for many years. All character-
ization work was performed remotely, either by
workers on the floor above lowering measuring in-
struments and devices to sample sediment or con-
crete, or by the remote reconnaissance vehicle (RRV),
whichwasdeveloped for work in thebasement (Geifer,
Hine, and Pavelek 1985; Owen, Brady, and Owrutsky
1987; Ferguson 1988; Schwartz 1989). See Section4.4.3
for a discussion of the role of the RRV in lieu of
personnel entry and Section 7 for discussions of the
robotic characterization and decontamination of the
basement. '

* Radioactive Waste Characterization—Extensive
characterization, much of it innovative, was required
during the processing and disposal of the enormous
quantities of radioactive waste produced by the acci-
dent or generated during the cleanup. The waste
included not only dry activated waste (DAW), but
also the resins and processing vessels used to decon-
taminate the high-activity water that had been in
plantsystemsand the containment basement. Hydro-
gen gas generated by radiolytic decomposition of
residual water in processing vessels was of particular
concern. Section 6.4.4 describes the characterization
of EPICOR II and SDS processing vessels.

* Sample Shipping Characterization—The normally
routine shipment of samples to offsite laboratories
became a significant challenge after the accident. De-
tailed planning and specially designed packaging
were required. Because many shipments were fissile
or exceeded Type A criteria, an NRC-certified pack-
agewasrequired. Approximately 400 separatesample
shipments were made from TMI-2. These and the
onsite laboratory capabilities of TMI-2 are discussed
in Section 5.5.5 and other EPRI reports (Urland and
Babel 1990, Deltete and Hahn 1990).

* Water Characterization—The large quantities of
contaminated water in the plant required constant
and timely characterization. Loss of water clarity in
the reactor vessel had a tremendous impact on
defueling progress and commanded months of atten-

5-6

tion to identify and treat the microorganisms and
suspended particulates causing the problem. See
“Section 6.2.3 for a discussion of this challenge.

¢ Makeup and Purification (MUP) Demineralizer
Resin Characterization—This project wasbegun with
urgency because of concern that the two MUP vessels
contained a large quantity of core debris. Extensive
characterization work, some of it robotic, preceded
the elution of cesium from the resins and the removal
by sluicing of most of the degraded resins. Section 7
describes both the characterization and decontamina-
tion of the MUP vessels.

More details on the conduct of many of these projects is
provided in The TMI-2 Data Acquisition and Analysis Ex-
perience (Urland and Babel 1990).

5.4 Reactor Vessel Conditions

A generally accurate and complete picture of reactor
vessel conditions was not available until 1987—specific
conditions in some regions were not seen until defueling
was almost complete in 1989. Section 8 interweaves the
story of how the final picture emerged as it related to
defueling plansand operations. However, acomparison
of the known and hypothesized conditions in Figures 5-
2 through 5-7 conveys both the optimistic thinking and
uncertainty prevalent at various times.

The figuresare simplifications and do not fully represent
the complex analyses behind estimates of conditions.
Forexample, Figures 5-2 and 5-3 are based on GEND-007
(Croucher 1981), which served as the basic planning
document for designing the initial defueling system.
GEND-007 presented a complex set of potential damage
parameters, with conditions stated in terms of mini-
mum, reference, and maximum damage scenarios (see
Table 8-1). Throughout every stage of the cleanup,
considerable debate existed about the actual core con-
ditions. Yet the fact remains that these drawings were
the most commonly available portraits of conditionsand
represented the general expectations of defueling plan-
ners.

The following sections discuss the major dataacquisition
efforts that changed one view of the reactor core into its
successor. Appendix B describes the actual end state
conditions following the TMI-2 accident.
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5.4.1 Quick Look

Since recovery planning began, the project team had
recognized the importance of examining conditions in
thereactor vessel before removing the head (AGNS, etal.
1980). Numerous access routes and approaches were
investigated to:

* Determine operational conditions to be encountered
during head removal and defueling

* Obtain information to help benchmark the range of
damage estimates then existing

e Provide information on in-vessel conditions to the
technical community.

Several inspection areas were considered; i.e., plenum
cover, internal structure of control rod drive mecha-
nisms (CRDMs), fuel assembly upper structures/core
region, interval vent valves, and plenum-to-core sup-
port flange. The CRDM nozzles were chosen as the
primary access routes for video inspection equipment
because of their size and location (Calloway 1981).

The inspection plan developed in 1981 was for the initial
penetration into the reactor vessel to be made through
vent valve thermocouple nozzles. Five of these nozzles
were to be opened, four for use by a purge system and
one for the reactor vessel primary water level indicator.
Up to three CRDMs were then to be removed by normal
or abnormal procedures to permit the insertion of a
video camera and lighting and sampling equipment.
The CRDMs to be removed were on the outer periphery
of the control rod drive matrix. A sonar system was
considered instead of video because it would be an
advantage in murky water; however, the real-time ben-
efits of visual observation were judged more important.
An inflatable plastic bag was conceived to fit over the
camera lens and provide clear viewing to at least 5 cm
(Carter, et al. 1982).

The plan was workable but had many prerequisites,
chief among which was the requirement to remove the
missile shields above the reactor vessel refueling canalin
order to provide more than the existing 6 m of clearance
above the service structure. Removing the 36,000-kg
missile shields required the use of the containment polar
crane. The problem was that the crane wasnotscheduled
for refurbishment until 1983, and so the pre-head lift
examination could not be scheduled until then. In fact,
the polar crane was not available until early 1984 (see
Section 8.4.1.1).

Data Acquisition and Analysis

Such a lengthy delay in so fundamental a characteriza-
tion task was unacceptable. Consequently, an expedited
method of obtaining first-hand, visual data about the
core was sought—Quick Look.

Quick Look afforded camera access to the reactor vessel
by the simple expedient of removing only the leadscrew
inside the CRDM and inserting a 3.2-cm djia., off-the-
shelf camera down the 3.8-cm dia. shaft to the core
region 12mbelow. Inaddition, a method was devised to
disassemble/cuttheleadscrews as they were withdrawn
by a hoist/trolley. The trolley was located above gaps
between the missile shields and replaced the polar crane
inlifting the components. This approach had been used
at other plants to confirm whether vessel internals had
broken bolts (TMI-2 TAAG 1982).

Instead of large-scale plans for a pre-head lift inspection,
Quick Look used industry experience and proceeded
one step at a time to address obstacles (Cole 1985).
Mockups were used to demonstrate feasibility and to
practice, and a successful demonstration was made on
the reactor vessel in TMI-1, which had not yet resumed
operation.

On July 21 and August 6 and 12, 1982, the Quick Look
examinations were conducted. Among observersduring
the inspections, there were many exclamations of sur-
prise, disbelief, and confirmation, which illustrate the
diversity of views about core conditions and the effect
that hard data can produce. Figure 5-8 illustrates the
operation.

Three leadscrews were withdrawn to provide access for
the camera and a steel probe {(only two of the three
locations were successfully accessed). The results were
the discovery that a 1.2-m deep void existed in the top of
the 3.7-m high core, and that approximately 36 cm of
debrislayontopof a “hard stop” reached by a steel probe
(Fricke 1982; BNC 1983). Photo 5-1 shows the Quick
Look team on top of the reactor vessel service structure
and photos 5-2 and 5-3 show views inside the vessel.

Because visibility was very limited, the complete outline
of the void could notbe determined. The fact that access
through the third inspection hole was not successful led
to the belief that the only damage was in the center of the
core and that all peripherals were intact. Another year
passed before clear, comprehensive videos were taken
and a sonar device created an accurate map of the core

topography.
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Photo 5-1. Quick Look Team on top of the Reactor Vessel Service Structure
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Photo 5-3. View of Debris Bed from Quick Look
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Furthermore, the Quick Look results were inconclusive
because the observable extent of damage to the upper
core fit within one of GEND-007"s worst-case predictions
of core damage. Without further exploration of other
core regions, the data had no real impact on defueling
strategy (see Section 8.2.3).

Nonetheless, Quick Look was a major step forward for
the cleanup organization. The costinresourcesand time
washigh—27 containmententries (243 personhoursspent
in the containment) to prepare for and execute the op-
eration. However, the inspection provided solid evi-
dence that the core had been severely damaged, and it
showed that the upper reactor vessel internals were
essentially intact. Also of importance, it showed that
challenging technical work could be conducted in the
reactor vessel and it focused the project’s atteritionon the
primary task of planning to remove the core debris.

5.4.2 Lower Head Inspection

The success of Quick Look and other video inspections
indicated thatacamera could also be used to examine the
lower regions of thereactor vessel. Although little or no
core debris was expected there, a camera examination
had been recommended in 1980 (AGNS, et al. 1980).
Access could have been gained by cutting a hole in the
primary systeminlet piping and snakinga CCTV camera
to the bottom of the vessel. This was rejected because of
the technical difficulties and the high radiation fields in
personnel work areas.

The first positive evidence that a mass of debris existed
inthelower head came in 1983, an indirectresult of work
to obtain a radiological profile of the reactor vessel. In
this effort, solid-state track recorders (SSTRs) were used
in the cavity between the reactor vessel and the biclogi-
cal shield (Gold, et al. 1985; Baratta and Bandini 1985).
SSTRs were selected because of their sensitivity and
selectivity for neutron detection under adverse condi-
tions, with an excellent signal-to-background ratio.

This characterization effort eventually resulted in an
initial lower bound estimate of approximately 1800 kg of
debris (equal to approximately four fuel assemblies).
The results indicated that significant quantities of core
debris lay at the bottom of the reactor vessel, provided
quantitative evidence supporting a core relocation, and
confirmed and explained the high count rate of the
source range monitors (SRMs) in the cavity.! However,

"The SRMs, once correfated to the quantity of debris in the Jower head, were
later used to track additional material added to the region by the defueiing
operations conducted above it (Rainish and Fricke 1988).
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the conclusion that significant quantities of debris actu-
ally existed in the lower head was not fully understood
or accepted until verified by later visual inspection.

The estimate was limited to a lower bound because only
SSTRs were used. The use of gamma-ray spectrometry
in conjunction with the SSTRs would have complemented
the neutron dosimetry data. This was proposed, but by
the time plans were ready to be implemented, the decay
of cerium-144 (which would have provided the signal-
to-background measurements) had progressed too far to
be of value. This reemphasizes the need to give high
priority to timely data gathering (Gold 1987).

An opportunity to examine the region visually came in
February 1985, after the upper internals (plenum) had
been jacked several centimeters up from the coresupport
flange in preparation for removal (see Section 8.5.2).
Raising the plenum created an access path into the
annulus region between the reactor vessel wall and the
thermal shield, and thence down to the periphery of the
lower head. The first inspection was made with a very
simple camera/cable system. When that inspection
revealed very large quantities of debris, more sophisti-
cated viewing systems were devised that were able to
look within the periphery of the lower core support
assembly as well.

Inaddition, samples were taken and water displacement
tests conducted in the lower head. A gamma survey of
the lower head was conducted by inserting a miniature
ion chamber into the vessel from below through the
center calibration tube of an incore assembly. Only one
of 17 such probes was successful; theremaining 16 incore
tubes were either blocked or damaged (Rainish 1985).
With all this, the project team was not able to obtain a
complete picture of conditions in the region—including
those at the bottom surface of the head—until 1989,
when the debris was removed and damage to the incore
nozzles and tears in the vessel lining were observed.

With the discovery and mapping of between 9,000 and
18,000 kg of core debris in this region, planners had to
rethink the defueling strategy for the lower core support
assembly and lower head region of the reactor vessel.

5.4.3 Core Stratification Sampling Program

In July 1986, a unique characterization program was
undertaken that was to greatly improve knowledge of
conditions in the formerly “unknown” regions of the
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core. The technique employed was also to play a crucial
role later in defueling operations.

The Core Stratification Sampling Program was spon-
sored by the DOE to obtain samples of the “hard layer”
below the upper debris bed and from the regions below
it. The motivations for the data acquisition program
were a mixture of R&D and operations support:

* Extract representative sample materials from the core
region that were of suitable quality and quantity to
support research needs. It was especially important to
the research community that samples be taken before
the original postaccident conditions of the core were
altered by defueling operations. One potential defueling
method that used a shredder would have destroyed
much of the postaccident structures (see Section 8.2.7).

* Provide supporting data on conditions in the lower core
support assembly and lower head to answer questions
about the extent of material relocation.

* Provide therecovery team with data that would helpin
defueling operations (Martin 1986).

One existing model of postaccident core conditions
(represented in Figure 5-5) indicated that one or more
void spaces might exist below the hard crust. Other
models predicted a resolidified mass of once-molten
material and/or relatively intact fuel assemblies. To
explore this region, a method had to be developed that
would work in an extremely hostile and uncertain en-
vironment, would be relatively simple, and would work
the first time.

These requirements led to equipment that was effective
under relatively equivalent conditions; i.e,, in the mining
and geology industries. A commercial drilling machine
was selected—a core boring machine of the type used to
explore for oil. It was to be the only equipment used in the
cleanup that was capable of applying great mechanical
force within the reactor vessel. This machine provided an
important alternative technique for several later defueling
operations.

Thecoreboring machine wastested, modified, and retested.
Special drill bits were fabricated. To obtain feedback data
on the material while it was being drilled, a computer-
based control and data acquisition system was installed.

The machine was able to drill 1.8-m core samples ap-
proximately 6.4 cm in diameter. Ten holes were drilled
during a month-long operation in the summer of 1986.
Three locations were over access holes in the lower core
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support assembly, which permitted core samples of the
lower head region; a lower head core bore was attempted
in two of these locations.

The samples were then sent to INEL for analysis. (Sur-
prisingly, some of the material drilled through was so
friable it could not be captured inside the core bore
casings for extraction.) Figure 8-20 depicts the core
boring machine on top of the work platform above the
reactor vessel; Figure 5-9 shows one cross-sectional pic-
ture of the core that emerged as a result of the sampling

program.

Theinformation of mostimmediate value came from the
video inspection of theinsides of the access holes and the
lower core support assembly as the drill casing was
removed. The computer feedback from the drill head
also gave some idea of the density and resistance of the
material:

* A region of once-molten material estimated to be
approximately 3.4 m® (approximately 10% of the core
volume) existed in thelower central region of the core.
It was a solid structure approximately 1.5-m thick in
the center and 0.3- to 0.6-m thick at the core periphery,
shaped like a funnel extending toward the bottom of
the vessel. Fuel assembly rod stubs existed from the
bottom of the core to the solidified area.

¢ The central regions of the lower core support assem-
bly, which was apparently undamaged, did not con-
tain much fuel.

* Majoramountsof material were seenin thelower core
support assembly periphery, indicating that the mi-
gration path had probably been in the periphery
(Tolman, et al. 1987).

These data changed the hypothesized accident sequence
and added questions that were still unanswered at the
end of the cleanup. On the practical side, it did permita
fairly accurate picture of postaccident conditions to be
drawn—at least from the point of view of defueling
planners. They finally had a good indication of most
general conditions to be faced in the future. The picture
showed that the most substantial defueling challenges
lay ahead.

After the core boring machine was removed from above
the reactor vessel, defueling operators tried to break
apart the resolidified mass with various long-handled
chiselsand scoops. Whenthese proved unsuccessful, the
core boring machine was reinstalled to continue what it
had proven capable of doing—drilling through the mass.
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SeeSection8.6.1.2 for adiscussionof the “swiss cheesing”
operation performed ontheresolidified mass and Section
8.6.2 regarding how the machine was used to help dis-
assemble the lower core support assembly.

5.4.4 Core Former Region Inspection

The area behind the core former baffle plates was the last
remaining unexplored region in the reactor vessel (see
Figure 5-10). Since no evidence of damage to the plates
had been observed up to the time when partially intact
fuel assemblies were removed, the general assumption
was that little or no significant quantity of debris was
present behind the plates. This was another example of
optimism in the face of repeated evidence that conditions
were worse than expected.

In 1987, as the stubends of the fuel assemblies were being
removed, the first notice of damage to the baffle plates
was seen. On the east side, near assembly R-7, a large
hole and several smaller ones were observed. Fuel
debris could be seen in the hole and so reason now
existed to suspect it had travelled elsewhere

Toexplore the region behind the plates, several examina-
tions were made with a fiberscope and a video probe in
1987. These were lowered through flowholes in the top
of the core former. Numerous blockages were encoun-
tered and high turbidity restricted the field of view.
Enough of the region was seen that, when the visual data
were analyzed along with aradiation profile, the general
outlines of the debris formations could be mapped.
Approximately 4,000 kg of core debris were estimated to
exist behind the baffle plates.

This information completed the general picture of reac-
tor vessel conditions needed to plan the major defueling
operations.

5.5 Other Issues

Several other issuesrelated to knowledge of plant condi-
tions and ensuring a safe cleanup are discussed below.

5.5.1 Preventing Recriticality in the Reactor
The potential of a recriticality at TMI-2 was anissuein all

planning and was a consideration in every technical
decision that affected core debris or a potential location
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of core debris. It was a concern because no one could
define the postaccident core geometry. And if/when it
was known, then no one knew the concentrations and
enrichments; consequently, the worst-case geometries
could not be ruled out.

The method of preventing recriticality was to rely upon
boundingconservatisms. Inthereactor vessel, thismeant
poisoning the core debris with a soluble boron concen-
tration great enough to ensure subcriticality under all
possible postaccident-or defueling-related conditions—
avery conservative approach. The decision to use a high
concentration of boron was to have many impacts on
defueling and water processing operations.

Before the accident, the boron concentration in the reac-
tor coolant system was approximately 1050 ppm (see
Section 3.2.4). Within several days of the accident, the
minimum concentration was raised to approximately
3000 and then to 3500 ppm, where it was maintained
until 1984 (Stratton 1985). After the accident, there was
noevidence of arecriticality, evenat boron concentrations
that may have been as low as 2300 ppm.

The 3500 ppm concentration wasderived from criticality
analyses that focused on best-estimate and worst-case
geometricconfigurations (Westfall, etal. 1979; Barr, etal.
1979; Worsham, etal. 1982; Thomas 1982). Consideration
was given to geometrical arrangements in the core with
combinations of damaged and undamaged fuel at dif-
ferent enrichments from the core average to 2.96% for the
batch of fuel, as well as out-of-core accumulations. The
postaccident analyses accounted for potential damaged-
fuel-and-moderator configurations more reactive than
the original fuel assembly lattice and for a probable
reduction in control rod poison effectiveness (Knief un-
dated).

In 1983, the 3500 ppm number was reverified as part of
planning for defueling operations, which would disturb
and reconfigure the core. Three approaches were con-
sidered:

* Continuing use of an infinite poison, which would
maintain subcriticality under all core configurations

¢ Systematically reviewing planned activities, defining
credible core configurations, and determining poison
requirements for maintaining these configurations
subcritical

¢ Using design and procedural measures to preclude
fuel configurations that were potentially morereactive
than those previously analyzed (Rider 1983).
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Figure 5-10. Reactor Vessel with Baffle Plates Removed and LCSA Cut Out
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Apolicy decision wasmadein 1984 that the boron poison
should be increased to a concentration that would
protect against all conceivable conditions during
defueling (Stratton 1985). The minimum concentration
0f4350 ppmboron was chosen with the aid of adegraded
core model that was deemed to be conservative enough
to cover all situations.

This number was also chosen beforea video examination
of the lower reactor head region confirmed that 10t0 20%
of the core had relocated there. This new information
required a modification to the degraded core model and
additional analyses, but no change in boron concentra-
tion to ensure subcriticality. The calculated lower limit
of 4350 ppm boron was then translated into an operating
range of approximately 5000 ppm following a thorough
evaluation of the potential for boron dilution.

Concernsabout boron dilution arose from the possibility
that unborated or underborated water might uninten-
tionally be injected into the reactor vessel. This could
provide an environment in some or all of the vessel
where a recriticality could occur. The underborated
water could come from several sources; e.g., deminer-
alized waterused inthe plantor “slugs” of water trapped
in pipes since the accident. Three alternatives were
considered for guarding against this:

= Block the inlets to the vessel with artificial barriers;
e.g., block the two hot legs, four cold legs, and two
core flood nozzles at the reactor inlet

¢ Isolateknownsourcesof underborated water;e.g., the
demineralizer water tank

= Isolate the reactor vessel with existing components.

Affecting the choice were the regulatory commitment to
provide double isolation against boron dilution, the
need to preserve the makeup path to the vessel, and the
need to allow other plant operations to continue
unimpeded.

Afterlengthy study, project management chosetoisolate
the reactor with existing components (GPUN 1985). This
required extensive work to identify flowpaths and pro-
vide double-isolation with existing barriers; e.g., close
valves, remove spool pieces, separate water volumes by
height. Once identified, these barriers were verified
regularly. Mitigation procedures following any detec-
tion of boron dilution were also established.

The practical implications of the decision to use high
boron concentrations increased the difficulties of many
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defueling operations. For example, in the use of the
plasma arc torch, the high boron concentration required
additional design features in order to add unborated
water in the immediate area of arc. Many analyses were
required to prove that it was safe to have a small volume
of unborated waterinjected near fuel debris. Inaddition,
the reservoir of unborated water that could accidently
draininto the vessel had tobe limited to less than 11 liters
by modifications to the design of the torch coolant sys-
tem (GPUN 1987; GPUN 1988a). Furthermore, electrical-
type cutting processes were made very difficuit by the
high conductivity of boron.

For information about the evaluation that established
the post-defuelingcritically safe fuel masslimitof 140 kg,
see the TMI-2 Defueling Completion Report (GPUN 1990).

5.5.2 Pyrophoricity

The TMI-2 Programmatic Environmental Impact Statement
(USNRC 1981) had suggested that pyrophoric materials
might be present in the core debris and could be a safety
concern during defueling. The principal element of
interest at TMI-2 was zirconium, along with its pertinent
compounds and alloys.

By 1984, laboratory tests had been conducted on zirco-
nium-bearing core debris and ignition experiments
performed on nonradioactive simulated core debris. No
pyrophoricpotential wasdiscovered (Baston, etal. 1984).
This result, in combination with literature studies and
computer-generated accident analyses, allowed the
project team to proceed with defueling plans although
data continued to be reviewed to ensure that
pyrophoricity was not a problem.

5.5.3 Reactor Vessel Integrity

Thestructural integrity of reactor coolant system compo-
nents was evaluated in 1980 (B&W 1980). Because the
reactor vessel lower head was assumed to have been
submerged during the accident and not exposed to high
temperatures, it was not expected to have suffered any
damage. In February 1985, a video examination of the
region showed that the basic assumptions were incor-
rect. This raised issues of debris bed coolability, melt
progression, and the potential for bottom head failure.
Once the issue was raised, it persisted in the form of
repeated requests to prove that the lower head had not
been breached and that a significant quantity of fuel did
not lie below it on the floor of the containment basement.



5.5.3.1 Lower Head Integrity Studies

An early study indicated that, although the lower head
was intact, temperatures may have been high enough to
cause local deformations. Since the incore nozzles were
the weakest componentand may have suffered damage,
the study recommended limits on forces that could be
applied to them (Nitti, et al: 1985).

Following this study, a video inspectionrevealed that 10
t0 20% of the core had relocated to the lower head. This
inspired an aggressive and varied characterization
campaign during 1985. Itincluded a neutron flux profile,
video inspections, wire probing of the instrument pen-
etration tubes, gamma-scanning of the lower internals,
probing of the debris bed with high-velocity water, and
the retrieval of debris samples.

The conclusion reached by all these efforts was that the
incore tube penetration nozzles might have been dam-
aged; however, the molten debris had refrozen and may
have plugged some of these nozzles. Little or no thermal
damage to the vessel liner was predicted (Cronenburg,
Behling, and Broughton 1986; EG&G 1987; GPTUN 1988b).
As aresult of these studies, the project team took proce-
dural measures to. minimize any chance that a heavy
load could fall on theregion during defueling operations.

The actual damage—which did not threaten the vessel's
integrity-——consisted of a series of cracks in the 0.95-cm
stainless steel lining of the vessel and damage to many
incore nozzles (see photo 5-4). Damage to approximately
25% of the incore nozzles was observed as the lower head
was defueled; the tears in the liner were seen and mea-
sured in July 1989. Although a temporary limitation was
placed on defueling operations, no significant changes
occurred.

A task force evaluation of the cracks made the following
conclusions and recommendations:

* The cracks most likely penetrated the cladding (liner)
in some areas. They were not necessarily associated
with the nozzles.

e Samples and laboratory analyses would be used to
determine the cause; but the cracks or “hot tears” were
most likely caused by the high temperatures and
thermal stresses during the accident.

¢ There need be no impact on defueling, although cau-
tion when working around the nozzles was necessary
because the probability of aleak developing could not
be precluded.
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* Additional cracks may be found (Potts 1990).

The cracks were more fully evaluated in the sampling
program that followed the Completlon of defueling (see
Section 5.5.3.2).

5.5.3.2 TMI Vessel Investigation Project
A majorresearchand development effort was conducted
in the reactor vessel after the completion of defueling.

‘This was the TMI Vessel Investigation Project, spon-

sored by the NRC and the Nuclear Energy Agency of the
Organization for Economic Cooperation and Develop-
ment (OECD).

The project had its origin in the spring of 1987, when
GPU, EPRI, DOE, and the NRC Office of Research (the
GEND group) met to discuss TMI-2 research activities
that could be useful but were not planned. Their recom-
mendations were presented to the NRC Commissioners
in April 1987.

The group emphasized the fact that, with the end of the
cleanup nearing, plans were being developed to layup
systems for long-term storage. In addition, much of the
involvement of outside agencies was coming to an end.
Thus, a unique opportunity to gather impossible-to-
recreate data might be loSt. Information about the kinds
of thermal and metallurgical stresses the reactor vessel
experienwd during the accident would be of great value

- inunderstanding severe accidents and source term phe-

nomena. The questions were: How close did the vessel
came to failure? Why did it come that close? Why did it
not come closer?

As a result of this urging, the NRC Commissioners
authorized the NRC Office of Research to take thelead in
organizing a $7-million reactor investigation project.
The project eventually included nuclear agencies from
10 nations of the OECD (USA, Belgium, West Germany,
Finland, France, Italy, Japan, Sweden, Switzerland, and
United Kingdom). EPRI assisted with both funds and
technical support.

The objective of the project was to extract samples of the
inner surface of the lower head of the reactor vessel. The
vessel wall was 13.7-cm thick, with a 0.95-cm thick
stainless steel linerand a 12.7-cm thick carbon steel shell.
Interest in the project increased even more when the
tears were discovered in the stainless steel liner in 1989.

To take the samples, a technique of metal disintegration
machining (MDM) was selected. This slow but precise
technique was selected based on its successful use at

5-23



Data Acquisition and Analysis

Photo 5-4. A Crack in the Lining of the Lower Head of Reactor Vessel Near Incore Nozzle E-7
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other nuclear sites. The technique used a spark erosion
principle to disintegrate metal by sending a series of
electrical arcs from a cutting electrode to the base metal.
It had previously been evaluated as a potential cutting
method for disassembling the lower core support as-
sembly during defueling but was rejected because of the
large quantity of nonconductive material that might be
encountered. Its use on the lower head was acceptable
because any local nonconductive material was to be
removed before cutting.

In February 1990, the samples were taken from incore
penetrationsand other areas. Thelowerhead was cleaned
of fuel debris and vacuumed to remove loose debris.
Two kinds of samples were taken:

¢ IncorePenetration Samples—Anyincoreinstrument
string remaining after defueling was first cut and
removed, and then an abrasive saw was used (as
necessary) to cut the incore nozzle so that only 5 to 10
cm. protruded above the vessel surface. An expan-
sion seal plug was inserted in the incore pipe to seal
both itand the 0.12- to 0.24-mm annulus between the
outside diameter of the pipe (the plug also retained
the pipe after the retaining weld was removed). The
MDM head was then lowered around the incore and
a wedge-shaped piece, including the upper incore
nozzle and weld, was extracted.

¢ Other Samples—Wedge-shaped samples were also
extracted from the curved surface of the vessel wall
using only the MDM head to cut the sample.

The program was expanded to include several incore
nozzleslikeR-7 and severaldamaged incore guide tubes,
which were removed earlier for lower head access.
Analysis of the results was conducted in the late winter/
early spring of 1990.

5.54 Special Nuclear Materials

Corresponding to the plans for defueling and fuel ship-
ment was the issue of special nuclear materials
(SNM) accountability. The challenge was to meet thelaw
(10 CFR Part 70) requiring accountability for all pluto-
nium, U-233, and U-235 in the original TMI-2 plant
inventory. The law was intended to prevent diversion of
SNM for weapons. Any changes to the law for TMI-2
could have involved both the scientific and political
communities. However, considering the condition of
the TMI-2 core, an accountability program that met the
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letter of the law would have had many impacts in terms
of personnel exposure, technology, and time.

There were two aspects of SNM accountability program
at TMI-2: 1) accountability for fuel shipped from the site;
2) accountability for residual fuel remaining in the plant
after the cleanup was complete. The solution to the first
led into the second.

The SNM program was first required for fuel shipping
since the law requires an accounting of uranium and
plutonium as part of the paperwork for shipping. In
addition, it is a reportable item on an annual basis to the
NRC. GPU and the DOE had to resolve the issue of how
the core debris could be legally shipped considering its
condition.

The choices were to count the items as they were loaded,
weigh the items, gamma-scan the debris canisters at
TMI-2, gamma-scan them at INEL, or perform neutron
interrogation at INEL. The first solution selected was to
use shipping weight, but this would only provide an
approximate inventory (probably between 120-130% of
the actual fuel weight because of the addition of core
structural material).

As a result, GPU, DOE, and NRC agreed on a novel
approach that was acceptable to the NRC and yet not too
burdensome to the project team. Atthe end of defueling,
the project team would conduct a post-defueling survey
todetermine the quantity of SNM remaining in the plant.
The total quantity shipped to the DOE for storage would
then be stated as the difference between that existing at
the time of the accident and that shipped off site for
analysis,decayed away, or remaininginthe plant (Porter
1985).

To conduct the post-defueling survey for SNM, neutron
interrogation, gamma-ray spectroscopy, gross alpha
scanning,and visual inspectionand sampling techniques
were used (Haghighi 1989; GPUN 1990).

5.5.5 Characterization for Decontamination

The decontamination work at TMI-2, especially in the
containment, required innovative techniques to charac-
terize sources while at the same time minimizing person-
nel exposure. One way to accomplish this was to define
and treat surface sources that were important contribu-
tors to collective dose.
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Fast Sort Technique. The challenge in the containment
was especially formidable because of the high ceilings
(12-13 m) and the complex overhead space, which was
filled with conduits, pipes, cable trays, ventilation ducts,
and steel structures. Two related approaches were con-
sidered to prioritize the work in order to provide the
maximum reduction in personnel exposure:

* Directionalmeasurements with ahigh angularreso-
lution detector—A gamma camera developed at Chalk
River Laboratory was evaluated for this approach. It
was a heavily shielded, 35-mm camera body with a
“pinhole” lens. Intense point sources were easily
imaged by this high-resolution system; unfortunately,
itlost contrast when superimposed on fields produced
by distributed contamination. Field tests suggested it
was not the fastest or most convenient method for
locating key sources.

* Directional measurements with low angularresolu-
tion detectors—A commercial, tungsten-shielded,
Geiger-Mueller detector was tested—the Eberline HP
220A probe. Initially, the probe had too little angular
resolution, which resulted in overlapping fields of
view and the counting of the same source more than
once. However, with the addition of a conical colli-
mator to narrow the angle of resolution and shielding,
the instrument proved to be very capable.

The Eberline HP 220A probe provided rapid and accu-
rate directional measurements in contaminated spaces.
With this fast sorting technique, worker exposure was
reduced, surfaces could be prioritized for detailed
characterization, and exposure reduction efforts could
be better planned (EPRI 1986; Distenfeld, Brosey, and
Igarashi 1989).

A variation of this HP 220A probe was developed to
measure radionuclide penetration in the containment
basement concrete. Referred to as “Diver”, the probe
was encased in extra shielding and mounted in a wa-
terproof, thin-walled stainless steel box. It was deployed
on a suspension cable and orientation pole and lowered
against either abasement wall or through water onto the
floor.

Beta Surveys. To address the challenge of rapidly survey-
ing the beta fields frequent at TMI-2, another commercial
probe was modified—the Eberline R07. Commonly used
to measure mixed beta/gamma fields, the R07 was modi-
fied to increase its field of view for beta particles. Thus, a
worker entering a contaminated area had only to point the
probein two opposite directions to quickly reveal thebeta/
gamma general area exposure rates.
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TLD Pseudo Cores. The containment dose reduction
effort underway in 1983 (see Section 7) identified and
reduced many major dose contributors. To prioritize the
remaining sources, a TLD pseudo core was developed to
take beta radiation measurements from the building
floors in lieu of a less cost-effective and non-ALARA
concrete sampling program. A TLD was placed facing
downward on top of a 2.5-cm high plastic ring so that the
measurements would mimic those of a concrete core.

Sixty pseudo cores placed on El. 347 revealed that the
floor (and coatings) was a major and unacceptable con-
tributor to the general area dose rate. Used on many
other surfaces, the pseudo cores allowed dose reduction
work to be accurately analyzed and prioritized, with
minimum exposure to the personnel obtaining the
measurements (Vallem, Distenfeld, and Peterson 1989).

5.5.6 Onsite Analysis Facilities

In contrast to the relatively standard types of investiga-
tive techniques used in normal nuclear plant operations,
hundreds of diverse methods were required at TMI-2,
ranging from customized computer programs to so-
phisticated radiochemical analyses tobiological research.

For several years after the accident, laboratory facilities
atTMI-2 were very limited; however,immediateanalyses
of chemical samples were needed. The turnaround time
to analyze important samples was frustratingly slow.
The project team had to rapidly construct or obtain new
facilities to address specific analysis needs. Offsite facili-
ties had to be relied on to provide vital supplementary
work that could not be performed on site and complex
analysesrequiring the capabilitiesof alarge, sophisticated
laboratory (Urland and Babel 1990).

Several onsite laboratory facilities were of importance:

* Nuclear Sample Sink—The original nuclear sample
sink for the TMI-2 reactor coolant system was in a
shared facility in the Unit 1 auxiliary building. Con-
cerns over the spread of accident-related contamina-
tion, high radiation readings (which affected Unit 1
work), and an administrative separation of the two
units led to the construction of the TMI-2 temporary
sample sink in the fuel handling building in 1979 (see
Section 3.5.1). This was made into a permanent facil-
ity in 1984, when all TMI-2 sample lines were routed
toit.



» Plant Chemistry Laboratory Facilities—The Unit 1
chemistry laboratory performed radiochemical
analyses for Unit 2 before the accident. -In 1979, the
TMI-2 chemistry laboratory was only equipped to
handle secondary-side, nonradioactive samples.
Consequently, a chemistry laboratory facility consist-
ing of several mobile trailers was set up in 1979. In
1980, the facility was upgraded and a supplementary
laboratory was installed in the fuel handling building
to providerapid analysis of submerged demineralizer
system water in 1982.

* Mobile Radiochemistry Laboratory (MRL)—To ad-
dress the problem of insufficient onsite laboratory
facilities, MRL was offered to the project through the
DOE (see Section 3.5.2). The facility greatly increased
the number of samples analyzed on site and reduced
the turnaround time. MRL consisted of two mobile
trailers—one was a counting lab and office, the other
was a general radiochemistry lab. The ability to
analyze TRU and 10 CFR Part 61 radionuclides plus
high-activity samples (up to 5R/h) allowed the other
TMI-2 analysis facilities to concentrate on analyzing
routine samples. A high-priority sample could be
analyzed in two weeks. MRL was on site from 1982-
1987 (Burton 1981).

e Gamma Spectroscopy Facilities—Although most
gamma spectroscopy measurements were performed
in situ, a counting trailer was developed on site after
the accident and provided support throughout the
cleanup. Likewise, the NRC temporarily provided a
portable van equipped for performing measurements
for the first few months after the accident.

5.6 Bibliography

Akers, DW., and GS. Roybal. Examination of Concrete
Samples from the TMI-2 Reactor Building Basement.
GEND-INF-081. IdahoFalls, ID: EG&G Idaho, Inc. February
1987.

Albert, T.E.,and V.R. Cain. Report of the TMI-2 Reactivity
Monitoring Feasibility Workshop, April 25-27, 1983.
SAI-187-001CW. Science Applications, Inc. 1983.

Allied-General Nuclear Services, Argonne National
Laboratory, EG&G Idaho, Inc., Electric Power Research
Institute, Sandia National Laboratories. GEND Planning
Report. GEND-001. Allied-General Nuclear Services.
October 1980.

Data Acquisition and Analysis

Appel, ].N.,and ].O. Henrie. Evaluation of Special Safety
Issues Associated with Handling the TMI-2 Core Debris.
SD-WM-TA-009. ‘Hanford, WA: Rockwell Hanford
Operations. 1984.

Atwood, K. Planning Study: Characterization of Films
Present on Systems’ Internal Surfaces. TPO/TMI-150.
Middletown, PA: GPUN. March 1985.

Babcock & Wilcox. TMI-2 RCS Component Evaluation—
Task 27. BAW-1629. Lynchburg, VA: B&W. May 1980.

Babel, P.J., B.H. Brosey, and C.H. Distenfeld. “Reactor
Fuel Detection and Distribution in the TMI-2 Auxiliary
Building.” Nuclear Technology. Vol. 87, 4 volumes.
La Grange Park, IL: ANS. 1989.

Babel, P.J., R.E. Lancaster, and C.H. Distenfeld. “TMI-2
Reactor Building Basement Concrete Activity
Distribution.” Nuclear Technology. Vol. 87, 4 volumes.
La Grange Park, IL: ANS. 1989.

Bain, G.M., and G.O. Hayner. Initial Examination of the
Surface Layer of a 9-Inch Leadscrew Section Removed From
Three Mile Island Unit 2. NP-2056-2. Palo Alto, CA: EPRL
January 1984.

Baratta, A.J., and B. Bandini. Determination of Fuel
Distribution in TMI-2 Based on Axial Neutron Flux Profile.
TPO/TMI-165. Middletown, PA: GPUN/Penn State.
April 1985.

Barr, E.W.,].P. Colletti,].A. Easly, and J.D. Luoma. TMI-
2 Post-Accident Criticality Analyses. TDR-049.
Middletown, PA: GPU Service Corp. August 1979.

Baston, V.F., W.E. Austin, K.]. Hofstetter,and D.E. Owen.
TMI-2 Pyrophoricity Studies. GEND-043. Idaho Falls, ID:
EG&G Idaho, Inc. November 1984.

Bechtel National, Inc. Summary Plan: Data Acquisition
Entries. TPO/TMI-001. Middletown, PA: Met Ed/GPU.
August 1980.

Bechtel National, Inc. Data Management and Analysis Plan.
TPO/TMI-013. Middletown, PA: GPUN. September
1982.

Bechtel Northern Corp. Quick Look Inspection: Report on
the Insertion of a Camera into the TMI-2 Reactor Vessel
Through a Leadscrew Opening, Vol I. GEND-030.
Gaithersburg, MD: BNoC. March 1983.

5-27



Data Acquisition and Analysis

Beller, L.S., and H.L. Brown. Design and Operation of the
CoreTopography Data Acquisition System. GEND-INF-012.
Idaho Falls, ID: EG&G Idaho, Inc. 1984.

Bokharee, S. Technical Plan: Ex-vessel Fuel Characteriza-
tion. TPO/TMI-124. Middletown, PA: GPUN. July 1984.

Brooksbank, R.E, and L.J. King. Involvement of the ORNL
Chemical Technology Division in Contaminated Air and
Water Handling at the Three Mile Island Nuclear Power
Station. ORNL/TM-7044. Oak Ridge, TN: ORNL.
August 1979.

Brosey, B.H. Planning Study: Reactor Vessel Post-Defueling
Special Nuclear Material Survey. TPO/TMI-189.
Middletown, PA: GPUN. January 1988.

Burton, HM. Letter to ].J. Barton (GPU): “Mobile Emer-
gency Radiochemical Laboratory (MERL) at TMI.”
Hmb-337-81. Idaho Falls, ID: EG&G Idaho, Inc. December
21,1981.

Burton, H.M., and R.L. Freemerman. “Reactor Disas-
sembly Activitiesat Three MileIsland Unit Two.” Progress
in Nuclear Energy, Vol 17,No. 2. Great Britain: Pergamon
Press, Ltd. 1986.

Calloway, N.E., et al. In-vessel Inspection Before Head Re-
moval: TMI II Phase I, Vol I (Conceptual Development).
GEND-010. Lynchburg, VA: B&W. August 1981.

Carlson, ]J.O. TMI-2 Core Examination Plan. EGG-TMI-
6169. Idaho Falls, ID: EG&G Idaho, Inc. 1984.

Carter, G.S., R.F. Ryan, A.W. Pieleck, and H.Q. Bibb.
In-vessel Inspection Before Head Removal: TMI II Phase I,
Vol II (Tooling and System Design and Verification).
GEND-010. Lynchburg, VA: B&W. September 1982.

Cole, N.M. “Preparation for the Cleanup: Assessing the
Damage.” Proceedings from TMI-2: A Learning Experi-
ence- ANS Executive Conference, Hershey, PA. La Grange
Park, IL: ANS. October 13-16, 1985.

Cronenberg, A.W., S.R. Behling, and ].M. Broughton.
Assessment of Damage Potential to the TMI-2 Lower Head
due to Thermal Attack by Core Debris. EGG-TMI-7222.
Idaho Falls, ID: EG&G Idaho, Inc. June 1986.

Croucher, D.W. Three Mile Island Unit 2 Core Status
Summary: A Basis for Tool Development for Reactor Disas-
sembly and Defueling. GEND-007. Idaho Falls, ID: EG&G
Idaho, Inc. May 1981.

5-28

Cunnane, ].C., and S.L. Nicolosi. Characterization of the
Contamination of the TMI-2 Reactor Coolant System.
NP-2772. Palo Alto, CA: EPRI. November 1982.

Daniel, ].A., etal. Characterization of Contaminants in TMI-
2 Systems. NP-2922. Palo Alto, CA: EPRI. March 1983.

Davis, CM. Technical Plan: Ex-RCS Criticality Safety.
TPO/TMI-132. Middletown, PA: GPUN. November
1984; Rev. 1, November 1985.

Davis, CM. “The Evaluation of Radionuclide Penetra-
tion of Structural Concrete Surfaces in the Three Mile
Island Unit 2 Reactor Building.” Nuclear Technology.
Vol. 87, 4 volumes. La Grange Park, IL: ANS. 1989.

Distenfeld, C.H., B.H. Brosey, and H. Igarashi. “A Fast
Sorting Measurement Technique to Determine Decon-
tamination Priority.” Nuclear Technology. Vol. 87, 4 vol-
umes. La Grange Park, I1.: ANS. 1989.

Eidam, G.R,, et al. Task Plan for the U.S. Department of
Energy, TMI-2 Programs. EGG-WRR-5592. Idaho Falls,
ID: EG&G Idaho, Inc. September 1982.

Eidam, G.R,E.L. Tolman,].M. Broughton, R. K. McCardell,
and W.R. Stratton. “TMI-2 Defuelling Conditions and
Summary of Research Findings.” Severe Accidents in
Nuclear Power Plants. TIAEA-SM-296/74,
Vol. 1. Vienna: IAEA. 1988.

EG&G Idaho, Inc. TMI-2 Inéore Instrument Damage—
An Update. GEND-INF-031, Vol. 2. Idaho Falls, ID:
EG&G Idaho, Inc. April 1984.

EG&G Idaho, Inc. Reactor Vessel Lower Head Heatup
Calculations. EG&G-TMI-7784. Idaho Falls, ID: EG&G
Idaho, Inc. August 1984.

Electric Power Research Institute. “Fast-Sorting Radia-
tion Measurement Technique Used to Determine TMI-2
Decontamination Priorities,” TB.NPD.24.10.86. Palo Alto,
CA: EPRI. 1986.

Ferguson, D.E. “Robotic Characterization of 282'6"
Elevation of the TMI-2 Reactor Building.” Nuclear Tech-
nology. Vol. 87, 4 volumes. La Grange Park, IL: ANS.
1989.

Fricke, V.R. Data Report: Quick Look Inspection Results.
TPO/TMI-026. Middletown, PA: GPUN. December
1982.



Fricke, V.R. “Technical Bulletin: Reactor Lower Head
Video Inspection.” TPB-85-6. Middletown, PA: GPUN.
March 7, 1985.

Garner, R.W., D.E. Owen, and M.R. Martin. An Assess-
ment of the TMI-2 Axial Power Shaping Rod Dynamic Test
Results. GEND-INF-038. Idaho Falls, ID: EG&G Idaho,
Inc. 1983.

Geifer, D., R. Hine, and M.D. Pavelek. Remote Recon-
naissance Vehicle Program. NP-4265. Palo Alto, CA:EPRL
September 1985.

Gold, R. Personal communication with the TMI-2 Tech-
nical History Project. March 25, 1987.

Gold, R., et al. Solid-State Recorder Neutron Dosimetry in
the Three Mile Island Unit 2 Reactor Cavity. GEND-INF-
059. Hanford, WA: HEDL. May 1985.

Goris, P., and D.D. Scott. Accountability Study for TMI-2
Fuel. GEND-016. Richland, WA: HEDL. May 1981.

GPU Nuclear. Data Report: Reactor Building Entry Pro-
gram Reports, Vol. 1-10. TPO/TMI-009. Middletown,
PA: GPUN. 1981-1982.

GPU Nuclear. Technical Plan: Nuclear Reactivity at TMI-
2. TPO/TMI-071. Middletown, PA: GPUN. January
1984a.

GPU Nuclear. Criticality Report for the Reactor Coolant
System. Middletown, PA: GPUN. October 1984b.

GPU Nucdlear. Data Report: Reactor Building Radiological
Characterization, Vol 1 & 2. TPO/TMI-125. Middletown,
PA: GPUN. Rev 1, January 1985.

GPU Nuclear. Potential for Boron Dilution of Reactor Cool-
ant System. 4430-84-007R. Middletown, PA: GPUN.
August 1984; Rev 1, November 1984; Rev 2, September
1985.

GPU Nuclear. “Criticality Safety Assessment for Use of
the Plasma Arc Torch to Cut the Lower Core Support
Assembly.” SA No. 4710-3221-86-011. Middletown, PA:
GPUN. November 30, 1987.

GPUNuclear. “Safety Evaluation Reportfor Completion
of Lower Core Support Assembly and Lower Head
Defueling.” SA No. 4710-3221-88-01. Middletown, PA:
GPUN. Rev 1, June 23, 1988a.

Data Acquisition and Analysis

GPU Nucdlear. “Criticality Safety Assessment for Use of
the Plasma Arc Torch to Cut the Upper Core Support
Assembly Baffle Platesand the Core Support Shield.” SA
No. 4710-3221-88-02. Middletown, PA: GPUN. Rev.1,
August 11, 1988b.

GPUNuclear. “Safety Evaluation Report for Removal of
Metallurgical Samples from the TMI-2 Reactor Vessel.”
SA No. 4000-3555-89-01. Middletown, PA: GPUN. Au-
gust 18, 1989.

GPUNuclear. Defueling Completion Report. Middletown,
PA: GPUN. 1990.

Graber, ]J.A., and S. Lefkowitz. Recovery of the TMI-2 Re-
actor Building Polar Crane. NP-3411. Palo Alto, CA: EPRL
January 1984.

Greenborg, J. “RCS Characterization and SNM Account-
ability: Trace Fuel Circulationin theRCS, Reactor Building
and Auxiliary Building.” Nuclear Technology. Vol. 87,4
volumes. La Grange Park, IL: ANS. 1989.

Haghighi, M.H. “Methods of Assaying Special Nuclear
Material at TMI-2.” Nuclear Technology. Vol. 87, 4 vol-
umes. La Grange Park, IL: ANS. 1989.

Hobbins, R.R., et al. Nondestructive Techniques for Assay-
ing Fuel Debrisin Pipingat Three Milelsland Unit 2. GEND-
018. Idaho Falls, ID: EG&G Idaho, Inc. November 1981.

Hondorp, H.L. Planning Study: AFHB Cubicle/System
Characterization. TPO/TMI-032. Middletown, PA: GPUN.
August 1983.

Knief, AK. Nuclear Criticality Safety: Theory and Practice—
Appendix G: TMI-2 Recovery Operations. Prepared under the
directionof the ANS, with support from USNRC. No date.

Kobayashi, R. Data Report: Summary of Ex-vessel Fuel
Characterization. TPO/TMI-190. Middletown, PA: GPUN.
April 1988.

Kobayashi, R., C.H. Distenfeld, and D.E. Ferguson. “Ex-
vessel Fuel Characterization Results in the Reactor
Building.” Nuclear Technology. Vol. 87, 4 volumes. La
Grange Park, IL: ANS. 1989.

Langer, S., S.T. Croney, D.W. Akers, and M.L. Russell.
TMI-2 Fission Product Inventory Program FY-85 Status
Report. GEND-057. Idaho Falls, ID: EG&G Idaho, Inc.
November 1986.

5-29



Data Acquisition and Analysis

Lazo, E.N. “The TMI-2 Reactor Building Gross Decon-
tamination Experiment: Effects on Loose-Surface Con-
tamination Levels.” Nuclear Technology. Vol. 87, 4 vol-
umes. La Grange Park, IL: ANS. 1989.

Mason, R., K. Kinney, J. Dettorre, and J. Gilbert. Gross
Decontamination Experiment Report. GEND-034.
Middletown, PA: EG&G Idaho, Inc. July 1983.

Mayo, C.W., et al. TMI-2 Instrumentation and Electrical
Program Final Evaluation Report. GEND-056. Idaho Falls,
ID: EG&G Idaho, Inc. November 1986.

Martin, M.R. “Core Sampling: A Driller’s Dilemma.”
Proceedings of the 1986 Joint ASME/ANS Nuclear Power
Conference July 20-23, 1986. La Grange, IL: ANS. 1986.

Mclsaac, C.V., and D.G. Keefer. TMI-2 Reactor Building
Source Term Measurements: Surfaces and Basement Water
and Sediment. GEND-042. Idaho Falls, ID: EG&G Idaho,
Inc. October 1984.

Nitti, D.A., etal. Evaluation of the Structural Integrity of the
TMI-2 Reactor Vessel Lower Head. B&W document
77-1158426-00. Lynchburg, VA: B&W. June 1985.

Olsen, C.S., etal. Examination of Debris from the Lower Head
of the TMI-2 Reactor. GEND-INF-084. Idaho Falls,
ID: EG&G Idaho, Inc. January 1988.

Owen, D.E,, D. Brady, and S.L. Owrutsky. Radiation
Protection Management Program at TMI-2: Noteworthy
Practices and Accomplishments. NP-5338. Palo Alto, CA:
EPRI. August 1987.

Patterson,R.L., M.L. Estabrook, and D.C. Wilson. “Data
Acquisition Methods used at TMI-2.” Nuclear Technol-
ogy. Vol. 87,4 volumes. La Grange Park, IL: ANS. 1989.

Peterson, H.K. “Characterization of the Radiological
Conditions of the Three Mile Island Reactor Building
Basement and D-Rings.” Nuclear Technology. Vol. 87,
4 volumes. La Grange Park, IL: ANS. 1989.

Porter, L.H. Technical Plan: TMI-2 Core Accountability.
TPO/TMI-035. Middletown, PA:GPUN. Rev.1, August
1985.

Rainisch, R. Data Report: Analysis of Gamma Scanning of

In-core Detector #18 (L-11) in Lower Reactor Vessel Head.
TPO/TMI-175. Middletown, PA: GPUN. June 1985.

5-30

Rainisch, R., and C.S. Caldwell. Planning Study: Method
for Measuring Fuel Materials Collected in the Lower Region of
Reactor Vessel. TPO/TMI-102. Middletown, PA: GPUN.
December 1983.

Rainisch, R., and V.R. Fricke. “Using Ex-core Neutron
Detectors to Estimate Fuel Quantities in the Reactor
Vessel Lower Head.” Nuclear Technology. Vol. 87 (4 vol-
umes). La Grange Park, IL: ANS. 1989.

Rider, R.L. Attachment to letter to G.R. Skillman (GPU
Nuclear): “Criticality Safety Program for Defueling
Activities.” File 0295/0097Y /10450 DEQOE-(347.
Gaithersburg, MD: BNAPC. October 11, 1983.

Russell, M.L., et al. TMI-2 Accident Evaluation Program:
Sample Acquisition and Examination Plan. EGG-TMI-7132.
Idaho Falls, ID: EG&G Idaho, Inc. January 1986.

Schauss, R.D,and M.S. Slobodien. “The Use of Comput-
erized, 3-Dimensional Solids Modeling and Database
Management toSupport Radiation Mappingand ALARA
Planning.” The 19th Midyear Topical Symposium of the
Health Physics Society. Knoxville, TN. February 2-6,
1986.

Soberano, F.T. Final Report on the In Situ Testing of
Electrical Components and Devices at TMI-2.
GEND-040. Idaho Falls, ID: EG&G Idaho, Inc. June 1984.

Skillman, G.R., and S.W. Smith. Technical Plan: TMI-2
Core Accountability. TPO/TMI-035. Middletown, PA:
GPUN. January 1983.

Stratton, W.R. “Review of the State of Criticality of the
TMI-2 Core and Reactor Vessel.” Attached to letter to
E.E. Kintner (GPU Nuclear). Los Alamos, NM: Stratton
and Associates, Inc. July 24, 1985.

Thomas, ].T. Nuclear Criticality Safety Studies of Interest to
TMI-2 Recovery Operations. ORNL/CSD/TM-193. Oak
Ridge, TN: ORNL. 1982.

TMI-2 Technical Assistance and Advisory Group. First
TAAG Report: Assessment of Defueling Plan for Three Mile
Island, Unit 2. April 14, 1982. (Transmitted by letter
Hmb-174-82 from H.M. Burton, EG&G Idaho, Inc., to
Distribution; March 1, 1982.)

Tolman, E.L., et al. TMI-2 Core Bore Acquisition Summary
Report. EGG-TMI-7385. Idaho Falls, ID: EG&G Idaho,
Inc. Rev 1, February 1987.



United States Nuclear Regulatory Commission, Office of
Nuclear Reactor Regulation. Final Programmatic Envi-
ronmental Impact Statement Related to the Decontamination
and Disposal of Radioactive Wastes Resulting from the March
28,1979, Accident Three Mile Island Nuclear Station, Unit 2.
DocketNo. 50-320, NUREG-0683, Vol. 1and 2, Appendi-
ces A-Z, Supplements 1 (1984), 2 (1987), and 3 (1989).
Washington DC: US NRC. March 1981.

Vallem, R.J., C.H. Distenfeld, and H.K. Petersen. “Sur-
face Activity Characterization with Thermoluminescent
Detector Pseudo Cores.” Nuclear Technology. Vol. 87, 4
volumes. La Grange Park, IL: ANS. 1989,

Westfall, R.M., et al. Criticality Analyses of Disrupted Core
Models of Three Mile Island Unit 2. ORNL/CSD/TM-106.
Oak Ridge, TN: ORNL. 1979.

Westfall, R M., et al. TMI Criticality Studies: Lower Vessel
Rubble and Analytical Benchmarking. GEND-071. Oak
Ridge, TN: Martin Marietta Energy Systems, Inc. May
1986.

Data Acquisition and Analysis

Williams, D.S, J.C. Rommel, and R.L. Murray. “An
Overview of Nuclear Criticality Safety Analyses Per-
formed to Support Three Mile Island Unit 2 Defueling.”
Nuclear Technology. Vol. 87,4 volumes. La Grange Park,
IL: ANS. 1989.

Woods, J.J. TMI-2 Criticality Evaluation. BAW-NPGD-
TM-534. Lynchburg, VA: B&W. December 1979.

Worku, G. “Technical Bulletin: Core Conditions Sum-
mary.” TB-85-19. Middletown, PA: GPUN. Revised
annually.

Worku, G. “Technical Bulletin: Core Stratification Sam-
pling Program.” TB-86-35. Middletown, PA: GPUN.
Rev 3, August 18, 1986.

Worku, G. Data Report: Reactor Building Basement (EL
282°-6")—History and Present Conditions. TPO/TMI-027.
Middletown, PA: GPUN. November 1982.

Worsham, J.R., etal. Methods and Procedures of Analysis for
TMI-2 Criticality Calculations to Support Recovery Activi-
ties Through Head Removal. BAW-1738. Lynchburg, VA:
B&W. June 1982,

5-31






6 WASTE MANAGEMENT

6.1 Overview

6.2 Water Processing and Disposal
6.2.1 Processing Lower-Activity Water
6.2.2 Processing Higher-Activity Water
6.2.2.1 Selecting the System

6.2.2.2 Design and Startup

6.2.2.3 Processing Containment Basement Water
6.2.2.4 Processing Reactor Coolant
6.2.3 Processing Defueling Water
6.2.3.1 Selecting the System

6.2.3.2 Design Chalienges

6.2.3.3 Installation and Operation

6.2.4 Disposing of Processed Water
6.2.5 Rejected Processing Alternatives
6.2.5.1 Closed-Cycle Evaporation
6.2.5.2 Evaporation/Solidification Facility
6.3 Water Storage

6.3.1 Fuel Pool Waste Storage System (Tank Farm)

6.3.2 Processed Water Storage Tanks
6.3.3 Other Tanks

6.4 Solid Wastes Staging and Preparation for Disposal

6.4.1 Interim Response Facilities

6.4.2 Preparing Low-Level Waste

6.4.2.1 Volume Reduction of Lower-Activity Waste
6.4.2.2 Solidification of Lower-Activity Waste
6.4.2.3 Waste Handling & Packaging Facility
6.4.3 Rejected Processing Alternatives
6.4.3.1 EPICOR Il Resin Solidification
6.4.3.2 Incineration

6.4.4 Preparing Processing Vessels

6.4.4.1 EPICOR Il Vessels

6.4.4.2 SDS Vessels

6.5 Solid Radioactive Waste Disposal

6.5.1 Disposing of EPICOR li Prefilters
6.5.2 Disposing of SDS Wastes

6.6 Bibliography

6-1

6-3

6-3
6-14
6-14
6-16
6-22
6-23
6-24
6-24
6-29
6-31
6-34
6-35
6-37
6-37
6-38
6-38
6-39
6-39
6-39
6-40
6-40
6-40
6-42
6-42
6-43
6-43
6-45
6-46
6-46
6-46
6-47
6-48
6-50
6-62



LIST OF FIGURES

6-1 Water Processing and Storage During the TMi-2 Cleanup 6-2
6-2 Low-Level Radioactive Waste Shipped Offsite During the Cleanup 6-4
6-3 TMI-2 Waste Management Facilities 6-5
6-4 TMI-2 Cleanup Timeline: Radioactive Waste Management 6-6
6-5 Water Processing Logic 6-8
6-6 Cross-sectional View of Typical EPICOR Il Vessel 6-11
6-7 Qriginal SDS Flowsheet 6-17
6-8 Arrangement of SDS Components in and Around Fuetl Pools 6-18
6-9 Cutaway View of an SDS Vessel 6-20
6-10 Final Flowsheet for SDS 6-21
6-11 Early Conceptuai DWCS Design 6-26
6-12 Modified Conceptual DWCS Design 6-27
6-13 Final Conceptual DWCS Design 6-28
6-14 Fiiter Canister 6-30
6-15 Visibility Improvement Logic 6-33
6-16 Solid Waste Staging Facility 6-41
6-17 TMI-2 Waste Disposal Logic 6-49
6-18 Design of EPICOR Hi HIC 6-51

LIST OF TABLES

6-1 TMI-2 Water Management Campaigns _ 6-7
6-2 Liquid Waste Processing Challenges 6-9
6-3 Processed Water Disposal Options 6-36

LIST OF PHOTOS

6-1 EPICOR Il Vessels in Place 6-12
6-2 EPICOR H/Chemical Cleaning Building 6-13
6-3 SDS in Spent Fue! Pool “B” 6-19



6

WASTE MANAGEMENT

6.1 Overview

From the day of the accident until the end of the cleanup,
theproject teamwas forced to manage radioactive wastes
on a scale and of a type without precedentin the nuclear
power industry. For several years after accident, every-
thing seemed related to waste management. By far the
most demanding waste management challenge was the
highly contaminated water and its related solid wastes.
Where to storeit? How to cleanit? How to dispose of it?

Cleaning up produced enormous quantities of contami-
nated equipment and trash, hundreds of processing
vessels loaded with varying concentrations of radionu-
clides, and over 7.5 million liters of mildly radioactive
water. In addition to managing this waste within a
normal context that demanded worker and public pro-
tection, the shortest possible schedule, and financial
restraint, the project also had to face a difficult political
climate. This climate included changing federal and
state regulations regarding waste disposal, ambivalence
in state and local governments regarding TMI-2 waste,
and a sometimes hostile local populace.

Mostradioactive trash and solid decontamination wastes
were handled in ways similar to those used at other
nuclear power plants, but on a much larger scale. The
control of radioactive gases was only a substantial issue
until the containment was vented of approximately 46,000

curies of krypton-85 in 1980 (see Section 3). Managing

the contaminated water was not so straightforward.

The water was initially distributed in the containment
basement, reactor coolant system, auxiliary building
sumps and tanks, and over the lower elevation floor of
the auxiliary building. It and the associated high radia-
tion fields prevented system maintenance and hindered
cleanup work. Theexisting plant systems were unable to
process any of this water, which contained cesium-137
concentrations initially ranging from 1 to over
100 uCi/ml. Consequently, in the first few years, a major

portion of the project’s resources were spent on water
management. Figure 6-1 depicts the magnitude and
general history of this process.

Institutional difficulties greatly complicated the matter.
As far as the public was concerned, the mention of any
moreradioactivity reaching theenvironment was reason
to intervene. The most significant public intervention
was a suit filed by the City of Lancaster to prevent the
release of TMI-2 water to the Susquehanna River, even if
this water met all regulatory restrictions. As a result of
an out-of-court agreement signed by the NRC and
Lancaster in early 1980, the discharge of “accident-
generated” water was not permitted. Over 7.5 million
liters of processed water eventually fellinto this category
(see Section 6.2.4). Thus, the cleanup work was destined
to be water-bound—a consequence that, although not
prohibitive, ensured that water management at TMI-2
would require operations managers to constantly juggle
volumes of water to support or permit other cleanup
activities.

Arranging to dispose of the captured radioactive wastes
created by the accident or generated during the cleanup
required extensive negotiations between the project
managers, DOE, NRC, and state-regulated disposal site
operators:

e Until the publication of 10 CFR Part 61 (Licensing
Requirements for Land Disposal of Radioactive Waste)
and Part 20.311 (Transfer for Disposal and Manifest)
in 1982, the regulations affecting shipment and dis-
posal of radioactive waste were not fully defined
regarding waste concentrations and forms. It took
several more years for theexact methods for complying
with these regulations to evolve.

* Shortly after the accident, the Richland, WA and

Barnwell, SC commercial low-level burial sites were
closed to any TMI-2 accident-related wastes because
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of concerns about the volumes that might be pro-
duced. Later in 1979, the site in Richland was re-
opened; the Barnwell site did not accept TMI-2 acci-
dent-related wastes until 1987.

* Wastes thatexceeded commercial burial ground crite-
ria for forms or content were even more difficult to
dispose of and required extraordinary measures by
the DOE and NRC. Eventually, the DOE agreed to
take the waste for R&D work and temporary storage
to ensure that TMI did not become a de facto long-
term waste repository (Snyder 1981).

The volume of waste removed from the TMI-2 site is
depicted in Figure 6-2.

In spite of the institutional obstacles, several technical
factors made waste management at TMI-2 considerably
less difficult than it might have been. These factors had
an important influence on the decision-making process
and existed because TMI-2 had operated commercially
for only three months. They included two empty spent
fuel pools, an unused steam generator chemical cleaning
building, and a relatively limited quantity of fission or
activation products (see Section 2.1.3).

In addition to using the existing uncontaminated struc-
tures, many new facilities were built. Several others
were planned but never constructed. Figure 6-3 shows
the locations of both conceived and constructed TMI-2
wastemanagement facilities. Figure6-4 showstheoverall
cleanup of TMI-2 froma waste management perspective.

6.2 Water Processing and Disposal

The emergency stabilization measures of the first few
months were successful and the water was contained in
tanks, systems, and sumps. Initially, the most important
issues were tracking the water volumes and minimizing
any increase because of the dire shortage of spare tank-
age. When these were accomplished, the challenges
were how to collect the fission products in the water for
safe handling, storage, reuse, and disposal. Table 6-1
shows the series of water management campaigns to
achieve this goal.

These “campaigns” can also be viewed in four phases:

* First—The project teamacted to stabilize the situation
by isolating and controlling the water wherever it
existed; transferring and cleaning it when possible;
and analyzing its characteristics to increasing levels of

Waste Management

accuracy. Many of the actions taken during this phase
are described in Section 3. This phase lasted until the
project team felt that control had been established.

* Second—A large-scalecleanup wasneeded to process
the water and capture the radionuclides. Over a
2-year period, the project team constructed two new
water processing systems (EPICOR II and the sub-
merged demineralizer system), over 3.7 million liters
of new tankage, and 1,120 m® of new solid waste
storage space.

e Third—The water had to be maintained in an accept-
able condition for reuse or disposal. This meant
continued operation of the two new systems plus
constructing a third new system (the defueling water
cleanup system) to process the water used during
defueling.

¢ Fourth—The processed water had to be disposed of.
For this, an evaporation system was installed to begin
operation at the end of the cleanup.

The water processing challenges facing the project team
and the how they were met are shown in Table 6-2.
Operationally, this resulted in radioactive water being
processed as summarized in Figure 6-5.

6.2.1 Processing Lower-Activity Water

The multiple volumes of radioactive water in the auxil-
iary building were a major obstacle to complete control
of the plant. Access was needed to the systems and
equipment in that building to ensure control of the
reactor coolant system and to establish a base for enter-
ing the containment. The project team’s response was to
immediately build a new, three-stage, ion-exchange
processing system to supersede the existing two-stage
version brought on site right after the accident (EPICOR
I) and described in Section 3.6.2.1.

The resulting system—EPICOR II—was an excellent
example of what can be accomplished in a short time
under evolving circumstances. It grew out of the ur-
gency of a crisis and evolved into an important system
that provided relatively trouble-free and consistent op-
eration throughout the cleanup.

Disposing of the EPICOR II processing vessels was diffi-
cult, but the eventual solution—development of a high
integrity container (HIC) overpack that could be buried
at Richland—was a major accomplishment. In addition,

6-3
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Table 6-1. TMI-2 Water Management Campaigns

PERIOD EMPHASIO

1979 Contain contaminated water;
process and release
nonaccident-generated water

1980 Process auxiliary building
water

1981-82 Process containment basement
water

1982-85 Process reactor coolant

1985-90 Reprocess defueling water

1990- Dispose of processed water by
evaporation
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a processing vessel made of Ferralium became available
on the commercial market and was qualified as a HIC at
TMI-2. Radioactive accident water in the nuclear power
industry can now be processed without many of the
disposal concerns that plagued the TMI-2 cleanup.

The design and location of the EPICOR II system were
dictated by the available experience with ion exchange
technology and the availability of the unused steam
generator chemical cleaning building located on the east
side of, but not attached to, the Unit 2 auxiliary building.
The facility contained two large tanks, unused floor
space, a sump, and a seismic bathtub foundation, which
would minimize the consequences of spills or releases.
Various mixtures of organic and inorganic resin beds
were used in a series of three processing vessels—the
initial version of EPICOR II used two 1.2- by 1.2-m
vesselsfollowed by a1.8-by 1.8-m vessel. The TMI-2 Waste
Management Experience (Delteteand Hahn 1990) provides
details on the system and volumes of water processed.

A shielded transfer bell and flatbed truck were used to
transport expended vessels to a storage area. Expended
vessels were temporarily stored in radwaste staging
areas not far from the building (see Section 6.4). The
liquid effluent from the system was essentially nonra-
dioactive except for tritium, which was unaffected by the
ion exchange process. The general design of a 1.2- by
1.2-m vessel is shown in Figure 6-6. Photos 6-1 and 6-2
show views of the system and building.

As noted, the system was based on existing technology;
however, there were several unique aspects (Hofstetter
1987):

* Layered resins—The layering provided selective re-
moval of different nuclides and also allowed multiple
removal; i.e., by adjusting the mix, removal could be
made from water from different sources.

¢ Proprietary resin mixes—This aspect slowed some
development and modifications of the system be-
cause of restricted access to formulas. Also, the con-
stantly changing recipes allowed for little preplanning.

» Contractoroperation—This helped by freeingcleanup
staff to perform other essential work. The contractors
left the site in 1982. After that, the project team
assumed responsibility for the system operation and
its engineers were able to specify the resin mixes.

Installation work started on EPICOR II in early April
1979, as soonas it wasapparent that the EPICOR I system

6-10

would not be adequate for processing most auxiliary
building water.. The construction was slowed by the
high dose rates in the auxiliary building and by the
demands on the construction crews to work on other
tasks. Working around these obstacles, EPICOR II was
completed and ready for startup testing by the end of
May 1979.

On May 25, 1979, the NRC issued a statement requiring
an Environmental Assessment of the system and quali-
fication of the system operators by the NRC before the
system would be allowed to process water. The NRC
also prohibited the discharge of water related to the
accident from the site. This prohibition remained in
effect until a suit by the City of Lancaster and resulting
out-of-court settlement eliminated any prospect of dis-
charging the processed water during the cleanup.

By July 1979, the concentrations of radionuclides in the
auxiliary building water had changed because of decay;
the short-lived iodine isotopes were no longer major
constituents. Accordingly, the resin mix in the deminer-
alizer beds was changed to optimize the performance of
the system for the long-lived isotopes of cesium and
strontium, which were predominant (Rusche 1979).

The NRC finished its Environmental Assessment in
October and officially modified the TMI-2 license to
permit the operation of EPICOR II (US NRC 1981).
Permission to operate involved one added stipulation: -
the expended resins were to be solidified before ship-
ment. This was something that the project team was not
equipped to do. The efforts to comply with the solidifi-
cation order and the eventual development of a high
integrity container alternative are described in sections
6.4 and 6.5.

The system went into operation on October 22, 1979. By
December 1980, EPICORII completed its first major task
by processing 2,140,000 liters of water existing in various
auxiliary and fuel handling building tanks and sumps.
Over 36,000 curies of cesium-137 and 2,000 curies of
strontium-90/yttrium-90 were removed.

The EPICOR II system continued to prove its value
throughout the cleanup. It was modified twice after
processing the initial auxiliary building water.

e The first modification (1981-1987) allowed it to act in
apolishingcapacity to support processing containment
basement water and reactor coolant (see Section 6.2.2).
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Photo 6-1. EPICOR II Vessels in Place
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Photo 6-2. EPICOR II/Chemical Cleaning Building

613



Waste Management

* The second modification allowed it to act as the final
water processing system for the cleanup. In April
1987, this version started up. It returned to the origi-
nal concept of using the first vessel position as a
prefilter; however, since there was no other systemin
operation to process higher-activity water outside the
RCS, the first EPICOR II vessel contained a bed of
sand zeolites designed to remove cesium and stron-
tium. In addition, this vessel was the first use of a
Ferraliumin-line processing HIC. The remaining two
vessels were 1.8-by 1.8-m. This system arrangement
was able to process all types of water in the plant,
including reactor coolant, if necessary.

Regarding this last EPICOR II configuration:

* By this time, the State of Washington had recognized
Ferralium alloy as acceptable material for HICs. They
also accepted the concept of HICs as an alternative to
solidification. -

* Inherentinacceptance of a HIC as a processing vessel
wasthe project team’sability to meetthe “free standing
water” requirementsof 10 CFR Part 61 and the State of
Washington. Onsite testing with zeolite media and
the existing dewatering system for EPICOR II was
only marginally acceptable; therefore, the project team
bought and qualified an air drying system for the
HICs for zeolites, bead resins, and charcoal.

6.2.2 Processing Higher-Activity Water

The water processing challenges in the containment
were far more severe than in the auxiliary building:

* Reactor coolant samples showed radionuclide con-
centrations of greater than 500 pCi/ml after the acci-
dent, and 100 uCi/ml in 1981 (primarily cesium-137
and strontium-90/yttrium-90)—too high to permit
maintenance and defueling work.

* The basement was thought to contain many hundred
thousand liters of water, much of it reactor coolant. In
fact, the basement contained a volume of water that
grew as the result of leakage from the river water
cooling system and containment chillers. By the time
the leak was stopped in 1981, 500,000 curies were
suspended in 2.5 million liters of water. This water
was thought to increase radiation fields on the upper
elevations and inhibit any sustained level of work.
Furthermore, although a quality liner existed (with

6-14

vacuum-tested weld joints), the containment base-
ment was not designed for indefinite water storage.
Consequently, the potential of leaks to the environment
had tobe considered:

A new system was required. The design and construc-
tion of EPICOR II had taken only three months because
itwasbased onanion exchange technology already used
atthe plant. Processing the far more radioactive waterin
the containment required a new ion exchange system
that, although based on technology in the noncommer-
cial fuel reprocessing world, was not typical of power
plant systems. Off-the-shelf equipment and technology
were not sufficient and vendors were not prepared for
the novel requirements. When the resulting submerged
demineralizer system (SDS) was finished, it worked very
well, but it took two years and $11 million dollars to
complete. During this time, the project also pursued
alternative processing methods

The initial questions were: What was the best system to
process this water? Whether to process the reactor
coolant or the basement water first? What was the
operational limit for isotope collection in the SDS
demineralizer vessels? How to dispose of the fission
products once they had been collected?

6.2.2.1 Selecting the System

Project management soughta system that would operate
as independently as possible from existing waste and
offgas systems and would operate with minimal worker
exposure or public risk (Sanchez 1983). Three primary
options for processing the higher-activity radioactive
water were considered in the first months following the
accident:

* Natural circulation evaporator—Located inspent fuel
pool “B”. This approach was eliminated because it
appeared to have the highest overall cost and many
doubts existed about the technical feasibility of in-
stalling and running the system within a reasonable
time.

¢ TForced-circulation evaporator/crystallizer—Located
inaroomin the fuel handling building orin a separate
facility. Thisevaporator was developed asa backup/
alternative to an ion exchange system. The evapora-
tor was thought necessary to process the organics,
~oils, ordecontamination solutions that would foul the
ion exchange system. The conceptual development
and eventual elimination of this evaporator are dis-
cussed in Section 6.2.5.2.



Ion-exchange system—Located underwater in spent
fuel pool “B”. Although a limited experience base
existed within the industry, the ion exchange system
or SDS was selected, in large part because it was
evaluated as being the most cost effective; i.e., prom-
ised to generate theleastamount of solid waste (Hovey
1980).

The project team also considered and rejected several
other options for dealing with the higher-activity radio-
active water:

Fluid bed dryers and calciners—Ruled out because of
a lack of technical experience and because they con-
centrated radioactivity in the waste product to an
unmanageable level.

EPICOR II alone—Proposed and rejected because it
was first designed for lower-activity radioactive wa-
ter—a. use for which it was still required. Also, in-
creased personnel exposures were anticipated with
EPICORIIand costly modifications would berequired
to cover the shielding, shipping, and burial require-
ments of its larger vessels.

Direct solidification—A solidification system was
designed to be installed in the fuel handling building;
however, it would have generated an enormous
number of drums of solidified waste (greater than
33,000 if 3.8 million liters were processed) and would
have required four years to complete the task. Also, it
involved substantial radiation exposure to workers.

Long-termonsitestorage—Oneor morelarge, shielded
tanks to hold the unprocessed water were considered;
however, the cost to build one tank was. excessive
(greater than $13 million for one 1-million-liter tank
plus shielding) and two years would be required for
construction. The potential forleaks during handling
wasa concern, and, after storage, the water would still
require processingand disposal (GPUNuclear 1986a).

ADOE waste shipping cask—A 40-cmnaval gunbarrel
was available for conversion from a transport cask to
a processing vessel. It would have fit on a railcar and
been loaded with zeolites for processing the water;
however, since it would perform in essentially the
same manner as the SDS, it provided no technical
diversity. Also, it was not NRC-licensed and would
not be available any earlier than projections for com-
pleting the SDS (Wilson 1980). The general value of
the system for emergency radioactive water process-
ing was thought to be good and the project manage-
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ment therefore recommended that such a system be
developed as part of a national emergency response
organization.

The general design of the SDS was based on experience
and technology at the defense atomic energy facilities
and some commercial operations.: The following points
were made when the SDS was first selected (Williams
1979). The parenthetical statements are based on the
experience gained during actual construction and use of
the SDS:

e Demineralizer-type systems had been widely used
for removing radioactivity from water streams and
were relatively flexible, although experience was
limited in processing higher-activity radioactive wa-
ter. (A strong selling point; however, the limited
-experience affected its development because the pro-
cessing design had to be refined.)

¢ The contractors for the system could perform most of
theactivitiesof designand skid-mounted construction
off site, thus minimizing interference with work in
progress at the plant and not requiring technical ex-
pertise from the project team. (This was a plus in
terms of not diverting limited onsite resources from
other ongoing work. However, the offsite vendor was
not intimately familiar with the plant and the tie-ins
required. There was tremendous pressure to deliver
a workable product as fast as possible; yet no perma-
nent tie-ins to plant systems were allowed—which
complicated the design—and the entire system was to
be disposed of within 18 months.)

* The system would be relatively simple to maintain
and operate. Although the underwaterlocation com-
plicated some maintenance it also reduced personnel
radiation exposures to less than the alternative
methods. (A definite plus, especially since in factlittle
underwater maintenance was required and, once in-
stalled, SDS operated as designed nearly immedi-
ately. It operated well beyond its 18-month expected
life; minimal dose rates were associated with its op-
eration; and there were no significant radioactive
releases from the system.)

¢ The system could be used to clean up the RCS volume
in much the same way as a normal RCS cleanup
system; e.g., through feed-and-bleed operations and
allowing the ion exchange media to become boron
saturated. (A very useful feature of the system that
also provided flexibility for temporarily processing
water during defueling.)
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* Because the detailed engineering had not yet been
done, unforeseen design problems could extend the
schedule. (This occurred.)

* The cost effectiveness of the system depended on the
quantity of radioactivity that could be loaded onto
zeolites and the decontamination effectiveness of the
zeolites—two aspects that had not been completely
defined and could affect therelative value and cost of
the system. (The system was very efficient in concen-
trating fission products for disposal, although dis-
posal costs and options limited the loading.)

¢ In 1979, the evolving regulatory criteria regarding
burial and the questionable availability of disposal
sites made the final disposition of the ion exchange
resins uncertain and potentially very expensive, es-
pecially if solidification or extended storagein a spent
fuel pool was required. (The DOE eventually ac-
cepted 19 SDS vessels containing the highest curie
loadings for R&D—see Section 6.5. The remaining
vessels were commercially buried after several years
of onsite storage. Disposal was expensive, but it is
doubtful that any other system could have produced
wastes whose disposal would have been less expen-
sive. The system was shut down when EPICOR II
could handle the activity in the remaining water and
preparations wereunderway for the end of the cleanup,
which required such actions as draining the fuel pool
water and dismantling the SDS.)

6.2.2.2 Design and Startup
As discussed below, the startup of the SDS faced two
distinct challenges: 1) design; and 2) institutional.

Design Challenges. A processing design for the SDS
was selected by the DOE and the project team (see Figure
6-7). The system resembled EPICOR II in its use of
disposable ion exchange vessels. In contrast, however,
SDS ion exchange vessels were smaller and loaded with
inorganic zeolites, which were selected because of their
affinity for cesium and long-term stability under high
radiation conditions. Each SDS vessel was able to pro-
cess more water than an EPICOR II vessel before the
zeolites were expended, leading to fewer vessels for
disposal and less processing interruptions to change out
vessels.

The SDS was located in and around the two fuel pools,
with the major components in spent fuel pool “B”. The
components were grouped in four areas: filfration and
staging equipment, ion exchangers, leakage containment
system, and support systems. The locations of the com-
ponents are shown in Figure 6-8 and Photo 6-3.

6-16

Figure 6-9 shows a cutaway of an SDS vessel. All
processing operations were done in batches; i.e., the
periodic processing of a staged amount of water through
specific zeolite beds. Based on samples taken after each
stage in the process, the “breakthrough” level of a vessel
was tracked. When the zeolites were spentand could no
longer remove a particular radionuclide or the desired
curie loading was attained in the first vessel of a train,
then the feed flow was stopped and the vessel was
moved to a storage rack in the fuel pool. A vessel with
lesser loading was then moved to the first spot in the
train; i.e., the most highly loaded vessel was the first to
process contaminated water.

The initial design concept for the SDS was a satisfactory
basisupon which to proceed; however, the designneeded
toberefined. Theoriginal processing design would have
immobilized most cesium and strontium, but the efflu-
ent would still have contained enough activity in the
form of cesium, strontium, antimony, and ruthenium to
preclude undiluted storage. To address this, the project
team and Oak Ridge National Laboratory (ORNL) per-
formed additional evaluations, then:

* Modified the design and zeolite mix (now using
synthetic zeolite Linde A-51 and the IE-96 zeolite-
chabazite) (Campbell, et al. 1982)

* Replaced the original organic-based resin polisher in
the SDS processing design with EPICOR 11

The final design is shown in Figure 6-10.

Improving the efficiency of the polisher was a major
undertaking. Results from ORNL indicated that im-
provingitsefficiency would have generated unacceptably
large amounts of low-activity solid waste. Also, the
polishing unit would have required frequent changeouts,
which would have affected the efficiency of the system
and increased personnel exposures. As a result, in
January 1980, the project team dropped the use of the
SDS polisher, considered a new EPICOR-type polisher,
and then proceeded to develop a method of using the
existing EPICOR 1I system to polish the SDS effluent.

To determine what modifications to EPICOR II were
needed, several engineers took a shielded testcolumnon
a pushcart into the containment in March 1981. The
column contained a small volume of zeolites in a con-
figuration designed to simulate the SDS operation; e.g.,
residence time, flow rates, geometry. Water was drawn
from the basement using a roto-flex pump, passed
through the zeolite bed, and 20 liters of processed efflu-
ent were obtained. One sample was sent to ORNL and



Waste Management

Contaminated

water 15 gpm
influent | » A
¥ Y 7
Prefilter Final L
filter Y y
Feed tanks T

15,000 gal each

\
10 gpm
10 gpm - - 5 gpm gp
] - — — —
Cation
QOrganic organic - . . .
resin — resin i Inorganic zeolite beds s
%’ poiishing beds
>  bed — — — -
(&
Q —"
[0 — - 5 gpm
Monitor
tank
25,000
Clean gal
storage
g

Original SDS flowsheet showing flowrates.

Figure 6-7. Original SDS Flowsheet

617



Waste Management

s[004 [3ng punoxe pue ur syudueduwo)) §(IS Jo pwaduerry *g-9 33y

*siood (any
juads ay3j punode pue ul sjusuodwold §qS 4O Jjuswabueddy

x0q a|dwes peJ aye|pawilaju|

walsAs seb-jjo x0q sjdwes pasj ped Ybiy
J0jesedos 10}lUOW e}ag :
pinby| seb-40 \ \ plojiuew abueyaxs uoj plojiuew pas
| / \\ /

L1/

jood [on4 g jood jsnd y
I/ \ \ |
_/ A\ L
0] : a—
uoisod _oz:_ _mco_ pjojiuew - n..izzxz.iii“
uoHen uel| urel womﬁ i
|
| < "
O O = | |
= O O s | Buey |
_ _ S|9SSaA 18] |14 / < | 126-000°09 auo se "
1 Bunoe syuey) pasy “
0|0 piojiuew }  1e6-000'GL INC4 |
) EN[E _
000000000 SR
j0od yseo ‘ OOOROOOOO N N

\ \ M N

uotjels bulisyemap |ossap eale obeliols |assan pasn dwnd pea4

Sjassan Jusiulejuod abeyean xoq ajdwes Ja}j1) pes ybiy

6-18



Waste Management

Photo 6-3. SDS in Spent Fuel Pool “B”
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one sample was analyzed on site to determine the right
mix of organicand inorganic resins to use in the EPICOR
I system for polishing.

Based on the results, the order and contents of the
EPICOR 1I vessels were changed to remove levels of
radioactivity <10E-03 uCi/ml. The first vessel was now
a 1.8- by 1.8-m vessel containing only organic resins
(instead of the previous 1.2- by 1.2-m prefilter). The
second vessel position was a 1.8- by 1.8-m vessel and the
third was a 1.2-by 1.2-mvessel; both contained a mixture
of organic resins and inorganic media. (This version of
EPICOR II remained in use until April 1987, to support
SDS and to independently process various volumes of
water in the auxiliary building.)

In May 1981, with construction of the SDS basically
complete, the DOE completed an important study on the
technical and financial implications related tothe quantity
of radioactivity that could be loaded onto each zeolite
bed. The original processing design had limited each
bed to 10,000 curies of cesium and strontium. The new
DOE study concluded that the optimumloading for each
vessel was actually 60,000 curies of cesium and 2,000
curies of strontium.

Although technically the loadings could be even higher,
safety and economic considerations determined these
levels. The increased loading reduced the expected
number of expended vessels by a factor of six, meaning
that approximately 20 vessels would be needed for
processing the highest activity water in the containment
basement and reactor coolant system (Sanchez 1983; US
DOE 1981).

Institutional Challenges. At every step of the design
process, the project management had to confront the
issue of how to dispose of the zeolite resins once they
were loaded with radioactivity. Several contingencies
had to be considered. The actual disposal of the resins is
described in Section 6.5, but it is important to note that,
from the start, an NRC requirement to solidify the resins
wasareal possibility, with the potential of greatly affecting
the schedule and cost of processing the higher-activity
radioactive water.

In late May 1980, during construction of SDS, the NRC
notified the project management of several concerns that
pointed out the absence of clearly delineated criteria
applicable to the cleanup:

o Until the Programmatic Environmental Impact
Statement (PEIS) was completed, the NRC could not
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be certain it would approve the SDS; consequently,
the project team was proceeding with construction at
its own risk.

» There wasno assurance that theresulting waste forms
could be buried at commercial burial sites; conse-
quently, the project management should not preclude
the necessity of modifying the waste form (i.e., so-
lidification) for long-term storage or burial.

o The water in the containment basement might begin
to leak to the environment and so the project team
should have contingency plans ready for shielded
storage (Denton 1980).

Project management responded as follows:

o It proceeded with installation of the SDS because it
realized the urgency of the situation and the length of
time involved in constructing the system. In fact, the
PEIS wasissued in March 1981, several months before
the SDS began operation.

* As for concerns about waste forms, an underwater
storage rack was constructed in spent fuel pool “B” to
store expended SDS vessels. In addition, the project
team believed that enough temporary solid waste
storage space existed on site if needed and, pending
modifications to the burial regulations (the forthcom-
ing disposal criteria in 10 CFR Part 61), this would
provide enough flexibility to proceed.

¢ The emergency water storage volumes available in
Unit 1 and 2 tanks and spent fuel pools were also
sufficient, although their use was undesirable be-
cause of the potential for increased radiation exposures
and the contamination of clean components (Arnold
1980; Greenwood and Kelly 1980).

Toaddressthe NRC’sconcernabout the ultimate disposal
of the zeolites, the DOE announced that a program had
been initiated to demonstrate the feasibility of immobi-
lizing the radioactivity on the zeolites in a vitrified form
(Gates 1981). This was later expanded into a larger R&D
program via the July 1981 Memorandum of Under-
standing between the DOE and NRC, whichis discussed
in Section 6.5.

6.2.2.3 Processing Containment Basement Water

Water in the containment basement was processed first
since it, unlike water in the RCS, was not contained in
pipes and components. The final technical step to re-
moving the basement water involved finding a method
of transferring water from the containment basement to



the SDS. The existing sump pump was not considered
reliable because its motor had been submerged for three
years.

To solve the problem, a TMI-2 engineer constructed a
floating pump (later known as “sump sucker”) in his
garage. It consisted of a commercially available well
pump installed inside a Styrofoam float. In early Sep-
tember, this was lowered onto the water surface from El.
305" and deployed. (It worked satisfactorily until the
water level neared the floor, then a second well pump
was emplaced in the basement in a recess below the
incore tubes. The water was pumped through a flexible
hose that had been lowered into the basement, and then
out through a penetration to connected piping.)

InJuly 1981, the system was ready to begin operation. To
demonstrate its performance, the SDS was used to pro-
cess some lower activity water (<1 pCi/ml) that had
accumulated in the auxiliary building. During that
summer, the SDS processed approximately 570,000 liters
of water from the reactor coolant bleed tank (RCBT) to
ensure that the system was prepared to handle the
basement water.

Water from the containment basement was first processed
onSeptember 22,1981. The containmentbasement water
was pumped through filters to the storage tanks known
asthe “tank farm” infuel pool “A” (see sections 3and 6.3)
and then on through the four ion-exchange vessels in
Train 2 of the SDS (see Figure 6-9). The size of each batch
ranged from approximately 38,000 to 190,000 liters, de-
pending on processing conditions.

As examples of the processing methodology, the first
57,000-liter batch was processed between September 22
and 25, 1981; the average influent radioactivity was 94.2
pCi/ml and the average polished effluent was 15.9E-03
puCi/ml. The second batch contained 165,000 liters and
was processed between September 26 and October 4. It
had an average influent radioactivity of 115.9 pCi/ml;
the average effluent contained 13.5E-03 uCi/ml. Asa
result of this processing, the vessel used in the first
position for these two batches was loaded with 57,000
curies of cesium and 2,000 curies of strontium before
being removed from service.

Containment basement water processing was essentially
complete by early March 1982, although some took place
later in the summer and then periodically to clean and
recycle water from decontamination flushing and
inleakage. Approximately 2.5 million liters were cleaned
and stored after polishing by EPICOR II. The SDS
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removed 278,000 curies of cesium-137, 29,800 curies of
cesium-134, and 11,600 curies of strontium-90/
yttrium-90 from the basement water (Hitz 1986).

6.2.2.4 Processing Reactor Coolant

In May 1982, the SDS began processing the reactor cool-
ant water. The processing method involved a “feed-and-
bleed” technique in which 190,000-liter batches were
bled from the reactor coolant system at the same time
that 190,000 liters stored in the RCBTs were fed into the
RCS. This ensured that the reactor coolant system was
full and the core covered. Because of the lower activity
concentrations in the reactor coolant, Train 1 of the SDS
was used. The effluent was not polished by EPICOR 11
but instead was directed back to the RCBTs for future use
in the cycle.

The most immediate value of this processing was to
lower concentrations in the reactor vessel in order to
support the Quick Look camera inspection of the reactor
core in July 1982 (see Section 5.4.1). For this, the SDS
processed five batches between May and July 1982,
removing approximately 60,000 curies and reducing the
concentrations in the coolant from approximately
15 uCi/ml of cesium-137 to 2-3 puCi/ml. After Quick
Look, the reactor coolant was processed on a regular
batch basis that reduced levels to less than 0.1 pCi/ml of
cesium and 2.2 uCi/ml of strontium. Since this water
was in continual contact with the core debris, regular
processing by the SDS was necessary until a new system
designed for processing water during defueling became
operational in 1985 (see Section 6.2.3).

Alternative Processing Scheme. Before the SDS pro-
cessed the water in the reactor coolant system, the project
team had considered using EPICOR II for the same
purpose. A study (Barton 1980) found that using EPICOR
IT in this manner could cut perhaps one year off the
overall development-plus-processing schedule. The
primary drawbacks were:

¢ Therequirementto contaminatesomecleanequipment

» The considerably higher cost of the labor involved in
a longer processing campaign; i.e., the result of a
larger number of vessels to be used

* The larger number of vessels would result in higher
disposal costs.

Only two demineralizer beds would have been used: the
first containing only inorganic zeolitesina 0.28-m® vessel
(identical to an SDS vessel) for higher curie loading; the
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second would have contained organic resins for addi-
tional isotope removal and as much chemistry control as
possible. The major and fatal drawback to using EPICOR
I to process RCS water was that EPICOR I would have
removed the sodium and boron from the water. These
chemicals would have had to have been re-added to the
processed water in the storage tanks in order to provide
suitable makeup chemistry to the reactor vessel—a very
expensive undertaking.

The SDS remained in operation until July 1987, process-
ing over 17 million liters of contaminated water and
providing an essential element of TMI-2 waste man-
agement operations. The system was put in standby
condition when other systems were able to handle the
water processing. It was restarted briefly in 1988 to
process flush water in the containment basement.

6.2.3 Processing Defueling Water

Decontaminating the reactor coolant after the accident
wasone thing, and the SDS performed that well. Keeping
the water clean enough for defueling operations was
another. In early 1982, as the SDS processed the reactor
coolant, the project team began considering what it
would take to process the millions of liters required to
support defueling.

From a water management perspective, there were two
essential ingredients necessary to support defueling:
visibility and low concentrations of radionuclides. Suc-
cess withSDSand EPICOR Il gave confidence thata new
water processing system could do this during defueling
by filtering outsuspended particlesand removingradio-
nuclides. The difficulties were the vastly different scale
of processing required and the little known world of
TMI-2 core damage. Instead of processing 4 million liters
of water over the course of six months as SDS had,
defueling would require that much every few weeks.
Filtration requirements would exceed earlier volumes
by tenfold. And the actual nature of the reactor coolant
during defueling was impossible to predict.

The project team designed and built the defueling water
cleanup system (DWCS) to meet these challenges. It was
composed of two subsystems: one for the reactor vessel
to process a 150,000-liter volume and the other for the
refueling canal and fuel pool “A” to processa 1.4 million-
liter volume. Fine particles of fuel and other particulates
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suspended in the water were removed via a sintered
stainless steel filter. To remove radionuclides, 1.2- by
1.2-m zeolite ion exchangers were used.

In the course of designing, installing, and operating this
system, the project team learned some hard lessons. In
the end, the system worked—but not as designed and
not without a severe impact on the schedule:

¢ The little known nature of the postaccident reactor
core and the changing nature of defueling plans re-
sulted in a cumbersome, overly conservative water
processing systemn.

¢ Filtration proved to be a difficult science that did not
follow strict laws—especially under changing condi-
tions. Rigid schemes and general wisdom could not
be relied upon and experts were necessary at every
phase.

* Inadequate testing caused problems. The design
specifications for off-the-shelf equipment did not
always fit the reality of the situation.

6.2.3.1 Selecting the System

The conceptual design of the DWCS was closely inter-
twined withdefueling plansand so went through similar
tribulations as defueling plans changed (see Section 8 for
a history of defueling strategies). This was further com-
plicated by a lack of precise data about core conditions.
Within this context, the project team had to address the
two guiding issues:

* Visibility—Based on industry experience during re-
fueling operations, the team knew that turbidity
(which directly impacts visibility) would be a prob-
lem. Corrosion products usually comprised the chief
source of suspended particles. This problem would
be greatly accentuated by the potential 13,000 kg of
fine, loose debris {(<40-micron) in the vessel and the
additional debris resulting from aggressive defueling
(Croucher 1981). Particles stirred up during defueling
were expected to exceed the turbidity goal of
1 nephelometric turbidity unit (NTU) (USNRC 1981).

* Personnel Exposure—Of even greater concern than
visibility was radiation exposure to personnel, pri-
marily caused by soluble cesium in the reactor coolant
(Hofstetter 1986). Defueling operations had to be
conducted at less than 15 mrem/h. The source term
from the water was a key ingredient (along with



transit dose, area background, and defueling opera-
tions) and the radioactivity concentration in the water
had to be kept below 0.1 pCi/ml to achieve the goal.
SDS processing of RCS had reduced the concentration
to approximately thatlevel. However, the leaching of
cesium-137 from the debris bed (assumed to be at a
rate of 2 curies/day) was expected to raise the radio-
nuclide concentrations above the targeted value with-
out regular processing.

But how much water would have to be processed and
filtered? The original concept for the system was based
on 1981 defueling plans that called for a “wet” defueling
scenario; i.e., one in which the entire fuel transfer canal
wasflooded and verylarge quantities of water were used
(reactor vessel/contamination barrier: 300,000 liters.;
refueling canal: 1.2 million liters; fuel pool “A”: 530,000
liters). By thelatesummer of 1982, thisdefueling concept
had been further defined to require:

* A water processing system for the fuel pool portion
with a minimum flow rate of 2.5E-02 m?/s (the fuel
pool cleanup system preferably)

¢ An upgraded SDS reconfigured to four parallel lines
of two columns eachanda 2.5E-03 to 3.8E-03m?/sflow
rate

e A backup system for the SDS (preferably a modified
EPICOR ID.

Consideration of a contamination barrier to control the
spread of suspended material in the refueling canal was
also recommended. For this, the two-part system shown
in Figure 6-11 was conceived: :

» For water directly associated with the reactor vessel,
the SDS could be used for demineralization; a new
high-flow particulate removal system could be used
for hydro-vacuuming fuel debris and capturing sus-
pended particles.

* In the large body of fuel pool water, the fuel pool
cleanup system could perhaps work if modified in
several ways; e.g., to use zeolites like the SDS (Burton
1982).

Considerable debate took place over whether SDS could
be used for the task. In the end it was judged not
acceptable because of the nature of debris to be filtered.
Using SDS would have meant pumping fuel debris
particles outside of containment, which would have
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required extensive shielding and raised perhaps unsolv-
able criticality concerns (Hofstetter 1987). Also, this
dedicated use of SDS would have prevented it from
supportingother cleanup work. (If a processing HIC had
been available at the time, then EPICOR II could have
handled all other water.)

Methods using hydrocyclones and centrifuges were in-
vestigated and discarded because the solids collected
would still have required another intermediate opera-
tion to transfer them to a canister that could contain
fuel—a dose-intensive operation with the potential for
leakage.

Events in July 1982 emphasized the difficult conditions
under which defueling would have to be conducted and
thus the urgency of having anadequate water processing
system. Then, with Quick Look, a camera provided
views of the shattered remains of the upper TMI-2 reac-
tor core. The examination also provided more specific
data for use in designing the system. By the spring of
1983, the concept for a modified DWCS had been de-
veloped (Bell 1983).

A new design concept was developed that retained from
the earlier concept the major advantage of separating
two distinctly different volumes of water: 1) the fuel
pool/transfer canal with a large volume and expected
low concentration of contaminants; and 2) the reactor
vessel with a relatively small volume and an expected
high concentration of contaminants. The separation
permitted the processing rates and components to be
tailored to the sources, and the operations to be simpli-
fied (Figure 6-11). This plan for the DWCS was seen as
technically sound because the source terms for the design
had been established; however, it was very conservative
(TMI-2 TAAG 1984).

The question of water volume again entered the picture
in the spring of 1984. Plans for defueling the reactor had
been modified to the “dry” method, which required that
only the refueling canal adjacent to the transfer tubes to
the fuel pool be flooded, and that a 1.8-m-high fixture be
placed above the reactor vessel.

This change reduced the quantity of water tobe processed
by approximately 60% (Katonak 1984). It simplified
matters for the designers of the DWCS by providing
more usable space and reducing the quantity of water to
be processed. The reduction in volume was not enough,
however, to drastically simplify the design. The final
conceptual design is shown in Figure 6-13.
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6.2.3.2 Design Challenges

To meet the challenges of maintaining visibility and

removing radionuclides from the water, filters and ion
exchange vessels were needed.

Filters. The project team put substantial effort into
developing a filter; and yet, at one stage, the lack of
adequate filtration was to cause one of the biggest tech-
nical headaches in the cleanup. The original design
objectives of the filter were to:

* Remove fine debris between 0.5 and 800 microns
¢ Keep effluent turbidity at 1 NTU or less
¢ Maintain a minimum flow capacity of 6.3E-03 m*/s

* Be unaffected by the chemical nature of the borated
water

* Besafeagainstcriticality of thefiltered material during
30 years of storage

e Minimize the quantity of waste containers requiring
disposal

¢ Operate in a straightforward manner that minimized
complexity and promoted reliability (Storton 1985)

¢ Becompatible with thehandling techniquesdeveloped
for loading fuel debris (Bell 1983).

The project team decided to place the filtering system
within the same canisters that would be used to load fuel
debris (see Section 8). The filters, with a poison material
designed in, were in a geometry safe from criticality and
there was no need to qualify a second canister design.
The canister was 380 cm long with a 35.6-cm nominal
outer diameter.

Three types of filters were considered:

¢ Etched disc filter—Etched disc filtration was rejected
because of the unavailability of 0.5-micron filter me-
dia; the difficulty adapting the discs to the canisters;
and the 300-psi backwash pressure required, which
exceeded the design pressure of the fuel canister
(150 psi).

o Ultrafiltration—Ultrafiltration usingan organic poly-
mer membrane was eliminated because of limited
loading capacity, potential effects of extended expo-
sure to high-level radiation, and uninvestigated means
of disposal (Rao 1984).
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¢ Sintered metal filters—A sintered metal filter was
selected by the canister vendor. The filter was a
backwashable, tubular, porous 0.5-micron unit. Dur-
ing testing, a second 0.5-micron unit was developed
and chosen for the DWCS. The advantage of this filter
was that it eliminated backwashing, permitted es-
sentially continuous filtration versus cyclical opera-
tion, and eliminated a complex filter control system.
The pleated-sintered metal filter also offered a higher
surface-to-volume ratio than the tubular form.

The concept of using a sintered metal filter was debated
at some length for several reasons. At TMI-2, cartridge
filters had not worked in either the SDS prefilters or in
the original makeup and purification filters. Govern-
ment and utility (Millstone) experience raised questions
about the ability of such filters to process bulk media,
especially without pre-coating. The project team persisted
with sintered metal filters in light of the pressing need to
minimize waste and because the filters would ease po-
tential future reprocessing operations. Figure 6-14 shows
the design of the filter canister.

In June 1984, initial tests of a single-element, sintered
metal filter at the vendor’s shop using a zirconium-
oxide-based slurry indicated satisfactory performance.
Seventeen single elements fit inside a filter canister.
Water was pumped to the outside of the elements until
either thefilter canister was full or thedifferential pressure
across thefilter element reached a preset limit. The solids
were then allowed to settle to the bottombefore processing
was resumed (Katonak 1985).

A single-element test was conducted at TMI-2 in late
summer 1985 in spent fuel pool “B”. The test was only
partially successful (Katonak 1985); but based on the test
and the need to support the imminent start of defueling,
no changes weremadein thefilterdesign. Withdramatic
impact, these filters, as first installed, proved inadequate
for handling the unexpected conditions in the reactor
vessel.

Ion-Exchange Development. To keep the radionuclide
levelin the defueling water under control, the following
criteria were developed:

* Theconcentrationof cesium-137 had to be maintained
intherange of 0.01 to 0.02uCi /ml, which corresponded
to 10 to 20 mR/h at 1.5 m above the water surface.

¢ The system, backed by redundancy features, had to
process reactor vessel water ata continuous flow rate
of 1.3E-03 m*/s to maintain acceptable dose rates on
the defueling platform above the vessel.
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* The expended zeolites had to be handled ina manner
similarto thatused forloweractivity SDSand EPICOR
IT vessels (Bell 1983).

Because of the varied nature of the water in the two
different subsystems of the DWCS, two different ion-
exchange systems were used. Two 1.2- by 1.2-m ion
exchange vessels were used in the smaller but more
contaminated reactor vessel portion of the system. One
1.2- by 1.2-m ion exchange vessel was used in the refu-
eling canal/fuel pool “A” portion.

The ion exchange vessels were loaded with approxi-
mately 0.8 m®of zeolite sorbents—a choice that wasbased
on the successful use of the zeolite ion exchange system
in the SDS. The 0.8-m?® Ferralium alloy vessel had been
marketed as a HIC and had been adapted for use at TMI-
2. This permitted it to be qualified as an in-line process-
ing HIC and thus commercially buried as a stabilized
waste form.

6.2.3.3 Installation and Operation

The DWCS was installed and turned over for operation
instages. The componentslocated in the deep end of the
refueling canal were ready when the upper internals
(i.e., plenum) were removed from the reactor vessel and
placed there for storage in May 1985 (see Section 8).
During the following months, the project team focused
oncompleting thereactor vessel subsystem of the DWCS
to support the start of fuel removal operations. Until this
subsystem was ready, reactor coolant was processed
through the SDS in a series of feed-and-bleed operations.
Fuel pool “A” was flooded in October 1985 and a tempo-
rary system was used to filter that water until its DWCS
subsystem could be completed.

In November 1985, visibility in fuel pool “A” declined
and hydrogen peroxide was added to kill the microor-
ganisms causing the problem. This was the first real
indication of future problems.

Defueling started in late October 1985, and in November
the reactor vessel DWCS subsystem began operation.
Almostimmediately the filters began to plug up. Instead
of processing 22 million liters as designed, less than
750,000 liters passed through a filter canister before it
plugged. The effluent was good (0.4 NTU) during a
canister’s few hours of useful life, but the canisters were
too expensive to permit this rate of usage to continue. To
allow the system to continue operation while modifica-
tions were made, the filter canisters were bypassed.
Project engineers speculated that an unknown, probably
amorphous and inorganic material was blocking the
filter pores (Worku 1985).
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A separate but related problem loomed in January 1986.
A video survey in the reactor vessel showed a general
cloudiness and a variety of organic, sometimes kelp-like
shapes floating in the coolant and attached to surfaces.
These microorganisms were eventually discovered to
exist in almost all bodies of water in the plant.

Their presence was attributed to conditions found in
normal nuclear plant systems and to the river water that
had leaked into the containment basement, been pro-
cessed,and thenintroduced into thereactor vessel during
SDS operations. The sudden, rapid growth of the micro-
organisms was the result of aeration and light associated
with in-vessel defueling operations, and, especially, the
occasional leaks of hydraulic fluid from long-handled
defueling tools. The carbon-based borated hydraulic
fluid used in the tools not only served as a nutrient but
contained microorganisms itself.

The project team now faced a double challenge inside the
reactor vessel.

* Firstand most pressing was the biological contamina-
tion. The microorganisms obscured visibility and
blocked the filters. Beyond the immediate effect of
reducing visibility during defueling operations, the
contamination threatened all aspects of the cleanup
by raising difficult questions; e.g., was there microbial-
induced corrosion (MIC) on vital surfaces like the
welds between incore guide tubes and the reactor
vessel lower head, and inside fuel canisters that had
already been loaded and sealed? (There was not.)

* Secondarily, and more resistant to cure, was the inor-
ganic contamination, primarily hydrated metallic
oxides in colloidal suspension. These inorganic par-
ticles were less evident but were known to clog the
filters. Also, when large quantities of the fine, inor-
ganicparticles were suspended inthe coolant, visibility
was only a few centimeters.

There were no quick fixes since the natures of the bio-
logical colony and inorganic particles were complexand
changing. The only way to address the situation was to
understand it, take some emergency steps, and devise
some long-term maintenance strategies. Meanwhile, the
colony of microorganisms grew exponentially.

In February 1986, the temporary reactor vessel filtration
system (TRVFS) was installed in an attempt to stabilize
the declining visibility and gain some control. The
turbidity level was approaching 100 NTU and visibility
had fallen to 2 to 5 cm. Fortunately, defueling operations
were able to continue during this time—although not
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efficiently—because loose rubble could be loaded into
canisters sight unseen. The TRVFS took and returned
water to the reactor vessel at a maximum of
4.7E-03 m®/s using a 1-kW pump and 3.8-cm dia. hose.
The water was processed through what was essentially
a swimming pool filter with diatomaceous earth media.

An emergency task force composed of project engineers
and scientists from national laboratories (referred to as
the DeBioContamination Task Force) was formed in
February 1986 to analyze the problem and recommend
solutions.

Since the microorganisms were surviving in the reactor
coolant solution chemistry, the biocide had to be effec-
tive in that matrix. Several initial treatment methods
were considered, even though their use might be detri-
mental to the coolant or their effectiveness suspect:

* Halogenated hydrocarbons—High halide concentra-
tionsin excess of the RCS technical specification limits
would result.

* Ozone—Ozone would quickly decompose in the high
radiation field.

* Ultraviolet light—The organisms had already dem-
onstrated tolerance to radiation.

* Heating to 355 K (180°F)—Many microorganisms re-
quiring high temperatures for development were
identified in the system.

* Strongacids—Strong acids could potentially degrade
core components.

* Metal biocides—The microorganisms had already
shownaresistance to metals; e.g., silver concentrations
higher than recommended treatment levels

Laboratory and pilot testing of these methods confirmed
their ineffectiveness (Hofstetter 1988).

Between mid-April and mid-May 1986, defueling op-
erations were suspended in order to implement what
was referred to as the “bug kill”. This involved a series
of equipment changes and modifications to operations.
The “kill” was to be effected by using a pieced-together
water cleanup system; i.e., a portion of the DWCS, op-
erating without a filter, passed water to a high-pressure
pump (10,000-psig) and then through a hydrolance.

Exposure of the microorganisms to high pressure and
thenrapid depressurization as the water wasreturned to
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the vessel had been demonstrated to be effective in
killing a high percentage of the colony. The hydrolance
was also used to remove organic growth from reactor
vessel internals and to mechanically scrub surfaces. An
upgraded TRVFS cleaned the water of dead microorgan-
isms. Drain-and-refill operations were conducted to
reduce the biological contamination level through dilu-
tion.

The effort was not successful because the hydrolance
was not able to generate a sufficient flow rate to keep
ahead of the organic growth rate. On the positive side,
the drain-and-refill technique and the TRVFS were able
to prevent further deterioration and so visibility in the
vessel ranged from a few centimeters to one-half meter.

At the same time as the hydrolance attack, the NRC
approved the use of 200 ppm hydrogen peroxide as a
biocide. Thiscame after a careful evaluationof hydrogen
peroxide’s successful use in the spent fuel pool and its
compatibility with water chemistry, processing systems,
recombiners in the canisters, and waste disposal con-
straints.

The most significant concern had been with a potential
twototenfoldincreaseinactivity levelsbecause hydrogen
peroxide was thought to increase the release rate of
cesium from the debrisbed. The NRC accepted INEL test
results estimating that the increase would have no sig-
nificant impact on worker safety if normal radiological
control practices were implemented (Travers 1986).

The hydrogen peroxide was successful in killing the
microorganisms. With concurrent drain-and-refill and
TRVFS operations, some measure of visibility was re-
gained. In the summer of 1986, the Core Stratification
Program {see Section 5.4.3) was conducted and the water
was clear enough for limited surveys of the debris bed
and the core bore holes. The microorganisms were dead
and new growth could be controlled with maintenance;
however, visibility was still not acceptable.

Pressure to find a solution mounted rapidly. The TMI-2
Water Clarity Group, consisting of senior scientists and
engineers from across the country, was established in
September 1986. Evaluations wereunderwayonsiteand
atseveral nationallaboratories. The TMI-2 Water Clarity
Group developed several approaches, as depicted in
Figure 6-15.

During the fall of 1986, a variety of filtration approaches
were evaluated and tested, including deep-bed diato-
maceous earth filtration, polypropylene bag filtration,
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coagulants, and body feed and precoating of filters.
Initially, some limited success with the DWCS was
achieved by reinstalling reclaimed filter canisters that
had been backflushed with hot boric acid. At the same
time, water was sucked from above the debris bed and
discharged at the top of the vessel.

Tolimit the growth of microorganisms, hydrogen perox-
ide was periodically added and an water-based hydrau-
lic fluid with a 5% organic addition was substituted in
the long-handled defueling tools. Although the canis-
ters continued to clog, the combination gained enough
visibility to see several meters down into the water from
the work platform and between 15 cm and a meter at the
debris bed level.

In December 1986, the NRC approved the use of coagu-
lants in the reactor coolant. Laboratory tests had shown
that a coagulant used with diatomaceous earth as a
filtration medium could be effective in agglomerating
the colloids to filterable sizes and in forming a cake on the
0.5-micron filters. This was verified in a full-scale test
conducted with 470,000 liters of water from a reactor
coolant bleed tank.

For implementation, the coagulants and diatomaceous
earth were injected upstream of the DWCSfilter canister.
Two different coagulants were used; both were polymer-
based cationiccoagulants. Dimethyl-diallyl-ammonium-
chloride was used from December 23-31, 1986, and from
then on, melamine formaldehyde was used. The coolant
was processed in a continuous mode.

The technique was so successful that by January 1987,
good water clarity had been regained and turbidity
levels were generally less than 1 NTU. The efficiency of
DWCS filter canisters increased to the point that well
over 38 million liters could be filtered through some
canisters before they were expended. After the level of
suspended solids had been greatly reduced, the coagu-
lants and diatomaceous earth were only needed to deal
with unusualincreasesin the vessel or when new canisters
were installed in the system.

In May 1987, the TRVFS was disconnected and removed
from the vessel. In the same month, a second train of the
DWCS was put into operation—it had the same features
as the first train and it permitted the system to operate
more flexibly and with greater throughput if necessary.
In June, the NRC approved a proposal to cross-connect
the systems so that the water in fuel pool “A” could be
processed with the use of coagulants and diatomaceous
earth without the installation of new equipment (GPUN
1987).
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In 1989, additional modifications were made to the DWCS
to create the in-vessel filtration system (IVFS), which
supported vacuuming and final cleanup of the vessel.
This is discussed in Section 8.

6.2.4 Disposing of Processed Water

The means for processing the contaminated water ex-
isted in the form of EPICOR Ii, SDS, and DWCS; but the
means for disposing of it had been left unresolved.
Under normal circumstances, a substantial portion of the
processed effluent would have been discharged to the
river. If this option had been pursued at the end of the
cleanup, it would have resulted in a river dilution factor
of 220,000 or a radioisotopic concentration in the river at
the nearest downstream user of less than 6% of the
federal limit (Standerfer 1986). From human health and
ecological perspectives, there would have been noimpacts
from doing so. However, the discharge of processed
water was a political issue from the beginning.

The issue broke out in full force in the summer of 1979,
when EPICOR Il was about to begin operation. The City
of Lancaster, which draws it water supply 32 km
downriver, filed suit against the NRC to prevent any
discharge of water.

During thelasthalf of 1979, there was continual interaction
within and outside of court to resolve the issue. Upon
reviewing the future needs for water for operations such
as decontamination and filling the spent fuel pools and
refueling canal, project management concluded that the
best course of action was to build a storage capacity to
complement existing storage. A significant factor in this
decision was that there were just too many other issues
toresolve. Instead of diverting managementattention to
press the water disposal issue, a final resolution was
deferred to a later time. Two 1.9 million-liter storage
tanks were erected to store the water (see Section 6.3.2).

An out-of-court settlement was entered in the U.S. Dis-
trict Court in Washington, DC, on February 27, 1980.
Essentially, the Agreement between the NRC and the
City of Lancaster stated that TMI-2 could not discharge
any accident-generated water into the SusquehannaRiver
until theNRC completed its PEIS or other reviewsrelated
to river discharge. In a policy statement accompanying
the PEIS in 1981, the NRC Commissioners reserved to
themselves approval of any disposal method. Amend-
ments to orders approving the use of EPICOR I and SDS
similarity prohibited discharge. The prohibition was



later incorporated into the TMI-2 license as a technical
specification.

The definition of accident-generated water (AGW) was:

(a)Water thatexisted in the TMI-2auxiliary, fuel handling,
and containment buildings including the primary
system as of October 16, 1979, with the exception of
water which as a result of decontamination opera-
tions became commingled with nonaccident-gener-
ated water such that the commingled water had a
tritium content of 0.025 pCi/ml or less before pro-
cessing.

(b)Water that had a total activity of >1 pCi/ml prior to
processing, except where such water was originally
nonaccident water and became contaminated by use
in cleanup.

(c)Water that contained >0.025 nCi/ml of tritium before
processing (US NRC 1981).

There was an allowance for discharge; e.g., in the event
of an extreme emergency. Some releases were made in
accordance with this agreement, specifically water con-
taining minute traces of radioactivity that originated
from the industrial waste treatment system. However,
none of the ion exchange systems employed at TMI-2
could remove tritium from the water. Hence, from an
operational point of view, TMI-2 became water-bound,
with operators juggling volumes of water to support
operations.

By 1986, the total water accumulation was approximately
7.5millionliters. The tritium concentration wasapproxi-
mately 0.2 uCi/ml (versus approximately 1.0 after the
accident). This reduction was a result of decay, evapo-
rative losses, and dilution resulting from mixing. As the
end of the cleanup was in sight, it was time to start
planning for eventual disposal of processed waterin line
with the criterion to immobilize all radioactivity re-
maining at the completion of the cleanup. In January
1986, the NRC Commissioners requested that the project
management propose a disposal method.

A 1979 study of disposal options (Negin and Smith 1979)
was reviewed vis-a-vis the NRC’s PEIS to determine if
there were any new options to be considered. The
conclusions were unchanged. There were only three
feasible methods of disposal: one by discharge to the
river;asecond by evaporation;and a third by castinginto
concrete slabs (the third option would result in a 50%
evaporation). A summary of the attributes of the three
options is provided in Table 6-3.
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In mid-1986, the project management proposed the
evaporation option, even though it was initially evalu-
ated as the most costly (Standerfer 1986). This decision
was based on the fact that river discharge, the least
expensive, would be extremely difficult to sell to the
public (and hence the state), and that casting into concrete
was not really a permanent solution. The NRC staff
reviewed the proposal in a supplement to the PEIS and
found it acceptable (US NRC 1987). Nevertheless, the
NRCdecided that public hearings, as requested by several
intervener parties, were appropriate. These were held
before the Atomic Safety and Licensing Board (ASLB) in
the fall of 1988.

In February 1989, the ASLB issued a final initial decision
recommending that evaporationbe approved. The NRC
Commissioners ordered the Board’s finding to be im-
mediately effective in April 1989. While interveners
pursued various legal challenges, the evaporator was
delivered and installed on site. Through late 1989 and
early 1990, testing and modifications to the system were
underway.

The processed water disposal system (evaporator) had
two subsystems—one for evaporation and one for
packaging. The evaporator subsystem contained four
separate component that changed water from an aque-
ous to a vapor form. Two were evaporators; one was a
dryer; and one a vaporizer. The concentrated solution
(bottoms) was continuously recirculated through the
concentrate tank. A portion of the recirculating concen-
trate was continuously drawn off to feed an auxiliary
evaporator and concentrate tank for further concentra-
tion. The distillate from the auxiliary evaporator was
returned to the main evaporator system; the bottoms
from the auxiliary concentrate tank were sent to a dryer
and pelletizer.

From the dryer, the dry solid waste was transferred to
the packaging subsystem. The solids were discharged to
a pellet mill and extruded into solid pellets. The pellet-
izer and drum filling station were in an enclosure that
was maintained under negative pressure. The dried,
pelietized bottoms were then packed into 200-liter drums
and shipped for commercial burial (Cremeans 1990).

6.2.5 Rejected Processing Alternatives

As discussed in Section 6.2.2, several alternative meth-
ods of processing high-activity water were temporarily
pursued.
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Table 6-3. Processed Water Disposal Options

A. EORCED EVAPORATION

Advantages . Concentrates waste requiring LLW disposal
. Insignificant offsite radiological
consequences

. Minimal SDS/DPRCOR II reprocessing

Disadvantage . Inadequate, current LLW disposal
allocation
. Interim onsite storage may be required
. Complicated logistics
. Highest cost
B. DIRECT SOLIDIFICATION - ONSITE ILANDFILL DISPOSAL
Advantages . Relatively simple to implement
. Short time to complete
. Second lowest cost
. Decoupled from LLW disposal

Insignificant offsite radiological
consequences

Disadvantage . Requires separate submittal for NRC
approval per 10 CFR 20.302

Requires industrial landfill

. Resources approval for leachate discharge
. Retains onsite legacy

[ )

C. CONTROLLED DISCHARGE TQ THE RIVER

Advantages . Technically simple

. Lowest direct cost

. Shortest time to complete

. No onsite legacy

e Minimal workforce required

. Simple logistics

. Insignificant offsite radiological
consequences

Disadvantages . PA Dept. of Environmental Resources
approval required



6.2.5.1 Closed-Cycle Evaporation

Several years before the project team selected the open-
cycle evaporation described above, a closed-cycle
evaporator had been considered for several uses:

* Processing the containment basement water

¢ Processingoilsand chemical decontamination wastes
* Processing water for decontamination flushing

¢ Processing water to fill the spent fuel pool.

Noevaporator waseverused for these purposes, although
extensive evaluations and design work took place.
Evaporators were appealing because they are more tol-
erant of influent chemistry than are ion exchangers, and
evaporators had been widely used in radwaste services
throughout the nuclear power industry. Unfortunately,
they were long lead-time components that were not
quite as effective as ion exchangers in reducing the
volume of the final waste form. They were also known
tobemoredifficult to maintain and had higherassociated
exposure rates.

In 1979, the TMI-2 plant’'s existing boron recovery
evaporator was a 9.5E-04 m3/s boric acid concentrating
and gas stripping system located in the auxiliary build-
ing (BNI 1982). This evaporator was unsatisfactory for
projected decontamination chemical waste processing
because substantial ALARA concerns existed regarding
maintenance of the system if it was used with highly
radioactive waste water (Lyman 1980; E/STG 1981).

Later, the project team considered using it to support the
refill of the spent fuel pool/refueling canal volumes and
to provide boron-free water for decontamination
(Katonak 1983). This use was deemed to be too complex
because of the requirements to tie it into existing systems
and providea new source of steam, which, because of the
separation of Units 1 and 2, could not be supplied from
Unit 1. The importance of simplicity and the disadvan-
tages of modifying existing operating systems out-
weighed the potential savings associated with reclaim-
ing boric acid.

The DOE had shipped a small (1.6E-03 m®/s) electric
evaporator to the site with the intention of using it in a
proposed decontamination demonstration facility (see
Section 7). The facility was never built and the skid-
mounted, self-contained, pot-boiler-type evaporator was
stored in a warehouse. This evaporator could have been
used for either evaporating chemical effluents from the
decon demonstration facility or, perhaps, supplying
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unborated water for decontamination (BNI 1982). Its
small size and low capacity ruled against its use in any
larger-scale radioactive waste processing.

6.2.5.2 Evaporation/Solidification Facility

In 1979 and 1980, an evaporator /solidification system
was considered to back up the SDS and to process
chemical decontamination solutions. This alternative
was pursued for two yearsbeforeitwas dropped because
of cost.

Section 6.2.2 describes the selection of the SDS for pro-
cessing high-activity radioactive water. Eliminated by
this selection were a natural-circulation, closed-cycle
evaporator and a forced-circulation, closed-cycle evapo-
rator. The forced-circulation evaporator was purchased
as a contingency, however, because the reliability of the
SDS was unproven and too much uncertainty surrounded
future decontamination plans. For example, until dis-
proved by samples taken in September 1979, the project
team believed the containment basement water contained
oils that would foul the SDS.

Thelocation of theevaporator/solidification system was
originally planned for the modelroomin the fuelhandling
building (adjacent to the truck bay on El 305"). The
location was changed in mid-1979to areinforced concrete
building to be built adjacent to the diesel generator
building on the west side of the plant. The model room
would have been ideal from a materials handling point
of view but suffered from being in a congested area
where other recovery systems competed for space.

The cost for the proposed facility consequently went
through a significant change. The initial estimate for a
relatively simple evaporator/solidification system in
the model room was approximately $5 million (Williams
1979). In the separate facility and as the design increased
in complexity because of support systems and interfer-
ences, the estimate reached well over $24 million (E/STG
1981).

The evaporation/solidification facility would have oc-
cupied an area 3.7 by 18.9 and 20.4 meters high. The
1.9E-03 m*/sevaporator/ crystallizer process equipment
could have operated in a range of modes producing
either low or high concentrations of solids in the dis-
charge slurry. If the process equipment operated as an
evaporator,itfunctioned in the conventional evaporation
mode. Ifoperatedathighselidsdischarge concentrations,
it functioned in the crystallizer mode. The solidification
system would have been capable of processing evapo-
rator/crystallizer concentrates or spent ion exchange
resins.
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Besides the escalating estimate, three major factors
worked against starting construction of the evaporator/
solidification facility:

* Two-year construction schedule

* Inherent potential for higher personnel exposure dur-
ing operation because of increased system mainte-
nance

 Difficulty in handling the highly radioactive waste
forms in an ALARA manner.

Most of the engineering work and funds were directed to
the SDS to provide a short-term solution to the higher-
activity water situation. Design work still continued on
the evaporator/solidification facility because:

* Forced evaporation wasseen as the most effective and
economical method of processing chemical decon-
tamination solutions.

¢ Anevaporator would provide maximum operational
flexibility, allowing the early decommissioning of the
SDS and the consequent freeing of the fuel handling
building for fuel storage.

* Anevaporator could serve TMI-1 after the cleanup of
TMI-2 and thus have long-term usefulness.

The corporate budgetary constraints.-of 1980-81 (see
Section 2) ensured that the facility would not go beyond
the design stages. In this atmosphere of limited re-
sources, the project team conducted several reviews of
the radioactive waste situation and reached the follow-
ing conclusion: Theability to evaporate decontamination
solutions, back up other water processing systems, and
solidify various wastes would be useful, but was not
urgent. Infact, the extentto which deconsolutions might
be used appeared far less than previously thought—so
much less that evaporation might not be cost effective.
And, everyone agreed, the facility was too expensive
(RSFTG 1980; E/STG 1980; Menzel 1981).

The evaporator/solidification facility was cancelled. It
had been a long-term solution whose schedule slipped
so as not to divert funds from the SDS. In the end, it was
a luxury that could not compete with existing and sat-
isfactory solutions. Its absence required that special care
and expense be taken to avoid chemicals that would be
incompatible with the SDS or EPICOR II. An evaporator
would have been useful, but not of critical importance.
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6.3 Water Storage

For the months immediately following the accident, the
problem of water storage was critical. A 680,000-liter
storage capacity existed at TMI-2 before the accident; of
that, only 190,000 liters of surge capacity were available
in March 1979 (Kalman 1984). The growing water vol-
ume quickly outstripped the storage capacity during the
accident. Even after the increase of radioactive water
had been contained, the volume continued to grow as
nonradioactive water was added from normal system
makeup, cooling water leakage, pump seal drains, rain,
condensation, and the like.

For the next three years, the water volume and storage
capacity had to be tightly managed. At great expense
and effort, enough new storage capacity was either con-
verted from other uses or constructed to contain this
liquid. Figure 6-1 depicts the growing volume of water
(both processed and awaiting processing) and the
available tankage.

Water storage was such a major undertaking because of
the ban on discharging processed water to the
Susquehanna River. To add to the difficulty, the project
team segregated all water according to these criteria:

» Boron concentration for potential criticality control

* Whether the water was classified asaccident-generated
or not.

Another criterion—tritium concentration—was consid-
ered, but rejected because it would have added to the
existing complications, taken resources, and required
additional hardware.

By the end of the project, almost 9.5 million liters of
storage capacity existed. The following sections discuss
the most important tanks.

6.3.1 Fuel Pool Waste Storage System (Tank Farm)

The first emergency water storage facility wasa six-tank,
416,000-liter groupreferred to as the “tank farm”, located
in spent fuel pool “A” and operational in July 1979. It
gave the project team the necessary surge capacity to
relieve concern and also provided vital staging for later
water processing by SDS. It was the only capacity added
to accommodate higher-activity water. Section 3.6.2.2
describes the installation and use of the tank farm.



The tanks were removed between May and October of
1984, to make space in the fuel pool for storing core
debris canisters. Planning for, removing, and decon-
taminating the tanks were time-consuming operations
that involved extensive cutting of pipes and support
structures, arranging for radiological and airborne con-
tamination protection, decontamination, and refurbish-
ing and requalifying the spent fuel pool.

6.3.2 Processed Water Storage Tanks

The project team had to build more storage volume to
hold processed water containing minute traces of radio-
activity. Estimating how much volume to build was
more art than science. No one could say with certainty in
1980 how much would be needed. A 3.8 million-liter
capacity was arough and generous estimate that proved
to be adequate with enough excess capacity.

Whether to build one large tank or several small ones
was also a question. A single large tank would have
prevented water frombeing staged for different purposes
during storage. Building two 1.4 million-liter tanks
seemed the simplest and most efficient choice, and al-
lowed some flexibility. The decision not to use tritium
concentrations as a criterion for segregating water vol-
umes also eased the potential complexity of needing
several smaller tanks.

Construction of two outdoor tankson the east side of the
auxiliary building began in March 1980. The 1.4 million-
liter, epoxy-coated carbon steel tanks were put into
service in July 1981. Their primary function was to
collect processed water from the EPICOR I and SDS
feed-and-monitor tank system and store it for recircula-
tion when needed (the capabilities of recirculating and
sampling the water and returning it to the plant were not
available until several years later).

The tanks were atmospherically vented via open-ended
30-cm roof vents. A pump recirculation system and an
eductor system mixed the contents, which were limited
such that a tank failure would not result in radionuclide
concentrations, at the nearest drinking water intake, that
would exceed 10 CFR Part 20 Appendix Blimits. Normal
operation of the system was a batch mode. After one
storage tank had received a batch, it would be isolated
and the contents recirculated and sampled. Based on the
chemical and radiological results of the sample, the
contents were stored, transferred for use, or routed to
EPICOR II for further processing (GPUN 1986¢).
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6.3.3 Other Tanks

Because the plant was water-bound, plant operations
personnel needed extra room to maneuver and/or
temporarily stage water. Thus, existing tanks were
converted to new purposes. For example, two
850,000-liter stainless steel condensate storage tanks
existed on the south side of the plant, adjacent to the
turbine building. These tanks were normally used to
contain nonradioactive makeup water for the secondary
system. In 1980, one of the tanks (COT-1A) was converted
to store water containing low levels of radioactivity and
boron. This water was used principally for decontami-
nation flushes.

Some tanks, such as the two associated with the steam
generator cleaning facility, had not been used for their
original design function and so were used in conjunction
with EPICOR IL

The size of several of the tanks in the plant limited the
batch sizes used in processing water. For example, the
reactor coolant bleed tanks were approximately
280,000 liters. So, factoring in a surge capacity, the
average size of every batch of reactor coolant processed
could only beapproximately 190,0001iters. Thislimitation
hindered the rate of processing liquid in the plant.

6.4 Solid Waste Staging and Preparation for
Disposal

The TMI-2 plant site had little need for solid radioactive
waste staging facilities before April 1979. Asthe cleanup
gained momentum, various forms of solid waste rapidly
accumulated, particularly trash and spent resin vessels
from EPICORIand Il (and mostimportantly, the EPICOR
II prefilters). The political situation made shipping such
waste off site problematic. In addition, the regulatory
transitionregarding low-level waste disposal potentially
affected the existing available commercial disposal sites
at Richland and Barnwell. Consequently, the project
team was forced to build onsite storage facilities for
temporarily staging the waste.

The temporary staging designation of these areas (i.e.,
less than five years storage) is important because the
facilities had to be used for waste that was being held
pending shipment. Wastes staged here had to be in a
configuration ready for shipment and disposal-—an
added headache. A permanent storage facility (greater
than five years) would have required licensing changes
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and would have violated the policy of not letting TMI-2
become a waste disposal site (McGoey 1980).

6.4.1 Interim Response Facilities

Three interim staging projects were begun (See Figure 6-
3 forlocations). Twoof thefacilities were quickly adapted
or constructed after the accident—the paint storage shed
(“southeast acres”) and the temporary radwaste staging
area. These are discussed in Section 3.6.2.3.

The solid waste staging facility (“waste acres”) was a
more substantial engineering effort to provide stable
staging space. This facility was built in modules for
flexibility. Originally planned as a series of six modules
containing 60 cells each, only two of the modules were
actually built—each contained six rows of 10 cells. The
flexibility was necessary to ensure that any sudden
deprivation of disposal options could be handled. The
facility was located in the Unit 2 desilting basin. Each
rectangular concrete module was approximately 15 m
wide by 27 m long by 6 m high.

The module base and walls were 1-m thick to ensure that
surface readings remained below 5 mrem/h. The mod-
ules were located inside of the protective dike that sur-
rounded the station and were elevated. The 2-m dia. by
4-m high cells in each module consisted of concrete-
shielded, galvanized, corrugated-steel cylinders with
welded steel base plates. A drain line from each cell led
toa common sump. Each cell was covered by a concrete
lid, 1-m thick. A mobile crane could load each cell with
either one 1.8- by 1.8-m or two 1.2- by 1.2-m expended
processing vessels (US NRC 1981). Figure 6-16 depicts
the solid waste staging facility.

By late 1980, the project team calculated that still more
temporary storage space would be needed for the ex-
pected rate of radioactive waste generated by both Units
1 and 2. Studies indicated that the storage capacity for
Jow-level wastein 208-liter drumsand low specificactivity
(LSA) boxes was rapidly diminishing. The answer was
the interim solid waste staging facility (ISWSF) or “car-
port”, which wasready for use in December 1982. It was
sized for six months of Unit 1 and 2 waste (i.e., 810 208-
liter drums, 90 LSA boxes, and 60 1.4-m3 vessels (RSFTG
1980; Negin 1984).

The pace of design and construction varied as a result of
budget limitations, changing perceptions regarding the
urgency, and the changing schedule of the hoped-for
Unit 1 restart. During and after construction, various
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problems were noted that required remedial action; e.g.,
floor and wall surfaces had not been coated to allow
decontamination and sidewalls were not planned except
for the shielded storage areas and these did not go to the
roof. Sidewalls complete to the roof were required to
prevent rainwater from blowing in.

Thebuilding had a 44-by 20-m concrete pad protected by
a roof and aluminum sidewalls. A partial-height con-
crete block wall enclosed an area where higher activity
waste was stored. Six sumps collected any in-leakage.
The facility acted as the primary DAW and LSA storage
area for the entire TMI station.

6.4.2 Preparing Low-Level Waste

The higher-activity radioactive liquid and solid wastes
posed the greatest challenges, but there was anenormous
amount of lower-activity solid waste to be dealt with.
Mostly it comprised trash from decontamination opera-
tions, solidified sedimentsand resins, and used toolsand
material. Controlling, cleaning, and/or preparing it for
shipment were expensive and time-consuming opera-
tions.

Meeting the challenges of 10 CFR Part 61 required the
project team to: .1} develop waste streams based on
various cesium-137 to strontium-90/yttrium-90 ratios;
2) selectively package DAW; 3) strictly control liquid
processing; and 4) submit an exemption request per-
mitting the waste to exceed Part 61 limits on strontium-
90/yttrium-90 concentrations for EPICOR II resins.

Further support for waste disposal came as the result of
the qualification of a Ferralium 1.2- by 1.2-m HIC for
burying DAW in the Richland site. This Ferralium HIC
was later modified and qualified as a processing vessel
and used in the processing stream of both EPICOR IIand
DWCS.

6.4.2.1 Volume Reduction of Lower-Activity Waste
The quantity of lower-activity radioactive waste was
difficult to control because the cleanup had to proceed as
quickly as possible. Consequently, the project team
focused on controlling the final volume to be shipped.
This was done by decontaminating and reusing equip-
ment or material whenever possible, solidifying waste
when necessary, and boxing or compacting the rest.

Designated decontamination areas were established in
the plant in order to recycle as much equipment and
material as possible (on El. 328" in the auxiliary building
and El. 347" in the containment).
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A 208-liter drum compactor was located in the model
room on ElL 305" of the fuel handling building. The
compactor operated at a pressure of 15,000 psi (later
upgraded to 30,000 psi) (BNI 1982). Its use was limited
to LSA waste and no trash over 500 mrem/h was com-
pacted. Approximately two thirds of the DAW proved
to be compactible. As the estimated and real volume of
DAW increased, the reliability and production capacity
of the compactor were not sufficient; so a new compactor
(60,000 psi) was purchased and used in the newly con-
structed waste handling and packaging facility (see
Section 6.4.2.3). By mid-1988, over 6,000 drums of
compacted waste had been shipped for burial (Deltete
and Hahn 1990).

In August 1988, DAW shipments were begun to an
offsite super compactor. Selective packaging and the
ability to have TMI-2’s waste mixed with other GPU
waste containing lower concentrations of strontium-90/
yttrium-90 ensured that the end product did not exceed
Class A burial limits. Waste processing and disposal
costs involved with Class B and C wastes were reduced
and less of the burial ground allocation was used.

6.4.2.2 Solidification of Lower-Activity Waste
Several types of waste generated by the accident or
during the cleanup required solidification. Since no
onsite solidification capability existed in 1979, the normal
course of action when solidification was required was to
contact a vendor, who would then deliver and operate a
solidification system. To transfer the wastes from the
original location to the solidification site required the
modification of existing systems and, in some cases, the
design and construction of new transfer systems.

The sediment in the containment basement posed a
special problem because of its inaccessibility and the
potential that it would dry out and become airborne.
Design was begun on a sediment transfer system that
took advantage of the remote reconnaissance vehicle
(RRV) to gather up the mixture of dirt, riverwater sedi-
ment, concrete dust, and small amounts of fuel on the
basement floor.

The sediment was pumped up to El. 305’ of the contain-
mentand then to a spent resin storage tank for decanting
(i.e., concentrating), sampling, and sluicing to solidifi-
cation vessels (see Section 7). The simplified system was
also adapted to pump sediment from the auxiliary
building sump and sump tank. Solidification of these
waste streams had to meet the stability requirements of
10 CFR Part 61.

Liquid wastes such as those in the concentrated waste
storage tank (CWST) also required solidification. A
208-liter drum solidification unit was purchased and
installed in the model room of the fuel handling building
in 1986. It handled the 10 CFR Part 61 Class A wastes
from the CWST.

Transfer and solidification of the spent resins in the
makeup and purification demineralizer vessels was a
more complex activity because of the concentrations of
fuel and fission products and the agglomerated natureof
the severely degraded resin beads. This operation is
described in more detail in Section 7.

6.4.2.3 Waste Handling & Packaging Facility

As described above, insufficient space was available for
staging and destaging lower-activity waste and con-
tainers, and little equipment was available to dismantle,
decontaminate, or temporarily store the tools, fixtures,
and large equipment needed for large-scale cleanup
operations. (See Section 7 for a discussion of a proposed
DOE decontamination demonstration facility and
Section 8 on the proposed containment recovery service
building.)

An evaluation of a special facility to perform waste
management functions was made in mid-1983 (Lengyl
1983). In early 1985, specific recommendations were
made for a facility to handle and package solid, lower-
activity radioactive waste (Levin 1985). By February
1987, the 650-m2, $1.4 million-facility was operational.

The waste handling & packaging facility (WHPF) con-
tained essentially the same equipment as the El. 328’
facility in the auxiliary building but was more logically
laid outand on alarger scale. The WHPF was justified by
cost savings resulting from the commercial release of
decontaminated material,improved packagingefficiency
for noncompacted material in boxes, and the improved
packaging efficiency for compacted material in drums
(Deltete and Hahn 1990).

In terms of volume reduction, the new facility was a big
improvement; e.g., packaging efficiency was improved
by 25-30% and significant quantities of metal and other
items were released for commercial scrap or reuse on
site. Sixty-nine percent of the items brought into the
WHPF in the first six months were successfully decon-
taminated, as compared to 31% by the decontamination
facility on El. 328' of the auxiliary building (EPRI 1988).



After initial use of the facility for separation, decontami-
nation, and volume reduction, its role partially changed.
With the use of the super compactor vendor, the primary
functions of the WHPF became to separate and decon-
taminate waste for release as clean and to package LSA
boxes efficiently for shipment to the super compactor.

6.4.3 Rejected Processing Alternatives

Several alternatives for processing higher-activity solid
waste were studied and designed. They were notimple-
mented for a variety of financial and technical reasons.

Several volume reduction systems had been considered;
specifically, an extruder/evaporator,anincinerator,and
a super compactor (Delete 1985). Upon evaluation, the
idea of volume reduction for higher-activity waste was
abandoned because:

* No one volume reduction technique could effectively
process all of the different physical formsof the waste.

* The installation costs for the viable systems were
between $4 and $30 million.

* The procurement and installation lead-times and li-
censing issues were considerable and would have
detracted from other commitments.

¢ The total volume of such waste was too small to justify
the cost savings of onsite processing.

6.4.3.1 EPICOR II Resin Solidification

As described in Section 6.2.1, disposing of the EPICORII
prefilter resins was a difficult issue for both the project
team and the NRC. The solution dictated by the NRC
when it approved the operation of EPICOR II had been
that the resins must be solidified to ensure safe shipment.
A similar ruling on SDS resins was expected. This
solution was in response to general industry problems
with leaking vessels discovered at commercial burial
grounds and public concern; it was also part of a general
evolution in thought. On the subject of shipping radio-
active resins, the NRC had been debating the virtues of
solidification versus dewatering since before theaccident.
All new reactors were required to have a solidification
system; older reactors were responsible for compliance
with the intent of the requirement on a case-by-case
basis.
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The design of amajor solidification facility was therefore
undertaken by the project team, but the facility was
never built. Project management was reluctant to so-
lidify the resins because:

* Substantial technical problems existed with moving
the highly radioactive resins from their existing ves-
sels. Included in this was the potentially high person-
nel exposure for transferring resins.

* The technology for solidification was not well under-
stood (solidification had been used for evaporator
bottoms but not for resin beads). And the criteriaand
methods for achieving the required “homogeneous
monolith” were not clear.

Consequently, while designing a solidification facility,
the project management also investigated the option of
using a high integrity container. The NRC eventually
accepted this as a legitimate means of disposal.

In July 1979, project management anticipated that a
solidification order would accompany permission to
operate EPICOR II and so performed a value/impact
study (DeVine 1979). The study concluded that the
radiological and safety hazardsassociated withhandling
the large quantities and high radioactivity of unique
TMI-2 resins were significant. The hazards overshad-
owed the slight value gained by solidifying the resins to
decrease the risk of transportationaccidents. Inaddition,
the financial cost and delay caused by building a solidi-
fication system were substantial. The only potential
value would have been the public’s perception of im-
proved safety during shipment.

Nevertheless, the October 1979 Order from the NRC
specified the expeditious construction of a solidification
facility. Conceptual plans were begun immediately.
Several aspects were studied, including in-vessel versus
ex-vessel solidification, what type of binder to use, and
whether to build a separate facility or tieinto the planned
evaporator-crystallizer/solidification facility (see Section
6.2.5).

Because ex-vessel solidification involved sluicing—which
raised ALARA concerns—modification to the existing
EPICOR II vessels to permit in-vessel mixing was pre-
ferred. However, during this time, the auxiliary build-
ing water processing campaign was well underway and
so many of the EPICOR II prefilters had already been
used. The prefilters were the vessels of most immediate
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concern because of their higher activity levels. Project
management did not want to delay the water processing
while awaiting redesigned vessels that would permit in-
vessel solidification. Consequently, planning had to
include:

¢ Modifications to the vessel design for future in-vessel
solidification, and

¢ A method for transferring resins from existing, used
vessels to new vessels.

¢ In addition, a portable cement solidification system
was studied for the treatment of second- and third-
stage EPICOR II vessels, which did not contain as
much radioactivity.

The concept of a separate solidification facility raised
concerns about thecomplex nature of transferring resins,
occupational exposures, and the possible plugging of
piping and instrumentation lines. The separate sluicing
facility studied would have optimistically takena year or
more to design, construct, and place in operation, and
would have cost between $4 and $6 million. A study
tentatively located the facility in the desilting basin near
the temporary radwaste staging area (Miller, et al. 1980).

Separating out the planned evaporator-crystallizer/so-
lidification facility’s solidification systemso it could also
be used with EPICOR II resins was rejected because of
technical problems related to pumping evaporator con-
centrates and the impact on construction costs (Hovey
1980).

Technical difficulties surrounding the solidification
medium were also of concern. The desire for a proven
system design with quick availability led to the selection
of cement as the solidification agent. Urea-formalde-
hyde systems did not perform in a decontamination
solutiondemonstration at the site;an asphalt systemhad
operational experience in Europe but the cost of adapt-
ing it would be too high; and DOW binders had no full-
scale operating experience. Cement appeared to be the
logical choice, but a general lack of in-depth knowledge
surrounded the performance of organic resins with
cement. Evidence existed that the cement/organic resin
matrix could swelland break apart if process parameters
were not rigorously controlled.

The lack of specific criteria in this instance reflected the
general regulatory changes in progress regarding ra-
dioactive waste disposal. In the midst of this, a way out
of the dilemma appeared: on January 29, 1980, the NRC
notified all power reactor licensees that, effective July 1,

1981, spent resins and filter media with greater than
1 uCi/cc of long-lived isotopes had to be stabilized by
solidification. However, in lieu of solidification, an
alternative suchasa high-integrity container (HIC) could
be proposed to the NRC and the states licensing the
burial sites. This alternative—technically undefined at
the time—was pursued by the cleanup project in parallel
with the design of a resin solidification facility. (The
actual use of a HIC to dispose of EPICOR II vessels is
described in Section 6.5.1).

Studies and conceptual designs related to a resin solidi-
fication system continued through 1980. Management
remained unwilling to commit limited funds for detailed
engineering and construction until all design issues had
beenresolved and the acceptability of solidified EPICOR
II resins for shallow-land burial had been approved
(Hovey 1980). In January 1981, the NRC directed the
project management to proceed immediately with either
developing definite solidification plans or proposing
alternative methods, which could include a request to be
relieved of the requirement for solidification (Ahearne
1981).

The project team requested relief from the solidification
requirement in February 1981. The request was based on
four main reasons:

* Tosolidify theresins could rule outalternative options
that might ultimately be selected by the NRC and the
receiving organization as the preferred (or required)
form for safe disposal.

* The operation of a solidification facility would in-
herently subject employees to radiation exposure that
would likely be greater than from other alternatives—
thus contradicting the principle of ALARA.

* Thedegreeof confinement provided the spent EPICOR
ITion exchangemediainstorageat TMI-2 wasadequate
to protect the health and safety of the public, making
expeditious solidification unnecessary.

* Upto25lower-activity vessels could be shipped in the
immediate future to a shallow burial site, and dewa-
tered (not solidified)inaccordance with existing NRC
and burial site requirements in the same manner
permitted for other licensees’ LSA waste (Hovey 1981).

With a DOE agreement to take the EPICOR II prefilters
in the offing (see Section 6.5), the NRC Commissioners
approved deletion of the solidification requirement in
March 1981.



In summary, the solidification of EPICOR H resins was
pursued by the project team in response to an NRC
ruling; however, the value of such a complex, expensive,
and non-ALARA operation was debatable. As the regu-
latory and burial criteria wereclarified (partly inresponse
to thisissue), alternative disposal methods became more
appealing. Theeventual agreementby the DOE toaccept
commercially non-disposable wastes from TMI-2 to re-
search and develop high integrity containers satisfacto-
rily resolved the issue and proved the wisdom of not
solidifying the resins.

6.4.3.2 Incineration

As an alternative to compacting lower-activity solid
waste, the project team investigated the use of an incin-
erator to reduce the volume. In 1981, the idea was
studied and finally discarded because of political,
financial, and regulatory uncertainties.

The possibility of installing an incinerator existed be-
cause the DOE already had a developmental project
underway to install a controlled air incinerator at a
commercial nuclear power plant. The cleanup project
management hoped that the DOE would provide and
license the incinerator on a commercial “turnkey” basis,
with the project teamoperating the demonstration facility
(RSFTG 1980). The idea was thought to have a good
chance of success because many utilities were at least
considering an incinerator for volume reduction.

In October 1981, the project team produced a study
intended to provide the basis for a shared radwaste
incineration project (BNC 1982). The incinerator facility
was envisioned to be housed in a pre-engineered, metal
frame buildinglocated south of and adjacent to the south
dike, where it would pose the least interference with
existing structures and not raise ALARA concerns. The
building would be43 m long by 15 m wide, with aneaves
height of 6 m, and it would have a reinforced concrete
foundation and internal shield walls for drummed ash
storage.

The layout of the facility would have encompassed a
wastereceivingarea, an incineration processarea,an ash
handling area,and anarea forall supportservices, taking
into account material and ventilation considerations.
The controlled air incinerator system itself included an
incinerator, wet offgas scrubbing components, dry offgas
module, induced draft blowers, and an ash removal
system. Nonradioactive support services equipment
located adjacent to the building included a fuel oil stor-
age tank, a demineralized water storage tank, a closed
cooling water heat exchanger, an air-cooled condensing
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unit,and a power transformer. One of the two variations
studied contained a cement solidification system; the
other contained allowance for transport of the ash else-
where for solidification.

Several technical issues were of concern:

» Controlling the waste forms and types would have
been demanding. For example, burning PVCs and
rubber would have released hydrochloric and
sulphuric acids in the stack effluent. Preventing this
would have required burdensome administrative
screening or calcination of the offgas.

» Based on conversations with vendors, a significant
number of unknowns existed relative to equipment
supply and system operation and performance. The
expected life of the refractory material had not been
established, and one of the R&D aspects of the project
would have been to measure the degree to which the
material retained radiation.

* Theincinerator refractory would probably not last as
long as the facility itself, thus extensive disassembly
would be required with potential radiological prob-
lems.

In spite of the technical concerns, the idea had appeal
because it would be the first incinerator installed at a
commercial power plant to handle beta-gamma con-
taminated wastes. The main obstacle was that the cost
and cost-sharing aspects of the project could not be
satisfactorily determined for several reasons:

* The amount of waste to be generated could not be
accurately projected at the time.

o The location and costs of burial sites were uncertain.

s Theextentof DOEfinancial participation mightnotbe
great enough to justify the cost to the utility.

* Building and operating the incinerator could entail
extensive licensing problems—not so much with the
federal or state authorities, but at the local level, with
such things as public challenges to building permits.

The final blow came in December 1981. The DOE, based
on a change in policy, decided to dedicate available
funds to smaller, proof-of-concept projects rather than
fund large-scale demonstration projects such as onsite
incineration.

In consequence, project management deferred and then
abandoned any planning for an incinerator. Compac-
tionand administrative proceduresremained the primary
methods for waste volume reduction.
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6.44 Preparing Processing Vessels

Preparation to ship the vessels used in water processing
required special measures that revolved primarilyaround
the issue of hydrogen generation.

6.4.4.1 EPICORII Vessels

After processing theauxiliary building water in 1979 and
1980, the 501.2-by 1.2-m EPICOR II prefilter vessels were
stored in the solid waste staging facility pending ship-
ment. In preparation for shipment by the DOE, an
analysis was needed to address concerns about potential
hydrogen generation that might exceed the shipping
limits and about the long-term stability of the resins,
particularly the extent to which they would decompose
and alter the pH of freestanding water. A low pH could
lead to corrosion and the breaching of the carbon steel
vessel.

To address these questions, the DOE contracted with a
laboratory in May 1981 to characterize one prefilter.
Before the vessel was shipped from TMI-2 to the labora-
tory, it was manually vented and, as predicted, a com-
bustible gas was detected (Sheff 1981). The laboratory
later confirmed the presence of hydrogen. Based on this
information and the concern for safety, the 49 remaining
vessels were required to be purged of hydrogen gasand
the hydrogen generation rate determined for each vessel
(Queen 1983).

The analysis of the prefilter indicated that the vessel
contained 12% hydrogen by volume, and so DOE and the
project team began developing a method of venting the
remaining 49 vessels to below the flammable limit of 4%
by volume to ensure safe handling. This work resulted
in the development of a remote gas sampling tool and the
construction of inerting facilities.

Aremotely operated vent tool was devised toremove the
vessel vent plug while maintaining a sealed environment
around the modulecell. Guided by cameras and mirrors,
the tool was lowered from within a shielded, explosion-
proof blockhouse onto an EPICOR 11 prefilter stored in a
cell of the solid waste staging facility. A sampling and
purging system worked in conjunction with the vent tool
to safely sample, analyze, and purge the vessel of ra-
diolytic gases through a 30-m stainless steel hose. A
remote support facility containing the sampling and
purging system was located in a mobile trailer, which
was stationed on top of the solid waste staging facility.

The project team used the venting equipment to success-
fully purge and inert the 49 EPICOR Il prefilter vesselsin
storage at TMI-2 before their shipment. The remote
nature of the equipment precluded exposure, avoided
hazards associated with critical quantities of hydrogen
gas,and provided data to aid in the processing of highly
loaded ion-exchange media (Queen 1983).

Later studies of hydrogen generation in EPICOR II ves-
sels were sponsored by the NRC and resulted in changes
to the certification of shipping casks. The NRC published
an information notice requiring waste generators to
demonstrate, by tests or measurements, that combustible
mixtures of gases were not present in radioactive waste
shipments; otherwise the waste must be vented within
10 days of shipping. A task force, formed by the Edison
Electric Institute to evaluate these NRC requirements,
developed a calculational method to quantify hydrogen
gas generation in sealed containers. EPRI then demon-
strated this calculational method using a desktop com-
puter at TMI-2; it was accepted by the NRC (Flaherty
1986).

6.4.4.2 SDS Vessels

The SDS vessels used to process containment basement
water and reactor coolant posed a similar problem re-
garding hydrogen generation and shipment. Like the 50
EPICOR I prefilters, 19 of the SDS vessels were destined
for shipment to the DOE. The hydrogen issue was more
formidable because these vessels had to be stored un-
derwater on racks in fuel pool “B” and so were less
accessible. In 1981, the project team knew there would be
a problem with hydrogen gas and was tracking the
generation rate. The issue was not really resolved until
after the SDS began operation and several vessels were
expended.

Three major technical solutions wereevaluated to address
the generation of radiolytic hydrogen and oxygen:

* Dry (heat and vacuum) the vessels before shipment
* Vent the system

* Add an adequately sized catalyst bed and pressure
relief system.

Catalytic gas recombiners were selected in the belief that
they could control, at nonflammable levels, the mixtures
of H, and O, gases resulting from radiolytic decomposi-



tion of residual water. The catalyst recommended for
gas recombination testing was commercially available
palladium-coated porous alumina pellets.

The tests of acatalyst bed in the vessel demonstrated that
recombination of the gasesback into water would permit
safe shipment of the sealed vessels. Catalysts were then
loaded into an available screen assembly in each vessel
except the first shipped to the DOE. The catalyst wasnot
needed for this vessel because the gas generation rate
was sufficiently low. Vessel pressure monitoring en-
sured that net gas generation had stopped and that
hydrogen and oxygen concentrations were kept below
flammable limits. Asaresult, over99% of the hydrogen/
oxygen generated was recombined (Henrie 1986).

6.5 Solid Radioactive Waste Disposal

For two years after the accident, disposing of solid radio-
active waste seemed a discouragingly formidable chal-
lenge. The issue of shallow land burial of radioactive
waste had been controversial before the TMI-2 accident.
Concernsabout leaking burial containers, deficienciesin
shipping practices, and too much waste had prompted
the Richland WA, Barnwell SC, and Beatty NV sites to
scale down or temporarily close operations. The gover-
nors of these states did not want responsibility for all the
Nation’s radioactive waste; and they wanted a national
policy on radioactive waste, stronger NRC enforcement
action, and more guidance. This growing crisisled to the
Low-Level Waste Policy Act of 1980, and 10 CFR Part 61
(Licensing Requirements for Land Disposal of Radioac-
tive Waste) in 1982.

With the TMI-2 accident, the governors of Washington
and South Carolina prohibited their sites fromaccepting
accident-related waste. The Richland site was reopened
to TMI-2 in the summer of 1979, when the governor was
convinced that only waste typical of normal power plant
waste(in terms of concentrations of radionuclides) would
be shipped there. The governor of South Carolina re-
mained concerned about the volume and TRU con-
taminants in the TMI-2 waste.

Although GPU could have challenged the Barnwell
prohibition, itelected not to—in partbecause theRichland
site was available and, considering transportation and
disposal costs, about the same cost. Barnwell was re-
opened to TMI-2 accident-related wastes in 1987, when
the new governor was convinced that the limits and
classifications of wastes and the waste volume alloca-
tions were reasonable (Deltete and Hahn 1990).
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Themost difficult challengeassociated with thisnational
waste management picture was how to dispose of waste
that exceeded Class C burial limits. Disposing of it was
beyond the control of the project management alone
because the wastes were not.comparable to those gener-
ated at an operating nuclear power plant:

» The wastes contained a high concentration of fission
products.or small quantities of fuel materials

¢ The waste processing systems had not always been
configured to produce wastes in the form and con-
centrations allowed for shallow land burial; e.g., the
SDS vessels. (One of the most challenging aspects of
10 CFR Part 61 was the requirement that Class B and
Cwasteshad tobeeither solidified or placedina HIC.)

As part of the solution, the DOE and NRC signed a
Memorandum of Understanding in July 1981 (Snyder
1981), to ensure that the TMl site did not become a long-
term waste disposal facility. The agreement also took
advantage of the chance to learn from the accident. The
DOE agreed to evaluate each waste form to determine
the R&D value, and, if of value, to accept the waste for
research and later disposal. If the waste was not of
research value or could not be made acceptable for
commercial disposal, DOE would temporarily accept
and store the waste from TMI-2 on a full cost-reimburs-
able basis. This agreement was the crucial ingredient in
disposing of all TMI-2 radioactive waste that exceeded
Class C limits.

The agreementidentified six typesof accident-generated
solid radioactive wastesand potential means of disposal:

¢ EPICOR II wastes—For the highly loaded prefilters,
the DOE proposed to develop a high-integrity con-
tainer that might allow commercial land burial at
Richland. Characterization work would also be per-
formed on one or more of the vessels.

¢ SDS Wastes—For the 19 highly loaded SDS vessels,
the DOE would conduct a waste immobilization R&D
and testing program, including monitored retrievable
burial.

* Reactor Fuel—Initially, the DOE planned to take
samples for analysis characterization and research
while the balance of the fuel debris remained onsitein
the spent fuel pool. Final disposition would await
resolution of the national spent fuel storage issue.
Because that issue was obviously going to take along
time to resolve, the DOE and NRC modified the
Memorandum of Understanding in March 1982
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(Snyder 1982), so that the DOE accepted the entire
reactor fuel core. Part would be used for R&D; the
remainder would be stored until ultimately disposed
of under an agreement to be negotiated between DOE
and GPU. (See Section 8 for more information of the
disposal of reactor core debris.)

¢ Transuranic{TRU)Contaminated Waste-~TRU waste
that could not be qualified for commercial burial
would be considered by DOE on a case-by-case basis
for either generic R&D or cost-reimbursable storage
or disposal.

* Makeup and Purification System Resins and Filters—
If these were as contaminated as believed, then they
would be treated the same as TRU wastes. (See
Section 7 for a description of the cleanup of this
system.)

* OtherSolid Radioactive Wastes—Thesewere lessthan
Class C wastes associated with decontamination and
maintenance (e.g., some ion exchange media, trash,
sediment, clothing) and would be disposed of by GPU
at commercial burial sites. They actually constituted
about 98% of the non-fuel-related waste shipped off
site.

TheMemorandum of Understanding wassupplemented
by the Abnormal Waste Contract, signed by GPU and the
DOE in July 1985 (GPU/US DOE 1985). This contract
dictated the terms of disposal for any waste that was
greater than Class C, not of R&D value,and not considered
reactor core debris. GPU had originally considered
sending up to 84 m®to INEL as “abnormal waste” (Negin
and Urland 1984). However, the resultingestimated unit
cost to GPU was going to be $475,000/m3, including
shipping, handling, monitoring, and interim storage at
INEL in casks on a pad (Ayers 1984).

At such a high cost, it was often more economical to
convert the waste to a form acceptable at commercial
sites. In fact, dilution of the waste by as much as a
12:1 ratio was still economical enough to justify com-
mercial burial in spite of the greatly increased volume
(Urland 1986). As a resuit, only approximately 1.4 m?
were actually planned for disposal via the contract with
the DOE. (Much of it was actually made commercially
disposable.)

For wastes that could be buried commercially as Class B
or C, the project team had to choose the form into which
the wastes was stabilized. Here, because of economics,
a HIC was used if the waste form met the criteria. HICs
played a large role in TMI-2 radioactive waste disposal
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because the technical, economic, and personnel expo-
sure costs were usually lower.” At times, however, the
project team chose to solidify based on the waste stream
form, regulations and guidance, and the burial sitelicense
for processing/packaging the waste to a form in com-
pliance with the above.

The overall logic that the project team applied to dispos-
ing of the solid radioactive wasteis shown in Figure 6-17.

6.5.1 Disposing of EPICOR II Prefilters

When the NRC waived the resin solidification require-
ment in March 1981, an intensive effort was begun to
ship the EPICOR II prefilters to the DOE facility at INEL.
It was a large-scale and ground-breaking job.

The DOE agreed to accept all 50 vessels for an R&D
program to address the issue of resin disposal. The DOE
believed such a program would benefit the government
and nuclear industry and would serve as a basis for
improved, more economical methods of treatment and
disposal of low-activity commercial waste. Following
the program, the vessels were to be disposed of in a
method determined as a result of the program. This
meanta HIC, and specifically anoverpack-type of HIC to
eliminate the personnel exposure-intensive job of sluic-
ing the high-activity resins.

Two prefilter vessels were shipped to Battelle Columbus
Laboratory (in May 1981 and August 1982) for the
characterization work and later shipped on to INEL. In
August 1982, shipment began of the remaining
48 prefilters directly to INEL. The final prefilter was
shipped in July 1983 (Kalman 1984).

At INEL, four major activities were required to develop
a HIC for disposing of the vessels:

¢ Developing thefirst-of-a-kind reinforced concrete HIC
» Locating/fabricating a suitable shipping cask

* Receiving regulatory approval for a disposal demon-
stration

° Conducting a disposal demonstration of a HIC con-
taining a prefilter (McConnell 1985).

The approval process to license the HIC, which took
approximately four years, was notable in that it involved
the cooperation of several varied groups.
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The first attempt at functionally specifying a HIC had
been conducted by the project team for EPICOR 1II ves-
sels in 1980 (Wadsworth 1980). In the course of evaluat-
ing whether to lease a shipping cask or custom design
one, the possibility of burying an EPICOR 1II vessel in a
concrete HIC was examined. Two concepts were thought
to be acceptable:

¢ Use 15to20cmof concrete poured into a stainless steel
shell surrounding the vessel. The vessel would be
placed in the shell at either the site or the burial
ground. A Type B cask would be required for ship-
ment, which might limit the rate of shipment depend-
ing on the availability of the shipping cask.

* Encase the vessel in a concrete and steel structure that
would serve for both transportation and burial, thus
easing some of the transportation headaches (Such
alternative shell materials as bentonite clay, fiber-
glass, or other organic resins would not qualify for the
300-year burial requirement.)

Inearly 1981, the DOE formally requested SandiaNational
Laboratories to develop the design requirements for a
HIC. The concepts were expanded and eventually used
in the licensing requirements for 10 CFR Part 61. The
DOE selected a vendor to first design a HIC and then
construct two prototype HICs of a type that could be
loaded into a cask for shipment by truck from INEL to
Richland.

The resulting HIC was a reinforced concrete cylindrical
container. Figure 6-18illustratesits configuration. Leak-
age was prevented by a corrosion-resistant steel liner
that was coated inside and out with phenolic paint. The
durability of the HIC was enhanced by the pH-adjusting
amphoteric material placed on the inside bottom of the
container. After loading, the HIC lid was sealed and
bonded to the body using a bead of adhesive gel and
flowable grout material.

A vent system allowed gas produced by radiolysis to
escape. Without venting, the HIC had sufficient burst
strength to contain the gas that may be generated within
a 300-year lifetime (the hydrogen concentration in the
vessels was below 5% initially because of shipping re-
quirements). The concrete container attenuated radia-
tion from the enclosed prefilter by a factor of approxi-
mately nine, which was not enough shielding to permit
hands-on operation but enough to simplify handling
procedures (McConnell 1985).

After an extensive comment and review cycle by the
NRC, a Washington State Certification of Compliance
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was obtained for the HIC in March 1984. It was contin-
gent upon the successful demonstration that preceded
the full-scale burial campaign. Prefilter PF-18 was se-
lected because it contained one of the highest curie
contents (2025 curies of total activity). The HIC for this
demonstration was fabricated inJuly 1982, and a series of
tests were conducted. When the second HIC was de-
livered to INEL, further tests, including more drop tests,
were conducted . The first HIC was buried at Richland
in April 1984.

The prefilters, which had been stored at INEL’s Test Area
North Building, were prepared for shipment and placed
in the HIC overpacks. From INEL, the HICs were trans-
ported to Hanford by truck in a CSNI 14-195 cask.
Modifications were made based upon the experience
gained in the disposal demonstration and the remaining
EPICORII prefilters were shipped from INEL to Richland
for commercial burial. Four of the prefilters were stored
at INEL for research pending future burial.

The DOE’s decision to develop a concrete overpack HIC
for the EPICOR II high-activity prefilter vessels was a
pioneering effort. Until then, the concept of a HIC had
not been clearly defined or recognized at Richland. The
definition that resulted from developing the EPICOR II
HIC waslater used by the NRCin its waste form position
paper for 10 CFR Part 61 implementation.

6.5.2 Disposing of SDS Wastes

High-Activity Vessels. Aswith the EPICORII prefilters,
disposing of the 19 highly loaded SDS vessels was an
expensive and time-consuming enterprise. For the SDS
vessels, a waste immobilization R&D program was es-
tablished by the DOE to demonstrate two alternatives:

o Vitrification of SDS zeolites

* Monitored retrievable burial of SDS vessels in special
concrete overpacks (Quinn 1984},

Of the 19 SDS vessels that the DOE agreed to accept, three
were shipped to Pacific Northwest Laboratory in 1983
for use in vitrification experiments. The contaminated
zeolites were removed from the vessels, glass formers
were added, and the mixture was placed in special
stainless steel canisters. A full-scale, in-canister melting
process was then used to vitrify the material. In this
process, the canister served as the container for the
solidified (glass) final waste product (Bryan 1984).
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The other 16 vessels were sent to Rockwell Hanford for
experiments demonstrating remote dry handling tech-
niques and monitored burial in special concrete
overpacks. The overpacks were buried at least 3 m
underground in a trench. One of these SDS vessels and
its overpack was instrumented for monitoring during
long-term burial.

Other SDS Vessels. Disposing of the SDS vessels that
were not buried at Rockwell Hanford was-also complex.
These were more lightly loaded because a decision had
been made to meet 10 CFR Part 61 isotope concentration
limitations whenever possible and because the DOE
would not take any more than the original 19 (Negin and
Urland 1984).

As aresult, more SDS vessels were generated than if the
system had operated as designed; i.e., instead of loading
10,000-15,000 curies in a vessel, a limit of approximately
1000 curies was established. After 1987, the SDS was
removed from service and the DWCS and EPICOR II
used instead—which produced a few highly loaded
Ferralium processing HICs that were commercially/
economically disposable.

The SDS vessels was expensive and problematic to dis-
pose of because, although most of them met 10 CFR Part
61 isotope concentration limits, the contents were not
stabilized. Consequently, the project team initially took
action to make the vessels disposable by attempting to
qualify the SDS vessels as HICs.

In November 1984, a study to certify the SDS vessels as
HICs was submitted to the State of Washington (NucPac
1984). The study contained a stress and corrosion analy-
sis, documentation of the dewatering experience and gas
generation for the original 19 highly loaded vessels, and
a point-by-point comparison with the NRC and state
HIC qualification criteria.

The NRC, reviewing the request for Washington, asked
for more information, particularly about vessel corrosion
and the ability of the vessels to maintain their integrity
for the required 300 years. Too much additional analysis
would have been required to pursue this option (Deltete
and Hahn 1990). When this option was determined to be
impractical, the project team:

e Arranged with Battelle Columbus Laboratory (BCL)
to transload acceptable SDS vessels into polyethelene
HICs—19 vessels were sent to BCL, where they were
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loaded in the HICs and then transported to Barnwell
for burial. (This option had only become available in
1987 when Barnwell reopened to TMI-2 wastes. It was
advantageous to the TMI-2 project team because it
minimized interference with fuel shipping opera-
tions—both SDS and fuel canisters were loaded into
casks in the same location in the fuel handling build-
ing.)

¢ Shipped the three Cuno filters to INEL for storage
under the terms of the Abnormal Waste Contract.

* Planned to load a few vessels onsite into polyethelene
HICs or to solidify them for commercial burial.
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DECONTAMINATION

7.1 Overview

With a plant as contaminated as TMI-2, questions had to
beasked about the properrole of decontamination: What
were its objectives? Was it a primary or support func-
tion? Would conventional decontamination methods
suffice? What new techniques/methods would be
needed?

The answers were based on knowledge of plant condi-
tions, progress in defueling, and changing program
strategies. After the firstintensive efforts to gain control
of major plantareas, decontamination became a support
activity to defueling, and then anactivity aimed at estab-
lishing stable and secure conditions for long-term stor-
age. In everyday terms, most of the decontamination
work was a hands-on job that required extreme care,
preparation, and training. Robotics found a place on a
task-specific basis, but there was no real substitute for a
labor force with good morale employing conventional
decontamination methods.

In the auxiliary and fuel handling building (AFHB)
following the accident, the radiation readings ranged
from 50 mR/h to 5 R/h, with local hot spots up to 125 R/
hin some access areas and over 1000 R/h in the reactor
coolant drain tank cubicles. Fuel handling building
readings were 150-500 mR/h. Contamination in the
lower elevations of the AFHB was transported there by
water, initially from the containment sump pumps.
Ventilation flows had acted as the primary transport
mechanism to the upper elevations {second and third
floors). Ten centimeters of water 