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ABSTRACT

This document is a compilation of information pertinent to the decommissioning of
surplus nuclear facilities. It has been prepared by Nuclear Energy Services, Inc. for
the U.S. Department of Energy. This handbook is intended to describe all stages of the
decommissioning process including selection of the end product, estimation of the
radioactive inventory, estimation of occupational exposures, description of the state-
of-the-art in re decontamination, remote cutting of heavy metal components and
structures, segmenting thick reinforced concrete structures, disposition of wastes, and
estimation of program costs. Presentation of state-of-the-art technology and data
related to decommissioning will aid in consistent and efficient program planning and
performance. Particular attention is focused on available technology applicable to
. those decommisssioning activities that have not been accomplished before, such as
remote segmenting and handling of highly activated 1100 MW(e) light water reactor
vessel internals -and thick-walled reactor vessels. Mechanical and torch cutting
techniques are described, including recent developments in 'arc saw' technology.
Applicability of the methods as a function of material composition, thickness, and
configuration is discussed, cutting rates defined, and equipment and procedures
described. Other pertinent factors covered include in-air and underwater applications,
contamination control, and personnel protection. Similar information is presented for
the fracturing, segmenting, and rebar cutting of thick concrete sections and for the
removal of contaminated piping systems. A summary of available information
associated with the planning and estimating of a decommissioning program is also
presented. Summarized in particular are the methodologies associated with the
calculation and measurement of activated material inventory, distribution, and surface
dose level, system contamination inventory and distribution, and work area dose levels.
Cost estimating techniques are also presented and the manner in which to account for
variations in labor costs as impacting labor-intensive work activities is explained.
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1.1

1.2

CHAPTER 1

INTRODUCTION TO THE DECOMMISSIONING HANDBOOK

PURPOSE

The Decommissioning Handbook was conceived as a project under the Energy
Research and Development Administration,” now the Department of Energy
(DOE), to develop a guide containing state-of-the-art information for the
decommissioning of nuclear facilities. With the formation of DOE, the Handbook
became the responsibility of the Surplus Facilities Management Program (SFMP),
which is part of the Office of Remedial Actions under the Assistant Secretary

Nuclear Energy, Office of Nuclear Waste Management. The primary function of

SFMP is the safe management and decommissioning of DOE-owned surplus
faciltities, and the Handbook. fulfills an SFMP objective of making

decommissioning technology available to the nuclear industry.

The objective of the Handbook is to. bring, under one cover, information
pertinent to the planning logic that must underlie a decommissioning program;
descriptions .of the mechanical and chemical processes \ava'ilable for
decbmmilssioning and presently considered state-of-the-art; and presentations.of
the factors and methods of assessing environmental impacts and the costs of
decommissioning. In order for the document to have a broad range of usefulness,
the technical coverage is intended to include the more complex considerations of
removal and disposition of large light water reactor pressure vessels as well as

treatment of contaminated systems and structures.
BACKGROUND

Decommissioning of both reactor and nonreactor nuclear facilities is under

~ active consideration -throughout - the entire international community. The

ultimate disposition of these facilities is being studied and-evaluated for options
ranging from in-situ protective storage to complete removal of the facility from

the site. There is also active thought being given to the reuse of the facilities -

I-1



in some cases implying a perpetual dedication of the plant site to nuclear
applications. This approach is also being considered for reactor plants whereby
at the end of their design operating life certain components and equipment, for
example those adversely affected by neutron bombardment, would be replaced

and the facility recommissioned for further operation.

. Perhaps the most significant area of thought pertaining to decommissioning is
the active consideration being given to the subject in the plant design phase. It
is apparent that design efforts are underway to reduce the volume occupied by
plant facilities, reduce structural masses, improve facility access, and provide
for better shielding of operators. The primary importance of many of these
design changes is to enhance plant aperation, while others are solely intended for
facilitation of plant decontamination and removal. A recent conference in Paris,
France addressed this topici* Although many of the ideas presented have yet to
reach the "drawing board," the attention given the subject by designers and plant
owners bodes well for those concerned with the ultimate disposition of nuclear

facilities.

There are a number of characteristics of nuclear facilities that introduce unique
problems in the ultimate handling and disposition of plant equipment and
structures. They include such construction features as extremely thick clad
pressure vessels and heavily reinforced massive concrete structures; extensive
radioactive contamination within systems and on structural surfaces; and, in the
case of reactors, extremely high activation levels in the region of the nuclear

core.

Although many nuclear facilities, including reactors, have been decommissioned,
the large size of present-day reactors overshadows this experience. It is one of
the aims of this handbook to provide basic information derived from proven
experience to aid the designers, owners, and regulators of these facilities in
developing confidence and direction towards the eventual accomplishment of

decommissioning programs.

Organization for Economic Cooperation and Development (OECD) Nuclear
Energy Agency (NEA) Specialist Meeting on Decommissioning
Requirements in the Design of Facilities, Paris, France, March 17-19, 1980.
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1.3

HANDBOOK ORGANIZATION

Chapters 2 and 3 address the planning stage in that they include a description of
decommissioning alternatives and some thoughts on the logic of selecting a

particular option.

Chapter 4 provides a methodology for estimation of the radioactive inventory in
a nuclear facility. This is perhaps the most important preliminary activity in any
decommissioning program since accurate knowledge of the residual nuclides as to
composition, quantity, and distribution is imperative in preparing for detailed
work activities as well as evaluating the adequacy of the end product and its
associated protective storage structure. Quantitative estimation of both

activation and contamination by-products is considered.

Chapters 5, 6, 7, and 8 present state-of-the-art summaries of the technologies
available for plant decontamination, segmenting of activated metals, removal of

large concrete structures, and removal of contaminated fluid systems.

Chapter 9 discusses the disposition of both the liquid and solid wastes generated

by decommissioning programs.

Chapter 10 includes a qualitative discussion of the environmental impacts
associated with decommissioning, and finally, Chapter 1l presents a detailed

methodology for the preparation of decommissioning cost estimates.

It is hoped that the information presented in this document will be of some
assistance to individuals who are 'addressing the decommissioning of nuclear
facilities. We realize there are significant on-going programs which will be of
direct value in expanding the information reservoir presented herein. It is
intended that revised editions of the Handbook will be issued to accomodate this

data.
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2.1

2.2

CHAPTER 2

DESCRIPTION OF DECOMMISSIONING OPTIONS

INTRODUCTION

The ultimate disposition of a nuclear facility after cessation of operations will
result in either (1) the retention of certain radioactive materials in-situ or (2),
the transfer of all radioactive materials from the original site to an approved

burial ground.

Any decommissioning program that results in a retained on-site radioactive
inventory will require protective storage to.assure public health and safety. The
facility owner has a considerable range of choices in establishing the boundaries
of the protective storage areas. For example, a reactor facility could be left
completely intact, less all special nuclear materiéls, and each building containing
radioactive materials would be considered a protective storage area; or the
protective storage area might be limited to the reactor building provided all
radioactive material outside of that structure has either been decontaminated,
removed for off-site disposal or removed and relocated to the reactor building;
or the boundary of the protected area could be confined to certain contiguous
structures within the reactor building such as the containment or the biological
shield within the containment. In addition to this choice of structural form, the
facility owner may also remove certain items of the residual- radioactive
inventory for off-site disposal, e.g., reactor vessel internals, contaminated piping
runs, or activated concrete. This partial removal could permit unrestricted use
of a section of the facility or eliminate long-lived nuclides from the inventory.

It is obvious that there are many possible forms of "protective storage".
PROTECTIVE STORAGE AND REMOVAL
There have been numerous titles given to the basic forms of protective storage

and facility removal. In fact, it seems that any group that has studied the

subject has been honor-bound to create a new set of nomers. These will be



reported in this chapter for information. Simply stated, they all can be

summarized by the following alternative approaches:

L. Permanent in-situ protective storage of all or part of the residual
radioactive inventory.

2. Temporary protective storage of all or part of the residual
radioactive inventory followed by (3) below.

3. Removal of all potentially hazardous residual radioactivity to an off-
site waste storage facility and release of the site for unrestricted

use.

The most long-3tanding rcference defining decommissioning alleiiatives is

Regulatory Guide 1.86, Termination of Operating Licenses for Nuclear

1

Reactors”. The definitions as stated in Regulatory Guide 1.86 are as follows:

2.2.1

2.2.2

Mothballing

Mothballing of a nuclear reactor facility consists of putting the facility in
a state of protective'storage. In general, the facility may be left intact
except that all fuel assemblies and the radioactive fluids and waste should
be removed from the site. Adequate radiation monitoring, environmental
surveillance, and appropriate security procedures should be established
under a possession-only license to ensure that the health and safety of the

public is not endangered.

In-Place Entombment

In-place entombment consists of sealing all the remaining highly
radioactive or contaminated components (e.g., the pressure vessel and
rcactor intecrnals) within a structure integral with the biclogical shield
atter having all [uel assemblies, radioactive fluids and wastes, and certain
selected components shipped off-site. The structure should provide
integrity over the period of time in which significant quantities (greater
than Table 2.1 levels) of radioactivity remain with the matcrial in the
entombment. An appropriafe and continuing surveillance program should

be established under a possession-only license.
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TABLE 2.1

REGULATORY GUIDE "1.86 TABLE 1
ACCEPTABLE SURFACE CONTAMINATION LEVELS

Nuclide(a) ) Average(b’C) Maximum(b’d) Removable(b’e)
U-nat, U-235, U-238, and 5,000 dpm a/100 cm? 15,000 dpm a/100 cm 2 1,000 dpm a/100 cm?
associated decay products
Transuranics, Ra-226, Ra-228 100 dpm/100 cm? 300 dpm/ 100 cm? 20 dpm/100 cm?
Th-230, Th-228, Pa-231,

Ac-227,1-125,1-129

Th-nat, Th-232, Sr-90, 1,000 dpm/100 cm 2 3,000 dpm/100 cm? 200 dpm/100 cm?
Ra-223, Ra-224, U-232,

1-126, 1-131, [-133

Beta-gamma emitters (nuclides 5,000 dpm By/100 cm? 15,000 dpm By/100 cm? 1,000 dpm Ry/100 cm?

with decay modes other than
alpha emission or spontaneous
fission) except Sr-90 and
others noted above.

(@)

(b)

(c)

(d)
(e)

Where surface contamination by both alpha- and beta-gamma emitting nuclides exists, the limits established for alpha-
and beta-gamma emitting nuclides should apply independently.

As used in this table, dpm (disintegrations per minute) means the rate of emission by radioactive material as determined
by correcting the counts per minute observed by an appropriate detector for background, efficiency, and geometric
factors associated with the instrumentation.

Measurements of average contaminant should not be averaged over more than | square meter. For objects of less
surface area, the average should be derived for each such object. :

The maximum contamination level applies to an area of not more than 100 cm?

The amount of removable radioactive material per 100 cm? of surface area should be determined by wiping that area
with dry filter or soft a>sorbent paper, applying moderate pressure, and assessing the amount of radicactive material on
the wipe with an appropriate instrument of known efficiency. When removable contamination on objects of less surface
is determined, the pertinent levels should be reduced proportionally and the entire surface should be wiped.




2.3

2.2.3 Removal of Radioactive Components and Dismantling

All fuel assemblies, radioactive fluids and waste, and other materials
having activities above accepted unrestricted activity levels (Table 2.1)
should be removed from the site. The facility owner may then have
unrestricted use of the site with no requirements for a license. If the
facility owner so desires, the remainder of the reactor facility may be

dismantled and all vestiges removed and disposed of.

2.2.4 Conversion to a New Nuclear System or a Fossile Fuel System

This alternative, which applies only to nuelear power planty, utlllzes the
.existing turbine system with a new steam supply system. The original
nuclear steam supply system should be separated from the electric
génerating system and disposed of in accordance with one of the previous

three retirement alternatives.
COMPARISON OF ALTERNATIVES

Table 2.2 presents a comparison of the titles of Regulatory Guide 1.86 to those

presented in various studies.

The mothballing category of alternatives are all consistent with the basic
definition of Regulatory Guide 1.86. Facility equipment is left in an inoperative
condition; residual radioactivity is stabilized; structures are left intact with
uncontrolled access prevented; the security of the facility is monitored and

periodic surveillance performed.

All in-place entombment modes provide for the permanent in-situ retention of
residual radioactivity within strong integral structures so that containment of
the radioactive inventory is assured throughout the time period rcqulred for
radioactive decay to reach unrestricted levels, This decommissioning alternative
may be precluded for a reactor facility that has had a significant operating
history due to the presence of long-lived 3°Ni and ®*Nb activation products in

the vessel internals and reactor vessel wall belt line region. The time to achieve
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TABLE 2.2

COMPARISON OF DECOMMISSIONING APPROACH TITLES

COMPARABLE TITLE REFERENCE DOCUMENT
Regulatory Guide 1.86 Title:
Mothballing
Mothballing AIF/NESP-009°
Stage 1 IAEA-179° .
Option 1 IAEA Draft Report
Safe Storage, Passive NUREG/CR-0129°, NUREG/CR-0130°,
and NUREG/CR-0672’
SAFSTOR NRC Program Status Paper, May 19808
Regulatory Guide 1.86 Title:
Entombment
Entombment NUREG/CR-0129 and NUREG/CR-02789
Stage 2 IAEA-179
Option 2 IAEA Draft Report
ENTOMB NRC Program Status Paper, May 1980
Regulatory Guide 1.86 Title:
Removal of Radioactive Components and Dismantling
Prompt Removal/Dismantling AIF/NESP-009
Dismantlement NUREG/CR-0130, NUREG/CR-0278,
and NUREG/CR-0672
Immediate Dismantlement NUREG/CR-0219
Stage 3 IAEA-179
Option 3 IAEA Draft Report
DECON NRC Program Status Paper, May 1980
Regulatory Guide 1.86 Title:
No Equivalent Title
Safe Storage, Custodial NUREG/CR-0129, NUREG/CR-0130,
and NUREG/CR-0672
Safe Storage, Layaway NUREG/CR-0278
Safe Storage, Hardened (temporary) NUREG/CR-0129, NUREG/CR-0130,
and NUREG/CR-0672
Entombment (temporary) ' AIF/NESP-009
Mothballing - Delayed Reinoval/ AIF/NESP-009
Dismantling Combination
Entombing - Delayed Removal/ AIF/NESP-009
Dismantling Combination
Safe Storage with : NUREG/CR-0129

Deferred Dismantlement
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unrestricted release would be inordinately long and structural integrity of the
entombment could not be assured over the period. In this case, in-place
entombment could only be pursued if the components, or par;cs thereof,
containing the excessive activation were removed and disposed of at an off-site
waste facility. Similarly excessively long-lived radioactive contamination could
also limit the direct application of this approach for any dormant nuclear
facility.

"The removal approaches are all consistent and apply to the dismantling and
removal of all residual radioactive material to a level that permits unrestricted

release and use of the property and any facilities that remain on-site,

The new titles, which do not have an equivalent in Regulatory Guide 1.86,
broaden the potential range of decommissioning approaches. For example,
custodial or layaway safe storage infers-minimalAdecommissioning effort with
certain plant equipment (e.g., ventilation systems) continuing in operation. As
such, there will be on-going need for some operational support.' The temporary
entombment and hardened safe storage alternatives result in secure structural
boundaries around the residual radioactive inventory with the intention of
eventual removal of the inventory for off-site disposal. This approach may be
preferred to mothballing where. higher confidence is needed to preclude

unauthorized access to the residual activity, e.g., at a single reactor site.
The combinatlon modes have been devised in recognition of two major factors:

1. Activation products in large reactors will be present in significant
quantities in certain reactor vessel structures for thousands of years
thus dictating some form of removal to a waste facility designed for

that purpose;

2. Since °©®°Co is the most significant nuclide contributing to
occupational exposute and dismantling complexity and since it is
relatively short-lived, delay will simplify the removal procedure, For
example, it will have decayed to about 1/500 of its initial magnitude
in about 50 years and to about l_/l,OO0,000 in 100 years.
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The combination modes will require the same degree of plant surveillance,
environmental monitoring, and facility maintenance during the delay period as

would be required for a mothballing facility.

The NUREG series of references are part of the overall program of the U.S.
Nuclear Regulatory Commission that address the decommissioning of all light
water reactor fuel cycle facilities. The paper describing the NRC program
s'catu_s8 gives an insight into the new decommissioning alternative titles as
defined by the NRC.

IAEA—1793 is a report concerning the program undertaken by the international
Atomic Energy Agency for the development of a Code and Guide to the
decommissioning of land-based nuclear reactors. This program has been
terminated and the information generated will be presented in a nonbinding IAEA
safety series reporta‘. The reason for the change in terminology from "stage' to
"option" is explained by a footnote that appears in Reference 4. It reads: "The
term 'stage' has been used in prior IAEA committee meetings and draft reports
since decommissioning became 4part of the Agency's waste management program.
However, because the term 'stage' in English denotes a point or a period in a
series, which is contrary to the intended meaning here, the term 'option' replaces
the former word 'stage' here to provide a more accurate term. However, some
member states may prefer to retain the use of the term 'stage'. In addition, it
should be pointed out, that the term 'option' implies a freedom of choice of
decommissioning alternative that may not be acceptable to the regulatory bodies

of some member states',

There is a final alternative that has not been specifically identified in any of the
reference documents. That is, permanent dedication of a site and its facility, or
a part of the facility, to nuclear application. This has been achieved in isolated
instances. There has been some discussion of the approach on a generic basis in
the deliberations of the IAEA Committee which prepared IAEA-179. One
possible consideration is the rejuvenation of a reactor plant. Another would be
the refurbishment of a nuclear facility such as may occur at the Eurochemic fuel
reprocessing plant in Belgium. It is expected that greater attention will be given
to this consideration particularly as acceptable nuclear sites become more
difficult to find.
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3.1

3.2

CHAPTER 3

SELECTION OF DECOMMISSIONING ALTERNATIVE

INTRODUCTION

There are numerous factors that contribute to the decision on selection of a
decommissioning alternative. Some of these are clear and unambiguous, such as
availability of funds, while others can be quite subjective and argumentive, e.g.,

the aesthetic influence of a plant stack on the surrounding environment.

This chapter discusses the factors that influence the selection of a
decommissioning approach and presents a logical method for arriving at this
decision.

FACTORS INFLUENCING THE SELECTION

The influencing factors can be grouped in the following categories:

Environmental Impact

1. Public Health and Safety
2.  Occupational Safety

3. Waste

4. Cost

5.

6.

Other Influences

Table 3.1 lists the specific factors of concern.

3.2.1 Comments of Factors

The occupational safety factors are easily evaluated and quantified. The
radiation exposure to workers can be estimated based on a knowledge of
the work area dose levels and the work activities comprising the
alternatives being considered. Minimization of occupational exposure is

considered a primary factor in comparison of alternatives.



TABLE 3.1

FACTORS INFLUENCING SELECTION
OF DECOMMISSIONING ALTERNATIVE

Public Health and Safety

Radiation Exposure:
Decommissioning Program
Transportation
Accident Consequences

Occupational Safety

Radiation Exposure
Personnel Safety
Accident Analysis/Consequence

Environmental Impact

Site Dedication
Protected Storage Facility Form:
Aesthetic Impact
Program Accomplishment Impact on:
Financing
Labor force
Housing/Schools
"Traffic
Local economy
Use of materials and natural resources
End-product/Site Use:
Interaction with Environment
End-product/Facility Use:
Interaction with Environment
Wauste Type: ‘
Radioactive _
Non-radioactive
Waste Volumes
Repository Availability

Cost

Program Costs:
Labor
Materials
Equipment
Rentals
Services
Waste Containers
Waste Transportation
Waste Burial/Disposal

Cost

Program Costs: (Cont'd)
Taxes/Insurance
Management

Protected Storage Costs:
Duration of Period
Facility Operation
Security/Surveillance
Environmental Monitoring
Facility Maintenance
Taxes/Insurance
Management ,

Value of Site for Future Use:
Unrestricted/Restricted

Value of Facility for Future Use:
Unrestricted/Restricted

Availability of Funds

Impact of Alternatives on:
Financing Methods
Regulatory Interaction

Other Influences

Regulations:
Federal/State/Local .

Ease/Cormplexity of
Decomissioning Process

Compatability (of selected
decommissioning alternative)
with Intended Future Use of Site

Required Duration of Protected
Storage Period

Availability of Management and
Plant-Knowledgeable Personnel
after Protected Storage Period

Condition of Required Systems
after Protected Storage Period

Distance to Waste Disposal Site(s)
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The only significant public health and safety concern is radiation exposure.
In all cases the exposures can be quantified. All decommissioning studies
to date have shown both the direct and airborne radiation doses to the
public to be extremely minimal. In the case of reactorS, the
nonoccupational exposure is almost insignificant when compared to an
operating plant. It is doubtful that the difference in estimated values of
nonoccupational exposure between alternatives would be a determining

factor in the selection process.

Environmental impact considerations also fall into the category of being
quite small when compared to those of the operating plant. This evaluation
was quantified for reactors in the Atomic Industrial Forum
decommissioning studyl. However, there will be significant differences
among alternatives in this category and they are entirely site-specific. No

general comments on comparisons are ventured.

The residual radioactive waste will be an important factor in the selection
process. The quantity and characteristics of the nuclides as well as their
location on-site or in-facility must be quantitatively evaluated for each
alternative. = These factors could provide overriding considerations

particularly in precluding certain alternatives.

The cost category is quite amenable to quantitative analysis. It will be
possible to make reasonably accurate estimates of the costs of the
alternatives being considered. However, subjective factors in this category
could be of greater import than estimated cost differences between
alternatives. The availability of funds, and the influence of Public Service
Commissions on allowable cost recovery methods and over what time

period, could easily overshadow other cost considerations.

Where ©®°Co and other relatively short-lived nuclides arc major
constituents of the residual inventory, it is obvious that a significant
reduction in that inventory can be achieved with a period of protected
storage. Balanced against this positive factor are the practical
considerations associated with any required future removal operations.

These include, for example, availability of plant qualified personnel and the
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3.2.2

operating condition of any required electrical and fluid systems after a

protracted protected storage period. The post-storage work activities

must be specifically identified during the evaluation process in order to

ensure that the combination mode is considered for practicality as well as

feasibility.

Selection Methodology

The general logic sequence to be followed in the selection process is as

follows:

1.

Selection of Technlcally Viable Alternutives

This first step requires a detailed knowledge of the end-of-life
residual radioactive inventory including activation and contamination
products. This is the most important step since all relative
evaluations are based on this quantitative data. The inventory must
be specific as to nuclide composition, distribution, and magnitude in
systems and components, upon structural surfaces and on or under the
site terrain. Accuracy in this step cannot be over-emphasized. See

Chapter 4, Estimation of Radicactive Inventory,
With a good knowledge of the residual inventory, the family of viable
alternatives can be cstablished and others, not appropriate to the

situation, eliminated,

Evaluation of Overriding Factors

In an actual program, a decision would have to be made at this time
and the optimum program acceptable to the rcgulatory bodies
selected and defined. If this evalualion process occurs eatly ln a
planning stage or at least well in advance of plant shutdown, it may
be appropriate to identify more than one alternative, allowing a more

timely decision to be made after plant final shutdown.
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CHAPTER 4

ESTIMATION OF RADIOACTIVE INVENTORY

4.1 INTRODUCTION

The radioactive inventory of a nuclear reactor or facility that is to be

decommissioned can be divided into two categories:

1. The radioactivity induced by neutron activation of certain elements
in a reactor vessel, reactor components and adjacent structures; and
2. The radioactive materjal deposited on the internai and external

surfaces of various systems.

An accurate estimate of the total radioactive inventory is important because the
amount and type of radioactivity in the facility can directly affect the choice of
the method of decommissioning to be undertaken. Specifically, the radioactive

inventory is required in order to:

1. Determine the decommissioning techniques to be utilized
2. Determine the man-rem exposuré_s of the decommissioning work
force

3. Determir;e the desirability of a delay period prior to performance of
permanent decommissioning

. Assess the need for decontamination

. Determine shipplng requirements for radioactive waste

. Determine burial or disposal requirements

. Determine non-occupational radiation exposures

8. Prepare environmental impact assessments.

Estimates of the radioactive inventory are arrived at by the use of both
computational and direct measurement methods. Computer codes and
mathematical models for calculating the radionuclide inventory are available,
and are preferable to hand calculation methods. Direct measurement methods

are generally more reliable and should be used whenever possible.
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[4"1.1

Classification of the Radioactive Inventory

1.

Neutron-activated Products

Materials exposed to the neutron flux in a reactor become irradiated
and are transformed into radioactive isotopes. The level and type of
radioactivity found in neutron-irradiated material depends upon: (1)
the constituent elements in the material; (2) the duration of exposure
to the neutron flux; and (3) the energies of the incident neutrons.
The induced radioactivity in a reactor vessel, reactor components and
adjacent structures comcs primarily from the radionuclides $°Co,

e, ¥9Pe, FNI and PN

Internal System and External Surface Contamination

Radioactive contamination of internal systems in nuclear reactor
plants is caused by the deposition of neutron-activated metal
particles and dissolved elements in the c¢itc¢ulating water, and by the
deposition of fuel element fission products released when there is a
failure of the fuel cladding. External surface contamination in
nuclcar reactor plants is primarily due to leakage from primary and

auxiliary systems.

The corrosion of metals in the primary water loop of nuclear power
reactors produces crud particles that are transported by the water
through the reactor core where they become radioactive as a result
of neutron activation. The radioactive crud is eventually deposited
on both in-core and out-of-core surfaces. Elements dissolved in the

water are similarly activated in the core and deposited.

Fuel reprocessing and production facilities: will have radivactive
contamination in their internal systems, although in those parts of
the plant where radionuclides are in acidic solutions, the deposition

of radionuclides on internal surfaces may be minimal. In production,
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4.1.2

reprocessing and other nuclear facilities, tramp radionuclides are a
major source of external surface contamination. Chemical "hot" labs

also may have significant surface contamination.

Application of Radicactive Inventory Data

The radioactive inventory data will play a major role in the decision as to
which mode  of decommissioning  (mothballing, = entombment,
removal/dismantling or any combination of these) is to be carried out. The
radioactive inventory will also provide the information needed to plan the
decommissioning activities, and has a direct bearing upon the scheduling
and manpower requirements, particularly with respect to exposures in

highly radioactive areas.

Personnel exposure during decommissioning are estimated from the contact
exposure rates and the work area dose levels. This data is useful for
preparing cost-effective procedures for keeping personnel exposures as low

as reasonably achievable.

Contact exposure rates, plotted as a function of time, provide an indication
as to how many years it will take before the simplified procedures of

manual removal and dismantling can be initiated.

Radiological safety planning during decommissioning should incorporate the
"as low as reasonably achievable" principle, as well as the radiation
protection standards mandated in 10 CFR 20 and discussed in the NCRP
Report No. 39.1

The degree of decontamination included in a decommissioning program will
be a direct function of the type and magnitude of the contamination
source. These characteristics will also determine the impact on
occupational exposure of a major decontamination program versus a simple

water flush of the piping systems.
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Shipping requirements for radioactive materials are governed by the
regulations of the Nuclear Regulatory Commission (in 10 CFR 71) and the
Department of Transportation (in 49 CFR 173-178). The type and activity
of radionuclides in contaminated or activated material from a nuclear
facility will have a direct bearing on the manner in which the material
must be shipped. The packaging required depends upon the radionuclides
present, the specific activity of the materials, its surface contamination,

the radiation dose rate and the weight of the material.

Burial or disposal requirements also depend upon the radionuclides present,
the specific activity, surface contamination and radiation dose rates. An
accurate inventory of radionuclides is necessary to demonstrate
compliance with current regulations covering the disposal of radioactive
materials. The inventory may, in some cases, show that burial of certain
material is not necessary because of low radiation levels. In such cases,

substantial financial savings may be realized.

An accurate radioactive inventory estimate is necessary to determine the
non-occupational radiation exposure due to transport of the wastes to
controlled burial grounds, and the non-occupational exposure from
potential  liquid and gasenus waste releases associated  with
decontamina'gion activities. The inventory estimate is also needed to

prepare the environmental impact assessments.

4.2 HOW TO ESTIMATE ACTIVITY LEVELS AND EXPOSURE RATES FOR
NEUTRON-ACTIVATED PRODUCTS

4.2.1

General Procedure

An eslimate ol the activity levels in 4 nuclear reactlor is obtlained by
calculating the activities of the radionuclides that have been formed by
neutron activation during operation of the reactor. Such calculations
require specific data on the size, weight and composition of the irradiated
components, including any trace elements and impurities, plus data on the

full operating history of the reactor, specifically power levels vs. time.
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Using mathematical models that have been developed, these estimates are
made prior to final plant shutdown to provide data needed for the early

planning of the decommissioning program.

In most instances, it is preferable to perform the calculations on a
computer. Several codes that have the capability to solve the multiple
energy group equations are available for activation calculations. These
codes are in the public domain and have been verified. In order to
demonstrate how the calculations are carried out, an activation analysis
model, suitable for hand calculation methods, is detailed in the following

sections.

Contact exposure rates are calculated from the activity level estimates. It
is recommended that the calculated estimates of activity levels and

exposure rates be verified by direct measurements, where possible.
In certain instances, for example if the material composition of the
irradiated component is not known, direct measurement techniques must be

utilized to obtain the activity levels and exposure rates.

Radionuclides of Concern

Cobalt-60, a significant gamma emitter, is of primary concern in planning
the decohmissioning of a reactor. The dose levels of ¢°Co gamma
radiation from the carbon steel, stainless steel cladding and internal
components of the reactor vessel will determine the amount of remote
operation and worker shielding that is required. Other isotopes of concern
are %3Ni, 55Fe, 5°Ni and '*C. There are also trace isotopes, such as ®*Nb,
depending on the composition of the stainless steels and impurities in the

original materials.

Nickel-59 has not been of importance in previous reactor decommissionings
because the reactors had not operated long enough to create significant
quantities of this isotope. However, a commercial light water reactor

(LWR) operated for 40 years at an 80% capacity factor will contain



significant amounts of *°Ni in certain reactor vessel internals. Therefore,
this <ong-term, low-level activity must be taken into consideration.
Carbon-14 is of concern for high temperature gas-cooled reactors
(HTGR's). Other radionuclides encountered in neutron-irradiated material

are found in Table 4.1.

For a decommissioning program, radionuclides with half-lives of one month
or léss are considered to be short-lived, and in most instances by the time
decommissioning activities begin, these radionuclides have decayed to
negligible levels.

Qther radionuclides that nlan may ke sliminated [tvin conslderatlon ia the

estimation of activity levels of irradiated material are:

l.  Radionuclides with weak ionizing radiations and low specific
activity
2.  Those found in very low concentration (i.e. less than 1 ppm)

3. Those with large burnup cross sections.

Of importance, but not well-documented, is the activation of trace
elements, such as *Nb, that may give rise to significant activity levels
and thereby affect the selection of a decommissioning alternative. Trace
elements are introduced from scrap metal added to virgin metal during
manufacture. For example, niobium is added to steel to improve welding
characteristics which, when diluted in the melt, remains in trace
quantities. A typical composition2 of a Type 304 stainless steel, including
trace quantities, is shown in Table 4.2.
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TABLE 4.1

TYPICAL RADIONUCLIDES OF CONCERN IN NEUTRON-ACTIVATED MATERIALS

Carbon & Stainless Steel

—3

|

-

Concrete

Aluminum

Isotope

14C
49V
54Mn
55Fe
S59Ni

63Ni

65Zn
58Co
60Co

93Mo
94NDb
95Nb
95Zr

14C
358
36CI
37Ar

39Ar

40K

41Ca
45Ca
46Sc
54Mn

55Fe
59Fe
58Co
60Co
59Ni

63Ni

65Zn
94Nb
95Nb
93Mo

46Sc
54Mn
55Fe
54Fe

60Co
65Zn
110mAg

Half-Life
T 1/2 (yr)

5730.0
0.906
0.856
2.6

8 x 104

100.0
0.667
0.194
5.263

35x 103
2 X104
0.096
0.175

5730.0
0.238

3.01 X 10°
0.0953

269.0

1.28 X 109
8 X 104
0.446
0.229
0.856

2.6
0.122
0.194
5.263
8 x 104

100.0
0.667

2x 104
0.096

3.5 X103

0.229
0.856
2.6

0.122

5.263
0.667
0.69

‘Means of
Production

N14(n,p)

cr2(p.a)
FeS6(d,a)
Fed4(n,Y)
NiS8(n, ¥)

Ni®2%(n,y)
Znb4(n.Y)
Mn55(a n)
Co59(n,y)

Mo®2(n, ¥
Nb93(n, y)
Zr95DECAY
Zr9%(n,¥)

N14(n,p)

534(n, ¥)
c135(ny)
36Ar(n,y)

Ar38(ny)

ca40(n,y)
Ca%4(n,y)
Sc45(n,y)
Fe56(d.a)

Fed4(n,y)
FeS8(n,y)
Mn55(a,n)
Co%9%ny)
NiS8(ny)

Ni®2(n,y)
ZnB4(ny)
Nbga(ﬂ,y)'
Zr95DECAY
Mo92(n,y)

sc45(n,y)
FeS56(d.a)
FeS4(n,y)
FeS2(n,y)

Co%9(n,y)
Zn64gn,y)
Ag109(n.y)

Emission

™

-\<s< -
e
~= +

+

e ~<
- ~

R
™~

AT WD W "N

~=

<OWW W
m;%b ”

~

~

- X

WX
e~

L
>

™ <XWHEE®
<<

®
<
~

~

m‘<~<
X <

W~®
n
F o~

Energy(MeV)

0.156
0.6°
0.835

,0.23°
1.06"

0.066

1.115, 1.352, 0.325
0.474, 0.810 '
0.314,1.17,1.33

Nb X-RAYS

0.49, 0.702, 0.871
0.16,0.765

0.396, 0.724, 0.756

0.156
0.167
0.714,1.18"
0.81"

0.565

1.314, 1.46

K X-RAYS

0.257

1.48, 0.357, 0.889, 1.12
0.835, 0.829, 1.379

0.23*
1.57,1.1,1.29
0.474, 0.81
0.314,1.17, 1.33
1.06”

0.067

1.115, 1.352, 0.325
0.49, 0.702, 0.871
0.16,0.765

Nb X-RAYS

1.48, 0.357,0.889, 1.12
0.835

0.23°

1.57,1.1,1.29

0.314,1.17,1.33
1.115, 1.352, 0.325
.087, .6577

* Continuous spectrum of X-ray energies below this number, due to Bremmstrahlung.

** Energy of most probable energy B- and most probable energy vy given.
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TYPICAL. WEIGHT PERCENT TRACE EL

TABLE 4.2

Tm—————,

£

A=

/
{

EMENTS IN TYPE 304 SS

Element
Lead (Pb)
Tin (Sn)
Cobalt (Co)

Copper (Cu)
Zinc (Zn)

Niobium (Nb)

Arsenic (As)
Aluminum (Al)
Molybdenum (Mo)
Boron (B)

Titanium (Ti)
Vanadium (V)

Selenium (Se)
Antimony (Sb)

Nitrogen (N)

Oxygen (O)
Phosphorus (P)
Sulfur (S)
Silicon (Si)
Manganese (Mn)
Hydrogen (H)
Carbon (C)

‘Wt %

2

.OOO
NOO

0
1
0

0.15
0.01

0.01

0.01
0.01
0.05
0.0005

0.05
0.05

0.02
0.01

0.04

0.015

0.03
0.015-0.025
0.60/1.0 max
1.25/2.0 max
0.0007
0.03/0.08 max

Re_marks

Can be reduced on Special
Order

Removed by vaporization/
oxidation '

Also called Columbium-
removed by vaporization/
oxidation

Removed by vaporization/
oxidation

Removed by vaporization/
oxidation

Removed by vaporization/
oxidation

Range is 0.03 to 0.05 in
electric furnace

Can go to 0.035
Max is 0.03
Added to heat
Added to heat

Depending on grade
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4.2.3

Neutron activation ‘of ®*Nb, which may be found in Type 304 stainless steel
at concentratior{si}of up to 160 ppm3, produces 3*Nb which has a half-life
of 20,000 years. At the 160 ppm concentration, the ®*Nb will dominate
activity levels after about 100 years and must be taken into account when

considering the delayed dismantling mode of decommissioning.

Computer Codes

A large number of numerical methods exisf for activation analysis in the
formal, publicly available computer codes. These codes are available
through the Oak Ridge National Laboratory and the Argonne National
Laboratory for direct use on several types of large computers. The use of
computer codes, in place of hand calculations, becomes particularly
advantag‘eous when large numbers of nuclides or complex geometries are
being considered. Once a component of interest has been identified for
study, the task of performing an activation analysis by numerical methods

can be broken down into three parts:

L. Determination of which elements present in the component lead
fo activated products of concern

2. Evaluation of the radiation environment to which the
component has or will be exposed and the length of the
exposure

3. Performance of calculations based on the above to establish
which activated nuclei are present in the component and in

what quantity.

The elemental composition of the material is determined from ASTM
Specifications or from actual measured constituents. Specific nuclides
may be chosen for analysis because of their large half-life, large cross

section or abundance.
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Determination of Neutron Flux by Computer

The neutron flux must be determined as a function of time, space and
neutron energy. For power reactor applications, long operating time
periods are usually encountered, during which it is possible to express
the time dependence of the neutron fluence as a series of a few
discrete intervals of constant value. The space and energy
distribution of the neutron flux may be calculated using multigroup
spatial codes in one, two or three dimensions. These codes vary in

the mathematical approach and numerical method of solution.

The most widely uesed codes employ diffusion thcory or transport
theory as the mathematical representation of neutron interaction
with matter. Of the two, diffusion theory codes are the simplest and
most economical. Transport theory differs from diffusion theory in
that it treats the angular dependence of neutron scattering. This
difference makes transport theory codes more accurate but
considerably more complex. For many applications involving
activation analysis, diffusion theory codes provide adequate

accuracy.

Input data to these codes consist of nuclear material properties in the
form of cross sections and user-specified problem dependent data
such as nuclide densities, material geometry, boundary conditions,
and in the case of transport theory, desired angdlar quadrature and

weights. Cross section input to diffusion or transport theory codes is

"in the form of multigroup (up to several hundred energy groups)

microscopic cross sections, or few group macroscopic cross sections.

Nuclear cross section data can be obtained in raw form from the
Evaluated Nuclear Data IFiles (L?'NL)I*‘/Bu)u and transtormed to usable,
formatted multigroup sets (ANISN format for instance) using
auxiliary codes such as ETOG5 and AMPX6

contain cross section files, such as KENO-IV7 (which contains a 16

. Some codes already

group Hansen-Roach cross section set), and ORIGEN. It should be
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noted that many one dimensional (1-D) spatial codes also calculate
macroscopic material cross sections for input to other 2-D or 3-D
spatial codes in addition to performing spatial flux and eigenvalue

(criticality) calculations.

Numerical methods of solution vary among spatial codes. Diffusion
codes typically use finite difference methods. Transport theory
codes have various methods including P, S, (discrete ordinates) and
Monte Carlo. Of these solution methods, discrete ordinates and Pn
methods provide economical and commonly used treatments while
Monte Carlo (a statistical method) provides the ultimate flexibility in
terms of geometry and overall problem solving capability. Monte
Carlo is however, extremely expensive to run since it consumes large
amounts of computer time. Complete explanation of all the above
methods can be found in Bell and Glasstone.8 Table 4.3 contains a

list of some currently available codes and their method of solution.

Computer Activation Analysis

Once the neutron flux has been established, activation codes may be
employed to determine the results of exposure. Input to activation
codes includes information on neutron spatial flux levels as a function
of time, initial nuclide atom densities, reaction cross section data,
type of reactions to be considered and the time frame of interest.
The output usually includes time dependent nuclide concentrations
and photon yields of activation products. The differential equations
governing time-dependent radiation production and. decay processes

are first order equations and are typically solved by matrix methods.

Reaction cross section data and decay constants for each nuclide
being considered must be input to the activation codes. Some codes
contain their own libraries of these data. One excellent example is

the activation Code ORIGEN, which contains over 900 nuclides in its
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TABLE 4.3

ACTIVATION CALCULATION COMPUTER CODES

Calculational
Code Name Method
ANISN Discrete Ordinates

DTF-1v
DOT

TWOTRAN
MAC

NRN

MORSE

NAP

ACT-II

ORIGEN

Discrete Ordinates

Discrete Ordinates

Discrete Ordinates

Removal Diffusion

Removal Diffusion

Monte Carlo

Neutron Activation

Neutron Activation

Neutron Activation

Comments

One-dimensional,
anisotropic
scattering

Similar to ANISN

Two-dimensionél,
anisotropic
scattering

Similar to DOT

Uses Spinney
formulation for
removal cross
section IR

Uses concept of
removal angle to
define IR

‘Multi-group

neutron and
gamma ray trans-
port, flexible
geometry

Up to 43 neutron
groups: reaction
cross sections

can be calculated;
up to 21 gamma
groups

4 neutron groups,
4 gamma groups

Uses recent data;
one effective
neutron group
covering 3 ranges;
12 gamma groups

Reference

9

10
11

12
13

14

15

16

17

18
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library with information on each isotope, regarding half-lives, decay
schemes, reaction cross sections, fission yields and disintegration

energies.

The calculational sequence to determine the activation products is
shown schematically in Figure 4.1. The  application of available
computer codes to activation analyses greatly simplifies the task of
addressing complex géometries, multiple energy groups, constituent

isotopes (normal and trace quantities) and each activated component.

4.2.4 Activation Analysis Model

A mathematical model, from which activity levels are calculated, will be

developed in order to demonstrate the methodology used to perform these

calculations. The example provided herein is for a manual calculation of

neutron activation based on known fast and thermal neutron flux profiles.

The methodolc;gy is applicable to both manual and computer solutions.

Data required for the mathematical model are:

. The facility operating history
Fast and thermal neutron flux profiles (two group solutions)

Size and weight of the irradiated components

Material composition of the components

\n#}»l\)'—

. Isotope cross sections and decay constants.

The equations of the mathematical formula are developed on a step-by-

step basis, and sample calculations are given to illustrate the use of the

model.

1.

Obtaining Appropriate Data

A. The operating history of the reactor is of primary importance.

The data may take the form of a histogram that displays the

reactor operating flux levels during its power generating history.

4-13



FIGURE 4.1
SCHEMATIC DIAGRAM OF ACTIVATION ANALYSIS. BY COMPUTER METHODS

DETERMINE CONSTITUENT ELEMENTS OF
INTEREST IN ACTIVATION ANALYSIS

CODES AVAILABLE: == INPUT REQUIRED:
ANISN NUCLIDE CROSS SECTIONS
DTF-IV NUCLIDE DENSITIES
DoT MATERIAL GEOMETRY
TWOTRAN : BOUNDARY CONDITIONS
MAC ANGULAR QUADRATURE

' NRN (TRANSPORT THEORY)
MORSE

A

CALCULATE NEUTRON FLUX AT EACH
COMPONENT BASED ON KNOWN OR ASSUMED
OPERATING HISTORY

CODES AVAILABLE: ~ INPUT REQUIRED:
" ORIGEN TIME DEPENDENT NEUTRON SPATIAL
FLUX LEVELS
NAP INITIAL NUCLIDE ATOM DENSITIES
ACT-Il REACTION CROSS SECTION DATA
TYPE OF REACTIONS TO BEC
. Iy CONSIDERED.

TIME FRAME OF REFERENCE.

7 y Y |

CALCULATE ACTIVATION OF REACTOR
COMPONENTS FOR EACH ISOTOPE OF
INTEREST

OUTPUT: 1. TIME DEPENDENT NUCLIDE CONCENTRATIONS.
2. YIELDS OF ACTIVATION PRODUCTS.
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The most appropriate method of compiling this data is to
determine the number of operating periods of the reactor over its
lifetime, and to calculate for each operating period the average
reactor power level. From the histogram, a table containing the

following information can be developed:

. Duration thermal power generated in operating period
. Total thermal power generated in operating period
Average thermal power generated in operating period

Length of operating period

U-&}»N»——

. Decay time from the end of each operating period to the
date for which the activity levels are to be calculated.

One method of creating a histogram from the reactor operating
data is to calculate the average power levels at which the reactor
was operated over yearly intervals. However, it is necessary to
always use the actual length of the operating period; for example,
a reactor generating power at an average of 97% of its rated
capacity for 10 months and zero power thereafter is said to have
operated for 10 months at 97% of full power, not 12 months at
81% of full power.

The fast and thermal neutron flux profiles must be known to

facilitate the calculation of neutron activation. The energy
division between fast neutron and thermal neutron groups is not
well-defined, and a certain amount of good judgment is needed to
establish a boundary. In some cases, the dividing energy level is
defined by the NSSS vendor. Past studies have used 1.855 eV as
an upper limit for the thermal flux group.19 Multi-group
calculations can be made to improve accuracy, but these

calculations are more difficult and require a computer.

Profiles of neutron fluxes for reactor internal components near

the core can be obtained from:
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1. The NSSS vendor's estimated values
2. The reactor's operating records

3. By calculation.

Flux profiles for componenté away from the core may not be as
readily available however. They may be calculated using the NRN
removal-diffusion computer code“‘ or the ANISN (or DOT)
computer codes9.

For certain reactor components, it wiil be necessary to include a
factor to correct for the decrease in flux level as a function of
increasing distance from the core center. For example, a
calculation of the activity due to the neutron activation of
pressure vessel material at the internal and external radii may
vary by an order of magnitude or more, depending upon material
composition and thickness. It is possible to account for the
decrease in flux level by incorporating attenuation factors into
the calculations. To circumvent this difficulty it is suggested
that either an average value of flux be used through the
component, or the component be mathematically segmented
radially for the calculations. For the reactor pressure vessel, this
would mean mathematically segmenting the vessel into several

thick concentric cylinders.

In general, large reactor components should be divided into
segments to improve the accuracy of the activation calculations.
There are no set criteria for selecting thc number of segments,
but accuracy improves as the number of segments is increased. In
regions - where the neutron flux is very high, smaller scgments
should be used to provide better resolution of the activity levels.
An appropriate flux level is then assigned to each segment based
on the position of the.segment. Typical neutron flux distributions
are shown in Figure #4.2. Figure 4.3 shows an example of a

mathematical segmentation of a boiling water reactor vessel.
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'FIGURE 4.2 (B)

FLUX PER MEGAWATT - DOWNWARD DISTRIBUTION
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" FIGURE 4.2 (C)
FLUX PER MEGAWATT - AXIAL :DISTRIBUTION.
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FIGURE 4.3

BOILING WATER REACTOR VESSEL - TYPICAL MATHEMATICAL SEGMENTATION

SEGMENT
19
SEGMENT
18
SEGMENT 17
| 16
—

-—
-
N

| TOPOF
ACTIVITY

| MID PLANE
ET PUMP SEGMENT 1
JETPUMPS , L OF ACTIVE

2 FUEL
BOTTOM OF
3 [ ACTIVE
FUEL

SEGMENT
2

VESSEL SEGMENT
1

4-20



C.

Data on the size and weight of the irradiated components should
be obtained and tabulated. This data is usually available from the
plant Safety Analysis Report (SAR), plant description, reactor

vendor or reactor owners.

The original composition of the irradiated components, including

trace elements and impurities, should be obtained whenever
possible. Acquiring the data may involve some research work.
For example, the supplier of the reactor component material may
have detailed data on its composition that is more complete than
the specification records provided with the shipment of the
component to the facility. For the metallic structures with
documented heat numbers, material composition is readily traced
to facility records and possibly archive samples. If archive
samples, or heat numbers are unavailable, then as a minimum the
ASTM/ASME standards may be utilized to determine the major
elemental composition. The cobalt content is of particular

concern.

As noted in Section 4.2.2, trace elements with long-lived activity
become important when the delayed-dismantling decommissioning
alternative is being considered. Even though the majority of the
radionuclides will have decayed to levels low enough to permit
manual ‘dismantling in about 100 years, very long-lived
radionuclides of trace elements such as niobium may have
appreciable levels at that time, and workers would have to be

provided with proper shielding.

A library of isotope cross sections and decay constants must be

compiled for each constituent isotope of the irradiated
components. The neutron interactions to be considered are the
fast and thermal neutron absorptions (n,y), and the (n,2n), (n,p),
(n,d) and (n,0) reactions. There is a wide variety of sources for
information on neutron interactions. Some useful ones are: the

Chart of the Nuclideszo, BNL-32521, Roy and Hawtonzz,

Chattergee23, and the Landbolt-Bornstein tableszu.
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Radioisotopes with very short half-lives (on the order of one
month or less) may be left out of subsequent calculations since

their effect on the total activity is negligible.

Difficulties may arise in selecting the correct cross section for
the fast flux in out-of-core internals because the neutron
energy spectrum changes significantly as a function of the
radial distance from the center of the core. As a starting point
for the choice of the fast flux cross sections, one should use the
most probable neutron energy to provide an estimate for
determining the fast flux cross section. This will require
knowing the most probable fast flux neutron cnecrgy as a
function of radial distance from the center of the core. The
information may be available from the reactor designer or it

may be calculated as discussed in Section 4.2.4.

The rmost probable energy for the fast neutron flux within the
core is on the order of 1 MeV. The most probable neutron
energy for the fast neutron flux in the water just beyond the
core shroud will be about 2 MeV, an increase because of the
large removal cross section of hydrogen below 1 MeV. From
the core shroud radially outward, the most probable energy in
the fast flux group will start to drop as the inelastic scatlering
. effects begin to dominate the neutron interactions. At the
inner radius of the pressure vessel, the most probable energy
may be 0.5 MeV or less. A schematic diagram of the manual

activation analysis calculation is shown in Figure 4.4.

Activation Analysis Cquations

During an operating period n with average power Pn and duration T,

the rate of -production of radionuclide i with decay constant )\i is

given by:

IN;_p gz voanN
dt n"i 11
: (1)
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FIGURE &.4
SCHEMATIC DIAGRAM OF MANUAL ACTIVATION ANALYSIS CALCULATION
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where ¢ is the fast or thermal average neutron flux, V is the volume

~of the component (segment) and Zi is the macroscopic cross section
for the production of radionuclide i. The equation is integrated over
the duration of operating period n to give the number of atoms of
nuclide i present at the end of the nth period:

P 0LV AT

N, = ——— (-e

ny )

)‘i (2)

A measurement at time T after the end of period n would show the

number of atoms of nuclide i present as:

Ni _ Pniziv e AiTn)e xiTn
i (3)

The activity in Curies of radionuclide i from the neutron interaction
in parent nuclide k in component (segment) j over n periods becomes:

AT AT

in N
Aj = KoZy VoEP (e ) e “

= 1/(3.7 x 10! %) Curies/(disintegration/sec)
¢. = fast or thermal average neutron flux in component j
(neutrons/cm 2-sec-MW)
z = macroscopic cross section to product radioisotope i,
in component j, from parent nuclide k (cm™!)
V. = volume of component j (cm?)

In Equation 4, the term L. canbe replaced by the following:

ik
X = —& f I, g,
ik "TA ki P k%
(5)
Where:
N, = 0.6023 x 10%* atoms/mole
A, = -atomic weight of parent isotope K (gr/mole)
fk‘j = weight fraction of parent isotope k In component j
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A..

‘3.

p. = density of component j (gr/cm?)
Ik = abundance of parent isotope k in parent element
= microscopic cross section for the production of

nuclide i by neutron interaction with isotope k (cm?)

Finally, with Wj as the weight in grams of component j, we have:

I

A = KNW.f{ K

=T -)\iTn
ijk o¥j fikA, % ¢ & Pn (-¢

i'ny,

(6)
It should be noted in the above derivation, that the burnup reaction
(activation of previously activated species) has been neglected. For
many of the species that will be considered in an activation analysis,
either the radionuclide i created by neutron interaction will itself
have a small cross section for absorbing neutrons, or the
granddaughter radionuclide has a short half-life as compared with the
daughter radionuclide. Thus, for most calculations, burnup reactions
may bé neglected; which has the effect of making the calculations
more conservative. If the burnup factor is to be included, it may be

easily shown that Equation 6 becomes 6a:

I in

. A
=K W.f,. ko. o ' 1-
: NQ j “kj W °k1¢]’gpn{)\————+;)¢o}( €
k i" "n'j’b

- + ooy )fr)e-x.r

(6a)

where o is the cross section for the burnup of radionuclide i.

Sample Activation Calculation for Materials of Known Composition

To illustrate the calculation procedure we shall consider the activity
levels of specific isotope, ®°Co, the activation product of *Co. The
activity level due to 6°Co shall be calculated for the core shroud of a
large PWR at the most irradiated section, the core centerline. The
activity level of ®°Co will be calculated at reactor shutdown

following the procedure outlined above.
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Obtain the Operating Histogram

For the hypothetical reactor, we shall assume a &40 year
operating lifetime, at 0.80 plant capacity. The average gross
thermal output of this reactor is 3411 MWt, and we have:

n = 40 operating periods
Pn = 3411 MWt for all n periods
Tn = 0.80 years for all n periods

Obtain Flux Profiles

Since we do not have flux profiles for our hypothetical reactor,
we shall assume that the average thermal and fast neutron

fluxes in a section of the core shroud at the core centerline are:

¢T = 8.40 x 10? neutrons/cm2-sec-MWt
op = 1.9%x 100 neutrons/cm 2-sec-MWt

In practice, care must be taken in selecting the average flux
values especially through thick components such as the pressure

vessel.

Deterrﬁining Component Weights

We shall consider segmenting the core shroud and taking a
cylindrical section from the core centerline that has the

following dimensions:

Height of segment 101.60 cm
Inside radius of segment . 168.54 cm
Outside radius of segment 171.40 cm
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Using this data, the cylindrical section of core shroud has a
volume of 3.103 x 10° cm?. Since the core shroud is made of
stainless steel that has a density of 8.027 grams/cm?® (AISI Type
304), the weight of the cylindrical section is:

W= 2491 x 108 grams

Material Composition

Since our reactor core shroud has not undergone a material
analysis, we shall refer to Reference .2, Appendix B, and a value

of 0.02percent by weight of ®°Co will be used.

Isotope Library

Cobalt exists in nature as 100% °°%Co. From BNL-325, the

thermal cross section is: .

Or = 38 barns
BNL-325 does not contain a large number of data points for the
fast neutron absorption cross section. However, we shall use
the assumptions made in Section 4.2.4(1), and from the data

provided, use:

Op = 50 millibarns

Other reactions that should be consic@red in this analysis are
the ®°Ni (n,p) ®°Co, the ®!Ni (n,d) %°Co, and the ®°Co(n,y)
81Co neutron interactions. The (n,p) and (n,d) reactions have
measureable cross sections at energies above 1 MeV, but their
contributions to the total activity is deemed negligible as their
cross sections are quite small. The burnup reaction 8°Co (n,y)
81Co has a cross section of about 2 barns, but it will be

neglecfed from the present calculation for simplicity.
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F. Activity Calculation

Using Equation 6 developed in Section 4.2.4(2), we have the

following variables defined:

K 1/(3.7 x 10'?) curies/(disintegration/sec)

N_ = 0.6023 x 102* atoms/mole

W. = 2.491 x 108 grams

fkj = 0.0002

Ik = 'l

Ak = 58.9332 gra,ms/mole.
of = 38.0x107%*cm?

O = 50.0 X 10727¢cm?

b= é‘.#O x 109 neu'c_rjons/cm'z-sec-MWt

O = [ 194 X 101° ncufrons/cm 2-sec-MWt
'P = 3411 MWt for all 40 operating‘ periods
S L o years™!

T = 0.80 years for all 40 operating perjods

39.0 years

—
—
It

T, = 38.0 years
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1.0 year

-+
o
n

0.0 years
‘Inserting these variables into Equation 6, we obtain:
Aijk (thermal) = 120,800 Curies

Aijk (fast) = 367 Curies

4.2.5 Calculation of Contact Exposure Rates

1.

Definitions of Exposure and Dose Rate

It is important to make a distinction between an exposure rate and an
absorbed dose rate. The term "exposure rate" is the incident rate of
x-or y-ray radiation on a body at any point. For personnel protection
the exposure rate is used to determine the biological (or structural)

damage that is called the absorbed dose.

The unit of radiation is the roentgen, which is that quantity of x or y
radiation such that the associated corpuscular emission per 0.001293
grams of air produces in air, ions carrying one eletrostatic unit (1
esu) of quantity of electricity of either sign. This means one
roentgen will ionize 1 cubic centimeter of air at STP and will produce
ions having a total charge on all ions of 1 esu. The rate of radiation
emission (exposure rate) Is expressed as R/unit of time (R/hr).

A more general unit of radiation is the rad, whicH is independent of
both the type of radiation and the irradiated material. This unit
expresses either an absorbed or delivered dose, and is defined as
being equal to the absorption of 100 ergs/gram at the point of

interest. The dose rate is expressed as rads/unit of time (rads/hr).
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Since not all radiations have the same effect on body tissue, a quality

factor (QF) or relative biological effectiveness (RBE) has been

developed to account for these differences. It is the ratio of a dose
of 250 kV x-rays to produce a given effect to that dose of comparison

radiation to produce the same effect. Typical QF's are shown below:

Radiation QF
X and y rays l
Electrons 1
Thermal neutrons 2-5
Fast neutrons (10 Mev) 5-10
Alpha o 20
Protons (10 MeV) 10

The unit of biological dose is the roentgen equivalent man, or rem, It
is defined as the dose in tissue that results in biological damage

equivalent to that produced per rad of X-ray. Therefore:
rem = QF x dose in rads

Rem dosages of different radiations are additive. The rate of
biological dose absorption is expressed in rems (or millirems) per unit
time (mrem/hr). Fron{ the quality factors shown above, an exposute
rate from x and y rays of 1 R/hr will .result in a dose rate of 1

rem/hr.

Definition of Contact Exposure Rates

The contact exposure rate is the radiation exposure rate from sources
(piping, valves, tanks, vessels) measured or calculated at the surface
. of the component. In this handbook the contact exposure rate is
defined as being the exposure rate at a distance of | centimeter from
the source surface. Contact exposure rates calculated from the

activity level data are used to estimate the occupational exposure of

4-30



workers.  Also; contact dose levels as a function of time for
activated materials within a mothballed or entombed facility will be
of value to the reactor owner in planning the scheduling of future

actions, and determining the period of a possession-only license.

Contact Exposure Rate Equations

For most calculations of contact exposure rates from the pressure
vessel and its internals, the use of thick-slab, distributed-volume
source geometry is sufficient to produce relatively accurate results,
However, the calculations may require the use of point, line, planar
or cylindrical geometries instead. The selection of the appropriate
geometry is based on the anticipated position and location of the

personnel relative to the radioactive source.
The data required for the calculations are (1) the activity levels of
the irradiated material, and (2) the attenuation characteristics of the -

material and of the transport media (air).

For unshielded, thick-slab, distributed-volume sources, the buildup

gamma flux as given by Rockwell25 is :
S .B
¢ij=_2!Luj {l-Ez(uja)} |
(7)
Where: . ‘
¢ij = gamma flux due to radionuclide i at the surface of
component j (gamma/cm2-sec)
Svj = constant distributed volume source for component j
(gamma/cm 3-sec)
Wy = linear attentuation coefficient of component j (cm™!)
a = thickness of slab component j (cm)

E2 = exponential integral function plotted in Reference 26

The variable B in Equation 7 is the Taylor form of the point buildup

factor27; B is evaulated:by:
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-0 ut -0 Ut
B=Ae ! +Ae ?
! 2 (8)
A, Az’ o ,a = point buildup coefficients found in References 25, 27,
and 28.
p = linear attenuation coefficient of the material through
which the gamma rays traverse.

t = thickness of the material.
The Taylor form, used in this manner, will produce conservative
results. As an alternative to using the Taylor form, point exposure
build-up factors may be found in Rockwell for various materials. The
contact exposure rates due to the buildup gamma fluxes is given hy

Lamarsh27 as:

. ua
X = 0.0659 E r—)a.qu,..

0o p ij
(9)
Where:
;( = contact exposure rate (mR/hr)
E, = energy of decay gamma ray (MeV)
(Epé) air = mass absorption coefficient of air (cm?2/gr)

‘Most survey equipment measures exposure rates as opposed to
absorbed dose rates. The model presented above calculates exposure
rates that may be correlated to absorbed dose rates by means of the

tollowing conversion for gamma or X-radiation:

(2)
b _ 877 x—P 7t x
= 7100 (“a X
5 Vaic (10)
Where:
D = contact dose rate (mrem/hr)

mass absorption coefficient of tissue (cm?/gr)

—
|o
—
(ad
1

contact exposure rate (mR/hr)
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Sample Contact Exposure Rate Calculation

To perform this sample calculation, we shall refer to the sample
calculation used in the activation analysis in paragraph 4.2.4(3). The
calculated activity muyst bé redefined as a volumetric source term to
introduce it into Equation 7. Since 69Co has two gamma rays per
disintegration, the mass of the segment of the core shroud is
2.491 x 10° grams, and the density of the metal in the pressure vessel
is 8.027 gr/cm?3, and the total activity (fast plus thermal) is 121,255

Curies, the source term for Equation 7 becomes:

5=

(1 v pair/dis.) (121,167 Curies) (3.7 x 10!° dis/sec-Curie) (8.027 gr/cms)
(2.491 x 10% grams)

Sj = 1445 x 10'° gamma pairs/cm? - sec
The thickness of the core shroud is:

a = 2.86cm
The energies of the two gammas of ¢°Co, as given by the CRC

Handbook of Chemistry and Physics,29 are:

E 1.173 MeV

vl

E 1.332 MeV

Y2

The linear attenuation values for these two gamma rays in stainless
steel, AISI Type 304 are:

0.443 cm™!
”yl

I

0.415 cm™!
uYZ
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From Reference 27, the tabulated point buildup factors are:

Al(yl) = 23.688

A, (y1) = -22.688
« (v1) = -0.05834
a (y1) = -0.02128
Al(yz) = 22.522

A (y2) = - -21.522
o (y2) = ;o.ossoz
e (v2) = -0.01820

Evaluating the exponential integrals using the tables in
Etherington26, and substituting the values into Equation 7, we obtain

the buildup fluxes:
¢Uhn = 2,078 x 10t ° gammas/cm 2_sec

¢1j(Y2) = 2.519 x 10'? gammas/cm2-sec

The values for the mass absorption coefficients in air for each of the

$9Co gamma ray energies are:

Ha
'-5—(1)

0.0272 cm?/gr

0.0264 cm?2/gr

Ha
T(Z)
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Substituting these mass absorption values into Equation 8 along with
the buildup fluxes calculated above, we obtain the total contact

exposure rate:

1.201 x 10° R/hr

>
f

In the above calculation of the exposure rate due to $°Co gammas
from the activation of 5%Co in the core shroud, we have assumed a
thick slab geometry for the source. For other physical component
forms the appropriate source term geometry must be determined,
which will lead to different forms of the buildup flux equation
(Equation 7).

It should be noted that these calculations do not include the contact
exposures due to the beta particles emitted by °Co. The estimates
for the beta exposures are not necessary in most cases because the
exposure contribution due to beta and other radiations are
insignificant relative to the gamma exposure. Futhermore, the
provisions made to shield personnel from some of the gamma
radiation will effectively shield them from all beta radiation. The
calculation of beta exposures is usually carried out only for inhalation
and ingestion doses since direct beta exposures are shielded by just a
few layers of dead skin,

However, the beta radioactivity due to activation of materials is

important and must be considered in the release of materials for

unrestricted use,
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4.2.6 Direct Measurement Techniques for Activated Material

Direct measurements of activity levels and exposure rates of irradiated

materials are an essential part of the radioactive inventory program.

Direct measurements are carried out:

10

4.

When it is difficult to develop a mathematical model that will
give. an accurate estimate of the neutron activation of a
component

When the composition of the material is unknown

In order to nhtain benchmarls for the calculaled activation and

exposure levels, and

To confirm the accuracy of the calculated estimates.

Factors to be considered in selecting radiation survey instruments for

determining contact exposure rates are:

\n#}»t\)'—

Radiation energy levels and instrument sensitivity
Response time

Accuracy and precision

Measurement area environment (i.e. temperature, etc)

Type of radiation (neutron, gamma, beta, alpha).

A gamma ray spectrometer coupled to a multi-channel analyzer, is used to

determine total gamma activity. It can also be used to determine the

relative co"ncentration of radionuclides.

1.

How to Measure Dose Rates at Various Locations

Direct measurement of exposurc rates in a reaclor can only be made

when all fuel has been removed from the core. One method is to

place a detector at the inside wall of a thin-walled stainless steel

tube that is sealed on the bottom. The bottom of thc tube can be

filled with lead shot to shield the detector from some of the back or

bottom-scattered radiation.v The tube is then inserted into the
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reactor vessel at several different locations and elevations of the
vessel and iﬁternals to read the éontact dose rate. The stainless stéel
tube .wall will shield essentially all beta radiation from thé detector.
The resulting gamma exposure rate measurement can be -used to
benchmark or normalize the calculations, or may be used directly.
Corrections may have to be made to account for water attenuation in

water-moderated reactors and for distance from the component.
Geometry considerations must be taken into account when making
direct measurements. If necessary, shielding should be provided to

reduce background to a tolerable level.

Materials of Unknown Composition and Activity

For materials of known composition that cannot be readily modeled
mathematically, direct measurement of their activity will provide

the data needed for the radionuclide inventory.

For materials of unknown composition, the general procedure is to:
(1) obtain direct exposure rate measurements; and (2) take small
samples. The samples are subjected to beta and gamma ray
spectroscopic analysis to determine the relative activity levels. of the
various radionuclides present. In carrying out the spectroscopic
analysis, it is important to allow sufficient time for the decay of
short-lived radionuclides so that they will not mask the activities of

longer-lived, lower activity level radionuclides.

The sampling program should be drawn up to ensure that appropriate

samples are obtained from the following locations:

. Reactor vessel internals

Reactor vessel stainless steel cladding

Reactor vessel carbon steel shell

#PN*—

. Biological shield concrete
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Irradiated materials of unknown composition that may be sampled are

small components such as nuts and bolts and concrete shield plugs.

The radioactive constituents of concrete will vary considerably
depending on the type of aggregate that was used. The aggregate for
construction is generally provided locally and is likely to be different
in each region of the country. The concrete radionuclide inventory
may be determined from the spectroscopic analysis and exposure
rates of core samples. To estimate the activity at a location of
interest, measure the exposure rate at a sample point (prior to
sample removal) and the actjvity of the sample. The ratio of sample
exposure rate to sample activity may he coriela ted to cXposuié iate
measurements at any location of the same material. It is assumed
that the .isotopic distribution does not vary significantly within the
same material of a given component. Furthermore, it is assumed
that the ratio of thermal flux to fast flux is nearly constant as a
function of axial and radial distance from the core center, and the
thermalfzing effect of water and steel does not distort the neutron
flux energy distribution significantly in the component when two-

group energy is used.

Benchmarking the Activation Analysis Calculations

The activation analysis and exposure rate calculations should he
considered a method for estimating the radionuclide inventory and
not an exact determination. Therefore, direct measurement
benchmarking of calculated activation and exposure levels is

desirable.

For a nuclear reactor, benchmark measurements of sclected
irradiated components prior to final plant shutdown may Dbe
accomplished during a maintenance or refueling shutdown. For test
reactors or hot cells, the direct measurements may be made during

maintenance work or even scheduled into the operating program.
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However, these measurements can be. made only when all fuel has
been removed from the core. Therefore, after the plant has been
shut down and the fuel and neutron sources have been removed, direct
measurements at specific locations should be initiated in order to
provide the required benchmarking data. The difference between the
calculated levels and the measured levels can be used to normalize
the dose estimates from the activation model. For benchmarking, .
only a few measurements need to be made at regions close to the

activation calculation regions.

For example, if the pressure vessel activation was calculated by
segmenting the vessel into several thick concentric cylinders, the
corresponding calculated contact exposure rates, at the inner and
outer surfaces of the vessel, should be benchmarked against measured
exposure rates on these surfaces. The rates of the difference
between actual and calculated exposure rates can be used to

normalize the activation calculation.

Equipment for Direct Measurements

‘Gamma ray spectroscopic systems are used to determine the activity

and radionuclide content of neutron-irradiated components. The
detector measures the gamma ray energies, and the distribution of
energies is recorded in a multi-channel analyzer. The identity and
concentrations of the radionuclides present and their activity levels,v

can be computed from the collected data.

Instrument characteristics that must be taken into consideration in

selecting radiation surveying equipment include:

A. - Sensitivity

The instrument must be sufficiently sensitive to measure
radiation at the desired level. It is important to match

the capal')ili-tiles of the equipment to the range of energy
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levels to be measured. The instruments must be used only

for the type of radiation for which they are designed.

B. Response Time

It is suggested that instruments with slower response
times be used because of the ma'rked decrease in
sensitivity of fast response instruments. Fast response
instruments may not detect small areas of high

contamination.

C. Accuracy and Precision

Most radiation measuring instruments have a limited span
‘of energy over which they can accurately determine the

radiation dose.

D. Ruggedness

The instrument must be able to withstand the
environmental stresses to which it may be exposed, for

example, high tempeératures or high radiation levels.

Several manufacturers of nuclear instrumentation (Orte¢, Canberra,
Harshaw) have packaged systems that combine the detector, the
analyzer and mini computer. The datalis automatically analyzed and
the list of radionuclides and thcir activity levels are printed out. The
packaged systems may involve considerable cxpense. Before
purchase is considered, it is worth checking to see if the facility to
be decommissioned already has equipment for radionuclide analysis.
In addition, it may be preferable to use an independent laboratory to

perform the analyses.
There is a great variety of equipment for determining contact
exposure rates. Low-level exposure rates (to 100 R/hr) may be

measured By' hand-held instruments, such as thé "Cutie Pie" that is
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capable of detecting gamma or X-rays between 7 KeV and 2 MeV
withan accuracy of ¥10%. These instruments are also sensitive to
alpha and beta radiations. Some instruments are provided with
removable end caps that permit beta and alpha discrimination and
electron equilibrium for high energy gamma radiation. Response
times for these instrumenté may be as great as 20 seconds to reach
90% of true reading for exposure rates of about 0.1 mR/hr. Higher

exposure rates reduce the response time significantly.

Remote radiation probes are available for exposure rate
measurements above 100 R/hr. These probes are capable of
measuring gamma exposure ratés of up to 200 R/sec. The: energy

ranges are usually wide, from 50 KeV to 18 MeV.

4.2.7 Confirmation of Activity Levels and Exposure Rate Calculations

It i5 recommended practice that the calculated estimates of radionuclide
inventory and exposure rates be verified by means of direct measurement.
After final plant shutdown; a rigorous sampling and direct measurement
program should be carried out to detérmi‘ne the actual radiation levels and

dose rates.

Verification measurements should be -made on the major components, and
the results should be compared to the estimates arrived at by the
calculation procedure. If there are inconsistencies between measured and
calculated results, one should examine the calculation assumptions or
model used so the measured data may be used to normalize the

calculations.

4.3 HOW TO ESTIMATE INTERNAL SYSTEM AND EXTERNAL SURFACE
CONTAMINATION

%.3.1 General Procédure

An estimate of the radionuclides deposited on the internal and external

surfaces of various systems is prepared by:
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4.3.2

1. Carrying out a complete radiation survey of the external
surface contact exposure rates

2. Taking representative scraping samples from inside
representative piping and components .and analyzing the
samples for radionuclide composition and concentration

3. Calculating the total deposited radionuclide inventory by
correlating the surface exposure rates to the radionuclide

content as determined by the scraping samples.

This procedure for estimating the deposited radionuclide inventory can be
applied either prior to or after final facility shutdown. To obtain data
prior to final shutdown, scraping samples and contact dose measurements
can be taken during maintenance or refueling shutdowns. It is obvious that
any plant operation after sampling may cause excessive redeposition and
result in an inaccurate assessment of residual contamlination.

Sources of Deposited Radionuclides

The sources of internal and external surface contamination are dependent
on the type of facility (power. reactor, hot cell, fuel reprocessing plant,
etc.) and the operating history with respect to deposition and intentional or
accidernital releases. The potential sources and contamination mechanisms
are widely varied for each facility type. For purposes of illustration this
discussion will be primarily limited to a reactor facility, although in most
cases, the Inventory estimating methods are applicable to other facility
types.

Continuous exposure of metals to high-temperature water in the primary
and secondary coolant systems of a reactor results in corrasion and erosion
of the metallic surfaces. The corrosion products pass through the core and

become radioactive as a result of their interactions with neutrons.
In addition, fuel Cladding failures may result in the release of fission

products to the reactor coolant system. These corrosion and fission

products form particulate crud deposits on the inner walls of the piping and
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4.3.3

components in the primary system. The crud deposits are the main source
of radioactivity on primary loop surfaces.>0 In a fuel reprocessing facility
the dissolved fission products and activated fuel cladding constitute the

major source of system contamination.

External surface contamination is primarily due to leakage from the
primary and auxiliary systems. Open surface reactor pools or fuel storage
service pools containing contaminated water evaporate and release
particulate contamination to the containment air, which subsequently
settles’ out on structures, components, piping and elvectric~al cable runs.
Maintenance procedures, where‘by contaminated systems must be drained
for access, can spread additional contamination from accidental spills. The
deposited radioactivity consists mainly of gamma emissions from *8Co,
§9Co, 1?7Cs, 5Fe, **Mn. Fission products, uranium and plutonium, may

also be present as noted earlier.

Measurement of Internal System Contamination

The objective of a contamination measurement program is to correlate the
surface contact exposure rate with the data from samples (scrapings or
smears) taken from the interior at that location. The measuring equipment

required is the same as described in Section 4.2.6(4) of this chapter, for -

" contact exposure rates. The hand-held "Cutie Pie" instrument is typically

used. The system contact exposure rate must be measured with the system

empty of fluid.

Pipe or component diameter and schedule (thickness) influence the contact
exposure measurement by virtue of the geometry of the source (line or
cylinder) and shielding provided by the pipe thickness. Accordingly, the
effects of source geometry, material shielding and gamma flux attenuation
must be included in evaluating contact exposure rate measurements.

Scraping samples should be of sufficient quantity to ensure accuracy in the
gamma ray spectrographic analysis. Typicaﬂy, a few milligrams per
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4.3.4

sample is sufﬁcient.31

If internal smears are taken for benchmarking,
etc.; they should be taken close to scraping sample locations whenever

possible.

Scraping samples may be taken by removing the trim from a valve to
expose contaminated surfaces, separating piping at a flange or opening
manways or cover plates in components. The sample may be collected
using a rotary file or scraper to remove a few mils of thickne'ss from the
surface. The chips should be bagged immediately and labeled with the
system name, component identification, location and external exposure

rate..

Scraping samples are analyzed in a gamma ray spectrometer coupled to a
multi- channel analyzer. From the gamma ray spectrum obtained for each
sample, the radionuclide content and the percent of total activity for each

of the individual radionuclides may be determined.

‘All samples should also be checked for‘long-lived beta emitters such as

1%C that may prevail after the gamma emitters have decayed. To ensure
that possible beta or gamma ray emitters are not being masked by the
strong compton scattering radiations from ¢°Co or !37Cs, chemical
separation by selective precipitation may be necessary, ".or a
compton-suppressed spectrometer may be used. The resulting precipitates
are analyzed with gamma and beta spectrometers. '

The scraping samples provide data on the distribution of radionuclides in a
specific pipe run. The external gamma contact exposure levels for that run
are correlated to the radionuclide data in order to estimate the quantity of

radionuclides present within that section of the pipe.

Calculating the Deposited Radionuclide Inventor

The inventory of radionuclides for internally contaminated systems may be
estimated by correlating the exposure rates along the piping with its

radionuclide composition as determined from the scraping samples. This
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correlation method provides a simplified technique for estimating the
inventory and is developed by taking scraping samples from a particular
piping section and determining the relative activity levels of each

radionuclide in the section.

The methods for performing this correlation are outlined in the following

paragraphs. Figure 4.5 is a block diagrar of the procedure detailed below.

1.

Deterkninatlion of Radionuclide Content

The first step is to assemble the data on radionuclide content and
relative activities acquired from the scraping samples and by direct

measurement of exposure rates, as described in Section 4.3.3.

Development of Piping System Data

As a necessary aid to the estimation procedure, a table containing
piping and insulation dimensions and attenuation and buildup factors
should be prepared. To compile this table, a determination of
potentially contaminated systems must be made. Items that should

be included in this table are:

A. Location of system

B.  Schedule (thickness) and radius of piping

C. Thickness, radius and composition of insulation

D. Attenuation énd buildup factors of piping and insulation

m

External surface exposure rate of piping.

Development of the Calculational Models

Using exposure.rate measurements from the survey of potentially
contaminated system piping, and scraping sample data from specific
pipe or component locations, an expression can be developed to
estimate the curie content of activation products within a particular

pipe run. This estimate is based upon the correlation of
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~ FIGURE 4.5

FLOW DIAGRAM OF CURIE CONTENT CALCULATION

DETERMINE RADIONUCLIDE
COMPOSITION PER SECTION 3.3, oB-
TAIN PERCENT OF TOTAL ACTIVITY OF

EACH OF THE VARIOUS RADIONUCLIDES.

\

DEVELOP PIPING SYSTEM DATA AND
TABULATE. ALSO OBTAIN LINEAR OBTAIN:
ATTENUATION AND BUILDUP FACTORS.
o) 1. COMPONENT
DIMENSIONS AND
MATERIAL.
2. EXPOSURE RATE
\ ) MEASUREMENTS.

NEW RADIONUCLIDE
CALCULATE B FROM EQUATION 8.

CALCULATEF FROM EQUATION 22.

CALCULATE THE FACTORS FBe- 1T FOR
RADIOMUCLIDE OF INTEREST AND
REPEAT CALCULATION FOQR ALL
RADIONUCLIDES.

CALCULATE PER EQUATION 5 THE
TOTAL CURIE CONTENT OF
RADIONUCLIUES Uk INTEREST FOR THE
TOTAL MEASURED EXPOSURE RATE.

CALCULATE FROM EQUATION 16 THE
CURIE CONTENT OF EACH NUCLIDE.
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exposure rates measured along the surface of the pipe and the

scraping sample data taken as described in the following paragraphs.

Radioactive products are déposited on pipe walls; thus the source of
activity is in the form of a hollow cylinder or tube. The uncollided
gamma flux near the side of a non-absorbing tubular source is given

by Price, e'c.al.32 as:

¢, = SA‘PI(h, R)

Y
(11)
Where:
¢Y = uncollided gamma flux at the detector: (gammas/cm 2_sec)
S A = source strength per unit area of cylinder
(gammas/cm 2-sec)
Y = angle subtended from the detector to the ends of the
tubular source (radians)
h = perpendicular distance from detector to the axis of
the tube source (cm) |
R = radius of the tube source (cm)
I(,R) = an integral function plotted in References 21 and 22

equalsI (h/R)

For a detector point near the surface of the pipe, the angle' subtended
will approach m radians. Thus, the exposure rate at a detector near

the surface of the tubular source may be expressed as:

X= MSy I(h, R)F
(12)

Where:
;( = exposure rate at detector near the surface of the tabular
source (mR/hr) '
F = flux to exposure conversion factor (mR/hr per

gamma/cm 2-sec)
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The exposure buildup and attenuation through the pipe wall and pipe

insulation is:

X =S, 1, R)FBe Mt
. (13)
Where: |
ut = thickness of the pipe wall and insulation in relaxation
lengths
B =

exposure buildup factor

Solving for the surtace source strength S and converting to curies, we

obtain:

C X

cm?2  3.7x10'° 7 I(h, R) FBe  M?
(14)

Equation 14 may be used to calculate the curie content in a tubular
source when the exposure rate due to individual nuclides is known.
Since this value is an unknown, the curie contents of individual
nuclides must be expressed in terms of the total measured contact
exposure rate. The total curie content for the i radionuclides

emitting j gammas becomes:

Ct = X
— — T
cm P1; 3.7 x 10}° m 1 (h, R)EF Bie J
| (15)
Where:
Ct = total curie content of all radionuclides
X¢ = total exposure rate as measured in the sutvey
F. = relative fraction of total activity for radionuclide i
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. Once CT has been calculated, the curie content of each of the

radionuclides, Ci’ may be calculated by:

Ci = fict
: (16)
An equation similar to Equation 15 may be developed to obtain the
activity of activation products deposited on the inner surfaces of
large components; such as the feedwater heater. The asymptotic

expression for the flux of a large self-attenuating volume source is:

6 =%SA
(17)
Where:
¢ = uncollided gamma ray flux on surface (gammas/cm2-sec)
S, = speciﬁc volume source strength (gammas/cm 3-sec)
A = relaxation length of gammas within absorbing source {cm)

As before, the surface exposure rate may be expressed as:

x =54 SAF :
(18)
Where:
X . = exposure rate at surface (mR/hr)
F = flux to exposure rate conversion factor
(mR/hr per gamma/cm 2-sec)
Solving for the specific source strength:
s, - X
v AF
(19)
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The activity in the component in terms of curies is then:

c - z xV
3.7x10'° 2FB
(20)
Where:
V = volume of component (cm?)

As stated for Equation 14, Equation 20 is valid only when the
exposure rate due to individual nuclides is known. The total curie
content for the i radionuclides emitting j gammas is:
C, = 2 ¢V
3.7 x 1010 A L (BB,
X £\ f.'. ( ,B])

. (21)
Curie contents of individual nuclides may then be calculated from

Equation 16.

Sample Calculation

The aim of the sample calculation is to calculate ¢°Co and !®7Cs
curie contents in a 24 in. OD main steam pipe, which has a wall
thickness of 1.219 in.

A. Radlonuclide Composition

The first step in this procedure is to determine the isotopic
composition of the crud deposited on the inside of the pipe.. A
spectrometric analysis is performed on a scraping sample from
an appropriate section of the pipe as described in Section 4.3.3.
Using data obtained in a previous study3 l, we shall assume the
spectrometric analysis reveals °Co as representing 95% of the
total activity and '37Cs as representing 5% of the total activity.

There are no other radionuclides present.
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B. Piping System Data

\

In this example, we shall simplify the problem by assuming pipe
insulation has been removed. The inside radius of the pipe which
is equal to the radius of our thin cylindrical source is 10.781 in.
The pipe wall in 1.219 in. thick and is made of Type 304 stainless
steel. For this calculation, we shall assume that the total
contact exposure rate is 5 R/hr. From Reference 33 we find the
value of I(h,R) to be 0.23.

The linear and mass " attenuation coefficients, and the buildup
parameters for each radionuclide, necessary to perform the

calculations, are tabulated below.

For ¢°Co:

E. | = 1173 MeV ( 100%)

E.2 = 1.332 MeV (100%)

A (y1) = 23.688

A, (y1) = -22.688

o (y1) = -0.05834

o (v1) = -0.02128

A (y2) = 22.522

A, (y2) = -21.522

a (y2) = -0.05602

o (y2) = -0.01820

Cu(yD) = 0443 cm™!
u(y2) = 0.415cm™

[}ipi)yl = 0.0272 cm?/gr

(1%3),72 = 0.0264 cm?/gr

f. = 0.95
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And for 137Cs:

E, = 0.6616 MeV (93.5%)
AL = 29303

A = -28.303

a = -0.06598

az = -0.03329

U - 0.606cm™!

(u—pq) = 0.0294 cm?/gr

£ - 0.05

i
The buildup factors, B, are calculated using the Taylor form as found
in Equation &.

-0 ut
1

-a ut
B = A e + A 2
1

D

2
The flux to exposure factor F may be obtained by substituting

Equations 9 and Il into Equation 12, from which it may be found
that:
M

F = (0.0659) (E ) (=2)
o P air

Performing Lhe calculation using Eyuation 15 we find:

_E:_t = 7.430x 1077 curies/cm?

cm?

Now, using Equation 16 we find:

For ¢°Co:

C, = 7.059x 107 curies/cm?

For *37Cs:

¢ = 3.715 x 1073 curies/cm?
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4.3.5 External Surface Contamination

The sources of external surface contamination are primarily from leakage
from the primary and auxiliary systems as discussed in Section 4.3.2 of this
chapter. An accurate assessment of the surface contamination inventory is
best obtained by direct measurement using alpha, beta, gamma survey
instruments coupled with surface smears over a 100 cm? surface, as is

standard practice at most facilities.

4.4 HOW TO ESTIMATE WORK AREA DOSE LEVELS

4.4.1

General Procedure

Work area dose levels are determined by direct measurement. For many of
the radiation areas in power facilities, routine surveys of radiation levels
are made and detailed records kept. When estimating the work area dose
levels prior to final shutdown, the most recent survey results should be

utilized.

For inaccessible areas, work area dose rates can be estimated by
calculational techinques. After final plant shutdown, direct measurement

of some of the previously inaccessible areas may be possible.
From the work area radiation levels measured and calculated after final
shutdown, it is possible to estimate the work area dose levels at a time in
the future when actual decommissioning work will commence.
The major steps in estimating work area dose levels are:

1. Defining the work area

2. Making an inventory of radioactive sources in the work area

3. Defining the source geometry.
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4.4.2

4.4.3

u.u.u

Defining the Work Area

In planning the decommissioning program, it is necessary to identify all of
the areas and activities where workers may be exposed to radiation. The
work areas include the component dose rate and the room or area dose rate
since the room may contain other radioactive sources not being
decontaminated or removed that would contribute to the dose. Each
activity to be performed in the room should be identified in advance to

predict the period of exposure and expected occupational dose.

Radioactive Sources in the Work Area

In each of the work areas, all of the radioactive sources must be identified
and located. The dose rate contributions from each of the sources are
summed to find the total dose rate for the work area. Whenever possible

the dose rate for work area should be determined by direct measurement.

Defining the Source Geometry

One of the more difficult tasks in estimating work area dose rates by
calculation, is reducing the source geometry to a form convenient for
calculations of dose rates. Several geometric forms and their possible

applications are discussed below. -

1. Tubular and Line Sources

The tubular source geometry is usetul for estimating work area doses
from internal surface contaminated pipes. This geometry has been

previously discussed in Secliun ‘3 of thls chapter, but will have a

slightly different form for dose rates a distance from the pipe32:

) (Ma) -ut
D = 0.0567 Eo - tissue Sa (el+ ez)l(h,R) Be -
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Where:

D = dose rate at a perpendicular distance h from the axis of

the tube source (mrem/hr)

E = energy of decay gamma (MeV)

Ha

(=

5 )tissue = mass absorption coefficient of tissue (cm/gr)

SA = source strength per unit area of cylinder

(gammas/cm? -sec)

(61 + 62) = angles subtended by source (radians)
R = radius of tubular source (cm)
h = perpendicular distance from detector to the axis of the
tube source (cm)
Ith, R) = an integral function plotted in References 32 and 33
equals I(h/r)
B = exposure buildup factor from Equation 8
ut = thickness of the pipe wall and insulation in relaxation

lengths

If (h/R) > 5, less than 5% error is made by assuming that all the
emission is concentrated at the axis of the tube; that is, a line
source.32 The equation for calculating the gamma dose rates due to a

line source as given by Rockwellw is:

. : M S
- _a L~ F(6, ut)+F((®, ut)
D = 0.0576 Eo( 0 )tissue 4nd v 2’ (24)
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Where:

S; = source strength per unit distance of line
(gamma/cm-sec)

0,6 = angles subtended by source (degrees)
F (6, ut) = Sievert integral function plotted in Reference 27

d = distanice from line source to detector (¢m)

Unshielded Point Squrces

The point source geometry is useful for estimating work area doses at
a distance, from small volumetric soirces. Theldose rare a distance

from the point source is: .

N ua SB
D = 0.0576 E (%) isue p—
(25)
Where:
S = isotropic source strength (gammas/sec)

distance from source to detector (cm)

-
"

Distributed Voélume Sources

The distributed volume source geometry has been previously
discussed. The dose rates of many of the activated components may

be calculated using the following equation: -

. S, B
D = 0.0576E (‘C‘)—a) tissue % {1-E (ne)
- ' S ‘ (26)
Where:
Sy - censtant distributed volume source (gammas/cm ¥-sec)
Mg = linear attenuation c,ogffici-ent of sou‘rce material (cm™1)
a = thickness of slab source (cm)
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The above equations are some of those which may be used to define
source geometries. References 25, 26, 27, 28, and 34 should be

accessed for further information on source geometry.

4.4.5 Calculating the Dose Levels at a Time after Shutdown

The equations presented above will calculate the dose levels at the time
when the curie content is deterrined. Since activity levels will decrease
with time for éach radionuclide, the calculated dose rates may be found at
time (1) after the activity measurement has been made. This is done
-AT

simply by multiplying the calculated idose rate by e where A is the

radionuclide decay constant.

Sam ple Calculation

For our sample calculation, we shall consider a work area in which
there are three radioactive sources, each containing the radioisotope
G°Co.u The location and dimensions of these sources may be seen in

Figure 4.6.

The 24 inch OD Sch?dul,e 80 pipe is internally contaminated with 1
u C of ¢%Co per square centimeter. The working location is | meter
from the outside of ‘the pipe and the length of the pipe run in the

room is 3 meters. From geometry considerations:

€1 =62 = 0.9828 radians

h = 100cm

t = 3.09%cm

R = 27.384cm
EYl = 1.173 MeV
Ih/R) = 0.12
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FIGURE 4.6

WORK AREA RADIOACTIVE SOURCES

\ 24" SCHEDULE 80 PIPE

1 uC/CM2

4" SCHEDULE 80 PIPE
1 uC/CM2 \
(o]

POINT SOURCE
1 uC/CM2

X

WORK AREA
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E., = 1.332MeV
Jyl= 0.0292 cm?/gr
( Fa'] y2=  0.0284 c.mZ/gr
B = 234
B = 229

Inserting the above values into Equation 23, we find the gamma dose

due to the internally contaminated piping:
D = 773mrem/hr

The 4" ID Schedule 80 pipe is also contaminated with 1 uC per square
centimeter of ¢°Co. At | meter from this pipe, h/R is greater than
5, thus we can use the equation for a line source. The total ¢°Co

curie content in the 3 meter pipe is:
21 R& (1 pC) = 27 (5.08) (300) (1 uC) = 9576 uC
ahd for the source term SL in Equation 24:
SL = 31.9 uCuries/cm

From the geometry considerations:

6 =8 = 56.3°
1 2
d = 100cm
t = 0.856 cm
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FYZ(el, ut) = FY2 (62, ut) = 0.60
B = 1.36

B = 1.34
Inserting the values above into Equation 24 we obtaip:

I.) = éﬁmrem/hr
The 1 .uC ®°Co point source in Figure #.6’is also | meter from the
work area.  Having ’pfevlousiy Jeliined values for the vari'abvle in
Equation 25, the dose c'ont‘ributiop due to the point source is:

D = 1222 x 107 mrem/he

The scalar sum of the three dose rates represents the total dose at
the work location.

B = 779 mrem/hr

Other work area doses may be estimated in this manner.
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5.1

CHAPTER 5

DECONTAMINATION

INTRODUCTION

5.1.1 Use of Decontamination in Decommissioning

Decontamination can be defined as the removal, by chemical or physical
methods, of the radioactive material deposited on the internal and external

surfaces of components, systems, and structures in a nuclear facility.

In decommissioning programs, the primary objective of decontamination is
likely to be the reduction of the total radiation exposure of the work force
performing the decommissioning activities. Other objectives of
decontamination may be established on economic or legal bases such as:

1. To salvage equipment and materials

2. To reduce the volume of equipment and materials requiring
disposal in licensed burial facilities

3. To restore the site and facility, or parts thereof, to an
unrestricted use condition

4. To remove loose radioactive contaminants and fix the
remaining contamination in place in preparation for protective
storage or permanent disposal work activities

3. To reduce the magnitude of the residual radioactive source in a
p_rotecti_vg storage mode for socio-politic or public health and

safety reasons, or to reduce the protective storage period.

Alternatively, the qntithesis of each of the above reasons may also dictate

a course of action that would require little ar nn decontamination.

The determination of the need for and extent of decontamination should be

evaluated against the cost of the process and radiation exposure associated



with decontamination, versus the exposure received by the work force in
performing subsequent work activities on non-decontaminated structures,
systems and components. ' '

Decontamination in some form will be required in any decommissioning
program, regardless of end product form. Certainly the floor, walls and
external structure surfaces within work areas would be cleaned of loose
contamination and a simple water flush of contaminated systems would
most likely be performed, as a minimum. The question will arise, however,
as to whether to chemically decontaminate 'piping systems, tanks and
components. A strong case can be made in favor of leaving adherent
contamination within piping and components in a dispersed form on the
internal metal surfaces rather than concentrating the radioactivity via
decontamination. In most cases decontamination will not be sufficiently
thorough to allow unrestricted release of the item being treated, therefore,
there could be a savings both in occupational exposure and cost by simply
removing the contaminated system and its components and only performing
certain packaging activities such as welding end caps on pipe sections. A
major decontamination program will require a facility capable of
processing the chemical solutions by such means as neutralization and
precipitation, filtration, evaporation and demineralization. The
concentratéd wastes, which now represent a more significant radiation
source, must be solidified and shipped for burial in licensed burial
facilities. Each of these additional activities can add to the occupational
exposure of removal ar{d could conceivably be greater than the dose
received from removal, packaging and shipping of the contaminated system
without extensive decontamination. Resolution of this question will depend
on specific facts such as the strength of the gamma emitting
contamination, magnitude of the contamination and the effcctivencss of
the containing component and piping (wall thickness) in reducing work area
radiation fields.
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5.1.2 Categories of Processes

There are four basic process types in decontamination: (1) chemical; (2)

manual and mechanical; (3) electropolishing and; (4) ultrasonic/chemical.

The applicability of each process to the specific system, component,

structure or equipment to be decontaminated will be determined in the

planning phase of a decontamination program. The potential application of

each category is discussed below. -

1.

Chemical Decontamination

- This technique uses concentrated or dilute solvents in contact

with = the contaminated item to dissolve either the
contamination film covering the base metal, or the base metal.
Dissolution of the film is intended to be nondestructive to the
base metal, and is generally used for operating facilities.
Dissolution of the base metal should only be considered in a
decommissioning program where reuse of the item will never

occur.

Chemical flushing is recommended for remote decontamination

. of intact piping systems. Chemical decontamination has also

proven to be effective in reducing the radioactivity of large
surface areas, such as floors and walls, as an alternative to

partial or complete removal.

Manual and Mechanical Decontarpination

Manual and mechanical decontamination are physical
techniques and include washing, swabbing, using foaming agents
and latex peelable coatings. Mechanical techniques are
generally wet or dry abrasive blasting, grinding of surfaces and
removal of concrete by spalling as discussed in Chapter 7.
These techniques are most applicable to decontamination of

structural surfaces.
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5.2

3.  Electropolishing

Electropolishing is a new application of an electrochemical
technique used in the steel making industry to clean finished
products. Thin layers (2 mils thick) of contaminated metals are
removed using an electrical potential difference between the
workpiece and the cathode in a phosphoric acid electrolyte.
Electropolishing can be performed-in a vat of electrolyte for
small tools and components; it can be used on in-place
components using an electrolyte-fed brush electrode directed at
"hot spots"; or inside electrolyte-filled piping with a traveling
electrode (being developed at Battelle Pacific Northwest
Laboratory). -

4. Ultrasonic/Chemical Decontamination

This technique utilizes ultrasonic energy in a liquid couplant to
agitate and remove corrosion films from contaminated items.
The liquid couplant is contained in a tank sized and designed for
optimum cleaning effectiveness. The ultrasonic generator(s) is
“located within the tank and is positioned near the contaminated
item. Chemical solvents or solvents with an abrasive may be
used as the liquid couplant to increase cleaning effectiveness.
Ultrasonic cleaning is well suited to decontaminating small

tools and equipment (valves, pump parts, etc.).

| DECONTAMINATION PLANNING

As noted in paragraph 5.l.1, the inclusion of a major decontamination program in
a decommissioning program must be determined on a case basis. For purposes of
completeness in this section, it is assumed that a decision has been made to
pursue a major chemical decontamination program of piping systems. The
selection of the chemical process will involve an iterative evaluation of a
number of variables. These variables are listed in Table 5.1. It is anticipated
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that candidate processes identified by evaluation of these variable
characteristics will be tested in the laboratory on actual fatility contamination
specimens; thus, assuring that decontamination program goals can be achieved
by the reference process(es). An excellent deséription of this type of
preselection test program is contained in Reference 1. Further discussion of the

more important variables follows.

TABLE 5.1
VARIABLES RELATED TO CHEMICAL DECONTAMINATION PROCESSES

Piping System Related

Base Metal Type
Contamination Physical and Nuclear Properties
Piping Geometry/Volume/Wall Thickness
Facility Operating History

Process Related

Decontamination Effectiveness
Waste Processing Requirements
Corrosion Effects
Application Temperature
Solvent Stability
Application Safety
Process Duration

- Cost Impacts -
Application/Processing Facilities
Process Operation
Program Schedule

5.2.1 Decontamination Effectiveness

The efficiency of a decontamination process in a particular application is
usually expressed by its decontamination factor (DF). DF is the ratio of
the original level of radioactivity to the level that remains after
decontamination. Experience has shown that the DF in a large scale
decontamination program can vary widely from one part of the same piping
system to another and over radial segments of the same pipe section.
~ Therefore, a DF obtained by laboratory testing can only be considered an

indicator and not an absolute measure of expected program performance.



A field program will also introduce system geometry factors such as
crevices, dead legs, low points and regions of low velocity. These system
characteristics introduce the possibility for redistribution as well as
adversely influencing any redeposition potential of the process. Care must
be taken in process selection to avoid this condition or to physically
eliminate the component or piping run from the program. As an example,
the AP-AC process used on the Shippingport Reactor Primary System
caused increases in radiation levels of about ‘a factor of 10 at certain
system locations (e.g., pump casings) although overall effectiveness was
about a DF of 7.

The method of process application will strongly effect the efficiency of the
process. The preferred method consists of filling the system with a
mixture of water and chemicals, or adding the chemicals directly to the
filled system and recirculating the mixture vigorously for the prescribed
time. This method has proved most effective because the rapid flow
maintains the chemical concentration fairly uniformly throughout the
process, replacing locally saturated or depleted solvent with fresher
solvent. The éolvent solution is usually passed through a filter in the
decontamination system to remove particulates that have sloughed from

the system interior surfaces.

An alternate method consists of filling the system with the solvent mixture
as before and allowing the systemn Lo suak without reclrculation. This
process may be repeated several times to allow for some agitation of the
surface and to provide for solvent mixing to maintain concentration
uniformity. This method is useful when system recirculation pumps are not
available, when portions of the loop are not contaminated and must be
isnlated from the contaminated solvent, or if portions of thc syatem must
be isolated from a particular corrosive solvent. It is generally not as
effective as recirculation decontamination but may be the only available

option.



5.2.2

5.2.3

Liquid Waste Processing Requirements

An ideal decontamination program would be one that is both highly
effective and results in wastes that can be economically processed by the
existing liquid waste system of the facility. The CAN-DECON process has
been developed with this in mind; however, the DF achieveable with the
current state-of-the-art process may be too low for decommissioning
application.“

The NS-1 process developed by Dow Chemical, and presently in application
at Dresden Unit 1, required the addition of a liquid waste facility capable
of storing and processing approximately 500,000 gallons of solvent and
rinse solutions.5 Certainly the original liquid waste system furnished with
that plant is not representative of the current large reactor design
philosophy, however, the example clearly illustrates the potential increase
in complexity and total cost that any process may have on the program
simply due to the volume of liquid wastes generated.

One last example of a somewhat different approach to decontamination
solution processing involves the Shippingport program. In this case the
solvent solution from each step of the two step process was demineralized
resulting in complete recovery of the fluid as deionized water and disposal
of the contamination with the spent resins. The drawback with this
approach is the battery of demineralizers required. The 1840 ft® of resin
used in the process represented about 80% of the total volume of the

reactor's primary sys'cem.6

Solvent /System Interface Consideration

The nature of the contamination (i.e., whether loosely or tightly adherent,
and the fission product or material of construction in content) will be a
major influence on the process, as will the base metal composition. Note:
tightly adherent crud is usually found in systems that have operated at

elevated temperatures.



5.2.4

There will be greater flexibility in solvent selection due to minimal
concern for bare metal attack in most decommissioning programs. A more
significant concern is the protection of system parts such as seals and
gaskets against -local corrosive attack in order to avoid leakage of
contaminated liquids. Also, excessive corrosion could lead to excessive
redeposition. It should be noted that corrosive attack of the base metal
does not ensure a high DF and, conversely, that high DF can be achieved
without significant corrosion of the base metal. The strong solutions of
nitric and phosphoric acid used in the BONUS program resulted in removal
of up to 0.009 inches of piping inner wall. However, the average DF
achieved was approximately 10.2 Results to date for the NS-1 process

indicate DF's as high as 2000 without significant corrosion of base metal.

Optimum results are usually obtained with the solvents at an elevated
temperature, e.g., 120°C. This may be difficult to maintain in unjnsulated
pipe runs, lohg pipe runs or runs in unheated areas. Cerfain solvents will
decompose at excessively high temperatures resulting in undesirable
effects such as toxic fumes or highly corrosive solutions. Certain solvents
exhibit a time dependency in the mixing, heating, recirculation and
draining cycle that affects both chemical solution stability and the
solubility of contained contamination. Each process considered would have
to be evaluated for the effect of a loss-of-flow accident and associated
solvent cool down. Factors considered would include toxic or explosive gas
generation, cxccssive plateout and excessive corrosion. The selected
process must include appropriate emergency procedures, e.g. emergency

draining, gas detection, and emergency ventilation.

Cost Impact Considerations

The cost elements of a major chemical decontamination program include:

. Facility preparation

Decontamination equipment
Waste disposal facility.

. Decontamination/waste disposal operation

\JI#PNF—

. Schedule extension.
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Facility preparation could entail penetration modifications to the piping
systems in order to provide inlet and outlet points for the solvent solution.
Other possible requirements in this category could include a building or
service area for preparation of the solvent solutions. Equipment costs
could include a solvent injection and drain system, mixing tanks,
circulation pump, toxic gas scrubber, ventilation system and associated
monitoring and control system. The waste disposal facility could include
modification or extension of liquid waste storage, neutralization or
demineralization systems, evaporation system, solidification system and

solid waste processing equipment.

The operating costs for decontamination inclqde the crew cost, chemicals,
electrical power and waste disposal. The crew cost includes the labor for
equipment set-up, decontamination, radwaste treatment and waste
packaging. Unless plant personnel have experience with the use of
decontamination chemicals, it is probably advantageous to contract for

experienced personnel.

Chemicals may be purchased in their generic form (e.g., as oxalic acid), or
as proprietary commercial formulations with additives designed for
specific applications. The costs for electrical power required for pumping
and heating the solvent, evaporating wastes and mixing or solidifying
wastes may be a substantial part of the total power requirements for

decommissioning.

A large scale decontamination will impact the overall schedule of a
decommissioning program. Since the decontamination is a prerequisite to
all activities involving the residual radioactive inventory, very little
decommissioning work can be accomplished prior to it in any type of
decommissioning program. For example, it would be possible to remove
non-essential systems in a complete removal program, but this activity is
usually nul un the critical path and would probahly only serve to keep a
staff occupied early in the program. If major facility modification or
construction of a new waste processing facility is required, the resulting

extension of the critical path schedule will proportionally increase period-

5-9
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5.4

dependent costs (see Chapter 11). The time consumed in actual
decontamination of the piping systems should only impact the critical path
by one to two weeks. The processing of the liquid and solid wastes should
not be a critical path activity in a complete remdval program, but it could

be in a protective storage program.
PROCESS SELECTION

The selecﬁon of a candidate process for decontamination of piping, structures,
tools and portable equipment can be simpliﬁed by reference to the following
tables. Table 5.2 presents a tabulation of chemical solvents for use on piping
materials including stainless steel, aluminum, inconel, and copper and its alloys.
Tahle 5.3 presents a tabulation of decuntaminating solvents for use on portable
tools, equipment and structures. Note: concrete surface removal techniques are
presented in Chapter 7. Electropolishing and ultrasonic techniques do not lend
themselves to tabular presentation of data. These methods will be discussed in
the Detailed Description of Process, Section 4. A list of commercial chemical
solvents and their typical applications is included in Appendix A for information.

DETAILED DESCRIPTION OF PROCESS
This section includes a summary description of chemical decontamination
processes for piping ‘systems, the water lance in that application,

electropolishing and ultrasonic methods for tools and equiprnent.

5.4.1 Piping Decontamination by Chemical Process

There are many possible solvents and combinations of processes applicable
to the decontamination of various piping system material and contaminant
pairs. This section presents some of the better known processes, provides
guidance as to their applications, and defines their major limitations. As
discussed earlier, candidate solvents should be laboratory tested to verify

their effectiveness in each specific application.

5-10



Ti-¢

TABLE 5.2

CHEMICAL DECONTAMINATION APPLICATIONS FOR PIPING SYSTEMS

Reager:t Piping System Base Metal
Stainless Carben Copper/its
Name Formula Steel Steel Aluminum Inconel Alloys Remarks
Alkaline NaOH Pretreatment to Non-corrosive to
Permanganate KMnO, remove Cr ;03 SS; mildly cor-
(AP) and make corrosion rosive to CS
) film porous
Ammonium (NH,);HC¢Hs07| Removes remaining  Attacks base Formed from citric
Citrate corrosion film metal acid in solution
(Dibasic) after AP treat- with ammonium
(AC) ment, hydroxide. Corrosive
to CS unless inhibited
Ethylene- Complexing agent Non-corrosive to
Diamine- to prevent repre- stainless steel
Tetra-Acetic cipitation of iron
Acid (EDTA) oxide. Added to AC
in APAC process (APACE)
Oxalic Acid H,C 20, Used after AP treat- Attacks base Forms insoluble
(0X) ment to remove metal precipitate which
: remaining MnO, redeposits and
corrosion film reduces effec-
(APOX) tiveness.
Citrox H2C 20, Used after AP treat- Will remove
ment to remove corrosion
(NH,),HCgHs0O+| residual MnO, and film
neutralize resid-
Fe(NO3)3.9H20 | ual OH™. Inhibits
formation of pre-
(C2HsNH),CS | cipitate (APCitrox)
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TABLE 5.2
(Continued)

Reagent Piping System Base Metal
Stainless. Carbon Copper/its
Name Formula Steel Steel Aluminum -Alloys Remarks
Sulfamic Acid NH,;SO3H Used after AP Effective de- Effective de- Will re-
treatmer:t contaminating contaminating move
(APSul) agent for car- agent for corrosion
bon steel. Low aluminum film
corrosion rate
Hydrochloric. HCI Attacks base metal  Attacks base Will re- Corrosive
Acid metal move to stainless -
corrosion and-carbon
film steels
Nitric Acid HNO; . tUsed on austenitic Attacks base In dilute Corrosive
SS to remove uran- metal form re- to carbon
ium ard plutonium moves steel
mater:als corrosion
film
Sulfuric H2504 Used for removing Highly
Acid organic deposits corrosive to
CS and SS
Phosphoric H3PO¢ Effective Removes May cause
Acid decontami- corrosion redeposition
nating agent. film if left in
Attacks base system Yoo

metal

long
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TABLE 5.2
(Continued)

Sulfox H,SO,
H2C 20,
CegHsNHCSNH 2
CAN-DECON Proprietary
NS-1 Proprietary

-Removes corrosion

film

Removes corrosion
film

Removes cor-
rosion film

Removes cor-
rosion film

Removes cor-
rosion film

Effective
decontaminat-
ing agent

Reazent Piping System Base Metal
Stainless Carbon Copper/its
Name . Formula Steel Steel Aluminum Inconel Alloys . Remarks
Oxalic Na,C,0, Used to remove Used to remove Used to remove Used to Attacks Non-corrosive
‘Peroxide H,C 20, uranium and uranium and uranium and remove base to CS, SS,
(OPF) H,0, plutonjum films plutonium plutonium plutonium metal inconel,
Peracetic acid after fuel failure films after films after and ura- zirconjum,
Oxine i : fuel failure fuel failure nium films aluminum
after fuel
failure

Mildly corrosive
to carbon steel

Non-corrosive
to SS; mildly
corrosive to CS

Very low cofrosion
rate on SS and
CS




TABLE 5.3

CHEMICAL DECONTAMINANTS FOR TOOLS,

EQUIPMENT AND STRUCTURES

Material Reagent
Concrete (bare) Hydrochloric acid
Stainless Steel Nitric acid and sodium fluoride
' Sulfuric acid and hydrogen peroxide

Carbon Steel Phosphoric acid
Aluminum Dilute sodium hydroxide

Citric acld and detergent
Lead Dilute nitric acid

Concentrated hydrochloric acid
Copper Dilute nitric acid

Decontamination  chemicals perform  specific functions in a

decontamination process. A brief discussion of these functions and an

explanation of the terminology will aid in understanding chemical

decontamination and in selecting candidate solvents.

L.

Oxidizing Agents |

These agents are used to provide a source of oxygen for the
oxidizing of another substance. For example, PWR stainless
steel corrosion films contain chromiurn that must be oxidized to
the +6 valence state to be dissolved. Alkaline permanganate is

used to oxidize the chromium.

Reducing Agents

Reducing agents are used to remove oxygen from a compound
by bonding with the oxygen. For example, BWR system
corrosion films contain nickel {ferrite as the predominant
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compound; alkaline hypophosphite acts as a reducing agent
when heated, and reduces the nickel ferrite to the +3 valence

state so it will dissleé. '

Sequestrants

Sequestrants (also called complexing agents and chelating
agents) are used to prevent dissolved salts in the solution from
forming a sludge (precipitation) when the acids are neutralized.
For example, ethylenediaminetetraacetic acid (EDTA) ionizes
and forms very stable complexes with the hardness ions of

calcium, magnesium, iron and chromium.
Inhibitors

Inhibitors are used to inhibit the corrosive reaction and loss of
base metal. Inhibitors are organic polar compounds having a
carbon chain or ring with H atoms attached, and a polar group
such as amino (NH2"), sulfonic (SO37), or carboxy (CO2"). The
polar group is electrically unsymmetrical and tends to be
strongly adsorbed on the metal surfaée available for corrosion.
Phenylthiourea inhibitor is often used in high temperature

flushes but tends to recrystallize at room temperature.
Surfactants

Surfactants are used as wetting agents, detergents and
emulsifiers. They typically consist of long carbon-to-carbon
skeletons plus a polar group containing atoms of nitrogen,
oicygen or sulfur. The polar group is hydrophilic (water-loving)
and the hydrocarbon part is hydrophobic (water-hating). These
moleculgs (or ions) tend to migrate to water-oil interfaces
where the polar group will be attracted to the water phase and

the hydrocarbon residue will remain in the oil phase.
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These basic chemical types and functions may be incorporated into a
decontamination program as one-step or multi-step processes to remove
the contamination film. On'e-st,ep' processes can be fast and effective if
the primary contaminant can be dissolved with a single treatment.
However, in some cases, the corrosion film must first be treated to expose
the contaminant to the solvent before dissolution can take place.
Furthermore, chelating agents must be added to ensure the contaminant
does not precipitate out of solution and redeposit within the system. In
these latter cases, multi-step decontamination processes are more
effective, although the treatment is more time consuming and generates
greater quantities of liquid waste. This is because each chemical flush is
generally [vllowed by one or more complete system volume water rinses

whlch must also be treated as radioactive liquid waste.

5.4.1.1 Detailed Description of Chemicals

A brief discussion will be provided for cach chemical and the
decontamination cha,racteri‘stics will‘ be presented in t_qbular form.
Where reported characteristics vary widely, such as decontamination

factors, the range of values is given.

1. Alkaline Permanganate (AP)

AP is an oxidizing agent used to oxidize chromium in the
corrusion film to Cr203, which can subsequently be dissolved in
an alkaline solution. It is used as a pg’etrgatrﬁent process in
multi-step decontamination programs to expose the remaining

corrosion film matrix to subsequent chemical dissolution.

AP Solvent Data:

Formula - Chemical: NaOH (100g/1); KMnO4 (30g/1);
(grams/liter) H20 (870g/1) )

Primary Application: Stainless steel

Decontamination Factor: Not applicable

Corrosivity: Not corrosive to stainless steel;

: 0.2myg/cm2-hr for carbon steel

Stability: Stable at recommended

' temperature '
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Decontamination Temp.: 105°C
Decontamination Time: 24 hours
Number of System Volumes: 1 flush; used with acids in
subsequent steps.
Waste Processing: Demineralization
Remarks: Attacks corrosion film to dissolve
: Cr,03 and leave the film porous.

Ammonium Citrate - Dibasic (AC)

AC has been successfully used with an AP pretreatment to
achieve DF's as high as 1000. In dilute form, ammonium citrate
removes. the residual MnO,; from the KMnO, AP flush and
neutralizes the OH™ from the NaOH. Concentrated AC attacks
the remaining corrosion film. Refer to the multi-step APAC

. . 7
process for more information.

AC Solvent Data

Formula - Chemical: (NH4),HCeHsO, (100g/1)
(grams/liter)

Primary Application: Stainless steel, carbon steel

Decontamination Factor: 2-12

Corrosivity: . Corrosive to carbon steel unless
inhibited

Stability: Stable at recommended
temperature

Decontamination Temp.: 85-95°C

Decontamination Time: 24 hours

Number of System Volumes: Used with AP; 1 flush, | rinse

Waste Processing: Demineralization

Remarks: Not effective for removing aged
films from some stainless steel
surfaces; susceptible to
redeposition.

Alkaline Permanganate - Ammonium Citrate (APAC)

The APAC multi-step process was used extensively at

Shippingport. The procedure consisted of the following steps:
1.  Circulate the AP solution at 120°C for 24 hours

2. Discharge diluted AP solution -through heat
exchangers to holdup tank
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3. Process diluted AP waste solution through mixed
bed demineralizers
Use effluent water to refill reactor
Circulate the AC solution at lZOOC for 24 hours
diluted AC
exchangers to holdup tank
7. Process diluted AC waste solution through mixed

6.  Discharge solutions through heat

bed demineralizers
&. Use effluent as deionized process water.

The process used 15 demineralizers of 100 ft3 each to treat the
spent solutions. DNeionizntion af the dilute AP solutivi 1eyuired
850 £t3 of resin, and 990 ft® of resin for the AC solution. The
AC solution was not effective in removing contamination from
dead-leg areas and crevices. High velocity flow is recom-
mended for these crud trap regions. EDTA may be added to AC
(ACE) to complex the iron oxides and keep the radionuclides in
solution so they can be removed by demineralization. This

improves the DF markedly.

APAC and APACE Solvent Data

NaOH (100g/1); KMnO (13g/1);
(NIly)2HCgHsQ7 (13g/1)
Stainless steel

Formula - Chemical:
(grams/liter)

Primary Application:

Decontamination Factor:

redeposition)

Corrosivity: Not corrosive to stainless steel;
corrosive to carbon steel uniess
inhibited

Stability: Stable at recommended
temooeratures

Decontamination Temp.: 120°¢

Decontamination Time: 48 hours

Number of System Volumes:

Waste Processing:
Remarks:
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1 AP flush, 1 AC flush, 1 or more
rinses

Demineralization

Ineffective in removing aged
films from some stainless steel
surfaces. EDTA chelating agent
may be added to APA (APACE) to
complex the iron oxides and keep
the radionuclides in solution.



Oxalic Acid (OX)

Oxalic acid is effective in removing rust from iron. In
decontamination of reactor systems it is an excellent

complexer for niobium (when present) and fission products.

Oxalic acid was used at the Savannah River Plant in stainless
steel heat exchangers. - The process consisted of filling the
system with water, adding a corrosion inhibitor (ferric sulfate
2.6 g/1), steam heating to 70°C, adding oxalic acid to 2 wt% and
recirculating the mixture. The system was then drained, water-
rinsed.and neutralized with 50% KOH. The system was drained
and rinsed again with water. Decontamination factors of 3 to
20 were achieved. At temperatures of about 90°C the oxalic
acid reacted with the stainless steel to form a highly insoluble
ferrous oxalate tenacious film. Subsequent treatment with
sulfuric and nitric acid was necessary to remove the

precipitate.8

It is used as the second step with AP preconditioning but

because of the precipitate it is not of significant interest.

CX Solvent Data

Formula - Chemical: H2C .0, (100g/1)
(grams/liter) )
Primary Application: Stainless steel, not effective for
aluminum
Decontamination Factor: SS = 3-20
Corrosivity: Corrosive to carbon steel unless
: inhibited
Stability: Stable at recommended
- temperature. Forms precipitate
‘ at 90 C
Decontamination Temp.: 70-80°C
Decontamination Time: 1-4 hours

Number of System Volumes: 1 AP flush, 1 acid flush, |
neutralizing rinse, 1 water rinse

Waste Processing: Deionization

Remarks: Forms an insoluable precipitate at
elevated temperatures that films
the surface and reduces
effectiveness of the reagent.
Usually used with AP.



Citrox (AP Citrox)

Citrox is a reducing agent consisting of a mixture of citric
(0.2M) and oxalic (0.3M) acids with a corrosion inhibitor. It is

very corrosive to carbon steel and 400 series stainless steel and

- should be isolated from these portions of systems. The Citrox

process is very effective for decontaminating stainless steel in
a two-step process of alkaline permanganate (AP) followed by

Citrox. A typical procedure consists of the following steps:

AP circulation for two hours at 105°C

2, Water rinse until removal of MnOy~ is cumplete and
until pH is less than 10

3. Dilute (10%) Citrox circulation for two hours at
room temperature
Citrox circulation for two hours at 60°C
Water rinse until the conductivity of the rinse water

is less than 50 umho.

The citrate ions are added to complex the iron ions and inhibit
the formation of "any precipitate. The dilute Citrox rinse
neutralizes traces of residual NaOH (from AP) and dissolves any
MnQ; (by reduction to Mn2%). This dilute rinse may be
eliminated for simple systems without dead-legs or crud traps.
The process is not very effective unless preceeded by the AP
ﬂush.9 The AP Citrox process was evaluated for inservice
decontamination on the Douglas Point 200 MWe CANDU-
PHWR. The decision was made not to use the process, because:

1. About 2 months of reactor down time would be
required '

2, About 25% of the mechanical seals in the system
would have to be replaced after decontamination

due to corrosion during decontamination

5-20



3. Copper from the Monel-400 boiler tubes would

plate-out on the carbon steel tubes

4. Large storage tanks would be required

5.  About 400,000 gals of radioactive liquid waste would

be generated

6. It would be necessary to replace the DO with H20

for the process with an accompanying loss of D20

7. About

100 man-rem would be consumed in

decontamination and liquid waste disposal.

Ontario Hydro (owners of Douglas Point) decided to use the

CAN- DECON and NUTEK L 106 processes.

herein )

Citrox Solvent Data
Formula - Chemical:

(grams/liter)

Primary Application:
Decontamination Factor:
Corrosivity:

Stability:

Decontamination Temp.:
Decontamination Time:

Number of System Volumes:

Waste Processing:
Remarks:

Sulfamic Acid

(See CAN-DECON

H2C204 (25g/1);

(NH4)2HCgHsO7 (50g/1);
Fe(NO3)3.9H,0 (2g/1);
(C2HsNH)Cs (1g/1)

Stainless steel

3-56

Non-corrosive to 300 series SS or
carbon steel

Forms a precipitate with CS and
400 series SS that is absorbed on

piping surfaces if exposed to
these materials too long.

85°C

1-4 hours

1 AP flush, | water rinse, | dilute
Citrox flush, 1 full strength
Citrox flush, | water rinse.
Demineralization

Usually used with AP and an
inhibitor.,

Sulfamic acid with an inhibitor is an effective decontaminant

for carbon steel components.

corrosion rates.
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Redeposition or film formation does not occur.



Because it is a less reactive reagent, longer contact times may

be necessary than with other reagents.

Sulfamic acid has not

been used extensively in decontaminating reactor carbon steel

systems but is acknowledged to be an effective decontaminant.

Sulfamic Solvent Data

Formula - Chemical:
(grams/liter)

Primary Application:

Decontamination Factor:

Corrosivity:

Stability:

NH,SOsH (90g/1)

Carbon steel, aluminum

3-20

4-6 mg/cm2-hr for carbon steel
Hydrolyzes to ammonium acid
sulfate (NHWHSO4) at 8% per hour
at 80°C.

Decontamination Temp.: 45-80°C

Decontamination Time: 1-4 hours

Number of System Volumes: 1 acid flush, 1 inhibitor flush, 1
rinse

Waste Processing: Neutralization, f{iltration, and
evaporation

Remarks: Used with an inhibitor to

decontaminate Cs and Al. If
fluorides are added as a booster,
it becomes excessively corrosive
to Al and Zr.

Hydrochloric Acid

Hydrochloric acid is a reducing agent and one of the first
chemical cleaning agents used for utility boilers. However, the
chloride content is highly. corrosive to stainless-steel and should
not be used for nondestructive decontamination of primary
systems. When used on carbon steel systems a corrosive
inhibitor should be added if the system is to-be returned to

service.

Hydrochloric acld was used in decontaminating the BONUS
reactor Cr-Mo steel main steam system and stainless steel
10

A 10

volume percent reagent grade solution was found to be

purification system in preparation for entombment.
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effective at an operating temperature of 70°C.  One-inch
square samples for testing in the United Nuclear Corporation
(UNC) piping

contaminated with 8°Co, 38Co and 6°Zn and smallquantities of

laboratory were cut from sections of
fission products including !37Cs. Laboratory testing consisted
of 30-minute cycles in static tests (soaking) of candidate
solutions and then 30-minute cycles in dynamic tests (stirred) of
solutions. The most effective solutions were given a final
dynamic test on larger samples from the reactor systems.
Laboratory data indicated hydrochloric acid decontamination of
stainless steel gave repeatable DF's of approximately 10. No
inhibitor was used because the systems were not going to be
returned to service, and the expected corrosion would not
affect the residual radioactivity containment integrity of the

systems.

Actual system decontamination at BONUS confirmed the
laboratory results. Stainless steel and Cr-Mo systems were
decontaminated by a factor of approximately 10 overall. A
brief description of the acid flushing system is included in

Section 5.4.1(2).

Hydrochloric Acid Solvent Data

Formula - Chemical:
(grams/liter)

HCI (42.5g/1)

Primary Application: Stainless steel, carbon steel,
chrom-moly steel, copper and its
alloys

Decontamination Factor:
Corrosivity: (5% HCI con-
taining 0.1% inhibitor)

Decontamination Temp.:
Decontamination Time:
Number of System Volumes:
Waste Processing:

Remarks:"
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S$8=5-22; CS=7; CtrMo=13; Brass=2,
CS = 0.08 mg/cm2-hr;

300 series SS = 0.122;

400 series SS = 0.020;

Monel 75 Ni 25 Cu = 0.020

70°C

1-6 hours

1 acid flush, two water rinses
Neutralization by addition of
sodium hydroxide and sodiumn
citrate; filtration and evaporation
Corrosive to carbon and stainless
steel unless inhibited. Used to
remove surface layer of base
metal.



Nitric Acid

Nitric acid is an oxidizing agent used for dissolving uranium and
its oxides in stainless steel and Inconel systems. A typical
solution is 10 vol.% HNOj at 75°C. However, it cannot be used
on carbon steel because of high corrosion rate. Nitric acid is
also used at reprocessing plants to dissolve plutonium dioxide,
fission products, sludge deposits and residual contamination
from system piping and components. At the Eurochemic
reprocessing facility, potassium permanganate (KMnO,) was

added to the nitric acid resulting in the most effective

decantaminant of that major decontamination pmgram,ll
Nitric Acid Solvent Data
Formula - Chemicals: HNOj3 (190g/1) (BMHNO3)
(grams/liter) '
Primary Application: Stainless steel, carbon steel,
Inconel
Decontamination Factor: 10

Corrosivity:
Stability:

Decontamination Temp.:
Decontamination Time:
Number of System Volumes:
Waste Processing:

Remarks:

Sulfuric Acid

Highly corrosive to carbon steel
Stable at recommended
temperature

20-70°C

1 hour to several days

2 or more acid flushes, 2 or more
rinses
Neutralization,
evaporation
Used for the removal of uranium,
plutonium and their oxides.

filtration, and

Sulfuric acid is an oxidizing agent used to a limited extent for
removing deposits that do not contain calcium compounds. The
highly corrosive acid is used in dilute form with an inhibitor.
The concentrated form has been used for removing organic
deposiis. Sulfuric acid has not been used extensively as a

dec0ntarﬁinating solvent because the DF's até-relat_jvely low.12
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10.

Sulfuric Acid Solvent Data

Formula - Chemical:
(grams/liter)
Primary Application:

Decontamination Factor:
Corrosivity:

Stability:

Decontamination Temp.:
Decontamination Time:

Number of System Volumes:

H2S04

Stainless steel, carbon steel (with
inhibitor)

2

Highly corrosive to carbon and
stainless steel

Stable at recommended
temperatures
45-70"C

0.5-1.0 hours
1 acid flush, 1 inhibitor rinse, |

water rinse

Waste Processing: Neutralization, filtration, and
evaporation
Remarks: Not  suitable for removing

deposits containing calcium.

Phosphoric Acid

Phosphoric acid rapidly defilms and decontaminates carbon .
steel surfaces. At 60-70°C inhibited dilute (10%) phosphoric
acid solutions will remove 95-99% of the contamination and all
visible film in approximately 20 minutes. If the acid remains in
contact with the carbon steel surface longer than 20 minutes, a
ferrous phosphate film forms and deposits on the pipe walls
along with the contamination. Phosphoric acid is too corrosive
systems without a suitable

to use on operating reactor

inhibitor.”

Dilute (15 v/o) phosphoric acid was used in decontaminating the
BONUS reactor carbon steel and brass piping and components in
preparation for entombment. The selection was based on a' test
program similar to that described for HCI. Decontamination
factors of between 5 and 37 experienced in laboratory tests
were generally achieved during actual decontamination flushes.
The carbon steel condensate system was passivated usihg 2
liters of ammonium hydroxide per 150 gallons of water, and
followed by a rust inhibiting rinse of 2 1b of Turco-4517 per 150

gallons of water.
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11.

Phosphoric Acid Solvent Data

Formula - Chemical: HsPO4 (130g/1)
(grams/liter)
Primary Application: Steel, copper alloys
Decontamination Factor: S$8=2-10 CS=5-37
Corrosivity: 4-6 mg/cm 2_hr for carbon steel;
0.014 mg/cm2-hr for SS ,
Stability: Phosphoric acid reacts with

carbon steel to form ferrous
phosphate. This film deposits on
piping walls carrying with it

cogtamination.
Decontamination Temp.: 85°C
Decontamination Time: 0.3 hours if solution is

recirculated.  Longer if once-

through flush is used.
Numher of System Volumes: 1 acid flush, 2 watei rinses, |
' ' passivating rinse, 1 inhibitor rinse
maybe in order for protective

considerations
Waste Processing: Neutralization, filtration, and
evaporation
Remarks: Corrosive to carbon steel. Used
' t6 réemove surface layer of base
metal.

Oxalate Peroxide (OPP)

Oxalate perxoide is an oxidizing agent consisting of a mixture
of oxalic acid and hydrogen peroxide. It is used for the
simultaneous dissolution of 1102, and the defilming and
decontamination of metals. The oxalic acid decontaminates the
surface, and the. hydrogen peroxide enhances the
decontamination and passivates the steel by its oxidative
action.  However, the peroxide destroys the oxalic acid
preventing reuse of the solvent. The decontamination is fast

enough to be effective before the oxalic acid is destroyed.

Hydrogein peroxide -acts as a carboin sleel cleaner In
concentrations up to 0.2MH20: and then as a passivator at
concentrations above 1.0 MHZOZ.M In tests at ORNL, carbon
a_nd stainless steels heated to about 200°C and treated with

oxalate-peroxide (pH-4) exhibited DF's of 100 to 1000 or more.
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Oxalate Peroxide (OPP) Solvent Data

Formula - Chemical:
(grams/liter)

Primary Application:

Decontamination Factor:
Corrosivity:

Na2C204 (32g/1); H2C 204
(2.3g/1); H202 (50g/1); Peracetic
Acid (5g/1); Oxine (1g/1)
Uranium and uranium
cleanup

20

Non-corrosive to 300 series SS
and Inconel  (0.02mg/cm?2-hr,
max). Corrosive to 400 series SS
(2mg/cm2-hr, min). Highly

oxide

corrosive to copper alloys (15-90

mg/cm2-hr)

Stability: Stable at recommended
temperatures

Decontamination Temp.: 80°C

Decontamination Time: 1-4 hours

Number of System Volumes: At PRTR the process included:
OPP f{lush, rinse, OPP flush, rinse,
APOX flush, rinse, APACE flush,
rinse

Neutralization, filtration,

demineralization, evaporation.

Waste Processing:

CAN-DECON

CAN-DECON is decontamination

process developed in Canada to decontaminate CANDU-PHW

a proprietary chemical
reactors. It is marketed by London Nuclear Decontamination
Limited, of Niagara Falls, Ontario.

The CAN-DECON process involves the addition of chemical
reagents (typically to give 0.1 wt% concentration) directly to
the coolant of a shutdown reactor. The reagent consists of a
mixture of weak acids and chelating agents, such as citric acid,
oxalic acid and EDTA, that attack the surface oxide layer and
release both particulate and dissolved material to the coolant.
A continuous high flow of coolant is passed through filters and
cation exchange resins in the reactor purification system. The

filters remove the insoluable matter while the cation resin
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removes dissolved metal ions and at the same time regenerates
the reagents. The regenerated reagents are recirculated back
to. the primary system where they again a'gtack the
contaminated surfaces. The process is continued as long as
contaminants are being removed, until the jon-exchange resin is
spent, or until the allotted time has expired. The reagents and
dissolved corrosion products remaining are then removed by the

mixed-bed resin. 15

The process is applicable to CANDU-PHW reactors where the
principal contaminant is ®°Co imbedded in the magnetite oxide
(Fe Q) film. Similarly; CANDURLW reactars and RBWR's may
use CAN-DECON to remove the magnetite and hematite
(Fe203) film. Pressurized water reactor (PWR) oxide films are
of two layers, a loose outer deposit and an adherent base metal
oxide. CAN-DECON can remove the outer deposit but cannot
attack the loose metal oxide. A development program is

underway in Canada to solve this problem.16

Compared to conventional decontamination processes using
strong reagents, this process requires very little equipment and
no special liquid waste handlihg facility.

The regeneration principle economizes on reagents while at the
same time concentrates wastes on the resin and filters. This
simplifies disposal, since there are essentially no liquid wastes
to deal with.

According to J.L. Smee of London Nucle'ar”, it may be possible

to increase the process decontamination effectiveness with:

1. Higher reagent concentrations (0.5 wt% instead of
0.1 wt%)

2. Increased process  temperatures (150°C instead of
90°C)

3. Different reagents (more corrosive)

5-28



13.

CAN-DECON Solvent Data

Formula - Chemical: Proprietary (0.1 wt%
(grams/liter) concentration)
Primary Application: Stainless steel and carbon steel

Decontamination Factor: CANDU Reactors = 3-6
BWR Specimens = 10-20

Corrosivity: Can be corrosive to mechanical
seals
CS = 0.28 um/hr
410 SS = 0.08
316 SS = 0.02
Mone!l-400 = 0.03
Nickel = 0.02
Decontamination Temp.: 90°C
Decontamination Time: At Douglas Point:
Regeneration 9 hrs
Removal 10 hrs
- Total 72 hrs
Number of System Volumes: Not applicable
Waste Processing: Spent resin disposal

NS-1 (Dow Chemical Co)

NS-1 is a Dow Chemical Co. proprietary high concentration
chemical decontamination process. The process consists of
circulating the reagent mixture through the system at 120°C
for 100 to 200 hours under a nitrogen blanket to dissolve the

contamination oxide film.

The process was  used at Peach. Bottom 2 and 3 to
decontaminate the regenerative heat exchangers. The
decontamination factor obtained ranged from 2 to 10. An
extensive test program was carried out by Dow in preparation
for the Dresden-1 decontamination. A considerable protion of
the program consisted of design and develbpment of an on-site
liquid waste treatment facility, because the Dresden-1 existing
facility was inadequate to dispose of the waste volumes to be
generated. The test program included a thorough literary
search of existing decontaminants, laboratory tests of Dresden-
I material specimens, a pilot test loop demonstration and

metallographic analysis of decontaminated test coupons.
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5.4.1.2

Decontamination factors of 500 to 2000 have been observed in
these tests without sloughing of undissolved deposits or sludging
of solvent components. Corrosion rates on carbon and stainless
steel materials is not excessive (less than 5 mils/year).

The in-situ decontamination of Dresden-1 is scheduled to be

performed in 1980. 18

NS-1 Solvent Data

Formula - Chemical: Proprietary

(grams/liter)

Primary Application: Stainless steel, chrom-moly steel,
carbon steel

Decontamination Factor: 500-2000

Corrosivity: 300 Series SS = 5 mils/year, max.

400 Series SS = 1-5 mils/year
2-1/4 Cr = 1 Mo = 1-5 mils/year
1020 Carbon Steel = 1-5 mils/year
Copper, nickel, chromium = 0.1
mils/year, max.

Stability: No Bhermal decomposition
Decontamination Temp.: 1207°C
Decontamination Time: 100-200 hours

Number of System Volumes: 1 NS-1 flush, 3 rinses to remove
copper and residual NS-1
Waste Processing: Filtration, evaporation

Chemical Flushing Equipment

For most reactor facilities decontamination of the reactor coolant
system and associated contaminated systems may be accomplished by
filling the system with the solvent and circulating it with existing
reactor or system pumps. These pumps are usually of high capacity
and can maintain high solvent velocities in piping and components to
assure adequate exposure of the. corrosion film to the recirculating
solvent.

In some cases, it may be necessary to isolate these pumps to protect
mechanical seals or susceptible materials from solvent corrosion. In
the case of decontamination of auxiliary systems, portability may be

a necessity to eliminate long runs of solvent hose.
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For the BONUS decontamination program a specially designed
portable decontamination system was developed consisting of the
acid (hydrochloric or phosphoric acid) mixing tank, circulating pump,
filters, heater and fume scrubber. Associated equipment consisted of
the acid flush hoses with quick connect couplings, neutralizing tank
and mixer.19 General specifications for this flushing equipment are

as follows:

Acid Tank 150 gal capacity fiberglass tank made with
Dow Derakane vinyl ester resin

Circulating Pump 110 ft of head at 50 gpm; 5HP, 3600 rpm, 220
and Motor volts. 3-Phase; fiberglass impellor and casing

Filters Two in-line stainless steel housings with
cartridge filters

Heaters Three immersion heaters: 3KW, Single Phase,
230 Volt
Fume Scrubber Ejector scrubber with a recirculating-type

separator and fiberglass tank. 150 scfm draw
with scrubber recirculation pump supplying 30
gpm at 90 ft of head

Neutralizing Tank 800 gal capacity fiberglass tank made with
Dow Derakane vinyl ester resin

Mixer Portable gear drive with 3 ft long shaft, 1/3
HP, 220 volt, single phase

Figure 5.1 shows the portable decontamination system (exclusive of
neutralizing tank) used at BONUS.

There are several commercial chemical cleaning service companies
available with larger capacity equipment designed to handle corrosive
solvents and provide pumping capacity for recirculation. A brief

summary of the pumping capacity available is provided herein.
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FIGURE 5.1

PORTABLE DECONTAMINATION SYSTEM
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Heavy Duty High Volume Equipment

These pumps are skid-mounted so they can be moved into
the nuclear facility to minimize long runs of piping
carrying hazardous solvents. Dual units may be used
when  higher  capacities are needed. Pumping
characteristics of these units are as follows:

Power Unit: 635 horsepower diesel engine
Flow Rate: 5,000 gpm

Discharge Pressure: 270 psi max

Suction Connection: 10 in

Discharge Connection: 8in

Heavy Duty Moderate Volume

These pumps are mounted on skids or on semi-trailers for
portability. Dual pumps are provided to insure reliability
and are normally used in parallel with the discharge from
each pump feeding a common 8-inch discharge
connection. Each unit has a hydraulic jet mixer to mix
powdered or flake chemicals on-site plus all necessary
temperature and flow rate instruments. Pump

characteristics of these units are as follows:

Power Unit: 265 horsepower diesel engine
Flow Rate: 1680 gpm per unit;
3200 gpm total
Discharge Pressure: 180 psi max
Suction Connections: 8 in x 150 psi flanged;

4 in threaded; 2 in threaded
Discharge Connections: & in x 150 psi flanged;
2 in threaded; 4 in threaded
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35 Low Volume Pumping Units

These are truck mounted units designed for portability.
The maximum flow is about 1000 gpm, which is adequate
for most auxiliary systems with small diameter piping.
However, the contamination carryover into the mobile
pumping unit will necessitate decontamination or
controlled burial of the unit upon completion of the

decontamination program.

4, Positive Displacement Pumps

These pumps are used where pressures higher than those
obtainable with centrifugal pumps are necessary. They
are used in the cleaning of pipelines to propel large
quantities of fluid along with scrapers, sand, brushes, etc.
A twin pump unit is capable of delivering over 1700 gpm
at pressures up to 20,000 psi. These units would similarly
have to be decontaminated or buried upon completion of

decontamination.

5.4.2 High Pressure Water Lance

The high pressure water lance (also called "hydrolaser") consists of a
permanent or portable high pressure pumping unit driven by a gasoline or
diesel engine, electric motor or steam turbine. The high pressure (1,000 to
10,000 psi) fluid is directed through high pressure hose to an operator-
controlled gun. The gun tip is fitted with nozzles designed for either

straight flow or flat fan discharge to decontaminate surface.

Water lances have successtully decontaminated pump internals, valves,
cavity walls, spent fuel pool racks, reactor vessel walls and head, fuel
handling equipment, feedwater spargers, floor drains, sumps, interior
surfaces of pipes and storage tanks. Decontamination factors of up to

several hundred have been obtained. Experience at one site indicated DF's
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5.4.3

of 2 to 50 with water as the agent, and DF's of 40-50 if a cleaning agent
such as Radiac-Wash was added. Plant personnel recommend an initial
treatment at lower pressures (500 psi) since the lower pressures perform

just as well as higher pressures (3,000 - 5,000 psi).20

A variation on the water lance is the "pipe mole" whereby a high pressure
nozzle head is attached to a high pressure flexible hose and inserted in
contaminated pipe runs. The nozzle orifices are angled to provide forward

thrust of the nozzle during cleaning to drag the hose through the pipe.

Operating characteristics for several size water lances are presented

below:
Discharge Pressure, psi 2,000 6,000 10,000
Flow Rate, gpm 8.4 16 22
Horsepower 10 60 143

The approximate cost for an electric motor drive, skid mounted unit of

6,000 psi discharge pressure is $16,000.00.

Figure 5.2 shows a typical skid-mounted electric motor driven water lance

unit and a smaller portable unit.

Electropolishing

Electropolishing is an electrochemical process used in both laboratory and
industrial applications to produce a smooth, polished surface on a variety
of metals and alloys. The object to be decontaminated serves as the anode
in an electrolytic cell. The passage of electric current results in the
anodic dissolution of the surface material and, with proper operating
conditions, a progressive smoothing of the surface. Any radioactive
contamination on the surface or entrapped within surface imperfections is
removed and rcleased into Lhe electrolyte by this surface dissolution
process. The production of a polished surface also facilitates the removal

of residual electrolyte by rinsing.
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FIGURE 5.2

WATER LANCE UNITS
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Electropolishing Tank Cleaning

Studies performed at Battelle Pacific Northwest Laboratories (PNL)
in cooperation with Rockwell Hanford Operations and United Nuclear
Industries show that components heavily contaminated with PuO were
decontaminated from 1 million dpm per 100 cm? to background in
less than 10 minutes.21

Representative operating conditions for electropolishing

decontamination are as follows:

Electrolyte Phosphoric Acid 40 to 80% concentrations
Operating Temperature 40 - 80°C

Electrode Potential 8 - 12 V(de)

Current Densities 50 - 250 A/ft?

Figure 5.3 shows a schematic of an electropolishing cell.

Typical decontamination times range from 5 to 30 minutes,
corresponding to the removal of 0.3 to 2 mils of surface material at a
current density of 150 A/ft?. It is usually necessary to move the
anode contacts once during a cycle to decontaminate the area under

the contacts.

Other components of an electropolishing decontamination system are
a DC power supply, one or more rinse tanks, a ventilation system, and

provision for heating and agitating the electrolyte and rinse tanks.

A 400 gallon system was designed, built and used for decontamination
studies at PNL. It consists of the 400-gal electropolishing tank, two
400-gal rinse tanks, a 5600 A(DC) power supply, and an overhead

hoist system for material handling.

A large tank system capable of providing up to 10,000 A at about
10V(DC) and current densities of 500 to 1500 A/m? is expected to
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ELECTROPOLISHING CELL



& Mobile electropolishing

cost  approximately $100,000.
decontaminating services are available from Chem-Nuclear which
include power supplies, chemicals (phosphoric acid) and recirculation
pumps. Spent acid solidification facilities are also mobile mounted
and would be required to dispose of the spent contaminated
phosphoric  acid. Figure 5.4 shows an electropolishing

decontamination of a mild steel valve body.

In-Situ Electropolishing

Studies are underway at PNL to demonstrate in-situ techniques such
as pumped stream cleaning and contact cleaning.21 For example, a
0.3lm? area of stainless steel surface can be electropolished by a
0.75 in. long stream of phosphoric acid. The current densities are
about the same as in-tank cleaning (280 A/ft?) but the voltages are
significantly higher (24 versus 12 VDC). Figure 5.5 is a photograph of

pumped stream cleaning.

A second type of in-situ cleaning device was developed using high
current densities but normal electropolishing voltages. This contact
type device is shown in Figure 5.6 and consists of an insulated fixture
that holds the cathode at a fixed distance from the anode (component
being decontaminated) surfaces. Electrolyte is pumped through the
unit while maintaining a slightly negative pressure to contain the
electrolyte. Testing demonstrated the ability to electropolish a 3 in?
area on a stainless steel surface in 5 minutes using a phosphoric-
sulturic electrolyte, a current density of 550 A/ft? and an electrode

potential of approximately 12 VDC.

A third in-situ technique was demonstrated in the corrosion test loop
at the Hanford N-Reactor in tests sponsored by United Nuclear
Industries, Inc.21 The test loop consisted of a 20 ft long section of
2./ in. ID steel pipe. The inside of the pipe was electropolished 2 ft

at a time using a movable cathode consisting of a 2 ft long, 1-7/8 in.
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FIGURE 5.4

ELECTROPOLISHING OF A MILD STEEL VALVE BODY

VALVE HEAVILY CORRODED AND CONTAMINATED BEFORE ELECTROPOLISHING

VALVE COMPLETELY DECONTAMINATED AFTER ELECTROPOLISHING

5-40



|8/

FIGURE 5.5

IN-SITU ELECTROPOLISHING PUMPED STREAM
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FIGURE 5.6

IN-SITU ELECTROPOLISHING CONTACT DEVICE



OD stainless steel pipe with nylon insulators at each end. Electrolyte
was pumped through the cathode into the pipe and returned to the
external electrolyte reservoir. The electrolyte was supplied to the
cathode through a 20 ft long PVC pipe that moved the cathode and in
addition contained the electrical cable to the cathode. Each 2 ft
section was electropolished for 20 minutes at 100 A/ft 2, Radiation
levels in the less contaminated portions of the pipe were reduced by
about 4 R/hr, and in higher contamination areas by about 40 R/hr.
Figure 5.7 shows a schematic of this system.

5.4.4 Ultrasonic Decontamination

An ultrasonic cleaning system consists of an ultrasonic generator, a
transducer, a cleaning tank, a liquid couplant/solvent and a heater. The
generator converts line power from 60 Hz to a higher frequency of from 18
to 90 kHz. The transducer converts these high frequency impulses to low
amplitude mechanical energy of the same frequency. The warm liquid
couplant (150 - 170°F) serves to transmit this energy to the object to be

cleaned.

The compression-rarefaction-compression wave cycle transmitted by the
generator causes the liquid to cavitate and implode creating minute
quantities of energy with tremendous localized force. Pressures and
temperatures are approximately 1x10* psi and 1x10*°C. These imploding
cavities serve to scrub the surface being decontaminated causing spalling

and descaling.23

Ultrasonic tank size, and contaminated component geometry relative to
transducer placement must be evaluated for application of ultrasonics.
Commercial ultrasonic tanks measuring 10ft x 3ft x 3ft with an ultrasonic
power rating of 18KW are available at an approximate cost of $60,000. A
unit of this size has been in service for about 8 years at Bettis Atomic

Power Laboratory.zu

5-43



hh=¢

N, PURGE

SEAL
& Iy —— }
= = —
1/ =

INSULATOFS \ MOVEABLE
STAINLESS STEEL

CATHODE

CONTAMINATED PIPE —D<F—

ELECTROLYTE ELECTROLYTE
DRAIN DRAIN

ELECTROLYTE RINSE WATER DRAIN ||
PUMP (,
v _—

= e —
-

|

|f

|| ELECTROLYTE l
': RESERVOIR

| 9~ T~ 31~-HEATERS

FIGURE 5.7
SCHEMATIC DIAGRAM OF MOVABLE ELECTROPOLISHING IN CORROSION TEST LOOP



A specially designed ultrasonic hand-held wall cleaner and a floor cleaner
has been designed for Argonne National Laboratory to decontaminate
flame-sprayed zinc on hot cell liners. No decontamination data is available

at this time. The approximate cost of these two units was $3,OOO.25

A specially designed ultrasonic tank was built for the New-Waste Calcining
Facility (NWCF) under construction at Idaho Falls. This unit measured 26
in® and included a removable /disposable plastic tank liner. The transducers
were mounted inside the tank but outside of the removable liner, which
therefore required a high power density 6KW power unit. Approximate
cost of this unit is $35,000.%°

During the BONUS decontamination program an ultrasonic tank measuring
54in x 30in x 30in was used with five transducer units rated at 21 kHz each.
Phosphoric acid at 120°F was used for 30 minute cycles with
decontamination factors of approximately 9.27 Operators at the San
Onofre Nuclear Generating Station have added citric acid to the couplant
in their tank and have achieved a decontamination factor of 30.

Decontamination at other sites ranged from 2-100.20

Figure 5.8 shows photographs of typical ultrasonic decontamination tanks

and Figure 5.9 shows a photograph of a hand-held wall scrubber unit.
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FIGURE 5.8
ULTRASONIC DECONTAMINATION TANKS

CIRS

INTERIOR VIEW OF A DECONTAMINATION TANK

EXTERIOR VIEW OF DECONTAMINATION TANKS
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FIGURE 5.9

HAND-HELD ULTRASONIC WALL SCRUBBER UNIT
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APPENDIX A

SELECTED COMMERCIALLY AVAILABLE DECONTAMINATION COMPOUNDS

COMPOUND

Turco DECON 4501-A
Turco DECON 4502
Turco DECON 4512-A
Turco DECON 4518
Turco DECON 4521

NUTEK-246
NUTEK-686

NUTEK L-106
(CAN-DECON)

Radiacwash

NS-1

CAN-DECON

USE

Turco Products

Pre-conditioner for high temperature alloys and stainless steel
Pre-conditioner for high temperature alloys and stainless steel
Decontaminant for carbon steel

Decontaminant for high temperature alloys and stainlegs steel

General purpose decontaminant

Nuclear Technology Corporation

Pre-conditioner for high temperature alloys and stainless steel
Decontaminant for high témperature alloys and stainless steel
Primary system decontaminant with fuel in-place; no liquid
process waste (demineralization removal)

Atomic Products Corporation

General decontaminant

Dow Chemical USA

Decontaminant for primary systems
London Nuclear Decontamination Limited

Primary system decontaminant with fuel in-place; no liquid
waste (demineralization removal) -
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6.1

6.2

CHAPTER 6

SEGMENTING, PROCESSES FOR ACTIVATED METALLIC COMPONENTS

INTRODUCTION

Highly activated components and structures are unique to operating nuclear
reactor plants. Certain components such as reactor vessels, vessel internals,
thermal shields, and structures and supports in the vicinity of the reactor vessel
will become activated due to the neutron flux emanating from the reactor core.
Certain of the activated nuclides are highly energetic and present in large
quantities. Therefore, the dismantling and removal of these components and
structures while the radioactive inventory is still of significant magnitude must

be done remotely and with adequate radiation shielding for personnel protection.

Typically, the vessel walls of 1100 MWe light water reactors consist of carbon

. steel, 10 to 13 inches in thickness, with stainless steel cladding approximately

1/4 inch in thickness. The vessel internals are made of stainless steel and usually

range in thickness up to three inches, although certain structural sections of

some pressurized water reactors are greater in thickness. In addition to steels,

aluminum is a typical material of construction for low power test reactor vessels

and internals.

This chapter deals with the segmenting processes appropriate for the activated
metallic components. Specifically, the chapter includes information pertinent to
the selection of a cutting method or methods for various metals and presents
detailed descriptions of each cutting method. The data is presented in a manner
to be of general use in the area of metal cutting since the data is keyed to metal

type and section thickness.
PROCESS SELECTION '

It is expected that a user of this handbook who has need for information

concerning the segmenting of thick metallic components or structures will have



6.3

*

a specific item and application in mind. Therefore, Table 6.1 presents a

tabulation of useful processes as a function of material, material thickness, and

cutting environment (in-air or underwater). This permits the user to make a

preliminary selection of a process or processes. The detailed information

pertinent to each process would then be referred to and an optimum process

chosen.

DETAILED DESCRIPTION OF PROCESSES

The cutting processes presented for detailed description in this chapter include:

Arc Saw

Plasma Arc
Oxygen Burner
Thermic Lance
Explosive Cutting
Laser

Mechanical Nibbler

A summary of application characteristics of each process is included as Table

6‘2.

6.3.1 Arc Saw Cutting

L.

Description of Process

The . arc saw, an extension of nonconsumable melting electrode
technology, is a development of Retech, Inc.* The arc saw is a
circular, toothless saw blade that cuts any conducting metal without
physical contact with the workpiece. The cutting action is obtained
by maintenance of a high current electric arc between the blade and
the material being cut. The blade can be made of any clectrical
conducting material such as tool steel, mild steel ur copper with
equal success. Table 6.3 summarizes the important operational
characteristics of the arc saw system. Figure 6.l illustrates the

cutting head of an arc saw.

Retech, Inc., P.O. Box 997, 100 Henry Station Road, Ukiah, California 95482



TABLE 6.1

METAL SEGMENTING - SUMMARY OF APPLICATIONS

Material: All Metals . Material: Carbon Steel
E F R E F R

i

Material Thickness
Very Large Sections (not process limited)

Arc Saw . No
Plasma Arc No
Oxygen Burner Either Yes Yes
Either Yes Thermic Lance Either Yes
Explosive Cutting No
Laser No
Mechanical Nibbler No
Material Thickness
5 36"
Either Yes Yes Arc Saw Either Yes Yes
No Plasma Arc No
No Oxygen Burner Either Yes Yes
Yes Thermic Lance Either Yes
No Explosive Cutting No
No Laser No
No ‘ Mechanical Nibbler No
Material Thickness
< 6"
Either Yes Yes Arc Saw Either Yes Yes
In-Air Yes Yes Plasma Arc In-Air  Yes Yes
No Oxygen Burner Either Yes Yes
Either Yes i Thermic Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes, 2
No Laser No
No Mechanical Nibbler No
Legend: E = Environmen'c1
F = Feasible 2.3
R = Recommended™
NOTES: 1. "Either" indicates the process can be used in-air or underwater for this
metal thickness. .
2. Explosive cutting can, in theory, segment metals of this thickness or

greater. However, the practical consideration of adequate protection
against the explosive shockwave will determine feasibility for use.

3. Due to the relatively high tooling costs, this method would not be
preferred for this single application.
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TABLE 6.1
(Continued)

Material: All Metals

Material:Carbon Steel

E F R E F R
Material Thickness
< 4"
Either Yes Yes Arc Saw Either Yes Yes
Either Yes  Yes Plasma Arc Either Yes  Yes
No Oxygen Burner Either Yes Yes
Either Yes Thermic Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
No Laser : No
No Mechanical Nibbler No
Material Thickness
< 2"
Either Yes Yes Arc Saw Either Yes Yes
Either Yes Yes Plasma Arc Either Yes Yes
No Oxygen Burner Either Yes Yes
Either Yes Thermic Laie LCither Yes
Either Yes 2 Explosive Cutting Either Yes 2
In-Air Yes Laser In-Air Yes
No Mechanical Nibbler No
Material Thickness
< 1/4"
Either Yes 3 Arc Saw Either Yes 3
Either Yes 3 Plasma Arc Either Yes 3
No Oxygen Burner Either Yes
Either Yes Thermic Lance Either Yes
Either Yes Explosive Cutting Either Yes
In-Air  Yes Laser In-Air Yes
Either Yes Yes Mechanical Nibbler Either Yes Yes

Material: Stainless Steel

Material: Aluminum

Either Yes Yes
No
No
Either Yes
No
No
No

Material Thickness
<z 36"

Arc Saw
Plasma Arc
Oxygen Burner
Thermic-Lance
Explosive Cutting
Laser
Mechanical Nibbler

Either

Either

Yes
No
No

Yes
No
No
No

Yes
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TABLE 6.1

(Continued)
Material: Stainless Steel Material: Aluminum
E F R E F R
Material Thickness
< 6"
Either Yes Yes Arc Saw Either Yes Yes
In-Air Yes Yes Plasma Arc In-Air Yes Yes
‘ No Oxygen Burner No
Either Yes Thermic Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
No Laser No
No Mechanical Nibbler No
Material Thickness
< q.ll
Either Yes Yes Arc Saw Either Yes Yes
Either Yes Yes Plasma Arc Either Yes Yes
No Oxygen Burner No
Either Yes Thermic Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
No Laser No
No Mechanical Nibbler No
Material Thickness
< 2"

Either Yes Yes Arc Saw Either Yes Yes
Either Yes Yes Plasma Arc Either Yes Yes
No Oxygen Burner No

Either Yes Thermic Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
In-Air Yes Laser In-Air Yes
No Mechanical Nibbler No
Material Thickness
< 1/4"
Either Yes 3 Arc Saw Either Yes 3
Either Yes 3 Plasma Arc Either Yes 3
No Oxygen Burner No
Either Yes Thermic Lance Either Yes
Either Yes - Explosive Cutting Either Yes
In-Air Yes Laser In-Air  Yes
Either Yes Yes Mechanical Nibbler Either Yes Yes




TABLE 6.1
(Continued)

Material: Zirconium/Zircaloy . — ‘Material: Inconel
E F R E F R

Material Thickness

5 12"
Either Yes Yes Arc Saw
No Plasma Arc
No Oxygen Burner
Either Yes Thermic Lance
No : Explosive Cutting °
No ' Laser
No Mechanical Nibbler
Material Thickness
< [4_"
Either Yes Yes Arc Saw Either Yes Yes
Either Yes Yes Plasma Arc Either Yes Yes
‘ No Oxygen Burner No
Either Yes Thermlc Lance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
No Laser No
No Mechanical Nibbler No
Material Thickness
< 2"
Either Yes Yes Arc Saw Either Yes Yes
Either Yes Plasma Arc Either Yes Yes
No Oxygen Burner No
Either Yes Thermic I.ance Either Yes
Either Yes 2 Explosive Cutting Either Yes 2
In-Air Yes . Laser In-Air  Yes

No Mechanical Nibbler No

Material Thickness
< 1/4"

Either Yes 3 Arc Saw Either Yes 3
Either Yes 3 Plasma Arc Either Yes 3

No Oxygen Burner . No
Either Yes Thermic Lance Either Yes
Either Yes Explosive Cutting Either Yes
In-Air Yes Laser In~-Air Yes
Either Yes Yes Mechanical Nibbler Either Yes Yes




TABLE 6.2

APPLICATION CHARACTERISTICS FOR CUTTING PROCESSES

Method
Arc Saw
Plasma Arc

Oxygen Burner

Application

All metals < 36 in.
All metals < 6 in.

Mild steels, all

thicknesses

Thermic Lance

All metals, all

thicknesses

Explosive
Cutting

Laser

Mechanical
Nibbler

All metals < 6 in.

All metals < 2 in.

All metals < 1/4 in.

Remote
Operation -

Feasibility
Excellent

Excellent

Excellent

Poor

Good

Poor

Good

Relative
Cost

High
High'

Low

Low

High to
Very High
Very High

Low

TABLE 6.3

ARC SAW SYSTEM OPERATIONAL CHARACTERISTICS

Item

Material applicability
Matcrial thickness

Relative cutting speed
Material geometry limitation
Cutting environment
Preferred cutting environment
Major drawback -

Cost

Comment

All conducting metals
Up to 36 inches
Rapid

None

Underwater or in-air

Underwater
Space access to accommodate blade diameter
High




FIGURE 6.1

TYPICAL ARC SAW CUTTING HEAD
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Rotation of the blade is essential to operation but rotational speed is
not a critical parameter; 300 to 1800 rpm is acceptable. Blade
rotation effects removal of the molten metal generated by the arc in
the kerf of the workpiece. The molten material condenses in the
form of highly oxidized pellets as it is expelled from the kerf.
Rotation aids in cooling of the blade and maintenance of its
structural integrity. The arc saw can operate underwater or in-air.
The depth of cut is limited by blade diameter. A depth of cut of

three feet is considered achievable.

The arc saw is usually operated in a constant voltage mode using a
very fast response regulated D.C. power supply.” The saw blade is
connected to the power supply by a high current slip ring device and
is at a positive potential of 35 to 50 volts with respect to the
workpiece. The cutting process requires maintenance of an arc
current the magnitude of which is dependent on the material being
cut. The mechanical feed of the saw blade into the workpiece is
automatically controlled by a servo mechanism designed to monitor
arc current and position the saw blade to an accuracy of about 0.1
mm. The system requires a specialized power supply with a response
time of less than 10 milliseconds. This is orders of magnitude faster

than typical melting or welding equipment supplies.

Figure 6.2 is a photograph of a fixed location arc saw system and

associated control panel and power supply.

An example of the relationship between arc length in the workpiece

and the required power supply is shown below:

Calculate the threshold current for an arc saw of 0.120 inches
in width and an effective arc segment length of one inch in

stainless steel.

1° (@)(s) (For stainless steel, a = 5)

(W)(1)

w
1



FIGURE 6.2

FIXED LOCATION ARC SAW COMPONENTS

FIXED SYSTEM HEAD

s 0y

CONTROL CONSOLE

REGULATED D.C. POWER SUPPLY

6-10



W = (0.12 in) (25.4mm/in) = 3.05mm
1 = (1 in) (25.4mm/in) = 25.4mm
o

I =

(5) (3.05) (35.4) = 387 amps

Cutting speed is primarily a function of the electrical and thermal
properties of the metal. Cutting speed in terms of cross sectional
area of cut in the workplace per unit time is expressed in the

following equation:

_ 400\ /1T - 1
v =<T <1ooo>

Where
\' = cutting speed in cm2?/min
w = blade width in millimeters
I = actual cutting current in amperes
I = threshhold current in amperes

As indicated in the equation, an increase in the cutting current will

increase the cutting speed.

Thin blades (thickness to diameter ratio of about 0.001) have the
benefit of greater cutting speeds whereas thick blades (thickness to
diameter ratio of about 0.0l) are capable of withstanding large
mechanical forces. There is an obvious trade-off depending on the
application. Blade loss through operation of wear has been shown to

be less than 5% of the material removed from the kerf.1

Applications

The arc saw Is capable of cutting any electrical conducting material.
High conductivity materials such as stainless steels, high alloy steels,
aluminum, copper and inconel can be cut rapidly and cleanly at rates
independent of material strength and ductility properties. Carbon

steel cuts are most difficult to make since slag buildup in the kerf



impedes the cutting rate of speed. Magnesium, titanium and
zirconium can be cut; however, the arcing will produce some
hydrogen gas resulting in the possibility of small localized ignitions or

detonations.

Operation of the arc saw underwater provides a smooth, uniform kerf
and is the preferred environment. Cutting may be performed in-air,
with or without a water spray to facilitate blade cooling; however,
in-air cutting will generate significant amounts of smoke, greater

noise and produce a rougher cut surface.

The depth of cut may span solid material or any humber of continuous
or discontinuoys layers of varying thickness and type of materials.
The arc saw has been used to cut solid metals up to 8 inches in
thickness and complex assemblies up to 12 inches ‘chick.2 Cuts can be
made in vertical and horizontal planes. The angle of entry is not
critical. Since there is no metal-to-metal contact between the blade
and the workpiece, reaction forces are small. Therefore, . the

workpiece does not require rigid clamping.

Cutting speeds reported by Retcch are as follows:
Material Cutting Speed Achieved

Stalnless Steel 1750 em?2 #/min

Tool Steel 1750 cm?/min
Mild Steel 1750 cm?2/min
Aluminum 5000 cm2/min

NOTE: These speeds are many times faster than any torch cutting

technique.

A test program is in progress at Richland, Washington, under the
direction' of Rockwell Hanford, which will demonstrate arc saw

cutting of metal sections up to 18 inches in thickness.>

Area of cut surface parallel to the plane of the blade.



The arc saw system is considered a prime candidate for use in the
segmenting of activated reactor vessels and vessel internals. The
complex geometries of the internal structures, supports, and flow
distributors pose no problem to initiation or continuance of the
cutting arc. These cuts can be made underwater, which will provide
smooth cuts, less operational noise, high power cutting efficiency
with maximum blade cooling, and good control of the molten
radioactive metals. The thick clad sections of the reactor vessel can
be cut with the arc saw system; however two practical problems are
introduced. First, the wall thickness of a reactor vessel (10 -13
inches) will require a blade diameter of 30 - 40 inches. This poses
certain saw head assembly access problems as well as blade
positioning concerns. Secondly, most reactor vessels will be best
suited for in-air segmenting rather than underwater cutting. This
means that the vessel cuts will generate a great deal of noise and
smoke and will require larger capacity contamination control
envelopes around the reactor cavity with appropriate air supply and
absolute filtration of the effluent. This approach has been
successfully accomplished at the Elk River Reactor. A sketch of

such a contamination control envelope is shown in Figure 6.3

Table 6.4 is a tabulation of the physical characteristics of arc saw

systems developed or proposed by Retech, Inc.

TABLE 6.4
ARC SAW SYSTEM CHARACTERISTICS

Parameters
Saw Head Size, inches 7 12 16
Max Blade Diameter, inches 30 50 72
Max Depth of Cut, inches 9 15 30
Current Capacity, amperes 6,000 15,000 25,000
Operating Voltage Differential, volts 25 25 25
Weight of Head and Motor, pounds 400 1,170 2,729
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FIGURE 6.3
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The power supplies for the Retech arc saw systems have been
manufactured by Kirkhoff of Grand Rapids, Michigan to the
specifications of Retech. Two sizes have been built rated at 5,000
amperes and 10,000 amperes, respectively. Each is available with
primary voltages of 480, 2,400 and 4,160V. Since the largest unit
presently available is rated at 10,000 amperes, applications requiring
large amounts of power have been accommodated by using mUltiple

power supplies connected in parallel.

3. Cost Information

Table 6.5 presents the approximate cost in 1979 dollars of the basic
arc_saw head systems described above. These costs exclude the
_ remote handling and positioning equipment that would be required for

application to a project such as segmenting of an irradiated reactor

*

vessel.
TABLE 6.5
ARC SAW SYSTEM COSTS*
Approximate Cost, 1979 Dollars
Saw Head Size
Component 7 inch 12 inch 16 inch
Individual Blades $ 100 $ 400 $ 1,000
Controller Console 33,000 33,000 33,000
Power Supply 45,000 116,000 187,000
Hydraulic System 33,000 33,000 33,000
Cost of Basic System $111,100 $182,400 $254,000

The operation of the unit requires only a single individual at the
conisole. The field application would probably require a three-man

Obtained from D. Warren, Retech, Inc., July, 1978.
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team, considering operation of the positioning equipment and

handling of the workpiece segments.

Blade wear, at a rate of 2% of the kerf, would equate to a blade cost

of about $0.25 per linear inch of cut of a thick-walled reactor vessel.

This would amount to blade cost of less‘thah‘$5,000 for an entire

large light water reactor vessel segmenting program.

6.3.2 Plasma Arc Cutting

1.  Description of Process

The plasma arc. cutting process is based on the establishment of a

direct-current arc between a tungsten electrode and any conducting

metal. The arc is established in a gas, such as argon, that flows

through a constricting orifice in the torch nozzle to the workpiece.

The constricting effect of

the orifice. on both the gas and the arc

results in very high current densities and high temperatures in the
- stream (10,000 - 21+,OOO°k).l’l Figure 6.4 illustrates the basic
components of a plasma arc torch. Tahle A.6 summarizes the

important operational characteristics of the plasma arc system.

TABLE

6.6

PLASMA ARC SYSTEM OPERATIONAL CHARACTERISTICS

Item

Material Applicability
Material Thickness

Relative Cutting Speed
Material Geometry Limitation

Cutting Environment

Preferred Cutting Environment ;
Major Drawback

Cost

Comment
All conducting metals
Up to 7 inches
Rapid
Space required behind workpiece to accept
flow of molten metal
Underwater or in-air
Either; thicker cufs can be made in-air
Required relief space behind the workpiece
High




FIGURE 6.4

PLASMA ARC TORCH AND COMPONENTS
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The stream or plasma consists of positively charged ions and free
electrons. The plasma is ejected from the torch nozzle at a very high
velocity and, in combination with the arc, melts the contacted
workpiece metal and literally blows the molten metal away. A
typical cut starts at the metal edge and a through cut is made in a
single pass by simply moving the torch at a fixed rate of speed in the
direction of the cut with a fixed nozzle spacing relative to the

workpiece.

The plasma arc process has also been used with a water-injection
option. This technique directs a radial jet of water that impinges on
the plasma stream near Lhe lorch nozzle. The effect of the water jet
is to further constrict the plasma stream, which results in even
higher current densities. The cutting effect is a narrower kerf,
higher quality cut surface, and reduced smoke generation. The
water-injection technique was used in the plasma arc segmenting of
the Elk River Reactor vessel. Vessel internals segmenting was
performed underwater with a resultant reduclion in radioactive

particulates and gases.5

The depth of cut achievable is reported as approximately 7 inches in-
air and 5-1/2 inches underwa‘cer.6 However, Atomics International
reports that 5-1/2 inch carbon steel was satis[actorily cut in-air but
was nol successful underwater./ It is the consensus of the
manufacturers that the depth of cut could be extended with further
development effort. It should be noted that the Elk River Reactor
usage of the plasma arc technique required an improvement in the
state-of-the-art of about a factor of two. The development work
that led to this success was directed by Mr. Robert Blumberg of the
Oak Ridge National Labora Lury.8

A typical plasma arc system requires a direct current power supply of
up to 1000 amps. A schematic of a plasma arc cutting system is
shown in Figure 6.5. An automatic plasma arc cutting system would

include: torch positioning equipment; torch travel system; air,
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FIGURE 6.5
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starting gas, and plasma gas supply systems; pilot arc high frequency
power supply; plasma arc power supply; and associated gas flow, arc,

and mechanical travel controls.

Figure 6.6 shows a schematic representation of a torch assembly unit
in position for segmenting a reactor vessel. Figure 6.7 is a
photograph of the instrument and control panel associated with a
remote automatic operation of a plasma arc torch. These figures all
depict the actual equipment used for disassembly of the Elk River

Reactor vessel.

A typical antomated cutting cycle is comprised of the following

stages:

A. Airflow
When the torch is underwater and inactive, a continuous flow of
filtered air is mainlained through the unit. This airflow
prevents water and/or particulates, e.g., suspended slag, from
entering the nozzle passages and eliminates water-promoted

electrode erosion and nozzle clogging.

B. Preflow
The airflow is replaced with a starting gas mixture, typically
argon and nitrogen. A high frequency generator is energized to

establish a pilot arc and cooling water tlow initiated.

C: Cut Through

The pilot arc ignites, firing the plasma arc. The starting gas
mixture is changed to eliminate the argon, leaving only nitrogen
for the plasma stream. The high frequency generator is de-
energized and the pilot arc is terminated. The workpiece is
maintained at a positive polarity with respect to the electrode.
In this stage, torch travel is maintained at a slow speed in order

to ensure complete penetration of the cut.
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2,

D. Cut
Torch travel speed is increased to the programmed normal

speed and the required cut is made.

E. Cutoff
The torch travel speed is decreased to ensure complete cutoff
as the edge of the workpiece is approached. As the torch
passes the edge of the workpiece, the arc is lost. The power

supply is de-energized and torch travel is stopped.

F.  Postflow
The plasma gas flow is replaced by the starting gas mixture for
a short time. Cooling water flow is then terminated and

filtered air flow introduced to replace the starting gas.

Applications

The plasma arc process is capable of cutting all metals. In-air use
will penetrate thicker sections than underwater. Present state-of-
the-art maximum cutting thicknesses for typical steels, using an

automated system, are as follows:

In Air Underwater
Stainless Steel 6 in. 3.in.
Carbon Steel 7 in. 5= 12 in;

Manual (hand-held) torch operation cannot be used for materials
greater than 1-1/2 inches in thickness due to the reaction force of

the gas flow and plasma jet.
The plasma arc can be used to pierce metals. This means that a cut

does not have to be initiated from the edge of the segment to be cut.

Experience at Elk River indicated that piercing was achievable with a
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nozzle standoff distance from the workpiece of 0.625 inches. This
gap, which is about twice the standoff distance used during cutting,

minimized blowback of the molten metal and extended torch life.9’10

At times during operation of the plasma arc system, a phenomenon
called "double arcing" occurs. This means that an arc is established
between the electrode and the nozzle as well as with the workpiece.
It may be caused by an eccentric electrode, shorting of the nozzle to
the workpiece, or blowback of removed metal particles effecting a

short circuit. Nozzle damage is likely in this condition.

The operating life of the components of a typical torch assembly is as

follows:
nozzle - 30 minutes
retaining unit - 30 minutes
electrode - 3 hiours

Typical cutting speeds for the plasma arc technique applied to carbon
and stainless steels are listed in Table 6.7. They represent a

compilation of numerous industry sources.

The plasma arc process has been demonstrated in the segmenting of
the Elk River Reactor activated vessel internals and reactor vesscl
and in the on-going Sodium Reactor experimental dismantlement
program. The ability of the plasma arc to cut thick sections of a
large light water reactor pressure vessel would have to be
demonstrated by a development program. It is expected that such a
demonstration program could be successfully performed; however,
blowback of the molten metal against the torch may preclude
piercing of the thick sections by the plasma arc process. In this case,

all cuts would have to be initiated from an edge of the workpiece.

Use of the plasma arc for remote cutting of activated or

contaminated components would have to be accomplished within the
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TABLE 6.7

TYPICAL CUTTING SPEEDS FOR THE PLASMA ARC TECHNIQUE

Material Material Cutting - Cutting Speed,
To be Cut Thickness, in. Environment in/min *
Stainless Steel ) 100
l=14/2 Underwater 35
3 6
1/2 75
1=1/2 In-Air 25
3 8
Carbon Steel =112 6
5-1/2 Underwater 3
(extrapolated)
1/2 40
1=i1/:2 In-Air 20
3 6

confines of a contamination control envelope similar to the one

shown in Figure 6.3.

3 Cost Information

The approximate cost in 1979 dollars of the plasma arc cutting
system, capable of cutting three inch thick stainless steel in-air, is
$15,000. A similar system for cutting four inch thick stainless steel
in-air, costs approximately $25,000. Each system includes the torch
assembly, power supply, control console, and cooling water system.
The automation of the plasma arc system would result in much higher
costs associated with torch positioning, cﬁtting speed control and
automatic arc control. In addition, the development program
required to extend the state-of-the-art to accommodate large

reactor vessel sections has been estimated broadly by the authors at

* Cutting speed is the maximum linear travel rate of the torch in the direction of

the cut with complete single-pass penetration of the workpiece.
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one million dollars. This includes the complete hardware, plasma arc
control systems, mount mast, positioning equipment and automatic

drive units for use in an actual large reactor field application.

The operation of an automated system would require only a single
individual at the control console. The field application would
probably require a three man team, considering operation of the

positioning equipment and handling of the workpiece segments.

Gas consumption has been up to 600 ft3/hr for underwater cutting
and about 300 ft®/hr for in-air cutting. Considering the life
expectancy of the torch components, the total consummables cost for
a 40 hour per week underwater cutting program would be

approximately $1600.00. This includes the following:

gas $600.00
electric power 5120.00
electrodes $ 80.00
nozzle tip and nut $800.00

6.3.3 Oxygen Burning

L. Description of Process

Oxygen burning, sometimes referred to as oxyacetylene cutting,
consists of a flowing mixture of a fuel gas and oxygen ignited at the
orifice ot a torch, The fuel gas may be acetylene, Mapp gas,
propane, or hydrogen. A hand-held torch is the general method of
usage ol Lhis process although it is rcadily adaptable to automated
positioning and travel. The cutting tip of the torch consists of a main
oxygen jet orifice surrounded by a ring of preheater jets. The fuel
gas is exothermically oxidized through the preheater jets. When the
metal to be cut reaches approximately 1500° F, the main oxygen jet
is turned on, the heated metal is "burned" away leaving a reasonably
clean cut surface. Figure 6.8 depicts a typical oxygen burning torch

assembly.
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FIGURE 6.8

TYPICAL OXYGEN BURNING TORCH ASSEMBLY
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Oxygen burning refers to the rapid exothermic oxidation of the metal
to be cut. Therefore, only those metals that will undergo this process
can be cut with an oxygen burning torch. In general, these are the
ferrous metals including steel products such as sheet, plate, bar,

piping, forgings, castings and wrought iron products.

An oxygen burning torch is ordinarily unable to cut stainless steel,
aluminum, and other non-ferrous or ferrous/high percent alloy
metals, due to the formation of refractory oxides, (e.g. CrO2 and
Alzoa) with high melting point temperatures. These metals can be
cut if cither the temperature of the torch flame can be increased
dabuve the melting poinl ol Lhe vxides or the oxide formation can be
prevented. An iron powder or an iron/aluminum powder flowing
mixture can be introduced at the torch nozzle and the torch flame
temperature significantly increased. The iron/aluminum powder
results in a higher temperature due to a thermite reaction. The
increased flame temperature will melt the refractory oxides formed
by the oxygen. The powder is introduced either through the oxygen
jet, or by a seperate nozzle feeding into the cutting zone. In addition
to the higher temperatures, the cutting action is assisted by the
increased mass flux in the torch flame. This produces an erosion

effect on the metal facilitating the cutting action.

A chemical flux can also be introduced into the reaction by a powder,
again, either through the oxygen jet or by a separate nozzle. The
flux chemically inhibits the formation of the refractory oxides. In
practice a mixture of both iron and flux powders is generally used for

the best results.

Alloying elements in the steel to be cut will, in general, not effect
the cutting operalion. Precautions that are norinally necessary for
protection of the workpiece, such as precheating high carbon steels,
are not necessary in a dismantling program. Cracks that may be

introduced into the metal in the area of the cut have no significance
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since the metal will either be stored at a waste disposal site or

scrapped.

The selection of a fuel gas for a standard oxygen burhing'is{usually
based on cost of fuel gas, consumption rates, and impact on cutting
speed due to the preheating rate. Although the actual cut is
accomplished by burning the metal with the oxygen jet, a more rapid
preheat will permit a faster cutting speed. The preheating impact is
obviously more irhportant to thick workpieces than to thin.
Acetylene (Csz) produces a flame temperature significantly higher
than the flame temperatures of the other fuel gases.

Applications
The oxygen burning process is quite effective in cutting carbon
steels. Oxyacetylene cutting has been used in production runs for
cuts of material up to 60 inches in thickness. The cutting speed and
oxygen consumption for in-air segmenting of carbon steel is as
follows:
Thickness in Inches
025 05 1 2 4 6 8 10
Manual 16-18 12-14.5 8-12 5-7 4-5 3-4 2.5-3.5 2-3
Speed
(in/min)
Machine 20-26 17-22 14-18 7-9 7-9 5-7 4-6 3-4
Speed
(in/min)

Oxygen 59-90 90-125 130-200 200-300 300-400 400-500 500-600 700-1000
Consumption

(cth)

Far thickness from 12 to 48 inches, cutting speed ranges from ¢ to 2
inches per minu'ce.ll The fuel gas volume usually ranges from 10 to
15% of the oxygen consumption. '
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The application of oxygen burning cutting of metals can be
accomplished underwater using either a fuel gas or an electric arc to
preheat the metal. For safety reasons acetyléne is not used
underwater, except for shallow depths, since it becomes explosively
unstable at pressures greater than 15 psig. Hydrogen is generally

used as the fuel gas underwater.

Oxygen arc underwater cutting is performed with a special hollow,
shielded and insulated electrode. A fully insulated electrode holder
conducts current and oxygen to the electrode. Striking the arc
preheats the metal and the oxygen burning makes the cut as before.
The oxygen-fuel gas method applied underwater requires surrounding’
the torch with an annular bell through which compressed air is forced

to clear the torch and the adjacent workpiece of water.

Underwater cutting is somewhat more difficult to accomplish. The
maximum thickness of metal that can be cut is 3.5 inches. This is due

to the greater heat loss in the water environment.

Principle application of oxygen burning in decommissioning work
would be the general disasscmbly of structural carbon steel members
such as beams, columns, and supports. Since the process is so widely
knowii, skilled workers who can handle the equipment will be readily
available, The cyuipinent is inexpensive to obtain and maintain, and
is quickly and casily set up. If necessary, the oxygen torch can be
mounted on a remotely operated torch positioner and used to cut in
an environment that is too hazardous for direct exposure of workers.
This will, of course, increase the cost and cbmplexity of the

operation.

Cost Information

Lot

The oxygen burning cutting technique is a relatively inexpensive
method. A typical hand-held torch costs approximately $200.00. The

only significant consumables cost is the operating gas since the
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cutting tip life-time is quite long if the jet orifices are cleaned

regularly. Typical gas costs are included in Table 6.8.

The cutting speed of oxygen burning is less than 50 percent of plasma
arc. Therefore, the system would not be recommended for extensive
remote cutting of carbon steels where the consumables cost is small
compared to the cost of the positioning equipment and the cost of the

operating crew required to perform the cutting program.
TABLE 6.8

TYPICAL OXYGEN BURNING GAS COSTS

Cost for 10 Linear Feet of Cut, $

Material Thickness

Inches Fuel Gas Oxygen Total Gas
1 40 1.60 2.00
2 84 3.36 4.20
6 2.97 12.00 14.97
10 7.53 30.38 37.91
30 39.79 160.00 199.79

6.3.4 Thermite Reaction Lance

1.

Description of Process

The thermite reaction lance is an iron pipe packed with a
combination of steel, aluminum and magnesium wires through which a
flow of oxygen gas is maintained. The lance cuts are achieved by a
thermite reaction at the tip of the pipe in which all constituents are
completely consumed. Temperatures at the tip range from 14,0000 F
to 10,000° F depending on the environment (in-air or underwater) and

the ambient conditions of that environment.12

The lance is ignited
in-air by a high temperature source such as oxygen burning torch or
an electric arc. Typical lances are 10-1/2 feet in length and either
3/8 inch or 1/4 inch diameter. Use of the lance is practical only in

manual (hand-held) mode.
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A thermic reaction lance cutting system consists of a lance holder,
lance, oxygen supply, 125 psi gas regulator, and an oxygen hose of no
less than '3/8 inch diameter. The lance operator must also be

provided with complete fireproof protective clothing and faceshield.

' Figure 6.9 depicts a typical thermite lance in use and in closeup.

Applications

The thermite reaction lance is capable of cutting any metal. The
maximum depth of cut is only limited by the ability to keep kerf
clear of the molten metal. Therefore, the geometry of the \S}orkpiece
relative. to the flow path necessary for removal of the molten metal
is the determining factor in technical feasibility of this technique of

metal cutting.

The thermite reaction lance can be used in-air or underwater. The
operational procedure is the same in either environment except that
the lance must always be ignited in-air and the incident angle
relative to an underwater workpiece must be considered in order to
preserve the operator's visibility since large amounts of bubbles form
during the process. The rate for metal cutting has been repourted as
generating approximately a one inch diameter hole at the rate of 12
inches of depth per minute provided the molten metal is free to flow

away from the kerf.l3

Complete consumption of the lance is possible by stopping the oxygen
flow when the torch has burned down to about a two foot length or
longer; removing the pipe from its holder and inserting a new one,
then coupling the old pipe to the new using the device provided with
each lance. This procedure eliminates waste while still assuring
protection to the operator. In the same manner, two or three lances
can be coupled together if the application warrants. Coupling of -
more than three lances is not recommended due to excessive flexure

and difficulty of control.
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FIGURE 6.9

TYPICAL THERMIC REACTION LANCE

THERMIC REACTION LANCE
IN USE
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The thermite reaction lance can be classed as a gross manual cutting
technique. As such, it will have limited use in segmenting highly
activated and contaminated components. However, it is well suited
for cutting irregular surfaces with minimum access. The process also
generates significant smoke, therefore, adequate ventilation must be

provided particularly if a contamination concern is present.

B Cost Information

It is difficult to relate cost data to cutting rates since the
effectiveness of the lance is greatly influenced by the workpiece
geometry., Each lance will burn for approximately six minutes and
consume about 60 cubic feet of oxygen. Typical unit costs associated

with this method are as follows:

Item Cost
Lance Holder $50.00
Lance (10-1/2 ft) $7.00
Oxygen, 100ft3 $6.00

The system only requires a single operator although a particular

application might require a two-man team.

6.3.5 Explosive Cutting *

| Description of Process

Explosive cutting is a method of segmenting metal via the use of an
explosive that is formed in a geometric shape especially designed and
sized to produce thec desired separation of the workpiece. RDX is

normally used as the explosive.

Explosive cutting has been used for underwater cutting of small metallic

appurtences and piping. Process details arc included in Chapter 8.
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2.

Applications

Explosive cutting can be used on any material and is not
configuration limited. This technique was successfully used for
underwater segmenting of a 3/4 inch thick stainless steel, core tank
liner attachment in the reactor vessel of the Sodium Reactor
Experiment. It has been reported that explosive cutters have been
used for materials greater than six inches in thickness and also used
in-air or underwater.lq Obviously, the technique is limjited by the
effect of the blast on mechanical integrity of the surrounding
structures and ability to preclude the uncontrolled spread of
radioactive material. It is envisioned that explosive cutting of
metals will find limited use in a decommissioning program and then

only where other techniques are simply not feasible nor practical.

6.3.6 Laser Cutting

1.

Description of Process

High-power carbon dioxide lasers have been used to cut metals.
Cutting is accomplished by heating the metal to its melting point
then removing the molten metal with an inert gas stream. The
process can only be accomplished in-air since water would
excessively diffuse the laser beam. A high-power laser cutting
system contains relatively large equipment, is operated in a fixed
position, and is effective only on relatively thin metals. As such, the
present state-of-the-art of laser cutting will have little or no use in a

decommissioning program.

Figure 6.10 is a photograph of a high-power (15 kilowatt) CO2 laser
set up for a welding/cutting station. The carbon dioxide laser uses an
inert gas as the lasing medium. A typical gas composition is 78%

helium, 18% nitrogen, and 4% carbon dioxide.
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Applications

A high-power carbon dioxide laser has been used to cut metal up to 2
inches in thickness although the speed is slow and cut quality poor.15

This represents the extent of the state-of-the-art of this technique.

Approximate metal cutting speeds for high-power lasers are included
in Table 6.9.

TABLE 6.9

METAL CUTTING SPEEDS FOR HIGH POWER LASERS

Cutting Speed
Material Thickness in inches inches per minute
Aluminum 0.5 100
Carbon Steel 0.5 ’ 60
, 0.75 20
Stainless Steel - 0.25 . ‘200
0.5 55
1.0 20
2.0 5 2

As previously stated, laser cutting is not a practical method of

~cutting metal for decommissioning applications. The available:

systems are not powerful enough for thick sections and not portable

enough for field use,

Cost Information

The cost of a 12 kilowatt high-power carbon dioxide laser, including
laser generator, power supply and controls capable of cutting one-
inch thick stainless steel, is approximately $600,000.
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6.3.7 Remote Cutting with Power Nibblers and Shears

1. Description of Process

A nibbler is a punch and die cutting tool that normally operates at a
rapid reciprocation rate of the punch against the die, "nibbling" a
small amount of sheet metal workpiece with each stroke. This

process is ideal for cutting intricate shapes and turning corners.

A shear is a two-bladed or two-cutter tool that operates on the same
principle as a conventional pair of scissors. A bladed shear is
primarily used for in-line cutting of sheet metal. A rotary shear is

capable of producing irregular or circular cuts.

2. Applications

Heavy duty power nibblers and shears attached to long support tubes
can be utilized for remotely cutting mild steel and stainless steel
components. Electric nibblers and shears can be used for remote dry
applications with a power take-off. Pneumatic nibblers and shears
can be used for remote wet and dry applications. For wet .
applications the standard nibbler or shear can be adapted with an
exhaust manifold that will permit exhaust of the air away from the
cut. This eliminates air bubbles at the cutter thereby improving
operator visibility. Typical cutter capacities and cutting speeds are
shown in Table 6.10. A typical pneumatic shear arrangement is
shown in Figure 6.11. A typical pneumatic nibbler or shear requites a

90 psig air supply.

During the Elk River dismantling program, the core shroud was
segmenled into shippable sections remotely and underwater by a
sheet metal cutting pneumatic nibbler. The materials of the two-
piece shroud were 3/32-inch stainless stéel and 1/16 inch zircaloy.

Numerous cuts up to five feet in length were made. The operating
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TABLE 6.10

CUTTING CAPACITIES AND SPEEDS

Capacity _ Cutting Speed
Cutter Type Mild Steel Stainless Steel Feet/Min
Heavy Duty 7 gauge 8 gauge 15 to 20
Shear (0.187inch) (0.172 inch)
Heavy Duty 1/4 inch plate 7 gauge 4

Nibbler (0.187inch)

air pressure of the nibbler was increased from the manufacturer's
recommended 50 psig to 90 psig in order to achieve satisfactory
segmenting of the 3/32 inch radiation hardened stainless steel. The
tool chisel lifetime for this operation was 30 linear feet of stainless

steel. 16

A remotely operated underwater pneumatic shear was recently used
for segmenting a 16 guage (0.0625 inch) stainless steel core shroud
for removal from the LaCrosse Boiling Water Reactor pressure
vessel. Louvers on the shroud prevented direct access to the sixteen
shroud held-down bolts. The pneumatic shear was used to make
vertical cuts in the shroud at each side of the louvered panels.
Twenty-four vertical cuts were made in the shroud. Each cut was

17 The shear worked freely when

approximately 17 inches in length.
unobstructed by louvers; however, in areas where there were louvers,
the shear would jam if lower contact were made with the shear anvil.
In areas where the shear was stopped by louvers or cutting became
difficult, the downward force on the shear was increased to complete
the cut. This was successful; however, the increased force caused

the shear blades to loosen.

Cost Information

Heavy duty nibblers or shears cost up to $1,000 each. Remote

operating extensions would add to this cost.
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FIGURE 6.11

TYPICAL PNEUMATIC SHEAR ARRANGEMENT
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7.1

CHAPTER 7

DEMOLITION AND SURFACE DECONTAMINATION
’ OF CONCRETE STRUCTURES

INTRODUCTION

Concrete is universally used in all nuclear facilities such that nearly every
decommissioning program must address itself to either the demolition or surface
decontamination of concrete structures. Certain structures become radioactive
during the operating period of a nuclear facility. 'Direct activation from the
neutron flux leakage of a reactor core will irradiate the concrete -biological
shield and/or certain reactor vessel cavity support structures. Activated
concrete in the region immediately surrounding the core beltline, represents the
most difficult concrete removal activity. This is due to the relatively high
radiation dose and potential for release of radioactive particulates during
demolition. Radioactive fluid leaks may contaminate floor or wall surfaces of a
facility which, because of the porosity of concrete, prove to be resistent to
nondestructive cleaning methods. Although non-radioactive concrete structures
do not represent any unique demolition difficulty, the volume of such concrete
coupled with significant reinforcement represents a difficult dismantling task.

Typically, the biological shield surrounding a reactor vessel, hot cell or other
radioactivity source will consist of massive sections (2 to 10 ft thick) of standard
(140-150 1b/ft3) or high density concrete (magnetite or metal aggregate, 250-325
Ib/ft3). In some cases the biological shield may be heavily reinforced to meet

seismic design criteria.

The reactor basemats or facility foundation footings may also consist of massive
heavily reinforced concrete. Basemats may be as much as 25 feet thick, which

would preclude some of the slower concrete removal methods.

Floors and walls within nuclear facilities. may have become contaminated during

facility operation. If the facility is to be converted to other uses, it may be

v
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7.2

7.3

advantageous to remove the contamination without demolishing the structures,
particularly in the case of thick walls (greater than 2 ft).
This chapter provides guidance on the selection of concrete demolition and
scarifying processes for various concrete types and thicknesses. The following
sections present a tabulation of available processes and detailed information

important to the selection of a method.
PROCESS SELECTION

There are many concrete remaoval techniques that have been adopted from the
conventional demolition industry and successfully applied o nuclear faclllty
decommissioning, with some modification. The selection of a specific process
should be based on the experience learned from the conventional demolition
industry, and applicable experience from actual decommissioning programs.

- Table 7.1 presents a tabulation of procésses that may be used for the various

concrete types and thicknesses. The user may make a preliminary selection of a
process from this table taking note of the major limitations and
recommendations. The detailed information on each process provided in the
following section will aid in selection of the optimum process,

DETAILED DESCRIPTION

The concrete removal processes presented for detailed description in this
chapter include: ‘

1. Controlled Blasting 9. Core Stitch Drilling

2. Wrecking Ball/Slab 10. Explosive Cutting

3. Backhoe Mounted Rams 11. Paving Breaker Power Hammer and
(Hydraulic Ram & Air Ram) Chisel

4. Flame Cutting 12, Drill and Spall

5. Thermic Lance 13. Scarifier

6. Rock Splitter 14. Water Cannon

7. Bristar Demolition Compound  15. Grinding

8. Wall and Floor Sawing

A summary of application characteristics of each process is shown in Table 7.2.



TABLE 7.1

"CONCRETE REMOVAL METHODS - SUMMARY OF APPLICATIONS

Material:

Heavily Reinforced Concrete

Depth or Thickness:

Massive (Biological shields, basemats,
foundations, walls > 2 feet thick)

Process

Controlled Blasting Yes

Wrecking Ball/Slab Yes

Backhoe Mounted Rams Yes
(hydraulic and air

operated)

Flame Cutting Yes
Thermic Lance Yes
Rock Splitter Yes
Bristar Demolition Yes
Compound

Wall and Floor ~No
Sawing

Core Stitch Yes
Drilling

Explosive Cutting Yes
Paving Breaker No
Chipping Hammer No
and Chisel

Feasibility

Limitations

Rebar must be cut after
fracture

Slow. Max drop height is 110
ft; max swing height is 50 ft

Slow

Generates copious quantities
of toxic gas and smoke

Generates moderate gas and
smoke; rock splitter required

Slow. Rebar must be cut
after fracture. Backhoe
required to separate
rubble., May be impractical
on sections > | ft thick

Slow. Requires rebar cutter
and backhoe to separate
rubble

Not suited to this
application

Slow. Requires rock splitter
and rebar cutter

For beams only; not suited
for long slabs

Very slow

Not suited for this
application

Recommended

Yes

No

No

Only where adequate
ventilation is
available

No

Yes, but only
where noise and
vibration must
must be controlled

Yes, suitable where
noise and vibration
must be controlled

No
Only where low
noise/vibration

allowed

Where sawing
is inaccessible

No

No




TABLE 7.1
(Continued)

Material:
Heavy Concrete (Metal or

Magnetite Aggregate Concrete,

Non-reinforced)

Depth or Thickness:
Massive

(Biological shields, < 2 feet thick)

Process Feasibility
Controlled Blasting Yes

Wrecking Ball/Slab Yes

P

Backhoe Mounted Rams Yes
(hydraulic and air

operated)

Flame Cutting Yes
Thermic Lance Yes
Rock Splitter Yes
Bristar Demolition Yes

Compound

Wall & Floor Sawing No

Core Stitch No
Drilling

Explosive Cutting No
Paving Breaker No
Chipping Hammer No
and Chisel

Limitations

Metal aggregate slows
drilling speed

Slow. Max drop height is 110
ft; max swing height is 50 ft

Slow

Generates copious quantities
of toxic gas and smoke

Generates moderate gas and
smoke. Rock splitter required

-Slow. Backhoe required to

separate rubble

Slow. Backhoe required to
separate rubble

Metal aggregate tears
diamonds from saw

Metal aggregate tears
diamonds from core drill

Not suited for this
application

Very slow. Difficult to
achieve penetration

Very slow. Difficult to
achieve penetration

Recommended

Yes

No

No

Only where adequate
ventilation is
available, Metal
aggregate speeds
cutting

No
Yes, suitable where
where noise and
vibration must
be controlled
Yes, suitable where
noise and vibration

must be controlled

No

No

No

No

No




TABLE 7.1
{(Continued)

Material:

Depth or Thickness:

Lightly Reinforced or < 2feet
Non-reinforced Walls and Floors

Process Feasibility Limitations Recommended
Controlled Blasting Yes Costly. Creates flying No

Wrecking Ball/Slab Yes

Backhoe Mounted Rams Yes
(hydraulic and air

operated)
Flame Cutting Yes
Thermic Lance Yes
Rock Splitter Yes
Bristar Demolition Yes
Compound

Wall & Floor Sawing  Yes

Core Stitch Yes
Drilling

Explosive Cutting Yes
Paving Breaker Yes
Chipping Hammer No
and Chisel

missiles
Slow. Max drop height is 110
ft; max swing height is 50 ft

Cannot reach tall structures.
Max reach is 20 ft

Generates copious quantities
of toxic gas and smoke

Generates moderate gas and
smoke. Rock splitter and
rebar cutter required

Rebar cutter required
after fracture

Limited to thickness
> 1 ft

Slow cutting through rebar.
Diamonds are stripped from
blade

Slow. Rock splitter and rebar
cutter required

Suited for cutting concrete
beams

Slow

Very slow

Yes. Suitable
for low structures
and breaking rubble

Yes

Only where adequate
ventilation is
available

No

Yes

Yes, suitable where
noise and vibration
must be controlled

Yes

No

Yes

Yes

No
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TABLE 7.1
(Continued)

Material:
Contaminated Concrete Surfaces

Depth or Thickness:
All Thicknesses

Process Feasibility Limitations Recommended
Controlled Blasting Yes Will be practical only in No
difficult geometries
Wrecking Ball/Slab No = Not suitable for this No
application
Backhoe Mounted Rams Yes Max reach approximately 20 ft Yes
(hydraulic and air
operated)
Flame Cutting Yes Generates radioactive gases No
and smoke
Thermic Lance Yes Generates radioactive gases No
and requires a rock splitter
Rock Splitter Yes Requires two free faces. May No
be impractical for sections
> | ft thick
Bristar Demolition No Unsuitable for thin sections Yes
Compound
Wall & Floor Sawing  Yes Unsuitable for thicknesses Yes. For removal
> 3 feet of an entire wall
or floor section
Core Stitch No Unsuitable for thin sections No
Drilling
Explosive Cutting No Not suited for this No
application
Paving Breaker Yes Slow. Requires worker near Only for low
surface - occupational contamination
exposure surfaces
Chipping Hammer Yes Slow. Potentially high Only for
and Chisel radiation exposure localized low
contamination
surface




TABLE 7.1

(Continued)
Material: : Depth or Thickness:
Contaminated Concrete Surfaces All Thicknesses
Process Feasibility Limitations Recommended
Drill and Spall Yes Leaves roughened surface Yes
Scarifier (Scabbler) Yes Suitable for shallow surface Yes
contamination

Water Cannon Yes Suitable for shallow surface Yes

. contamination
Grinding Yes Slow. Suitable for paint and Yes

thin surface removal
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TABLE 7.2

SUMMARY OF APPLICATIONS AND RELATIVE COSTS

Process

Controlled Blasting

Wrecking Ball

Air and Hydraulic Rams
Flame Cutting

Thermic Lancé

Rock Splitter

Bristar Demolition
Compound

Wall & Floor Sawing
Core Stitch Drilling
Cxplosive Cutting
Paving Breaker
Chipping Hammer & Chisel
Drill & Spall

Scarifier

Water Canhon

Grinding

Application

All Concrete
> 21t

All Concrete
< 3ft

Concrete
<2ft

Concrete
<51t

Concrete
<3ft

Concrete
<12 ft

All Concrete
> 11t

All Concrete
< 3ft

Concrete
220

Concrete
> 2 ft

Concrete
<lft

Concrete
< 3in.

Concrete
<2Zin,
Concrete
<1lin.

Concrete
<2in.

Concrete
<0.25in.

Feasibility

Excellent

Excellent for nonradioactive
concrete. Not recommended
for radioactive concrete.
Good

Fair

Poor

Good

Fair

Good

Poor

Good

Poor

Poor

Excellent

Excellent

Fair

Poor

Relative

Equipment
Cost
High

Low

Low
Low
Low
Low
Low
Low
High
High
I,.nw'
Low
Low
Low
High

Low
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7.3.1

Controlled Blasting

Description of Process

Controlled blasting is ideally suited for demolition of massive or
heavily-reinforced, thick concrete sections. The process consists of
drilling holes in the concrete, loading them with explosives and
detonating using a delayed firing technique. The delayed firing
increases fragmentation and controls the direction of material
movement, Delayed firing also reduces the vibration impact on
adjacent structures. Each borehole fractures radially during the
detonation. The radial fractures in adjacent boreholes form a
fracture plane. The detonation wave separates the fracturedr
surfaces and moves the material towards the structure's free face.
Figure 7.1 illustrates a typical "blasting round" for massive concrete
demolition, and explains the terminology used in designing a blast; for

example, the burden is the distance from the free face.

FIGURE 7.1
BLASTING ROUND

(1) BENCH HEIGHT

(2) FREE FACE

(3) BURDEN

(4) SPACING

(5) POWDER COLUMN

(6) STEMMING

(7) SUBDRILLING

(8) WORKING FLOOR OF CUT
(9) COLLAR
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Table 7.3 summarizes the important operational characteristics of

the controlled blasting technique.

TABLE 7.3

CONTROLLED BLASTING OPERATIONAL CHARACTERISTICS

Item

Material Applicability

Maximum Depth or Thickness
Bulk Removal Rate
Vibration/Shock/Noise

Dust

Missile Generation
Contamination Control
Consumables

Safety (Industrial)

Relative Cost

Comment

Massive concrete; reinforced concrete walls
and floors

Limited by drilling depth only

Rapid

Moderate with controls

Moderate using fog sprays

Must use blasting mat

Controlled with blasting mat and fog spray
Drill bits, explosives, detonators

Requires certified blasting technician

May be high for small volumes of concrete

It should be noted that the guidance provided herein is intended to aid

the user in understanding the controlled blasting technique. Such

information is useful in planning a demolition program, estimating

manpower, schedules and cost, and identifying the major safety

aspects of concrete removal techniques.

CAUTION: Under no ciicumstances should the user embark on a

blasting dernolition brograr’h based only on the information provided

herein. The services of a certified blasting technician should be

retained for the duration of the blasting activities.



Blasthole design is based on a range of geometric relationships from
which blast design can be developed using an incremental powder
loading per borehole. Pages 19-28 of Reference 1 provide the

following standard blasting ratios:

Burden 20 to 40 X diameter of explosive
Hole Depth 1.5 to 4.0 X burden

Subdrilling 0.3 (minimum) X burden
Stemming 0.5 to 1.0 X burden

Spacing 1 to 2 X burden

The burden standard for each job is modified to 20 to 25 for light-
density explosives and to 40 for slurry explosives. The blasting
expert may use these parameters to develop the "powder factor," or
pounds of explosive (of a specific type) per bulk cubic yard removed.
The explosive diameter may be selected on the basis of available
explosive (cartridge type), or on the basis of available drilling

equipment (diameter and length) using bulk or slurry explosives.

Drilling methods for blast hole preparation include percussion air-
operated drills, electric, pneumatic or diesel driven rotary drills or
diamond-core abrasive drills. Percussion drills are the most versatile
" and can economically drill 1-1/4 in. to 2.in. diameter holes over a
wide range of hardness or abrasiveness. Typical percussion drilling
equipment is capable of drilling a 6 foot deep hole in 3-1/2 minutes.
Rotary drills are much larger in diameter (6 in. to 9 in.) and are best
suited for light concrete without reinforcing rods. Diamond-core
abrasive bits are more expensive than percussion drills but bit life is
longer. When cutting through reinforcing rod, abrasive drilling is

slower and diamond loss is common.

Various types of explosives are available for use in demolition
applications. The selection of the best type of explosive requires an
evaluation of the properties of the explosive and of the concrete
itself. A blasting expert.is qualified to select the best explosive for

the purpose. The major types of explosives are listed in Table 7.#.1’2
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TABLE 7.4

TYPES OF EXPLOSIVES FOR USE IN CONCRETE REMOVAL

PETN (Pentaerytritol Tetranitrate)

This explosive is used in the form of detonating cord. It is primarily
used during the blasting of boreholes up to 5 m (16 ft) in depth. In
addition, it has proven to be effective for surface spalling that
requires the removal of very small burdens of about 200 mm (8 in)
from exposed surfaces.

85% High Velocity Gelatin Dynamite

This explosive is primarily used in shallow holes ranging in depth from
0.45 m (18 in.) to 1.5 m (5 ft) and as a partial loading in some holes
when a concentration of cnergy is needed jn a particiilar area.
Breakage is excellent, however, the explosive does produce a crushed
zone around the borehole, thus generating a larger amount of dust
than the PETN.

Cast TNT (High Detonation Pressure Primers)

This explosive is used where a high degree of fragmentation is desired
with less of a heaving effect than with the conventional dynamite.

Binary Energy System (Liquid Explosives)

This explosive is mixed onsite arid when not mixed it is not classed as
an explosive in most states. It is used in place of Cast TNT during
the spalling of surface contamination and to make shaped charges
that can be used to punch holes in high density concrete.

Water Gel Explosives

A water gel explosive containing a large amount of aluminum is used
as a partial replacement for the 85% dynamite. It has exhibited good
shattering characteristics and produced larger rubble than any of the
other explosives. Its primary use is in areas of little or no reinforcing
rods where larger size rubble is desired.

Others

High strength ammonia dynamite is less powerful and has a lower
velocity than the foregomg exploswes.




‘When blasting massive concrete sections with multiple charges,

delayed detonation is used to direct the muckpile (rubble) and
improve fragmentation. The first row of charges directs the burden
perpendicular to the borehole plane. Subsequen't burden plane
charges would direct movement towards the vertical as shown in
Figure 7.2 unless delayed sufficiently to allow forward movement of
preceding burdens. A delay period of approximately one millisecond-
per-foot of burden provides sufficient time for free face movement,
and allows subsequent burdens to fragment perpendicular to the

boreholes.

FIGURE 7.2

SIMULTANEOUS NON-DELAYED DETONATION

POSSIBLE FLY ROCK
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Vibration levels during blasts may be estimated by the formula:

V = 160 (R/W'2)" 16

Where:
V = Peak particle velocity of ground motion in ips
R = Distance between explosion and recording sites in feet
W = Maximum pounds-per-delay-period of eight milliseconds

or more

Allowahle values for the peak particle vclocity of ground inutiun fut

normal confinement and héavy confinement are shown in Figure 7.3.2

~ Table 7.5 provides approximate qualitative damage levels from blasts

as a function of peak particle velocity ground motion near structure.2
Blasting noise levels and effects on structures may be estimated from
the methods given in Reference 2 using Table 7.6 and Figure 7.4

herein.

Applications

Controlled blasting is the concrete demolition method recommended
for all concrete greater than twu feet in thickness provided noise and
shock in adjacent occupied areas are not limiting. The process is well
suited to heavily-reinforced concrete demolition because with proper
selection of the blast parameters a high degree of fragmentation may
be achieved. The exposed reinforcing bar may then be cut with an-

oxyacetylene torch or bolt cutter.

The Elk River Reactor dismantling program used controlled blasting
to demolish the eight-foot thick steel-reinforced radloactive
biological shield. A blasting mat (composed of automobile tire
sidewalls tied together) was placed over the blast area. Continuous
fog sprays of water were used before, during and aftcr thc blast to

hold down dust. Alternatively, a spray mixture of water and 5%-by-
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FIGURE 7.3
PEAK PARTICLE VELOCITY AS A FUNCTION OF SCALED DISTANCE
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TABLE 7.5
- APPROXIMATE DAMAGE LEVELS
FROM GROUND VIBRATION NEAR STRUCTURES

Peak Particle Velocity
inches/sec Nature of Damage

Fall of rocks in unlined tunnels
50% probability of major plaster damage
50% probability of minor plaster damage
- 3.3 Threshold of damage from close-in blasting
Safe blasting criterion for residential
structures recommended by U.S. Bureau of Mines

NN W N—
oerald
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TABLE 7.6

AIR BLAST EFFECT AT MEASUREMENT LOCATION

Overpressure

dBL psi

181 3.0
171 1.0
161 0.3 - -
151 0.1

141 0.03
131 0.01

Nature of Effect

Conventional structures severely damaged
Most windows break

Some windows break
Some large plate glass windows may break

USBM interim limit of allowable air blast = 136 dBL

FIGURE 7.4

PEAK OVERPRESSURE AS A FUNCTION OF SCALED DISTANCE
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weight sodium silicate (water glass) may be used for dust control as
was used in the demolition of the Pratt-Whitney Hot Cell, Lockheed-
Georgia Radiation Effects Laboratory and NL Industries Laboratory.3

Typical concrete removal rates are shown in Table 7.7

TABLE 7.7

CONCRETE REMOVAL RATES USING CONTROLLED BLASTING

¥* %

Concrete Type Removal Rate yd?/day Reference

1. Massive Reinforced Standard 100-400 ' 4

‘Concrete (Non-Radioactive)

2. Massive Non-reinforced 250 5
Standard Concrete
(Non-radioactive)

3. Massive Reinforced Standard “h-6 *
Concrete (Radioactive) 100 **
4. Lightly Reinforced Standard 200 5

Concrete (Non-radioactive)

5. Non-reinforced High Density 6-8* : )

Concrete (Radioactive)

6. Lightly Reinforced Standard 6-8% 6

Concrete (Radioactive)

Actual removal rates including inefficiency due to personnel and area
contamination control and radiation work area control.

Higher removal rate possible if adequate space is available to use large capacity
loading and hauling equipment.
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The wide range of concrete removal rates shown in Table 7.7 is
strongly dependent on the work area conditions. Removal of
radioactive concrete requires allowance for additional time to suit up
with anti-contamination coveralls, boots, gloves, headgear and
filtered facemasks (with appropriate time to de-suit for breaks and
meals). The exposed face of concrete must be surveyed for radiation
dose levels and sampled for radioactive isotopic identification. In
many cases the radioactive concrete is contained in difficult
geometric configurations. If access for blast hole drilling equipment
is limited, high-speed track mounted drills may not be used
necessitating the use of slower hand-held drills. Fog sprays must be
used to hold down radioactive dust levels, The broken muckpile must
be loaded into containers for burial in controlled burial facilities.
These special considerations can severely limit the rate of

radioactive concrete removal.

According to demolition experts, given adequate access for
heavy-duty, state-of-the-art drilling and hauling equipment, much
higher removal rates are possible than were achieved at Elk River.
Mr. Mark Loizeaux of Controlled Demolition, Inc.4 maintains that
heavily-reinforced radioactive concrete can be removed at a rate of
up to 100 yds3/day with the use of proper equipment and removal
techniques. While non.-r,adioact.ive heavily reinforced concrete can be
removed at rates of between 100 and 400 yds®/day. Mr. Loizeaux
reports having removed lightly reinforced non-radioactive concrete
at rates of upA to 1000 yds®/day. These impressive rates include the
drilling, loading, shooting, rebar cutting and loading the muckpile into

hauling equipment.

Cost Information

Table 7.8 presents the approximate unit costs in 1980 dollars for
controlled blasting. The unit cost includes crew cost, materials
(explosives and dust control measures) and subcontractor overhead

and proﬁf. Shipping and disposal are not included. The range of the

7-18



costs shown in Table 7.8 reflect the difficulties associated with each
type of concrete and the inefficiency of crew-labor working in a
radioactive environment. A typical blasting crew consists of the

blasting expert, six laborers, one iron worker and one equipment

operator.

TABLE 7.8
CONCRETE REMOVAL COSTS USING CONTROLLED BLASTING

Concrete Type Removal Cost, $/yd?® * Reference

1. Massive Non-reinforced Standard 15
Concrete {Non-radioactive)

2. Massive Reinforced Standard ) 110 4
Concrete (Non-radioactive)

3. Massive Reinforced Standard 430 6
Concrete (Radioactive)

4. Lightly Reinforced Standard 40 4
Concrete (Non-radioactive)

5. Non-reinforced High Density 40 4
Concrete (Radioactive) :

6. Lightly Reinforced Standard 215 6

Concrete (Radioactive)

* Escalated to 1980 dollars at the rate of 7% per year.

4

7.3.2 Wrecking Ball or Wrecking Slab

1. Description of Process

The wrecking ball is typically used for demolition on non-reinforced
or lightly reinforced concrete structures less than 3 feet in thickness.
The equipment consists of a 2-to-5 ton ball or flat slab suspended
from a crane boom. The ball may be used in either of two techniques
to demolish structures. The preferred method is to raise the ball
with a crane 10-to-20 feet above the structure and release the cable

brake allowing the ball to drop onto the target surface. The
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maximum height of structure is limited to about 100 feet. A 5-ton

“ball would require a 200 ton crane for the maximum height.7 This

method develops good fragmentation of the structure with maximum
control of the ball after impact. The second method is to swing the
ball into the structure using a suck line for recovery after impact.
The maximum height of structure is limited to about 50 feet because
of the crane instability during the swing and after impact. The latter
method is hot recommended because the target area is more difficult
to hit and the ball may ricochet off the target and damage adjacent
structures while putting side loads on the crane boom. The flat slab
may only be used in the vertical drop mode, but offers Lthe advantage
of being able to shear theéugh sleel reinlorcing rods as weti as

concrete,

Applications

The wrecking ball or slab is recommended for non-radioactive
concrete structures less than 3 feet in thickness. It would be
virtually impossible to control the release of radioactive dust during
demolition due to the access needed for the crane to drop or swing
the ball. The containment (or confinement) barrier would have to be
breached to allow for access and there would be no method to filter
the dust-laden air after impact. For non-radioactive structures, the
wrecking ball is an effective method and provides good fragmentation

to expose reinforcing rods.

A wrecking ball was used in dismantling the Elk River Reactor
containment building cylinder and dome after the outer insulation and
steel shell were removed, and after all radioactive material had been
removed from within thc structure. Photographs of the Elk River
demnolitlon by wrecking ball are shown In Figure 7.5. The
containment building integrity was maintained until all radioactive
material had been removed from within the structure and shipped

off-site, A statistical sampling program was used to survey the
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remaining internal structures for detectable reactor-originated
radioactivity (DROR), as shown in the photos by the pock-marked

interior of the containment walls, before breaching containment.

Typical concrete removal rates with a wrecking ball are shown in
Table 7.9, exclusive of loading or disposal.

TABLE 7.9

CONCRETE REMOVAL RATES USING A WRECKING BALL

Concrete Type Removal Rate, yd®/day Reference
Lightly Reinforced Standard 40 7
Concrete
Non-reinforced Standard 50 7
Concrete
Concrete Block Structures 60 7
Heavily Reinforced Not Recommended 7

Standard Concrete

3.

Cost Information

Table 7.10 presents the approximate unit cost in 1980 dollars for
wrecking ball demolition.  The unit cost includes crew cost,
equipment rental and subcontractor overhead and profit. The range
in costs reflect the accessibility to move large equipment to the
muckpile for loading and hauling. Shipping and disposal are not

included in these costs.

A typical wrecking ball crew consists of the crane operator, one

crane oiler, two laborers and a toreman.

/7.3.3 Dackhoe Mounted Rams

Description of Process

Backhoe mounted rams are used for concrete structures less than 2
feet thick with light reinforcement. The method is ideally suited for
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TABLE 7.10

CONCRETE REMOVAL COSTS USING A WRECKING BALL

Concrete Type Removal Cost, $/yd? Reference
Lightly Reinforced 20 5
Standard Concrete 40 8
Non-reinforced 13 5)
Standard Concrete 27 8
Concrete Block 10 5
Structures
Heavily Reinforced 110 8

Standard Concrete

2.

low noise, low vibration demolition and for interior demolition in
confined areas. The equipment consists of an air- or hydraulic-
operated impact ram with a moil or chisel point mounted on a
backhoe arm. The ram starts impacting as soon as there is resistance
to the point and stops when breakthrough occurs or when the ram
head is lifted. The ram delivers about 600 blows per minute at up to
2000 ft-1b of energy per blow, depending on the size of the ram head.
A backhoe mounted ram is shown in Figure 7.6. Many sizes of air and
hydraulic rams are available from several suppliers. Table 7.11
summarizes the typical sizes and impact capacity of ram heads. With
the ram head mounted on a backhoe, the operator has approximately
a 20 to 25 foot reach, and the ability to position the ram in limited

access structures.

Applications

The ram is recommended for applications with limited access for
heavy equipment such as a wrecking ball, and where blasting is not
permitted. The air rams need to be modified to direct air exhaust
away from the work area to prevent the spread of dust (nuisance and
radioactive dust). The hydraulic ram recycles the hydraulic fluid, so

no modification is necessary.
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TABLE 7.11

RAM IMPACT TOOL - SIZE AND CAPACITY

Unit Type Air Ram Air Ram Air Ram Hydraulic Ram
Unit Weight, 485 830 1,640 1,280

Ibs

Moil Point diam, 2-1/2 3-1/2 5-1/4 4

in

Blows/Minute 600 600 600 500-600
Energy/Blow, 500 1,000 2,000 500

ft lbs

Air Compressor 150 250 600

Size, cfm

Hydraulic = Sl e 1,800 psi @
System 18 gpm
Removal Rate Not 20 Not Not
yd?®/day (Non- available Available available
reinforced

Concrete)

Dust and contamination control is maintained with water fog sprays

before and during breaking activities.

The air ram was successfully used for light concrete demolition at
the Sodium Reactor Experiment (SRE) in Santa Suzanna, California.9
However, at Elk River a hydraulic ram proved to be too slow in
demonstration tests for use on the massive, heavily reinforced
biological shield. The ram was replaced with the more favorable

controlled explosive demolition.

Cost Information

The approximate unit cost in 1980 dollars for backhoe-mounted ram
breaking of concrete is $43/yd3.10 The unit cost includes crew cost,

equipment rental and subcontractor overhead and profit. Shipping
and disposal are not included in the costs.
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A typical crew consists of the ramhoe operafor, one laborer and a

foreman.

7.3.4 Flame Cutting

1.

2.

Description of Process

Flame cutting of concrete consists of a thermite reaction process
whereby a powdered mixture of iron and aluminum oxidizes in a pure
oxygen jet. The temperatures in the jet are approximately l6,000° F,
which causes rapid decomposition of the concrete in contact with the
jet. The mass flow rate through the flame cutting nozzle clears away
the decomposed concrete, leaving a clean kerf. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>