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Internationa! Conference on Decontamination of Nuclear Facilities
Speaker's Biography

Dr. Richard P. Allen
Batte!1e-Northwest
P.O. Box 999
Richland, WA
99352

*

Dr. Allen received his Ph.D. degree in Metallurgical Engineering
from the University of Washington and has been with Batte!leNorthwest at Hanford since 1965. He has conducted basic research
on phase transformations in plutonium and was instrumental in
developing high-rate sputter-deposition techniques for the
preparation of unique amorphous alloys and high-performance rareearth-coba'lt permanent magnet materials. Since 1975, he has been
involved in the development and demonstration of improved decontamination and decommissioning technology for the U.S. Department
of Energy and commercial nuclear industry sponsors. Some of the
new technologies developed as part of this work include electropolishing techniques capable of completely decontaminating metallic
surfaces, vibratory finishing methods for the decontamination of
large volumes of metallic and nonmetallic materials, prepolishing
techniques for metallic surfaces to minimize contamination pickup
and facilitate subsequent decontamination, and improved methods
for the sectioning of contaminated equipment and components. Dr.
Allen has authored numerous reports and publications dealing with
decontamination and decommissioning technology, and presently serves
as the U.S. technical contact for TRU decontamination technology
exchange activities with the United Kingdom and the Federal Republic
of Germany.
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Dr. O.U. Anders
The Dow Chemical Company
1604 Building
Midland, MI 48640

BS. Chemistry
MS. Chemistry
Ph.D. in Physios Chemistry
Fellow ANS

- Georgetown University 1952
- University of Michigan 1954
- University of Michigan 1957
- 1981

The Dow Chemical Company, Midland, Michigan, 1957 to present
Dow TRIGA Reactor Supervisor - 1967-82
Associate Scientist
- 1963-78
Research Scientist
- 1978-present
Areas of scientific interest are: Neutron activation analysis,
nuclear reaction cross sections, nuclear decontamination, radioactive w< ste solidification, leaching of radioactive waste forms,
nuclear reactor technology.
Activities:
Advisory Board of Analytical Chemistry
ANS Isotopes and Radiation Division Chairman Task Force: Nuclear Decontamination and
L.L. Waste Chairman
Editor Advisory Board: J. of Radioanalytical
Chemistry
ANS Admissions Committee
NRC/NAS Subcommittee on Nuclear and Radiochemistry
-
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H. W. Arrowsmith
Quadrex Corporation
Decontamination, Decommissioning & Waste Management.
2952 George Washington Way
Richland, Washington 99352

Bud Arrowsmith is one of the leading experts in applying
decontamination technology in the nuclear industry. M r .
Arrowsmith was a principal investigator for the electrolytic decontamination program carried out at BattelieNorthwest under the sponsorship of the Department of
Energy. This program developed and demonstrated decontamination techniques for the reduction of radioactive waste
volumes, and it provided research and engineering information for developing large-scale commercial facilities.
Mr. Arrowsmith left Battelle to form the Richland
Services Division of Quadrex Corporation. This Division
provides decontamination and decommissioning services to
the nuclear industry using many of the techniques
developed at Battelle. As Manager of the Richland
Services Division, M r . Arrowsmith has developed a service
organization that performs decontamination and
decommissioning projects in the U.S., Europe, and Japan.
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Jan Arvesen
STUDSVIK ENERGITEKNIK AB
S-611 62 NYKÖPING
SWEDEN

Since 1961 I have been employed as a research
engineer in the Reactor Chemistry Department of
Studsvik Energiteknik AB (formerly Atomenergi A B ) .
Since 1972 I have worked as a project leader on
R&D projects within the field of BWR and PWR decontamination for the same company.
In 1950 I graduated from the Stockholm Institute
of Technology after studying Chemical Engineering.
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KIYOSHI ASAHINA
KOBE STEEL, LTD.
NO. 5 ENGINEERING DEP.
TEKKQ BLDG.
1-8-2 MARUNOUCHI, CHIYODA-KU
TOKYO, JAPAN

Date of Birth

:

Oct. 8th 1943

March 1968

:

Graduated from Osaka University,
Faculty of Technology, Master of
Mechanical Engineering.

April 1.968

:

Entered Kobe Steel, L t d . , and engaged
in designing of nuclear f a c i l i t i e s and
equipments.

Bio-5

International Conference on Decontamination of Nuclear Facilities
Speaker's Biography

Dr. E.C. Baumgartner
Departamento Quimica de Reactores
Comision Nacional de Energia Atomica
Avda. del Libertador 8250
1429 Buenos Aires
Argentina

Erwin c. Baumgartner received his Ph.D. degree in 1966 at the
University of Buenos Aires, for his work in thermodynamic and
transport properties of polyelectrolyte solutions.

In following

years he continued to pursue research in this and related fields
in several Universities, including the University of Maryland
and Brandeis University.

He is now affiliated to the Reactor

Chemistry .Department of the Argentine Atomic Energy Commission,
and is currently working in the area of decontamination in PWRs,
a subject which he also pursued at Chalk River Nuclear
tories (AËCL) for almost one year.
has also been

Labora-

In the past, E. Baumgartner

actively involved in the teaching of Physical

Chemistry at undergraduate and graduate levels.
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Mr, T.A. Beaman
London Nuclear Limited
4056 Dorchester Road
P.O. Box 1025
Niagara Falls, Ontario
L2G 3P5

Tom Beaman is Supervisor of Systems and Equipment for
London Nuclear, responsible to the Manager, Operations
and Development for the selection and design of process
systems used by the company for nuclear decontaminations, chemical cleaning operations, waste management and disposal programs, and for radiation dose
monitoring and control procedures.
Since 1979 he has been responsible for supervising BWR
decontamination projects at Vermont Yankee, Brunswick
Units 1 and 2, Nine Mile Point Unit 1, and Peach
Bottom Unit 2.

Bio-7

International Conference on Decontamination of Nuclear Facilities
Speaker's Biography

Dr. Ronald R. Bellamy
U.S. Nuclear Regulatory Commission
Three Mile Island Program Office
P.O. Box 311

Middletown, PA 17057

Ronald R. Bellamy holds the B.S. degree in chemical engineering from
Lehigh University and the M.S. and Ph.D degrees in nuclear engineering
from Ohio State University. He joined the U.S. Nuclear Regulatory
Commission (then Atomic Energy Commission) in 1973 as a radwaste/
nuclear engineer in the Office of Nuclear Reactor Regulation, with
responsibility for the evaluation of effluent treatment systems for
radioactive wastes from nuclear power reactors. Presently, Dr. Bellamy
is Chief of the Technical Support Section.for the NRC at Three Mile
Island. He has responsibility for the review of the technical regulatory aspects of the cleanup at TMI Unit.2, plus the restart of Unit 1.
Included in this responsibility is the review of the proposed decontamination techniques for TMI Unit 2, review and approval of the
operating procedures, on-site followup of.the decontamination activities
and review of the decontamination effectiveness.
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Paul R. Bengel
1134 W. Outer Drive
Oak Ridge, TN 37830

Mr. Bengel is Bechtel's Decontamination Superintendent for the Three
Mile Island Unit 2 (TMI-2) project. He has primary responsibility
for performance of all decontamination work required for recovery
of the TMI-2 Reactor Containment Building and the contents thereof.
His responsibility is focused on project definition, organization
and control functions relevant to the decontamination work. This
includes management and direction of the Bechtel and sub-contractor
supervisors and lead engineering staff who define work plans, train
technicians, and perform the decontamination operations. He approves
all work plans that impact decontamination activities, and he concurs
with work sequences and schedules for performance of these activities.
Previously, Mr. Bengel was Westinghouse's Radiological Controls
Manager at the Naval Reactors Facility in Idaho Falls, Idaho where
he also held successive managerial positions at the SSG Prototype
Reactor Plant as Maintenance Manager and Operations Manager.
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Dr. M.A. Blesa
Departamento Quimica de Reactores
Comision Nacional de Energia Atomica
Avda. del Libertador 8250
1429 Buenos Aires
Argentina

Miguel A. Blesa received his Ph.D. in Chemistry in 1967, at the
University of La'Plata (Argentina) for his work in chemical kinetics of gaseous perfluorinated compounds.

In 1970 he was a post-

doctoral fellow at the Department of Chemistry, Stanford University,
where he worked with Professor H. Taube in the kinetics and
mechanisms of substitution and redox. reactions of complex ions
in solution.

He is at present Head of the Chemical Control

Division of the Reactor Chemistry Department (Comision Nacional
de Energia Atomica, Argentina) where his work is directed to
research, development and servicing in the area of chemical
problems of nuclear power plants, with special emphasis in
decontamination methods.

He also teaches Inorganic and

Physical Chemistry at the University of Buenos Aires, and
supervises several graduate students in their Ph.D. work
in areas of his expertise.

Bio-10

International Conference on Decontamination of Nuclear Facilities
Speaker's Biography

Catherine J. Card
Battelle Pacific Northwest
Laboratory
P.O. Box 999
Richland, WA 99352

Ms. Card is a research scientist at Battelle Pacific Northwest
Laboratory. She holds a Master's Degree in Health Physics from
Georgia Institute of Technology. Ms. Card's recent work has been
concentrated in the areas of dose assessment for proposed methods
of handling Hanford defense waste and light water reactor decontamination. She has contributed to studies for the NRC and DOE
concerning dilute decontamination criteria, steam generator decontamination methods, decontamination as a precursor to decommissioning,
and criteria for decontamination for plant maintenance and
decommissioning. She is presently involved in an E.P.R.I. study
of the past, decontamination methods used on light water reactor
systems contaminated by accident fission products and fuel debris
and the applicability of the chemical decontamination methods to the
primary system at Three Mile Island, Unit 2.
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Robert L. Clark
Battelle-Northwest
P.O. Box 999
Richland, WA 99352

Robert L. Clark obtained a B.A. in chemistry from Reed College in
1979 and is pursuing an M.S. in chemical engineering at the
University of Washington on a part-time basis. Ke joined Battelle
Northwest as a scientist In 1979 and has worked on projects
involving materials performance and characterization. Since 1980
his work has focused on the development of decontamination reagents
for PWRs and the characterization of primary side deposits on PWR
artifacts. His current Interests include high temperature aqueous
corrosion, decontamination, recontamination, radwaste processing,
and waste management. He is a member of NACE, ACS, and AIChE.
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Gerald C W Comley C Chem, FRSC
Room 31, Building D61
AEE Winfrith
Dorchester
Dorset
DT2 8DH

Gerry Comley is a Fellow of the Hoyal Society of Chemistry of Great
Britain.
After qualifying in Chemistry at the Bristol (UK) College
of - Technology he obtained early experience as an Analyst and subsequently as a Power Plant Chemist within the UK"s Electricity Supply
Industry (CEGB).
After being responsible for the chemistry aspects of commissioning
two new generating stations from 1955 to 1958 he moved to the UKAEA's
new establishment at Winfrith.
Here he developed many of the sites'
Chemistry Services as experimental nuclear facilities expanded at
AEE Winfrith.
From 1966 to 1968 he was seconded to AECL at the Chalk River Nuclear
Laboratories.
Here he was responsible for the UKAEA's programme
relating to neutral and ammoniated coolants for water cooled pressure
tube reactors. On returning to the UK he v/as immediately involved
with chemistry and chemical engineering problems at the newly
commissioned WSGHWR.
Since that time he has been concerned with the
interpretation of chemistry and related data from WSGHWR which in
the mid-1970's included the design of the Commercial SGHWR.
He is
currently Senior Chemist at WSGHWR but maintains a broad interest in
the technology of power plants specifically questions relating to the
chemistry of water cooled reactors.
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Raphael S. Daniels
15740 Shady Grove Road
Gaithersburg, MD 20877

Ray Daniels is employed by Bechtel National, Inc. as Project Engineer
for Waste Management Planning for decontamination and recovery operations at Three Mile Island. He directs staff at the TMI site in the
preparation of planning for all waste management aspects of the recovery including decontamination of structures, e.-jipment, systems
and recovery.

Prior to joining Bechtel in early 1981 he was employed by NUS Corporation beginning in 1962 as a senior executive consultant managing
teams of specialists solving complex environmental impact analyses.
Most recently, he was project manager for an NRC study updating the
environmental effects of the uranium fuel cycle with emphasis on the
front end of the fuel cycle. His activities included numerous waste
management studies for utility and government clients.
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Thomas F. Demmitt
Bechtel National, Inc.
P.O. Box 350
Oak Ridge, TN 37830
USA

Tom Demmitt is Manager, Decontamination and Radwaste Technology for
Bechtel National, Inc. He assigns staff for decontamination and radwaste work on Bechtel projects at many locations including the TMI-2
reactor site. He reviews their work to ensure it uses state-of-the-art
methods and equipment and is appropriate for job needs. He verifies
that work plans and performance promote worker safety and achieve
effective and efficient results consistent with ALARA requirements.
More than 80 persons now work on decontamination and radwaste activities
for which Mr. Demmitt has functional responsibility.
Mr. Demmitt has BS' and MS degrees in Chemical Engineering from the
University of Washington and is a licensed professional engineer. He
is certified as a Corrosion Specialist by the NACE.
Prior to joining Bechtel in 1980, Tom was Vice President arid
Technical Director of a company providing decontamination, chemical
cleaning, radwaste management, and exposure control services to the
nuclear industry. His early career was devoted to developing and
applying chemical decontamination processes for naval, commercial, and
research reactors; and with improving coolant technology and materials
performance for them.
Tom has contributed to 4 books on decontamination, coolant technology
and corrosion. His publications and presentationsnumber over 100. He
is Chairman of the Technical Advisory Group for the Agesta Decontamination Project commissioned by the Nuclear Energy Agency of the OECD to
demonstrate full-scale chemical decontamination processes in the 4 RCS
loops of the Agesta PWR in Sweden.
Mr. Demmitt's business travels have included Canada, the UK, France,
Germany, Sweden, Switzerland, Japan, and the Republic of China. He and
his wife, Kathy, enjoy this aspect of his work immensely;" and they value
highly their mpny friends and colleagues everywhere.
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Mr. H. Dieckamp
General Public utilities
100 Interpace Parkway
Parsippany, NJ 07054

Herman Dieckamp is an engineer who has spent his entire business
career in the energy field. He is president, chief operating
officer, and a director of General Public Utilities. He is also
president, chief operating officer, and a director of GPU Service
Corporation and GPU's three operating companies: Jersey Central
Power and Light Company, Metropolitan Edison Company, and
Pennsylvania Electric Company. He is chairman and chief executive
offier of GPU 1 s sibsidiary for nuclear operations.
Mr. Dieckamp joined Atomics International immediately following
his graduation from the University of Illinois in 1950 with a
degree in engineering physics. He directed AI's nuclear engineering
programs on development of the sodium-cooled fast breeder reactor
and other projects, including development of the only nuclear
reactor to operate in space.
In 1970 he was elected president of Atomics Internationa. He
joined GPU in 1973 and was elected to his present positions
with GPU and its subsidiaries in 1974.
Mr. Dieckamp has been widely active in various energy-related
business organizations. He has been a member of the Research
Advisory Committee of the Electric Power Research Institute,
the Liquid Metal Fast Breeder Reactor Utility Committee of
EPRI, and the Supply/Delivery Panel of the National Research
Council's Committee on Nuclear and Alternative Energy Systems.
He is a past director of the Atomic Industrial Forum and was
chairman of the AIF's Study Group on Options for a Proliferation
Resistant Breeder Fuel Cycle.
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David E. Fowler, P.E.
Vice President, Engineering
Health Physics Systems, Inc.
2700 N.W. 74th Place
Gainesville, FL 32606

Mr. Fowler is a chemical engineer and a registered professional
engineer with over twelve (12) years of engineering design and
management experience. Presently, Mr. Fowler is Vice-President
of Engineering for Health Physics Systems, I n c . , a wholly owned
subsidiary of Quadrex Corporation. As a co-founder of Health
Physics Systems, Inc., he has directed the company's engineering
and research efforts since 1979 and has led the development of
Freon® decontamination systems which have become the company's
trademark. Prior to joining Health Physics Systems, Inc., Mr.
Fowler served as a project manager and design engineer for
CH2M-HÜ1, Inc.
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Robert S. Frazier
19555 Fairweather St.
Canyon Country, CA 91351

Mr. Frazier is a Member of the Technical Staff, Research and Engineering Dept., Atomics International Division, Energy Systems
Group. He has been with the company for 23 years. Mr. Frazier
attended Pierce College, Canoga Park, CA.
He was the responsible engineer on the EBR-I fuel decladding program
and is presently the lead engineer on the SEFOR fuel decladding
program.
He was the lead engineer for the decontamination and disposition for
for several buildings located on the Rockwell International Santa
Susana Field test site where he was responsible for developing the
detailed working procedures which included decontamination by foam
application.
Mr. Frazier developed the conceptual approach to remote decontamination by foam application of the Advanced Size Reduction Facility
(ASRF) at Rocky Flats.
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David L, Giefer
Bechtel National, Inc.
P.O. Box 72
Middletown, PA 17057

Mr. Giefer has a Master of Science Degree in nuclear
engineering from Kansas State University. He is a registered
professional chemical engineer as well as a registered professional
mechanical engineer. He has worked as the lead decontamination
planning engineer at Three Mile Island for the last two years.
Previous work has been directed towards engineering design of
numerous nuclear and chemical processing facilities. He has
worked with the Bechtel group of companies for eight years.
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James V. (Vince) Gilbert
1331 E. Caracas Avenue
Hershey, PA 17033

Vince G i l b e r t , employed by Bechtel Northern Corporation, i s a Nuclear
Engineer assigned to the Containment Access Group at Three Mile Island,
Unit 2.

He i s responsible for planning implementation of the Contain-

ment Entry Program and has been in t h i s capacity since the program
began in October 1980.

Duties include:

work package writing, radio-

logical review, training and direction of work from the Command Center.
His previous work experience includes:
Navy Nuclear Power Program.

Test Engineering and the U.S.

On the U.S.S. Whale (SSN-638), he held

positions as Reactor Controls Officer, E l e c t r i c a l Officer, Damage
Control Officer, Refueling Officer and Assistant Engineer.
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G. A. Halseth
1514 Birch Avenue
Richland, WA 99352

Mr. Halseth Is a former Manager of Industrial Health, Safety, and
Fire Protection at Battelle Northwest Laboratory. He retired May, 1981.
He ts currently a consultant to Battelle Northwest Laboratory.
Mr. Halseth has devoted 33 years to the nuclear industry. He spent
16 years in all facets of nuclear material separation, including weapons production. He followed construction and start-up operations on
nine multi-million dollar projects. These include major nuclear separation plants and reactors. His responsibilities have been to review
and evaluate the safety, operability and maintainability consideration
associated with design, construction and operation of these facilities.
He has made or directed engineering analysis and safety assessment of
design and operating characteristics of systems and components associated with these facilities. Mr. Halseth has also performed analysis
and evaluation of operational practices and requirements with reference
to chemical reactions, fission product removal and manpower.
Mr. Halseth devoted 6 years to design operation and audit functions
in Test Reactors. During this period he was director of the decontamination efforts on three separate occasions in the Plutonium Recycle
Test Reactor. He was also assigned to the original operating group of
the Fast Flux Test Reactor.
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James M. Harris
Rockwell International
8900 DeSoto Ave.
Canoga Park, CA 91304
Mail Sta.: 731/150 T055

Mr. Harris is the project engineer for decontamination and
decommissioning at Rockwell International's Energy System Group.
He has the responsibility for coordinating and monitoring D&D
activities and ensuring support for these programs. He was both
project engineer and site manager for the dismantlement of the
Diamond Ordnance Radiation Facility in Silver Spring, Maryland
and for the decontamination and dismantlement of the Cold Water
Test Assembly and fuel storage vaults at the Knolls Atomic Power
Laboratory. Previously to that, he was the manager of the
Radioactive Materials Disposal Facility responsible for the
decontamination, packaging, storage, and disposal of solid and
liquid radioactive waste. The foam process for application of
decontamination agents was developed, tested, and put to practical
use on these D&D type programs.
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KAZUHARU HATTORI
Heavy Apparatus Engineering Lab.
Toshiba Corporation
2-4, Suehiro-cho, Tsurumi-ku
Yokohama, 230, JAPAN

Kazuharu Hattori (BS, 1968, and MS, 1970, metallurgical
engineering, Nagoya Institute of Technology) is a engineering
staff in Metals Engineering Group, Heavy Apparatus Engineering
Laboratory,

Toshiba Corporation.

Since 1974, he has been working

mainly on the study of stress corrosion cracking of austenitic
stainless steels. His current interests are in SCC modeling of
Ni-base alloys.
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Hideo HIRANO
Central Research Institute of
Electric Power Industry,
Komae City, Tokyo 201, Japan

Hideo HIRANO is research engineer at Central Research Institute
of Electric Power Industry.

He received a M. Eng. in 1975 from Tohoku

University.
His current research activities are as follows:
(1) Stress corrosion cracking of Inconel X-750 alloy in high temperature water.
(2) The effect of boric acid and lithium hydroxide on the stress
corrosion cracking of Type 30U stainless steel in high temperature
water.
(3) The analysis of oxide films of Type 3C-U stainless steel and nickel
base alloys formed in high temperature water.
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Glenn R. Hoenes
Battelle, Pacific Northwest
Laboratory
P. 0. Box 999
Richland, WA 99352

Mr. Hoenes has been the Associate Section Manager of Dosimetry Technology since 1980. He contributes to and supervises others working on
a variety of projects in health physics.
Mr. Hoenes1 recent work has been in the area of occupational and environmental dose assessment. He has contributed to studies assessing
the impact of facility design and operation on occupational radiation
exposure, developed computer codes for calculating radiation doses,
and contributed to environmental assessments and impact statements.
During the past few years, Mr. Hoenes has been working primarily on
projects related to decontamination and decommissioning and to steam
generator repair and replacement.
Decontamination and Decommissioning. Mr. Hoenes has been task leader
for occupational exposure and safety for studies assessing the impact
of decontamination and decommissioning for the Nuclear Regulatory
Commission and the Department of Energy. Some of these studies
include: Decontamination as a Precursor to Decommissioning; The
Impact of Decontamination on LWR Radioactive Waste Treatment Systems;
Technology, Safety and Cost of Decommissioning Reference Nuclear
Facilities; and a Radiological Guide for Decommissioning DOE facilities.
Radiological Assessment of Steam Generator Maintenance. Mr. Hoenes
was project manager for two studies assessing the radiological impact
of replacing steam generators in operating power reactors. These
studies investigated the total occupational exposures involved in the
repair effort, the ability to maintain occupational exposures ALARA
and the radiological impact from steam generator maintenance,
including decontamination, removal, storage and waste disposal.
Mr. Hoenes is currently task leader for health physics on the PNL
Steam Generator Tube Integrity Program.
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Kenneth J. Hofstetter
GPU Nuclear Corporation
P.O. Box 480
Middletown, PA 17057

"Ken" is the Supervisor of Radiochemical Engineering
for GPU Nuclear at TMI-2. It is his responsibility
to provide technical support to radwaste processing
and radiochemical analysis efforts for Unit #2
recovery operations.
Before joining GPU Nuclear, Ken worked as a nuclear
scientist in fuel reprocessing and as a professor. He
has authored more than 50 technical papers published
in the scientific literature and has made numerous
oral presentations at scientific meetings and to
non-technical organizations.
He was graduated from Augustana College with an A.B.
Degree in Chemistry, from Purdue University with a
Ph.D. in Nuclear Chemistry and did post-graduate work
at Texas A&M.
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Hugh Hondorp
Bechtel National, Inc.
P.O. Box 72
MiddXetown, PA 17057

Mr. Hondorp is the lead planning engineer for systems
decontamination at Three Mile Island. Prior to his assignment
to TMI, he spent three years at the Princeton Plasma Physics
Laboratory as a visiting research scientist, working on the
Tokamak Fusion Test Reactor. Married, with two children, he
enjoys designing and building solar heated structures and
raising German Shepards.
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YOSHIHISA IMAI
Nuclear Energy Division
Toyo Engineering Corporation
Kasumigaseki Bldg. 2-5, 3-chôme,
Kasumigaseki, Chiyoda-ku, Tokyo,
Japan

Yoshihisa Imai (BS. mechanical engineering,Keio Gijuku
University, 1959) is presently, manager of Nuclear
Quality Assurance Dept. Toyo Engineering Corporation.
He has worked as a project coordinator in the fields of
conceptional design, exposure and cost evaluation in the
reactor system decontamination program of Tokyo Electric
Power Co. Inc., sinca 1976.
He is mainly responsible for quality assurance program
for design and construction of nuclear facilities,
otherhands he worked as a coordinator in some nuclear
reserch and devlopment programs.

Bio-28

Internationa! Conference on Decontamination of Nuclear Facilities
Speaker's Biography

Kenkichi Ishigure
Dep. of Nuclear Engineering
Faculty of Engineering
Univ. of Tokyo
3-1, Hongo 7-chome,Bunkyo-ku
Tokyo, Japan

Kenkichi Ishigure (BS, 1962, and PhD, 1967, Applied
chemistry, university of Tokyo, Tokyo,Japan ) is an associate professor in the Department of Nuclear Engineering
of the University of Tokyo,
His current research i n t e r ests include water chemistry of nuclear reactors, radioactive waste management, decommissioning of nuclear reactors,
radiation effects on materials and industrial applications
of radiation.
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HIDEOMI ISHII
Overseas Reprocessing
Committee
5-1 Uchisaivai-cho, 1-chorae
Chiyoda-ku, Tokyo, Japan

HideoiRi Ishii (BS, mechanical engineering,
Chiba Institute of Technology, 1961) is currently
invalved with the vaste management from reprocessing
in Overseas Reprocessing Committee. He carried out
research and development work on BWR water chemistry
and reactor system decontamination at the Nuclear
Power Research and Development Institute of
Tokyo Electric Power Company Inc.
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Dr. A.B. Johnson, Jr.
Battelie-Northwest
P.O. Box 999
Richland, WA 99352

Dr. A.B. (Burt) Johnson, Jr. was awarded a PhD 1n Fuel Technology
from the University of Utah In 1958; then served in the U.S. A1r
Force for three years in basic research (1958-61). He joined the
General Electric Co. at Hanford in 1961 and studied corrosion of
aluminum and zirconium alloys under simulated nuclear reactor
conditions. In 1965, he transferred to Battelle Northwest and
studied effects of nuclear radiation on the aqueous corrosion of
several metals including Inconel, stainless steel, titanium, but
with principal emphasis on zirconium alloys. He also investigated
in-reactor failure mechanisms for Z1rcaloy-clad fuel. He has
performed assessments and Investigations of^corrosion, stress
corrosion, and decontamination of reactor coolant system materials.
Since 1977, he has been Involved 1n spent fuel storage technology.
He taught physical chemistry at the University of Dayton (1960-61),
was attached to the staff at the University of Wisconsin, (1973)
and teaches nuclear materials courses at the Richland Joint Center
for Graduate Study. He is chairman of the National Program
Committee for MACE (1982/83) and 1s a member of ANS and ASTM. He
has authored approximately 100 reports and publications, including
approximately 20 which deal with spent fuel storage.
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AKIRA KIKUCHI
Isogo Engineering Center
Toshiba Corporation
8 Shin-sugita cho, Isogo-ku
Yokohama 235, JAPAN

Akira Kikuchi (BS, mechanical engineering, Tokyo University,
1971) i s a deputy manager of chemical system engineering
section, Nuclear Energy Group, Toshiba Corporation.
Since he joined Toshiba in 1971, he has worked as a system
design engineer in the f i e l d s of water p u r i f i c a t i o n systems
and radioactive waste treatment systens of BWR p l a n t s .
His main works are development of decontamination technology
and planning of decontamination.
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Hiroaki KÖYAMA
Central Research Institute of
Electric Power Industry,
Komae City, Tokyo 201, JAPAN

Hiroaki KÖYAMA is presently the Director of the Energy
& Environment Laboratory at CRI EPI. He is a graduate of
the Tokyo Institute of Technology where he received his B.A.
in engineering in 1952, and Ph.D. in engineering in 1962.
He has been employed at CRIEPI since April, 1953 where he
served as the chiefs of the following Sections, for the Analytical Chemistry Section & Material Chemistry Section,
from April 1967 to March 1971, and the Radiochemistry Section, from April 1971 to March 1975; Manager of Reactor
Chemistry Department from April 1975 to March 1979; Deputy
Director of Energy & Environment Laboratory from April 1979
to May 1981.
He was the Visiting Research Scientist of Japan Atomic
Energy Research Institute from August 1959 to July 1961.
From March 1964 to May 1965, he was a Visiting Associate
Research Scientist at New York University.
Dr. Koyama's research experiences are as follows:
(1) Discriminative determination of stack gas by using gas
tracer.
(2) Radiochemical management of reactor coolant system in
light water reactor.
(3) Water chemistry on radioactivity accumulation in reactor coolant system.
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John P. Krasznai Ph.D.
Decontamination Section
Central Nuclear Services
Ontario Hydro
700 University Avenue
Toronto, Ontario M5G 1X6

- Born:

April 6, 1949, in Budapest, Hungary

- Moved to London, England in 1958
- Married with two children
- BSC Combined Honours Degree in Chemistry and Physics
from Exeter University in June 1970
- Ph.D. in Inorganic Chemistry from McMaster University,
Hamilton, Ontario, 1975
- September 1975 to March 1979: Assistant Technical
Supervisor in Process Chemistry Section of Central
Nuclear Services
- March 1979 to September 1980: Attached to the
Mechanical Section of Pickering NGS Technical Unit
- October 1980: Promoted to Technical Supervisor in the
Decontamination Section of Central Nuclear Services
- March 1981 to January 1982: Attached to the Mechanical
Section of Pickering NGS Technical Unit managing the
Decontamination Project
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Hideo KUSANAGI
Central Reserch Institute of
Electric Power Industry,
Komae City, Tokyo 201, Japan

Hideo KUSANAGI is research engineer at Central Research Institute
of Electric Power Industry.

He received a B. Eng. in 1973 from Waseda

University in Applied Physics and a M. Sei. in 1975 from Tokyo University in Physics.
Mr. Kusanagi's major research activities are directed to the
following areas :
(1) Correlation between grain "boundary segregation of impurities and
hydrogen assisted cracking in alloy steels.
(2) Surface damage in the first wall of fusion reactor.
(3) SCC sensitivity of austenitic stainless steels in high temperature
boric acid solution.
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David W. Leigh
Bechtel National, Inc.
P. 0. Box 72 _
Middletown,-PA 17057

Mr. Leigh is Bechtel's Project Engineer For Decontamination of
the Three Mile Island Unit 2 (TMI-2) Project.
His responsibility is focused on Data Acquisition and Technical
Planning for Decontamination of the TMI-2 Reactor Building, Auxiliary and Fuel Handling Building which includes, also, the internal
decontamination of the reactor systems residing within these
buildings. This includes management and direction of Bechtel
technical planners, data acquisition engineers and analysts.
Previously, Mr. Leigh was manager of Decommissioning Services
for Catalytic, Inc. -where-he was-responsible for_ business development and management of decommissioning projects. Prior to his
tenure with Catalytic, Mr. Leigh was responsible,for decommissioning
for unrestricted use several licensed facilities owned by NL
Industries, Inc. While at NL, he also managed the Wilmington
Fabrication Plant with Driraary responsibilitv for design, licensing,
and construction of the NL 10-24 rail and 1/2 Lwt spent fuel casks.
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J.E. LeSurf
London Nuclear Limited
4056 Dorchester Road
Niagara Falls, Ontario
L2E 6V9

Eric LcSurf is currently the Manager, Operations and
Development for the London Nuclear organization

(London

Nuclear Limited in Niagara Falls, Ontario, and London
Nuclear Services, Inc. in Niagara Falls, New York).
He was formerly employed for many years by Atomic
Energy of Canada Limited at their Chalk River Nuclear
Laboratories.

He was directly involved with the

development of the CAN-DECON™ regenerative dilute
chemical decontamination process, and many other
studies on activity transport, radiation field growth,
and chemical cleaning of steam generators.

He has

approximately 50 publications dealing with many aspects
of corrosion, water chemistry, and radiation exposure
control.
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D.H. LISTER,
CHALK RIVER NUCLEAR LABORATORIES,
ATOMIC ENERGY OF CANADA
RESEARCH COMPANY,
CHALK RIVER, ONTARIO.
KOJ 1J0

Derek. Lister joined the Chalk River Nuclear Laboratories of Atomic
Energy of Canada Limited in 1969 with a B.Sc. and M.Sc. in Chemical
Engineering from Manchester University, a Ph.D. in Physical Chemistry
from Leicester University, and several years' experience in the
British nuclear program working on heat transfer and pressure drop
problems of U/magnox fuel elements in gas coolants.
At Chalk River his main research interests have been in the field of
corrosion product transport in water-cooled systems; a topic on which
he has published many articles and made many presentations.
He now heads the Chemistry Section in the System Materials Branch and
is responsible for research programs in the chemistry of primary and
secondary coolants, mass transport in coolants, heat exchanger and
boiler cleaning, and decontamination.
He is a Chartered Engineer (M.I. Chem. E.) from the U.K., a member of
the Chemical Institute of Canada, and a member of the British Nuclear
Energy Society.
He serves on the Steam Generator Systems Chemistry
and Contamination/Decontamination Task Groups of the Utility
Subcommittee of the A.S.M.E. Research Committee on Water in Thermal
Power Systems.
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Ronnie Lo
U.S. Nuclear Regulatory Commission
AR-5031
Washington, DC 20555

Ronnie Lo has a BS in Applied Math/Engineering Physics, a MS in
Nuclear Engineering from the Univ. of Wisconsin and a Ph.D. in
Nuclear Engineering from the Univ. of I l l i n o i s . From 1972 to
1977 he worked for United Engineers and Constructors and Stone
and Webster Corp. where he was the supervisor of i t s Radiation
Protection Group. Dr. Lo joined the US NRC in 1977. Following
the TMI-2 accident, Dr. Lo has been a Senior Nuclear Engineer
in the TMI Program Office, which is an office functioning
exclusively on regulatory aspects of the cleanup e f f o r t . Dr. Lo
is the co-author of "NRC Plan for the Cleanup Operations at
TMI-2," NRC NUREG-0698.
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Dr. A.J.G. Maroto
Departamento Quimica de Reactores
Comision Nacional de Energia Atomica
Avda. del Libertador 8250
1429 Buenos Aires
Argentina

Alberto J.G. Maroto received his Ph.D. degree at the University
of Buenos Aires, in 1967 for his work in physical chemistry of
colloidal dispersions.

This was the subject of his subsequent

work, including a post-doctoral fellowship at the van't Hoff
Laboratory of Physical Chemistry at the University of Utrecht,
Netherland (Professor J.Th.G. Overbeek Laboratories).

Presently

he is Head of the Reactor Chemistry Department of the Argentine Atomic
Energy Commission, an institution to which he has been affiliated
for more than fifteen years.

He supervises the work related

to every aspect of research, development and servicing in chemical
problems of nuclear plants, and is engaged personally in the
research projects which involve aspects of colloid and surface
science.

In the past, he has also taught Physical Chemistry

at the University of Buenos Aires.
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Robert C. Mason
Bechtel National, Inc.
P.O. Box 35Q
Oak Ridge, TN 37830

Mr. Mason is a senior engineer assigned to the Decontamination
and Restoration Department. He has been involved in the decontamination, training and evaluation of Three Mile Island Unit 2
decontamination activity. Prior to his assignment with Bechtel,
he spent fifteen years in the organization that operated and
maintained the U.S. Atomic Energy Detection System as; Director
of Operations, Inspector General and as a staff officer. He is
married and lives in Oak Ridge, Tennessee.
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James T. McVey
Health Physicist
Health Physics Systems, Inc.
2700 N.W. 74th Place
Gainesville, FL 32606

Mr. McVey has over ten years of health physics experience and
training in the various radiological fields including medical, indust r i a l , research and nuclear power.
After receiving his graduate degree in Radiation Biophysics at
the University of Florida in 1972, Mr. McVey conducted radiotracer
studies to evaluate orthopaedic bio-glass prosthetic implants. This
U.S. Army funded research involved experimental surgical implantation,
tissue culture evaluation and electron microscopic autoradiographic
evaluations. He elected to u t i l i z e and expand his capacities in the
medical areas and from 1973-1976 became involved in many aspects of
nuclear medicine, diagnostic radiology and radiation oncology. Program and f a c i l i t y design, equipment training, calibration and design,
quality assurance, licensing and personnel assistance were performed.
In 1977 he assumed the responsibility of Health Physicist/
Radiation Safety Officer for the FDA's National Center for
Toxicological Research. He was recognized for his expertise in
nuclear, toxic and hazardous materials handling. He developed and
implemented research a c t i v i t i e s , waste and transportation programs,
quality assurance systems and designed custom equipment and instrumentation while at NCTR.
Mr. McVey joined Health Physics Systems, Inc. in 1980 to develop
and expand the health physics programs. He is responsible for a l l
theoretical and applied health physics involving licensing, transportation, personnel dosimetry (ALARA), quality assurance, and i n s t r u mentation. Radioactive decontamination equipment and technologies
along with waste processing for volume reduction have received considerable attention from Mr. McVey for development and application
throughout the various radiological fields.
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James R. Miller
18521 Dearborn St. #301
Northridge, CA 91324

Mr. Miller has been a Member of the Technical Staff at the Energy
Systems Group of Rockwell International, Inc. for 20 years. Prior
to that he was with the Aircraft Department of the General Electric
Co.
Mr. Miller is a graduate of the University of Cincinnati and the
International School of Nuclear Science and Engineering at Argonne
National Laboratory.
He has worked in many areas in the nuclear field, including materials
development, fuel irradiation testing, process development and fuel
fabrication, and decontamination techniques. He has applied the
foam cleaning technique for decontamination to several facilities,
including the SRE, the Rockwell Hot Laboratory Cell 3 cleaning,
and the cleaning of glove boxes at the Nuclear Materials
Development Facility.
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KUNIO MIYAMARU
Tokyo Electric Power Company Inc.
No.1-3,1-chôme, Uchisaiwai-cho
Chiyoda-ku, Tokyo, Japan

Kunio Mlyamaru (BS, applied chemistry, Hokkaido
University, 1974) is a senior engineer at the Nuclear
Power Research and Development Institute of Tokyo
Electric Power Company Inc. His current, research
activities Include BWR water chemistry and reactor
system decontamination technology.
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HIDETAKA MI2UN0
Nuclear Energy Division
Toyo Engineering Corporation
Kasumigaseki Bldg. 2 - 5 , 3-chôme,
Kasumigaseki, Chiyo3a-ku, Tokyo,
Japan

Hidetaka Mizuno (BS, 1971, and MS, 1973, chemical
engineering, Osaka University) i s an engineer with
Nuclear Development Department, Nuclear Energy Division,
Toyo Engineering Corporation.
He has been involved in the reactor system decontamination
program of Tokyo Electric Power Company Inc. since 1978.
His present interests include design, analysis and
evaluation of decontamination technologies.
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Linda F. Munson
Senior Research Scientist
Pacific Northwest Laboratory
P.O. Box 999
Richland, WA 99352

509-375-6838

Mrs. Munson, a chemist and health physicist, is technical leader of
Battelle's Exposure Control Technology Group. She has extensive
experience i n project and l i n e management, industrial safety,
industrial hygiene, f i r e protection, and environmental engineering.
Her responsibilities have included nuclear f a c i l i t y site selection,
design review, licensing, radiation protection, environmental cont r o l , effluent treatment, and decommissioning. She has applied
this experience to work i n : uranium mines, uranium m i l l s , fuel
fabrication plants, nuclear fuel scrap recovery operations, nuclear
reactors, and fuel reprocessing plants.
Prior to joining Battelle, Mrs. Munson worked for UNC Nuclear
Industries at the N-reactor. As manager of Industrial Safety, she
directed the company's Industrial Safety, Industrial Hygiene and
Fire Protection Programs and staff.. Prior to that, as a senior
environmental engineer in UNC's consulting business, she managed a
study of decommissioning alternatives for the West Valley New York
fuel reprocessing plant, and contributed to environmental reports,
license applications and reclaimation plans for uranium mills and
mines.
She is presently contributing to NRC-sponsored studies on reactor
decontamination for restorative purposes and as a precursor to
decommissioning. Her work deals with safety, radiation exposure
and licencing issues. She is also contributing to an EPRI sponsored study of post accident decontamination for TMI-2.
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HIROYUKI NAGAO
Isogo Engineering Center
Toshiba Corporation,
8 Shin-sugita cho, Isogo-ku
Yokohama 235, JAPAN

Hiroyuki Nagao (BS, 1960, chemistry, Kyoto University, Japan)
is currently engineering manager of Applied Metallurgy and
Chemistry Department, Nuclear Energy Group, Toshiba Corporation.
He joined Toshiba in 1980, and his responsibilities include
technical evaluations of BWR water chemistry.

Prior to that,

he worked at NAIG Nuclear Research Laboratory since 1960,
where he worked in the fields of nuclear chemistry and offgas
treatment for nuclear power station.
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MALCOLM E. PICK
CEGB
BERKELEY NUCLEAR LABORATORIES
BERKELEY
GLOUCESTERSHIRE
GL13 9PB
UK

Malcolm Pick is a research officer with the CEGB in the
Circuit Studies Section of the Plant Chemistry Branch at Berkeley
Nuclear Laboratories. He joined Berkeley from Birmingham University
in 1973. At Birmingham he obtained a 1st class honours degree in
Chemistry in 1970 and was awarded a University Research Scholarship.
Ris PhD work involved studies of the interactions between herbicides
and soil clay minerals. His early work at Berkeley was also of an
environmental nature in the Health Physics Section. He was
responsible for the installation of 35s monitoring equipment at
Hinkley Point 'B1 AGR and the early assessment of the behaviour of
35s both in the reactor and surrounding environment. More recently,
he has been concerned with water reactors with particular emphasis on
decontamination. He has been pursuing the development of improved
oxidative procedures and has developed the nitric acid-permanganate
(NP) treatment which has been incorporated into the POD process for
PWR decontamination. Generally, his technical interests lie in
physical and analytical chemistry. He is the author of more than
30 papers and reports. Outside work, he is keen on squash, tennis
and recently marathon running, achieving a respectable time in the
1982 London event. He is 32 years old and is married with one son.
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W, Nevyn Rankin
E.I. du Pont de Nemours and Co.
Savannah River Laboratory
Aiken, South Carolina 29808
United States of America

The author received a Bachelor of Science degree in Metallurgical Engineering from North Carolina State University in 1960.
He has been associated with the Savannah River Laboratory since
graduation.
He has worked with the development of technology to
solidify Savannah River Plant liquid, high-level radioactive waste
since 1974. His contributions include: 1) recommendation of
melter and canister materials; 2) investigation of long-term
compatibility between canister alloys, waste glass, and candidate
repository environments; 3) canister decontamination; and 4)
service life evaluation of experimental waste glass melters. He is
currently investigating refractory and electrode corrosion in waste
glass melters.
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Dr. John F. Remark
Quadrex Corporation
1700 Dell Avenue
Campbell, CA 95008

Dr. John F. Remark is currently a Senior Staff Consultant and Manager
of the Decontamination, Decommissioning, and Waste Technology Development Section at Quadrex Corporation. He holds a Bachelors of Science
in Chemistry Degree from Regis College in Denver, Colorado and a Ph.D.
in Inorganic/Analytical Chemistry from The University of Kansas.
Dr. Remark's employment history includes positions with Battelle
Pacific Northwest Laboratories and Babcock and Wilcox Lynchburg
Research Center. At both of these laboratories, Dr. Remark was involved in decontamination research and development as well as programs
involved in nuclear power plant water chemistry. Dr. Remark was the
Battelle Pacific Northwest Laboratory Program Manager until August
1977 for the Electric Power Research Institute sponsored program on
low concentration chemical decontamination for PWRs and BWRs. While
at Babcock and Wilcox he was assigned to Three Mile Island for six
months as a member^f the Waste Management Group. Dr .^Remark authored
a report titled "Plant Decontamination Methods Review" which reviews
nuclear power plant decontamination experience through 1978.
Dr. Remark's current duties at Quadrex Corporation include responsibilities in the areas of radioactive waste volume reduction, solidification, packaging, and disposal. He also works with the decontamination group in the development of new and novel decontamination
technology. He has numerous publications in the area of plant chemistry and decontamination. Dr. Remark is currently a member of the
American Nuclear Society and the National Association of Corrosion
Engineers.
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Jon M. Rodabaugh
P.O. Box 72
Middletown, PA

17057

Jon Rodabaiïgh, employed by Bechtel National, Inc., is an Engineering
Specialist assigned to the Waste Management Planning Group at Three
Mile Island Unit 2.

He is working with the Waste Management Project

Engineer to develop the overall plan for handling and processing the
radioactive waste generated by the recovery operation.

Prior to joining the Bechtel organization, he held engineering positions with the General Electric Knolls Atomic Power Laboratory, and
the Westinghouse Advanced Energy Systems Division working on a variety
of projects including reactor servicing and the long term storage
of spent fuel.

His educational experience includes a BS and a MS in mechanical
engineering from the Pennsylvania State University and Union College,
respectively.
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CAMILLO

RONCHETTI

CISE - P.O. Box 12081, Milan(Italy)
(02)/2133251

He started his activity at CISE in 1959 in the radiochemical field.
Re was then concerned with activities on water chemistry and material
corrosion in nuclear and conventional power plants. Of particular
interest were the studies on water, ammonia and boric acid solution
radiolysis (at different temperatures and pressures); on zircaloy
frettina-corrosion; on carbon steel and stainless steel corrosion in
piping; on nickel superalloys corrosion in steam generators; on copper
alloys corrosion in steam condensers; on-contamination and decontamination processes of primary reactor loops.
He also contributed to the effort of applying electrochemical methodologies to corrosion studyand in-situ monitoring. He is at present
a member of the CISE Research Direction and Responsible for the
Electrochemical and Corrosion Section.
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Erhard Schenker
Swiss Federal Institute for
Reactor Research,
CH-5303 Würenlingen

Born in 1936, I received a diploma for Chemistry in 1959
from the Technical College Burgdorf. In my first engagement with the Reaktor AG, the precursor of the Swiss
Federal Institute for Reactor Research, I was involved
with the chemical cleaning and the corrosion behaviour of
reactor materials. After activities in the field of
Uranium oxide and Carbide technology I started work on the
decontamination of the DIORIT (a swiss heavy water research reactor) in 1969. In 1973 I started with a project
to develop decontamination procedures for the turbine
of the HHT-project (HHT is a nuclear power station with
a high-temperature reactor and high power Helium turbine).
At present, I am head of a group concerned with the
development of decontamination methods for light water
reactors.
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James Sejvar
Westinghouse Electric Corp.
Nuclear Service Division
R&D Center - Bldg, 701
P.O. Box 2728
Pittsburgh, PA 15230

J. Sejv?.r (BS, engineering physics, South Dakota State
University, 1965) is a senior engineer at the Westinghouse
Electric Corporation, Nuclear Service Division. His
nuclear experience has been in the areas of radiation
analysis, shielding design and most recently in the
maintenance of operating nuclear plants. His current
interests are in the radiological and personnel exposure
aspects of commercial nuclear"plant maintenance,
inspection and repair a c t i v i t i e s . He has published
several articles on radiation measurements at operating
pressurized water reactor (PWR) plants.
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KAZUYUKI SEKI
KOBE STEEL, LTD.
NO. 5 ENGINEERING DEP,
TEKKO BLDG.
1-8-2 MARUNQUCHI, CHIYODA-KU
TOKYO, JAPAN

Date of Birth

:

Dec. 3rd 1947

March 1971

:

Graduated from Kobe University,
Faculty of Chemical Engineering.

April 1.971

Entered Kobe Steel, L t d . , and engaged
in designing of nuclear f a c i l i t i e s and
equipments.
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Robert A. Shaw
Electric Power Research Institute
P.O. Box 10412
Palo Alto, CA 94303

Bob Shaw is a Senior Program Manager in the Nuclear Engineering and
Operations Department at EPRI. He manages the Chemistry, Radiation & Monitoring Program which includes radiation monitoring and
control, reactor coolant and secondary coolant chemistry, low-level
waste processing, occupation radiation exposure dose reduction,
and techniques of plant monitoring and diagnostics.
Bob has been at EPRI since 1975. Previous to that he was with
Clarkson College of Technology's Chemical Engineering Department and
General Electric's Nuclear Energy Division. Bob has degrees from
Penn State', .Stanford and Cornel 1.
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Anthony Paul Simpson
General Manager, Nuclear Eng.
KUE Engineering Ltd.
Canal Road

Bradford BDI 4SH
Yorkshire, England

Age:
24 years.
Education: Studied Mechanical Engineering at Hull (To BSc).
Work Experience: Joined KUE Engineering in 1979 in order to expand
over-seas anti-corrosion work in Petro-chemical and refining f i e l d s ,
specifically in the Middle-East.
Assumed responsibility for British Nuclear operations and expanded
into decontamination, including decontamination and refurbishment of
irradiated fuel storage ponds, gas circulator components and pond
items such as fuel storage skips, etc.
Experience .of most British nuclear sites, as well as having travelled
extensively in Canada and the United States and the Middle-East.
Member of the NACE/ I Corr STJ/V sub-corn on Development of Water
Blasting Systems.
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Jeremy L, Smee
London Nuclear Limited
4056 Dorchester Road
Niagara Falls, Ontario
L2E 6V9

Jerry Smee is Supervisor of Chemistry and Processes with
London Nuclear Limited, Niagara Falls, Ontario. He has
been with London Nuclear since the company's formation
in 1977. Prior to joining London Nuclear he was a
Research Officer with Atomic Energy of Canada Limited
for 14 years.
While with AECL he participated in the development of
the CAN-DECON™ process and its initial applications to
CANDU reactors. Over the last few years he has been
involved with R&D programs to modify CAN-DECON™ for
use in BWRs and PWRs. He is responsible for the scientific aspects of application of the process to these
types of reactors. He has been directly involved in
many field applications of CAN-DECON™ to BWR sub-systems
and components.
Jerry Smee received a B.Sc. (Honours) in chemistry from
the University of British Columbia in 1963.
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Dr. Bernard J. Snyder
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

Since April, 1980, Director, Three Mile Island Program
Office, U.S. Nuclear Regulatory Commission responsible
for regulatory oversight and approval of all activities
associated with the cleanup from the accident at. TMI-2.
Previously Assistant Director for Policy Review at
U.S. Atomic Energy Commission involved in management
of a number of reactor development programs, including
Assistant Manager of the Fast Flux Text Facility.
From 1958-62 was on the technical staff of the Naval
Reactors organization under Admiral Rickover.
are:

Degrees

Ph.D. in Nuclear Engineering from the University

of Michigan, Masters and Bachelors in Mechanical
Engineering from Cornell.
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Paul Spekkens
2215 Parkway Drive
Burlington, Ontario
L7P IS9

Dr. P. Spekkens obtained a Bachelor of Science
degree at the University of Ottawa in 1972 and
completed a Ph.D. in inorganic chemistry at
McMaster University in Hamilton, Ontario in
1977. His thesis dealt with the preparation
and.characterization of oxyfluoro species of
the halogens. He joined the Nuclear Chemi.stry
Unit of the Research Division of Ontario Hydro
in 1977. He has conducted research in the
area of activity transport in nuclear heat
transport systems and has been involved with
the development of nuclear decontamination
processes.
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OSAO SUMITA
Department of C jnsulting
Engineering Hitachi
Engineering Company,
Hitachi-shi, Ibaraki-ken, 3-17
Japan

1.

Education

April

1976March

1979

April 1970March 1972

Tokyo Institute of Technology, Ph. D,
(Department of Textile and Polymeric
Materials)
Osaka University, M.S.
(Department of Nuclear Engineering)

April 1966Osaka University, B.S.
March . 1970 (Department of Nuclear Engineering)
2.

Occupation

Since April 1979

Employed to Hitachi Engineering Co.
Ltd. and was assigned to the
Department of Consulting Engineering.

April 1972March 1975

Employed to Fuji Electric Co. Ltd.
and was assigned to the Department of
Nuclear Engineering.
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YASUYOSHI SUZUKI
THE TOKYO ELECTRIC POWER C O . , I N C .
NIIGATA ATOMIC POWER STATION
CONSTRUCTION OFFICE
1 6 - 4 6 AOYAMA-CHO, KASHIWAZAKI,
NIIGATA, JAPAN

Date of Birth

:

April 17th 1945

March 1969

:

Graduated from Waseda University,
Faculty of Science and Technology,
Architecture.

April 1969

Entered The Tokyo Electric Power Co., Inc.
and engaged in designing of atomic power
station building.

June 1978

Despached and work with Power Reactor
and Nuclear Fuel Development Corporation

July 1982

Section manager Niigata Atomic Power
Station Construction Office,
THE TOKYO ELECTRIC POWER CO., INC.
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Dr; T, Swan,
C.E.G.B.,
Berkeley Nuclear Laboratories,
Berkeley,
Gloucestershire, GL13 9PB,,
United Kingdom.

The speaker has worked at Berkeley Nuclear Laboratories of the
Central Electricity Generating Board for the past 16 years.. During
this time he has worked on the Chemistry of Graphite Corrosion,
Chemical Interactions in Fuel for the High Temperature Reactor,
Radiation Chemistry of Adsorbed Gases and more recently on the
Chemistry of Radioactivity Transport and the Decontamination of
Water Cooled Reactors.
Currently Dr. Swan is Head of the Radiation Chemistry Section at
Berkeley which has groups studying Graphite Chemistry in Gas Cooled
Reactors and Primary Circuit Chemistry of LWRs with a particular
emphasis on the development of decontamination reagents.
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Hiroshi TAKAKU
Central

Research

Institute

of

Electric Power Industry,
Komae City, Tokyo 201, Japan

Hiroshi TAKAKU is senior research engineer at Central Reserch
Institute of Electric Power Industry.

He received a B. Eng. in 1967

from Yokohama National University and a M. Eng. in 1969 from Tohoku
University, both in Metallurgy.

He earned his Dr. of Eng. in March

1982 in nuclear engineering from Tokyo Institute of Technology.
Dr. Takaku's current research activities are as follows:
(1) Stress corrosion

cracking

susceptibility

of nitrogen-charged

316LN stainless steel pipes produced by forging in simulated BWR and
primary PWR water environments.
(2) Corrosion fatigue behaviors of LWR pressure vessel steels in a
simulated primary PWR water environment.
(3) Neutron irradiation effects on embrittlement of RPV steels, and
on SCC sensitivity of stainless steels in high temperature pure
water.
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NAQAKI TAKASHIMA
Isogo E n g i n e e r i n g Center
Toshiba C o r p o r a t i o n ,
8 S h i n - s u g i t a cho, Isogo-ku,
Yokohama 235, JAPAN

Naoaki Takashima (BSS mechanical e n g i n e e r i n g , Waseda U n i v e r s i t y ,
1964) i s manager of o p e r a t i n g p l a n t e n g i n e e r i n g , N u c l e a r Energy
Group, Toshiba C o r p o r a t i o n .

Since he j o i n e d Toshiba i n 1964,

he has worked as a system design e n g i n e e r i n the f i e l d s of
o f f - g a s systems and r a d i o a c t i v e d i s p o s a l systems of BWR p l a n t s .
He i s a l s o r e s p o n s i b l e for the r e s e a r c h and development program
on r e a c t o r system decontamination technology i n T o s h i b a .
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4-1 Ukishima-cho, Kawasaki-ku
Kawasaki, JAPAN

Akira Tani (BS, Chemistry, Kyoto University, 1954; PhD,
Osaka University, 1977) i s a research fellow in the Reactor
Chemistry Department, NAIG Nuclear Research Laboratory,
Nippon Atomic Industry Company Ltd. He had been working on
i n d u s t r i a l application of radioisotopes, rapid radiochemical
analysis, new techniques of radioactivation analysis and
computer aided analysis of gamma ray spectrum during the
e a r l i e r time. Since 1970 he has been studying on reactor
water chemistry of BWR, especially on the behavior of corrosion products in the primary water and the modelling of
radiation buildup on the out-of-core surfaces.
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Komae City, Tokyo 201, Japan

Toshi TOMIZAWA is fellow research engineer and manager of
radiochemistry section at Central Research Institute of Electric Power
Industry.

He received a B. Sei. in 1957 from Saitama University.

Mr. Tomizawa's current research activities are as follows:
(1) Accumulation behavior of radioactivity on primary coolant piping
and decontamination technology.
(2) Water chemistry of primary coolant of LWR.
(3) Volume reduction and solidification of radioactive waste.
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Education:

BASc, MASc, Ph.D (1969) in Chemical Engineer-:.,^,
University of Toronto.

He has worked on catalyst and fatty acid research
and development at Emery Industries Limited, Toronto. He has
been with Atomic Energy of Canada since 1978 where he has
been involved with the optimization of the CAN-DECON
decontamination process and the development of new chemical
decontamination techniques. His more recent interest is in
decommissioning.
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Mr. Walter is currently the Manager of Engineering Development and
Test, Energy Systems Group, Rockwell International. In this position,
he is involved with the decommissioning of nuclear facilities; hot
cell, alpha facility and waste disposal facility operations; preand in-service inspection of reactor vessels and process development.
His organization has recently completed the Complete decommissioning
of the 20 mw t Sodium Reactor Experiment. The power reactor has been
decommissioned to the extent that the facility is being released for
completely unrestricted use and all radioactive waste has been
removed to.burial sites.
Prior to his current assignment, he worked extensively in reactor
fuel element development and evaluation, nuclear fuel irradiation
and hot cell examination, and thermal electric convertor development.
He has published extensively in the fields of reactor fuel elements,
thermal electric energy conversion and in-service inspection.
Mr. Walter obtained his BS and MS degrees at the University of
Wisconsin in Metallurgical Engineering where he also worked as a
Research Associate.
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BSc in Chemistry from University College, London, England.
PhD in Physical Chemistry from University of Leicester, England:
Postdoctoral fellow at National Research Council, Ottawa, Canada
1964-66, followed by Research chemist at Du Pont N.J. Subsequently
head of Radiation Chemistry Section in the Research Division of
Central Electricity Generating Board at Berkeley Nuclear Laboratories,
England, from 1971 to 1982. Now Program Manager for chemical and
radiation control in the Nuclear Engineering and Operations Department
at EPRI. Current interests include reduction in occupational radiation exposure, specification of c i r c u i t chemistry in LWRs to minimize
corrosion and radiation f i e l d build-up, identification and replacement of cobalt-containing materials in LWRs, decontamination.
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Masami Yajima (BS. 1960, and PhD, 1970, metallurgical
engineering, Tokyo Institute of Technology) is presently
manager of applied metallurgy and chemistry. Nuclear Energy
Group, Toshiba Corporation. He joined Toshiba in 1977 and
worked as a senior research engineer responsible for the
research work on boiling water reactor (BWR) plant material
technology until 1980. Prior to that, he worked at Hitachi,
which he joined in 1960, at its Central Research Laboratory,
where he worked in the fields of mechanical metallurgy and
high pressure metallurgy.
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DEVELOPMENT CORPORATION
9-13, 1-CHOME, AKASAKA
MINATO-KU, TOKYO, JAPAN

Date of Birth

:

Aug. 8th 1944

March 1968

:

Graduated from Osaka University,
Faculty of Nuclear Engineering.

April 1968

:

Entered Power Reactor and Nucelar
Fuel Development Corporation, and
engaged in planning, designing and
constructing the reprocessing plant
and the f a c i l i t i e s relevant to i t .
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REGULATORY ASPECTS OF TMI CLEANUP
Ronnie Lo
U.S. Nuclear Regulatory Commission
Three Mile Island Program Office
Washington, D.C. 20555
(301) 492-8335

Ronald Bellamy
U.S. Nuclear Regulatory Commission
Three Mile Island S i t e Office
P.O. Box 311
Middletown, PA 17057
(717) 948-1138

ABSTRACT Cleanup operations at TMI present a number of unique regulatory
concerns which are d i s t i n c t i v e from operating power r e a c t o r s . The NRC has
formed a special contingent to focus on regulatory issues r e l a t e d to the
cleanup. Regulatory p o l i c y pertaining to the review, approval and oversight
of cleanup proposals and operations has been established. There are a number
of examples which i l l u s t r a t e the unique regulatory issues and NRC actions
responsive to the special needs at TMI,
Cleanup operations a t TMI began soon a f t e r the accident on March 29, 1979.
I n i t i a l l y , the e f f o r t s were concentrated i n gaining personnel access f o r the
operation and maintenance of c r i t i c a l plant systems and equipment v i t a l i n
keeping the reactor i n a long-term safe shutdown c o n d i t i o n . Having achieved
those immediate o b j e c t i v e s , the NRC and the licensee began planning f o r the
f u l l decontamination o f the TMI f a c i l i t y .
I t became obvious t h a t f u l l cleanup
of the f a c i l i t y , i n c l u d i n g the removal o f the radioactive wastes and damaged
fuel from the s i t e , i s necessary to e l i m i n a t e the threat to the health and
safety o f the p u b l i c . Although the p r o b a b i l i t y of an uncontrolled release
of r a d i o a c t i v i t y to the environment i s , a t present, very s m a l l , such a t h r e a t
w i l l p e r s i s t as long as the radioactive contamination remains at the s i t e .
The cleanup operations at TMI present a number o f unique regulatory
concerns that are d i s t i n c t i v e from those the NRC experiences with undamaged
r e a c t o r s . Apart from the scale and technical complexity o f anticipated
decontamination and defueling operations, the cleanup i s also unique i n the
f o l l o w i n g respects:
1.
The benefit o f cleanup i s realized i n the maintenance o f public health
and s a f e t y , not i n the quantity of power generated. Thus, while the underl y i n g radiological health p r i n c i p l e o f regulations governing the operating
reactors remains the same, the a p p l i c a t i o n o f those regulations to TMI-2
cleanup operations may, i n some instances, require s p e c i f i c policy decisions
by the NRC. For example, releases of r a d i o a c t i v e e f f l u e n t s from TMI-2 are
now l i m i t e d by technical specifications to values which are only design
objectives f o r operating power reactor radwaste systems. Since they are now
being applied at TMI-2 as l i m i t s instead of o b j e c t i v e s , these regulatory
r e s t r i c t i o n s are more s t r i n g e n t than those applicable to operating r e a c t o r s .
In a d d i t i o n , TMI-2 i s under a s p e c i f i c Commission Order not to release any
of the accident generated water (processed or otherwise), although t h i s
water may have been processed such t h a t the concentrations o f radionuclides
remaining i n the water are not higher than those allowed to be r o u t i n e l y
released at other plants under operating reactor r e g u l a t i o n s .
2.
The TMI f a c i l i t y was never intended nor designed to store large
q u a n t i t i e s of r a d i o a c t i v e wastes and contaminants of the nature of those
which resulted from the accident. S i g n i f i c a n t portions o f these radioactive
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wastes are of higher a c t i v i t y levels and different isotopic mixes than those
routinely generated by undamaged power reactors. This, together with the
severely damaged fuel materials, presents an unprecedented array of handling,
storage and disposal problems and, a concomitant number of regulatory considerations.
3.
The accident, and subsequent cleanup a c t i v i t i e s , have been the focus of
extensive public attention, anxiety and concern. This focus has continued
in varying degrees over the three years since the accident, although cleanup
a c t i v i t i e s have not resulted, nor are they expected to r e s u l t , in radiological
environmental impacts more severe than those from operating power reactors.
Public and governmental concerns have resulted i n studies being conducted by
the NRC and the State of Maryland on potential socioeconomic impacts of the
various alternatives available for disposal öf the contaminated water. Of
course, any regulatory decisions must take these concerns into consideration
per 10 CFR Part 20.
Because of the many unique facets of the cleanup, the NRC has established
a special contingent within the Office of Nuclear Reactor Regulation, the TMI
Program Office (TMIPO) to focus on those regulatory issues specifically related to the cleanup.
The TMIPO consists of technical and management s t a f f located both at the
NRC Headquarters and on-site at TMÏ to provide an intensive and continuous
interface with the licensee who is responsible for conducting cleanup operations. In general, the TMIPO has the following regulatory responsibilities:
1.

Planning and managing a l l NRC involvement in TMI-2 cleanup a c t i v i t i e s ,

2.

Obtaining information and evaluating current f a c i l i t y status,

3.

Analyzing and reviewing the licensee's proposed action and procedures,

4.
Preparing technical review documents on the safety and environmental
impacts of proposed licensee cleanup actions,
5.

Approving or disapproving the licensee's proposed actions and procedures,

6.
Advising the Commission on major cleanup actions ("Commission" means the
five members of the NRC, as provided by Section 201 of the Energy Reorganization Act of 1974, as amended),
7.
Coordinating NRC's TMI-2 cleanup a c t i v i t i e s with other governmental
agencies as necessary,
8.
Informing State and local governments and the public on the status and
plans for cleanup a c t i v i t i e s ,
9.
Overseeing day-to-day licensee a c t i v i t i e s to ensure that operations are
implemented in accordance with the f a c i l i t y ' s operating license and relevant
orders and plans, ensuring activities are carried out in compliance with
approved NRC limits and procedures, and
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10, Coordinating with the NRC Office of Inspection and Enforcement on i t s
TMI-2 inspection a c t i v i t i e s .
In March 1981, the TMIPO issued a Programmatic Environmental Impact
Statement (PEIS) which evaluates the potential environmental impacts of a l l
viable cleanup alternatives. This unique, programmatic treatment, was conducted i n order to minimize anticipated regulatory barriers which could
impede an expeditious cleanup, by analyzing viable alternatives and assessing
their impacts in accordance with NEPA and the guidelines of the Council on
Environmental Quality. One of the major conclusions of the PEIS is that the
cleanup can be implemented safely by suitable adaptation of existing technology and can be accomplished without significant impact to the public or
the environment. In f a c t , the only environmental impact of any significance
is expected to result from the radiation exposure to the cleanup workers
during decontamination a c t i v i t i e s at the f a c i l i t y .
In i t s Policy Statement accompanying the PEIS, the Commission directed
the s t a f f to determine whether specific licensee cleanup proposals and the
associated potential impacts f a l l within the scope of those already assessed
in the PEIS. I f the proposed actions are within the PEIS scope, the Director,
TMIPO, has been delegated approval authority, while keeping the Commission
informed of the s t a f f ' s actions on each major proposal. Action on proposals
which are outside the scope of the PEIS w i l l be taken by the Commission i t s e l f .
Also v the Commission has reserved to i t s e l f any NRC action on licensee proposals with regard to the disposition of processed accident generated water.
Any action proposed by the licensee w i l l be reviewed by TMIPO to
determine whether the action can be undertaken with reasonable assurance
that i t w i l l not endanger the health and safety of the public and is
environmentally acceptable. Cleanup actions proposed by the licensee and
the appropriate level of TMIPO review of these actions f a l l into two
categories:
1.
I f the proposed action involves a request for a license amendment or an
unreyiewed safety question, the TMIPO s t a f f w i l l f i r s t determine i f i t is
within the scope of the PEIS. A proposed cleanup a c t i v i t y would be considered to be within the scope of those already addressed in the PEIS i f the
following conditions are satisfied:
a.

The proposed method is similar to the general type of activities
discussed in the PEIS for the cleanup and/or disposal of radioactive
wastes from the TMI f a c i l i t y .

b.

Its potential environmental impacts are not significantly different
(qualitatively and quantitatively) from those environmental impacts
associated with this type of a c t i v i t y as assessed in the PEIS.

In addition to the PEIS scope review, a significant hazards determination
w i l l be performed by the TMIPO staff and a safety evaluation w i l l be prepared.
I f significant hazards are found to e x i s t , an opportunity w i l l be given for
a public hearing prior to approval of the proposed action. In accordance
with NRC Regulations, i f no significant hazard exists, a notice for an opportunity of a hearing prior to approval and implementation of the proposed
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action, will not be given. For either case, TMIPO review of the proposal
would be accompanied by review and approval of the procedures to implement
the proposed activity, NRC staff review and approval of procedures is generally not required for other operating reactors. However, in the case of
TMI, because of the hazardous condition the plant is in, the staff believes
that such precautions are prudent.
If it is determined that any major activity or predicted environmental
impacts fall outside the scope of those already assessed in the PEIS, the
TMIPO staff will complete necessary reviews in accordance with the National
Environmental Policy Act (NEPA) and NRC requirements. If it is determined
that a supplement to the PEIS is appropriate, the supplemental environmental
statement will be prepared under the direction of the TMIPO. In the event
a proposed activity falls outside of the scope of the PEISt but does not
require the preparation of a supplemental environmental impact statement, the
TMIPO staff will publish a negative declaration to that effect and provide an
Environmental Impact Appraisal in support of the negative declaration.
2,
If the action, although major, does not involve the need for a license
amendment and the action does not involve an unreviewed safety question, the
TMIPO performs a safety review of the licensee's proposal and approves detailed implementation procedures prior to implementation. In this case, the
TMIPO review must also determine the proposed action and its potential
environmental consequences are within the scope of that discussed in the
PEIS. If they are outside of the scope of activities evaluated in the PEIS,
the TMIPO will proceed with the review in accordance with NEPA and NRC requirements as outlined above.
In many instances, the TMI cleanup has led to several unique regulatory
issues and actions different from those experienced by operating reactors.
The following are a few examples to illustrate some of the NRC actions resulting from circumstances special to TMI cleanup:
1. Significant quantities of radioactive wastes and damaged fuel materials
at TMI are unsuitable for disposal or storage by conventional methods employed
routinely by operating reactors. The NRC and the DOE initiated a Memorandum
of Understanding (MOU) to set forth the roles of the two agencies with regard
to areas of mutual interest, the radioactive wastes and fuel from TMI-2. By
the MOU, DOE is to take possession, for research and development purposes at
DOE facilities, those radioactive wastes and fuel from TMI-2 which are unsuitable for disposal at commercial shallow land burial sites.
2. The NRC took extra actions to inform and discuss with the public on the
cleanup of the reactor building atmosphere. Prior to the controlled purging
of Kr-85 from the reactor building in July 1980, the NRC issued a draft
Environmental Assessment (EA) analyzing the various feasible atmosphere cleanup alternatives. Nearly 50 public meetings were held with local officials,
organizations and members of the public to discuss the issue. Approximately
800 comments were received from the public in response to the circulation of
the draft EA. The Commission's decision on the purge was made only after
considerations were given to the responses from the public. During the
purging operation, extensive monitoring of the air around the site was carried
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out by the licensee, the NRC and the EPA through the coordination of the EPA
office onsite at TMI, In addition, a team of trained, local citizens participated in the monitoring and provided a verification independent of the u t i l i t y
or any government agencies.
3,
The Commission has established an Advisory Panel for the Decontamination
of TMI-2 to provide to the Commission recommendations on issues related to
the cleanup. Panel membership is made up of citizens from the vicinity of
the TMI s i t e , local and State government officials and members of the
scientific community. This panel holds periodic public meetings and makes
recommendations directly to the Commission, In arriving at decisions on
cleanup operations, the Commission will take into consideration those
recommendations made by the Advisory Panel,
The main factor constraining the pace of the cleanup has been the
licensee's limitation on resources. The NRC recognizes that an expeditious
cleanup is vital for the long term assurance of public health and safety and
NRC approvals since the issuance of the PEIS have not been on the critical
path for the cleanup. It is our intention that the NRC will continue to be
responsive to the unique regulatory aspects of TMI, especially during the
upcoming critical phases of the cleanup, i . e . , core removal, reactor building decontamination and the disposal of high-specific-activity waste and
fuel materials.
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A COMPREHENSIVE (MORT BASED) APPROACH TO PLANNING INTERNAL DECONTAMINATION*
L. F. Munson
**
Pacific Northwest Laboratory
Richland, WA 99382 (USA)
(509) 375-6838

F, ,). Witt
U.S. Nuclear Regulatory Commission
Washington, DC 20555 (USA)
88-492-8360

ABSTRACT
A modified MORT (management oversight risk tree) method has been used to
identify the elements that are necessary for a successful restorative decontamination of a typical light water reactor. The established criteria for
successful planning in key areas are referenced.
INTRODUCTION
Licensing uncertainty is one of the principal factors that has limited
the application of internal chemical decontamination as a radiation exposure
reduction method at operating nuclear reactors in the United States. To expedite reactor decontamination, the U.S. Nuclear Regulatory Commission (NRC) has
directed the Pacific Northwest Laboratory to determine which existing criteria
are applicable to decontamination and whether additional criteria are needed.
As a first step in this process, the authors sought to identify the issues
that are essential to a safe and successful decontamination of a major component or full reactor system. To do this,1 a modified management oversight risk
tree (MORT) technique has been employed. An objective type of analytical
tree has been used to define those elements necessary to achieve a successful
reactor decontamination. These key elements are shown in Figure 1.
Prior to considering these key issues, the reader should be aware of the
following characteristics of the MORT approach:
1. Not all key issues thus identified are, or should be, of concern to the
NRC or other regulatory agencies.
2. The relative level of importance of the various issues to the success of
the decontamination is not indicated.
3. The order in which the issues should be addressed is not established.
4. The interrelationships of the issues are not adequately illustrated
(e.g., waste management concerns depend in large part, if not wholly, on
the process selected, but this approach presents them independently of
one another).
The major advantage of the MORT approach is that it breaks a complex project down into a series of basic concerns that can be more easily addressed.
The main intent of this work was to provide NRC with an overview of reactordecontamination and to highlight the key issues of regulatory concern.
*
**

Work on this paper was performed for the U.S. Nuclear Regulatory
Commission under the Department of Energy Contract DE-AC06-RL076 1830.
The Pacific Northwest Laboratory is operated for the U.S. Department of
Energy by Battelle Memorial Institute.
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FIGURE 1 .

This document may also serve utilities planning a decontamination. The
charts, with clarification from the text, may be used as a reference checklist
in decontamination planning to assure that responsibilities are assigned and
important issues planned for so that operations can run smoothly. The actual
process of planning and carrying out a decontamination will take a form that
is not fully represented on the charts. The planning process is described
briefly below to add perspective for the reader who may not be familiar with
decontamination processes.
Decontamination planning begins with a perceived present or future need.
The decontamination will be less costly and require less exposure and fewer
regulatory approvals if the need is recognized and planned for during the
designing of the reactor. In most cases, however, the need to decontaminate
will not be recognized until after reactor operation has begun and dose rates
begin to rise. The need may arise from long range concerns such as an anticipated reduction "in allowable occupational radiation exposure limits, or a
predicted shortage of certain radiation workers. Or the need may be in
response to a crisis, such as.the inability to perform required inspections at
existing dose rates.
Selection of an appropriate decontamination process or processes will be
dependent on the perceived need and will dictate whether a full-system, subsystem, or component will be decontaminated. The decontamination processes to
be considered, in approximate order of increasing cost and complexity are:
1) major-component decontaminations with innocuous materials; 2) mechanical
decontamination employing potentially harmful materials; 3) chemical decontamination of a single component or subsystem; 4) a dilute process full system
decontamination; and 5) a full system decontamination using concentrated
reagents.
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A thorough analysis of plant conditions will indicate the viable decontamination alternatives. Analysis of a particular alternative will require
study of well-defined parameters including: 1) the portions of the system to
be decontaminated, 2) the chemical mixing and waste treatment facilities
required, 3) the waste types and volumes anticipated, 4) the extent of
regulatory involvement, 5) the anticipated effectiveness, 6) the effect on
reactor fuel warranties, and 7) the reactor outage time and manpower required.
When the available alternatives have been defined, they can be quantitatively
analyzed and a selection made.
The key issues that must be considered in the decontamination planning
process from Figure 1 are discussed briefly below. The section numbers
correspond 1to the numbers on the MORT chart according to the usual MORT
convention.
1. BENEFIT-COST ANALYSIS
The decision to decontaminate a reactor is dependent upon a number of
factors. A very important factor is: Does the benefit justify the cost?
This determination can be made through a benefit-cost analysis, in which the
present value (present worth) of benefits is compared with the present value
of costs. If the benefits exceed the cost, decontamination is justified. A
MORT chart for a benefit-cost analysis is shown in Figure 2.
Net benefits may be realized either in terms of reduced financial cost or
in reduced radiation exposure. In "traditional" cases, decontamination may be
performed at some cost in order to reduce worker exposures. However, if a
reactor becomes inoperable because of severe contamination, it can either be
decontaminated or it can be left shutdown. A decontamination will have both a
financial and an exposure cost, but the plant will become operable and
generate revenue. If the plant is left shutdown, there Is no decontamination
cost, but the loss of the plant must be absorbed or it must be replaced.

FIGURE 2.
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The benefits and costs of decontamination will be realized at different
times, and this must be considered when evaluating the merit of a project.
For a discussion of present value, benefit-cost ratio, and methods for establishing merits of projects (such as discount cash flow rate of return) the
reader is refered to general economics and engineering economics literature.
These methods require a dollar/man-rem value. An alternate method, in which
no dollar value is assigned to radiation exposure, is discussed by Hall et
al. 2
For decontamination benefit-cost analysis both the financial and the
radiation exposure benefit-cost evaluations are required. Consequently, these
analyses form two branches of the total benefit-cost analysis.
1.1. Financial Benefit-Cost Analysis. In a financial benefit-cost
analysis, the costs and income of a base case are compared with those of an
alternative. In this evaluation, reactor operation that includes a single
decontamination or periodic decontaminations is compared with its alternative,
the continued operation of a reactor without decontamination. The elements of
cost and income are shown in general terms in Figure 2.
1.2. Radiation Exposure Benefit-Cost Analysis. For a traditional
decontamination project to be successful, the objectives of reducing radiation
exposures and the overall cost of generating power must be satisfied. In this
benefit-cost analysis, dollar values expressed as dollars/man-rem are assigned
to radiation exposure.
However, the values to assign are difficult to select.
Kathren and Sel by3 cite literature-reported values for the values of one
man-rem that range from tens of dollars to a few tens of thousands of dollars.
A utility considering decontamination of a nuclear reactor system should
select a range of values for dollars/man-rem that are appropriate for their
particular situation. Once a value, or range of values has been selected, the
radiation exposure benefit-cost for decontamination can be determined by comparing the radiation exposure costs of continued reactor operations with the
exposure costs of the decontamination and for operations following decontamination, as shown in Figure 2.
2. Regulatory Approval
A reactor decontamination must comply with numerous federal, state
and local requirements. The primary federal agencies involved and the
elements of regulatory approval are shown in Figure 3.
2.1. Nuclear Regulatory Commission. The NRC has the primary responsibility for regulation of nuclear reactors. Specifically, 10 CFR 50.59 4
provides for changes, tests, and experiments, including decontaminations. If
decontaminations are adequately addressed in the safety analysis report, do
not require changes in the technical specifications, and do not involve
unresolved safety questions, the NRC requires only that a safety evaluation be
prepared and an annual (or more frequent) report on the decontamination be
filed. If a proposed decontamination does involve a change in technical
specifications or an unresolved safety question, a license amendment is
required. A license amendment should also address NRC requirements for
reactor recertification. The procedure to be used by the NRC in reviewing
amendment applications for reactor decontamination and the criteria that must
be satisfied to obtain NRC approval are currently under study. A complete
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definition of specific NRC concerns is, therefore, beyond the scope of this
paper.
2.2. Environmental Protection Agency. The EPA has responsibilities
for the protection of the offsite environment. The designated EPA functions
may be performed by the state if the state has procedures and regulations
equivalent to those of the federal agency and an agreement has been made between the state and the EPA. The EPA is involved through the Resource Conservation and Recovery Act (RCRA) (40 CFR 260-265), the Clean Air Act (40 CFR 50,
60, and 61) and the National Pollutant Discharge
Elimination System (NPDES)
(40 CFR 122-125) and the Clean Water Acts. 5
2.3. Occupational Safety and Health Administration. This agency has
regulatory authority over aspects of decontamination involving worker health
and safety. A memorandum of understanding between OSHA and NRC makes it
unlikely that OSHA will become involved unless there is a request by NRC or an
employee complaint. The OSHA regulations
are prescribed in Part 29 of the
Code of Federal Regulations (29 CFR). 6
2.4. Department of Transportation. Compliance with DOT regulations
is necessary for the shipment of decontamination chemicals to the site and the
shipment of solidified decontamination waste offsite. The criteria and procedures are 7well established in Part 49 of the Code of Federal Regulations
(49 CFR).
2o5. State and Local Agencies. States may have some regulatory authority over decontamination if there is an agreement with the federal government to administer the EPA or OSHA acts within the state. Since state and
local governments are prohibited from regulating interstate commerce, they are
not expected to have other regulatory roles.
3. DECONTAMINATION PROCESSES
The decontamination will fall into one of the categories shown in Figure 4. Full-system decontamination is chemical in nature and may be performed
with the fuel in place or removed. The types of processes and chemicals
available vary according to the fuel location. If the fuel is removed for the
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decontamination, there are incentives for cleaning it prior to returning it to
the reactor. When only a major component is decontaminated (not the entire
reactor system), a wide variety of chemical, electrochemical, and mechanical
methods are available. The seven major types of full reactor decontamination
and major-component decontamination and the primary concerns of each are
illustrated in Figure 4.
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4.

DECONTAMINATION PLANNING AND OPERATION

Ideally, the planning for decontamination begins with the design of a new
reactor. However, this ideal is seldom attained because the need for decontamination has not been widely recognized during this early phase. Realistically,
planning for decontamination usually starts either when the reactor has settled
into routine operation or when a specific need arises. Planning for decontamination is certainly not a clear-cut procedure but must be tailored to the
reactor in question. The major elements of decontamination planning in
approximate chronological order as illustrated in Figure 5.
4.1. Early planning. With early planning many of the physical modifications to accommodate chemical decontamination can be designed and constructed at little extra cost (certainly for less than retrofit cost) and no
radiation exposure.
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The decontamination of a reactor will begin with the determination of
need. Therefore survey data should be compiled each time the reactor is shut
down. If the contamination buildup in any location makes maintenance, repairs,
or inspections excessively difficult or costly, a decontamination may be
needed.
Ideally the monitoring of radiation build up will be a responsibility
of the designated "decontamination specialist," appointed prior to the initial
reactor startup. This individual should be a licensed reactor operator.who
keeps abreast of développants in decontamination processes and techniques and
formulates preliminary decontamination plans in advance of need. The decontamination specialist may or may not be assigned the job of decontamination
director when the need arises.
Once a present oR probable future need is established, a method can
be selected and a decision to proceed with a decontamination can be made. If
the decontamination requires NRC approval, the proposal for the process that
was selected should be submitted to NRC. With NRC concurrence to proceed, the
utility management must commit the financial resources and manpower, and they
must make a commitment to the health and safety of the staff and the public.
4.2. Detailed planning. Once the decontamination process has been selected, procedures and specifications must be prepared. Supplies, equipment,
and special services must be procured. Additional manpower must be assigned
to the project and the staff must be trained. The entire decontamination
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project should be carefully planned, scheduled, staffed, and equipped before
the reactor is shutdown.
The development of procedures should begin with a job safety analysis
and should also include steps to be taken in case of loss of power, loss of
ventilation, spills, or other emergencies. Manpower requirements can be more
accurately determined as procedures for the decontamination are developed.
When the types of skills and numbers of people needed are identified, sources
of this manpower can be located and costs can be estimated. Contingency plans
should be made to guard against the effects of work stoppages, illness, or
other disruptions.
Training must be provided as the decontamination staff is assembled.
The extent of training required will be based on the complexity of the decontamination being undertaken and the prior experience of the workers. The final
step in training is a full-scale mock run to test personnel and system
performance.
Specifications for decontamination supplies and equipment must be
developed in enough detail to facilitate procurement, acceptance testing, and
calibration or qualification. System modifications must be engineered and
documented. Special test facilities for monitoring the response of plant
systems and for requalification of certain plant components may also require
engineering attention.
When decontamination is being planned, the reactor can often continue
normal operation. Once all preparations are complete, the reactor can be shut
down, final radiation measurements made, and system modifications preformed.
The same radiation survey locations and techniques must be used for the postdecontamination measurements in order to obtain comparative data.
4.3 Operation. The operation phase includes the final preparatory work,
the decontamination operation, the reconditioning of decontaminated surfaces,
and the recertification and restart of the reactor. The general nature of
these tasks is described below. Specific planning for the preparatory work
and the decontamination will be indicated by details of the process and plant
interfaces.
Modifications must be completed to facilitate the introduction,
removal, and processing of decontamination solutions and to permit isolation
of various parts of the system. Equipment needed to prepare, heat, cool,
circulate, purify, and dispose of decontamination solutions must also be
installed. If valves are used to isolate systems, care must be taken to
ensure that9 valve components will not fail when subjected to decontamination
solutions. Blanks or spool pieces should be used as necessary. Some sensitive components may be impossible to isolate, and it ma;, be necessary to
install water flush lines to protect then) from corrosion, or to plan to
replace them after the decontamination.
The operational aspects of the decontamination include final scheduling, system control, staff performance, system performance, and recordkeeping.
Since the duration of the actual decontamination is relatively short, the
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sequence and timing of each procedural step is critical. If the decontamination operation takes more than about 12 hours, the director and other key
staff should be relieved by their assistants to prevent errors or poor judgment due to fatigue.
The performance of the decontamination system must be closely monitored so that any component failures can be detected and prompt corrective
action can be taken. Radiation detection instruments should also be monitored
closely to determine the effectiveness of the decontamination. The point of
maximum effectiveness will normally determine when to terminate the decontamination process.
After the decontamination is completed and solutions are removed from
the system, the clean surfaces may have to be reconditioned or passivated.
Raising the temperaure of a water rinse for a specified period of time establishes a protective oxide coatfng on clean metal surfaces and tends to prevent
the rapid buildup of contamination after the reactor resumes operation.8
The final task of the decontamination project is the recertification
and restart of the reactor. This entails removing decontamination systems and
equipment, restoring modified systems to their original state, testing of
representative plant components affected by the decontamination, testing of
safety systems, and returning the plant to pre-aecontamination operational
status. Plant systems and components that may have been affected by the
decontamination must be tested in accordance with the requirements of 10 CFR
50.34 (b)(6), 10 CFR 50, Appendix B, Section XI, and 10 CFR 50, Appendix J,
Section IILD.1» These tests are described in Regulatory Guides 1.68s and
1.116. 10 The final steps of recertification are a satisfactory operational
readiness review, preparation of a final report on the decontamination for NRC
review, and a notice of intent to restart the reactor. The summary report
will document all aspects of the decontamination project, including successes
and failures. It will serve as a useful reference if the reactor is decontaminated again.
5.

WASTE MANAGEMENT

The treatment, storage, transportation, and disposal of wastes from
decontamination must be accomplished in an acceptable manner. Standards for
solid, gaseous, and liquid radioactive waste processing and treatment systems
are specified in ANSI/ANS 55.1-1979,lk ANSI/ANS 55.4-1979, 12 and
ANSI/ANS 55.6-1979, 13 respectively. Decontamination wastes are categorized
according to physical form, as illustrated in Figure 6.
5.1. Liquid Waste. All chemical and electrochemical as well as many
mechanical, decontamination processes will produce contaminated liquid waste.
Because decontamination will produce wastes that contain more radioactivity
than is typically handled during normal reactor operation, unusual problems or
challenges in liquid waste storage, solidification, and disposal will be
presented.
The management, storage, transportation, and disposal of hazardous
chemical wastes will be a lesser concern. This waste is regulated by DOT and
EPA through NPDES and RCRA requirements (40 CFR). 5 Planned disposal methods
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FIGURE 6.
must assure compliance with all applicable regulations. The maximum permissible concentrations (MPCs) specified in 10 CFR 20, Appendix B, Table II,
Column 2lh are used to distinguish radiologically contaminated liquid waste
from uncontaminated solutions.
5.2. Airborne Waste. Airborne waste in the form of either gases or
particulates may be generated at numerous points in the decontamination process. Airborne chemicals or radionuclides may be generated during the storage
and mixing of decontamination chemicals, from breaks or leaks in piping systems,
from vents and pressure relief valves in reactor systems, from liquid waste
storage, volume reduction, and solidification processes, and possibly from
solid waste storage and shipment. Airborne effluents may also result from
accidents. The airborne waste management issues are illustrated in Figure 6.
5.3. Solid Waste. Solid waste will be generated from decontamination
activities in several forms. Equipment and materials that are recycled or
reused are not considered waste in this, discussion. Chemical containers,
protective clothing, etc., will become waste if contaminated. Decontamination
equipment may also be disposed of at the completion of the operation. Liquids
from decontamination, solidified into a disposable waste form, will normally
be the major solid waste. The key issues in management of solid wastes are
also illustrated in Figure 6.
The treatment of solid wastes by compaction, incineration, or acid
digestion is not addressed in this paper because the equipment required for
such treatment would probably not be added solely for a decontamination
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project. However, if such equipment were available at a reactor site, it
would certainly be useful in reducing the volume of solid wastes generated by
a decontamination.
Radiologically contaminated chemical wastes are normally treated, from
a regulatory standpoint, like radioactive waste that is free of hazardous
chemicals. However, this approach has been considered unacceptable for radioactive waste containing chelating agents. Some chelating agents in solution
have been shown to increase the rate of migration of certain radionucl ides and
to increase radionuclide uptake by some plants. Adequate tests have not been
done and criteria have not been established to determine the environmental
effects of chelating agents in solidified decontamination waste. However,
additional studies are in progress. An NRC draft branch technical position on
the disposal of waste containing chelating agents is based on information
currently available.
6.

ENVIRONMENTAL EFFECTS

The environmental effects of decontamination operations must be monitored
and controlled so as to minimize their impacts. The environmental effects of
normal operations and those resulting from credible accidents are expected to
be similar in nature but different in magnitude. A MORT chart that illustrates
the key environmental issues is shown in Figure 7.
6.1. Normal Operations. No significant adverse environmental effects
are anticipated during normal decontamination operations. Liquid and airborne
effluents will probably be unavoidable, but their impact may be negated the
application of effluent treatment and controls and by adequate monitoring of
solid wastes that, are to be removed from the site. Preparation and transportation of these wastes can be managed with little or no impact on the environment. Energy emissions, such as heat or noise, from decontamination projects
are not expected to significantly affect the offsite environment. Direct
radiation from the decontamination site is not expected to affect offsite
populations. Socioeconomic impacts of a decontamination project are expected
to be minor.
6.2. Credible Accidents. The effluent monitoring and control program
used for normal operations can also be used to mitigate the environmental
effects of credible accidents during decontamination work. Effluent control
equipment and procedures should be designed to handle accidental, as well as
routine, releases. If control systems function properly and contain an
accidental release, then the in-plant monitoring and sampling program must be
capable of handling higher concentrations of radionuclides and/or hazardous
chemicals. With this conservative approach to effluent monitoring and
control, the environmental impacts of credible accidents should be minimal.
7. OCCUPATIONAL SAFETY
Occupational safety includes measures to protect the health and safety
of all personnel who may be on the reactor site during decontamination, and
the prevention of unexpected damage to equipment or facilities. No distinction is made among personnel employed by the reactor operator and subcontractors, vendors, observers, and regulatory personnel. A MORT chart for occupational safety is shown in Figure 8.
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7.1. Industrial Safety. Industrial safety is the prevention of injuries
o personnel. The principal safety hazards include falling objects, falls,
Jts, and burns from chemicals or heat. These concerns must be addressed by
ne plant safety staff. Certified industrial safety consultants should be
sed to augment the permanent staff as necessary.
Industrial safety criteria that cover physical plant design and contruction include building codes and the standards of OSHA 10 and the American
ational Standards Institute (ANSI). However, judgment must be used in applyng these standards to decontamination. Because decontamination is not a rouine and repetitive job, not all "work area" criteria are applicable to
ocations that are only entered during decontamination. Job planning must
nclude an assessment of the hazards of the physical plant and their correcion as necessary.
The emergency preparedness required for industrial safety during
lant decontamination activities differs only slightly from that required for
ther maintenance activities, but it will require careful analysis. The use
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of certain chemicals may require the addition of emergency showers, eyewash
stations, neutralizing chemicals, and safety equipment (such as oxygen).
Personnel must be trained in the proper use of these devices. Some of this
special equipment may be required by OSHA and other applicable standards.
7.2. Industrial Hygiene. The industrial hygiene problems associated
with decontamination are comparable to those of many other industrial situations. The specific problems will become apparent during the job safety
analysis (JSA).
In-situ reactor decontamination will almost certainly involve the
introduction or generation of chemicals that are capable of adverse reactions
with biological systems. They may be toxic, carcinogenic, mutagenic, or
teratogenic. Exposure standards are15 available for most chemicals that may be
introduced into the reactor system.
Chemicals that may be formed during the
decontamination are less likely to be understood. Maintaining exposure to
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potentially harmful chemicals within established limits and ALARA will require
a combination of equipment designs, exposure monitoring, personnel protective
equipment, and training.
Decontamination will also involve noise-generating equipment and the
potential for heat stress. Noise generation by mixers, pumps, etc., can be
controlled by equipment selection, placement, and hearing protection. Heat
stress may occur when a worker's body temperature rises too far above normal
conditions. Impermeable protective clothing, high humidity, long exposure
times, and the physical exertion of the worker may all contribute to heat
stress. Industrial hygiene standards and measurement methods for exposure to
heat stress are not entirely adequate for many situations, and decontamination
may be among them. However, a conservative approach applied by knowledgeable
professionals should keep all industrial hygiene risks at an acceptable level.
7.3. Radiation Safety. The limits of acceptable radiation exposure for
decontamination are the same as for other licensed plant activities and are
stated in 10 CFR 20.1"* However, dose rates that change with time and location
are a special problem in the control of radiation exposure during decontamination. Decontamination, by design, mobilizes significant quantities of radionuclides, which affect dose rates and can relocate contamination and airborne
radioactivity. Piping dead legs, valves, instruments, and sample lines are
likely spots for deposition of dislodged crud. Decontamination planning
should include identification of these locations, and wherever possible,
actions should be taken before decontamination to prevent crud accumulation or
to provide for dislodging it remotely. An expanded radiation surveillance
program will be required. The licensee's health physics staff must have a
thorough understanding of the potential problems and be involved in decontamination planning and JSAs to control radiation exposures.
Internal exposure hazards presented by decontamination are not substantially different from those presented by other maintenance activities,
although some hazards may be of a greater magnitude. Existing health physics
and respiratory protection criteria and programs should be sufficient to control internal exposure.
Contamination control may require extra precautions because of the
quantity of radioactive material mobilized by the decontamination. An enhanced
contamination survey program should provide for early detection and correction
of any problems. Decontamination solutions containing dissolved radioactive
material may present unusual skin contamination hazards. Decontamination of
skin may be difficult because of chemical burns or the chemistry of the solution involved. Special reviews should ensure that protective clothing and
equipment will maintain their integrity when exposed to the decontamination
chemicals in use.
The radiation safety program in place during decontamination should
ensure that radiation exposures for individuals and the collective work force
are maintained ALARA. Regulatory guidance and criteria concerning the ALARA
philosophy are provided in Regulatory Guides 8.8 16 and 8.10 17 »nd in numerous
other documents.
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7.4. Fire Safety. Fire requires combustible material, a source of
ignition, and an oxidizing agent, which may be atmospheric oxygen. A fire
safety program involves control of all these elements, but because none of
them can be eliminated entirely, a fire preparedness program is also needed to
ensure that any fire that does start is quickly extinguished and does not
spread. Protection of the plant and public from fire may or may not be
materially altered by decontamination. If the decontamination and waste
treatment processes require only aqueous decontamination solutions, no
construction of new facilities, and solidification of waste with concrete,
then fire protection may not be a significant additional concern. In all
other cases, fire protection should be given additional consideration.
7.5. Life Safety. Life safety includes all the measures necessary to
preserve the life of facility occupants during a fire or other emergency.
Life safety is normally covered as an element of fire protection, but is a
separate item here due to the special need for life safety measures because of
high radiation levels, hazardous chemicals, or potential flooding of some
locations. There are three major components of life safety: 1) the
availability and designation of egress routes to be used in an emergency,
2) lighting to enable workers to find and use emergency exits, and 3) the
notification of workers that an emergency exists.
The principal criteria for adequate emergency egress are given in the
National Fire Protection Association's (NFPA) life safety code. 18 However,
the code is not specifically applicable to a reactor containment structure.
The OSHA life safety standards6 + a ken from the NFPA code are applicable.
The regulations of OSHA establish minimum illumination levels for
both routine work and emergency egress. New and modified facilities should be
inspected for adherence to these criteria.
The ability to notify workers of an emergency is essential to their
evacuation from the facility. Criteria for fire alarms are established in the
IIFPA codes. 18 Criteria for notification of airline respirator users in case
of supply contamination or interruption are given in NRC regulatory guides 19
and in ANSI standards. 20 Criteria for notification of other emergencies may
be included in the reactor FSAR, However, specific emergencies that might
require worker notification should be reviewed and a system established to
ensure that required notifications can be made.
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ABSTRACT
The Pacific Northwest Laboratory i s conducting a comprehensive study o f the
impacts, b e n e f i t s and e f f e c t s o f decontamination as a precursor t o decommissioning f o r t h e U.S. Nuclear Regulatory Commission. The program deals p r i m a r i l y with chemical cleaning o f l i g h t - w a t e r reactor (LWR) systems t h a t w i l l
not be returned t o o p e r a t i o n . A major section o f t h i s study defines t h e
h e a l t h physics and i n d u s t r i a l hygiene and safety concerns during decontaminat i o n operations.
The primary h e a l t h physics concerns include providing adequate p r o t e c t i o n f o r
workers from r a d i a t i o n sources which are transported by the decontamination
processes, e s t i m a t i n g and l i m i t i n g r a d i o a c t i v e e f f l u e n t s t o the environment
and maintaining operations i n accordance with the ALARA philosophy.
Locating
and i d e n t i f y i n g t h e areas o f contamination and measuring the r a d i a t i o n exposure rates throughout t h e reactor primary system are fundamental t o implementi n g these health physics g o a l s .
The principal i n d u s t r i a l hygiene and safety concerns stem from the f a c t t h a t a
nuclear power p l a n t i s being converted f o r a time t o a chemical plant which
w i l l contain l a r g e volumes o f chemical s o l u t i o n s . The r e s u l t i n g i n d u s t r i a l
hazards include dangerous obstructions caused by i n s u f f i c i e n t storage space
f o r decontamination equipment and chemicals, problems created because workers
employed for the decontamination are not f a m i l i a r w i t h the plant l a y o u t and
equipment, and t h e problems associated w i t h handling t o x i c and h i g h l y r e a c t i v e
decontamination chemicals. The operation o f decontamination equipment also
involves r i s k s t o t h e decontamination worker from e l e c t r i c a l shock, n o i s e ,
airborne p a r t i c u l a t e s and t o x i c gases. Careful planning o f decontamination
o p e r a t i o n s , t r a i n i n g o f the decontamination crew, and f a m i l i a r i z a t i o n w i t h the
reactor systems s i g n i f i c a n t l y reduce t h e r i s k s o f decontamination p r i o r t o
decommissioning.
1-25

I.

INTRODUCTION

Decontamination of a nuclear power plant prior to decommissioning
involves health physics and industrial hygiene considerations that may be
quite different from those involved in restorative decontamination. Since
decontamination as a precursor to 'decommissioning can occur years after plant
shutdown, there i s a possibility that few, i f any, of the original operating
crew w i l l be members of the decontamination crew. The crew's general lack of
familiarity with the plant can cause serious problems during decontamination
operations. Another factor that requires special consideration is the extent
to which the plant has deteriorated. Planning a decontamination procedure
that is safe from both health physics and industrial hygiene standpoints
requires an intimate knowledge of the functional limitations of a l l of the
systems of such a reactor. An additional factor that greatly affects safety
during the decontamination is the fact that less attention w i l l be paid to
preserving the i n t e g r i t y of the reactor systems since requalification i s not a
consideration. More destructive chemical and mechanical decontamination
methods may be used to rapidly reduce radiation l e v e l s , even though t h e i r use
might significantly increase the radiological and industrial hazards to decontamination workers. For this reason, extensive planning of the decontaminat i o n is essential to a safe decontamination program.
This paper addresses some of the major health physics and industrial
hygiene issues that are c r i t i c a l to the implementation of a safe, successful
decontamination program. Guidelines w i l l also be given for planning decontamination efforts and training decontamination personnel in a manner that
takes these issues into consideration.
II.

HEALTH PHYSICS ISSUES

The radioactive inventory estimated to be present one year after final
shutdown of a commercial l i g h t water reactor i s approximately 10 Ci a f t e r
coolants, sludges, fuel elements, f i l t e r resins and other wastes have been
removed. From 20 t o 30% of that a c t i v i t y is attributed to 6UCo. Cobal t-60
remains as the predominant source of radiation exposure iq the plant u n t i l
about 30 years after final shutdown.
After that time, ° Ni, a beta emitter,
becomes the predominant radionuclide. Decommissioning a c t i v i t i e s occurring
within 30 years of shutdown must take into account the presence of
Co in the
corrosion product f i l m lining the primary coolant system and in neutronactivated structural material. Some of the health physics considerations
essential to the safe application of decontamination techniques to a reactor
prior to decommissioning include: plant radiation l e v e l s , internal exposure,
external exposure, radiation protection, contamination control, and c r i t i c a l i t y control.
A.

Plant Radiation Levels

Documentation of the radiation levels in the plant may not exist or
may not be applicable, i f there has been a considerable length of time between
plant shutdown and the beginning of plant decontamination. A complete radiation survey of the plant must be performed in order to document radiation
levels throughout the plant and to locate high radiation areas. At the same
time, specific locations around the system should be designated in order to
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establish consistent survey points for monitoring radioactivity and radiation
level changes during the course of the decontamination. This documentation of
radiation levels should include establishing consistent sampling procedures
and sampling points for the measurement of surface contamination, effluent
a c t i v i t i e s , and exposure rates during both chemical and mechanical decontamination procedures. This provides a system for monitoring the radiation levels
to which decontamination workers are exposed, from the i n i t i a t i o n to termination of decontamination e f f o r t s . Such sampling also affords the decontamination management some basis for control over the decontamination process.
Lack of control over the decontamination process due to inadequate radiat i o n monitoring was exemplified during the 1962 decontamination of the Plutonium Recycle Test Reactor. Inadequate sampling of the heavy water coolant
during flush and drain procedures prior to decontamination, resulted in the
assumption that much of the fuel element rupture debris s t i l l remained in the
system. As a r e s u l t , two fuel dissolution steps were applied to the PRTR system. Effluent sampling of each of the solutions, however, revealed l i t t l e
fuel debris dissolution. It was therefore assumed that most of the fuel
debris had in fact been removed by the flush and drain procedures, although no
analyses had been done on the effluents to confirm t h i s assumption. Time,
radiation exposure, and money might have been saved i f consistent radiation
monitoring and chemical assays of the effluents had been employed.
Durina the 1966 decontamination of the Fuel Element Rupture Test
FacilityV a ' loop following a fuel rupture accident, thorough mapping of radiation levels prior t o decontamination indicated that most of the fuel element
rupture debris had settled in the loop heat exchangers. Provisions were then
made to decontaminate the heat exchanger units individually in order t o cont r o l the radiation levels of the waste decontamination solutions. Consistent
monitoring of effluents during the application of the decontamination solution
showed that a larger amount of a c t i v i t y than expected had been removed from
the f i r s t heat exchanger decontaminated. Although mislabeling of valves cont r o l l i n g circulation through the heat exchanger resulted in decontamination of
the hottest heat exchanger f i r s t , effluent sampling had revealed high radiat i o n levels and the decontamination solution was rapidly drained prior to the
planned recirculation time. Such monitoring not only afforded the decontamination crew some control over the decontamination process but also helped
eliminate additional unnecessary decontamination steps.
B.

Internal Radiation Exposure

Internal radiation exposure can result from inhalation or ingestion
of radionuclides, from contamination of open wounds, or from t a c t i l e transfer
of radioactivity i n t o the mouth. Except for accident situations in which contamination enters the body through open wounds, the type of internal exposure
that i s of most concern during decontamination is inhalation. Many mechanical
decontamination procedures produce airborne contamination. Hydrolasing, for
example, i s estimated to produce a 10 mq/nß droplet

(a) A l i g h t water t e s t 1oop contained in PRTR.
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concentration. 2 The level of contamination in these droplets w i l l depend on
the surface being decontaminated. Wet blasting techniques can also produce
contaminated droplets while dry blasting techniques can generate significant
dust. Other destructive decontamination techniques, such as the use of jack
hammers, grinders, scabblers and spallers, produce airborne contamination not
only for workers operating the equipment but for any workers in the v i c i n i t y
of the operation. Such airborne contamination can be reduced by using wet or
dry vacuum systems and water sprays. Contamination control envelopes equipped
with HEPA-filtered ventilation systems can also be used to control the spread
of airborne contamination» S t i l l the potential remains for the internal exposure of workers performing these tasks. Respiratory protection equipment
should be used to protect workers who are potentially exposed to airborne
contamination.
The protection that each of these methods gives the decontamination
workers, however, i s only as good as the care with which i t is applied.
Improper application of protective equipment and radiation accidents are
always factors t h a t must be anticipated during the planning of decontamination
operations. Manufacturer's guidelines, regulatory guidelines such as
Regulatory Guide 8.15, and the l i m i t s stated in 10 CFR 20 for allowable radionuclide concentration in a i r and water must be used to provide adequate protection for workers during decontamination.
C.

External Radiation Exposure

Decontaminating reactor systems prior to decommissioning has the same
benefits as decontaminating systems in an operating reactor: 1) the d i r e c t
reduction of exposure to workers by reducing the radiation levels in areas of
high worker occupancy and 2) the indirect reduction of occupation exposure by
removing loose outer contamination, and as a r e s u l t , reducing the amount of
protective equipment required and the time required for workers to be in a
high radiation f i e l d . In addition to the benefits of decontamination t o the
performance of other decommissioning a c t i v i t i e s , the radiation exposure to the
workers performing decontamination procedures must be considered when determining whether t o decontaminate or which decontamination method to use.
Accomplishing the overall objective of keeping occupational radiation exposures during decommissioning as low as reasonably achievable, requires the
careful balancing of occupational exposure saved by decontamination and the
occupational exposure expended during decontamination.
Both mechanical and chemical decontamination operations result in occupational radiation exposures during the preparatory phase when equipment i s
being installed and system modifications are being made. Tasks, such as the
installation of f i l l and drain connections and component i s o l a t i o n , that are
done in preparation for decontamination, involve major occupational dose
expenditures.
Occupational exposure also occurs during the operational phase
of the decontamination. For example, a worker performing a hydrolasing operation on the walls of a BWR suppression chamber might receive a dose equivalent
of 6 to 8 rem during the 38 to 58 hours required for that decontamination
operation. 4 This exposure should be weighed against the benefits of the
hydrolasing operation when considering the use of such a procedure.
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Mechanical and chemical decontamination involve a movement of radionuclides from the o r i g i n a l l y contaminated surface to other surfaces and configurations. This transport of radioactivity can constitute a major external
radiation exposure hazard to decontamination personnel. During chemical
decontamination, the dissolution or suspension of radionuclides in the decontamination solution may result in high radiation f i e l d s at new locations, such
as waste tanks. Redeposition of radioactive material due to precipitateforming chemical reactions or rapid changes in temperature or flow rate may
cause unexpectedly high radiation levels in occupied areas. It is essential
that the preparation for chemical decontamination of a reactor that has been
shut down prior to decommissioning include not only a thorough survey of plant
radiation levels but a thorough evaluation of the system configurations, such
as low points and deadlegs. Such an evaluation would be conducted in order to
anticipate the potentially hazardous locations. During mechanical decontamination operations, high radiation f i e l d s can be created when contaminated
waste dust, s l u r r i e s , or water become concentrated in wet or dry vacuum canist e r s , in drains leading to the radwaste system and on f i l t e r s and resin
columns. This buildup of radioactivity can be detected and controlled i f
radiation surveys are adequate and performed at s u f f i c i e n t l y frequent intervals during the course of the decontamination.
More destructive chemical decontamination solutions might be chosen for
decontaminating a reactor prior t o decommissioning than for a reactor that is
to be requalified for operation. Concern for the compatibility of the solut i o n with structural materials and for control over the effectiveness of the
solution might be far less than during a restorative decontamination. Leaks
resulting from the destruction of pump seals and valve components pose a
potential radiation hazard to workers, especially i f the pumps and valves are
operating at high pressure. Use of the more destructive decontamination solutions may also result in increased effectiveness and consequently an increase
in the radiation exposure to workers handling the effluents.
D.

Radiation Protection

Protection from sources of external and internal radiation exposure
can be afforded the decontamination worker by the use of protective c l o t h i n g ,
respirators, and shielding. In addition, techniques such as l i m i t i n g worker
occupancy in high radiation areas and increasing the distance between the
worker and the radiation source through the use of remotely-operated equipment
also lessen the radiation exposure to workers.
The use of protective clothing during decontamination efforts prior to
decommissioning d i f f e r s somewhat from that during decontamination of an
operating plant. More of the clothing that protects workers from decontaminat i o n solution leaks, f i r e s and radioactive vapors w i l l be used during the predecommissioning decontamination than during the decontamination of an operating reactor. The major reasons for t h i s are: 1) the uncertainty concerning
the condition of reactor systems t h a t have been out of use, 2) the use of more
destructive decontamination methods, and 3) the p o s s i b i l i t y of an increased
number of decontamination and demolition operations occurring simultaneously.
Plastic clothing should be supplied to workers who must be near valves, pipi n g , and components that could leak during the c i r c u l a t i o n of chemical decontamination solutions or who must operate water spray or blasting equipment.
FIame-résistent clothing should be worn by workers during the decontamination
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operations involving welding, grinding or the use of any operation that might
produce sparks, molten metal debris or the i g n i t i o n of combustibl e material .
Gases that may have accumulated in the reactor systems over time or been produced as a result o f reactions between decontamination solutions and structural materials can be ignited by high temperature operations and can r e s u l t
in a personnel safety hazard, a radiological hazard, and a f i r e hazard. During the decontamination of the Shippingport reactor, a grinding operation on
the outsice of a contaminated stop valve resulted in the i g n i t i o n of hydrogen
that had accunul ated in the valve. Although the decontamination worker performing the grinding operation was not seriously i n j u r e d , he was extensively
contaminated by radioactive crud that was expelled by the explosion.
Although such incidences are even more l i k e l y in a plant where the piping cond i t i o n s are not known and the behavior of system components during decontamination is unpredictable, they can be prevented by careful system venting.
Respiratory protection Tom vapors and particulates i s also essential
during many decontamination operations. Such incidents as the explosion mentioned above can contaminate workers i n t e r n a l l y as well as externally i f
inadequate respiratory protection i s not provided. Because the p o t e n t i a l l y
more destructive decontamination methods such as sand and g r i t b l a s t i n g ,
spall ing and strong chemical solutions may be employed prior to decommissioni n g , the presence o f radioactive particulates and vapors are of greater concern than during restorative decontamination.
Shielding is another option for providing radiation protection to workers
during decontamination operations. In many instances, working space i s so
t i g h t that portable shielding can not be used since i t would s i g n i f i c a n t l y
hamper accessibility to an area. However, molded lead shielding, lead bean
bags and lead wool blankets, such as those used during the steam generator
repair and replacement operations at the Surry Power Station, can be designed
to provide shielding with a minimum of obstruction.*^ The benefit gained from
the use of shielding can be determined by considering *hese points: the occupational exposure expended during i n s t a l l a t i o n of the shielding, the
effectiveness of the shield to reduce radiation from the source shielded as
well as from major sources of radiation in the area and the degree to which
the shielding interferes with worker access, egress, and job performance.
Aside from the use of portable shields, shielding can include the use of
already existing structures, such as concrete walls.
In addition, the use of
water to flood parts of components, such as the reactor vessel, the secondary
side of the steam generator and fuel storage pools during decontamination
e f f o r t s can provide shielding not only for workers decontaminating those components, but for workers in adjacent areas.
Remotely-operated equipment and long-handled tools can also be used to
reduce occupational exposures during decontamination. However, the usefulness
of these techniques i s limited by the accessibility of the area to be worked
on and the amount o f exposure required during remote equipment i n s t a l l a t i o n
and maintenance. Perhaps the best developed example of remote technology i s
the slurry-blasting process used to decontaminate steam generator channel
heads. The control panel for such a unit can be up t o 15 meters from the
steam generator u n i t . Remotely operated electropol ishing devices have also
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been developed for tanks and piping systems but they have not been applied to
reactor system as extensively as the slurry blasting techniques.
Effective decontamination planning plays a major role in reduc-ing occupational exposure by reducing the time spent by workers in high radiation
fields. Radiation protection through exposure time reduction requires that
the decontamination worker become very familiar with the task he is to perform
\n the high radiation field and also with the area he must be in to perform
the task.
E.

Contamination Control

Contamination control i s a major issue during decontamination prior
to decommissioning because of the use of decontamination methods that may be
more rigorous then those used on operational reactor. As previously discussed, the spread of contamination from these processes can be reduced by
using contamination control envelopes, water sprays, wet and dry vacuums,
auxiliary ventilation and a i r f i l t e r i n g systems, and drain lines and pans for
catching decontamination solutions that have leaked from components and piping
systems. The prevention of explosive releases can also be accomplished by
venting the piping systems prior to decontamination and not allowing spark or
flame producing techniques to be used on areas where hydrogen or other potent i a l l y explosive gases have accumulated.
Contamination control also includes the prevention of recontamination of
areas that have already been decontaminated. Strippable coatings and other
methods for sealing clean areas from contact with radioactive materials should
be adopted during the planning and scheduling of decontamination a c t i v i t i e s .
F.

Critical i t y Control

C r i t i c a l i t y should not be a concern during the decontamination of
most nuclear reactors prior to decommissioning. However, in the case of a
reactor which is [>eing decommissioned following a massive fuel element rupture
accident, c r i t i c a l i t y control may be an important issue. The uranium and plutonium dissolution capacity of potential decontamination solutions must be
evaluated in order t o determine whether reaching a c r i t i c a l concentration is
possible. Other considerations that influence the potential for c r i t i c a l i t y
during decontamination include: changes in pipe sizes and configurations, the
likelihood of forming a precipitate that would concentrate the f i s s i l e mater i a l and the potential for reaching a c r i t i c a l mass on f i l t e r s or a c r i t i c a l
concentration on resin columns, in waste tanks, or waste processing equipment.
Prior to any evaluation of the a p p l i c a b i l i t y decontamination techniques,
the amount of fuel debris in the reactor systems and the percent of f i s s i l e
material expected in the debris must be well known.
C r i t i c a l i t y concerns during the decommissioning of the SL-1 reactor prohibited the use of decontamination solutions inside the containment building.
Consequently, only dry mechanical decontamination methods, such as vacuuming
and using a remotely-operated electromagnet to pick up debris, were used.'
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III.

Industrial Hygiene and Safety Issues

Decontamination personnel are exposed to many nonradiological, industrial
hazards during reactor decontaminations. This i s largely due to the fact that
during decontamination operations, abnormal working conditions prevail within
the reactor. The presence of large quantities of chemicals and equipment and
changes in s h i f t routines a l l contribute to the increased potential for
industrial accidents. Decontamination can be even more hazardous in the case
of a reactor that has been shutdown for a period prior to the start of decommissioning a c t i v i t i e s . Deterioration of the reactor and the decontamination
crew's lack of f a m i l i a r i t y with such a reactor increase the accident
potential.
Some of the major industrial hygiene and safety issues that must be considered in the planning and implementation of reactor decontamination prior to
decommissioning are: 1) physical conditions, including working conditions of
the decontamination crew and the physical conditions of the plant; 2) chemical
handling, including the evaluation of chemical t o x i c i t y , compatibility and
f i r e hazards during storage, mixing, and waste solution handling, and
3) equipment handling, including noise levels, l i m i t s for particulate and
vapor concentrations, and the impact of the use of temporary equipment on
safety conditions in the plant.
A.

Physical Conditions

The extent to which reactor systems have deteriorated by the time
decommissioning a c t i v i t i e s begin greatly affects not only the choice of decontamination methods used but also the risks to personnel during decontamination
operations. I f primary system pumps are not functional or are incapable of
recirculating decontamination solution at the required v e l o c i t i e s , the decontamination procedure used may involve pipe sectioning, followed by electropolishing or the use of a temporary decontamination loop with i t s own recirculation pumps instead of f u l l system chemical decontamination. The shortage
of work space, complicated by the presence of temporary equipment, can
increase the industrial hazards above those present during system chemical
decontamination. Prior to the start of decontamination operations, the vent i l a t i o n system should be evaluated to ensure that i t can adequately prevent
the buildup of airborne particulates and gases generated during decontaminat i o n . Evaluation of reactor systems and system components can reduce the
risks to workers from leaks, pipe breaks and the accumulation of noxious
fumes.
In addition to a thorough survey of system functioning, an evaluation of
the physical layout of the plant should be made, paying special attention to
the accessibility of areas to be decontaminated, the amount of space available
for chemical storage and decontamination equipment placement, and the auxiliary c i r c u l a t i o n / v e n t i l a t i o n , power and l i g h t i n g systems present. Because
most of the decontamination crew w i l l not be familiar with the plant, efforts
must be made to familiarize them with the arrangement of plant systems and the
location of components to be decontaminated, l i g h t i n g systems, escape routes
and emergency equipment.
Consideration should also be given to the working conditions that will
prevail during planned decontamination processes throughout the plant. For
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example, decontamination operations in locations where the potential for heat
stress is high and where working space and entrance and egress routes are
severely restricted should be i d e n t i f i e d . Arrangements should then be made to
use alternate decontamination methods and equipment or to l i m i t the length of
time that workers must be in those locations.
- B,

Chemical Handling

Perhaps the major impact of chemical decontamination on working conditions and maintenance of industrial safety i s the presence of a large volume
of chemicals in the plant during decontamination operations. It has been
estimated that for a two-step decontamination of the primary system of a commercial reactor, approximately 36,000 kilograms of chemicals would be
required.** Unless the reactor has adequate storage space, the improvised
storage arrangements made for t h i s volume of chemicals could severely hamper
accessibility to areas of the plant. Handling t h i s volume of chemicals could
also be hazardous due to the toxic or reactive nature of the chemicals and the
potential for leaks. Drums of hydrogen peroxide, for example, are vented so
they require special handling to prevent spillage. The highly reactive nature
of hydrogen peroxide makes i t a f i r e and explosion hazard as well as a
potential eye and skin i r r i t a n t .
Concentrated acids and bases also present significant hazards to decontamination workers. Sulfuric acid, for example, reacts violently with water
and organic materials. Nitric acid i s a strong oxidizing agent so i t is also
highly corrosive to the skin. I t also presents a f i r e or explosion hazard
when in contact with combustible material. Hydrofluoric, oxalic, and other
concentrated acids that might be used in the decontamination of a reactor
before decommissioning, are also very hazardous when injested, inhaled or
allowed to contact the skin or eyes. Other chemicals, such as diethyethiourea
and 8-hydroyquioline, are hazardous largely because of t h e i r suspected carcinogenic effects.
During the chemical mixing and storage operations, careful attention
should be given to ensuring the adäquate protection of decontamination workers
with protective clothing and respiratory protection equipment. Proper chemical handling techniques should be a part of normal working procedures.
In addition to chemical hazards existing during storage and preparation
of decontamination solutions, chemical hazards also accompany the decontaminat i o n process. Many strong oxidizing agents, such as concentrated acids, react
with metal structural materials to form hydrogen. I f allowed to accumulate to
concentrations from 4.1 to 74.2%, hydrogen can become explosive. 9 The
accumulation of ammonia evolved during chemical reactions can also be explosive ,if concentrations from 16 to 25% in air are attained.1" At lower concentrations and under poor ventilation conditions, ammonia fumes can overcome
workers. One of the instances when ammonia can form i s during the addition of
expended Citrox solutions to waste tanks containing expended alkaline permanganate (AP) solution. To control the rate of ammonia evolution, the procedure for mixing the two solutions should require that the AP solution be added
to the Citrox solution.
In addition to radiation exposure, chemical burns and internal injury can
also result from unexpected leaks and sprays of chemical decontamination
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solutions. Workers who must be present in areas where leaks can occur should
be protected from chemicals by chemical r e s i s t a n t , water-proof c l o t h i n g and
respiratory p r o t e c t i o n . Other equipment, such as emergency showers, should be
readily accessible during decontamination operations.
C.

Equipment Handling

Hazards accompanying the use of mechanical decontamination equipment
include the reduction of work space and entrance and egress routes, evolution
o f particulates, e l e c t r i c a l shock, and other hazards normally present during
the handling of heavy equipment and equipment t h a t operates at high pressures.
The application o f such decontamination techniques as hydrolasing and abrasive
blasting requires space for motors, hoses, tanks and the spray wand i t s e l f .
The a b i l i t y of workers to escape the decontamination area in the event of an
accident must be an important consideration in the planning for decontaminat i o n operations. Accessibility t o other parts o f the reactor when the equipment i s in place should also be evaluated.
The evolution of dust p a r t i c l e s i s a consideration when dry abrasive
blasting equipment, scabblers, s c a r i f i e r s , and grinders are used. These techniques are more l i k e l y t o be used f o r decontamination in conjunction with
decommissioning than in decontamination as a part of plant maintenance. The
particulate concentration l i m i t s given in 29 CFR 1910 should be considered
during the planning of decontamination operations p r i o r t o decommissioning.
Dust generation can be avoided through use of water sprays, f i l t e r e d v e n t i l a t i o n systems, dry vacuums and contamination control envelopes. Normally i f
radiological exposure standards are met by the use o f v e n t i l a t i o n or respiratory protection, exposure to s i l i c a , asbestos and other harmful particulates
w i l l also be below established l i m i t s .
Occupational safety considerations when operating high pressure water
spray equipment include the potential for the buildup o f s t a t i c e l e c t r i c i t y ,
i f the equipment i s not adequately grounded, and the inhalation of water dropl e t s which could contain such chemicals as EDTA, a skin i r r i t a n t and, when
ingested, a p o t e n t i a l l y damaging complexer of the body's calcium.
Another occupational hazard that accompanies the use of most o f the
mechanical decontamination equipment i s worker f a t i g u e . This can be minimized
by proper s t a f f i n g and work assignments.
IV.

DECONTAMINATION PLANNING AND PREPARATION

Safe, e f f e c t i v e decontamination operations depend on careful planning
which not only takes into consideration the a p p l i c a b i l i t y but also the radiological and industrial hygiene and safety aspects o f each decontamination
method. Four phases of decontamination planning are: radiological or physical survey o f the p l a n t , selection of applicable decontamination methods,
i d e n t i f i c a t i o n c f plant modifications necessary f o r decontamination operat i o n s , and t r a i -ng of the decontamination crew.
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A.

Radiological and Physical Surveys of the Plant

Surveys should document radiation levels throughout the plant and
locate low flow areas, deadlegs, and areas where the system has been modified
from available plant drawings. Construction materials in the plant- should be
noted, along with areas where poor l i g h t i n g or v e n t i l a t i o n e x i s t . The
accessibility of areas l i k e l y to be decontaminated should also be assessed in
order to determine the space available for equipment operation and the emergency egress routes available for workers. High radiation areas where shielding can be installed should also be located.
The thorough plant surveys should familiarize decontamination personnel
with the radiological and physical conditions present in the plant and should
help the decontamination management determine which systems and system components need decontamination and to what degree the plant systems and components are functioning.
B.

Selection of Decontamination Methods

Decontamination method selection involves consideration not only of
the radiation survey of the plant but the physical survey as w e l l . The potent i a l occupational exposure and industrial hygiene r i s k s during decontamination
operations should be weighed against the potential effectiveness of the decontamination. Methods for maintaining radiation exposure as low as reasonably
achievable, such as i n s t a l l a t i o n of shielding, use of remotely-operated equipment, limitation of worker time i n high radiation areas and the use of radiat i o n protection equipment should be incorporated i n t o planned decontamination
procedures. Another important consideration that has radiological and indust r i a l hygiene implications i s the applicability of decontamination methods to
a reactor system. Selection of the most appropriate method should involve
careful testing of the effect of each method on structural materials and waste
management systems.
C. Modification of Reactor Systems
System modifications required for implementation of decontamination
techniques should be identified and evaluated from industrial hygiene and
radiological safety aspects. Risks to the decontamination worker during system modification may be outweighed by the overall decrease in radiation exposure and industrial hazards during subsequent decontamination operations.
Modifications, such as the i n s t a l l a t i o n of a reactor vessel bypass and the
sectioning of the primary loops into smaller loops that are decontaminated
individually, may decrease risks to workers by making reactor decontamination
more manageable.
D.

Decontamination Training

The training that the crew receives prior to the start of decontamination operations has a d i r e c t impact on the radiation exposure and indust r i a l safety during decontamination. One of the most important aspects of
training should be familiarization with the plant and with the specific systems and components to be decontaminated. Access and egress routes, as well
as the locations o f high radiation areas, should be well known by the worker
after the training course. Also included in the pre-decontamination training
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should be a radiation safety course which deals with the types of radiation,
the biological effects of radiation and the use of monitoring and radiation
protection equipment. A course in industrial hygiene and safety should be
taught so that workers learn the properties, hazards, safe handling practices
and emergency procedures for the chemicals and equipment involved in the
decontamination e f f o r t . Decontamination workers should also become familiar
with the decontamination and emergency procedures. They should receive mockup
t r a i n i n g which involves not only practicing the decontamination procedure on
simulated reactor systems or models of reactor components but also practicing
the use of protective clothing and equipment required during decontamination.

V.

SUMMARY

Radiological and i n d u s t r i a l hygiene issues t h a t normally accompany the
restorative decontamination of reactor systems are augmented during decontamination of a reactor p r i o r t o decommissioning. The d e t e r i o r a t i o n o f react o r systems, coupled with the lack of worker f a m i l i a r i t y with the p l a n t ,
r e s u l t in a greater potential f o r radiation and i n d u s t r i a l accidents. Careful
planning of the decontamination operations requires consideration o f the
physical and radiological conditions i n the p l a n t , the radiation exposure and
i n d u s t r i a l safety o f workers during decontamination operations, the a p p l i c a b i l i t y of decontamination methods t o particular reactor systems, and the
mechanisms available for c o n t r o l l i n g contamination.
Radiation and physical surveys of the plant should be performed prior to
the start of decontamination in order to document radiation levels and physical conditions of a l l plant systems and components. High radiation areas and
areas where radioactivity is l i k e l y to accumulate should be i d e n t i f i e d , along
with deteriorated systems or components. Such surveys not only familiarize
the decontamination staff with the plant but also f a c i l i t a t e the selection of
decontamination methods appropriate to plant conditions.
Decontamination methods must be selected on the basis of effectiveness,
compatibility with the reactor system or component and radiological and indust r i a l safety. A balance must be established between these factors so that the
decontamination method chosen is the most effective within the restrictions of
maintaining occupational exposures as low as reasonably achievable, maintaining occupational exposure to toxic substances below accepted l i m i t s , limiting
stressful working conditions, and maintaining the system integrity. Additional risks involved in modifying reactor systems prior to decontamination
should be considered during decontamination planning and decontamination
method selection. These risks should be weighed against the potential for
making decontamination of the reactor more manageable.
Effective decontamination training can greatly influence the success of
the decontamination operations. The training given to decontamination workers
should prepare them to safely and effectively implement the decontamination
procedures and to appropriately use protective equipment and emergency procedures. Like the other facets of decontamination planning and preparation,
crew training should reflect the radiological and industrial safety conditions
of the reactor prior to decommissioning.
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ABSTRACT
The cost benefit study was performed on chemical decontaminations for the
entire reactor primary system of a boiling water reactor (BWR). The benefit was deduced from personal exposure reductions obtained by the decontamination, and the cost was estimated through the study of facilities
design and application procedure for the two types of chemical decontamination technologies, concentrated and dilute. We have found that the adequate
decontamination frequency is 2 to 3 times during the operating time of 8 EFPYs
and its estimated man-rem cost is about 2600$/man-rem.
I.

INTRODUCTION

The chemical decontamination of nuclear power plant has been considered
an effective measure to reduce the personal radiation exposure. Applying a
decontamination technology to a current operating nuclear power plant, it
is essential to survey the present state of plant such as the personal exposure, the radiation field and the inspection work and to judge whether or
not the decontamination provides an economic advantage for the plant. The
purpose of present work is to study the optimum decontamination technology
on a Japanese 3WR (hereinafter plant A) which has been operated approximately 10 years since the start up.
II.

EVALUATION OF EXPOSURE REDUCTION EFFECT
A.

Evaluation method

The exposure reduction effect was evaluated with a flowsheet shown
in Figure 1. It was assumed that the future personal radiation exposure of
plant A could be estimated with
D(t) = Di + D 2 (t) = Di + kC(t)

(1)

where D(t) = exposure at an operating time t (man-rem/y) , Di = exposure
caused by the radioactivity in the reactor water which is independent of the
operating time (man-rem/y), D 2 (t) = exposure caused by the radioactivity
deposited on the components at an operating time t (man-rem/y), k =
conversion factor (man-rem/y/Ci) and c(t) = radioactivity deposited on the
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components at an operating time t (Ci). Based on the equation (1), exposure
estimation equations were derived from:
1) the personal exposure tendency up to present in plant A is examined
based on the actual data of personal exposure categorized into the building
of reactor, turbine and radwaste, and also into the work of operation and
periodic inspection,
2) the radioactivity deposited on the components of the reactor primary
system in plant A is calculated using a computer program in order to obtain
the deposition tendency in the application case and the no application case
of decontamination, and
3) values of k and Oi in the equation (1) are determined based on the
actual data of personal exposure examined in 1) and the deposited radioactivity up to present calculated in 2 ) .
From these investigations, the exposure estimation equations were
developed individually for the work of operation and inspection in each
building of plant A.
The radioactivity deposition mentioned in 2) was calculated using a
computer program prepared by a crud transportation model in a BWR reactor
primary system. Parameters that were inputted into the computer program
were operating characteristics, operating history, deposition and release
rate of crud in the core and out of the core, concentration of metal in
feed water and so on. As the radiation field in the reactor primary system
of plant A had been caused chiefly from 6OCo» the deposited radioactivity
was calculated only for 6O Co.
B. Exposure reduction effect
The cumulative personal exposures of plant A were estimated in each
case of application and no application of decontamination by substituting the
radioactivity calculated in 2) into the exposure estimation equations. The
total exposure reduction obtained by the decontamination was evaluated by
subtracting the personal exposre suffered from the decontamination work from
the difference of the cumulative exposures in both cases. The reduction was
calculated through 8 EFPYs after initial decontamination operation.
Exposure reduction rates for various decontamination procedures are
shown in Table 1 as functions of a Decontamination Factor (DF) and a frequency of decontamination. The results show that the exposure reduction
rate is some 50% at the most even when the most effective decontamination
is applied to the reactor primary system of plant A. Figure 2 shows the
relation between DF and exposure reduction rate. From this figure, it is
seen that the exposure reduction rate is almost independent of DF if DF
exceeds about 5.
III. EVALUATION OF EECONTAMINATION EXPENSE
The expense of chemical decontamination on the reactor primary system
of plant A was evaluated for the two types of chemical decontamination
technologies, concentrated and dilute, with a flow diagram indicated in
Figure 3.
A. Proposed decontamination processes
Decontamination processes proposed for the cost estimation are as
followings.
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Table 1. Exposure reduction rates for various application cases
of decontamination

Case No.

Decon. sphere
/

1
2

Decon. frequency
1
2
3
4

100
100
100
100

3
4
5
6
7
8
9
10
11
12

Reactor
primary
system

13
14
15
16
17
18
19

DF

Reactor
primary
system
and
fuels
\

Exposure reduction
rate
0.199
0.305
0.357

100
10

7
1

0.394
0.437
0.180

10

4

0.370

5

1

0.152

5
5
2
2
1.5
1.5

2
4
1

0.280
0.342
0.0939

4
1
4
1
2
4

0.225
0.0619
0.159

5
5
5
5
2

7
7

0.211
0.325
0.411
0.450
0.361

Cumulative exposure reduced
Note: Exposure reduction rate , by decontamination
^_^
i—
* *^
Cumulative exposure without
decontamination
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Figure 3. Flow diagram for cost evaluation

1. concentrated chemical decontamination process. This process
is a DRESDEN type decontamination having DF = 100. The area to be decontaminated is the reactor primary system of plant A with the volume of about
340 m 3 . As the bulk volume of liquid waste will accompany in this process,
the waste treatment facilities will be required for the waste treatment.
In the present work, the facilities and its reception building are intended
to be constructed in the vicinity of plant A. The building will be about
43m x 23m and 32m high. Main components in the building are liquid waste
storage tank, decontamination reagent storage tank, linse water tank, concentration facilities, demineralization facilities and solidification
facilities. Solidified products originated from the decontamination will
attain about 600 drums.
The required man power for the work of decontamination and waste treatment is about 2300 man-days, in which excluded the man power for the construction of waste treatment facilities. The required time for the decontamination work is 58 days including the fuel transportation, the preparing
work for decontamination and the removal and the restoring work after the
decontamination. If the decontamination is carried out incorporated in the
normal inspection schedule which requires 90 days, the inspection period
will be extended for about 33 days.
2. Dilute chemical decontamination process. This process is a
CANDECON type decontamination having DF = 5. The area to be decontaminated
is considered in the two cases of the reactor primary system with fuels and
without fuels. Wastes originated may be spent resins and filters. After
decontaminated, the resins are solidified by the existing solidification
facilities after stored about 5 years in the existing resin storage tank in
plant A. Solidified products originated will be about 2300 drums for the
case with fuels, and about 250 drums without fuels. The filters are stored
in the site banker pool emplaced in a shielded container. Components to be
prepared for the decontamination are pumps, filters and ion exchangers,
which will be installed in the area of plant A and removed after the decontamination.
The required man power for the work of decontamination and waste treatment is about 3400 man-days for the case with fuels, and about 1800 mandays without fuels. Relatively high man powers for the case with fuels are
resulted from the waste treatment work because of the high radioactivity
released from the fuel surfaces. The required time for the decontamination
will be 30 days for the case with fuels and 53 days without fuels and if
the decontamination is carried out in the normal inspection schedule, the
inspection period will be extended for about 21 and 32 days respectively.
The difference of time in both cases is related to the fuel transportation
days out side of the core.
B.

Decontamination expense

Table 2 shows the costs of facilities, operation and down time for
each decontamination process. From this table, it can be seen that the
facilities cost is extremely expensive for the concentrated decontamination
process. Almost all of the facilities cost for the concentrated decontamination process is attributed to the waste treatment facilities. Although
the waste treatment facilities is essentially constructed for the decontamination, in reality, the facilities will be utilized for other than the decontamination such as supporting the existing radwaste facilities. Therefore, it is considered to be irrational on discussing the advantage of
decontamination that all of the waste treatment facilities cost is incorporated in the decontamination expense. For the reason, 25% of the total
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Table 2. Estimated decontamination expense

a)
Unit:

^"•^rDecon.
^""--•»procès se s
Cost items

Concentrated
chemical decon.
process ;

^ ^ \ ^ ^ Without fuels

1. Facilities cosr
1) Earth work
2) Bail ding
3) Equipment
4) Aux. f a c i l i t i e s
5) Engineering (R&D)
6) Contingency
Total
2. Operation costb)

10 6 $

Dilute chemical <äecon.

process

With fuels

Without fuels

1.04

-

-

5.18

-

-

12.66

1.45

2.17

-

1.17
-

3.16

0.22

6.32

0.43

0.17
0.35

30.53

2.10

1.69

1) Chemicals

0.283

0.509

0.270

2)
3)
4)
5)

0.022

0.004

0.004

0.596

0.878

0.457

0.178

0.265

0.139

0.296

0.439

0.230

0.039

0.004

0.004

0.222

0.804

0.087

1.636

2.903

1.191

Utilities
Labour cost
Supervisory cost
Exposure control
cost

6) Consumptions and
Repairs
7) Drum storage cost
Total
3. Down time cost

23.97

15.25

Note: a) Estimated by 1980 prices in Japan and ¥230/$.
b) As a value of unit decontamination operation.
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23.24
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Table 3. Typical decontamination procedure and estimated man-rem cost

^^"^--^Decon. processes
Evaluation
items

Concentrated
chemical decon, process

^"~""~-—-^^^
'"---^^^^ Without fuels

Dilute chemical decon.
process
With fuels

Without fuels

1. Decon. conditions

-

1) DP
2) Decon. frequency

time

100

5

5

2

1

2

2. Exposure reduction
3) Cumulative exposure
reduction^

man-rem

1830

1270

1690

4) Exposure suffered
from de con. work

nan-rem
/work

80

90

50

5) Effective value of
exposure reduction

man-rem

1670

1180

1590

3. Decon. cost
6) Facilities cost

10*$

7.63b)

2.10

1.69

7) Operation cost

10*$

3.27

2.90

2.38

8) Down time cost

10*$

47.94

15.25

46.48

9) Total
(excluded 8))

10*$

10.90

5.00

4.07

10) Total
(included 8))

10*$

58.84

20.25

50.55

11) 9)/5)

10 3 $ /
man-rem

6.53

4.24

2.56

12) 10)/5)

10 3 $ /
man-rem

4. Man-rem cost

Note:

35.2

17.2

31.8

a) Estimated through 8 EFPYs after the i n i t i a l decon.
operation
b) Assumed 1/4 of the total in Table 2.
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the reactor outage takes a large part of the decontamination expense.
Therefore, considering the economic advantage of decontamination, we should
minimize the extention of normal inspection schedule due to the decontamination.
3) From the cost benefit analysis, we have found that the adequate
decontamination frequency is 2 to 3 times during the operating time of 8
EFPYs in the case of chemical decontamination of plant A, and also its
estimated man-rem cost is about 2600 $/man-rem, which is lower than the
exposure cost in the normal inspection work of plant A.
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ABSTRACT A l a b o r a t o r y l o o p t e s t a n d an i n - p l a n t l o o p t e s t were c a r r i e d o u t
to investigate phenomena and mechanism of recontamination which surfaces of
components in primary coolant system suffer during exposure to coolant
after chemical decontamination, and to consider the countermeasures against
recontamination. The results showed that recontamination would occur as
the same mechanism as the i n i t i a l l y few hundred hours' contamination of
Cobalt-60 in BWR plants, however a rapid recontamination rate would be
inhibitted if decontamination was conducted according to the present procedures .

I.

INTRODUCTION

Rapid recontamination a f t e r
chemical decontamination at the Peach
Bottom Atomic Power Station Unit No.2 was reported a t the ANS t o p i c a l
meeting "Decontamination and Decomissioning of Nuclear F a c i l i t i e s " September 1979. This phenomena c o n t r o l l i n g decontamination efficiency s i g n i f i cantly aroused an attention t o us being in progress of a chemical decontamination development program.
Thereupon, the authors conducted loop t e s t s t o b e t t e r understand the
phenomena and mechanism of recontamination and t o consider the countermeasures against recontamination.

II.

EXPERIMENTAL

P. preliminary t e s t was performed with laboratory loop and then an inplant loop t e s t was conducted.
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A. Laboratory loop t e s t
Specimens dimensioned 12.7 mm in outside diameter, 40 mm l o n g , and 2
mm thick were taken from s t a i n l e s s s t e e l (SUS 304) piping previously acid
t r e a t e d for c l e a n i n g . The cleaning was 15 minutes' immersion in f l u o r i c and
n i t r i c acid mixture solution a t room temperature.
Six s e t s of samples consisted of four specimens i n each s e t were p r e pared for the following experiments. The s e t s of samples were t r e a t e d with
s i x d i f f e r e n t decontamination s o l v e n t s in autoclaves under simulated decontaminating c o n d i t i o n s , and then t h r e e specimen in each s e t were subjected to
three types of p a s s i v a t i o n t r e a t m e n t s r e s p e c t i v e l y .
One remaining specimen
was not p a s s i v a t e d as r e f e r e n c e .
The decontaminating and p a s s i v a t i n g cond i t i o n s were described below.
1. Decontamination s o l v e n t s and the t r e a t i n g conditions were (1)
D - l , 120°C, 100 h r s . , (2) D - 2 , 90°C, 24 h r s . , (3) D - 3, 120°C, 24 h r s . ,
(4) c - 1 , 85°C, 24 h r s . , (5) C - 2,
90°C, 24 h r s . , and (6) C - 3 ,
90°C,
24 h r s .
2. p a s s i v a t i o n treatment conditions were (1) bathed 24 h r s . in hot
(100°c) demineralized water, (2) bathed 100 h r s . i n hot (100°C) demineralized water, and (3) n i t r i c acid treatment, 50DC, 10 min.
Decontaminated and p a s s i v a t e d specimens and a non-treated specimen
as reference were loaded in a 1/2B s t a i n l e s s s t e e l (SUS 304) p i p i n g as shown
in Fig. 1 and connected t o flowing water l i n e of the t e s t s e c t i o n i n the
loop shown i n F i g . 2. They were exposed t o simulated BWR r e a c t o r water cont a i n i n g Cobalt-60 for 683 hours t o examine the Cobalt-60 deposit on the
inner surface of the specimen. The operating condition of the loop was
summarized i n Table 1.

Table 1

Operating conditions
of t h e laboratory loop

Operating temperature
Operating p r e s s u r e
Dissolved oxygen
pH
E l e c t r i c conductivity
Operating time ( s t a b l e condition)
Co-60 Concentration
Gross Co-60 r a d i o a c t i v i t y
passing through specimen
Gross Co-60 r a d i o a c t i v i t y
deposited on specimen
Deposited Co-60 r a d i o a c t i v i t y

280°C
70 kg/cm2
'v 200 ppb
7.1
'v 0.1 u£2/cm
683 hr
^ 10~ 8 uCi/cc
0.903 yCi^
0.07 uCi
7.7%

After exposure the specimens were taken from the loop, and the
following examination were performed.
(1) Measurement of deposited Cobalt-60
(2) D i s t r i b u t i o n of Cobalt-60 in surface oxide l a y e r s
(3) SEM observation of the surface
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Deposited Cobalt-60 of each specimen was measured, then., some of
the specimens were processed with the following procedure step by step to
examine the Cobalt-60 distribution.
(1) Ultrasonic cleaning (15 min.); removing soft crud,
(2) 1% oxalic acid hot bathed (80°C, 30 min.) and ultrasonic
cleaning (5 min. ); dissolving nickel/cobalt spinnel
(3) 0.1 N-hydrochloric acid hot bathed (80°C, 30 min.) and
ultrasonic cleaning (5 min.)
(4) IN hydrochloric acid hot bathed (80°c, 30 min.) and
ultrasonic cleaning (5 min.);flaking off the most inner
non-dissolved oxide layer
B. in-plant loop t e s t
Stainless s t e e l (SUS 304) specimens were the same dimensioned, acid
treated and loaded in the test section as those of laboratory loop. Fifty specimens coud be loaded in two stainless steel pipings in the t e s t section of
the loop and exposed to the loop water which was introduced from reactor water.
The loop was operated for 100 hours at the f i r s t cycle, 890 hours
at the second cycle and 284 hours at the third cycle and the overall time
reached 1274 hours. The condition of the loop water at the t e s t section
was the temperature of 240°C, the pressure of 80kg/cm2 and the linear
velocity of 0.8 m/sec. Three times of contamination and decontamination
cycle, were performed during the overall time of operation.
Decontamination and passivation treatment of the specimens were
conducted in an autoclave after removed from the loop a t the end of each
cycle. The treatment conditions were as follows.
(1) Decontamination treatment
Group
Group
1 and 2 3 and 4
Solvent

D -2

C -2

Temperature

90°+5°C

90°±5°C

Time

24 hrs.

24 hrs.

Group
5 and 6
Nondecontamination

Group 5 and 6 were used for reference specimen not subjected to decontamination and for monitoring radioactivity fluctuations caused by other than
decontamination and passivation treatments.
(2) Passivation treatment
Solution

:

demineralized water

Temperature :

100 ° C

Time

100 h r s .

:

The plant had maintained a steady operating condition except three
times of pattern modification during the t e s t . In the f i r s t cycle the
radioactive concentration of f i l t r a t e was considerably low, which may be
considered causing from the deposition of radioactivity on the surface of
fresh pipings in the range from the water intake point to the t e s t section.
Thirty to fourty percents of Cobalt-60 in the water a t the i n l e t of the
loop were crud and the remaining were f i l t r a t e during the t e s t period.
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After the every cycle operation of the loop, contaminated specimens
were examined with the following items.
(1) Radioactivity measurement
(2) Distribution of radioactivity in the surface oxide layers
(3) Xray diffraction and SEM observation
Distribution of radioactivity was determined by the residual radioactivity measurement processing with the following procedures.
(1) Ultrasonic cleaning (15 min.)
(2) 0.1% oxalic acid hot bathed <80°C, 30 min.) and ultrasonic
cleaning (5 min,)
(3) 1% oxalic acid hot bathed (80°C, 30 min.) and ultrasonic
cleaning (5 min.)
(4) IN hydrochloric hot bathed (80°C, 30 min.) and ultrasonic
cleaning (5 min.)

III. RESULT
A. Laboratory loop test
1. Measurement of Cobalt-60 deposited on the specimen. Fig. 3
shows Cobalt-60 deposit on the specimen classified with decontamination
solvent and passivation condition. The deposited Cobalt-60 are normalized
to relative values to that of a reference specimen. There appears no significant differences among the decontamination solvents and passivation
conditions,
2. Distribution of Cobalt-60 in the surface oxide layers. Fig. 4
shows residual radioactivity after each step of the procedure. The major
amount of Cobalt-60 i s incorporated in the most inner oxide layers which
can not be removed by ultrasonic cleaning and oxalic acid treatment.
3. SEM observation. Many granular crystals had been grown on the
reference specimen surface after exposure to the simulated BWR reactor
water, which did not observed before as shown in Photo 1-A and 1-B.
B. In-plant loop test
1. Contamination of reference specimens. Cobalt-60 buildup on the
reference specimens which were not decontaminated since i n i t i a l l y loaded
are shown as triangle marks in Fig. 5. The specimen were rapidly contaminated with Cobalt-60 in the i n i t i a l 100 hours and then the contamination
rates became slow.
2. Recontamination of decontaminated specimens. At the end of the
third cycle, Cobalt-60 levels of the decontaminated specimens, marked
single circles connected with a solid line in Fig. 5, were nearly equal to
or not higher than that of the non-decontaminated and non-passivated specimen marked double circle in the same i l l u s t r a t i o n .
3. Recontamination rates of decontaminated specimen. Table 2
shows Cobalt-60 contamination rates of the decontaminated specimens and
i n i t i a l l y loaded in the third cycle. From the figures, i t can say that the
recontamination rates of decontaminated specimens were not over those of
the i n i t i a l l y loaded specimens.
1-56

Whole specimen surfaces
Specimen inside surface
U

FLOW

150

100
0)
ns
•o

w
N

50

«J

E
i_

o

z
D-2
D-3
DECON.
D-1
NONE
REAGENT
(120DC,100hr) (9D°C,24hr) (i20°C,24hr)
PASSIVATION
CONDITION

LÜ

NONE

LÜ

C-1
(85°C,24hr)

LU

C-2

C-3

(9(TC,24hr) (90°C, 24hr )
ui

I I ID

1

(*) I : Hot bath in déminera lized water
(100-C, 24hr)
FIG. S

DEPOSITED

RADIOACTIVITY

ON STAINLESS STEEL (SUS 304)

n:
(100°c, 100hr)
I ! Nitric acid treatment (Nitric acid,
Baume 42°, 20% s o l u t i o n , 50 "C, 100min.)

100

F IG. 4

DISTRIBUTION OF Co-60 IN SURFACE OXIDE LAYER

1-58

Photo 1-A
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SEM Photographs of particulate
removed by IN HC?. treatment.

H 1 um
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Co-60 DEPOSITION ON STAINLESS STEEL SPECIMENS
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1400

Table 2
decon.
solvent

eo Co contamination rate in 3rd cycle

passivation
treatment

decontaminated
specimen

initial
loaded
spe cimen

after removed crud
on the outer surface

0.02

0.11

after U.C.

0.01

0.66

after removed crud
on the outer surface

0.09

0.08

after U.C.

0.05

0.05

after removed crud
on the outer surface

0.05

0.09

after U.C.

0.03

0.07

after removed crud
on the outer surface

0.05

0.07

after U.C.

0.04

0.06

-

not
C -2

do

not
D -2

Unit:

uCi/cm , 284 hrs '

duration.

4. Recontamination of passivated specimen. From Fig.5-A and Fig.5Bf i t was recognized that the present passivation treatment did not affect
the recontamination r a t e s .
5. Distribution of Cobalt-60 in the oxide l a y e r s . Fig. 6 shows a
tendency of Cobalt-60 distribution in the oxide l a y e r s . Aboat t h i r t y to
fourty percents of the t o t a l Cobalt-60 were d i s t r i b u t e d in soft crud deposited on the surface of the specimen. However major amounts of Cobalt-60
were incorporated in the most inner and hardly dissolved layer.
6. Xray diffraction.
Deposit removed by ultrasonic cleaning were
analyzed and found as a Fe2O3 named hematite. Deposit flaked off with IN
hydrochloric acid treatment were analyzed and confirmed the presence of
amorphous substances and s l i g h t l y crystalized substances unidentified.
7. SEM observation, photo 3 and 4 show the surfaces of reference
specimens after exposed to in-plant loop water for 319 hours and 1274 hours.
An amorphous layer containing many granular and a few needle shaped crystals
has appeared on the surface and cotton-like soft crud was deposited on i t .
They show clearly different looks from that of Photo 1 which shows surface
of non-exposed specimen t o loop water. Photo 2 shows the flaked oxide with
IN hydrochloric acid treatment. This oxide exhibited around 0.3 ym thick
and three time more chromium content than that of i r o n . Cobalt-60 contamination was about 0.1 uCi/cm2.

IV.

DISCUSSION
From the measurements of radioactivity level and surface observation,
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0.1 5
n C - 2 (no passivation)
•

C - 2 (passivation)

A reference sp. (no t r e a t m e n t )
A, reference sp. (no t r e a t m e n t )

after removed
the a c t i v i t y
on the surface
section
FIG. 6

a f t e r U.C.

after 1%
oxalic acid
treatment

after I N Hcé? treatmen

Co-60 DEPOSITION ON STAINLESS
STELL SPECIMEN AFTER EACH TREATMENT
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110

) 10 um

I

1 um
Photo 3.

SEM Photographs of the reference
specimen 82 exposed in reactor
water for 319 hrs.

Photo 4.

(1 u m

SEM Photographs of the reference
specimen 84 exposed in reactor
water for 1274 hrs.
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results are summarized as below.
At the i n i t i a l 300 hours' immersion, an amorphous layer containing
many granular and a few needle-shaped crystals was observed on the specimen
surface and i t s thickness was about 0.3 ym. Cotton-like soft crud
(hematite) was deposited on the amorphous layer. After 1280 hours' immersion, the needle-like crystals seemed to grow and massive crystals with
diameter of about 1 ym appeared newly. And also the soft crud was deposited on them. Magnetite (Fe30,t) crystal growth observed often in actual plant
piping were l i t t l e observed. The amorphous layers exhibited high chromium
content (Cr/Fe « 3) and contaminated with 0.1 yCi Co60/cm2.
Only the soft
crud was removed by the decontamination and the chromium rich amorphous
layer was neither dissolved nor scaled off in each decontamination procedures.
The above results can be explained as follows. On the stainless
s t e e l (SUS 304) surfaces immersed in BWR reactor water, the oxide film with
around 0.3 urn thickness that was enriched in chromium was formed in the
i n i t i a l 100 hours. After then the growth of that layer became slow,
however the crystalization through the film s t i l l proceeded. The magnetite
formation observed in actual piping seems to begin at t h i s stage. One of
the reasons for increasing the contamination levels i s that the oxide film
incorporates soluble cobalt-60 in reactor water during growth process, and
the contamination rates depend on the growth rate of the oxide film and
concentration of soluble Cobalt-60 in the coolant. Another process i s the
deposition of soft crud onto surfaces.
Under the decontamination conditions adopted in the present investigation, the soft crud deposited on the amorphous layer was removed,
however the oxide film enriched in chromium could not be removed at a l l .
The residual layer seems to have a protective property and to inhibit the
recontamination after decontamination. Moreover, i t may be said that no
effect of pre-oxidation was observed because the protective film was not
removed under the present decontamination conditions. In consequence, i t
can be concluded that the decontamination method which remains protective
film as possible i s an effective mean for protecting the surfaces against
recontamination.
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ABSTRACT
Effects of chemical cleaning on the intergranular stress corrosion
cracking sensitiyity have been investigated for a type 304 stainless
steel in 288°C pure water, using test specimens cut from the 4 inch pipe
weldment. Chemical cleaning was conducted by two kinds of reagents under
the normal 24 hours, cleaning condition and the accelerated conditions
which included the decontamination cycle, the continuous long time
cleaning of 72 hours and so forth. The experimental results indicated
that the SCC susceptibility which was evaluated by tests of a constant
extension rate, a cyclic tension and a constant load was not increased in
both reagents with all chemical cleaning treatments before SCC tests.
I.

INTRODUCTION

The programs of R & D, and an applicability of the chemical cleaning
technology are in progress worldwidely for the nuclear power plants.
The evaluation of the chemical cleaning effects on the SCC sensitivity is
very important for the integrity of the nuclear power plant components.
The present work has been made to elucidate the effects of some
chemical cleaning treatments on the intergranular stress corrosion
cracking (IGSCC) susceptibility of a type 304 stainless steel in 288°C
high purity water, using small size specimens which were cut from the
4 inch pipe weldment. The emphasis of this experimental investigation
was placed on the evaluation of the accelerated chemical cleaning
conditions as well as the normal cleaning
condition which is expected
applying to the nuclear power plant.1»2
Research items and tests are shown in Table 1, which includes some
fundamental properties and SCC sensitivity.
H.

EXPERIMENTAL PROCEDURES

The chemical composition of 304 stainless steel used in this experiment was 0.07%C - 18.55Kr - 8.40%Ni by weight. Solution heat treatment
of the stainless steel pipes was conducted by heating at 1060°C for
2 minutes and then quenching with water. With normal heat input, TIG
welding was employed for the first 2 passes and shield metal arc welding
of the subsequent 2 passes. Fig.l shows the cutting location from the
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pipe and the specimen size (2.5mm x 5.0mmw") for SCC tests. In this
cutting process, one of the weld heat affected zones was situated
completely within the specimen gage length of 20mm.
Oxide film was formed on the specimen surface by exposing it in 288°C
pure water containing about 8 ppm dissolved oxygen (D.O.) Oxide file was
then removed by chemical cleaning treatment under the conditions indicated in Table 2. The reagents used were two kinds, A and B. As shown
in Fig.2, the chemical cleaning was conducted in a static type of
autoclave made of glass, and metallic materials for the instruments were
not used in the autoclave except test pieces. Property change of
chemical cleaning solutions was examined by chemical analysis. Ion
Microprobe Mass Analyser (IMMA) was used to examine the thickness and
chemical composition changes of the oxide film which was formed on the
specimen surface due to 280°C pure water corrosion. A sputtering
primary ion was 0^" with energy of 11 KV, and its current and diameter
weri 5.7 x 10~* Amp. and 1 mm, respectively.
In order to examine the potential sensitivity to grain boundary
corrosion caused by a sensitizing heat treatment, the intergranular
corrosion test in accordance with JIS 6 0575 was carried out, in which
the specimen was immersed in the boil 1 ing H^SO» - CuSO. aqueous solution.
After this corrosion test the weight loss due to grain boundary
attack was measured.
The SCC test was conducted in pure water at 288°C, using three
methods ; constant extension rate test (CERT), cyclic tension test
by load-controlled trapezoidal stress waveform, and constant load test.
Pure water with about 8 ppm D.O. and a specific conductivity of less than
5 uS/cm was supplied to the system at the flow rate of 30 L/hr.. The
detailed3 test
facility and method of SCC test have been described in other
reports. -'4 Furacture modes after SCC test was observed with a scanning
electron microscope.
III.

RESULTS AND DISCUSSION
A. Fundamental properties

Fig. 3 shows the results of the IMMA analysis of the oxide film
formed on the specimen surface. The stable oxide film, which has a
constant thickness arid an identical chemical composition of Fe, Cr and Ni,
was produced by exposing the specimen in 288°C high purity water
(D.0.~8 ppm) for 200 hours or longer. Thus, this result suggested
that the corrosion time of about 200 hours was sufficient to form the
stable oxide film which was to be removed by the subsequent chemical
cleaning. The high Ni content of these oxide films may be attributed
to Inconel 600 alloy, which was used as a main structural material of
this water loop.
Table 3 shows typical two examples of the change in solution
properties due to the chemical cleaning treatment. As described above in
the experimental procedure, it is extremely meaningful that the elements
of the specimens only may be dissolved into the solution in this
experiment. The change of the EDTA concentration during chemical
cleaning was not observed in both reagents of A and B. Concerning the
pH and conductivity values of the Case 2, in which specimens were exposed
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to the chemical cleaning solution for 72 hours, the following results
were obtained ; for the A solution the P H value became high and the
conductivity value became small due to chemical cleaning, while for the
B solution no change was observed in both values. This is considered
due to the dilute solution of 0.1% reagent concentration for the A shown
in Table 2. As follows were the characteristics for the dissolved ratio
of main metallic elements ; the average dissolved ratios of Fe, Cr and
Ni were 70%, 14% and 15% for reagent A, respectively ; these values were
88%, 4% and 7% for reagent B, respectively. From the above results, it
was found that the B solution was able to dissolve the lower contents of
Cr and Ni and the higher content of Fe, compared to the A solution.
Fig. 4 shows the microstructural changes of the pre-cracked
specimen surfaces due to chemical cleaning treatment. The precracks were
introduced into specimens by the CERT SCC test
in 288°C pure water
(8 ppm D.O.) at the strain rate of 4.2 X 10" 6 sec-' . All cracks
exhibited in Fig.4 propagated along the grain boundaries and were in the
weld-sensitized portion of the pipe weldments. In both chemical
cleanings with reagents of A and B, there found no the preferential
corrsion of grain boundaries around cracks, especially around the crack
tips, where the chemical cleaning solution was retained, thereby resulting
in the intergranuiar attack, even if the rinse of the specimen with pure
water would be conducted sufficiently after decontamination. However,
the accelerated attacks against grain boundaries were not observed in
both chemical cleaning reagents.
Fig.5 shows the weight loss due to intergranuiar corrosion in the
boil inn H^SO.-CuSO» aqueous solution. The material sensitized at 600°C
for 24 hours showed a remarkable weight loss due to the intergranuiar
corrosion. On the other hand, it is clear that the weight loss was
not observed even after the long-term corrosion of 24 hours, for the
solution heat-treated materials. From these results, it is suggested
that the materials used in the present experiment had the potentiality to
sensitization upon heating such as the weld process.
B. SCC susceptibility
Results of the CERT SCC tests in 288°C pure water are summarized in
Table 4. SCC susceptibility
by the CERT method can be evaluated by the
following measures 9 " 6 ; the reductions of the maximum stress (Smax.)
and the elongations (uniform & total) on the nominal stress-strain curve,
and the increase of the SCC ratio on the fractured surface. In these
CERT SCC tests, the base was the IGSCC sensitivity of the as-welded
specimen which had no oxide film and was subjected to no chemical
cleaning treatment. In all surface preparations before SCC test,
the
CERT SCC characteristic values were as follows ; 36-41 kg/mm4 for
6max-, 15-19% for total elongation and 50-65% for SCC area ratio. Therefore, significant changes in these characteristic values were not
recognized between the as-welded specimen and the chemically-cleaned one
with both reagents of A and B. It is noted that the IGSCC sensitivity
was not increased in both reagents by the severe decontamination conditions including the continuous long-term cleaning of 72 hours, decontamination cycle (three times cycles) and the creviced effect of the
residual reagent (pre-cracked specimen).
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Fig. 6 shows the typical fractographs of the CERT SCC test, (a) is
the fractograph of the as-welded specimen. Those of specimens subjected
to the decontamination cycle with reagents of A and B are shown in Fig. 6
(b) and (c), respectively. The fracture modes of the above specimens
exhibited the same features, i.e., the typical intergranular stress
corrosion crackings in the weld-sensitized portion of the pipe.
The results of cyclic tension SCC tests are shown in Table 5. These
tests were conducted under the severe conditions3'4of upper holding stress
of 1.75tfy, the upper holding period of 30 minutes, and the strain rate of
4.2 X 10"ssec"' , where tfy is the 0.2% offset stress in 288°C pure water.
The fracture of specimens occurred in the range of 18 to 43 cycles in all
surface preparation before SCC tests. Namely, no remarkable difference
in the IGSCC wusceptibility was observed between the as-welded specimen
and the chemically-cleaned one, regardless of reagents of A and B.
Table 6 shows the results of constant load SCC tests which were
conducted at the applied stresses of 1.50«, and 1.75tfy, whereof is the
0.2% offset stress in 288°C pure water. Wnen the applied stress was
high of 1.750".,, all specimens fractured in the extremely short periods
of 38 to 65 hours. However, at the low applied stress of 1.50dy, no
failure of specimens occurred up to the testing time of 1900 or 2100
hours, regardless of the specimen preparation before SCC tests.
Therefore, it may be considered that, in the present constant load SCC
tests, the applied stress of 1.50öy is nearly a threshhold stress
whether the IGSCC will be easily initiated or not, for the weld-sensitized
portion used in this experiment. From these results of the constant load
SCC tests, it was also shown that there observed no significant difference
in IGSCC susceptibility due to all specimen preparations before SCC tests.
IV.

CONCLUSION

It may be evaluated that the chemical cleaning treatment will not
cause the increase in IGSCC susceptibility of a type 304 stainless steel
weldment in the BWR coolant water environment, under the accelerated
chemical cleaning conditions as well as the normal chemicall cleaning
condition which is expected applying to the actual unclear power plant.
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Table 1 Research items and tests
Tests

Research items
1. Fundamental properties
1-1 Intergranular corrosion
1-2 Oxide film property
1-3 Analysis of chemical
cleaning solutions

Metallographical test,
Intergranular corrosion test,
IMMA analysis of oxide film,
Chemical analysis

Metallographical test,
2, SCC sensitivity in 288°C water
2-1 Virgin material (as-weld and no SCC test,
Fractography
oxide film)
2-2 Oxide film effects
2-3 Effect of long time cleaning
(72 hrs.)
2-4 Effect of decontamination cycle
(three times procedure)
2-5 Effect of residual reagent (precracked specimens)

Table 2 Chemical cleaning conditions
^^~~~~----_Re a gen t
Conditions ^~~~--C^^^

Reagent A

Reagent B

Concentration of
reagent

0.1 %

5 %

Temperature

125°C

90°C

Dissolved oxygen
Cleaning time
Liquid ratio' '

8 ppm
24 & 72 hr
2.3 ml/cm2

8 ppm
24 & 72 hr
2.3 ml/cm2

(*) Liquid ratio is amount of decontamination reagent per unit area
of specimen.
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Fig. 1 Specimen cutting location from 4
inch pipe weidment for SCC test
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Fig. 2

Thermocouple tube coated by Teflon

Setting aspects of specimens for chemical cleaninp;
in static type autoclave made of glass
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Composition change of the oxide film formed by relatively long
time corrosion in 288°C pure water containing about 8 ppm
dissolved oxygen.
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Table 3 Change of solution properties due to
chemical cleaning

A

Reagent
Items

Case 1

B
Case 2

Case 1

Case 2

Number of test specimen

12

10

12

10

Liquid r a t i o ^ , ml/cm2

2.2

2.3

2.2

2.3

24

72

24

72

<0.1
<0.1

<0.1
<0.1

1.1
1.0

1.1
1.1

Chemical cleaning time, hr.
Concentration of E D T A ^ , %
before cleaning
after cleaning
PH

before cleaning

2.61

2.69

3.51

2.68

4.65

3.51

3.5
3.7

1.10
0.90

1.05
0.64

5.06
5.52

4.2
5.2

66

68

87

78

Ni

12
20

12
19

4
9

7
14

Co

0.6

0.4

0.2

0.4

after cleaning
Conductivity of solution, mS/cm
before cleaning
after cleaning
Dissolved ratio in solution^,0/;
Fe
Cr

(1) Liquid ratio of decontamination reagent per unit area of
specimen
(2) Ethylen Diamine Tetraacetic Acid
(3) Percentage of elements dissolved into the solution after
chemical cleaning
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Fig.5

Weight loss due to intergranular
corrosion in boiling H 2 S0 4 -CuS0 4
aqueous solution.

Fig.4

Microstructural changes of pre-cracked specimen surfaces due to
chemical cleaning treatment.

Table 4 CERT SCC test rest results, tested at constant extension rate of 4.2x10" sec"
and in 288°C high purity water containing air-saturated dissolved oxygen (~8 ppm)
Surface preparation
before SCC test

Type of
reagent

As weld (no oxide film and
no chemical cleaning)
No oxide film
24 hrs. C.C.(5)

^1

»»

T E <3)
,

i.e.

%

SCC area ratio^4] Number of
%
specimen

14.9

18.2

58

4

A

40.3

15.1

18.3

60

4

B

41.4
40.6

14.4
14.5

18.9
18.5

55
61

4
4

39.6

15.8

18.9

65

4

36.0
38.9

10.0
12.4

14.5
16.5

65
55

4
4

A
B

38.4

15.5

40.3

11.3
14.9

19.1

64
57

2
2

A

37.6

10.8

15.4

60

4

B

40.1

13.6

17.6

50

4

331 hrs. corrosion
24 hrs. C.C.

**

953 h r s . corrosion
72 h r s . C.C.

>

B
A
B

Pre-cracked specimen^ '
» 24 hrs. C.C.

U.E.< 2 >,
%

40.7

A

Decontamination cycle^ '

6max. (1) ,
kg/imr

(l)ömax. : Maximum stress value, (2) U.E. : Uniform elongation, (3) T.E. : Total elongation,
(4) SCC atea ratio : SCC area ration on the fractured surface, (5) C.C. : Chemical cleaning,
(6) Decontamination cycle : Three times procedure of 24 hrs. chemical cleaning after approx.
330 hrs. corrosion"
(7) Pre-cracked specimen : Precrack introduced by CERT SCC test in 288°C pure water

o>

(a) As-welded specimen

500um
(b) Specimen with decontamination cycle by reagent A

(c) Specimen with decontamination cycle by reagent B

Fig.6

Typical fractographs after CERT SCC tests
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Table 5 Results of cyclic tension SCC test, conducted under load-controlled condition in
288°C high purity water containing air-saturated dissolved oxygen (~8 ppm)

Surface preparation before
SCC test

Type of
reagent

Number of cycle
to failure

SCC area ratio' \
%

Number of
specimen

As weld (no oxide film and no
chemical cleaning)

—

19

64

4

No oxide film
»24 hrs. chemical cleaning

A

25
31

58
61

4

331 hrs. corrosion
^
24 hrs. chemical cleaning
953 hrs. corrosion
—»72 hrs. chemical cleaning
Decontamination cycle

(2)

4

B
A
B

22

60

23

58

4
4

A

18

59

2

B
A

26
43

64
65

2
2

B

27

62

2

(1) SCC area ratio : SCC area ratio on the fractured surface
(2) Decontamination cycle : Three times procedure of 24 hrs. chemical cleaning after approx. 330 hrs.
corrosion in 288°C pure water"

Table 6 Results of constant load SCC test in 288°C pure water
Surface preparation before
SCC test

Type of
reagent

=*.

1.75

A

24 hrs. chemical cleaning

B
953 hrs. corrosion

»

My(D
1.50

As weld (no oxide film and no
chemical cleaning)
231 hrs. corrosion

Applied stress,

A
B

Decontamination cycle' '
B

No failure to 2100
40
No failure to 2100

1.75
1.50

38
No failure to 2100

1.75
1.50
1.50
1.75

A

Time to failure,
hr.

1.50

1.75
72 hrs. chemical cleaning

(~8 ppm dissolved oxygen)

1.50
1.75
1.50
1.75

43

SCC area
ratio(2), %

2

•

59
62

2
2

53

2
2

54

52
61

2
2

No failure to 1900
57

2
2

No failure to 1900
65

2
2

No failure to 1900
41

2
2

No failure to 1900
56

Numver of
specimen

58

0)c5y : °- 2 % °f f s e t stress in 288°C pure water
(2) SCC area ratio : SCC area ratio on the fractured surface
(3) Decontamination cycle : Three times procedure offf24 hrs. chemical cleaning after approx.
330 hrs. corrosion in 288°C pure water"

2
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ABSTRACT
Effect of chemical decontamination cycle on BWR primary
system
component materials is evaluated by Pipe test and CBB test. Pipe test is
performed to determine the effect of decontamination process on SCC
susceptibility of weld sensitized Type 304 stainless steel. CBB test is
carried out to determine the effect of residual decontamination regent on
Type 304, luconel 600, and Inconel X-750.
From these results, it is clear that decontamination cycles have no
acceleration of SCC susceptibility of these materials.

INTRODUCTION
The effect of process decontamination on the component materials in
the primary systems in a nuclear power plant is the most concerned
subject. The objective of this investigation is to establish the effect of
chemical decontamination reagent on BWR primary system component materials
and evaluate the applicability of two candidate reagents for dilute or
concentrated type process decontamination.
In this respect, the following two kinds of experiment have been
performed as a part of BWR system decontamination technology development
program.
In the first experiment, the objective is to know the effect of
decontamination cycle on weld sensitized Type 304 stainless steel. When
considering the application of system decontamination in the nuclear
plants which have long operating experience, we have to confirm that
decontamination process will not accelerate propagation of pre-existing
surface cracks in heat affected zone of primary loop piping weld joints.
So, this experiment is undertaken to know the behavior of pre-existing
cracks which were subjected to simulated decontamination process and
exposed to high temperature water.
In the second experiment, the objective is to clarify the effect of
residual decontamination reagent on stress corrosion behavior of Type 304
stainless steel, Inconel 600, and Inconel X-750 under high temperature
water. Although extensive rinsing is performed after decontamination to
remove chemical reagent from the primary system, we must consider the
worst possible case, where a small amount of chemicals remains somewhere
in the primary system. Residual chemicals, if any, will be diluted into
normal reactor coolant and will decompose at high temperature after the
start of reactor operation.
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At present, however, we have no knowledge of the effect
chemicals on materials under high temperature water.

of

residual

EXPERIMENTAL

A.

First Experiment

On account of evaluating the effect of decontamination cycle on
weld sensitized Type 304 stainless steel, four inch diameter pipe test was
performed. Chemical reagents used ici this test are reagent A (dilute type)
and reagent B (concentrated type).
Fig. 1 shows the high temperature water test loop used in this
experiment, which is consisted of the pipe test section and the
decontamination cycle section as shown in the figure. In this loop, two
pipe test specimens are tested at same time. They are exposed to
decontamination cycle at any time in the intervals of pipe testing without
taking off the specimens from pipe test section.
MAIN LOOP

DEMIN. WATER
MAKEUP

DRAIN

DECON•

Fig.l

CYCLE LOOP

High temperature and high pressure test loop
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Fig. 2 shows pipe test specimen with circumferential butt weld joints.
4 inch schdule 80 seamless pipe specimen is loaded axially with high
temperature water flowing inside the test pipe.
The aim of this
experiment is to reproduce intergranular stress corrosion cracking (IGSCC)
which occured at heat affected zone (HAZ) of circumferential butt weld
joints of field piping, and to know the resistance of Type 304 to IGSCC in
BWR simulated high temperature water with or without decontamination
process.
The pricipal test accelerants are stress level, dissolved
oxygen, and loading cycle. High purity water with 8 ppm dissolved oxygen
at 288 C flows through the inside of the pipe as shown in Fig. 3.

4B sch 80

1

0

TEST PIPE

(v 2 /)
-

HIGH TEMP. WATER
INLET

(T)

GUARD VESSEL

(T)

THERMAL INSUL.

(7) PIN
(7) JACK

]\

Fig.2 Welded pipe specimen
for 4 inch pipe testing

Fig.3 Loading apparatus and high temperature water in 4 inch pipe testing
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The conductivity is controlled below 1 JJL mho and pH to 5 ~ 6 . The pipe
specimens are subjected to cyclic loading with a trapezoidal wave form
consisting of a 8 minute rising time, a 159 minute hold time at maximum
load, a 8 minute decreasing time, and a 5 minute hold time at minimum
load.
Testing was conducted at a maximum load of 135 % of the 0.2 %
offset yield strength at 288 C.
Chemical composition of Type 304
stainless steel pipe specimen used in this experiment is shown in Table 1.
Tensile properties at room temperature and 288 C are shown in Table 2.

Table 1.

Chemical Composition of Materials (wt. »)

Material
Type 304 S.S.

Ç

Si

0.07

Hn

P

S

0.45 1.59 0.024 0.002

Ni

Cr

9.20 18.15 bal.

4 inch schedule 8.0 seamless pipe for pipe testing.

Table 2

R. T.

288

Tensile Properties of Type 304
Stainless Steel Piping Material

25.5

68.6

72.3

26.2

68.9

70.6

26.5

68.9

71.0

17.7

50.9

41.9

18.0

50.9

44.8

18.0

51.0

42.9
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Fe

The two kinds of
experiment have been
performed, which are
shown
schematically
PIPE TEST TO FAILURE
Type (1)
in Fig. 4.
-x-x-x Experiment
In the experiment
(1), the pipe specimens for dilute type
process
decontamination were subjected
10 CYCLE
to
the specified
PIPE
PIPE TEST TO FAIL BE
decontamination cycle
(2)
-A-A-X
Experiment
with reagent A, i.e.
at 125°C for 24 hours
with reagent flow of
60 1/min, and the
pipe specimens for
concentrated type
Number of Pipe Test Cycles
process decontamination were subjected
to the specified
Fig.4 Sequences of DECON cycle and pipe testing
deccntamination cycle
in Experiment (1) and (2)
with reagent B, i.e.
at 90 C for 24 hours with reagent flow of 60 1/min. The pipe test section
was rinsed completely after the decontamination cycle by operating the
main loop with the flow of warm deionized water until water quality
reached the level required to perform pipe testing. Therefore the pipe
testing followed the above.
In the experiment (2), the pipe specimens underwent the first ten cycle
pipe testing and then they received decontamination cycle as in the
experiment (1), and they went into the second pipe testing. The first ten
cycle pipe testing in the experiment (2) is to induce the required
pre-cracks on the inside surface of weld joints. In another experiment,
we have shown that on pipe specimen of carbon content about 0.07 wt°4, we
can produce fine surface cracks in weld heat affected zone of inside
surface when pipe specimens are tested for several cycles. From these
information, ten cycle pipe testing has been chosen as a method to produce
proper pre-cracks suitable for the present work.
B.

Second Experment

Stress corrosion cracking has been tested on sensitized Type 304
stainless steel, Inconel 600,and Inconel X-750. All materials have been
received in cold-rolled and mill-annealed condition.
The chemical
composition of these materials is shown in Table 3. After heat treating
at the condition shown in Table 4, test specimens were cut out from sheet
materials and SCC tested in high temperature water.
The SCC test employed in the present experiment is creviced bent beam
(CBB) testing, which was developed by the researchers of IshikawajimaHarima Heavy Industrias Co.,Ltd. in Japan.
The specimen and test j i g
assembly are shown in Fig.5. In CBB t e s t , we used graphite wool (SIGRI
Type KFB 2) as a crevice former. The CBB test duration was 500 hours in
high temperature water containing residual reagent.
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Table 3

Chemical Composition of Materials (wt. %)

Material

Si

Ni

Mn

Type 304 S.S.

0.06

0.59 1.62 0.032 0.010

Inconel 600

0.044 0.28 0.32

Inconel X-750

0.04

-

Cr

Fe

8.68 18.17 bal.

0.010 74.28 15.32 8.50

0.09 0.05 0.004 0.005 73.60 15.57 6.62 Nb+Ta 0.85
Al 0.49

Table 4

Heat Treatment of Materials
for CBB Test

Material

Heat Treatment Condition

Type 304 S.S.

a) ' 650°C x

Inconel 600

Inconel X-750

3h AC

b)

650°C x 10h AC

a)

650°C x

b)

620°C x 24h AC

a)

985°C x lh AC
+705°C x 2Oh AC

3h AC

A.C. = Air Cooling

GRAPHITE FIBRE WOOL

SPECIMEN

in
ro

1
m

CM

Z5

Fig.5

Other El.

Assembly of Creviced bent beam test jigs

1-84

RESULTS AND DISCUSSION
A.

First experiment

Two pipe specimens have been tested at each experimental condition,
i.e. (1) and (2). In the experiment (1), pipe testing was continued until
the pipe specimen leaked at one of ten circumferential pipe welds.
We
call this the first failure. The leaked pipe specimen was removed from
the pipe test section. The weld joint leaked was cut off and a new short
pipe spool »as welded to the j;<"pe specimen, and pipe testing was again
started on this repaired pipe specimen.
When this specimen leaked, we
call this the second failure.
Repeating the same repair work and
subsequent pipe testing, we get the third failure on one pipe specimen,
which means 30 X of weld joints in one specimen has been failured in one
test.
In the experiment (2), pipe specimen underwent the first ten cycle pipe
testing, received the specified decontamination cycle, and then went into
the second pipe testing until it failed three times as depicted in the
preceding paragraph. The time to failure in the experiment (2) is the sum
of the first ten cycle pipe testing and the second pipe testing after
decontamination cycle.
The results are shown in Table 5, where the times to failure (TTF) for
the first, the second and the third failures are listed, respectively. No
measurable difference is seen in the TTFs in the experiments (1) and (2).
It is known that TTF in stress corrosion cracking of Type 304 stainless
steel in high temperature water is expressed by log normal distribution.
From this, the pipe test data shown in Table 5 have been plotted on log
normal hazard paper to get mean time to failure, MTTF, for each condition
of test. In calculation of cumulative hazard, original sample number was
taken as 20 since one pipe specimen has ten circumferential weld joints
and two pipe specimens were tested at one condition.
Median TTF, standard deviation, and mean TTF have been obtained as shown
in Table 6.
In this table, TTFs for pipe testing on Type 304 stainless
steel without decontamination cycles are also shown. From these data on
TTFs, it has been cleared that decontamination cycles with reagent A and B
have no acceleration effect on stress corrosion cracking in high
temperature water, and that the propagation rate of pre-existing surface
cracks is also not affected by exposure to decontamination cycles.

B.

Second Experiment

All CBB test specimens were cut into two halves after the test was
completed, and the cut sections were metallographically examined for
existance of cracks. In Table 7, the ratio of number of specimens with
cracking devided by the total number of specimens tested is shown.
In
Table 8, the maximum crack depth for each group tested is shown.
In the
tabla, a specimen having shallow cracks under 50/.t m in depth, which are
mostly intergranular corrosion and are typically seen in Inconel 600, has
been identified as a specimen with no cracking.
Fig. 6 (a) thru (c) show typical stress corrosion crackings observed in
the present experiment. From these, it is clear that cracks observed in
CBB test are IGSCC.
It has been verified from the above results that all kinds of austenitic
materials tested here undergo IGSCC in high temperature water without
injecting a chemical reagent.
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Time _To Failure

Tab le.5
Type of

Type of

Decon. Reagent

',-'•:'~ '

Experiment

1st Failure

Testing

T T F

in

2nd Failure 3rd
135
205

162
206

(2)
(2)

158
182

159
193

172
222

(1)
(1)

203
173

208
178

23 7
181

(2)
(2)

128
234

148
241

150
268

(1) ; D E C O N

Experiment

(2) ; PIPE TEST (10 c y c l e s ) + DECON
+ PIPE TEST

Table

Decon Reagent

Failure

134
133

Experiment

of

hour

(1)

(1)

Type

in Pipe

6

Type of
Experiment

CYCLE + PIPE

TEST

T T F (hrs) in Pipe

Median TTF
in hour

CYCLE

Testing

Standard

Mean TTF

Deviation

in hour

(1)

245

1.5

268

(2)

240

1.4

252

(1)

225

1 .3

264

(2)

320

1.8

380

225

1.5

244

A

B
NON DECON CYCLE
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Table 7

SCC Susceptibility in 500 hr CBB Test
in High Temperature ïtfater with Residual
Chemical Reagent

Material

Pure
Water

Reagent
A

Reagent
B

Type 304 SS (a)

10/10

6/14

7/12

Type 304 SS (b)

10/10

3/7

2/7

ï n c o n e l 600 (a)

10/10

Inconel 600 (b)

8/10

0/7

0/7

ï n c o n e l X-750

5/8

-

1/2

Table 8

0/7

Max. Crack Penetration in CBB Test in High
Temperature Water with Residual Chemical
Reagent (in pro)

Reagent
B

Pure
Water

Reagent
A

Type 304 SS (a)

991

900

760

Type 304 SS (b)

864

580

480

Inconel 600 (a)

1045

0

0

Inconel 600 (b)

324

0

0

I n c o n e l X-750

591

-

84

Materials
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(a)
Type 304 s3

(b)
Inconel 600

(c)
Inconel X-750

400>tm

Fig.6 (a) thru (c)

IGSCC induced by CBB test in high temperature water
without chemical injection.
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The effect of injection of trace level of chemical reagent is quite
interesting. It has been found that, in most cases, IGSCCs are inhibited
by any kind of chemical injection.
Inconel alloy's stress corrosion cracking was inhibited completely, but
in the sensitized Type 304 stainless steel, the maximum crack depth was
reduced a little when compared with cracks in pure water without chemical
injection.
Differences in the effect of chemical reagent as residual
impurity in high temperature water on stress corrosion cracking of
austenitic materials have been further discussed in below in relation with
chemistry changes of test loop as a result of chemical injection.
Figs. 7 and 8 show the first 24 hours water chemistry data measured at
inlet and outlet of the loop during the test for reagent À and B. Data
are plotted at 1 hour interval on the figures. The test loop was operated
first at room temperature with reagent injection.
After the water
chemistry in the loop reached uniform and steady, the temperature at test
sections was increased to 288 C, which was accomplished i n ~ 6 hours.
In the figures, conductivity at loop inlet monitors whether reagent
injection is being performed at the constant concentration or not.
In
some cases, we had to manually adjust the reagent injection valves to keep
conductivity constant. Conductivity was kept at ~/ 3. 5/JL mho /cm for reagent
A and <-*-< 10 ^ mho/cm for reagent B.
These values correspond to chemical
concentration for each reagent, i.e. 1/1000 of a specified concentration
for process decontamination.
In every experiment, pH at the outlet of loop increased with temperature
rise at test sections, and it reached a constant value.
This indicates
the decomposition of reagent at high temperature sections. The pH at the
inlet of loop did not change at all. It was ~ 4 . 3 for reagent A and B.
Drastic change of dissolved oxygen (DO) measured at the outlet of loop is
the most interesting and seen in every experiment in different degree.
For reagent A, DO decreased to 3 ppm and returned to 6.5 ppm. In the case
of reagent B experiment, DO at the outlet of loop decreased to nearly 1
ppm at first, but it returned to 3 ppm level soon after the temperature at
the test sections reached constant.
In any cases, rapid DO drop at the first few hours corresponds with pH
increases, and it was caused by heating up the test loop. This suggests
that these DO changes are induced by the reagent decomposition et high
teuperaturte sections.
It is known that organic acid is not stable at
high temperature of 300 C and it decomposes to CO , in the process of
which dissolved oxygen is consumed.
Thus, it is interpreted that DO
changes by injection of reagent is caused by the consumption of dissolved
oxygen in the loop by reagent decomposition at 288 C. The DO changes are
dependent on the kind or concentration of reagent as was seen in the
present work. With the use of a concentrated type reagent, DO change will
be large, while a dilute type reagent will not change DO largely.
Water chemistry data are consistent with the effect of trace level
chemical reagent injected into high temperature water on stress corrosion
cracking of materials tested, since stress
corrosion
cracking
of
austenitic stainless steels and nickel based alloys under high temperature
water is known to be sensitive to dissolved oxygen.
We may have to consider of the role of inhibitor, which is contained in
reagent B, to discuss the present results.
However, as the inhibitors
used in these reagents are also not stable at 288°C, the inhibitors will
not work effectively against the occurrence of stress corrosion cracking.
From the above discussions, if we can neglect the role of the inhibitor,
it is able to postulate that the residual level of decontamination reagent
in reactor water will work in two ways.
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Fig.7

Water chemistry at inlet and outlet

of test loop in experiment with reagent A

Fig-S

Water chemistry at inlet and outlet

of test loop in experiment with reagent

When the reagent concentration is very diluted,it will accelerate stress
corrosion cracking in heavily sensitized Type 304 stainless steel,
probably due to high conductivity and low pH of water with a residual
reagent. This will occur either by dilute type or concentrated type
decontamination reagents. The compllete rinsing and monitor of water
chemistry are required accordingly. The kind or type of reagent will not
be important in the above respect. In actual practice, the effects of a
residual reagent will be reduced since DO level is ^ 0.2 pptn max. in the
normal reactor water.
CONCLUSION
(1) In the first experiment, it is cleared
cycle with reagent A and B have no acceleration
cracking in high temperature water. The propagation
surface cracks is also not affected by the
decontamination cycles.

that decontamination
on stress corrosion
rate of pre-existing
exposure to these

(2) In the second experiment, chemical reagent B, when injected into
high temperature water by 1/1000 of specified concentration, works as an
oxygen scavenger and significantly inhibit intergranular stress corrosion
cracking in both sensitized Type 304 stainless steel and Inconel alloys
600 and X-750.
Reagent A did not reduce DO largely. However, this reagent partially
suppressed stress corrosion cracking of sensitized Type 304 stainless
steel at 1/1000 of a specified concentration.
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VARIABLE LOU PRESSURE UET ABRASIVE CLEANING
AS A MEANS OF DECONTAMINATION FOR NUCLEAR PLANT

by

A. P. SIMPSON

ABSTRACT
Variable low pressure uet abrasive
utilised uithin the United Kingdom
Four years for the decontamination
Reactor Gas Circuit components and

cleaning has been
Pouer Industry for
of contaminated
pond items.

KUE Engineering haue been responsible for development
of "SYSTEM 918" - the original uet abrasive surface
preparation technique - and their subsequent activities
in contracting to the British Pouer Industry has
enabled them to approach all aspects of decontamination,
including containment and extraction, uith a different
and more pragmatic vieu than normally encountered.
The following attempts to give some details of these
activities, and to enable such a technique to be
considered as a viable alternative to conventional
mechanical or chemical decontamination technique.

presented at
International Joint Topical Meeting ANS-CNA
19B2 International Conference on Decontamination
of Nuclear Facilities.
Session No. 2 "Decontamination of Components
and Facilities"

KUE Engineering Canada Limited
P.O. Box 6090
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VARIABLE LOU PRESSURE UET ABRASIVE CLEANING AS A MEANS OF
DECONTAMINATION FOR NUCLEAR PLANT

1.

HISTORY OF TECHNIQUE

Decontamination of contaminated components has been
successfully carried out using both dry abrasive and high
pressure uiater jetting techniques, over many years. There
are inherent problems with both methods: uith dry blasting,
the lack of fine control and subsequent airborne hazards high pressure uater jetting being basically unsafe for the
operator and substrate, at pressures of around 2,500 to
4,000 p.s.i. High pressure uater jetting also has the
added problem of generating volumes of uater in excess of
4 gallons per minute.
Variable lou pressure uet abrasive cleaning has been
available to the anti-corrosion industry for several years
nou, much original uork being done in the United Kingdom
by KUE Engineering Limited uith their "SYSTEM 918" technique.
"SYSTEM 91B" uas originally designed and developed to enable
surface preparation to be carried out on soluble corrosion
product contaminated substrates. It comprises a lou pressure
(betueen 15and 100 p.s.i.) air component, a variable uater
feed of betueen 0 and lj Imperial gallons per minute, and
variable abrasive content of betueen D and 5 pounds per
minute. These three components are variable independently
uithin the sec parameters and therefore an infinite variety
of blasting characteristics can be obtained. "SYSTEM 918"
uas developed approximately B years ago, houever it uas only
4 years ago that engineers from the Central Electricity
Generating Board expressed interest in using such a technique
for the decontamination of contaminated components.
The
analogy uas made that a method uhich could be classified as
dust-free (the use of uater uithin the system has a dust
suppressing effect) and uhich could effectively remove all
soluble corrosion products, could be used as a decontamination
technique. After several evaluation operations, it uas decided
that "SYSTEM 918" uould be suitable for carrying out surface
preparation to contaminated substrates. Ue shall discuss
various contracts in greater depth at a later stage.
2.

DESCRIPTION OF "SYSTEM 918"

The equipment is manufactured to a number of formats:
houever, the basic control systems remain the same. Air is
provided by a suitable capacity compressor, normally in
excess of 800 c.f.m., although one individual dacontamination
operation uill only require 350 c.f.m.
Air enters the
equipment at high pressure uhere it is used to pressurise an
abrasive feed pressure vessel; abrasive and air at the right
volume/mass leave the pressure vessel to a manifold uhere
uater injection occurs, this then forming the uetted abrasive
blast medium. This is fed via flexible anti-static hose to
the cleaning site.
2-2

2.

DESCRIPTION OF "SYSTEM 918" (cont'd)

It is possible for the worker to be up to 600 feet
from the control unit, consequently enabling expensive
equipment to be kept free of contamination. The control
module comprises a system of pneumatic and hydraulic control
values uhich enable air pressure, water content, and abrasive
content, to be precisely controlled and monitored and also
includes a dosing pump system uhich enables a precise quantity
of substrate conditioning solution to be injected. For normal
anti-corrosion work, and to prevent flash rusting on decontaminated components, a polyphosphate inhibitor is normally
used to a concentration of 50 parts per million. The machine
normally consumes air at a rate of 350 c.f.m., water up to
lu gallons per minute, and abrasive up to 5 lbs per minute,
water and abrasive supplies being carried on board the equipment, enabling a minimum of 8 hours running time. Please see
Diagram 1.
3

APPLICATIONS

"SYSTEM 918" has been used to decontaminate a variety
of components and substrates: we shall now deal with these
in chronological order, starting with the decontamination
of a concrete substrate within a cartridge cooling pond
(irradiated fuel cooling pool).
(a)

Cartridge Cooling Pond, Hunterston Power Station

KUE Engineering now have several years experience of
cartridge cooling pond refurbishment - a typical contract
being for the refurbishment of the "A" side of the
cartridge cooling pond at Hunterston Power Station operated
by the South df Scotland Electricity Board; this is a
Magnox type station. The cartridge cooling pond holds
Flagnox clad fuel and, after approximately 15 years working
life, the pond coatings were showing signs of severe
degradation. The original coating specification had
called for the use of a chlorinated rubber resin-based
coating system which, over the course of time, had
blistered and failed due to a variety of reasons. The
failure of the coating was making accurate monitoring of
pond chemistry conditions difficult and the possible release
of chloride ions from the fuel coating system could have been
a contributory factor in Magnox corrosion. It was therefore
necessary to contain and ventilate the pond area, carry out
surface preparation which would involve decontamination,
with a view to applying the ALARA principle for the coating
operatives. It was also necessary to identify and then
specify a suitable coating system which would ensure
longevity for the rest of the Station's anticipated life.
Th3 total area to be decontaminated was approximately 2,000
square metres - comprising wall, floor, and soffit areas.
It was necessary to design a containment system which would
enable pond working conditions to be maintained for adjacent
areas. The first stage of the contract comprised the design
and provision of a double-membrane hermetically sealed and
welded PVC containment. This comprised of pre-fabricated
frames, double-skinned, uhich were located by the pond area •
and were mastic sealed to ensure their integrity.
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SPECIFICATION FOR SYSTEM 918 TRAILER M K I V - 7 5 0 / 2
water storage tank
storage for
blast hoses etc.

instrument and
control panel

abrasive hopper

compressor

Manpower

diesel fuel tanks
pressure
vessels

water

PumP

water arid
inhibitor
mixing tank

y .• . v '•" .'

fi

Manpower

Trailer

Compressor

Number of operators: 2

Overall dimensions:

Controllers

Length

: 11.6m (38 ft.)

Holman R075-100 with Rolls Royce SF65CT
6 cylinder engine.

Width

: 2.44m (8 ft.)

Height

: 3.5m (11 ft. 6 ins.)

: 1

Nozzle power
Working pressure at nozzles variable over range
1.05kg/cm l <15lbs/in'l to 6.65kg/cm 2 (95lbs/in J ).
Water usage: 6.8 litres (1.5 Imp. gallons) per minute
per nozzle.

Compressor output 354 litres/sec (21 mVmin,
750ft 3 /min) at normal working pressure of
7.03kg/cm* (100 Ib f/in J ). Maximum working
pressure 8.79 kg/cm 1 (125 Ib f/in 1 ).

Net Weight: 11 tonnes (approx.)
Eight wheel, twin axle trailer with standard ' C type
couplings, three line braking and 7 pin socket for
electrics. Main frame of all-welded steel construction
from 250 mm ' U ' beams and 100 x 50 channel.,
Ancillary framework of 75 x 50 steel angle, welded
construction, bolted to main frame. Decking of
25mm d i n . ) thick fully seasoned preservative
treated timber.

Automatic close down of plant if air delivery
temperature exceeds a pre-set level.
Diesel tanks: Special high volume tanks, capacity
approx. 1227 litres (270 gallons).

Equipment
Water receiving tank of 2.64 mm mild steel, internally
braced, and with internal anti-surge baHles. Double
stopcock supply. Volume approximately 4910 litres
11080 gallons). Interior of tank mastic coated Access
via 0 46m ilSins) diameter manhole in top.
Inhibitor header tank of 2.64mm mild-steel. Volume'
approximately 182 litres (40 gallons).
Mixing drum with air-powered impellor for mixing
inhibitor. Electric pump feed? inhibitor concentrate
to inhibitor header tank.
Mixing chamber of 2.64mm mild steel. Oouble
stopcock supply. Volume 118 litres 126 gallons).

ro
<!n

Abrasive hopper of 2.64mm mild steel. Approximate
capacity 6 tonnes. Access via 0.46m 118ins) diameter
manhole in top. Automatic filling from ground level
by compressor-powered blower. Sand gravity fed
from hopper to pressure vessels via gate valves.
Pressure vessels: Two, each with a capacity of
0.75tonnes (approximately). Manufactured in
roiled 6.35mm mild steel, arc welded construction.
Ends of 7.9rom cast steet. Two McNeil doors per
vessel. Built to A.S.M.E. Code. Section VIM.

A

Covered controller position for all-weather working.

Water on/off switches

Storage: Ample storage space provided for blast
hoses and communication equipment.

Water pump regulators

Hoses. 2 x 18m lengths of 38mm internal diameter
high quality blast hoses complete with couplings
and 2 lances, together with 6 spare lances.
Access ladders and handrails are all manufactured
from 27 mm ste«l tubing.
All external metal surfaces are primed and coated
with 2-pack polyurethane surface coatings.

Inhibitor pumps on/ off switches with warning lights
Dial gauges for water pressure, air pressure to water
pump and main air pressure.
Built-in safety devices ensure correct mixing.
The controls and indicators for the compressor unit
are inset into the main control panel and include
gauges for engine oil pressure, engine coolant
temperature, air delivery pressure. Start/stop
controls, ammeter and tachometer also included,
plus indicators showing the condition of the air
intake filters on the engine and the compressor.

Control
Three communications sets, consisting of throat
microphones, earphones, amplifiers, and all
associated wiring are provided to allow full 2-way
communication between both operators and the
controller, and between the two operators.
Control panel, illuminated for night working, includes
controls for:

Inhibitor pumps: Two, electrically driven, pre-set at
works to give accurate inhibitor delivery.

Main air pressure regulators

Water pump: Pneumatically driven.

Pressure vessels on/off switches

Batteries: Heavy duty, 4 * 6 Volt.

Abrasive metering valve controls

The above specification applies to trailers current/* under
construction. KU6 Engineering Limited reserve the right to
amend and'or improve this specification without prior notice.
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APPLICATIONS (Cont'd)

(a)

Hunterston

It uas necessary for the containment frames to be selfsupporting as the pond skip transporter, uhich would be
required to service adjacent areas, would only clear the
containment by 6 inches. Ducting uas installed to allou
our extraction and filtration equipment to be situated
auay from the transporter run. The extraction system
comprised of dessicant filters to remove excess moisture
from the air flou, pre-filter units to remove large solid
particulate, and absolute (Hepa) filters to micronically
filter all outgoing air. Air motivation uss provided by
a variable pitch stall rated fan uhich enabled a balanced
through-put of air uith respect to our input from the
blasting process, thus enabling us to maintain an overall
negative pressure of approximately .2 inches water gauge.
Because of the volume of the area being ventilated, there
uere no problems of localised pressurisation due to air
pressure surge.
Once the pond uas fully contained and all systems tested,
and the pond had been de-uatered and clear of any highly
active detritus such as "D bars" and thermo-couple wires,
the next stage comprised of the surface preparation and
decontamination of the ualls and floor area, this involved
KUE Engineering personnel carrying out uet abrasive treatment at approximately 50 - 55 p.s.i. air content, water
consumption 1-J gallons per minute, and abrasive consumption
4 lbs per minute. It was necessary for operatives to work
in full enclosure air-fed suits, the workers carrying out
the operation standing approximately 1 to 1-g- metres from
the uall areas. It was noted that during the blasting
operation, the air "fcgging" that occurs due to the
atomisation of the water, uas reducing the Beta radiation
exposure by approximately 15^.
Surface preparation for the pond area generated approximately 18 tons of low level solid active waste. It was
found that this waste was of a very low specific activity
due to the bulk of the contamination being "diluted" by
large volumes of non-contaminated, but spent, abrasive.
The blasting operation uas carried out when pond conditions
were somewhere in the region of 100 to 120 Willi rs per hour
Beta Gamma. After decontamination, the radiation field had
been reduced to 25 to 30 flilli rs per hour Beta Gamma, a
D.F. of between 3 and 4. As always with a contract such as
this, decontamination is for the time involved the most dose
intensive element. After all solid active waste had been removed
and suitable contained for disposal to licensed land burial
sites, and all liquid active waste had been micronically
filtered and disposed of to the station liquid active waste
facility, the pond area was heated and dehumidified in order
to dry the substrate and to thereby facilitate the application
of the coating systems.
The coatings applied uere the modified phenolic Carboline
AE.600 system, which uas selected because of its excellent
performance both to high radiation and chemical conditions.
The cartridge cooling pond water is normally dosed to create
a p.H. of around 11 to 12. The coating system comprised a
troußl applied surfacing compound to restore the integrity
of the concrete (which, due to its years of exposure, was
quite badly effected in some areas) and followed by the
2-7
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APPLICATIONS (cont'd)

(a)

Hunterston

application of a 4-coat paint system.
All aspects of the contract, that is - containment, surface
preparation and coating, used a total of 40 men each working
to a dose level of 2 R per man. Had ue not carried out the
decontamination, ue anticipate that the dose commitment for
coating would haue been someuhere in the region of 140 R.
Tuo years after the successful execution of this contract,
this pond nou has the advantage of affording better visibility
for all the operations uhen handling fuel, providing an
easily decontaminable surface, and in improving the pond
housekeeping generally.
(b)

CO 2 Duct Main Bellaus Unit, Braduell & Dungeness:

Several CO.2 duct bellous units have been treated for the
Central Electricity Generating Board at both their Dungeness
and Braduell Power Stations: a short history of these
follous.
After inspection of uelds of Gas Circulator ducts at Berkeley
Pouer Station several years ago, it uas found that there uere
certain faults and possible cracks uithin the uelds attaching
cruciform tongues and stiffeners and convoluted sections
uithin the ducting. It uas not possible at this stage to
ascertain whether these faults had occurred during service
at Station or whether they were inherent faults which uere
not located at the time of manufacture due to less sophisticated techniques. Central Electricity Generating Board, South
Eastern Region decided to carry out the removal and subsequent testing to failure, of sections of ducting from both
Braduell and Dungeness Pouer Stations. As the location for
destructive testing was not a licensed site, it was necessary
to decontaminate the bellows sections to comply with the
Radio Active Substances Act. The following gives details of
this decontamination at BradwelJ Power Station.
The objective for this contract uas to decontaminate bellows
units from the main gas circulator ducting in order that they
could be de-classified and thus removed from site to premises
not licensed under the Radio-Active Substances Act, for
testing, investigation, possible repair, or testing to
destruction. The main criteria for this operation uere that
a suitable method be selected which would enable on-site work
uithout a permanent purpose-built facility. It uas possible
for KUE Engineering using their experience of containment
andextraction systems, and their "SYSTEM 918" technique, to
satisfy these criteria and to put foruard a specification
for this project.
An area of the Station was provided which afforded the
physical protection and support for the temporary containment on thrBe sides, cranage and an active waste drain were
available on that location. The location involved "SYSTEM
918" equipment being situated approximately 3D0 feet away
outside the containment zone, consequently full headphone/
microphone contact was provided for the machine operator
2-8
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APPLICATIONS (Cont'd)

(b)

Biaduell and Dungeness

and decontamination worker. The containment comprised an
inner and an outer enclosure uith integral floors, the whole
unit being heat-uelded nylon reinforced translucent PVC.
The containment itself uas approximately 40 feet long,
20 feet uide and 15 feet high. It uas supported from a
scaffolding framework, the secondary containment being placed
over the framework, the primary containment being suspended
within the framework. This enabled an 18 ft interspace to
be provided which would enable the installation of extraction,
filtration,, and monitoring equipment. The Central Electricity
Generating Board provided a steel prefabricated sloping platform which was placed within the interspace and allowed for
the provision of a strong load bearing area to support the
bellows and its cradle assembly which weighed approximately
9 tons. The platform uas so constructed as to provide a
suitable slope to assist drainage of effluent to the installed
sump area. Bellows access was provided by cut away flap
sections in corresponding positions of primary and secondary
containments, these being sealed with 2'[ wide l/elcro, finally
being sealed by the use of 3" uide 100% PUC adhesive tape.
All lateral loading on the containment was carried out by the
use of nylon ties. Inside the primary containment 1000 gauge
polyethylene sheets were suspended to protect walls and floor
from the effects of blast abrasion and possible damage due to
moving the bellows uith its cradle. The containment had
corresponding umbilical sleeve connections which allowed for
the access of services including ventilation, "System 91B"
blast lines supply, air lines supply, connections to
electricity, air supply, and discharge lines for liquid waste were double contained. Personnel access uas via tuo staggered
air lock type doors in primary and secondary, these being
sealed uith 2" uide Velcro. The final system was designed and
manufactured to allou for the anticipated input of air from
the blasting operation and alloued for a negative pressure of
approximately .15" water gauge to be maintained.
Filtration
comprised of spiral wound ducting including a volute assembly
uhich led from containment to the interspace. Here the
exhausted air was passed through dessicant filters, pre-filters,
and absolute filters, this air then being discharged into the
interspace, a secondary extraction and filtration system
removing air from the interspace into an external filtration
and exhaust set-up, eventually exhausting the air to atmosphere
at a high level.
4

U0RK METHOD

An initial Health Physics survey to identify the level of
contamination, was followed by a light low pressure uet
abrasive wash all over to remove all loosely fixed contaminant.
This was carried out at approximately 25 p.s.i. uith water
content at \\ gallons per minute and abrasive consumption of
approximately \\ to 2 lbs per minute. This was followed by a
full Health Physics survey to assess the level of radio-activity
remaining and, after the removal of some inner liner plates,
the decontamination process was effected at medium pressure
(approximately 50 p.s.i.)
2-9

4

UORK METHOD (cont'd)

The bellous convolution area uas carefully blasted and the
skirt, tongue and stiffener areas uere also blasted. A
subsequent Health Physics survey uas completed by marking
areas of persistent high activity in order that the blasting
operative could identify these areas and specifically devote
attention to cleaning them. The operation of survey, high
spot identification and localised blasting, uas carried out
doun to de-classifiable level because of the experimental
nature of this particular aspect of the contract - a total
of seven medium pressure blasting sequences uere carried out.
It uas possible to analyse the results of this experimental
operation and to draw the follouing conclusions.
(i)

In order to effect decontamination in the shortest
possible time, it uould be preferable to utilise
feuer blast passes but at a higher pressure. Due
to not using inhibitor at this stage, flash rusting
(due to use of de-mineralised uater) uas creating
difficulties for the operative. On the subsequent
decontamination of further units, the uork method
uas as follous:
An initial Health Physics survey folloued by an
all-over blast to a uhite metal finish (Suedish
standard SA 2\ - SA.3) using inhibitor. After the
removal of liner plates, a further Health Physics
survey uas carried out, and the uhole of the unit
uas decontaminated at medium to high pressure,
approximately 70-75 p.s.i. After 2 blast passes,
the third Health Physics survey indicated that
generally lou levels had been achieved, although
there uere one or tuo high spots. These uere
marked and spot blasting enabled them to be
decontaminated doun to background level. A full
radiological survey uas carried out to assess the
final condition of the bellous. It uas interesting
to note from the treatment of the second unit that
although it uas approximately 3 times more heavily
contaminated than the first, it did not appear to
have affected the extent of contamination diffusion
or ingression into the surface of the metal during
the blasting process on the second unit. A total
of 2.8 tons of abrasive uas consumed. The follouing
table gives details of the amount of metal loss
sustained by the bellous during the blasting operation.
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RATE5 OF DECONTAMINATION

It can be seen from the following data that decontamination
of the bellous units achieved an overal ratio in the order
of 1000 to 1. These results are based on Health Physics
surveys carried out during the uork. The majority of the
contamination formed a film covering the surface of the
metal. This contamination appeared to be fixed and in some
cases diffused into the surface of the metal, and contamination
may have been caused by some impingement by contaminants.
The contaminations of the surface were removed by repeated
blasting uhich removed a small amount of metal from the
surface. This metal removal assessment uas based on
experiments carried out by KUE Engineering prior to commencing
uork on site. The results of these experiments are included
uith this paper; however, it could be seen that approximately
.000125 inches of metal uas removed during a 3 minute blast
over a one square metre area, This translates for the site
operation uhen considering duration of approximately 3 hours
to cover 27 square metres of steel, based on an estimate that
80% of time spent blasting is effective.
.*. Time per square metre = 180

T?
. . Estimated metal removal
per blast pass
=

BO approx = 5^ minutes
x

îïïôïï

-x 0.000125
approx = 0.00025

minutes.
Bellous decontamination uas equivalent to 4=r blasting passes.
.*.

Estimated metal removal

6

RADIOLOGICAL CONDITIONS

=

0.001125

Decontamination of one of the bellous units comprised of 4
operatives receiving 70 milli rs, 40 milli r's, 60 milli r's
and 70 milli r's respectively. The doses of 70 milli r's
uere attributable to operatives removing liner plates and
therefore lying directly on the contaminated surface, and
the dose of 60 being obtained by the blasting operative.
The method of decontamination uas such that the operative
decontaminated the bellous unit in front of him - uhen
uorking inside the unit, those areas uith uhich he uas in
contact had already been decontaminated.
Contamination uas measured using Eberline contamination
meters: houever, on one particular bellous unit there uas a
degree of activation of the metal due to assumed neutron
flux in that area, uhich did lead-to some spurious background
radiation level figures. It uas concluded that the decontamination process had been a success as the bellous units
uere declassified by the Department of the Environment and
alloued to be transported to a non-active site. The second
bellous unit uhich had originally started as being contaminated to a maximum of 15,000 counts per second, uas found
to be less than 5 counts per second after decontamination.
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TADLE OF METAL REMOVAL AND SAND CONSUMPTION

•Table of Estimated Rate of Decontamination, Mutai Removal and Sand Consumption
Based on the work on Uellows

Estimated
Metal
Removal

Number

of
Blasts

ro
en

Average
Surface
Activity
Counts
per. Sec

Stage
Reduction

of
Activity

Overall
Reduction
of
Activity

Stage
Sand
Tonne

Overall
Sand
Tonne

Stage
Sand Used
pe,r

per

m

m

Kg

Overall
Sand Used

-

1

O.OOO25"

50

99.0'i

99.01

0.6

0.6

22

22

2

0.0005"

20

6.6%

99.6%

0.6

0.6

22

44

4

O.OO1"

10

O.2k

99.0',

1.2

2.4

44

88

5

O.OO1125"

5

O.I*

99.9*

0.4

2.8

15

1O3

;

I

Kg
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TESTS FOR METAL REMOVAL

( i)

Procedure

Four test plates of 21 gauge steel measuring 125 x 125 mm
uere attached to a 6 mm thick backing sheet measuring
approximately 1 x 1 m. The plates uere attached by bolting
through both platss at each corner of the test plates.
It uas decided that initially tests uould be made to determine the order of magnitude of any metal removal and this
information uould then be used to decide on the experimental
method required to accurately monitor the metal removal.
Thus, the set of plates uas subjected to a series of treatments
using "System 918", each treatment lasting far three minutes
at 70 p.s.i. using an average quantity of abrasive (approx:
2 kg/min). The plates uere then removed from the backing
plate and taken to the University Laboratories to be dried
at 12Ü C for four minutes and weighed once they had cooled
to room temperature.
After four such operations, plates numbered 1 and 2 uere
fitted to a different backing sheet uhich shielded their
edges in order to investigate the possibility of the metal
removal being predominantly from the exposed edges.
(ii) Results

\ m 4. r, •
a) Plate Dimensions

Size:

:

125mm x 125mm

Thickness

:

0.835 )measured using a micrometer)

Calculated from

b) Percentage Reduction in Ueight
Reduction in Ueight
—
:
,, . LJ _^— x 100 = x
Previous Weight

Uhen calculating a value of x, for the shielded plates
uith ueight scaled doun in proportion to the exposed area.
i.e.
85
125

x 85
x 125

0.4624

c) Reduction in Thickness
Calculated from

(x) x 0.^35
100

(iii) Conclusions
The experimental procedure used involves a large number of
variables such as exposure time for each treatment, abrasive
consumption, edge erosion and operator technique. Thus to
attempt to produce a graph and hence a scale of metal removal
against time uould prove meaningless, even uhen executed under
laboratory conditions. Uhat can be concluded from these tests
2-16
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TESTS FOR METAL REMOVAL

(iii) Conclusions (continued)
is that the order of magnitude of the metal removal is
extremely small even uhen using protracted period Df
exposure as used in these tests.
The range of remoual achieved, not taking into account
experimental error and losses from handling and fixing
was 0,003223mm (0.129 thou") to 0.001244mm (0.05thou").
It is our opinion that metal removal of this order is
so small as to be insignificant to all practical intents
and purposes.
Please see enclosed table.

B

CHEMICAL SUBSTRATE CONDITIONING

During the decontamination process for metallic substrates, it has been noted that the use of inorganic
polyphosphate inhibitors not only prevents the formation
of an oxide layer i.e. it protects against "flash rusting",
but also that the inhibitor due to its competitive absorption
de-absorption characteristics, enables soluble corrosion
products uhich may have formed to be flushed out from microfissuTes or stress corrosion cracks uhich may have formed.
It therefore follous that any diffused contaminants that
may be present in this corrosion product uill also be
flushed out of the fissure and towards the outer surface
area of the substrate. The abrasive scouring action of
the' blast uill then remove these contaminants along uith
the soluble corrosion products produced.
KUE Engineering are nou evaluating different inhibitor
concentrations uith a vieu to achieving optimum contamination removal, using this process. Developments also
include the development of soluble abrasive systens - the
advantages of using a soluble system lie basically in the
ability to pass the contaminated liquor through micronic
filtration and ion exchange columnsi the decontaminated
resultant liquor normally being environmentally acceptable
for straightforward disposal to sea. Development uoik so
far encompasses the work of soluble silicates and also
the use of soluble phosphate compounds
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Weight
(Gms)

PLAlt J .

PLATE 2 .

PLATT 1..

lodctn
Raduct
In
-ion
Reduct thick-ion

ness
x10-3

Rodctn Weight Roduct
Redctn
Weight Reduct
in
-Ion
Reduct Thick- (gms) -ion Reduct Thlck(gma)
ness
(gms) -ion
nesa
(gms) -ion
mm
MS.
x10-3
x10-3

95.6581

94.695

Weight
(gms)

Reduct
-ion
Reducj
(gms)
-Ion I

94.9995

1st Treatment

94.3109

2nd Treatment

94,0756 0.2353 0.250

2.008

94.4875 0.1706 0.179

1.492

94.

0.2013 0.29B

2.488

94.6342

0.3653

0.386

3rd Treatment

93.93Sj6 0.14O0 0.149

1.244

95,2898 0.1977 0.207

1.731

94.1575 0.3462 0.36G

3.073

94.3124

0.321B

0.341

,4th Treatment

93.6915 0.2441 0.261

2.175

95.0257 0.2141 0.225

1.000

93.8233 0.2392 0.255

2.129

94.1123

0.199G

0.212

5th Treatment

93.5890 0.1019 0.235

1.9661

94.9630 0.1127 0.2567 2.143 93.6407 0.1876 0.200

1,'672

93.B710

0.2413

0.258

6th Treatment

93.4909 0.0,907 0.228

1.906

94.061B 0.1014 0.231

1.089

93*6332

0.2378

0.254

OD

1.930

93.4293 0.2114 0.226

CONCLUSIONS
It is not possible in a paper as general as this to
become involved u:.th specific sections of any decontamination contract due to uidely differing circumstances
in any decontamination project, r irrespective^ o_c reactor
type. Üe can only hope to give general details of
operations and results of uet abrasive blasting-Dithin the
United Kingdom and hope that^ it uilllead ; to some further
development for problems encountered by other utilities.
Ue
to
to
as

hope that the foregoing has enabled uet abrasive blasting
be considered as a preferable means of decontamination
either dry blasting or high pressure yäter jetting, and
an alternative to some forms of chemical decontamination.

APS
Dune 1982
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DECONTAMINATION SOLVENT FOR PHWR FUELLING MACHINES

P. Spekkens
Ontario Hydro, Research Division
800 Kipling Avenue
Toronto, Ontario, Canada M8Z 5S4
(416) 231-4111

ABSTRACT
A number of processes have been evaluated for the chemical decontamination of_
the internal surfaces of CANDU PHW* reactor fuelling machines. A method has
been developed which uses a concentrated alkaline solution of potassium persulphate to pre-treat the chromium-rich surface oxide and render it soluble
in a citrate-oxalate second step. This procedure is as effective as the more
conventional alkaline permanganate process and avoids excessive corrosive
attack on chromium-plated surfaces.
Decontamination processes based on
organic complexing agents and reducing agents were ineffective for the dissolution of the oxide, probably because of its chromium content.
I.

INTRODUCTION

The CANDU PHW reactor system is based on a horizontal pressure tube concept with on-power refuelling.
This is carried out by means of a pair of
fuelling machines (F/M) (see Fig 1) which engage the two end fittings of a
fuel channel. After the channel has been opened, a rain in one machine pushes
new fuel bundles into the reactor while the other accepts an equal number of
irradiated bundles from the other end of the channel. During the fuelling
operation, the F/M is exposed to full primary heat transport system (PUTS)
pressure and temperatures of up to 150°C. Fuel bundle movement is generally
carried out against the flow of coolant in the channel. Because of the bidirectional flow through the reactor, each F/M may accept fuel from an
"upstream" end fitting or discharge new fuel into a "downstream" end fitting
depending on the specific channel being refuelled.
Fuelling machines become contaminated during normal service. The freshly discharged irradiated fuel is subjected to some jostling while it is being
moved from the reactor to the F/M and also during subsequent operation of the
machine.
Particulate material from the surface of the fuel sheathing (or
from within it, in case of a severely defected bundle) may be dislodged
during this handling and deposited within the F/M.
In addition, in

* CANadian ^Deuterium JJraniura ^Pressurized Heavy Water
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FIGURE 1
SCHEMATIC OF CANDU PHW REACTOR SYSTEM,
WITH CUT-AWAY VIEW OF A FUELLINC MACHINE HEAD
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some CANDU reactors such as the Bruce Nuclear Generating Station there is
some interchange of water between the F/M and the channel during the fuelling
operation. Heat transport system particulates settled in the end fittings
during reactor operation can be swept into the F/M by this fluid exchange.
Fuelling machines require regular maintenance work and this is hampered
by the high radiation field in the vicinity of the machine and the loose particulate material on its internal surfaces. As part of a program to reduce
the fuel handling dose at the Bruce Generating Station, a project has beun
undertaken to develop a solvent for the chemical decontamination of the F/M
internal surfaces.
The targets established for the decontamination were as follows:
(i)

a decontamination factor* of 5 to 10, corresponding to 8U to 90% reduction in fields.

t

(ii) less than 2 ym corrosion penetration of the system surfaces, particularly the pressure boundary materials.
In addition, there should be no
significant attack on the bearings or cracking of the chromium-plated
surfaces present in the machine.
The phases of the project which are described in this paper are as
follows. The deposits on the internal surfaces of the fuelling machines were
characterized chemically and radiochetaically, and a series of screening tests
were carried out to try a variety of potential decontaminants. More detailed
tests were then carried out to determine the optimum conditions for the
decontamination process chosen, a two-step treatment involving an oxidizing
persulphate step followed by a citrate-oxalate second step.
II.

CHARACTKÜI^ATION OF F/M SURFACES AND DEPOSITS

Fuelling machines have a complex internal geometry. There are approximately twenty different materials which are wetted during a decontamination.
Most of these are stainless steels, but several other materials are present
also, including Inconel 600 and X750, an aluminum bronze (Arapco 18), two
hard-faring alloys (Stellite Star J and Colmonoy No. 6 ) , large areas of
chromium-plated stainless steel and a number of rubbers and elastomers. From
the point of view of decontamination effectiveness, four materials are of
greatest, importance since they represent the major portion of the internal
surface area. These are Inconel 600, 304 SS, AM355 and 17-4 PH. The presence of Ampco 18 is also significant since it represents a potential source
of dissolved copper during the decontamination.
Specimens of AM355, 17-4 PH and Ampco 18 have been obtained fron components removed from the F/M's during routine maintenance and the surface
oxides on the samples have been characterized chemically and radiochemically.
Loose particulate material has been collected from the F/M's

* Decontamination Factor (DF) = Activity Before Decontamination
Activity Afer Decontamination
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during normal operation and during maintenance, and these samples have also
been examined.
A.

Surface Oxides:

1.
Chemical Characterization: The
AM355, 17-^ PU and Aapco 18 specimens were
X-ray analysis and chemical stripping.
The
oxide films on the surfaces is shown in Table
Table 1:

oxides on the surfaces of the
examined by energy dispersive
approximate composition of the
1.

Metal Content of Surface Oxides on F/M Samples

Relative Concentration of Metals (by weight)
Metal

AM 355

17-4 PH

Ampco 18

Fe
Cr
Ni
Cu
Mo
Al

100
28
7
<1

100
20
6
<1

6
100
0.4

8-80

20-165

—

—

The surface oxides on the ferrous alloys consisted primarily of iron but
contained significant quantities of chromium and nickel.
The chromium content was, however, less than in the oxide produced during corrosion of aust e n i t i c stainless s t e e l s in high temperature water,
presumably because the
oxide layer is partly formed by deposition of suspended particles containing
r e l a t i v e l y l i t t l e chromium (see below). Some of the specimens also exhibited
high surface concentrations of molybdenum resulting from the use of MoS^ as a
lubricant during F/M maintenance.
This material will probably hinder the
decontamination of the surfaces when present in high concentrations.
It can
be dissolved only in strongly oxidizing media.
The principal metal in the oxide on the surface of the Ampco 18 specimens was copper. The iron content of the oxide was comparable to that of the
alloy, while the aluminum concentration was much lower (Ampco 18 contains
Cu:Fe:Al = 100:6:13).
2.
Radiochemical Analysis: The major radionuclides present on the
surfaces of the specimens were determined by gamma ray spectroraetry and are
listed in Table 2.
The radionuclide profiles of the three surfaces were
similar.
The major iosotopes were the fission products
Ru and l 4 t C e .
1Ub
These two nuclides give rise to short-lived daughters (30 s
Rh and 17 min
Pr, respectively) which emit high energy g-particles (3.5 and 3.0 MuV,
respectively ) and are responsible for the extremely high beta dose rates
encountered during fuelling machine maintenance.
The activation products
Co and
Zn also made significant contributions to the surface contamination and are largely responsible for the y fields in the vicinity of the F/M.
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Table 2:

Relative Activities of Radionuclides on F/M
Surfaces and in Suspended Particulates
Relative Activity

Nuclide
i06

Ru

l>

95 C S
"zr/Nb

17-4 PH

AM 355

Suspended
Particulates
100

100
142
42
5
26
16

100
65
10
5
28
18

44
3
68
7
1

The distribution of the isotopes between the loose oxide layer (removable by ultrasonic cleaning) and the more tightly adherent inner oxide layer
was studied. Although more than 50% of the total activity was present in the
inner layer, the outer oxide on the AM355 and 17-4 PH samples contained a
greater proportion of fission products than of activation products. This is
probably due to the ease with which soluble species such as Co + and Zn + can
diffuse to the metal-oxide interface and become incorporated into the growing
inner oxide layer.
Similar results have been reported for samples from
boiling water reactors'* and corrosion test specimens from other CA.NUU
reactors.
B.

Loose Particulate Material

1.
Chemical Characterization:
Several samples of particulate
material suspended in the water circulating through the fuelling machines
were collected and analyzed chemically. The results are shown in Table 3 and
are compared with the composition of typical PUTS particulates from the Bruce
reactors.
The only crystalline phase detected by X-ray diffraction was
FejOt,. However, the other corrosion products which are probably present such
as iron chroniite (FeCr20:+) and nickel ferrite (NiFe^Oi,) and which have similar spinel structures can not be distinguished from FejOt, by this technique.
Table 3:

Metal

Chemical Analysis of Suspended
Particulates from Bruce F/M and PUTS
Concentration Range (g/k.g particulate)

F/M
Fe
Cu
Cr
Ni
Zn
Co
U

PUTS

370-440
20-50
20-50
20-30
8-13
2-4
5-8

350-450
5-15
1-2
5-15
5-15
<1
2-5
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The composition of the F/M participates is quite similar to that of the
PHTS samples, with the exception that the latter contain much lower levels of
Cr and Co. The cobalt in the F/M is probably produced by corrosion/erosion
of the Stellite ball bearings. The Cr to Fe ratio in the suspended F/M particulates is much lower than in the surface oxides on the ferrous alloys.
This indicates that the suspended material is in large part due to ingress of
essentially chroraiura-free particulates from the PHTS.
2.
Radiocheraical Analysis:
The principal radionuclides in the
suspended particulates and their relative activities are shown in Table 2.
The isotopes axa similar to those detected on the surfaces but there are
differences in the relative activities of several of the nuclides.
III.

TESTING OF POTENTIAL DECONTAMINANTS

The contamination in the F/M's is distributed between the suspended particulate corrosion products and the fixed oxide layers on the surfaces.
Achieving the target DF will probably require the dissolution or removal of
both types of material.
The higher chromium concentration in the fixed surface oxide than in the
suspended particulate material suggests that the former will be considerably
more difficult to decontaminate than the latter.
Testing of potential
decontaminants was, therefore, carried out with specimens of AM355 and
17-4 PH fron F/M components. For the alloys Inconel 6Ü0 and 304 SS, artificial test specimens were prepared by oxidation of corrosion coupons in high
temperature water
containing F/M
and PUTS contaminated particulates.
Although these specimens are not expected to be completely representative of
F/M surfaces, they provided a valid basis for comparing the various potential
decontamination solvents.
The decontamination solvents tested can be classified into three categories on the basis of their redox properties: (i) organic acids with little
redox potential (ii) reducing agents, (iii) oxidizing agents. The results
obtained with each class of reagent will be discussed in turn.
A.

Organic Acids

Decontaminants based on mixtures of organic acids, mainly oxalic and
citric acids, have been widely used in decontamination applications.
These
generally do not have strong redox properties (although oxalic acid is a weak
reducing agent). They are attractive as decontaminants since they are easy
to use and relatively non-corrosive (if adequately inhibited), degrade to
innocuous products (CO^, water) and perform the decontamination in a single
step.
Processes based on dilute solutions of organic acids > offer the
additional benefit of minimizing the amount of liquid waste produced.
In this program, a number of reagents consisting of two organic acids
(citric or tartaric, and oxalic or ascorbic), a chelating agent (EDTA or
NTA), a corrosion inhibitor and two non-ionic surfactants were tested. Total
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reagent concentrations were in the 5 to 8% range. The commercial reagent
Turco 4521-A (Turco Products Inc) and the dilute CAN-DECON process (London
Nuclear Limited) were also tested.
None of these reagents was able to provide the desired degree of cleaning. Decontamination factors were generally in the range 2 to A.
Varying
the temperature ïrora 8U°C to 95°C, the pH from 2.5 to 4.5, and the types and
quantities of corrosion inhibitor and surfactants were found to have a negligible effect on the. DF produced.
The inability of these reagents to decontaminate the F/M samples is
attributed to the presence of chromium in the oxide layer to be dissolved.
This material is extremely resistant to direct dissolution by acids or coraplexing agents.
B.

Reducing Agents

The dissolution of Fe3Û4 (and NiFe^Oit) is assisted by the presence of
reducing agents which Dromote reductive dissolution (Equation 1) in addition
to direct dissolution. >
Fe-O 4 + 81l+ + 2e~ > 3Fe 2 + + 411 0

(1)

Furthermore, the dissolution of iron chromite (FeO'C^Os) can, in principle,
also be brought about by the use of reducing agents to convert the Cr(III) to
the more soluble Cr(II) (Equation 2 ) .
r 2 O 3 + 8H + + 2e~ + F e 2 + + 2Cr 2 + + 41^0

(2)

Three reducing agents which, on the basis of their 25CC reduction potentials,
should be capable of promoting reaction (2) were tried.
The formulations
tested are listed in Table 4.
Several experiments were performed using hydrazine as a reducing agent.
Trials were carried out in which it was used in alkaline solution (by itself
or in conjunction with ethylenediaraine and EDTA), in neutral solution and in
acidic solution (as a component of a citrate-oxalate solution similar tu
those tested earlier). Two-step procedures involving a basic hydrazine pretreatment followed by an acidic second step were also tested. Decontamination factors for the hydrazine-containing solutions were generally 2 to 4.
Pre-treatment of samples with hydrazine-containing solutions did not incri-.asii
the effectiveness of the subsequent acidic citrate-oxalate treatment.
Experiments with the stronger reducing agent hydroxylamine were also
unsuccessful.
Tests were only carried out in acidic solutions since the
reagent decomposes rapidly at high pH.
The effectiveness of a citrateoxalate solution at pH 3.5 was not improved by the addition of 40 g/L hydroxylamine sulphate.
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Table 4:

Reducing Decontamination Reagents Tested

Based on Hydrazine (N2H4):
(a)

1 g/L NzHi», pH 9, 95°C

(b)

10 g/L N2«M, 5 g/L en*, 10 g/L EDTA
NH3 to pH 9, 95°C

(c)

10 g/L N 2 H 4 , 5 g/L en, 10 g/L EDTA,
citric acid to pH 7.5, 95°C

(d)

10 g/L N 2 H H , 5 g/L en, 10 g/L EDTA, 25

g/L

oxalic acid, 50 g/L citric acid, inhibitors +
surfactants, NH3 to pH 3.5, 85°C.
(e)

solution (a) followed by citroK-EOTA+

(f)

solution (b) followed by citrox-EDTA

(g)

solution (c) followed by eitrox-EDTA

Based on Hydroxylaraine (NH^OH):
(a)

40 g/L N H ^ O H ' H Z S O H , 33 g/L citric acid, 25 g/L
oxalic acid, inhibitors + surfactants, NH3 to
pH 3.5, 85°C or 95°C.

Based on Sodium Dithionite (
(a)

*en:
+

40 g/L Na2SzO4, 120 g/L en, 150 g/L EDTA, pH 8.2
95°C.

ethylenediamine

citrox-EUTA:

inhibited solution of 10 g/L EUTA, 25 g/L
oxalic acid, 50 g/L citric acid, NH3 to
pH 3.5

2-28

The reducing agent sodium dithionite (NaüS^OiJ has been reported to be
effective in promoting dissolution of simulated corrosion products fron
stainless steel and Inconel systems.
Although this reagent is not a potential decontaminant because of its undesirable corrosion properties, it was
tested to investigate the effectiveness of alkaline reducing agents as decontamlnants. The DF's were 2 to 3 for all the alloys except 17-4 PH, where
DF's in the range 7 to 9 were observed.
However, this was accompanied by
extremely severe corrosive attack.
The failure of these reducing agents to produce high DF's is attributed
to their inability to effectively promote the dissolution of the chroraiumrich oxide layer on the samples. This may be due to unfavourable kinetic
factors at the temperatures studied.
C.

Oxidizing Reagents

Decontamination of stainless steel surfaces is generally carried out.
using strong oxidizing agents to convert the Cr(III) in the oxide layer to
soluble Cr(Vl).
The most commonly used reagent is an alkaline solution of
potassium permanganate (called AP). However, this treatment is ineffective
for dissolving iron oxides and must be followed by a second step generally
consisting of an acidic solution containing citrate and oxalate (citrox).
The fact that this type of decontamination requires two steps and produces a
strongly oxidizing waste AP solution makes it less attractive t:han the
simpler one-step procedures discussed earlier.
An experiment with a two-step AP/citrox process was very successful
(UF > 10) and demonstrated that oxidizing conditions would indeed be
effective for pre-conditioning the F/M oxide film.
However, alkaline
permanganate can not be used in a F/M because it would severely attack the
chroiniura-plated surfaces.
Experiments were, therefore, carried out to test",
alternative oxidizing treatments.
Hydrogen peroxide solutions were tested but found to be unsuitable. An
acidic solution of peroxide, oxalic acid and citric acid (Peroxcit ) and an
alkaline solution of peroxide, carbonate and bicarbonate were found to be of
low effectiveness and extremely corrosive to the Ampco 18 sanples. Tests
were also carried out using acidic solutions of eerie ion followed by a
citrox treatment,
but the corrosivity of the eerie solution and its
tendency to deposit insoluble eerie salts preclude the use of this
decontamination process.
A two-step decontamination process based on an alkaline persulphate
oxidizing first step followed by a citrate-oxalate second step was found to
produce DF's comparable to the alkaline permanganate-t^sed process with no
obvious corrosive effects on any of the system materials tested.
Further
testing was carried out to optimize a persulphate-based process.
D.

Potassium Persulphate

The persulphate ion (S20a=) is an extremely powerful oxidizing agent.
It is a stronger oxidant than permanganate particularly in alkaline solution
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S 2 0 8 = + 2e~ •*• 2SO 4 "

E

Q

= 2.0 V

(3)

(E o = 0.6 V for KMnQi4 In basic solution).
Persulphate oxidations often
proceed slowly but are catalyzed by dissolved metals such as Ag + or
Cu "*". Aqueous solutions of persulphate decompose spontaneously.
In basic
solution, the reaction is given by Equation 4.

S

2°iT+ H2° *

4 i2

The decomposition causes the solution to become more acidic.
Tests were carried out to determine the effects of pH, persulphate concentration, temperature, and exposure
time on the effectiveness of
persulphate as an oxidizing pre-treatraent«,
The optimum conditions were
determined to be 0.2 M K^S^OB in 1 M NaOtl, applied at 85°C for ~4 h.
Alkaline conditions must be used since acidic persulphate solutions are
unacceptably corrosive to certain system materials, particularly Ampco 18.
Because the decomposition reaction (4) decreases the pH of the solution, the
initial alkalinity must be high enough to ensure that the solution remains
basic even after the complete decomposition of the persulphate. For a 0.2 M
solution, the initial hydroxide concentration must be 1 M.
The effectiveness of the decontamination was found to increase with the
concentration of persulphate. The concentration of 0.2 M is near the solubility limit of K^S^Oy in 1 M NaOH at room temperature ("56 g/L), and this
limit should not be exceeded to avoid the possibility of KzSzOn precipitating
on F/M internal surfaces should the temperature of the decontaminant inadvertently decrease during the decontamination.
The optimum temperature for the persulphate reagent was determined to be
85°C.
At lower temperatures, the effectiveness of the decontamination
decreased significantly for certain alloys. At a temperature of 95°C, the
oxidizing treatment was effective in the laboratory beaker cest, but the persulphate had largely decomposed within an hour. This could be undesirable
for the decontamination of a F/M which has a large internal surface area and
complex internal geometry with many low-flow areas. At 8(J-85OC, the deconposition of persulphate is significantly slower and the reagent was found to
survive in appreciable concentrations for more than two hours. Because of
reagent decomposition, an exposure time of more than four hours is not
worthwhile and there is some evidence that under the optimum conditions in
the laboratory tests, the oxidizing phase is complete within two hours.
Alkaline persulphate offers some benefits over alkaline permanganate as
a decontaminant.
With the persulphate solution, there are no insoluble
species formed during the decontamination reaction or decomposition of the
reagent. With permanganate, on the other hand, MnO^ may form as a precipitate under some conditions and trap contamination on the surfaces.
This
precipitate can be difficult to redissolve in the second step.
Another
advantage of persulphate is in the waste solution produced.
Although the
decomposition of persulphate is troublesome from the standpoint of decontam-
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ination effectiveness, it is an asset from a waste handling point of view in
that there is no strongly oxidizing waste solution produced. The spent solution contains essentially no S/Otj= but rather the innocuous SO^" decoraposition product.
The reagents tested for use in the second step Include a concentrated
("80 g/L) EüTA-citrate-oxalate solution (the most effective solution from
Section III.A above), a 50 g/L solution of the commercial reagent
Turco A521-A (Turco Products Inc.) and the dilute CAN-UECON process using
inhibited LNU-1D1A (London Nuclear Limited). The two concentrated reagents
were found to perfora equally effectively, while the dilute reagent produced
lower DF's for certain alloys, notably 17-4 PH and AM355. Table 5 shows
typical DF's obtained in laboratory beaker tests with these reagents, as well
as the results obtained using a similar alkaline permanganate treatment. The
persulphate-based reagent appears to be comparable in effectiveness to its
permanganate-based analogue.
Table 5: Decontamination Factors for
Two-Step Oxidizing Decontaminants
Decontamination Factor
Alkaline Persulphate

Alloy

Concentrated
EÜTACitrate-Oxalate
2nd Step
Inconel 600
304 SS
AM355
17-4 PH

7-26
12-20
10-15
8-15

CAN-UECON3
2nd S t e p
7-25
10-15
4-7
3.5-10

Alkaline
Permanganate/
EDTA-CitrateOxalate
28
]5
12
8

1

0.2 M K.2S/i0ö, 1 M NaOH, 85°C, 4 h

1

10 g/L EDTA, 25 g/L oxalic acid, 50 g/L (NH 4 ^citrate, inhibited,
ammoniated to pH 3.5, 85°C, 4 h
or_ 50 g/L Turco 4521-A, 85°C, 4 h

3

inhibited LND-101A, 4 h

4

0.2 M KMnUM, 2.5 M NaOH, 85°C, 1 h; followed by same reagent as in note 2.

Preliminary corrosion testing was carried out using the alkaline persulphate/ EUTA-citrate-oxalate decontamination procedure. Corrosion rates ot
a l l materials wetted during a F/M decontamination appear to be acceptable.
The penetration of the pressure boundary materials was less than the 2 uni
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limit by a factor of ten or more, and the corrosion of the other ferrous
alloys and the Ampco 18 was also within this limit. In addition, exposure of
Cr-plated AM355 specimens to the persulphate reagent resulted in no detectable attack on the chroaium layer or underlying metal (as detected by metallography, weight loss and analysis of the solution for dissolved chromium).
The rate of dissolution of chromium in the persulphate reagent was
"0.03 mg cm"
h~ , approximately 100-fold lower than in a similar permanganate reagent.
Additional corrosion testing is being carried out to detect localized
attack such as stress corrosion cracking, galvanic corrosion and crevice
corrosion. Further testing of the effects of the persulphate on hard-facing
materials is also underway.
The mechanism of the persulphate/citrox cleaning process has been
investigated.
The persulphate treatment removes relatively little activity
from the surface (DF = 1 to 1.5) and dissolves little of the surface oxide.
However, chemical analysis of the spent persulphate reagent indicates that it
contains dissolved chromium. Examination of the deposits on Inconel 600 and
304 SS test specimens has also indicated that the chromium content of the
surface oxide is considerably diminished by the persulphate treatment, but
that the bulk of the deposits are removed in the citrox step.
Thus the
mechanism of the persulphate/citrox reagent appears to be similar to that of
the permanganate-based processes.
The initial oxidizing step removes
chromium from the surface oxide by converting it to the soluble chromate.
The porous iron oxide matrix which is left behind is then susceptible to dissolution in the acidic second-step reagent.
IV

CONCLUSIONS

The decontamination of the fuelling machines in CANDU PHW reactors has
been shown to require oxidizing conditions since the oxide films to be dissolved contain significant concentrations of chromium.
Reagents based on
organic complexing agents and reducing agents were ineffective.
A decontamination process has been developed in which a preliminary
oxidation with a solution of alkaline potassium persulphate is followed by an
EDTA-citrate-oxalate second step. The effectiveness of the process is comparable to that of similar permanganate-based processes, but avoids the problem of excessive corrosive attack on chromium-plated surfaces.
Additional work is being carried out to further develop the persulphate-based decontamination process and to investigate the use of other
oxidizing agents for the dissolution of chroiniura-rich oxide films.
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ABSTRACT
The CAN-DECON™ d i l u t e chemical p r o c e s s h a s been s u c c e s s f u l l y applied t o f i v e
BWR r e a c t o r water cleanup systems and f i v e BWR primary r e c i r c u l a t i o n pumps
between 1979 and 1982. These a p p l i c a t i o n s r e s u l t e d i n s i g n i f i c a n t r a d i a t i o n
f i e l d r e d u c t i o n s , e n a b l i n g maintenance t o be performed with much reduced t o t a l
p e r s o n n e l exposures.
INTRODUCTION
London Nuclear has applied t h e d i l u t e chemical decontamination
process,
CAN-DECON™, t o a l a r g e number of BWR and PWR a r t i f a c t s , components, and s y s tems.
This paper d e s c r i b e s t h e method of a p p l i c a t i o n and t h e r e s u l t s of 1U
i n - s i t u BWR decontaminations, namely, f i v e primary coolant r e c i r c u l a t i o n pumps
and f i v e r e a c t o r water cleanup systems.
Also presented a r e recontamination
data taken at varying intervals of up to two years after an i n i t i a l
application.
I.

REACTOR WATER CLEANUP SYSTEM

A.

Background

The reactor water cleanup system (RWCS) is a BWR auxiliary system
designed to maintain reactor water quality through the removal of soluble and
insoluble impurities.
London Nuclear was contracted to decontaminate tais
system prior to major maintenance using the CAN-DECON process at four different US BWR units (Table 1). A second application was also performed at
Vermont Yankee in October 1981.

Reactor

Date

Vermont Yankee
Brunswick II
Brunswick I
Vermont Yankee
Peachbottom II

October 1979
March 1980
April 1981
October 1981
April 1982

TABLE 1
RWCS DECONTAMINATIONS
LOCATION
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The design of the RWCS at all of the above plants was very similar.
During normal reactor operation each employed one system pump to pass hightemperature water from the reactor vessel through regenerative and nonregenerative heat exchangers. With its temperature below 60°Cf the fluid was purified in precoat-type filter/demineralizers.
It then flowed through the
secondary side of the regenerative heat exchangers and back to the reactor. A
schematic drawing of the RWCS is shown in the upper portion of Figure 1 •
Additional equipment was added to each RWCS in order to perform the
decontamination.
Because of the similarity of RWCS design at each of the
plants listed in Table 1, the equipment that was originally prepared for the
first decontamination at Vermont Yankee was sufficiently flexible to be used
for all five applications. A schematic of this equipment connected to an RWCS
is shown on the bottom portion of Figure 1. Its major components consisted
of:
1.
three deep bed ion exchange columns of sufficient capacity to
regenerate and remove the proprietary CAN-DECON reagent
2.
chemical injection equipment to add the various chemicals necessary during the application
3.

an electric heater to raise and control system temperature as

necessary
4.
a surge tank to accommodate fluid swell and shrinkage, establish leakage rates, and simplify pressure control
With the decontamination equipment connected to the RWCS as shown on
Figure 1, the new closed loop consisting of the RWCS and the decontamination
equipment was filled, pressurized, started up, and circulation established.
Deoxygenation and heatup to approximately 95°C were then performed in parallel
in preparation for chemical injection.
Upon commencement of chemical injection, a single cation exchange
column was placed on line. Its purpose was:
1.
to remove radionuclides from the fluid that have been dissolved
through the chemical action of the proprietary reagent on the internal surfaces of system piping and components
2.

to regenerate the depleted reagent

The sidestream flow through this ion exchange column was controlled
at rates that maintained the desired purification half-life and resulted in
acceptable pH and dissolved radionuclide levels in the system fluid.
Once sufficient reagent was added to reach 0.1 weight percent in the
system fluid, regular monitoring was initiated by chemistry, operations, and
health physics staff. These personnel established and controlled the correct
process, chemical, and radiological parameters throughout the decontamination
and the steps that followed.
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All the information that was compiled during the decontamination was
then fed on as close to a "real time" basis as possible to a decontamination
supervisor, who, in consultation with the respective utility representative,
adjusted conditions as the decontamination progressed.
Typically, these adjustments consisted of:
1.
replacing cation columns to maintain continuous, efficient
removal of dissolved radioactivity at radiation field levels that were safe
for all personnel who, were working in the area
2.
adjusting process parameters, such as system flow rate, purification half-life, and process temperature to maximize activity removal yet
control system corrosion rates
3.
modifying the system flow path to ensure that redundant pipiny
and equipment were included for at least a portion of the application/ or that
equipment that was previously identified as less resistant to the decontamination chemistry was excluded when more "aggressive" conditions were applied
4.
adjusting chemistry conditions, such as reagent and inhibitor
concentrations to maximize oxide film removal and minimize base metal
corrosion
When there was no longer any significant benefit in continuing
(i.e., radioactivity removal rates were low), the regeneration phase of the
decontamination was terminated.
Generally, the regeneration phase lasted
between 20 and 30 hours for the five decontaminations.
The cation exchange column was isolated, and the temperature was
reduced to a level that was compatible with anion resin.
A mixed bed ion
exchange column was placed on line to remove the reagent and any residual
metal ions remaining in solution. Reagent removal was continued until water
purity reached a conductivity of less than 2 ms/m (20 umho/cm). The duration
of the reagent removal phase was variable depending ujjon system size and
desired water purity requirements, but it was typically completed within six
to 12 hours.
On completion of reagent cleanup, the final phase in the decontamination treatment, a system passivation, was applied. This was performed under
reducing chemistry conditions to desensitize and prefilm system surfaces. It
resulted in the formation of a very thin but protective oxide film that aidei
in the reduction of the rate at which radioactivity levels would build up on
the decontaminated surfaces during subsequent reactor operation.
With reagent removal complete, all ion exchange columns were isolated, and the system temperature raised.
A reducing agent was added, and a
small residual concentration maintained throughout the passivation.
Typically, this step lasted at least 24 hours, but was extended as long as bO
hours in one case.

lowered

On completion of the passivation step, the temperature was again
to accommodate flow through the mixed bed ion exchange column.
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Operation continued in t h i s cleanup mode u n t i l water purity reached a level
that was consistent with i t s reuse as reactor fluid, or u n t i l i t was compatible with rad-waste requirements.
In either case, the minimum standard for
water purity was less than 2 ms/m (<20 umno/cm). The duration of this final
cleanup once again depended upon the final purity requirements, but generally
was completed within three to six hours.
B.

Results

Various methods are available to measure the effectiveness of
in-situ chemical decontamination.
One approach simply involves radiation
field measurements before and after in and around the system decontaminated
using standard, unshielded gamma survey equipment to establish net field
reductions.
Another method involves the determination of specific activity of
individual isotopes at discrete locations. This method requires sophisticated
gamma scanning equipment complete with colimated shielding. It also involves
relatively long exposure times in order to establish very accurate but localized decontamination factors (DFs) for individual radionuclides.
Both of these methods, along with others, have been used to measure
DFs for the RWCS applications.
The only method, however, that consistently
gives a reasonably accurate assessment of overall decontamination effectiveness, yet does not involve the use of large amounts of time and equipment in
the active area, is "on-contact" radiation level readings using a shielded
gamma survey meter. A summary of the results of these surveys is presented in
Table 2. Each average DF represents a weighted harmonic mean of measurements
taken before and after decontamination at selected locations on contact with
RWCS piping and equipment.
When possible, more readings were taken in the
specific area where maintenance was to be performed. There is reasonably good
agreement among all the RWCS applications, with the measured DFs varying
between 4.4 and 6.8, representing an overall average of 81 percent of the
total activity removed from the various systems.

Location

Average DF % Activity Removed

Vermont (1979)
Vermont (1981)
Brunswick I
Brunswick II
Peach Bottom II

5.0
4.4
6.8
5.3
5.0

80
77
85
81
80

Average

5.3

B1

TABLE 2
DECONTAMINATION FACTORS
RWCS
Due to the limitations of space and the similarity of the results
among the five decontaminations, only the detailed results of the Vermont
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Yankee decontaminations are presented in t h i s paper.
RWCS applications can be provided upon request.

Information on the other

Table 3 summarizes the various radionuclides removed during the
applications at Vermont. In each case, cobalt-60 and zinc-65 represented over
80 percent of the total activity removed.

Radionuclide

Activity (Ci)
1981
1979

Co-60
Zn-65
Co-58
Cr-51
Mn-54
1-131
Fe-59

1.40
0.70
0„10

Total

2.38

2.36
1.76
0.31
0.03
0.47
0.01
0.09

0.06

0.06
0.06
-

5.02

TABLE 3
RADIONUCLIDES REMOVED
VERMONT RWCS

The t o t a l activity removed increased from 2.4 curies in 1979 to 5.0
curies in 1981, This rise was due to the development of improved application
techniques during the interim period.
Table 4 l i s t s the various metals removed from the RWCS. Iron is the
most predominant, representing 86 percent of the t o t a l weight in 1979 and
90 percent in 1980. In each case, these numbers were in reasonable agreement
with those expected (based on the oxide film thickness measured from active
specimens before the decontaminations and the calculated system surface area).

Weight (g)
1981
Metal 1979

6314

Mn

3040
350
60
60
10

Total

3520

6998

Fe
Cu
Ni
Cr

66
262
356

TABLE 4
METALS REMOVED
VERMONT RWCS
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The average DFs based upon "on-contact" system measurements a r e
l i s t e d i n Table 2. Other methods were a l s o used t o determine a DF. In 1979,
t h e s e included t h r e e readings taken using a portable Ge-Li d e t e c t o r (DF = 5 . 3 )
and e i g h t a c t i v e specimens i n s t a l l e d in the decontamination equipment (üF =
8.0).
These specimens were cut from a s e c t i o n of RWCS p i p i n g t h a t was removed
during the previous o u t a g e .
The only waste r e s u l t i n g from the decontamination was in s o l i d form
and consisted almost e n t i r e l y of spent ion exchange r e s i n .
I t s volume was
approximately 0.7 m^ for each a p p l i c a t i o n , and was disposed of through the
normal handling systems within the p l a n t .
The r a d i a t i o n exposure t o London Nuclear personnel performing
decontamination was 1.0 rem in 1979 and 0.6 rem i n I 9 b 1 .

the

Recontamination r a t e s have a l s o been examined t o evaluate the longer
term b e n e f i t s of CAN-DECON a p p l i c a t i o n s .
Figure 2 shows the average of the
on-contact r a d i a t i o n f i e l d measurements taken a t Vermont Yankee before arid
a f t e r each of the two a p p l i c a t i o n s and a t i n t e r m i t t e n t i n t e r v a l s in between.
The readings show t h a t t h e average r a d i a t i o n f i e l d only rose t o 112 mr/h from
91 mr/h a f t e r t h r e e months of on-power operation.
After one year the average
reading was 129 mr/h, and a f t e r two years had r i s e n marginally t o 135 mr/h.
This was s t i l l l e s s than one-third of the predecontamination average.
II.

RECIRCULATION PUMPS
A.

Background

One of the five primary coolant r e c i r c u l a t i o n pumps a t Nine Mile
Point Unit 1 was scheduled for major maintenance during the spring outage of
1981.
A large amount of maintenance time would have t o be spent i n s i d e the
pump bowl where r a d i a t i o n levels were l i k e l y t o exceed 5 R/h.
London Nuclear
was contracted t o decontaminate the pump i n - s i t u .
The 710-mm (28-inch) r e c i r c u l a t i o n piping contained i s o l a t i o n valves
a t the suction and discharge of each pump.
In a d d i t i o n , there was a 50-mra
(2-inch) flanged connection between each valve and the pump s p e c i f i c a l l y for
decontamination.
The a d d i t i o n a l equipment t h a t was necessary t o perform the decontami n a t i o n i s shown schematically on Figure 3.
I t contained two s e p a r a t e flow
loops:
the f i r s t t o provide process requirements of flow, temperature, and
p r e s s u r e via a c i r c u l a t i n g pump, h e a t e r , cooler, and surge tank; and the
second to provide chemistry requirements via ion exchange columns and f i l t ers.
An a d d i t i o n a l f e a t u r e of the equipment enabled the flow path through the
r e c i r c u l a t i o n pump and piping to be r e v e r s e d .
In p r e p a r a t i o n for the decontamination, the equipment was connected
t o the r e c i r c u l a t i o n piping with f l e x i b l e hose.
The reactor vessel water
l e v e l was then r a i s e d high enough t o ensure t h a t leakage, if i t occurred dt
a l l , would be i n t o the decontamination flow path for a l l phases of the a p p l i cation.
Decontamination, reagent removal, and p a s s i v a t i o n steps were s i m i l a r
t o those applied t o the RWCS.
Reagent was c i r c u l a t e d a t a temperature of
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135°C and a concentration of 0.1 weight percent for approximately 24 hours.
Cleanup was continued u n t i l conductivity was less than 2 ms/m (20 umho/cm),
and passivation lasted 24 hours.
Based upon preliminary results of the decontamination, Niagara
Mohawk staff
conducted a cost benefit analysis to determine whether the
remaining four recirculation pumps should also be decontaminated.
I t was
resolved that, based upon the man-hours required in the active area to i n s t a l l
snubbers for the pumps and replace their seals, decontamination was j u s t i fied.
The four pumps were decontaminated sequentially, taking only 7 2 hours
for each total application, including passivation time.
B.

Results

Table 5 shows the results of DF measurements. A total of four different methods were used to determine DFs. The first was measurement, before
and after decontamination, of five active specimens that were cut from a section of piping subjected to recirculation system operating conditions and
placed in the decontamination flow path.
The second and third methods were
"on-contact" measurements taken before and after the decontamination with a
shielded probe. In method 2. four readings were taken at the same locations
for each pump "on-contact" with recirculation system piping with insulation
removed. In method 3, similar readings were taken at 27 locations through the
piping insulation. Method 4 involved gamma spectroscopy at one location on
two of the five pumps.

Method

Number of
Pump (DF)
Measurements 11 12 13 14 15 Average

Method of Measurement

1

active specimens

5

46

46

2

"on-contact" with piping
(shielded probe)

4

44 30 40 40 53

41

3

"on-contact" with insulation
(shielded probe)

8 12

11

4

in-situ gamma spectroscopy

53

47

27

1

10 80 16
41

TABLE 5
DECONTAMINATION FACTORS
RECIRCULATION PUMPS
The average DFs measured in methods 1 (DF = 46), 2 (DF = 41), and 4
(DF = 47) are in very close agreement. That for method 3 (DF = 11) is quite
different and is due to the additional separation of 50 to 75 mm (2 to
3 inches) between the source of activity and the detector.
Table 6 details the quantities of the various radionuclides removed
from the pumps.
The list of isotopes is similar to that from the RWCS.
chromium-51 and zinc-65 were not present in significant quantities. With the
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exception of pump 15, the variation from pump to pump i s quite small. Pump 15
had, however, been shut down for about two years immediately prior to the
decontamination. This allowed the short-lived radionuclides to decay away.

Radionuelide

11

Pump Activity
12
13
14

(Ci)
15

Total

2.02
1.99
0.30
5.660 34.06
0.01
0.05
0.011 0.08
0.004 0.06
0.17

Mn-54
Co-58
Fe-59
Co-60
Sn-113
Sb-124
Sb-125
Cs-134
Ce-141

0.457
0.548
0.083
6.800
0.003
0.011
0.017
0.014
0.055

0.504
0.446
0.078
7.870
0.003
0.011
0.019
0.016
0.033

0.509
0.523
0.060
7.470
0.003
0.013
0.018
0.016
0.040

0.484
0.473
0.076
6.260
0.003
0.011
0.017
0.014
0.043

0.066

Total

7.99

8.98

8.65

7.38

5.74

-

38.74

TABLE 6
RADIONUCLIDSS REMOVED
RECIRCULATION PUMPS
These results indicate that the specific activity in the recirculation system had not increased significantly during the time that pump 15 v*as
out of service. Using a half-life for eobalt-60 of 5.25 years, 7.4 curies of
cobalt-60 would have been removed during the decontamination had it been
applied when pump 15 was first taken out of service. An average of 7.1 curies
of cobalt-60 was removed from each of the remaining four pumps.
Figure 4 shows the results of radiation measurements performed on
the pumps after one year's normal operation. These indicate that, even though
the pumps operate at high temperature and are directly connected to the reactor vessel, a residual benefit of the decontamination persisted even after an
entire year of operation, corresponding to a DF of 2.
Table 7 summarizes the radiation exposure for personnel involved in
the decontamination. London Nuclear staff received 3.2 rem.

Personnel

11

Pumi> (rem)
12 13 14

15

London Nuclear staff 0 . 4 0.5 0.4 0.4 1.5
Station staff
0.9 0.9 0.9 0.9 3.5
Total

Total
3.2
7.1

1 . 3 1 . 4 1 . 3 1 . 3 5 . 0 10.3

TABLE 7
RADIATION EXPOSURE
RECIRCULATION PUMPS
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Station staff supporting the decontamination received 7,1 rem, primarily from the time spent in the drywell changing connections from one pump
to another.

0.3 m 3 .
plant.

The volume of solid waste generated from each application was
It was disposed of through standard handling procedures within the

III. DISCUSSION
The RWCS decontaminations gave an average DF of about 5, whereas the pump
decontaminations gave DFs greater than 10, Since the same process has been
used in both cases, why the difference?
The answer lies in the nature of the system or component being decontaminated. In the case of the RWCS, the area around the regenerative and nonregenerative heat exchangers, where the majority of the readings were taken,
included a number of crud traps. These traps were located in the drain lines
at isolation points. The radiatiton level readings on contact with these crud
traps were many times higher than hose readings that were taken on contact
with the system piping.
Because it was impractical to modify the system in
order to incorporate these drain lines into the decontamination flow path,
these traps remained "hot spots" after the decontamination.
As a result,
radiation level readings taken both before and after decontamination were
masked by these "hot spots." However, their impact on the radiation level
readings after the decontamination, which were on average one-fifth of those
before the decontamination, was more significant. An example of this can be
seen by comparing the 1979 and 1981 decontaminations at Vermont Yankee.
In
1979, the average of the before readings was in excess of 400 mR/h. Those
same readings averaged less than 100 mR/h after 2.3 curies of activity had
been removed from the system.
Before the application in 1981, the average
reading had risen only to 135 mR/h. During the second decontamination, more
than 5 curies was removed (including some of the "hot spots"), which lowered
the average reading to 31 mR/h. At these low levels in RWCS equipment rooms,
background radiation, external to the system decontaminated, makes a major
contribution to the overall field. Further decontamination of the RWCS would
therefore not likely result in significant average field reductions.
The results of DF measurements on the active specimens confirm this. In
both cases and particularly in 1981, the DFs achieved on the specimens were
significantly higher than the system DFs. The specimen DF measurements were
performed in the chemistry laboratory and were unaffected by background radiation fieldsThe case of the recirculation pumps is quite different.
The primary
source of radiation fields in the Nine Mile Point Unit 1 drywell is the recirculation system piping and components.
The activity is evenly spread over
system piping and components, and there are few, if any, significant crud
traps or "hot spots" to distort DF measurements. The close agreement between
the active specimens (DF = 46), which were unaffected by background radiation,
and the measurements on contact with the piping (DF = 41 ) confirm this. The
end result is that the full effectiveness of the decontamination is realized
where it counts - in radiation field reductions.
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After many applications and a lot of experience
results continue to confirm that the process:

with

CAN-DECON,

the

1.

is readily adapted for application to in-situ process systems

2.

may be applied to a BWR system or component within a period of 72

i

hours
3.
efficiently removes i at least 80 percent
entrained in the oxide films of BWR piping systems
4.
handled
5.

of the radionuclides

generates only small quantities of solid waste, which are readily

may be applied with a minimum of exposure to the personnel involved

6.
does not cause unacceptable levels of general corrosion or localized
corrosion on system materials
7.
results in longer term radiation exposure benefits through reduced
rates of recontamination
IV.

SUMMARY

Between October 1979 and April 1982, London Nuclear employed the
CAN-DECON process to decontaminate the reactor water cleanup systems of the
Vermont Yankee, Brunswick Units I and II, and Peachbottom Unit II, as well as
five recirculation pumps at Nine Mile Point Unit I. The decontaminations were
undertaken to reduce the radiation fields in and around the equipment; and
hence, to minimize the man-rem expenditures that would occur during subsequent
repair work.
The equipment was disconnected from the various reactor systems for three
to seven days to perform the decontaminations.
The procedure generated a
small amount of solid wastes, which were processed by the plant's existing
rad-waste system.
The decontaminations resulted in the reduction of general fields by factors of 5 to 7 for the cleanup systems, and in excess of 10 for the recirculation pumps.
The decontaminations resulted in personnel radiation exposures of up to
10 rem.
The estimated dose expenditure savings during subsequent equipment
repairs were many times as high.
Radiation field measurements taken up to two years after the iaitial
application have shown that the benefit, although reduced with time, has
remained significant into subsequent refueling outages.
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FIGURE 2
VERMONT YANKEE RWCS RECONTAMINATION DATA
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FACILITY DECONTAMINATION WITH FREON®

James T. McVey
Health Physics Systems, Inc.
2727 N.W. 43rd Street
Gainesville, Florida 32606
(904) 373-6066
ABSTRACT

Fréon® -TF successfully removed loose surface contaminants from floors, walls, and ceilings, and permitted fume hoods, lead brick hot cells and small electrical and mechanical
items to be decontaminated without dismantling. Approximately 75 percent of the surfaces
and items were processed with liquid Freon® spraying devices. Typically, several hundred
thousand dpm/100 cm2 were reduced to less than 2,000 dpm/100 cm2 in less than one
minute/m2 with a resultant waste for burial equal to one barrel.
I.

INTRODUCTION

Contaminated facilities can be found in each of the business areas involved with the _
use of radioactive materials: nuclear power, medical, research and industrial. In each instance the level of contamination varies in intensity and the total involved area may vary,
however, the affected surfaces, objects and materials encountered will be similar. These
surfaces may be porous or impermeable, smooth or irregular, nonpenetrated or possess
cracks, seams and cavities. Furthermore, the objects may permit in-situ decontamination or
require dismantlement. The material of the object or surface may allow decontamination
with a variety of techniques and solvents or may prove unsuitable for decontamination by a
specific process or processes.
The time required to perform facility decontamination determines personnel exposures, turn-around time for reuse and can alter the financial aspects associated with the
project. Successful facility decontamination relies heavily upon the thorough evaluation of
each of these parameters so that minimum alteration is made to the decontamination plan
once facility cleaning is actually started. Consequently, techniques used in facility decontamination should be technically sound, should provide multiple application to a wide
variety of surfaces, be economical, minimize radioactive waste production and minimize
personnel exposure.
One such process or technique, which offers the potential for achieving these goals,
is the use of Freon® -TF (trichlorotrifluoroethane) in a high-pressure cleaning configuration; designed to permit contaminant isolation and solvent recovery and reuse. This process, which has been developed into specialized decontamination equipment, was used to
decontaminate a variety of facility surfaces at one highly contaminated industrial
laboratory. '
II.

METHODS AND MATERIALS

The solvent used for this project, Freon® -TF was a clear, dense, nonflammable,
dielectric and nontoxic chlorinated fluorocarbon. Its boiling point of 47.6°C permits the
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use of TF as a spray, vapor, stream or bath. Techniques and devices exist for gentle
degreasing emersions and bombarding sprays. Freon® -TF's density of 1.57 gm/cm3 is
significantly higher than water and affords more efficient displacement as the TF impacts a
contaminated item. Furthermore, its low surface tension enables the solvent to thoroughly
wet and invade the spaces of irregular or intricate items.
Chemically, Freon® -TF is compatible with and nondestructive for a multitude of
materials, thus permitting its use with little fear of destroying the mechanical or physical
integrity of the item being cleaned.311 Those materials most selectively affected by TF include oils, some paints, loose residues and dirt, organics and petroleum products. These
are precisely the types of radioactive contamination found during facility decontamination.
This easily handled and applied solvent can be rapidly filtered of particulates and
economically distilled free of soluble contaminants to make it an outstanding choice for
decontamination when minimization of waste is critical.
For this study, commercially available Freon® -TF decontamination devices (a
high pressure tool decontamination unit (TDU) and a floor/wall cleaner unit (FCU)) were
deployed to remove radioactive material from typical surfaces and items. Liquid TF was
directed at each surface as a high pressure spray of 1.5 x 105 g/cm2 (2,150 psi) or slightly
lower pressure of 7.0 x 104 g/cm2 (1,000 psi) for the floor and wall cleaner. The TDU had a
sealable cleaning chamber 1.5 x 0.6 x 0.4 meters in size and permitted a single operator to
direct the TF liquid at the item to be cieansd by means of a hand, spray nozzle. One large
or several small items could be cleaned by the operator at one time. This device continuously filtered the TF and permitted batch distillation for removing dissolved contaminants. The floor and wall cleaner directed TF through an array of spray nozzles
mounted within hand manipulatable wands. For this device, vacuum recovery returned the
Freon® solvent to the FCU for reuse, whereas, the TF drained into a reservoir in the TDU.
The floor and wall cleaner was mobile and compact and contained all pumps, reservoirs,
vacuums and filters necessary for independent operation. This device also incorporated a
built-in submicron filter to remove radioactive particulates.
Normally, the TDU was located in a separate room and the contaminated items were
transported to the device for cleaning. Space limitations at this facility required the TDU to
be segmented into two halves and reassembled inside the contaminated room. The unit was
covered with plastic sheeting to prevent it from becoming overly contaminated, then was
rolled into the room. After about two hours, the TDU was reassembled and ready to
operate. The TDU's main function was to rapidly decontaminate the loose and/or
removable items spread throughout the area.
Decontaminated surfaces included concrete floors, lead sheeting, porous concrete
bricks, painted and unpainted surfaces, wood, metal, plastic, asphalt tile, plasterboard and
glass. Loose items decontaminated included; lead bricks, manipulator arms, hand tools
and various electrical items. Most of the materials were contaminated with fine (10-20
micron) particulate dust of l37Cs which through continued use and traffic had become
embedded and located in difficult recesses and cavities of the surfaces. Organic material,
oils and painted areas further complicated the decontamination efforts. Radioactive contamination ranged from a few thousand to several million dpm/100 cm2 and radiation intensities ranged from 5 mR to 210 R/hour.
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m.

RESULTS

The removable particulate contamination encountered in the industrial laboratory
presented a significant challenge {or the decontamination abilities of the Freon® -TF
unit. This IJ'Cs labeled zirconium phosphate particles ranged in size from 1-20 microns.
The general structural surface areas amounted to approximately: a) ceiling, floor and wall
— 280 in2 (3,000 ft2); b) fume hood — 60 m2 (600 ft2); and c) interlocked lead hot cell surfaces — 75 m5 (800 ft2). Loose and relocatable items included: a) more than 1,500 lead
bricks and large slabs or buckets; b) remote manipulator arms; c) electrical devices; and
d) hand tools. These surfaces and items were similar to those found in most nuclear
facilities and the contamination can be generally characterized as dust, oily deposits, wood
shavings, metal filings, and corrosive debris. It was found, as the task progressed that
some of the radioactive material had become deeply embedded in some surfaces through
repeated abusive use. Material had chemically migrated into the item as a result of
repeated chemical boil-over and spillage. Nondestructive decontamination techniques such
as Freon® or water-based cleaning were found ineffective in removing this form of fixed
contamination. Removal of 1-10 mm layers of the surface by electrochemical dissolution or
physical milling was necessary in some areas. However, for the majority of the facility, the
contamination was removable with the Freon® -TF decontamination devices.
Typical clutter and large numbers of stacked or stored items were present and
similar to conditions found in abandoned facilities. The TDU operation rapidly decontaminated approximately 56.6 m3 (2,000 ft3) of loose items to permit movement within the
room and further evaluation of the remaining surfaces. The immediate proximity of the
TDU in the room required the operator to travel only short distances with heavy items such
as 200 Ib., 1" and 2" lead slabs. The TDU processed and recovered for reuse such items as
cutie pies, G-M detectors, Nal instrumentation, shop vacs, large hydraulic pumps, electric
motors and hoists and a multitude of hand tools and laboratory equipment. Adjustment of
the 1.5 x 105 g/cm2 (2,150 psi) stream of Freon® permitted the rapid decontamination of
the intricate items or allowed stronger TF bombardment of the large rugged equipment.
Cleaning times ranged from 30 seconds to 5 minutes per item, depending upon surface
configuration, size and intricacy.
Those items identified through survey as having the chemically embedded, fixed
contamination were segregated and cleaned later with other techniques. However, more
than 80 percent of the 1,000-2,000 lead bricks and loose items inserted into the TDU
were decontaminated of the smearable contaminants within the times reported. The items
averaged 100,000-200,000 dpm/100 cm2 and were cleaned to background — <2,000
dpm/100 cm2 and remain functionally intact. Since Freon® cleaning leaves no residue and
the solvent rapidly evaporates, the items were removed from the chamber dry, ready to
survey and reused elsewhere. Hand decontamination with soap sprays and towels or high
presssure water would have produced enormous volumes of waste and resulted in more
than 50 percent of the items not being cleanable.
Of the 420 m2 (4,525 ft2) of various ceiling, floor, wall, hood and hot cell surfaces to
be decontaminated, approximately 75 percent were processible with the floor and wall
cleaner. This device delivered a liquid Freon® spray pattern at 7.0 x 10" g/cm' (1,000 psi)
over a linear distance of 25.4 cm (10"). Figure 1 illustrates the positioning of the spray
nozzles relative to the vacuum recovery system and depicts the removal of radioactive contaminants and loose debris from the surfaces being cleaned. This small hand-held, en-
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Seal

Figure 1. Schemetic of Floor and Wall Cleaner operation.

closed cleaning chamber sealed with the surface by means of rubber gasketing and was
moved over the suriace by the operator. A hand-activated lever delivered the liquid FT
when required. The vacuum created by the remotely located HEPA filtered evacuation
system immediately transported the contamination laden TF through micron filtration
devices and permitted the reuse of all cleaning solvents.
Travel rates of 0.1 m"1 (1 ftJ) per 5 seconds successfully decontaminated most surfaces. Epoxy painted concrete walls, epoxy painted plaster dry walls, plastic, several hundred thousand dpm/100 cm2 contamination levels were decontaminated to less than 2,000
dpm/100 cm'. This small mobile decontamination unit permitted easy and rapid location of
the device to permit decontamination of floors, ceilings, walls, etc. Additionally, custom
engineering of key components of this device as shown in Figure 2 permitted remote location of disposable filtration canisters and remote spraying of the TF to permit removal of
dangerously high radiation levels (210 R/hr). These high levels of radioactivity were safely
and rapidly transported to specially shielded filters. Several Curies of l37Cs were deposited
directly into shielded shipping containers for subsequent burial and required no further
exposure. The clean Freon® was returned and repeatedly reused.
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Contaminated
Fluid Return

Floor and
Wall Cleaner

Figure 2. Schematic of remote filtration of high concentrations of radioactivity with the
Floor and Wall Cleaner.

The waste generated by both devices was restricted to the particulates entrapped
within the micron filters and any liquid residues removed from the decontaminated item.
Approximately 3.8 liters (1 gal.) of liquid waste were removed and solidified. The micron
filters for both the TDU and the floor and wall cleaner were 25.4 cm long by 5.1 cm in
diameter. These filters were compactable and resulted in less than one 20 gallon
(79.4 1) barrel of waste. Additional waste incurred during the project included used HEPA
filters, anti-contamination clothing worn during the project, items determined unsalvageable and unwanted by the customer (shelves, storage cabinets, glassware, electrical
and mechanical tools, and paper goods resulting from the customer's choice of decontamination techniques for the chemically migrated contamination).
IV.

CONCLUSION

Fréon® -TF was successfully utilized to decontaminate typical surfaces and items
found within facilities. The application of these two Freon® decontamination devices permitted the rapid removal of loose surface contamination from convoluted surfaces such as
concrete cinder blocks, from porous surfaces such as plaster dry wall and from surfaces
containing multiple cracks and openings such as the interlocked lead hot cell surfaces.
Decontamination times for the items and surfaces ranged from seconds to minutes
and the solvents were continuously re-processed and recycled. Voluminous quantities of
waste were not encountered as would be the case with detergent cleaning solutions and the
required rinse water. Nor were barrels of paper towels and rags necessary to perform the
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task. One operator was able to perform the task normally requiring several decontamination personnel.
The combined total waste associated with Freon® cleaning was limited to the
equivalent of less than one 55 gallon (218.4 1) barrel. Decontamination factoir, of
several thousand were recognized and the items emerged from the RADKLEEiN® cleaning
units dry and ;*dy for rsuse. As modifications to the existing equipment progress to permit easier access;, into confined spaces and recesses, Freon® -TF should permit facility
decontamination capabilities of more than the 75 percent seen at this facility.
REFERENCES.
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PICKERING MGS HEAT TRANSPORT SYSTEM DECONTAMINATION
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ABSTRACT
In November 1981, a decontamination of the Pickering NGS Unit 1 heat transport
system using the CAN-DECON™ process was attempted. The primary objective
of the decontamination was to establish the effectiveness of the decontamination process in order to determine optimum tooling and manpower requirements
for major dose-intensive reactor maintenance work.
Laboratory scale development work suggested that the CAN-DECON process could,
with modifications, produce decontamination factors (DFs) of 10 or better on
carbon steel. The full scale decontamination, however, did not confirm these
expectations:
(a) Radiation fields on the carbon steel headers and feeders were unchanged .
(b) Radiation fields on the Monel boilers which were low to start with were
reduced by a factor of 1.5.
This paper discusses the decontamination, its results, and the lessons learned
from the decontamination.
I.

INTRODUCTION

The Pickering Nuclear Generating Station has four 515 MW(e) CANDU
Pressurized Heavy Water reactor units in service with an additional four under
construction. Developed jointly by Atomic Energy of Canada L u U and Ontario
Hydro, the reactor design utilizes the pressure tube concept.
The reliability performance of the eight commercial sized Ontario Hydro
CANDU-PHWs has been excellent. They have demonstrated a net Capability Factor
of 81Z.
Radiation Induced growth rate of the zirconium alloy pressure tubes is
higher than was allowed for in the design of the Pickering reactor.
Consequently, periodic adjustments of these components has been necessary.
However, by the mid 1980*s, adjustment limits will have been reached and a
more significant modification will have to be Implemented. Two options are
being considered, one of which involves the replacement of all 390 pressure
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tubes and the other Involves repositioning of the pressure tubes on their
bearings which Is the preferred approach. To meet the dose targets associated
vith this reactor maintenance work, decontamination is considered to be
essential. For CANDU reactors, the decontamination technique of choice is the
CAN-DECON process. However, even with the application of the process which
was successfully used at Douglas Point in 1975 , the dose targets could not be
met unless the process was significantly Improved or more emphasis was placed
on automated remote tools to perform the dose intensive portions of the
maintenance.
In May 1980, London Nuclear Ltd. were contracted to perform a series of
tests to improve the CAN-DECON process used at Douglas Point in 1975. Because
expensive decisions on the tooling concept and manpower resource planning for
the reactor maintenance depended greatly on the outcome of the
decontamination, it was considered necessary to demonstrate this improved
process in a performance trial at Pickering in November 1981.
The application of the process at Douglas Point NGS in 1975 was preceeded
by extensive laboratory and in-reactor loop testing at AECL Chalk River, and
Whiteshell and applications of the process at the Nuclear Power Demonstration
reactor and Gentilly-1 NGS. When the need to try to improve the process was
identified, it was not considered necessary to go through a similar extensive
proof testing program. This was partly because of time constraints, but
primarily because the modified process was not expected to behave much
differently from the one used at Douglas Point except of course that better
decontamination factors were expected.
This paper discusses :
• The results of the CAN-DECON improvement program - SECTION II.
• 'tie commissioning of the equipment and the results of the performance
trial - SECTION III and IV.
• The lessons learned and our future direction - SECTION V and VI.
II.

CAN-DECON IMPROVEMENT PROGRAM

At Pickering as at Douglas Point, the major contributor to the radiation
fields on carbon steel surfaces is 60 C o > Table 1 shows the percentage
contribution of the major radionuclides to the y fields at Pickering NGS
Unit 1.
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Table 1
Percent Contribution of the Major Isotopes to the "Y-Fleld
Radlonuclide

Percent Contribution
78
7

Ù
The process used at Douglas Point NGS in 1975 (Table 2) reduced radiation
fields on the carbon steel reactor face components by a factor of 5.
Table 2
CAN-DECON Process Conditions Used at Douglas Point NGS in 1975
Reagent:
Temperature:
Purification Half-life:

Nutek L106 0.1% by weight
85°C
22 minutes

The objective of the improvement program was to obtain decontamination
factors of 10 or better on carbon steel using a modified CAN-DECON process
while minimizing corrosion of system materials«
A.

Test Loop

The loop used for the program was an all stainless steel system with
a bypass purification section. The purification half-life could be adjusted
from 15 minutes to 150 minutes. The loop contained two specimen chambers.
One contained the active specimens to be decontaminated and the second one
contained steel wool in order to simulate the large carbon steel surface area
typical in a CANDU heat transport system. This was necessary to duplicate as
closely as possible the chemistry conditions that would prevail during the
decontamination.
B.

Results

The first loop test in the program used Douglas Point process
conditions and duplicated quite well the decontamination factors measured on
carbon Bteel during the 1975 decontamination at Douglas Point. This result,
fortuitous as it probably vas in retrospect, was very encouraging at the time
and provided confidence in the validity of the subsequent tests. These
studied the effect of the following parameters on decontamination factors and
corrosion of the specimens:
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1.
2.
3.
4.
5.

Reagent Concentration.
Reagent Composition»
Pretreatment Step.
Temperature.
Corrosion Inhibitor.

At the time of the Douglas Point decontamination, radiolysis was
thought to have played a major role in limiting the effectiveness of the
decontamination. The effect of a radiolysis inhibitor was also studied in
the test program. The results showed that replacing up to 40% of the reagent
with the radiolysis inhibitor did not influence either the effectiveness of
the decontamination or the corrosion rate of carbon steel. Table 3 shows the
process selected for the Pickering decontamination. Based on the program
results, DFs of 10 to 20 were expected on carbon steel and 7 on Monel with a
carbon steel corrosion rate of 0.8 um/h to 1 ym/h.
Table 3
Process Chosen for the Pickering Decontamination
Pretreatment
: 100 mg/kg hydrazine
Reagent
: 0.09% LND 101A (0.067% added)
Radiolysis Inhibitor: 0.045%
Corrosion Inhibitor : 0.009% by volume (0.02% added)
Temperature
: 120°C
III. CANDECON PROCESS AND EQUIPMENT
A.

System Description

The CAN-DECON process is a dilute regenerative decontamination process
and has been described in detail elsewhere. » The Pickering CAN-DECON
purification system, shown in Figure 1, is a high capacity system« It
consists of a 3m Nuclear Class 3 cartridge type disposable filter inside a
shielding flask (Figure 2) connected in series with a set of four 3m ion
exchange columns connected in parallel. The columns which are also Nuclear
Class 3 vessels are skid mounted for portability (Figure 3 ) . The system is
connected to the heat transport system via permanent connections which
penetrate the containment wall of the reactor building. To lower the
temperature of the heat transport system coolant to that appropriate for ion
exchange resins (<60°C) the coolant is passed through the bleed cooler. The
purification flow to the CAN-DECON system is taken downstream of the bleed
cooler and returned to the suction side of the heat transport system feed
pumps.
During the Pickering NGS decontamination, two of the IX columns were
filled with cation resin to (a) regenerate the decontamination reagents and
(b) remove corrosion products. The other two columns were filled with mixed
bed resin to polish the coolant of released activity and remove the
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decontamination reagents. The filter and ion exchange columns were designed
to handle the maximum heat transport system purification flow of 32 kg/s
(400 Igpm).
A heavy-concrete shielding wall surrounded the IX column trolleys to
reduce radiation fields in the accessible areas to less than 0.6 mR/h. Most
of the valves associated with the system were provided with extended spindles
and were operated from outside of the shielding structure. The entire
purification system excluding the filter was su-rounded by a tent enclosure
with an integral dyke to confine liquid and airborne releases in the area in
the event of a spill. In order to prevent damage to the heat transport feed
pumps, degassers were Installed in the suction lines to remove dissolved gases
produced during the decontamination as a result of radiolytic breakdown of the
reagents and deuterium production from the corrosion reaction. The reagents
were added to the system as a slurry in heavy water. They were injected at
high pressure at a maximum flow rate of 9 liters per minute (2 Igpm) via an
instrument line into the discharge line of one of the feed (charging) pumps.
B.

Equipment Commissioning

The CAN-DECON equipment was fabricated at the Pickering site.
Equipment fabrication started in April 1981 and was completed at the end of
September 1981. The installation of some portions of the system required a
shutdown and consequently commissioning of the equipment was scheduled to be a
part of the decontamination. Even though the time allotted for commissioning
was short, the equipment worked essentially as required with some minor
exceptions:
1. During the fabrication of the equipment, steps were taken to
clean the inside of the IX columns and piping. In spite of this, however,
difficulties were encountered in establishing the design flow rate through the
system because of construction debris plugging the strainer on the IX column
skid. Backflushing the strainer proved ineffective and finally the basket
was replaced with one which had a coarser mesh screen.
2. The degassers were equipped with an automatic venting device
which first leaked and subsequently broke off when flow through the component
was established. To avoid the potential damage to the feed pumps, the ver.t
assembly was removed from both degassers and replaced by a long vertical
section of 1 inch plastic hose. The objective was to accommodate both the
head of water above the degassers and still allow for gas to vent to the
atmosphere. This arrangement was satisfactory until the degassing rate became
excessive and water spilled out from the ends of the hoses.
3. After the backflushing operation, a small leak developed through
the stem of the strainer backflush valve which was behind shielding.
Tightening the packing solved the problem, but accessibility to the component
made this minor job difficult.
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A. The pressure gauges associated tilth the system were the silicone
filled capillary tube type. During installation or hydrostatic testing of the
system, two of these gauges were damaged and read erroneously during
commissioning. The pressure taps were behind shielding and the capillary
conduits rigidly fixed so replacement «as not possible.
These problems contributed about a 3-day delay to the decontamination
schedule. Considering the complexity of the system, the commissioning went
very smoothly.
IV. DECONTAMINATION RESULTS
The duration of the decontamination was approximately 30 hours. Prior to
and following the decontamination, the radiation fields at =140 points around
the heat transport system were surveyed. In addition, Y-spectra at four key
locations were recorded. The results are summarized in Table 5.
Table 5
Decontamination Factors and Initial Radiation Fields
Shut Down
North West South West
Cooling Heat
West Face
Feeders Feeders Boilers Exchanger
Initial Radiation
50 mR/h
Field
}f „Field Survey 1
°uCo
0.9
Sb
0.08
!o
DF
1.3
0.7
95
Nb
0.7

ï!ta

73 mR/h

73 mR/h

0.8
1.0
0.04
2.6
0.9
1.1

0.8
1.0
0.06
3.2
0.5
1.3

34 mR/h
1.6
1.2
3.1
2.3
1.1
1.1

15 mR/h
1.0
0.5
5.0
0.4
0.2

The results were very disappointing. They indicated that the
decontamination did not remove any appreciable amount of
Co from the carbon
steel areas of the reactor which were expected to be very effectively
decontaminated. Approximately 26 Curies of Co were removed from the system
associated with =360 kg of iron. Radiation field measurements indicated that
all of the Co removed originated from the boilers. Redeposition of activity
occurred as evidenced by the movement of 1 2 4 Sb from the boilers to the carbon
steel feeders.
What went wrong? During the decontamination, samples were taken from the
outlet of the purification system and the relative corrosivity of the solution
was measured using a linear polarization technique. Figure 4 shows the trend
in the corrosion rate factor. (The greater the corrosion rate factor, the
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less corrosive the solution.) The primary objective of the measurement was to
monitor the behaviour of the corrosion inhibitor. It was clear soon after the
radiolysis and corrosion inhibitors were added to the system that corrosion
inhibition was less effective than expected as judged by the rapid rate of
reduction in the corrosion rate factor. A number of reasons may have caused
this.
A.

Absorption o2 the inhibitor on the oxide surfaces.

B.

Absorption of the inhibitor on the cation exchange resin.

C.

Thermal and radiolytic breakdown of the inhibitor.

The second indication that solution corrosivity was high came from the
dissolved iron concentration which peaked very rapidly at 400 mg/kg (Figure A)
with no corresponding increase in dissolved
Co. An increase in the
dissolved iron concentration from oxide dissolution should be followed by a
corresponding increase in the dissolved
Co concentration. The fact that
this was not observed indicated that the dissolved iron came from an inactive
source which in an active system can only be as a result of base metal
attack. The temperature was subsequently reduced from 120°C to 85°C. The
reduction in the iron concentration was slow, however, because excessive
degassing necessitated the reduction of purification flow by turning off one
feed pump. The dissolved Co-60 concentration did not change appreciably, but
stayed low at =30pCi/kg D 2 0 . The decontamination continued until both cation
columns were exhausted.
Subsequent analysis of the data from the decontamination by personnel
from London Nuclear Ltd., Ontario Hydro Research Division and Atomic Energy of
Canada Ltd. provided the following highlights:
A. The carbon steel coupons removed from the system after the
decontamination indicated a 13 urn to 16 ym corrosion penetration of the
metal. This was insignificant from the point of view of pressure boundary
integrity. However, this was excessive corrosion from the point of view of
decontamination effectiveness.
B. New carbon steel coupons installed just prior to the decontamination
were as active and had as much surface oxide after the decontamination as ones
which had been in the system since 1974. These were very surprising
observations and indicated significant precipitation of iron and
Co from
solution.
C. All coupons removed after the decontamination were covered with an
adherent film which was difficult to remove even in descaling solution.
D . X-ray diffraction analysis of crude showed that a precipitate
consisting of iron and a component of the reagent had formed during the
d econtamination.
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E. The behaviour of the decontamination reagent showed that:
1. The chelating component was removed to a significant degree on
the cation resin. It was re-released to the system only as the column was
loading up vith iron.
2. The component considered to be vital for oxide dissolution was
regenerated by cation exchange, but its concentration decreased with time as
the decontamination progressed.
F• The injection of reagents at Pickering took over 3 hours and only 75%
of the intended quantity was added because of the high dissolved iron levels
prevailing. During the 1975 decontamination at Douglas Point, chemical
injection took 45 minutes and was accompanied by a significant activity
"burst" which accounted for 75% of the total Co removed during the
decontamination. At Pickering, we did not observe such an activity spike.
V.

CONCLUSIONS

1. Pickering NGS decontamination failed because metal attack predominated over the dissolution of oxide. A combination of high temperature
and ineffective corrosion inhibition is believed to be responsible for this.
The predominant corrosion reaction subsequently gave rise to a high dissolved
iron concentration with relatively little dissolved
Co.
2. Consequently, an iron-containing precipitate was deposited from
solution because of two factors:
(a) The chelating agent was removed on the ion exchange resin.
(b) The purification flow under these conditions was inadequate to
maintain the iron concentration sufficiently low to prevent precipitation.
3. The precipitation of iron as an adherent film prevented recovery of
the decontamination even after the corrosion reaction was suppressed.
4. The reagents were added too slowly because of the constraints of the
chemical injection facility. Rapid chemical injection appears to be desirable
to cause an activity "burst".
5. Although there is no direct evidence, we believe that reagent
behaviour was similar at Douglas Point in that there too the chelating agent
wac absorbed on ion exchange resin. However, the large activity burst at the
start of the decontamination coupled with a purification clean-up rate three
times faster than at Pickering contributed greatly toward the success of the
decontamination.
6. The complicity of the corrosion inhibitor in the outcome of the
decontamination is unknown.
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7. Radiolysis of the chelating agent does not appear to have been a problem at
Pickering. The use of a radiolysis inhibitor together with a high iron
concentration were likely contributing factors.

VI.

LESSONS LEARNED

A. Laboratory loop tests are indispensable to the planning of an
effective decontamination process. However, it is essential that in the
design of the loop tests, the following factors be considered1;
1. Simulate as closely as possible the surface area to volume ratio
of the materials of interest.
2. Adjust the purification half-life to the value that will be
achievable in the field.
3. The significant surface areas in the loop must be contaminated to
ensure that activity redistribution is not the major contributor to the
decontamination factor.
B. High temperature of 120°C is too aggressive for decontaminations
where there is a significant surface area of carbon steel.
C . From the point of view of pressure boundary integrity, corrosion was
low even at the high temperatures used* Therefore, even though a high
purification flow rate will reduce the pH and thereby increase the corrosion
rate, this is of secondary importance when compared to the requirement to
minimize the extent of iron reprecipitation and consequent activity
redeposition. Purification flow should therefore be as high as achievable to
maintain low dissolved iron levels.

VI.

FUTURE DIRECTION

Decontamination of the heat transport system is still a prerequisite to
major reactor maintenance programs that Ontario Hydro is planning. In the
spring of 1983, the decontamination at Pickering Unit 1 will be repeated. In
support of this, a carefully designed development program is now being
undertaken. The objective is to identify those parameters in the CAN-DECON
process that are likely to have the greatest impact on the decontamination and
can be optimized. This will allow the best operating strategy to be selected.

VII. COSTS
The costs of the decontamination are outlined below.
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Reusable
Equipment design and procurement for a l l 4 Pickering Units

820 k$

Fabrication and Installation for a l l 4 Pickering Units

647 k$

Consumable

Consumables for this decontamination
- Waste storage
- Chemicals/IX resin
- Filter
- Heavy Water Upgrading
- E r e c t i o n of Shielding
Structure r:
- Operations Labour and
Analytical Services

164
70
52
65

:
:
:

k$
k$
k$
k$

50 k$
275 k$

:

676 k$
Subtotal :
Total :
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L 367 k$

676 k$

2 143 k$
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Figure 1
CANDECON PURIFICATION SYSTEM FLOW DIAGRAM
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FIGURE 2
CAN-DECON PURIFICATION SYSTEM-ION EXCHANGE
COLUMN SKID
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FIGURE 3
CAN-DECON PURIFICATION SYSTEM-FILTER
SHIELDING FLASK AND TRAILER
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FIGURE 4
PHYSICAL AND CHEMICAL PARAMETERS DURING
REGENERATION PHASE OF THE DECONTAMINATION
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ABSTRACT
Spent fuel storage racks in most U.S. nuclear plants are being replaced with
new high storage density racks. A two step chemical decontamination technique
has been developed and successfully demonstrated for aluminum fuel racks.
The aluminum decontaminated using this technique can be sold as scrap for
uncontrolled use. This ability both saves valuable space at burial sites
and allows reuse of valuable aluminum.

I. INTRODUCTION
Spent fuel storage racks in most U.S. nuclear plants are being replaced
with new high storage density to increase the the number of fuel elements that
can be stored in the fuel storage pool. The replacement of aluminum fuel
storage racks for a typical Boiling Water Reactor requires the shipment and
burial of approximately 650 raâ of radioactive waste at an estimated cost
of $577,500. The shipment and burial of this large amount of waste is expensive, uses valuable burial allocation space and wastes valuable metal resources.
A decontamination process has been developed which permits the decontamination, sectioning and monitoring of the aluminum spent fuel racks. The
process involves a preliminary chemical decontamination step to reduce radiation exposure, a sectioning step to reduce the size of the aluminum sections
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and a final chemical decontamination step to reduce the radiation level of the
sections to releasable levels.
This report describes the decontamination technique which was developed,
discusses the economics of the process and the radioactive waste generated by
the process.

II. SUMMARY AND CONCLUSION
Aluminum alloy material from fuel storage racks and other scrap aluminum
sources at nuclear plants is being chemically decontaminated to releasable
radiation levels using a chemical decontamination technique. The decontamination process consists of several steps.
The first step is to decontaminate the entire fuel rack, which is 0.8 m x
1.5 m x 4.6 m long, using a large chemical decontamination tank. The purpose
of this step is to reduce the radiation level for exposure and contamination
control during the sectioning step. Typical initial exposure levels of
6 mSv/hr are reduced to an average of only 0.25 mSv/hr after the first
chemical step.
The second step in the decontamination process utilizes a variety of sectioning techniques to reduce the size of the section to be decontaminated and
to simplify the geometry of the section for subsequent monitoring requirements.
The third step in the decontamination process is a second chemical decontamination step that reduces the exposure level from an average of 0.25 mSv/hr
to releasable levels. Monitoring of the decontaminated material is then done
for both direct and smearable measurements. A typical release limit at a U.S.
nuclear plant would be <0.5 pSv/hr smearable plus fixed contamination and
<3.3 Bq/100cm2 smearable.
Approximately 4,500 Kg of aluminum has been decontaminated to releasable
levels in the last year. Limited experience indicates that a volume reduction
of ~50:l can be accomplished at a cost which represents a significant savings
when compared to burial costs. It is anticipated that there will be 700,000
Kg of aluminum to be decontaminated in the next 5 years.

III. DECONTAMINATION PROCESS
A. General
A variety of 7,000 series aluminum alleys used in the fabrication of
spent fuel storage racks and other equipment must be decontaminated or buried
as a result of the modifications now being planned and implemented by U.S.
nuclear plants.
A decontamination process has been developed which can be used to decontaminate a wide variety of aluminum alloys. The decontamination process involves
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the steps illustrated in Figure 1 and listed below:
o
o
o
o
o

Initial decontamination and water rinse
Sectioning and disassembly
Final chemical decontamination, water rinse and dry
Survey for radiation release
Dispose of radwaste

B.

Details
1. Initial Decontamination. The fuel rack or other equipment is
carefully removed from its protective packaging. Figure 2 is a drawing of
a typical aluminum fuel storage rack. The rack is usually 0.8 m thick x
1.5 m wide x 4,6 m long and weighs from 230 to 900 Kg per rack depending on
design.
2. Sectioning and Disassembly. The sectioning and disassembly process
is begun after the initial 5-10 Sv/hr exposure levels have been reduced to less
than 0.25 mSv/hr by the preliminary decontamination step. A variety of sawing
equipment, including rotary, reciprocating, and chain saws, is used to reduce
the size of the rack to pieces 0.3 m x 1.8 m which is small enough to be decontaminted in the final decontamination tanks. A second purpose of the sectioning is to remove all areas which could entrap contamination or could not be
monitored for release. Tbe time required to section a typical aluminum fuel
rack varies from 4 hours to 16 hours depending on the rack design and welding
technique used to assemble the rack.
3. Final Decontamination Rinse and Dry. The final decontamination
step is accomplished by loading the rack sectioning into a large basket with
dimensions of 0.9 m wide x 1.2 m deep x 2.0 m long. After loading, the basket
is submerged in the final chemical decontamination solution for 10 to 50
minutes. Each rack can be decontaminated in approximately 2 basket loads in
a time of approximately 2 hours.
After decontamination, the basket load of sectioned rack parts is
rinsed by immersion and a final spray rinse, and allowed to dry.
4. Survey for Release. Processed rack sections are prepared for
release by a wipe down and drying period. Smearable contamination is measured
by standard smearing techniques measuring a 100 cm2 area. The smear test
patches are counted in a shielded laboratory counter. If the smearable measurement meets the typical criteria listed below, the decontaminated parts are
moved to a low background area for final measurement of fixed contamination.
Listed below are the "administrative release criteria" used at several U.S.
nuclear power plants.
a. Release criteria for typical U.S. utilities:
Utility A —

less than 1.7 Bq/100 cm2 smearable and less than 1 pSv/hr fixed.

Utility B —
survey.

less than 3.3 Bq/100 cm2 smearable and less than 0.5 pSv/hr direct
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Utility C — less than 1.7 Bq/100 cm2 smearable and 50% over background fixed
but not to exceed 300 counts per minute. In practice the background was 100
counts per minute and the fixed level was established as 140 counts per minute.
5. Disposal of Radwaste. The radioactive waste generated by this
process consists of three major elements:
o High volume of dilute chemical decontamination solution
o Low volume of final chemical decontamination solution
o Aluminum fuel storage rack sections which cannot be decontaminated or
those sections which have geometries which cannot be monitored for
final release
Chemical wastes from the process are neutralized and disposed of in the
plant radwaste systems. The solid waste is packaged in LSA boxes and sent for
burial.

IV. RESULTS
The two step chemical process has been used to decontaminate approximately
4500 Kg of aluminum to releasable levels and work is underway to process an
additional 22,700 Kg of aluminum from 50 aluminum fuel racks. Limited experience indicates that a volume reduction of approximately 50:1 can be accomplished at a cost which represents a significant savings when compared to
burial costs. The amount ot savings for aluminum fuel storage racks is
directly proportional to the difficulty in sectioning the items to be decontaminated.
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Figure 1 . ALUMINUM SCRAP DECONTAMINATION PROCESS FLOW DIAGRAM
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Figure 2 . SPENT FUEL STORAGE RACK
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Figure 4. DILUTE CHEMICAL DECONTAMINATION SYSTEM WITH LID AND
VENTILATION SYSTEM.
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STEAM GENERATOR CHANNEL HEAD DECONTAMINATION
BY REMOTE GRIT BLAST METHODS
J. Sejvar
Westinghouse Electric Corporation
Nuclear Service Division
P. 0. Box 2728
Pittsburgh, Pennsylvania 15230
(412) - 256-5981

ABSTRACT
A decontamination technique, utilizing a high pressure water spray containing
an abrasive grit, has been developed and employed in the decontamination of
steam generator channel heads. The spray, which 1s remotely controlled,
removes the corrosion product deposits which form on primary system surfaces
and reduces the area dose rates. The remote grit blast technique has proven
to be a viable method for decontamination of steam generator channel head
surfaces.
I. INTRODUCTION
Steam generator inspection and maintenance operations are some of the
sources of occupational radiation exposure at Pressurized Water Reactor
plants. Reducing the radiation levels inside the steam generator, by
decontamination of the surfaces, is one method of reducing the exposures
received by maintenance workers and thus maintaining personnel exposure As Low
As is Reasonably Achievable (ALARA).
In choosing the proper decontamination technique, the nature of the
contaminated surface is an important consideration. The contaminated item may
be coated with a loosely adherent layer of radioactive corrosion products,
which can be effectively removed by a number of conventional decontamination
methods. The surface may also contain a tightly adherent corrosion film
layer, which is more difficult to remove. Such tightly adherent films exist
on primary system surfaces and require more sophisticated techniques to
penetrate and remove.
One of the decontamination methods which has been developed by
Westinghouse, utilizes a high pressure spray containing water and an abrasive
grit to remove the sources of radiation. The spray, which is remotely
controlled, is designed to remove the film of radioactive corrosion product
deposits which build up on primary side surfaces. In the case of steam
generator decontamination, a remote manipulator device is installed in the
steam generator channel head, or plenum, and delivers the spray 1n a
controlled manner over the interior surfaces of the channel head. The surface
deposits are thus abraded away by the water-grit spray.
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To date, the Westinghouse process has been employed at four nuclear
stations using three different grit types. In July of 1980, the channel heads
of three steam generators were decontaminated using boron oxide crystals as
the abrasive grit. This method was also employed in the fall of 1981 in
decontaminating a steam generator inlet channel head. In all cases, the
wastes were processed by the station waste processing systems. Recirculation
systems have also been utilized, in which the water is reused in order to
minimize the amount of waste. The first-time field application of the
recirculation system was in the fall of 1980 using magnetite as the abrasive
in the channel head decontamination of three steam generators. In the fall of
1981, the channel heads of three steam generators were decontaminated with the
recirculation system, but with aluminum oxide as the abrasive grit. Increased
effectiveness of the technique in removing the deposits and reductions in
time, as well as personnel exposure, required to perform the decontamination
have been observed as experience with the system is accumulated.
II. DESCRIPTION OF THE PROCESS
The abrasive blast method addressed in this paper is basically a "wet
blast" approach, utilizing a process which Westinghouse developed and
considers to be proprietary. A dry abrasive is added to high pressure water
such that a homogeneous grit - high pressure water spray is delivered to the
surface and surface deposits are abraded away. The method is used primarily
for removing tightly adherent deposits from primary surfaces and optimal
process parameters have been established through parametric studies and
testing.
A.

Background

The first abrasive blast system for channel head decontamination was
developed in 1972 in support of work which required significant personnel
access times inside the channel heads. A dry abrasive blast process and
shielding of the channel head surfaces were performed in order to reduce the
radiation levels in the work area. Compressed air was used to propel the
abrasive grit to the surfaces to be cleaned. Fused aluminum oxide was
selected as the grit based on the results of a laboratory test program.
Indexing of a nozzle-vacuum recovery assembly over the channel head surfaces
was accomplished remotely with X-Y positioners. Several placements of these
fixtures provide coverage of the tubesheet, partition plate and channel head
bowl surfaces.
Following decontamination of three (3) steam generators by this
technique, the general area radiation levels in the channel heads were reduced
by factors of from 2 to 3. Supplemental shielding was added over the piping
nozzles, below the tubesheet and over the bowl surfaces to further reduce the
radiation levels. Overall dose reduction factors in the range of 12 to 80
were achieved.
Major areas of concern identified with this dry abrasive grit system
were:
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o
o
o

Incomplete coverage of surfaces by the remote positioning device.
Airborne activity.
Personnel exposures associated with maintenance of the waste
handling components of the system.

B. Development Testing
Another program was initiated in 1977 to develop an Improved system
for channel head decontamination. The program emphasized mechanical cleaning
methods, because such techniques were considered to require the least amount
of time to develop to a foeld-grade system with minimal concerns relative to
material compatibility and waste handling.
Two cleaning techniques were evaluated in the program: high pressure
water jet blasting, and abrasive grit blasting with high pressure water. The
compressed air abrasive grit blasting method was not further evaluated
primarily because of potential airborne contamination. Tests were conducted
to examine the effects of various grit types and process parameters (e.g.,
impingement angle, pressure, flow rate, etc.)* The preliminary tests and
measurements demonstrated that steam generator channel head surfaces of 304
stainless steel and Inconel could be more effectively cleaned by the
water-grit blasting technique. The high pressure water jet blasting
(pressures to 10,000 psi) did not justify further development due to its
relatively poor cleaning ability.
In addition to non-radioactive tests, decontamination tests were
performed using steam generator manway diaphragms removed from operating
nuclear plants. For these radioactive tests, surface decontamination factors
were determined using a shielded radiation detector to provide col limated beam
measurements. Laboratory testing of three potential abrasives, with the
water-grit approach, resulted In the following range of surface
decontamination factors:
Type of Abrasive
Boron Oxide
Magnetite
Alumina

Decontamination Factor
3-6
50-200
250-4000

Boron oxide cleaning was not found to be as effective as alumina or
magnetite cleaning, but applicable for operations where less decontamination
was acceptable or for removal of loosely bound material/deposits. Inspection
and measurement of stainless steel and Inconel test specimens confirmed that
the effects of decontamination by water-grit blasting could be maintained
within acceptable limits when used in an operating plant. A very small
quantity of grit deposit was observed, but did not indicate any serious
concern. No surface hardening was indicated. Some metal removal and
roughening was observed, but these effects were minor. More recent laboratory
testing associated with process parameter optimization has confirmed these
li findings.
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C. Current System
The development testing discussed above, led to the design of the
high-pressure water-grit blast process that is utilized in steam generator
channel head decontamination. A schematic diagram of the major system
components is shown in Figure 1. The recirculation system equipment 1s
employed when using magnetite or alumina grit. The reuse of water
significantly reduces the amount of radioactive waste generated during the
decontamination process.

_ _ — — ELfCTKICAL
— -—~—•— AMASlVf
—
—— »ATI R

Figure 1. Westinghouse Abrasive Grit-High Pressure Water Decontamination System
The first step in the decontamination process is to completely close
the steam generator nozzle opening to prevent the water-grit slurry from
entering the Reactor Coolant System (RCS) loop. This is accomplished by
installing a nozzle seal which consists of two redundant inflatable seals
attached to a nozzle cover.
A key component of the system is the manipulator arm, shown in Figure
2. The fixture is mounted to the tubesheet by means of four holding devices.
The arm is a computer controlled lancing manipulator which controls the
direction of the water-grit spray as it lances the channel head and allows for
essentially complete coverage of the surfaces. The arm is composed of five
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separate parts designed for portability and rapid installation. Three axis
control mechanisms control the direction of a nozzle assembly along the R,
Theta and Phi coordinates in the quarter-sphere geometry of a channel head.

The Nozzle Assembly consists of two spray nozzle blocks, each
containing one grit line and one water line. As the grit and water leave the
spray nozzle blocks, they are mixed to form the water-grit abrasive via the
fan tip nozzles.
The manipulator arm is automatically controlled from a control console
by means of a microprocessor which maneuvers the arm along a predetermined
path to permit coverage of an area. The arm makes a number of sweeps along
the channel head bowl while the water-grit spray abrades the radioactive
deposits off the metallic surfaces as it passes. When a sweep is completed,
the control station operator indexes the system for the next sweep. The
control station can be located up to 500 feet from the channel head and is
normally located outside the containment.
In order to preclude the spread of contamination from this process,
the steam generator manway is sealed with a special manway flange which
provides the seal while providing the necessary penetrations to permit system
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operation. The flange is mounted on the manway by means of special bolts
threaded into the manway bolt circle. The flange contains grit, water, air,
and suction line penetrations. A removable window is mounted on the flange to
provide access during installation for final hook-up of the hoses inside the
channel head.
The grit supply subsystem consists of several hoppers which supply the
dry abrasive at the appropriate rate. Water is pumped from a high pressure
pump to the spray nozzles where it is mixed with the grit to form the abrasive
slurry. The resultant radioactive slurry is pumped out of the channel head
through a penetration in ±he manway flange. In the recirculating system
(Figure 1), the slurry is pumped to a transfer tank which acts as a temporary
holdup tank. A separator feed pump removes the slurry from the transfer tank
and pumps the mixture through a cyclone separator. The cyclone separator is
designed to remove the bulk of the grit from the slurry and deposit the grit
in a shielded waste container. The remaining water is pumped through a
filtration system which removes the remaining residual grit fines from the
water and is then routed to the high pressure pump for reuse in the system.
III. P U N T EXPERIENCE
The Westinghouse abrasive grit - high pressure water decontamination
process has been utilized at a number of nuclear facilities for
decontamination of steam generator channel heads. Results of these
applications are discussed below:
A. Previous Applications
1. Boron Oxide Abrasive. Decontamination of the inlet and outlet
channel heads of three steam generators was completed in July of 1980,
utilizing the high pressure water-boron oxide grit spray technique. Radiation
measurements indicated that generator area radiation levels inside the channel
head were reduced from 6-8 R/hr to 2-3 R/hr for a dose reduction factor of
approximately 2.5. The deposit removal was visually apparent as the tubesheet
and divider plate took on a metallic appeararxe after decontamination, from a
dull black finish prior to decontamination operations. However, the
difference in appearance of the weldment-layered portion of the channel head
bowl was not as dramatic.
The most recent application of this process took place in October
1981. The inlet side of a steam generator was decontaminated in conjunction
with a repair demonstration program. General area radiation levels were
reduced by a factor of approximately 3. Minimal operating difficulties were
encountered and the operation required less than 1-1/2 days to perform.
The borated water effluent has been directed to the plant systems and
facilities for waste processing in previous field applications.
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2. Magnetite Abrasive. The first field application of recirculating
system approach took, place in the fall of 1980, utilizing magnetite as the
abrasive grit. In addition to decontamination of the inlet channel head
surfaces and a portion of the outlet channel heads, partial cleaning of a
portion of the steam generator tubes took, place and supplemental shielding was
added. After these operations were completed, the general area radiation
levels were reduced to 1.5 to 1.8 R/hr From initial levels of 7-10 R/hr.
Shielded radiation measurements performed prior to and after decon operations
Indicated a process or surface decontamination factor of at least six on the
rippled weld surface of the channel head bowl. Visual appearance would
indicate higher surface decontamination factors on the relatively smooth
surfaces of the divider plate and tubesheet surfaces than on bowl surfaces.
The waste grit was routed to a holding tank and processed/ solidified after
the decontamination operations were completed.
3. Alumina Abrasive. The aluminum oxide - water grit blast system
was utilized in August 1981, in conjuction with a major steam generator repair
program. In that, the steam generator lower assembly, including the
tubeshest, was replaced; only the divider plate and channel head bowl were
decontaminated. Further, these surfaces were subjected to two passes of the
grit-water blasting process in order to permit adequate coverage and high
decontamination factors. Following decontamination and tubesheet removal,
flexible lead shielding was installed over the nozzles and over the divider
plate/bowl surfaces to further reduce work area radiation levels. The work
area radiation levels inside the channel heads were reduced from initial
values of 10-15 R/hr to .05-.15 R/hr. Shielded radiation measurements
indicated decontamination factors of approximately 200-300 were achieved on
channel head bowl surfaces. This operation used a recirculation system in
which the water was reused. Specific activity of the water was found to be
relatively low (10 -10 yc/gm) and was typically four orders of
magnitude lower than the waste grit activity concentration. In this
application, the waste grit was routed directly to a solidification
tank/shipping cask which was located inside the containment.
B. Evaluation Of Abrasive Decontamination Operational Experience
1. Effect on Radiation Levels. The process has proven to be
effective in removing tenacious corrosion product deposits on primary system
surfaces. Although limited in number, the field measurements of surface
decontamination factor (DF) are reasonably consistent with laboratory
measurements.
It should be noted that, after decontamination of channel head
surfaces, the tube and nozzle sources are dominant contributors to the
generator area (unshielded) dose rates within the channel head. This dose
rate reduction factor (DRF) is not expected to exceed values 1n the range of
3.5 to 6 following the decontamination of channel head surfaces. However, as
Illustrated by the above discussion on Previous Applications, further dose
rate reductions are achievable by removal or shielding of these sources.
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Radiation levels measured at several plants which w e r e
decontaminated and have had limited power operation (6 effective full power
months o r l e s s ) , subsequent t o decontamination applications; d o not indicate
an unexpected buildup o f d o s e rates and, in o n e application, a r e lower than
anticipated. Additional data for longer operating times needs t o be
accumulated and assessed in establishing long-term effects o f decontamination
on re-deposition of corrosion product d e p o s i t s .
2 . Personnel Exposure. The personnel exposure received in performing
a decontamination operation is an important consideration in t h e cost/benefit
evaluation o f the process. Although the personnel exposure is strongly
dependent o n initial radiation fields, Figure 3 illustrates t h e trend in
exposure p e r channel head required to perform a decontamination operation for
each o f t h e basic processes.
e
I*.«

PI

flnnn

t / C l t/O2

SR33 MS4

BORONOXIOE - MATE*

S/G1

5/G2 3/G3

tUCNETITE - HATER

S/G1

S/G2

S/G3

ALUMINA - WAÎER

Figure 3. Personnel Exposure Associated With Steam Generator Decontamination
A "learning curve" relationship of exposure with experience is
clearly indicated by Figure 3. Equipment reliability has increased and
personnel exposure has decreased with each field application of the system.
Based on the exposure data accumulated to date, a reasonable projection of the
exposures associated with future applications (assuming initial radiation
levels of 10 R/hr in the channel head general area) is considered to be 5
man-rem or less per channel head with boron oxide as the abrasive in a
once-thru approach and 5-10 man-rem with magnetite or alumina as the abrasive
in a recirculation system (i.e., including waste handling/solidification).
Another important consideration is the time required to perform the
decontamination. Since the field experiences which impact the personnel
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exposure also impact the time, one would expect similar trends. This has been
observed to be the case and, as with the personnel exposure trend, a similar
"learning curve" relationship is exhibited in the time required to complete a
channel head decontamination.
3. Waste Considerations. The amount of waste produced by the process
in the removal of tightly adherent primary system deposits is roughly 600
2
pounds per ft of coverage, including flushing water. The waste contains on
the order of 1 weight percent of boron in solution, when boron oxide is used
as the abrasive. Although this water has been processed in plant processing
systems in previous applications, it is feasible to remove the boron and
contaminant? on démineraiizers and reuse the water in the decontamination
process. With a non-soluble abrasive and recirculating equipment, the liquid
waste is reduced to essentially the recirculation system water volume and
2
roughly 10 pounds per ft of waste grit is directed to waste solidification
facilities.
IV. SUMMARY
The Westinghouse abrasive grit - high pressure water cleaning method was
developed to remove tightly adherent radioactive deposits from primary system
surfaces. A water jet containing the abrasive impinges on the surface to be
decontaminated and the deposit or surface contamination is abraded away. As
with most localized decontamination techniques, isolation of the component and
access to the surface to be cleaned are major considerations in the
application of the technique. Special nozzle seals and a remotely operated
delivery device have been developed for application of the process in steam
generator channel heads. The process has been employed at four nuclear
stations in the decontamination of steam generator channel heads, using
several different grit types. In applications using boron oxide as the
abrasive, a "once-thru" approach has been used in which the borated water
waste was routed to the station waste processing facilities. Where magnetite
or alumina has been used as the abrasive, a recirculation system has been
utlized, in which the water is reused in order to minimize the amount of waste.
Selection of the system to be employed, i.e., once-thru or recirculating,
and the grit type is made on the basis of:
o
o
o

Decontamination factor requirements.
Waste processing capabilities.
Chemistry compatibility considerations.

Based on laboratory and field experience, the achievable surface
decontamination factors associated with tightly adherent corrosion product
deposits are:
Surface
Decontamination Factor
3-6
50-200
250-4000

Type of Abrasive
Boron Oxide
Magnetite
Alumina
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Although the cleaning ability of boron oxide has been demonstrated to be
less than that of magnetite or alumina on tightly adherent deposits, boron is
compatible with Pressurized Water Reactor Plant chemistry and normal plant
waste processing systems/equipment. These factors may make this the
preferable method, For applications where high decontamination factors are
necessary, a harder grit utilizing recirculation system has been employed.
A.lumina has demonstrated better cleaning ability than magnetite. However,
magnetite is generally more compatible with the reactor coolant system from a
chemistry point-of-view.
Experience with the process has resulted in increased effectiveness of the
technique in removing deposits and reductions in time, as well as personnel
exposure, required to perform the decontamination. Preliminary data indicates
no unusual rapid buildup of radiation fields following the decontamination and
deleterious effects on metallic surface have not been observed. The advances
in the development of this process through laboratory testing and 1n-plant
experience have proven the Westinghouse abrasive grit - high pressure water
cleaning method to be a practical method for decontaminating steam generator
channel heads.
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COOLANT CIRCUIT CONTAMINATION AND DECONTAMINATION EXPERIENCE

AT WSGHWR

G.C.W. COMLEY
UKAEA, AEE WINFRITH
DORCHESTER
DORSET DT2 8DH
ENGLAND
DORCHESTER (0305) 63111
ABSTRACT
Routine decontaminations of the WSGHWR coolant circuits since 195 9 have
resulted in the saving of between 3000 and 4000 man Reins. Considerable
experience in control of plant scale decontaminations has been obtained.
The use of TURCO A521 was discontinued after 1980 when it was shown that
a LOMI reagant (vanadous formate/picolinate) was equally effective and
less corrosive. A parallel development programme has provided chemical
and radiochemical evidence on the retention of activity within stainless
steel oxide films. The forward programme aims at validating a process
for the more effective solution of these active films.

I.

INTRODUCTION
Although the Winfrith SGHWR operates as a direct cycle reactor, de-

tailed design of the reactor is significantly different from most BWRs.
The pressure vessel in the latter is replaced in the SGHWR by Zircaloy
pressure tubes which are each connected to individual feeder and riser
pipes of 321 stainless steel. The network of risers carrying the twophase coolant divides into identical circuits each with its own stainless
steel clad steam separation drum.

A considerable out-of-core area of

stainless steel is therefore exposed to reactor coolant, in particular in
the hot boxes beneath each steam drum and in the feeder pipe networks beneath the reactor core (Figure I). In 1969 about 20 months after commissioning it was necessary to remove and replace 6 experimental zirconium/
niobium reactor pressure tubes from the South circuit. The reactor had
then operated for 275 EFPDs, during which time considerable problems due
to inadequate feedwater and coolant purification had been experienced and
overcome. The initial poor performance of the powdered resin (POWDEX)
purification filters had given rise to unacceptable levels of fuel surface crudding resulting in an early activation product problem around
the coolant circuit.
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In order to reduce personnel dose due to these activation products
during the pressure tube removal operations the South coolant circuit was
decontaminated after the removal of the first tube. It would have been
advantageous, both in the short term and with hindsight, in the longer term,
to have chemically cleaned both coolant circuits in 1969, but this was not
possible.

However, from 1971 to 1980 regular decontaminations of both coolant

circuits were carried out in alternate years at the beginning of the annual refuelling and maintenance shutdown. This paper reviews reactor experience
and associated development work carried out in connection with WSGHWR
decontaminations including the more recent change in reagents.
II.

CHOICE OF INITIAL REAGENT AND LIMITATIONS
While the worldwide opportunities for reactor decontamination prior

to 1969 were few, the"available experience from laboratory and plant
applications

was adequate as a basis for evaluating reagent systems. The

options were however limited, in particular because of a design feature of
the prototype WSGHWR which includes an aluminium alloy calandria surrounding
the reactor core.

This holds

the essential heavy water moderator. This

vessel would have been extremely vulnerable to any leakage of the concentrated alkaline permanganate reagent used in the conditioning stage of the
APAC or AP Citrox processes. Following laboratory scale trials on
materials and contaminated specimens, it was decided to use the second
Ammonium Citrox (TURCO 4521) stage only.

This provided reasonable DFs of

up to 20 with contaminated stainless steel after two applications. An
accepted penalty was the corrosion rate of stainless iron (AISI 410) which
was likely to be several um h

if total exposure exceeded 4 hrs. While

the total stainless iron area in the coolant circuits is small (<— 3 m )
this material acts as the

intermediate hub in the rolled joint assemblies

linking the stainless steel feeder and riser pipes to the Zircaloy pressure
tubes (Figure 2). The general surface corrosion loss of stainless iron was
however less worrying than possible localised attack adjacent to the stainless iron/stainlass steel weld or any penetration of the rolled joint
interface between stainless iron and Zircaloy.
A programme of laboratory tests showed that typical upper and lower
rolled joint assemblies could be subject to up to 10 decontamination
cycles and 26 hrs exposure in TURCO 4521 without impairing rolled joint
integrity.

While the AISI 410 loss on the actual joint material was several

hundred microns, no joint crevice or galvanic corrosion was evident. The
extent of general corrosion in a lower rolled joint assembly after 5
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decontamination cycles in the laboratory is shown in Figure 3. The
assembly used in this test series was non-standard and designed for possible superheat channels.
III. A SUMMARY OF DECONTAMINATION EXPERIENCE WITH TURCO 4521
Details of the first 7 WSGHWR decontaminations including operational
considerations, yields of corrosion and activation products and doserate
4
reductions were the subject of a paper in 3977.
By 1979 the TURCO-CITROX
reagent had been applied 5 times to each reactor coolant circuit. Decontaminations took place at the start of each scheduled annual shutdown and
before fuel discharge.

Some experimental fuel assemblies and the very

occasional cluster with a suspected pin failure were removed prior to
decontaminations . Some comparative data for both circuits are given in
Table 1.
TABLE 1: SUMMARY DATA FROM TURCO 4521 DECONTAMINATIONS OF WSGHWR

From 1969-1979

South
Circuit

Number of decontaminations
Total exposure to CITROX, hr
Fuel assemblies decontaminated
Iron removed, kg
Cobalt removed, kg
60co removed, Ci
Monitored corrosion of AISI 410, um

5
21
207
163
0.27
1760

310

North
Circuit

5
15.5

241
132
0.32
2150

270

The temperature of application was always 82 - 2°C and the inhibited
reagent chemical composition as follows: citrate 0.014M, oxalate 0.41M and
ammonium 0.72M (pH value ~ 4 . 0 ) .

.

.

Experience over the period enables the following summary of pros and
cons for the use of TURCO 4521 in WSGHWR.
A.

The Benefits
1. The reagent effectively removes the bulk of retained input

crud in the coolant circuits.
2. Fuel surfaces are freed from active crud without deleterious
effects on Zircaloy cladding in subsequent irradiations.

Some fuel

assemblies have been subject to 3 decontaminations and successfully reirradiated up to 22,500 MWd(tU) .
3.

Specific activity of cobalt 60 available for recontamination

is minimised.
4.

Active crud release from irradiated fuel in storage and dur2-91

ing transport is effectively eliminated.
5. The established oxide film on the Zircaloy-2 pressure tubes
remains unaffected.
6. Useful gamma field reductions were obtained around coolant
circuitry with dose savings equivalent to several hundred man-Rems per
year. Maximum DFs were obtained at the very first decontamination in
1969, values exceeding 20 being achieved around the upper circuitry and up
to 5 around the lower circuitry. In later decontaminations these DF values
reduced considerably to about 4 and 1.5 respectively.
B.

The Limitations
1. No effective in-reactor method was found to adequately inhibit
corrosion of stainless iron components. Measurements in 11 reactor
channels confirm coupon and corrosometer probe assessments (Table 1) of
the general surface loss of AISI A10 at the rolled joints. This had
reached 27% of the corrosion allowance (1140 urn) by 1979. Corrosion
coupon examinations have shown the localised effect at stainless iron/
stainless steel welds could have enhanced penetration to — 40% of the
corrosion allowance.
2. Results in the North circuit were anomalous. Rates of activity retention were 2 to 3 times higher than on corresponding South
circuit surfaces. Residual doserates after decontaminations were rising
in the North circuit but controllable in the South. This effect was
greatest in the channel feeders and less evident in the upper circuitry.
The average DF from 17 reference points around the North circuit fell from
1.83 in 1975, to 1.68 in 1977 and 1.53 in 1979. In the South circuit postdecontamination doserates remained essentially constant.
3. Poorer DFs were common to both circuits in lower coolant zones
leading to high doserates of several R h
in the concentrated feeder pipe
networks. Fortunately this is not an area where maintenance work is normally necessary.
4. The additional requirements of circuit inspections, even in
areas where the better DFs apply, were becoming increasingly expensive
from an incurred dose standpoint.
In addition to these listed limitations for TURCO 4521, there is also
a reactor design factor which would be common to any chemical system used
in WSGHWR. Not all the plant in the primary containment can be included
in decontaminations. The steam mains, some drain lines, experimental loops
and redundant superheat system pipework all contribute to gamma radiation
2-92

fields. The extent of the coolant circuitry which can be cleaned is outlined in Figures 4A and AB. Despite some reduction in the efficacy of
successive TURCO 4521 decontaminations in WSGHWR, annual doserate savings
of between 200 to 500 man-Rems have been achievuJ in shutdown dose. Within
the limitations of the early reactor design, the materials implications and
the inability to use the accepted 2-stage (AP-CITROX) reagent for stainless
steel systems, this dose-saving is most useful. It represents up to 40%
of the annual shutdown dose at the reactor.

IV. RAD1OCHEMICAL CONTAMINATION OF STAINLESS STEEL CIRCUITRY
Because of the limited removal of activity from some out-of-core
zones and the variable recontamination rates found between circuit decontaminations, a programme of investigations has been undertaken in recent
years. Initial results of this work have been reported elsewhere.
During 1980 the programme of monitoring growth of radiation fields alongside coolant circuitry and on exposed coupons was extended to include
examinations of stainless steel pipework sections taken from the two
coolant purification blowdown lines from each circuit. While these lines
are somewhat smaller than the pressure tube feeders (~6 cm diameter cf
"**8 cm) and the coolant flowrate is lower (1.7 cf 4.9 m sec ) chemistry
parameters are the same as in recirculating coolant. The lines were
removed after 2630 days of reactor operation but had each been subject to
decontamination by TURCO 4521 in alternate years since 1972. It is
important to note that the pipes saw 3 to 4 years of operation before first
being decontaminated and that the South circuit section had last been
decontaminated 2 years before removal. The North section was decontaminated one year before removal in 1980.
From the detailed examination of these pipe sections it is evident
that considerable localised variation in activity retention levels existed
along both 1.8 m length sections. Contact doserates were measured by TLDs
and on both pipes local levels varied over a factor of almost 4 from a
minimum value of 30 ID Gy h" (3 R h ) to a maximum of 110 m Gy h
(11 R
h ) . Gamma spectrometric measurements showed that over 90% of the dose
was due to Co, confirming previous experience at WSGHWR. Smaller contributions to dose were due to Zn, Co,
Cr and Mn. The
Co activity
—2
—2
in the surface crud layers peaked at 1080 KBq cm
(29 yCi cm ) on sections
from both circuits. An indication of the local variations in
Co, Cr,
58
65
Co and
Zn activities found by gamma spe rrometric analysis along the
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pipe sections is condensed in Figure 5. From detailed measurements the
difference between the mean level of

Co contamination found on North and

South pipes was less than 10%. The higher mean values showed slightly
more activity on the South section which had been exposed for the longer
2 year period since previously decontaminated in-situ. The surfaces were
visibly inhomogeneous on the macro scale (mm). Physical removal of activity by successive Bex films was fairly ineffective. Averaging all data
showed that after 4 Bex film applications about 75% of the

Co remained

in the tightly adherent oxide film.
In parallel with the TLD and gamma spectrometric measurements, summarised briefly in this paper, detailed characterisation of the surface oxide
layers on representative specimens were carried out using the SEM (Scanning
Electron Microscope) and EDAX techniques (Energy Dispersive Analysis by
X-rays).
a.

Some overall observations from these studies are as follows:
The general oxide layer on the 321 stainless steel, while locally

variable, was between 15 and 45 urn thick.
b.

Allowing for the fact that only microscopic areas can be indivi-

dually examined, the moryuology of oxide film can vary in depth from a
laminar type structure (eg, North circuit, Figure 6) to an amorphous
granular deposit (eg, South circuit, Figure 7).
c.

Penetration of the grain boundaries at the metal interface was

variable but somewhat more evident in the North circuit.

The overlaying

deposits often screened this effect.
d.

Both circuits show major redistributions of the main alloying

elements of 321 in the oxide film.

In both cases chromium reached very

high levels from 55 to 70% at distances varying from 5-10 um from the metal
interface (North) up to 25 um (South).

Considerable enrichment in nickel

was seen in the South circuit specimen layers while some depletion is
evident in the North (Figures 6 and 7 are typical).
The pipe specimens examined correspond in coolant chemistry terms to
the reactor feeders, although it should be noted that the blowdown line
coolant flowrate is only one third of that in the feeders. Decontamination
history is also different to that of the individual reactor circuits. The
results of the pipework examinations do nevertheless (i) highlight the
decontamination difficulties that exist in the lower reactor circuitry,
(ii) reflect the effects of operational chemistry, and (iii) provide information necessary for the development of more successful techniques for
decontamination of circuitry.
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V.

THE OVERALL PROBLEM
It is useful to review our understanding of the overall problem of

activation of out-of-core surfaces in WSGHWR leading to the need for decontamination as a means of doserate control. In summary, this is as follows:
a.

The doserate problem is essentially due to

Co. Since the quan-

tity of activity fixed on out-of-core surfaces is only a few percent of the
59
in-core production, control of
Co input is only partially ameliorative.
b.

Short-term chemistry perturbations bring about some redistribu-

tion of active species but are not responsible for the general incorporation
of activity into stainless steel surfaces.
c.
phases.

Recontamination after decontamination occurs in two distinct
The first logarithmic stage relates to the rapid re-establishment

of a more continuous oxide film together with formation of an equilibrium
deposited crud layer. The longer-term increase is linear and probably
relates to the increasing specific activity of circulating
well as a function related to coolant conductivity.

Co species as

Figure 8 shows from

pipeline monitoring experience on WSGHWR how the activity retention rate
relates to coolant conductivity.

We suggest this correlation reflects the

enhanced corrosion rate of 321 in coolant with higher ionic impurities in
parallel with increased solution of the activated fuel surface deposit.
(The higher coolant conductivities represent more acidic conditions).
d.

Over 50% of the 60Co species in WSGHWR are "soluble" (<L0.45 pm)

under normal low-conductivity coolant conditions. This activity is incorporated into the chromium-rich spinel-type oxide film.
e.

There are two specific chemistries in the coolant circuit corres-

ponding to highly and lowly oxygenated zones. The former occur around
fuel surfaces and in the risers to the steam drum.

The two-phase coolant

contains up to 12 ppm from radiolysis while after steam separation recirculated coolant is reduced to 0.06 ppm of dissolved oxygen.
suggested

It has been

that because of this change in oxidation potential around the

circuit there is a solubility gradient and transfer of chromium (as chromate) from surface oxides in the risers and steam drum to the downcomers
and channel feeders.

Comparison of a specimen of riser removed earlier in

the reactor history with the recent surface examinations (Section IV) of
pipework in the low oxygen region supports this proposition.
f.

The oxidation potential variation also explains why decontami-

nation is more effective on fuel surfaces and in the riser zones than in
the reactor feeders. Deposits based on Fe„0_ rather than on Fe,0, or
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substituted spinels on stainless steel surfaces are more readily soluble
in oxalic/citric acid based reagents as our experience summarised in
Section III shows. The chromium-rich deposits found on the blowdown pipe
sections may therefore arise from chromium transport around the coolant
circuit or from the selective removal of iron from surface grown oxide
films in successive decontamination.
The above summary provides the basis for a broad understanding of the
out-of-core contamination and decontamination experience at WSGHWR as it
applies generally to both coolant circuits. It does not however explain
the difference in activity retention behaviour in the North circuit,
specifically the higher levels remaining in the network of feeder pipes
(Section IIIB).
examination.

No fully representative pipe section has been removed for

It is clear that this effect is not attributable to circuit

design or hydrodynamic considerations, coolant chemistry or parameters
related to fuel.

Neither has total

Co' activity generation been signifi-

cantly different in both circuits over the reactor's history.

A tentative

explanation is based on the fact that whereas the first decontamination of
the South circuit took place after 275 EFPDs this was delayed until 552
EFPDs in the case of the North circuit. The additional operational time
allowed for (a) the consolidation of input crud on out-of-core surfaces
from the period of high corrosion product input rates in 1968-69, and
(b) the formation of a considerably more intransigent (probably higher
chrome-enriched and thicker) oxide film at the stainless steel surface itself. We know from our examinations of available pipework (Section IV)
that the latter effect is directly related to

Co retention.

In support

of this proposition it it is also relevant to note the differences in
exposure to the TURCO 4521 reagent in the first decontaminations of each
circuit and the respective yields of iron and chromium.
Circuit Decontamination

SI (1969)

Nl (1971)

Ratio Sl/Nl

Operational exposure, EFFDs
Reagent circulation, hr
Iron removed, kg
Chromium removed, kg

275
8.5
68
6.8

552
3.5
40
1.2

0.5
2.4
1.7
5.7

Although the chromium yield is known to be a function of TURCO 4521
dwell time because of some attack of AISI 410 components, the ratio of
yields shows that considerably more chromium must have originated from the
stainless steel surfaces of the South circuit. Assuming this to be ~-4 kg
Cr means that about 0.5 mg Cr cm

was removed in S] expressed as an aver-

age over the entire circuit. This is equivalent to a stainless steel
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oxide layer between ]Q and J5 um in thickness. In the case of the North
circuit feeders it therefore seems most likely that a combination of the
delayed decontamination following the high crud input period coupled with the
low oxygen potential normal to coolant in that zone has led to a generally
thicker retentive layer of metal oxide. Based on comparative plant radiation field readings this oxide layer could be two or three times thicker
than on corresponding South circuit feeder pipe surfaces. From the examinations of the purification pipeline sections we might deduce the presence
of oxide layers averaging 15 to 20 jum in the South circuit compared to say
40 to 60 jm in the North circuit feeders. Activity determinations on the
pipe sections and specific Tadiation -measurements alongside the feeder
pipe networks suggest that corresponding post-decontamination
Co levels
—2
—2
are equivalent to 2 to 4 juCi cm and 6 to 10/jCi cm respectively on the
South and North circuit feeders.
It is worth, recording here that the anomalous activity retention
behaviour in the North circuit was observed between the first and second
decontaminations (1972-73) which again points to a causative factor in the
first years of reactor operation, eg, the displacement of the initial circuit decontaminations in time. This problem persisted following successive
TURCO 4521 decontaminations until the late ]970s. Laboratory work has
shown that the CITROX reagent would not remove established chromium-rich
oxides although some selective removal of the iron-base material takes
place.
VI. DECONTAMINATION WITH A "LOMI" REAGENT
There were therefore two main reasons why an alternative to TURCO 452]
was sought for WSGHWR coolant circuit decontaminations. Firstly, further
corrosion at the rolled joint stainless iron to stainless steel welds was
unacceptable and secondly, improved solution of established oxide films
with higher chrome content was essential if higher DFs were to be obtained.
During the Autumn of 3979 TJKAEA chemists at AEE Winfrith and
CEGB staff at BNL collaborated in an intensive programme of rig and laboratory trials to show that a "LOMI" reagent could safely be applied in
WSGHWR instead of CITROX and to assess its efficacy. Various lowconcentration reagents tinder the generic title LOMI (L_ow Oxidation state
Metal Jlons) had been proposed by the Berkeley chemists but the work at
Winfrith concentrated on vanadous formate as the reductant admixed with
picolinic acid as the completing agent. The background to the development
of LOMI reagents has been given elsewhere. The collaborative assessment
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work showed the reagent to be at least as effective a decontaminant as
TURCO 4521 which reacted considerable faster on the higher oxides of iron
forming the basis of coolant circuit crud. Most importantly the corrosion
rate for the critical weld material was acceptably low at ^ 1 um h~'.
Following the approval for a trial LOMI decontamination of one half
circuit in May 1980, full scale decontaminations of both coolant circuits
were undertaken a year later using a similar formulation. (Typically 0.012
M V 1 1 : 0.07 M Picolinic acid : 0.08 M Formic acid : 0.07 Na, pH value
'-4.2 at 25°C). Detailed results of these decontaminations were published
in October 1981. In summary these are as follows:
a. Activated oxides on the fuel surfaces and in the upper (oxygenated) circuitry were rapidly and effectively solubilised.
b. Decontamination factors achieved were generally about 25% better
than obtained with TURCO 4521.
c. Dissolution of established oxide layers on stainless steel surfaces was improved. It is unlikely however that spinels containing more
than 25% chromium were affected.
d.
Corrosion rates of Zircaloy and stainless steel were minimal,
while that of stainless iron (AISI 410) and weld penetration was reduced
by a factor of — 5 compared with previous TURCO 4521 experience. Carbon
steel corrodes after the vanadous component is oxidised and during preliminary rinses using oxygenated water. (This is not a limiting factor. No
critical carbon steel components are exposed in WSGHWR circuits.)
The advantages of LOMI decontaminations of WSGHWR coolant circuits are
that they will allow annual dose savings of several hundred man Rems to
continue without the corrosion restrictions imposed by using CITROX. An
additional bonus seems likely that by cleaning both circuits annually
instead of in alternate years as previously, the specific activity of fuel
surface deposits is minimised. This should reduce the rate of 60Co buildup on newly cleaned surfaces during the linear phase referred to in
Section Vc.
The limitations of using LOMI in WSGHWR are that as a reducing reagent
it cannot bring about significant soluhilisation of the chromium substituted spinels based on Fe^O.. The practical effects of this are that the
high doserates in some plant regions, specifically the feeder pipe networks, cannot be significantly reduced although greater control of the
radiation fields seems likely on a year-to-year basis. It is evident that
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a pre-treatment oxidising stage will be necessary to achieve a more
effective decontamination.
Mention should be made of parallel development work relating to the
treatment of spent LOMI reagents. In 1981 a laboratory experiment was run
to assess cation ion-exchange resin capacity and breakthrough values for
the main components in the active LOMI effluents resulting from the 1981
reactor decontamination. In this test 250 ml of strong cation resin were
used and 5 litres of spent decontaminant applied at 4 bed volumes per hour
at 50°C. This test showed that the main active component &0Co and the
oxidised vanadium could be removed satisfactorily. The results have
enabled a pilot scale experiment to be designed which will treat about 5%
of the predicted LONI waste effluents in 1982. A shielded ion-exchange
column of 75 1 capacity will be used in this upgraded experiment.
VII. FUTURE DECONTAMINATIONS OF WSGHWR
In order to reduce coolant circuit doserates due to the retention of
60Co in chromium-rich spinels, a more effective process is needed. Two
possible approaches are being considered involving chemistry or reaction
kinetics. An oxidation pre-tTeatment stage which could be used safely in
WSGHWR with due regard to reactor design and materials implications would
enable chromium oxides to be converted to C r V I and then solubilisée!. Since
concentrated alkaline permanganate is unacceptable we are investigating,
in collaboration with the CEGB, the use of a milder oxidising stage based
on dilute permanganate (••'0.1 w/o) in 0.003M nitric acid. This reagent
has been proposed by the Berkeley Chemists as a stage of the POD (PWR
Qxidative Decontamination) process. In the case of WSGHWR this might be
applied after a LOMI decontamination stage (to remove the bulk of the
circuit crud and activity) and followed by a further application of LOMI
to solubilise steel surface activity associated with the oxidised chromium.
Rig tests using sections of contaminated stainless steel pipe are planned
for the near future. The programme will include validation tests with
respect to the corrosion of all circuit materials.
An alternative or additional procedure involving decontaminating the
coolant circuit at higher temperature has also been considered. All WSGHWR
decontaminations to date have been limited to a maximum temperature of
90°C so that no pressurisation (above atmospheric) of the circuit is
involved. Some engineering -modifications would be required if, for example,
the decontamination temperature was increased to 15Q°C in order to improve
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the kinetics of oxide attack. The cost benefit of the necessary modifications has yet to be assessed.
The current decontamination development programme aims at applying a
more effective process by 1984 or 1985.

In the meantime, decontamination

of the coolant circuits as a dose saving operation is to continue using
the LOMI reagent previously described.
VIII.

CONCLUSION

Accumulated dose savings of several thousand man-Rems have resulted
from the routine decontamination of the WSGHWR coolant circuits. Considerahlâ experience has Been gained in the control of chemical cleaning
of active circuits with respect to the integrity of fuel and circuit
materials and the overall safety of these operations.

In-reactor

experience bas highlighted the Benefits and shortcomings of the two main
reagents used thus far, viz, TURCO 4521 and LOMI, while a parallel
development programme has provided the necessary chemical and radiochemical information to explain plant anomalies and limitations of these
processes. The development programme continues with the aim of fa) overcoming the problem of removing long-lived activity (/ Co) incorporated
into the chromium-enriched oxiiie films present on stainless steel surfaces
around the reactor's coolant circuit and (B) the treatment of decontamination effluents.
REFERENCES
1.

E. Green and J.J. Clifton, "Removal and Replacement of Boiling
Channels on the WSGHWR", HNES Report 197J.

2.

G.C.W. Comley, "Experience with Powdered Resin Purification at SGHWR",
Water Chemistry II, HNES, 1980, Paper 21.

3.

J.A. Ayres, "Decontamination of Nuclear Reactors and Equipment",
The Ronald Press Co., New York (1970).

4.

G.J.C. Nash, "Decontamination of the SGHWR Prototype", Water Chemistry
I, HNES, 1977, Paper 45.

5.

G.C.W. Comley and E.J. Bird, POperational Experience and Experimental
Work on the Winfrith Reactor relating to activity retention on coolant
circuit surfaces", Hater Chemistry II, HNES, 1980, Paper 48.

6.

D. HradBury et al, "Decontamination of the WSGHWR coolant circuits
using LOMI reagents", Nucl. Energy, Oct. 1981, Vol. 20, No. 5.

7.

D. HradBury et al, "Low Concentration decontamination reagent development for LWRs1, WateT Chemistry II, HNES, 1980, Paper 56.

2-100

KEY
1.

SOUTH STEAM DRUM

2.

NORTH STEAM DRUM

3

DRUM WATER LEVEL VESSEL

4.

CHARGE FACE

5

RISERS

6

STEAM MIXING HEADER

7

MIXED STEAM TO POND DUMP

6

MAIN STEAM PIPE TO TURBINE

9.

SAFETY VALVE ESCAPE PIPING

O

PRESSURE CHANNELS

II.

NEUTRON SHIELD TANKS

12.

MAIN CIRCULATING PUMPS

II.

FEEDERS

14

FEEDWATER PIPING

IS

TOP LAGGING BOX

Ib.

BOTTOM LAGGING BOX

17

DALLTUBE

THE FOLLOWING ITEMS ARE OMITTED (OR CLARITY
EMERGENCY CHANNEL COOLING
DRAIN SYSTEM
STEAM DUMP TO POND.
LOOPS

PRIMARY CIRCUIT

FIG1 LAYOUT OF WSGHWR PRIMARY CIRCUIT SHOWING STEAM DRUMS AND PIPING

131 MM
321 STAINLESS STEEL
RISER TO
STEAM DRUM

m

I

410 AREA
EXPOSED TO
DECONTAMINANT
M90CM2

410 STAINLESS IRON
ROLLED JOINT HUB

r-*v

' • '.*•."••,

ZIRCALOY-2
PRESSURE TUBE
(104 IN THE REACTOR)

FIG 2. DIAGRAM OF UPPER CHANNEL ROLLED JOINT ZONE
2-102

FIGURE 3
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ABSTRACT
The Swedish Âgesta HPWR was shut down in 1974 after an operational life
of 50 000 EFPH, The output effect was 10 MW electricity and 70 MW heat, the
latter was used for district heating.
The four steam generator loops of the shut-down reactor will be used for
decontamination studies in an international project administered by STUDSVIK.
Purhermore one of the loops will be used to test the Swedish PWR-decontamination method developed by STUDSVIK.
Some aspects of the development and validification of this method are
presented in this paper. STUDSVIK has developed a two step method in which
alkaline permanganate is used for the first step of the treatment. This is
followed by step two employing a solution of organic acids and complexing
agents. The decontamination factor on Agesta steam generator tubes varies
between 10 and 25.
INTRODUCTION
The Swedish Âgesta reactor was shut down in 1974 after an operational
life of 50 000 EFPH. The heavy water moderated reactor was operated with an
effect of 10 MW electric and 70 MW thermal. The latter was used for district
heating in the southern suburbs of Stockholm.
Today Sweden is hosting an international project for the study of system
decontamination in the four Âgesta steam generator loops. The participants
will test both soft and hard decontamination methods. STUDSVIK will act as
the project executive organization and will also carry out a decontamination
test with a method developed by STUDSVIK.
The present work will describe briefly the Âgesta steam generator tube
oxides and some highlights of the R&D work resulting in the process which
will be used by STUDSVIK for the actual decontamination.
Oxide characterization.
As a thorough knowledge of the tube oxides is necessary prior to the
development of the decontamination method, oxide characterization was carried
out on samples taken from the Âgesta steam generator tubes.
The oxide layer in the steam generator tubes was formed at a primary
( D O ) water circuit temperature of 230 C. The alkalinity (pD:9.6) was maintained by ND OD which was formed from dosing with D and N .
The steam generator tubes are made of a stainless steel similar to AISI
304 but with an extremely low carbon content. The oxide is black in colour,
the outer layer is thin and less adhérant than the under layer, but without
visible discontinuités. The oxide is between 3 and 5 ym thick and weighs
approximately 0.9 pg/cm , both the adhérant and less adhérant layers. X-ray
diffraction analysis has shown that in neither of the oxides is more than a
small fraction of the material crystalline. The results of Mössbauer spectroscopy are typical for iron in magnetite. Details of possible substitutes in
the form of spinells have not been identified because of, amongst other
things, the low degree of crystallization.
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Studies with SEM and EDS have shown that the adhérant oxide contains on
average, 20% Fe, 63% Cr and 11% Ni. The corresponding figures for the less
adhérant oxide are 62% Fe, 22% Cr and 15% Ni.
Most of the development work was carried out on tube material with the
oxide layer described above. Some control tests have been performed on the
corresponding material from a modern Westinghouse PWR.
Development of the decontamination recipe
The aim of the study was to develope a recipe which was suitable for the
periodic decontamination of PWRs. The requirement was that a decontamination
factor of at least 3 shoud be achieved after a treatment which lasted not
more than 36 hours.
One step treatment. In order to study the effect of dilute decontamination solutions a number of experiments were carried out in chemistries
developed earlier for the primary systems of BWRs. Specimens of steam
generator tubing were exposed at between 70 and 90 C for up to four days in
solutions containing 1-3 g/1 of the following decontamination chemicals:
TURCO 4521 at pH 4 ana pH 3.1, EDTA, citric and oxalic acids or maleic acid.
Maleic acid has a pKa close to that of oxalic acid, but in contrast to oxalic
acid it does not form insoluble precipitates with Fe(II) ions. Additions of
strong organic reducing agents were also included. In all these experiments
the best decontamination factor which was achieved was only 1.5. This low
decontamination factor can be attributed partly to the high chromium content
and partly to the unusually thick oxide.
Two step treatment. On the basis of the above results it was deemed
necessary to introduce a pre-treatment step consisting of strong oxidizing
agents. Such a pre-treatment step should have the following properties:
1. Be sufficiently effective even with low concentrations of chemicals
at a maximum of 90-95 C. The chemicals added should not exceed a total
concentration of 4 g/1. This is amongst other things to avoid corrosion,
pressurizing the system, and excessive waste treatment.
2. Contain oxidizing agents which is stable up to 90°C for treatment
times of at least 20 hours. These oxidizing agents must be easily reduced and
removed prior to the subsequent steps in the decontamination process.
3. Should not contain chemicals which could cause any form of corrosion,
either immediate or delayed.
The pre-treatment step with oxidizing agents is aimed at converting the
PWR oxides into a more soluble and easily removable form. This is achieved
by, amongst other things, oxidizing Cr (III) to chromate and Fe(II) to
Fe(III). The necessary reactions can only be achieved by using very strong
oxidizing agents such as alkaline permanganate and ozone. In comparison it
can be mentioned that the normal potentials at 25°C (1) for the redox pair
Fe(II)/Fe(III) are 0.77 V in a neutral environment, and for Cr (III)/Cr(IV)
1.10 V in acidic and -0.12 V in alkaline environments. The normal potentials
for Mn(ll)/Mn(VII) are 1.49 V in acidic and 1.68 V in alkaline environments.
The corresponding figure for ozone in a neutral water environment is 2.07 V
(2). Thus both alkaline permanganate and ozone should be suitable for the
oxidation of Fe(II) and Cr(III).
Experiments have been carried out using both alkaline permanganate and
ozone in a neutral environment for the first step. In both cases this was
followed by the second step: the recipe previously developed by STUDSVIK for
BWR primary systems. The chemicals in this step do not exceed a concentration
of 1.5 g/1. They include a complex forming agent such as DTPA, HEDTA, EDTA or
CDTA, as well as citric and oxalic acids or maleic acid. Ascorbic acid is
added as a reducing agent. All the chemicals can be regenerated using conventional ion exchanger techniques.
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Alkaline permanganate method
A series of experiments with different concentrations of potassium
permanganate and sodium hydroxide was performed, all at 90 C and for times up
to a maximum of 20 hours for the first step.
This experimental series resulted in a chemistry which by a good margin
fulfilled the specifications with regard to the decontamination factor. The
finalized chemistry with a permanganate first step is approximately ar
follows:
Step 1. 1 g/1. KMnO . 1 g/1 NaOH. Temperature 90-95°C. Treatment time
10-20 hours.
Step 2. 0.5 g/1 EDTA or DTPA. 0.2 g/1 oxalic acid. 0.4 g/1 citric acid.
0.4 g/1 ascorbic acid. pH 3.2. Temperatrue 90°C. Treatment time 10-20 hours.
Using this chemistry a decontamination factor of between 10 and 25 was
obtained on steam generator tube samples from Âgesta.
Similar tests on Inconel 600 oxides from a modern PWR(W) plant gave
decontamination factors of 3-5. This is satisfactory, in our opinion, if the
method is to be used for the periodic decontamination of primary systems.
Ozone method
The capability of ozone to oxidize Fe(II) and Cr(lII) to Fe(III) and
chromate has been known for a long time. Its attractiveness for decontamination purposes is, first and foremost, that it results in negligible or
small amounts of waste in the form of expended and contaminated ion exchanger
resins.
Prior to the experiments with ozone a limited literature study was
carried out to ascertain its physical and chemical properties. A series of
experiments was also performed to try to determine the optimal oxidizing
conditions. This enabled the oxidation capacity of ozone to be studied in a
saturated water solution at different temperatures and pH.
At a pH>9 and temperatures >70 C the oxidiation capacity decreases
rapidly because of the decomposition of ozone to oxygen, which is in
agreement with the literature. At temperatures between 20 and 40 C and a pH
between 7 and 8 the oxidizing conditions, however, appear to be the optimal
ones. The ozone generator used in the experiments gave a gaseous mixture of
1.5-2.5% ozone in pure oxygen.
By, as the first step, pre-oxidizing the specimens in ozone saturated
water at a pH of approximately 7.5 and 50°c for 10-20 h, and afterwards
treating them to the same step 2 as after the permanganate method, a decontamination factor of 10-18 was achieved.
Choice of decontamination method for Agesta
The discussion above has been concentrated entirely on the development
of a chemical recipe for PWR decontamination. It has been found that two
methods, both of which include a pre-oxidizing step and a subsequent treatment
with organic acids and complex forming agents in a reducing environment, are,
from the point of view of the decontamination factor, equally effective. The
choice of technique should be made, if possible, so as to optimize all
aspects such as function, safety and economy. A rough estimate of the necessary equipment taking these considerations into account for the ozone method
could be as follows:
1. An ozone generator with a capacity of 150 g o /h produced from
oxygen» This amount of ozone should be sufficient for a system of volume
5-50 m .
2. Equipment to put ozone into the water. Dosing directly into the
system can result in pockets of gas in regions with low flow rates.
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3. Detector to indicate leakage of ozone. Even at low concentrations
oxone is toxic.
4. Gas masks for use in case of ozone leakage.
5. Filter and mixed bed ion exchanger to trap oxide particles and
ionized material.
6. Other equipment such as pumps, slangs, valves, containers, etc,
suitable for both steps, and also for the permanganate method.
_7. Mixed bed ion exchanger.
8. Waste (expended ion. exchanger resins) treatment/storage from step 1
(15-20 200 1 drums per 25 m decontaminated system).
A comparison of the advantages and disadvantages of the two methods
showed, in our opinion, that the permanganate method was preferable. This
opinion is mainly based on the requirements for simple conventional equipment,
and uncomplicated and easily handled chemicals.
The alkaline permanganate method will thus be tested by STUDSV1K in one
of the steam generator loops in Âgesta.
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ABSTRACT
The development of potassium permanganate in nitric acid solution, i.e.
nitric-permanganate (NP), as an oxidising process for removing chromium
from PWR oxides is described. This reagent system forms the basis of the
low concentration POD (PWR £xidative Decontamination) process for application to PWRs. In contrast to previous procedures using permanganate POD
has the novel feature that no rinses are required, the process is
essentially single stage. It requires a temperature of 90-95 C and a
total application time of 10-30 hours. Decontamination factors of 4-25
have been obtained with radioactive specimens from 4 PWRs. The waste
decontamination solution is readily cleaned by ion exchange with low
resin requirements. Results of corrosion tests with PWR materials are
reported.
I

INTRODUCTION

Chemical decontamination of the radioactive oxides in LWRs has
followed two main lines.of reagent development: (i) reducing systems and
(ii) oxidising systems. In general, the oxides in BWRs which tend to be
low in chromium are susceptible to dissolution by reducing acid mixtures
such as oxalic with citric and EDTA acids, and also new reagents based on
_low £xidation state metal ijon (LOMI) reducing agents which give much
faster dissolution rates for this type of oxide than conventional mixtures
of reducing agents and chelating acids.2 However, for dissolution of the
chromium rich oxides which tend to predominate on PWR stainless steels only
those processes which are preceeded by an oxidising stage to convert
Cr 3+ to Cr , inducing its release to solution, have so far proved
satisfactory and given good decontamination factors. The 2-stage APAC
procedure (alkaline permanganate followed by ammonium citrate) is the most
commonly applied process of this type. Unfortunately,""it has some
practical drawbacks which prevent its ready application. Typically, it
uses relatively high concentrations of chemicals and produces a waste
solution which is not readily amenable to economic treatment by ion
exchange. Moreover, due to the incompatibility of the alkaline and acid
parts of the process it is necessary to rinse between stages, which extends
the process time. The rinses increase the volume of waste solution
considerably, leading to a requirement for large storage tanks.

3-5

To overcome these difficulties an acidic pre-oxidation stage has been
developed based on potassium permanganate in nitric acid solution (NP).
This is effective at releasing chromium from the oxide and lends itself to
easily controlled destruction of surplus reagent by a reducing agent at
the end of the oxidation phase. Reducing agents and complexing acids can
then be added to the solution to dissolve the residual chromium depleted
oxide. The complete decontamination process involving these stages is
called the POD process. In practical terms it is essentially single stage
employing sequential additions of chemicals.
II

DEVELOPMENT OF NITRIC ACID-PERMANGANATE (NP) PRE-OXIDATION REAGENT

Early development work with potassium permanganate in acid solution
was carried out with both non-radioactive oxidised stainless steel foils
as well as PUR specimens. Polarisation curves were constructed to
determine the conditions under which chromium was released from the oxide.
From this work it was established that nitric acid was the best acid to
use with potassium permanganate. The rates of release of chromium from
the oxide on the specimens in nitric acid-permanganate solution (NP) were
recorded as a function of pH (2.0 - 3.0), temperature.(30 C - 150 C) and
potassium permanganate concentration (0.1 - 8.0 g dm ) . The data showed
that the release rate increased with concentration of H* and Mn0^~ and with
temperature. To achieve release of chromium in a reasonable time (e.g.
several hours) from a typical PUR oxide» optimum conditions were provided by
a potassium permanganate concentration of 1.0 g dm , pH 2.5 and a,+
temperature of 85 - 95°C. The Cr in the oxide is oxidised to Cr by the
nitric acid/permanganate and this diffuses out of the oxide to give
bichromate ions in solution. At the same time permanganate is reduced to
manganese dioxide:
Cr

3+

MnO.

3+
Cr

°4" "• 7 H

+ 4H2O = HCr
+ 3e

+

3e"
~

(1)

4H + = Mr

+
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+

2H
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2 ° " Hero," + M n 0 2 +

tte r e a c t i o n w i t h C r 3 +

3H+

(3)

in the oxide may be
; * 2MnO2

Cr 2 O 3 + 2Mn() , " + H2O =

(4)

Hence, no net change in pH occurs, which is a useful attribute for reactor
application since it makes the process essentially self-buffering. The
manganese dioxide formed in the above reaction deposits on the oxide
surface. In addition some loose manganese dioxide floe appears in solution; this may be formed from slow self destruction of the potassium
permanganate in acid solution.* The excess permanganate ions and
manganese dioxide can be destroyed by addition of a number of reducing
agents, of which the most convenient was found to be oxalic acid because
it gave only carbon dioxide and water as oxidation products. The permanganate ions and manganese dioxide are reduced to manganous ions:
(a)

permanganate destruction
~

+

2Mn 2+ + 10C0 2 + 81^0
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(5)

(b)

manganese dioxide destruction
2H + — M n 2 +

(6)

The above sequence of reactions forms the basis of decontamination
processes involving the use of nitric acid-potassium permanganate (NP).
Ill

POD PROCESS APPLICATION

The NP oxidative phase described in section II renders the residual
chromium depleted oxide susceptible to dissolution in the final phase by a
wide range of reducing agents and complexing acids. The POD process is
the combination of these phases to provide a complete decontamination
process. As conceived it consists of three sequential additions of
chemicals at a temperature of 90-95 C, as illustrated in Fig. 1. A version
of the process which has been designed to cope with the decontamination of
the full circuit of a PUR with the minimum ion exchange requirements is
outlined below and will be referred to in the text as 'standard' conditions.
Phase I
Addition of chemicals to release chromium from the oxide
(Application time 5-24 hours)
«
Potassium permanganate 1.0 g dm
+
_3
Nitric acid 0.25 g dm
(* 0.003M to give pH 2.5)
Phase II Addition of chemicals to destroy permanganate ions and manganese
5 - 1 hour)
dioxide formed in Phase 1 (0.5
Oxalic acid 1.4 g dm
Nitric acid 1.5 g dm
Phase III Addition of chemicals to dissolve chromium depleted oxide ( 5 - 7
hours). Two options are available:
either Ilia
or Illb (following deionisation)
-3
Oxalic acid 0.45 g dm J (0.005M)
Oxalic acid 0.225 g dm" J (O.OO25M)
Citric acid 0.96 g dm" 3 (0.005M)
-3
(O.OO75M)
Potassium hydroxide 0.42 g dm
(to maintain pH at i 2.5)
Option (o)

0
N

(i) "Sequential addition of
Phase I and H reagents.
(*)) Deionisation of solution an
cation and onion resins.
(i)
(i)
(<i) Addition of fllb reagents
Phasen
coupled with regeneration
on cation resin.
Adda of oxalic
acid • HNO3
(iv)
Final deionisation of D b
solution on cation and onion
resins.
Final deanisation of H b solution (iv)

(i)
Phase Bo
Addn.of citric*
oxalic acid •
KOH

T
EißJ.

Option (b)

I Phase I
JAddnof
• HN03

(i) Sequential addition of
Phase I,D and D a reagents
(•) Oeionisdion of solution
on eaten and onion «sins

A
N

Citric acid 0.48 g dm" 3 (O.OO25M)
(this gives a pH 2.5 solution)

Phase lib ^
Addn. of citric
oxalic acid

Cation resin in H* form
Anion resin in OH" form

POD

H 2 OfroM final
deionisation oi
Bib solution.

Process Application
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Options.

In use continuously
to regenerate acids

The chemicals used are readily soluble in hot water and may be added
as either solids or concentrated solutions. Application times depend on
temperatures and the thickness of the oxide. A temperature of 90-95 C has
been used in most of the decontamination experiments; the process can be
applied at lower temperatures but application times may need to be extended.
The phase I solution is applied for up to 24 hours; for typical PWR oxides
(e.g. < 1 pm) shorter times (e.g. 7 hours) may suffice. After addition of
the phase II chemicals the solution is left for about 0.5 hours.
Permanganate ions are destroyed rapidly (^ 1 minute), complete destruction
of manganese dioxide takes longer Cv 0.5 hours) but does not delay
application of phase III since any residual amounts dissolve in the phase
III solutions.
The amount of reagent added in phase II is the stoichiometric quantity
for destruction of the original amount of permanganate added. The amount
of oxalic acid required to destroy manganese dioxide is less than that for
permanganate. However, oxalic acid also reduces bichromate ions back to
Cr 3+ :
~ + 8H+ + 3H 2 C 2 O 4 = 2 C r 3 + + 6CO2 + 8^0

(7)

Hence, this reaction when coupled with the reaction destroying manganese +
dioxide, ensures that the stoichiometric quantities of oxalic and extra H
ions from nitric acid are destroyed with the result that the pH is maintained at about 2.5. Some slight drift may, however occur. This is
because the slow self-destruction of permanganate to give manganese
dioxide and oxygen, means that some of the added oxalic acid may be surplus
to requirements. This is of no consequence, it merely gives rise to some
dissolution of the chromium depleted oxide in phase II as well as phase III.
In option Ilia, oxalic and citric acids are added together with
potassium hydroxide which maintains the pH at around 2.5. The alternative
Illb option is employed if the decontamination solution is deionised at the
end of phase II. In this case reduced quantities of acids are employed
because the acids may then be used in a regenerable mode. The phase III
solutions are applied for up to 7 hours. Dissolution of the chromium
depleted oxide is fairly rapid and, as illustrated by the results in
section IV, longer application times would probably not lead to much
further removal of radioactivity.
The optimum composition has been arrived at on the basis of tests on a
range of specimens. The process is flexible; conditions and concentrations
could be changed to cope with varying circumstances. For instance, the
concentration of reagents and application times would be decided from
knowledge of oxide thicknesses and surface to volume ratios in order to
provide sufficient excess to release available chromium from the oxide and
hold metal ions in solution. Where it was difficult to obtain this
information it would be necessary to monitor pH and permanganate concentration during a decontamination and to add further reagent if there were
signs of excessive reagent depletion. In order to determine application
times, which may need to be longer for thicker oxides, e.g. Sgesta, it
would be necessary to monitor chromium release in phase I and radioactivity in phase III in order to decide when the process was reaching
completion.
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IV

DECONTAMINATION OF REACTOR SPECIMENS
A.

Experimental

Specimen radioactivities were measured using a scintillation probe
and also by Y~spectrometry in many cases. Some experiments were conducted
under non-agitated conditions, whilst in others the solutions were stirred
The decontamination solutions used were POD process reagents under various
conditions, but basically following the scheme outlined in section III.
Specimens were left in permanganate solution for times varying from 5 to 24
hours and the solutions were sampled at intervals to determine the rate of
release of chromium from the oxide by the s-diphenyl carbazide procedure.5
The decontamination solutions in a few experiments were also analysed at
the end of phase I and phase III for chromium, iron, nickel and cobalt.
In these experiments, to ensure that released metals came only from the
radioactive oxide, specimens were sealed around the cut steel surfaces.
At the end of each phase in the decontamination experiments the pH of
the solutions were recorded and in the case of the potassium permanganate
solution the optical density was measured to determine permanganate loss.
The change in pH was in general small and potassium permanganate loss was
< 10%.
In a number of experiments the effect of a second application of
reagents was examined.
For comparison specimens were also treated with a range of alkaline
permanganate solutions followed by various second stages.
A number of experiments have been conducted to date in a laboratory
loop. This provided a flow rate over the specimens of up to 0,1 m s""*
at 90 C. The loop was fitted with a side loop containing cation and anion
resin columns. Experiments were conducted with the POD process using both
the phase Ilia and Illb options. In the latter case the solution was
deionised at the end of phase II and phase Illb was employed in its
regenerable mode. With both options the resins were employed at thr end
of the decontamination and the build-up of activity on the resins as
clean-up proceeded was monitored, together with the decrease in
conductivity of the solution.
B.

Decontamination Factors with POD Process under Standard
Conditions

TABLE 1 Decontamination Factors Obtained with PWR Specimens
Decontamination Factors (DF)
Reactor

Ringhals 2
Âgesta
A
B

Specimen

Stainless
Stainless
Stainless
Stainless

steel letdown line
steel SG tubing
steel
steel
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First
Application

Second
Application

5-8
4-25
5-7
6-1Q

-V20
>50
-V15
>100

The results in Table I show that DF's in the range 4-25 were obtained
with one application of the process. A second application increased DF's
to > 15 in all cases and with some specimens DF's > 50 wera obtained. The
nitric-permanganate (NP) phase I solution was applied for 5-24 hours in the
first application, the time depending on the progress of chromium release.
In the second application phase I was limited to 5 hours. Analyses of
chromium released to solution during phase I show that under non-agitated
or gently stirred conditions about 7-10 hours in the first application
is probably sufficient, except in the case of the Agesta specimen which
has a much thicker oxide (3-5 um compared with < 1 pm for the other
specimens). For instance, chromium release data for the Ringhalb ~
specimen (Fig. 2) show that there is very little extra release of chromium
after 7 hours whereas with the Agesta specimen (Fig. 3) chromium release
was still occurring. In the second application, chromium release from the
now-thinned oxide reaches a maximum quickly and there is essentially no
further release after 1 - 2 hours. Hence, a second application of the
process to increase DFs can be performed rapidly. However, the results
show that good DFs are achieved with just one application. The progress
of typical decontaminations are shown in Figs. 4 and 5 for Ringhals and
reactor B specimens. With this Ringhals specimen a DF of 5 was obtained
after only 5 hours in phase I and a total application time of only 10 hours.
With the reactor B specimen the DF after one application of POD was .9.7,
a second application increased this to 180.
During the nitric-permanganate (NP) phase there is very little removal
of activity. A sharp drop then occurs in phase II and phase III but after
a few hours in phaselll removal of activity ceases. Analysis of metals
released into solution during the different phases, revealed that > 85% of
the total chromium is released in phase I. There is some release of iron
in phase I but very little release of nickel or 60 Co activity, the bulk of
these being released in phase II and III. The results suggest that chromium
in the oxide is leached out to a certain depth leaving about 10 - 20% of
the inner oxide unaffected. After the chromium depleted oxide is removed
in phases II and III, a second application of phase I effects a rapid
removal of chromium from the remaining oxide.
In tests where the POD process options Ilia and Illb have been compared no difference in radioactivity release has been observed. It
appears from these results, and others in which different acids, e.g. NTA,
have been used in phase III, that the composition in phase III is not too
critical. However, the full range of options for phase III reagents remains
to be explored.
A number of decontamination experiments have been conducted in the
presence of boric acid at concentrations up to 2,000 ppm boron. Results
show that there is little effect on chromium release rates and resultant
DFs.
C. Loop Tests
Experiments performed under flowing conditions with the laboratory loop
have given DF's of 7-10 with the reactor B specimens, i.e. similar to those
obtained under stirred conditions. In the flowing experiments, chromium
release from the specimens takes place more quickly and is essentially
complete after 6 hours. Both application options for the POD process have
been tested, i.e. including operating phase Illb in a regenerable mode
following deionisation after phase II. At the end of the decontaminations
the solutions were deionised on cation and anion resins with the radioactivity (predominantly 6 0 Co) being taken out on the cation resin.
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D.

Effect o£ Potassium Permanganate Concentration, pH and Temperature
on Decontamination

These tests have been performed mainLy on the Ringhals 2 specimens. In
an unstirred solution the rate of release of chromium increased with
permanganate concentration up to about 4 g dm
KMnO,, beyond this further
increases in concentration had little effect. However, under stirred or
flowing conditions, increasing the KMnO, concentration beyond 1 g dm~3 does
not influence the rate of release of chromium or resultant DFs. A decrease
in pH from 2.5 to 2.0 increases both the rate and overall amount (by up to
20%) of chromium release. DFs are also increased to 7 - 10 compared with
5 - 8 at pH 2.5. Conversely, increasing the pH to 3.0 reduces the chromium
release rate and DFs: and longer application times in phase I would be
required in order to achieve DFs in the range 5 - 8 . Increases in
temperature in the range 90 - 150 C increase the rate of chromium release
but not the total amount eventually released. However, DFs are improved
at higher temperatures probably because phase III is more efficient and
dissolves some of the residual underlying oxide left below the chromium
depleted oxide. -In summary, these tests have confirmed that with an agitated
solution, 1 g dm KMnO^ at pH 2.5 and 90 - 95°C are the optimum conditions.
A decrease in pH to 2.0 gives higher DFs, although not substantially so.
Increases in temperature above 95 C are beneficial in reducing application
times and improving DFs but, of course, require a pressurised system.
E.

Comparison of Nitric Acid and Alkaline Permanganate Based Processes

Decontamination of Ringhals 2 and reactor B samples by the POD process
has been compared with several alkaline permanganate based processes
ranging from dilute conditions to a high concentration APAC (alkaline
permanganate ammonium cjitrate) procedure. The chemicals used, chromium
released to the permanganate solution and resultant DFs are listed in Table
A at the end of the paper. The list includes three processes described in
the literature: (i) TURCO - based on the reagents thought to be in the
proprietary mixture which is equivalent to a 'full' APAC procedure; (ii)
RUSSIAN AP - taken from a procedure used to clean stainless steel steam _
generators at Novovoronezhskaya , (iii) KWU AP - taken from a KWU patent .
The recommended application times for the above processes varied from
1 - 8 hours in each stage (except for the first stage of the RUSSIAN AP
process which was 4 - 2 5 hours). For the purposes of the present experiments the first stage was applied for 5 hours at 90 or 95 C followed by
rinsing and application of the second stage for a further 5 hours. The
other mixtures tested were various alkaline permanganate solutions for 24
hours followed by in-situ destruction of the alkaline permanganate by
nitric acid and oxalic acid, removal of this solution, and addition of the
phase Illb reagents used in the POD process for 5 hours. Hence, the latter
mixtures provided a direct comparison between the nitric acid and alkaline
permanganate chemistries.
The results in Table A show that with the dilute alkaline permanganate
based processes DFs did not exceed 2.5 with the Ringhals 2 specimens and
2.7 with the reactor B specimens. DFs were higher with RUSSIAN AP and
TURCO processes: 4.3 and 7.5 for Ringhals 2; 6.8 and 6.2 for reactor B.
These DFs are comparable with those obtained with the POD process , but of
course, the concentrations are very much higher. In phase I RUSSIAN AP has
3% w/v and TURCO 24% w/v compared with < 0.5% w/v with POD. The chromium
release data in Table A demonstrate clearly that nitric acid-permanganate
releases more chromium from the oxide than dilute alkaline permanganate.
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In fact, a sodium hydroxide concentration of 10 g dm must,be reached
before the chromium-release rate approaches that in 1 g dm KMnO, at pH
2.5. Even 10 g dm NaOH represents an ionic burden for ion exchange
about 2 orders of magnitude greater than that from HN0 3 at pH 2.5.
V

ION EXCHANGE TESTS
A.

Experimental

Experiments have been conducted to examine the treatment of simulated
decontamination solutions from the POD process by ion exchange. The ion
exchange columns used in these tests were 22 cm long with an i.d. of 2.2
cm and were arranged in series, cation followed by anion resin. The
conductivity of the solution leaving each resin bed was monitored and
samples were withdrawn for analysis of metals. A temperature-of 80.. C was
used in most of the tests. The flow rate used was 35 - 40 cm min which
corresponded to a flow of about 10 cm3 cm~2 min~l which is within the
recommended operating range for ion exchange resins,° and was a suitable
flow rate to use with the column sizes employed in these tests.
1. Resins Investigated. The resins used in the tests were nearly all
from the 'Amberlite' series supplied by Rohm and Haas Ltd. They are
listed in Table 2 with theoretical capacities, structural details and
maximum recommended operating temperatures for continuous use. The cation
resin used throughout was Amberlite IR-120: its choice was based on previous
work on studies of ion exchange from complexing acid solutions. Before use
the resins were converted to the respective H* and OH forms.
TABLE 2 Resins Used in Ion Exchange Tests

Resin

Cation
IR-120

Capacity
meq g-1 meq cm-3
(dry)
(wet)
4.4

Anion
IRA-400
3.8
IRA-410
3.4
IRA-458
4.4
IR-45
5.0
IRA-47
10.2
IRA-60
8.7
IRA-67
5.6
IONAC-365* 9.5

Type

Structure

Maximum
Operating
Temp.

1.9

Strongly acidic

Styrene-DVB

120°C

1.4
1.35
1.25
1.9
2.0
3.3
1.6
3.8

Strongly basic
Strongly basic
Strongly basic
Weakly basic
Weakly basic
Weakly basic
Weakly basic
Weakly basic

Etyrene-DVB
Styrene-DVB
Acrylic-DVB
Styrene-DVB
Condensate
Acrylic-DVB
Acrylic-DVB
Acrylic-DVB

60°C
60°C
38°C
100°C
90°C
60°C
77°C
60°C

Ionac Chemical Company
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2.
Decontamination Solutions Employed. The decontamination
solutions prepared represented those which might arise at the different
phases in the POD process. For example, if the reagents are used in a
continuous sequence only a single deionisation step at the end of phase
III is performed. However, the option of deionising at the end of phase II
and then employing the phase Illb reagents in a regenerable mode also
exists (see Fig. 1) and solutions were also prepared to represent this
eventuality. The solutions used in these tests included the metal ions
which might be released in a decontamination. The composition of a typical
solution showing the potential ionic burden is shown in Table 3. In
actual practice of course,the solution will contain a series of complexes
which will reduce the ionic burden shown. The composition in Table 3
corresponds to an oxide with a composition of: 44% Cr, 44% Fe, 11% Ni and
0.7% Co. It represents the upper end of the range of chromium and iron
concentrations likely to be encountered in a PUR oxide and provides the
most onerous conditions for ion exchange. As the results will show,
solutions containing a higher proportion of nickel would be easier to treat.
TABLE 3

Composition of Typical Decontamination Solution Used in Ion
Exchange Tests

Cation

Molarity

-3
Meq dm

2+
Manganese (Hn )
+
Potassium (K )
Chromiunu£Cr3+)
Iron (Fe ^1
Nickel (Ni^ )
Cobalt (Co2+)

0.0063
0.0138
0.003
0.003
0.00075
0.00005

12.6
13.8
9.0
9.0
1.5
0.1

Total cations
46 tneq dm"-*

0.022
0.005
0.005

22
15
10

»Total anions
'47 meq dm

Anion
Nitrate (NO'O
Citrate (Cit^~)
Oxalate (0x2~)

The phase Illb regenerable solution tested contained added iron, nickel,
cobalt and a low proportion of chromium to represent the chromium depleted
oxide which would be dissolved in this phase. As well as citric and
oxalic acids, tests were also performed with solutions containing a
combination of oxalic with NTA and also with malonic acid (O.OO25M
solution of each acid was used)
B.

Ion Exchange Performance
The best anion resins were the weak base acrylic resins (IRA-60
and IONAC-365)and the condensate resin IRA-47. The performance (at 80°C)
of IR-120 followed by IRA-60 for deionisation of the solution remaining at
the end of the POD process is shown in Figs. 6 and 7. Breakthrough of the
individual metals from the cation resin is shown in Fig. 6. Chromium
passes straight through the cation resin, iron breakthrough occurs at
20 - 25 BV (bed volumes) and potassium at 35 BV. The divalent cations:
manganese, cobalt and nickel, do not breakthrough until 70 - 75 BV. This
later breakthrough occurs because once all the hydrogen sites on the resin
have been exchanged, the divalent cations displace adsorbed potassium ions
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from the resin causing the outlet concentration of potassium to rise to
about 200% of its inlet concentration. Hence,,cobalt and manganese which
include the longer lived radioactive ijiotopes Co (Ti 5.26y),
Mn (303d)
and 5 8 Co (71d) are the last metals to breakthrough the cation resin. Combining the metals (excluding chromium) together and expressing their concentrations in terms of meq dm~^ it was calculated that 1% breakthrough
occurred at about 35 BV. The loading on the resin at 35 BV is equivalent
to 4.1 meq g~* which represents 93% of the theoretical capacity. In
phase_I of the decontamination process Cr + is oxidised to bichromate
HCrO^ ions which are then reduced back to Cr^ + during phase II. The
Cr
then combines with oxalate and citrate ions to form strong complexes.
These are relatively inert because they utilise inner 'd1 orbitals to
form strong field inner complexes which undergo substitution reactions
very slowly. Hence, little free Cr 3 + is made available during transit
through the cation resin and this accounts for the virtually 100%
breakthrough of the complex.
In Fig. 7 the breakthrough from the anion resin IRA-60 when used in
series after the cation resin is shown. Conductivity measurements were
used to estimate 1% breakthrough which occurred after about 35 BV. In
addition the breakthrough of chromium and iron was determined. Chromium
is adsorbed as an anionic species on the anion resin, which turned a
dark blue colour due to its presence; it starts to breakthrough at about
35 BV. The small amount of iron which was coming through the cation
resin was also removed as an anionic complex and in fact no breakthrough
of iron was observed until 65 BV. The radioactive isotopes associated
with these two metals are short lived (51Cr,Tj 28d and 5 % e , T| 45d).
Hence for long term storage considerations the anion resin can be treated
as being essentially non-radioactive.
The tests with the phase Illb solution in its regenerable mode following deionisation after phase II showed that IR-120 resin at 80 C
removed all the nickel, manganese and cobalt from the acid mixtures used
in phase Illb. With oxalic/citric acids (the usual acids in the POD process)
96% of the iron was adsorbed on the resin, with oxalic/malonic acids 92%
was adsorbed, whilst with oxalic/NTA only 65% was adsorbed. The stability
constants for Fe complexes with oxalic, citric, malonic and nitrilotriacetic acids are 7.5, 11.4, 7.5 and 15.9, respectively.10 Hence, the
strongest complex is formed with NTA and this explains why less iron is
adsorbed. The stability constants for the other metals, apart from
chromium are all lower. In fact, chromium was not adsorbed at all on the
cation resin with any of the mixtures, as expected from the earlier results.
However, the amount of chromium released in phase III should be low since
dissolution of the chromium depleted oxide is occurring in this phase.
Hence, the inability to regenerate the acids complexed with chromium
should not result in much acid being rendered unavailable. At the end of
phase III, clean up of the solution is effected on IR-120 followed by
IRA-60 resins. It would be advantageous in a decontamination to regenerate
the acids at the maximum rate possible. Consequently, the performance of
the cation resin with the oxalic/citric mixture has been examined at
higher flow rates and has been shown to be satisfactory.
The results reported here for treatment of the POD process decontamination solution at the end of phase III show that at 80°C about 35 BV of
solution can be passed through both the cation and anion resins before 1%
breakthrough^occurs (at lower temperatures capacities-are reduced). Hence,
to treat 1 m of decontamination solution,about 28 dm (12 kg) of cation
resin and 28 dm^ (11 kg) of anion resin might be required, i.e. a total of
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56 dm of resin. Resin requirements, if the solution was first deionised
at the end of phase II and the phase Illb reagents employed in a regenerable mode, are lower since less reagent is employed.
The clean up of the POD process solutions in the presence of up to
2000 ppm boron has been investigated using borate loaded anion resins. In
a full reactor decontamination boron could be prt-sent at a concentration
between 40 and 2000 ppm depending when the exercise is performed. There
was no effect on the cation resin requirements and the anion resin requirements were only slightly increased (y 20%). The overall resin requirements
would therefore be increased by about only 10%. This may be contrasted
with the serious additional waste problems which arise if an alkaline
permanganate decontamination is performed,in the presence of boron. For
instance with 2000 ppm boron, 210 meq dm sodium hydroxide must be added
to neutralise the boric acid and bring the pH up to 12.
VI

CORROSION TESTS

A programme of corrosion experiments in the POD process reagents
under standard conditions has been conducted with metal sheet and foils
representing the alloys present in a PWR. These tests have involved determination of overall weight loss by analysis of the metal released to
solution by atomic absorption spectrophotometry. In addition, samples
have been sectioned and examined by metallographic techniques. As well as
these tests the actual PUR specimens used in the decontamination experiments have been sectioned and examined.
TABLE 4

Corrosion in the POD Process

Material

304 SS
410 SS
Inconel 600
Inconel 690
Incoloy 800
Stellite 6

Average Penetration
ym
0.01
0.30
0.52
0.18
0.02
0.10

Maximum Penetration
Ùm
<3.0
<3.0
8.3
<3.0
3.3
6.7

Metal loss for the whole process, expressed as average penetration is
< 1 um with all the alloys tested. There is negligible corrosion of 304 SS,
Incoloy 800 and Inconel 690. With 410 SS, negligible corrosion occurs
during the potassium permanganate phase and the small amount which does
occur arises from the citric and oxalic acids. Metallography showed little
evidence of localised attack with the stainless steels or Incoloy. In the
case of Stellite 6 there was very slight localised attack which appeared
to arise from preferential dissolution of one phase of the material. The
Stellite 6 used was cast material and the microstructure may not be the
same as that for the material used in reactor applications, where it is
flame-sprayed. This may reduce the tendency to form a two-phase structure.
With Inconel 600,although the overall loss was < 1 urn, the corrosion was
uneven,but localised attack was limited to a maximum depth of 8 pm and took
the form of wide shallow depressions. It did not appear to be associated
with grain boundary attack which was relatively minor (up to about 5 ym).
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VU.

SUMMARY AND CONCLUSIONS

1. A nitric acid potassium permanganate (NP) pre-oxidation reagent
has been developed which releases chromium from PWR oxides and renders them
easy to dissolve in mixtures of reducing agents and complexing acids.
2. Using the nitric acid-permanganate reagent in the POD process,
decontamination factors with stainless steel specimens of 4-25 with a
single application of the process and > 15 with a second application have
been achieved. The process operates satisfactorily in the presence of
boric acid.
3. The rate of release of chromium in nitric acid-permanganate
increases with agitation, concentration of permanganate, temperature and
decreasing pH. To achieve the maximum DF it must be applied for long
enough to release the available chromium from the oxide. Typically,
under standard conditions i.e. 1 g dm"3 KMnO,, pH 2.5 at 90 C, 24 hours is
necessary for an oxide thickness of 3-5 um; whilst for thinner oxides, e.g.
0.6 pm, 7 hours may be sufficient.
4. Under the teat conditions in this paper decontamination factors
with a single application of dilute alkaline permanganate based decontamination procedures are < 2.7. Only by going to high concentrations of alkali
are the DFs increased to those obtained with the POD process.
5. The best anion resins for treating the decontamination solutions
arising from the POD process are the weak base acrylic resins Amberlite
IRA-60 or IONAC-365. A combination of one of these resins with Amberlite
IR-120 cation resin deionises the decontamination solutions effectively
and working capacities, equivalent to 1% breakthrough, of 35 bed volumes
are obtained. In order to treat 1 u? of decontamination solution about
28 dm^ of each resin would be required. The Amberlite IR-120 resin can be
employed in a regenerable mode with oxalic and citric acids in the final
phase of the POD process when the chromium depleted oxide is dissolved.
6. Corrosion of PWR constructional materials, i.e. 304 SS, 410 SS,
Inconel 600, Inconel 690, Incoloy 800 and Stellite 6, expressed as average
penetration, is < ! vim for the whole process. Localised attack occurs on
Inconel 600 and is limited to a maximum depth of 8 pm.
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APPENDIX:

EXAMINATION OF OXIDES, IN PARTICULAR RINGHALS 2

The oxides on the specimens have been examined by scanning electron
microscopy and their compositions determined by X-ray analysis and bulk
chemical analysis. For the thick oxide on the Agesta samples there is little
interference from underlying metal in the X-ray analysis and its composition
was determined in situ. However, with the thinner oxides on the reactor A
and B and Ringhals specimens it was necessary to strip the oxide with bromine/
methanol before its composition could be determined. For Ringhals specimens
a fairly detailed analysis was performed. Both the chemical and radionuclide composition of the fixed and particulate oxide were determined
separately. This included inactive cobalt analyses using a technique
developed at Berkeley Nuclear Laboratories.11 These results enabled the
specific activity of the ^°Co and ^ Co to be determined.
Results from the analysis of the oxides by X-ray analysis and chemical
methods are shown in Table 5 and are divided into fixed oxide and
particulate oxide, the latter comprising material which could be removed by
short treatment (30 sec) in an ultrasonic bath.
TABLE 5 Composition of PWR Oxides

% in Fixed Oxide

% in Particulate Oxide

Reactor
Cr
Hinghals 2
Kgesta
A.

37
64
50-60

Fe
47
29
37-40

Ni

Co

Cr

Fe

Ni

Co

16
7
1-4

0.55

13
22

60
62

22
15

0.22

Not determined.
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The fixed oxides all contain a higher proportion of chromium than in
the base metal, the proportion varying from 37 to 64%. The overlying partculate oxide contained less chromium. In the case of the Ringhals 2
specimen the composition of a number of particles was determined individually
and ranged from 0 - 39% Cr, 35 - 72% Fe and 10 - 59% Ni. There was a
relationship between composition and size; smaller particles tended to be
lower in chromium and higher in nickel. There was no indication of a
-:-.-.'—
preponderance of nickel and iron based (nickel ferrite) particles or
indeed that any fixed chemical formula could be applied to the particles.
Gamma spectrometry of the Ringhals 2 specimens showed that 75% of the
0U
Co activity was associated with the fixed oxide, in which the specific
activity of bU Co was 5.9 ± 0.5 Ci g"l, whilst that in the particulate oxide
was 9.1 + 0.7 Ci g~l. Total activities (at shutdown) were per cm2,
6.7uCi Co, 14.1viCi 5ö Co and 0.91uCi i4 Mn.
TABLE A Comparison of Decontamination Factor! and Chromium Released in Application of Nitric Acid Permanganate
(POD process) and Alkaline Permanganate Bated Proceaaes to Ringhals 2 and Reactor B Specimens
Reactor B

Ringhals 2

Solution Composition g dm~^
Nitric Acid-Permanganate Baaed POD Process
Phase I
Phase III

1.0 KHnO4
0.25 HNO3

0.96 Citric Acid
0.45 Oxalic Acid

....

1.0 KMnOfc
0.25 HNO3

0.48 Citric Acid
0.23 Oxalic Acid

„-.

4.0 WÜ1O4
0.25 HNO3

0.96 Citric Acid
0.45 Oxalic Acid

4.0 KM11O4
0.25 HNO3

0.48 Citric Acid
0.23 Oxalic Acid

TT

Temp

Phase I

°C

Decontamination
Factor

Temp

Tine
Hours

Chromium
Released
Ug cm"z

90

24

55

6.4

95

24

58

5.0

90

24

43

7.3

....

Phase I

°C

Decontamination
Factor

Time
lours

Chromium
Released
ug cm"*

90

24

36

9.7

90

2'.

41

9.5

90

24

36

6.0

Alkaline Permanganate Based Processes
Stag« I
Stage II
4.0 KMn0 4
l.C NaCH

0.48 Citric Acid
0.225 Oxalic Acid

„..
"l0

90

24

21

1.9

l.0KMnO 4
1.0 NaOH

0.48 Citric Acid
0.225 Oxalic Acid

T7T .
111D

90

24

19

2.3

90

24

22

1.5

1.0KMn0 4
10.0 KaOH

0.48 Citric Acid
0.225 Oxalic Acid

90

24

33

2.3

90

24

34

2.7

1.0 KMn0 4
1.0 NaOH

0.5 EDTA
0.25 Citric Acid
0.25 Oxalic Acid

90

5

20

1.9

2 ^ 0 ^

« • » <™4>3 « « a t .

95

S

180*

7.5

»0

24

105*

6.2

RUSSIAN AP
}.n KMnOt
30.0 KOK

15.0 Oxalic Acid
1.0 HNO3

90

5

N.D.

4.3

90

24

46

6.8

50.0 (NH4)2H Citrate)pH
40.0 Oxalic Acid
)to
4.0 EDTA
)3.5
5.0 Perric Formate )

90

5

17

2.5

TURCO

KUU AP Proceas
5.0 KHnO 4
10.0 NaOH

Not determined

* High chroaiua release in TURCO probably due to corrosion
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DECONTAMINATION SYSTEMS OF BWRs AND PWRs BASED ON LOMI REAGENTS
D. Bradbury, M.G. Segal, R.M. Sellers, T. Swan and C.J. Wood
Central Electricity Generating Board, Berkeley Nuclear Laboratories,
Berkeley, Gloucestershire, U.K. Dursley (OA53) 810451.
* Now with EPRI at Palo Alto, U.S.A.
ABSTRACT
The LOMI reagent vanadous picolinate/formate has been used to decontaminate
the Winfrith SGHWR several times. A process has been developed to
decontaminate BWRs with this reagent; it will dissolve the oxides found on
both fuel and out-of-core surfaces very effectively. The process will
operate in either feed-and-bleed or single-shot modes. Ion exchange clean'
up of the water is straightforward and very efficient, with resins giving
near-100% of theoretical capacity. More powerful LOMI reagents can
dissolve PWR oxides in the laboratory; these will be the ideal, single-step,
dilute decontaminants when fully developed. Processes have also been
developed for PWR, using dilute pre-oxidation treatments followed by
vanadous picolinate. These are effective on all PWR oxides, including fuel
crud, and are fully removed by ion exchange.
I.

INTRODUCTION

LOMI reagents for reactor decontamination were developed as the result of
a collaborative research programme at Berkeley Nuclear Laboratories between
CEGB and EPRI to examine the fundamental chemistry of metal oxide dissolution.
The necessity for a dilute chemical system capable of dissolving oxides of
iron, nickel and chromium efficiently prompted a study of the kinetics and
mechanisms of dissolution. Clearly the high thermodynamic solubility
provided by strong acids or powerful chelating agents is not sufficient to
dissolve some reactor oxides at a rate high enough for practical use.
The key to rapid dissolution of these metal oxides is to change the
oxidation state of the major metallic component. It is well known that
chromium-rich oxides are solubilised by permanganate, usually in highly
alkaline solution; this works by oxidation of C r 1 1 1 in the oxide lattice to
Cr V I , which goes into solution as chromate. LOMI reagents work by
reduction of Fe* 1 * and Cr** 1 to Fe** and Cr* 1 , which also results in rapid
dissolution of the metal ions. Figure 1 shows the relative dissolution rate
of nickel ferrite, NiFe2O4, in a variety of reagents - strong acids, chelating
agents (at high concentration), and reducing agents. This shows that a LOMI
reagent can dissolve this oxide, which forms a major part of PWR fuel crud
and circulating material, 10^ times more rapidly than "conventional"
reagents, even at one hundredth the concentration. The mechanisms of such
reactions have been studied in detail and are described elsewhere*»2.
Reductive dissolution of oxides rich in iron is a well-known phenomenon;
in the absence of an added reducing agent, the underlying metal can provide
the necessary reducing potential. This results in pitting corrosion in the
presence of acid, chloride, etc.^, while the same process in the presence of
dilute chelating agents results in the simultaneous dissolution of the base
metal and release of particulate oxide by undercutting - and it is this
mechanism which operates in reagent systems based on oxalic and other
chelating acids . When a strong reducing agent is added to the solution,
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Reagent
HCI
EDTA
Oxalic/citric
TGA

Concentration
M
0.1
0.1

pH
0
5
5

0.2
0.1

Is Cr= Bipyridyl

Ax10" 2
10- 2
Ax10" 3

3
1
1
5

V * Bipyridyl

Ax 10"3

A.5

V n Picolinate

5

V m Citrate

Ax 1 0 ' 3
A x10" 3

Fe* EDTA

2 x 10'3

A

Cr 2+ Cl
V^CIOA

1

10

Relative rates

TIG.

l

10 2

I03

10*

(arbitary units) ——i

Dissolution of Simulated Reactor Oxides - Nickel Ferrite

this process is suppressed, and the oxide is fully dissolved without wastage
of base metal. Hence neither corrosion nor redeposition are problems in
LOMI decontaminations.
A. LOMI Reagents - Definition.
LOMI reagents consist of two essential components :
a reducing metal ion,
a chelating ligand.
The complex formed between metal ion and ligand is the active LOMI reagent
(low £xidation-state metal ^on reagent). To dissolve iron-rich oxides the
redactant must be strong enough to carry out the essential electron-transfer
reaction with the ferric ions in the oxide, and it must have a mechanism for
performing this function at an effective rate. Examples of such reagents are:
Cr 2 +
2+

Fe
2+
V

+ bipyridyl
+ EDTA
+ picolinate

An excess of the ligand is added to keep in solution the dissolved crud at
the operating pH (e.g. > A ) .
Fe

. Many other such combinations are effective at dissolving oxides in which
is a major component. Such oxides include Fe2O3
23 (as found on BWR fuel),

Fe 3 O 4 (on BWR pipe surfaces), NiFe-O^ (on PWR fuel, and circulating in PWRs)
and ferrites with up to 15 - 20 % Cr. Small amounts of other metal ions (Co,
Mil. etc.) are also readily dissolved.
One particular reagent has been developed beyond the laboratory stage, to
full reactor use. This is the system vanadous picolinate/formate. Here the
complex V(pic)3~ (where pic denotes picolinate) is the reductant, and formic
acid/formate buffer is used as a non-aggressive medium, which is also useful
for its properties in the radiation field of the reactor core. The development of this reagent, including corrosion testing, has been described in
detail elsewhere^. The application of this reagent system to the Steam
Generating Heavy Water Reactor, at Winfrith (WSGHWR), has been described previously^, and is also discussed at this meeting?.
In this paper we shall describe a complete LOMI process for BWRs, and
further experimental results leading to an effective decontamination process
for PWRs. WSGHWR is a unique reactor in that it contains oxides typical of
those found in both BWR and PWR. Since oxide composition is the most important factor in selection of a decontamination process experience in WSGHWR is
relevant to both the main LWR types. We ;hall also discuss in detail the
ion-exchange clean-up of LOMI reagents, which has not been fully described
before.
II SGHWR DECONTAMINATIONS WITH LOMI
The LOMI reagent vanadous picolinate/formate has been used to decontaminate
both half-circuits of WSGHWR. Successful reactor cleans, including fuel, were
carried out in,198O, 1981 and 1982. The 1980 and 1981 decontaminations have
been published , and the decontamination history of the reactor since start-up
has been described by Comley 7 . Important features can be summarised as
follows :(i) The coolant circuits have been regularly cleaned with TURCO 4521,
which has kept down dose rates by removing most of the fuel crud and iron-rich
3-23

TABLE 1. OXIDES FOUND IN WINFRITH SGHWR

Type

Fe
%

Cr
%

Ni
%

Fuel

Fe

2°3

92

1.4

4.2

S21 Riser-loose

Fe

2°3

88

6

6

Spinel

77

9

13

45

44

6

53

36

7

Location

S21 Riser-fixed

?

N Blowdown - loose

Spinel

N Blowdown - fixed

TABLE 2. OXIDES FOUND IN LWRs

Location

Type

Fe
%

Cr
%

Ni
%

Ref.

BWR Fuel

Fe

2°3

92

1.2

2.5

12

BWR Pipe- "outer"

Fe

2°3

95

2

3

101

PWR Fuel

Spinel

74

4.6

21

11

?

68

18

14

10

Spinel

60

18

22

9

?

30

30

30

10

Spinel

43

37

16

9

BWR Pipe- "high Cr" 2
PWR Steel - loose
PWR SGU

- fixed

PWR Steel - fixed

Notes:
1) Several other sources give similar values
2) Highest chromium content of a range
3) Tube I-4-30HL;

Tube IP2 covers a wide range.
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deposited oxides.
(ii) The residual oxide film has built up over the years, particularly
in those parts of the reactor where the coolant is low in oxygen, resulting
in a layer of chromium-rich oxide up to 50pm thick.
(iii) LOMI was applied using equipment originally installed for the
TURCO reagent, with no major modifications.
(iv) Decontamination factors throughout the reactor were higher with
dilute vanadous picolinate than concentrated Citrox, especially in the upper,
two-phase, BWR-like, parts of the reactor.
(v) Corrosion of sensitive alloys was much lower than in the previous
reagent, although the latter included an inhibitor.
(vi) This has allowed decontamination of both half-circuits in the same
shut-down, with a consequent improvement in the dose build-up during
operation.
(vii) It appears that effective decontamination of the lower chromiumrich regions of this reactor requires a PWR reagent system, rather than a
process designed for BWR use.
Ill OXIDES FOUND IN WSGHWR AND LWRs
In Table 1 are listed analytical data on the various oxide types found
in the Winfrith reactor. Fuel crud was analysed both from BEX-film sampling
and from the solution after a single fuel element decontamination in
vanadous picolinate . The S21 riser pipe comes from a region of two-phase
coolant, rich in oxygen, immediately above the core, and is a specimen cut
from SGHWR several years ago. Blowdown line piping carries low-oxygen
coolant from the lower part of the reactor, at full temperature and pressure,
and these specimens were cut in 1980. For comparison, Table 2 shows the
range of oxides found in BWRs and PWRs, with their major elemental
composition. Data come from a variety of sources, and the oxides are listed
in order of chromium content.
It is clear that WSGHWR is a very complex reactor from the point of view
of chemical decontamination. In part it is very similar to normal BWRs; the
fuel crud is identical, and much of the oxide on surfaces of the upper hotbox and steam drum is similar to that found on BWR recirculation pipes. The
rest of the reactor, however, resembles a PWR in the nature and composition of
its oxide layers - in WSGHWR, however, these layers are up to 50y thick, which
is ten to a hundred times more than in most PWRs. This is described in
greater detail elsewhere'.
The results obtained on this reactor can then be explained very simply:
vanadous picolinate is a powerful reducing agent, which converts ferric oxide
into ferrous ions very rapidly. Traces of other elements, including chromium,
are dissolved simultaneously. However, this LOMI reagent does not reduce
chromium(III) to the divalent state (E° «= - 0.41V for both the V(pic>3 /
V(pic)3 couple and Cr^+'^+).
So oxides rich in chromium are not rapidly
dissolved. We have found that the rate of dissolution of a typical PWR oxide,
the non-stoichiometric ferrite Ni Q ,Fe, , Cr 0, falls rapidly with increasing
x values. Oxide containing up to about 20 cation % can be dissolved by this
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LOMI reagent. (Acids and chelating agents are far less effective). More
strongly reducing LOMI reagents will dissolve oxides having Cr contents
greater than 202 acid; this forms part of the strategy towards PWR
decontamination, as described below.
The oxides which form the deposited layers in the upper part of SGHWR,
and the fuel crud, ace very easily and rapidly dissolved, and this illustrates
the effectiveness of this particular LOMI reagent, vanadous picolinate, as a
decontaminant for BWR use.
IV THE LOMI PROCESS FOR BWRs
The reagent vanadous picolinate/formate is now fully proven for Boiling
Water Reactors. It will dissolve rapidly and efficiently the oxides formed
on fuel and pipework surfaces. Tests of materials compatibility have shown
no deleterious effects on any of the materials in common use in reactors, and
the reagent has been used on an operating reactor several times with no
indication of aay damage.
A. Plant Requirements
The LOMI reagent needs no more complex or sophisticated equipment
than other dilute decontaminants. There is a strict requirement that the
reducing agent must be protected from air at all times, but this is easy to
achieve with the use of nitrogen as cover-gas. Otherwise the tanks and pumps
for reagent injection into a reactor are standard - we have used the 30 Te
reagent tank at Winfrith, originally installed for the making-up of 6% TURCO
4521, where a tank of less than one tenth of this size would suffice.
Thus for a full-scale BUR, say 300 Te circuit volume, reagent tanks of
only a few cubic metres are required to make up the picolinate component, and
a similar volume of the liquid vanadous formate reagent would need to be
injected. Inevitably, the major plant required will be the ion-exchange
columns - this is the case for any dilute reagent system using this method of
clean-up. LOMI reagents require resin volumes similar to those used in other
dilute processes (see below).
B. The Process
1. Single-shot Application. Practical application of LOMI reagents
can be very simple. The reaction between Fe^ + in oxides and V^ + in the decontaminant is stoichiometric, and the ligand concentration needs only be
sufficient to complex the metal ions in solution. In the simplest case, the
process can be carried out in a single shot - essentially fill-and-drain, as
applied to WSGHWR. When the activity and/or iron in solution reaches a plateau,
the solution can be cleaned-up; further reagent can be added to refresh the
solution if the LOMI reductant or ligand are exhausted. Because of the ease
with which these solutions are purified by ion-exchange, the waste solution
from small operations can be processed by the normal water-treatment plant on
the reactor. Alternatively, the solution can be cleaned-up by recirculation
through cation and anion columns custom-built for the purpose. This would
obviously be necessary for a whole-reactor decontamination.
2. Feed-and Bleed Application. A refinement of this procedure can
be used to give greater control over the decontamination, and to prevent the
instantaneous release of embarrassingly large amounts of activity into solution
particularly if fuel is being cleaned. If all the reagent is introduced at
once, the whole crud inventroy may go into solution in a short time (of the
order of 1 hour). The rate of release of activitiy into solution can be easily
controlled, however, by introducing the LOMI reagent gradually. A feed-and3-26
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FIG. 2

Process Options for I.OMI Application to BWRs

bleed procedure can be applied, with ion-exchange clean-up of the solution
removing activity, dissolved crud and spent reagent, while fresh reagent is
bled in. This gives a fine degree of control over the whole process, as the
rate of V 2 + and ligand injection, and the bypass flow to the clean-up plant
can be varied independently. This procedure also has the minor advantage
that some of the ligand can be regenerated by cation-exchange alone during
the decontamination, which reduces the reagent requirements, and the final
anion-exchange resin volume, by a small fraction.
These two options for the practical application of the LOMI reagent to
BWRs, either whole reactors or part circuits, are illustrated schematically
in Figure 2. We believe that this reagent has significant advantages for
cleaning BWRs - the high rate of reaction with BWR crud allows the operator
a fine degree of control over the process, and also has the potential for a
better decontamination factor at the end of the process. Reagent dissolution
rate is important because it equates with DF since even with relatively
intractible oxides a rapid reagent will give more dissolution than a slow
reagent for a given exposure. In BWRs, available evidence indicates that the
chromium level in the fixed oxide on pipework is at the very highest 20 cation
%, more typically 5 - 10%. Oxides of this composition are readily soluble in
vanadous picolinate, but dissolve more slowly, if at all, in non-reducing
chelating agents, especially when the nickel content is significant.
C.

Ion-Exchange Clean-Up
The removal of activity and reagents from spent LOMI reagent
solutions by ion-exchange was not employed at WSGHWR because the waste handling procedure was based on that previously used for the high-concentration
Citrox reagent. A pilot-scale ion-exchange plant is currently being assembled,
and will be tested as part of the 1983 decontamination. The full-scale plant
is now in the design phase. Since this part of the process is of great
importance, we shall describe in brief the experimental evidence which leads
to the conclusion that normal commercial cation and anion exchangers will
remove all radioactivity, metal ions and organic anions present very
efficiently. This work will be published in detail elsewhere^.
On strong-acid, cation-exchange resins in the H form the metal ions are
readily removed from the organic ligand, allowing picolinic and formic acids
through. These are strongly bound by strong- or intermediate-base anionexchange resins in the 0H~ form. This results in a final effluent of high
purity. In a single pass through cation and anion beds in sequence, the
elements Fe, Co, Ni, Mn, Zn, V and Na are removed with 100% efficiency; Cr is
removed at about 50% efficiency if the solution is hot (65°C). Cu appears as
insoluble material, and is removed by filtration. In a recirculating loop,
as would generally be used on plant, all elements likely to occur as major or
minor constituents in a reactor clean are removed. Figure 3 and Table 3
illustrate this from an experiment with a simulated BWR decontamination
solution: Figure 3 shows the decay in concentration of metal ions, and
conductivity, in the bulk solution. This decay is exponential (linear on this
logarithmic scale), with a half-life identical to the «circulation half-life
of the ion-exchange loop, for all elements except chromium. The water quality
at the end of the experiment (24 hours) is listed in Table 3, both for the
bulk solution and the eluate from the ion-exchange plant. In this experiment
both cation- and anion-exchange resins were loaded to > 75% of theoretical
capacity. Values of over 90% can be achieved without reducing the quality of
the effluent water.
Ion-exchange is also effective on real reactor decontamination waste: a
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TABLE 3.

Element

(Mn, Zn and Ni behave as Co)

WATER QUALITY

Concentration Remaining (percent)
Eluate

Reservoir

Fe

< 0.001

0.13

Ni

<0.1

0.3

Co

<0.1

0.2

Cr

0.3

1.1

Mn

< 0.1

0.1

Zn

<0.1

0.2

V

S 0.01

£ 0.11

Picolinate

<0.01

0.1

1.5

5.6

Conductivity/iiS

* Initial concentrations: Fe 183 ppm, Ni = CO = Cr =
Mn - Zn - 10 ppm; picolinate •= 24 mM; V 170 ppm
Vanadium as V0^ + was not detectable in either eluate
on reservoir; limiting values of V(Pic)^ are
calculated from the picolinate concentration.
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laboratory-scale experiment was carried out on a sample of the solution from
a decontamination of SGHWR, using a cation-exchange column only. All the
major cations were efficiently bound by the resin, and all the radioactivity
removed.
Cation exchange of picolinate solutions is an easy and efficient process
because this is not a very strong ligand. The ion-exchange sites on the
resin compete easily with picolinate for the metal ions; the stability
constants of the tris complexes (e.g. Fe(pic>3 or Co(pic)3> are modest.
Solutions containing very strong, multidentate ligands,such as EDTA, do not
give up cations so readily, as the competition between ligand and resin sites
is greater. Hence ion-exchange of such solutions is less efficient*^. This
also has implications for waste disposal; ion-exchange resins or other
solid wastes with strong ligands present will be more susceptible to leaching, and any leached (or leaked !) activity will be more mobile in the soil,
since activity hold-up in the ground is largely by cation exchange. Thus the
use of weaker ligands, such as picolinate, has significant advantages over
EDTA and the like.
V. PROCESSES FOR PWRs
1) New LOMI Reagents
The ideal decontaminant for all reactors is a LOMI reagent which is a
sufficiently powerful reductant to attack both Fe^ + and Cr^ + in the oxides.
Such a reagent would have the following properties:
i) a single-step;
ii) effective cleaning of fuel and out-of-core surfaces;
iii)dilute reagents, yielding small volumes of active waste.
Such reagents have now been prepared in the laboratory. The use of a
strong ligand, which stabilises the higher oxidation state, with Cr^ + or V^"*"
yields complexes of greater thermodynamic reducing power than vanadous
picolinate. For example, the complex Cr**(NTA) is a strong reductant, and
dissolves NiFe„O, and chromium-containing ferrites much more rapidly than
V(pic)^. It also dissolves C ^ O ß , by a reductive process; this is a chain
reaction, as the product of the reaction is a further ion of C r 2 + . In an
ideal situation, therefore, less than the stoichiometric amount of reagent
needs to be added, provided a sufficient quantity of ligand is present. The
reaction is this:
CrIi:(NTA) + -|cr2O3 + H3NTA -* Cr I1I (NTA) + Cr XI (NTA) + | H 2 0
This is most effective at high temperatures - we have achieved yields of ca
300% chromium dissolved relative to chromium added.
Experiments on reactor specimens are at an early stage, but already show
considerable promise. Cr (NTA) is more effective than V(pic)3 on PWR
inconel and stainless steel coupons, and also on the thick, PWR-type oxide on
SGHWR specimens. Work is continuing on these reagents to increase their
stability: such strong reductants tend to decompose spontaneously by reduction of water. There are advantages to be gained from increasing the temperature and effective cleaning of coupons has been achieved in a laboratory rig
at 140 C.
2) Vanadous Picolinate with Pre-Oxidation
It is well known that chromium can be leached from oxides by oxidising
agents. The use of permanganate for this purpose is established as part of
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the APAC process - usually at high concentrations, for example 6% KMn0./10%
NaOH. The waste problems that result from the use of such solutions are
generally recognised, and alternative oxidant systems have been developed in
several laboratories. One easy way to reduce the waste volume from such a
process is to lower the concentration. This can be done in alkaline solution,
or alternatively acidic conditions can be employed. In both cases, the wastes
are susceptible to clean-up by ion exchange, as the permanganate, and MnO«
product, can be converted to M n 2 + by the addition of readily-available
reductants such as oxalate. These procedures have been described in detail
at this meeting, by Arvesen 15 and Pick'.
A. The AP/LOMI and NP/LOMI Processes
We have developed processes for reactor decontamination using these
dilute pre-oxidation treatments, followed by the established LOMI reagent
vanadous picolinate. The advantages of these oxidants have been described in
the preceding two papers:
i) effective decontamination;
ii) low waste volumes;
iii) low corrosion.
Our experiments have shown that the use of the LOMI reagent in the final
stage of a "semi-continuous"process, as described by Pick', leads to improvements in decontamination factors on stainless steel specimens from PWRs, when
compared to dilute chelating agent mixtures. This applies whether the first
stage is acid or alkaline. On Inconel 600 there is little improvement. A
few representative results are shown in Table 4; we use the abbreviation
AP/LOMI when the first step is ^lkaline permanganate, and NP/LOMI when it is
nitric acid/permanganate. The overall process is outlined in Figure 4.
The major advantage of using LOMI rather than just complexing agents does
not show in these coupon tests. This is that the LOMI reagent will dissolve
crud frois the fuel surfaces, and from areas where thick layers of deposited
material have accumulated. This crud, consisting of nickel-iron-chromium
spinels, with a fairly low Cr content, is not readily dissolved by chelating
agents, nor is it attacked by the oxidant solution. Thus only when the
sequence includes a LOMI treatment will a reactor be fully cleaned - the
importance of removing fuel crud should be stressed, as this minimises
problems of recontamination.
B. Corrosion
The NP/LOMI process is currently being tested as part of the Sgesta
Project^, it is also a prime candidate for a decontamination of the Winfrith
SGHWR . Hence it is undergoing an extensive programme of tests of materials
compatibility. Results to date show no significant attack on any major alloy
or alloy combination. A brief series of tests with the AP/LOMI process has
also shown no harmful effects - as would be expected, since both alkaline
permanganate and vanadous picolinate have been extensively tested previously.
C. Wastes
When either acid or alkaline permanganate reagent is treated with
oxalic acid, the resulting solution can be clean up efficiently by ionexchange. This has been amply demonstrated by other workers9,15_ y e have
shown that the LOMI stage is also readily cleaned up on ion-exchange resins.
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TABLE 4. DECONTAMINATION üt KfcAlUK arr.ii.riE.»:>
AP/LOMI AND NP/LOMI

DF

Material

Source

1
NP/LOMI

AP/LOMI

Stainless

Xgesta
Ringhals 2

ii

Reactor B

it

25.

3.8.

29

9 , 19
13

40

1.6,

2 . 0 ,2.4

4 . 3 - 12 2

Stainless

WSGHWR

1. Multiple entries refer to repeat runs
under different conditions.
2.

FIG.

25
3.0

2-4.

Inconel 600

IP 2

Notes:

21.

Two applications - range of values
over several tests.

Schematic of Process for NP/LOMI or AP/LOMI Decontamination of a PWR
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Thus either NP/LOMI or AP/LOMI is a process which can use a single volume of
water, with no rinses, and with all the wastes easily handled on resins.
Pick has demonstrated the advantages of the NP reagent in terms of the waste
volumes generated, especially if large concentrations of boron are required
in the coolant during a whole-reactor clean**. ,
VI SUMMARY AND CONCLUSIONS
The LOMI reagent vanadous picolinate/formate is fully established for BWR
-use, both for part circuits and for whole-reactor decontamination, including
fuel. It has been applied without difficulty to the Winfrith SGHWR, several
times. Clean-up by ion-exchange is straight forward and very efficient.
For PWR decontamination, this reagent is very effective as the final stage
of a "semi-continuous" process, using dilute alkaline or acid permanganate as
the first stage. There are no problems in the waste treatment, or in materials
compatibility, in either reagent. These established processes are described
in Figure 5.
New LOMI reagents, which dissolve PWR oxides in a single step, are under
development at present.
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AN OXIDIZTUG PRETREATMENT FOR THE DECONTAMINATION OF AUSTENITIC
ALLOYS BY CAN-DECON*
John Torok
Atomic Energy of Canada Limited
Chalk River Nuclear Laboratories
Chalk River, Ontario, Canada KOJ 1J0
Telephone: 613-584-3311

ABSTRACT

A two-stage process was developed for the decontamination of chromiumcontaining alloys. In the first stage the alloy surfaces are contacted with
ozone. Chromium oxide on the surface is oxidized to chromic acid which is
leached out of the surface with water. In the second stage the remainder of
the surface oxide is dissolved by a dilute solution of organic acids and
chelating agents using the CAN-DECON process.
The net effect is very similar to the results of the widely used AP-Citrox
process, but the process has several advantages: the volume of waste
generated is small, the reactor never needs to be drained, and corrosion rates
are low.
Decontamination factors (DFs) of up to 100 were obtained on Type 304 stainless
steel. This can be compared with a DF of only 1.1 when CAN-DECON treatment
only was used.
A mathematical model for the first stage treatment is proposed and tested.
I.

INTRODUCTION

Oxidation followed by acid dissolution of the surface oxide Is an
established method of removing the chromium-rich oxide film found in
pressurized water reactors. The same approach must be used in the decontamination of the fuelling machine and the moderator circuit in the CANDU reactor.
The most common two-stage decontamination process based on this principle is
an alkaline permanganate (AP) treatment followed by a Citrox treatment. The
high reagent concentration used In the AP-Citrox process and the requirement
for several rinses result in large volumes of radioactive liquid wastes when
large reactor components or reactor circuits are decontaminated.
The CAN-DECON dilute chemical decontamination process can replace the
second-stage Citrox treatment. Our objective was to develop a dilute chemical
pretreatment process that could replace the AP treatment so that generation of
* CAN-DECON is a registered trademark.
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low volumes of solid radioactive wastes would help make reactor decontamination economical. Two oxidizing agents, hydrogen peroxide and ozone, and a
reducing agent, hydrazoic acid, were evaluated in our laboratory. Only ozone
was found to be effective. Its utility was further assessed because it has a
high oxidation potential and its reaction product, oxygen, is easy to remove
from the reactor circuit. Because ozone is a gas rather than the usual liquid
or soluble solid reagent, techniques for reagent contacting had to be developed. Optimum treatment parameters were largely dictated by the properties
of ozone, especially its low solubility in water and its tendency to decompose
in aqueous solution.
In this paper the development of three ozone treatment processes is
described. The application of the process to reactor circuits is described.
II. REVIEW OF OZONE PREPARATION AND PROPERTIES
Ozone is prepared by passing an electric discharge through oxygen or air.
Using similar operating conditions, the ozone concentration obtained in oxygen
is twice that obtained in air. Maximum ozone concentration is approximately
1.3 vol% in air and 2.6 vol% in oxygen, with optimum generating economics at
half these concentrations. The use of dry oxygen is preferred because of the
resulting higher ozone concentration and the absence of impurities in the
ozone-oxygen gas mixture generated.
Ozone may be applied to a reactor circuit or component surfaces as a
constituent of a gas mixture or dissolved in water. Low temperature application is favoured, because ozone solubility in water declines with increased
temperature and the rate of ozone decomposition increases with increased
temperature. The rate of decomposition of ozone in solution is much higher
than in the gaseous phase. The homogeneous decomposition in solution is
highly pH-dependent.l High hydrogen-ion concentrations stabilize ozone. Up
to pH 7 the decomposition rate increases by a factor of four for each incremental pH unit. Between pH 7 and 8.5 the rate increases by a factor of 270.
The decomposition of dry ozone gas is catalyzed by mill scale (FeßC^, and
other metal oxides), but the catalytic effect is reduced at high humidity
levels.
III. PRELIMINARY EXPERIMENTS
Preliminary experiments were performed to determine if ozone was a
potential first-stage oxidant in a system containing water. The effect of
solution pH on the oxidation process was also explored.
Active, preoxidized samples of Type 304 stainless steel, Incoloy-800 and
carbon steel were placed in deionized water, 0.03% citric acid solution, and
lithium hydroxide solution at pH 10.5. Oxygen containing 2.4 vol% ozone was
bubbled through each solution at 609C for 5 h. CAN-DECON treatment followed
using 0.1% LND-101* at 125°C. Compared with samples treated with CAN-DECON
* Proprietary reagent of London Nuclear Limited, Niagara Falls, Ontario,
Canada.
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only, the decontamination factors for ozone-treated samples were significantly
higher. Carbon steel corrosion rates in the deionized water and in the acid
solution were above acceptable levels, and in the alkaline solution they were
much above acceptable levels*

IV.

DEVELOPMENT OF THE OZONE TREATMENT PROCESS

A. Treatment Methods.
Type 304 stainless steel, Incoloy-800 and carbon steel test specimens
were preoxidized and contaminated in a reactor loop containing pH 10.5 lithium
hydroxide solution at 275°C. The carbon steel specimens were included in the
program for corrosion monitoring only. The following methods of contacting
ozone with the specimens were used at room temperature«
1) Two-phase treatment. The samples were placed in deionized water
through which a mixture of ozone and oxygen was bubbled.
2) Gas contact followed by water wash. A mixture of ozone and oxygen
was saturated with water and contacted with the sample. Afterwards, the
samples were washed with water.
3) Ozone dissolved in water. The samples were contacted with deionized
water saturated with a mixture of ozone and oxygen.
Ozone treatment temperature was 25°C, the lowest practically attainable
without refrigeration. Low temperatures are favoured for maximizing ozone
solubility in water, to reduce ozone decomposition rate and to minimize carbon
steel corrosion.
Ozone-treated samples were subjected to CAN-DECON treatment using
0.1% LND-1*4 solution at 85°C. The decontamination temperature was chosen as
the optimum one for carbon-steel-containing systems, such as the CANDU reactor
primary circuit.
In most of the ozone treatment experiments deionized water was used to
reduce complications due to ionized species.
B. Analytical methods.
1. Chromium analysis. Effluent water samples from all of the above
contacting systems were analyzed for chromium with a Varian Techtron
Model 1200 atomic absorption spectrophotometer.
2. Analysis of ozone in oxygen. An iodometric method was used.
Ozone was absorbed in alkaline potassium iodide solution. The solution was
then acidified and the liberated iodine titrated with 0.01 mol/kg sodium
thiosulfate solution.
3. Analysis of ozone in water. Our results indicate that Beer's law
is valid. Thus a linear relationship exists between ozone concentration and
absorbance at 260 ym. The absorbance coefficient was calculated to be
2431 mole" 1 cm"1.
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C. Results and Discussion.
1. Comparison of ozone-contacting methods« The chemical effect of
ozone treatment of the chromium-rich oxide film is the oxidation of chromium
sesqui.oxide (C^Oß) to chromic acid (l^CrO^). Since chromic acid is water
soluble, it is readily leached out of the oxide film. The measurement of
chromic acid release was used to monitor the oxidation process.
When the oxide surface is treated with ozone gas, the chromic acid is
removed only in the subsequent water wash. In the other two treatment modes
chromic acid is leached out of the surface during oxidation.
Cumulative chromium removal as a function of treatment time is illustrated In Figure 1 for Type 304 stainless steel samples subjected to the three
ozone treatment methods. Two-phase treatment provides the most effective
chromium oxidation and removal from the surface oxide. Ozone gas treatment
followed by water wash was least effective for Type 304 stainless steel, but
somewhat more effective in the treatment of Incoloy-800 samples.
The removal rate of chromium from Incoloy-800 coupons during water
washing that followed treatment with ozone gas is illustrated in Figure 2 for
five experiments. The initial linear relationship observed in the semilogarithmic graph suggests a first-order process.
2. The effect of ozone concentration. To assess the effect of ozone
concentration on chromium removal rate, the concentration of ozone dissolved
In water was varied in successive ozone treatments of Type 30A stainless steel
coupons and shavings. In Figure 3 the maximum chromium concentration in the
effluent water is plotted as a function of inlet ozone concentration.
Chromium removal rate does increase with an increase in ozone
concentration. Chromium concentrations for these experiments were just above
the detection limit of the atomic absorption spectrophotometer. Therefore,
reaction order with respect to ozone concentration cannot be established with
any certainty«
3. Influence of chromium removal in the ozone treatment on the
effectiveness of subsequent CAN-DECON decontamination. The decontamination
factor for combined ozone-CAN-DECON treatment increases with the quantity of
chromium removed during the ozone treatment. This relationship is demonstrated for Type 304 stainless steel and Incoloy-800 coupons in Figures 4 and
5, respectively. In Figure 5 the results from all three of the ozonecontacting methods are included, but in Figure 4 only results from the
two-phase and the dissolved method are shown.
V.

PROCESS KINETICS

Chromic acid release into the treatment solution is the result of a
series of consecutive physical and chemical processes. Ozone Is transported
from the bulk solution through the liquid boundary layer next to the liquidoxide interphas:i and through the oxide pore structure to the reaction site,
where It Is adsorbed on the oxide surface. Ozone or its reaction product
oxidizes chromium sesquioxide (C^Oß) or s spinel containing three-valent
chromium to chromic acid. The resultant chromic acid diffuses to the oxide
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Figure 1 Cumulative Chromium Removal from Type 304 Stainless Steel Coupons
with Various Ozone-Contacting Methods
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Figure 2 Removal of Chromium from Incoloy-800 Coupons During Water Washing After Treatment with Ozone Gas
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surface, desorbs and then is transported into the bulk solution. The
objective of modeling such a complex system is to identify the ratedetermining steps.
Chromic acid elution results were obtained for the three ozone treatment
methods. The elution of chromic acid from ozone-gas-treated surfaces during a
water wash was described in Section IV.C.1. Only the first rapid stage Is
Included in our simple model (see Figure 2 ) . Chromic acid elution data for
Incoloy-800 specimens that were contaminated, then treated with ozone
dissolved in water, and type 304 stainless steel specimens that were contaminated, then subjected to two-phase treatment, are illustrated in Figures 6 and
7, respectively. The shape of the curves in the above two figures correspond
to a two-stage, consecutive process. Data points were fitted to a model, in
which the initial process Is first order with respect to the unreacted
chromium III oxide content of the surface, and the subsequent process
represents mass transport of the chromic acid oxidation product, a first order
process with respect to the chromic acid content of the surface oxide. The
least square fit of the model to the experimental points is represented by a
solid line in Figures 6 and 7. Values of mass transfer parameters calculated
from the model and from other elution data such as the one illustrated in
Figure 2 are summarized in Table 1. Considering that the data was obtained
for two types of oxide surfaces subjected to three different treatment
methods, and the simple form of the model, the variation in mass transfer
parameter is small.
The process was also associated with an induction period of 2 to 10
minutes.
VI. OZONE TREATMENT IN ACID SOLUTIONS
In the first half of the program, deionized water was used as the ozone
treatment medium to reduce the complexity of the system. We found that in the
application of the process the decomposition rate of ozone had to be reduced.
Thus, ozone treatment in various concentrations of chromic acid and sulfuric
acid solutions and their mixtures were evaluated. The results in Table 2
indicate that the best decontamination results are obtained at low pH. In the
same pH range sulfuric acid is more effective than chromic acid. We also
found that the addition of chromic acid does not affect the general corrosion
of non-sensitized stainless steel and has only a minor detrimental effect on
the corrosion of sensitized stainless steel. A significant increase in
corrosion rate occurs when sulfuric acid is used for pH adjustment.
These results indicate that the best compromise between improved
decontamination and minimal increase in corrosion is the addition of 0.1 g/L
of chromium as chromic acid. In solutions containing chromic acid, decontamination factors of over 100 were obtained when ozone treatment times were
extended to 5 h. By contrast, a maximum DF of 17 was obtained when deionized
water was used in the ozone treatment system at extended contact times.
Another advantage of dissolving ozone in acidic solution is the lower rate of
homogeneous decomposition compared with that in neutral or basic solutions.
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Table 1
OZONE OXIDATION OF INCOLOY-800 AND TYPE 304 STAINLESS STEEL
COUPONS. VALUE OF CHROMIUM MASS TRANSPORT PARAMETER.

Alloy

Ozone Treatment
Method

Two-phase treatment
Type 304
Stainless Steel

Incoloy-800

Chromium Mass
Transfer
Parameter

1 x 10*3

Gas contact followed
by water wash

1.5 x 10"3

Two-phase treatment

0.63 x 10~ 3

Gas contact followed
by water wash
Ozone dissolved in
water

Estimated from Figure 2.
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2 x 10~3*
1.4 x IQ" 3

Table 2
INFLUENCE OF SOLUTION CHEMISTRY DURING OZONE TREATMENT ON DECONTAMINATION
FACTOR AFTER CAN-DECON

Decontamination Factor for Co-60
Cr concentration,
as chromic acid
(mg/kg)

PH range
2.7 - 2.8

2

+

4.3

7
4.1

8.3**

14

3.1***

6.2**

35

7.3**

5.2*

116

7.0*

pH adjusted
pH adjusted
pH adjusted
pH adjusted

3.7

8,2***

5

*
**
***
****

3 - 3.15

5.4*
5.6*

3.6****

with
2 4
with H2Cr04 + H2SO4
with H2SO4
with

Result inconsistent with others; l i k e l y an error.
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These results Indicate that the best compromise between improved
decontamination and minimal increase in corrosion is the addition of 0.1 g/L
of chromium as chromic acid. In solutions containing chromic acid, decontamination factors of over 100 were obtained when ozone treatment times were
extended to 5 h. By contrast, a maximum DF of 17 was obtained when deionized
water was used in the ozone treatment system at extended contact times.
Another advantage of dissolving ozone in acidic solution is the lower rate of
homogeneous decomposition compared with that in neutral or basic solutions.
The potential of significant heterogeneous decomposition of ozone was of
concern, since mill scale is a known catalyst for ozone decomposition.
The
extent of heterogeneous decomposition of dissolved ozone was evaluated in a
trial decontamination. An out-reactor test loop constructed from stainless
steel and operated under reducing conditions for several years was treated
with a solution of ozone in 0.1 g/L chromium as chromic acid. At the end of
the ozone treatment the ozone consumption was very close to the rate predicted
from homogeneous decomposition, indicating that the heterogeneous component is
minor«
VII. CORROSION
During the course of this investigation the general corrosion of test
specimens subjected to the two-stage ozone treatment and CAN-DECON was
evaluated* Table 3 lists the range of results obtained. In a recent publication the effect of ozone at room temperature on carbon and alloy steel
corrosion was reported.
All corrosion rates were less than 0.003 ym/h when
ozone was dissolved in deionized water. The corrosion rates for the firststage treatment are much lower than values reported in Table 3 indicating that
most of the corrosion occurs during the CAN-DECON treatment.
VIII.PROCESS APPLICATIONS
Of the three contacting methods evaluated, dissolution of ozone in water
is the one most applicable to reactor circuits and components.
A schematic diagram for a full-scale application of this technique is
illustrated in Figure 8. The equipment is divided into three zones.
In Zone 1 the compressed ozone and oxygen gas mixture is generated. This
part of the equipment would not become contaminated. Since the compressed
ozone gas can be transported in piping, the Zone 1 equipment can be located
outside the reactor building, possibly mounted on a trailer.
In Zone 2 ozone and oxygen are absorbed from the gas phase into the
reactor circuit water. The lean effluent mixture of ozone in oxygen gas Is
passed through a catalyst bed to decompose ozone and the final oxygen is
passed through the reactor off-gas system. Zone 2 may be pressurized to
increase the solubility of ozone in water. The effluent water from the ozone
absorber is saturated with ozone and oxygen. Without further compression,
oxygen gas evolves from this stream. As ozone is consumed, more oxygen is
generated. Thus, to avoid the formation of a gas phase in the reactor circuit
(Zone 3 ) , the reactor circuit should be at a higher pressure than the ozone
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Table 3
CORROSION OF TEST SPECIMENS IN COMBINED OZONE TREATMENT AND CAN-DECON
Conditions:

3 h o z o n e t r e a t m e n t at 2 5 ° C , f o l l o w e d by 4 h CAN-DECON a t
85°C w i t h O.1Z LND-1O1

Corrosion Penetration (ym)
Ozone Treatment Solution

Type 304 Stainless Steel
Incoloy-800
Sensitized

Not Sensitized

Deionized water

HA

0.13 - 0.57

0.06 - 0.15

Chromic acid solution

0.1 - 0.45

0.08 - 0.28

NA

Sulfuric acid solution

0.6 - 1.2

0.6 - 1.2

NA

NA - not available.
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.CATALYST

*- TO REACTOR
OFF-GAS SYSTEM

u

CIRCULATING
PUMP
OZONE
COMPRESSOR

S

JOXYGEN
SUPPLY

OZONE
GENERATOR
.
ZONE 1
NOT CONTAMINATED

I

PRESSURIZER
PUMP
ZONE 2
ADD-ON EQUIPMENT
IN ACTIVE AREA

ZONE 3
REACTOR CIRCUIT TO BE DECONTAMINATED

Figure 8 Treatment of a Reactor Circuit with Ozone Dissolved In Water

absorber. Also, if the reactor circuit water is saturated with a gas, the
circulating pump can cavitate or become vapour-locked. A pressurizing pump is
Included in Zone 2 to avoid the above complications.
IX. SUMMARY AND CONCLUSIONS
A two-stage process was developed for the decontamination of chromiumcontaining alloys.
In
ambient
chromic
surface

the first stage, the alloy surfaces are contacted with ozone at
temperature. The chromium III in the surface oxide is oxidized to
acid. Since chromic acid is water soluble, it is leached out of the
oxide.

In the second stage, CAN-DECON treatment is applied whereby the remainder
of the surface oxide is dissolved by a dilute solution of organic acids and
chelating agents.When the process is applied to the heat transport or moderator systems of
reactors, both treatment stages conform to the CAN-DECON decontamination
principles: reagents in low concentrations (^ 0.1%) are applied; the system
need never be drained; and, wastes are concentrated on ion-exchange resin and
filters, simplifying disposal.
Three approaches to first-stage treatment were assessed.
1) The surfaces were contacted with deionized water containing bubbles
of a mixture of ozone and oxygen.
2) A mixture of ozone and oxygen gas was saturated with water and then
contacted with the surfaces. The chromic acid produced was removed in a
subsequent water wash.
3) Deionized water was saturated with a mixture of ozone and oxygen and
then contacted with the surfaces.
Method 1) is the most effective one for chromium removal, and method 3)
is the most promising for most reactor applications.
Chromic acid release from the oxide film was monitored during and
following ozone treatment. The chromic acid release data were fitted to a
model of the rate-controlling steps of the physical and chemical processes.
Results are consistent with a two-stage consecutive process, where the second
stage is the transport of the chromic acid reaction product.
Ozone treatment was most effective in acid media. Decontamination
factors of over 100 were obtained for the two-stage treatment, when chromic
acid solution containing 0.1 g/L chromium as chromic acid was used as ozone
solvent. Acid-containing solutions have been evaluated only for carbon-steelfree systems.
General corrosion rates were within acceptable limits for all materials
tested.
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Major equipment required for ozone treatment systems includes an oxygen
supply, an optional gas compressor, a gas absorption column and a feed pump.
Due to the low water solubility of ozone, the designer of an ozone
treatment system should maximize the supply of ozone to the surfaces by using
low treatment temperatures and high operating pressures. If the primary heat
transport system of a reactor is to be decontaminated, it should be defuelled
to keep the treatment temperature below 40°C.
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ABSTRACT
The new decontamination procedure is based on the treatment of contaminated surfaces by a solution of formic acid and formaldehyde. This solution is very effective against both activated corrosion product and
fission product deposits. During the treatment the solution can be easily
controlled and regenerated by electrolytic methods. The corrosion attack
on carbon steels, stainless steels, nickel base alloys and other materials
is slow. Local corrosion or stress corrosion cracking was not found. The
main advantages of the new procedure is the simple conversion treatment of
the liquid radwaste to solidified concentrate.
I.

INTRODUCTION

The access to water cooled reactor's components for maintenance or
decommissioning is frequently difficult or even prevented by a high radiation level resulting from contamination. This contamination consists of
activated corrosion products or released fission products deposited in surface oxide layers. The contaminated areas must be cleaned using special
decontamination procedures in order to facilitate accessability. The
successful decontamination depends upon the chemical dissolution of the
contaminated surface layers. In years gone by many procedures had been
developed, all with some advantages and some inconveniences. The choice of
a certain existing decontamination method or the requirement to develop a
new procedure is strongly influenced by the objectives of the required
decontamination treatment of nuclear reactor systems. Such goals may be:
- effectiveness (high decontamination factors),
- low general corrosion attack, no local corrosion,
- easy to handle (simple technical control, replenishment of consumables),
- time spent for the treatment,
- security (toxicity, fire or explosion hazards),
- secondary wastes (radioactive liquids, solidified radwaste),
- costs
and others. The order of importance may be characteristic for a certain
nuclear plant, nevertheless some generally valid considerations can be
stated. In the past, most of decontamination procedures were developed in
respect to high decontamination factors and moderate corrosion attack on
the construction materials. As a result of the public discussions about the
storage and disposal of radioactive wastes the situation and also the priorities on the different claims have changed.
The most used decontamination procedure is the so called AP CITROXprocess.1 This process produces quite a lot of secondary waste. The first
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solution contains high concentrations of chemicals, whilst the second solution contains agents which form complexes and these are difficult to
transform into leach-proof solids. In consideration of the waste problem
we have developed a new one-step decontamination
process with an aqueous
solution of formic acid and formaldehyde2»3.
II. THE FORMIC ACID - FORMALDEHYDE PROCESS
For a successful decontamination, the surface layers on the materials
containing the activated corrosion products must be dissolved and rinsed
away. According to the water chemistry used during plant operation and the
materials in the systems, the composition and chemical state of these surface layers may vary considerably. These layers commonly contain oxides of
iron (Fe^+ and Fe3+), nickel, chromium and others. The oxides built or deposited at high temperatures are difficult to dissolve or are "insoluble"
without a change in the valency number of a part of the oxides. This 1 change
may be induced alternatively by an oxidizing (i.e. AP CITROX-process ) or
reducing (LOMI-process") treatment which will "soften" the oxide layers.
In the formic acid - formaldehyde-process the formaldehyde acts as a
reducing agent and will be itself oxidized to formic acid. The formic acid
dissolves the partly reduced oxides (i.e. as iron-2-formate). This iron
formate is stabilized in the solution by an excess of formaldehyde. Since
this reaction is irreversible replating effects (deposition of dissolved
"crud" and contamination on the cleaned surface) are excluded.
The effectiveness of this chemical system is determined by the concentration of free formic acid or p^ of the solution, by the content of
dissolved metals and by the temperature and the time. During the whole
treatment a residual content of formaldehyde is essential to
- reduce the higher oxides to a lower valency number,
- protect the cleaned metal against corrosion attack (formaldehyde has a
significant action as a corrosion inhibitor for most of the common carbon
steels in formic acid solutions),
- stabilize the iron-2-formate in solution and protect it from oxidation.
The solution will be continuously analyzed on its P H , formaldehyde and
metal content. If necessary formic acid and/qr formaldehyde can be added to
keep the solution at a constant "effective value". Dissolved metals may be
deposited in a electrolytic cell in a bypass to the main loop.
The used solution representing the secondary liquid radwaste is easy
to clean. The dissolved contamination is separated by different procedures:
- electrolytic precipitation of the dissolved metals (and the contamination,
i.e. Co-60 and Mn-54) with or without electrolytic oxidation of the formic acid and the formaldehyde to water and carbon dioxide,
- precipitation of the dissolved metals as hydroxides, ferrocyanides or
ferricyanides with or without previous oxidation (i.e. with hydrogen
peroxide).
After separating the precipitate from the clear liquid, the water can be
re-used to prepare new decontamination solution or is disposed as nonradioactive waste liquid, since the precipitated residue may be solidified
by mixing with cement or concrete and deposed in a radwaste storage.
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III. ADVANTAGES AND DISADVANTAGES OF THE NEW PROCEDURE
In the following sections some results are given, advantages and disadvantages of the new procedure according to the above shown goals are
detailed.
A. Effectiveness
At present, we have results from experiments on coupons of low
alloy steel (carbon steel), stainless steels and nickel base alloys from
both boiling water reactors (BWR's) and pressurized water reactors (PWR's).
Some results of a comparison of the formic acid -formaldehyde process with
the AP CITROX-process on stainless steel from a BWR are given in fig. 1.
In all cases we found a very high decontamination factor. During the treatment of brass tubes (from a condenser) the copper compounds in the surface
layer were transformed into a loose powder of cuprite CU2O (FEHLING reaction), while carbon steel coupons in contact with the same solution were
not covered by metallic copper, which was a problem arising with some other
solutions.
Figure 1
Decontamination factor for Co-60 on a sample of AISI 304 piping from a
boiling water reactor.
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B. Corrosion
1. General attack. The formaldehyde content of the solution is a
powerful inhibitor against the corrosion of most metals. As stated in
table 1, the general corrosion of steel? is moderate compared with the
cleaning potential of these solutions. For carbon steels, the corrosion
rates depend strongly on the temperature. Whereas stainless steels need
higher temperature (i.e. ^ 9 0 C), the carbon steels are decontaminated at
lower temperatures (i.e. 4 50 C). In case stainless and carbon steels are
in the same system, the different decontamination and corrosion behaviour
of these materials gives some problems. The problem of the high corrosion
rate on the carbon steel at higher temperatures however can be solved by
adding corrosion inhibitors, see table 1.
Table 1
Corrosion rates for carbon steel and stainless steel in formic acid-formaldehyde solution at different temperatures.
Solution

formic acid
formaldehyde
inhibitor

2 molar
0.1 molar
0.01 molar
inhibited

Corrosion rates in mg • cm —2 • h"11
60
100
40
80

Temperature °C
Carbon steel
DIN 21 CrMoV 5 11

no

2

Carbon steel
DIN 21 CrMoV 5 11

yes

0.03

Stainless steel
AISI 304 L

no

12
0.04

40
0.4

1
0.08

2. Local attack (intergranular attack, pitting) was never found
after the treatment of stainless steels, even after very prolonged action
(i.e. >_ V000 hours at 100°C) neither in the solution heat treated nor in
the sensitized conditions of the material. For low alloy steel we found
for some alloys and heat treatments traces of a local attack in the
pearlitic regions.
3. Stress corrosion cracking of the stainless steels was not found
in boiling formic acid - formaldehyde solutions during more than 3'000 hours.
These experiments will be completed by a number of extensive tests on
crack initiation, crack re-initiation and crack propagations in order to
be absolutely sure of avoidance of this catastrophic form of corrosion.
C. Easy to Handle
The formic acid - formaldehyde system can be controlled by simple
analysis techniques; according to analysis results replenishment of the
consumed chemicals can be made. First experiments have shown that an electrolytic cell with an iron cathode and graphite anode is a helpful tool
for cleaning the solution from dissolved corrosion products and also from
contamination. Most of the contaminants (i.e. Co-60, Co-58 and Mn-54) are
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collected in the iron rich deposits.
Stagnant areas are frequently found in a complex nuclear reactor
system. The rinsing out of such areas is incomplete even after a prolonged
rinsing time. The remaining chemicals may cause damage in certain instances on the materials during the start-up and re-operation of the plant.
With the formic acid-formaldehyde system such undesirable events are improbable because their components are quickly destroyed to harmless gases
(i.e. carbon monoxide, carbon dioxides, hydrogen) by higher temperatures.
D. Time Spent
The time needed for this procedure seems rather long even in respect to a single step treatment, for example the decontamination of stainless steels requires more than 100 hours. In respect to the low corrosion
rate and other properties of the process this handicap may be tolerable.
For carbon steels the time required is controlled by the temperature of
the solution and represents no problems.
E. Security
Formic acid and formaldehyde are both well known and widely used
substances. Although the concentration of the basic make-up chemicals
formic acid and formaldehyde are toxic and caustic, the diluted solution
represents no supplementary risks compared with other chemicals. Sufficient ventilation of the rooms is required to remove the formaldehyde contaminated air. As a consequence of the low corrosion rate on metallic materials the buildup of hydrogen gas is also very slow and is easily controlled by ventilation.
F. Secondary Waste
The formic acid - formaldehyde process is a one step procedure;
this is of importance because the process economizes the volumes of
supplementary treatments and intermediate rinsing steps. Another great
benefit seems to be the special properties with respect to the waste
management techniques. During the treatment of the reactor systems, a considerable amount of the activity may be precipitated by electrolytic
techniques.
Used solutions may be treated in different ways, i.e.:
- electrolytical precipitation of the corrosion products and the contamination with or without subsequent electrolytic oxidation of the chemicals to water and carbon dioxide,
- precipitation as metal hydroxides in the lower oxidation state or as;
ferrocyanides or ferricyanides (some fission product may also be removed,
i.e. Cs-137),
- precipitation as metal hydroxides or ferrocyanides after oxidation with
hydrogen peroxide.
After separation by filtration or centrifuging these treatments leads to an
inactive solution containing chemicals (may be handled as nonactive chemical waste) and a radioactive concentrate with a residual water content
from 10 to 90 % which is easy to solidify by simple mixing with cement or
concrete.
Results of some radwaste treatments are given in table 2.
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Table 2
Results of l i q u i d radwaste treatment.
Liquid waste:

formic acid
formaldehyde
iron (Fe2+)
Co-60

2
0.1
0.4
2 •

molar
molar
molar
10" 5 Ci/m 3

Treatment:

a) oxidation by hydrogen peroxide
b) precipitation by sodium hydroxide to p\\ 12

Results:

Centrifuge

Filter

0.02 to 1.5 -10" 6
13
to 1000
69

<, 2 • 10" 8
>, 1000
85

Separation by
Residual activity
Ci/m
Decontamination factor
Residual water content %

G. Costs
Since formic acid and formaldehyde are inexpensive chemicals and
the control of the procedure is very simple, the whole process seems to be
very favourable also in respect of the costs.
IV. FURTHER WORK
A considerable amount of supplementary work has been started to develop the new one-step procedure to a technically perfect tool for nuclear
power plant decontamination:
- optimal composition (concentration, wetting agents, inhibitors),
- better understanding of the chemistry of the system (also in contact with
all materials used in construction of modern nuclear power plants),
- to guarantee the security of the whole process (corrosion, other risks),
- to develop a full cycle of decontamination, starting with the preparation
of solution, filling of the systems, treatment with subsequent replenishing solutions and control, draining and rinsing, transforming the
liquid radwaste to a solidified radioactive concentrate and to harmless
nonactive waste water.
V.
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ABSTRACT

Dilute decontamination reagent effectiveness on IN600 PWR artifacts was
evaluated using the Once-Through-Test-Facility (OTTF). Chelants, hydrazine/
chelant, Ti(III)/chelant, Fe(II)/chelant, and V(II)/chelant formulations had
relatively slow decontamination rates at 170-180°C. However, a Cr(II)/chelant
dissolved PWR croxide (crud/oxide). Prolonged exposure to HEDTA/oxalic
acid/hydrazine in simulated PWR coolant (0.185 M boric acid, 0.0003 M lithium
hydroxide) undercut the croxide, giving high decontamination factors (DFs*)
through a particulate release mechanism. Limited tests with alkaline permanganate gave decontamination rates that were first order in permanganate
concentration. Hydrazine/ peracetic acid cycling
in simulated PWR coolant
gave high decontamination rates at 170-180cC. The reducing treatment with
hydrazine promoted Fe removal,
while oxidation with peracetic acid promoted
Cr, Ni removal. Little 60 Co removal occurred during the hydrazine treatment.
Hydrogen peroxide/monoammonium citrate gave rapid decontamination rates at
170°C, and resulted in uniform Fe, Cr, and Ni removal.
INTRODUCTION
This paper is based on work sponsored by the Electric Power Research
Institute
to develop alternate chemical methods for reactor decontamination.1"9 Only decontamination reagents for use in pressurized water
reactors (PWRs) will be considered here. Significant differences in decontamination_rates have been observed on BWR and PWR specimens in similar
reagents.3"6 Earlier, concentrated decontamination reagents were developed
to
remove fission products from the primary system after fuel failure. 10 " 11 60 Co
contamination has emerged as a major cause
of occupational radiation exposure
increases for power reactor personnel.12 Methods to reduce radiation
fields
12
in water-cooled reactors include better water chemistry
control
and
choice
of construction materials to reduce cobalt sources. 13 Decontamination to
reduce radiation fields should satisfy the following criteria:
•
«»
"-«
•
o
•

Effective in reducing radiation fields
Compatible with fuel
Low corrosion of primary system materials
Low radwaste volumes
Compatible with feed-and-bleed operation
Sufficient thermal/radiolytic stability

*A decontamination factor is the ratio of i n i t i a l specimen radioactivity to
final specimen radioactivity.
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Methods which utilize concentrated reagents generate large radwaste volumes,
and tend to be corrosive. To overcome these drawbacks, more recent work has
focused on the development of dilute reagents for interim decontamination.7»9»i«*»i5
The term croxide as used in this paper is intended to describe the fact
that radioactive films on reactor coolant system surfaces (piping and steam
generator surfaces in PWRs) are composites of the oxide growing on the metal
substrate and the radioactive crud species (ionic and particulate) which
render the oxide film radioactive, both by deposition on the surface and by
incorporation of ionic species: thus, the combined system is crud/oxide or
croxide.
PWR OVERVIEW
PWR primary side surfaces are "65% Inconel, "25% Zircaloy, and "10%
stainless steel.1 The PWR coolant is much less oxidizing than BWR coolant,
with oxygen levels.kept below 5 ppb by hydrogen overpressure. PWR primary
coolant also contains between 0-3000 ppm B and 0.2-2 ppm Li. Boric acid is
gradually removed from the coolant during reactor operation and is returned to
maximum concentration just prior to reactor shutdown. Thus, interim decontamination reagents should be compatible with boric acid and lithium hydroxide
in the coolant. Also, dilute chemical decontamination development must assess
effects of the coolant additives on the performance of the decontamination
reagent.
PWR fuel deposits, typically nickel ferrite (Ni Fe, 0-, with substituted
Cr, Co, etc.) 9 * 1 6 ' 1 7 are in a lower oxidation state t h a O W R fuel crud (Fe 2 0 ? ). 1 0
Steam generator
croxide is enriched in Cr with respect to the IN600 (Inconel)
base metal. 9 Fuel crud is separated from Zircaloy base metal by a Zr0 2 film,
while croxide is attached directly to either stainless steel or Inconel metal
substrates. Therefore, significant differences between fuel crud and croxide
chemical and physical properties are to be expected. Morphology
studies show
some intergranular croxide penetration into IN600 base metal. 9 The partially
reduced form of the PWR croxide deposits Respond
to certain types of both
oxidizing and reducing reagents, e.g., Cr 2 and alkaline permanganate,
respectively.
REAGENT OVERVIEW
Several generic dilute decontamination reagent formulations have been
proposed i2'***'"9'11*"16
•

•
•
•
•

Dilute chelants mixtures using EDTA, HEDTA, oxalic acid, and citric
acid, among others. Reagents of this type are effective decontaminants for BWR films, particularly with hydrazine additions to the
reagent.*• (See following entry,)
Reducing agent/chelant formulations such as hydrazine/EDTA.
Low oxidation-state metal ion/chelant (i.e. Ti(III)/EDTA, V(II)/
picolinic acid, Cr(II)/HEDTA, etc.).
Dilute oxidizing agents such as permanganate or peracetic acid.
Redox cycling such as alternating hydrazine treatments with hydrogen
peroxide treatments.
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•

Oxidizing agent/chelant mixtures such as hydrogen peroxide/citric
acid.

Since reduction of activity on PWR specimens has been demonstrated with
both oxidizing and reducing agents,11"7 operational considerations become more
important in selecting a decontamination approach. Different operational
problems can be predicted for each class of reagent. Cation exchange resin/
chelant competition for metal species may cause lower than expected cation
removal efficiences. Iron oxalate, manganese dioxide, or other precipitates
may form in the primary system. Generation of particulates could become
problematic if their occurrence is not anticipated. Radwaste treatment and
reagent removal considerations are important in selecting a decontamination
process.
ONCE-THROUGH-TEST-FACILITY (OTTF)
The OTTF is a facility developed at Battelle Northwest under EPRI sponsorship to study decontamination
parameters on reactor artifacts from operating
BWRs and PWRs. 2 Figure 1 shows an OTTF schematic with BUR pipe and PWR tubing
specimen mounts. The single pass design facilitates parametric studies. The
OTTF has inert surfaces, using only plastic and autoclaved Zircaloy components.
Thus, the reactor artifact is the only significant source of Fe, Cr, and Ni
and radioactive species. Mass average OTTF flow rates can be varied from
0 ml/min to 250 ml/min, at temperatures between 60°C and 180°C. OTTF operation
involves periodically measuring:
(1)
(2)
(3)
(4)

60 sec specimen counts with a colimated Ge(Li) detector.
Effluent grab samples.
Average flow rates (from effluent bottle weight changes).
In-line filter radioactivity measurements with a Geiger-Mueller
counter.

Relative 6 0 Co levels in the effluent are determined by taking 1000 sec
counts of 5 ml samples using either a Ge(Li) diode or a Nal(Tl) crystal. Fe,
Cr, Ni, and other metal concentrations in the grab samples are determined by
atomic absorption spectrometry; typical detection limits are ~0.05 ppm. PWR
steam generator tube specimens (2.2 cm 0D) are generally 8.3 cm long. Assuming
an average flow rate of 120 ml/min at 150°C, the flow velocity past the PWR
specimen surface is 0.7 cm/s gives a Reynolds number of "800. The OTTF is
described in more detail elsewhere.3'7 The OTTF effectively separates reagent
variables, but decontamination rates may be lower in recirculating systems.
RADIOACTIVE SPECIMENS
Radioactive specimens for the PWR phase of the decontamination studies
have come from a selection of Inconel 600 steam generator tubes which were
filmed in operating U.S. PWRs. Specimens from seven steam generators are
included in the inventory. To date, tubes from five steam generators have
been used in the studies.
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REAGENT DEVELOPMENT
The decontamination reagent development program has had five phases:
Phase 1 - Relation of dilute chelant and organic acid decontamination
effectiveness to functional groups. Oxidizing and reducing conditions
were superimposed on these reagents.
Phase 2 - Effectiveness of dilute low oxidation-state metal ion/chelant
formulations as a function of metal cation.
Phase 3 - HEDTA-based dilute formulations, combined with PWR coolant
additives (H3BO3 and LiOH), causing particulate releases.
Phase 4 - Redox cycling using dilute peracetic acid with moderate concentrations of hydrazine.
Phase 5 - Moderate-concentration oxidant/chelant formulations.
Rapid initial removal of 33! to 5% of the radioactivity was observed with
essentially all as-received PWR steam generator tube specimens. This phenomenon
may be due to loosely bound species deposited during the reactor exposure, but
also may be indicative of slight atmospheric oxidation of the primary side
croxide during storage. Most experimental work was performed between 150°C
and 180°C in order to get faster reaction kinetics and to evaluate reagents
for decontamination at higher temperatures (greater than 100°C), to complement
studies at other sites which have emphasized reagent studies for lower temperature operation.
PHASE 1 - DILUTE CHELANTS
Previous work showed that acidic chelant mixtures are effective decontamination reagents for BUR specimens, especially under reducing kconditions.3"*'6'7
However, 0.002 M_EDTA is not very effective on PWR artifacts. Runs 1-10,
shown in Figure 2, demonstrate that the choice of chelant (in single component
formulations) had little impact on overall decontamination rates. The low
decontamination rates suggested that dilute single-component chelant solutions
are not effective for PWR artifact decontamination under the conditions
investigated.
PHASE 2 - REDUCING FORMULATIONS
Theoretical considerations suggest that reductive dissolution of the
croxide may work as a single step decontamination process.15 Runs 12-13,
shown in Figure 2, demonstrate that EDTA/Fe(II) has a slightly higher decontamination rate than single-component chelants. Run 16 (Figure 2 ) , shows that
EDTA/Ti(III) had little effect, while Run 17 demonstrates that EDTA/Cr(II) was
very effective. The action of HEDTA/Cr(II) on a new PWK specimen is shown in
Figure 3. The tailing in this figure is related to Cr(II) depletion in the
feed solution, probably caused by the reduction of water. OTTF runs A, B, and
D in Figure 4 show that V(II)/picolinic acid is somewhat effective, although
slower than Cr(II)/HEDTA. Run C in Figure 4 shows that dilute hydrazine/
3-67

picolinic acid has a similar effect. Within this class of reducing reagents,
PWR primary side surfaces were rapidly decontaminated only by very powerful
reducing agents, such as Cr(II). However, the instability of very strong
reducing agents with respect to water and dissolved oxygen is a drawback.
While reducing decontamination formulations are particularly effective on BWR
films, they are probably not as well suited for single step PWR decontaminations.
PHASE 3 - PARTICULATE RELEASE
PWR coolant typically contains 0.185 M^ boric acid and 0.0003 t± lithium
hydroxide at shutdown if fuel is in the reactor. We observed that several
HEDTA based formulations, in the presence of boric acid and lithium hydroxide,
undercut the croxide and caused a particulate release. As shown in Figure 5A,
a long induction time followed by rapid decontamination is characteristic of
this phenomenon. The step increase in Fe, Ni, and Cr levels that always
precedes particulate release is also
shown in this figure. However, no
corresponding increase in effluent 60 Co levels was observed. Figure 5B shows
that the potential
of the specimen vs. an AgCl high temperature reference
electrode18 became 400 mV more active when the Fe, Ni, and Cr concentration
increase occurred. Dramatic radioactivity buildup on the OTTF's 5.0 yim
in-line filter occurred, with a corresponding increase in pressure drop across
the filter. The particulate releases resulted in high decontamination factors.
Removing radioactive species from the primary system as particulates may have
operational
advantages over the use of ion exchange systems to remove dissolved
6t)
Co, 5 8 Co, etc. Since particulate release formulations attack the croxide/
base metal interface, leaving the croxide largely undissolved, it is worth
speculating that fuel crud also may not be rapidly dissolved. High overall
DF's make the particulate release attractive, but the particulates must be
planned for. That raises another important consideration. The particulate
releases in the OTTF occurred with relatively common reagent formulations,
spiked with the PWR coolant additives. In decontamination campaigns where
particulate releases are not desired, there must be ample pre-testing to
assure that the coolant system surfaces are not susceptible to particulate
releases in the reagent which is selected.
PHASE 4 - REDOX CYCLING & DILUTE OXIDIZING AGENTS
Cr is a significant constituent in PWR croxide films and renders them
resistant to common decontamination reagents. An effective
PWR decontamination approach involves oxidation of Cr(III) to Cr(VI). 16 The potential
effectiveness of redox cycling is demonstrated by the rapid initial decontamination rates that were observed at the start of Runs E, G, and I in
Figure 4. Preliminary tests with alkaline permanganate suggested decontamination rates that were first order in permanganate concentration (Runs G-H,
Figure 4 ) . This suggested that other strong oxidizing agents may be effective
decontaminants. Dilute peracetic acid gave good decontamination rates, but
dilute hydrogen peroxide did not. Peracetic acid tended to remove Cr and Ni
but not Fe, suggesting that redox cycling may be effective. Figures 6A-E show
the results of an experiment where peracetic acid and hydrazine feeds were
alternated with no intermediate rinse. Peracetic acid removed Cr, Ni, and
most of the radioactivity. In a similar experiment involving hydrogen
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peroxide and HEDTA/hydrazine cycling, Fe was removed only during the reducing
(hydrazine) treatments. Hydrazine or hydrazine/chelant treatments help to
prevent decontamination rate tailing, perhaps by preventing buildup of an
Fe-rich protective layer. While this approach has the disadvantage of being a
two-step process, it illustrates the importance of residual croxide constituents
such as Fe.
PHASE 5 - OXIDIZING AGENT/CHELANT MIXTURES
Figure 6 shows that Fe is not readily removed by p^racetic acid (a strong
oxidant). This suggests that a promising approach to PWR decontamination
involves the use of strong oxidants with chelants. Oxidation-resistant
chelants can be used with strong oxidants to dissolve residual Fe. Peroxide/
citric acid solutions are effective single-step decontaminants for PWR specimens
(under OTTF conditions), as shown in Figure 7. A typical formulation is as
follows:
0.1 M
0.05~fo
0.185 M
0.0003~M
pH 3.5

{-0.Z wt %)
(-1.0 wt %)
(-2000 ppm B)
("2 ppm Li)

Hydrogen Peroxide
Citric Acid
Boric Acid
Lithium Hydroxide
Ammonium Hydroxide

Hydrogen peroxide is a stronger oxidant in acidic solutions than in neutral
solutions. A tentative model involves hydrogen peroxide attacking the croxide
film, while the citric acid chelates Fe (also Cr and Ni) to prevent the
formation of a passivating layer. This reagent gave good decontamination
rates (~0.1%/min) at 150°C, with an activation energy of approximately
20 kcal/gmole. The peroxide must be neutralized to prevent decomposition of
ion exchange resins during feed and bleed operation. Another possible problem
involves extensive off-gas generation from the decomposition of hydrogen
peroxide. However, since hydrogen peroxide decomposes to volatile products,
this decontamination formulation has low overall dissolved solids levels,
CONCLUSIONS
Dilute chelants, reducing-metal-ion based reagents, hydrazine/chelants,
redox cycling, and oxidizing agent/chelant formulations were evaluated as
candidate reagents for PWRs. Both strongly reducing reagents and strong
oxidant/chelant formulations effectively dissolved PWR croxides at temperatures
between 150°C and 180°C. However, the strongly-reducing reagents are generally
unstable because they reduce water. The hydrogen peroxide/citric acid reagent
is promising for the following reasons:
The reagents are inexpensive and easily handled.
The level of dissolved solids is low.
Hydrogen peroxide can be neutralized in situ with hydrogen (fuel in
place) or with hydrazine.
The decontamination rate is high.
IN600 and SS316 are likely to be passivated, thereby giving low
corrosion rates.
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Oxidizing agents are likely to give partial decontaminations, with falling
decontamination rates that may be due to the buildup of an Fe-rich protective
layer. Strong oxidant/oxidation-resistant chelant formulations showed rapid
decontamination rates in the OTTF. However, further work is needed to 1)
characterize the behavior of these reagents under recirculating conditions; 2)
determine materials compatibility; 3) investigate thermal/radiolytic stability;
and 4) identify potential scaleup problems.
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FIGURE 5.
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ABSTRACT

When decontaminated with continuously replenished CAN-DECON reagent in a
once-through system, carbon steel, contaminated with 6 ^Co during exposure to
reducing coolant in stainless steel loops, loses up to 90% of its radioactivity
in the first few minutes. Afterwards, the rate of removal falls to much lower
values which persist for many hours to the end of the experiment.
The effects of flow rate, temperature and reagent concentration on the initial
rates of decontamination indicate that mass transfer in the liquid is an
important factor in the decontamination. The decontamination factor is
influenced by the initial rate.
I.

INTRODUCTION

The radiation fields that build up around the cooling circuits of
water-cooled reactors are usually caused by radioactive corrosion products.
60

The predominant corrosion product radionuclide in CANDUs1 and LWRs is
Co, but 58co is also important in the early operation of PWRs. 2

The mechanisms by which corrosion product radionuclides deposit on the
surfaces of reactor systems have been the subjects of several research
studies. Those studies make it clear that, as corrosion films develop on
out-core surfaces, radionuclides such as ^"Co are incorporated within the
lattices of the microscopic crystals of metal oxide which constitute the
films.•* Therefore, to be ef-factive, any decontamination process must remove
the oxide films.
Of the various removal processes that rely on chemical dissolution of
surface oxides,* those that employ dilute reagents are receiving much
attention just now. This is because they can remove surface oxides without
attacking the underlying metal unduly, and pose fewer problems of waste
management than processes that use concentrated reagents.
* CAN-DECON is a registered trademark.
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The proprietary decontamination method called CAN-DECON is a
low-concentration process which has been successfully applied to Che heat
transport circuits of CANDU reactors* and to subsystems of BWRs." It
involves circulating a 0.1% solution of a mixture of weak organic acids and
cooplexlng agents at about 85°C through the component or circuit to be
decontaminated» During the application, the solution is continuously
regenerated by passing it through a bed of cation-exchange resin which also
takes up the radioactivity removed from surfaces. At the end of the
application, the bed of cation-exchange resin is replaced with one of mixed
cation- and anlon-exchange resin to remove the reagents.
We undertook the preliminary study reported here in order to extend our
basic understanding of the CAN-DECON process by obtaining Information on
kinetics and mechanisms. The variations in decontamination rate with
different flow rates» temperatures, and reagent concentrations, have shown us
that mass transfer in the liquid is important in the decontamination of carbon
steel.
II. EXPERIMENTAL METHODS
A. Loop description.
Figure 1 is a schematic diagram of the recirculatlng loop that was
used for the experiments. Most of the components are made out of stainless
steel.
The reagent is prepared and contained in a closed tank of volume about
185 L. For these studies we used the CAN-DECON reagent "LND-101", a proprietary chemical marketed by London Nuclear Limited of Niagara Falls, Canada, and
Niagara Falls, U.S. The tank is de-aerated and stirred with a continuous
nitrogen sparge, and kept at temperature with a steam coil controlled by a
thermocouple. The level of liquid in the tank is sensed with a differential
pressure cell which controls the ingress of makeup water from a demineralized
supply.
From the tank, reagent is pumped through the test section, through a
glass column containing cation-exchange resin, and returns via a rotameter.
Temperatures are measured with thermocouples at several places in the circuit,
and the tank and piping are thermally insulated to minimize temperature
gradients. Liquid samples can be obtained during operation from three points:
one before the test section, one between the test section and the ion exchange
column, and one after the ion-exchange column.
Test sections are pieces of tubing, A cm long, cut from lengths which
have been contaminated by connecting them into the cooling circuit of an
in-reactor loop. For this study, the in-reactor loop was a recirculating
system made of stainless steel and operated with water at 300°C containing
LiOH (pH R T <\» 10.3) and dissolved H 2 (^ 18 cm 3 /kg). The carbon steel
test sections were of 6.2 mm tubing . We pickled all the tubing before
contaminating it. The contaminant of most Interest is 6 0 Co, but slight
amounts of other radioactive corrosion products and fission products are
usually picked up too In an in-reactor loop.
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FIGURE 1.

SCHEMATIC DIAGRAM OF DECONTAMINATION LOOP.

Ü

A test section is connected into the loop piping with Swagelok fittings.
To maintain a smooth flow of reagent, each test section has its ends machined
flat, and the Swagelok fittings are bored out so that the test section can
butt tightly against the upstream and downstream pipes. These pipes are of
the same diameter as the test section in every run, and are at least 80 cm
long. The test section is mounted directly above the collimating hole in a
lead shielding box surrounding the head of a Ge(Li) gamma ray detector, and is
itself contained in an enclosure of lead bricks (note that the shielding is
Intended primarily to reduce the background to the Ge(Li) detector; the actual
radioactivity of each test section in an experiment was low, and gave rise to
fields of, at most, a few mR/h on contact).
B. Experimental procedure.
At the start of a run we mixed the reagent in the feed tank, brought
the solution up to temperature, and established flow in the circuit while
bypassing the test section piping» Meanwhile, we fixed a test section in
position, evacuated it and the piping on either side of it with a vacuum pump,
and began counting its initial activity with the gamma spectrometer.
Normally, a count would last for 20 or 30 minutes. After several hours of
successive counts,' by which time the loop conditions would have become steady,
we valved in the test section.
We found that the rate of decontamination was always rapid initially.
Therefore, in order to define the decontamination curve as precisely as
possible, we arranged the following sequence of counting times after valve-in:
first, sixty 15-second counts; second, ten 10-minute counts; third, twenty
30-minute counts, and fourth, 1-hour counts until the end of the run.
A typical run lasted for about 16 h, and background radiation was
measured by counting for a few hours without a test section before and after a
run. The data handling and processing were done with a Nuclear Data ND-6620
system. This allowed us to combine easily some of the successive shorter
counts to reduce the counting error if necessary. Since the counting times
were very short initially, only the main contaminant, ^^Co, could be measured
with sufficient accuracy.
To convert activities measured on-line in terms of count.s~l to
absolute surface concentrations of radioactivity in terms of yCi.m~2
(1 Ci - 37 GBq), we counted the test section before the run on a sensitive
off-line gamma spectrometer. The spectrometer had previously been calibrated
for the geometry of the different sizes of test section by acid stripping the
radioactivity off a specimen of each size and counting it separately as a
solution source. The initial on-line count rate of each test section,
corrected for background radiation, was made equal to the initial activity
determined off-line.
After several of the runs we cut open the test sections and examined
their Inside surfaces with a scanning electron microscope (SEM). One or two
analyses of microscopic surface features were done with an energy-dispersive
spectrometer (EDX analysis).
The experimental series comprised runs in which we first of all measured
the decontamination kinetics at different reagent flow rates. The nominal
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conditions were standard for CAN-DECON - 0.1% solution of LND-101 (the
proprietary chemical) at 85°C. We did the remaining runs to look for the
influences of temperature and reagent concentration. To test for the effect
of fluid shear stress alone, we did several experiments with just hot water at
85°C. Generally, this did not decontaminate surfaces, and in the one or two
cases where some removal of radioactivity occurred we could attribute the
effect to the accidental damaging of the corrosion film by rough handling
before installation in the loop.
III. RESULTS
A. General«
A typical decontamination plot is reproduced in Figure 2. Although
the actual rates and activities varied from run to run, we always got the same
pattern of results - a rapid initial removal, in the few minutes of which most
of the decontamination occurred, changing quickly to a slow removal which
persisted to the end of the run.
Figure 3 shows the first 20 minutes of data from Figure 2 on an expanded
time scale (note that the gamma spectrometer requires several seconds to reset
Itself between counts). From such plots for all the runs, we estimated the
initial rates of decontamination by drawing least-squares-fitted straight
lines through the data starting from the average background levels at time
zero (when the test sections were valved in).
B. Effect of flow rate.
At standard CAN-DECON conditions, i n i t i a l rates of removal of 60Co
from carbon steel varied markedly with Reynolds Number, as shown in Figure 4
(note that Re = tube diameter x fluid velocity x density/viscosity).
The correlation from Figure 4 indicates that the i n i t i a l rate varies as
(Re)0-85. when we neglect the result of the lowest flow rate, which is at
a Reynolds number of 940 ( i . e . , below the laminar-to-turbulent transition), we
deduce a variation with
^^
Scanning electron micrographs of typical test section surfaces before and
after decontamination are presented in Figure 5. Except for the removal of
some small particles we generally saw few differences in the gross features of
the oxide films between surfaces that had been decontaminated and those that
had not. At high magnification, however, decontaminated surfaces sometimes
showed small acicular or tabular crystals making a "fluffy" deposit between
any remaining larger crystals. We suspect that they may be slight amounts of
rust formed in the short period between draining a test section and drying it,
or in the longer period between removal from the loop and examination in the
SEM. The EDX analysis revealed Cu as a minor constituent of the surface, with
some contamination from traces of Ni, Mn, S, Si, Cr, and Fb.
C. Effect of temperature.
We deduced the effect of temperature on the initial fast decontamination process by doing a series of runs at constant LND-101 concentration
(0.1%), constant flow rate (Re = 3000 ± 100), but over a range of temperatures
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( 6 . 2 Him TUBING)

(28°C - 83°C). In Figure 6 we present an Arrhenius plot of the data. The
resulting activation energy is 4.5 ± 1.7 kcal/mo1.
D. Effect of reagent concentration.
At a constant temperature of 83 ± 2°C and a constant flow rate
(Re - 3000 ± 100), the initial decontamination rate varies with concentration
of LND-101 (over the concentration range 0.02 to 0.2%) as shown in Figure 7.
A log-log plot of the data showed us that the initial decontamination rate
varies as [LNL-101] 0 ' 5 ± 0 . 2 .
IV. DISCUSSION
A. General.
The pattern of a rapid Initial rate declining quickly to a much slower
rate which persists for a long time could reflect a removal process (such as
oxide dissolution) which gets progressively more difficult, presumably as a
more adherent or less porous film is gradually uncovered. Such a process can
be described mathematically in terms of an activation energy for removal which
Increases as the process continues.^ A simpler description would involve
two oxide species on the surface, both being removed by a first-order process
but one being removed much more rapidly than the other. The sum of two
exponential rate expressions could then be applied to each decontamination
curve. If the two-species model were realistic, it would be convenient to
assign the inner and outer oxide layers which grow on carbon steel in high
temperature water to the two species. Indeed, the SEM pictures showed us that
in some experiments some of the outer layer crystals were in fact removed by
the decontamination; however, we had difficulty in deciding whether a large
proportion of the outer layer had been removed or not.
B. General mass transfer effects.
The variation of the initial decontamination rate of carbon steel
with flow rate indicates that mass transfer in the fluid is important. For
diffusional mass transfer in turbulent flow in straight pipes we expect** a
variation of rate with ( R e ) 0 * 8 6 ; bearing in mind the scatter in the data,
our exponent of Re of 1.01 in the turbulent regime is reasonably close to the
expected value.
The activation energy for the initial process also confirms a diffusionrelated mechanism; the low value of 4.5 kcal/mole, obtained from the runs at
different temperatures, is consistent with a process that depends on diffusion
in the liquid, and is close to the value of 5.3 ± 0.8 kcal/mole obtained^
for the diffusion-controlled leaching of some natural ores by aqueous
solutions in the temperature range 40 - 90°C.
Unfortunately, although diffusion in the liquid is clearly an important
step in the overall process, we do not have enough information to allow us to
decide definitively whether mass transfer alone is controlling; however, if it
Is, It Is the transfer of reactants to the dissolving oxide surface rather
than the transfer of reaction products away from the surface that is
controlling. The dependence of initial rate upon the square root of reagent
concentration could result from this process. Because the reagent is a
mixture of weak acids and complexing agents, many equilibria occur in
solution, and a square root dependence on total reagent concentration could
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result from a linear dependence on the concentration of active species (note
that diffusion of active species to the surface depends linearly on species
concentration in the bulk - assuming that the interfacial concentration is
negligible as expected for a relatively rapid surface reaction).
The only other way for reagent concentration as well as flow rate to have
an effect is for the process to be under mixed control. Then, mass transfer
and surface reaction are of comparable rates.
If the removal of reaction products from the surface is the controlling
mass transfer process, we can eliminate spalling of loosened material as a
mechanism as follows: the friction factor, f, is defined by . . .

f «
pu
where T * fluid shear stress at the wall
p • fluid density
u • velocity
The Blasius equation for flow in smooth pipes links the friction factor with
the Reynolds number, Re:

f "c (Re)" 0 * 25

...(2)

Therefore,

T - u 2 (Re)" 0 * 25

...(3)

For the same diameter pipe, such as we had for carbon steel in these
experiments, Re « u; therefore,

and we would expect a variation of decontamination rate with flow rate to the
power 1.75 if spalling were the predominant process. Such a variation is too
large to be reasonably fitted to the data, suggesting that spalling is uot
important in our experiments.
One difficulty with postulating mixed control of a surface reaction
followed by a removal process such as spalling or diffusion is that the
initial rate of decontamination is theoretically zero. This is because the
surface has to be attacked before it can be removed. In that case, the rates
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we measured and called "Initial" were maximum rates attained after an
induction period. Since the counting times were short» any induction period
must be of the order of several seconds for it to be indiscernable within the
scatter of the data.
C. Decontamination factors.
The decontamination factor, DF, the ratio of activities before and
after decontamination, is the parameter most often used to judge the
effectiveness of a decontamination. From the point of view of studying
mechanisms, DF is an Inconvenient quantity, for it varies in a very non-linear
way with the proportion of radioactivity removed; for up to 80% removal, DF
varies between 1 and 5, and for over 95% removal, DF varies between 20 and
infinity. Therefore, at high removal fractions (which were common, in this
study, for ^ C o ) , slight errors or irregularities in the data are very much
magnified when DFs are calculated. Nevertheless, to conform to accepted
practice, we present DFs for our experiments at standard CAN-DECON conditions
in Table 1. Note that we could measure only ^ C o with the on-line
counter, so most of the DFs were determined by measuring off-line before and
after the experiments. The discrepancy between on-line and off-line DFs for
&0co is perhaps due to some further attack on the test section surfaces in
the time between stopping the runs and opening the loop and removing the
sections for counting. Therefore, the values determined on-line are the more
reliable.
The values show a definite trend with flow rate - the higher the Reynolds
number, the higher the DF. Since the rates of decontamination in the last
part of an experiment are very low in comparison with those in the first few
minutes, they are not likely to be controlled by mass transfer in the fluid;
the apparent dependence of DF (which is governed by the final stages of the
process) on flow rate needs examining.
To Investigate this point further we plotted DF (measured on-line)
against initial decontamination rate. As Figure 8 shows, most of the scatter
in the data was removed, and we obtained a smooth curve. This suggests that
the decontamination of carbon steel is not the sum of processes acting
independently on two separate species on the surface (as was mentioned earlier
as a possibility), but is a process in which the final stages are affected by
the initial stages.
V.

SUMMARY AND CONCLUSIONS

The decontamination of carbon steel (contaminated with ^ C o under
reducing conditions In stainless steel loop) with a constant source of
CAN-DECON reagent in a once-through system follows a pattern in which the rate
is initially rapid, but falls off to a very low value after several minutes.
Up to 90% of the radioactivity may be removed in the initial period.
Mass transfer In the liquid is Important in the initial decontamination,
as indicated by a dependence of the rate on (Re)I'd and by a low activation
energy.
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Table 1
DECONTAMINATION FACTORS FOR VARIOUS RADIONUCLIDES ON CARBON STEEL UNDER
STANDARD CAN-DECON CONDITIONS

DF
Reynolds Number

Nucllde

Co on-line
60

Co
Co
51
Cr
95
Zr
95
Nb

58

off-line

940

2380

2770

4950

7030

9700

4.1

4.5

6.2

6.S

7.8

15.9

4.4
5.4

4.8
6.3
2.5

6.1
7.9
2.7

19.1
31.4

14.2
18
5.6
5.7

374

1.4

5.9
5.9

1.5
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The dependence of the initial decontamination rate on the square root of
the reagent concentration could result from either mass transfer of reactants
to the surface, or mixed control of surface reaction and diffusion across the
fluid flow boundary layer.
Spalling of loose material off the surface contributes little to the
decontamination process.
The decontamination factor depends upon the initial decontamination rate.
This suggests that the later, slow removal of activity depends upon the
initial rapid removal, and that independent processes acting on separate
species do not occur.
More experiments on different sizes of tubing and at different fluid flow
rates and reagent concentrations are required for the mechanisms to be sorted
out definitively.
VI.
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ABSTRACT
The redeposition of colloidal magnetite particles can reduce the effectiveness
of a CAN-DECON decontamination of reactors. A small negative charge on the
magnetite surfaces is the source of this problem. Sodium salts of the
following anionic polyelectrolytes were evaluated as surface charge modifiers:
polyacrylic acid, polymethacrylic acid, poly (methyl vinyl ether/maleic
anhydride), sulfonated polymers. A cationic polyelectrolyte, a polyamine, was
also evaluated. An active and an inactive oxidized carbon steel sample were
treated in the same beaker with 0.1% CAN-DECON reagent and the polyelectrolyte. Activity pick-up by the inactive sample was measured. When no polyelectrolyte was added, 15% of the Co-60 activity was redeposited. With
polyelectrolyte addition in the 5-450 mg/kg range the Co-60 activity
redeposition ranged from 8.5% down to 0.8%. Polyacrylic acid was the most
effective reagent. The transfer of the magnetite outer oxide crystals from
the active to the inactive surfaces is identified on SEM micrographs. The
polyelectrolytes also promoted the removal of the innermost crystals of the
outer oxide film.
I.

INTRODUCTION

During the early stages of the development of the CAN-DECON
decontamination process it became apparent that activity removal from
component surfaces occurs by dissolution of the oxide film and by particle
removal from surfaces.
Only sub-micron filters were effective in removing particles from the
decontamination solution. It was thus concluded that the particles liberated
during decontamination are in the colloid size range.
Even when a decontamination is effective, that is when most of the
radioactivity is removed from the circuit, there are a few locations where an
increase rather than the expected drop in radiation field is observed. This
Increase in radiation field is attributed to radioactive particle deposition.
Both activation and fission products are redeposited during
decontamination. In the decontamination of a CANDU reactor Primary Heat
* CAN-DECON is a registered trademark.
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Transport System (PHTS), approximately 15% of the Co-60 activity is removed on
filters and the remainder is removed by ion exchange. During the CAN-DECON
treatment of circuits also contaminated with fuel debris, activity redeposition can be a problem. The fuel particles and several of the fission
products such as Zr-Nb-95 and the Ru isotopes are insoluble in the CAN-DECON
reagent, and their removal is exclusively by particle transport.
An experimental program has been initiated to investigate the particle
redeposition process and to find ways to reduce it. In the PHTS of the CANDU
reactor, Co-60 is associated with magnetite. Therefore, the initial work has
been concentrated on magnetite particles, and the program is now being
expanded to include uranium oxide particles and fission products.
In this paper we report the results of our studies on the effectiveness
of polyelectrolytes in reducing magnetite redeposition in the CAN-DECON
decontamination system.

II. THEORETICAL
Gravitational, magnetic, electrical double layer, van der Waals and
hydrodynamic forces may contribute to particle deposition on, and removal
from, reactor component surfaces.* Under normal reactor operating
conditions the water chemistry is adjusted to minimize the corrosion of system
materials. There is little latitude for the adjustment of system chemistry
conditions to affect any of the forces listed above. However, in decontamination there is more scope for altering conditions and thus, for significant
changes in these forces. Major changes can be made in the electrical double
layer and van der Waals forces by the introduction of dispersants and surface
active agents. Within narrow limits the hydrodynamic forces can be influenced
by changes in reagent circulation rates.
In the pH range of 4-5, which is of interest for CAN-DECON treatment,
the zeta potential of magnetite particles, dispersed in water containing
singly-charged ions, ranges between +4 and +12 mV. In the presence of the
CAN-DECON reagent, the zeta potential of magnetite is between -3 and -6 mV.2
The shift in zeta potential to negative values is attributed to the
adsorption of the negatively charged reagent molecules and iron-reagent
complexes on the magnetite surface. At these low zeta potentials the
van der Waals interaction and (especially for magnetite) the magnetic adhesion
force exceed the electrical double layer repulsion between particles or
between a particle and a surface.
Dispersants are known to be effective in preventing colloid redeposition.
Polyelectrolytes have been successfully used in conventional boilers to
control the deposition of magnetite.-*»^ The following mechanism has been
proposed to explain the stabilizing effect of polyelectrolytes.^ Depending
on their charge density (number of charges per unit length), polyelectrolytes
are strongly or weakly attracted by colloid particles of opposite charge, the
effect being a decrease or even a reversal of the original charge of the
particle. If the charge density of the polyelectrolyte is large, the absolute
value of the resulting charge on the particle, following the adsorption, may
be larger than the original charge. This results in an increased repulsion
between particles and thus, a more stable dispersion. In addition to this
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electrostatic stabilizing effect, another protective mechanism, due to steric
factors, 5 » 6 may be envisaged. The adsorption of flexible macromolecules at
the surface of the colloid particles produces a polymer cloud around them,
preventing inelastic collisions that result in agglomeration. However, if the
molecular weight of the polyelectrolyte is large, the polymer molecule can act
as a bridge between particles and can thus promote agglomeration. Polymers
with molecular weights of less than 10 000 have been recommended as
dispersants.
III. EXPERIMENTAL
Preliminary experiments were conducted using commercial magnetite powder
with a sub-micron particle size range. Dispersion of this powder in the
CAN-DECON reagent solution was promoted by agitation in an ultrasonic bath.
The settling rate of the magnetite was measured in 0.1% LND-101* solution with
and without dispersant addition. Poor reproducibility of these experiments
Indicated incomplete dispersion of the magnetite powder, and thus this
approach was abandoned.
A procedure that more closely simulates decontamination conditions was
subsequently used. In it, the magnetite particles were generated during the
CAN-DECON treatment of preoxidized carbon steel samples. Samples covered with
a radioactive oxide film, and others covered with a non-radioactive oxide
film, were treated concurrently in the same solution. An evaluation was made
of the transfer of activity to both the surface of the carbon steel sample
that was Initially inactive and the solution. Sample pretreattnent conditions
are listed in Table 1. Figure 1 illustrates the equipment used in the
decontamination experiments.
The glass vessel was partially filled with 0.1% solution of LND-101
containing the dispersant. The vessel was immersed in a constant temperature
bath held just above 85°C. To exclude oxygen from the system and to provide
mild agitation, nitrogen was bubbled through the solution. When the solution
temperature reached 85°C, an active and an inactive carbon steel sample were
immersed in the reagent for 2.5 h. In selected experiments a preoxidized,
inactive Incoloy-800 sample was also immersed in the decontamination solution.
On completion of the experiment, radionuclide concentrations in solution and
on alloy sample surfaces were determined by gamma spectrometry. Alloy samples
were also subjected to examination by scanning electron microscope.
The commercially available polyelectrolytes tested in this program are
listed in Table 2. The detailed compositions of several polyelectrolytes were
not provided by the manufacturer. Several of the polyelectrolytes tested are
used as additives to boiler feedwater to reduce particle growth and deposition,
and as additives to cooling water to reduce iron oxide deposition. With the
exception of one cationic polyelectrolyte, Ucipol-GC700, all of the reagents
tested were anionic

* Proprietary reagent of London Nuclear Limited, Niagara Falls, Ontario,
Canada.
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Table 1
SAMPLE PRETREATHENT

Material
Pretreatment environment
Temperature
pH
Duration

Active

Inactive

Carbon steel

Carbon Steel/Incoloy-800

U-2 loop autoclave*

Static autoclave

300°C

350°C

10.2 (LiOH)

10.2 (LiOH)

6-8 weeks

6 days

* In-reactor loop of the NRU reactor at Chalk River Nuclear Laboratories.
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Table 2
LIST OF POLYELECTROLYTES TESTED

Trade Name

Chemlcal
Composition

Manufacturer

Molecular Weight
Range

Antlprex A

Sodium salt of
polyacrylic acid

Allied Colloids

2000 - 4000

Antlprex MKE

Sodium salt of
polymethacrylic
acid

Allied Colloids

2000 - 4000

Versicol E-7

Sodium salt of
homopolymers and
copolymers of
acrylic acid

Versicol E-9
Gantrez AN-119
Gantrez AN-149

-\-27 000
Allied Colloids
•v76 000
Low

Sodium salt of
poly (methyl
vinyl ether/
maleic acid)

GAF Corp.

Gantrez AN-169

Medium
High

Betz Sperse Plus

Sodium salt of
carboxylated-,
sulfonated
polymer +
surfactant

Alchem 7WT-283

Sodium salt of
polyacrylic
acid + detergent

Ucipol GC700

Polyamine

Betz

N/A*

Alchem

N/A*

Union chimique
et industrielle
de 1'ouest
(Paris, France)

* N/A - not available

3-104

N/A*

IV.

CALCULATIONS

The percent activity » d e p o s i t i o n (K) was evaluated for Co-60 In each
experiment:

n
K-

—

x 100

..(I)

where AA « a c t i v i t y deposited on the surface of "lth" alloy sample during
decontamination (Bq)
n - number of samples in the experiment (two or four)
L - a c t i v i t y in solution (Bq)
Aj was evaluated directly for alloy samples that were inactive
i n i t i a l l y and was calculated for the active samples, assuming that the
specific a c t i v i t y (activity/surface area) of redeposited a c t i v i t y on both
types of sample was i d e n t i c a l .
Decontamination factors (DFs) were calculated for i n i t i a l l y active
samples:
Dp m

Activity before decontamination
Activity after decontamination

The a c t i v i t y after decontamination included redeposited a c t i v i t y .
V.

RESULTS AND DISCUSSION

A. General.
Tables 3 and 4 illustrate the effect of polymer type and molecular
weight on percent Co-60 activity redeposition at the same polymer concentration. Polymer molecular weight had a very small effect on activity redeposition, even though the molecular weight of the sodium salt of polyacrylic acid
tested ranged from 2000 to 76 000. When no polyelectrolyte was added to the
decontamination system, 15% of the activity was redeposited on the carbon steel
surfaces. With the addition of polyelectrolyte, a very dramatic improvement
was observed. The percent redeposition ranged from 8.5% at low polymer
concentration to 0.8% at high polymer concentration. The effectiveness of the
salts of polyelectrolytes ranged as follows:
polyacrylic acid > poly (methyl vinyl ether/maleic anhydride) >
polymethacrylic acid £ sulfonated polymer -polyamine
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Table 3
EFFECT OF POLYMER STRUCTURE ON Co-60 REDEPOSITION

% Co-60 Deposited
on Carbon Steel*
No polyslectrolyte added

15

Anionic polyelectrolytes (50 mg/kg)
Sodium salt of:
Polyacrylic acid
Polymethacrylic acid
Sulfonated polymer

2.4
5.7
8.5

Cation!c Polyelectrolyte (110 mg/kg)
7.7

Polyamine
* 100% • activity removed from active coupon
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Table 4
EFFECT OF POLYMER MOLECULAR WEIGHT ON Co-60 REDEPOSITION

SODIUM POLYACRYLATE (50 mg/kg)

Trade Name
Antlprex A

Molecular Weight

% of Co-60 Deposited on
Prefilmed Carbon Steel*

2000 - 4000

2.4

Versicol E-7

27 000

4.3

Versicol E-9

76 000

3.3

POLY (METHYL VINYL ETHER/MALEIC ANHYDRIDE (110 mg/kg)

Trade Name

Molecular Weight

% of Co-60 deposited on
Prefilmed Carbon Steel*

Gantrez 119

Low

2.8

Gantrez 149

Medium

2.9

Gantrez 169

High

3.1

* 100% - activity removed from active coupon
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In several experiments an inactive, preoxldized Incoloy-800 sample was
also included* Co-60 deposition on such a surface was a factor of 20 to 50
times smaller than on preoxldized carbon steel surfaces.
B. Sodium salts of polyacryllc acid«
Since sodium salts of polyacryllc acid were the most successful in
preventing activity redepositlon, their effectiveness was evaluated at several
concentrations* Activity redepositlon as a function of Antiprex A addition
levels is illustrated in Figure 2.
Compared with the case Involving no addition of polyelectrolyte, a very
large reduction in activity redepositlon was obtained even when only 5 mg/kg
Antiprex A was added* Increasing the dose resulted in further small reductions
in activity redeposltion*
The ratio of carbon steel surface area to solution volume was the same in
each experiment and was selected to give a final pH within the range of typical
CAN-DECON decontaminations. The change in pH of the solution with time is
illustrated in Figure 3 for two runs - one without the addition of polyelectrolyte, the other with the addition of 450 mg/kg of Antiprex A. The higher
initial pH of the polyelectrolyte-containing solution Is due to the buffering
action of the sodium salt of polyacryllc acid added* The lower final pH
(Indicating a lower decontamination rate) in the polyelectrolyte-containing
system is likely due to partial blocking of the oxide surface by the polyelectrolyte. This trend is substantiated in the series of runs conducted with
various levels of Antiprex A added* The lower decontamination rates resulting
from the addition of polyelectrolyte were offset by lower activity redepositlon, producing little change in DFs. Results, including initial and final
pH values, are listed in Table 5.
C. Cationic polyelectrolytes.
Cationic polyelectrolytes generally do not adsorb on positively charged
surfaces, such as magnetite in a low pH environment, yet the polyamine did
reduce activity redepositlon. This could have been because reaction between
the cationic polyelectrolyte and the anlonic reagent molecules resulted in a
salt formation. Such a salt has no net charge and is thus readily adsorbed on
the magnetite surface in much the same way as nonionic or amphoteric polymers.
D. Microscopic examination of carbon steel surfaces.
The surface morphology of active and inactive carbon steel specimens
were dissimilar due to differences in pretreatment duration and hydrodynamic
conditions (see Table 1). The inactive surfaces did not develop a distinctive
outer oxide layer, but were covered by poorly formed crystals approximately
0.1 um in diameter. The active specimens were covered by multiple layers of
well defined crystals 0.2-2 ym in diameter. Figure 4 shows SEM micrographs of
active and inactive samples taken after the decontamination, with several
levels of Antiprex A.
Large crystals from the active samples deposited on the inactive carbon
steel samples during CAN-DECON treatment without Antiprex A being added. The
addition of Antiprex A resulted in reduced «deposition on inactive surfaces.
The larger the Antiprex A dosage, the smaller is the redeposition that is
observed; this behaviour is consistent with the Co-60 redeposltion data in
Figure 2.
3-108

601-e

COBALT-60 DEPOSITED ON CARBON STEEL
00
r|

10

*

o

|S>

5i

o
o

o>

o

Dep
o

II

31

o

rt

5"
SI

<

-1

ft

w
a.

g
0)
(^

rr
0

Ml

>
z

m
o
<
m
o
-n
o

-o
m

o
o

a
o
_i

ro

X
>

^i

5
z

g"
OJ

•O
O

n

j?

ACTI

.yacry
M

<
m
o

a.

o

r»

o
z

•a
n
A
s<
>
>

s.

-a

o
o

CO

o
o

o
c

•H
O

z

^
o
o

(%)•

5,-

•

NO POLYETETROLYTE ADDITION

A WITH 450yig/kg ANTIPREX A ADDED

IOOO

3000

5000

7000

9000

TIME (s)

Figure 3

Solution pH During Decontamination with and without Polyelectrolyte Added

A
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B
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Figure 4 SEM Micrographs of Carbon Steel Samples
Following CAN-DECON Treatment. Effect of
Addition of Antiprex A.
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Table 5
EFFECT OF ANTIPREX A ADDITION ON SOLUTION pH AND Co-60
DECONTAMINATION FACTOR FOR CARBON STEEL COUPONS

Solution pH
Antlprex A Added

Initial

Final

Co-60 Decontamination
Factor

none
5
25
50
250
450

2.0
2.3
2.3
2.2
2.6
2.8

5.0
5,0
5.1
4.9
4.9
4.7

6.9
7.2
7.0
7.2
7.4
5.8
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CAN-DECON treatment without the addition of dispersant resulted in the
incomplete removal of outer oxide from the surface of the active sample.
Increased dispersant dosage resulted in improved removal of the outer oxide«
At the 450 mg/kg addition level removal of the outer oxide was complete. Some
of the outer oxide crystals were embedded in the inner oxide. In micrograph
B-4 of Figure 4 the imprint of the outer oxide crystals on the inner oxide
layer is clearly visible.
E. Fission product deposition.
Besides Co-60, fission products such as Zr-Nb-95, Ru-103 and Ce-144
were present on the contaminated samples.
Material balances were calculated for the radionuclldes. However, the
glass reaction vecsel was not included, since it was too large to be accommodated in the gamma spectrometer. While over 85% of the Co-60 was accounted
for, the material balance for fission products was generally poor. More recent
experiments indicate that some of the fission products preferentially deposited
on the glass surfaces. In an experiment in which polyacrylic acid was added as
a dispersant, the fraction of Ru-103 and Nb-95 deposited on the initially
inactive carbon steel surface was two orders of magnitude lower than the
fraction of Co-60 deposited on the same surface. This result indicates that
less than 2% of these fission products were occluded in the magnetite crystals,
and thus the redeposition characteristics of over 98% of the fission products
are quite independent of magnetite, the major particulate in solution. Since
Ru-103 and Nb-95 are insoluble in the decontamination reagent' they must be
associated with particles other than magnetite, most likely fuel debris.
VI.

CONCLUSIONS

1. The addition of a low concentration of polyelectrolyte is an
effective way to reduce magnetite and Co-60 redeposition during decontamination.
2.

The effectiveness of the salts of polyelectrolytes ranged as follows:
polyacrylic acid > poly (methyl vinyl ether/maleic anhydride)>
polymethacryllc acid £ sulfonated polymer ~ polyamine

3. The decontamination rate was reduced by the blocking action of the
polyelectrolytes. In our experiments decontamination time was kept constant.
Thus reduced activity redeposition due to the addition of polyelectrolyte was
offset by a reduction in surface oxide dissolution resulting in no change in DF.
4. Magnetite preferentially deposited on preoxidized carbon steel
surfaces, as compared with preoxidized Incoloy-800 surfaces.
5. Deposition of fission products was independent of Co-60 and magnetite
deposition. The fission products were preferentially deposited on glass
surfaces.
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VII. FUTURE WORK
Work Is continuing on this program. To evaluate the r61e played by
hydrodynamic forces, the more promising dlspersants will be tested In recirculating decontamination solution, rather than In static experiments. A series
of polyacrylates with a wide range of well defined molecular weights will be
evaluated» with more emphasis placed on the behaviour of fission products.
VIII.ACKNOWLEDGEMENTS
Thanks are due to Dr. D.H. Lister for the many valuable discussions during
the course of this investigation.

3-114

REFERENCES
1.

R.S. Rodliffe and F.A. Means, "Factors Governing Participate Corrosion
Product Adhesion to Surfaces in Water Reactor Coolant Circuits," Central
Electric Generating Board Report RD/B/N4525 (1979).

2.

R.D. Harris, M.Sc. Thesis, in preparation, Dept. of Chemical Engineering,
University of New Brunswick (D.M. Ruthven, thesis supervisor).

3.

J.V. Phelan and L.R. Gelosa, "How to Control Boiler Iron Deposits,"
Chemical Engineering, 82, 174-8(1975).

4.

J.A. Kelly and M.L. Palmer, "Iron Oxide Deposition - Complete System
Control." Presented at the 40th Annual International Water Conference,
Pittsburgh, Pennsylvania, October, 1979.

5.

W. Heller, "Effects of Macromolecular Compounds in Disperse Systems," Pure
and Applied Chemistry, 12, 294 (1966).

6.

B. Vincent, Advances in Coll. and Interface Science, 4, 193 (1974).

7.

J. Torok, C.E. Ferris and R.D. Delaney, "Fission Product Transport During
Decontamination." Presented at the 181st Meeting of the American Chemie?!
Society, Atlanta, Georgia, March, 1981.

3-115

Session 4
Non-Chemical Methods of
Decontamination and Laboratory Developments
Keynote Address
Application and Effectiveness of Non-Chemical Decontamination
Processes
H.W. Arrowsmith, Quadrex Corporation, USA

Papers
Experimental Study on Decontamination Effect of Water Jets
Spray
T. Yamanouchi, Y. Suzuki, Power Reactor & Nuclear Fuel
Development Corporation, Japan
K. Seki, J.K. Asahina, Engineering Div. Kobe Steele Ltd., Japan

4-1

Chemical Cleaning Tests of Hot Samples in a Japanese BWR Plant
K. Miyamaru, Tokyo Electric Power Company, Inc., Japan
N. Takashima, A. Kikuchi, Toshiba Corporation, Japan
4-15
Decontamination Applications with Freon ® 113
D.E. Fowler, Health Physics Systems, Inc., USA
4-29
A Foam Process for Application of Decontamination Agents
J.M. Harris • J.R. Miller, R.S. Frazier, J. H. Walter,
Energy Systems Group, USA
....

4-37

Basic Studies on Carbon Steel Decontamination
M. Pavarotti, R. Rizzi, C. Ronchetti, CISE, Italy

451

Decontamination Method Using Reductive Solutions Produced by
Electrolysis
H. Itow, O. Sumita, Y. Furutani, A. Minato, T. Sawa,
Hitachi Ltd., Japan
4-89
Decontamination of Savannah River Plant Waste Glass Canisters
W.N. Rankin, El. Du Pont de Nemours &Co., USA
4-101
The GECD/NEA Agesta Reactor Decontamination Program
R. Riess, Kraftwerk Union, W. Germany
S. Menor., Studsvik Energiteknik AB, Sweden

4-119

EXPERIMENTAL STUDY ON DECONTAMINATION EFFECT
OF WATER JETS SPRAY

T. YAMANOUCHI, Y. SUZUKI
Power Reactor and Nuclear Fuel
Development Corporation
Tokai, Japan
02928 (2) 1111
I.

J . K. ASAHINA, K. SEKI
No. 5 Engineering Dept.
Kobe S t e e l , Ltd.
Chiyoda-ku, Tokyo, Japan
03 (218) 6535

ABSTRACT

Nuclear components, pipes, casks and so on are contaminated for long
usage and should be decontaminated before their repair or maintenance.
In these days, there are various ways of decontamination such as ultrasonic wave cleaning, mechanical brushing, electric polishing and so forth,
but most common way of it is water jets splay.
Water jet dynamic pressure along the axis of nozzle (Pm) depends upon
that of nozzle exit (Po) and the distance between nozzle exit and the surface to be decontaminated.
On the other hand, decontamination effect greatly depends not only
on the pressure (Pm) but on the nozzle scanning speed (Vs). But the formulated relation of these effects on decontamination is not known yet.
The authors studied the characteristics of water jets of various types
of nozzles by measuring pressure distribution in water jets, made simulated
sample pieces of CRUD1 , and removed the deposit by water jets.
As a result of these experimental studies, the authors can obtain
the formulated relation between decontamination factor (D.F.) and the former
various factors.

XI.

INTRODUCTION

The inner and outer sufaces of the cask for transporting used nuclear
fuel and the outer surface of inner structure inside the cask are said to
be contaminated by radionuclides each in different condition.1
In the design undertaken by Power Reactor and Nuclear Fuel Development
Corporation (PNC) in 1979 for the detail of cask controlling facilities,
decontamination system by means of high pressure water jets was selected
based on the result of elimination of contaminants from the outer surface
in La Hague and others.
However, no systematic study on the conditions for and result available
by decontamination has yet been reported, and feeding back of the result of
su'oh study to the design Las urgently been needed.
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The present experiment was carried out in three stages on test pieces
with simulated CRUD as follows:
(1) Experiment to prepare simulated CRUD test pieces by depositing
iron oxide on stainless steel
(2) Experiment to decontaminate simulated CRUD by high pressure water
jets
(3) Evaluating decontamination factor (D.F.) after decontamination
As a result of the experiment, a constant for expressing the jet characteristics of each of the nozzles was grasped; and decontamination factor
(D.F.) can now be estimated easily from the jetting conditions such as nozzle
shape, discharging pressure of water, and the distance from the nozzle to the
object to be decontaminated.
III. DETAIL AND METHOD OF EXPERIMENT
A.

Experiment for preparation of simulated test piece
1.

Properties of CRUD deposit

Accumulation of CRUD in primary coolant onto the fuel surface
is believed to take place as a result of convection of primary coolant and
deposition of CRUD beyond the limit of solubility.
The solubility of magnetite (Fe3O4) that is the chief ingredient of CRUD depends strongly on pH of primary coolant, and the conditions
of deposition of CRUD change depending on the quality of primary coolant
such as the amount of hydrogen dissolved in it. Therefore, the conditions
of CRUD deposit are different between PWR where pH control is carried
out and BWR where it is not. The radio-activated CRUD deposit of the fuel
surface is transferred into the cooling water for the cask as a result of
scaling off or dissolution.
The CRUD transferred into the cooling water is deposited on
the surface inside the cask to contaminate the inner surface and inner structure of the cask.
It is believed that the amount of CRUD deposited on the fuel
surface is of the order of 2 mg/cm 2 for BWR and 0.2 mg/cm 2 for PWR in average,^ and similar amounts of deposition on cask inner surface are estimated.
2.

Method for depositing simulated CRUD on test piece

Stainless steel plate of SUS 304 of a size 200 nun x 150 mm x
2 t mm was used as a test piece. The test piece was placed on the shelf in
the container with a carbon steel plate above test piece as shown in Fig. 1,
the container was filled with water, and the whole was kept in a thermostat
with a tight cover at a constant temperature between 60°C and 90°C for two
days and two nights.
It was found from the experiment that CRUD consisting mainly
of Fe2O 3 or FeO(OH) was deposited at the container temperature 50 - 60?C
while CRUD consisting mainly of Fe 3 O4 at 70 - 90°C.
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Further, it was confirmed that the average amount of deposition
of CRUD was in the order of 0.2 - 3 mg/cm2 that is similar to that in 1.
above.
B. Experiment for decontamination of the simulated test piece by high
pressure water jets
1. Method for measuring dynamic pressure distribution along the
axis of jets
The specifications for the nozzle used in the present experiment are shown in Table 1.
The cross section of "jet stream each for straight and spray nozzle
is shown in Fig. 2.
The dynamic pressure distribution along the axis of jets was
measured by scanning the sensor along the center line of the cross section
of jets at 5 mm/sec speed.
2.

Method of decontamination experiment

The effect of operating conditions on D.F. was grasped for each
of the nozzles with measured dynamic pressure distribution along the axis under
various conditions of pressure, distance, scanning speed, etc.

3. Method of evaluating D.F.
D.F. of radioactive substance is usually expressed by the
ratio of surface contamination densities before and after decontamination,
but here it is expressed by the ratio of weights of deposit adhering before
and after decontamination.
As the method of quantifying D.F., X-ray diffraction method
was adopted.

D.F.

N2 - N0

D.F.: Decontamination Factor
N o : Number of counts for stainless steel mother material
N]_ : Number of counts by the deposit before decontamination
N2 :
"
after decontamination
IV. EXPERIMENTAL RESULTS
A. Analysis of jets characteristics
According to Yanaida et al 2 , high pressure water jets can be
divided into three sections.as shown in Fig. 3: (1) initial region where the
jets are not uniform in shape under the effect of boundary layer formed at the
exit of various nozzles, (2) region with a minor effect of the boundary layer
and stable spreading characteristics, and (3) final region where perfect
atomization is available.
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According to the analysis by momentum theory by Yanaida at al ,
distribution of dynamic pressure along the axis of jets is expressed by
equation (1) and Fig. 4.

Po:
Pjg:
Xc:
X :
n :

Pressure at the nozzle exit
Dynamic pressure along the axis of jets
Length of initial region
Distance from jet exit along axis of jet
Characteristic of jet spreading

Kg/cm 2
"

B . Result of measurement of dynamic pressure distribution along the
axis of jets
Attenuation step of dynamic pressure was measured for each of six kinds
of nozzles by making non-dimensional at diameter D o in the case of straight jet
nozzle and at major axis Dh in the case of spray jet nozzle. An example of the
results in each of the cases is shown in Fig. 5 and Fig. 6.
X c a t each of the discharging pressures for each of the nozzle is
obtained by extrapolation of dynamic pressure attenuation step, and the result
shows the following relationship.
Case of straight jet nozzle
Case of spray jet nozzle

X c - (80 - 150) D o
X c = ( 7 - 1 0 ) Dh

So, we can predict each nozzle's characteristic X c according to these
relations instantly without measuring pressure distribution in water jets.
For a comparison of the result which Yanaida et al. obtained as shown
Fig. 4, the distance X was made non-dimensional and arranged by X c obtained as
above, and the result is shown in Fig. 7 and Fig. 8.
The result of the present experiment, n = 0.6 in the case of spray
jet nozzle and n • 0.5 in the case of straight jet nozzle, is in good agreement
with the result of theoretical analysis by equation (1).
C. Result of decontamination experiment
The effect of pressure P o , distance X, and scanning speed V s on decontamination factor (D.F.) is explained as follows:
1. Effect of discharging pressure Po and distance X
Fig. 9 shows the effect of P m on decontamination factor (D.F.),
and D.F. rises according as P B / P O increases, reaching over 100 at Pm/Po > 0.2.
Thus Pm/Po needed i:or a required decontamination factor (D.F.) is
obtained from Fig. 9, and the jetting distance X from Fig. 7 and Fig. 8.
2.

Effect of nozzle scanning speed

'

In order to study the effect of scanning speed on the decontamination factor, decontamination test was done in a static state and in the states
of 50, 100, 150 and 200 mm/see speed.
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The result was shown in Fig. 10, and it is revealed when
V s / V o > 20, where Vs is scanning speed and V o jet speed at the nozzle exit,
then D.F.>20.' Therefore, V s / V o for "the targeted decontamination factor (D.F.)
can be read from the figure, and V o and V s can be selected accordingly.
V.

CONCLUSION

In this report on the flow characteristics of water jets in air and on
the decontaminaiton effect, it is possible to draw the following conclusion:
(1) We can choice the minimum Pm necessary to gain the aimed D.F. using
the relation Fig. 9.
(2) We can choice the most adequate decontamination conditions (the
nozzle type, Po, X, V) in order to gain the above Pm.
(3) Water jets spray decontamination method is adequate to the equipment of simple form.
VI.
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TABLE 1.

NOZZLE SPECIFICATION

NOZZLE TYPE

NOZZLE SPECIFICATION
SPRAY ANGLE
DIAMETER (n)
ATNOZZLE EXIT

JNF1512

Dh=1.7 0, Dw=1.3 0

JNS15 12

Do=1.5

2 0°
•

X MVNP15 4 3

Dh=1.16, Dw=1.0 6

15°

% MVNP3043

Dh=1.3 2 , Dvr=0.9 8

3<f

Do=1.8

—

JNS1812
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ABSTRACT

TEPCO and TOSHIBA performed the chemical cleaning tests of the hot
samples taken from the Japanese BWR plants. From these test results, no
difficulties are found to undertake the chemical cleaning and its waste
treatment, and we could expect to obtain the satisfactory decontamination
of BUR at least the decontamination area is not so large.

INTRODUCTION
The tests listed below were performed under the cooperative R&D between
TEPCO, TOSHIBA, CRIEPI and TEC to evaluate the applicability of the chemical
cleaning to the Japanese BWR plants. Six reagents were tested: three of
which were to be used in the similar process as that of the decontamination
plant of Dresden unit 1 (we say "D type reagent" in this paper) and other
three were to be used in the CAN-DECON process (we say "C type reagent" in
this paper).
1. Decontamination test of hot samples.
2. Evaluation test of effects of decontamination reagents on the SCC
susceptibility of stainless steel.
3. Evaluation test of effects of decontamination reagents on the
performance of pumps and valves.
4. Test of re-deposition after decontamination.
5. Decontamination waste treatment test.
This paper is a report of the decontamination test of hot samples among the
above mentioned test program. The performed chemical cleaning tests of the
hot samples consist of following two tests.
1. Chemical cleaning test of hot small samples in circulated test
loop and autoclave.
2. Chemical cleaning test of actual spent feed-water sparger fractions
in decontamination bath.
The purpose of the former test was to compare and to evaluate the decontamination effects and the corrosion of the metals resulted from the chemical
cleaning by each reagents. The purpose of the latter test was to confirm
the decontamination effects on the full-scale pipes and to demonstrate the
applicability of the chemical cleaning work to BWR plants.
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EXPERIMENTAL RESULTS
I. CHEMICAL CLEANING TEST OF HOT SMALL SAMPLES
The test samples were pieces of the size as 20 ^ 25 mm * 30 ^ 35 mm
taken from the spent feed-water sparger and the pipings of Reactor Water
Cleanup System of the Japanese BUR plants. The radiation dose rates at the
surface of the tested samples before the cleaning were as follows.
Feed-water sparger
5 ^ 15 mR/H
RWCU piping
4 ^ 4.5 mR/H
And, these small test samples were cleaned in the circulated test loop (see
Fig.l) or the autoclave (see Fig.2). The tested decontamination reagents
were three kind of D type reagents Dl, D2 and D3 and three kind of C type
reagents Cl, C2 and C3. The decontamination conditions of each of the
dcontamination reagents were shown on Table 1.
Table 1 Decontamination condition of small sample test
D type reagent
Dl
D2
D3
Chemical Concentration (w%)

6

5

2

PH
Temperature (°C)
Decontamination time (hrs)

3.6
120
100

3.5
90

6.0
120
24

24

C type reagent
Cl
C2
C3
0.1
2.8
85
24

0.1

0.1
3.5
90

3.5
90

24

24

The measured items were as follows.
1. Quantity of radioactivities on samples before and after cleaning.
2. Weight reduction by corrosion.
As the measurement of the quantity of the radioactivities, the quantities
of Co-60 and Mn-54 y rays radiated from the samples were measured by the
Ge(Li) detector. And, to obtain the weight reduction due to corrosion, the
weight of the corrosion samples, which were cleaned together with the hot
test samples, were measured by the micro balance before and after the cleaning.
The metarials of the tested corrosion samples were carbon steel, stainless
steel, inconel, stellite and zircalloy. And for the purpose of evaluating
the effects of the crevice corrosion and the galvanic corrosion, test speciments coupled with the same or different materials by welding or bolting were
prepared.
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The decontamination factors of the cleanings by each of the decontamination
reagents are shown on Fig. 4. This figure shows the followings:
1. The decontamination factors of Co-60 and Mn-54 are not significantly
different.
2. No significant differences of the decontamination factors between
the test samples were observed.
3. The decontamination factors obtained in the circulated test loop
were a little higher than those obtained in the autoclave. This
suggests the agitation of solvents results higher decontamination
factor.
4. Highest decontamination factors were obtained by the decontamination
reagent D-l. (15 ^ 400).
5. Almost of all the decontamination factors obtained in the circulated
test loop by each of the decontamination reagents D-2, D-3, C-2 and
C-3 exceeded 10.
The weight reductions per one time of the cleaning by each of the decontamination reagents are shown on Table 2, which shows the followings:
1. The weight reductions per one time of the cleaning of the single
samples were as follows.
^_Matfirial
Reag ent"~~"
D-l,

c-i,

C-2,

D-2, D-3
2.
3.

C-3

Carbon steel

12 ^ 30 mg/cm2
<2 mg/cm2

Other metals
<1 mg/cm2
<1 mg/cm2

No significant crevice corrosion was observed.
The significant galvanic corrosion was observed only on the carbon
steel samples which were coupled with the stainless steels or the
stellite and cleaned by the decontamination reagent D-l.
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Table 2 Weight reduction per one time of cleaning

(1/2)
unit; mg/cm2

D-2

D-l
C.S
Single 19
sample
Bolted
19
with
C.S.
Bolted
87
with
S.S.
Bolted
with
35
Inconel
Bolted
with
75
Stellite
Bolted
with
20
Zircalloy
Welded
with
53
S.S.

D-3

In- Stel- Zircal- \
C.S. S.S.
S.S. conel lite lov
Single 2 <1
<1
<1
<1
<1
sample
Bolted
<1
<1
<1
<1
2 <1
with
C.S.
<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Bolted
with
S.S.
Bolted
with
incone 1

4

<1

In- Stel- ZircalIn- Stel- ZircalC.S. S.S.
conel lite loy
conel Iite loy
Single <1
<1
<1
<1
<1
<1
<1
<1
sample
Bolted
<1
<1
<1
with
<1
<1
<1
<1
<1
C.S.
<1

<1

<1

3

<1

<1

<1

<1

3

<1

<1

<1

<1

<1

Bolted
with
Stellite

1

<1

<1

<1

<1

4

—

<1

<1

—

<1

<1

<1

<1

Bolted
with
Zircalloy

—

<1

<1

—

Welded
with
S.S.

Bolted
with
S.S.
Bolted
with
inconel
Bolted
with
Stellite
Bolted
with
Zircalloy
Welded
with
S.S.

2

<1

<1

<1

<1

1

<1

<1

<1

<1

1

<1

<1

<1

<1

<1

<1

<1

<1

<1

2

—

<1

<1

—

Table 2

Weight reduction per one time of cleaning (2/2)
unit; mg/cm2

C-2

C-l

C.S. S.S.

InStel- Zircalconel lite loy

C-3

C.S. S.S.

Stel- ZircalInconel lite loy

C.S. S.S.

InStel- Zircalconel lite loy

Single
sample

30

<1

<1

<1

<1

Single
sample

17

<1

<1

<1

<1

Single
sample

12

<1

<1

<1

<1

Bolted
with
C.S.

25

<1

<1

<1

<1

Bolted
with
C.S.

10

<1

<1

<1

<1

Bolted
with
C.S.

6

<1

<1

<1

<1

Bolted
with
S.S.

26

<1

<1

<1

<1

Bolted
with
S.S.

11

5

<1

<1

<1

Bolted
with
S.S.

10

2

<1

<1

<1

<1

Bolted
with
Inconel

<1

Bolted
with
Inconel

12

<1

<1

<1

<1

<1

Bolted
with
Stellite

<1

Bolted
with
Stellite

10

<1

<1

<1

<1

11

3

<1

<1

<1

Bolted
with
Zircalloy

13

<1

<1

<1

<1

13

—

2

2

—

Welded
with
S.S.

10

—

<1

<1

—

Bolted
with
Inconel
Bolted
with
Stellite

23

25

<1

<1

<1

<1

<1

<1

Bolted
with
Zircalioy

23

<1

<1

<1

<1

Bolted
with
Zircalloy

Welded
with
S.S.

—

—

—

—

—

Welded
with
S.S.

9

10

6

<1

<1

<1

<1

<1

II. CHEMICAL CLEANING TEST OF SPARGER FRACTIONS
The spent feed-water spargers taken from a Japanese BWR plant were
cut into 37 pieces, the lengths of which were 50 ^ 60 cm, and all of these
pieces were served for this test. The radiation dose rates at the surfaces
of each of the test pieces before the cleaning were 90 ^ 780 mR/h. These
test samples were cleaned by each of three kind of D type reagents in the
decontamination bath (see Fig.5). The solution volume in the bath was 800£.
The decontamination condition of each of the reagents were shown on Table 3.
Table 3 Decontamination condition of sparger fraction test
D type reagent
Dl
D2
D3
6
5
2

^ ~ ^ ~ — - — _ _ _
Chemical concentration (W%)
Temperature
(°C)
Decontamination time

120
100

(hrs)

90

120

24

24

After the cleaning, the wr.ste solution was evaporated in the decontamination
bath. And, the concentrated waste solution was solidified by each of the
Portland cement or the emulsion typo, plastics. The measured items in this
test were as follows.
1. Quantity of radiactivities on sample before and after cleaning.
2. Quality change of decontamination solution during cleaning.
3. Quality change of distilled water and of concentrated solution
during evaporation.
4. Radiation dose rate at surface of solidified product.
The measured radiation dose rates at the surfaces of the samples before and
after the cleaning and the decontamination factors are shown on Fig. 6 ,
which shows the followings:
1. The radiation dose rates and the decontamination factors were very
different between the samples which have the different shapes each
other. Many of such samples as the tee, the bracket and the nozzle
showed the high radiation dose rates bcifore the cleaning and the
small decontamination factors are obtained.
2. The decontamination factors of the pipe samples were as follows.
Reagent
D-l
about 30
Reagent
D-2, D-3
about 8
These values were a little smaller than those of the small sample
test.
These test results suggest that the circulation of the decontamination solution
is very important to obtain the sufficient decontamination effect.
The changes of the radioactivities concentrations and the Fe"1"*" concentrations
of the decontamination solutions during the cleaning are shown on Fig. 7.
These data show the followings:
1. The release of the radioactivities into the decontamination solution
seems to saturate about 10 hours after the start of the cleaning,
even the specified decontamination time are 100 hours or 24 hours.
2. The tested decontamination solutions had ample ability of the cleaning
even after the cleaning of one batch of the samples and can be reused.
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The mass balances of the waste treatments are shown on Fig. 8.
The conductivities of the distilled water generated during the evaporation
of the waste solutions were 39 *v 665 yS/cm and this values were lowered to
10 ^ 70 liS/cm after the purification by the ion-exchange column. The concentrated waste solutions were solidified in the 200Ä, drums by each of the
cement or the emulsion type plastics. The measured radiation dose rate at
the surfaces of the solidification products per the contained radioactivities
were as follows.
Cement product
about 5 R/h/Ci
Plastic product
3 ^ 10 R/h/Ci
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Cement product
Dl D2 D3
mR/h 50 32 40

CONCLUSION
The test results reported here will be summarized as follows:
1. The decontamination factor for the BWR primary system can be expected
to be at least 5 by the chemical cleaning by any of reagents.
2. The corrosion of the metals resulted from the chemical cleaning by
tested reagent is small to allow to perform the chemical cleaning
of a BWR plant several times.
3. With the results of the above test together with the conclusion of
other test than reported here, such as SCC test or the tests listed
at the front of this paper, no difficulties to perform the chemical
decontamination on BWR primary systems and waste treatment are found
at least the decontamination area is not B O large.
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DECONTAMINATION APPLICATIONS WITH FREON® 113

David E. Fowler, P.E.
Health Physics Systems, Inc.
2727 N.W. 43rd Street
Gainesville, Florida 32606
(904) 373-6066
ABSTRACT

The rising cost of radioactive waste burial and greater concern for nuclear personnel exposure has created a search for decontamination procedures which will guarantee high
performance, low waste production and low personnel exposure. One such procedure or
process involves the use of Freon® 113 (an organic solvent) as a cleaning agent in a
closed-cycle system. The physical/chemical properties of'Freon® 113 permit quick and efficient removal of surface contaminants and the isolation of those particulate contaminants
by filtration. A low latent heat of vaporization and low boiling point allow for rapid, onboard distillation (and consequently perpetual reuse) of the Freon® when soluble contaminants accumulate. Specific applications currently being used or developed are the use
of Freon® 113 to decontaminate: protective clothing, tools, equipment, respirators, floors
and walls, hoses and cables, and hot cell materials (remote).
I.

INTRODUCTION

In the formative years of the nuclear industry, support material and equipment,
when contaminated, were conveniently disposed of in seemingly limitless, inexpensive
burial space. Today,, with burial space becoming limited and new regulations restricting
the types and quantities of radioactive material that can be buried, the "throw away and
replace" philosophy of the past has become increasingly uneconomical. Coupled with the
increasing cost of operating aging nuclear facilities, a greater emphasis is being placed on
decontamination for reuse and rad waste reduction.
The present concern and cost for radiological exposure of nuclear industry personnel is also requiring that decontamination methods be quick, safe and efficient, Consequently, decontamination techniques are being sought to replace the labor intensive "soap
and water" methods used throughout the nuclear industry today.
Recently, a process has been introduced for the removal of surface contamination
which when compared to conventional decontamination methods provides: equal or
greater performance; lower production of radioactive waste; reduced personnel exposure;
and lower operating cost. The process employs Freon® 113 (an organic solvent developed
by DuPont Chemical Company) in a closed-cycle configuration to provide quick, continuous removal of surface contamination by mechanical dislodgement and/or chemical
dissolution. The process also provides for solvent purification (consequently, perpetual reuse of the Freon® ) and isolation of the contamination into a compact, easily removed
form. The combination of continuous cleaning, solvent purification and reuse, and contamination isolation distinguishes this process from traditional Freon® 113 cleaning processes such as vapor degreasing and ultrasonic cleaning. This paper will describe this new
process, the chemistry involved and the decontamination applications available.
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n.

SOLVENT PROPERTIES

A discussion of the Freon® decontamination process and it-s applications requires a
basic understanding of Freon® 113's physical and chemical properties and their influence
on surface cleaning. Freon® 113 is a common industrial solvent developed by DuPont
Chemical Company and used for the past fifteen years as a cleaning and degreasing
agent. Also known as Freon® TF, Freon® 113 is a chlorinated fluorocarbon with the
chemical designation of trichlorotrifluoroethane (CC12F-CC1F2). It it a pure, clear, dense,
colorless liquid which is chemically stable, non-flammable, non-toxic and noncarccnogenic.
Although relatively volatile, Freon® 113 vapor enjoys the highest Time Weighted
Average (TWA) exposure concentration (1000 mg/1) allowed by OSHA for cleaning
solvents. It has a low.latent of vaporization (35.07 cal/gm), a low boiling point (47.6°C)
and a density (1.565 gm/cm3) approximately 150 percent that of water. Its viscosity (0.694
centipoise) and its surface tension (17.3 dynes/cm) are respectively, 69 percent and 23 percent that of water. Freon® 113 is also considered a mild solvent with low chemical reactivity when compared tc such common solvents as 1,1,1 trichloroethane, methylene
chloride and acetone.1
These properties are of significant advantage when surface decontamination of
radioactive material is required. Freon® 113's low surface tension enables it to wet most
surfaces (even Teflon) and get between contaminants and the surfaces on which they are
deposited. The low surface tension combined with its low viscosity enable it to penetrate
tiny crevices, porous materials and inaccessible areas thus permitting decontamination of
complex and/or intricate surfaces. This combination of properties also allows for easy
separation of particulate contamination via filtration.
Freon® 113's low chemical reactivity and high chemical purity permits the decontamination of most materials of construction (including sensitive and high tolerance items)
while leaving a residue-free surface after evaporation. Its dielectric properties, high
resistance to the flow of electric current and compatability with electrical materials allow
electronic and electrical equipment to be rapidly cleaned, even while operating. Freon®
113's low latent heat of vaporization and low boiling point allow for its rapid separation
from higher boiling contaminants via distillation with a low energy input and a minimal
space requirement. Coupling distillation with condensation (via an insitu refrigeration
system), the solvent may be recovered for indefinite reuse while reducing the volume of
radioactive waste to its minimum.'
III.

DECONTAMINATION APPLICATIONS

The basic Freon® process (shown in Figure 1) employs Freon® 113 as a cleaning
medium to mechanically and chemically remove radioactive contamination from a variety
of surface materials and geometries. This system continuously flushes the contaminated
item with clean solvent to dislodge or dissolve the contaminate and carry it away from the
item. The system then filters the spent solvent to isolate the particulate contamination in
micron or sub-micron filter cartridges for easy removal and disposal. When soluble contaminants begin to accumulate, the solvent is distilled in an on-board still which isolates
the contaminant residues for disposal and returns the Freon® vapors for condensation
and reuse.
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Figure 1. Basic Freon® 113 Decontamination Process.

Condensation is accomplished by a built-in cooling coil powered by an on-board
mechanical refrigeration system. Depending on the application, the system is usually configured to provide a sealed cleaning chamber or vessel where the decontamination takes
place, either automatically or manually, without excessive loss of Freon® vapors. The
built-in refrigeration/condensation system also controls the system's internal pressure.
When coupled with forced-air circulation, the item being cleaned is quickly dried after
decontamination.
A.

Decontamination of Protective Clothing

The Freon® decontamination process was first developed and used in the nuclear
industry in 1978 as an alternative method of decontaminating protective apparel. The process is configured in a "Dry Cleaning" machine arrangement and provides a method of
cleaning protective clothing without large volumes of liquid waste associated with conventional water-wash systems.2 For this application, clothing is cleaned in a sealed, rotating
drum by a Freon® 113 and detergent mixture, pumped continuously through the drum
during the wash cycle. The spent solvent exits the drum, passes through a particle trap
and returns to the solvent tank where it is re-pumped (through filters) to the cleaning
drum.
After the wash cycle is complete (usually 5-8 minutes), pumping is stopped and
gross solvent is removed from the clothing by draining (1-2 minutes) and mechanical extraction (1-3 minutes). The internal air is then warmed and circulated through the tumbling
clothes for approximately 10-15 minutes. During this drying cycle, the heated air vaporizes
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the residual solvent and produces dry clothes. The solvent vaporized from the clothes during the drying cycle is subsequently condensed and returned to the solvent tank for reuse.
Soluble contaminants are removed continuously or on a batch basis by distillation via the
system's on-board still. During distillation, the Freon® vapors are condensed by the
refrigeration system and returned to the solvent tank for reuse while the higher boiling
point contaminants (usually 6-9 I/day) are drained off and disposed of.
This application is configured as a self-standing unit requiring only electrical power
and one operator. Its total operating cycle, depending on whether continuous distillation is
used, varies from 20-30 minutes thus allowing 3-4 times the number of loads available from
conventional water-wash systems. Since the clothing requires no external drying, the
material handling requirement is reduced (thus lowering personnel exposure) and equipment cost is reduced.
These factors coupled with a low production of radioactive waste have resulted in
widespread acceptance of this application throughout the United States as well as in Japan,
Taiwan and Canada. Evidence has also been accumulated to show that protective clothing
enjoys a longer use life when decontaminated in Freon® 113.23
B.

Tool and Equipment Decontamination

The Freon® process used for decontaminating protective clothing was modified in
1979 to permit decontamination of tools and equipment. This application involves replacing the cleaning drum with a glove-box cleaning chamber and a hand-held spray gun for
manual cleaning.
Because of higher contamination levels experienced with maintenance tools and
equipment, the system uses a booster pump to provide high-pressure Freon® spraying
capability. Objects to be cleaned are placed in the cleaning chamber where they are
sprayed manually (via glove ports) with high pressure (3.5 x 105 - 1.5 x 106 kg/m2) Freon®
113. Solvent is continuously filtered during the spraying process which takes 1-5 minutes,
depending on the size of the item. After spraying is completed, internal circulating air
vaporizes the residual Freon® and leaves the item cool and dry, and ready for removal
from the chamber.
This application is also configured as a self-standing unit requiring only electrical
power and one operator. Like the clothing decontamination unit, this system has its own
built-in still for removing soluble contaminants via distillation. The unit can be used to
clean tools, small equipment, electronic hardware, respirators and practically anything
else that can be positioned inside the cleaning chamber.
The high pressure Freon® unit was found to be so effective in removing surface
contaminants, that applications were explored to permit decontamination of items that exceeded the practical operating size of the unit's cleaning chamber or had such high radiation fields that the glove-box operation presented excessive personnel exposure." Such
items included: reactor vessel stud bolts, welding machines, scaffolding, large pumps and
motors, hot cell items, shielding and mechanical slave arms.
For these applications, a large remote cleaning chamber (1.3m x 1.3m x 2.6m high)
was developed to house the contaminated items. High pressure Freon® is supplied from
the basic unit and sprayed on the contaminated item manually via glove ports or robotical-
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ly (for high radiation fields). Spent Ereon® 113 and the removed contamination are collected in the remote chamber and returned via a sump pump to the basic unit for reprocessing. Where high radiation fields impose a threat to the basic unit's operator, a
shielded filter may be placed between the remote chamber and operating unit to purify the
solvent before it reaches the operating unit (Figure 2).

Rtmol* Dtcon
Chamber

Fnon* Pracnaoi
ud
PiMuriiing Unit

Figure 2. Remote Freon® Decontamination.

A further adaptation of the remote Freon® cleaning process, is the development of
a specialty cleaning unit to decontaminate items having a long cylindrical geometry (i.e.
air hose, electrical cable and small diameter pipe). This adaptation, shown in Figure 3,
permits the hose or cable to be pulled through a sealed cleaning chamber where it is
sprayed with high pressure solvent via adjustable spray rings. An internal refrigeration/condensing system minimizes vapor loss and dries the item before exiting the
chamber. As in the previous remote application, high pressure solvent is supplied and
processed by the basic Freon® unit. The production capacity of the unit depends on the
operator, but can be characterized as 3-4 meters/minute.
The high pressure Freon® decontamination unit and its remote adaptations are
gaining widespread acceptance in the United States, however, its newcomer status has
limited its appearance outside the U.S. and Canada.
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Figure 3. Freon® Hose/Cable Decontamination.

C. Other Applications
Currently in development is an application for cleaning floors, walls, ceilings and
other large flat surfaces. In this application (shown in Figure 4) clean, filtered Freon® 113
is pumped at high pressure, through a special cleaning head, onto the surface to be
cleaned. The high pressure spray lifts the contaminants off the surface but is restricted
from lateral movement by the cleaning head. A vacuum line continuously evacuates the
cleaning head and removes the spent solvent and contamination. A special gasket seals the
head against the surface but allows air to enter and thus displace the solvent/contaminant
mixture. Entering air also evaporates any residual Freon® 113 and leaves the surface
clean and dry.
The vacuum line is powered by a vacuum motor attached to the system's solvent
reservoir. As the solvent/contaminant/air mixture enters the solvent reservoir, the liquid
phase drops out in the rest= -voir and the vapor phase is exhausted through a HEPA filter to
atmosphere. A recirculation pump and filter keep the solvent clean and re-supply the high
pressure pump with filtered solvent.
Although in the experimental stages, this system has been successfully used to
decontaminate concrete, asphalt and metal surfaces, and is currently being tested for effectiveness in cleaning plutonium contaminated glove-boxes. As in the other Freon® 113
systems, distillation can be incorporated to allow for perpetual reuse of the solvent.
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Low Pranira Pump

Figure 4. Freon® Floor and Wall Decontamination.

Other Freon® 113 decontamination applications are in pre-developmental or conceptual stages and will not be considered within the scope of this paper. These applications, like those discussed, all draw upon the unique chemistry of Freon® 113 and,
although differing in equipment configuration, provide surface contaminant removal.
Regardless of application, the effectiveness of Freon® 113 as a decontaminating agent has
been demonstrated throughout the nuclear industry. Typical decontamination results for
applications discussed in this paper are presented in Figure 5.
IV.

SUMMARY

A new process involving Freon® 113 as a decontaminating agent is being used increasingly in the nuclear industry. Its popularity is attributable to its high cleaning efficiency, rapid performance, wide-spread material compatability, very low production of
radioactive waste, and reduction of material and waste handling (consequently, a reduction in personnel exposure). The process is generally self-standing, portable and requires
only electrical power for operation. It is currently being used to decontaminate protective
clothing, tools, machinery, respirators, hoses and cables, and is being tested ior applica-
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APPLICATION

SMEARABLE CONTAMINATION
(dpm/cm2)

DECONTAMINATION
FACTOR (DF)

1. Protective Clothing2 3

INITIAL
3,000-5,000t

FINAL
1000t

,3-5

2. Tools'

5,000-15.000

200

t 25-75

3. Respirators5

1.200-12,000

300

4-120

4. Hose/Cable5

3,000-14,000

100-500

6-140

5. RCP Motors5

30,000-50,000

1000

30-50

6. Floors5

20,000-200,000

100-2000

20-200Ö

7. Reactor Vessel5 Studs

4,000-6.000

. 100

40-60

T Measured as counts per minute

Figure 5. Typical Decontamination Factois Using Freon® 113.

tion to walls, floors and other flat surfaces. These systems and applications accommodate a
very real need for the nuclear industry in a time when increased attention is being placed
on material reuse, radioactive waste reduction and personnel safety.
FOOTNOTES
1. E.I. DuPont De Nemours and Co., "Freon® -TF Solvent, " Technical Bulletin No.
FST-1, (Sept. 1979) pp. 2-7.
2. Capella, J. "Dry Cleaning of Protective Clothing," Trans American Society 30:675
(1978).
3. "Active . -y Cleaning Test Program for Protective Garments and Equipment at Bruce
GS "A,"' :leport Number 79345, Ontario Hydro, Ontario, Canada (1979).
4. McVey, J.T., et al. "Tools and Equipment: From Nuclear Waste to Reuseable Items,"
Nuclear and Chemical Waste Management. Vol. 2, pp. 197-200 (1981).
5. Unpublished operating data, Health Physics Systems, Inc., Gainesville, Florida
(1981-82).
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A FOAM PROCESS FOR APPLICATION OF DECONTAMINATION AGENTS
J.M. Harris, J.R. Miller, R.S. Frazier, J.H. Walter
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ABSTRACT
This paper presents the results and observations of a study performed by the
authors to parametrically evaluate the perfonnance characteristics of a foam
process for application of decontamination agents. The initial tests were
established to assess foam quality. Subsequent tests determined the ability
of the foam as a carrier of chemical systems, and established system operating
parameters. The technique was then applied in an actual decontamination task
to verify effectiveness of these established parameters and to determine
decontamination reduction factors.
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I.

INTRODUCTION

Radioactive decontamination is the removal of radioactive material by
chemical or physical methods, with the primary objective being the reduction
in radiation exposure to the work force and ultimately to the general public.
Decontamination can be accomplished by different means depending on how
tightly the contaminate adheres to the surface and the ultimate level of decontamination desired. For loosely bonded material, vacuum cleaning may be
adequate to remove it from the surface and shallow crevices. For tightly
bonded material or material trapped in deep, convoluted crevices, removal of
a portion of the surface by chemical or physical methods may be necessary.
In many cases, decontamination can be accomplished by an intermediate treatment such as water rinsing or scrubbing with soap and water; however, these
simple techniques can be complicated by virtue of personnel access due to
radiation fields and by control or containment of the process.
The Energy Systems Group (ESG) of Rockwell International has developed
a foam process for application of decontamination agents using commercially
available equipment and chemicals. Foam is produced by aspirating a foaming
agent into a stream of water, mixing this with air and spraying it onto the
surface to be cleaned. Decontamination agents such as, detergents and other
chemicals can be added to the water to increase its cleaning power. A wet
and dry vacuum cleaning system was also developed by ESG to compliment the
foam cleaning process. This paper presents details of the foam process development, its apparent effectiveness and uses.
II. PROCESS DESCRIPTION
Fosm cleaning consists of suspending decontamination agents in a thick,
dry foam that is applied onto surfaces to be cleaned. The foam holds the decontamination agents at the surface permitting them to act on the contaminate,
lifting it into the foam. The foam, with the suspended contaminate, can then
be directly removed from the surface by vacuum techniques or by rinsing into
other containment. Repeated application of this technique has demonstrated
several orders of magnitude reduction in surface contamination. A process
flow diagram is shown in Figure 1.
The foaming equipment shown in Figure 2 and diagramed in Figure 3, consists of a 208 liter (55-gal) drum to hold water with chemical additives, a
water pump, a bottle for the foaming agent, a Dema Spray Foam unit, connecting
hoses, pressure regulators and valves. This system requires regulated air
pressure for the water pump and for aspirating the foam.
III. PROCESS EVALUATION
Studies were performed to parametrically evaluate the performance characteristics of the foam spraying equipment. Several chemical systems were tested
and characterized. The initial tests were performed with no radioactivity
present and no decontamination factors were measured. The objective of these
tests was to determine foam quality at various operating conditions and to
determine optimum equipment operating parameters. From these tests it was
determined that a foam quality could be obtained that will form a light, even
coating (2.5 cm-5 cm thick) with the consistency and wetness of shaving cream
and that has a resident time on a vertical surface of several minutes or more.
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Remove Equipment and
Any Loose Objects

- 1 :::
Spray Foam on Areas
to be Cleaned

...1
Let:It Stand
Hand Scrub as Necessary
(Optional)

Vacuum up Foam

Rinse Foam with Water

L
Smear Surfaces to Determine
Contamination Level

Repeat Cycle as
Necessary
Figure 1
FOAMING PROCESS FLOW DIAGRAM
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FIGURE 2

THE FOAM SPRAYING EQUIPMENT
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FIGURE 3
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After the optimum parameters for operation of the foaming equipment were
determined and tested with decontamination agents, effectiveness of the
system was evaluated in actual decontamination operations at the Rockwell
International Hot Laboratory (RIHL) and during obsolete nuclear facility decommissioning. Decontamination effectiveness on painted surfaces inside a
hot cell at the RIHL was determined to be 63 to 92%. The foam process
effectiveness on unpainted carbon steel surfaces was determined to be 75 to
90%.
A. Foam Quality Evaluations
The foam quality evaluations were performed using the equipment listed
in Table I and the chemicals listed in Table II. The equipment and chemicals
used in the development of this process were predominately Turco Products.
Other chemicals have been successfully employed in the practical application of
this process.
The first foam consistency tests were conducted with water and Turco
foaming agent 5865. (Turco 5865 was used as the foaming agent in all the tests
reported here.) The air pressures to the water pump and spray foamer were
varied over the ranges 14-70 Kg/cm2 to 7-65 Kg/cm2 respectively. The open end
of a 7.6 m hose was held horizontally about 1.4 m above an asphalt surface, and
the foam was ejected from it. The foam quality and ejection distances obtained
are shown in Table III. The conditions giving the best quality foams were repeated using a 15 m hose; the results are shown in Table IV. The best quality
foam obtained as judged
by the operator was with 56 Kg/cm? water pump air
pressure_and 42 Kg/cm2 spray foamer air pressure. The aspirator needle valve
was closed and then reopened to several different settings. The foam quality
was evaluated and the foaming agent consumption measured. The results are shown
on Table V.
Several detergents, at different concentration levels were added to
the water 1n the 200 liter drum. Foam quality tests were then made at three
different aspirator needle valve positions. In two cases, the solution was
heated to 60°C. The results shown in Table VI, indicated that Turco Product
4512-A and Alkaline
Rust Remover can produce an acceptable foam at room temperature, 56 Kg/cm2 pump and 42 Kg/cnr spray foamer air pressures, with the
needle valve open 1-1/2 to 4 turns. At 60°C only Turco Product 4512A was tested and 50-100 cc/1 water produced acceptable foams.
A mixture containing 50 cc of Alkaline Rust Remover in one liter of
water was heated to 60°C. It was aspirated with Turco Product 5865 and sprayed
on a 3 m x 3 m vertical painted block wall that had been warmed by the sun.
The needle valve was opened 2-1/2 turns and 56 Kg/cm2 water pump and 42 Kg/cm2
spray fcamar air pressures were used. The 3 m x 3 m wall was covered with foam
in less than two minutes and 7.7 liters of the liquid were consumed. The foam
adhered to cue wall satisfactorily and softened the pain. Much of the paint
was remove- r-fhen the wall was rinsed with a water spray from a garden hose.
Sixteen cc of Foam-Go No. 2 per liter were added to the water in the
vacuum cleaner. The ability of the vacuum cleaner to pick up and liquify the
foam was then evaluated. The 200 liter vacuum cleaner drum held the foam produced from 5.7 liters of liquid and its 120 liter catch drum held foam from
11 liters of liquid.
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TABLE I
FOAM PROCESS EQUIPMENT
1. Turco Barrel Pump, Model 432 BSST (4 1/2:1 ratio)
2. Turco Barrel Pump, Model 452 BSST (10:1 ratio)
3. Goodall coupled hose (15 m with swivel one end)
4. Turco stainless steel spray pole, Model 671-WS w/tips
5. Dema Spray foam air foamer, Model 293
6. Absolute filter vacuum cleaner
7. Absolute filter vacuum cleaner catch drum
8. Glas-Col Apparatus Co. Barrel heater, Model DH-112-C,
6000 Watts
TABLE II
FOAM PROCESS CHEMICALS
1. Turco Foaming agent, 5865: A foaming agent consisting of
sulfonated detergents blended with synthetic wetting agents
and containing coupling agents.
2. Turco product, Decon 4324: Mildly alkaline detergent
cleaning powder.
3. Turco product, Decon 4512-A: Inhibited liquid phosphoric
acid.
4. Turco product Alkaline Rust Remover: A mixture of sodium
hydroxide, chelating agents (gluconates) with wetting
agents and inhibitors.
5. Turco product Foam-Go No. 2: A silicon anti-foaming agent
emulsified in water.
6. Turco product Decon 4521: Inhibited acidic powder containing
oxalate, citrate and ammonium ions, as well as inhibitors,
surfactant and a foam suppressant.
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TABLE III

10

10.5

14
17.5
ui
to

%n

21

Ui

24.5

28

2

31.5

a
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Water Pump Air
28
Soapy Water Soapy Water
(No Foam)
'(No Foam)
Drizzled out Drizzled out
of hose
of hose
Soapy Water
. (No Foam)
.6 in Travel
Very Wet
Running Foam
1.8 m Travel
Very Wet
Running Foam
2.7 m Travel
Foam
(No Run)
4.6 m Travel
Dry Foam
(No Run)
4.6 m Travel
Extra Dry
(Foam)
4.6 n Travel
Very Dry Foan
(Exits hose
erratically)
4.6 m Travel

Soapy Water
(No Foam)
1.2 m Travel
Soapy Water
+ Some Foam
1.8 m Travel
Soapy Water
+ Some Foam
3 m Travel
Very Wet Foam
(Slight Run)
3.6 m Travel
Wet Foam
(No Run)
5.5 m Travel
Foam
(No Run)
5.5 n Travel
Dry Foam

5.5 m Travel
Foam
- 5.5Drym Travel

Pressure Kg/cm
42
56
70
Soapy Water Soapy Water Soapy Water
(No Foam)
(No Foam)
(No Foam)
Drizzled out Drizzled out Drizzled out
of hose
of hose
of hose
Soapy Water
(No Foam)
1.2 m Travel
Soapy Water
+ Some Foam
1.8 m Travel
Soapy Water
+ Some Foam
3 m Travel
Very Wet Foan
(Slight run)
3.6 in Travel
Wet Foam
(No Run)
5.5 m Travel
Foam
(No Run)
5.5 in Travel
Dry Foam

Soapy Water
(No Foam)
1.2 m Travel
Soapy Water
(No Foam)
1.8 m Travel
Soapy Water
+ Some Foam
3 m Travel
Runny Foam

Soapy Water
(No Foam)
1.2 m Travel
Soapy Water
(No foam)
1.8 m Travel
Soapy Water
-Some Foam
3 m Travel
Runny Foam

3.6 m Travel
Very Wet Foan
(Runs)
4.6 m Travel
Wet Foam
(No Run)
4.6 m Travel
Foam

3.6 m Travel
Very Wet Foam
(Runs)
4.6 m Travel
Wet Foam
(No Run)
4.6 m Travel
Foam

4.6 en Travel
Dry Foam
4.6 m Travel

5.5 m Travel
Dry Foam
6.1 m Travel

5.5 m Travel
Dry Foam
6.1 m Travel

38.5

Dry Foam
6.1 m Travel

Dry Foam
ixtra Dry Foam ixtra Dry Foam
6.1 m Travel 6.7 m Travel 6.7 m Travel

42

Dry Foam
6.4 m Travel

Extra Dry Foam Very Dry Foam Very Dry Foam
6.7 m Travel 7.3 m Travel 7.3 m Travel

FOAM QUALITY EVALUATION WITH 7.6 METER HOSE
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TABLE IV

e
38.5

42

Water Pu<np Air Pressure Kg/cm*1
28
42
56
Extra Dry Foam Extra Dry Foam Extra Dry Foam

7.C
Extra Dry Foam

5.5 m Travel

4.6 m Travel

6.1 m Travel

6.1 m Travel

Very Dry Foam
5.5 m Travel

Very Dry Foam
6.1 m Travel

Very Dry Foam
6.1 m Travel

Very Dry Foam
6.1 m Travel

Very Dry Foam
(Exits hose
erratically)
6.1 m Travel

Very Dry Foam
(Exits hose
erratically)
6.1 m Travel

Very Dry Foam
(Exits hose
erratically)
6.1 m Travel

65

I

1/9

FOAM QUALITY EVALUATION WITH 15 METER HOSE

TABLE V
Water Pump Air Pressure Kg/an1
28
42
Aspirator Needle
Valve Position
Open 1 Turn

Open 2 Turns
Open ,2 Turns

Dry Foam
7.6 m Travel
Consumption:
62.5 cc/1 H ? 0

60

Semi Dry Foam
Consumption:
125 cc/1 H 2 0

Semi Dry Foam

Semi Dry Foam

156 cc/1 H 2 0

125 cc/1 H 2 0

Extra Dry Foam
Consumption:
94 cc/1 H 2 0

Extra Dry Foam

Extra Dry Foam

55

117 cc/1 H 2 0

141 cc/1 \\?0
Extra Dry Foam
4.9 m Travel
Consumption:
164 cc/1 H 2 0

60

Open 4 Turns

FOAM QUALITY EVALUATION AND FOAMING AGENT CONSUMPTION
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40 S

TABLE VI
EVALUATION OF DETERGENT ADDITIVES*

Detergent
Turco Product 4324

cc/1 H 2 0

Temp.

31

Ambient

Aspirator
Needle Valve
Position (Turns)
1

2H
4
62

Ambient

1
2*

4
Turco Product 4512-A 100

Ambient

1
2h
4

47

1

60°C

4
100
Turco product
Alkaline Rust
Remover

60°C

1
2%
4

47

Ambient

1
2%
4

94

Ambient

1

2h
4
2

Foam
Travel
Quality Meters
Erratic Wet
Slush
Erratic Very
Wet Slush
Erratic Wet
Foam
Erratic Soapy
Water
Erratic Hush

4.6
5.5

Foam

4.6

Erratic Runny Foam
Dry Foam
Extra Dry
Foam
Extra Dry
Foam
Semi-dry Foam
Dry Foam
Extra Dry

Foam

Semi-dry Foam
Dry Foam
Extra Dry
Foam
Semi-dry Foam
Dry Foam
Extra Dry
Foam
Watery Slush
Very Wet Runny Foam
Erratic Dry
Foam

3.7

4.6

5.2
6.1
6.1
6.1
6.4
5.5
5.5
5.5
4.9
6.7
6.1
5.5
1.5
2.4
4.6
?

All tests were conducted with 56 Kg/cm water pump air pressure» 42 Kg/cm
spray foamer air pressure and with Turco foaming agent 5865 In the foaming
agent container.
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B. Decontamination of Cell 3 at Rockwell International Hot Laboratory
After the optimum parameters for operation of the foaming process
equipment were determined, the painted surfaces in Cell 3 at the RIHL was
cleaned to evaluate the effectiveness of the system in an actual decontamination operation.
Initially, all removable equipment, false flooring and support
stands were taken out of the cell and all loose material was picked up. Then
a baseline survey of the radioactivity in cell was performed. The results of
this and subsequent surveys are shown in Table VII.
The foam process equipment was set up in the RIHL operating gallery
and the foam delivery hose was inserted into Cell 3 through a standard
equipment feed-thru in the front face of the cell. The hose operator, an
assistant, and a backup man were fully suited and equipped with supplied air.
A support man stood by on the clean side of the service gallery change line
and the equipment operator was in the operating gallery (see Figure 4 ) .
The first decontamination experiment cleaned the south and rear wall
of Cell 3. Fifty cubic centimeters of Alkaline Rust Remover were added per
liter of water. Turco foaming agent 5865 was used in the foaming agent container. The water2 pump air pressure was 56 Kg/cm2, the spray foamer air pressure was 42 Kg/cm and tbe aspirator needle was opened 2\ turns. Seventy-six
liters of solution were consumed in this first foam process experiment.
The foam was rinsed off within 15 minutes using a high pressure water
pump with an 0.1 millimeter hole in the tip of the wand. About 200 liters of
hot water were used to rinse the foam from the cell.
The cell was smeared to determine progress. The results shown in
Table VII indicate a 92% reduction in the average contamination level of the
south wall and 63% on the rear.
For the second foam decontamination experiment, the north wall and the
floor were cleaned. One hundred cc of Turco Product Decon 4512-A were added
per liter of water. The foam and rinse parameters were the same as for the
first foam decon operation.
After rinsing, the cell was again smeared to determine progress. The
results indicated a contamination reduction of 85% for the north wall and 75%
for the floor.
C. Decontamination of Unpainted Carbon Steel
An unpainted carbon steel service vault contaminated with mixed
fission products was used in another experiment to determine the effectiveness
of the foam decontamination process.
The results of this experiment is given in Table VIII. Surface #1 was
decontaminated first using Turco 4521 in water (62 cc/1) heated to 52°C. The
foam was removed using the absolute filtered vacuum system. Smear results indicated a contamination reduction of 49%. A second application to surface #1
was made using Turco 4512-A in water (62 cc/1) heated to 52°C. A water rinse
4-4/

TABLE V I I
DECONTAMINATION OF PAINTED SURFACES

Location

Average Count Rate of Smears from
Each Location
(d/m/20 cm 2 )
Initial

North Wall
South Wall
Rear Wall
Floor

Experiment #1

Experiment #2

—
36,700
103,600
—

27,700
—
—
300,500

170,300
474,400
278,100
1.197,000

Contamination Reduction Factors (Rf)
___
North Wall
South Wall
Rf 12.9 (922)
Rear Wall
Rf 2.7 {63%)
—__
Floor

Rf 6.2 (84%)
—
—
Rf 4.0 (75%)

TABLE VIII
DECONTAMINATION OF UNPAINTED CARBON STEEL
Results in dpm/100 cm
Baseline
Decon 1
Surface #1
Surface #2

11.697
20,454

5997
5995

Contamination Reduction Factors (Rf)
Surface #1
Rf 2.0 (49%)
Surface #2
Rf 3.4 (71%)

Decpn 2
2905
2255
T.A.1

Rf 2.1 (52%)
Rf 2.7 (62%)
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lOid 1

Rf 4.0 (75%)
Rf 9.1 (89%)
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was used to remove the foam from the wall surface. Smear results indicated
a contamination reduction of 52% from the previous result fer an overall
reduction of—'7535.
Surface #2 was decontaminated using Turco 4324 in water (62 cc/1)
heated to 52°C. Two applications reduced the contamination level to 71%
and 62X respectively for a total of 89%. In both experiments the foam was
removed by vacuum,
IV, CONCLUSIONS AND RECOMMENDATIONS
The foaming equipment and chemicals evaluated in this study are very
effective in decontaminating non-porous surfaces. The operating parameters
nave been optimized and chemical systems that are effective have been
identified.
To improve the effectiveness of the foam decontamination operations, the
following should be adopted:
2
1. A compressor with a capacity of at least 70 Kg/cm maximum pressure
is recommended for sustained foaming application.
2. The anti-foaming agent should be added to the rinse water in addition
to the transfer tank.
3. The foam should be vacuumed with a wet/dry vacuum cleaner before the
surfaces are rinsed. This will greatly reduce the volume of liquid
waste produced.
The primary advantages of foam cleaning are that it can lift contamination
from the surfaces and deep crevices, it produces less liquid waste than
ordinary water rinsing, it can be applied remotely and from distances of up to
6 meters from the surface to be cleaned, it does not usually damage the surface,
and it is not hazardous or dangerous to use.
This process has been routinely used effectively by ESG in the decontamination of hot cells, glove boxes and obsolete nuclear facilities being decommissioned. The process is most effective when the foam is applied hot and in the
decontamination of non-porous surfaces.
Potential difficulties with the process are maintaining an adequate
residence time on vertical surfaces and free liquid penetration on horizontal
surfaces. Thf; chief advantages of the process are the low amounts of resulting
liquid waste, ease of application, and its adaptability to a variety of chemical
additives.
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BASIC STUDIES ON CARBON STEEL DECONTAMINATION
M. Pavarotti, R. Rizzi, C. Ronchetti
CISE - P.O. Box 12081, Milan (Italy), (O2J/2133251

ABSTRACT
The dissolution of magnetite films grown in autoclave at high temperature
on carbon steel has been performed in a dynamic loop in ammoniated citric and
oxalic acid solutions at two different temperatures and costant pH.
The dissolution process seems to be affected by the dual-layer oxide morphology depending on the growth conditions in the autoclave.
The open-circuit potential of the specimens and the corrosion rate measured
by the linear polarization method have been monitored. To this aim a particular
corrosion cell and a suitable reference electrode have been set up at CISE.
Polarization curves have been performed to check the electrochemical processes involved in the anodic and cathodic area.
At last the effect of a corrosion inhibitor, of a complexii.g and a reducing
agent and of temperature has also been studied.
The work was carried out in the frame of a CNEN research programme for the
development of the CIRENE prototype.
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I.

INTRODUCTION

A. The revision of CIRENE Project in view of the construction of the 40
MWe prototype gives rise to various problems, among them the choice of the
materials to be used for the different components and circuits of the plant
is one of the foremost. Therefore, the decision of taking into account the two
possible options relevant to operative conditions of the primary cooling system
that is either operation without additives in oxiding conditions as in BWR's
or operation with ammonia in reducing conditions as in CANDU's, is very important. The two conditions have been already analyzed separately from the viewpoint of chemistry and behaviour of the different circuit materials (1,2). The
choice of carbon steel, or low-alloyed steels in general, is due to the fact
that, in addition to advantages of general character in comparison with stainless steels, this material involves fewer problems connected with corrosion
product radioactivity, surface decontamination and stress corrosion. Last but
not least, the capital cost saving is really attractive.
One of the main objective of the AG-6 research contract, supported by CNFN
and carried out at CISE, is the study of a carbon steel decontamination process
using diluted reagents both for the reactor system decontamination and the
dose-rate control on out-of-reactor surfaces. Moreover, the need for monitoring
the corrosion rate during the whole process prevents its evaluation through the
weight loss. Therefore, CISE has designed and constructed measurement cells
allowing the direct evaluation of the corrosion rate to be carried out by the
method of linear polarization resistance.
The method effectiveness depends on the measurement electrodes simulating
the actual thermo-hydraulic conditions of the system to be decontaminated. It
has been then necessary to optimize the electrochemical cell geometry by means
of the computer in order to get current and potential distributions as uniform
as possible for the different operative conditions; the relevant code also
takes into account the resistive fall into the solution.
In order to use suitable constants between the corrosion rate and the polarization resistance, the study has also been concerned with the reactions
involved in the anodic and cathodic electrode areas obtained from the potentiodynamic polarization curves.
The paper reports the preliminary results turned out in typical solutions
during the setting-up of the continuous monitoring system of BWR-oxidized
carbon steel decontamination process.
II.

FACILITIES

The loop used in the tests, the operation of which is shown in the flow-sheet
in fig. 1, is made of stainless steel. The loop is equipped with one test
section which consists of a set of tubular electrodes with the same diameter of
the loop line. The electrochemical cell houses a stainless steel reference
electrode, and a Ag/AgCl/Cl 10" 2 M electrode for the measurement of the material
corrosion potentials (fig. 2 ) .
The specimens have been machined from carbon steel rods and cleaned internally with paper. They have also been degreased by solvents in ultrasonic environment, then dried and weighted.
The oxide films have been grown in water for 21 days at 325°C temperature.
The nature of the oxide films has been determined by X-ray diffractometry,
whereas the oxide morphology variations during dissolution have been detected
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using the scanning electron microscope (SEM).
Carbon steel discs cut out from the same rods as those for the corrosion
specimens, have been used to draw the laboratory polarization curves. The discs
have been polished with 600-grit SiC paper before use to produce a uniform
surface finish; they have also been washed in acetone and rinsed in doublydistilled water. The magnetite electrode consists of magnetite obtained by iron
powder oxidation for 2 weeks in 500°C carbon dioxide environment oven. The
electrode consists of a magnetite powder tablet set into a resine solution and
contacting a carbon steel disc provided with a current lead.
On the basis of the literature results
screening tests for suitable
processes have been carried out using specimens employed for different chemical
condition corrosion tests in the BEBO plant.
From the results of these tests, citric acid was selected as the principal
component in the solvent formulation; from subsequent data oxalic acid was added
to the formulation. Even if an acid reagent is required to dissolve iron oxides, a corrosion inhibitor should be added to minimize the corrosion of material, especially carbon
steel. Moreover, in addition to studying the effectivene'ss of the more commonly used
chemical cleaning solvent compositions'.reducing (N2H4) and complexing '(EDTA) agent
additions to these compositions were also investigated.
Table 1 reports the different solutions along with the different physicochemical parameters obtained during the tests at the two investigated temperatures. The pH has been kept constant at 3.5 by addition of ammonia and the
solution flow-rate in the test section, has been kept at 0.1 m/s.
Because of the short test duration, and the small specimen area, no reagent
regeneration system has been provided in these experiences.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Nature and morphology of the oxide films
In the oxidising autoclave environment required for the oxide growth,
dial-layer magnetite similar to that produced by Potter and Mann has been
obtained
(fig. 3a). The SEM analysis has shown that the inner oxide layer,
grown on the material, consists of magnetite that apparently does not show
crystallographic morphology; over such a layer a well crystallized magnetite,
having the same morphology as the crystals precipitated into the solution is
present.
The lack of reproducibility of the specimen behaviour is likely to be,
in some cases, bound by the layer variability, even if grown in the same autoclave cycle. Such a variability can be attributed to the different initial
carbon steel dissolution rates during the early corrosion stage when the oxide
layer starts growing.
Fig. 3b)shows; as an example, an oxidized specimen after in loop dissolution at 28 C in citric, oxalic acids and Rodine 31A solution (sol. 7)
for 22 minutes. By comparison with fig. 3a) it turns out that the outer layer
has undergone an almost total attack, -whereas the inner layer possesses a
porous, sponge-like appearance not visible prior to the chemical attack. Moreover, some small irregular pits were also visible on some specimens.
B. Corrosion potential
The values of the carbon steel corrosion potential as well as those
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of the magnetite electrode in dependence on the pH in the different
solutions are shown in fig. 4.
It must be eraphazised that in that pH range the carbon steel behaves
as a hydrogen electrode even if its absolute potential values are more active
according also to the presence or the absence of the inhibitor. In agreement
with the electrochemical corrosion theor ', --his effect seems to be ascribahle
to the presence of anodic and cathodic suife-es polarized by local currents1 .
The corrosion potential shift and the effects on the potentiodynamic
curves following the inhibitor addition, help identifying which process,
either anodic or cathodic, of the dissolution mechanism is affected most.
The corrosion potential shift towards nobler values at the same time
as the increase of the Tafel slope of the cathodic curve, obtained in our
tests are, however, contrasting effects.
Actually, in the former case, the inhibitor seems to affect the active sites where the anodic metal dissolution occurs, whereas in the latter
case, it affects the cathodic reaction mechanism.
Such differences in the inhibitor effects can be explained by the
need for the determination of Tafel slopes in current density and potential
conditions far from the equilibrium corrosion conditions.Owing to this drawback, which can partially by overcome using "rapid methods" of polarization,
it is not possible, for the time being, to draw definite conclusions.
Fig. 5 shows the corrosion potential trends of some oxidized specimens
in citric acid solutions-at high temperature. The variations are those generally found for the specimens in the different solutions, though the potentials often vary in dependence on tests and solution temperature. Nevertheless, the final potential reaches a value around that of carbon steel in the
same environment, and does not change significantly during the different
tests. The figure clearly shows three different trends: the first, referred
to solutions 1 , 2 and 4, is peculiar of an acid environment added by either
a complexing or an inhibitor agent; the second, referred co solution 3 containing hydrazine, points out the possible oxide film conservation by the
reducing agent, even if for a short time; finally, the third, referred to
solution 5, shows a different trend because it is recorded at pH = 8.0. In
fact, according to fig. 4, the oxide potential at this pH value is about
-0.4 v/NHE and it shifts to nobler values as the dissolution increases. This
is in agreement with the shift to the guilibrium area of the ferric oxide;
yet a pH variation at the metal-solution interface cannot be disregarded.
The trends reported in fig. 5 suggest that the time spent to reach
the carbon steel corrosion potential is equal to the time taken to expose
the underlying metal surface at the pore base in the oxide layer.
In fact, during this time the potential assumes a value ranging between
the equilibrium potential for the magnetite dissolution and that for the metal
dissolution. Practically, it is a mixed potential referring to the autoreduction
reaction:
^ ^ + p e + BH+
4 pe2+ + ^
n
The trend of such a potential should be a function of different variables. It is reasonable to assume, in fact that the variations in the pore sizes of the magnetite layer would control the exposed ••, tal surface area and, therefore,
the metal dissolution rate. Other effectr. should o«.. connected to the pH and
to the complexing strength of the solution (local F e 2 + concentration decrease).

A-'M

These variables depend, in turn, on the local hydrodynamic conditions
that, moreover, affect the diffusion processes.
When the carbon steel corrosion potential is reached, the specimen
undergoues active dissolution. Such a large potential transition increases the
polarization of the magnetite dissolution reaction, ."his could be the reason
for the difficulty of removing the oxide film, as it clearly turns out from
the SEM analysis at the end of each test. The analysis shows in fact a
partial removing of the oxide even for dissolution times sufficiently long.
In this last case, there can be occurency of a galvanic corrosion problem
due to the Fe/Fe 3 O. coupling.
C. Potentiodynamic polarization curves
The general electrochemical behaviour oxidized andnon-oxydized carbon steel in the different acid solutions is reported in figs. 6,7 and 8,
showing the potentiodynamic polarization curves. They have been drawn in
order to identify the processes involved in the cathodic and anodic areas of
the two material (hydrogen evolution, activation, passivation, etc.) .
The curves essentially have upwards trends in first length, then they
show a Tafel behaviour in a <•••<' r>xt portion at intermediate current density.
Moreover, only in the case of oxalic acid solution, the anodic curves
show a current density minimum as far the non-oxidized steel is concerned. Such
a trend is likely to be due to diffusive control related to ferrous salt
formation, as proved by the presence of a precipitate on the specimens during
some tests. On the other hand, these anodic current peaks take place at potential values more negative (0.3 + 0.4 V) than the Flade potential( 5 ). A similar
behaviour has been previously noticed for the carbon steel in acid environment
in the presence of oxygen^) and, in our tests, it has also been obtained in
dependence on the pH (fig. 9) .
The analysis of the potentiodynamic curves, already reported in a
previous paper^' , is complicated by interferences due to resistive fall,
concentration polarization, redox couples, etc. This complexity justifies the
impossibilityr or at least the poor evaluation accuracy, of electrochemical
parameters that are absolutely necessary for the calculation of oxide and
metal dissolution rates in dependence of the chemical environment. Nevertheless table 2 reports the Tafel slopes graphically obtained and utilized for
the calculation of the Stern and Geary constants. Such constants have been,
however, used at all the investigated temperatures.
D. Dissolution rate measurement
1. Non-oxidized carbon steel. During the chemical treatments the
corrosion rates bave been monitored using the electrochemical method of the
linear polarization resistance. Figures 10-13 report the trends relevant to
non-oxidized specimens at the investigated temperatures. As it could be
expected, the corrosion rate is higher in the presence of the reducing and
complexing agents, whereas the addition of the inhibitor, even together with
the reducing agent, decreases dissolution; when the environment is only acid,
the corrosion rate ranges between the two previous groups. At the end of each
test, the integrated corrosion rates have been compared with those obtained
from the weight losses of the specimens. The parameter values are
reported in tables 3 and 4, and the correlations are shown in figs. 14 and
15.
The differences turning out are ascribable to some limits, such as the
irregular electrochemical measurements, which do not always allow the tran-
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sients to be identified and to the difficulty in the interpretation of potentiodynamic polarization curves recorded in chemical environment of complex
nature.
Nevertheless, it can be noticed that at low temperature the corrosion rates obtained from the linear polarization resistance are in good
agreement with those obtained from the weight losses. At higher temperature
the correlation is smaller since use has been made of the same Stern and
Geary constants obtained at low temperature.
2. Oxidized carbon steel. Figures 16-19 show the trends of the linear
polarization resistance relevant to the specimens oxidized at the investigated temperatures. The parameter values are reported in tables 5 and 6, and
the correlations obtained from the weight losses are summarized in figures
20 !ind 21. Such figures clearly show the different results obtained in dependence of the Stern and Geary constant used in the calculations: the average
constant for non-oxidized carbon steel (Fe straight line) and the average
one obtained with the magnetite electrode (Fe,O straight line).
In fact, as already mentioned, the dissolution mechanism takes
place following an autoreduction process; in this case, the corrosion rate
evaluation is, at least, inaccurate owing to the difficult evaluation of the
partial contribution of the two dissolution processes.
Therefore, the dissolution rate of the magnetite film can be simply
calculated from the weight loss difference between the oxidized specimen and
the non-oxidized one. The values reported in tables 7 and 8 do not take into
account the Fe/Fe,O. coupling that, in any case, undergoes fast changes, as
shown by the corrosion potential trends (fig. 5) and by the consequent
values of the current density (fig. 22).
IV. CONCLUSIONS
The set of tests previously described have shown the usefulness of the
electrochemical measurements (corrosion potential, linear polarization resistance) for the control of the oxidized carbon steel decontamination in the
aim at guaranteeing a selective oxide dissolution.
The system under study consists, in fact, of the Fe/Fe,O. couple that
contributes to the increase of the metal dissolution. In such a condition,
the aim is at minimizing the steel corrosion, though maintaining a high level
of the oxide dissolution.
The corrosion rates calculated using the linear polarization resistance,
without disregarding the Stern and Geary constants obtained from the poter.tiodynamic polarization curves, are in good agreement with those obtained from the
weight losses.
The knowledge of the potentials and corrosion rates, typical of these
oxides and of the carbon steel in decontamination conditions, can help identifying the final point of the oxide dissolution.
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TABLE 1 - Physico-chemical and electrochemical parameters obtained during
the laboratory t e s t s at the two investigated temperatures.
T
(°C)

Solution

1

2

3

4

5

pH

Conduc.
(mS/cm)

redox
(V/NHE)

7,0

+ 0,50

E

cocr**
(V/NHE)

30
80

3.5
-

3% citric

30

0,1« Rodine 31A

80

3,5
-

12,1

3% citric

30

4,0»

9,2

1% hydrazina

80

-

16,8

-

3% citric

30

3.5

9.8

+ 0,28

1% EDTA

80

-

19,6

3% citric

30

4,0»

9,4

0,1% Rodine 31A

80

-

16,0

-

-

3% citric

30

3.5

25,1

+ 0,44

- 0,40

3% oxalic

80

-

45,2

-

-

3% citric

30

3,5

25,1

+ 0,46

- 0,30

3% oxalic.

80

-

45,2

-

3% citric

30

3,5

22,1

+ 0,17

3% oxalic

80

-

41,5

-

-

3% citric

30

3,5

26,5

+ 0,33

- 0,38

3% oxalic

80

-

55,8

-

-

3% citric

30

3,5

20,0

+ 0,19

- 0,30

3% oxalic

80

-

3% citric

.

13,7

6,8

- 0,38

+ 0,33

- 0,28

+ 0,23

- 0,33

- 0,39

+ 0,19

- 0,31

1% hydrazina

6

7

-

0,1% Rodine 31A

8

—

0,40

1% hydrazina

9

1% EDTA

10

35,5

-

0,1% Rodine 31A
1%

hydrazina

pH obtained adding ammonia, but not for « solution.
Corrosion potential values of the non-oxidized carbon s t e e l .
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TABLE 2

~ Tafel slopes graphically obtained from low temperature potentiodynamic polarization curves, and Stern-Geary constants

Solution

8

K
(10 n mg/day)

*c
(V/dec.)

a
(V/dec.)

1
2

175

65

51,45

.

45

48,85

3

•

25

27,14

4

185

85

63,22

50

50,35

5

295/ .

Specimens

N

2
p
6

135

80

54,53

7

•

25

27 f 14

8

175

70

54,28

9

125

70

48,71

10

•

20

21,71

6

300

200

390,83

7

380

1237,50

8

360

1172,40

400

1302,68

160

521,10

9
10

oo
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TABLE

3 - Comparison at low temperature between integrated corrosion
rates and those obtained from the weight losses of the
non-oxidized specimens

Solution

Time
(min)

T

r

Rp integ.

rc+n

(Kß cm )"

2

1

integ.

(mdd)

&P

integ.
2

(mg/dm )

weigh.
(mg/dm )

*#

1

83

37

3,85

198

11,41

2

32

31

6,53

319

7,08

18,67

3

55

41

21,66

588

22,46

39,62

4

45

28

15,69

992

31,00

38,30

5

48

41

3,93

198

6,60

39,62

6

58

26

15,22

830

33,44

52,26

7

22

29

22,48

610

9,30

92,64

8

35

38

16,56

897

21,79

24,52

9

40

33

21,13

1029

28,57

50,75

10

41

38

14,23

309

8,76

20,18

*)

pH = 4,0 without ammonia addition.

**)

AP

. . = 335,6 mg/dm taking into account weight losses both

of low and high temperature t e s t s .
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TABLE

4 - Comparison at high temperature between integrated corrosion
rates and those obtained from the weight losses of the
mn'-oxidized specimens

Time

Solution

(min)

1

R

T
(°C+1)

integ.

integ,
(radd)

(kfl c m 2 ) " 1
19,59/68,89

AP. .
integ.
(mg/dm )

1008/3596 34,98/99,89

A

*weigh.

(mg/dm2)

**/595,3

50/40

76/79

35

78

16,91

826

20,08

89,99

3

71

77

61,94

1681

82,89

551,50

4

50

78

n.d.

5

37

79

6

31

7

2
*

5,10

n.d.

n.d.

8,54

430

11,04

20,75

78

53,79

2933

63,13

366,20

32

79

17,21

467

10,37

56,03

8

32

77

110,85

6017

133,70

688,67

9

45

77

37,90

1846

57,68

716,60

10

42

79

8,06

175

5,09

25,28

pH = 4,0 without ammonia addition
AP

.

= 335,6 mg/dm

taking into account weight losses both

of low and high temperature tests.
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TABLE

5 - Comparison at low temperature between integrated corrosion
rates and those obtained from the weight losses of the
oxidized specimens

7
Solution

Time
(min)

T
(°C+1)

Ft integ.
P
2-1
<kfl cm )

'weigh,
(mdd)

ÄP

weigh.

(mg/dm )

1

33

26

40,00

4263

97,70

2

58

32

1.45

3091

124,50

157

37

3,70

469

51,12

4

45

29

4,50

4976

155,50

5

30

30

0,47

826

17,20

6

54

31

16,00

2133

79,99

7

60

34

9,96

1875

78,11

8

40

38

3,75

1732

48,11

9

35

34

22,05

6180

150,20

10

40

38

8,05

1175

32,63

*

*)

pH

4,0 without ammonia addition

**)

pH

7,9
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TABLE 6 - Comparison at high temperature between integrated corrosion
rates and those obtained from the weight losses of the
oxidized specimens

Time
Solution

(min)

T

r

(•c+n

R

integ.

weigh.

(mdd)

(kJJ c m 2 ) " 1

&P

weigh.

(mg/dm2)

1

35

77

275,0

13684

332,60

2

30

77

43,0

7781

162,10

3

37

77

54,0

11206

287,92

4
**
5

33

75

63,0

13140

301,13

45

78

4,3

1238

38,70

6

34

77

54,0

9493

224,14

7

30

77

82,0

14654

305,30

8

34

76

86,0

25068

591,88

9

35

74

67,0

15317

372,30

10

34

79

55,5

4411

104,14

*)

pH = 4,0 without ammonia addition

**)

pH = 7,9
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TABU: 7 - Dissolution rate of the magnetite film calculated at low temperature

r

Solution

r
2

weigh,
weigh.
oxidiz.specdm.. non-ox idi z.spec
(mdd)
(mdd)

calcul,
magnetite
(mdd)

magnetite dissolut.
(ym)

(um/h)

1

4263

198

4065

2,62

4,8

2

3091

319

2772

3,14

3,3

469

588

-

4

4976
**

.

-

-

992

3984

3,50

4,7

826

6

2133

830

1303

1,37

1,5

7

1875

244

1631

1,91

8

1732

897

835

0,65

1,9
1,0

9

6180

1029

5151

3,52

6,0

10

1175

103

1072

0,84

1,3

*)

pH = 4,0 „without ammonia addition

**)

pH = 7,9

TABLE 8 -

Dissolution rate of the magnetite film calculated _at high
• temperature

weigh.
Solution

r

weigh.

oxidiz.specium non-oxidiz.spec.
(mdd)
(mdd)

calcul.
magnetite
(mdd)

magnetites dissolutv
(Um)

(Um/h)

11,8

1

13684

3596

10088

6,90

2
*

7781

826

6955

4,07

8,2

11206

1681

9525

6,88

11,2

4

13140

7

13133

8,46

15,4

**

*)

5

1238

6

9493

2933

6560

4,36

7,7

7

14654

467

14187

8,31

16,6

8

25068

6017

19051

12,65

22,3

9

15317

1846

13471

9,21

15,8

10

4411

175

4236

2,81

5,0

pH = 4,0 without ammonia addition

**) pH = 7,9

Fl

tl

s

T.S.

Fig. 1 - Flowsheet of the experimental loop.
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Fiq. 2 - CELL FOR CORROSION RATE AND POTENTIAL MEASUREMENT

a

x -looo

-IOOO

Fig. 3

-

Morphology of magnetite films a) before and b) after dissolution
in the solution 7 for 22 minutes (pH=3.5, T •= 28+1 °C)
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Corrosion rates relevant to non-oxidized specimens in citric,
oxalic solutions at low temperature.
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ABSTRACT
The purpose of this work is to investigate whether or not a reductive
dissolution of magnetite and nickel ferrite is possible in neutral solution
and to what extent reducing power of solutions is able to be increased by
electrolysis. With magnetite, two broad peaks of dissolution rate grew
around -0.40 V (vs. SCE) and -1.0 V in a solution with pH=6.5, containing
chelating reagent, such as oxalate. With nickel ferrite, single peak
appeared around -1.0 V.
The effects of electrode materials, such as platinum, titanium, carbon and
Type 304 stainless steel, on the reducing power of solutions were examined.
An activated carbon electrode was found to be most favourable for reduction
of dissolved oxygen and depression of hydrogen gas evolution reaction;
when a 0.002 M EDTA solution with pH-6.5 was electrolytically reduced, the
rest potentials of magnetite and Type 304 stainless steel largely dropped
and then reached about -1.0V (vs. SCE).
I.

INTRODUCTION

It was reported that in a primary coolant system of nuclear power
plants, radioactive species, such as cobalt-60, were incorporated into
oxide films on the surface of piping and/or components during the growth
of oxide films and then radiation fields were increased; since iron
alloys widely used, magnetite and nickel ferrite played an important role
on the incorporation processes of radioactive species. D i 2 ) High radiation field is one of disturbing factors to maintenance work. Hence, many
decontamination processes have been developed in order to facilitate
maintenance of plants.
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In existing decontamination processes, radioactive oxide films were
removed by using oxidizing reagents, such as alkaline permanganate, and/or
chelating reagents, such as a mixture of citric acid and oxalic acid. 2 )» 3 )
These processes, while providing good decontamination, have the possibility
of causing corrosion damages, because acidic solutions are employed. When
nuclear power plants are decontaminated, however, it is desirable to exclude the corrosion damages. Therefore, we feel a need to improve the
decontamination processes for reduction of corrosion. When neutral solution are employed, corrosion damages are expected to be reduced. On the
other hand, we have poor understanding of dissolution of oxides in neutral
solutions, as explained later. In order to develop a good decontamination
process, therefore, it is important to make clear dissolution processes of
oxide in neutral solutions.
Considerable studies of the dissolution of oxides have been conducted
in a viewpoint of passivity of metal and hydrometallurgy.*) Most studies
on dissolution processes of oxides have been performed in acidic solutions
using a potentAostatic method. For instance, as the electrode potential of
magnetite was decreased, dissolution rate was reported to be increased:
in other words, reduction of magnetite was favourable for dissolution.*)»6)
In viewpoint of decontamination, methods of reductively dissolving oxides
are of interest to us, because reduction processes give the possibility
of reducing corrosion demages of base metal due to decontamination solution,
in addition to promotion dissolution ; for example, when a rest potential
of iron is maintained below a so-called corrosion protection potential,
iron is hard to corrode.
Methods for decreasing potentials of oxides by using external sources,
however, seem to be inadequate for decontamination of coolant systems, such
as piping systems, because counter electrodes are difficult to insert into
pipes. Hence, it is interest to investigate whether or not potentials of
oxides as well as base metals can be decreased by reductive solutions. An
electrolysis process is expected to make possible to obtain strongly reductive solutions. Now effectiveness of electrolysis is known to depend on
properties of electrode materials.')»**) The need of study on investigation
of electrode materials arises to obtain highly reductive solutions.
In this work, reductive dissolution processes of magnetite and nickel
ferrite in a neutral solutions are first investigated to make clear whether
or not decontamination is possible by using neutral solutions. Then attention is paied to understanding of effects on the reducing power of electrode
materials, such as platinum, titanium, carbon and so on. In addition, reducing power of electrolysed solutions was determined by measuring rest
potentials of magnetite, Type 304 stainless steel, and platinum electrodes;
magnetite and Type 304 stainless steel, are typical of oxides and structural
materials in nuclear power plants, respectively.
I.

EXPERIMENTAL PROCEDURE

A Preparation of Oxides
In this experiment, specimens of magnetite and nickel ferrite were
prepared as follows. Powders of oxides were first pressed into pellets with
the pressure of about 50 kg/cma. These pellets were then sintered at 1150°C
for 1 hour in argon atmosphere. Sintered pellets were polished with an
emery paper. Finally, specimens were embedded silicon rubber mounting
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except for the area of about 1 cm 2 exposed to solutions.
B
Preparation of Solutions
Ammonium oxalate, ammonium citrate, and EDTA-(NHi4)2 were employed as
chelating reagents because these were widely used in existing decontaination processes.2) For comparison, sodium sulfate was used because sodium
sulfate has little chelating power. The pH values of solutions containing
the salts were adjusted to neutrality ranging from 6.0 to 7.0, using an
ammonia water. The neutral solutions are considered to be appropriate for
system decontamination because neutral solutions favour the reduction of
corrosion damages.
C
Electrode Materials
The investigation was made on such cathode materials as platinum,
nickel, Type 304 stainless steel, and carbon. These materials were taken
up paying attention to overpotentials for hydrogen gas evolution reaction
and reduction reaction of dissolved oxygen. Carbon electrodes were divided
into three types as follows; (1) a reticulated vitreous carbon, (2) a reticulated vitreous carbon with activation, and (3) activated carbon powder.
Electrodes of type (1) and (2) were provided by Chemotronics Co., Ltd.; an
electrode of type (1) was called 6xl-45S, and an electrode of type (2) 6x145A. Electrode of type (3) was made according to the following procedures.
Powder of activated carbon was purchased from Hitachi Chemical Co., Ltd.
The powder was solidified by addition of about 90 % epoxy resin by weight
as binder. The solidified activated carbon was shaped into a electrode and
then kept at room temperature for 24 hours, prior to experiment.
D
Measurement of Dissolution Rate
The experiment was performed in a standard three electrode glass cell
with a saturated calomel reference electrode and an platinum counter electrode. Electrochemical measurements were made with a potentiostat under
argon atmosphere at 85 C. Rest potentials and current-potential curves were
obtained according to the following procedures. Solutions containing
chelating reagents and/or sodium sulfate were warmed to 85 C and deasrated
by passing an argon gas through solutions. Specimens were immersed into
solutions to measure rest potentials. A potential of the specimen was first
lowered from the rest potential to about -1.5 V and returned to the rest
potential. The potential was then raised to about +1.5 V.
The quantity of oxide dissolution was determined by immersing the
specimen in a solution of 150 ml at 85 C for 30 minutes. The electrode
potential was kept at a described values using a potentiostatic method.
Measurements of dissolved iron ions and nickel ions were made with a flame
photospectrometer.
E
Electrochemical Measurement
When current-potential curves of electrode materials previously listed
were measured, two types of cells were employed. One was a standard three
electrode glass cell. The other was a cell assembly, which was divided
into an anode cell, a cathode cell, and an intermediate cell through cation
exchange membranes as described later in more detail. When potentialcurrent curves were taken using a three electrode glass cell, a mixture of
0.002 M ethylenediaminetetreacetic acid ( EDTA ) and 0.1 M boric acid was
employed; the pH value of the mixture was adjusted to 6.5 with ammonia
water. Cn the other hand, with the cell assembly, a solution containing
0.002 M EDTA with pH=6.5 was used as catholyte, 0.1 M oxalic acid as
anolyte; for comparison, a 0.002 M sodium sulfate solution was also used as
catholyte. In addtion, a 0.1 M crtric acid solution was placed in the
intermediate cell.
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1 Design of a Cell Assembly
The cell assembly is schematically shown in Fig. 1. The parallel
plate cell assembly was made of acrylic sheets with thickness'of 10 mm and
silicon rubber seals and held together with eight stainless steel bolts,
which are not shown. A cation exchange cell membrane were placed among
cells. The intermediate cell was mainly designed to adjust the pH value of
a catholyte and prevent the leakage of dissolved oxygen from an anode to a
cathode cell by passing a high purity argon gas through solutions in the
intermediate cell.
A rectangular platinum plated titanium electrode was put in the anode
cell. Cathodes mentioned above were 10 cm long and 7 cm wide. Platinum
electrode was a screen with 20 meshes. With titanium, an expanded titanium
grid was empoyed. In addition, a reticulated vitreous carbon electrode was
1 cm thick.
2 Test Loop
Figure 2 shows a schematic drawing of a test loop used for measurement
of current-potential curves and rest potentials of specimens, such as magnetite and so on. The test loop was constructed from cell assemblys, a
circulation pump, and tanks. When rest potentials were measured, specimen
electrodes were placed in the tank with a volume of about 10 liters. When
current-potential curves were taken, a small tank with a volume of 0.5
liter was, instead, employed for deaeration.
HI.

RESULTS AND DISCUSSION

A Dissolution of Oxides
Let us consider the influence of the chelating reagent on the dissolution rate of magnetite. Figure 3 shows the current-potential curves taken
in the solution with pH=6.4 containing ammonium citrate. As the potential
was lowered from the rest potential, the curve exhibited a peak around -0.A
V and then steep rise below about -1.0 V. On the other hand, when the
potential was returned to the rest potential, the current inversion was
observed unlike the above curves. This indicates that the surface compositions change from magnetite to other materials. The surface electrical
resistivity of magnetite polarized until -1.4 V was found to be highly
decreased, as compared to the sintered magnetite. The drop in the resistivity suggests that the surface layer was reduced to a metallic iron. The
formation of metallic iron is considered to be responsible for hysteresis
in the current-potential curve.
Figure 4 shows the relation between the potential and the amount of
dissolution taken in an ammonium oxalate solution with pH=6.4. It is clear
from the figure that two peaks of a quantity of the dissolution grew around
-0.4 V and -1.0 V. The potential for the former peak is in good agreement
with that corresponding to the peak current shown in Fig. 3. Moreover, in
viewpoint of decontamination, it is much interesting to us that the latter
peak appeared and further became larger than the former peak. Based on the
existence of the hysteresis depicted in Fig. 1, the latter peak is possibly
associated with the reduction reaction of the magnetite.
Next, Table 1 summarizes the variations in the quantity of dissolution
with chelating reagents, where an ammonium oxalate, ammonium citrate and
EDTA were used and the pH values were adjusted to 6.4. This table indicated that there is no large difference in the quantity of dissolution among
these chelating reagents.
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Cable 1

Dependence of the dissolution of magnetite on chelating
reagents, such as EDTA, ammonium citrate, and ammonium oxalate;
magnetite was immersed in the solution with pH=6.5 for 30 minutes.

Amount of dissolved iron ions(ppm)
Kinds of chelating reagents
-0.6 V (vs.SCE)

-1.0 V (vs.SCE)

EDTA

7

24

Ammonium citrate

6

41

Ammonium .oxalate

7

25

Figure 6 presents the current-potential curve of nickel ferrite taken
in an ammonium oxalate solution similarly to the magnetite. As clear from
the figure, the inversion of current was observed like the magnetite. This
result suggests that nickel ferrite is also reduced to a metal. However,
no current peak was observed around -0.4 V» unlike the curve of magnetite.
Figure 7 shows the dependence of the amount of dissolved iron and
nickel ions on the potential obtained in the ammonium oxalate solution. In
analogy with the current-potential curve, the dependence of dissolution
rate on the potential differs from that of magnetite. In contrast to magnetite, a peak of dissolution did not appear. The dissolution rate was progressively increased with the decrease in the potential and then became
maximum at about -1.0 V. This result is favourable for improving the decontamination processes.
It is interest to note that iron ions and nickel ions differ from each
other in the dependence of dissolution rate on the potential. At more noble
potential than -0.3 V. the quantity of dissolved nickel ions is greater than
that of iron ions. On the other hand, at less noble potential the amount of
dissolved iron ions is greater than that of nickel ions.
As the potential was lowered, the ratio of the dissolved ions to
nickel ions was further close to the composition of nickel ferrite. From
these results, it is difficult to know the mechanism of selective dissolution. In viewpoint of decontamination, it is necessary to have the detailed knowledge of the selective dissolution to augment the decontamination
efficiency.

B

Methods for producing reductive solutions

1
Current-Potential Curves
Current-potential curves were first taken at the electrodes previously listed up in the solution without deaeration using a standard three
electrode cell. The solution was a mixture of 0.002 M EDTA and 0.1 M boric
acid with pH=6.5. With respect to nickel, titanium, and Type 304 stainless
steel electrode, cathodic current started to rise at much less noble potential than that of platinum electrode; cathodic current taken at titanium
rose at the least noble potential. On the other hand, the curves taken at
an activated carbon and a reticulated vitreous carbon with activation exhibited a steep rise in current at about the same potential as platinum.
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In contrast, with reticulated vltrsous carbon without activation, cathodic
current rose at less noble potential.
From following reasons, investigation was concentrated on platinum,
reticulated vitreous carbon with activation, and titanium electrodes as
candidates for electrode materials used for actual decontamination.
First, platinum electrode is expected to be effective in reducing dissolved
oxygen on the basis of the curves mentioned above. In addition, platinum
electrode is known to have smallest overpotential for hydrogen gas evolution reaction. Secondly, in contrast to platinum, titanium is reported to
have larger hydrogen overpotential, whereas a titanium electrode appears
to be ineffective in reduction of dissolved oxygen.9) Finally, it is of
Interest to us that reticulated vitreous carbon electrode with activation
has large surface area in addition to a steep rise in cathodic current at
noble potential similarly to platinum.
Then, the current-potential curves were taken by using a small test
loop constructed from a cell assembly, a circulation pump, and a small
tank for deaeration in order to investigate the effect of dissolved oxygen on electrolysis. Figure 7 describes current-potential curves obtained
in 0.002 M EDTA solution with pH=6.5, where boric acid was not contained;
it is desirable to use as dilute solution as possible for actual decontamination because dilute solutions make possible to reduce corrosion
damages of base metal.
As clear from Fig. 7, the curve obtained at reticulated vitreous
carbon with activation are strongly affected by deaeration. The curve
taken in the deaerated solution becames small and further shifts to less
noble potential by more than 0.6 V, compared to that in the aerated
solution. In the curve taken at a platinum electrode in an aerated solution, as the potential decreases, the cathodic current slightly increases
once around 0 V and then steeply rises around -0.5V accompanying evolution of hydrogen gas. When a solution is deaerated the cathodic current
rises only at about -0.5 V; this increase is attributable for hydrogen
evolution reaction. With a titanium electrode, no large change is observed between the curve taken in an aerated solution and that in a deaerated solution.
2
Changes in Rest Potentials
Now, let us consider changes in the rest potentials of magnetite,
Type 304 stainless steel, and platinum electrodes in an electrolytically
reduced solution containing 0.002 M EDTA with pH=6.5, using the test loop
depicted in Fig. 2. Rest potentials of the specimens were found to be
located around -0.2 V. before deaeration. When the solution was deaerated
and then electrolytically reduced at the platinum electrode with about 0.35
ampere (hereinafter designated as A ) , the rest potential of platinum
dropped and then reached about -0.5 V. However, the rest potential of
magnetite was not decreased below about -0.1 V. Similarly, Type 304 stainless steel only exhibited slight decrease in the rest potential. The
magnitude of decrease in the potential of magnetite is too small to obtain
high dissolution rate, that is, high decontamination efficiency; the dissolution rate was increased below about -0.4 V, as described above. Thus,
the platinum electrode, while appropriate for the reduction of dissolved
oxygen, is not always favourable for decreasing the rest potentials of
magnetite and/or Type 304 stainless steel.
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Then, the same solution as used for the platinum electrode vas reduced
at the titanium electrode. No large change was, however, obtained in the
rest potential of magnetite and Type 304 stainless steel in analogy with
the platinum electrode; in addition, the rest potential of platinum was
lowered to about -0.5 V. Consequently, electrodes with only high hydrogen
overpotential are unfavourable for decontamination.
On the other band, as clear from Fig. 8, when the solution was electrolyically reduced at the reticulated vitreous carbon electrode with activation, the rest potentials of magnetite and Type 304 stainless steel were
decreased below -1.0 V, unlike to the case of the platinum and titanium
electrodes. The rest potential of platinum, however, remained at about
-0.5 V similarly to that mentioned above; this is because reduction reaction of hydrogen ions is accelerated below about -0.5 V as seen from Fig. 7.
Then, the electrolysis current was varied from 0.1 to 0.5A in order to
determine the effects of current on reducing power. When the current was
increased to more than about 0.3A, the rest potentials of all specimens
were not lowered below the value plotted in Fig. 8.
With magnetite, the rest potential of about -1.0 V is corresponding
to the potential where the dissolution rate of magnetite becomes maximum.
This result indicates that when the reticulated vitreous carbon electrode
with activation is employed as a cathode, high dissolution rate, i.e. high
decontamination efficiency, is probably obtained. Moreover, it is important to note that rest potential of Type 304 stainless steel vas located at
much less noble than the potential corresponding to ah active state of the
stainless steel. That is to say, these results give the possibility that
dissolution of oxides is promoted, while corrosion damages of base metals
are reduced.
Turning to the effects of reagents on the rest potential, when a
0.002 M sodium sulfate solution was reduced at the activated vitreous
carbon electrode, the large drop in the rest potential of magnetite and
Type 304 stainless steel were observed in analogy with the 0.002 M EDTA
solution.
This result indicates that the large drop are independent of the presence of chelating reagent. Hence, the emphasis is placed on the interaction between activated carbon and water. Some species produced on the
activated carbon electrode are supposedly responsible for the large drop
in the potentials; unfortunately, it was impossible to make clear what
species were produced in,this work. Needless to say, the problems are in
reality much complicated and many questions are still open to discussion.
A detailed investigation is now underway.
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Figure 3 Current-potential curve of magnetite taken in a 0.1 M ammonium oxalate
solution with pH=6.4; a sign in the parenthesis indicates the polarity of
current.
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Figure 5 Current-potential curve of nickel ferrite taken in a 0.1 M ammonium
oxalate solution with pH=6.4; a sign in the parenthesis indicates the
polarity of current.
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Figure 7 Dependence on deaeration of current-potential curves
obtained at platinum, titanium, and reticulatied vitreous
carbon wtih activation electrodes, utilizing a cell assembly; the pH value of a solution with 0.002 M EDTA was
adjusted to 6.5.
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Variations in rest potentials of magnetite, Type 304
stainless steel, and platinum in a 0.002 M EDTA solution with pH=6.5 electrolyucally reduced by using a
reticulated vitreous carbon with activation as a cathode; a test loop depicted in Fig.2 was used.
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DECONTAMINATION OF SAVANNAH RIVER PLANT
WASTE GLASS CANISTERS

W. Nevyn Rankin
E. I. du Pont de Nemours & Co.
Savannah River Laboratory
Aiken, South Carolina 29808

ABSTRACT
A Defense Waste Processing Facility (DWPF) is currently being
designed to convert Savannah River Plant (SRP) liquid, high-level
radioactive waste into a solid form, such as borosilicate glass.
The outside of the canisters of waste glass must have very low
levels of smearable radioactive contamination before they are
removed from the DWPF to prevent the spread of radioactivity.
Several techniques were considered for canister decontamination:
high-pressure water spray, electropolishing, chemical dissolution,
and abrasive blasting.
An abrasive blasting technique using a glass frit slurry has been
selected for use in the DWPF. No additional equipment is needed to
process waste generated from decontamination. Frit used as the
abrasive will be mixed with the waste and fed to the glass melter.
In contrast, chemical and electrochemical techniques require more
space in the DWPF, and produce large amounts of contaminated
byproducts which are difficult to immobilize by vitrification.
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I.

INTRODUCTION

The Savannah River Plant (SRP), operated for the U.S. Department of Energy by E. I. du Pont de Nemours & Company, has produced
nuclear materials for national defense and other applications since
1953. A program is currently under way at Savannah River to convert the liquid, high-level radioactive vaste generated by these
operations from a liquid into an immobile solid form. The Defense
Waste Processing Facility (DWPF) is being designed to convert this
liquid waste into a glassy solid which has been selected as the
reference waste form.
In the reference process, waste slurry is mixed with glass
frit and processed at 1150*C in a Joule-heated ceramic melter.
At this temperature, the waste is dissolved in the molten glass.
The molten product is then poured into Type 304L stainless steel
canisters. In order to prevent the spread of radioactive contamination, canisters of waste glass will have to be decontaminated
before they are removed from the processing facility.
This paper describes the development of frit blasting as the
technique to decontaminate SRP waste glass canisters.
II. DECONTAMINATION TECHNIQUES CONSIDERED
Several decontamination techniques were considered for this
application:
A.

High-Pressure Water

High-pressure water blasting consists of spraying the
surface of the canister with water at up to 340 bar (4930 psi).
A process using high-pressure water is used by the French to
clean the outside of their canisters of waste glass.1
This process was not expected to provide sufficient
decontamination for SRP waste glass canisters. Contamination
is expected to be incorporated in an oxide film. The ability
to remove waste glass adhering to the outside of the canister
(in case of an accidental glass spill) was also desired.
B.

Electropolishing

In electropolishing, the piece being decontaminated
becomes the anode in an electrolytic cell. This technique has
been tested on actual contaminated canisters and is now being
commercialized in the nuclear industry.2
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There are two disadvantages to this technique in the
application at SRP: (1) Adherent glass is removed from a canister
surface mostly by undercutting rather than by dissolution. A large
cross section of the canister wall could, therefore, be lost. (2)
These processes use chemicals, such as phosphoric acid, which add
large amounts of byproducts, such as phosphate, to the waste
stream. High levels of phosphate increase the liquidus temperature
of borosilicate glass.3
Since extensive development of this process had been
undertaken at Pacific Northwest Laboratory, no further development
at Savannah River Laboratory is necessary.
C. Chemical Techniques
Chemical decontamination techniques are ideally suited to
remote operations because of their simplicity. The canister is
immersed in solutions which dissolve the contaminated outer portion
of its surface. The canister is then rinsed to remove dissolved
contamination.
A technique which includes the use of HNO3-HF and oxalic
acid (^C^O^) was previously developed (Table 1) at Savannah River
to decontaminate stainless steel. HNO3-HF was selected to remove
the oxide film from the stainless steel. These acids are widely
used as a standard practice for cleaning and descaling stainless
steel parts.4 lL^C^O^ is extensively used for decontamination.5
•

Removing Baked-On Contamination

The ability of the HNO3-HF and H o ^ O ^ technique to remove
baked-on contamination from Type 304L stainless steel specimens was
evaluated. Specimens were contaminated up to 300,000 dis(alpha)/
(min dm 2 ) by placing one drop of a plutonium nitrate solution in
the center of one face of each specimen. The specimens were then
heated for 16 hrs at 600°C in air to produce an oxide film similar
to the film expected on the outside of canisters filled with waste
glass. Specimens were carried through the chemical decontamination
process and then were smeared to determine the amount of contamination remaining.
The results of this evaluation showed that this chemical
technique successfully removed the baked-on contamination. It was
also noted that there was a correlation between oxide removal and
decontamination. The amount of contamination remaining on the
surfaces of specimens was proportional to the amount of oxide
remaining on the surfaces.
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•

Disadvantages

There are disadvantages to using hydrofluoric acid in a
remote facility because of its corrosivity. Hydrofluoric ?cid
vapor corrosion throughout the entire cell block is possible.
Process vessels and exhaust ducts would have to be fabricated from
more expensive, corrosion-resistant materials. Even the glass
windows of the cells could be etched by the hydrofluoric acid.
Disposal of hydrofluoric acid-containing waste would also be
difficult. Because of these disadvantages, alternative decontamination techniques were investigated.
D.

Abrasive Blasting Techniques

Abrasive blasting effectively removes oxide films from
metal surfaces. If the corrolation between oxide removal and
decontamination noted in tests with chemical techniques is true,
then decontamination could be effected by this techique. Abrasive
blasting would also remove adherent waste glass from canister
surfaces. In abrasive blasting, a stream of abrasive material
impinges on the surface to be decontaminated. The action can be
varied to scour or polish the surface, depending on the type of
abrasive and the condition of application.5 A slurry abrasive
blasting technique is sucessfully used in Germany in a facility to
decontaminate decommissioned radioactive equipment.*
Abrasive blasting would have several benefits compared to
the HNO 3 -HF, H 2 C 2 0 4 process. If glass frit were used as the abrasive, no extra process equipment would be needed for waste from
decontamination because the spent frit could be used to make waste
glass (equipment for processing water and air would be shared with
other processes). Less expensive materials of construction could
be used in the DWPF, since resistance to HF would not be required.
•

Oxide Removal Test

The ability of abrasive blasting to remove an oxide film
from Type 3041. stainless steel was demonstrated with several abrasives, including the glass frit which will be used in waste glass
production. Specimens were blasted with dry abrasive, water plus
abrasive, and high-pressure water (no abrasive).
The results of this test show that abrasive blasting, with
the glass frit as the abrasive, is very effective for removing
oxide from Type 304L stainless steel. Blasting with both dry frit
and water plus frit for only 5 sec removed the oxide from
* M. Laser. Kernforschungsanlage Julien Gmbh, Postfach 1913, D-5170
Julich, Federal Republic of Germany, personal communication (1980).
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2.5 x 7.6-cm ( l x 3-in.) specimens. The change in specimen thickness was less than 0.0254 mm (0.001 in.). High-pressure water
blasting (no abrasive) failed to remove any oxide, in 30 sec.
•

Decontamination Test

The ability of abrasive blasting techniques with glass
frit to remove baked-on radioactive contamination from the surface of Type 304L stainless steel was demonstrated. Four blasting
techniques were used in this test: dry-abrasive blasting, dryabrasive blasting with water, high-pressure water blasting, and
high-pressure water blasting with abrasive. Frit was used in all
techniques with abrasive.
Two types of specimens were used in these tests:
-

Specimens with Baked-On Alpha Contamination

These specimens were 2.5 x 7.6-cm (1 x 3-in.) coupons of
Type 304L stainless steel. The specimens were contaminated with up
to 400,000 dis(alpha)/(min«dm2); then, they were heated for 16 hrs
at 600°C to incorporate this contamination in an oxide film similar
to that expected on a canister containing waste glass.
-

Specimens With Alpha, Beta, and Gamma Contamination

These specimens were 9.5-mm x 7.6-ctn (0.375 x 3-in.)
coupons of Type 304L stainless steel that were suspended inside the
vapor space of a raelter for up to 20 hrs while the melter was producing waste glass at 1200°C.
These specimens were both oxidized and covered with a
white film. Stnearable contamination was 9 x 10 5 dis/min alpha,
beta, and gamma. Gamma scan analyses of acid solutions used to
remove this material showed that the contamination removed was
primarily Cs-137. This is only one of the contaminants expected
in the DWPF environment.
The results of the tests (Table 2) showed that any of the
blasting techniques, with frit, removed all smearable contamination
from the Type 304L stainless steel specimens. Blasting with 69 bar
(1000 psi) water only (no abrasive) reduced, but did not eliminate,
smearable contamination. This verified the correlation between
decontamination and oxide removal observed in tests with chemical
techniques.
The amount of glass frit and water necessary to decontaminate an entire canister was determined from the amounts used in
these tests. These predictions showed that the amount of frit
consumed by each process tested was well below the amount of frit
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in a canister of waste glass [>909 kg (2000 lb)]. The amount of
water required for this process could be handled with equipment
needed in the DWPF for other processes.
Equipment to contain radioactivity removed from canisters
by abrasive blasting was designed from standard concepts for the
nuclear industry. Both airborne and liquid radioactivity were
successfully contained.
No disadvantage was identified in laboratory-scale tests
of abrasive-blasting decontamination techniques. It was, therefore, concluded that further investigation of the adaptability of
these techniques to the DWPF was justified.
III. LARGE-SCALE TESTING OF ABRASIVE BLASTING TECHNIQUES
Four abrasive blasting processes and high-pressure water without abrasive were investigated in large-scale tests to determine
which technique was most suitable for the application at SRP. The
processes were compared as to their ability to remove an oxide film
from Type 304L stainless steel plateE. The criteria used to
evaluate the cleaning effectiveness were oxide removal, consumption
rate (of abrasive and water), surface finish produced, Burface
topography produced, surface cleanliness (from adherent abrasive),
and nozzle lifetime. The results of these tests are given in
Table 3 and are summarized below.
A. Frit Blasting
A slurry of frit in water was propelled at 2.8 bar
(40 psi) against the surface being cleaned. This low-pressure
blasting technique produced the cleanest surface of all the
processes tested. There was less loose frit on the BUTface and
less frit observed in the surface topography. No dusting is
associated with frit blasting, and it may be feasible to flush the
equipment clean enough for contact maintenance. These advantages
outweigh the disadvantages of water disposal, wear on the feed
system, and the additional equipment required when comparing frit
blasting to dry-abrasive blasting.
B. High-Pressure Water Plus Frit Blasting
A slurry of frit in water was incorporated in a highpressure water stream at 138 bar (2000 psi) directed at the surface
being cleaned. This high-pressure technique is more powerful and
effective than frit blasting for removing molten glass adhering to
the outside surface of the canisters. The consumption rates of
vater and frit are higher than in frit blasting.
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C. Dry-Abrasive Blasting
Abrasive particles were propelled by compressed air
against the surface being cleaned. This is the easiest technique
to implement because no water is required. This technique has the
disadvantage, however, of covering the canister, the inside of the
process vessel, and the associated ductwork with dust. This dust
cannot be sufficiently removed by blasting the surface with
compressed air Co produce a clean surface to facilitate contact
maintenance of equipment.
D.

High-Pressure Water Blasting

The surface being cleaned was blasted with up to 690 bar
(10,000 psi) water. High-pressure water without an abrasive did
not remove the oxide film from the surface of Type 304L stainless
steel and would, therefore, not be expected to remove radioactive
contamination. This technique is, however, very effective for
rinsing off any residual oxide or frit particles.
E.

C0 2 Pellet Blasting6

Solid C0 2 pellets were propelled by gaseous C0 2 or
compressed air against the surface being cleaned. Blasting the
surface with solid pellets of C0 2 as the abrasive removed oxide
from Type 304L stainless steel. However, the removal rate was so
slow that this process was unsuitable for canister decontamination.
IV. PROCESS DESCRIPTION
Investigation of abrasive blasting techniques in larger-scale
tests showed that these processes could be adopted to canister
decontamination. The following operations were adopted for the
reference process:
•

Frit blasting for decontamination

•

High-pressure water blasting for rinsing

•

High-pressure water plus frit blasting for spot decontamination.

This process was chosen because 1) it produced the cleanest surface
in large-scale tests, and 2) equipment that could perform this
process allowed the greatest flexibility in further development.
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V.

EQUIPMENT CONCEPTUAL DESIGN

Equipment necessary for decontaminating canisters with abrasive blasting will be located in both the service area and cell
area of the DWPF (Figure 1 ) .
The main piece of decontamination equipment will be the decontamination chamber. A canister to be decontaminated will be put
inside the chamber. The canister can then be picked up by the top
flange and rotated. An array of nozzles on a single carrier can be
moved vertically the length of the rotating canister. Slurry,
high-pressure water, or high-pressure water plus frit from the
nozzles will be able to contact every part of the canister as it is
rotated. To clean the part of the flange under the grasping device
on the canister, the canister will be lowered to the floor of the
chamber, and the grasping device will be reoriented.
The waste from the decontamination process will be removed
from the chamber. The excess water will be separated from the
waste. The frit and the stainless steel oxides will be combined
with the feed going to the glass melter. Before the top of the
chamber can be opened and a decontaminated canister can be removed,
air will circulate through the chamber to remove all airborne mist
and to dry the canister.
After a decontaminated canister has been removed from the
chamber, it will be moved to a monitoring station where the surface
of the canister will be smeared to detect transferable radioactive
contamination. The orientation of the canister in the monitoring
station will be referenced to an orientation mark so that the
canister can be returned to the decontamination chamber for spot
decontamination of a specific area, if necessary.
The decontamination chamber will be supplied high-pressure
water and a slurry of frit from equipment in the service area.
The equipment in the service area will not become contaminated,
thereby, permitting direct contact maintenance of this equipment.

VI.

FUTURE WORK

Intermediate-scale tests of the slurry blasting technique
will be carried out to determine optimum operating conditions for
several process variables. The variables to be investigated are:
(1) frit particle size and shape, (2) slurry composition, (3)
pressure (flow rate), (4) blast angle, and (5) blast distance.
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Equipment to conduct these tests has been constructed. The
equipment consists of a cabinet in which the test plates can be
clamped on a rack. An X-Y mechanism will move a cluster of blasting nozzles in a controlled manner over the surface of the plates.
Slurry, high-pressure water, and high-pressure water plus a slurry
of frit can be delivered to f.he surface of the plates in a controlled manner through the nozzles.
Design of full-scale equipment for use in the proposed DWPF is
in progress by the Du Pont Engineering Department. Equipment to
clean the oxide from the surface of full-scale canisters containing
simulated waste glass is expected to be available in late 1983.
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TABLE 1
Chemical Decontamination Process

-- - ' - -

Step

Solution

Concentration

Temperature

Time
(hr)

Etch

HNO3-HF

3.9M HNO3-0.4M HF

Room temperature

1

Rinse

H20

Clean

100 g/L

Rinse

H2O

Etch

HNO3-HF

Rinse

1^0

Clean
Rinae

Room temperature
Boiling

1

Room temperature
3.9M HNO3-O.4M HF

Room temperature

1

Room temperature
100 g/L

Boiling

H2O

Room temperature
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TABLE 1
Decontamination Testa

Sraearable Contamination

After

Before

Decontamination
Technique

BakedOn
(a dis/min)

a dis/min

8-y c/m*

BakedOn
(a dis/min)

Me Iter

Melter

a dial tain

ß-y c/m*

Projected
Consumption
Rate/Canister

Dry-Abrasive
Blasting

200,000
to
400,000

4,000

9 x 10 5

Background**

Background**

Background**

227 kg
(500 lb) frit

Dry-Abrasive
Blasting
With H 2 0
Attachment

200,000
to
400,000

4,000

9 x 10 s

Background**

Background**

Background**

227 kg
(500 lb) frit
754 L
(200 gal) 1^0

High-Pressure
H 2 O Blasting
(69 bar;
1000 psi)

200,000
to
400,000

4,000

9 x 10s

Up to 3690

Up to 354

Up to 68,000

189,250 L
(50,000 gal)H 2 O

High-Pressure
H-0 Blasting
(69 bar;
1000 psi)
with Frit

200,000
to
400,000

4,000

9 x 10s

Background**

Background**

Background**

13,248 L
(3500 gal) HjO
227 kg
(500 lb) frit

* One mR/hr = 4000 c/m.
** The smears from these specimens were counted in specially shielded counters where the
background is <4 counts/24 hours alpha and <0.2 counts/min ß-y frora 1 3 7 C s .

f ABU J

teaalte of I n l M t l m of Plata Borfecea
Projected
Coneuvption
lUte/Caniater
Decontamination
Technique

Oll de Keaoral
R»te,»in/929cV

Frit Blaatlng

-3

Righ-Preaaure Vater ~1
Plua Frit Blaating

Righ-Preaaure Vater
Blaating
Solid CO, Pellet
Blaatinf,

Prit Obaerved in Topography
Voliaae of looae
cc?/caniater(in } /caniaterr
Frit,
FrTt,
Frit on Surface
-20 »80 « a h - t o aeah

Rinee
Vater,
L(gal)

Surface Finlah ( M B « )

Water,
L(«al)

-20 »80 neah -80 aeah

1B2
(«00)

Hone

None

160

100

Deep Cut«

Unchanged

-16*

~33 ;

282
(620)

379
(100)

379
(100)

100

Deep Cute

Unchanged

-16*
(-10)

«n

2»

416*
(1100)

Frit

_i«>sl

Dry-Abreal»e
Halting

Surface Cleanneaa

Surface Topography
Frit,
Frit,
-20 «80 « i h -80 mtth

(540)

90S
(240)

FrTtl

Not teated

Frltl

90

Hot teated

Unchanged

Not teated
(<1)

Rot
Applicable

Doea not
renave oxide

-3.3
(-0.2) after
bloving with
coajpreaaed a i r

100 RHS.

(RHS 1$ the root-nean-Bquare «ver«ge deviation from the mean surface.

300
(130 caniatera)

-3.3
(-0.02) after
riming with
high-preeaure
water

500
(145 caniatera)

-3.3
(--0.02) sfter
rinaing with
high-preeiure
;
"at er

60
(65 caniatera)

dot
Applicable

-1440

t * Surftet ot plates before blasting

Hoatle Li fett« , (frit
-SO •eah)

A layer value indicates a rougher surface.)

100
(65 caniatera)

SERVICE

Inltt

m

PI6D3B 1. Concept ©f Bquipamt for D*contaalaation with Abruive
BU*tUf
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/

SERVICE AREA

CELL AREA
HighPressure
High - Water
Pressure
Plus Slurry
Water
j
Air
Inlet

FIGURE 1. Concept of Equipment for Decontamination with Abrasive
Blasting
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THE OECD/NEA &GESTA REACTOR DECONTAMINATION PROGRAM
Rolf Riess
Kraftwerk Union AG
8520 Erlangen
West-Germany

Shankar Menon
Studsvik Energiteknik AB
Sweden

ABSTRACT
A proposal has been made to use the Agesta reactor outside
Stockholm, Sweden, for plant scale testing of PWR primary
system decontamination methods. The four primary loops of the
reactor, which was shut down in 1974 after 10 years' operations,
will be used for testing these decontamination methods.
The project will cover the entire process of decontamination
including waste management.
The project officially started on January 1, 19 82, and
will be executed in 2 phases:
Phase 1 will include decontamination tests on active samples
as well as material compatibility test of modern PWR primary
system materials.
In Phase 2, the decontamination tests will be repeated on a
real plant scale on the Sgesta reactor primary circuits. The
present paper summarizes the status of the project.
I.

INTRODUCTION

The need for large scale projects to demonstrate decontamination of PWR primary systems has been expressed at several
international meetings in the last few years. One such project
idea was put forward by Studsvik Energiteknik AB Sweden in a
proposal to use the Sgesta Reactor for plant scale testing of
PWR primary system decontamination methods.
The Sgesta Nuclear Power station is located in a suburb of
Stockholm. It was the first commercial nuclear power plant
in Sweden. The original power level of this pressurized heavy
water reactor was 65 MWt. This was later increased to 80 MWt,
of which 6 8 MWt was supplied for domestic district heating
in the suburb of Farsta. The power station operated between
1964 and 1974, with an average of 5200 operational hours/year
over the 10 years.
The reactor has 4 primary loops each with a steam generator and
main circulating pump. For the present project, it is proposed
to isolate the reactor vessel and decontaminate each loop
separately.
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A vertical section through a steam generator is shown in
Fig. 1. The tube bundle is made up of tubes with an outer
diameter of 10 mm and a wall thickness of 1 mm. The length of
the individual tubes varies between 7 and 10 m. The total tube
surface area in each steam generator is about 465 irr.
Apart from the "soft" decontamination method being developed
at Studsvik in Sweden, proposals for methods to be tested in the
project have been received from
- Kraftwerk Union, AG
Federal Republic of Germany (KWU)
- Berkeley Nuclear Laboratories
United Kingdom (BNL)
- Swiss Federal Institute of Reactor Reserach
Switzerland (EIR)
The types of methods (chemistries) proposed were as follows:
STUDSVIK
KWU
BNL
EIR

"soft"*
1 "soft" + 1 "hard"
"soft"
1 "soft" + 1 "hard"

In an early stage of the project, a two-phase execution of
the project was proposed:
-

In Phase 1, the four "soft" decontamination methods as
well as the two "hard" ones would be tested in laboratories
of the four countries involved (Studsvik Energiteknik AB,
Sweden; Kraftwerk Union AG, Federal Republic of Germany;
The Federal Institute of Reactor Research, Switzerland;
Berkeley Nuclear Laboratories, United Kingdom). The
program would include decontamination tests on steam
generator tubing and other active samples from a number
of reactors as well as material compatibility tests on
standardized samples of a representative selection of
modern PWR primary system materials.
In Phase 2, the
on a real plant
circuits. This
the radioactive

decontamination tests would be repeated
scale using the Sgesta reactor primary
phase would also cover the management of
waste produced.

* "Soft" processes have been developed primarily for periodic
decontamination of reactor systems during their operational
lifetime. "Hard" processes are intended for use in connection
with decommissioning or on components taken out of the reactor
system. It can be noted that soft methods can also be used
during decommissioning - they may be more suitable from the waste
management point of view. However, hard processes cannot be used
for periodic decontamination of systems.
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As a result of further negotiations, it was decided to
execute Phase 1 of the above proposal. Six countries are parties
to the agreement, which was drawn up and sponsored by the Nuclear
Energy Agency, Paris:
Federal Republic of Germany
Italy
Sweden
Switzerland
United Kingdom
United States of America
Studsvik Energiteknik AB, Sweden, was designated as the
Project Leader of Phase 1. The project started officially on
January 1, 1982 and is expected to be completed according to
schedule during October this year. A short description of
Phase 1 and the results to date are presented in this paper.
II.

PRELIMINARY RESULTS OF PHASE 1
A.

Experimental Program of Work
The experimental program of work consisted of
- Laboratory scale decontamination tests on active
samples
- Material compatibility tests on inactive specimens
1. Decontamination Tests
Decontamination tests were performed on
- Steam generator tubing from the Sgests reactor
(austenitic stainless steel)
- Steam generator tubing from a PWR
(Inconel 600 from Ringhals 2, Sweden)
- Materials from a channel head manhole cover from
Borssele PWR, The Netherlands (austenitic stainless
steel)
- Steam generator tubing from a PWR (Incoloy 800
from Biblis A, Federal Republic of Germany)
- Steam generator tubing from a PWR
(Inconel 600 from Millstone II, USA)

One specimen of each sort was subjected to each of the six
decontamination chemistries. The sequence of operations followed
in each case was according to that given in the program of work.
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2. Material Compatibility Tests
In the tests representative specimens of primary
system materials of modern PWRs were alternately
exposed first to PWR operating conditions in an
autoclave and then to the respective decontamination
chemistries. These exposures were repeated for
three cycles, each cycle consisting of the following
steps:
- Autoclaving at PWR conditions
- Decontamination (inactive runs)
- Inspection and analyses
The materials chosen were the following:
i

AISI 347 (DIN 1.4550) welded to Inconel 600
(DIN 2.4816)

ii

Incoloy 800 (DIN 1.4876) welded to
Inconel 600 (DIN 2.4816)

iii

Inconel 600 (DIN 2.4816) cold-formed
(to simulate rolling of steam generator
tubing into tube plates)

iv

Incoloy 800 (DIN 1.4876) sensitized, cold-formed
(to simulate rolling of steam generator tubing
into tube plates)

v

AISI 304 (DIN 1.4301)

vi

Stellite 6 (Cast)

vii

Zircaloy 2

viii

DIN 1.4313 (Cast)

The autoclaving conditions were as follows:
Temperature ca. 350°C
Pressure
ca. 165 bar

B
Li

°2

ca. 170 ppm
ca. 1-3 ppm
< 5 PPb

B.

Criteria for 1\cce

Suitable decontamination processes must ensure
both effective decontamination and acceptable
corrosion. Corrosion allowances are determined by
the need to control both wastage and selective
attack. Wastage (i.e., general corrosion) is the
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primary contributor to decontamination process
waste volume production, while selective attack
can contribute to early failure of affected
components. The steam generator tubes represent
the largest surface area of exposed materials, and
they are also the most susceptible to failure by
selective attack. Decontamination criteria must
therefore address both decontamination effectiveness
and corrosion limits.
The following criteria are proposed to qualify decontamination processes for in-plant application in
Phase 2:
(a)

A reasonable decontamination factor for a
single application.
Soft processes:- >2
Hard processes: >20

C.

(b)

No unexplained selective attack. Intergranular
attack, £ 20 ym cumulative for three cycles

(c)

No significant general corrosion.
The general corrosion of steam generator tube
materials, Inconel 600 and Incoloy 800, must
be less than 1 ym per treatment, except where
it can be shown that a higher value does not
significantly increase the waste volume.

Results to date

The status of experimental work of the project is
as follows:
-

A reference archive of materials for the inactive tests
has been established at Studsvik

-

Two cycles of the inactive tests have been completed
70% of the active tests have been completed

It is expected that the third cycle of inactive tests and
the remaining active tests will be completed on schedule (during
August 1982).
Each process tested met the decontamination factor criterion;
however, some processes did not do so for certain active samples.
The results of the corrosion tests to date indicate that all
except one of the processes meet the corrosion criteria. Work is
in progress to modify that process to bring it into compliance.
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A further result of Phase 1 was the clear indication that
the Rgesta samples (austenitic stainless steel) were much easier
to decontaminate than were active specimens from modern,
commercial PWR systems.
Ill

PROPOSAL FOR PHASE 2
A.

General

In the primary systems of PWRs, the greatest part by
far of the system surface exposed to the reactor coolant
water is that of the steam generator tubes. In modern PWRs,
these tubes are of either Inconel 600 or Incoloy 800. So
one main requirement for a decontamination method is an
acceptable effectiveness in cleaning contaminated SG tubes
of these materials.
However, there are also other materials in contact with
the primary coolant: various grades of stainless steel and
a large number of relatively small areas of other materials.
To be acceptable, a decontamination method
should effectively decontaminate these materials
should not cause significant general corrosion or
localized attack.
As these "secondary" materials can vary in qualitites
and finishes from reactor to reactor, it is quite possible
that minor adjustments in chemistries and their working
parameters may be necessary to suit a particular PWR-plant.
Apart from the materials in the reactor primary systems,
the efficiency of a decontamination method can also be
affected by the operational history of the particular reactor
in question. The detail design of various components can
also result in varying efficiencies of a decontamination
method when used on different reactors.
In view of the points listed above and the results of
Phase 1, it is evident that large scale experiments are
fully justified for the following reasons:
The laboratory scale tests have been carried out with
loop volumes of a few litres. Performing the tests
in a much larger loop (several cubic metres) is essential
to understand the in-plant behaviour of the methods.
The process engineering experience of running the test
on an Sgesta loop is also essential. Under this heading
would be such items as maintenance of the required
temperature, velocity and concentration conditions in
various parts of the loop, the function of the cleanup
and regeneration loop, etc.
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Finally, certain physical characteristics of commercial
PWR plants and some uncertainties in regulatory guidance
both coastrain somewhat the flexibility for accommodating
decontamination processes and managing the wastes therefrom.
Two notable examples illustrate these points.
-

Spent resin and chemical solution storage and processing
capacity at PWR plants is limited, and their adequacy
for accommodating additional resins and/or solutions
from decontamination processes must be considered especially in Europe.
Governmental regulations controlling storage and final
disposal of reactor wastes have not yet been established
in most countries - including Sweden.

It is therefore essential to ensure that the processes
demonstrated during Phase 2 take these factors fully into
account.
B.

Scope and Objectives

The overall objective of the project is to demonstrate
that chemical processes can be used to decontaminate PWR
primary coolant systems safely and effectively, and with
minimal management problems. To achieve this objective,
the project was divided into 2 phases.
The original concept for Phase 2 was to demonstrate
these processes on the primary loops of the Sgesta reactor,
including the management of the waste arising. This
concept is still fully justified.
However, based on Phase 1 observiations that Rgesta
SG tubing can be decontaminated much easier than SG tubing
from modern PWRs, it is evident that the value of Phase 2
will be enhanced significantly by including active artifacts
from other modern PWRs. This can be achieved by acquiring
SG tubing and other materials removed from several operating
PWRs and incorporating them into the decontamination circuits at Sgesta (either within the steam generators or in
parallel with them).
It has also been recognized recently that certain
nuclear stations may benefit more by decontaminating
isolated major components (e.g. steam generators) in-situ,
instead of decontaminating the whole primary system.
Achieving this objective will require different operational
techniques than originally planned for Phase 2 of the
Sgesta project. However, such changes can be accommodated
as part of Phase 2 without greatly increasing the complexity
and costs-
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The specific technological objectives of Phase 2
are
to demonstrate application of selected chemical decontamination processes within the four primary loops
of the Sgesta reactor
-

to identify the support equipment needed to perform and
control such processes at PWR stations
to measure decontamination factors obtained and corrosion
resulting from the processes
to remove waste materials resulting and demonstrate
appropriate management (i.e. storage, volume reduction,
solidification and transport) thereof
to demonstrate the radiological and industrial safety
of all project activities.

The following sections describe the work to be performed
during Phase 2 to achieve these specific objectives.
In addition to the above, two other specific objectives
must be achieved to complete the work at Sgesta.
The Sgesta facility must be restored to an acceptable
condition after performance of Phase 2 work.
All wastes resulting from Phase 2 work must be removed
from the Agesta facility for management in compliance
with Swedish law.
C.

Processes to be demonstrated

Six different processes have been tested on a laboratory
scale in Phase 1. Four of these are soft, while the other
two are hard chemistries. As many processes as meet the
criteria in Section B for Phase 1 tests will qualify for
testing in the Agesta loops during Phase 2. If more than four
processes qualify for Phase 2, then the soft processes will
be demonstrated first in separate loops. Demonstrations of
hard processes would follow after.
The final selection of the processes to be demonstrated
during Phase 2 will oe determined by the Co-ordinating Group
of the project, based on recommendations by the Technical
Advisory Group.
D.

Description of Test Loop

As mentioned above, it is proposed to isolate the reactor
vessel from the 4 primary loops. This is done by cutting
the pipes between the reactor and each steam generator and
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pump respectively and sealing the pipe-ends from the reactor
with blank flanges. The decontamination system is then
connected between the pipe-ends to the steam generator and
the main circulating pump.
A flow diagram of the test loop for full system decontamination with recirculation is shown in Fig. 2.
The principal mode of operation for Phase 2 will be fullsystem decontamination of an entire loop of Ägesta including
the steam generator located therein.
To prepare the decontamination circuit for use in this
mode with inclusion of steam generator tubing sections
removed from other PWR plants, it would be necessary to cut
out selected tubes from Agesta SG and to insert the "foreign"
tube segments in their places» Because the "foreign" tube
segments are larger in diameter than the Agesta tubing,
transition pieces will be required and some plugging of
Sgesta tubes will be necessary to increase fluid velocity
within the "foreign" tubes.
Selected contaminated materials from other locations
in other PWR plants can also be used as test specimens in
the Ägesta decontamination circuit to measure decontamination
effectiveness and corrosion effects.
As an alternative to insertion of "foreign" SG tubing into
the Ägesta steam generators, it would also be technically
feasible to incorporate the "foreign" SG tubing segments
into a separate "MODEL" steam generator bundle and to
install this MODEL in a bypass line off the main circuit
so that flow through the foreign tubes could be maintained
within the desired range.
It is proposed that the decision as to whether the
"foreign" tube sections will be inserted into the Agesta
steam generators or incorporated into models located in
bypass lines should be based upon results of a Conceptual
Engineering Assessment (CEA) to be made as the initial
activity in Phase 2.
Regardless of which system is chosen, the outline of
operational steps will be as follows:
Measure Sgesta

component

radiation characteristics.

Measure "foreign" tube section radiation characteristics
and insert into Agesta decontamination circuits.
Measure and insert "secondary" materials into test
sections.
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Prepare and injection chemicals
Circulate for prescribed time and
- collect samples
- purify solution as needed and
make up as needed
Clear, up and drain as needed
Discharge tubing and "secondary" materials
Measure radiation characteristics and corrosion effects
on tubing and "secondary" materials
In order to simulate the decontamination of isolated
in-situ steam generators, it is proposed to include provision
within Phase 2 for performing fill and drain type decontamination operations: this involves injecting decontamination
chemicals into the steam generator, allowing a short reaction
period, draining the spent decontamination solution, and
repeating this fill-and-drain sequence until the requisite
cumulative reaction time is achieved.
The major impediment to successful decontamination of
steam generators via this mode of operation is achieving
the elevated temperatures required to yield optimum decontamination. If fill-and-drain is performed with "foreign"
SG tubing within the Rgesta steam generators, then a suitable
method for temperature control within modern commercial PWR
plants must simultaneously be demonstrated. If fill-anddrain is performed with the "foreign" SG tubing within a
"MODEL" steam generator, then this model must be thermostated at the temperature achievable in a modern commercial
PWR plant.
Regardless of which option is chosen, the outline of
operational steps will be as follows:
Measure Sgesta component radiation characteristics
Measure "foreign" tube section radiation characteristics
and insert into Agesta decontamination circuits
Measure and insert "secondary" materials into test
sections
Achieve heating of secondary side of Sgesta SGs or
models as appropriate
Prepare and inject chemicals to partially fill Xgesta
or model SG tubes
Drain chemicals after short reaction time
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Repeat fill-and-drain operations sequentially to achieve
reaction time
-

Final drain
Discharge tubing and "secondary" materials
Measure radiation characteristics and corrosion effects
on tubing and "secondary" materials.

The fill-and-drain option could, for the Sgesta decontamination test, be performed simultaneously with the recirculation option. This could of course only be achievable
if the chemistries are identical. This would require use
of a model for the fill-and-drain part of the experiment.
The advantages of this mode of operation are:
less waste produced
less experimental time
less costs.
As mentioned earlier, a number of technical detailed
decisions remain to be made before embarking on the second
phase of the project. The plant-scale decontamination
proposed in Phase 2 will be the demonstration of techniques
proposed for component and system decontaminations. The
project should thus be a major contribution to reducing
the radiation fields around PWR system components and so
should effectively help in minimizing radiation doses in
reactor maintenance.
IV
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ABSTRACT
A Large Scale Decontamination Experiment was proposed by the U. S.
Department of Energy to provide the nuclear industry with complete
access to applicable technical engineering and operation experience
that could be obtained from the Reactor Building of Three Mile Island,
Unit 2. Preparation of the plans for the Experiment involved the
collection of previously performed test results and assimilation of
previous planning to support the intentions of the D.O.E. proposal.
The resulting Experiment plan established tests for the following
techniques; low velocity water spray, high velocity water spray,
scrubbing, chemical solutions, wet vacuuming, and strippable coating.
These techniques were applied with the intent of testing the individual
techniques and providing the initial decontamination of the upper portion of the Reactor Building. Radiological as well as operational
parameters were to be evaluated. The sequence of application of the
techniques was designed to provide information on technique monitoring
and recontamination of surfaces. The following report discusses the
considerations and approach taken for preparation of the plans for the
Decontamination Experiment.
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I.

INTRODUCTION
A.

History

The Large Scale Decontamination Experiment (hereafter
referred to as "Decontamination Experiment") was funded by
the Department of Energy to perform decontamination and contamination control experiments inside the Three Mile Island,
Unit 2 Reactor Building. The results of this Experiment wasw«.rt
to provide information of specific technical interest to the
general nuclear industry. The areas addressed by the Decontamination Experiment include:
(a)
(b)
(c)
(d)
(e)
(f)
(g)

Decontamination criteria
Decontamination techniques
Gross Decontamination effectiveness
Contamination control and surveillance
Decontamination training and procedures
Personnel exposures and dosimetry
Radiation monitoring and mapping

In addition, the Decontamination Experiment was intended
to provide the nuclear industry with complete access to applicable technical engineering and operational experience that
could be obtained from the Reactor Building of TMI, Unit 2.
B.

General Planning Approach

In order to obtain the required information, the Decontamination Experiment had two basic objectives:
(1) Perform a test of select techniques; and
(2) Perform an initial decontamination of the entire
upper portion of the Reactor Building
The first objective would satisfy (a) through (d) of the proposed
requirements. The second objective would satisfy (e) through (g)
of the proposed requirements.
In order to perform a test of decontamination techniques, an
evaluation was made of information collected from previous technique tests (laboratory and insitu) and from equipment vendor inputs. Development of specific recommendations for techniques to
be used for decontamination involved consideration of both radiological and operational concerns.
In order to perform an initial decontamination to obtain
operational data, the recommended techniques and application
methods established a sequence of activities which included
selected surfaces in the upper two levels of the Reactor Building.
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II.

DECONTAMINATION EXPERIMENT - PLAN DEVELOPMENT
The development of the Decontamination Experiment plan
incorporated results of previous investigations into a recommended approach for decontamination of the Reactor Building.
These preliminary investigations included: (1) a task group
study; (2) laboratory tests; (3) Reactor Building insitu tests;
and (4) investigation of approaches recommended by equipment
suppliers.
A.

Task Group Study

The first stage in the selection of techniques to be tested
in the Decontamination Experiment involved a task group composed
of several organizations responsible for overall decontamination
planning and implementation. The study was based on a Facility
Decontamination Workshop, held November 27 and 28, 1979 in
Hershey, Pennsylvania and sponsored by the Department of Energy
(DOE) and the Energy Power Research Institute (EPRI).
Information presented at this conference was evaluated
to determine the applicability and bases of various decontamination approaches to the situation at Three Mile Island. It was
concluded that the following techniques be considered:
-

-

low velocity water spray (low-pressure flush)
wet/dry vacuuming
high velocity water spray (high-pressure spray)
scrubbing
chemical solutions
strippable coating
steam cleaning
surface removal
foam spray
freon cleaning

Of the above list, it was determined that the last four
techniques could not be used for initial decontamination due to
personnel and operational restrictions. Further evaluation of
the remaining techniques was recommended.
B.

Laboratory Test Program

During early entries into the Reactor Building, samples of
several contaminated surfaces were collected for decontamination
testing. These included: (1) stainless steel mirror insulation;
(2) rusted carbon steel funnel; and (3) an area radiation monitor
housing.
The carbon steel funnel and stainless steel mirror insulation
samples were divided into test coupons and various decontamination
techniques applied to each individual test specimen. Each coupon
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was measured before and after application of a decontamination
technique with beta detection instrumentation to determine total
beta dose from the surface.
Additionally; a gamma spectrometer
was used to measure cesium activity on each sample. The techniques tested on these surfaces included; scrubbing with and
without chemicals, low velocity water spray (cold water), and
low velocity water spray (hot water).
Decontamination of the radiation monitor housing was tested
by applying techniques in sequence, beginning with the mildest
(low velocity water spray) and progressing to the harshest
(chemical acid solution flush). Other techniques tested included
a mild detergent rinse and steam cleaning.
The results of laboratory .tests supported recommendations
made by the task group study. Although laboratory testing could
not conclusively determine the extent of decontamination achievable on the majority of the Reactor Building surfaces, the tests
illustrated that the type of contamination on surfaces within the
Reactor Building at TMI could be removed by conventional, proven
decontamination techniques.
C.

Reactor Building Small-Scale Insitu Tests

The next stage in decontamination technique development
consisted of several Reactor Building insitu experiments. These
experiments were performed on small areas (approximately .5m by
•5m) with simulated application equipment. Techniques recommended
by the task group (first six) were tested except for the high
velocity water spray and wet/dry vacuuming. An attempt was made
to test these techniques with simulated equipment, but this test
was deleted due to the inability to achieve desired application
parameters from the small portable equipment available at that
time.
Again, these tests showed that the types of surfaces comprising the largest surface areas in the Reactor Building could be
decontaminated"by conventional decontamination techniques.
D.

Reactor Building Large-Scale Insitu Test

An initial decontamination plan had been established for the
R?3 r.or Building based upon results of the previously discussed
t&; .a and evaluations. The purpose of the Large-Scale Insitu Test
was to investigate the approach to be recommended in the decontamination technical plan.
This test was designed to establish the results of decontamination of Reactor Building surfaces by:

5-4

-

low velocity water spray only;
high velocity water only; and
combination of low velocity, high velocity water spray.

In addition, preliminary information was required to determine the
operational requirements to support technique application. This
included mockups, personnel training, worker productivity, clothing
requirements, and liquid waste generation rates.
Results of these tests indicated that goals for initial
Reactor Building decontamination could be achieved. (The target
goal was lO^dpm/lOOcm2 smearable and reduction in radiation levels
and airborne activity). Operational results showed that personnel
could be equipped to work comfortably in performance of the tasks
for extended periods of time; that adequate support equipment
and services could be located outside the Reactor Building; and
the plan for initial Reactor Building decontamination had established
the proper approach.
III.

DECONTAMINATION EXPERIMENT DESCRIPTION
The previously described tests set the stage for the preparation of the proposal to the Department of Energy to perform a
decontamination experiment inside the Reactor Building at TMI.
This section will discuss the planning approach relative to techniques selected and the sequence of operations.
A.

Techniques Selected

Conditions within the Reactor Building and the existing method
of waste processing (SDS) had established the use of "water only"
for decontamination. From results of the Large-Scale Decontamination
Test previously discussed, it was apparent that a low velocity
flush followed by a high velocity spray would be the most effective.
1.

Low Velocity Water Spray

A low pressure (low velocity) water flush was established
as the initial method of decontamination to remove dirt and debris
from walls, floors, overheads, and equipment. Since previous tests
had evaluated only one water temperature (60°C) and one flow-rate
(15 1pm), it was necessary to test several, in order to determine
optimum conditions for generic use in the industry.
Water temperature is related to capital equipment costs and
energy costs for a particular decontamination operation. Two water
temperatures, ambient (about 27°C) and hot (about 60°C), were
selected in order to determine the advantage of hot water. The
upper water temperature limit was established by the supply pump
specifications and water heater capacity.

y
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The water generation rate-is related to the water flow rate.
Thus, it is important to select a flow rate for low pressure
flushing that will result in an efficient operation and minimize
the quantity of liquid waste generated. Two flow rates were
selected for this evaluation, 56 lpm (15gpm) and 95 lpm (25gpm).
Previous tests had indicated that flow rates less than 37 lpm
(lQgpm) would not provide efficient surface flushing for this
type of large scale operation.
The DOE request for proposal had requested tests be performed
on the upper two floor elevations of the Reactor Building. Thus,
each of these elevations was divided into four identical sections,
i.e. identical with respect to the two elevations. The following
low pressure water flushing tests were selected for each of the
sections:
-

56 lpm (15gpm), ambient temperature
95 lpm (25gpm), 60°C (U0°F) temperature
95 lpm (25gpm), ambient temperature
56 lpm (15gpm), 60°C (140°F) temperature

These tests were to be performed on all surfaces in each section.
2.

High Velocity Water Spray
ITV the Large-Scale Decontamination Test previously conducted,
the pump used provided 15 lpm (4gptn) at 1000 psi to the nozzle.
The results of this test indicated that this pressure was not
adequate to: (1) remove loosely fixed contamination from the
surface; and (2) provide an efficient rate of application. A
larger pump was, therefore, recommended and subsequently obtained.
The new pump could supply 95 lpm (25gpm) at 10,000 p.=;i. This
added capacity allowed a range of tests to be performed on the
effectiveness of the high velocity water spray decontamination
technique. The parameters that could now be varied included
temperature, flow rate, and pressure.
For the high velocity water spray technique, considerations
of water temperature are the same as those for low velocity water
spray. That is, capital equipment and energy costs are factors.
One additional consideration involves the water viscosity changes
with temperature. At a given pressure, higher temperature will
result in a lower liquid viscosity which could provide more effective
decontamination. Thus, for this test, the water temperature was
varied only for the lower pressure, high velocity water spray
tests. Water temperatures of ambient and 60°C (140°F) were selected
for testing. The upper water temperature was limited by the supply
pump specifications and water heater capacity.
The waste generation rate is related to the water flow rate.
It is important to select the flow rate for high velocity water
spraying that will result in an efficient operation, while
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minimizing liquid waste generation. Flow rates selected for this
test were 19 lpm (5gpm), 56 lpm (15gpm), and 95 lpm (25gpm).
The other parameter investigated by this test was water
velocity. Since an increase in velocity increases the liquid
kinetic energy, it may be possible to reduce water flow rate
requirements (thereby minimizing waste generation). Several
water pressure settings (as measured at the nozzle) were tested:
2000 psi; 4000 psi; and 6000 psi. These pressure settings
correspond to nearly uniform changes in liquid velocity at the
nozzle.
In order to meet the DOE RFP requirements, and since the
radiation level was higher on the lower elevation, tests were
primarily conducted on the upper (lower radiation) level of the
Reactor Building. The floor was sectioned into nine sections for
testing of the following:
o
o
o
o
o
o
o
o
o

19
56
95
19
56
95
19
56
95

lpm
lpm
lpm
lpm
lpm
lpm
lpm
lpm
lpm

(5gpm), 2000 psi, 60°C (140°F)
(15gpm), 2000 psi, 60°C(140°F)
(25gpm), 2000 psi, 60°C (140°F)
(5gpm), 4000 psi, ambient temperature
(15gpm), 4000 psi, ambient temperature
(25 gpm), 4000 psi, ambient temperature
(5gpm), 6000 psi, ambient temperature
(15gpm), 6000 psi, ambient temperature
(25gpm), 6000 psi, ambient temperature

The above tests were applied to various select wall, floor
and equipment surfaces. An additional problem for this test
involved the method of application of the high velocity water
spray. Previous tests had indicated that operators had difficulty
in uniformly applying the spray with a hand-held wand. Fortunately,
a device was obtained that could easily apply the high velocity
water spray uniformly with about a 5 cm (2 inches) nozzle^tofloor surface spacing. This device rolled on wheels and contained
four jets which rotated to allow uniform coverage by the water
spray for a 60 cm (24 inch) width.
A hand wand was used for application of the high velocity
water spray to wall and equipment surfaces.
3.

Scrubbing with Chemical Solutions

The test to evaluate scrubbing with chemical solutions was
designed to determine the advantages of using this technique in
comparison to a high velocity water spray as a means of removing
fixed surface contamination. A rotating mechanical floor scrubber
was used having a 3 cm (about 1 inch) thick pad.
Several chemical solutions were selected for testing. A
detergent solution was selected to evaluate emulsifying effects
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when used in conjunction with the floor scrubber. A mild acid
solution (phosphoric) was also selected to determine if a
solution of low pH would enhance the decontamination. These
solutions were used in conjunction with the floor scrubber.
These solutions had previously been tested in the small-scale
insitu tests and had proved to be effective decontamination
solutions.
2
2
A small area, about 46 m (500 ft ) , was used for the test.
The area was selected so that, for each chemical solution, a
part of the area had not been high velocity water flushed, and a
part of the area had been sprayed with 2000 and 6000 psi water at
19 lpm (5gpm). This was intended to determine whether the floor
scrubber would remove contamination that could not be removed by
the high velocity water spray technique.
4.

Wet/Dry Vacuuming

Dry vacuuming was not tested since it was determined from
previous testing that the low velocity water flush was the most
effective technique for initial removal of loose material from
the surfaces. After high velocity water spraying and mechanical
floor scrubbing, wet vacuuming would remove the loosened material
and contamination from the surface. This test was therefore
established to follow the high velocity water spray technique and
the scrubbing technique. The parameter to be evaluated was
simply the amount of contamination that could be removed when
used in conjunction with the above techniques.
5.

Strippable Coating

Strippable coating had previously been tested in the smallscale insitu tests. Such coatings do not generate liquid wastes
and can be disposed of as solid waste. They also have the apparent
advantage of controlling loose contamination and providing a clean
working surface.
This technique was tested on two types of surfaces of various
orientations. One surface selected was a vertical coated carbon
steel surface (reactor vessel head storage stand). The other
surface was approximately 46 m (500 ft ) of coated concrete floor
surface. The surfaces tested had been flushed during the low
velocity water spray technique test.
B.

Test Sequence

The test sequence followed the previously prepared plan for
initial decontamination of the Reactor Building. In general, the
planned sequence and the corresponding techniques for testing are
illustrated in Table 1. It should be noted that the scope of the
Decontamination Experiment changed during the course of its implementation. The table, therefore, presents the planned approach for
performance of the Experiment.
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TABLE 1
DECONTAMINATION EXPERIMENT SEQUENCE

(Sequentially Ordered)

TASK
NUMBER

SURFACE
DESCRIPTION

TEST
DESCRIPTION

Overhead piping, conduits,
and cable trays

Flush with low velocity
water with varying temperature and flow rate

Aircoolers, stairwell and
core flood tanks

Flush with low velocity
water with varying temperature and flow rate

Floor and wall surfaces on
305'-0" elevation

Flush with low velocity
water with varying temperature and flow rate

2

Stairwell and concrete
block wall

Flush with low velocity
water at 60°C (140°F)

3

Polar Crane and dome

Flush with low velocity
water at varying temperature and constant flow
rate

Poalr crane and dome

Spray with high velocity
water at constant temperature and^pressure with
varying flow rate

Top of D-rings, missile
shields, and stairwell

Flush with low velocity
water at constant temperature and varying flow
rate

Equipment surfaces on
347'-6" elevation

Flush with low velocity
water at constant temperature and varying
flow rate

Floor and wall surfaces on
347'-6" elevation

Flush with low velocity
water with varying temperature and flow rate

Equipment surfaces on 347'-6"
elevation

Spray with high velocity
water with varying temperature, pressure and-flow
rate
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TABLE 1
(CONTINUED)

TASK
NUMBER

SURFACE
DESCRIPTION

TEST
DESCRIPTION

Floor and wall surfaces on
347'-6" elevation

Spray with high velocity
water with varying temperature, pressure,
and flow rate -

Reactor vessel head
storage stand

Strippable Coating

o
46 in of floor surface on
347'-6" elevation

Mechanical floor
scrubbing with chemical
solutions

Reactor head service structure
and equipment over refueling
canal

Flush with low velocity
water at constant temperature and flow rate

Floor and wall of refueling
canal

Flush with low velocity
water at constant temperature flow rate

Floor and wall surfaces
on 305 ! -0" elevation

Spray with high velocity
water with varying temperature, pressure, and
f lowra'^e

Floor surface on 305 f -0"
elevation

Strippable Coating
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ABSTRACT
The Large Scale Decontamination Experiment (LSDE) hereafter referred to
as the Gross Decontamination Experiment was performed at TMI-2 to evaluate
the safety, effectiveness, and efficiency of decontaminating large,
complex structures. Data acquisition and characterization for this
Experiment were required to analyze the work performed. The data/sample
collection, analysis and reporting of the experimental results were
accomplished under the uniquely constraining conditions which exist in
the TMI-2 Reactor Building.
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I.

INTRODUCTION
The accident which occurred in late March of 197.9 at GPU
-T Nuclear Corporation's TMI-Unit 2 has posed.unique problems of
recovery. At that time r the reactor containment building was
subiected to widespread contamination of Cesiuml37, C e s i u m 1 ^
and Strontium 89 & 90.
In August of 1981, an in-containment test of decontamination
techniques was proposed to the Department of Energy. The purpose
-of the test was to provide additional information to the decontamination of Reactor Building surfaces. Earlier testing rsr-tivi-,
t^egl.^.3 fad established that the use of water at various temperatures and pressures could achieve the goals which had been selected
for the first phase of the building decontamination. The goalsc
being sought were: general area dose reduction; reduction of ;smearable activity to aoproximately 10^ dpm/100cm2 for all surfaces:
removal of loose and soluble debris; and reduction of the potential
for airborne dose due to resuspension of fission-product materials
which had been deposited on building surfaces during the accident.
The test was also designed to evaluate support facilities, decontamination equipment, organizational interfaces and procedures.
The details of the Large Scale Decontamination Experiment are ,
the subject of another paper to be given during this conference
and several reports^>*>•' to GPU Nuclear Corporation, the Department
of Energy, and the Nuclear Regulatory Commission.
This paper presents information about the experimental data,
its design, acquisition, analysis, conclusions and recommendations
for future efforts.
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II.

BACKGROUND
In August of 1981, an in-containment test of decontamination
techniques was proposed to the Department of Energy. The purpose
of the test was to provide additional information to the decontamination of Reactor Building surfaces. Earlier testing activities »*»^ had established that the use of water at various temperatures and pressures could achieve the goals which had been selected
for the first phase of the building decontamination. The goals
being sought were: general area dose reduction; reduction of
smearable activity to approximately 10^ dpm/100cm2 for all surfaces;
removal of loose and soluble debris; and reduction of the potential
for airborne dose due to resuspension of fission-product materials
which had been deposited on building surfaces during the accident.
The test was also designed to evaluate support facilities, decontamination equipment, organizational interfaces and procedures.
The details of the Large Scale Decontamination Experiment are
the subject of another paper to be given during this conference^
and several reports^»"»' to GPU Nuclear Corporation, the Department
of Energy, and the Nucleai Regulatory Commission.
This paper presents information about the experimental data,
its design, acquisition, analysis, conclusions and recommendations
for future efforts.
The accident which occurred in late March of 1979 at GPU
Nuclear Corporation's TMI-Unit 2 has posed unique problems of
recovery. At that time, the reactor containment building was
subjected to widespread contamination of Cesium^-37^ Cesium-*--^ and
Strontium 89 & 90. Additionally, the interior of the building had
not been completely cleaned of construction dirt, tools and
equipment - a condition which made it particularly difficult to
assess and quantify contamination condition". The time required
to stabilize uhe reactor, evaluate the building atmosphere and
vent the krypton allowed the building and its systems to be subjected to a protracted period of high relative humidity. Therefore,
condensation and periods of precipitation accelerated the corrosion
of structural surfaces, installed systems and equipment.
The Data Acquisition Program has provided radiation and
surface contamination information. The building conditions were
mapped initially on July 17, 1981 from information obtained during
Entries 1 thru 5. These maps, primarily on Elevations 305 and
347'-6", have been revised four times with the latest revision
prior to the June 15, 1982.
Samples of various representative surfaces were obtained
during Entries 1 thru 6. Those samples were sent off-site for
analysis and decontamination testing.
In-situ tests were conducted during Entries 4, 5, and 6.
Evaluation of data obtained from those tests indicated that water
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applied at various temperatures and pressures would remove the
large deposits of construction dirt, oil, grease and the loosely
adhered cesium. They also indicated that water might remove the
strontium.
There was considerable interest in this approach because
it optimized the use of the SDS for water used for building
surface decontamination as well as removal of the water at the
282'-6" level. However, there was also great concern about the
many job hours that were anticipated to be needed to revitalize
the systems and decontaminate the building. A demonstration was
needed. The Large Scale Decontamination Test-* was conceived in
March and, after two delays, completed in late April. The results
of this effort increased confidence in the approach. The draft
Technical Plan^ for the first phase of decontamination, the
gross removal of loose and water soluble materials, was issued in
May and underwent extensive review.
The Technical Planning effort was now focused upon improving
the effectiveness of the water technique. The Large Scale Decontamination Test^ indicated that higher pressure would be more
effective while the effectiveness of temperature variation was
not clear. The evolution of the Decontamination Plan also suggested
that other techniques might be more effective for the second phase
(hands-on) decontamination8 effort. Again, a demonstration was
needed. The size of the demonstration, or experiment, was determined in large measure by the variety of tasks, e.g., the polar
crane, and the rapid rate at which work is accomplished using
water flushing techniques.
The design of the experiment was initiated in July and
focused on high and low pressure water flushing with variation of
water temperature, (ambient to 140°F) pressure (1000 to 10,000 psig),
and flow rate (5 to 25 gpm). Water was to come from the large
inventory of accident water which had been processed through the
SDS and stored on-site in tanks. The scope of the experiment
included the crane, 347'-6" elevation, and the 305' elevation, A
major objective was to move large quantities of dirt and contaminants from the more heavily contaminated horizontal surfaces to
the building floor drains which discharge into the Reactor Building
sump. Design included a preßtest data base which was completed
during Entry 41, March 2, 1982, This data base included information for evaluation of: transport and deposition; decontamination
technique effectiveness; dose rate reduction; air quality; work
force efficiency; and administrative support.
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III.

EXPERIMENTAL DESIGN
In order to evaluate techniques used to perform gross
decontamination of the Reactor Building, a design was necessary
to collect the data needed by measurement of area dose rates,
contact probe rates, and removable contamination. These
measurements were to be accomplished by pressurized ion chamber
and swipe surveys. Designs available for characterization
studies gave some guidance as to the number and types of
measurements necessary. Any design applied for the specific
purposes within the Reactor Building had to consider the heterogeneity of the contamination and surface types and be tempered
by time and dose constraints on the work force.
The discussion on experimental design is divided into five
sections: scope and purpose, relationship to the entry program
and the Large-Scale Decontamination Experiment, design, implementation, and evaluation of design and its implementation.
The scope of the data acquisition design included all flushing, scrubber, and strippable coating decontamination techniques
as they were tested on tha several Reactor Building surfaces,
including special equipment items. The purpose of the data
acquisition design was to allow comparison of the decontamination
techniques used, in terms of removed contamination.
The design for data acquisition was based, in part, on the
data acquired from the Reactor Building entry program and from
the Large-Scale Decontamination Test, The objective of data
acquisition during the initial Reactor Building entry program
was to evaluate the probable mechanism of contamination and to
characterize the radiological conditions of the Reactor Building
surfaces.
Data and sample locations were identified which might
elucidate the array of radiological conditions on the different
Reactor Building surfaces. Many of these sample locations were
repeatedly measured/sampled in order to determine changes in
radiological conditions with time.
Data/sample locations designated for use in the Large-Scale
Decontamination Test were marked so that they could lie reevaluated
after the test. The data/sample collection methods were used to
define exact procedures for further characterization of the building, and for data acquisition tasks within the gross decontamination
experiment. For example, repeated measurements could be reproducible only if the orientation of the data acquisition technician
was repeatedly the same with respect to walls, equipment, etc.
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The Design
The design used for data/sample collection was a simple
extension of those points designated for Reactor Building
characterization. The points designated were chosen to represent the array of surface/equipment types in the building. The
design was minimal because of the constraints discussed.
The sample/data points chosen were scattered over vertical
and horizontal diamond plate and concrete surfaces, and on
exposed surfaces of equipment items. Points were also located
in areas known to be in the contamination pathway and in areas
only contaminated by secondary deposition.
The intent of the design was to furnish a before-versus
after-decontamination technique comparison of removable and
fixed contamination at the sample/data collection points. These
data would then allow technique effectiveness to be compared by
surface/equipment type.
Constraints
In order to rigorously evaluate the decontamination techniques
used, a large data base was required. The problems in establishing
a rigorous data base included:
o
o
o
o

Heterogeneity of Reactor Building surfaces and coatings
Irregular geometry of equipment surfaces
Heterogeneity of the contamination pathway and resulting
deposition patterns
Difficulty in measurements made in an environment of
multiple sources, changing patterns of resuspension
and deposition, and high relative humidity

There were several constraints in obtaining data required
to assess the efficiency of decontamination techniques. Consequently, the minimal data base to compare techniques was obtained.
Constraints on the data acquisition tasks for the Gross Decontamination Experiment included:
o
o
o
o

Number of man-hours available to support the data
acquisition tasks
Man-rem available to support the data acquisition tasks
Cost of radiological analysis
Cost of data synthesis and interpretation

The impact of these constraints on the ability to statistically
compare decontamination techniques should not be underestimated.
In order to satisfy statistical criteria, it would be necessary
to obtain much more data than were possible to be collected for
the Gross Decontamination Experiment.
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Sample/Data Point Designations
Sample/data points were designated within each treatment
area. These points were designated by the sample packages and
were those used in the Reactor Building characterization, for
the most part. Detailed maps of sample/data point locations for
specific treatment areas are shown in the next section. Table
1 shows the types of data/samples requested for the two principal
elevations. This table does not discriminate between surfaces
of different materials or coatings, however. While designated
points were dominately on concrete surfaces, the number of
points certainly represents a minimum data base, even for these
surfaces.
When work packages were prepared, some sample/data points
were designated for more intensive evaluation. The rationale for
these additions was the necessity to compare statistically before/
after treatment measurements on at least one Reactor Building
surface. Since it '•'..s unclear whether surfaces other than floors
would be treated, additional data points were designated on floor
surfaces as the work packages were prepared. The designation
was made of at least one location in each treatment area near
the middle of the area. At this location, not only would area
and contact readings be made at the point, but at the ends of
1-meter intervals in a metric cross pattern. This resulted in
five sets of measurements at these locations, rather than one set.
While the number of data points was thus increased appreciably,
allowing more rigorous statistical treatment, the impact on man-hour
and dose expenditure was minimal due to the proximity of the
measurements.
Problems and Limitations in the Design
The problems in interpretation due to omission of data have
been discussed in other sections and will not be treated here.
However, there were certain problems inherent in the data acquisition design which limit interpretations. These problems
include:
o
o

o

The random pattern of sample points made representative
area characterization difficult
Too few data/sample points were designated on specific
Reactor Building/ equipment surfaces to allow adequate
statistical evaluation
The design did not address combination treatment effects,
and these cannot be statistically differentiated.
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TABLE 1
DATA SPECIFICATION

Number of Observations
Area
Readings

Decontamination
Technique
Low Pressure Flush
140 F 15 gpm
140 F 25 gpm
Ambient, 25 gpm
Ambient, 15 gpm
High Pressure Flush
Ambient, 4000 psi, 5 gpm
Ambient, 4000 spi, 15 gpm
Ambient, 4000 psi, 25 gpm
Ambient, 6000 psi, 5 gpm
Ambient, 6000 psi, 15 gpm
Ambient, 6000 psi, 25 gpm
140 F, 2000 psi, 5 gpm
140 F, 2000 psi, 15 gpm
140 F, 2000 psi, 25 gpm
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Contact
Readings

Swipe
Samples

4
40
7
5

19
150
17
26

19
150
17
29

1
1
1
2
1
7
1
2
2

9
5
11
9
14
34
9
9
17

9

5
11
9
14
34
9
9
17

Additional Supporting Data
Surface sampling was conducted to obtain measurements to
provide accurate values of contaminants which had been deposited
on walls, floors and equipment on Elevation 305, 347 and 367.
These samples were taken with an electric drill which bored holes
to various depths (10 to 125 mils) in floor, wall and metal
surfaces. Drilling residue was collected in a filter trap with
a integral vacuum system and analyzed quantatively for radioactive
content. The scope of this experiment involved acquisition of 91
. samples at 39 locations.
Another experiment was conducted
and specific nuclide contamination on
and 347' and to determine I-"* in the
Building prior to and after the Gross

to record radiation levels
surfaces on Elevations 305'
atmosphere of the Reactor
Decontamination Experiment.

The scope of this experiment included; (1) obtaining surface
radiation measurements of walls and floor on Elevation 305' and
347'; (2) obtaining gamma spectrometer at specific locations on
Elevations 305' and 347'; (3) TLD dose measurements at specific
locations on Elevations 305' and 347'; and (4) installation of
samplers to evaluate the concentration of l " 9 ^ n t n e atmosphere
prior to the performance of the Gross Decontamination Experiment.
It was necessary to obtain or protect certain data for the following reasons:
1. To determine gross decontamination effectiveness by
taking pre-and post-surface samples;
2. To determine total contamination on selected surfaces
and areas;
3. To determine the depth of contamination on selected
surfaces and areas; and
4. To obtain data that would be destroyed as a result of
the Decontamination Experiment.
IV.
Implementation of Experimental Design
The data acquisition tasks were implemented fairly successfully.
Data/sample points were permanently marked and procedures dictated
instrument orientation in order to allow reproducible measurements
to be made.
Approximately 90 percent of the data specified for acquisition
during operations were successfully obtained. This value does not
include those data omitted from work during operations by decisions
made to expedite decontamination.
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The greatest difficulty in implementation was in obtaining
air samples. Equipment failures were experienced which reduced
the data base for evaluating airborne activity. Another difficulty was in obtaining reproducible swipes because of the vastly
changing surface moisture conditions during different operations
of the experiment.
EXPERIMENTAL MEASUREMENT METHODOLOGIES
Instrumental Measurements
Area and contact radiation measurements were primarily made
using the Eberline R0-2A. This instrument is tolerant of variable
environmental conditions, can measure gamma and beta-gamma radiation, and is accurate in the range of values observed in the TMI
Reactor Building. Several instruments were evaluated before the
R0-2A was chosen for routine use (Walker et al, 1981).
Instrument measurements in-containment were difficult to
obtain due to surface geometries and multiple radiation sources.
Procedures were developed to minimize these impacts on data
quality.
Swipe Samples and Analysis
Swipe samples were taken to determine the relative amount of
removable contamination and to determine isotopic composition of
this removable fraction.
A procedure for taking swipes was established in an attempt
to provide some uniformity in sampling technique.
Air Samples and Analysis
Particulates and tritium were measured in the morning and
periodically during operations. In addition, breathing zone
analyzers (BZAs) were used by workers during operations.
Personnel for Data Acquisition
During training and during the experiment it became apparent
that qualified radiological control technicians were more efficient
and accurate in data acquisition tasks than other personnel.
Familiarity with instruments, radiological conditions in-containment,
and radio equipment, was necessary to ensure data quality.
Data acquisition tasks were monitored from the command center
and points skipped were noted. Usually, full data acquisition
tasks were completed. While some problems occurred in tracking
data and samples, information integrity was largely preserved.
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Table 2, lists the man-hour and man-rem expended for the
various activities of the Gross Decontamination Experiment.
It should be noted that the single most expensive activity was
pre-test, post-test data acquisition which occurred in spite of
efforts to minimize exposures as previously discussed.
Table 3, is a list of data acquisition tasks which were
reauired in addition to tasks described in Table 1. These
additional tasks had to be completed prior to implementation of
, the Gross Decontamination Experiment to assure that information
vital to other research programs was protected,
V.

ANALYSES OF DATA
Analysis of the data acquired from the Gross Decontamination
Experiment could be performed only by employing a "valid data"
selection process. This approach employed a careful evaluationof the impact of operational parameters upon the validity of the
data, As an example, a study of the videotapes of operations
revealed that water control operators directed water over areas
already decontaminated, or a worker walked through loose debris
and tracked it- to areas already cleaned. Sample points affected
by such events were not used in results, since their validity
was lost or questionable. Clearly, this reduced the data available for analyses, but served to eliminate many of the inconsistencies produced by inclusion of all data acquired.
After removal of invalid data, the analyses were done for
each planned area within the Reactor Building and technique used
(either singly or in combination). Pre- and Dost-test results
were evaluated for each valid sampling point in a pair-wise
fashion. The net result of this approach was a significant
reduction in sample variances within groups, which provides the
opportunity for more straightforward analyses of the data sets.
To analyze the data, the following scheme was employed:
o

AF

o

Area gamma dose rate reductions were calculated by
obtaining the difference between pre-test (rpT)» and
post-test (r.T) values:
Fp T ** T

(mrem/hr)

(1)

Decontamination factors were calculated from contact
eamma and beta results. To do this, the difference
between pre-test and post-test contact gamma values ~
was obtained. This was connected to micro-curies/cm
(uCi/cm2) by using the rationale contained in Reference 2.
2
Similarly, post-test beta values were converted to uCi/cm
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TABLE 2
GROSS DECONTAMINATION EXPERIMENT
Summary of Man-hours and Man-rem by Task
Man-Hours^2*

Man-Ren/3'

Data Acquisition Prerequisites

47.12

13.240

Systems to Support Decon

33.15

8.165

Spider

91.86

16.339

Predecon Data

58.61

10.511

Low Pressure Flush - 305

24.51

9.852

Low Pressure Flush - Polar Crane

16.65

2.007

VII.

Low Pressure Flush - 347

19.40

3.197

VIII.

High Pressure Flush- 347

24.42

3.647

IX.

High Pressure Flush- 305

6.27

2.531

Special Cleaning Tests

25.97

4.936

Post Decon Data

44.56

9.143

Trash Removal, Area Staging/Cleanup

37.59

10.954

Health Physics Survey in RB

23.03

8.951

GPU Directed Prerequisites

15.46

5.014

468.60

108.487

I.
II.
III.
VI.
V.
VI.

X.
XI.
XII.
XIII.
XIV.

Total

(1) Summary information covers Entries #17 through #56 dated
October 27, 1981, and March 31, 1982, respectively.
(2) In-containment time is based upon entries in the Command
Center Log book.
(3) Exposure information is based upon individual dosimeter
readings recorded on the Radiation Work Permit (RWP)
attachment sheets.
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TABLE 3
SUPPORTING DATA ACQUISITION TASK
REQUIRED TO
PRESERVE DATA

DATA ACQUISITION WORK
Gamma Spectrometer Measurements
Walls, Floors 305' & 347'
Elevations
Gamma Spectrometer Measurements
Air Coolers

PREDECON

PREDECON

X

X

X

X

X

Surface Deposition Samples
Iodine and Particulate Air Sampling
Elevations 282', 305' & 347'

XX

Hydrogen Burn Damage
Characterization

X

Equipment Protection
Electrical & Instrumentation

X

HP-R-0214 Dome Monitor
Radiation Surveys & Protection

X

Sludge Sample From the Basement
Floor

X

Standing Water Sample From the
Polar Crane Trolley

X

Removal of HP-R-0212 (Radiation
Monitor)

X

Removal of AH-V74

X

Removal of a Piece of Mirror
Insulation

X

Visual Snubber Inspection

X

Reactor Building Photo Survey
Reactor Building Videotape Survey

X

X

X

X

X

TLD Placement and Removal with
Radiation Surveys
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by the rationale contained in Reference 2, This provided
an estimate of the areal densitv of the contaminants
remaining on the surface after treatment. The decontamination factor (DF) was then calculated from the
following equation:
TO
DF

"

Ci(P) + Ci(F)
Ci(F)

where Ci(P)=uCi/cm
Ci(F)=uCi/cm

2
2

(2)

calculated from contact gamma
measurement
calculated from post-test contact
beta values.

This method was used to analyze data obtained from the
Large Scale Decontamination Test conducted in 1981
(Reference 3 ) . Although valid issues can be raised
about the validity of the calculational method, it
provides a basis for comparison of various results and
is not to be considered as providing absolute values for
areal concentrations of contaminants. When complete,
gamma spectroscopy and deposition sample analyses
should permit an evaluation of the relationship between
areal concentrations, as used here, and the actual
number of uCi/cm as determined bv quantitative
analyses.
To determine decontamination factors from swipe data
merely requires a calculation of the ratio of pre-test
to post-test swipe results. In these analyses; total
cesium ratios were used. Thus:
_

Pre-test dpm/100 cm 2 (Cs)
Post-test dpm/100 cm^ (Cs)

,,.
K }

To establish other parameters, e.g., gallons/square feet,
square feet/min, etc.. required a careful analysis of
the videotapes to pstablish ("imps for specific operations
and areas involved. Derived parameters were then obtained
from observed variables such as water flow rate (gpm).
total water, and pump power cycle.s. in appropriate combination with data obtained from videotapes.

VI.

CONCLUSIONS
The initial experimental design porvided a marginally
sufficient data base because of constraints on man-rem and manhour resources. Since potential problems reduced the "valid"
data base in some areas, interpretation of results of the Experiment
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became problematic and led to the inability to quantify the
effectiveness of some of the techniques tested.
A number of conditions, e.g., initial dirt remaining on
surfaces, source terms associated with equipment, waste, fixed
sources, etc. made it difficult to employ readily available
measurement techniques to acquire suitable data for properly
evaluating the effectiveness of decontamination.
VII

. RECOMMENDATIONS
There are several recommendations which can be made as a
result of the data acquisition activities supporting the Gross
Decontamination Experiment.

VIII

o

The experimental design used should be based on
Regulatory Guide 1.86 and on standard methods developed
and available for radiological characterizations of
building surfaces.

o

Planning should directly address the level of data
required to meet the objectives of the experiuent.
Any confounding of effects due to experimental design
or number of data points should be identified early.

0

Measurement methodologies should be carefully planned,
and equipment should be checked and caiibrated frequently.

o

Personnel qualified in data acquisition should be dedicated to these tasks. Training should be adequate to ensure implementation consistent with the purpose and goal
of the work.

o

Data interpretation methods should be specified, and
the adequacy of proposed data should be determined prior
to the start of the experiment.

o

Changes in data acquisition during operations should
be minimized.

FUTURE WORK
The characterization program continues to provide data for
decontamination planning and documentation. Activities to follow
the Decontamination Experiment include testing of other decontamination techniques. Additionally, a program of dose reduction
and contamination control, which will include « detailed assessment
of source terms within the Reactor Building, is to be conducted.
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TMI-2 CONTAINMENT ENTRY PROGRAM

JAMES V. GILBERT
BECHTEL NORTHERN CORPORATION
P. 0. BOX 72
MIDDLETOWN, PA 17057
(717) 948-8863
ABSTRACT
THE RECOVERY OF TMI-2 IS A LOGISTICAL CHALLENGE, COMBINING DECONTAMINATION,
MAINTENANCE AND CONSTRUCTION ACTIVITIES ON A SCALE NEVER BEFORE EXPERIENCED
IN THE NUCLEAR POWER INDUSTRY. BEGINNING IN OCTOBER, 1980, WITH A STAFF OF
4, THE CONTAINMENT ACCESS GROUP HAS GROWN INTO A ENGINEERING AND CONSTRUCTION
ORGANIZATION WHICH SUCCESSFULLY INTEGRATES THESE ACTIVITIES IN A HIGH RADIATION
ENVIRONMENT. DETAILED UP FRONT PLANNING, ADHERANCE TO NUMEROUS PROCEDURES,
AND THE CREATIVE ABILITY TO SOLVE PROBLEMS ARE NECESSITIES TOWARD MEETING THE
SCHEDULE AND COST RESTRAINTS AT TMI-2. DEVELOPING AN EFFICIENT ORGANIZATION,
OVERCOMING WORKER PSYCHOLOGICAL BARRIERS AND RESPONSIBLE POLICY DEVELOPMENT
HAVE ALL CONTRIBUTED TO THE SUCCESS OF THE CONTAINMENT ENTRY PROGRAM.
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I.

PROGRAM EVOLUTION
A. Assessment Phase

In May of 1979 following the March 28, 1979 reactor accident at
Three Mile Island Unit 2 (TMI-2), General Public Utilities Nuclear Corporation (GPUNC) established the Containment Assessment Task Force (CATF). The
purpose of the CATF was to establish, using external measurements, the
radiological and physical conditions of the containment. Data gathered
was used to implement containment atmosphere cleanup and plan an initial
entry.-^ Entry became practical following the completion of the external
measurements and the venting of krypton-85 in July, 1980. Since that
tine, the Containment Entry Program passed through four phases of development. Each phase succeeded in the establishment of increased administrative and procedural controls, which in turn supported greater entry task
complexity and capability.
B.

Initial Entries Phase

In this phase, a maximum degree of effort was expended in the
preparation of individuals for entry. The CATF directed all planning.
The goals of the phase were to make brief inspections of containment,
perform initial radiological studies, take photographs and remove small
articles for study. The first entry was performed without the aid of
plant lighting by two personnel on July 23, 1980. Since radiological
conditions were unknown, the entry team wore significant amounts of
protective clothing including a double layer of coveralls, full plastic
wet suit, fireman's suit with boots, and a self contained breathing
air pack. The results indicated average radiation levels allowing stay
times of 60 to 90 minutes and no significant structural damage. The
inspection was limited to El. 305' only. A second entry was completed
three weeks later. This time four personnel continued data collection,
including on El. 347*, finding stay times available of up to three
hours. Each worker wore a combination of Harshaw and Panosonic TLD's.
They were distributed to the head, chest, knees, back, forehead, hands
and feet. This was done to document the distribution tendencies of the
radiation field and relative effects of the different types of protective
clothing. A "TLD Tree" was also taken in to provide similar information.
Refer to Figures 1 and 2 for the general arrangement of El. 305' and
El. 347'.
C. Developmental Phase
Based on the data obtained in the TMI-2 Assessment Program,
GPUNC approved an ongoing Containment Entry Program. The Containment
Access Group (CAG) was established to replace the CATF for the execution
of entries. The program authorized one entry per month for the completion
of plant recovery tasks, maintenance tasks and the Data Acquisition Program,
a research program funded by the Department of Energy. Entry planning was
carried out by three Entry Coordinators and a Supervisor, as part of Bechtel
Northern Corporation (BNoC) Site Liaison Engineering Staff. Site coordination
by the CAG was maintained by a weekly planning meeting and the use of a
checklist for action items. The assignment of Entry Coordinator remained
the same throughout planning, execution and reporting for a given entry.
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This allowed more than one entry to be planned at the same time. Administrative approval for each entry was accomplished through an "Entry
Letter," which summarized the activities and individuals involved. One
day prior to the entry, the CAG issued "Scenarios" for each team. These
provided task details and listed time estimates for the job sequence.
The Entry was directed from the Command Center by an Entry Supervisor
and the Entry Coordinatoriboth from the CAG. GPUNC provided a Safety
Representative, Radiologicals Representative and an TM1-2 Operations
Supervisor. Following each entry, the teams were debriefed by the
Entry Coordinator. Two weeks following the entry, a "Quick Look Report"
was issued highlighting the work items completed together with related
documentation. During this phase, the fundamentals of planning and
initial procedures were developed for TMI-2 beginning in October, 1980.
D.

Decontamination Experiment Phase

In October, 1981, a Large Scale Decontamination Experiment
was approved by GPUNC and the Department of Energy (DOE). The purpose
of the experiment was to reduce radiation dose levels using a series
of test techniques and equipment. A secondary purpose was to determine
the systems, organization and procedures for large scale operations.
The scope of work required organizational changes to accommodate increased
task difficulty and a more intense level of effort in containment. The
CAG became part of a Project Construction Group of BNoC, which maintained
the responsibility for execution of the entries. In addition, Field
Engineering, Decontamination and Cost and Schedule Groups were established.
A Contracts Coordinator (Construction Superintendent) was also established
to coordinate the activities of the Building Trades contractor personnel.
Large groups of utility workers, called Remote Reporters, were assigned
to provide decontamination manpower. During the experiment, the group
interface policies were established. As many as four entries a week were
completed. The experiment was completed in March, 1982.
E.

Final Phase

At the conclusion of the experiment, major revisions to the
Project Construction organization were complete. Emphasis was placed
upon continuing the TMI-2 recovery using a constant work load. A major
effort was established to incorporate all lessons learned from the
Decontamination Experiment into written policy.. Characteristics of
this phase include improved up front planning, scheduling and training.
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F.

Man-Hour and Man-Rem Expenditure

Table 1 summarizes the approximate man-hours (M-H) and man-rem (M-R)
accumulated in each phase of the Containment Entry Program. The average
man-rem per in-containment man-hour is also shown.
TABLE 1

PHASE
Assessment
Developmental
Decontamination Experiment
Final (Through Entry 65)
TOTAL/AVERAGE
II.

M-R
M-H

NO. ENTRIES

M-H

M-R

2
14
40
9

2.7
224.57
476.52
98.67

1.45
67.35
108.61
17.91

.537
.300
.228
.182

65

802.46

195.32

.243

MAJOR ACCOMPLISHMENTS
A.

Containment Characterization

The initial objective of the Containment Entry Program was the
radiological and physical characterization of the containment. Radiological
characterization included general area and hot spot beta and gamma surveys,
smears, scrape tests and air samples. The average dose rate was determined
to be about 450 mRem/hr on El. 305' and 230 mRem/hr on El. 347'. Isolated
hot spots on El. 305' of 3 to 10 Rem/hr were also measured. These were
primarily caused by radiation field produced by the accident water at
El. 282' and they appeared in the areas of reduced attenuation such c^
stairwells, floor penetrations and metal hatches. Floor drains were
also measured to be higher than background, especially for beta radiation.
The average smearable contamination levels were about 7.0E+6 DPM/100 cm 2 .
Airborne levels were measured to be about 1.0E-8 yCi/cc for Cesium-137.
Physical characterization consisted of visual inspections, removal of
small samples and photographs. This data revealed evidence of high
in-containment temperatures, particularly on upper elevations. Many
exposed surfaces showed signs of corrosion. Small gauge wiring was
embrittled and a main conductor from the polar crane had fallen to the
floor on El. 347'. Physical characterization photographs were also found
to be valuable for planning later work.
B.

Closed Circuit Television System

A system of television cameras provided by DOE was installed
in February, 1981, to assist in work planning and control from the Command
Center. A total of eight cameras were installed, covering most of the
accessible areas of El. 305' and 347'. Camera features included remote
positioning, zoom and focus. The installation required the use of 28
personnel. The entry provided valuable lessons learned concerning entry
logistics and radiological control in the area where personnel remove
protective clothing (Ante Room).
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Five personnel received skin contamination as a result of working or
undressing. As a result, requirements were upgraded and a special
training program was instituted for Ante Room support personnel.
Portable closed circuit television systems were also tested during
the program. The first generation was cart mounted and provided
little mobility. A later revision used'a long cable mounted on a
reel and made possible the videotaping of any area in containment.
C. TMI-2 Recovery Items
1. Removal of Accident Water
Recovery of the reactor plant was a primary program objective. The first in-containment accomplishment in this area was the
installation of a pump to remove the accident water from £1. 282'. This
required selection of an area and a technique to install the floating
pump. After photographs and inspections, it was determined the only
suitable area was down the open stairwell, The average dose rate in this
area was 3 to 7 rem/hr. This would only support a stay time of 6 to 12
minutes. After practice sessions, an acceptable installation method
was developed which required no communication from the Command Center.
The actual pump placement was completed in about 3 minutes using a
five men team in April, 1981. Attachment of the pump output hose to the
Submerged Demineralizer System was completed in May which supported the
SDS processing schedule. After water had been pumped to the maximum
limit of the first pump, a smaller unit was later installed by means of
an inclined guide tube to the El. 282' floor, via the incore cable chase.
Using this system, nearly all the remaining accident water was removed
in May, 1982.
2. Polar Crane
The polar crane is required to lift the reactor vessel head
prior to fuel removal. This makes its condition and repair schedule a
primary recovery concern. At tha time of the accident, the crane was left
out of the parked position. This meant that use of the normal access
ladders would not provide direct access. Workers had to complete part of
the ascent by walking along the containment wall without the benefit of
safety rails or walkways. A climbing procedure was written and safety
equipment was installed by GPUNC to establish adequate working conditions. The
polar crane climb, however, proved to be a tiring evolution, taking workers
twenty minutes to complete in each direction. Later an electrically
powered work platform, capable of lifting four men at once to the crane
from El. 347' was installed. The ascent time is now 3 minutes. As a
result of this and the installation of other support systems, continued
decontamination and repair of the crane are achievable.
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3. Dose Sate Reduction
Removal of the accident water and decontamination tests
have reduced the average dose rate on El. 305' to 350 mRem/hr and
115 mRem/hr on El. 347'. In the enclosed stairwell and elevator area,
which is constructed of cinder block, dose rates have increased as
accident water has been removed. The dose rate increase is about
600% on El. 305' with a maximum reading of about 28 Rem/hr. This
area is now prohibited for general access. Other hot spots on El. 305'
have been reduced by about 50%.
D.

TMI-2 Maintenance and Surveillance Items

Several maintenance items have been completed to facilitate
entry support. Both airlocks, which provide access to the containment,
have required several repairs. A portion of the page communications
system was also restored to provide a backup to the normal entry communications conducted on two-way radio. The fire water system was inspected,
tested and found to be operable. In addition, several tests and repairs
have been made to plant nuclear instrumentation systems.
E.

Procedures and Instructions Written
1.

Containment Access Procedure

A number of procedures and instructions have been written
to define the overall entry program policy and methods. The Containment
Access Procedure provides administrative control and defines the
organizational responsibilities for conduct of an entry. It specifies
thai: the Entry Supervisor of the CAG is in overall charge and that Task
Supervisors direct their work items in a specified manner. Support for
the entry is provided by a Radiological Controls Representative, an
Operations Supervisor and a Safety Representative.
2.

Reactor Building Entry

A procedure has been written to govern the physical method
of starting an entry until the airlock doors have been opened. Precautions
and plant limitations are also included, as well as the tasks required to
secure the entry.
3.

Casualty Procedures

These have been written to provide response to high radiation,
fire or injured personnel casualties. Immediate actions are listed for the
Command Center, TMI-2 Control Room, Ante Room and entry teams.
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4. Polar Crane
A detailed ascent procedure for the polar crane was written
prescribing the number of personnel, equipment and techniques required to
climb to the crane. A rescue procedure, incorporating the use of the
installed safety equipment was also developed. These procedures were
required training for entry team members working on the crane as well as
for support personnel in the Ante Room. They were prepared by the GPUNC
Safety and Health Department.
•5.

Special Operating Procedures

Numerous special procedures have been written to support
individual entry activities. These include: the use of special sampling
devices, test procedures, electrical component removals and operating
procedures for temporary decontamination systems.
6.

Instructions

BNoC instructions have also been written to enhance entry
planning quality. These Include documents related to scheduling, work
instructions, decon system operating instructions, training and debriefing
requirements. The content of these instructions was based on the entry
planning lessons learned through the Developmental and Decontamination
Experiment Phases.
F.

Department of Energy Research Tasls
1. Accident Characterization

These tasks were completed to identify post accident
radiological and physical characteristics of the containment. The studies
were performed using radiation surveys, smears, physical samples,
inspections and photographs. Physical samples consisted of rope, plastic,
wood and paint chips to aid in determination of the accident temperature
distribution. Portable ganHKa spectrometer measurements were taken before
and after decontamination tests to determine isotoplc deposition levels.
Surface deposition samples were taken from several types of surfaces
using a drill core boring device. Containment building sump water and
bottom samples were obtained in two locations using a specially designed
device. This rig was operated from El. 305' and consisted of interlocking
aluminum poles. Depressing of the top pole activated simultaneous sample
collection into evacuated septem bottles by means of hollow needles which
punctured the bottle seals. Preliminary results of the samples indicated
100-140 yCi/cc Cesium 137 and no significant sludge accumulation on the
El. 282' floor.
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2. Decontamination Techniques
The Large Scale Decontamination Experiment authorized the
testing of several decontamination techniques and equipment. These
included high pressure water, low pressure water, mechanical floor
scrubber, chemical cleaning and the use of strippable coating. Support
systems installed include high pressure water, service air and water
heater. A rigging system for material from El. 305' to the work areas
above was developed. In addition, a mobil work platform (Highreach) and
two forklifts were purchased by DOE to provide increased capability on
EX. 305'.
G. Major Accomplishments Summary
Table 2 identifies the percent contribution by man-hour for each
major accomplishment performed in the Containment Entry Program.
TABLE 2
CONTAINMENT ENTRY ACTIVITIES
BASED ON 800 MAN-HRS THROUGH MAY 1982
TASK DESCRIPTION

APPROXIMATE CONTRIBUTION

Initial Characterization
Closed Circuit Television
Decontamination Tests (Subtotal)
Data Acquisition Tasks ( 9%)
Support Systems
(17%)
Decon Techniques
(19%)
Data Collection
(14%)
Waste Handling
( 6%)
Recovery
Radiological Support
Maintenance

11%
8%
65%

7%
4%
3%

Surveillance and Inspections
III.

2%

SIGNIFICANT PROBLEMS IN ENTRY EXECUTION
A.

Communications
The most recurrent problem in the entry program has been poor
or insufficient methods of communication with entry teams. Reliable
methods are necessary to direct activities, collect data, minimize radiological exposure and provide a safe work environment. Entry team members
primarily communicate with the Command Center using two-way radios. The
radio is belt mounted and is quite bulky. Bending, climbing or other
similar activities often pull connectors loose, resulting in loss of
contact. Since a respirator is also worn, and the mask may not be altered
to accept the radio microphone, the outcoming signal must be picked up by
means of physical contact with the outside of the respirator. This
produces inconsistent reception quality in the Command Center particularly
if the individual speaks rapidly.
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Effectiveness is dependent upon the Individuals voice characteristics and
the physical tightness of the microphone taping to the mask. Reception
in the containment is hampered in some areas by high ambient (95 decibel)
noise levels. Logistical and cost constraints also limit the number of
radios available during extended entries. Workers out of sight of CCTV
cameras for more than 30 minutes are required to work in a minimum of
two man tsams. At least two of these individuals must also wear radios.
Each radio is sheathed in two layers of plastic for contamination control,
has a «changeable battery life of three to four hours and requires a
thorough checkout prior to each use. If a radio is required for reuse,
it must be'put on the new individual in the contaminated environment of
the Ante Room or removed, checked for contamination, resheathed and
returned to the dressing area. A supply of ten radios was initially
purchased. Four additional units were recently purchased to account
for increased demand and the repair time required to maintain the units.
Correction of these problems is a time consuming process involving a
combination of techniques. Installation of the CCTV system significantly
improved the situation because workers may communicate using standard
hand signals, when they otherwise might have been instructed to exit.
Standard communication terms are used on the radio and a training program has been established to improve individual techniques. Experimentation in system improvements have been conducted and continue to be
a productive activity. A variety of microphones including throat
mount, cranial mount and voice couplers have been tested. A portion
of plant communications was also repaired to provide some backup
capability.
In parallel with these solutions an experiment was made to install a new
radio system. The proposed system offered several functional improvements,
greater reliability and provided clear reception in preliminary tests.
It operated at a lower power level and could be worn inside protective
clothing. Installation in containment required additional antennas at
penetration R-507, with the remaining equipment being placed outside
containment. Post installation tests indicated that reception in
containment from the amplified input signal was satisfactory, but the
unamplified returning signals on 60% of El. 305' and 75% of El. 347'
were not received. Further development with this system has been placed
on hold in favor of upgrading the existing system.
As the program level of effort increased, out of containment communications
requirements became necessary. A closed circuit television camera was
installed in the Ante Room to observe the progress of teams as they
entered and left containment. Also an intercom and several phone circuits
were established to link the Command Center to all support areas.
B. Worker Endurance
Because of the amount of protective clothing which must be worn,
workers involved in the containment recovery undergo significant physical
stress.
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Dehydration, heat stress and heat stroke are possible from working as
little as two hours, if proper precautions are not exercised. At the
beginning of the program, little information existed which could be directly
applied to TMI-2. During the early entries it became apparent that policy
development was in order to insure worker safety. As s. result, GPUNC
Safety and Health Department developed the Heat Stress Control Program
using site tests, research conducted, and information supplied by the CAG.2
Features of the program include: worker training, physiological testing
and administrative controls. In addition, experimentation has been conducted using several body cooling techniques. Individual response to
the effects of a hot working environment are variable to a high degree.
Worker training is necessary to familiarize the individual with information regarding heat stress prevention and symptoms, as well as recovery
techniques. Physiological testing is used as a medical screening device
for all workers who may be required to wear respirators. For workers who
must wear plastic wetsuits, an additional stress test is conducted, which
is followed by measurements of pulse and body temperature. Administrative
controls impose work time limits which depend upon the amount of protective
clothing worn and ambient temperature. Work time limits may be extended
by the use of body cooling methods. The application of supplied air to
individual vortex body cooling units has been tested. This method requires
the availability of supplied air manifolds throughout containment which
have not been completed. It also restricts the mobility of workers because
of the need for an air supply hose. The most effective technique for
body cooling has been the use of an ice vest developed by Dr. Elizier Kamon
of The Pennsylvania State University.3 The vest contains 60-80 frozen
water packages and weighs about 8 pounds. It is worn over a T-Shirt next
to the skin and has been demonstrated to extend worker time by about 90
minutes. Workers must exit one hour after the ice has melted. The
maximum work time with the vest has been three hours. Workers wearing
full plastic wetsuits are limited to one hour at ambient temperatures
below 80°F without ice vests.
C. Airlocks
Entrance into containment is accomplished by manual operation of
two airlock doors. These doors are interlocked to prevent simultaneous
operation. Although two airlocks exist, the personnel airlock, adjacent to
the Ante Room, is normally used. The overall condition and operability
of the airlocks has been a problem throughout the program. Initial entries
were delayed due to corrosion build up which occured between the accident
and the first entry. Mechanical failures in the interlock mechanism have
resulted in one or both of the doors being stuck for short periods of time
on several occasions. Infrequent operation of the equipment hatch doors
resulted in further corrosion and sticking problems. During one entry an
electrical short in the differential pressure interlock prevented door
operation prior to its function being overridden. A complete reconditioning
and repair program is currently underway for both airlocks. Workers are
trained concerning airlock problems and procedure.
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D. Plant Configuration
During the planning stage, the configuration of plant systems,
component locations, and their accessibility are important questions.
In most cases, a "walkdown" of the work area is conducted which includes
the taking of photographs. From this information, a detailed work package
is «ritten. In each debriefing, workers are asked to comment on any
differences noted between the plant documentation used and what they
observed. These policies resulted from early experience which indicated
that work relating to plant systems could not be adequately planned
without this type of information.
E. Contamination Control
These problems are associated with the prevention of skin contamination on workers and support personnel, as well as the reduction of airborne
contamination in the Ante Room. Also included are techniques for recycling
of equipment following use in a contaminated environment.
1. Containment Workers
During early entries, skin contamination resulted from lack of
plastic body coverings or when the plastic tore exposing the cloth below. The
sweat-soaked clothing easily draws contamination to the skin. Prior to
initial decontamination, the use of wetsuit pants was required for practically
all activity. Additional portable contamination barriers, such as reinforced
plastic sheeting, were required to be placed over pipes or flat surfaces
when workers intended to work from them. If brushing against the upper body
or arms was likely, sleeves or aprons would also be required. To help prevent
heat stress, full wetsuits were avoided in most cases, except when working
with water or in severely restricted and highly contaminated areas. Despite
all measures taken, a high percentage of all personnel climbing and working
on the polar crane became contaminated until the electrically powered work
platform became operational. In this area, wetsuit tearing was prevented
by wearing it between two cloth coveralls. Once rigging and cable handling
had begun, it became necessary to use leather or cloth work gloves over the
outer set of rubber gloves to avoid tearing them. Punctures in the rubber
gloves are also possible when handling sharp objects or operating plant
systems. Workers were also required to periodically inspect their clothing
on the job and either repair deficiences or exit the containment. The
overall skin contamination rate for containment building workers is less
than 4%.
2. Ante Room and Support Personnel
The Ante Room i s located between the radiological control
point and the personnel airlock. It i s a contaminated area used for final
material staging, equipment recycling and personnel unsuiting. It i s
manned by a Health Physics Technician (HP) and three to four support
personnel. The HP i s responsible for radiological monitoring and control.
The support personnel perform a l l manual tasks and l o g i s t i c a l functions.
I n i t i a l l y , personnel were permitted to exit the airlock and be unsuited
in groups of up to s i x in the Ante Room. A prescribed path and procedure
were employed, but the room had no subdivision of areas and levels of
airborne contamination to 4 x 10"" yCi/cc were measured during the exits from
containment.

All personnel were required to weir respirators in the
limiting duty to four hours per individual. Extensive
was required after each entry. Support personnel were
logistical methods, but were not regularly assigned so
level of expertise could be developed.

Ante Room, thus
decontamination
trained in the
that an individual

During the Decontamination Experiment, several actions were taken to
correct the above problems. A dedicated labor force was provided to
perform support functions. These functions included the undressing of
exiting personnel and the recycling of contaminated equipment. Plans
were made to construct a Contamination Control Corridor (CCC) within the
Ante Room to standardize the unsuiting process and reduce radiological
problems. The CCC is an L-shaped area which adjoins the airlock exit.
It separates the unsuiting area from the rest of the Ante Room and provides a series of sub-areas and step off pads which reduce contamination
carry-over and confine airborne contamination. The CCC is ventilated
by a special blower unit to remove and filter airborne contamination
generated during unsuiting. Support personnel view the exiting workers
from the outside of the CCC through plexiglass windows and may assist
using hand ports or by entering the corridor, if required. Equipment
is removed from the CCC by the use of transfer boxes or sleeving.
Waste and reuseable items are segregated by unsuiting workers in the
order specified by written instructions. Use of the CCC has significantly
reduced the amount of decontamination required and has confined it to the
first area of the CCC for the most part. Respirators are worn only in
the CCC, allowing support personnel to work longer and more comfortably.
This system requires more effort on the part of the exiting worker. This
is accommodated by ensuring that individuals do not become exhausted
in containment and by having them progress through the CCC in pairs.
The overall contamination rate for exiting workers and support personnel
in the Ante Room is less than 1%.
3. Equipment
Support equipment must be kept free from contamination to
be fully utilized and cost effective. Items in this category include
two-way radios, cameras, portable lighting, radiological survey instruments,
electric meters and special tools. Almost no equipment used to date,
except for routine tools, may be taken into containment as is, removed,
and decontaminated by a batch process. As a result, a variety of plastic
containments were developed. Most consist of the application of a series
of plastic sheets or bags over the item with sufficient construction
details to allow operation. More than one layer of plastic has been found
to be necessary to ensure that the item does not become contaminated.
Rough surfaces, rubber and the like usually receive a base coating of
tape as an extra margin of safety. The use of these containments is
manpower intensive but allows the equipment to be properly serviced and
ready for another use. The majority of this work is performed by properly
trained labor support personnel.
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F.

Radioactive Material Storage Space

As the entry program developed, it became necessary to begin
waste removal from the containment to preserve what had been gained through
decontamination. Also throughout the program, small samples and plant
components were removed for study. Disposition of this material beyond
the Ante Room required storage space which proved to be limited and it was shared
with other site activities. Once these areas were full, very little could
be done without expensive shipping arrangements because the amounts of
waste were not large enough to justify their own separate disposal. In
most casesi a variety of shipping destinations were Involved, or arrangements for follow-up studies were not complete. To prevent this expense
in the future, radwaste is not removed from containment unless final
disposition can be completed immediately.
G. Worker Psychological Barriers
For the initial series of entries, volunteers were used.
Gradually, as working conditions became known, it became necessary to
assimilate many individuals into the program. Because of the publicity
and concern over TMI-2 in general, and the unavailability of individuals
experienced in high radiation work, this process was initiated by the use
of GPUNC supervisors and foremen. As more personnel became involved, a
sound training program was developed which provided a general knowledge
of the containment conditions. Prior to their initial entry., some workers
were apprehensive about their participation in the program. Also a small
percentage exhibited psychological stress by hurrying their work. During
the Decontamination Experiment, incorporation of the Building Trades was
completed by the indoctrination of craft supervision and union personnel.
Guidelines were established concerning the principles of operation in a
radiation area as compared to standard practices in the construction industry. Some of these were the inclusion of foremen into the actual
work force and the training of workers in ALARA techniques. In all
cases, the confidence of the work force was maintained by keeping them
informed as to their work environment and allowing them an opportunity
to provide feedback.
IV.

ENTRY PLANNING AND EXECUTION
A.

Overall Sequence

The overall implementation sequence described here is vital
information derived during the completion of the Decontamination Experiment.
Adhering to the sequence will allow the completion of significant amounts
of work using an "assembly line" process. Experience has shown that
deviation from the sequence, such as acceleration of schedules, will often
cause other disruptions to occur which will offset any gains that may be
directly realized.
B.

Task Definition

Entry planning, from the implementation viewpoint, begins with
the definition of the task to beo performed.
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This may be preceded by a process of technical planning, sequencing or
the preparation of engineering documents to fully describe what is desired.
Upon receipt of this information, a Cognäzant Engineer will be selected
to be responsible for preparation of the work package. The engineer is
either a member of the Field Engineering or Decontamination Groups within
BNoC Construction.
C. Material Techniques and Information
Work begins with procurement or fabrication of special equipment. This is followed by development of work techniques such as assembly
methods, sequence and final design for all material to be taken into
containment. Technique development and the jurisdictional boundaries
involved with each task are the responsbility of the BNoC Construction
Superintendent. When information about the work area is required, photographs, inspections and measurements are completed to assist the engineer
with decisions which must be made concerning the work package content.
D. Work Package
The completed work package contains all prerequisites, work
instructions and record requirements necessary to document performance
of the job, in addition to an equipment list. Each work package is
reviewed by the engineers supervisor, the CAG Health Physics/Safety
Engineer, CAG Training Engineer and Construction Superintendent. Following
the review, the work package is issued for use.
E.

Training

The training program establishes the adequacy of work instructions and ensures that each individual understands the job. It also provides a broad knowledge of general containment conditions and procedures,
as well as overall program feedback. The Training Engineer is responsible
for the establishment of all training requirements and the administration
of training policy. The training cycle begins with selection and screening
of personnel for each task. Screening ensures basic training and medical
qualifications are complete. This is followed by the scheduling of
training by work package. Next, classroom training is conducted by the
Cognizant Engineer using the work package and supplementary lesson plans.
Additional training may be performed using a scale model of the containment
and CCTV. Classroom training is followed by rehearsals called "walkthroughs"
to develop timing and demonstrate developed techniques. A time estimate
will be calculated from this training. In come cases representations
of in plant space or equipment are constructed. These "mock-ups" demonstrate
the feasibility and function of special tooling, verify proposed operating
procedures and add a high degree of realism to the training. For many
tasks, the completion of training will require a dress rehearsal, referred
to as a "full mock-up." Walkthrough and mock-up training are taught by the
Task Supervisor, who is the individual responsible for directing the
performance of the work package from the Command Center.
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F.

ALARA Review

Following training, each work package receives a radiological
review by the HP/Safety Engineer to ensure the radiation exposure for the
work i s "As Low As Reasonably Achievable" (ALARA). A checklist i s used
to verify the amount and type of pre-planning conducted. Completion of
this review ultimately results in the GPUNC radiological approvals to
issue a Radiological Work Permit (RWP).
G.

Schedules

All assigned tasks are listed and tracked on a Field Summary
Schedule approved by GPUNC. All Construction activities in progress are
listed, and targeted for an entry when appropriate, on a Two Week Look
Ahead Schedule. This schedule also contains planned training activities.
When training on a work package is complete, it will be grouped and sequenced
with other complementary work and approved for execution as part of the
Daily Entry Schedule.
H. Material Control
Material required for use in containment is staged in temporary
locations by work package. This material is normally a mixture of three
types of items. Special equipment is either fabricated or procured by the
Cognizant Engineer, used for training, then staged. Consumable materials
are obtained by the labor support personnel and staged. To minimize
radwaste, common tools or other contaminated items are reused and supplied
from separately controlled storage cribs, the Ante Room or are already
staged in containment. Great attention to detail is required to ensure
all material is available when needed.
I. Task Supervisor Meeting
Prior to each entry, the Entry Coordinator will verify, using
a checklist, that each work package is ready for execution. This will
culminate in a final Task Supervisor Meeting where the Daily Entry Schedule
and all coordination details are discussed.
J.

Final Job Briefing

On the day of the entry, the Entry Coordinator and the associated
Task Supervisors hold a final briefing for each work package. Following
this, the workers are released to complete the Daily Entry Schedule by the
Entry Supervisor.
K.

Dressing Area

Each entry team reports to the dressing area 15 minutes prior
to when dressing is scheduled to occur. Clothing has been pre-assembled
along with the associated dosimetry and required consumable items. Each
individual has written requirements for dressing and an assistant to
complete the proper dressing sequence and procedure.
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An HP Technician from GPUNC monitors the placement of dosimetry. The average
dressing time is approximately 60-75 minutes. The orders to dress teams
are conveyed by the Entry Supervisor and are conducted in two steps. The
first stage does not include the donning of the respirator. The final
stage, taking 10-15 minutes results in the team being sent to the
radiological control point.
L.

Staging Area

As the entry progresses, each team is preceded into the Ante
Room by the necessary equipment supplied from the various staging areas
discussed above.
M.

Control Point

At the control point, each individual signifies he is ready for
entry by signing on to the applicable RWP. The team is inspected by the
control point HP Technician. All radios are tested with the Command Center.
This being completed, the Entry Supervisor will authorize the teams to
enter the Ante Room. This check in procedure usually takes about 10 minutes.
N. Ante Room
Once in the Ante Room, the entry team and its associated equipment will be matched using a checklist. The Command Center will coordinate
their entrance into the airlock it the first opportunity. The actual time
of entry depends on the status and location of other teams. Entrance
through the airlock takes about two minutes.
0. Command Center
The Command Center is staffed with the Entry Supervisor, Entry
Coordinator, and applicable Task Supervisors prior to work beginning.
GPUNC support personnel such as Radiological Controls, Operations and
Safety Representatives are also present, if required by procedure. The
Command Center itself contains CCTV, two-way radio and recording systems
for work observation and documentation. An intercom connects the control
point, Ante Room and Command Center. Phone circuits are utilized to all
remote operating stations, such as the decontamination high pressure pump.
During the performance of the work package, the key steps are tracked
by the Task Supervisor and taped by the voice and video systems. Periodic
dosimeter readings are passed out by radio or CCTV. If any prearranged
"exit criteria" are satisfied, the workers are trained to terminate the
job and return to the airlock. These criteria include sickness, fatigue,
respirator failure, loss of communications, failure of lighting, and the
accumulation of maximum planned radiation dose.

5-42

P. Exit
At the first airlock door, the workers begin the exit process
by removal on one pair of booties and work gloves across step off pad one.
In the airlock final dosimeter readings are relayed to the Command Center.
1'ext another pair of booties is removed'across step off pad two, as the
workers enter area one of the CCC. Here the wetsuit, if worn, outer
protective clothing and external equipment are removed. At step off
pad three, removal of another pair of booties allows the workers to cross
into area two, of the CCC where the remaining protective clothing is
removed. Dosimetry is removed and transferred to the HP. After removal
of booties and gloves at the last two step off pads, workers frisk
for contamination and return to the dressing room. This exit process
takes about 20 minutes.
R. Debriefing
Following the entry, each team is allowed to rest and replace
body fluids, which are important parts of the Heat Stress Control Program.
Within two hours, debriefings are held with entry team members, Cognizant
Engineer and Task Supervisor. A Debrief Chairman represents the Training
Engineer. In the debriefing, work package documentation is collected
along with comments concerning any problems encountered. An opportunity
to make recommendations is also provided, in addition to remarks about
the adequacy of the training program. When all debriefing has been concluded, a set of records is assembled which summarizes the entry, including
any necessary corrective actions.
1.
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ABSTRACT
The Gross Decontamination Experiment was performed at TMI-2 to evaluate
the safety, effectiveness, and efficiency of decontaminating large,
complex structures. Radiological survey data indicate that effective
decontamination can be performed using high pressure water flushing,
mechanical floor scrubbers and strippable coating techniques. The
selection of manual workers and the length of their assignment are
important factors in determining efficiency. The amount and type of
training workers receive improve safety performance but significantly
affect the cost of preparations. An optimum training program is being
sought.
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I.

PURPOSE/OBJECTIVES /SCOPE OF GROSS DECONTAMINATION EXPERIMENT
A Gross Decontamination Experiment (GDE) was performed on
the Three Mile Island Unit 2 (TMI-2) containment building between October, 1981 and March, 1982. The duration of the
Experiment's execution phase was approximately four weeks.
A.

Purpose

The purpose of the GDE was to provide the nuclear industry
with engineering and operational experience that could be
gained from the decontamination of TMI-2.
B.

Objectives
The objectives of the GDE were to:

1. Evaluate the safety, effectiveness, and efficiency of
various methods and equipment for performing gross decontamination of large, complex, contaminated surfaces within the containment building. Support systems and training for such a
large decontamination effort were also to be evaluated.
2. Reduce the contamination present on selected surfaces
within the containment building in a manner consistent with
ALARA ("As Low As Reasonably Achievable") principles.
C.

Scope

The scope included testing various decontamination techniques
on major equipment, stairs, floor surfaces, pclar crane, refueling canal, bridges, D-Rings, missile shields and overheads. Work
Packages were structured to gather data on decontamination techniques, and to provide information relative to worker productivity,
radiation exposure accumulation and waste volume generation.
Worker training programs were a vital part of the preparations,
and major efforts were devoted to support services and access
equipment.
1.

Services

Special services supplied for the GDE were high pressure
water (10,000 psi at 25 gpm and 14O°F) and service air (100 psi
at 100 cfm).
2.

Techniques

Four decontamination techniques were utilized, These
were the following:
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1.
2.

Low pressure flushing with a hydrolance
High pressure flushing with a hydrolance and a
spin jet
3. Floor scrubber with a non-abrasive pad and
chemical solvents
4. Strippable coatings

Sequencing considerations and operational precautions
were used to prevent recontamination during the Experiment;
no barricades or protective coverings were employed.
3. Data Acquisition and Data Analysis
Decontamination characterization data were collected
via radiological surveys (radiation instruments and smears),
gamma spectrometer, photographs, videotapes and surface
deposition samples.
Analysis of the data acquired from the GDE included
a careful evaluation of the impact of operational technique
upon the validity of the data. As an example, a study of the
videotapes of flushing operations revealed that some designated
flush areas were missed by the hydrolance spray. Also, the
spin jet generated a water plume which recontaminated cleaned
areas. In addition, some workers tracked debris from contaminated areas into cleaned areas prior to data acquisition. Clearly,
exclusion of these data reduced the data base but served to
eliminate many inconsistencies in the data reduction.
Area dose rate reductions were calculated by subtracting
the post test gamma detector reading from the pretest reading.
The Decontamination Factor (DF), a ratio of surface contamination
before and after cleaning, was determined from smear data.
While the smear technique has inherent inaccuracy due to the
degree of contamination and surface conditions, it produces
conservative estimates of DF for the conditions experienced in
the GDE. Contact radiation readings are influenced strongly
by other radiation sources not related to the loose contamination such as local hot spots.
4. Waste Volume, Cleaning Rate and Other Parameters
Radioactive wastes discussed herein are flushing water,
detergents, chemicals and non-abrasive pads used with floor
scrubber and strippable coating removed from the painted
surfaces. An association between waste generation per hundred
square foot of area cleaned is made to help quantify the
efficiency and effectiveness of the decontamination techniques.
Some miscellaneous waste was incurred for each technique, but
no attempt is made to include these in the evaluation. Also,
solid waste generated by water processing was not added to the
waste volume for technique comparisons.
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The surface areas decontaminated with strippable
coatings and floor scrubbers were small, 70? and 256 square
feet, respectively. The surface areas cleaned with the
pressurized water were over 10,000 square feet.
D. Reports
A final report of the GDE is to be issued in September,
1982. The data and conclusion presented herein are tentative
since data reduction and comparisons among the various data
acquisition techniques are continuing. Surface deposition
sample results and gamma spectrometric raw data are more
difficult to reduce to a usable form because these sampling
techniques need to be qualified. When completed, these data
will supplement smear data and contact radiation measurements
for evaluating effectiveness.
In preparation for the Experiment, systematic approaches
to selection of sampling location, data collection protocols,
and test sequences were established. It was designed to provide
sufficient data to allow evaluation of items such as area dose
rate reduction, decontamination effectiveness of various techniques applied individually and in combinations, and instrumentation errors. Details of the approach will be described in
the final report.
II.

RESULTS
A.

Low Pressure Flushing Test
1.

Technique Description

The purpose of the low pressure flushing test was to
reduce contamination and dose rate levels. The technique was
performed by a three-man team consisting of a lance operator,
a hose tender and a squeegee operator. Team positions were
rotated at 15 minute intervals to equalize the workload. A
flow rate of 15-25 gpm was used for the flush, which was performed in areas where loose debris was readily visible. A
low pressure flush was also used to complement other techniques.
It was performed before strippable coating tests to improve
surface adhesion and following spin jet operations and high
pressure lance operations to push loosened contaminants towards
floor drains. The hose discharge pressure was 400-900 psi.
The water jet could be applied 60 ft. away from the surface
being decontaminated. Flushing water could be heated to a
range of 70-140°F at the pumping station. The average temperature experienced during the test was 112°F. Each flush was
preceeded by a data acquisition survey and misting of the area
to reduce the airborne contamination. Air samples were taken
during flushing operations.
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2. Decontamination Effectiveness
Low pressure flushing reduced the2average measurable
on on floor from 10
dpm/100 cm to A x 10 6 dpm/
contamination
lO'dpm/100
2
100 cm for a DP of 25. Stainless steel DF's were higher,
averaging 124. Visual observation indicated that the technique
removed a significant amount of dirt and debris from the overheads and major equipment surfaces. General area dose rate from
gamma radiation were reduced by 14-37%. Dose rate reductions
of 50% were attainable under ideal conditions. The average
cleaning rate for the test was about 5000 ft2/hr or .06 manhour/
100 ft for a three man crew. Waste generation depended on the^
flushing water flow rate. Values from 20 to 100 gallons/100 ft~
were necessary to ensure a thorough cleaning job. Worker endurance was judged to be 90-120 minutes for each low pressure flushing team. Body cooling devices (ice vests) were worn to achieve
this stay time. Otherwise, protective clothing, which included
a full wetsuit, would have limited the stay time to one hour.
There were no significant safety problems during the test.
Recontamination of surfaces did occur during the test
from incorrect squeegee and hose routing techniques. Misting
was determined to be unnecessary during the course of the
testing.
B. High Pressure Flushing Tests
1. Technique Description
The purpose of the high pressure flushing test was to
determine the effectiveness of water dispensed from a lance end
the spin jet to reduce contamination and dose race levels. A
three man crew was used in these techniques. Team positions and
rotation scheme were the same as for the low pressure tests.
Average lance pressures of 3000-3200 psi were tested at a flow
rate of 7 to 12 gpm. Although lance pressures of up to 6000 psi
were achievable, only a few personnel were capable of operating
the lance with the high reaction force. The maximum effective
spin jet pressure was 6000 psi with a flow rate of 15 gpm. The
spin jet was used only in open floor areas. Data acquisition
surveys were completed before and after some tests.
2.

Decontamination Effectiveness

High pressure flushing with the lance reduced^he average
smearable contamination on floors from 10 dpm/100 cm to 10 dpra/
100 cm2 for a DF of 1000. The spin jet attained an average DF
of 70 from initial levels of 10 6 to 10 7 dpm/100 cm2. Optimum
flow rates determined were 7-12 gpm for the lance at 3000-4000 psi
and 15 gpm for the spin jet at 6000 psi. General area dose rates
were reduced from 10 to 50% as a result of these techniques.
Variation in dose rate reduction occurred due to operational
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considerations and the influence of outside radiation sources.
The average cleaning rate for the lance was 1000 ft^/hr
or .3 manhours/100 ft^ with the 3-man crew. As a single unit,
the spin jet could achieve a cleaning rate of 2000 ft^/hr; but
it was determined that spin jet cleaning should be followed by
a low pressure flush to move loosened contaminants to the drains.
This sequence reduced the actual cleaning rate for the spin jet
to 1000 ft^/hr, the same as one high pressure flush with a lance.
The spin jet sequence was as effective as the three staged
sequence using a low pressure lance, a high pressure lance and
a low pressure lance.
Comparisons between the spin jet sequence and the thret.
staged lance sequence indicate that a cleaning rate improvement
of about 19% with the spin jet. In addition, the spin jer is less
physically demanding on the operator than the lance using similar
parameters of pressure and flow. Tha spin jet is also very
effective on diamond plate (painted carbon steel) surfaces. Waste
generation rates depended on the flushing water flow rate and
sequence employed. Values of at least 42 gal/100 ft- to 72 gal/
100 f t 2 were necessary for effective cleaning with the lance.
An optimum rate from the spin jet is 45 gal/100 ft^ with an
additional 18 to 30 gal/100 ft^ for the follow-up low pressure
flush. Worker stay times were similar to those of low pressure
flushing. One problem was experienced during lance flushing
operations which is related to safety, in that, the lance flow
control valve stuck open. A second (safety) valve on the lance
was shut to secure flow and the lance was replaced.
C.

Mechanical Scrubber Test
1.

Technique Description

The purpose of the mechanical scrubber test was to
determine the effectiveness of decontaminating with an acid and
with a detergent solution. In addition, waste generation, dose
rate reduction and worker productivity parameters were to be
measured. An overall evaluation of the safety of this method
was to be performed.
A Clark industrial scrubber (.20-inch model) was tested
on Elevation 347'. The unit was supplied by 110-volt electric
power and tested the decontamination effectiveness of a phosphoric
acid solution (Turco 4512-A 10% Normal) and a detergent solution
(Turco 4324 NP-10%). The total test area was 256 ft 2 with subdivided areas of 128 ft^ for each of the solutions being tested.
During the test, the solutions were dispensed on the floor,
scrubbed, rinsed with a small amount of water and wet vacuumed
into two 55~gallon drums. The acid collection drum was spiked
with a neutralizing agent. The detergent drum was spiked with
a defoaming agent. The scrubber utilized one medium-hard nylon
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non-abrasive pad for the entire test.
2. Decontamination Effectiveness
Initial smearable contamination levels of 2.0 x 10 dpi»'
100 cm Cesium-137 were measured. Final results averaged 5.0
x 10 3 dpm/100 cm 2 for a DF of 400. General area dose rate reduction from the test was difficult to assess. General area
contributions from sources other than the floor, such as walls
and areas inaccessible to the scrubber biased the post test
survey. Hot spots in the vicinity, such as the interim waste
storage area, also influenced the readings. The relatively
low dose rate measured at the beginning of the test (40-70 mreiw
hr) was approximately 50% lower than post test high pressure
flush readings.
Liquid waste generated from this process accumulated at
a rate of 20 gallons/100 ft2. Solid waste (scrubber pads)
accumulated a rate of .035 ft2/100 ft 2 .
2
Based on the developed man-hours/100 ft for a three
man crew. The actual test consumed 5.45 man-hours, of which
4.17 man-hours was devoted to equipment setup and removal and
area preparation tasks not directly related to the test. No
adverse results were reported during the test from an industrial
safety viewpoint.
D.

Strippable Coatings
1. Technique Description

The purpose of the strippable coatings test was to deteC
mine the decontamination effectiveness and related parameters
for two test areas. The first area was the decontamination of
the head storage stand on Elevation 347'. The second area was
the northwest quadrant of Elevation 305', north of the open
j
stairwell. The strippable coatings Imperial ALARA Decon 1148 *
1146 were used for the test. In addition, the effectiveness oi
cheese cloth under the coating to add strength to irregular
surfaces was tested.
The coatings were applied with a pump sprayer device se
in a 5-gallon can of the coating. The pump was supplied by 90 "
service air with a 2200 psi outlet line to the spray gun. A
"mil stick" was used periodically to check the depth of the
coating thickness for a depth of 30-50 mils. Manpower require'
ments for the test included three personnel to set up equipmef '
two to apply the coating and three for coating removal and
cleanup. Prior to removal, the coatings were allowed to dry ^
least 24 hours. The material was cut with a carpet knife into
strips and removed as compactlble waste.
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2. Decontamination Effectiveness
The strippable coating test showed better decontamination
effectiveness than expected. More debris was removed using the
coating as a decontamination medium after low pressure flushing
than had been demonstrated during any other tests. The DF's
of the test varied with the surface condition. Elevation 305'
was reduced to an average value of 6.4 x 10^ dpm/100 cm 2 for a
DF of 100. On the head storage stand horizontal surfaces, the
DF was 100 with an initial level of 106dpm/100 cm 2 . On the
vertical stand surfaces, a DF of 10 was achieved from an initial
level of 10 dpm/100 cm2. A total waste volume of 4.5 ft of
solid compactible waste was generated. This results in about
.64 ft-* /100 ft 2 of area decontaminated. The waste from decontaminating 2000-2500 ft would fit into one 55-gallon drum and
have a contact reading less than 5 rem/hr. The waste volume
generated from this technique is less than that created from
water spray.
2
The overall cleaning rate was .2 manhour/100 ft for
application and .4 manhour/100 ft for removal. When not
needed, the third crew member waited in the airlock to reduce
radiation exposure. The total test consumed 10.65 man-hours of
which about 1.4 man-hours was spent in application and 2.8 manhours was spent in removal. The remaining time reflects equipment set up time.
The ALARA Decon 1146 coating was satisfactory in all
respects. The self-stripping coating tested on the head storage
stand was difficult to remove and is not recommended. Low
pressure flushing plus strippable coating tests in series did
produce substantial reductions in general area and contact beta
and gamma readings.
Use of the strippable coating to fix contamination is
effective. It also protects the original surface from recontamination. The coating is water proof except under direct, high
pressure spray. The coating is also durable and can remain.in
place for long periods of time. If a heavy traffic area is to
be covered using a strippable coating, consideration should be
given to using a cheese cloth base on the floor and a plastic
"egg crate" support walkway on top. No significant safety
problems resulted from the test and normal precautions for use
of the coating sprayer are considered adequate.
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III.

DECONTAMINATION TRAINING PROGRAM
A.

Objective

The decontamination training program instructed personnel
to operate decontamination equipment and to perform data acquisition surveys inside the TMI-2 containment. The objective
of the training program was to provide workers who could execute tasks safely and efficiently inside the containment building
without direct supervision. The approach was repetitive reinforcement of a basic lesson plan and used verbal discussions and
hands-on experience.
B.

Prerequisite Training

The decontamination training program was supplemented by two
additional training courses, which are prerequisites for entry
into the TMI-2 containment.
1. Radiation Work Permit (RWP) training is taught by the
licensee (General Public Utilities Nuclear Corporation) (GPUN),
during a 25s day course as part of the worker's on-site indoctrination for working inside radiological areas.
2. General Entry Training (GET) is a Bechtel program whose
purpose is to familiarize workers with the radiological and industrial safety practices inside the TMI-2 containment. The
course includes classroom discussions of contamination levels,
heat stress prevention,casualty procedures, communication, and
protective clothing usage. Also covered are practical procedures for airlock operation and anti-contamination dressing and
undressing. The GET program incorporates several specialty
programs sponsored by the Licensee for special respirator
qualification and safety training which are requisites for
ascending to the polar crane. The normal training period was
2h days with an additional day needed if the job required
climbing to the polar crane.
C.

Training Administration
1.

Training Engineer

The training engineer is responsible for the administration of the training program and performs the following functions:
(a) Reviews work packages for training impact, (b) Identifies manpower need dates to personnel requisitioners, (c) Screens individuals for prerequisite requirements, (d) Schedules and monitors
training activities, (e) Notifies scheduling group when training
is complete, (f) Debriefs entry team members, recommending followup actions, (g) Maintains all lesson plans and individual's
records of training, (h) Overviews all phases of training to
ensure training standards are consistent and high.
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2.

Instructor

The instructor is the individual assigned by the
training engineer to teach individual lesson plans. Instructors
for work packages are either the cognizant engineer (i.e., the
writer of the work package) or the operations engineer who is
responsible for execution of the work package.
For the GDE a subcontractor experienced in hydrolance
operations supplied three instructors to supplement the training expertise.
D. Training Facilities
A double wide trailer was refurnished to provide two classrooms capable of seating a total of 40 people. The mock-up
facility was equipped with a high pressure pump (5000 psi, 30 gpra
capacity), a hot water heater and a complete set of high pressure
flush equipment (1 spin jet, 1 wet vacuum, and 3 lances). Only
one team, however, could train at a time with pressurized equipment due to the single high pressure water supply line. Future
programs could modify training schedules and/or equipment to
allow multiple sessions.
Photographs and videotapes of the containment equipment and
access paths were valuable training aids for indoctrinating new
workers on high radiation areas and equipment familiarization.
A plant scale model was also available as a training aid.
Although the model was not highly detailed, it could be used for
worker orientation, distance measurements, and job planning.
E.

Training Sequence

During training no written
ficiency was demonstrated with
observed by the instructor and
competence of the worker. The
of four phases.

exams were used; instead, prothe actual equipment and was
training engineer to verify the
training consisted of a sequence

1. Classroom Phase
In the classroom phase, a training instructor described
the scope and detailed work setps of task to the workers using
a work package and/or technique sheets as lesson plans. Technique sheets are directions for operating equipment to achieve
optimum cleaning performance. Work packages sie comprehensive
instructions which detail the steps for deco1.- :-„>.inating a sector
of the containment build- 7 "sin*», various eq • . asent.
2. Equipment Demo-, •-it:'

Equipment denor..- . ? C^ons
5-56

1-

^ra given by the instructors

in the mock-up area. The workers observed the operations and
later were required to operate de-energized/depressurized
equipment. This session reinforced the knowledge gained in the
classroom and permitted the workers to become familiar with the
gear in the mock-up area. Answering of spontaneous questions
proved to be an expedient training aid and a good indication of
the worker's knowledge.
3.

Mock-Up Phase

This phase consisted of dress rehearsals for the tasks,
creating working conditions as realistically as possible. In
some cases, this required constructing full size replicas of
plant equipment or areas. For the final mock-up of a work
package, protective clothing was worn to demonstrate endurance
requirements. The purpose of this phase is to identify and
fix situations that reduced efficiency and to provide a realistic
environment for practicing team interaction.
4.

Pre-Job Briefing Phase

A pre-.job briefing was conducted with the flush team
just prior to the scheduled entry time. Any minor changes in
the work packages and lessons learned from the previous entry
were related to the entry team by the operations engineer.
After exiting the containment a post-job debriefing
was conducted. These were done expeditiously so lessons learned
could be utilized quickly by later decontamination teams.
F.

Training Efficiency

Appropriate training standards were maintained in spite of
budgetary limitations. The following conclusions have been
made from experiences during training for the Decontamination
Experiment:
1. It is more cost-effective from a training viewpoint to
train and use rad-con technicians to collect radiological data
than other trades.
2. Cost savings are realized when all personnel make
several entries.
3. It would be cost effective to use a worker rotational
pool scheme based on an individual dose limit rather than a
fixed calendar time interval. This scheme would improve the
ratio of working time to training time. Fewer people would have
to be trained,and cost and work planning would be less impacted
by inadvertent delays.
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4. Teams trained on mock-ups should remain intact
throughout the in-containment performance to benefit fully from
the training experience.
IV.

MANPOWER UTILIZATION
A. Manual Labor Requirements
Approximately 90 manual workers participated in the preparation/recovery, execution and data acquisition phases of the
Gross Decontamination Experiment. The manual types included
remote reporters, site volunteers, radiological control technicians, subcontractor technicians and laborers.
1. Remote Reporters
Remote reporters are individuals employed by GPU Nuclear
Corporation at job locations other than Three Mile Island within
a range of 60 miles. On a volunteer basis, they are assigned to
TMI for a two-week period for the sole purpose of doing decontamination tasks. They work a 50-hour, 5-day week. All remote
reporter volunteers are guaranteed one assignment before anybody
is given a second assignment. Exceptions are granted on a
case-by-case basis.
2.

Site Volunteers

Site volunteers include plant operators, engineers,
office workers and others who work at TMI and are qualified
radiation workers. Permission from their immediate supervisor
to participate in the entry program is a requisite since training
and execution require approximately one week of dedicated effort.
3.

Radiological Control Technicians

Radiological Control (Rad Con) Technicians are employed
by GPU Nuclear Corporation on a permanent basis. They are
qualified to perform radiation and contamination surveys and
to administer access controls to radiological areas. Approximately one Rad Con technician man-hour was forecasted for every
20 man-hours worked in containment during the Gross Decontamination Experiment. This was a manageable number for the Rad Con
Department.
4.

Subcontractor Technicians

Subcontractor technicians are specialists supplied by
Science Applications, Inc. (SAI) and Imperial Coatings to
perform gamma spectrometry and to apply strip coating, respectively.
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5.

Laborers

Laborers belong to the Building Trades Union. They are
utilized mainly for out-of-containment support activities and
assist with all phases of decontamination work on an as-needed
basis.
B.

Decontamination Tasks

The decontamination preparation/recovery phase included
tasks for equipment protection, routing of water and air hoses
inside the containment, area cleanup and trash removal. The
major portion of these tasks were accomplished by remote
reporters. Laborers were used when remote reporters were fully
utilized but the two groups are never mixed as a crew.
The preparation/recovery phase expended 49 man-hours which
equal 16% of the total manual effort for the Gross Decontamination
Experiment. Table 1 lists man-hours and radiation exposure in
man-rems for the various decontan'.nation phases.
The execution phase tasks were low pressure flushing with
a lance, high pressure flushing with a lance and spin jet,
mechanical floor scrubber and strippable coating. The
flushing operations were done exclusively with remote reporters,
while site volunteers performed the mechanical floor scrubbing
test; Imperial Coatings technicians applied the strippable coating
with assistance from laborers. The execution phase expended
109 man-hours, only 37% of the total manual effort for the
Gross Decontamination Experiment.
Data Acquisition tasks included still photography, videotaping, surface deposition samples, gamma spectrometry and
radiation and contamination surveys. Site volunteers were used
for the photography and the videotape tasks and Science
Application, Inc. technicians performed all of the gamma spectrometry. Remote reporters performed the pretest surveys while
Rad Con technicians performed essentially all of the post test
surveys. Using Rad Con technicians for the final survey
permitted utilization of the data as an official record. The
data acquisition phases expended 139 man-hours which accounts
for 47% of the total man-hours for the Gross Decontamination
Experiment.
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TABLE 1
MANPOWER UTILIZATION

WORK
PHASE

Preparation
& Recovery

WORK EFFORT
MAN-HRS % TOTAL

TASKS

Equipment Protection
Install Water Hoses
Install Service Air
Lines Area Cleanup/
Trash Removal

Execution

Flushing
Floor Scrubber
Strippable Coating

Data
Acquisition

Photographs
Videotape
Surface Deposition
Gamma Spectrometry
Radiation & Contamination
Surveys

49

16

14.5

109

37

24.4

139

47

27.9

100

66.8

297

ALL
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RADIATION
EXPOSURE
(MAN REM)

V.

SERVICES AND TRANSPORTIVE EQUIPMENT TO SUPPORT DECONTAMINATION
A.

Services

Services needed to operate the in-containment decontamination equipment including high pressure water (6000 psi, 25 gpm,
140°F), high pressure air (100 psi, 100 SCFM) and electric
power (110V, 20 amps). The high pressure water and air are
developed out-of-containment with high performance pumps and
routed through reinforced hoses to penetration R-561.
Penetration R-561 was modified to accept both the high
pressure water and air lines. This was a substantial engineering effort with the design, approval, fabrication and installation sequence taking over five months to complete. This
underestimated scope of work was partially responsible for
postponing the Experiment execution date from December, 1981 to
March, 1982.
1. Flush Water
Processed water from EPICOR II was used for all flushing
operations. This source was desirable because of its high boron
concentrations (approximately 1700 ppm). However, its tritium
levels (approximately 1 uCi/ml) classified the water as radioactive and required the high pressure water pumping station to
be a controlled zone.
2. High Pressure Pumping Station
Water from the EPICOR II storage tanks was routed to
the high pressure pumping station located in Fuel Handling
Building corridor. The pumping station consisted of a quick
recovery heater, a 90-gallon holding tank and a high pressure
pump.
High pressure water flowed from the pumping station to
penetration R-561 through 150-feet of h" diameter reinforced
'lose. The pressure loss for one section of hose (50') was
250 psi at a 25-gpra flow rate.
The high pressure pump was an NLB model #10150 with a
150 horsepower electric motor. This positive displacement pump
delivered 25 gpm at discharge pressures ranging up to 10,000
psig. Safety features included a low tank level shut off and
a high temperature water shut off set at 180°F. The pump discharged into a manifold equipped with a bypass flow regulator,
2 independent dump valves (solenoid and manually operated), a
10,000 psi rupture disc, a pressure gauge and a liquid pulsation
dampener.
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The water heater is Patterson-Kelley model no, P-K-800432 equipped for 150 psi working pressure. The boiler was
equipped with Pre-Krete G-8 lining. The total power input is
432 KW and the total rated load is 521 amps. The shellside
capacity is 1769 gallons per hour with 100°F temperature rise
from 40° to 140°F.
3. High Pressure Air
An Ingersoil-Rand, model SSR-1000, air compresser was
used to supply service air to the containment building. Its
ouput capacity was 100 SCFM at 125 psi.
4. Electric Power
Adequate electric power was available inside containment
to energize the decontamination equipment,
B. Transportive Equipment
1. Spider Shatter
An electrically powered work platform was installed
between the 347' elevation and the polar crane (426' Elevation)
to provide speedy, safe transportation for people and equipment.
Ascent time to the polar crane from Elevation 347' is about
3 minutes, while climbing ladders takes about 20 minutes. Skin
contaminations, prominant with the climbing technique,were
significantly reduced after the spider shafter system was
used.
In addition, crane working time has been extended by
about 1 hour per man as a result of the faster ascent time and
the increased worker endurance. The spider shafter can lift
1,100 lbs. of equipment and/or people at a speed of 27 feet
per minute.
2. Tugger Hoist
An electrically assisted hoist is used to lift equipment
from the 305' to the 347' elevation. The Tugger frame is mounted
on wheels and is capable of lifting 900 lbs - at a rate of 15 feet
per minute. The frame device was designed and fabricated on site
by Bechtel.
3. Fork Lifts
Two battery powered fork lifts are used for ground
transportation of equipment. Each has a 4000-lbs. capacity, and is
self propelled by rechargeable batteries.
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C.

Operational Performance

Several problems occurred with the high pressure water
equipment during initial use. Below is a summary of the major
problems and the actions taken to resolve them.
1. Pulsation Dampener Leakage
A leak developed at the welded joint on the inlet side
of the pulsation dampener. This occurred after approximately
10 hours of pump operation and no indication of leakage was
obvious during the initial leak checks. The dampener was
expediously exchanged by the vendor. No similar problems have
occurred.
2. Rupture Disc Modification
A rupture disc is mounted in the discharge manifold.
A modification to the manifold piping placed this rupture disc
at the end of a 1/2" x 6" pipe stub. Pressure wave resonance
amplified the pressure surges in the pipe stub and caused the
rupture disc to fail at discharge pressures below 5000 psi.
The rupture disc is designed to rupture at 10,000 psi. The
pipe stub was replaced with a 50—ft. high pressure hose with
the rupture disc mounted at its end. No further failures
occurred.
3. Dump Valves
Dump valves have failed in several ways, such as o-ring
blow out and needle valve sticking. These failures are not
spontaneous nor dramatic. A preventative maintenance program
was initiated to replace dump valve internals after 20 hours of
service or when leakage was observed at the o-ring seals. Boron
crystals may have contributed to the seal failure and valve
sticking. Long, hot water flushes were used to mitigate the
buildup of boron crystal around the seals and moving parts.
VI.

CONCLUSIONS AND FUTURE IMPLEMENTATIONS OF THE GDE
Effective decontamination of large, complex structures can
be conducted in a safe and efficient manner with existing
technology.
The objective of future decontamination efforts at TMI-2
should be to eliminate loose surface contamination and to mitigate
the effects of other radioactive sources. Presently, worker
productivity and stay time for most areas in the containment
building is limited by physical endurance in protective clothing,
not dose limits. Reduction in the quantity of radiological protective clothing would increase worker endurance. Longer stay
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times permit more work to be accomplished with less outside
logistic support. Worker productivity would be increased
significantly if the requirement for respirators could be
lifted. The key to removal.of respirators is the elimination
of loose surface contamination.
A. Decontamination Technique Performance
The results of the GDE did not identify one decontamination
technique that was superior for all conditions encountered at
TMI-2. Rather, the results indicated that all of the techniques
were effective for a given set of conditions such as surface
type, porosity, and orientation. Waste volume generation and
cleaning rate must also be part of the selection criteria. A
logic chart is useful in selecting the best technique and operating parameters for a given set of surface condition. Figure 1
illustrates a logic chart developed from the GDE.
Low pressure spraying of the Elevation 305' overheads and
high pressure spraying of floors with the spin jet caused
significant recontamination of cleaned surfaces. Recontamination negated some of the dose rate reductions experienced after
low pressure flushing of the floors.
1. Pressurized Water Performance
The DF for low pressure flushing is dependent upon the
type and orientation of the surface, characteristics of the
contaminants and the volume of water applied per unit surface
area. For example, the DF for flushing of stainless steel was
higher than the DF for both carbon steel and unpainted concrete.
High DF's were achieved on vertical surfaces with a low pressure
flush of 1000 psi. Nozzle pressures of 400-900 psi were adequate
for removing most of the contaminants. Smearable contamination
levels of 10 5 dpm/100 cm were attainable using either low pressure
or high pressure flushing. The selection of pressure range would
depend upon the surface conditions and characteristics of the
contamination. However, low pressure flushing is ineffective
at flow rates of less than 10 gpm.
Water temperature in the range tested from 70-112°F
did not significantly affect the results.
Recontamination is a significant problem with the high
pressure water techniques requiring tight controls to achieve a
high DF. High pressure (6000 psi) and high flow rates (25 gpm)
cause observable recontamination. This combination of operating
parameters creates water plumes which travel several feet and
contaminate both vertical and horizontal surfaces. Pronounced
hydrolance reaction force is apparent above 3000 psi and will
quickly exhaust operators weighing less than 175 lbs. Rotation
5-64

of duties within the flush team about every 15 minutes is
required to optimize worker endurance.
The sequencing of flushing should be evaluated for ALARA
considerations to determine whether overheads and walls are
flushed prior to the initial flushing of the floors. When
flushing the floor surfaces, low pressure flushing is not
necessary prior to high pressure flushing unless large amounts
of loose debris are visible. Recontamination is better controlled by a wet vacuum than by using a squeegee. Pushing flush
water to the drains with a squeegee recontaminatet. the cleaned
surfaces. A wet vacuum picks up the flush water and transfers
it to a collection barrel before it can recontaminate the
floor. To be efficient however, a drain pump would have to be
added to the collection barrel. This would allow continuous
pump down of the wet vacuum collection barrel during operation
and eliminate the need to shut down for emptying.

2.

Floor Scrubber Performance

Mechanical scrubbing techniques are effective in
reducing smearable contaminant levels. The use of chemicals
(detergent and phosphoric acid), on a limited scale, posed no
difficulty in their collection for subsequent waste management
activities.
Wet vacuum collection of the liquids may also have been
partially responsible for the success of this technique, but
this point remains to be evaluated.
Additional testing should be performed with this equipment using an abrasive pad and water. If similar DF's are
experienced, then the floor scrubber would have a significant
advantage over the other two techniques, because the waste
generation problem (chemical wastes) would be eliminated.
3. Strippable Coating Performance
For the conditions tested, strippable coatings yielded
large DF's (approximately 100) based upon smear sampling
results.
Selection of this technique must consider the amount of
solid waste generated, the ease of removal and the wetness of
contaminated surface.
B. Manpower Utilization
Remote Reporters represent ideal type of work groups for
doing extensive decontamination, when the proper labor relations
and organizational agreements can be established. They are
5-65

intelligent, flexible, available and have a positive interest
in recoverying Unit-2 Reactor Plant. However, to benefit from
these attributes, the GPU Nuclear Corporation must institute the
following controls and inducements.
1.

Assign a full time foreman to supervise and administer
the remote reporters.
2. Establish a work period at TMI based on dose limits
3. Establish 8-hour shifts with no guaranteed overt t.me
4. Permit remote reporters to do non-decon jobs when not
actively involved in decontamination work.
5. Establish a bonus plan based on performance and length
of availability. For example, a proficient worker will
receive less exposure for a given task. For a fixed
exposure limit, he will do more tasks, make more entries and
increase his stay time at TMI.
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PLANNING FOR THE TMI-2
REACTOR COOLANT SYSTEM DECONTAMINATION
H. L. Hondorp
Bechtel National, Inc.
P.O. Box 72
Middletown, PA 17057
(717) 948-8340

ABSTRACT
Planning for the decontamination of the TMI-2 reactor coolant system
is controlled by means of a work breakdown structure (WBS). The
objectives of the reactor coolant system decontamination have yet to
be determined, but the planning is proceeding on the basis that the
reactor is to be defueled, requalified, and restarted and that the
objective of the decontamination is the removal of fission product
contamination, corrosion product contamination and fuel fines.
The decontamination is to be performed on a system-by-system basis
and the logic for this decision is presented. A discussion is also
provided of the logic used to categorize systems into being decontaminated before or after reactor building decontamination, etc. Criteria
are presented which can be used to determine the specific order in
which the systems within a category should be decontaminated. The
detailed decontamination sequences have yet to be completed, but items
to be considered are presented.
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I.

INTRODUCTION:
In order that Bechtel National, Inc. might adequately plan
the activities for the reaccor coolant system decontamination
of the TMI-2 reactor, we have developed a work breakdown structure
(WBS) describing these activities. The work breakdown structure
provides a basis for dividing the reactor coolant system decontamination project into related work packages for project planning
and control. These work packages represent, in general, the work
flow from preliminary planning, through final design and procurement to fabrication, installation, checkout and operation of the
decontamination equipment. Further breakdown of the WBS work
packages can be accommodated where justified by the size, complexity, cr other factors.
This document was prepared by Bechtel National, Inc. and
reviewed by the Client (GPU Nuclear); the organization responsible for implementing the decontamination plan (Bechtel Northern
Corporation); the reactor manufacturer (B&W); EPRI and the U. S.
Department of Energy through their contractor (EG&G). This document was then revised on the basis of their input and Bechtel
National, Inc. made tentative assignments of responsibilities for
the various tasks. A meeting was held with the various parties
and these assignments were finalized.

II.

DEFINITION OF OBJECTIVES:
One of the major issues to be addressed is the determination
of the objectives of the reactor coolant system decontamination.
It is necessary to establish whether the reactor is to be defueled,
requalified and restarted or defueled and decommissioned. Separate
studies are required for each case. Additionally, it is also
necessary to determine whether the objective of the decontamination
effort is to be removal of fission product contamination, corrosion
product contamination, fuel fines, or all three. These decisions
are to be made by the client, GPUNC.
Until such decisions are made, Bechtel National, Inc. is proceeding with the reactor coolant system decontamination planning
on the basis that the reactor is to be defueled, requalified, and
restarted, and that the objective of the decontamination is the
removal of fission product contamination, corrosion product contamination and fuel fines.

III.

SELECTION OF APPROACH:
There are three possible approaches to the decontamination of
the reactor coolant system and associated interconnected systems.
In the first approach, the systems would be decontaminated as a
whole. This approach is hereafter referred to as the bulk process.
In this approach, the fuel would be removed from the reactor vessel,
the reactor coolant partially drained and replaced with decontamination
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fluids, the reactor vessel closure head reinstalled and the
decontamination fluids circulated through the loop using either
the reactor coolant pumps or auxiliary pumps. Crud material
could be removed using the existing makeup and purification
system or an auxiliary system installed for this purpose.
A second approach involves decontamination on a systemby-system basis. In this approach, tanks and/or heat exchangers
within a system could serve as collectors for the spent decontamination fluids or an independent «circulation system could
be provided. The third approach would be to perform the decontamination on a component-by-component basis.
Without going through all of the pros and cons of the bulk
process vis'-a-vis1 the other two, the following advantages and
disadvantages can be presented for the bulk process decontamination.
1.
Decontamination on a system-by-system basis would enable
certain systems, or portions thereof, to be decontaminated prior
to the completion of the reactor building decontamination or defueling activities. This would also be true if the decontamination were to be performed on a component-by-component bases.
This flexibility is not present using the bulk process.
2.
Decontamination on a system-by-system basis would enable
different decontamination processes and techniques to be selectively applied to the various systems. This is also true if the
decontamination were to be performed on a component-by-component
basis. The bulk process is at a severe disadvantage here. The
systems to be decontaminated are both carbon steel and austenitic
stainless steel. The bulk process would require the selection
of a decontamination fluid compatible with both. This may result
in less than optimum decontamination.
3.
Decontamination on a system-by-system basis will reduce the
quantity of waste to be processed and disposed of relative to
those of the bulk process. Decontamination on a component-bycomponent basis should result in the lowest waste quantities.
4.
Decontamination on a system-by-system basis would enable
different cleanliness criteria to be applied to the various
systems. This is also true if decontamination were to be performed on a component-by-component basis. A bulk process would
result in application of the most stringent cleanliness criteria
to all systems.
5.
Decontamination on a system-by-system basis reduces the
concern for a potential criticality relative to that of the bulk
process. Decontamination on a component-by-component basis would
probably have the lowest criticality potential.
6.

The bulk decontamination process conceivably requires less
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job-hours than decontamination on a system-by-system basis.
This assumption is based on the premise that there would only
be one connection and disconnection of the process equipment
and one process cycle time instead of the multiple connections,
disconnections and cycle times required by the system-by-system
decontamination. Decontamination on a component-by-component
basis probably requires the most job-hours due to the time
required to remove and reinstall components.
7.
The bulk decontamination process will protract the schedule
in terms of completion date because it cannot be started until
the reactor is defueled. However, clock hours required for the
bulk process will be less than for the system-by-system approach
because multiple process cycle times are not involved.
8.
The man-rem exposure should follow the job-hours outlined
in Item 6 above. However, exposures for the bulk process may be
greater than for the system-by-system operations because of
radiation shine from the auxiliary systems during other activities
in the auxiliary building.
A review of the above advantages and disadvantages has led
us to recommend against the selection of the bulk process. We are
proceeding with planning for decontamination of the reactor coolant
system and associated systems on a system-by-system basis, using
the component-by-component basis as a fallback position, if required.
IV.

IDENTIFICATION OF PROBABLE FLOW PATHS:
Following the decision that it would be most advantageous
to perform the decontamination on a system-by-system basis, it
was necessary to determine which systems are contaminated and
the extent of that contamination. This was accomplished in two
phases. First, flow diagrams were used to perform a walkdown of
all systems which are connected to the reactor coolant system
and to develop a list of such systems. Using this list, the flow
diagrams, system descriptions, and operation logs at the time of
the accident and thereafter, a list of probable flow paths of the
contaminated reactor coulant through the various systems was
prepared.

V.

GENERAL TIMING SEQUENCE:
Once probable flow paths and contaminated systems were
identified, it was necessary to identify the order in which they
should be decontaminated. As a general guide to establishing the
order in which the various systems should be decontaminated, consideration was given first to their placement with respect to the
following recovery milestones:
o

Prior to reactor building gross decontamination;
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o
o
o
o

Subsequent to reactor building gross decontamination;
Subsequent to reactor building hands-on decontamination;
Prior to reactor disassembly and defueling, and
Subsequent to reactor disassembly and defueling

The following considerations were used to place the various
systems into broad categories as to when they generally should
be decontaminated:
1.
Systems which could be recontaminated or additionally contaminated as a result of defueling activities should be decontaminated after defueling.
2.
Systems which serve an engineered safety features function
during defueling should be decontaminated after defueling.
3.
Systems which are predominantly located within the reactor
building should be decontaminated after reactor building gross
or hands-on decontamination.
4.
Systems which will require a great deal of time to gain
access to their wetted surfaces should be decontaminated after
reactor building hands-on decontamination in order to reduce the
overall man-rem.
5.
Systems which will become additionally contaminated or recontaminated as the result of reactor building decontamination
should be decontaminated after the reactor building hands-on
decontamination.
6.
Systems which cannot be depressurized until after defueling
is complete should be decontaminated after the defueling.
VI.

SPECIFIC SEQUENCE:
The previous section's activities placed the various systems
into categories of being decontaminated before or after reactor
building decontamination, before or after defueling, etc. It
was then necessary to determine the specific order in which the
systems within a category should be decontaminated. The following
considerations were used to help determine the best sequence:
1.
Systems which are capable of being readily isolated from
other potentially contaminated systems, and thus not susceptible
to dissolution and redeposition of the crud from other systems,
should be decontaminated early.
2.
Systems which have a low probability of contamination as a
result of the March, 1979 accident should be decontaminated early.
3.
Systems for which the materials of construction are unlike
those of the other systems and for which different decontamination
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chemicals and/or techniques may have to be used, should be
decontaminated early.
4.
Systems which are located predominantly at higher elevations
than the other systems and for which advantage can be taken of
gravity flow of the decontamination fluids should be decontaminated
early,
5.
•I*

Flow "from" systems should be decontaminated before flow
systems.

6.
Systems having few dead legs, low spots, or restricted
orifices which could serve as collection points for fuel fines
or systems in which there is small diameter piping, i.e., those
systems which are relatively free of components that will cause
concern for a potential criticality, should be decontaminated
early.
7.
Systems which have a higher dose rate than other systems,
and for which early decontamination would serve to reduce the
overall man-rem exposure, should be decontaminated early.
8.
Systems which feature tanks and/or heat exchangers which
can serve as collectors for spent decontamination fluids should
be decontaminated early.
9.
Systems containing pumps which can be used for circulation
of decontamination fluids should be decontaminated early to
avoid reliance on auxiliary pumps.
10. Relatively sir..; le systems which can be decontaminated readily
without the use of semi-remote or remote techniques should be decontaminated early.
11. Systems which are located predominantly in areas where there
will be a great deal of physical activity and where early decontamination would reduce the need to erect temporary shielding
should be decontaminated early.
12. Systems which are located predominantly in areas where there
will be a great deal of maintenance activity or which themselves
may require a great deal of maintenance should be decontaminated
early.
13. Systems for which adequate access is readily available and
which would not entail the erection of work platforms or cutting
of any components to gain access to the wetted surfaces of the
system should be decontaminated early.
14. Systems in which there are few or no check valves to preclude
back flushing of the system should be decontaminated early.
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VII.

PREPARATION OF DETAILED SEQUENCES;
The decontamination of each of the systems follows a generalized sequence which is shown in Table 1. We are still in the
process of preparing the detailed decontamination sequences for
each of the systems. In doing so, consideration is being given
to the following:
1.
A survey will be conducted of existing ladders, stairways,
and platforms to determine their size and load capacity, etc.
If adequate access does not exist, the use of suspended cages or
self propelled manlifts or erection of new platforms will be
specified as appropriate.
2.
Radiation surveys will be .conducted in the vicinity of each
system access point. If the radiation field is too high, temporary shielding will be used if the external radiation field
cannot be reduced by physically removing the source or by performine additional decontamination of external surfaces. Use of
temporary shielding is not recommended if the radiation field
is sufficient to warrant remote decontamination. The temporary
shielding will be provided by draping a sufficient number of
lead-wool shielding blankets over the component to be shielded
or by stacking lead bricks or concrete blocks around the component
to be shielded.
3.
A survey will be conducted of the reflective insulation
configuration. The reflective insulation will be identified
which must be removed in order that the component may be adequately accessed and its contamination characterized.
4.
The cleanliness criteria can be established in several
ways:
One method for determining cleanliness criteria is to establish the maximum residual internal contamination level of those
systems which can discharge to the environment. Cleanliness
criteria would then be established by multiplying the MPC for each
radioisotope by the contribution of that component or system to
the MPC. The contribution could be determined as the ratio of
the surface area of the system or component to the total surface
area of all of the systems and components.
A second method of determining cleanliness criteria is to
establish the maximum permissible contribution of the system or
component to the reactor coolant system operating water chemistry
limits. As above, the cleanliness criteria would be established
by multiplying the reactor coolant system operating water chemistry
limit for each radi.oisotope by the contribution of that component
or system to the water chemistry limit. Again, the contribution
could be determined as the ratio of the surface area of the system
or component to the total surface area of all of the systems and
components.
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TABLE 1
GENERALIZED SEQUENCE
FOR
SYSTEM-BY-SYSTEM DECONTAMINATION

1.

Establish work platforms, as required

2.

Install temporary shielding, if necessary

3.

Remove reflective insulation, if required

4.

Establish cleanliness criteria

5.

Characterize contamination

6.

Perform debris removal, as required

7.

Plug or otherwise isolate component/system to be
decontaminated

8.

Perform water flushing

9.

Perform oxidation and dissolution, if required, to
remove fuel fines

10.

Perform dilute chemical cleaning, if required

11.

Perform concentrated chemical cleaning, if required

12.

Perform mechanical cleaning, if required

13.

Unplug decontaminated component/system
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A third method of determining cleanliness criteria is to
establish the maximum permissible contribution of the component
to the initial external radiation field for maintenance purposes.
As an example, if a component is located in a shielded cubicle
and requires infrequent maintenance, an initial external radiation
field of 300 mr/hr may be acceptable. On the other hand, if the
component is located in a non-shielded cubicle, requires frequent
maintenance itself or is adjacent to a component which does, an
initial external radiation field of 30 mr/h. may be required.
The fourth method of determining cleanliness criteria
applies to those components which are to be disposed of rather
than re-used. Two options exist here, dependent upon whether the
component is to be recycled through conventional scrap metal
dealers or is to be buried at a.waste disposal site. If the
component is to be recycled, the GPUNC operating license limits
for release of uncontrolled materials would apply as well as
Federal Regulations. For components to be disposed of at a
commercial waste management site, the license limit requires less
than 10 nanocuries per gram of transuranics. However, in
practice, the rate structure for the disposal is dependent upon
the radiation level; thus, it may be beneficial to do at least a
cursory decontamination. A cost-benefit analysis is required
for selection of appropriate options.
5.
The means of access to the internals of the systems will be
determined. This may be by means of flanged connections, threaded connections or manholes. In some cases, access to the internals cannot be obtained without cutting. Cutting will be done using
a reciprocating saw, portable band saw, plasma arc torch, Thermit
method or explosive method as appropriate. Necessary characterization of contamination will be effected by alpha spectroscopy, beta
spectroscopy, gamma spectroscopy, external field radiaLion monitoring, smear samples, wet radiochemistry of the effluent stream or
radiation field monitoring of the effluent stream, as appropriate.
6.
Debris removal will be done with long tongs with forceps or
plier ends that will be hand held and manipulated. Other remote
equipment will be used to assist in debris removal prior to loading
in a fuel canister. A water vacuum system will also be provided
to remove loose small particles for accumulation in a filter in
the fuel transfer canal.
7.
Components/systems will be isolated using existing valves
whenever possible. Expandable, mechanical plugs will be used as
the main alternate. However, other alternates to mechanical
plugs will be considered. Possibilities include pneumatically
filled expandable rubber balloons and the use of silicone foams.
8.
A considerable amount of radioactive debris may be removed
by flushing with water. This is the safest, easiest, and least
expensive procedure and will always be used as the first step
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Particulate material should be removed by flushing with water
because it will be very difficult to remove it by chemical action
later. Dissolution of compact particles is a slow process.
Furthermore, if the geometry is unfavorable, contact of the
chemical solution with the residues will be slow, occurring
principally by diffusion. The reagents contacting the residues
will be diluted; no mechanical action will be available to speed
the process; the material may become coated by reaction products;
and/or the reaction products may block access of the decontaminant
or removal of the product. Flushing should be done at a high
velocity to entrain dense particles of core materials. Heating
equipment may be required. Circulation equipment may be required
if the water is to be recycled. Filtration equipment may be required. A method of carrying any spray application equipment
needs to be provided. A collection system needs to be provided
for the waste water.
9.
A 10 volume percent nitric acid (HNO3) solution at approximately 75°C (167°F) was historically one of the first reagents
used for dissolving uranium and its oxides in stainless steel
systems and has been used for decontaminating stainless steel or
Inconel reactor loops and components. It cannot be used in any
system containing carbon steel or any other material readily
attacked by HNO3. Nitric acid flushing or other oxidation and
dissolution processes may be necessary for the removal of uranium
and uranium oxide fuel fines distributed throughout the reactor
coolant and interconnected systems. Neither the dilute nor the
concentrated chemical cleaning processes are particularly effective
in removing these fuel fine materials. Heating equipment may be
required if the decay heat and/or circulation pumps (if required)
are not sufficient to maintain the temperature. Lower acid temperatures can conceivably be used but the effectiveness will be
decreased. Circulation equipment may be required if the use of a
stagnant solution is not acceptable and the system's pumps are
eithar not available or are unsuitable. Filtration equipment may
be required. Spray application equipment may be required. If
used, consideration needs to be given to whether the spray application is to be low or high pressure. A method of carrying the
spray application equipment needs to be provided that will avoid
splashing workers with potentially hot nitric acid. Neutralization
could consist of simply diluting the acid to the point that it is
no longer corrosive to the materials of construction. This has a
disadvantage from the waste management point of view. The nitric
acid can also be neutralized by the addition of a base. An evapora-^
tor may be desirable. This potentially will reduce the volume of
waste which must be disposed of. However, the evaporator must be
constructed of materials compatible with concentrated nitric acid.
A collection system needs to be provided for the spent nitric acid.
10- A survey of state-of-the-art dilute chemical cleaning processes
will be conducted. The process parameters such as concentrations,
chemicals, temperatures, flow rates, decontamination factors,.
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materials compatibility, etc. will be defined.
11. A similar survey will be performed for the concentrated
chemical cleaning processes.
12. The means of mechanical cleaning will be established. For
abrasive blasting, a decision will be made to establish whether
the blasting is to be performed wet or dry. The type of abrasive
(sand, grit, steel shot, glass beads) will need to be specified.
The mesh size of the abrasive will need to be determined. The
air pressure will need to be specified. A decision will need to
be made as to vacuum blasting equipment, recycling of abrasives,
hydrocycloning or magnetic separation of spent abrasives. The
process parameters such as the distance from the nozzle to the
surface, the angle of the nozzle with respect to the surface and
the travel speed will need to be determined. The use of wire
brushes and ultrasonic cleaning will also be considered as
mechanical cleaning methods where appropriate.
13. The unplugging of the components/systems will be the inverse
of the methods used in Step 7.
VIII. SUMMARY:
Planning for the decontamination of the TMI-2 reactor coolant
system is controlled by means of a work breakdown structure (WBS).
The objectives of the reactor coolant system decontamination have
yet to be determined, but the planning is proceeding on the basis
that the reactor is to be defueled, requalified, and restarted
and that the objective of the decontamination is the removal of
fission product contamination, corrosion product contamination
and fuel fines.
The decontamination is to be performed on a system-by-system
basis and the logic for this decision has been presented. A
discussion has also been provided of the logic used to categorize
systems into being decontaminated before or after reactor building
decontamination, etc. Criteria are presented which can be used to
determine the specific order in which the systems within a category
should be decontaminated. The detailed decontamination sequences
have yet to be completed, but items to be considered are presented.
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ABSTRACT
The removal of most of the radioactive water that existed in the Three Mile
Island Unit 2 reactor containment building as a result of the accident has
been accomplished using the Submerged Demlneralizer System. This specially
designed water processing system immobilizes the major long lived fission
products 1 3 7 C s , 13<*Cs and
Sr on radiation resistant zeolite sorbents. The
effluent has then been polished using organic ion exchange resins making it
acceptable for manual decontamination and other recovery activities. The
development of the system along with a water processing summary are presented.
I.

INTRODUCTION

As a result of the March 28, 1979 accident at the Three Mile Island
Nuclear Station-Unit 2 (TMI-2), significant quantities of contaminated water
were generated and stored in various locations in the reactor building and
auxiliary buildings associated with the plant. Approximately 2.2 megaliters
(570,000 gallons) ot intermediate activity level (1-100 yCi/ml) waste water
was accumulated in the auxiliary building while in excess of 2.3 megaliters
(600,000 gallons) of high level (> 100 uCi/ml) waste water was collected in
the reactor building. Approximately 340 kiloliters (90,000 gallons) of primary Reactor Coolant System (RCS) water was also contaminated to high activity
levels.
In order to proceed with decontamination of Unit 2, systems were designed
to process these intermediate and high activity waste waters as the first
phase of recovery operations. The systems would also be capable of processing
water that became contaminated as a result of subsequent decontamination
activities.
A system was developed to process the intermediate level water existing
in tanks in the auxiliary building using organic ion exchange media. In
order to meet the immediate problems of limited freeboard tankage and of
decontamination of the necessary access ways in the auxiliary building, the
ion exchange separation process was developed using commercially available
technology (EPICOR, Inc.). Processing of the 2.2 Ml of the intermediate level
water was completed in August 1980 using this proprietary system.
The decontamination of the high activity waste water existing in the
Reactor Containment Building (RCB) was the next phase of the TMI-2 recovery
effort. The source of this water included borated RCS leaking through a pressure operated relief valve, sodium hydroxide released by the building spray
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system and river water from the emergency cooling system. This 2.3 Ml of
highly contaminated water overflowed the RCB sump reaching a maximum depth
of 2.6 meters.
II.

FLOW SHEET DEVELOPMENT

The Submerged Demineralizer System (SDS) was designed as a temporary
liquid radwaste system to process the high activity level water existing in
the RCB, the RCS and any water contaminated as a result of subsequent decontamination activities. The SDS was designed with no permanent tie-ins to
existing systems and to be easily decomissioned.
The development of the SDS to remove the majority of the long-lived fission products from the contaminated water existing at Three Mile Island Unit-2
included many laboratory studies, calculations, and demonstration experiments.
The system chosen removes 13"*Cs, 1 3 7 Cs and 9 0 Sr using inorganic zeolite sorbents. Inorganic zeolites were chosen as the immobilizing medium as they have
high radiation resistance and their sorptive capacity is not exhausted by the
high sodium and boron content of the waters to be decontaminated. The two
types of zeolites chosen were the mineral chabazite and a synthetic type-A
zeolite.
The experiments conducted in support of the SDS development included laboratory scale column studies for sorbent selection and the determination of
operational parameters. Experiments with reactor building water were performed
by ORNL 1 using the naturally occurring zeolite mineral chabazite. These
studies were used to develop the anticipated decontamination factors, capacities, flow studies, and residence times. The presence of a "recalcitrant"
species was noted and studied in subsequent tests.2
An increase in the removal of 9 0 Sr was accomplished by mixing a type-A
synthetic zeolite (Linde A) with the chabazite zeolite (IE-95) , both available
from Union Carbide. The selection of a 3:2 ratio of IE-95 (sodium form) and
Linde A was made on the basis of column tests using synthetic sump water and
actual RCB water samples. A computer model of the system was written using
the results of the laboratory scale tests. The computer program generated
breakthrough curves, column loading and rotation information.
The basic water processing strategy was to utilize the SDS in combination
with a water polishing system EPICOR-II developed at TMI-2. The SDS captures
the majority of the cesium and strontium activities while EPICOR-Ii polishes
the SDS effluent to acceptable on-site storage and decontamination specifications. The removal of the remaining nuclides in the SDS effluent using
EPICOR-II is accomplished using organic ion exchange resins. A survey of
resins to find the best candidates for water polishing was performed by laboratory scale experiments at TMI-2 using RCB water, RCS water, and zeolite bed
effluents. The overall desire to minimize the quantity of immobilizing media
and remain within disposal guidelines led to the use of layered resins for
water polishing. To date, nearly all of the RCB water has been processed
using the SDS/EPICOR-II systems.
III. SYSTEM DESCRIPTION
The following is a brief description of the SDS and its associated com5-82

ponents. A schematic of the SDS is shown in Figure 1.
hardware are given in Reference 3.

Further details on the

A.

Filtration and Staging
A surface suction pump was installed in the RCB during one of the
early entries. This pump was a commercially available high capacity well pump
attached to a float assembly. This float kept the pump suction near the surface minimizing solids pumping. The pump had a design working pressure of 300
psi at 100 lpm pumping capacity.
It lost suction with approximately 10 cm of
water remaining on the RCB floor (approximately 100 kl (28,600 gallons)) after
pumping in excess of 2.3 Ml of RCB water.
The surface suction pump delivered water from the RCB through two
mechanical filters into a shielded tank farm. This tank farm consists of four
57 kl (15,000 gallon) tanks tied together to function as a single storage tank.
The filter units consist of two 300 liter vessels loaded with sand of uniform
size poisoned with borosilicate glass for criticality control. The filters
are located 5 meters underwater in the spent fuel pool. These filters remove
particles from the process stream thereby preventing plugging of the SDS
processing vessels. Staging of the water to the tank farm through the filters
was performed on a batch basis.
B.

Processing System
Water was transferred out of the tank farm using a submerged pump in
a feed standpipe with recirculation capability for flow control. The pump
delivered the batch of water to the processing system at 20 lpm.
The processing system consists of two parallel trains of four decontamination vessels located underwater in the spent fuel pool. These 300 liter
capacity vessels contain the inorganic zeolite sorbents. While the hardware
permitted simultaneous operation of both trains, only single train operation
was employed for RCB sump water processing. Flow restricting headers were
employed in the vessels to help maintain the optimum 20 lpm processing rate.
The effluent from the process stream passed through a cartridge type
filter to remove zeolite fines prior to entering two 50 kl (12,000 gallon)
monitor tanks. The SDS effluent was then transferred from these tanks to the
EPICOR-II system for polishing.
All valving and plumbing associated with the water filtering and
processing were located in shielded manifolds with ventilation. Samplers were
installed at strategic locations in the SDS. The samplers were located in
shielded glove boxes designed to minimize radiation exposure to sampling
personnel and provide contamination control. The design and operation of the
chemistry facilities required to support SDS processing were detailed in
Reference 4.
C.

Leakage Containment
In order to prevent contamination of the spent fuel pool, a leakage
containment system was part of the system design. The underwater zeolite
vessels and filter vessels are located in secondary containment boxes
slotted to permit inflow of pool water. The boxes are connected via a
common header to the intake of a pump capable of pumping pool water from the
boxes and through two vessels loaded with organic ion exchange resin. With
in-line radiation monitoring, this system was designed to allow rapid detection
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of a leak in the filtering or processing system connections and minimize pool
contamination in the event of a leak. An increase in the pool activity, as
observed by the in-line radiation monitor, was wired to automatically stop
flow in the processing system.
D.

Dewatering Facility
A dewatering station is also installed in the spent fuel pool to
dewater zeolite vessels or filter vessels for shipment. This system consists
of vessel vent hardware, drainage, sampling, air drying and nitrogen purge
system.
E.

Off-Gas Ventilation System
The SDS contains, as an integral part of the system, an MSA off-gas
unit. This unit provides ventilation to the vessels, the valving manifolds,
the sampling glove boxes and the dewatering system. It includes an off-gas
separator tank and a 1000 cfm fan with HEPA filtration. It discharges into
the building ventilation system for further purification.
IV.

OPERATION

The entire system is carefully monitored by pressure indication, flow
meters and totalizers and in-lire and area radiation monitors. Operation of
the system was carried out by plant operators coordinating with chemistry
technicians with plant engineers providing overall evaluation of system performance. The system was sampled in accordance with the process control plan.
This plan established the frequency of sampling and analyses to be performed
for each processing campaign. It was developed to assure adequate process
control and to permit accurate curie loading estimates on the filtering and
processing vessels. The established sampling frequency minimized the curie
loading on a processing bed during a period of undetected breakthrough.
Typically, a 200 kl (50,000 gallon) batch of RCB water was staged to the
tank farm through the filters at about 100 1pm. Samples of the influent and
effluent were taken after every 40 kl (10,000 gallons) throughput. The
samples were analyzed for soluble and insoluble radioactivity, transuranics,
filterable and total solids.
The 200 kl batch was then processed through one of the processing trains
containing four zeolite loaded decontamination vessels at 20 lpm. Samples
were taken of the influent and each of the zeolite bed effluents approximately
every 10 kl (2,500 gallons) throughput. Similar analyses were performed on
these samples.
After one of the monitor tanks was filled, it was sampled and analyzed
prior to processing by the EPICOR-II System. While': EPICOR-II was polishing
one monitor tank, the SDS effluent was being directed to the other monitor
tank. As EPICOR-II processes at 40 lpm, even with sampling.and analysis
requirements prior to processing and limited surge capacity," both systems
ran simultaneously with minimum interference.
V.

RESULTS

P r i o r to RCB water processing, approximately 570 kl (150,000 gallons) of
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intermediate level water existing in the reactor coolant bleed tanks was processed through the SDS. The source of this water was decontamination
activities in the auxiliary building and normal plant inleakage. Processing
of this water provided a demonstration of the SDS capability, refinement of
sampling and processing techniques and training on system performance prior
to high activity water movement. The results of these campaigns are reported
in Reference 4.
Based on the results of bleed tank water processing, the operational
parameters for cesium and strontium removal were estimated. These data included distribution coefficients deduced from the decontamination factors. These
parameters were used to estimate the breakthrough curves for
Sr, 13l*Cs and
Cs for RCB processing using the computer model. The fractional breakthrough
as a function of gallons processed is shown in Figure 2. From these predictions, the projected vessel rotation for optimum performance was after every
two batches throughput.
Actual RCB sump water processing data indicates that significantly better
cesium removal was attained while strontium removal was less than predicted.
The experimental breakthrough curves are given in Figure 3. There are several
reasons for the discrepancy in predicted versus experimental values during RCB
processing: the existence of colloidal or some other recalcitrant species in
the sump water, different concentration of sodium, calcium, magnesium, or
other cations competing for zeolite sites in the RCB water versus the bleed
tank water, the presence of complexing anions in the bleed tank water, or
other chemical differences in the two types of solutions.
Because of these differences, operational parameters such as the batch
size volumes and number of batches processed through one zeolite train before
changeout was adjusted for each batch of water to maximize the quantity of
curies trapped on the minimum volume of zeolite sorbant.
The overall SDS system processing performance is shown in Table I.
These data show the average influent and effluent cesium and strontium concentration after processing 2.3 Ml of RCB water.
TABLE I.
SDS Effectiveness in Processing Reactor Building Sump Water
Radionuclide
Cs-134
Cs-137
Sr-90
Sb-125
Ce-144
Co-60

Influent
(UCi/ml)
13.1

123
5.14
1.1E-2
4E-4
2E-5

Effluent
(VCi/ml)

Decontamination
Factor

Curies
Removed

1.0E-4
8.6E-4
8.8E-3
1.1E-2
4E-4
2E-5

1.3E+5
1.4E+5
5.9E+2

29,800
278,000
11,600

—
—
—
TOTAL

319,400

The decontamination factors for cesium and strontium are consistent with
the original SDS design criteria and demonstrate tha systems capability to
process highly radioactive water. Minimum radiation exposure to operators and
technicians were accrued during this time. The overall time to process this
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RCB water yielded an effective flow rate of 3.3 gpm. The 320,000 curies of
radioactivity removed from the sump was immobilized on 1550 kg of
3:2 mixture of the IONSIV-95 and LINDE-A zeolites. This led to a volume
reduction of approximately 1460.
The 2.3 Ml of SDS effluent was processed through the EPICOR-1I polishing
system. The overall effectiveness of this process is summarized in Table II.
TABLE II.
EPICOR-II Processing of SDS Effluent
Radionuclide
Cs-134
Cs-137
Sr-90
Sb-125
Ce-144
Co-60

Influent
(yCi/ml)

Effluent
(yCi/ml)

Decontamination
Factor

Curies
Removed

1.0E-4
8.6E-4
S.8E-3
1.1E-2
4E-4
2E-5

<2E-7
3.2E-7
1.7E-5
<4E-7
<9.7E-7
<2E-7

500
2,700
500
27,500
400
100

0.23
2.0.
19.9
24.9
0.9
0.04

4E-4
7E-4
3.9E-2
9E-4
3.2E-3
5E-4

47.97

4.5E-2

TOTAL (excluding TRITIUM)
H-3

8.8E-1

8.8E-1

1

Curies
Remaining

2000

The average influents and effluents for this system are shown with observed
decontamination factors for the remaining cesium and strontium activities in
the SDS effluent and the other radionuclides slipped by the SDS. Approximately
48 curies were removed by EPICOR-II immobilizing the activity on approximately
68 million grams of organic ion exchange media. The batch size through
EPICOR-II was established by balancing chemical exhaustion with shallow land
burial limits for radioactive material (<1 uCi/gm). All the EPICOR-II vessels
meet these commerical burial ground limits.
The number of curies of fission products remaining in the effluent of
the EPICOR-II system after processing nearly 2.3 Ml of RCB water is shown in
the last column of Table II. The concentrations of all radionuclides (excluding tritium) are well below the 10 CFR 20 unrestricted discharge limits.
This water is presently being stored on site and will be used for future
decontamination and recovery activities.
The zeolite loaded vessels are presently stored in the spent fuel pool.
The total curies deposited on the various SDS vessels are shown in Table III.
These vessels will be dewatered, inerted and shipped to a Department of Energy
location for research and development activities. None of the SDS or EPICOR-II
wastes have exceeded 10 nCi/gm transuranics as determined by sampling and
analysis.
VI.

SUMMARY

The SDS in conjunction with the EPICOR-II polishing system has successfully been used to remove most of the contaminated water in the TMI-2 reactor
building. It has been proven to be a reliable system capable of processing
highly radioactive water containing high concentrations of boron (2200 ppm
as boric acid) and sodium (1200 ppm). The effluent is of high enough quality
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that i t i s presently being used for building decontamination by hydrolasing
and tank flushout. The SDS/EPICOR systems will be used for RCS processing
and will continue to provide water decontamination capability throughout the
defueling effort at TMI-2.

Liner ID

TABLE I I I .
Activities Immobilized on SDS Zeolites RCB Processing
Curies Loaded
Date
Sr-90
Cs-134
Cs-137
11/28/81
11/09/81
01/10/82
03/05/82
03/05/82
10/04/81
03/05/82
02/09/82
03/05/82

D10G11
D10012
D10013
D10014
D10016
D10017
D20027
D20028
D20029

2100
1930
2000

4450
5570
4800

730

29

1890
1040

5660
2890
0.04
4130
0.006

67
1680

3

41800
55000
46100

300
52600
28800

0.5
40150
0.08
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Schematic of the SDS/EPICOR-II water processing system at TMI-2
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ABSTRACT
Planning for the recovery of Three Mile Island Unit 2 presents unique waste
management problems in the light water reactor industry. Several thousand
cubic meters of radiocesium-bearing water have been removed from the Reactor
Building and from the Auxiliary Building and have been processed using ion
exchange techniques. DOE has agreed to accept certain solid radioactive
wastes which do not comply with shallow land burial criteria. Problems remaining relate to: 1. surface contamination in the reactor building and
auxiliary and fuel handling building; 2. stabilization and decontamination
of fuel fines and fission products in the reactor coolant and connected
systems; and 3. disassembly of the reactor core removal of the fuel from the
vessel. An orderly approach to dealing with the waste management aspects of
the recovery is presented reflecting protection of the public health and
safety, protection of worker health and safety, and minimum cost.
I.

INTRODUCTION

The cleanup and decontamination from the March 28, 1979 accident at
Three Mile Island is producing large quantities of radioactive waste. The
uncovering of the reactor core for several hours and its subsequent quenching by steam and water released fission products which are creating waste
management problems not previously associated with the commercial light water
reactor program. These problems are in the areas of characterization, processing, temporary storage or staging, shipment and disposal. The purpose
of this paper is to describe the work which is being done to solve these problems.
Characterization of the radwaste began with a determination of what
contaminants were released by the accident. Studies and measurements to date
indicate that:
1. Large quantities of gaseous krypton-85 were released into the
reactor building. The krypton has subsequently been vented safely to the
atmosphere.
2. Radioactively contaminated water was released into the basement
of the reactor building. Some of this water was pumped into the Auxiliary
and Fuel Handling Building. Cesiuin-137, contained within this water, has a
30 year half life, is highly soluble and is a strong gamma emitter. It has
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been a major contributor to the radiation levels within the buildings. Approximately 50,000 curies of cesium-137 were contained in more than 2,000
cubic meters (500,000 gallons) of water in the basement of the Auxiliary and
Fuel Handling Building. Nearly 300,000 curies were in the 2,400 cubic meters
(600,000 gallons) of water in the Reactor Building. These two sources represent approximately forty C4t^percent of the radio-cesium inventory at the
time of the accident. Less than two "(£) percent of the strontium-90 present
in the core was found in the water,
\
•3. Radioactive cesium and strontium were found on surfaces throughout the Reactor Building and much of the Auxiliary Building. These contaminants
were distributed throughout the Reactor Building as a consequence of the steam
release. A wet-condensing environment similar to a rain forest existed within
the Reactor Building for over a year until the containment atmosphere was purged
in July 1980. This washed some surfaces. Other surfaces were corroded and
pitted allowing contaminants to penetrate.
4. Fuel fine debris was distribed throughout the reactor coolant
system and connected systems contaminating piping, filters, and other components.
Characterization of the extent of the contamination of these systems is in
progress. Transuranics have been identified in filters and tank sludges. High
radiation fields have been observed in cubicles which contain these components.
Figure 1 shows the major recovery sequence diagram for TMI-2. The individual decontamination, inspection, and fuel removal steps shown represent the
level at which basic planning is being done in waste management.
II. ACCOMPLISHMENTS TO DATE
Accomplishments to date include the following:
1. Auxiliary and Fuel Handling Building basement water was successfully processed in EPICOR-II, an ion exchange system designed to process water
with cesium and strontium radioactivities in the range of 1-100 uCi/ml. Processing was accomplished during October 1979-August 1980. The only radionuclide of significance remaining after processing is tritium with an activity
less than 1 uCi/ml.
2. Reactor Building basement water has been successfully processed
in the Submerged Demineralizer System (SDS), a zeolite ion exchange system
specifically designed to process these higher activities (greater than 100
uCi/ml). A modified EPICOR-II system was used to polish the effluents from
the SDS.
3. Reactor coolant system (RCS) bleed and feed. In order to permit
various prehead lift examinations, it is desired to reduce activity levels in
the RCS to less than 1 uCi/ml. The SDS is being utilized to process the RCS
for that purpose by bleed and feed techniques—returning the processed water
to the RCS.
4. Axuiliary and Fuel Handling Building (AFHB) decontamination.
Immediately after the accident in 1979, the AFHB was the primary area of decon5-92
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tamination to permit access to essential systems necessary for the recovery
of the RCS and other vital systems in the reactor building. Spraying of open
areas and some cubicles was accomplished using hiqh pressure water and in some
cases chelating agents. Recently, in April 1982 resumption of decontamination
activities began in the AFHB with water alone.
5. Reactor Building Decontamination. Major progress has been made
in the removal of smearable contamination from the upper two levels in the
reactor building, the dome, walls, polar crane and the refuleing canal using
water alone in both low and high pressure sprays. The basement area of the
reactor building which contained approximately eight (8) feet of contaminated
water has yet to be decontaminated after draining and processing the more than
600,000 gallons previously there for nearly three years.
III. WASTE MANAGEMENT PLANNING APPROACH
A. Bases and Goals
Early recovery planning efforts addressed pressing short term needs.
As detail technical planning in the decontamination and fuel removal areas
are now becoming available, a comprehensive waste management plan is in
preparation with the following goals:
1. define a disposal endpoint for each waste stream
2. evaluate all elements of waste generation, processing, solidification, packaging, interim staging, transportation, and permanent disposal in a
cost benefit comparison using ALARA techniques
3. provide adequate waste processing to assure minimum waste volumes
for handling and disposal
4. provide adequate onsite storage (staging) for wastes generated
during recovery operations
The primary goal of defining a disposal endpoint has
by a Memorandum of Understanding between the U.S. Nuclear
and the U.S. Department of Energy (Reference 1). In this
will accept title to wastes which have higher than normal
in light water reactors.

largely been satisfied
Regulatory Commission
agreement, the DOE
activities encountered

Bases for Waste Management Planning highlight ALARA guidelines, establish
preference for the aqueous decontamination wastes, desirability of shallow land
burial, DOE acceptance of transuranic wastes and continued storage of tritium
bearing processed water pending a political resolution.
Functional interfaces of radwaste management planning are displayed in
Figure 2. Data acquisition is the primary step in preparing any planning approach since waste stream identification and characterization is essential.
Waste management planning is entirely dependenl upon the results of other technical
planning activities including decontamination, and core disassembly and defueling. Once the planning efforts are underway, conceptual approaches are defined
which require detailed engineering and licensing interfaces. Following the
conceptual design, the details are defined and construction can proceed and
lead to operation. During these activities the planning group is available
5-93

to the licensing, engineering, and operations groups as needed on a consultation basis for clarification and verification of results. Programmatic reviews
are conducted by the recovery organization to assure timely availability of
waste management elements.
B. General Approach
The general approach to waste management planning is presented in
Figure 3. The planning involves two principal elements: waste source identification studies and systems and facilities studies. Waste source identification
studies consist of defining the waste stream, characterizing the constituents
and predicting waste generation rate by waste type. System and facility studies
involve efforts necessary to assure maximum utilization of existing facilities
and minimum expenditure for new ones.
1. Waste Source Identification. This set of planning activities
involves two distinct elements as shown in Figure 3. First, as each waste
stream is defined, either by decontamination planning or by fuel removal planning, the following set of planning activities is performed:
o Data acquisition requirements relative to waste management are defined.
These requirements are provided to the data acquisition program for integration
with other data requirements. Characterization of the waste stream determines
the disposal endpoint. The disposal endpoint limits waste form alternatives
which constrain processing, packaging and handling options.
o Radwaste processing options are assessed. Particular attention is
addressed to existing facility utilization.
o Packagaing and handling requirements are reviewed. This includes safety
considerations on-site, as well as, shipping constraints for disposal.
o On-site staging considerations include safety and economics.
o Shipping and disposal factors include early definition of ultimate
waste form to assure compatibility with the repository requirements.
o An ALARA benefit/cost analysis is done to integrate all of the above
into a balanced approach.
The sequential major recovery steps, depicted in Figure 1, can be grouped, for
waste management planning purposes, into four major recovery activities:
Reactor Building decontamination, Auxiliary and Fuel Handling Building decontamination, RCS and connected systems decontamination and Reactor Disassembly
and Defueling. Table 1 lists the recovery steps within these major waste
management groups. The commonality of problems and similarity of timing result
in the planning being closely coordinated for a group of steps.
2. Systems and Faciities. Systems and facilities are planned based
on the on-going definition of requirements as described above. Emphasis is
placed on maximum utilization of available facilities and early identification
of new ones. Processing and staging facilities utilized to date are identified
below.
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a. Processing Systems. A number of ion exchange systems have
been utilized during the recovery:
o EPICOR-I for <1 uCi/ml
o EPICOR-II for 1-100 uCi/ml
o SDS
for >100 uCi/ml
All of the ion exchange systems were designed for-water based waste streams.
Where more agressive decontamination techniques are required, chemical agents
may be used. If chemical agents are used, evaporation is a likely volume
reduction step followed by solidification of the evaporator bottoms. An HPD
evaporator of 30gpm capacity was desinged in 1979 to satisfy all processing
requirements but was not installed due to excessive costs for installation
and interfaces with existing systems. A one gpm evaporator (Wastesaver TM)
was procured as part of a tooling and small parts decontamination facility
but never used. It will be examined for potential application to low volume
chemical decontamination liquids. However, no solidification capability exists
at TMI-2.
Volume reduction of combustible waste (trash) has been examined and a
conceptual design study for an incinerator performed (Reference 2). While
interest was expressed by both General Public Utilities (the utility/owner/
operator of TMI-2) and the DOE, limited financial resources deferred further
action in 1981.
Volume reduction of compactible waste is practiced at TMI-2 utilizing
a 35,000 psi compactor for 55 gallon drums.
b. Staging Facilities. Numerous interim storage facilites
exist on-site to handle 55 gallon drums, LSA boxes, 4x4 and 6x6 liners prior
to shipment for ultimate disposal. They consist of the following:
o Interim solid waste storage facility capable of handling six months
solid waste generation from TMI-Units 1 and 2, including LSA boxes and 55
gallon drums
o Interim Liner Staging Facility to handle EPICOR-II liners (4x4 and
6x6) liners. Two modules containing 60 cells each 7 ft diameter x 13 ft deep
are in use.
o Temporary Interim Liner Staging Facility originally constructed to
temporarily store EPICOR-II liners prior to the availability of the two modules
described above.
IV. CHALLENGES
A number of technical problems are on the horizon which will challenge
the radwaste management planning group during the recovery of TMI-2.
o Volume reduction of solid wastes from decontamination, e.g. compaction and incineration. Since existing financial resources limit this option to control by administrative means, additional staging facilities will
be required.
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o Processing of chemical decontamination solutions. Deactivation of
chelating agents, direct solidification of solutions or evaporation are
potential methods for consideration. A combination of all of these may be
necessary to satisfy the variety of waste streams anticipated. However, until
specific agents are identified specific remedies will not be recommended.
o RCS and Connected Systems Decontamination. Both mechanical and chemical methods are available. Current studies by the Electric Power Research
Institute will make available decontamination techniques appropriate to specific surfaces. At that time, selection of the appropriate techniques will
consider the waste management aspects.
o Refueling Canal Cleanup during reactor disassembly and defueling will
require removal of substantial soluble and particulate source terms. In
addition, the mass transfer of many tons of fuel debris is anticipated. Localized vacuuming and solids separation techniques present specialized transfer
handling problems.
V.
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TABLE 1
CLASSIFICATION OF WASTE STREAM BY RECOVERY ACTIVITY
Reactor Building Decontamination
1.0 Process Containment Sump Water
2.0 Gross Decontamination of 347'6" elevation
4.0 Polar Crane Refurbishment
5.0 Hands-on Decontamination of 347"6" elevation
6.0 Gross Decontamination of 305' elevation
7.0 Hands-on Decontamination of 305' elevation
8.0 Gross Decontamination of 282'6" elevation
9.0 Hands-on Decontamination of 282'6" elevation
Auxiliary and Fuel Handling Building Decontamination
15.0 Cubicle Decontamination
RCS and Connected Systems Decontamination
3.0 RCS Feed and Bleed
14.0 Removal of Fuel Fines
16.0 Systems Decontamination
17.0 RCS Subsystems Decontamination
18.0 RCS Decontamination
Reactor Disassembly and Defueling
10.0 Pre-head Lift Examination
11.0 Process Refueling Canal Water
12.0 Reactor Head Service Structure and Head Removal
13.0 Fuel Removal and Packaging
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Session 6
Decontamination In Review
Invited Speakers
K. Ishigure, University of Tokyo, Japan
P. Rless, Kraftwerk Union, W. Germany
J.E. LeSurf, London Nuclear, Canada

The speakers have been chosen because they represent different
geographical regions of the world (Asia, Europe, and America) and different
professional Interests (a research organization, a university, a reactor vendor,
and a service company).
They have been invited to review the current state of decontamination
technology as they see it, basing their comments on the content of the conference just concluding, as well as any areas of technology which may have
been omitted from the conference, or developments which the invited speaker
thinks should be taking place but are not at present.
Because these reviews are intended to include data and opinions presented
at the conference, they will not be available as preprints.

