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Abstract
This paper reviews the evolution of Digital
Control Computers (DCC) in CANDU power
plants to the present day. Much of this evolution
has been to meet changing control or display
requirements as well as the replacement of
obsolete, or old and less reliable technology with
better equipment that is now available. The
current work at AECL and Canadian utilities to
investigate DCC upgrade options, alternatives,
and strategies are examined. The dependence of
a particular upgrade strategy on the overall plant
refurbishment plans are also discussed.
Presently, the upgrade options range from
replacement of individual obsolete system
components, to replacement of the entire DCC
hardware without changing the software, to
complete replacement of the DCCs with a
functionally equivalent system using new control
computer equipment and software. Key issues,
constraints and objectives associated with these
DCC upgrade options are highlighted.

1

CANDU 9 is a registered trademark of AECL.

1.

INTRODUCTION

CANDU plants have been pioneers in the use of
computer control systems for nuclear power
plants. Digital Control Computers (DCCs) have
been used in all CANDU plants built since the
construction of Pickering A in the early 1970s.
Initially, IBM 1800 series computers were used
in Pickering A. Since then, computers based on
the VARIAN Vlx series architecture have been
used in all CANDU plants except Darlington,
which uses DCCs based on DEC PDP-11
minicomputers.
Although some design and
implementation details differ between stations,
all plant DCCs have a similar system hardware
and software architecture, and a basic common
system functionality and behaviour.
The original configuration of the VARIAN-based
DCCs is shown in Figure 1.
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Figure 1: Original DCC System Configuration

Each plant uses two computers (DCCX and
DCCY) in a dual-redundant configuration. Each
DCC has the same basic complement of
peripherals: a paper-tape reader/punch, a fixedhead disk for fast mass storage, a moving-arm
disk for removable bulk storage, a range of
analog and digital input-output modules and a
sophisticated RAMTEK display system with
multiple CRT displays. A single fast contact
scanner is accessed by both DCCs. In addition,
DCCX has additional inputs for flux mapping
and channel temperature monitoring, and DCCY
has additional inputs and outputs for fuel
handling.
The software on these computers consists of a
series of separate control programs that run as
separate processor tasks, scheduled and coordinated to run on regular fixed periods by a
system
executive.
The system executive
performs ongoing internal diagnostics that
provide hardware and software self-checks and it
also monitors and manages all interrupts and
general input/output driver routines to service
peripheral devices. There are several different
control programs that perform the fundamental
algorithms for control of the main systems of the

nuclear plant, and also display-annunciation
programs that provide the operator interface.
The diagnostic programs run to ensure that the
other control and display programs are
functioning properly.
If a malfunction is
detected, the diagnostic programs take
appropriate action. These actions include retrying the program or operation that failed,
transferring control to the other DCC, shutting
down or restarting the DCC, and notifying the
operator of any actions taken.
A special
characteristic of the DCC system configuration is
that most of the control and display programs run
on both computers at the same time, but only one
version of each program controls the outputs
associated with that program. If a program
controlling the outputs fails, then control of the
outputs is transferred automatically to the
corresponding program on the other DCC. Thus,
the "master-slave" relationship between the two
DCC computers can be effectively allocated on a
program-by-program basis.
The main control programs that run on the DCCs
are the following:
•

Reactor Regulating System,

•

Steam Generator Pressure Control,

•

Unit Power Regulation,

•

Steam Generator Level Control,

•

Heat Transport
Control, and

•

Pressure

and

spares and/or replacement parts is becoming
more difficult as time goes on.
•

There is evidence of component ageing that is
showing up as increased failure rates after
many years of operation.

•

There has been an evolution in the functional
requirements and expectations of plant
process control systems driven by a
combination of operational experience,
industry technology advances, changing
regulatory requirements, and more stringent
international standards.

Inventory

Moderator Temperature Control.

The display and annunciation programs provide
the main operator interface to the computer
system for monitoring and supervision. Operators
can request that different reactor status displays
be presented on the CRTs by data entry at the
dedicated keypads for the CRTs.
The VARIAN computer architecture is a 16-bit
minicomputer system that was developed in the
early 1970's.
The computer performance
requirements are very demanding for this older
design: each DCC has several thousand analog
and digital inputs; some of the control programs
must be run several times each second; and each
DCC drives several CRT monitors and receives
inputs from several keypads. To achieve the
necessary performance, some special hardware
systems (e.g., the RAMTEK display system)
were used to reduce the CPU load, and all
software was written in VARIAN assembly
language to maximise the execution speed, and
minimise the memory requirements.
Over the past twenty years, these computers and
their associated programs have demonstrated the
high reliability required for CANDU Nuclear
Power Plant operation. DCC maintenance staff
can also be credited with improving system
performance and maintaining acceptable overall
hardware failure rates with both corrective and
preventative maintenance, despite ageing of DCC
systems and their components.
2. WHY UPGRADE?
Despite the success of the original DCC design, a
need has arisen to upgrade and refurbish these
systems. This need arises from several sources:
•

The reliability of some of the original
components is not as good as what is now
available.
Specific improvements can be
made that reduce maintenance and improve
availability.

•

The technology used in these computers is
old and in some cases obsolete. Obtaining

Many of the original peripherals were based on
electro-mechanical components which tended to
break down more frequently than was expected.
The paper-tape reader/punch, fixed-head disk,
moving-arm disk and the early impact line
printers are typical components in this category.
Often compounding any problems with the
original equipment is that many of the original
components are now obsolete and no longer
available. The lifetime of the technology used in
the DCC system varies dramatically.
For
example, many of the TTL-level integrated
circuits (ICs) are still available but the disk
hardware has been largely unavailable since the
end of the 1970s.
When equipment or
components are obsolete, significant problems
can occur in finding suitable qualified
replacements when needed. In some cases, the
system containing the obsolete components must
be completely replaced or re-designed. CAE
now offers board level replacements for the
original input/output cards, which are a "form,
fit, and function" replacement based on a
redesign. Obsolete equipment in the DCCs now
includes not only most of the original electromechanical devices, but also the original
VARIAN computers, the core memory, and the
RAMTEK display systems.
Ageing of electronic components is generally not
a problem provided adequate maintenance is
performed and a suitable operating environment
is provided. Nevertheless, when the original
DCC computer systems where designed and
manufactured, appropriate hardware technology
was not available which could be demonstrated
to last for the required 30 to 40 year lifetime of a
plant. Long-term in-service usage with many
components and assemblies used in the DCC was
limited at the time. Today there is some concern
about the possible deterioration of cable

sheathing insulation materials (i.e., certain
plastics) used in some plants.
Mechanical
vibration can also be a possible source of failures
of ribbon cables or circuit boards. Leakage
currents in some devices tend to increase with
age, causing marginal performance or failures
after some years. Components in this category
include electrolytic capacitors and opto-isolators.
Operating the DCCs at elevated temperatures has
also been shown to result in more frequent
component failures. Thermal expansion and
contraction effects due to ambient temperature
swings are thought to have caused recurring
problems with integrated circuit seating in
mounting sockets. Factors such as cooling fan
failures, dust accumulation in core memory, dirty
fan filters, and repeated power-up cycles have
been cited to accelerate ageing and increase
component failure rates.
Finally, the expectations of computer-based
operator interfaces have changed enormously
since the CANDU DCC operator interface was
originally designed.
This reflects both the
increasing use of computerised operator
interfaces throughout the industry and the better
understanding of how to design these interfaces
for safer and more effective use by plant
personnel.
There now exist international
standards and guidelines for the design of
operator interfaces, and both customers and
regulators are requesting or requiring compliance
with these standards. For example, the ongoing
development of the CAMLS (CANDU Advanced
Message List System) system by COG, and the
ACCIS (Advanced Control Centre Information
System) plant display system for CANDU 9,
indicate the direction in which present and future
operator interfaces are evolving. Meeting the
demands for this increased functionality in the
existing DCCs will push the design limits of the
hardware and software.
3. INFRASTRUCTURE FOR UPGRADES
Accurate design basis documentation, good
configuration management tools and processes,
suitable hardware and software development
tools, and an effective maintenance program are
essential before considering any major upgrade.
Plant operators must have complete knowledge
of the present state of the equipment, its past
maintenance history, and effective tools and test
environments to verify and validate any system

changes. Only in these circumstances can an
effective upgrade strategy be planned.
At present, the hardware configuration is well
known. However, it is important to have as
complete a history of hardware failures and
changes as possible. Over the long term, this
history permits identification of particular items
that may be failing more frequently, or require
more maintenance than expected.
The
effectiveness of any changes to the design or to
maintenance procedures to address these
problems can also be determined over a period of
time. A current COG work project is examining
the maintenance, reliability and upgrade history
of all Canadian CANDU plants that use the
VARIAN-based DCCs to identify any specific
cost-effective incremental upgrades, design
enhancements, or maintenance procedures.
The DCC software presents a general challenge
to plants considering upgrades that require
software changes. The original software has
demonstrated its reliability for over several
hundred reactor-years of operation, with only a
few deficiencies found and corrected in that time.
However, most of the software was developed
before the current software development
standards were available, resulting in potentially
incomplete documentation and test cases for
verification and validation of the functionality of
the software.
Ideally,
the
software
documentation and development environment
should be updated to meet current guidelines and
standards for reactor control software. This is a
major undertaking for any plant. The design of
the original software, programmed in assembler
with the required optimizations for speed and
memory, makes this task even more challenging.
As a result, upgrade options that do not require
any, or at least minimize, software changes are
frequently preferred over alternatives that, while
more attractive for other reasons, require
significant software revisions to the existing
DCC software. Nevertheless, over the long term,
updated DCC system documentation and
complete software validation test suites that meet
current standards are essential to provide the
broadest range of upgrade options.
4. UPGRADE STRATEGIES
The potential upgrade options or strategies to be
considered for DCCs in existing CANDUs can
be classified into four, somewhat overlapping,
categories".

individual
upgrades;

component

replacements

or

•

subsystem upgrades with
equivalent replacements;

•

upgrading subsystems and moving display
functions to a Plant Display System; and

•

complete DCC
equipment.

replacement

•

Many of the ^original electro-mechanical
devices were amongst the least reliable
components of the original DCCs, i.e., these
devices needed the most maintenance.

•

The logical and electrical interface is
relatively simple, allowing the original system
to be replaced by a newer system with the
same interface.

•

In some cases, the original equipment was in
relatively widespread use on various other
industrial systems, resulting in a sufficiently
large commercial market for upgraded
replacement systems.

functionally

with

DCS

4.1. Individual Component Replacements
This level of upgrade can easily be regarded as
just good maintenance. Essentially, components
that are found to be failing at an unacceptable
rate are replaced on a regular basis, or alternate
components that are functionally the same, but
more capable of withstanding the operating
stresses are substituted. For example, many
plants now replace all electrolytic capacitors in
DC power supplies regularly every so many
years, as these capacitors were observed to
deteriorate with time and use. Similarly, resistors
have been substituted in some circuits with
higher power ratings where failures had been
observed with lower power rated resistors.
Opto-isolators in digital input-output boards also
appear to deteriorate after some years of use,
with the leakage current increasing with
increasing age. Newer component designs may
not be as susceptible to these effects. Hardware
design modifications such as these are fairly easy
to implement since there is no fundamental
change in the circuit functionality, and thorough
testing of the changes is usually
straightforward.
After implementation, some recalibration of the system may be necessary, but
no software changes are required.
4.2. Subsystem
Upgrades by
Equivalent
Functional Replacements and Add-Ons
Most of the upgrades to the present DCCs are in
the category of DCC subsystem modifications
that require little or no software changes. In
most cases, these can be thought of as either
"equivalent functional" replacements or "addons". Up to now, most of these types of changes
have involved the replacement of the original
electro-mechanical peripheral devices with more
modern technology, having either equivalent or
better functionality. There are several reasons
for this:

It is also at this point that there exists some
divergence in upgrade strategies. Often the
replacement equipment has much better
performance than the original equipment, e.g.,
faster access or larger capacity. However, these
capabilities can only be exploited by modest
changes in the DCC software, usually in the
executive. Thus decisions must be made whether
to upgrade the software to take advantage of the
potential performance improvements, or to leave
the software alone with the assurance that the
new system will perform exactly the same as the
original system.
The choice between these options is never
completely clear, as it depends heavily on the
confidence with which changes to the software
can be made and tested, versus the benefits of
any performance improvements. Plants that have
good control of the software configuration, good
test suites for software changes, and good
hardware and software diagnostic tools are well
positioned to take advantage of any performance
improvements available through hardware
upgrades with modest software changes.
For example, AECL has developed a paper-tape
reader-punch replacement that uses a standard
IBM-compatible personal computer, which has
been installed in some Canadian plants, and in
newer CANDU 6 plants abroad. In this case the
electrical interface was simple to duplicate, and
no DCC software changes were necessary.
A common upgrade in all older plants has been
the replacement of the fixed-head disk with a
battery-backed-up RAM disk unit from Imperial
Technology. Here an electro-mechanical system
is replaced by an all solid-state memory unit,
providing greater reliability through the
elimination of the moving parts.
The

replacement system is also capable of higher
throughput to the CPU with a redesign of the
original fixed-head disk controller and some
software modifications.
Another valuable upgrade is the use of the
AECL-developed Parallel Data Link Controller
cards which serve as a general purpose interface
between a DCC and a standard IBM-compatible
personal computer. While this modification
requires DCC software changes to be effective,
the addition of this card permits most of the
features available on IBM PCs to be accessible
to the DCCs. Some of the ways this capability
has been used include
•

replacement of the moving arm disk with the
hard disk in the PC, and

•

connection to an external network for remote
storage and processing of DCC-acquired data
(i.e., an "add-on" gateway interface).

In the first case, the less reliable and lower
capacity moving arm disk is replaced by a
modern standard PC hard disk for data storage or
near real-time analysis with complex programs
on the PC. In the second case, the PC serves as a
gateway to a larger plant network for remote
storage and archival of historical plant process
data in an Historical Data System (HDS), for
interactive processing of recent plant data by
station staff. At the same time, this gateway
provides isolation between the DCC and this
network in the event of network disruptions.
The upgrades of this type described to this point
have involved minimal or no software or
hardware design changes, and utilise existing
system interfaces.
Others to be considered
which are a little more complex and require
meaningful system design modifications include:
•

Replacement of core memory on the original
VARIAN computers with modern solid-state
memory

The motivation here is two-fold: concern about
reliability problems, particularly parity errors, in
the existing core memory; and lack of
commercially available spare memory in the
event of failure of existing memory. This
substitution is difficult because of the large
differences between the electrical interface to
core memory and the interface to solid-state
memory.

•

Replacement
systems

of

the

RAMTEK

display

There are several different alternatives being
considered. AECL is developing a Pentiumbased system that completely emulates the
original RAMTEK display system, requiring no
DCC software changes whatsoever. However,
the computing power of this system will permit
the enhancement of the available displays and
character sets. Point Lepreau is examining an
approach where DCC software is modified to
send the data to be displayed to a VME-based
Pentium system where the final display is
generated, emulating the equivalent RAMTEK
display. In this case, most of the display
program functionality has been transferred to the
VME system. Bruce B is currently examining
several
RAMTEK
replacement
system
alternatives that have been proposed by various
vendors.
•

Replacement of the VARIAN CPU

Although the VARIAN CPU architecture is used
in most DCC computers (except for the Pickering
A and Darlington plants), only the plants
completed before the mid-1980s have computers
built by VARIAN. Later plants (Cernavoda;
Wolsong 2, 3, and 4; and Qinshan) use
computers manufactured by Second Source
Computers Inc. (SSCI). The SSCI computers
implement the VARIAN CPU instruction set, but
use more modern components and introduce
several design improvements over the original
design. These improvements include solid-state
memory with single-bit error correction and
double bit error detection, better memory
mapping and protection hardware, and greater
address space.
AECL has modified the original executive
software to take advantage of many of these
features for the DCCs in the newer plants. While
substitution of the SSCI CPU for the original
VARIAN CPU is possible in older systems,
substantial work would need to be done to verify
the proper operation of all plant DCC software
on the new computer system because of the
changes to the executive software and differences
between the execution time for identical sets of
instructions on the two CPUs.
In general, these incremental upgrades have
proven to be reasonably cost effective and
provide a relatively proven short-term (i.e. 5 to
10 year) solution to DCC obsolescence issues.

Figure 2 illustrates the configuration of the DCCs
with the various upgrades in this category, all of
which have already been implemented at the
various stations in some form.
Note that an
upgrade or replacement exists for all major
subsystems and/or peripherals. It is important to

note that for these types of upgrades, there is still
considerable design engineering effort required,
particularly for the VARIAN CPU and
RAMTEK
replacements,
and
that
implementation during an extended plant outage
may be necessary.
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Figure 2: Functional Equivalent Subsystem Replacements and Add-Ons

4.3. Upgrade by Moving the DCC Display
Functions to a Plant Display System
This approach involves the replacement of the
RAMTEK display system with a plant display
system (PDS). It requires significant changes to
the design and function of specific DCC
subsystems. It is an approach that typically
requires changes to hardware interfaces and
significant alterations to the system software,
which may include both the system executive as
well as peripheral or interface handlers/drivers.
This involves a complete redesign of the display
subsystem to take full advantage of newer
hardware and software technology, and to
provide improved functionality and features.
Using the latest hardware and software
technology allows improvements in performance,
reliability, and maintainability. While system
architectural changes are required, the approach
attempts to localize their impact. This type of
upgrade involves both interfacing the new

subsystem with the existing hardware and
software interfaces, and the re-allocation of many
system functions or services from the older DCC
to the plant display system, and in the process,
both off-loading the VARIAN, and avoiding the
design limitations of the older hardware.
Figure 3 illustrates the current conceptual
architecture for the DCC and PDS being
proposed for the Akkuyu Project. This approach
would incorporate many of the "functionally
equivalent" DCC subsystem replacements (i.e.
peripheral upgrades) outlined in the previous
section, as well as the complete removal of the
display system functionality from the DCC.
Display functionality to support the operator
interface, including annunciation, mimic displays
previously controlled by the DCC, would be
moved to and under the control of the new Plant
Display System (PDS). A clean interface for
data transfer and coordination between the two
systems would be provided.

Removing the operator display functionality from
the DCC also provides an opportunity to improve
overall
system
safety,
reliability, and
maintainability. This can be achieved by:
•

•

•

Isolating the control
software and
interlock/safety control software functions
(in a more stable DCC software
environment) from incremental revisions, reconfigurations, and enhancements necessary
in the annunciation and display system.

Providing
increased
display
system
functionality and configurability with a PDS
product designed to accommodate these inservice changes and supported with a
suitably robust maintenance and support
toolset and environment.

This approach also allows system functions like
the print logs and the contact scanner to be
interfaced to the PDS layer of the architecture.
Although not feasible in existing plants, digital
and analog input signals which are used for
monitoring purposes only, could also be
supported on a Data Acquisition (DAS) node
directly on the PDS LAN. Support for more

Improving the overall defense-in-depth of
the control room systems architecture by
reducing the inter-dependencies and
localizing the impact of a failure of the
display system, and minimizing its affect on
the DCC.
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Figure 3: Migration to an Architecture with a Separate PDS

advanced displays, including flux mapping,
channel temperature monitoring, fuel handling,
and critical safety parameter monitoring would
be implemented in the new PDS system. Finally,
it should be noted that although commercial PDS
products are available, this approach involves a
considerable DCC software re-engineering effort,
and implementation of design changes to the

system would only be feasible during a major
plant outage. It does however, make good use of
the existing and proven DCC software. Although
this approach does not completely eliminate
longer term DCC maintenance and obsolescence
issues, it does provide a relatively proven
solution for existing stations, and for near-term
future CANDUs.

DCCY.
A similar approach is under
consideration at the Point Lepreau Generating
Station, whereby an incremental upgrade strategy
is under preliminary investigation.
The
feasibility of a gradual transition to a new system
on a program-by-program basis is being
explored. In a typical DCS, each node (which is
often referred to as a "remote terminal unit"
(RTU) or "station"), communicates with the
other nodes via a dual-redundant LAN.

4.4. Complete DCC replacement with DCS
Equipment
The final option can be described as a complete
retrofit replacement of the DCC control
computer with suitable commercially available
Distributed Control Systems (DCS) equipment.
As in Section 4.3, this would include moving the
operator display functionality to a separate Plant
Display System, such as AECL's ACCIS (in
development) or another viable commercial PDS
product.
In this approach, the general
architecture and system behavior of the original
DCC system can be closely "emulated", with
some improvements where appropriate. The
functionality of each of the main DCC control
programs would be "migrated" to a separate dual
redundant DCS X/Y "node-pair". Collectively,
all of the "X" nodes behave as the original
DCCX, all of the "Y" nodes behave as the

It is important to note that this approach does
involve considerable effort, and would require a
complete re-implementation of all the control
programs, and extensive testing. Hence, this
approach would only be considered feasible
during a long planned outage and economically
justifiable for plants undergoing refurbishment
for major life-extension. Figure 4 illustrates this
approach.
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Note that the diagram also shows that the PDS
gateway, the contact scanner, and data
acquisition (DAS) nodes (used for "monitoring

only" functions), could also be implemented with
standard DCS equipment.

An advantage of this approach, is that DCS
equipment is highly modular and configurable,
and further system expansion or optimization
would be possible in future. Leading DCS
products are also provided with a graphical
development and test environment that would
improve overall system maintainability. For
existing plants, it is possible the installed data
acquisition hardware could be re-used, while in
new plants, the input/output boards used would
be the DCS vendor's standard product.

specified version of the product in a specific
context of use, and provided all qualification
issues are adequately addressed in the design
process, a level of integrity in the system design
can be achieved that is equivalent to a product
designed in compliance to the appropriate
Category 2 or 3 standard. Qualification enables
the use of suitable and proven products and
reduces the need for costly, risky, and custom inhouse designs of complex system products.

This approach offers a long term solution for
existing stations which is compatible with the
direction in future CANDUs towards the use of
suitably qualified commercial distributed control
system equipment.

6. SUMMARY
It is clear from the previous discussion that there
are several viable options to consider with
respect to DCC upgrades. Some of the key
factors that will determine both the technical and
economic feasibility of alternative DCC upgrade
options include:

5. USING A COMMERCIAL DCS
It is important to note that in considering the use
of any "off-the-shelf pre-developed computer
system or software product in safety-related
Category 2 or 3 applications, software and
system qualification issues must be thoroughly
addressed.
A comprehensive
qualification
report is required to provide a reviewable and
defensible documentation that the product can be
made to meet the safety, reliability, and
maintainability requirements for the intended
context of use. A qualification should also
establish the stability and "proven-ness" of the
product.
The qualification of complex system products
like a DCS or PDS may require the separate
assessment of several subsystem components,
and may result in significant cost and effort. If
addressed properly, the process will identify and
aid in the resolution of technical risks early in the
system design cycle. Qualification places an
emphasis on establishing a given product version
and its usage history, and credits any inherent
safety features or fail-safe design attributes. It
should also identify possible failure-modes,
limitations, or deficiencies which must be
addressed in the intended configuration or
context of use. Careful consideration of the
product configuration issues, the overall system
architecture, and any features or functions to be
avoided or guarded against is required. The
product qualification process does not replace
other system engineering design cycle activities
such as various verification and validation
activities. It does provide a degree of confidence
that the product quality is such that, for a

•

the age of the station,

•

upgrades that have been implemented to
date,

•

the expected decommissioning date for the
station,

•

when and how long any planned station
outages provide an opportunity window to
install and commission an upgrade,

•

how much longer maintenance of the
existing DCC equipment due to parts
availability and expected failure rates will be
feasible,

•

the capital cost of upgrades, funds and
resource availability,

•

the technical and licensing risk and the
ability to manage these issues,

•

the current maintenance costs and technical
staff resources, and

•

the benefits of the upgrade including
improvements in system safety, reliability,
performance, functionality, maintainability,
and OM&A costs.

Each station will have a different set of decision
parameters which may result in different
approaches. For stations with a longer expected
life, the economics of a more long term solution
become much more attractive. The use of a
suitably qualified and proven commercial "offthe-shelf DCS product is a viable option in this
case.
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HOW AND WHEN WILL SELF-ASSESSMENT IMPROVE MAINTENANCE
OF CANDU PLANTS - EVALUATOR'S VIEW.
Karel Mika
Ontario Hydro, Bruce Nuclear Station
Box 400, Tiverton, Ontario, NOG 2T0

those programs mostly failed. However, it is
correct to say that the introduction,
implementation and management support of
those programs were not well prepared, planned
and followed up on. Conditions in OHN have
changed. We now have a firm leadership and a
clear focus. In my presentation I want to explain
the role of self-assessment programs which are
being introduced in all three our plants: Bruce,
Pickering and Darlington and I want to outline
how an independent evaluation of these
programs would establish if the program is
effective and has a good potential to contribute
to the excellent performance of the maintenance
department.
My interest in this topic goes back to
1996. For a number of years I have been
involved in Quality Assurance (QA) auditing
and surveillance. I was on INPO, OHN Peer
Evaluations and IIPA evaluating maintenance.
The topic of self-assessment immediately raised
my attention. The question was how selfassessment related to assessments done by the
Station QA Department. I approached the INPO
and was given names of three US plants that
have been assessed excellent and having a
strength in the area of self-assessment. These
plants were: B.H. Robinson NPP, Surrey NPP
and Palo Verde NPP.
Subsequent phone
conversations and information exchanges with
the responsible personnel gave me a solid
picture how these excellent plants deal with the
self-assessment programs. That information
coupled with my personal experience with QA
assessments formed a basis for this presentation.
To have a common understanding of
the language used in the presentation, here is a
list of definitions:
Assessment: A documented activity, performed
by one or more qualified individuals, which
objectively evaluates the performance an
activity, process, or program.
Self-Assessment: The critical evaluation of an
activity, process, or program performed by the

Abstract
Learning organizations use selfevaluation programs to compare their actual
performance
with
their
management's
expectations and industry standards. In general,
self-evaluations
identify
areas
needing
improvement. Self-evaluation activities in
maintenance
departments
include
selfassessments,
management
monitoring
observations, root cause analyses, event
investigations, benchmarking, use of operating
experience,
self-checking,
and
problem
reporting systems. In Ontario Hydro Nuclear
(OHN) we have used almost all forms of selfevaluation with mixed success. However, we did
not use self-assessments. With emphasis on
excellent maintenance this powerful form of
self-evaluation is being introduced to all our
plants. Because of its recency and relative
inexperience with it, this paper is focused on
self-assessment. The paper provides the author's
perspective on how a self-assessment program
would be evaluated by an independent internal
evaluation and what attributes should be in place
in order for maintenance departments to succeed
in
the implementation
and
successful
continuation of the program.
Self-Assessment.
We in OHN are striving to improve our
performance and achieve respectable ratings
from independent internal and external
evaluations. We have been adopting some new
management processes and programs. One of
the most significant ones is a self-assessment
program. Those of you who are familiar with the
OHN history know that over the years we tried
to introduce many new improvement programs
but the expected results almost never met the
management's expectations. Naturally, our staff
have developed a skeptical attitude towards any
"new" management program or process. It is not
the objective of this presentation to analyze why
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individual or organization accountable for the
work, or,
Assessment of the performance, efficiency,
and/or compliance of an individual or of an
organization ... for the purpose of identifying
opportunities for improvement of performance,
efficiency, and/or compliance.
Performance-Based Assessment: Focus on
results through the evaluation
of factors
affecting plant/organizational performance by
observing activities in progress, interviews of
personnel, or review of documentation for
technical content.
Compliance-Based
Assessment:
Focus
ensuring regulatory requirements are met,
primarily through review of completed
documentation.
Benchmarking: A technique that compares
Ontario Hydro Nuclear programs and
performance with best practices. This can be
conducted outside nuclear industry' as well as
inside. Benchmarking is accomplished through
use of peer visits, WANO/INPO Good Practices,
etc.
Peer Visits: A form of benchmarking where
personnel from OHN visit another company to
observe their programs and performance, or
another company's personnel come to OHN to
observe our programs and performance and then
provide critical feedback. This includes
exchange visits between Bruce, Pickering and
Darlington Personnel.
Monitoring: The process all personnel use to
compare performance and programs against
expectations. This includes management
observations, individual observations, self
checks, logs and status reporting.
Independent Internal Assessments: Are
performed by other station group independent of
the group accountable for the activity or
program.
Independent External Assessments: Performed
by a group or organization outside the station.
Examples are Atomic Energy Control Board
audits, WANO evaluations et c.

Independent
External
Evaluation

Independent
Internal
Evaluation

Self-Evaluation

The Triangle shows the hierarchy of evaluations
and also gives a quantitative share of these
evaluations. It also suggests that the bulk of
weaknesses should be identified by selfevaluations before they are identified by
independent internal and external evaluations.
It was mentioned before that this
presentation would focus on self-assessment.
Reasons given were: it is a powerful tool and it
is new to OHN. In a broader sense there are four
different levels of self-assessment. They are
listed below along with some characteristics:
1. Individual workers
•
self-checking
•
reviewing performance and lessons
learned
2. Management
• review of work results
• observation of activities
• committee reviews
3. Condition Reporting/Trending

A pictorial
presentation
of a
relationship among different types of evaluation
is in the following picture of so called
"Evaluation Triangle".
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in our Maintenance Departments. It is safe to
say that there would not be an effective selfassessment program anywhere in our stations if
it does not have the above attributes.

•

4.

identifying,
documenting and
correcting apparent problems and
improvements
• identifying
and
correcting
underlying problems
Formal Self-Assessment
plans and outlines
focus area
team approach
formal report
corrective
actions/improvements
tracked to closure
•
follow-ups

1.

Self-Assessment is Both a Corporate Value
and a Cultural Norm.
If self-assessment is to become a
corporate value and a cultural norm it has to be
understood, internalized and practiced by all
levels of station staff. Coaching and training
play a significant role in achieving this attribute.
INPO have realized the importance of selfassessment
and the new revision of the
Performance Objectives and Criteria from last
year spells out the objective and the criteria for
this area. A transcript of the pertinent section of
this document is in the addendum to this
presentation.

For the remainder of the presentation
the focus will be on the Formal Self-Assessment.
It is the most comprehensive and systematic
mode that requires a concentrated effort from
the whole organization. It has a broader scope
than the other modes and the experience shows
it to be extremely effective in the maintenance
area.

2.

Management Displays Active Leadership
and Support of Self-Assessment.
This attribute sounds like a platitude
and can be made of any station activity that is to
succeed. However, a new process is being
introduced here which in the past belonged to
the QA Department and the external auditors.
There was no sense of ownership on part of the
maintenance staff towards evaluations. In fact,
evaluations/assessments were observed with an
uneasy feeling of additional burden being added.
That, in essence, negative attitude towards
assessments has to be corrected. The only way to
correct it is to have management at all levels
visibly and convincingly supporting and leading
the program. To achieve this attribute will
require a concentrated effort on part of the upper
management to cascade the commitment to the
program down the line.

The following is a list of attributes of
successful self-assessment programs:
1. Self-Assessment Is both a Corporate Value
and a Cultural Norm
2. Management Displays Active Leadership
and Support of Self-Assessment
3. Assessment Plans Are Prepared, Are
Proactive but Flexible Enough to
Incorporate Emerging Issues
4. Assessors are provided Necessary Training
and Resources to Conduct Assessments
5. Self-Assessments Findings Are Addressed
in a Timely and Thorough Manner
6. Self-Assessment Results Are Shared With
Others, both within the Station, with Other
OHN Stations and Interested Predetermined
External Organizations.
7. Follow-Up Reviews are Conducted to Verify
the Effectiveness of Corrective Actions
8. Plant Events and Regulatory Problems Are
Viewed and Evaluated as Failures of SelfAssessment.

3.

Assessment Plans Are Prepared, Are
Proactive but Flexible Enough to
Incorporate Emerging Issues.
It is essential for any management
process to be planned. In this particular case it is
also essential to have flexibility to change the
plan when some new issues emerge. As an
example, the H.B. Robinson plant, Unit No. 2
plan for 1997 has 23 self-assessments planned
for their maintenance department and 150 selfassessments for the whole plant. It is a very
ambitious program that will require a lot of
determination and resources. The staff at H.B.
Robinson are convinced it is achievable and will

In the following part the above
attributes will be discussed one by one to
highlight their significance. The importance of
each
of
these
attributes
cannot
be
overemphasized.
Without
complete and
determined adherence to these attributes, there
will not be an effective self-assessment program
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self-assessment results within the station and
within the entire organization.

help them retain their excellent ratings by INPO
and SALP. The plan for the Maintenance
Department should be approved by the
Maintenance Manager and he should also
approve changes to it.

7.

Follow-Up Reviews Are Conducted to
Verify the Effectiveness of Corrective
Actions.
The author's experience from QA
suggests a formal verification of effectiveness of
corrective actions needs to be done. It does not
suggest any ulterior motives of correction action
owners, it merely proposes an independent
evaluation of the results.

4.

Assessors Are Provided Necessary Training
and Resources to Conduct Assessments.
It is the opinion of the author that this
is the most important attribute. From his
experience in QA it takes approximately a year
to train and develop a good evaluator. The
maintenance department would not have that
amount of time to train a number of staff who
would participate in self-assessments. However
the QA experience underscores a need for some
quality training and some focused experience.
As a minimum, candidates from maintenance
should receive training in field observations
techniques, interviewing and report writing. The
candidates, as much as possible, should
participate in at least one evaluation done by
experienced staff. Experience in self-evaluations
and training should be recorded.

8. Plant Event and Regulatory Problems Are
Viewed and Evaluated as Failures of SelfAssessment.
A truly effective self-assessment is a
very proactive tool. This statement does not
mean that there will not be any findings made
by the independent internal and external
assessments, but they should be minimized. A
long term goal of self-assessment should,
indeed, be zero findings from all other forms of
assessment.
In conclusion, the author hopes, this
presentation
could
serve
beyond
this
Conference. Specifically, it could be useful as a
standard for terminology, at least in the OHN
self-assessment programs. It can be used by the
internal independent evaluators when they face
the task of evaluating the station self-assessment
programs. Finally, the eight attributes can be
used as a yard stick for measuring the success of
self-evaluation programs.

5.

Self-Assessment Findings Are Addressed in
a Timely and Thorough Manner.
Any self-assessment team or individual
should produce an assessment report with
clearly specified corrective actions, completion
dates, and owners of the actions. An effort to
complete the specified corrective actions must be
a part of the work program and have allocated
resources. The completion dates must be
realistic and the action owners must be held
accountable for timely completion of the actions
same as for any other work assignment. If selfassessment and the resulting corrective actions
are seen as something outside the work
program, a competition for resources will be
introduced which rarely results in corrective
actions completion.
6.

Self-Assessment Actions Are Shared with
Others, both within the Station and with
Other OHN Stations.
Self-assessment results have a great
potential to help other station units and also
other OHN Stations to focus on identified
problems. It is quite common for various units
within the same organization to have similar
weaknesses. To a lesser degree it can be said
about the same industries. That is the reason
why there should be a formal system of sharing
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a manual visual inspection of the primary side
tube sheet with the aid of a black light. The
practical sensitivity limit for fluorescein leak
detection is estimated at approximately 2
kg/hr of D2O, which exceeded the actual D2O
leak rate on Unit 1 in this instance. Given this
situation, the more sensitive HLD capability
was then developed. At present, HLD has an
estimated sensitivity which corresponds to
D2O leak rates of 0.01-0.1 kg/hr under typical
CANDU operating conditions. The helium
tracer gas is completely inert and does not
pose any boiler or reactor
chemistry
consequences. This paper describes the
particular HLD system which was designed at
Ontario Hydro Technologies (OHT).
Also
described are the leak search results and
experiences from Bruce A in Spring 1997.

A new steam generator leak detection system
was recently developed and utilized at Bruce
A. The equipment is based on standard
helium leak detection, with the addition of
moisture
detection
and
several
other
capability improvements. All but 1 % of the
Unit 1 Boiler 03 tubesheet was inspected,
using a sniffer probe which inspected tubes
seven at a time and followed by individual
tube inspections. The leak search period was
completed in approximately 24 hours,
following a prerequisite period of several
days. No helium leak indications were found
anywhere on the boiler. A single water leak
indication
was
found,
which
was
subsequently confirmed as a through-wall
defect by eddy current inspection.

HLD METHOD
INTRODUCTION
The HLD method as applied to steam
generators involves the detection of helium
gas leaking across the primary-secondary
boundary of the boiler. In the OHT system,
pressurized helium gas in the boiler secondary
flows through the leak path to the primary
side. The primary side of the tube bundle is
purged with air so as to flush any helium gas
toward a detector probe placed in the primary
head of the boiler. A "sniffer" probe is
positioned within the primary head and is
manipulated by a robotic arm around the
tubesheet. The sniffer samples the air from
each tube in the boiler and a helium detector
measures the helium concentration in this air.
A leaking tube is signaled by a helium
concentration well above background levels.
Similar HLD systems have been developed
elsewhere and are in use globally. [2] The

During 1996 operation, a small (~0.5 kg/hr)
D2O leak was detected on Bruce Unit 1 Boiler
03. The leak rate persisted at this level until a
scheduled Unit outage in Spring 1997. Due to
the difficulty in locating small boiler leaks with
fluorescein solution, a more sensitive leak
detection
technique
was
sought
and
developed for field use on CANDU units. The
method, called Helium Leak Detection (HLD),
is an established technique for locating leak
paths in a wide variety of industrial and
commercial applications, including boilers. [1]
Past experience at Bruce A involved locating
boiler tube leaks using fluorescein solution. In
this method, the boiler secondary is filled with
a fluorescein dye solution and pressurized to
200 psig (1.3 MPa). Leaks are then found by
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system utilized at Bruce A had several unique
features which augmented the capabilities of
the HLD method. These were:
•
•
•

large volume of the boiler secondary system
and the difficulty in isolating the boiler under
test from the remaining boilers and steam
drums, pressurization of the secondary side
was achieved with a combination of air and
helium/argon mixture. An air compressor was
attached near the main steam balance header
at 1-45210-NV88. A helium injection system
was attached to the boiler wet storage
recirculation system at valve 1-36320-V10.
Pressurization of the boiler secondary system
proceeded by first pressurizing to 500 kPa
{60 psig) with air, followed by the injection of
a gas mixture containing approximately 5%
helium and 95% argon through the boiler
blowdown piping. The gas was commercially
supplied premixed from a gas tube trailer
parked just outside the Unit. The argon used
was standard Ar-40, a stable isotope which
presents no radiological hazards. Argon-40 is
present in air at a concentration of 0.9%. No
significant amount of the argon added to the
boiler can migrate into the primary side.
Activation of the argon to Ar-41 is therefore
not a possibility.

Buoyancy control of helium gas
Primary-side moisture detection
Phased leak search

Each of these is discussed more fully in
sections below, as well as an explanation of
the various leak detection equipment installed
on the Unit.

HLD PRIMARY SUBSYSTEMS
Figure 1 contains a diagram of the various
HLD subsystems which were installed on
Bruce Unit 1 during the Spring 1997 outage
and prior to the leak search. An air purge
system was located in the reactor vault at the
primary head of the boiler under test. The air
purge direction was from the primary outlet
toward the primary inlet, although the
opposite purge direction was judged to be
equally satisfactory. Service air was used to
purge the tube bundle through the cold leg
manway at a rate of approximately 1500
L/min (53 cfm). A simulated leak was also
installed at the primary outlet into one of the
boiler tubes. A small flow of helium gas could
be introduced into this tube to act as a
diagnostic aid for the leak detector. At the
primary inlet manway was placed the
tubesheet sampling system. This consisted of
a sampling sniffer
probe which
was
manipulated according to a predetermined
pattern across the tubesheet in search of
helium gas leaking through from the
secondary side. The helium detector was a
commercial mass spectrometer instrument
which had been modified for plant use. The
sniffer probe was manipulated remotely
across the tubesheet by a Zetec SM-23
robotic arm. No boiler entries were required
using this method.

To confirm the presence of sufficient helium
gas in the boiler secondary, samples of boiler
secondary gas were continually flowed
through an automated helium analysis system
located in the Unit 1 West boiler room. The
analyzer was attached to the boiler secondary
through two water lancing ports (flanges C26
and C28). This helium analysis system was
also fitted with an oxygen sensor to confirm
that the helium and argon mixture had
displaced the air in the boiler secondary.
The central control for the leak detection
system was located within a portable office
trailer near the Unit. All subsystems were
connected electronically to the control system
with signal cables routed to each of the
remote locations. In the case of the air
purging and tubesheet sampling systems,
these
cables
were
routed
through
penetrations installed in the boiler bellows
area. The control system allowed remote data
logging and control of field devices using a
digital network and a personal computer.

HLD SECONDARY SUBSYSTEMS
The eight boilers on the Unit were drained of
water to the best extent possible. Due to the
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BUOYANCY CONTROL OF HELIUM GAS

additional mode of detection, a moisture
detector (dew point meter). The dew point
meter measures the water concentration in
the purge air emerging from the tube under
inspection. For leaks located under water,
moisture from the secondary flowing through
to the primary side (due to the 400 kPa
pressure
differential)
will
evaporate,
registering as a rise in dew point. For leaks
above water, the dew point may again
register an elevated reading, depending on the
humidity of the gas in the boiler secondary.
The characteristics of the helium and moisture
detection methods are summarized in Table 1,
which indicates the detectability of defects
above and below water.
From these
characteristics, it is evident that a leak
indication which registers only an elevated
dew point must be an under water defect. For
cases where a helium indication is measured,
the leak must be above water, regardless of
the dew point reading.

For a successful leak search, the helium in the
boiler secondary must remain there for the
duration of the test. Helium is a light gas
which, due to buoyant forces, tends to rise
when placed in air. Therefore, maintaining a
uniform helium charge in the boiler secondary
poses difficulty. The use of diaphragms or
baffles to isolate the boiler from the steam
drum is undesirable for several reasons,
including the need for steam drum entry and
possibly also boiler modifications. However,
when helium is pre-mixed with a heavy carrier
gas, the mixture is negatively buoyant in air
and will remain fixed within the boiler
secondary. This was the rationale and the
advantage of using argon as the carrier gas,
as opposed to air or pure helium. No boiler
isolation devices need be installed with this
method. There is a gradual loss of helium
from the boiler due to diffusion, but this
process is manageably slow under the leak
search conditions of 500 kPa. The gas
composition of 5% helium/95% argon was
arrived at through consideration of buoyancy
and leak detector sensitivity.

PHASED LEAK SEARCH
In preparation for the Bruce Unit 1 leak
search, pressurization of the secondary
system to 500 kPa was completed in
approximately two hours. The charging of
Boiler 03 secondary with the helium mixture
then proceeded over a second two hour
period. Once the boiler was filled with the
helium mixture, the leak search commenced.
Throughout the leak search period, a slow
flow of helium/argon was maintained to
counteract diffusional losses of the helium
from the boiler. To maximize efficiency, the
leak search was divided into two phasessurvey and detailed search. The survey
covered all of the tubesheet and was intended
to localize the leak within a subsection of the
tubesheet. The survey phase was conducted
with a funnel device fitted to the end of the
SM-23 manipulator arm installed in the

PRIMARY-SIDE MOISTURE DETECTION
Before the leak search, the boiler secondary
was drained of water to the best possible
extent. However, at the tubesheet, several
inches of water were still present during the
leak search. In cases where the through-wall
defect is above water, helium will readily flow
through the leak path to the primary side and
be detected by the helium detector. For leaks
below water however, the helium cannot
permeate through the water layer and such
leaks would remain undetected by this
technique. To detect tube leaks below the
water line near the tubesheet, the leak
detection system was equipped with an

Table 1 Detectability characteristics of helium and dew point detectors.
Detector Type
Helium
Dew Point

Defect Above Water
Defect Under Water
No
Yes
Yes
Yes*
"Depends on boiler secondary humidity
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primary inlet head. The funnel, which allowed
simultaneous inspection of seven tubes, was
moved to each desired location around the
tubesheet and held there for approximately 15
seconds. This allowed a sample of air to be
obtained from the group of seven tubes which
was analyzed for helium content by the leak
detector and for water content by the dew
point meter. The helium concentration, dew
point, SM-23 arm location and other data
were continually logged to disk. If a leaking
tube was among the tubes being sampled, the
location was flagged for closer examination in
the detailed search phase. Air samples were
also obtained on a periodic basis from the
boiler head (both hot and cold legs) and the
purge air. These were routed to the leak
detector through a gas manifold, which was
part of the tubesheet sampling system. These
measurements established the helium and
moisture background concentrations in the
boiler primary head.

removed from the Unit to permit subsequent
inspections of the boiler.

TUBESHEET SURVEY RESULTS
In this phase, 99% of the tubesheet was
inspected (a total of 4163 tubes) over a
period of approximately 24 hours. The 37
tubes not inspected were all located in Rows
1 and 2. Obstructions near the boiler divider
plate prevented the funnel sniffer probe from
reaching these tubes. The dew point data for
the survey is shown in Figure 2 as a
tubesheet map. The ambient dew point in the
boiler primary head was around -21°C, which
indicates that the boiler was well dried by the
air purge prior to the leak search period. The
tubes marked as leak indications correspond
to elevated dew point readings. The threshold
utilized for a leak indication on this map was
-19°C, approximately 3a above the mean
value of -21°C. When an elevated reading was
obtained using the 7 tube funnel, all 7 tubes
being inspected were logged with the same
elevated dew point reading. The localization
of the actual tube leak indication was
performed with the single tube probe
(described below).

Following the leak survey phase described
above, the detailed search commenced. Its
purpose was to positively identify any leaking
tubes within the subsections already flagged
in the survey phase. The detailed search
phase was performed with a single tube probe
(ie. individual tube inspections). Each tube in
the flagged subsection was individually
checked by moving the sniffer probe (using
the SM-23) in close proximity to the
tubesheet plane at the tube exit. The detector
signals were recorded for each tube before
moving to the next tube. Once the leaking
tube had been located, its identity was
carefully confirmed by noting the present SM23 position on the computer monitor. The
leaking tube location was also later confirmed
by a careful review of a videotape produced
from the SM-23 camera during the leak
search.

Approximately 120 tubes were flagged for
individual inspections. The tubes in the
vicinity of rows 10-20 and columns 89-91
were chosen on the basis of elevated dew
point readings. Most of the other tubes
among the 120 were selected on the basis of
suspected small variances of helium signals.

DETAILED SEARCH RESULTS
Following the tubesheet survey, the 7-tube
sniffer probe was removed and replaced with
a single tube probe. The 120 flagged tubes
were inspected individually to localize and
confirm any possible leak indications. The
dew point readings for the individual tubes
included one prominent leak indication located
at R16 C90 with a dew point of -4 to -3°C.
The dew point indication for this tube was
much larger than with the 7 tube funnel
(approx. -17°C) because the wet air from the

At the completion of the leak search, the
boiler secondary helium/argon gas was
flushed out by opening the main boiler
blowdown
valves.
Following this, the
secondary system was depressurized by
opening the relief valves on the steam drums.
The leak detection equipment was then

19

leaking tube was no longer diluted with dry air
from the 6 other tubes under the sniffer
funnel. No helium leak indications were found
amongst the 120 tubes flagged from the
tubesheet survey. The boiler was therefore
considered leak tight to helium gas.

and small ( < 1 kg/hr) throughout more than a
year of Unit operation. The position and
characteristics of these tube cracks made
their detection very difficult. The defects were
located at the top of the tubesheet and
submerged in water at the time of the leak
search, thereby negating any possibility of
detection with helium. The moisture detection
capability was not sufficiently sensitive to
detect three of the four tube cracks, under
the conditions used for this leak search.

SUBSEQUENT NDE INSPECTIONS
After the leak search was conducted, NonDestructive Examination (NDE) via boiler tube
Eddy Current (ECT) was employed to inspect
tube R16 C90 (identified as the leaker), as
well as other tubes in the immediate area of
this tube.
ECT analysis results confirmed
tube R16 C90 to have a 100% through-wall
crack at the boiler inlet (hot leg) tubesheet.
This tube
sample
was
removed
for
metallurgical
examination,
which
also
confirmed the leak search conclusions. The
tube removal also confirmed the existence of
water on top of the tubesheet, which would
have prevented the helium from permeating to
the crack, and through to the inside diameter
of the tube.

CONCLUSIONS
The leak detection equipment functioned
reliably throughout its field use and was
successful in locating one through-wall tube
defect near the tubesheet. The presence of
both
helium
and
moisture
detection
capabilities was essential for a complete boiler
leak search. Optimizing the moisture detection
sensitivity is a future development priority.
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Additional ECT in Boiler 3 also reported a
number of tubes which contained 100%
through-wall crack indications similar in
location to R16 C90. These tubes, (R22 C82,
R18 C90 and R34 C58) were also removed
from the boiler, and the 100% through-wall
indications were confirmed by metallurgical
examination. The existence of these tube
cracks in this area of Boiler 3 then led to a
concentrated effort of inspecting all the tubes
in all the boilers in both Unit 1 and in Unit 4,
to ensure that additional crack indications
were not present.
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previous
experience
with
acoustic
techniques, this approach was explored.

Abstract
Cross flow leakage through divider plates in
the primary head of steam generators, may
be a contributor to RIHT rise which can have
a negative effect on the operation of a plant.
A method to provide quick and reliable
inspection of divider plate leakage can be
very useful in helping make timely and
effective maintenance decisions. A novel
acoustic tool for performing inspections in
drained steam generators during shutdowns
has been developed by OH Technologies
and successfully demonstrated in a field
application. The technique, referred as ALIS
(acoustic leak inspection system), performs
a scan of the divider plate face and presents
a graphic image of the leakage paths and an
estimate of the total leakage area.

2. Principle
Sound in an airborne medium has the
capability for propagation through small
apertures. Basically airborne sound, with
selected characteristics, can "leak" through
very small cracks of random shape and
direction similar to a fluid with pressure
differential (AP). Such acoustic leaks have
been studied in architectural acoustics for
evaluating divider walls in buildings. The
advantage of this approach is that a AP is
not required.
The basic principle adopted for this
technique
utilizes
airborne
sound
transmission through the leakage paths of a
divider plate assembly. Leaks can be
assessed by measuring the amount of
sound energy, of a predetermined sound
signal, that transmits through the leak paths
as illustrated in Figure 1.

1. Introduction
Pressure differential between the inlet and
outlet sections of the primary head can force
primary coolant to flow across the divider
plates through a number of potential leakage
paths. The main concern is divider plate
designs consisting of segmented, bolted
panels. These present indirect leakage paths
such as between lap joints, set bars, or bolt
holes passing through the plate (about 3.5
cm thinckness). Suspect places are all the
joints along the head, the tubesheet, and
plate segments. Degradation may also take
place along the leakage paths.

3. Description
The acoustic leak inspection system (ALIS)
developed thus far, for inspection of drained
steam generators, utilizes the above basic
principle with some custom designed
equipment. The general configuration of the
ALIS tool, applied for inspecting a steam
generator is illustrated in Figure 2.

Leakage paths have been reported to vary in
size, shape, and location over the divider
plate wall. Consequently it is normally
difficult to identify and to quantify these
paths without considerable effort, particularly
in a radioactive environment. Based on

ALIS comprises a sound source which is
attached at a fixed position on one side of
the primary head. This emits a series of
controlled sound bursts which are capable of
propagating through air but are stopped by
all metal surfaces. The sound bursts
comprise three sinusoidal tones with
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frequencies between 35 to 40 kHz range (ie
inaudible).

The portable control case is positioned,
within the containment area, at any closest
convenient
location
to
the
steam
generator(s) to be inspected. Cables permit
the control case to be up to 30 m from the
steam generator that is being inspected.
From there the ALIS operator can remotely
control the probe to scan the entire divider
plate face of a steam generator.

The acoustic sensor is positioned on the
other side of the primary head, mounted on
a custom designed scanning probe. The
probe is suspended from a bracket which is
attached to the tubesheet by three,
mechanical clamps. These clamps align to fit
a particular design array of tubesheets. The
probe is articulated at two joints like a
human arm, namely a shoulder joint and an
elbow joint. These joints are articulated by
their motors with gear transmission systems
and encoder signals for indicating the exact
position of the arm.

While performing a scan, the operator is
guided by the real-time graphic display of the
divider plate face, the location of the probe,
and indication of the sound intensity level
(representing leaks). Data is collected,
stored, and displayed on the computer
screen at a rate of approximately two-times
per second. A sample of the display during
scanning is illustrated in Figure 3.

The acoustic sensor is a high-frequency
microphone, 6 mm in diameter, which is the
payload on the arm. Thus the microphone is
made to scan over a plane about 5 cm
parallel to the divider plate face. The
acoustic signal received by the microphone
is gated to receive only the inmediate
sounds from plate leaks, while rejecting any
delayed sounds passing through the tube
bundle.

Each data point can be displayed on the
screen as a colour coded dot (not shown in
Figure 3) which are related to a calibrated
sound intensity value in dB units. Once the
scan is completed all the data points
collected are integrated by the program and
displayed as a colour map showing leakage
locations and relative sizes. The total
leakage through the primary head is
computed based on current development
which correlates sound intensities and areas
to calculate an equivalent leakage path area
represented in units of cm2. A sample of the
display (without coloured data) is shown in
Figure 4.

A portable case contains the acoustic leak
processor which includes a computer,
electronic hardware, and controls needed to
operate the tool. The computer performs the
acoustic signal generation, data acquisition,
processing, and displays of the results in
real-time. The ALIS equipment is powered
by conventional 115 VAC, 60 Hz electricity.
Low pressure service air is pumped through
a connection in the portable case for cooling
and preventing radioactive loose particle
contamination of the equipment inside.

Based on current development, a typical
inspection of a steam generator after
equipment installation, can be done in about
one hour. Since scanning is done remotely,
and the installation and removal of the sound
source and the probe inside the primary
head can be done relatively quickly, the
radiation exposure to the workers is very
low.

4. Operation
Installation of the ALIS tool for an inspection
of a steam generator requires attaching the
sound source at a predetermined position on
one side of the primary head. This is done
manually by activating a simple mechanical
clamp onto the tubesheet. The probe is then
positioned on the opposite side of the
primary head, preferably on the side of the
divider plates having no or minimal
protrusions, ie bolts, clamps, etc.

5. Results
A full scale mock-up of the PNGS B primary
head (without tubesheet) was used for the
development and verification of the ALIS tool
and technique. Sample divider plates with
lap joint configurations were fabricated
having different size openings (leaks)
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machined in them to known cross sections.
The available openings ranged in size from
0.2 cm2 to a total of 6.0 cm2 with locations
including at segment, corner, tube sheet,
and head joints.
Results indicated that the technique is
capable of detecting and showing the
relative severity of leak paths with adequate
resolution. The accuracy of the results for
total leak areas and for the dominant leaks
was found to be generally 70 percent or
better.
A field application of the prototype tool was
performed on two steam generators
inspected at Bruce NGS-B. Results showed
clearly areas of leakages (colured in red)
that were found in both steam generators.
One of these is shown in Figure 5.
6. Conclusions
A practical instrument for leak inspections
based on acoustic transmission, was
demonstrated and preliminary results were
found to be promising. Inspections can be
done quickly, with results on the same day,
and with minimal radiation exposure to the
workers. The technique is adaptable to
steam generators and divider plates of
various configurations.
Acknowledgments
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Canadian-designed CANDU reactors have SGs
containing various tube materials. The dimensions
and material composition of the tubes can greatly
affect design features in the probes required to ensure
that eddy current inspections will be reliable. For
example, SG tubes in the Pickering Nuclear
Generating Station (PNGS) are composed of a
ferromagnetic copper-nickel alloy called Monel 400.
Because these tubes are ferromagnetic, powerful
permanent magnets need to be integrated into eddy
current probe designs to magnetically saturate the
tube material [1,2]. Magnetic saturation is required
to ensure adequate eddy current depth of penetration
in order for internal probes to detect defects that
initiate from the outer diameter (OD) surface of the
tube. It is also needed to eliminate probe signal
distortions from magnetic permeability variations that
can obscure defect signals.

VALIDATING EDDY CURRENT ARRAY
PROBES FOR
INSPECTING STEAM GENERATOR TUBES
S.P. Sullivan, V.S. Cecco, L.S. Obrutsky, J.R. Lakhan
and A.H. Park
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, ON KOJ 1J0

ABSTRACT
A CANDU nuclear reactor was shut down for over
one year because steam generator (SG) tubes had
failed with outer diameter stress-corrosion cracking
(ODSCC) in the U-bend section. Novel, single-pass
eddy current transmit-receive probes, denoted as C3,
were successful in detecting all significant cracks so
that the cracked tubes could be plugged and the unit
restarted. Significant numbers of tubes with SCC
were removed from a SG in order to validate the
results of the new probe. Results from metallurgical
examinations were used to obtain probability-ofdetection (POD) and sizing accuracy plots to quantify
the performance of this new inspection technique.

Another important and unique characteristic of
CANDU SG tubes is that they all have deposits of
magnetite on the internal diameter (ID) surfaces.
These magnetic layers partially shield the tube walls
from the probes' electromagnetic fields, thereby
weakening probe responses to defects. In addition,
variations in the magnetic permeability and thickness
of the deposits can cause distortions in the signal
background that obscure defect signals.

Though effective, the above approach of relying on
tubes removed from a reactor is expensive, in terms
of both economic and radiation-exposure costs. This
led to a search for more affordable methods to
validate inspection techniques and procedures.
Methods are presented for calculating POD curves
based on signal-to-noise studies using field data.
Results of eddy current scans of tubes with
laboratory-induced ODSCC are presented with
associated POD curves. These studies appear
promising in predicting realistic POD curves for new
inspection technologies. They are being used to
qualify an improved eddy current array probe in
preparation for field use.
1.

When validating inspection techniques, the
appropriate field conditions must be considered. In
the case of CANDU SG tubes, the effects of ID
magnetite deposits must be included in validating
eddy current inspections. For some specific CANDU
sites, the effects of ferromagnetic tube material and/or
electrically conducting deposits must also be included
in validation exercises.

2.

EDDY CURRENT ARRAY PROBES

Most in-service heat exchanger and SG tube
inspection is carried out using bobbin coil eddy
current probes. These probes consist of coils of wire
that are coaxial with inspected tubes. Eddy currents
that bobbin probes induce in the inspected tubes are
circumferentially oriented. Unfortunately,
circumferential cracks do not interact with the
circumferential eddy currents generated by the bobbin
coils, rendering these probes insensitive to these types
of cracks.

INTRODUCTION

Requirements for aging nuclear steam generator (SG)
tube inspections are becoming increasingly stringent
throughout the world, including Canada. The effort of
removing tubes, and the special handling required of
these radioactive samples, makes validating an
inspection with in-service tubes an extremely
expensive exercise.
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Because of this shortcoming with bobbin coil probes,
mechanically rotating pancake coil (RPC) probes
have been implemented worldwide to inspect tubes
that are suspected of having circumferential cracks.
Eddy currents induced by these probes have
circumferential and axial components that interact
with cracks oriented in all directions.

Though effective, the above approach of relying on
tubes removed from a reactor is expensive, in terms
of both economic and radiation-exposure costs. This
led to a search for more affordable methods to
validate inspection techniques and procedures, some
of which are described in the following sections.

In 1991, Inconel 600 SG tubes at the Bruce Nuclear
Generating Station (BNGS), Unit 2, developed leaks
due to circumferential OD stress-corrosion cracks
(SCC). Inspection of these tubes with industrystandard RPC probes failed to detect any of the
cracks except for some that had propagated
completely through the tube wall. The reasons for the
poor performance of these probes were that the cracks
were located in deformed sections of the tubes, and
variations in the ID magnetite deposits also obscured
crack signals.

4.

One alternative to technique validation based on
tubes removed from in-service SGs is to prepare
samples in the laboratory with properties that
simulate the field conditions encountered in
inspections. For CANDU SG tubes, methods have
been developed that produce ODSCC
(circumferential and axial) in Inconel 600, pitting in
Monel 400, and fretting wear. Figure 5 shows a dye
penetrant image and a fracture surface of an Inconel
600 tube with laboratory-induced SCC. The
darkened area on the fracture surface outlines the
circumferentially oriented crack. Figure 6 shows a
comparison of a pit found in a Monel 400 tube
section removed from an in-service SG, and a
laboratory-simulated pit. The two through-wall pits
have similar diameters and volumes.

A new transmit-receive eddy current array probe,
denoted as C3 (Cecco-3), was developed for this
application [3]. This probe consisted of two
circumferential arrays of transmit (active) and receive
(passive) coils, as shown in Figure 1. The transmitreceive configuration was chosen because computer
modelling showed that transmit-receive probes were
several times more sensitive to cracks than lift-off
(coil to tube wall proximity variations due to tube
deformation) and magnetite deposit variations.
Calculated signals from cracks, lift-off and magnetite
deposits are shown in Figure 2 for pancake
impedance and transmit-receive eddy current probes.
These results clearly show that the signal (from the
crack)-to-noise (from lift-off and deposits) ratio is
several times better when using a transmit-receive
probe than when using a pancake impedance probe
with coils of the same size.

3.

VALIDATION USING LABORATORYPREPARED SAMPLES

A method of depositing magnetite layers on SG tubes
has been developed. Tube samples are immersed in
an aqueous magnetite suspension. After the
appropriate exposed surfaces of the tube have been
coated with the magnetite particles, the tube is heated
in a furnace to dry and sinter the magnetite coating.
A comparison of eddy current measurements with
these laboratory-induced layers has shown that they
cause as much or more distortion in eddy current
signals as deposits encountered in the field. Copper
layers have been deposited on tube surfaces using an
electroplating method. The addition of mockup
carbon steel support plates and deformations to the
realistic defects and deposits allows the production of
laboratory tube samples that properly simulate the
field conditions encountered in CANDU SG tube
inspections.

QUALIFICATION USING TUBES
REMOVED FROM OPERATING STEAM
GENERATORS

The new C3 probe was validated by using it to scan
several hundred SG tubes at BNGS-2, removing over
100 U-bend sections of the inspected tubes, and
destructively analyzing the removed tubes in a
laboratory. Probability-of-detection (POD)
histograms based on the comparison of the inspection
results with the laboratory measurements are shown
in Figure 3. A depth-sizing accuracy plot is shown in
Figure 4.

5.

VALIDATION BASED ON SIGNAL-TONOISE COMPARISONS

Background noise in BNGS SG tubes at the HU1
support plate locations was quantified in terms of
population (number of tubes) plotted as a function of
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noise amplitude. These noise population plots were
used to predict POD as a function of signal amplitude
(vertical component (Vmx)) by defining a minimum
signal-to-noise ratio to determine detectability. The
POD was calculated from the normalized area under
the population plot. This was calculated by
integrating the population function from 0 Volts to
the signal voltage (from the calibration curve) divided
by the minimum signal-to-noise ratio required for
detectability. The normalization is performed by
dividing these integrals by the integral from 0 volts to
infinity.

Cecco V.S. and Van Drunen G.,
"Recognizing the Scope of Eddy Current
Testing", in Research Techniques in
Nondestructive Testing, Vol. 8, 1985,
pp 269-301, ed. by R.S. Sharpe, Academic
Press.
Obrutsky L.S., Cecco V.S., Sullivan S.P. and
Humphrey D., "Transmit-Receive Eddy
Current Probes for Circumferential Cracks in
Heat Exchanger Tubes", Materials
Evaluation. Vol. 54, No. 1, pp 93-98, 1996
January.

To validate this method of calculating POD, the
background distortion of signals from 4 transmitreceive (T/R) unit C3 probes was quantified. Figure
7(a) shows a plot of the noise distribution. From this
plot, POD curves, shown in Figure 7(b), were plotted
for signal-to-noise ratios of 1.4 and 2. Superimposed
is the POD curve that was derived by comparing eddy
current predictions with destructive analysis of tubes
removed from BNGS-2 in 1992. The plot shows that
this is a reasonable technique for making conservative
estimates of POD curves.

6.

SUMMARY/CONCLUSIONS

Technique validation for SG tube inspection using inservice components is extremely expensive.
However, care must be taken to ensure that validation
exercises using laboratory-prepared tubes accurately
simulate the field conditions that will be encountered
in in-service inspections. Laboratory-induced
defects, especially cracks, must closely resemble inservice defects. Equally important is the need for
significant field-like tube deformations, expansions,
deposits, and support plates that can obscure defect
signals.
A method has been proposed that may make
validating inspections much more economical. A
comparison of defect signals with the background
noise obtained from real in-service tube scans can
help to establish the limits of defect detectability.

7.
1.
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Figure 1: C3 probe showing coil configuration.
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Figure 2:
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Computer modelling results comparing signal (from a crack)-to-noise (from probe
lift-off or ID magnetite deposit) for a pancake impedance coil probe and a
transmit-receive eddy current probe.
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Figure 3:

POD histogram for C3 probe detecting ODSCC in Bruce A-NGS SG tubes.
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Figure 4:

Sizing accuracy plot for C3 probe detecting ODSCC in CANDU SG tubes which
were subsequently removed and analyzed destructively.
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(a)
Figure 5:

(b)

(a) Dye penetrant photograph of a SG tube sample with laboratory-induced
ODSCC. (b) Fracture cross section of a circumferential ODSCC in a SG tube.

(b)

(a)

Figure 6:

(a) Photograph of a laboratory-induced, 100 % OD pit in a Monel 400 SG tube,
(b) Photograph of a 100% OD pit in a tube removed from PNGS-B. Both pits are
of similar diameter.
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Figure 7:

(a) Noise distribution plotted for 4 T/R unit C3 probes at the HUl support plate
locations in BNGS-2 SG tubes, (b) POD curves for 4 T/R unit C3 probes
detecting circumferential ODSCC at the HUl support plate locations in BNGS-2
SG tubes.
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CA0000007
EDDY CURRENT AND ULTRASONIC FUEL
CHANNEL INSPECTION AT
KARACHI NUCLEAR POWER PLANT

variation, fuelling tracks with and without magnetic
deposits, and material lap flaws may occur.
The reactor channel G12 at KANUPP was discovered
sagged in 1987, to the extent that its on-power
fuelling was no longer possible. This and another
channel F15, which too was found somewhat
retracted, operated without any fuel subsequently.
The cause of a phenomenally large sag of over 40 mm
in the case of G12 was suspected, in the very initial
stages, to be due to restriction in the horizontal
movement of the tube at the free end. The ASSETT
mission of the IAEA recommended in 1989 the
removal of channel G12 and inspection of a few
additional channels, including F15, to ascertain the
cause of retraction and establish beyond reasonable
doubt whether or not the problem was generic in
nature.

W. R. Mayo
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, ON KOJ 1J0
and
Muhammad Mansur Alam (PAEC)

ABSTRACT
In November of 1993 an in-service
inspection was performed on eight fuel
channels in the Karachi Nuclear Power Plant
(KANUPP) reactor. The workscope
included ultrasonic and eddy current
volumetric examinations, and eddy current
measurement of pressure-to-calandria tube
gap-

An in-service inspection of eight fuel channels was
subsequently carried out in 1993 November as part
of an assessment of KANUPP fuel channel fitness for
service. The entire scope of the site work included:
1) Ultrasonic and Eddy Current Volumetric (Flaw
Detection) Examinations,
2) Eddy Current Measurement of Pressure-toCalandria Tube Gap,
3) Dimensional Gauging,
4) Material Sampling,
5) Removal of channel G12, 6) Post Removal
Photography and Visual Examination, and
7) Post Removal Sample Cutting for return
shipment to Chalk River Laboratories, where
metallurgical examinations took place.

This paper briefly discusses the planning
strategy of the ultrasonic and eddy current
examinations, and describes the equipment
developed to meet the requirements,
followed by details of the actual channel
inspection campaign.
The presented nondestructive examinations
assisted in determining fitness for service of
KANUPP reactor channels in general, and
confirmed that the problems associated with
channel G12 were not generic in nature.
1.

This paper concentrates on the flaw detection
examinations and pressure-to-calandria tube gap
measurements, which provide important parameters
for the reactor fuel channel integrity assessment.

INTRODUCTION

The KANUPP reactor core consists of 208 fuel
channels, each of which comprises two concentric
horizontal tubes with end fittings at each end. These
tubes i.e., the pressure tube (heat treated, Zr-2.5%Nb;
inside diameter; 82.9 mm; thickness: 4.38 mm) and
the calandria tube (Zr-2) are separated (diametrical
gap: 9.2 mm) by two tight fitted spacers called garter
springs (Fig. 1). The fuel channel integrity depends
on the pressure tube, as it forms the main pressure
boundary. During reactor operation it experiences
severe stress & temperature variations in a high
thermal and fast neutron flux environment. In
addition to this, phenomena such as debris frets,
abnormal fuel supports, localized electrical resistivity

2.

SELECTION OF CHANNELS FOR
INSPECTION

The CSA standard (CAN3-N285.4-M83) minimum
requirement is to inspect a total of five channels, four
in the high flux and one in the low flux region
respectively [1]. Eight channels were chosen for the
inspection. The increased number of channels from
five to eight was aimed at acquiring detailed
information for the integrity assessment, since it was
the first KANUPP reactor channel inspection in its
(over) two decades of operation.
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3.

equipment required modification involving re-design
and fabrication.

INSPECTION PLAN

The plan called for ultrasonic flaw detection in
channels F15 and G12. Providing that the ultrasonic
examination of F15 showed no generic outside
surface phenomena of concern, the remaining six
channels were to be examined by eddy current flaw
detection. Channel G-12 was also scheduled for
ultrasonic examination because of its seized
condition. However, due to its unique nature, the
results of ultrasonics in this channel were not to be
used in the decision to proceed with eddy current or
ultrasonic flaw detection in the remaining six. All
eight channels were to be profiled for pressure-tocalandria tube gap, since the garter springs without
girdle wires in the KANUPP design are not detectable
using the standard eddy current methods, and hence
no dedicated spacer detection method was available.

It should be noted that AECL-CRL adopted the "dry
technique" of examination, in which inspection is
carried out with drained channels, as opposed to the
"wet technique", in which channels to be inspected
remain fully flooded with D20 (CIGAR system). A
brief description of work done at AECL-CRL and
KANUPP is given below:
4.1

The plan was modified during on-site actual
inspection, due to the occurrence of anomalous gap
profiling results in channel J10, requiring ultrasonic
flaw detection to be carried out in that channel as well
as eddy current. Thus, the actual examinations
performed in the eight channels are summarized in
Table 1.
Table 1
1993 KANUPP Ultrasonic, Eddy Current, and
Gap Examinations
Channel

UT

F-15
G-12
F-06
G-08
J-10
G-09
K-09
N-03

X
X

X

ET

Gap

X
X
X
X
X
X

X
X
X
X
X
X
X
X

1.

Re-design, development and fabrication of
volumetric inspection heads for ultrasonic,
eddy current and gap measurement.

2.

Design and fabrication of calibration tubes for
volumetric and gap measurements.

3.

Modification of the delivery unit i.e., STEM
(Storable Tubular Extendible member).
STEM units were chosen, due to their simplicity
and size, to deliver the various inspection
heads in the channels.

4.

Improvement in software for data acquisition and
display.

5.

Fabrication and assembly of a full-size single
channel mockup simulating G12, for proof
testing equipment.

6.

Deployment of a multichannel ultrasonic
instrument (USIP-20H) for inspection.

After completion of the above modifications, the
complete system was satisfactorily tested on the
mockup before dispatching it to KANUPP.
4.2

Notes :
i. "X" denotes this type of examination was
performed,
ii. The actual order of the sequence of events is not
as suggested by the table.
4.

At AECL-CRL

PREPARATORY WORK

The on-site inspection of fuel channels required
extensive preparatory work. This was because
KANUPP pressure tubes are of smaller diameter than
the 103 mm diameter tubes for which AECL-CRL
equipment was designed. Therefore necessary
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At KANUPP

1.

A single channel mock-up was installed to check
the equipment and training of KANUPP
personnel prior to actual inspection work.

2.

The reactor fuel channels were defuelled, drained
and swabbed prior to installation of inspection
sleeves. These sleeves were provided to
compensate the dimensional difference between
pressure tube and end fitting inside diameter, so
that inspection heads could move easily. The
inlet side sleeve design had the provision of
keeping the latch finger in its open position.

3.

5.

Inspection platforms were provided on both
reactor faces to position test equipment and allow
maneuverability of inspection personnel. A
control room was also established for data
acquisition.

CRL before examination at KANUPP, using a
representative sample of pressure tube, indicated
sufficiently low sensitivity to wall thickness variation
that wall thickness compensation was not required for
the send-receive configuration used. The head,
depicted in Fig. 2, was run along the channel to plot
axial profiles at the bottom and one side of the
channel, and rotated at five equi-spaced locations to
plot circumferential profiles'. For each type of
profile, gap was typically sampled at every millimetre
of axial (circumferential) travel. About half an hour
was required to scan a channel.

EXAMINATION

Ultrasonic flaw detection was performed using fourdirection angle beam (approximately 45°) 10 MHz
shear wave examination, and 15 MHz normal beam.
The head is depicted in Fig. 2. Coupling was
maintained by low pressure pumping of water (D2O)
to the transducer insert, where a pocket of water was
maintained by the spring loading of the insert against
the tube wall. This system is usually referred to as a
"bubbler". Run-off water was collected by a drip
spout and returned to the pump reservoir periodically.
At the time this system was designed, space
limitations necessitated the use of 6 mm diameter
(active element) ultrasonic transducers. Other than
this, the transducer specifications were the same as
those used in Ontario Hydro's CIGAR system.
Sensitivity would thus be expected to be comparable
to that of CIGAR, with some minor relative decrease
in signal-to-noise. Full coverage of the tube volume
required a spiral scan pitch of 1 mm. It took about 6
hours to scan a channel.

Set-up of the equipment is shown in Fig. 2.

6.

PERFORMANCE OF EQUIPMENT

Ultrasonic signal-to-noise was judged satisfactory.
This can be seen in the signals from the calibration
notches and was evident in the data during scanning
(Fig. 3). A strip chart display of the digitized data
was generated as scanning took place. After scanning
of a channel was complete, an "off-line" C-scan of
the data could be generated (Fig. 4). This tended to
greatly aid the detection of low level signals that
might be lost in the noise of the compacted stripchart, and allowed inspectors to verify whether
echoes detected on successive rotations represented a
flaw of axial extent or were simply the result of
random reflections. The presence of serious flaws is
not therefore expected to have gone undetected.

Eddy current flaw detection was performed using a
Ghent 1 surface probe at 50 kHz. This type of
differential probe exhibits high sensitivity to shallow
surface breaking flaws in pressure tubes. The head is
depicted in Fig. 2, and consisted of a simple rotating
section with spring-loaded probe. The central antiwear tip of the probe was sapphire, which eliminates
any requirement for adjustment of instrument settings
due to "lift-off variation as the scans progress. No
couplant is required for eddy current examination,
which greatly simplifies this type of head in general.
For re-examination of investigatable indications, the
central coil of the Ghent probe was used, with a builtin isolated reference coil, in absolute mode. No
change of probe was thereby required. Under
favourable conditions this type of flaw detection has
been demonstrated to detect flaws of depth 0.10 mm
and length less than 6 mm. Under typical KANUPP
reactor conditions it was however believed that the
limit of detectability was closer to 0.15 mm deep and
less than 6 mm long. Full tube coverage, with some
overlap, required a scan pitch of 2 mm. It took about
50 minutes to scan a channel.

The eddy current equipment was quite satisfactory,
and the STEM units worked very well with the eddy
current flaw detection system. Reference signals
from 0.15 mm deep (typ.) EDM reference notches
generally showed a signal-to-noise ratio of about 3
(Fig. 3). As with ultrasonics, data could be displayed
in an off-line C-scan format, which aids detection and
characterization. An X-Y (impedance plane) redisplay capability also enhanced the ability to
characterize indications from the eddy current data
(Fig. 4).
Equipment for gap measurement functioned near
flawlessly, and data display was satisfied by the
simple generation of strip charts for axial and
circumferential scans. The greatest issue in gap
measurement performance involved the discovery of

CAN3-N285.4-M83 has no requirements for
pressure-to-calandria tube gap measurement. These
are considered reasonable choices.

The gap measurement was performed using a large
diameter send-receive eddy current device. Testing at
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anomalies in the data. Examples are shown in Fig. 5.
These were areas where the gap measurement data
could not be reconciled with expected results based
on other sources of information.

3.

STEM unit performance was satisfactory, however
one or two noteworthy problem areas were
encountered during the inspection, as follows :
(1)

8.

1.

2.

1.

The delivery system requires improvement to
cope with abnormal channel sag, and an
automated couplant collection system is
necessary.

2.

The accuracy of the gap measurement system
may be increased by compensating the effects
of wall thickness variation. This is based upon
Ontario Hydro's SLAR and CIGAR
experience, where a dramatic effect on eddy
current signal is seen as a result of wall
thickness variation, to the extent of 50% gap
equivalent [2]. (Note however that the
KANUPP 93 gap probe is different than those
used on SLAR and CIGAR, and the effects
of wall thickness are not expected to be as
dramatic.)

3.

To determine the location of garter springs, a
suitable technique requires development, since
it is not possible to locate these using the existing
eddy current technique in the absence of girdle
wires. Until then, the data obtained from sag
measurements can be used to draw conclusions in
this respect.

Failure of bubbler system:

The hydraulic pump providing water couplant to the
ultrasonic probes failed. This piston pump failed due
to a knuckle-joint dislocation in its housing. The
knuckle-joint was coupled to a reciprocating piston
on one side and a motor gearbox on the other. The
loose viton housing was repaired. Also, on one
occasion the ultrasonic head had to be dismantled to
remove fibrous material that clogged the couplant
supply tube. (Improved filtration would correct this
problem in the future.)
7.

CONCLUSIONS

In view of the scope of work involved in these
examinations, the overall result was quite satisfactory
in accordance with the CSA requirement. There is
room for improvement in subsequent inspections in
the following areas using the dry-technique :

Damage of STEM unit elements:

In channel G12 the excessive force required due to
abnormally high sag caused buckling of the STEM
element, which was replaced. The remaining
acquisition of data was completed successfully by
accessing the channel from the other end.
(2)

Based on the ultrasonic flaw detection, gap
profiling, and dimensional gauging results,
channel F15 was considered adequate for normal
operation and accordingly returned to service.

RESULTS
Ultrasonic and eddy current flaw detection of
KANUPP channels showed them in general to be
in good condition. Features that were found in
the channels were representative of normal
operational wear in CANDU reactors. Channel
G12 was however an exception to this statement,
due to its locked end fitting. This channel was in
contact in the central region during hot
conditioning of reactor operation, which became
evident after channel removal and subsequent
underwater visual inspection. This was not
however a generic case.
The gap measurement using eddy current gave
anomalous results. For example, in J10 the
measurement suggested the pressure tube might
be near contact with the calandria tube, in the
south channel end, which was not supported by
ultrasonic inspection. Again, in the same channel
the gap was measured to be highly nonuniform at
a distance of 300 mm from the end fitting, which
is difficult to accept since the tubes are expected
to be concentric at this location.

9.

REFERENCES

[1]

Periodic Inspection of CANDU Nuclear Power
Plant Components, CAN3-N285.4-M83,
(Canadian Standards Association, 1983).

[2]

Owen, A. P. (Ontario Hydro), Private
Comm un ication.

10.

ACKNOWLEDGEMENTS

The authors wish to thank Mr. J. J. Schankula for
generation of the hardcopy of the computerized data
files, and AECL and PAEC management for their
critical review of this manuscript.

39

SPACER

SPACER

PRESSURE TUBE
Heat Treated Zr-2.5%Nb
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1.

DETAILED SIMULATION OF ULTRASONIC
INSPECTIONS

INTRODUCTION

CA0000008

At AECL, we have developed a computer program called
Elastic Wave Equations (EWE) to simulate the
propagation of elastic waves in solids and liquids
[1,2,3,4,5,6,7]. EWE numerically solves the fundamental
equations governing the motion of sound in materials.
EWE has been applied to ultrasonic testing both to
improve understanding and to develop new capabilities.

K.R. Chaplin, S.R. Douglas, D. Dunford,
L.F.P. Lo, C.A. Daza
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, ON KOJ 1J0

Although conceptually simple, ultrasonic testing produces
varied and confusing results because of the complicated
interactions of waves with materials. There are three
types (modes) of ultrasonic waves in solids: compression,
shear, and surface. One mode of wave is converted at
interfaces into the other two modes, producing more than
a dozen waves even in simple situations. The ultrasonic
inspector measures many signals with sensors
(transducers) outside of the inspected object; then, the
inspector infers what is happening inside the inspected
object.

ABSTRACT
Simulations of ultrasonic inspection of engineered
components have been performed at the Chalk River
Laboratories of AECL for over 10 years. The computer
model, called EWE for Elastic Wave Equations, solves
the Elastic Wave Equations using a novel Finite difference
scheme. It simulates the propagation of an ultrasonic
wave from the transducer to a flaw, the scatter of waves
from the flaw, and measurement of signals at a receive
transducer. Regions of different materials, water and steel
for example, can be simulated. In addition, regions with
slightly different material properties from the parent
material can be investigated. The two major types of
output are displays of the ultrasonic waves inside the
component and the corresponding
A-scans.

As modelled by EWE, a numerically-generated pulse of
sound from the input transducer propagates through a
bounded region that contains areas of different material
properties and defects of different types. The wave
reflects, diffracts, refracts, mode converts, and performs
other wave phenomena. EWE offers insight into these
processes, first, because it is based upon the fundamental
physics, and does not adjust the results to conform with
experience. Second, EWE produces "wave displays" that
show complex ultrasonic processes occurring inside a
sample during an inspection, instead of relying upon
measurements made outside the sample.

EPRI and other organizations have used ultrasonic models
for: defining acceptable ultrasonic inspection procedures,
designing and evaluating inspection techniques, and for
quantifying inspection reliability. The EWE model has
been applied to the inspection of large pipes in a nuclear
plant, gas pipeline welds and steam generator tubes. Most
recent work has dealt with the ultrasonic inspection of
pressure tubes in CANDU reactors. Pressure tube
inspections can reliably detect and size defects; however,
there are improvements that can be made. For example,
knowing the sharpness of a flaw-tip is crucial for fitness
for service assessments. Computer modelling of the
ultrasonic inspection of flaws with different root radius
has suggested inspection techniques that provide flaw tip
radius information. A preliminary investigation of these
methods has been made in the laboratory.

Simulations can be performed with no defect, with
different size or type of defect or with send transducers
with different characteristics. Numerical A-scans, which
simulate inspection results, can be produced for many
different receive transducers. The wave displays and
numerical A-scans can be compared to gain insight into
how to interpret inspection results and how to improve
inspection techniques. The model can assist in issues
related to detection, sizing, and characterization of defects
or materials.

The basis for the model will be reviewed at the
presentation. Then the results of computer simulations
will be displayed on a PC using an interactive program
that analyzes simulated A-scans. This software tool gives
inspection staff direct access to the results of computer
simulations.

The model was designed to simulate the most important
factors in ultrasonic inspections. The modelled input
transducer can produce a pulse train with the frequency,
length, width, and focussing similar to a real transducer.
The theoretical beam profile can be calculated and
compared to an experimental beam profile. The model of
the transducer can be adjusted until the amount of
focussing is correct. A back-wall reflection from the
modelled transducer can be compared to that from a real
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transducer and the bandwidth can be adjusted. The input
wave is then propagated from the focussed probe to the
interface of the material, possibly through large amounts
of water. At the interface, the input wave reflects,
refracts, and mode converts so that a shear, compression,
and a surface wave enters the inspected material. The
simulated material can have the shape and material
properties of the real sample. For example, the
circumferential inspection of a tube has been modelled.
The receive transducer can be focussed, positioned far
away, and can have the size and orientation of a real
transducer. Typically, many different numerical A-scans
are produced for each simulation.
2.

b)

Early modelling work investigated improvements in flaw
sizing, for very small flaws. More recently, interest has
developed in the radius of curvature of the tip of a flaw
(root radius). It is required for effective application of
fitness-for-service guidelines in CANDU pressure tubes.
This is a far more complex problem than either flaw
detection or flaw depth measurement. EWE has identified
two different inspection techniques that offer promise to
help characterize the shape of a flaw from its ultrasonic
signature. The first, described briefly herein, is an ongoing investigation with the following steps:
define an inspection geometry similar to pressure
tube inspections in key respects, but simpler in
others, allowing easier analysis of the wave/flaw
interaction
simulate the inspection of flaws with different
root tip radii
analyse wave displays to determine waves that
scattered differently from blunt and sharp flaws
choose transducers to measure these waves
simulate A-scans to determine if blunt and sharp
flaws can be differentiated
run laboratory experiments to determine if model
predictions are accurate.

APPLICATIONS

In the 1980's, laboratory A-scans and EWE generated
A-scans were compared with good results [6]. Since then,
the computer model has been applied to many different
problems. The gas pipeline industry wanted to distinguish
between geometric problems, like high/low, in pipeline
welds and serious flaws, like cracks. A nuclear steam
generator inspection company was interested in
techniques for flaw sizing in the small diameter tubing. In
recent years effort has been directed towards improving
the ultrasonic inspection of pressure tubes in CANDU
reactors.

Figures 1 to 4 summarize the results of the above steps.
The wave displays in the top of Figures 1 and 2 show the
basic inspection geometry. The inspection shear wave is
approaching a flaw from the bottom of the wave display.
The flaw is adjacent to water and is water filled.

Pressure tubes are thin-walled seamless tubes that hold the
fuel and coolant in CANDU nuclear power reactors.
There are many thousands of pressure tubes in the cores of
25 operating CANDU reactors. Pressure tubes are in a
challenging environment and demand a very detailed
ultrasonic inspection. The EWE model has been applied
towards the three CANDU pressure tube inspection
problems described below.
a)

Measurement of Flaw Shape

Figures 1 and 2 contain wave displays that compare the
results of an inspection shear wave impacting a blunt flaw
(middle of each figure) and a sharp flaw (bottom of each
figure) at different time periods. Figure 1 shows the
center of a wave striking a flaw and producing a very
large compression wave from the blunt flaw and a much
smaller compression wave from the sharp flaw. Figure 2
shows the edge of the same wave reflecting from the
water/pressure tube interface, striking the flaw, and
producing a barely visible compression wave from the
blunt flaw and a significant compression wave from the
sharp flaw.

Ultrasonic Inspection Interpretation

Ultrasonic inspection results can be difficult to
understand. Many signals are measured even when there
is no flaw. Furthermore, the interaction of waves with
flaws is very complex. The primary focus of early
CANDU modelling work was simulation of inspections to
give inspection personnel a better understanding. An
interactive PC program, EWEView, that animates wave
displays and shows A-scans has been developed for this
purpose. Most importantly it allows easy identification of
which wave in the simulated wall of the pressure tube
produced which signal in a simulated A-scan. Now, a
Compact Disk containing simulations and EWEView can
be given to utility personnel, to allow them to view and
analyse simulations themselves.

Figure 3 shows A-scans from the above simulations. The
blunt flaw simulation produced a large signal followed by
a small signal. The sharp flaw simulation produced a
small signal followed by a large signal. For the sharp flaw
simulation, the first signal dropped in amplitude by more
than a factor of 3, while the second signal rose in
amplitude by more than a factor of 3.
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Laboratory experiments were performed to determine if
these predictions were accurate. Figure 4 shows the
amplitude of these two signals as an ultrasonic transducer
scans over a blunt and a sharp flaw. The blunt flaw scan
had a large first signal followed by a small second signal.
The sharp flaw scan showed the opposite, both as
predicted by EWE.
c)

Simulations, which were based upon previous work[5],
were performed of a shear wave directed at the back-wall
at an inspection angle above critical angle' for a
zirconium hydride blister but below critical angle for
normal pressure tube material. For the blister, the
simulations indicated that the inspection shear wave
reflected as expected from simple wave theory and only a
small compression wave was produced. For normal
pressure tube material however, the simulations indicated
that the inspection shear wave shifted along the interface
during reflection and a high energy compression wave
was produced. The resulting A-scan from the blister had
a small first signal from the compression wave followed
by a larger second signal from the shear wave reflected
from the back-wall. The normal pressure tube material
had the opposite.

[3]

K.R. Chaplin, D.B. Duncan and R. Parker,
"Ultrasonic Computer Model Verification",
Proceedings of the 1 lth World Conference on
NDT, pp. 1913-1919, Las Vegas, 1985
November.

[4]

K.R. Chaplin, D.B. Duncan, and V.N. Sycko,
"Modelling Ultrasonic Transducer Performance",
Atomic Energy of Canada Limited, Report
CRNL-4097, 1987 March.

[5]

K.R. Chaplin, V.N. Sycko, and D.B. Duncan,
"Computer Modelling of 60 Degree Shear
Waves", Ultrasonics International 87 Conference
Proceedings, pp. 577-582, London, England,
1987 July.

K.R. Chaplin and V.N. Sycko, "Computer
Modeling of A-scans", Ultrasonics International
87 Conference Proceedings, pp. 389-394,
London, England, 1987 July.
K.R. Chaplin, D.B. Duncan, and V.N. Sycko,
"Ultrasonic Modelling of the Normal Beam
Response from Notches", Proceedings of the
Fifth Pan Pacific Conference on Nondestructive
Testing, pp. 229-242, Vancouver, 1987 April.

CONCLUSIONS

The EWE computer model is a mature tool for simulation
of ultrasonic inspections. It has been compared to
experimental results with good agreement and has been
applied to difficult inspection problems. Interactive
software tools that allow detailed analysis of simulated
results have been developed for the PC.
REFERENCES
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Detection of Zirconium Hydride Blisters

CANDU pressure tubes are known to absorb hydrogen
(deuterium) slowly over their lifetime. Under certain
conditions, the hydrogen can accumulate in a localized
region to form what is called a zirconium hydride blister.
These must be detected before cracks develop in them,
which requires measuring a subtle material change.

3.

[2]

S.R. Douglas and K.R. Chaplin, "EWE: A
Computer Model for Ultrasonic Inspection",
Atomic Energy of Canada Limited, Report
AECL-10507, 1991 November.

Wave interaction is dominated by reflection above
critical angle. The interaction is more complex below
critical angle.
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WATER
d = 1.0 mm
r = FLAW TIP RADIUS

PRESSURE
TUBE WALL

FIRST COMPRESSION WAVE

Inspection shear wave at 2.1 microseconds

BLUNT FLAW
r = 0.4 mm

First compression wave at 4.2 microseconds

SHARP FLAW
r = 0.006 mm

7
First compression wave at 4.2 microseconds
Figure 1: Wave displays from simulations of a blunt flaw (middle) and a sharp flaw (bottom).
The first compression wave, used to discriminate blunt and sharp flaws, is emphasized.
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WATER
0 mm
r = FLAW TIP RADIUS

PRESSURE
TUBE WALL

SECOND COMPRESSION WAVE

Inspection shear wave at 2.1 microseconds

BLUNT FLAW
r = 0.4 mm

Second compression wave at 4.8 microseconds

SHARP FLAW
r = 0.006 mm

Second compression wave at 4.8 microseconds
Figure 2: Wave displays from simulations of a blunt flaw (middle) and a sharp flaw (bottom).
The second compression wave, used to discriminate blunt and sharp flaws, is emphasized.
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SHARP FLAW
(r = 0.006 mm)

Figure 3: A-scans from simulations of a blunt flaw (top) and a sharp flaw (bottom).
The two compression waves in Figures 1 and 2 produced the signals highlighted here.
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Figure 4: Results of laboratory experiments in which the amplitude of the first and second
compression wave are measured and plotted against probe rotational position
around the tube for a blunt flaw (top) and a sharp flaw (bottom).
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1.

INTRODUCTION

Rotating machines are essential to the operation of
a nuclear generating station. Premature failure of
a generator or an essential motor can result in large
financial losses to a utility. Also some of the
machines, eg, standby generators and emergency
power generators are mandatory for safe operation
of nuclear stations. The present competitive
utility environment makes it even more imperative
to have the equipment operating reliably without
any premature failures and the consequent forced
outages which may severely reduce revenue.
Almost a third of rotating machine failures are
caused by a breakdown of stator insulation []].
Hence taking steps to improve the reliability of
the stator insulation system in all important
machines in a nuclear station will pay good
economic dividends. Ontario Hydro has had its
share of premature failures of important machines
in its nuclear stations and has taken steps to
improve the reliability of stator insulation systems
in important rotating machines, ie, turbine
generators (TG), standby generators, and large
motors rated 4.1 kV and above.

Abstract:
Reliable performance of rotating
machines, especially generators and primary heat
transport pump motors, is critical to the efficient
operation of nuclear stations.
A significant
number of premature machine failures have been
attributed to the stator insulation problems.
Ontario Hydro has attempted to assure the long
term reliability of the insulation system in critical
rotating machines through proper specifications
and quality assurance tests for new machines and
periodic on-line and off-line diagnostic tests on
machines in service. The experience gained over
the last twenty years is presented in this paper.
Functional specifications have been developed for
the insulation system in critical rotating machines
based on engineering considerations and our past
experience.
These specifications include
insulation stress, insulation resistance and
polarization index, partial discharge levels,
dissipation factor and tip up, AC and DC hipot
tests. Voltage endurance tests are specified for
groundwall insulation system of full size
production coils and bars. For machines with
multi-turn coils, turn insulation strength for fast
fronted surges is specified and verified through
tests on all coils in the factory and on samples of
finished coils in the laboratory.

In Ontario Hydro, the process of assuring a long
term reliable service life of the stator insulation
system begins with the proper functional
specification and continues through acceptance
tests during and/or after the manufacturing and
commissioning stages. Periodic diagnostic tests
are also performed through the service life of the
machine as discussed in the following sections. In
this paper we summarize our experience in this
area.

Periodic on-line and off-line diagnostic tests are
performed to assess the condition of the stator
insulation system in machines in service. Partial
discharges are measured on-line using several
techniques to detect any excessive degradation of
the insulation system in critical machines. Novel
sensors have been developed and installed in
several machines to facilitate measurements of
partial discharges on operating machines. Several
off-line tests are performed either to confirm the
problems indicated by the on-line tests or to assess
the insulation system in machines which can not
be easily tested on-line. Experience with these
tests, including their capabilities and limitations,
are presented.

2.

VENDOR QUALIFICATION

Whether purchasing the stator winding for new
generators and motors or for the rewind of existing
ones, the insulation designs from prospective
vendors should be evaluated. This evaluation
should include a review of the materials used,
winding design (including voltage stresses), and
manufacturing processes including sample coil
testing. The vendor's capability and experience to
comply with the acceptance criteria, to perform
required tests (eg, voltage endurance and thermal
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cycling tests for groundwall, surge tests for
multiturn coils etc, as described below), and to
assure good quality control during the
manufacturing process should be reviewed. Only
manufacturers whose windings are likely to meet
the specifications consistently should be asked to
bid on the job.

3.

In some cases, Ontario Hydro has specified
the maximum acceptable void sizes in the
insulation system. The voids can be measured
in the coils dissected after the type tests
above.

FUNCTIONAL
SPECIFICATION
AND ACCEPTANCE TESTS

The functional specification for the machine
should be based on the application and the
expected performance of the machine. It should
contain all the tests and the associated acceptance
criteria required at various critical stages of the
manufacturing process and/or after the final
assembly of the stator winding. The specifications
should
include
(along
other
pertinent
specifications) the following important features of
the stator winding insulation system design and
quality assurance during manufacture:
a.

Class of insulation and maximum temperature
rise: Ontario Hydro often specifies class F
insulation systems for class B temperature rise
to ensure an adequate thermal life of critical
machines.

b.

Requirement (or not) for semi-conducting
coating on the groundwall in the slot section
& stress grading treatment at the slot to
overhang transition area. Both treatments are
required for machines rated higher than 4.1
kV.

c.

to 0.2 us range [4]. Although not accepted yet
as a standard, a recently described endurance
test for turn insulation [5] should be specified
for multiturn coils of critical machines.

Various type tests to be performed on coils
randomly selected from the production run:
By nature these tests are destructive and can
not be performed on the coils or the winding
to be used. These tests evaluate the adequacy
of the winding design. If more than one unit
of the same winding are ordered, these tests
can be performed once to prove the design.
Voltage endurance tests, as described in IEEE
Standard 1043 [2] are conducted on at least
two coils. The coils are expected to survive
250 hours at 110 C and 2.5 pu voltage (eg, 35
kV for 13.8 kV coils). For machines to be
used in cycling duty, thermal cycling tests [3]
are specified. For machines with multi-tum
coils, the turn insulation strength should be
determined for complete coils, and it should
exceed 3.5 pu for surges with rise times in 0.1
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d.

Insulation resistance (IR) and polarization
index (PI) for the coils and/or complete
winding: Acceptable values and the voltage to
be used for test should be specified. IEEE
Standard 43 [6] provides the required
guidance. However, the IR values in this
standard should be treated as bare minimum
values; modern insulation systems have much
higher values. This is being addressed in the
next revision of IEEE Standard 43.

e.

Dissipation factor at low voltage (10 % of the
rated line to ground voltage) and tip up
(difference in dissipation factor at 10 % and
full rated line to ground voltage) for the
winding [7]. For stator windings with modern
insulation systems, the acceptable values are 1
to 2 % for the low voltage dissipation factor
and less than 1 % for the tip up.

f.

Hipot tests for the winding: The voltage
levels and the type of voltages used to hipot
the complete winding should be specified [8].
One minute ac test at (2E+1) kV is normally
specified for the new windings, where E is the
rated line-to-line voltage of the machine in
kV. Whether equivalent DC hipot tests [9] or
equivalent lightning surges can be used as an
alternative should also be specified.

g.

Partial discharges: Partial discharge (pd)
activity is an important parameter for judging
the quality of an insulation system. It detects
the imperfections like voids, contamination
etc.
However, measuring pd levels
quantitatively in a stator winding is not a
simple task. The measured results for a
winding at a specified voltage depend on the
size and type of defects, the location of pd
sites, characteristics of the measuring system,
and the connections of the winding for the
measurement. There is no standard at present
for partial discharges in rotating machines.
Working groups are active in IEEE, CIGRE,
and IEC in this area. Based on extensive

experience with measurements done on large
number of new and old machines, Ontario
Hydro specifies pd levels for new machines at
the rated line to ground voltage as measured
with its own wide band pd measurement
system.
PD measurements are made on
individual phases of a winding, with the other
two phases connected to ground. For good
machines with modern insulation systems, the
pd levels are 100 mV or less. Another utility,
Electricite de
France, also specifies pd
acceptance limits.

monitoring of the winding for evidence of
continued "good health", or degradation while in
service. As the windings may settle during the
first few months of operation, these tests should
preferably be performed about a year after
commissioning and should include the following.
a.
b.
c.

New techniques for on-line pd measurements
have been recently developed [10]. However,
for such measurements the pd sensors have to
be built into the winding.
Therefore
specifications should include installation of
any sensors (with necessary details) required
for later on-line measurements.
h.

i.

4.

5.

IR and PI tests
Off-line PD and capacitance/dissipation factor
tests
On-line PD tests (for machines fitted with PD
sensors)

IN-SERVICE DIAGNOSTIC TESTS

Once the stator winding is in service, tests should
be performed to trend the insulation condition and
to detect any significant degradation. The goal is
to detect a degraded condition before it leads to an
unexpected premature failure and to either correct
the situation or to remove the machine from
service before a costly forced outage. Some
researchers have reported methods to estimate the
remaining life of machines [11-13]. However,
their results have not been confirmed in other
studies. A large EPRI study [14-16] concluded that
(a) estimation of the remaining life was impossible
at present; (b) no single parameter gave consistent
results on the condition of stator insulation
systems, and (c) an assessment of the insulation
condition can be made by measuring multiple
parameters and trending the results for the same
machine over time or comparing the results for
similar machines.

Quality assurance tests during manufacture:
There are some tests which can and should be
performed at various stages of manufacturing
process.
For example hipot tests, turn
insulation
tests,
partial
discharge
measurements, hipot tests may be specified
for each coil to weed out coils with defects
before insertion in the stator core. This is
easily specified
for coils with vacuum
pressure impregnated (VPI) or resin rich
insulation systems; in this process the coils are
effectively finished before insertion in the
stator core. However, for the global VPI
insulation system, the coils are not
impregnated before installation in the slots.
The hipot test levels (including surge levels
for the turn insulation in multiturn coils) for
this type of green coils should be lower,
typically 2/3 of those for the finished coils or
the complete winding.

Ontario Hydro uses both off-line and on-line tests
to assess the condition of stator insulation systems.
On large turbine generators, partial discharges are
measured on line periodically.
If a large
deleterious change is noticed, the machine is
subjected to off-line tests and visual inspection.
On other critical machines, like standby
generators, off-line measurements are made every
five years or so. If a problem is observed, the
measurements are repeated at shorter intervals to
assess the rate of degradation.

Acceptance tests for the complete winding:
Insulation resistance, polarization index, hipot
tests, dissipation factor, and partial discharges
are specified for the whole winding and, if
possible, for individual phases. Also tests
should be carried out to check the tightness of
wedges in all TGs and SGs before the rotor is
installed.

Off-line measurements include IR and PI,
capacitance and dissipation factor, and partial
discharges.
The measurements are made on
individual phase windings as it provides an
opportunity to compare three phases. Further,
energizing one phase, with the other two phases
grounded, produces an electric stress in the
endwindings. This stress permits probing for

POST COMMISSIONING TESTS

Once the new or rewound stator is installed at site,
some baseline test data should be obtained to allow
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problems in these areas due to contamination or
incorrect design of interphase clearances. The
hipot tests are potentially destructive and not
applied every time but only in case of suspected
weaknesses to assure survivability in operation.
Performance of a hipot test requires that the utility
is prepared for the consequences of a failure. In
our tests on many machines, no single test
provided consistent assessment of the insulation
condition.
However, examination of all the
parameters, comparison of their values for the
same machines at different times, and a
comparison between similar machines or different
phases of the same machine were used to assess
the insulation condition. The results for a number
of standby generators and emergency power
generators were reported in earlier papers [17-18].
The IR values are a measure of moisture,
contamination, or cracks in the stator insulation
and tell little about the insulation aging or
degradation. PI values less than 2 are often
indicative of aged insulation. However, for the
modern insulation systems with IR values in
several GC2 range, the values of PI are not very
relevant. Also for such high IR values, the
measurement of PI is difficult. Most often the IR
values are used only to decide whether high
voltage can be applied or not and not to assess the
insulation condition.

significantly with time. Again, a significant
increase in pd over time is a better indicator of
degradation than the absolute value of pd
magnitudes. On-line pd measurements are used to
examine if any deleterious change has taken place.
In cases where such measurements indicate a
problem, further investigations using off-line tests
and inspections are warranted
Hipot tests are performed on machines in service
to assure their serviceability. They should not be
used as routine tests as they are potentially
destructive in nature. The voltage used is (1.5E+1)
ac or equivalent DC level. The relationship
between the ac and dc test levels is not completely
understood [20] and Ontario Hydro prefers the ac
test.
The ac and dc hipot tests stress the
groundwall insulation only and not the turn
insulation in multi-turn machines. For multiturn
machines in service, Ontario Hydro does not use
or recommend turn insulation tests using fast rise
time surges on complete windings as the detection
of a turn insulation fault is quite difficult.

6.

VISUAL
INSPECTION
MAINTENANCE

AND

If a problem is indicated by diagnostic tests, a
visual inspection of the winding is necessary.
Normally one looks for damage by overheating or
discharges, looseness of the coils in the slots,
general contamination or cracks in the winding,
signs of damage to semiconductive coating in the
slot section and the stress grading coating, and any
softness or puffiness in the insulation. Wedge tap
tests are performed on large machines to examine
the tightness of wedges. In recent years Ontario
Hydro has been evaluating the effectiveness of
robotic equipment to perform tests and inspections
in turbine generators without removing the rotor.
These devices can move along the air gap to
perform wedge tap tests, core insulation tests, and
visual inspection with a video camera. Some of
the problems can not be corrected by maintenance
and a rewind of the stator is then required. In
some cases maintenance actions, like cleaning
and/or drying the winding, tightening the wedges,
and touching up the stress grading coating, may
make the machine serviceable with little cost.

The measured values for modern insulation
systems (epoxy resin systems) in good condition
are 1 to 2 % for the dissipation factor and less
than 1 % for the tip up. However, the measured
values are affected by the stress grading coatings
applied in the machine. Hence the comparison
with
earlier
measurements
or
baseline
measurements is more useful than the absolute
values of the parameters. Also for some of the
older machines with softer insulation systems, the
values can be substantially higher. A negative tip
up can be an indicator of serious degradation of
the insulation system [19].
Partial discharge measurements are made both offline and on-line. On good stators, using the
Ontario Hydro wide-band detector, measured pd
magnitudes can be expected to be 100 mV or less.
Magnitudes above 400 mV indicate serious
problem.
In off-line measurements, discharge
inception voltages (DIV) and discharge extinction
voltages (DEV) are also measured. A low DEV
value indicates poor condition of the insulation
system. Some machines may have high pd levels
from the beginning which may not increase

7.

CONCLUSIONS

The reliability of stator insulation systems in large
rotating machines can be assured and improved by
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proper specifications for the winding, quality
assurance during the manufacturing process,
acceptance tests in the factory, proper application
of machine, periodic on-line or off-line tests, and
necessary maintenance.
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reliably in the Pickering shutdown cooling
pumps.

Abstract
The existing mechanical seals in the
shutdown cooling (SDC) pumps at the
eight-unit Pickering Nuclear Generating
Station have caused at least seven forced
outages in the last fifteen years. The SDC
pumps were originally intended to run only
during shutdowns, mostly at low pressure,
except for short periods during routine
testing of SDC isolation valves while the
plant is operating at full pressure to verify
that the emergency core injection system
is available. Unfortunately, in practice,
some SDC pumps must be run much more
frequently than this to prevent overheating
or freezing of components in the system
while the plant is at power. This more
severe service has decreased seal lifetime
from about 8000 running hours to about
3000 running hours. Rather than tackling
the difficult task of eliminating on-power
running of the pumps, Pickering decided to
install a more robust seal design that could
withstand this.

Seal Operating Conditions
The normal operating condition for the
SDC pumps occurs when the unit is shut
down. The pumps rotate at 1200 rpm.
Pressure is quite low—about 0.2 MPa.
Temperature is 30 to 50°C. The pumps
are required to operate in this state for the
duration of the outage, which may last a
month or two, although they must be
capable of operating at these conditions
for much longer times in unusual
circumstances. Low pressure shutdown
operation has caused relatively fewer
problems than has high pressure operation
while the unit is at power.
There is an isolation valve on the suction
and discharge sides of each of the four
SDC loops in each unit to separate the
loop from the heat transport system. If,
as frequently happens, either of these
valves leaks while the unit is operating,
then hot 8.9 MPa water from the heat
transport system circulates in the SDC
loop and gradually heats it up. While
stopped, SDC pumps are not well cooled,
because they rely on the pumping head to
circulate water through a cooler.
Therefore, to prevent overheating of the
seals, station procedure has been to
operate the SDC pumps intermittently
during reactor operation, whenever seal
temperature rises above the 77°C alarm.
This may occur once or twice a shift.
{The four newer Pickering B units also

Through the process of competitive
tender, AECL's CAN6 seal was chosen.
This seal has a successful history in
similarly demanding conditions in boiling
water reactors in the USA. To
supplement this and demonstrate there
would be no "surprises," a 2000-hour test
program was conducted. Testing
consisted of simulating all the expected
conditions, plus some special tests under
abnormal conditions. This has given
assurance that the seal will operate
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have seal injection and a cooling jacket,
but these are sometimes insufficient to
prevent overheating in this situation.)
Occasionally a damaged isolation valve
will have to be backseated, in which case
that SDC pump must be operated
continuously.

CAN6 Pump Seal
The CAN6 seal was developed in the late
1 980s for similar-sized "reactor water
cleanup pumps" in US boiling water
reactors. Table 1 summarizes the
operating conditions of the CAN6 seal in
the Pickering and US applications. The
higher shaft speed of the US reactor water
cleanup pumps indicates that the normal
operating conditions are actually more
severe in these pumps than in the
Pickering application, although the offnormal conditions are somewhat different.

Excessive cooling can also be a problem.
During the winter, a leaking high pressure
service water valve can cause the D2O in
the tube side of the SDC heat exchanger
to be exposed to H2O colder than 4°C,
which is the freezing temperature of D2O.
To avoid the risk of freezing, it is then
necessary to run the particular SDC pump
to circulate warm water in the loop.

The CAN6 seal addresses the problems
encountered in Pickering by controlling the
gap between the seal faces so that there
is always a thin lubricating film of water
separating the stationary face from the
rotating face. This separation is only
about 50 micro-inches, but is sufficient to
prevent rubbing. As shown in Figure 1,
the seal is designed so that the high
pressure heat transport system water,
which is on the outside of the seal, bleeds
across the gap between the faces to the
atmospheric side.

A special requirement is that the seal must
be capable of operating during an
emergency crash cooldown of the plant
and then be capable of normal shutdown
operation afterwards. In this duty, the
pump is started while the SDC loop is
cool, and the seal is heated suddenly to
218°C as heat transport system water
enters the loop. The pump continues
operating and cools to 100°C within
8 minutes and to about 34°C within an
hour and half. Pressure is 8.9 MPa
throughout.

Table 1. CAN6 Seal Operating Conditions.
Pickering Shutdown Cooling
Pumps

US Reactor Water Cleanup Pumps

Shaft Diameter

2.250"

1.875"

Seal Balance
Diameter

2.875"

2.600"

Shaft Speed

1200 rpm intermittent

3600 rpm continuous

Temperature

Normal 30-50°C,
Alarm at 77°C,
Sometimes rises to 146°C
Emergency to 218°C

Normal 40 to 100°C,
Sometimes 100-120°C continuous

High Pressure

8.9 MPa

7.2 MPa

Low Pressure

0.2-0.3 MPa
during shutdown

1.0 MPa
during shutdown
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Gland

Leakage through converging gap
lubricates seal faces and
and prevents them from rubbing

Rotor
(fastened to shaft)
Atmosphere

Figure 1. Schematic of a stationary balance mechanical seal such as the
CAN6 shutdown cooling pump seal. Note that the convergence angle and
separation between the seal faces is greatly exaggerated.

up possible axial motion of the shaft. The
seal was designed to fit into the existing
gland without requiring any modification.

To maintain this film, it is essential that
the seal be designed to deflect the seal
faces in such a way that the gap between
the faces is wider at the outside than at
the inside, so that the water can
"squeeze" in, forming a lubricating film
that is wider at the outside than the
inside. (If the gap is wider on the inside
than the outside, then the faces contact at
the outside edge, no water is forced
between the faces to keep them apart,
and they rub hard and wear.)

Test Results
The CAN6 seal was tested in the doubleended test rig shown in Figure 2. This is
pressurized in the middle and has a
horizontal shaft running all the way
through, with a test seal in each end.
Shaft speed, water pressure and water
temperature were computer-controlled to
match predicted transient conditions in the
plant. The seal faces were inspected
periodically to determine the individual
effect of various tests. One end of the rig
was used to test the reference design for
the Pickering application while the other
was used for other studies.

Elastomer problems were addressed by
using high-temperature qualified O-rings.
Potential dirt problems were addressed by
creating good circulation and using hard
carbide materials for the stationary and
rotating seal face rings, so that any dirt
that does make its way between the faces
will not cause undue wear. The stationary
seal ring is supported on springs to take
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Figure 2. CAN6 seal test rig.

the rig was run for 24 hours at
8.9 MPa, 80°C.

The first test was a 1000-hour run at low
pressure to simulate normal running
conditions of the seal while the plant is
shut down (0.2 MPa, 30°C, 1200 rpm).
Wear was insignificant (0.0001" or less),
which extrapolates to a seal lifetime under
normal operating conditions exceeding the
lifetime of the plant.
The remaining testing subjected the seal
to abnormal conditions that could pose
more of a challenge.
•

Dry Starts and Seal Wear-In. First,
the rig was started without any water
inside and stopped after a few
seconds to simulate an electrician
"bumping" the pump to see if the
motor leads were connected the right
way around. This was repeated twice
and had no effect on the seal. Next
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•

Hot Stationary Operation. This test
simulated the seal sitting stationary at
high temperature and pressure
(370 hours at 0 rpm, 8.9 MPa,
140°C r with short running periods
every 100 hours while the
temperature dropped to 34°C).

•

Normal Cool-Down Transient. This
two-hour test simulated the SDC
pumps being turned on at the
beginning of a plant shutdown. It was
repeated 25 times. For this transient,
the rig was started at 8.9 MPa,
temperature slowly rose to 146°C and
was cooled back to 71 °C over the
first hour. For the second hour, the

rig was run at 0.2 MPa and slowly
cooled to 34°C.
Cold Test (Leaking Service Water
Valve). This test simulated the
conditions in the seal when the pump
must be turned on to prevent freezing
of the D2O because of cold lake water
used for cooling. Test pressure was
8.9 MPa. Each cycle consisted of a
30-minute cool-down period with the
rig stationary, followed by a
30-minute warm-up period (back to
normal operating temperature) with
the test rig rotating. Fifty cycles were
performed. These are relatively benign
test conditions—cool temperatures are
less damaging to the seal than hot
temperatures because the water is
less likely to vaporize between the
faces when cool.

The stationary seal face wore 0.0003"
from the start of all this abnormal testing
until the end of the first crash cool-down.
The rotating sealjface wore less than one
tenth of this, (the height of the raised
seal faces available to wear away is about
0.060".) After the third crash cool-down,
the stationary face was worn 0.005" and
the rotating face was worn 0.0004", with
very fine heat checks. Both faces were
still in serviceable condition. (Heat checks
are shallow surface cracks across the seal
face caused by hard rubbing.) The testing
has given assurance that the CAN6 seal is
suitable for use in Pickering shutdown
cooling pumps, and is capable of handling
abnormal events such as the emergency
crash cool-down without failing.

Hot Test (Leaking Isolation Valve).
This one-hour test (repeated
300 times) simulated hot water
leaking into the shutdown cooling
system while the plant is at power,
then the pump being run to cool the
seal back to normal temperature. It
consisted of a 40-minute stationary
period at 8.9 MPa with temperature
slowly rising from 34°C to 110°C,
then a 20-minute running period with
the rig cooling back to 34°C.

Installation of a pair of CAN6 seals into
one of the Pickering B shutdown cooling
pumps is scheduled for the fall of 1997.

Installation Plans

Emergency Crash Cool-Down. This
test simulated the emergency situation
of the SDC pumps being used to cool
the primary heat transport system
from 265°C rather than from 177°C,
as occurs during a normal shutdown.
This is an extremely rare event. The
seals were inspected before and after
the first test, then after two more
repetitions.
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Improved Operation In CANDU® Plants with CAN8 PHT Pump Seals
by
1

T. Graham , D. Mclnnes2 , and D. Rhodes''

CA0000011
Abstract
The CAN8 PHT pump seal is currently operating in twenty-one pumps, twelve at Bruce A, seven at
Bruce B and in both pumps at Grand Gulf Nuclear Station (GGNS). The CAN8 seal has markedly
improved performance over the CAN2 seal previously used at the Bruce stations and the SU seals
previously used at GGNS. Details of the performance improvements are discussed.
Prior to installation in Bruce B, the CAN8 seal was slightly modified and then demonstrated to be
resistant to reverse pressurization failures, since this was a known failure mechanism with the
CAN2 seal. Subsequent experience showed that Bruce A was also susceptible to reverse pressure
incidents. A review of plant operating procedures at Bruce A showed reverse pressure was likely
the initiating factor for several previously unexplained seal disturbances.
The reverse pressure failure mechanism is described, as are the improved system operating
procedures designed to prevent it. Preventative procedures have now been implemented across
Ontario Hydro Nuclear. The ability to track down seal failure mechanisms such as this is greatly
enhanced by the improved system monitoring and data retrieval now in place at Bruce A and
Bruce B.
Introduction
The first CANDU installation of a CAN8 Primary
Heat Transport Pump (PHTP) seal was in Unit 3
at Bruce A. An historical summary of PHT seal
changeouts at Bruce A is shown in Fig. 1 —see
Ref. 1 for details up to 1986. Fig. 1 shows a
dramatic rise in the number of seal changeouts in
1993 following the 1990 introduction of low
pressure running during the plant's start-up
sequence. This accentuated the tendency of the
stators in the CAN2 seal to rotate in their holders.
As a result, symptoms such as rapid wear of the
stator back face, overheating, and
thermocracking began appearing. This weakness
in the CAN2 design led to a decision to change
seals. All operating units at Bruce A were
converted to the CAN8 PHTP seal design
between September 1994 and November 1995.
Although there were some early teething
problems related to problems with the chrome
oxide coatings on three seal sleeves, Ref. 2, and
two premature changeouts in 1996, the seal has
performed very well since its introduction at

Bruce A. As shown in Fig. 1, Bruce A
has now operated for more than one year
without a PHTP seal change and if the
current CAN8 seal performance
continues, 1997 will be Bruce A's first
full calendar year without a seal change.
This good performance, coupled with a
modification that ensures the seal is
resistant to reverse pressure, led to the
installation at Bruce B in December 1996.
At the time of writing, seven PHTP's at
Bruce B have had seal upgrades from the
CAN2 to the CAN8.
This paper describes the CAN8 seal
upgrade, the reason for the 1996
replacements, and actions taken to ensure
this type of problem does not recur. The
close co-operation between the seal
suppliers and Bruce A operating staff has
been instrumental in understanding the
nature of the problems experienced and in
effecting a timely cost-effective solution.

® CANada Deuterium Uranium
1
Atomic Energy of Canada Limited, Chalk River Laboratories
2
Ontario Hydro, Bruce A Nuclear Generating Station
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The Replacement Seal
The CAN8 design, shown in Fig. 2, replaces the
AECL-designed, Byron Jackson-supplied, CAN2
PHTP seals in CANDU® plants and the earlier
Byron Jackson SU design in Boiling Water
Reactors (BWR's). Designed in 1991 for BWR
and CANDU® service, the CAN8 seal is capable
of operating at high or low pressure with no loss
in performance. This capability is achieved
through improved control over seal face
deflections derived from low hysteresis between
the seal rings and their supporting surfaces,
Ref. 3.
The stator rotation problem of the CAN2 design
has been solved through the use of a resilient
elastomer anti-rotation device. The CAN8 design
also incorporates improved cooling of the rotating
and stationary components. In addition, to
facilitate lapping and refurbishment, the CAN8
seal parts have no recessed faces.
Conversion to the CAN8 from the CAN2 is
relatively simple and cost effective. Many CAN2
components including seal flanges, pressure
breakdown devices, spring assemblies, and shaft
sleeves are suitable for use with CAN8 seals.
Often all that is required to convert these
components is an inspection to verify fit; at most,
only minor rework is required.
History and Performance at Grand Gulf and Bruce
The Grand Gulf BWR plant has been using the
CAN8 seal since May 1992. The two seals
currently installed have been operating without
incident. One of the two was installed during
their September 1993 refuelling outage. The
other was installed in October 1996 to replace a
seal that had experienced episodes of
temperature cycling giving 5000 to 10,000
cycles in total since the July 1995 fuel outage.
These cycles were ~17°C peak-to-peak in
amplitude and had a 1 5 to 20 min. period. The
normal expectation is for about 150 slow cycles
(2 week period) over a 6-year operating life. The
temperature cycles were caused by a problem
with the pump's internal heat exchanger, which
periodically allowed hot water into the seal
cavity. On inspection, the seal's second stage
was found to have a shot-blasted appearance on
the rotor support and spring assembly. Fine
metal flakes of undetermined source were found
in the secondary seal cavity. Even in this tough
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environment of numerous temperature
transients, seal face measurements gave
an extrapolated seal life of 6 years for
both stages. The metal flakes caused no
damage to the seal faces.
At Bruce A, four CAN8 seals were
installed in Unit 3 in September 1994. As
discussed in Ref. 2, three of the sleeves
had an excessively rough chrome oxide
coating, which resulted in erratic interseal
pressure "spiking" problems and some
elevated gland return temperatures (up to
70°C) during seal operation. These seals
were replaced during outages for
unrelated problems in January and
February 1995, and April 1996. The
Pump 3 seal, installed with a smoother
Bruce Central Maintenance Facility (CMF)
chrome-oxide-coated sleeve, remains in
incident-free operation. A fifth CAN8 seal
using a CMF coated sleeve was installed
for a trial run in Unit 4 Pump 2 in midNovember 1994 following stator rotation
problems with a CAN2 seal during unit
start-up.
Bruce A Units 1 and 4 were converted to
CAN8 PHTP seals in November and June
respectively. The Pump 2 seal previously
installed in Unit 4 was also changed at
this time so that a normally-operating seal
could be inspected. The inspection
results showed very low wear, giving an
extrapolated seal life in excess of 10
years on the primary stage and 25 years
on the secondary.
The first two Bruce B CAN8 seals were
installed in December 1996 following an
inability to get their CAN2 seals to meet
pre-installation leakage test criteria.
Since then five more have been installed
and all have operated flawlessly.
The 1996 CAN8 Seal Changeouts and
Inspections at Bruce A
In 1996, three CAN8 seals destaged
during start-up at Bruce A: one with
interseal pressure low, the other two with
interseal pressure high.
The first of these, from Unit 1 Pump 1
after - 4 months operation, experienced
some periods of operation with slightly

elevated gland return temperatures (exceeding
50°C) and inspection of the seal revealed that
portions of the secondary U-cup had stuck to the
chrome oxide coating of the shaft sleeve along
the line of contact. This is now thought to be
the most likely reason for the seal destaging. At
the time, there was speculation that a No. 2
stage O-ring had been displaced during operation.
This theory was later dismissed because there
was no damage to the O-ring consistent with
such a displacement, and because testing
showed that no shaft motion or pressure inputs
could cause it.
The second of these, a No. 1 stage destaging in
April 1996, was the replacement for the Unit 1
Pump 1 seal and did not stage properly during
start-up. The seal inspection showed no obvious
reason for the seal's destaging.
The third of these was in Unit 3 Pump 4 in
August 1996. This seal failed due to U-cup
displacement by the reverse pressure mechanism
described below.
U-Cup Displacement by Reverse Pressure
Although it was thought that U-cup displacement
was not a problem at Bruce A, it was recognized
as a frequent means of seal failure at Bruce B.
There, it occurred during unit start-up and was
accompanied by a sudden depressurization of the
PHT system. Two things can happen as a result:
one is a small amount of shaft motion <0.5 mm
including thrust bearing gaps and deflection of
the pump motor support system, the other is
reverse pressurization of the primary seal. The
first should not cause problems if the U-cup seal
slides freely, but the second can cause problems
for a standard U-cup design such as used in the
CAN2 seal or the CAN8 seal as installed in
Bruce A. This reverse pressure mechanism was
verified by testing reported in Ref. 4.
Consider the system shown in Fig. 3. This flow
schematic is for the two-stage seal system used
at Bruce A and B. Normally the gland return
valve is open and system pressure is divided
about equally across the two seal stages. If
system pressure suddenly drops below the
interseal pressure, the direction of pressure drop
across the primary stage will be reversed. When
sufficient energy is stored in the system, e.g. air
compressed in unvented instrument lines, gland
return lines or the secondary seal cavity, the
reverse pressure can be maintained and a reverse
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flow generated through the primary stage.
The reverse flow and pressure act against
the back of the U-cup and, in the SU,
CAN2 and Bruce A-CAN8 designs, if the
force generated is greater than the spring
force and flow is large enough, the U-cup
can be pushed out of position as shown
in Fig. 4. When the reverse pressure is
relieved, the springs will act on the U-cup
follower to close the gap. The normal
result is that the U-cup is caught between
the rotor support and the U-cup follower
and it fails to reseal. This causes the seal
to destage. The rotor support supplied to
Bruce B is modified to prevent this from
occurring.
Revised Venting Procedures
The August 1996 seal failure by U-cup
displacement provided an opportunity to
study seal data in detail during the entire
incident. The Gateway data retrieval
system provided plots which were
examined and found to show reverse
pressure across the primary stage of the
seal. This led to the conclusion that the
seal had failed by reverse pressure
displacement of the U-cup. This was
later confirmed when the seal was
examined.
The system venting procedure used
during the unit start-up calls for the seal
gland return valve to be closed while the
PHT system is vented. The result is that
if the seal is not leaking appreciably, the
interseal pressure rises to near system
pressure. In this condition only a small
drop in system pressure is required to
reduce it below the intersea! pressure.
Opening valves to vent the PHT reduces
the system pressure, possibly quite
rapidly depending on how fast the valves
are opened. This clearly was a situation
with a high probability of causing a
reverse pressure across the primary seal.
Accordingly, the PHT and seal venting
procedure was revised to include the
following in the order given (after
checking that the changes would not
affect any other systems):

•

opening the gland return line valve after seal
injection is started and the seal cavity is
filled,

•

after the system pressure reaches 2 MPa,
venting the seals for 30 seconds via the quick
vent lines,

•

opening the system valves as usual to vent
the PHT piping.

This ensures that most of the air is out of the
instrument lines and that the gland return line is
free of air, and minimizes the size of any reverse
pressure energy source. With the system venting
done and when the gland return valve is open,
the amount the system pressure can be reduced
before getting below the interseal pressure is
maximized.
Operating History Since the Revision of Venting
Procedures
In the thirteen months since the system venting
procedures were revised at the end of August in
1996, the operation of the Bruce A CAN8 PHTP
seals can only be described as uneventful. There
have been 7 unit shutdowns and 4 unit startups
without seal problems and no seal changes for
any reason.
These procedures have been reviewed with
station personnel at both Darlington and Bruce B
and station procedures have been modified there
as best suits their system configuration. This
reduces the likelihood of reverse pressure
problems at those stations and neither have
reported any problems relating to reverse
pressure. Both stations have gone through
several start-ups since that time.
At Bruce B, trends of the interseal pressure for
CAN8 seals have been very flat and there has
only been one small excursion in gland return
temperature. This tracked a large increase in
pump runout and vibration and returned to normal
shortly thereafter even though the vibration levels
remained higher than normal, Ref. 5.

Although the reverse pressure problem
slightly extended two outages at Bruce A,
no CAN8 PHTP seal has forced any of the
user plants down from full power. This is
in stark contrast to the many forced
outages caused by the CAN2 seal in the
few years between the introduction of
low pressure running and the introduction
of the CAN8 seal.
The availability of data through systems
similar to the Gateway system will pay
dividends by providing an accurate
sequence of events during system
disturbances. Data from this system
greatly facilitated the effort to determine
the cause of the August 1996 seal failure
by reverse pressure. The time required to
prepare revised operating procedures was
also reduced.
The close co-operation between the user
and seal supplier has resulted in a product
fully adapted to CANDU PHTP operation.
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The CAN8 PHTP seal, which had its successful
introduction in main coolant pumps for BWRs at
Grand Gulf, has now shown itself to be a cost
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were quickly eliminated.
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Fig. 1: Seal Changeout History at Bruce A.
1977 to 1981 — mixture of SU and CAN1 seals changeouts
1982 to 1993— changeover from CAN1 to CAN2 and CAN2 to CAN2 changeouts
1994 - 5 CAN2 to CAN8 and 8 CAN2 to CAN2 changeouts
1995 - 7 CAN2 to CAN8 and 3 CAN8 to CAN8 (2 with rough sleeve and 1 trial seal for
inspection)
1996 — 4 CAN8 to CAN8 changeouts (1 rough sleeve, 2 reverse pressure induced and 1 sleeve
friction related)
1997 — No changes to date

66

O-rings
(EPDM)

No. 1 Stage

O-rings
(EPDM)

Fig. 2: Two-Stage CAN8 Seal for CAN2 Replacement.
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Darlington Station Outage A Maintenance Perspective
by
J. Plourde, J. Marczak, M. Stone, R. Myers, K. Sutton
Ontario Hydro, Darlington Nuclear
Summary
Ontario Hydro's Darlington Nuclear Generating Station (4x881MW(e)net) has carried out its first station
outage since full commercial operation. The outage presented challenges to the organization in terms of
outage planning, support, management, and safe execution within the constraints of schedule, budget and
resources. This paper will focus on the success of the outage maintenance program, identifying the major
work programs - a Vacuum Structure and Containment Outage, an Emergency Service Water System
Outage, an Emergency Coolant Injection System Outage, Intake Channel Inspections, Low Pressure
Service Water Inspections, and significant outage maintenance work on each of the four reactor units.
Planning for the outage was initiated early in anticipation of this important milestone in the station's life.
Detailed safety reviews - nuclear, radiation, and conventional - were conducted in support of the planned
maintenance program. System lineup and work protection were provided by the Station Operator work
group. Work protection permitry was initiated well in advance of the outage. Station maintenance staff
resources were bolstered in support of the outage to ensure program execution could be maintained within
the schedule. Training programs were in place to ensure that expectations were clear and that high
standards would be maintained. Materials management issues in support of maintenance activities were
given high priority to ensure no delays to the planned work. Station management review and monitoring in
preparation for and during the outage ensured that staff priorities remained focused. Lessons learned from
the outage execution are being formalized in maintenance procedures and outage management
procedures, and shared with the nuclear community.

Nuclear Safety
>— ' —
Operations

Management

Station Outage
Maintenance
Program

Darlington Nuclear
1997 Station Outage
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week) on the reactor units. Hours of work rules
were relaxed temporarily to allow for this
enhanced coverage.

1. Introduction
The Darlington Nuclear Division Station Outage
Program was comprised of 7 distinct projects:
•
Vacuum Structure (VS) and Containment
inspections and maintenance.
•
Unit 0 common non-Containment systems
maintenance.
•
Unit 1 outage.
•
Unit 2 outage.
•
Unit 3 outage.
•
Unit 4 outage.
•
Fuel Handling (F/H) systems maintenance.

Major projects were also supported, around the
clock if necessary, by dedicated facilitators
normally originating from the Technical Section.
This staffing approach is summarized in Figure
2-1.
3. Success Story
Awareness of Nuclear Safety

An overview of this program is shown in Figure
1-1. To facilitate planning, the outage was
divided into 5 phases:
•
Phase 1: Pre-Requisites.
•
Phase 2: Unit Shutdowns.
•
Phase 3: VS and Emergency Service Water
System (ESWS) outages.
•
Phase 4: VS, Containment and Emergency
Coolant Injection System (ECIS) Outages
•
Phase 5: Unit Startups.

Nuclear safety was maintained as a fundamental
focus throughout the planning and execution
stages of the outage. From upper management
to the shop floor, expectations were made clear
with respect to nuclear safety. Fundamentals
were reviewed and pre-job briefings provided
immediate reinforcement of nuclear safety
issues associated with the conduct of field
modifications and maintenance.
The Operations Manager provided "the 10
commandments of the outage", to clarify his
expectations of staff. The first commandment
was to "Think Safety Culture" - nuclear and
employee safety first in every endeavour.

The
Station
Outage
Leadership
Team
coordinated the program, emphasizing public
and employee safety. The team was assisted by
the Unit 0 Outage Team (concentrating on VS
and Containment specifics) and the Station
Outage
Integration Team
(dealing with
integration issues between the projects).

The success of the nuclear safety program
during the outage was evident in the
performance indicators supporting nuclear
safety.

Darlington staff were committed to completing
the Station Outage safely, on time and on budget
in the face of new challenges:
• A volume of work never undertaken before
in an outage at Darlington Nuclear.
•
Work never performed before at Darlington.
• The need to integrate all work being
performed in the station into a single
program.

There was one Operating Policy and Principle
(OP&P) non-compliance during the outage:
• Addition of unpoisoned D2O to the Unit 4
moderator system while in a Guaranteed
Shutdown State (GSS).
In total, sixteen reportable events occurred
during the outage, none of which were due to the
unique nature of the outage. The maintenanceactivity-related reportable events during the
outage were:
•
Pinhole leak identified in a valve weld.
•
HTS relief valve not properly calibrated.
•
Instrument Air system backup air receiver
inadequacies.
•
Unapproved door seals on steam protected
rooms.
•
Contaminated material found in scrap metal
bin.

2. Maintenance Overview
Table 2-1 outlines the major work programs
undertaken during the Station Outage.
To support this, maintenance staff were divided
into teams, each provided with solid supervision
and backfilled with temporary labour whenever
necessary. In general, these teams operated on
an X-Y schedule (10h shifts - days or evenings,
6 days a week), with overtime making these
extended work weeks possible. Normal staff
complement was maintained for the duty crews.

Given the volume of work planned and executed,
and considering the degree of discovery work in
the outage, these results were considered
reasonable. There is however, considerable
room for improvement in the nuclear safety

Operator support, primarily for work protection,
was also provided by similar teams, operating
around the clock in Unit 0, and on days (7 days a
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aspects of work execution. A true success
would be a station outage with no reportable
events. Work is progressing in this area as part
of the station's maintenance improvement
programs.

Awareness of Plan

Awareness of Employee Safety

The
Operations
Manager's
second
commandment was "Plan the Work and Work
the Plan". This concept, along with "Think
Safety Culture", was paramount to the
successful planning and execution of the outage.

Briefing of employees by the first line supervisor
was the single most effective means of
increasing
awareness
of
radiation
and
conventional safety.

The challenge of integrating all projects into a
single plan and to have it used effectively in the
field, was met through the cooperation of all
groups.

Consistency was achieved through the use of
Task Safety Analysis (TSA), prepared during the
planning phase of each job to detail all safety
concerns and precautions associated with that
job.

At the individual project level, as few changes
as possible were made to the outage planning
approach used in previous single-unit outages.
Individual project schedules were issued on a
daily basis, within the framework of a key plan,
produced by the Unit 0 Planning Section. This
key plan contained all the necessary integration
information needed to synchronize all projects:
•
Outage Organization and Phone Numbers
•
Station Outage Overview
•
Inter-Unit Coordination Diagram
•
Individual Project Overviews
•
D2O Inventory Management
•
Nuclear Safety Overview
•
Shared Resources (eg, MOVATS, Scaffolds)

Operating
Experience
(OPEX)
was
communicated to all staff through the 'Safety
Pause', a weekly briefing session where recent
events were reviewed and a consistent message
was communicated station-wide.
Surveillance in the field was performed
independently by:
• The Safety Team, consisting of Joint Health
and Safety Committee members supervised
by Station Outage Management.
• The Conventional Safety Section
• The Radiation Protection and Health Physics
Sections.

Figure 3-1 depicts this daily plan structure, while
Figure 3-2 outlines the daily planning and
integrating routine put in place to arrive at a
quality product.

Findings were compared daily and resources
were combined as necessary to resolve issues
quickly.

With the outage complexity requiring the
introduction of five separate "phases", each with
its own set of restrictions and rules, it was
necessary to ensure that work was planned and
executed in the correct order within the correct
outage phase.
Outage phasing was
characterized on all outage planning logic, daily
outage plans, etc, with STOP signs to delineate
a Change of Phase. A Change of Phase
Meeting was held in advance of each change of
phase to provide assurance to the Operations
Manager that work required for completion in
one phase was performed successfully, that
prerequisite unit/system alignment for the next
phase was complete, and that Work Plans,
operating instructions and material requirements
for the subsequent phase were in readiness for
the transition.

Considering the volume, novelty and complexity
of the work being performed, there is a clear
indication
of
improved
performance
at
Darlington:
•
1 Lost-Time Accident attributable to the
Station Outage (a back injury in the preoutage phase)
•
0 High-MRPH (Maximum Reasonable
Potential for Harm) accidents.
Nevertheless, there were many near-misses,
particularly related to body mechanics, and four
license non-compliances, all associated with
radiation protection:
•
Incorrect classification of a radioactive
shipment.
• Contaminated material found in a scrap
metal bin.
• Evidence of beverage consumption in
radiological zone 2.
•
Evidence of food/beverage consumption in a
non-zoned area of the operating island.

4. Factors Contributing to Success
Strong Nuclear Safety Support
Nuclear Safety considerations drove the outage
from early planning, through execution, and
post-outage reviews. Nuclear oversight aspects
of the outage are summarized in Table 4-1.
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From the initial planning stages, operating
experiences from earlier outages at Darlington
and other station outages at Ontario Hydro sites
were reviewed and lessons learned were built
into the planning program. Involvement of staff
at all levels was solicited. The Station Outage
Leadership team also drew on this wide
experience base for nuclear safety planning. A
series of Nuclear Safety review meetings were
held in advance of the outage to provide
assurance that nuclear safety issues were
adequately addressed (Figure 4-1).
This
included a Station Outage Internal/External
Review Meeting where staff from all other
Ontario Hydro sites, other Canadian nuclear
sites, the CANDU Owners Group, WANO
representatives,
and
various
support
companies/organizations
were
invited
to
participate.

Throughout the outage, field staff were
encouraged to maintain a questioning attitude.
Instances where this questioning attitude was
able to identify and correct a potential event with
negative consequences were celebrated in the
daily/weekly outage news updates.
Staff reviews of the outage after its completion
have been conducted with operating experience
being built into station outage planning
procedures and shared externally through formal
OPEX programs.
Employee Safety Buy-In By All
Employee safety was at the forefront of all
discussions from the very start, with
representatives from Maintenance, Operations,
Conventional Safety, Radiation Protection,
Health Physics and Joint Health & Safety on the
Station Outage Leadership Team. Emergency
Response also played an important role.

Planning for the outage was built upon a
fundamental expectation of compliance with
OP&Ps and procedural adherence. Reviews of
operating instructions and workplans by the
executing organizations, by line management,
and by Nuclear Safety staff ensured that these
expectations could be met.

During the pre-outage phase, these people were
constantly on the lookout for knowledge and
experiences from other locations within and
outside Ontario Hydro. They were instrumental
in the development of access strategies and
associated rescue plans for the Vacuum
Structure and other locations.
They also
ensured that the correct procedures, tools and
human resources were in place to ensure
success.

The division of the outage into its 5 phases
further contributed to its success. A Nuclear
Safety Planning Restrictions and Prerequisites
chart was prepared to succinctly communicate
the particular requirements of a particular outage
phase. Figure 4-2 is an extraction from the
Nuclear Safety Planning Restrictions and
Prerequisites chart for illustrative purposes.
Again, the STOP signs are utilized to ensure that
work does not progress from one phase to the
next without adequate reviews and approvals.
These prerequisites and restrictions were
translated to formal outage plans, operating
instructions, and workplans for field execution.

Many employees were briefed by their peers in
special safety meetings dealing specifically with
outage issues.
During the outage, the thrust was on selfchecking, attention to detail and procedural
adherence in all work undertaken.
Extraordinary Effort By All

During the outage, nuclear safety and work
progress were reviewed daily, at unit-specific
planning meetings, the Station Management
Team meeting, the Nuclear Safety Oversight
meeting and the Station Outage Integration
Meeting (Figure 3-2). The latter was the final
vehicle for communicating nuclear safety issues
to the maintenance coordinators, who in turn
would brief their staff.

A limit was placed on hiring of temporary staff to
ensure that they were adequately supervised in
the field. This forced permanent staff into
working longer hours.
This situation was
maintained throughout the outage without any
detrimental effect on safety and performance, to
the credit of all staff.

Operational Decision Review Panel (ODRP)
meetings were developed during the outage to
aid in the resolution of Nuclear Safety issues and
provided a structured forum for presentation and
review of solutions to significant problems/issues
and for station upper management decision
making.

Noteworthy contributions were also made by:
• Technical support staff, including the
coordination of major projects by the
facilitators.
•
Clerical support, including documentation
updates at phase changes and duplicating of
daily plans.
•
Shift Supervisors
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•
•

January 1997, when the outage was only 4
months away.

The Safety Team.
The Management Team.

For a subsequent station outage, it is
recommended that a full 18 months of
preparations be considered, along with sufficient
priority to mobilize staff to focus on the project.

Excellent Participation of Employee Reps
Employee representatives made important
contributions in all aspects of the outage:
•
Member of the Station Outage Leadership
Team.
•
Resourcing.
• Jurisdictional decisions.
•
The Safety Team.
•
Roll-out of information to staff.

Work Plans Sooner
Work Plans are the basis for good job
assessment. This ensures that the right material
is ordered, the necessary resources are secured
and that the supporting documentation is ready
(eg, TSAs).

Again, an open, positive relationship between
management and the unions proved to be an
important contributing factor to the success of
the Station Outage.

It is clear that in future outages, Work Plans
must be issued to the field much sooner. This
can be achieved through sound outage
management, where clear milestones are
defined, that people are held accountable to
meet.

Other Factors
Other factors worth noting include:
•
Good planning on the units, with improved
control over emergent work.
•
Good integration of the projects into a single
program, with personnel at all levels well
focused.
•
Excellent supervision of the trades in the
field.
•
Defense in depth in all areas, be it technical
support, nuclear safety, employee safety.
•
Excellent operator support, when taking into
consideration the shortage of Operator staff
at Darlington.
•
State-of-the-art communication systems in
the Vacuum Structure, involving the use of
companion telephones.

Also, the Work Plan as it stands at Darlington, is
too inflexible, and for that reason, is likely to
change
dramatically
as
new
outage
management techniques are implemented.
More Resources
Resources were limited for this outage at
Darlington, for a number of reasons:
•
Operators were short in numbers and
qualified assistance was not available from
other stations.
•
Jurisdictional decisions restricted the use
Building Trades Union (BTU) staff.
•
A number of large jobs (eg, turbine outage),
traditionally performed by contractors, were
taken over by Darlington staff.
• Temporary staffing was limited to 100
people to ensure adequate supervision.

5. Conclusion
The outage performance in relation to the
measures, indicates that the 1997 Station
Outage at Darlington was successful. The only
indicators to be challenged, were the duration
and cost of the outage, mostly due to the
Shutdown System Trip Window issue, which
evolved during the outage.

Thus, staff worked extensive overtime, at a
significant cost, and with the increased risk of
errors due to fatigue.
Future resourcing considerations should include
bolstering our Operator numbers (already under
way with Nuclear Recovery), and reviewing
Darlington's position with respect to Union
jurisdictions and the use of contractors for
specialized work.

However, there is room for improvement in all
areas, and some key recommendations are
given below.
Higher Priority Sooner
Good preparation is essential to an outage
program of this complexity. At Darlington, work
began on a small scale some 16 months prior to
the outage. Due to the heavy outage load in
1996, and to other station priorities, very little
attention was paid to the pre-outage phase until
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Figure 1-1
Station Outage Overview
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Table 2-1
Outage Work Program
Project

Expended Person-hours

Scope

VS/Containment

•
•

Common Systems

•
•
•
•
•
•

All Reactor Units

•
•
•
•
•
•

Unit 1
Unit 2
Unit 3

•
•
•
•
•
•
•
•
•

Unit 4
Fuel Handling

15,300

Vacuum Structure(VS) & Containment inspection, repairs & testing.
Vacuum, Dousing Water & Emergency Filtered Air Discharge.
System (EFADS) valve repairs.
Emergency Service Water System (ESWS) valve repairs
ESWS pump well inspections and cleaning.
Emergency Coolant Injection (EClS) valve repairs.
Mandatory callups and repairs.
Shutdown Cooling System (SDCS) motorized valve MOVATS
Low Pressure Service Water (LPSW) pump well inspections,
repairs and cleaning.
Electrical Class III Transfer Scheme tests.
Heat Transport (HT) pump seal replacement.
Generator slip ring grinding.
Major turbine overhaul
Reactor Inlet Header (RIH) EClS non-return valve inspections
Digital Control Computer (DCC) software shipment XY18
installation.
Adjuster rod re-configuration.
Bleed condenser relief valve replacement.
HT pump seal replacement.
Reactor Outlet Header (ROH) EClS non-return valve inspections
HT pump seal replacement.
Bleed condenser top cover modifications and gasket replacement.
Mandatory callups and repairs.
Computer system upgrades.
Power track inspections.

10,800

25,100
50,200
29,400

17,200
5,000

TOTAL

153,000
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Maintenance Organization
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Figure 3-1
Daily Plan Structure
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Figure 3-2
Daily Planning Routine
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1430

Nuclear
Safety
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Ops Mgr
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Table 4-1 DNGD 1997 Station Outage
Nuclear Safety Oversight
Program

Particulars

Governing Documents

•
•
•

Planning

• Scope Meetings
• Planning Meetings
• Overview for Station
• Overview for Units
• Reactor Safety Review Mtgs
• Internal/External Review Mtg
• Workplan Reviews by: Supv, NSO, Outage
SS, Mgr
• Outage Leadership Team
• Planning Integration Team
• Permanent Change Process
• Temporary Change Notice
• Heat Sink Strategy Document
• Maximize availability of SDC
• Heat Sink Coordinators (U1/2, U3/4)
• Operating Memos for major systems
• Operating Memos for OP&Ps
• Operating Memos for AIMs
• Operating Memos for Startup/Shutdown

Reviews

Change Control
Heat Sink Management

Operating Documentation

Training
Outage Execution

Post Outage

•
•
•
•
•
•
•
•
•
•
•

•
•
•

OP&Ps / License
Outage Policy
Outage Procedure

Training Working Party
Authorized Staff Training
Daily Plan
Daily Planning Meetings
Reactor Safety Board
Heat Sink Strategy Board
Change of State Meetings
GSS Removal Meetings
Commitments tracking
Post - Outage Review Mtg
Post - Outage Reports

•
•
•

OHN Nuclear Safety Policy
OHN Risk Mgmt Policy (Draft)
Performance Objective and Criteria
(PO&Cs)
Detailed Outage Plans
Darlington Outage Management System
Work Management System

• Manager Forums
• Nuclear Safety Working Party
• Outage SS / Outage ANOs
• Nuclear Safety Coordinator
• Accident Assessment
• Safety Analysis (SOE)
• Jumpers
• Workplan Reviews
• Heat Sink Operating Memo
• IBIF availability as interim HS
•
•

Heat Sink Operating Memo
Operating Manual revision for some
systems
• Rundown Logic
• Startup Logic
• Other Operator Training
• Outage Director / Mgr reviews
• Outage SS/ANO reviews
• Duty SS/ANO reviews
• Nuclear Safety (NS) reviews
• Vault Coordinator reviews
• NS Coordinator Mgmt updates
• Event Reporting Process
• OPEX - Build into procedures

Figure 4-1 DNGD 1997 Station Outage
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Station Outage

OP1P» for Phasa 3 apply
1. Frewater supplied by temporary dwsel
pumps
CONTROL
All units:
V InGSS
2. SDS1.SDS2&RRS available
COOL
1. EClSavaiabte
2. ESWS recalablewrWn 36 hours
3. ESWS load* supplied by LPSW intef-unit
be
4. IWST temperature 27 - 32 C
5. PAWCS, supplied by LPSW. available
within 2.5 h

Figure 4-2"
Ontario Hydro
Darlington Nuclear Generating Division
1997 STATION OUTAGE

MluniU:
6. Shutdown for at leutS days
7. In GFS - no LLDS/VLLDS (no openiigs n
HTS)
8 SDCSi/s as primary heat sink
9. HT pumps, boilers and 1 ISRVs per Uoler
available as backup heat sink
10. HT pump SLP tip set at 30 s
11. HT temperature maintained < 130 Con
backup heat sink
12. HT D2O Storage Tank 6.5 - 8.0 m
13. Al 4 boilers ft* (12 m - MR)
14. SGECS. ABF «. IUFT avalable to al poilera
within heat sink recal time
15. SGECS. ABF & IUFT avalable for
immeriate manual operation to al boaers if
en backup heat sink
IS. Normal irit outage controls on HTS and
backup heat sink work"*
17. Unit loads suppled by own LPSW
IS. Shield tank temperature < 30 C at shield

NUCLEAR SAFETY
PLANNING RESTRICTIONS
&
PRE-REQUISITES
(abbreviated sample for illustration)

Met
19. Wateriitaketemperature < 1 6 C
20. Moderator temperature < 30 C
21. Upgrader in service
CONTAIN
1. PRVs guaranteed closed by upper piston
vent lumper
2. AIRVACUsavalaolewilhn heat sink
recal tme (fl4 speed, double How)
3. AIRVACUsh operation If on backup heat
sink (ful speed, double flow on affected unit
wfthniSminsotLOCA)
4. EFADS available within 15 mins folowino. a
LOCA. via afcemat* fiowpath
5. RV pressure -3 to -6 kPs (corKrol Q -4 to -5
kPa; alarm Q -3.75 kPa)
6. No FM with IF on board
7. RV temperature < 25 C(< 30 C when on
backup heat sink, affected unit only)
B. Normal air rtfeakage < 100 kgmfoeowing s
LOCA (requrea contaavnent evacuation on
loaaofSOCSand tVAt S/AIsolation
folowing a LOCA)

Phase 2
Operating Restrictions

Hot GSS OP&P OPM

Phase 3 OP&P OPM

HTS. ECIS. NPCS, EFADS. W R S , Vtt Clg. Moderator. ASW. ESWOPMs
LPSW OPM
F/H OPM. AIM Parts A, B. C and E

Phase 1
PREREQUISITES

Phase 3
V S 1 ESWS OUTAGES

Phase2
UNIT SHUTDOWNS

Phase 3 Prerequisites
1. Alternate Firewater Supply Instated
2. Phase 3 OP&P OPM approved by AECB

CONTROL

Phase 2
Prerequisites

1. S0S2 nndown testl completed (Unitt
1.2.3)

Phase 4
Prerequisites

coot,
1. Class 3 transfer SRSTs 9.17 to 120
completed.
2. AISDCS pumps test run with HTS cokfi
depressurized
3. ESW outage coordination process rt place
4. HT pump SLP trip jumper instated
5. (WST temperature < 32 C
6. ASW NV2253 flapper removed to alow
LPSW to supply ESW loads
CONTAIN
1. VS outage coordination process in place
2. EFADS jumper instated
3 RVACU SRSTs 4.1.25 compiled
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1. Checklists
Ij J 2. Change of Phase Meeting
3. Approval to proceed to next phase

FOURTH CNS INTERNATIONAL CONFERENCE ON CANDU MAINTENANCE
NOVEMBER 1997,

TORONTO, CANADA

Ice Plugs at Darlington Nuclear Generating Station:
Team Work In Action
R. Chatterton, Unit 3/4 Operations Coordinator
D.H. Creates, Design Engineer - Specialist
M.T. Flaman, Corporate Business Development

/

Ontario Hydro
Darlington ND
P.O. Box 4000, Bowmanville, Ontario
Abstract
Ice plugs are used in piping for equipment isolation in cases where there are no isolation
valves designed into the process systems. The most obvious need for isolation is in the
feeders but there are other systems also incorporating pipes of various sizes that, from time
to time, require ice plugs to provide isolation during equipment maintenance activities.
Operators at Darlington Nuclear Generating Station have worked with Ontario Hydro's
Corporate Business Development unit (CBD -formerly Ontario Hydro Research), the site
Engineering Services Department (ESD), and Darlington Mechanical Maintenance to perfect
the Operator use of Ice plugs on pipe sizes up to NPS36.
Normally the Operators at a nuclear power generating station are trained to operate
designed plant equipment in accordance with approved operating procedures, and all Unit
Operators are trained to operate all equipment. Perfection in Ice Plug application is
necessary, but there is no benefit in training all operators in the use of Ice Plug equipment.
As a result, training has evolved into specialized, "as required training", depending on the
scope of each ice plug job and the interaction required from the rotating shift crews.
This paper will discuss both the previous operating experiences and problems with ice plugs
at Darlington as well as the present team interaction approach involving the Operator, ESD,
CBD, and Maintenance personnel. This has lead to the successful development and
application of Ice Plug equipment, procedures, training and task execution at Darlington
Nuclear Generating Station. This will be of benefit for Operating and Engineering and
Maintenance groups that currently have such a program or are considering developing an
ice plug program.
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INTEGRATED SOFTWARE FOR CORROSION CONTROL*
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Current plans for CHECWORKS™ include various
aspects of corrosion control management as
follows:

Abstract
CHECWORKS™,
a
comprehensive
software
package for managing Flow-Accelerated Corrosion
(FAC, also called erosion-corrosion and flowassisted corrosion) concerns, is expanding to
include other systems and other aspects of
corrosion control in CANDU reactors. This paper
will outline CHECWORKS™ applications at various
CANDU
stations
and
further
plans
for
CHECWORKS™
to
become
a
code
for
comprehensive corrosion control management.

1) Proposed work in Ontario Hydro stations to
model major secondary side systems for
predicting FAC.
2) Integration of CHECWORKS™ and new
inspection technology developed by NTS.
3) CHECWORKS™
incorporation
into
the
automated chemistry control system planned
for CANDU stations.

AECL is currently introducing all facets of
CHECWORKS™ into the CANDU stations. Point
Lepreau, Pickering, and Darlington
have all
benefited from CHECWORKS™ predictive analysis
of FAC on the primary and secondary sides.
Darlington and Bruce A have both incorporated
CHECWORKS™ into their ongoing
UT data
management and analysis on the secondary side.

4) New modules presently being introduced into
CHECWORKS™ with co-operation from EPRI
(Electric Power Research Institute). These
modules will manage corrosion concerns in
Service Water systems, iron transport in the
secondary side, and cavitation.
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5) A CHECWORKS™ application to predict FAC
rate and rank components in the primary side.
The application will be based on extensive
R&D undertaken recently.
Feedback from station staff on the current plans
for integration of Ontario Hydro equipment and
systems into CHECWORKS™ is both timely and
invaluable.
Current Work In CANDU Stations
CHECWORKS™ uses an empirical model to predict
the rate of FAC on a component-by -component
basis. The model is based on alloy composition,
fluid pH level and control amine, dissolved
oxygen, fluid bulk velocity, component geometry
and upstream influences, fluid temperature, and
steam quality. It is not possible to periodically
inspect all susceptible locations. Therefore, a
predictive analysis is required to assess piping
networks and determine susceptible locations. In
addition,
the
cost
is
approximately
$4,000/inspection/
inspection
location.
Additional cost savings will result from a
reduction in forced outages or unit derating.

Power generation

model

Water Chemistry Analysis
Dissolved oxygen level and operating pH of
typical nuclear plants around the steam cycle can
be determined using the power generation model.
It takes into account line and equipment
operating conditions and the effects of pH control
amines. The volatility of the amines as they
partition in wet steam lines is also modeled.
CHECWORKS™
models virtually all configurations of power
plants
provides built-in properties of all common
amines
specifies amine concentrations in several
different ways

Currently, the primary and secondary sides of
Pickering Nuclear Generating Station are being
modeled by CHECWORKS™.
This predictive
modeling consists of analyzing the outlet feeders
on the primary side and the major systems in the
secondary side systems. This predictive analysis
will provide assurance that the current inspection
program has included all the locations that should
be inspected for FAC wall thinning. Darlington
ND is continuing to use CHECWORKS™ for the
analysis of their UT data as the UT data is
generated from their inspection program. The
station
has
incorporated
CHECWORKS™
predictive capabilities into its FAC program for
both the primary and secondary sides. Bruce is in
the process of putting all their UT data into
CHECWORKS™
for
analysis
and
for
documentation purposes. Using CHECWORKS™,
the stations can choose from a number of its
capabilities, some of which are described below.
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Results of Water Chemistry Analysis
Plant Modeling
To use the FAC Application, it is convenient to
make a graphical representation of the plant's
power generation loop.

Network Flow Analysis
An analysis of network flow will determine any
unknown local operating conditions (flow rate,
temperature, pressure or steam quality) that are
needed for FAC predictions. It accounts for
source and sink conditions, pipe routing,
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elevation changes, pipe insulation, in-line
equipment, and valve type and position.
Capabilities include
• modelling of all types of header and tee
configurations
• checks for single and multiple flashing and
choking
• including surface roughness effects using user
specified or default values

the ultrasonic inspection of piping components.
The program is capable of
•
importing data from popular makes of
dataloggers
•
displaying inspected components using colors
to represent local thickness or wear since a
previous inspection
•
viewing a cross-sectional and longitudinal
image of the component
•
editing and displaying thickness readings
using a color-coded spreadsheet
•
evaluating thickness readings using user
selected methods to determine the amount of
measured wear over time
• evaluating thickness data using statistical
methods
•
making separate wear evaluations of all parts
of components
•
tracking wall thickness data
•
scanning photographs to store in the
database.

KlIATurt a T« AH 96.00* P

„«:._)

1 [_4_4-_

Component Num.

FACTRAK
FACTRAK is a spreadsheet that may be used to
help plan and manage outage
activities
associated with FAC inspections.
FACTRACK
can
• create views to help manage outage activities
such as scaffolding, insulation removal,
marking of grids, and the taking of inspection
data
•
summarize data such as temperature and
pressure, initial thickness, material, past
inspection results, and acceptable thickness
•
sort views by, for example, components
previously
inspected
or
components
scheduled for inspection
• determine the structural acceptance of
thinned piping components using user
specified criteria.

Results of Network Flow Analyses
Wear Rate Analysis
A wear rate analysis determines the total amount
of wall thinning, the rate of thinning, and
remaining lifetime of piping components degraded
by FAC. Capabilities include
•
predictions for both single-phase (water) and
two-phase (wet steam) lines.
•
built-in geometry factors representing 64 of
the most common piping configurations
•
various ways of reporting results to aid in
outage planning
•
using results of past piping inspections to
refine predictions
• factoring
component
replacements
into
• remaining life predictions
•
component specific trace alloy measurements
•
predictions at multiple power levels and for
part-time line operation
•
historical and planned changes to water
chemistry and operation

•

access to component database
generated or scanned isometrics

Integration of CHECWORKS™ and Tomoscan
Tomoscan is an automated ultrasonic instrument
that the SIM Department is using for Periodic and
In-Service Inspections of station components. A
pair of these systems were purchased in February
as a replacement for the much older Sonomatic
'ZIPSCAN' unit.
These systems are faster,
smaller, lighter, easier to use, and more powerful
and flexible than the system they replace.

with

UT Data Analysis
The UT data analysis allows users to import,
manage, display, store, and evaluate data from

Tomoscan is produced in Quebec City by RD
Tech.
The
system
is
widely
accepted
internationally and may be considered as an
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efficient operation of steam generators while
minimizing corrosion in the balance of plant, crud
transport into the steam generators, and
corrosion inside the steam generators. The goals
are to prevent performance degradation, and
reduce the cost associated with unplanned
outages or extended plant outages due to repairs
or maintenance of the steam generators.
COMPAS will provide plant chemists with
information such as
•
on-line chemistry and process monitoring
information to assess compliance with the
station chemistry guidelines,
•
early detection and diagnostic capabilities to
allow for quick response to chemistry
excursions, and
•
corrosion and fouling predictive capabilities to
optimize secondary chemistry conditions.[2]

advanced ultrasonic data acquisition, processing
and display system.
The Tomoscan unit is a multichannel unit, i.e., it
has several pulser and receiver channels that can
be configured in a number of ways via software.
The instrument is capable of being configured to
operate in several ultrasonic modes such as
conventional pulse echo (angled beam shear and
zero degree which are used by Periodic
Inspection), tip diffraction techniques, tandem
techniques, through transmission and the TOFD
technique.
The Tomoscan can record all
information on a number of channels during the
inspection for later playback and analysis. Data
may be recorded in free running mode or with
encoded position information or with robotic
probe manipulators.
Each of these recording
modes increases the level of sophistication in the
set up, but also yields more information upon
subsequent processing.

By incorporating this on-line chemistry capability
into the CHECWORKS™ platform, instant analysis
of wear rates due to FAC are possible. This
technology
will
also
allow
accurate
documentation of past water chemistry and its
effect on wear on the secondary side.

There are a greater number of variables that must
be controlled with automated systems over
conventional manual pulse echo techniques;
however, Tomoscan records all variables and
once these variables are set they can be recalled
and analyzed.

New Modules in CHECWORKS™
The service water (SW) systems of operating
nuclear and fossil plants are being degraded by a
variety
of
mechanisms.
These
include
microbiologically induced corrosion (MIC), pitting,
underdeposit
corrosion,
galvanic
corrosion,
crevice corrosion, cavitation, solid particle
erosion, erosion-corrosion, and general corrosion.
In addition, piping and heat exchangers are
subject to sedimentation and fouling from several
sources.

There are a number of reasons that justify the
application of automated UT over manual UT.
They may be summarized as substantial reduction
in dose exposure to the inspectors, increased
repeatability of the inspection results, a hardcopy
output
of
the
inspection
data,
quicker
inspections, and most significantly, increase in
inspection accuracy by an order of magnitude.
Properly set up, the techniques are capable of
repeatable sizing indications down to a fraction of
a millimetre.[1]

Work necessary to keep the system operable include
inspections, cleaning, repairs and replacements of
piping and equipment, coating application and
maintenance, performance trending, selection and
application of water treatment, and associated
engineering support. Related O&M costs can be quite
high-several million dollars per fuel cycle in many
cases.

Ideas are being discussed to use CHECWORKS™
for analyzing the data from the new Tomoscan
technology.
This will allow the data from
Tomoscan units to be imported directly into the
CHECWORKS™ code for analysis and data
management.

The objective of the CHECWORKS™ SW Application
is to transfer technology for controlling the various
forms of degradation that are affecting the service
water system.
This has been achieved by
developing predictive models for the most common
forms of degradation and installing the models on
CHECWORKS™ in a way that the SW systems can

Integration of CHECWORKS™ and COMPAS
There are future plans that CHECWORKS™ will be
integrated with online chemistry input of the
CANDU reactor with the use of the COMPAS
(Corrosion Monitor and Prediction Analysis
Systems).
COMPAS will provide reliable and
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be easily evaluated. The output of the calculations is
component-by-component predictions for each form
of degradation as a function of system line-up and
season.

strategy during outages, design, and materials
and time when measured, final feedwater iron
levels are typically in the range of 0.5 to 20 ppb.
It is generally agreed that the ideal level of iron is
essentially zero.

Models have been developed to predict the most
common forms of degradation as a function of
local conditions.
These models
include
microbiologically-induced
corrosion,
sedimentation,
pitting,
galvanic
corrosion,
underdeposit
corrosion,
crevice
corrosion,
cavitation, erosion-corrosion, and solid particle
erosion.

The objective of the Iron Transport Application is
to deliver technology to the operating plants to
help reduce the levels of iron oxides in the power
generation loop.
This is being achieved by
developing predictive models for the generation
of iron oxides resulting from FAC during power
generation and general corrosion during outages.
The models are being installed on CHECWORKS™
in a way that the sources of the iron can be
easily identified.
The source predictions are
quantitative on a component-by-component and
line-by-line basis. The first release of the Iron
Transport Application assumes steady state
conditions.
A later release will predict the
transient effects of iron transport around the loop
(e. g., include crud bursts, deposition, and reentrainment), and include an interface with
THIRST and SLUDGE programs for steam
generator sludge prediction.

Iron Transport
Significant amounts of corrosion products are
being formed in the power generation loop of
operating nuclear and fossil power plants. Most
of the corrosion products result from FAC during
power generation and during shut down and
startup periods.
The corrosion products are
mostly iron oxides and hydroxides-primarily
magnetite and hematite. When released from the
parent metal, the products are transported around
the steam loop and tend to deposit in the steam
generators, condensate polishers, feedwater
heaters, and the condenser. Products deposited
in the steam generators act to accelerate
corrosion of the tubes, tube support plates, and
tube sheet; degrade its heat transfer capability;
and increase the pressure drop across the
generator. Products deposited in the condensate
polishers require them to be
more frequent
regenerated.

Cavitation
This module will predict the location and intensity
of any cavitation that may occur in the power
generation loop. The predictions are based on an
empirical model, developed from an extensive set
of laboratory and plant data. The empirical
formulae take into account geometry, flow
conditions, upstream pressure, downstream
pressure, and component size. The code has four
levels of cavitation: incipient cavitation, critical
cavitation, incipient damage cavitation, and
choking cavitation. Sufficient information exists
to analyze orifices, bends, and valves: butterfly,
globe, cone, ball, and gate.
Release of
CHECWORKS™ with this module is planned for
1998.

FAC tends to produce and release iron oxides
during power generation at a constant rate with
time. General corrosion tends to produce iron
oxides as a function of time and conditions during
plant shut-downs, but release them in a highly
transient manner after plant restart (a crud burst).
The condensate polishers remove some of the
oxides during regeneration of the resins, but can
also act as a capacitor-sometimes storing and
sometimes
releasing
the
oxides
into
the condensate.

Primary Side Application
The current version of CHECWORKS1" does not
cover ranges of some parameters that exist in the
primary side of CANDU reactors. To extend the
range of applicability of the code to cover the
CANDU primary side, a lot of R&D projects have
been undertaken. The results will be included
into CHECWORKS™, which will be the tool for
dealing with primary side FAC concerns for the
stations and designers. To achieve that, a model
predicting FAC rate for the components in the

Most power plants are now monitoring the levels
of iron found in the final feedwater (the
concentration just prior to entering the steam
generator). Some plants also monitor iron levels
in other locations such as condensate and heater
drains. Depending on water chemistry, lay-up

* Submitted for presentation at 4 th International Conference on CANDU Maintenance,
November 16-18, 1997, Toronto

86

4

International Conference on CANDU Maintenance

primary side is needed. The model can be based
on experimental evidence, mechanistic approach,
or both. It can also use elements of the current
formula in CHECWORKS1".

chemistry, corrosion, nondestructive evaluation,
plant operations, stress analysis, and computer
science. The CHECWORKS™ User Group (CHUG)
includes 54 members worldwide.

A model for primary side FAC will include the
following correlations and effects:
•
pH. The CHECWORKS current range does
not cover pH > 10.0. A relationship for pH
> 10.0 will be based on published data in the
literature and a mechanistic approach, and
will be validated by experiments.
•
geometry. Experiments at room temperature
will be done to find CANDU-specific geometry
factors, for example for non-standard elbows
and reducers attached to end fittings. Other
geometries will use factors that are now in
CHECWORKS™.
•
pH-controlling agent (lithium hydroxide)
•
Cr effect.
Experiments are under way to
validate the current knowledge.
•
void fraction.
• temperature affecting material properties and
reaction kinetics.
•
hydrogen concentration.
•
oxygen concentration.
The CHECWORKS
correlation will probably be used.
•
velocity. The CHECWORKS™ correlation will
probably
be used with
heavy
water
properties.
•
iron concentration. It can be calculated from
solubility curves and simple balance equations
within the circuit and does not need to be
input.

Summary
The benefits of using CHECWORKS™ to predict
FAC in nuclear and fossil plants include:
• Capability to identify problem areas long before
a leak or rupture might occur.
• Need to inspect far fewer locations than is
required using a less accurate methodology.
• Ability to establish a remaining service life for
inspected and non-inspected components.
• Allow the plant to optimize water chemistry
and evaluate other options to select the most
cost effective way of controlling FAC on a lineby-line basis.
• Reduce the number of personhours needed to
manage, evaluate, and store piping inspection
data.
• Provide a useful tool to help manage FAC
inspection activities.

The code will model both the
feeders to have a capability
analysis of the circuit. Steam
can be treated as a black box, or
be assumed.
The application
water properties.
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Industry Acceptance
CHECWORKS™
{and
its
predecessor
CHECMATE™) is being used by all US nuclear
utilities, many US fossil plants, and utilities in
Canada, the Czech Republic, Japan, Korea,
Slovenia, and Taiwan to help predict FAC in their
piping systems, and assist in managing their
overall program to control it.
User Support
CHECWORKS™ is supported by a full-time
technical team with specialties in materials.
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Service Water Systems Management using CHECWORKS™
Tracy Gendron and Peter Angell,
Atomic Energy of Canada Ltd., Chalk River Laboratories, Chalk River, Ontario, KOJ 1JO, Canada.
Abstract
The service water system is Commonly considered to be of lesser importance than other systems in
nuclear power plants. However, degradation of service water systems components has often
resulted in forced outages, extended outages, and unit de-ratings with significant economic penalty
to the plants. To avoid these problems, the service water systems engineer must be aware of a
large variety of degradation mechanisms for an equally wide variety of materials under a broad
range of operating conditions and system designs. The variety of degradation mechanisms as well
as remedial treatments requires the service water engineer to be knowledgeable of subjects not
relevant to other systems, for example, organic coatings and corrosion by living organisms.
The CHECWORKS™ Service Water Module is a tool being developed to assist the service water
system engineer in the following ways.
•
•
•
•

focus inspection and maintenance activities
evaluate remedial mitigation options
organize system data
demonstrate compliance to regulators

The Service Water Module contains a set of models installed on the CHECWORKS™ platform that
predict the susceptibility or rate of corrosion and fouling on a component-by component basis.
Predictive models include, microbiologically influenced corrosion, cavitation, erosion-corrosion,
galvanic corrosion, general corrosion, pitting, sedimentation, fouling (scaling, biofouling, silting),
etc.. As a result of AECL's participation in the development of this module, all COG-member
utilities may obtain versions of the executable software free of charge.

88

Fourth CNS International Conference on CANDU Maintenance
November 1997, Toronto, Canada

THERMAL EFFICIENCY IMPROVEMENTS AN IMPERATIVE FOR NUCLEAR GENERATING STATIONS
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Abstract
A one and a half percent thermal performance
improvement of Ontario Hydro's operating
nuclear units (Bruce B, Pickering B, and
Darlington) means almost 980 GWh are
available to the transmission system (assuming
an 80% capacity factor). This is equivalent to
the energy consumption of 34,000 electricallyheated homes in Ontario, and worth more than
$39 million in revenue to Ontario Hydro
Nuclear Generation.

• fouling and tube plugging of steam
generators, condensers, and heat exchangers.
• Steam leaks in the condenser due to valve
wear, steam trap and drain leaks.
• Deposition, pitting, cracking, corrosion, etc.,
of turbine blades.
• Inadequate feedwater metering resulting
from corrosion and deposition.
This paper stresses the importance of improving
the nuclear units' thermal efficiency. Ontario
Hydro Nuclear has demonstrated energy savings
results are achievable and affordable. Between
1994 and 1996, Nuclear reduced its energy use
and improved thermal efficiency by over
430,000 MWh.

Improving nuclear plant thermal efficiency
improves profitability (more GWh per unit of
fuel) and competitiveness (cost of unit energy),
and reduces environmental impact (less spent
fuel and nuclear waste).
Thermal performance will naturally decrease
due to the age of the units unless corrective
action is taken. Most Ontario Hydro nuclear
units are ten to twenty years old. Some common
causes for loss of thermal efficiency are:

Efficiency improvement is not automatic —
strategies are needed to be effective. This paper
suggests practical strategies to systematically
improve thermal efficiency.
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Introduction

In September 1996, at the EPRI Workshop on
Plant Performance Improvement, it was
reported that many U.S. nuclear plants had
achieved a two to three percent improvement by
implementing a specific program. In support of
EPRI, the American Council for Energy
Efficiency (ACEE) estimates that the heat rate
of all fossil and nuclear plants can be improved
by three percent [Ref. 2].

Business today is expected to achieve more with
less. Better performance and reduced
environmental impact with decreasing resources
are now the norm in North America's
competitive electricity industry. Ontario Hydro
Nuclear is no exception. In the foreseeable
future, competition will be based on the cost per
kWh to the customer. The lower the price - the
better the profit.

In 1994, Ontario Hydro's In-House Energy
Efficiency Group spearheaded a corporate-wide
program to improve thermal efficiency and
reduce electrical consumption. The program
achieved over a billion kWh annual savings in
three years, worth more than $50 million per
year [Ref. 3]. Nuclear contributed one third of
the results - 431 GWh. Thermal performance
improvements accounted for 59% of the energy
savings achieved. The success of the In-House
initiative demonstrates that a one and a half
percent improvement is not only feasible, but
affordable.

Improving nuclear plant thermal efficiency is
the fastest means to improve profitability (more
GWh per unit of fuel) as well as
competitiveness (cost of unit energy). Looking
at it another way, the same output can be
achieved with less reactor power. This translates
into an increased life span of the major
generating equipment, for example, pressure
tubes, steam generators, and condensers.
Thermal efficiency is also a good indicator for
measuring operation and maintenance quality.
The average thermal performance for an Ontario
Hydro nuclear unit is 29-31% [Ref. 1]. This
means that the reactor has to produce
approximately 3 MW in order to deliver 1 MW
to the transmission system. Comparing this
situation with the automotive industry', it would
mean that two out of every three cars produced
would be left to rust at the back of the plant.

The contribution from Nuclear and from the
Fossil generating units suggests the
opportunities are too large to overlook. The
opportunities are, in many cases, common
between businesses, for example, improved
monitoring technologies, maintenance practices,
employee awareness, and adopting progressive
business drivers that recognize and support
energy efficiency improvement.

A one and a half percent increase in thermal
performance for Ontario Hydro Nuclear's
operating units (Bruce B, Pickering B and
Darlington) is equivalent to 980,000 MWh or
over $39 million. The average "all-electric"
home in Ontario consumes 28,600 kWh
annually. (Energy is assumed to be worth four
cents per kWh, the average selling price to the
transmission company. See attached table). A
one and a half percent thermal efficiency
improvement is feasible. The Electric Power
Research Institute (EPRI) estimates that
improvements of two to four percent are
possible at most fossil and nuclear power plants.

Most of Ontario Hydro's nuclear generating
units are ten to twenty years old with fifteen to
twenty-five year old designs. Due to age, these
units will suffer varying degrees of loss of
thermal performance. Most of the heat losses
that reduce the thermal efficiencies occur in the
secondary side (steam generators, turbine and
condenser, and associated equipment). The
reduction of heat transfer rates and the steam
generation are caused by several mechanisms,
e.g., plugging of leaking tubes, fouling and scale
building in boilers and heat exchange tubes, etc.
Thermal performance loss is gradual and can
not be adequately monitored by the existing
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measured feedwater flow that is higher than the
actual flows [Ref. 7,8,9,10]. Even at what
appears to be steady-state condition, there are
small transients. After the transient, the system
may not go back to exactly its original condition
for a period of time. This was evident at Bruce
B when the power was measured with higher
accuracy by means of real-time energy
monitored at a two-minute frequency. In most
existing units, the current installed flow,
temperature and pressure measurements suffer
from similar inaccuracies.

plant instrumentation, which is of the same
vintage and not accurate. Typically, the thermal
performance of the units is reduced by two to
five percent after ten to fifteen years of
operation unless a program is established to
optimize operation and improve maintenance of
the secondary side.
Although there have been several initiatives in
Ontario Hydro nuclear units to reduce heat loss
or improve equipment on the secondary side,
these efforts have been fragmented. The
initiatives suffered as they competed for
resources and priorities due to a short-term
focus on maintaining the unit's operation. In
some cases, the decisions for implementing
some of the programs to improve thermal
efficiency were accepted based on the shortterm impact on OM&A (as a cost) rather than as
an investment. These decisions were made in
spite of the fact that the typical return on
investment for thermal improvement projects is
300% to 500% with short payback periods.

EPRI data supports the typical average
performance loss of three to five percent for ten
to twenty year old plants [Ref. 8, 10]. To
illustrate, for a 1,000 MW pressurized water
reactor (PWR) nuclear unit,
* 1 kg/s error in feedwater flow results in
1.85 MW error
* 1 deg C error in feedwater flow results in
7.7 MW error
* 1 PSI error in steam pressure results in
0.15 MW error.

The Main Causes for Thermal Losses
Strategies To Improve Thermal
Performance

All heat transfer equipment such as steam generators, condensers and heat exchangers suffer
from reduction in heat transfer, steam
generation, or energy extraction rates as the
equipment ages. This loss is normally due to
fouling, or loss of heat transfer area due to tube
plugging, or flow rate reduction due to sleeving
[Ref. 4,5,6]. Also, steam leaks develop, for
example, to condenser, atmosphere, or lake due
to valve wear, steam traps and drains leaks. All
steam and hot water leaks contribute to thermal
losses.

As the existing stations age, the thermal
performance will continue to decline. Hence, it
is imperative to develop strategies and to
implement systematic, long-term, continual
improvement thermal performance programs.
Strategies were developed based on work at
Bruce B, communication with several U.S.
nuclear plants that have established programs to
improve thermal performance, and EPRI
research {Thermal Performance Engineer
Handbook (under preparation) [Ref. 12]).
Implementing the following seven strategies
will ensure improvement to thermal efficiency.

Another cause for loss of performance is
deposition of corrosion material and impurities.
For example, turbines experience loss in
performance due to pitting, cracking, corrosion
and erosion of the turbine blades. Also,
inadequate metering contributes to reduced
performance. Feedwater rates are typically
measured by an orifice plate or a venturi.
Deposition of corrosion products results in

1. Establish Continual Improvement Program
A program with specific goals, objectives,
targets and plans needs to be developed. The
critical success factors are:
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Visible commitment and support from
the station senior management.
Develop the thermal improvement
program as a profit generator rather than
as a short-term OM&A cost burden.
Set clear and specific goals with
measurable targets.
Commit adequate resources.
Raise energy efficiency awareness in
the plant through orientation and
training.
Integrate the program into normal
operation, maintenance, and
procurement activities.

Rely more on ultrasonic flow
measurement for feedwater flows.
Replace present RTDs with advanced
temporary measurements (selfcalibrating RTDs).
Increase instrument's redundancy and
calibration frequency and precision.
4. Improve Control of the Secondary Side
Improve flow, pressure and temperature
control through the use of distributed
digital control systems and diligent
operator monitoring and actions
[Ref. 8,10].

2. Monitor Improvement and Optimization of
the Operation

5. Improve Maintenance

Develop an on-line, real-time heat and
mass balance program (heat balance
frequency of 10 minutes) to
immediately tell the operators there are
some missing MW's so that they can
take corrective action. Many U.S.
nuclear units have on-line mass and
energy balances [Ref. 11].
Improve the secondary system
equipment surveillance to establish
trends and detect loss of performance or
equipment degradation early. For
example, valve leak detection program,
steam trap, heat exchangers, steam
generators monitoring and inspection
programs.
Thermography program for insulation
and heat loss reduction [Ref. 4,6].
Optimize boiler blow down flows to
reduce unnecessary heat losses while
maintaining the impurities
concentration below the allowable
limits [Ref. 1].

Improve surveillance and monitor the
equipment condition.
Improve leak detection and time to
repair leaking valves and steam traps
expeditiously.
Perform on-line condenser tube
cleaning.
Periodic turbine performance testing,
steam trap leak and valve eradication.
Use thermography to determine heat
escape.
Improve insulation.
Frequently calibrate feedwater flow.
6. Dedicate a Thermal Performance Group
Implement a dedicated "Performance
Group" that looks after day-to-day
monitoring, optimizing operations and
looking for any "missing MW's". This
follows the example of most of the
excellent U.S. nuclear utilities.
Also, this group would be responsible
for long-term enhancements of
instrumentation and maintenance and
design modifications specific to
increasing output. Typically, the size of
the group is from four to twelve
persons. All the modifications are
normally capitalized. The group is

3. Improve Instrumentation (Advanced
Measurements)
Replace existing critical flow temperature and pressure instrumentation with
accurate, modern, digital
instrumentation.

92

considered a profit centre not a cost
centre [Ref. 2].

is possible. Ontario Hydro Nuclear can
realistically save at least 1.8%.
Benefits of thermal performance improvements
to the existing nuclear stations are:

7. Cost-effective Design Modifications
Replace inefficient equipment, or
equipment that has reached the end of
its useful life, with more efficient
designs.
Carry out some design modifications to
the existing equipment to improve
monitoring or its operation or control.
Examine each design modification on
its cost effectiveness, sustained savings
and payback period [Ref. 1,2].

Improved competitiveness (lower cost of
unit energy).
Increased profitability (more GWh to the
grid).
Reduced environmental impact (less spent
nuclear fuel waste to store).
Increased life span of key components
(pressure tubes, steam generators).
Earned emission credits as energy saved is
converted to CO2, NOx, and SOx credits.

Conclusions
We believe the seven-element thermal
efficiency program can achieve at least a one
and a half percent improvement to Ontario
Hydro's nuclear units. The question is not
whether we can afford to improve - but can we
afford not to?

The thermal performance of the existing stations
will continue to decline because of aging.
Hence, it is imperative to develop strategies and
to implement systematic, long-term, continual
improvement of thermal performance programs
to regain and reduce degradation in thermal
performance of the nuclear units.
Ontario Hydro's In-House initiative
demonstrates the benefits of the program by
saving over 1.2 billion kWh annually, with
703 GWh directly from thermal and conversion
efficiency. Industry experts, including EPRI,
believe a 2-3% savings
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Nuclear97 GWh.xls

Nuclear Business Unit Internal Energy Saving Program
1994 to 1996 Executive Summary
OH Saved Nuclear Saved -

1,270,000 MWh
34% of OH total,
431,230
144,919
286,311

or:
MWh
MWh
MWh

Facility Information
Facility
Oper. Generator
Station
Comments:
& number Units Output
Service'1'
of units
MW
MWh
Pickering
4
2160 1,210,982
8
Darlington
4
3740 2,096,794
4
Bruce A
0
0
0
4
Bruce B
4
3400 1,906,176
4
HWP
Other
Sub-totals
5,213,952
Value of energy saved - at 4c/kWh
Benefits of Nuclear's Internal Energy Saving Program:
Financial; Long Term Marginal Cost is $.04/kWh, e.g;

(SS) Station Service Saved
(TE) Thermal Efficiency
Station Service
Station Service
Reported Energy
Economic Potential(2) Saved: 1994-96
MWhA
MWh
%
121,098
9,792
8%
209,679

0

0

33,666

190,618

34,356

0%

18%

Thermal Efficiency'3'
1.5% Assumed TE Saved 1994-96
Improvement
MWh
MWh
%
227,059
185,872
82%
393,149

78,791

0

11,959

357,408

9,689

977,616
$39,104,640

286,311
$11,452,440

20%

3%

65,226

521,395
$20,855,808

1,880
144,920
$5,796,800

$17,249,240 per year, As a result of energy saved between 1994-96!
$59,960,448 per year, may be economically achievable

Nuclear Recovery Plan: Demonstrated Success;
Increase Productivity
$11,452,440 per year
Thermal Efficiency of 286,311 MWh
Decrease Cost
$5,796,800 per year
Station Service reduced by 144,920 MWh
Employee Involvement
Empower staff: 'Nuclear Excellence' Objectives! e.g. Supported by both Society & PWU
Notes:
1 Station Service is estimated at 8% of output.
2 Economic potential is based on industrial experience, 10% (Scott Rouse 592-8044). Energy is MW*8,760 hrs\8 (80% Capacity Factor)
3 Thermal Efficiency: (Peter Stern, x- 6668) economic potential assumed at 1.5%; (EPRI reports potential 2-3% savings).

Scott Rouse, 592-8044
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CA0000017
Fourth CNS International Conference on CANDU Maintenance
November 16-18. 1997
Toronto, Canada
The Application of Operating Deflection Shape Analysis to Resolve Structural
Vibration Problems
B. Alavi, E.P. Horton, and R.T. Zemdegs
Ontario Hydro
Pickering ND

Abstract
This paper describes the application of Operating Deflection Shape (ODS) analysis for the
resolution of structural vibration problems. ODS analysis is explained, and two case studies
are presented. Data collection and interpretation are described for these cases. The
effectiveness of this analysis technique is demonstrated for pinpointing the root cause of
complex structural vibration problems. An evaluation of maintenance history illustrates the
benefit of applying ODS to avoid unnecessary maintenance costs.
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CANDU MAINTENANCE CONFERENCE
S08: INVESTIGATION AND REPAIR OF A
CRACKED FEEDER AT POINT LEPREAU GS

CA0000018

by
A. Celovsky', M.D. Wright2, T.S. Gendron2, S.A. Usmani3, J. Slade4

ABSTRACT
Early in 1997 investigation of a low level leak in the Point Lepreau GS (PLGS) PHTS revealed that an outlet feeder,
S08, was leaking. Ultrasonic inspection, and subsequent failure analysis, revealed that the leak was a consequence of
a crack. Given the unusual nature of this event, and current concerns over feeder thinning, a detailed and careful
removal and examination procedure was developed. The S08 outlet feeder was removed and shipped to Chalk River
Laboratories for examination. The examination confirmed that the failure was a through-wall crack, most likely the
consequence of stress corrosion cracking. A critical point of the analysis was to determine how the crack initiated,
and subsequently propagated. High residual stresses and possibly abnormal loading in conjunction with chemistry
environments resulted in the Stress Corrosion Cracking (SCC) of the S08 outlet feeder bend. It is recognized that
some of the causative factors implicated in the S08 failure apply to other outlet feeders. In particular, residual
stresses in the non-stress-relieved, short-radius cold bent pipes will remain relatively high over the future life of the
feeders. However, the risk of CANDU feeder failure by SCC is judged to be extremely low based on the evidence of
the inspections carried out to date and the good performance record of feeder pipe in the CANDU industry.
The channel was restored to its locked configuration, and the failed section of feeder replaced.

'Reactor Materials Division
Heat Exchanger Technology Branch
Chalk River Laboratories
Chalk River, Ontario KOJ 1J0

2

3

Process Engineering Branch,
AECL , 2251 Spekman Drive,
Mississauga, Ontario L5K 1B2
4

Point Lepreau Generating Station
P.O. Box 10
Point Lepreau, New Brunswick EOG 2H0
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•
1.

INTRODUCTION

The Point Lepreau Generating Station was
shutdown on 17 January 1997, to investigate a
low level primary heat transport heavy water
leak. The leak was first detected on 1996
December 19 at a rate of approximately
1 kg/hour, and had increased to a rate of
approximately 25 kg/hour by 1997 January 16.

•

Channels S06, S07, and S08 were all de-fueled
and S08 was isolated from the heat transport
circuit using ice plugs. S07 and S08 were defueled in the event additional clearance
requirements necessitated their removal. Even
without removal of the S06 & S07 feeders,
hydraulic jacking was required to spread the R08
and S08 endfittings. Prior to such a jacking
operation, the maximum allowable jacking force
was calculated to be 8 000 lbs. A jacking force of
5 000 lbs: was used and this spread the endfitting
by VA of an inch.

A detailed search located the leak in the first
bend of the outlet feeder pipe of fuel channel
S08. In-situ radiography and ultrasonic
inspections confirmed the leak was the result of a
through-wall crack. The operating condition of
the feeder pipe is summarized in Table 1.
To allow the reactor to be returned to service a
program of repair and evaluation was initiated.
This program included the following three major
items:
i) Removal, replacement of the cracked feeder
pipe section and other feeder inspections,
ii) Investigation of the cause of the crack,
iii) Stress evaluation.

2.

2.1

Development of a low clearance automatic
welding machine, to allow welding just
downstream of the crack.
Removal of a longer section of feeder pipe,
thereby allowing welding to take place
further downstream at a less restricted area.

The low clearance automatic welding machine
option resulted in some initial weld porosity.
While the applicability of the first option was
proven, available time in outage schedule made it
possible to select the second option. The second
option, which had the additional benefit of
providing extra feeder pipe for detailed
examination, was successfully used to install a
replacement feeder section.

REMOVAL & REPLACEMENT; AND
INSPECTION OF OTHER FEEDERS

Welding was carried out in accordance with
ASME Sec III class NB(1974) and AECL
Technical Specifications. The resultant welds
were inspected visually, radiographically, and
using dye penetrant. Two sample welds were
made and radiographically examined. A sample
root pass weld was also made, immediately after
the field welds, and visually examined.

Removal & Replacement

CANDU feeder pipes form a nested series of
small diameter pipes either supplying or
returning coolant to a fuel channel. Point
Lepreau has 380 inlet and 380 outlet feeder
pipes, arranged in an alternating supply and
return configuration. Access of the fueling
machine to the end of each fuel channel requires
the feeder pipes to be connected at right angles to
the fuel channel (see Figure 1). This compact
core design, restricts access around the feeder
pipes.

2.2

Inspection of Other Feeders

To verify other feeders did not contain similar
cracks, a UT inspection program on other feeders
was conducted. Feeders similar to S08 were
identified and then inspected. Similarities
considered included, pipe diameter, bend radius,
unlocked channel, and feeder spacer supports
(see Section 4). A total of 157 feeders,
comprising both inlets and outlets, were
examined and no other crack-like indications
were identified.

A three-dimensional CAD mode! of various
options for feeder removal and replacement were
studied. The restricted access and tight
clearances precluded the use of both
conventional automatic welding equipment and
manual welding. Removing the feeder at the
Grayloc hub, and at a some point downstream,
minimized the number of field welds. Two
options were pursued simultaneously:
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3.

was revealed. The length of the flaw on the ID
was approximately 63 mm long.

FAILURE INVESTIGATION

A series of tests and examinations were
conducted on the failed feeder pipe elbow and on
a spare elbow for comparison. The spare elbow
was fabricated at the same time, using the same
processes and from the same ingot material, as
the failed elbow.

3.1

A limited series of UT wall thickness
measurements were conducted on the failed pipe
section and the spare elbow. Although the wall
thickness of the failed component was thinner
than the spare elbow, it was concluded that the
difference was due to Flow Accelerated
Corrosion, and was independent of the cracking
mechanism. UT wall thickness measurements
also indicated thinning of the pipe wall thickness
along the pipe extrados and thickening of the
wall thickness along the intrados. This was
observed on both the spare elbow and the failed
pipe section, and is consistent with the bending
process used during fabrication.

Visual Inspection & Sectioning

Other than the crack, a detailed visual inspection
revealed no unusual features on either the OD or
the ID surfaces of the pipe. No local pits, gouges,
etc. were observed. The ID surface had fine
surface features corresponding to local flow
patterns, with some variation from the intrados to
the extrados. Oxidation of the ID surface
appeared uniform.

3.4

The pipe was sectioned as indicated in Figure 2,
and further sectioned in and around the crack.
Upon splitting the pipe into the E & F sections in
Figure 2, it was noted that the pipe sprung open.
This indicated high remaining residual stresses
within the pipe. Increased hardness, within the
bend section of pipe was also measured. Both the
springing open of the pipe and the increased
hardness was attributed to the cold bending
process used during fabrication.

A full chemical analysis of the failed pipe
material showed the material was in compliance
to code of construction requirements, see Table 3
[1]. Numerous elemental spectra were also
obtained using EDX, including spectra at the
fracture surface. All elemental spectra obtained,
indicated elements consistent with SA 106 Grade
B pipe.

3.5
3.2

Gamma Spectral Analysis

Residual Stress Measurements

Measurements of residual stress were made at
positions through the wall thickness of the
material on the spare elbow using a nondestructive neutron spectrometer. The residual
stresses were measured on the spare elbow at a
location equivalent to the crack on the failed
component [1] (See Figure 3). The residual stress
measurements showed that the hoop stress varied
from compressive at the OD surface to tensile at
the ID surface. The maximum tensile stress was
330 MPa, which approximates the yield point of
the material of 350 MPa. Additional residual
stress measurements were conducted after 20, 40,
and 87.5 hour heat treatments at 308°C, the
nominal temperature of the primary coolant. As
expected, there was no apparent relaxation of the
residual stresses at the nominal coolant operating
temperature [2] (see Figure 3). Residual stresses
were measured to be a maximum at the location
equivalent to the crack defect [1].

A general radiation field of 190 |i.Sv/hr was
observed around the pipe. A gamma spectral
analysis was conducted on the pipe and is
summarized in Table 2. The types and quantities
of radionuclides present are typical of a CANDU
primary heat transport system. The radionuclides
and quantities measured, are not known to cause
stress corrosion cracking.

3.3

Chemical Analysis

EC & UT Inspections

EC inspections conducted on the OD surface
revealed only a single surface breaking defect.
No other crack-like degradation was found
elsewhere in the pipe. This defect was
approximately 35 mm long at the OD. EC
inspections were also conducted on the ID
surface after the pipe section had been cut open.
Again, only the single surface breaking defect
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From these measurements, it was concluded that
the high residual stresses were present in the
failed component during its in-service period.
This is consistent with the observation that the
pipe section sprung open during sectioning and
the increased hardness in the bend region.

3.6

sections showed not only the main crack and the
branches observed on the inside surface of the
pipe, but also numerous adjacent finer secondary
cracks (Figure 7). All of the cracks showed
micro-branching and followed an irregular path.
Upon etching, the crack path was observed to be
intergranular. There were very few transgranular
fracture features. At high magnification, all the
cracks were observed to be oxide-filled
(Figure 8).

Metallurgical Examination

General Pipe Condition
Two of the cross-sections were examined by
electron microscopy, each showing identical
features (Figure 9). Oxide was present in all
cracks. The oxides in the wider cracks had the
thickest oxide films (up to 10 |im) and exhibited
a duplex structure, characteristic of a
Potter-Mann type film [3] usually formed in low
flow conditions. The oxide thickness could not
be used to date the crack because the oxide
growth is by both direct oxide formation and
dissolution/re-precipitation. The rate of oxide
growth by both mechanisms are affected to
different degrees by different parameters and are
not linear with time [4].

Specimens were cut remote from the crack to
determine the general morphology of the inside
and outside surfaces as well as the deposit/oxide
thickness. The inside surface of the pipe was
scalloped around the entire circumference
(Figures 4 and 5), with an oxide thickness of less
than about 1 |im. In cross-section, the oxide was
found to be -1 u,m thick, and exhibited a singlephase, compact structure typical of that expected
for high flow outlet feeder conditions which can
limit the oxide film thickness.
The outside surface was generally smoother than
the inside, but with thick deposits. Inclusions in
the feeder pipe material appeared to be consistent
with the sulphur content (0.016 wt. %)and
fabrication route of the pipe. When etched
(Figure 6) the grain structure consisted of ferrite
and pearlite grains, typical for SA 106B, with a
decarburized zone of -100 urn depth on the
outside surface only. Vickers hardness
measurements made remote from the crack gave
an average value of 183 HV (20 kg).
Immediately adjacent to the crack, the Vickers
hardness values ranged from 203 to
223 HV (20 kg). Microstructure and hardness are
consistent with a cold-bending process.

No evidence of inclusions, or other features,
within the crack or crack tips was found.
Close to the ID surface, the fracture was eroded
and the features reflected the banding of the
underlying microstructure (Figure 10). The
remainder of the fracture was generally covered
with magnetite crystals; however, visible regions
of the fracture appeared to be intergranular.
After removal of the magnetite crystals, no
additional features were detected, such as fatigue
striations or beach marks. The fracture was
observed to be mostly intergranular (Figure 11).
Crack initiation appeared to occur at the inside
surface of the pipe as evidenced by the crack
shape. No obvious initiation site(s) was
observed. The radial marks on the fracture
surface suggest that crack growth was
predominantly in the radial direction along the
entire crack length. An estimate of the crack
depth (a) to length (c) ratio was made using the
crack profile. The estimated a/c was 0.25.

A section of the pipe to Grayloc hub weld region
was prepared for examination of the heataffected zones (HAZ) of the weld (Section A in
Figure 2). No cracking, intergranular attack, or
crack initiation was observed in the one plane of
the HAZ examined.

Crack Examination
3.7

The upstream end of the crack, see Figure 5, was
cut to enable metallographic cross-sections to be
taken through the crack. Three cross-sections
through the crack were examined. These cross-

Cause of the Failure

NDE showed that the through-wall defect was a
single crack with some secondary cracking,
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without any other crack growth elsewhere on the
pipe. There was nothing unusual in the
microstructure or chemical composition of the
pipe to suggest any undue susceptibility of this
pipe to any cracking mechanism, with the
possible exception of the increased hardness
resulting from the cold bending process and the
associated residual stress.

Some of the fracture features, for example the
oxide-filled crack and the elliptical, even crack
front, are characteristic of corrosion fatigue.
However, the intergranular crack path is not
characteristic and neither are the multiple crack
paths (resulting from branching rather than
multiple initiations). In addition, although
corrosion fatigue is described as cracking, in
most instances there is a noticeable metal loss
from dissolution, creating parallel-sided,
sometimes trench-like cracks. In the failed S08
feeder pipe, the opposite fracture faces mated
very well which is inconsistent with corrosion
fatigue.

Scallop markings were observed on the inside
surface of the feeder pipe consistent with
corrosion in a high flow environment. However,
there was no consistent correlation between the
surface crack path and the scallop pattern
indicating that they had played a role in crack
initiation. The crack shape and general
morphology were entirely consistent with
initiation from the inside surface, but no pits,
grooves, cavitation marks, foreign objects, or
mechanical damage that could have acted as
initiation sites were observed. However, if
initiation occurred some time ago, the initiation
site that may have been present could have been
removed by the same corrosion process
responsible for the scallop markings. The
evidence for a loss in wall thickness is the lack of
a decarburized zone at the ID as well as wall
thickness measurement comparisons between the
failed pipe section and the spare elbow. The wall
thickness comparison suggests a loss in wall
thickness of approximately 1 mm in 12.4 EFPY.
Another feature that may be attributed to
corrosion was the 0.7 mm deep open, river-like
nature of the central region of the crack mouth.

The metallography and fractography showed no
evidence for hydrogen embrittlement or brittle
cleavage fracture, which sometimes have features
in similar to with fatigue, and could have resulted
in cracks superficially similar to this failure.
There were no features observed to implicate
creep in the failure, for example, grain boundary
void formation. Finally, liquid or solid metal
embrittlement, which can produce intergranular
and branched crack paths, are not feasible since
no embrittling species (e.g. Cu, Sb, Pb) were
found within the cracks and none are expected in
sufficient quantities in the steel or HTS.
The mechanism fitting the majority of the crack
features discussed above, is stress corrosion
cracking (SCC). The most distinctive of these is
the intergranular and branched crack path. SCC
can be driven by residual stress alone and
evidence suggests the high residual stress at the
crack location was a very significant factor in
this failure. The crack was tightly closed and
relatively difficult to see on the outside surface.
This indicates the operating stresses were not
high enough to cause general plastic rupture
resulting in opening of the crack, even though the
crack tips may have been propagating under high
stress intensities during the final stages of crack
growth. The low aspect ratio (a/c = 0.25) is also
consistent with growth dominated by residual
stresses.

The fracture surface away from the crack mouth,
particularly remote from the through-wall
portion, was not damaged by corrosion and
therefore yielded evidence for the mechanism of
fracture. The semi-elliptical shape of the fracture
and the even, rounded crack front is consistent
with fatigue crack propagation. However, other
features which usually implicate fatigue such as
beach marks and striations were absent. In
addition, the presence of macroscopic features
with relief on the order of 500 u.m are atypical of
fatigue. The strongest evidence against a fatigue
cracking mechanism is the intergranular crack
path, observed in all areas, including the tip of
the growing crack. Thus, purely mechanical
fatigue was not the cracking mechanism, even
though cyclic stresses would have undoubtedly
been present.

Although SCC driven by residual stress is the
most likely failure mechanism, it must be
recognized that within the broad definition of
environmental cracking, SCC and corrosion
fatigue lie at two extremes of a continuum of
degradation mechanisms depending on the
relative contribution of cyclic stress and crack-tip
strain-rate [5, 6]. Therefore, although it is
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thought that the mechanism is best described as
stress corrosion cracking, this does not rule out a
contribution from cyclic stresses. In this respect,
the very even crack front and the converging
crack planes to give a single, relatively straight
crack at the outside surface suggests a high stress
dependence, possibly cyclic, which is not always
necessary for SCC. In contrast, SCC more
typically produces an uneven, jagged-shaped
crack front and a tree-like cracking pattern.

Additional work is required to identify precisely
the chemical environment responsible for the
SCC and whether dynamic stress or residual
stress alone was the dominant mechanical factor.

4.

STRESS ANALYSIS

Loading of the failed S08 feeder pipe and the
similar S15 feeder were evaluated to determine
the stress distributions. A three-dimensional,
finite element computer model was created using
the ANSYS program. The model was developed
using an 8-node brick element with three layers
of elements through the pipe thickness (See
Figure 12). The intrados and extrados pipe
thickness was based on the UT wall thickness
measurements. The model incorporated the
residual stresses from the cold-bending
operation, operating loads, static and dynamic
loads, and loads from re-fuelling operations.

SCC of carbon steel in the nuclear industry is a
relatively rare event, requiring specific
combinations of stress, temperature, and
chemistry that deviate from normal operating
conditions. The distribution of stresses resulting
from the residual (Section 3.4), operating and
dynamic stresses (Section 4, below), were
evaluated. The applicable temperatures were
available from the reactor operating history. The
exact chemistry regime during all aspects of
operation, especially transients, were more
difficult to estimate. However, none of the classic
environments that cause SCC of carbon
steels should be operative under CANDU HTS
conditions including excursion chemistries within
the design envelope. One possible exception is
carbonate contamination, which in alkaline
aqueous solutions can cause intergranular SCC
but concentrations required are relatively high, in
the 1000 ppm range [7]. However, there are
similarities between carbonate cracking and the
observed crack. Thus, carbonate cracking is
considered a plausible environment and potential
sources of carbonate in the HTS are being
reviewed. An additional environmentally-assisted
cracking mechanism being considered is high
temperature oxygen-assisted cracking [8]. While
this mechanism does not normally result in
intergranular cracks, threshold oxygen level
could be reached during start-up and fueling
transients [9]. The threshold oxygen levels are in
the 5 and 50 ppb range. Susceptibility is greatest
between 200°C and 250°C but failures have been
reported at temperatures up to 320°C. The
morphology of this type of cracking normally has
features in common with corrosion fatigue and
cracking is usually only seen when a dynamic
load component is present. Despite the rare
occurrence of intergranular cracking due to high
temperature, oxygen assisted SCC, the fact that
the necessary environmental conditions could be
met during start-up or fueling means that this
mechanism is also considered plausible, and is
being investigated further.

Using the model developed, various scenarios
were evaluated. The principle configurations
evaluated were:
• Atypical S08 feeder spacers resulting from
the 2 x/i inch diameter feeder being adjacent
to a larger diameter feeder (see Figure 1).
• The normal design configuration of a single
end of the fuel channel locked in position.
• The abnormal situation were the S08 fuel
channel was left unlocked after the 1995
Spacer Location and Re-positioning (SLAR)
program.
The following significant results were obtained:
•

•

•
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For the normal design configuration of one
end of the fuel channel locked and including
the incorporation of the atypical feeder
spacer assembly, the stresses in the S08 inlet
and outlet feeders meet the requirements of
the ASME code. Therefore, the atypical
feeder spacer configuration of the outlet
feeder S08 (and similarly the identical outlet
feeder S15) were considered acceptable.
The piping stresses in the unlocked S08 fuel
channel in combination with the atypical
feeder spacer results in considerably higher
stresses in the outlet feeder compared to the
inlet feeder.
Without the imposition of the atypical S08
feeder spacer, the stresses in the feeder are

•

only marginally increased by a resultant 12.5
mm movement of the fuel channel arising
from an unlocked condition. Only a marginal
increase occurs because the feeder pipe
assembly has sufficient flexibility to
accommodate such movements.
With the atypical S08 feeder spacer in
combination with the unlocked fuel channel,
a 12.5 mm channel movement during refueling increases the maximum stresses in
the outlet feeder by 79% compared to the
normal design configuration.

The physical features of the crack are typical of
stress corrosion cracking (SCC), although a
cyclic load may have contributed to the failure.
Additional work is required to identify precisely
the chemical environment responsible for the
SCC.
The CANDU core design must support and
restrain the core, fuel channels, and feeder piping
while providing flexibility to accommodate
thermal expansion and dynamic loadings from
such items as the fueling machine. The Point
Lepreau pipe restraint system indicated the S08
channel and feeder were not returned to the
original design configuration after the 1995
SLAR operation. This resulted in additional
dynamic loadings in the S08 outlet feeder during
re-fueling operations. Furthermore, the
configuration of the unlocked S08 channel in
combination with its atypical feeder spacer
system resulted in loading conditions where SCC
could occur in the outlet feeder

The additional stresses due to the combination of
the unlocked channel, atypical feeder spacer, and
normal fueling machine loads could result in a
local dynamic strain in the crack region
exceeding 0.3%. This level of strain is sufficient
to initiate SCC, when the applied load produces
strain rates in a critical range, and when
appropriate environmental conditions exist.

5.

SUMMARY
8.

The successful removal and replacement of
CANDU feeder pipes requires detailed planning
due to the restricted access and tight clearances.
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In-situ inspection of other inlet and outlet feeder
pipes found no other crack-like defects.
Visual inspecton, NDE, and metallography
revealed that the through-wall defect was a single
crack with some secondary cracking, 35 mm long
on the outside surface of the pipe and 63 mm
long on the inside surface. No other crack-like
degradation was found elsewhere in the pipe.
The crack initiated at the inside surface of the
pipe. No initiating feature was found but
corrosion may have removed evidence of an
initiation feature. Scallop markings were
observed on the inside surface of the feeder pipe
consistent with corrosion in a high flow
environment. However, there was no indication
that the scollop markings played a role in crack
initiation.
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TABLE 1: AVERAGE S08 OUTLET FEEDER
OPERATING CONDITIONS
Operating
Conditions

Years In-Service
Temperature
Quality
Mass Flow
Flow Velocity
Time in Boiling

TABLE 3: CHEMICAL ANALYSIS RESULTS
ON FEEDER PIPE MATERIAL

Lifetime
Averaged
Value for $08
Outlet Feeder
12.4 EFPYs
310.9 °C
0.82 %
24.4 kg/s
15.7 m/s
37.8 %

Concentrations in W t %
SA106
$08
$08 Pipe
Grade B
Pipe
Element
(Measured
(1977 Ed.)
Mill
in 1997)
Cert
(1975)
0.30 max.
0.19
C
0.161
±0.008
0.058 max.
0.011
0.0160
s
±0.0015
0.048 max.
p
0.022
0.0165
±0.0020
0.29 to
Mn
0.65
0.62 ±0.02
1.06
*
0.020
Ni
0.0137
±0.0006
*
Cr
0.030
0.0236
±0.0009
NS
Mo
<0.0015
V
NS
0.0041
±0.0005
*
0.013
Cu
0.0119
±0.0005
0.10 min.
0.33
Si
0.295
±0.015
0.0060*
Co
0.0039
NS Not Specified
*
Not specified for 1977 Edition of SA 106
material, but additional requirement
imposed by AECL Technical Specification.

TABLE 2: RADIONUCLIDE INVENTORY OF
REMOVED PIPE SECTION

QUANITY (Bqt

ISOTOPE
Cr-51
Mn-54
Fe-59
Co-58

Co-60
Zr-95
Nb-95
Ru-103
Sn-113
Sb-122
Sb-124
1-133
La-140
Ce-141
Ce-144
Hf-181

J

1.58 x
2.66 x
2.73 x
7.91 x
1.49 x
1.22 x
2.82 x
1.46 x
1.42 x
4.79 x
3.49 x
4.06 x
3.35 x
7.99 x
5.30 x
2.44 x

105
104
105
10J
10-'
106
106
10 s
104
104
105
104
104
104
104
104
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FIGURE 1:
S08 FEEDER ARRANGEMENT
S-BANK LOWER FEEDER SUPPORT
AND SPACE" ARRANGEMENT (PLAN & SECTION)
(A-OI EAST-NORTH QUAORANT

3M-2"20-S9«
3312-3
J3I2-2-I/2O-S1IA

FIGURE 2:
SECTIONING DIAGRAM OF S08 PIPE SECTION

Section "D

Section "F"
Section containing
crack
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Section "C"
Torch cut not
shown for clarity

FIGURE 4:
SEM, SECONDARY ELECTRON IMAGE, OF
AREA REMOTE FROM THE CRACK
SHOWING SCOLLOPS

FIGURE 3:
RESIDUAL STRESS SCANS OF ARCHIVED
ELBOW
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FIGURE 5: PHOTOGRAPH OF THE MONTAGE ASSEMBLED FROM SEM, SECONDARY
ELECTRON IMAGES, OF THE ENTIRE CRACK LENGTH (ID SURFACE)

2 mm
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FIGURE 8:
OXIDE FILLED INTRAGRANULAR CRACK
IN FEEDER PIPE (RADIALCIRCUMFERENTIAL PLANE)

FIGURE 6:
MICROSTRUCTURE OF FEEDER PIPE
CIRCUMFERENTIALLY ADJACENT TO
THE CRACK SHOWING BANDED
FERRITE/PEARLITE GRAINS

0.1 mm

"

FIGURE 7:
INTREGRANULAR CRACK IN FEEDER PIPE
(ETCHED, RADIAL-CIRCUMFERENTIAL
PLANE)

FIGURE 9:
SEM, SECONDARY ELECTRON IMAGE, OF
CRACK ON CROSS SECTION

•

Pottcr-Hann

•!:S#^!3SBf IIIt^iiM. i%

108
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FIGURE 10:
SEM, SECONDARY ELECTRON IMAGE, OF
FRACTURE SURFACE SHOWING ERODED
REGION AT INSIDE SURFACE OF THE PIPE
AND DEPOSITS ON FRACTURE

FIGURE 11:
SEM, SECONDARY ELECTRON IMAGE, OF
FRACTURE SURFACE AFTER CLEANING
TO REMOVE SURFACE DEPOSITS
SHOWINGS PREDOMINANCE OF
INTERG^ANULAR FRACTURE

\
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FIGURE 12:
FINITE ELEMENT MODEL OF S08 ELBOW
INCREASING STRESS LEVELS FROM A THROUGH I
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OPTICAL TECHNOLOGIES FOR MEASUREMENT AND INSPECTION

CA0000019

D.L. Mader
Ontario Hydro Technologies
800 Kipling Ave. KR174
Toronto, Ont. M8Z 5S4

Ontario Hydro has benefitted from specialized optical measurement techniques
such as FRILS (fret replica inspection laser system), which permits in-house
inspections of pressure tube replicas and has been estimated to save $2M per year.
This paper presents a brief overview of (1) FRILS, (2) OPIT {in-reactor Optical
Profilometry Inspection Tool), (3) miniature optical probe for steam generator
tubes, (4) laser vibrometer used for end-fitting vibration, and (5) computer vision
to recognize the ends of fuel bundles and automatically measure their lengths.
We describe certain items of specialized optical inspection equipment developed by OHT
(Ontario Hydro Technologies) and NTS (Nuclear Technology Services) for use by OHN
(Ontario Hydro Nuclear). Persons who have contributed to the work described in this paper
include: (at OHT) M.J. Tinkler, D.L. Mader, S.C. McNabb, S.B. Peralta, E.G. de Buda, J.C.
Kuurstra, E. Di Blasio, H.E. Whitmell, R. Scheer, J.A. O'Neill, R. Gnoyke, M.P. Eygenraam;
(at OHN) K.S. Mahil, G.N. Jarvis, E.O. Cornblum, M.G. Grabish, J.M. Hewer, D. McKinney;
(and outside OH) M. Grossman (PLV Systems); T.G. Onderwater and others at GE Canada.
The examples in this paper illustrate the benefits of optical instrumentation to utilities; and
appreciation of these benefits should lead to development of further applications.
3D Shape Measurement can be performed with optical triangulation. The form used in FRILS
and OPIT is "light sectioning" with a sheet of light produced by a line projector. On the other
hand, the miniature optical probe for steam generator tubes has a point projector and a ID light
sensor. With suitable scanning mechanisms, the results can be assembled into the shape of the
surface of the target, a process herein called optical profilometry.
The principle of operation of light sectioning is
illustrated in Figure 1 where the sample is
"sectioned" by a sheet of light transverse to the
flaw axis. The resultant stripe of light is viewed
at a different angle by a video camera coupled to
a computer, which traces the centreline of the
stripe of light, in order to arrive at a single
surface profile. Calibration of the system on
wires and machined steps is done to convert
pixels in the image to actual dimensions. When
the sample is scanned along its axis under the
optical head, a large number of individual
profiles can be obtained and can be assembled
into the 3D shape of the sample.
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1.KJHT STRIPE
PROJECTOR

Figure 1. "Sectioning" a sample with light

The data acquisition computer digitizes the video signal and the OPIT/FRILS software developed
by OHT and SSD (Simulator Services Dept) extracts the surface profile of the pressure tube.
Surface profiles can be segmented, and circles can be fitted manually or automatically to high
stress locations.
A particular niche for optical profilometry is its non-contact capability to take root-radius
measurements for flaw assessment, since "sharp" flaws are assessed differently from "blunt"
flaws. Both FRILS and OPIT were designed to profile a type of pressure tube flaw called
bearing pad fret marks, caused by contact of the bearing pads on nuclear fuel bundles with the
inside surface of the fuel channels (pressure tubes). These flaws among others are first detected
with ultrasonic probes, which identify those flaws that require further characterization. A rubber
replica will be made of the flaw inside the reactor, and it is removed for flaw measurements
outside the reactor. FRILS takes flaw measurements on replicas, including root-radius
measurements down to a root radius of 40 um. FRILS is used by OHN and OHT on a routine
basis. OPIT is still under development to measure bearing pad fret marks directly in the reactor
without the need to take replicas.
The FRILS apparatus, shown in Figure 2,
consists of a large turntable underlying the
inclined brackets that hold the sample scanning
linear table and replica holder. A separate part
holds the optical head, which positions a
commercial laser line projector horizontally, and
a machine vision video camera and zoom lens
inclined at a steep angle. The various angles
result in suitable angles of projection and view to
carry out optical triangulation.
The large
turntable is used to change the aspect of the
sample with respect to the optical head, in order
to acquire left and right rootviews. The operator
manually adjusts the zoom factor of the lens to
high magnification to measure root-radius values.
This system was designed to measure the
geometry of bearing pad fret marks as retrieved
from fuel channels via rubber replicas. These
flaws are oriented axially in the pressure tubes.
FRILS is also pressed into service to measure
debris flaws, which may have any arbitrary
orientation.

Figure 2. FRILS apparatus

Flaw shape in-reactor is obtained by OPIT (Optical Profilometry Inspection Tool). This tool
works under the following constraints: tool head must fit in fuelling machine (40 inches long
by 4 inches diameter), the tool delivery system supplies only 15 electrical cables, the channel is
flooded, and the gamma radiation is about 0.5 MegaRad per hour. Since movement of the optical
head relative to the flaws (as is done in FRILS) is not feasible, three separate optical systems are
used to collect the overview, right rootview, and left rootview. The systems were designed to
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focus with water as part of the optical path, and to focus on a common plane, where the sensor
of a rad-tolerant video camera is positioned. Each system consists of custom focusing optics for
the camera, and projectors that generate a thin stripe of light to "section" the flaw.

CAMERA FOCUSING
OPTICS

PROJECTOR
MIRRDR

SLIT
LIOHT
BULB

im
LENSES

UIDEO
CAMERA

v

. .-./vUflTER
PRESSURE
TUBE

Figure 3. Raytracing for the left rootview system.
Figure 4 shows the active area of the optical
head for OPIT. The camera side is on the left
and the projectors are on the right, with the
global lights for general illumination in the
middle. On the right, the mirror mounts are seen
for the rootview projectors, with the output lens
of the overview projector between them. The
rootview objectives are in focusable carriers,
while the overview lens between them is fixed.
In optical alignment, the overview camera is
focused using the internal focus capability of the
video camera, and then the root views are
focused by adjusting their objectives. Figure 5
shows the tool configuration for the Darlington
NGS.
Shutter drive motor

Optical design was done with
ray-tracing software to ensure
that the three optical systems
would be in focus on the sensor
surface of the video camera. A
sample of the design output is
shown in Figure 3, which shows
a composite of the rootview
projector design and focusing
optics for the video camera.
(This figure fooled the raytracing software into producing a
bundle of rays off of the target
by placing a mirror at the
pressure tube location).

Figure 4. Optical head for OPIT

Radiation resistant
television camera

Shutter

Transformer

Floodlight

Light stripe generator

Figure 5. Tool configuration for Darlington use
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Under water motor for
rotary positioning

For a qualitative look at the pressure tube
ID (inside diameter), the global lights can
be operated along with one of the
projectors. The appearance of the surface
can often be deceptive, inasmuch as a stain
can resemble a flaw. However, the stripe
of light from the line projector can
distinguish between these two possibilities.
If the stripe is distorted as shown in Figure
6, there is a flaw. Figure 6 was retrieved
from a video tape of camera output with the
overview system and the global lights
turned on, during trials of OPIT at
Darlington in 1995.

Figure 6. Overview inside reactor

A replica of the fret mark seen in Figure 6 was obtained and was examined with FRILS. An
isometric plot of a large number of profiles taken in a FRILS scan of the flaw is given below in
Figure 7.
Update Plot

I*'•*:)*?,!:• I profiles
Rot anoie •

1<»5
243.3 deg
2943.3 mm

Vertical skew

1* 050
•1Amo.1Scale
«

Horizontal skew
• |000

1*» I 1 * 1 " " ol
|5f Hidden line Removal
C Plot Dtopouts
x Dlot increment: 3
V plot increment: 3

Select Profile
_Max prolile
K Area Depth
Pinned Comer:
Point: 1
Prolile: 423
OoDosite Corner
Point 240
Prolile: 423

Figure 7. Isometric plot of profiles taken on a replica in D4.
The software developed for FRILS and OPIT can obtain flaw parameters such as length, width,
and depth from overview data. In addition, individual profiles can be examined for their
maximum depth, for example, or their radius of curvature in any selected region. In Figure 7,
profile number 423 is highlighted in the top half of the plot.
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Figure 8 shows profile number 391 from the above data file being analyzed for maximum depth
(shown as height in the plot) and root-radius at the left side. In this case, the circle seen in the
figure was set manually to skirt the inside edge of the data points and obtain a lower-bound
estimate of the actual radius.
Iso. plot Zoom Reel Fret detthJ f * ; . *
Data Profile

•s Header S dotsJ

14:03

" Plot Limits"

profile se!ect[jr] j _ ["•10391 j Avg. I" Circle Co

1253.E

161 x 022.2 .3531.3 Zoom I
i i Pos." 02930.50
,
.^vv^t.—""j
. j Pea-2*41-248.2 I E " * f |
Deft'2^4.1-248.2

0240Points.0591Pfohb:
Raw Data Displayed

Figure 8. Root-radius estimate of 450 urn on profile number 391
Custom scanning equipment was demonstrated on
pressure tube replicas in a COG-funded project.
A new hardware apparatus for FRILS (called
FRILS-3) shown in Figure 9 has been built to
perform a scan of a debris flaw along its major
axis, at whatever orientation it may have. This
apparatus has four computer-controlled motorized
motion stages. Manual setup of the scan start
point and end point is controlled with a joy stick;
and then an automatic scan under computer
control is done between these two points. In the
apparatus, a large rotary turntable to tilt the
sample is mounted on a vertical bracket. The
_
optical head is located on an independent mount; Figure 9. Sample tilted in FRILS-3 at 45C
and the stripe of light from the projector is
always horizontal. The tilt turntable is used to rotate the axis of the flaw perpendicular to the
stripe of light.
A picture and an isometric plot of a replica of a debris flaw is given in Figure 10 below. The
picture includes a ruler with 1 mm gradations. This flaw has a complex shape and needs to be
scanned in several orientations to obtain cross sections of interest. The pressure tube axial
direction is horizontal in the figure.
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Figure 10. Debris flaw. Left - picture, Right - isometric plot of surface profiles
A rootview scan taken with the flaw tilted to profile a high stress area provided profile #98 for
detailed analysis in Figure 11. The region of interest was set as horizontal locations 201 to 232;
and a circle was automatically fitted to the data in this region, yielding a root-radius value of 78
micrometres. The algorithm for analysis of error gave an expected uncertainty in this value of
4 micrometres.
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Figure 11. Circle fitting to root data gives radius of 78 \xm.
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Steam generator tubes can be scanned by a miniature optical profilometry tool that scans a point
of light over the inside surface in a helical scan. This probe uses a point of light rather than a
line of light as in FRILS and OPIT. The probe is delivered with the TRUSTIE motion system.

Figure 12. Steam generator probe, 0.275 inches diameter by 3.5 inches long
On one side of the window seen in Figure 12, there is an infrared laser with a focusing lens and
a prism to direct the beam of light into a spot of light on the inside surface of the steam
generator tube. On the other side of the window, there is a second prism to receive light
scattered from the tube's surface and direct it horizontally to a focusing lens. This second lens
images the spot of light onto a sensor which is inclined at an angle from the vertical such that
the spot of light is in focus even on dents or pits, which occur at various depths. A miniature
amplifier circuit is also included inside the probe, whose outside diameter is a mere 7 mm.
Figure 13 is a monochrome rendition of a pseudo-colour display of deformation due to a dent
in a steam generator's inside surface. The dent is about 1.5 mm long (vertical dimension in the
figure) and covers about 20 degrees circumferentially (horizontal dimension in the figure).
deercw
290

300

Figure 13. Dent in steam generator tube
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Laser vibrometry was used at Darlington in 1992.
The original 5-vane impellers for Heat Transport
flow were causing excessive vibration. (This
vibration lead to cracking of the end-plates of a
small number of fuel bundles, and also to
excessive fretting of fuel-bundle bearing pads on
the inside surface of the pressure tubes). To
support the proposed 7-vane solution, data were
needed on fuel channel vibration.
OHT
developed a non-contact laser system to measure
the vibration of end fittings. This system could
tilt and pan the laser probe beam from one
channel to the next, and acquire channel vibration
amplitudes for a complete reactor face in 24
hours. With lead shielding for the vibrometer
(seen in Figure 14) the in-vault system took data
right up to full power operation.

Figure 14. Laser vibrometer in vault

The software that was written for the laser vibrometer produced a velocity spectrum for each
endfitting, and then produced a map, seen in Figure 15, for the reactor showing the vibration
levels.
ISndfitting Amplitude Map
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Figure 15. Reactor face map showing vibration amplitudes of endfittings
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Computer vision for fuel bundle length measurement. A feasibility study was performed by GE
Canada and OHT to test the concept of using a single video camera in an underwater housing
to view fuel bundles in the irradiated fuel bay at Bruce-B NGS. At the time, the concept being
explored was to distinguish between standard length fuel bundles (19.5 inches) and proposed
extra-length bundles (20.0 inches). An experimental system was tested at Bruce-B using an
aluminum mast to hold the camera and lights about 12 feet below the surface of the water, so
that the camera could view the spent fuel in the receiving mechanism, as indicated in Figure 16.
SIDE VIEW
TOP VIEW

Figure 16. Position of video camera in spent-fuel bay.
Figure 17 shows a pair of
standard bundles whose lengths
were measured as 19.51 and
19.49 inches, respectively. In the
figure (top) the image is overlaid
with a computer-generated
graphic to depict the outline of
the bundles' endplates.
The
lower half shows the output of an
algorithm that measured the
striations along a vertical line in
the image due to the fuel pencils.
This function drops to a low
value at the ends of the bundles,
and was "sub-pixelized" to obtain
high precision. The repeatability
of bundle-length measurements
was monitored automatically over
several weeks, leading to the

Picture TEST
19,51 inches

19.49 inches

Figure 17. Image of fuel bundles and its analysis
statistical expectation that less
than one bundle would be misclassified in the operating life of a reactor.
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MODELING THE VIBRATION OF FUEL CHANNELS AND ADJUSTER UNITS IN
CANDU REACTORS TO SUPPORT IN-CORE FLUX DETECTOR NOISE
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ABSTRACT

Surveillance and diagnostic systems are being increasingly used in nuclear power plants to
monitor instrument or process condition. Noise analysis of in-core flux detector (ICFD)
signals is a technique under development for CANDU as a means of reducing maintenance,
inspection, and calibration costs. This technique provides spectral signatures of in-core
component vibration.
This paper discusses a program to augment noise analysis by using finite element models of
in-core components to identify unknown frequencies in the spectral signatures, and predict
the effects of component deterioration. The vibration of fuel channels for Ontario Hydro's
Darlington Generating Station were modeled with various end fitting support and garter
spring contact. Guide tube and component vibrations for the different length adjuster units
were also examined.
These models will help the stations use noise analysis for surveillance {i.e., detecting when
something has changed) and for diagnostics (i.e., explaining what the cause and
significance of the change is). Furthermore, once the source of the vibrations is
determined, these models can be used to assess the diagnostic usefulness of particular
vibration peaks. In this way, the sensitivity and reliability of interpreting a given peak in the
spectra can be evaluated.
Previously unidentified peaks in ICFD noise spectra and in direct vibration measurements
taken in-core have been duplicated under specific support conditions. Guidelines
concerning changes in vibration peaks have also been written so that application experts
can discern abnormalities in the noise spectra.
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1.0
ABSTRACT
In the event of an accident such as the main steam
line break, the Reheater Drain pump and the
Feedwater pump could fail. As a result, feedwater to
the steam generators (SG-1 and SG-3) will stop, and
the inventory in the SGs flash. This would cause
depressurization of the SGs and formation of steam
void in the piping of the Steam Generator Emergency
Cooling System (SGECS). The subsequent low SG
pressure will initiate the SGECS injection into the
SGs. Upon the injection of the cold SGECS fluid to
the steam filled SGECS piping, condensation would
take place, and condensation induced waterhammer in
the SGECS may occur. As an interim measure to
protect the SGECS piping, the Second Stage Reheater
Drain (RHD) flow to the SGs was suspended. This
resulted in a 3% loss of power, a significant economic
penalty to the heat cycle of the turbine.

INTRODUCTION

The original design of the SGECS is shown in Fig. 1.
The SGECS injection is to be gravity driven, and will
be initiated as soon as the SG pressure drops to that of
the SGECS tank.
There was a concern of condensation induced
waterhammer in the SGECS (as shown in Abstract). As
a result, the original design of the SGECS was analysed
using the TUF code (OH's advanced Two Unequal
Fluids thermohydraulic code). By stress analysis, the
TUF pressure results showed SGECS pipe failure. To
protect the SGECS piping, the 2nd Stage Reheater
Drain flow to the SGs was suspended. This resulted in
a significant economic penalty to the heat cycle of the
turbine.
A plan of action was devised to mitigate the
waterhammer potential of the SGECS. First, the
original design of the SGECS was reviewed. The long
pipe run leading to the dead end identified as
contributor to waterhammer was shortened. This was
achieved by check valve relocation in the SGECS line,
the Inter Unit Feedwater (IUFT) line and the RHD line.
To ensure the functioning of the check valves, another
check valve was added in series with the original single
check valve (Fig. 2). Then, using the revised SGECS
piping arrangement, waterhammer analysis for 6 design
basis events were performed, using an improved
version of the TUF code. The pressure transient results
for all cases were forwarded for stress analysis and
have passed the allowable level of stress limits.

To remove the economic penalty, the original design
of the SGECS was revised. To ensure the adequacy
of the revised design, condensation induced
waterhammer analysis were performed.
The
predicted pressure transients have passed the
allowable level of stress limits.
The analysis was presented to the AECB. Although
the AECB has accepted the analytical results, the
AECB requested a 'hot' commissioning test at site to
demonstrate that the revised design does meet the
operation requirement.
The test was successfully performed. Subsequently,
the AECB has allowed OH to re-instate the Second
Stage Reheater Drain flow to the SGs.

The AECB has accepted the analytical results.
However, the AECB requested a 'hot' commissioning
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c.

The warm liquid front of the injection
upstream of the double check valves in the
SGECS line was not credited. In the actual
system, the warm liquid front exists to
diminish the waterhammer effect of the
injection.

d.

The temperature of the SGECS liquid was 20
°C, instead of 37 °C as in the actual system.
Under this condition, the predicted
waterhammer effect should be worse.

e.

The 6 sec. dead time resulting from the
activation of the valve was included in the
analysis. This would result in a pressure drop
of 30 kPa prior to the injection, and thus,
increase the injection flow rate.

f.

From the safety report, the SG was to be
depressurized at about 5 kPa/s during the
SGECS injection. This depressurization was
used as a pressure boundary in the SGs. This
would increase the pressure drop between the
SGECS tank and the SG, and therefore, would
increase the flow rate of the SGECS.

test at site to demonstrate the revised SGECS capable
of meeting the operation requirement.
The design basis event of the Reference Case (under
normal operations) was used to design the test. The
test was successfully performed, and the analytical
results of the Reference Case and the test results were
found in good agreement. Subsequently, the AECB has
allowed OH to re-instate the 2nd Stage Reheater Drain
flow to the SGs.

2.0

ANALYSIS METHODOLOGY

2.1

ANALYSIS SCOPE

The analysis covered 6 accident scenarios of design
basis events, as follows:
•

1 Reference Case:

Case 1 - No check valve failure anywhere
B

4 Single check valve failed open cases:

Case 2 - valve failed
Case 3 - valve failed
Case 4 - valve failed
Case 5 - valve failed
•

open at IUFT in SG-1 leg,
open at IUFT in SG-3 leg,
open at RHDL in SG-1 leg,
open at RHDL in SG-3 leg,

2.3
•

1 Single check valve failed closed case:

•

1.

2.

ANALYSIS ASSUMPTIONS

- A linear depressurization profile of 5 kPa/s was
imposed on the SG as a pressure boundary. Taking the
6 sec dead time into consideration, the SG pressure
profile was as follows:

Conservative assumptions were used to
maximize the injection flow, and thus, the
waterhammer effect for the analysis:
The SGECS tank pressure was constant at
maximum achievable pressure of 820 kPa(g).

b.

The check valves in the IUFT line and the
RHD line were treated as dead ends. Leakage
to dissipate the momentum of the SGECS
injection was not considered.

Steam Side:

- The SGs were treated as steam tanks with pressure
at 820 kPa(g). The steam was at saturation at 175 °C.

The SGECS piping was liquid-filled upstream
of the double check valves, but steam-filled
downstream.

a.

Liquid Side:

- SGECS tank pressure: constant at 820 kPa(g)
- Liquid temperature: 20 °C

Case 6 - valve failed closed at SGECS line in SG-1 leg.

2.2

SIMULATION CONDITIONS

Simulation Time (s)
0
60

Pressure (kPa(g))
790
490

SGECS Control Valve:
- The control valve will be 92.5% opened in 7 sec
and 100% opened in 14 sec.

121

2.4

TUF MODEL - SGECS

spike was 8.0 MPa, predicted at the RHD line in the
SG-1 leg for Failure Case 4 (Table 1).

The SGECS piping circuit was nodalized into control
volumes. In the liquid side, the nodes were about 1 to
1.5 m. long. In the steam side, the nodes were more
refined, about 0.25 to 0.4 m., in order to capture the
transient behaviour of the injection.

2.5

For the re-designed SGECS, the resident time of the
pressure spike was rather short, just couple of
milliseconds (Table 2). This is beneficial to the piping
system as the dynamic stress load on the piping would
last for a short duration only.
3.3

SIMULATION TIME STEP

The maximum time step used for the simulation is
small, about 0.23 ms.

3.0

SIMULATION RESULTS

3.1

Case 1 - Reference Case

At the initiation of the SGECS, if one of the double
check valves in the SGECS line is stuck closed, all of
the SGECS liquid will be injected into the other SG
leg.
In the case of check valve stuck closed in the SG-1 leg,
the flow behaviour in SG-3 was predicted as shown in
Fig. 5 As a result, a pressure spike of 4.86 MPa was
predicted at the dead end of the IUFT line in the SG-3
leg. Insignificant pressure transients would occur in the
rest of the piping (Table 1).

At the initiation of the SGECS, as soon as the control
valves were opened, cold liquid from the SGECS tank
was injected into the SGECS piping. At the T-junction
near Check Valve NV38 (Fig. 2), the injection was
split to fill the steam void at each of the SG legs. Due
to the piping elevation, a greater portion of the SGECS
liquid was initially drawn into the SG-3 leg (Fig. 3).
After 4 seconds or so, the SGECS liquid has already
filled the steam void in the IUFT line and the RHD
line, and was moving towards the SGs at about equal
flow rates of 20 kg/s. In another 10 seconds, the
SGECS liquid has filled the entire piping including the
ring headers inside the SGs. Thereafter, the SGECS
liquid was injected into the SGs steadily, and
waterhammer is no longer a concern for the SGECS.

4.0

CONCLUSIONS
1.

Conservative assumptions were used for the
analysis to maximize the waterhammer effect
of the SGECS injection.
Under these
assumptions, the results still meet the required
level of stress limits.

2 . For the Reference Case, the peak pressures
developed at the dead end pipes were
insignificant and were determined to be
representative of the system.

The TUF simulation has shown insignificant pressure
transients everywhere, even at dead end locations
considered to be prone to waterhammer, e.g., the dead
end of the IUFT line, and the dead end of the RHD line
(Fig. 4, and Table 1).
3.2

Case 6- Single
Check Valve Failed Closed

3 . For the failure cases, the peak pressures were
conservative due to the use of conservative
assumptions and the TUF code which produces
conservative results.

Cases 2 , 3 , 4 and 5 - Single
Check Valve Failed Open .

4 . The pressure transient results passed the stress
analysis, indicating that the re-design of the
SGECS is effective in reducing the
waterhammer effect to acceptable stress levels.

If a check valve has failed open in the downstream side
of the IUFT line or the RHD line, the pipe run leading
to the dead end will be lengthened. This would
increase the SGECS injection flow towards the dead
end of the lengthened line, rendering this line more
vulnerable to waterhammer.
The simulation results showed that this was indeed the
case, as pressure spike was predicted at the pipe where
the check valve has failed. The maximum pressure
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APPEDK:

a.

The pressure transients measured at 4 monitoring
locations were insignificant (Fig. 6). The maximum
pressure load was 400 kPa, developed upstream of the
double check valves in the SGECS line.

SGECS 'HOT' COMMISSIONING TEST

1.0

OBJECTIVES

b.

The objectives are:
•

to validate the design changes made to the
SGECS,

•

to demonstrate that waterhammer is not a concern
for the SGECS injection

2.0

c.

d.

Recording devices were used to measure the response
of the test. Based on the results of the SGECS
waterhammer analysis, the following recording devices
were installed in the SG-3 leg.

4.0

TEST CONDITIONS Analysis vs. Actual

6.0

The comparison is shown in Table 3.

5.0

Flow

The ultrasonic flowmeter showed zero flow in most of
the recordings, except for a flow spike of 6 1/s at about
97 sec.

RECORDING INSTRUMENTS

Pressure Transducers (4)
Accelerometers (6)
Thermocouple (1)
Ultrasonic Flowmeter (1)
Tape Recorder

Temperature:

The temperature has dropped soon after the initiation
of the test, indicating that the SGECS injection reached
this pipe location early in the test.

TEST CRITERIA

a.
b.
c.
c.
d.

Piping Movements:

The piping movemnets recorded by the accelerometer
were insignificant.

The test will last for no more than 3 minutes, and it
must represent a real injection within design operating
conditions. The stress level must not exceed Level B
allowable stress limits.
3.0

Pressure Transients:

TEST RESULTS

The test lasted just over 2 minutes. During this period,
the SGECS tank level has dropped from 330 mm to
97.6 mm, and the liquid level has risen from 9.6 m. to
9.67 m. in SG-1, and from 9.6 m. to 9.68 m in SG-3.
The SGECS did inject into SG-1 and SG-3.

123

CONCLUSIONS

1.

Based on the SG level measurement, the SGECS
did inject into each of the two SGs.

2.

During the test, the accelerometers have recorded
insignificant piping movements, implying that
piping stresses were small. The stress analysis of
the Reference Case has also shown SGECS piping
stresses well within Level B Conditions. Thus,
both the test and the analysis have demonstrated
the safety aspect of the revised SGECS.

TABLE 1

TABLE 3

ANALYSIS RESULTS - DARLINGTON SGECS
MAX. PRESSURE (MPa) A T DEAD END PIPES

Case
1
2
3
4
5
6

Boiler 1
IUFT RHDL
1.20
5.50
1.61
2.80
1.19
0.89

Boiler 3
IUFT RHDL

Stress
Level

2.24 2.00
2.30 1.50
6.47 1.49
2.09 1.62
3.80 6.13
4.86 1.37

1.17
1.10
1.40
8.00
1.10
0.89

TEST CONDITIONS vs. ACTUAL CONDITIONS
Analysis

Actual

- Tank Pres.(kPag)

820

762

- Liquid Temp.(°C)

20

36

- SGECS Tank
Level (mm)

As a
reservoir

Level at
330 mm

- Pressure in
SGECS Line

820 kPa(g)
-t-Elevation

Depressurized

- Check Valve

On/Off
byTUF

Valve
Dynamic

- SG Pressure(kPag)

790

790

- Steam Temp.(°C)

175

175

- SG Pressure

-5kPa/s

Constant

- SG Liquid Level

Below
Ring
Header

Below
Ring
Header

•

B
D
D
D
D
D

N.B. Pressure in bold letters indicates where a check
valve has failed open.

•

Liquid Side:

Steam Side:

TABLE 2
Pressure Pulse Duration DarUngton SGECS SG-1/3 Circuit
•ailure: Piping
Dase Location
1
2
3
4

IUFT, SG-1
IUFT, SG-3
RHD, SG-1
RHD, SG-3

Max. Pres. Pres. Pulse
(MPa)
Duration Cms")
5.50
6.47
8.00
6.13

1.5
2.1
1.2
1.2
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DARLINGTON SGECS (SG 1/3)
- ORIGINAL DESIGN -

Fig. 1

RHDL

DARLINGTON SGECS (SG 1/3)
- REVISED DESIGN -

Fig. 2
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ABSTRACT

(EPRI), and participating valve packing
manufacturers.

Since 1970, AECL Chalk River Mechanical
Equipment Development (MED) branch has
invested over 175 person years in testing related
to improving valve packing performance.
Successful developments, including, "liveloading", reduced packing heights, and
performance-based packing qualification testing
have been implemented. Since 1986, MED and
the Integrated Valve Actuator Program Task
Force - Valve Packing Steering Committee
(IVAP-VPSC) have been involved in the
development of combination die-formed graphite
packing for use in CANDU®1 plants. Many
reports, articles, and specifications have been
issued. Due to the large amount of test data and
reports, a more user-friendly document has been
prepared for everyday use. The Valve Packing
Manual is based on many years of MED research
and testing, as well as operating experience from
CANDU nuclear generating stations (NGS).
Since 1986, packing research and testing has
been funded by the CANDU Owners Group
(COG), the Electric Power Research Institute

The Valve Packing Manual (VPM) provides
topical summaries of all work related to valve
packing done since 1985. It includes advances in
configuration design, stem packing friction,
materials specifications, and installation
procedures. This paper provides an overview on
the application of the VPM with a focus on
qualification testing, packing configuration, and
stem packing friction.
INTRODUCTION
Since 1970, the Mechanical Equipment
Development (MED) branch of Chalk River
Laboratories, AECL, has invested over 175
person years in research and testing related to
improving valve packing performance.
Successful developments such as live-loading,
(Figure 1) reduced height stuffing boxes, and
performance based packing qualification testing
have been implemented. Since 1986, MED has
been involved in the development of combination
die-formed graphite packing configurations for
use in CANDU stations. Many reports, articles,
and specifications have been issued. The Valve
Packing Manual (VPM) condenses a large

1

CANDU® CANada Deuterium
Uranium. Registered Trademark.
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amount of test data and numerous reports into a
document suitable for everyday use. The Valve
Packing Manual is based on the many years of
MED research and testing, as well as operating
experience from CANDU nuclear generating
stations (NGS). Since 1986, packing research
and testing has been funded by the CANDU
Owners Group (COG), the Electric Power
Research Institute (EPRI), and participating
valve packing manufacturers.

source and to provide a basic understanding of
valve packing. When used appropriately, the
VPM can enhance the communication between
the-Mechanical Maintainers, the Packing
Program Engineer and the Design and System
Responsible Engineers. However, the VPM can
only be a part of the equation leading to a
successful packing program.
INSIDE THE VPM
The VPM provides a topical summary of the
valve packing-related work since 1985, including
advances in configuration design, stem packing
friction, specifications, and procedures. It also
includes an overview of pre-1985 valve packing
development work. Each section contains a list
of references that can be used to obtain further
and detailed information. It is not the intent of
the manual to provide detailed test data but rather
to summarize the results and findings. A brief
summary of the sections follows:

- GLAND STUD
-GLANDNUT
-INNER GUIDE SLEEVE
- COMPRESSION PLATE

—

BELLEVILLE WASHERS
LOAD INDICATOR
GLAND PLATE

,=^-S~

GLAND FOLLOWER
UPPER OR SECONDARY
PACKING SET

Introduction:
This section discusses the requirements for a
good stem seal, factors affecting packing
performance, and highlights from past AECL
valve packing tests (pre-1985).

LEAK OFF/WATER SEAL PORT
LANTERN RING
(STEEL OR GRAPHITE)
LOWER OR PRIMARY
PACKING SET
JUNK RING
BONNET
«

Performance/Qualification Testing:
Post-1985 performance testing conducted by
AECL addressed the need to find suitable
alternatives to replace the asbestos-based valve
packing John Crane (JC) 1871. Discussions
cover the EPRI-funded test report and
qualification testing of both braided and dieformed graphite packing.

STEM

FIGURE 1
Cross-Section of Double-Packed Live-Loaded
Stuffing Box
WHY A VALVE PACKING MANUAL?

Packing Configurations:
Configuration testing was required to develop
better installation procedures and configuration
design for qualified packing materials. Results
of configuration testing, including stem leakage,
friction and packing consolidation are discussed.
A list of preferred packing configurations for use
in most nuclear generating stations (NGS) is also
provided.

Prior to 1985, braided asbestos packing was
universally used for high pressure, high
temperature applications. Due to restrictions on
the use of asbestos, much effort has gone into the
search to find alternative packing materials.
Many of the products developed initially were
not acceptable. Deep stuffing boxes using large
numbers of packing rings (10-20), inconsistent
installation techniques, poor gland loading, and
unsuitable packing materials and components
have all caused forced outages. The packing
materials on the market today are less forgiving
than the braided asbestos styles. Through testing
and field experience there is now a better
understanding of packing performance limits and
applications. The VPM is set up to be a reference

Stuffing Box Components:
This chapter addresses design issues for the
critical components that comprise the overall
packing configuration assembly.
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Stem Packing Friction:
Stem packing friction is a significant
consideration when selecting a packing
configuration. Studies at AECL have developed
and improved the stem friction data base. The
chapter on stem friction introduces the
fundamental concepts which affect stem packing
friction, discusses the basic formulas used to
calculate it and provides supporting test results.

Committee (IVAP-VPSC) established
performance test specifications for valve stem
packing materials, including qualification test
data. All valve packings used for critical service
in Ontario Hydro (OH) NGS must now be
qualified under these criteria. (Ontario Hydro
standard specification, "Graphite Valve Stem
Packing Materials & Associated Components",
M-724-94.)

Live-Loading:
A brief outline on the application and design of
live-loading is provided.

MSS Follows:
The large variations in the performance of
supposedly similar packing products has resulted
in the Manufacturers Standards Society of Valves
and Fittings (MSS) recognizing the need for
valve packing standards. The MSS has issued
performance testing guidelines for valve packing
modelled after the AECL/OH guidelines, (MSSSP-121, "Qualification Testing Methods For
Stem Packing For Rising Stem Steel Valves",
1997 February). The MSS specification is based
on valve rating whereas the CANDU
specification is based on PHT design conditions.
(AECL specification "Standard and Live Loaded
Packing Assemblies for Valves,." 98-3O83O-TS003.)

Packing Installation:
Without proper installation, the best packing will
not perform properly. This section covers effects
of gland nut torque, packing consolidation, liveloading, stuffing box components and some
general guidelines to follow.
Documentation:
For many years, little or no documentation on
valve packing maintenance was available. Often
it was not known what packing was in a valve. It
is now recognized that such documentation is an
essential part of any successful valve packing
program. Tracking of valve packing
performance has been shown to determine where
corrective action is required. This section
discusses essential documentation requirements
and provides samples and guidelines from
operating CANDU NGS.

CANDU Qualification Criteria
•

Packing rings must not induce unacceptable
levels of corrosion of the valve stem,
stuffing box, and gland follower, nor
introduce contaminants into the system
fluid.

•

Packing rings must be compatible with
heavy water at operating conditions of
10 MPa (1450 psi) and 295°C (565°F).
Radiation exposure is expected to exceed
2 x 105 Rads.

•

Packing rings must retain elasticity (not
harden) when exposed to the operating
conditions given above and have no shelflife effects.

•

Packing rings must show minimum
relaxation with time. Exposure to pressure,
temperature, and operating loads must not
cause them to collapse.

•

Packing rings must not induce excessive
stem friction at operating conditions and
under effective sealing loads.

VPM HIGHLIGHTS
Clearly space does not permit a full discussion of
the above VPM chapters. The following pages
highlight three aspects of the valve packing
manual: performance testing, packing
configurations, including recent studies on rough
stems, and stem packing friction.
PERFORMANCE TESTING
Need for Qualification:
Valve packing qualification can be viewed as a
first step towards leak-free valve packing
performance. Without a universal standard for
comparing valve packing product performance or
packing tests, the end user had difficulty
comparing packing recommendations from the
packing manufacturers. To verify manufacturers'
claims, the Integrated Valve Actuator
Performance Task Force Valve Packing Steering
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A list and description of the approved or
recommended packing products can be found in
the VPM.

not perform well under these conditions. New
stand-alone packing products, recently evaluated,
show promise of being more forgiving for
commonly found stem and stuffing box
conditions on the secondary side of CANDU
stations.

PACKING CONFIGURATIONS
Knowing that the packing products meet given
performance criteria is not enough. Packing sets
must also be configured in such a way that valve
operability is not affected. Hundreds of test
hours on different packing configurations and
procedures have been done to find solutions to
various packing configuration problems. The
VPM uses graphics, such as shown in Figure 2,
to illustrate several different packing
configurations applicable for use in CANDU
plants including braided sets, combination dieformed, and reduced height sets. It is
recommended that packing configurations
outside those illustrated in the VPM be properly
reviewed by station packing supervisors prior to
installation. Testing has shown that, one packing
size or particular design does not fit all
applications, such as rough stems and oversized
stuff boxes.

Outage Dilemma:
During outages, it is not uncommon to discover
problem stuffing boxes and stems (Figure 3).
Time available to repair damaged stuffing boxes
and stems during the outage is limited. An
assessment must be made to determine valve
condition and any corrective actions that may be

1 FLAT WASHER
PER STUD
GLAND FOLLOWER
GRAPHITE WASHER
CARBON BUSHING
COMPOSITE END RING
TEFLON WASHER
REDUCED DIE-FORMED RING
COMPOSITE END RING
TEFLON WASHER
REDUCED DIE-FORMED RING
COMPOSITE END RING
CARBON BUSHING
GRAPHITE WASHER
JUNK RING

FIGURE 3
Badly Pitted Stem
required. Machining the stuffing box is difficult,
time consuming and may require design
approval. Once the valve has been completely
disassembled, stem repair is reasonably fast using
spray welding techniques. Fabricating
replacement precision components can often be
the faster repair process.

FIGURE 2
Typical Configuration Drawing

Test Program:
The rough stem/stuffing box test program
evaluated the following scenario:

Rough Stems & Oversized Stuff Boxes:
Conventional side valves in CANDU stations
often present the maintainer with a greater range
of clearances and stuffing box conditions than
those found for heavy water valves. COGfunded testing has shown that combination dieformed graphite with composite end rings may

•
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a stuffing box diameter that is out of
specification (too large);

•
•

packing configurations are available. Although
packing configurations for use with poor
condition stems and stuffing boxes have been
identified, this resort is not good practice and
components in poor condition should be repaired
at the first available opportunity. The solutions
found from this test program are not
recommended for application on stem diameters
commonly found on AOV's. Poor stems for
these valves must be returned to design
conditions prior to start-up.

a stem that is in poor condition and time does
not allow a repair (pitted and/or scored);
precision internal components are readily
available.

Clearances of test component in contact with the
packing (graphite bushings) were:
Inside Diameter:
Minimum:
Ds + 0.007 inch. (0.18 mm)
Maximum:
Ds + 0.013 inch. (0.33 mm)

STEM PACKING FRICTION

Outside Diameter:
Minimum:
Db - 0.013 inch. (0.33 mm)
Maximum
Db - 0.007 inch. (0.18 mm)

The extensive use of graphite valve packing
combined with improved valve actuator
diagnostic equipment has generated a need for
better valve stem packing friction data.

where
Ds = stem diameter
Db = stuff box diameter (Ds + (2 x 0.375 inch.) +
0.050 inch.)

Optimum stem friction can be viewed as the
trade-off between maintaining effective stem
sealing and acceptable valve operation.

The 0.050 inches represents the maximum of the
diameter tolerance for 3/8 inch packing before
going to the next size in packing i.e., 7/16 inch.

When the packing is compressed, the applied gland
load generates a radial squeeze on the stem. When
this radial squeeze equals the fluid pressure, leakage
is stopped. This radial force also results in friction
that resists axial or rotary motion of the valve stem.

For valves outside these tolerances it is
recommended that over-sized packing sets be
used, such as the CDDCC set used where the set
was made to fit the stuffing box.

Various factors can affect packing friction, such as
gland stress, packing materials, installation, and
operating conditions. For example even with correct
gland bolt torques, friction may still be low if the
applied gland load is not transmitted to the packing, a
possible result of a gland follower being over-sized or
poor installation techniques. Packing stress must be
sufficient to squeeze the packing around the stem to
seal during stem actuation. Temperature, fluid
viscosity, and system pressure can also affect stem
friction.

Test Results:
•
A 5-Ring Argo Style 5000 braided graphite
packing was the only product that provided
effective sealing with the badly pitted stem,
and limited success with a scored stem.
•

The triple composite configuration
(CDDCC) using Argo 6000 and 6300J
provided effective sealing performance with
the rough pitted stem, but did not seal with
the scored stem.

•

A 5-Ring LATTYgraf 6117 did not meet the
leakage criteria with either the pitted or
scored stem.

•

None of the packing sets tested will
effectively seal long axial score marks on the
stem.

Friction Types:
Friction can manifest itself in several ways
during valve actuation.
Static friction or break-away friction is the force
required to start movement between two surfaces at
rest. It is generally the highest friction seen.
Running friction or dynamic friction is the friction
force between packing and stem while the stem is
moving (during stem actuation). Running friction is
always less than static friction.

The test program demonstrated that for very poor
stem conditions and over-sized stuffing boxes,
which may be found on MOV's and manual
valves, temporary sealing solutions based on
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Stiction occurs when there is a high ratio between
static friction and dynamic friction. (The effect of
stiction should not be confused with process control
"hunting".) Stiction can be a significant problem for
air operated valves. With stiction, a small change in
the input signal to the actuator results in no change in
stem movement. As the actuation force becomes
larger and exceeds static friction, the stem suddenly
moves and the friction load drops. This causes a
sudden jump, or jerky motion, of the stem. A
stick/slip ratio of 1 is ideal, but as the ratio increases,
the problem worsens.

Ph = effective packing height
The effective packing height is the compressed height
of those rings in the packing configuration that
generate enough radial stem contact to cause packing
friction.
Ds = stem diameter
Rs = stem radius = Ds/2

Y = transfer ratio of axial stress to average radial
stress

It should be noted that stiction problems can be
associated with actuator sizing, binding of the
actuator, improper packing design, stem finish, stem
guide components, and over-torquing (loading) of
components.

This ratio varies depending on the density of the
packing material, the configuration design and the
installation procedure used.

Friction Calculation:
The packing friction load is a function of the applied
gland stress, the internal pressures in the valve and
the coefficients of friction between the packing and
the stem and bonnet. Simplified versions of more
complex formulas can be used for estimating stem
packing friction for most applications. For nonrotating linear stem movement, the stem packing
friction can be estimated by the following equation:
F = Gs • Ph • Ds • TC • Y • f (pounds force or Newtons)

f = friction coefficient
The coefficient of friction of the packing material
against the valve stem used in most calculations and
in this manual is that measured during tests at ambient
conditions. The aim of the packing designer is to
keep the friction coefficient as low as possible while
maintaining appropriate sealing performance. The
coefficient of friction is influenced by those material
and physical properties which can change with
temperature, stem conditions, and applied load.
Friction Test Highlights:
Results from AECL's friction evaluation program
have provided a range of values for the nondimensional parameter of product f-Y (fY) for onering up to five-ring configurations. From this data,
the friction for most packing configuration used in
CANDU stations can be determined. Significant
results from the program showed that:

For rotating non-rising stems:
T = Gs • Ph • Ds • 7i • Y • f• R,
(inch-pounds or Newton-meters)
where:
Gs = applied gland stress
This is the level of gland stress (psi) applied to the
packing through the gland bolts. This stress is usually
based on the measured torque applied to the gland
studs or nuts. The actual gland stress to the packing
can vary considerably. Depending on the stud and
gland nut condition, lubrication and torquing
procedures, using the torque measurement to estimate
gland stress can introduce a serious discrepancy with
the true applied load. The applied stress or gland
load can be more accurately determined by using
calibrated spring stacks on the gland studs.
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•

For gland stresses up to 41 MPa (6,000 psi),
composite end-rings showed no contribution to
friction. Therefore, composite rings should not
be included in the calculation of the effective
packing height (Ph).

•

Ph can be decreased by system pressure due to
the wetting effect of the fluid on the lower
packing rings, resulting in lower friction values.

•

Stem friction from one- to five-ring sets is a
linear function of the number of rings and gland
stress in the range of 2,000 to 6,000 psi (limits
of test program).

RAIN FOREST TO DESERT
Much effort has gone into valve packing research
and the application of that knowledge by
Mechanical Maintainers. Typical evidence of
using and developing good packing procedures,
training and management control can been seen
in the success at Bruce-B and Darlington. Both
stations have successful packing programs based
on the co-operative effort between R&D, the
suppliers, and a station commitment to eliminate
packing-related problems. Figure 4 shows a
classic examples of the "rain forest" effect
where steam leaks were large, and Figure 5 the
clean and dry view "desert".
APPLICATION GUIDE
The VPM should be viewed as a living
document, updated yearly as new test data and
field experience are gained. The manual is a
reference tool and application guide to be used to
help maintain a successful packing program. The
manual alone, however, is not enough: a
commitment to excellence, configuration
management and training must also be
implemented

FIGURE 5
8-41840-MV110
Implementing Practices
Recommended in VPM
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FIGURE 4
8-41840-MV110
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ABSTRACT

INTRODUCTION

The extensive use of graphite packing and its
excellent track record for large isolating valves in
CANDU, Primary Heat Transfer (PHT) systems
has resulted in an increased application of
graphite packing on the conventional side. Many
of these applications are in air operated valves
(AOVs) where the packing sets are used on small
stem diameters (< 1 inch) with frequent shortcycling strokes (± 10% of full stroke). The direct
application of the proven packing configurations
for large isolating valves to control valve
application has generated problems such as
stiction, packing wear and, in isolated cases, stem
stall.

The extensive use and excellent performance of
graphite valve stem packing configurations for
large isolating valves in CANDU® Primary Heat
Transport (PHT) systems has resulted in an
increased use of these configurations on the
conventional side. Many of these applications
are in air operated valves (AOVs) with stem
diameters less than 1 inch and frequent short
cycling strokes. Problems with packing wear,
unstable stem actuation due to high static friction
relative to dynamic friction, and stem stall have
been noted.
Limited experience indicated that the application
of PTFE wafers would reduce stem friction and
increase packing wear. Little research has been
done with PTFE wafers and previous testing of
the effects of different stem finishes on stem
friction gave mixed results. Tests at CRL at
elevated temperature and pressure show
10 % less stem friction for an 8 RMS stem
compared to a 32 RMS stem , while ambient
temperature tests showed no difference between
4 and 12 RMS stems. For marginal actuators,

To address this issue, a test program was
conducted at AECL, CRL by MED branch. The
testing showed that by reconfiguring the packing
sets and using PTFE wafers reductions in stem
friction of 50% at ambient conditions, and 3 fold
at hot conditions are achievable. The test
program also demonstrated benefits gained in
packing wear with different stem roughness
finishes and the potential need to exercise small
stems valves that see less than full stroke cycling.
The paper describes the tests results and provides
field support experience.

® CANDU CANada Deuterium Uranium,
registered trademark.
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even small reductions in friction are desirable.
At the same time, leakage must be maintained
below acceptable levels.

1 FLAT WASHER
PER STUD
s- GLAND FOLLOWER
GRAPHITE WASHER
CARBON BUSHING

Air operated valves are often used on a control
loop where they stroke frequently to maintain the
desired loop conditions. While each actuation
may be very short, the total stem travel seen by
the valve packing may reach several hundred
thousand inches in a few months. The packing
must be capable of performing reliably over the
entire period.

.. _ J I T E END RING

-ON WASHER
REDUCED DIE-FORMED RING
COMPOSITE END RING
TEFLON WASHER
REDUCED DIE-FORMED RING
COMPOSITE END RING
CARBON BUSHING
GRAPHITE WASHER
JUNK RING

To address these issues, a three-phase test
program was funded by COG WP#1 and
conducted at AECL-CRL by the Mechanical
Equipment Development (MED) branch. In
Phase 1, packing configurations containing PTFE
wafers were tested at simulated PHT conditions
to obtain hot friction test data. In Phase 2,
selected packing configurations were tested at
room temperature and 150 psig water on
instrument air operated valves to determine
leakage and friction performance. Phase 3
testing investigated wear and friction
characteristics of selected configurations in dry,
ambient operating conditions at room
temperature. The following presents an overview
of the findings from this program and its field
application.

FIGURE 1
Reduced Height Sandwich Configuration
•

release of leachable fluorides into the system
fluid;
• release of small amounts of PTFE into the
system due to "skirting ".
The first two concerns have been addressed in
various qualification tests. Sample packing
material were irradiated to 10 MRads gamma in
a simulated stuffing box. Irradiation had no
detrimental effect on the sealing properties of the
packing or operability of the valve. Both, prior
to and after irradiation, the level of leachable
fluorides in the packing was within limits set in
specifications..

PACKING PRODUCTS
The test program used Argo 6000, composite end
rings, "C", Argo 6300J, die-formed graphite, full
height, "D" and reduced height, "d" (50% of the
width), and PTFE wafers, "t". The packing sets
were tested in various configurations, from the
standard 5-ring set of CCDDC, to sandwich style
sets such as CtdCtdC, Figure 1.

Release of PTFE into PHT and Moderator
systems is a system chemistry issue. Small
particles of PTFE could be carried into the
reactor core where intense radiation would
break them down and release fluorides into the
system fluid. Where packing materials
containing PTFE are used in PHT and
Moderator system valves, provisions should be
made to ensure that fluoride levels in system
fluids do not exceed the acceptable limit ofO. 1
parts per million established by AECL.

NOTE:
The chemical composition of PTFE is 20%
carbon and 80% fluorine. Exposure of PTFE to
high levels of ionizing radiation can cause it to
break down and release teachable fluorides.
Use of packing materials containing PTFE in
nuclear power stations raises the following
concerns:

EQUIPMENT
Endurance Test Rig (ETR)

•

reduced packing life and performance due
to radiation exposure;

The Valve Packing Endurance Test Rig (ETR), is
a fully instrumented valve packing test rig that
monitors and measures system operating
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conditions, packing leakage, consolidation and
stem thrust. Hydraulic actuators move the stem,
with control through a hydraulic circuit and test
monitoring by data acquisition unit.

Hot Testing (ETR)
Stem friction using sandwich-style configurations
at ambient conditions was reduced about 50%
compared to the standard 5-ring set.

Six combination die-formed graphite packing
sets were evaluated at cold and CANDU PHT
conditions of 565° F and 1,450 psig. The
configurations were tested through 400 stem
cycles, with a static shut down period after
200 stem cycles.

Use of PTFE at elevated temperature reduced
stem friction 3-fold compared to ambient
conditions.
PTFE extrusion past the in-board composite ring
was observed with all PTFE configurations used
with the 32 RMS stem. Therefore, stems with
32 RMS finish are not recommended for use in
this type of application.

All the packing sets used solid rings on a 1 inch
diameter stem. Gland stress was 4,000 psi
without live loading. Two packing cross-sections
and stem finishes were used: 5/16 inch with a
32 RMS stem finish and 1/4 inch with a 4-6 RMS
stem finish.

Little to no PTFE extrusion was observed using
the 4-6 RMS stem.

Air Operated Valve Test Facility (AOV)

AOV Testing

Two instrumented AOVs were used for this test
program (Fisher Controls, Type EZ, Size 2, with
Type 667, Size 50 actuators). A0V1 had a
4 RMS stem, while AOV2 ran the first test with a
32 RMS stem and the second test with a 12 RMS
stem. Each valve used a 0.75 inch diameter stem
and a 1.25 inch diameter stuffing box and each
was pressurized to 150 psig water. For the
majority of the test period, the stem travel was
0.31 in. for a full cycle at a stroke rate of
approximately 7.5 strokes per minute.
Depending on the test plan, full stem stroking
was done to monitor changes in packing friction
and the effects of stem wiping.

A 32 RMS stem exhibits packing leakage well
before a 4 RMS stem, and is not recommended
for use in any CANDU valves where total stem
travel will be above 10,000 inches and low
leakage is important.
Packing configurations with PTFE wafers allow
about twice as much total stem travel before
failure as those without PTFE wafers.
Increased friction due to packing build-up on the
stem can occur within 70 inches of total stem
travel when the stroke length is short relative to
the packing ring height. The build-up can lead to
a doubling of stem thrust after 850 inches of
travel. A few full strokes at this point can reduce
the thrust by half.

SuperCvcle Jigs (SCJ)
Three test jigs, each consisting of a stem and
stuffing box, were used for the long-term wear
tests. Each SuperCycle Jig (SCJ) used a
0.75 inch stem diameter and a 1.25 inch stuffing
box inside diameter. Stem finishes used were 32,
12 or 4 RMS. The three valve stems were
connected to a variable speed motor which
exercised them at a stroke rate of 14 cycles /
minute. A cam shaft with three different offsets
provides valve stem stroke lengths of 0.8 inches,
0.33 inches, and 0.75 inches.

There are no obvious effects of PTFE wafers or
reduced height die-formed rings on stem thrust.
SuperCvcle Jig
Composite/die-formed configurations without
PTFE wafers show extensive wear after
400,000 inches of stem travel.
PTFE wafers reduce packing wear but increase
stem thrust at ambient conditions.

SUMMARY OF RESULTS
Increasing stem travel increases packing wear but
has no effect on stem thrust.

The following is an overall summary of the
findings. For additional detail see the referenced
COG reports.
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There is no evidence that changes in stem speed
affect packing wear or stem thrust.

rHi

FIELD CONFIGURATIONS
Based on the above test results and lessons
observed in the field, the following
configurations are being used to reduce friction
and improve the operability of AOVs and
MOVs.

_ 2 FLAT WASHERS
PER STUD
;— 10 SPRING
\J
WASHERS
PER STUD

GRAPHITE WASHER
GRAPHITE BUSHING
COMPOSITE RING (0.250)
TEFLON WAFER
GRAPHITE RING (0.1875)
TEFLON WAFER
COMPOSITE RING (0.250)
TEFLON WAFER
GRAPHITE RING (0.1875)
TEFLON WAFER
COMPOSITE RING (0.250)
GRAPHITE BUSHING
GRAPHITE WASHER
JUNK RING

Bruce-B (Contact Dean dimming)
Re-heater drains system, units 5-8-41850-LCV's
(level control valves) are using a reduced height
sandwich style with PTFE wafers inserted
between the rings (Figure 2). By adding the
PTFE wafers, the gland stress can be increased
from 3000 to 4000 psi. At gland stresses of
3000 psi there were problems with the packing
leaking a few months after a repack. This was
attributed to a loss of gland load caused by
packing wear which resulted in increased
packing consolidation.

FIGURE 2
Bruce B Configuration Using PTFE Wafers in
Level Control Valves
sandwich style with PTFE wafers, performed in
Oct 1996. In 1997 May, system configuration
provided an opportunity to Flowscan 7-43230LCV9 under hot operating conditions without
causing any upset conditions. The as-found hot
Flowscan at 4000 psi gland stress showed that
the friction had increased from 614 lbf to
627 lbf. That is the Flowscanning results showed
an increase of 13 lbf in friction under hot
conditions as a result of increasing the gland load
from 3000 to 4000 psi. Based on as-left
Flowscan data collected during the final setup
following a repack, a conservative decision was
made, to increasing the gland stress to 4000 psi
for the identical material code or family of
LCV's.

Bruce B has at least 4 - LCV's repacked with the
new configuration live-loaded to 4000 psi.
Flowcanner™ results have confirmed the lower
friction using PFTE wafers. The reduced height
graphite sets gave proportionally reduced friction
at 3000 psi gland stress but due to increased
friction at 4000 psi without PTFE wafers Bruce
B does not plan to increase the live-loading to
4000 psi until the PTFE wafers are inserted into
the configuration.
Another application of the reduced height
graphite rings has been the boiler feed level
control valves 7-43230-LCV9 and 8-43230LCV5. To date, a reduced height graphite set
with PTFE wafers has been installed in 2-LCV's
to replace the PTFE Chevron™ sets.

Cases of using reduced-height composite
graphite without the PTFE wafers have been
successful in reducing the friction, such as the
boiler blow-off MV's. However, Bruce B are
planning to have PTFE wafers installed during
the next repacks. The decision to include PTFE
wafers is based on the improved operating
characteristics, reduced friction and increased
packing life.

Hot operating Flowscanning has been performed
on 7-43230-LCV9. The intent was to document
the effect of hot operating conditions on
reducing friction as compared to the cold repack
Flowscan. Depending on the results, the intent
was to increase the gland stress to 4000 psi from
3000 psi. The original cold Flowscan friction
value was in the 600 -650 Ibf range after the
original repack with composite/graphite

The boiler blow-off MV's 5-8-36410-MV's 924, 35, 36 (Rockwell Edward's valve with EIM
actuators), have had friction problems because
the actuators have limited torque thrust
capabilities. The original configuration used a
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5-ring set (1.125 in. ID x 2.535 in. OD x
11/16 in. cross-section). The packing
configuration now being used is a 4- ring reduced
height composite graphite set with upper and
lower bushings (Figure 3). A gland stress of
4000 psi can now be used where before it was
restricted to 3000 psi to maintain operability.

- FLAT WASHER
""" FLANGE
- 2 SPRING
WASHERS
PER VALVE
LOAD INDICATOR
GLAND FOLLOWER

rHi
-

2 SPRING
WASHERS
PER STUD

GRAPHITE WASHER
GRAPHITE BUSHING
COMPOSITE RING
TEFLON WAFER
GRAPHITE RING
TELFON WAFER
GRAPHITE RING
TEFLON WAFER
COMPOSITE RING
GRAPHITE BUSHING
GRAPHITE WASHER
JUNK RING

GRAPHITE WASHER
GRAPHITE BUSHING
COMPOSITE RING
2 GRAPHITE RINGS
COMPOSITE RING
GRAPHITE BUSHING
GRAPHITE WASHER

FIGURE 4
Configuration for Copes-Vulcan with
0.75 inch Stem Diameter
of reduced-height packing sets to assist with
valve operability and packing life. Up to 50%
reduction in friction, in some cases, has been
seen by switching out the gland follower and
guide bushing to graphite alone. This has been
quite successful but there have been some
operability, stiction, problems with some valves.
It is expected, based on R&D testing and other
field results, that the use of PTFE wafers when
added to the configuration along with reduced
height sandwich sets, operability will be further
improved.

FIGURE 3
4-Ring Reduced Height Set Friction Reduction
Darlington (Contact Cameron Spence)
Darlington's work in the AOV packing program
has resulted in a significant effort on gland
follower and guide bushing/junk ring (stainless
steel) changes. At this time any AOV re-packing
for the first time, the following good practices
are implemented: gland follower replacement,
guide bushing removal, junk ring installation
(bonnet removal required), stem polishing,
installation of composite graphite set with PTFE
wafers, and in many cases the addition of live
loading. The intention of the stainless steel
component change is to allow the graphite
bushings to act as the guide mechanism instead
of the stainless steel components to reduce
galling risk and allow tighter tolerances with the
stem.

Figure 4 illustrates the configuration being used
for Copes-Vulcan Valves with a 0.75 inch stem
diameter.
Figure 5 shows the configuration used on AOV's
with stem diameters primarily I inch and greater.
There are some 0.75 inch valves that use this
configuration as well. Some of Darlington's
smaller Copes-Vulcan AOV's use 4-ring sets as
shown in Figure 5 but with normal live load of
14 Belleville springs per stud.
REMARKS

Darlington is now in the process of installing this
complete fix in several AOV's alone with the use

The R&D support provided to the station to
reduce stem friction and improve packing life is
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being implemented. The success of the program
is the combined effort from the station initiative
to install specialized packing configuration and
regular contact with R&D and suppliers. This
co-operative approach has led to stem packing
friction reductions along with improved packing
life.

Eyvindson, A., Charette, P.M., "Application of
PTFE Wafers with Combination Die-Formed
Graphite Configurations for Small Stem
Diameters - Phase 2: Ambient Temperature Air
Operated Valve Testing", COG-96-546 Vol. 2),
1997 January.
Eyvindson, A, and Primeau, P.D., "Application
of PTFE Wafers with Combination Die-Formed
Graphite Configurations for Small Stem
Diameters - Phase 3: Ambient Temperature
Wear and Thrust Tests", COG-96-546 Vol. 3),
1997 January.
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Spence, C.G., "Darlington NGD Packing
Program", presented at the Third International
Conference on CANDU Maintenance, November
19-21, 1995.

GRAPHITE WASHER
GRAPHITE BUSHING
COMPOSITE RING
TELON WAFER
COMPOSITE RING
TEFLON WAFER
GRAPHITE RING
TEFLON WAFER
GRAPHITE RING
TEFLON WAFER
COMPOSITE RING
GRAPHITE BUSHING
GRAPHITE WASHER
JUNK RING

FIGURE 5
AOV Configuration for Stem Diameters
Greater Than 1 Inch
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Abstract:
Bruce A has sent out for testing over 70 used control valve diaphragms collected in 1996.
The in-service life of the diaphragms range from a few months to 20 years and cover most
locations and systems within a CANDU station. The diaphragm testing was performed by
the diaphragm manufacturer to determine if the diaphragms still meet their original
specification criteria. The results will be compared against original QC batch test results
taken at the time of diaphragm manufacture. Based on the trends and degradation
mechanisms observed, PM frequencies for critical control valve diaphragms will be
established in conjunction with existing industry data. Given the similar process and
temperature conditions within CANDU plants, these results should be transferable to all
stations.
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lead to costly forced outages, and in severe
cases, may require unit de-rating, SG replacement
or even the permanent shutdown of a reactor. The
mandated inspection of SG tubing during maintenance outages is used to monitor degradation,
which, if serious enough to compromise structural
integrity, requires removing the affected tube from
service (i.e., plugging) or repairing it. The standard
method of tube rehabilitation involves the installation
of a "sleeve," which is either mechanically expanded
or welded at its axial extremities to the inside surface
of the host tubing. The applied sleeve spans the
defect and restores the mechanical integrity of the
region. Although widely applied in the nuclear industry, tube repairs cause concerns about reliability
because of the intrusive nature of existing installation
methods that inherently tend to produce high levels of
residual stresses, heat-affected zones, tube deformation or microstructural alterations. The hightemperature, post-installation heat treatment usually
performed to relieve the high installation-induced
stresses for improved service life, has also been
implicated as the cause of further compromising the
integrity of the host tube where support-plate
deposits restrict thermal growth (i.e., locked-tube
scenario).

ABSTRACT
Degradation of steam generator (SG) tubing by
localized corrosion is a widespread problem in the
nuclear industry that can lead to costly forced outages, unit de-rating, SG replacement or even the
permanent shutdown of a reactor. In response to
the onset of SG tubing degradation at Ontario
Hydro's Pickering Nuclear Generating Station
(PNGS) Unit 5, and the determined unsuitability of
conventional repair methods (mechanically expanded or welded sleeves) for Alloy 400, an alternative
repair technology was developed. Electrosleeve™ is
a non-intrusive, low-temperature process that
involves the electrodeposition of a nanocrystalline
nickel microalloy forming a continuously bonded,
structural layer over the internal diameter of the
degraded region. This technology is designed to
provide a long-term pressure boundary repair, fully
restoring the structural integrity of the damaged
region to its original state. This paper describes
the Electrosleeve™ process for SG tubing repair
and the unique properties of the advanced sleeve
material. The successful installation of
Electrosleeves that have been in service for more
than three years in Alloy 400 SG tubing at the
Pickering-5 CANDU unit, the more recent extension of the technology to Alloy 600 and its demonstration in a U.S. pressurized water reactor
(PWR), is presented. A number of PWR operators
have requested plant operating technical specification changes to permit Electrosleeve™ SG tube
repair. Licensing of the Electrosleeve™ by the U.S.
Nuclear Regulatory Commission (NRC) is expected
imminently.

An alternative, non-intrusive SG repair technology,
Electrosleeve™, has recently been developed by
Ontario Hydro Technologies (OHT) which circumvents
the above-noted concerns while providing long-term,
pressure-boundary restoration. The process involves
the in-situ electrochemical fabrication/installation of a
continuously bonded, structural sleeve made possible
by a new generation of advanced materials and their
synthesis techniques. The resulting Electrosleeve is
illustrated in Figure 1. The proprietary Electrosleeve
technology 1, described in this paper, has been field
implemented in both Canadian CANDU and U.S. PWR
plants and is now offered commercially under a licensing agreement with Framatome Technologies, Inc.
(FTI) and Babcock & Wilcox Industries Ltd (BWI).

1.0 INTRODUCTION
The degradation of steam generator (SG) tubing,
particularly by localized corrosion, is a widespread problem in the nuclear industry that can
Electrosieeve™ is a trademark of Ontario Hydro
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indicates that a two to three order of magnitude
reduction in grain size, from tens of micrometres
(for conventional polycrystals) to tens or hundreds
of nanometres (nanocrystalline materials), can
improve mechanical properties (e.g., hardness,
tensile strength) several-fold3 (see also Table 1).
Based on the pioneering work by Erb and coworkers
in the electrodeposition of metals and alloys4, nickel
in the nanocrystalline form, has the mechanical
strength for pressure boundary repair applications.
Electrodeposition, one of the few methods available for synthesizing fully dense nanocrystalline
materials, was the technique adopted for the installation/fabrication of the Electrosleeve5. Grain size
is controlled by the appropriate selection of current
density, ionic concentration, temperature and current
waveform 6.

Inconel 600
Tube
Electrosleeve

Just as important as ultra-fine grain size, is the effect
of minor solute additions of selected elements, preferably phosphorous. The presence of micro-alloyed
phosphorous (typically < 3000 ppm) in the
Electrosleeve is critical since it has been shown to
retard grain growth and ensure the stability of the nanocrystalline structure at elevated temperatures 7 A
Without the stabilizing influence of the phosphorous,
the mechanical strength of the Electrosleeve would
quickly revert to that of conventional (microcrystalline)
nickel at SG operating temperatures (up to 343 °C for
aPWR).

Figure 1: Cut-away view of the Electrosleeve
installed in SG tubing.

2.0 BACKGROUND
In 1993, indications of an alarming rate of SG tube
degradation and a determined unsuitability of thenavailable repair methods for application to Alloy 400
(Monel) tubing, resulted in Ontario Hydro being faced
with a possible de-rating of Pickering Unit 5 well
before the end of its design life. In response, OHT,
drawing on its collaborative research achievements in advanced materials, conceived, developed,
and through a focused and accelerated effort,
successfully delivered a new generation of SG
tubing repair technology in time for the Unit 5
maintenance outage in April-May, 1994. The
Electrosleeve process is based on in-situ electroforming, which is conducted at low temperature,
and is essentially non-intrusive to the host tubing,
unlike welding or mechanical expansion.

In combination, these concepts enabled the development of a unique, high strength nanostructured nickel
microalloy that is fabricated in-situ to provide a nonintrusive, continuously bonded, mechanically superior
sleeve repair. Low-temperature installation also
ensures that there are no stress relief requirements.
3.0 MATERIAL PROPERTIES
3.1 Composition
The Electrosleeve consists of > 99.5% Ni and also
contains typically < 3000 ppm of microalloyed P. In
nuclear applications, the cobalt content of the sleeve
is limited to < 150 ppm by the use of chemical
reagents of suitable purity.

Although the electroplating of SG tubes has been
used extensively in Europe by Framatome (France),
only a thin coating of elemental nickel was applied
primarily as a preventative measure against primary
water stress corrosion cracking (PWSCC) in the
roll transition area or to inhibit the propagation of
existing stress corrosion cracks 2. The relatively low
mechanical strength of conventional, pure nickel
precludes its use as a structural repair where the
mechanical integrity of the tube has been compromised, as was the case at Pickering where
extensive OD pitting above the tubesheet in the
sludge pile region required local pressure boundary replacement {i.e., a structural repair).
The Hall-Petch behaviour of polycrystalline materials

3.2 Microstructural Characteristics
The Electrosleeve material is fully dense (nonporous), generally free of macroscopic defects and
possesses a microstructure not resolvable by optical
microscopy. Based on transmission electron
microscopy and atomic force microscopy, the average grain size of typical Electrosleeve material is
approximately 100 nm 9-10.
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3.3 Thermal Stability

effects associated with the possible formation of
"grain-boundary-pinning" precipitates 7.8.n Based
on differential scanning calorimetry measurements12,
exothermic peaks were observed at 560 to 580 °C
attributable to the onset of rapid grain growth and
an indication of the margin of safety for the thermal stability of the Electrosleeve in nuclear SG
applications.

Pure nanocrystalline Ni can possess a driving force
for grain growth that is significantly greater than that
for conventional polycrystalline materials 7. The
thermal stability of the nanostructured Electrosleeve
is therefore a concern since nuclear SG components
can be subjected to long-term (up to 40 years) thermal exposure at design operating temperatures as
high as 343 °C. Figure 2 is a plot of Vickers hardness (an indirect measure of grain size) versus
annealing time at 343 "C for Electrosleeve material
containing 1500 ppm P <9). From an initial, as-plated
hardness of 400 VHN, the nanostructured nickel
microalloy shows no evidence of grain growth (hardness decay) during a total test period of more than
10 months. In contrast, there is a rapid decrease in
hardness to less than 150 VHN within the first few
hours of annealing for unstabilized (i.e., pure)
nanocrystalline Ni, as shown by the graph, indicating a rapid increase in grain size consistent with
that of conventional polycrystals (10-30 urn). The
influence of minor solute additions, such as P, on
retarding grain growth in nanocrystalline Ni is attributed to (1) solute drag effects on the grain boundaries,
(2) the reduction in grain boundary energy from
solute segregation, and (3), Zener drag

3.4 Mechanical Properties
The mechanical properties of the nanostructured
Ni Electrosleeve are summarized in Table 1; the
material exhibiting superior strength while maintaining acceptable ductility (elongations to failure in
tension consistently exceed 15% at room temperature). The values of yield strength and tensile
strength are several times greater than that of conventional, pure nickel (e.g., Ni201) and also
significantly greater than those for Alloy 400 and
Alloy 600. Due to its superior mechanical properties,
the applied Electrosleeve can be somewhat thinner
than the original wall thickness of SG tubing (even
though no mechanical credit is given for the presence of the host tubing). For example, for 0.50-inch
OD Alloy 400 tubing with a nominal wall thickness
of 0.049", the target thickness for an installed
Electrosleeve is 0.020".

500

The fatigue properties of the Ni Electrosleeve
have been evaluated at both room temperature
and at elevated temperature (300 °C with fully
reversed bending and frequencies in the range
0.5-25 Hz). Fatigue performance was generally
comparable with that of conventional, commercially pure Ni (which is also similar to that of the
Alloy 600 parent tubing) and was not compromised at elevated temperature.
1

10

100 1000 lO*
10s 106
Annealing Time, minutes

10'

3.5 Ductility/Adhesion

Figure 2: Vickers hardness vs. annealing time
at 343°C for nanocrystalline (1) Ni and
(2) Ni-1500 ppm P.

The ductility of the bi-material system, comprising
the host tubing and the continuously bonded
Electrosleeve, was tested per ASTM procedures

TABLE 1
Mechancial Properties of the Electrosleeve Compared to Related Materials
Property
Yield Strength, MPa (25° C)
Yield Strength, MPa (350° C)
Ultimate Tensile Strength, MPa (25° C)
Ultimate Tensile Strength, MPa (350° C)
Elongation, % (25° C)
Modulus of Elasticity, GPa (25° C)

Conventional Ni 13

Alloy 400 13

Alloy 600 13

Electrosleeve™

103
-

240

310
-

690

403
50
207

146

540
40

655
-

180

207

40

620
1100
760
> 15
214

E-290-92 and B-489-8514. Longitudinally split
Electrosleeved tube samples were bent with the
nickel-based sleeve inside diameter in tension
(reverse U-bend) over a 6.4 mm (1/4") mandrel as
shown in Figure 3. After bending, Figure 4, the
sleeves were visually inspected for cracks or evidence of disbonding. Of the hundreds of samples
that have undergone this severe test of adhesion
and ductility, no defects were observed in any
specimen installed per normal process procedures.
The ductility of the Electrosleeve material is further demonstrated by the ductile failures the material exhibited during tensile tests. Ultrasonic testing (UT), the preferred post-installation inspection
technique for correct positioning and thickness, is
also used to provide in-situ verification of bond
quality (if the Electrosleeve is not continuously
bonded to the entire tube ID, the wave reflects off
the nickel outer surface) throughout the entire
sleeved area.

Figure 4: Typical reverse U-bend test specimen
exhibiting excellent ductility and adhesion.

3.6 Creep Performance

has been noted in any of the specimens tested,
with completely ductile fracture features exclusively
observed. Despite the higher steady state creep
rates expected with decreasing grain size, a recent
study has shown that nanostructured materials
are highly resistant, and possibly immune to intergranular creep failure 16 . This feature, together
with the observed time-independent elongation to
failure (to greater than 14000 hours), is likely to
manifest itself in extended creep life for nanostructured materials. The substantially lower creep
rates for the material at 315 °C and below also
provide an added margin of safety in CANDU SG
applications (304 °C design temperature).

The high-temperature application of the
Electrosleeve in a SG required that the creep
performance of the unique nanostructured material
be determined. The results of a series of constant
load creep tests (covering a range of stresses from

4.0 CORROSION PERFORMANCE
Due to a lack of information on the corrosion
resistance, particularly localized attack, of nanocrystalline nickel, especially for material microalloyed
with phosphorous, a comprehensive corrosion test
program was undertaken for the Electrosleeve.
The technical literature does indicate, however,
that at phosphorous concentrations of less than
0.9% the general corrosion behaviour of the polycrystalline alloy is similar to that of high-purity
nickel 17 including the nickel-plated coating that has
been used successfully by Framatome (with greater
than 10 years of in-plant service) to inhibit SCC in
SGs in Belgium. Due to their greater inherent grain
boundary component, nanostructured mateiials are
more resistant to intergranular corrosion phenomena
(e.g.. SCC and intergranular attack, IGA) 1819 .
Therefore, the corrosion performance of the
Electrosleeve is expected to be as good as, or
better, than conventional commercially pure nickel.

Figure 3: Reverse U-bend test of longitudinally
split Electrosleeve sample.
180 to 450 MPa at 343 °C, as well as additional
tests at 315 °C and 288 °C to determine the effect of
temperature) demonstrate that no failures due to
gross distortion, creep rupture from long-term loading, or creep fatigue will occur under SG design
operating conditions15. In addition, no evidence of
intergranular creep cracking (the predominant mode
of premature creep failure for engineering materials)
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4.1 General Corrosion Tests

continuous high-strength metallurgical bond to the
SG tube. In most respects, a continuous metallurgical bond is superior to a weld or mechanical
expansion joint at the sleeve extremities.
However, there were concerns that a continuous
metallurgical bond might allow cracks to propagate from the host tube through the bi-material
interface and into the Electrosleeve. However,
Sugimura et al. have shown that for bi-material
systems of similar elastic modulus, but different
plastic properties, cracks propagating toward the
bi-material interface from the material of lower
yield strength (the SG tube) will always tend to
blunt upon encountering the interface21.
Moreover, a recently developed geometric model
has shown that the decreasing grain size of nanostructured materials should yield enhanced resistance to intergranular crack propagation 22 23.
These characteristics of nanostructured materials
ensure that the long-term integrity of the Electrosleeve is in no way compromised when used in
IGSCC repair applications.

Standard tests, designed to evaluate the performance of SG alloys exposed to known corrosion
mechanisms in well characterized environments
(ASTM G28 for susceptibility to IGA, ASTM G48
for susceptibility to pitting and crevice corrosion,
ASTM G35/G36/G44 for susceptibility to SCC)
were conducted on Electrosleeve specimens.
Test results in these extremely severe environments (they do not exist directly in SGs) confirmed that the material possesses the general
corrosion properties of conventional nickel but is
intrinsically resistant to intergranular processes
such as IGA and IGSCC10-20. The Electrosleeve
material was also resistant to pitting attack and
showed signs of only slight crevice corrosion.
4.2 Corrosion in Specific SG Environments
In general, the corrosion of nickel and nickel-base
alloys is minimal during power operation due to
careful control of environmental characteristics,
such as the addition of reducing agents to limit
dissolved oxygen and the maintenance of a slightly
alkaline pH. A series of accelerated tests were
conducted to simulate upset conditions known to
be detrimental to steam generator materials.
These tests included freshwater, acid and caustic
ingress under a combination of oxidizing and
reducing environments at 300/256 °C primary/
secondary water temperatures.

The crack-arrest capability of the Electrosleeve
was confirmed experimentally by C-ring specimens
(produced from Electrosleeved tubing sections
having a thinned outer layer of host Alloy 600 tubing
and statically stressed to 2% outer surface strain)
exposed to 10% sodium hydroxide solution at 350 °C,
an environment commonly used to evaluate the
SCC performance of nuclear SG tubing alloys.

The results of the freshwater ingress test revealed
no attack of the Electrosleeve after a 4500 hour
exposure. Excellent resistance was also demonstrated in alkaline environments, as well as in
reducing acidic environments. When exposed to
a combination of an oxidizing and an unbuffered
acidic environment, corrosion resistance was limited,
as expected. However, based on the severity of
the test conditions (accelerated tests had 1000X
higher acid concentration than the anticipated
event) and that an acid ingress requires immediate operator intervention, the test results indicate
that the Electrosleeve offers good corrosion resistance, by a large margin, in any realistic acidic
excursion scenarios in nuclear plant operation.

Figure 5: Cross-sectional optical micrograph
showing crack arrest/blunting capability of the
Electrosleeve in a stressed (2% tensile strain)
Electrosleeved Alloy 600 C-ring exposed to 10%
NaOH at 350°C for 3000 h.

4.3 Crack Arrest Capability
One of the most prevalent degradation modes
afflicting nuclear steam generators is IGSCC.
Commercially pure nickel is a known SCC-resistant
material, and as previously discussed, has been
successfully used to inhibit or arrest such degradation in an SG environment. Unlike conventional
sleeves, which are bonded at their axial extremities,
creating an artificial crevice between the host
tube and the sleeve, the Electrosleeve provides a

Figure 5, a cross-sectional optical micrograph of a
C-ring following a 3000 hour exposure, shows that
the OD initiated, intergranular cracking that is highly
prevalent in the Alloy 600 tubing, is completely
arrested upon encountering the nanostructured Ni
Electrosleeve <924>. Stress corrosion cracks were
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not observed to propagate into the Electrosleeve
in any of the 6 specimens tested. Despite the relatively lengthy time the cracks were likely to have
remained blunted (estimated at >1500 hours
based on full thickness Alloy 600 control samples
exhibiting average crack depths of 780 urn), no
evidence of sleeve detachment or crack propagation along the bi-metal interface was noted.
5.0 PROCESS DESCRIPTION
In the Electrosleeve process, an integral sleeve of
desired length and thickness is synthesized in-situ
using a series of relatively simple mechanical and
electrochemical operations. A short length of SG
tubing encompassing a defect is isolated by insertion of a delivery tool into the primary side of the
tubesheet face as shown in Figure 6. The delivery tool (or probe) can be inserted to any vertical
distance in the SG tube. This technology also
allows tube repairs at restricted ID locations (e.g.,
dented tubes commonly occurring at the support
plates). Moreover, there is the capability of
installation above previous Electrosleeve repairs
(installation above conventional sleeves is also
considered possible). Previously plugged tubes
may also be repaired and returned to service.

The sequence of steps for the installation/fabrication
of an Electrosleeve are:
- Mechanically clean the tube region to be
repaired,
- Insert an electrosleeving probe into the tube,
at the elevation needing repair, and inflate
bladders to create an electroplating cavity,
- Perform a pressure test, with either water or
nitrogen, to ensure sealing integrity,
- Introduce activation solution to clean the
parent tube,
- Introduce a nickel-based prefilming solution to
electrodeposit a transitional bonding layer,
- Introduce nickel electrolyte to electroform
the sleeve,
- Rinse thoroughly with water,
- Remove the electroforming probe from the
tube,
- Perform a UT inspection to determine thickness and bond to the tube, and evaluation of
defects.
A more detailed description of each step is given
starting with tube cleaning. The tube is mechanically cleaned with stan'dard techniques, such as a
rotating hone or scraper, to remove loose oxides
from the surface. This step minimizes radioactive
contamination returning to the electrosleeving
solutions.

A pair of inflatable seals at either end of the
probe head are used to create a miniature electroplating cavity, as shown in Figure 7, through
which Ni-based electrolytes are passed during
the electrochemical steps as outlined below. An
integral part of the delivery tool is the central, tubular non-consumable electrode (anode) which allows
the electrolyte to be circulated back to a remote
chemical process station via a polymeric conduit,
containing all fluid supply, return and electrical lines,
connected to one end of the probe. Continuous
recirculation of the process fluids ensures that the
specified temperature and chemical composition
is maintained in the plating cavity. Upon application of an electric field between the central anode
and the SG tube (electrical ground or cathode),
electrodeposition of a fully dense, nanostructured
Ni micro-alloy occurs on the internal surface of
the host tubing. The desired thickness is accurately controlled by electrical-charge integration (current-time). The annulus between the central anode
and the SG tube internal wall (cathode) defines the
dimensions of the electrochemical cell and thereby
the length of the Electrosleeve. No post-installation stress relief or heat treatment is required; the
only additional operation is the thorough rinsing of
the plating cavity to remove chemical residues to
below specified levels.

The probe is inserted to the damaged section of a
selected tube where bladders are inflated such
that the defect is located approximately mid-span.

Tube
\
—

t

. _

Tube
Support
Plate

'•••-

Electroforming
Probe

Installed
Electrosleeve™

Header

Activation I Prefilming I Forming
Solution
Solution I Solution
Electrosleeving System

Figure 6: Simplified schematic of Electrosleeve
delivery system.
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The length of the anode establishes the effective
length of the deposit, typically 10 to 20 centimeters. As a general rule, a sleeve of 10 cm long is
installed at the tube support plate, while the
longer sleeve is used at the tubesheet.
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Electrosleeving is a three-step process, and uses
a different solution (or electrolyte) for each step.
The three solutions are:
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• activation solution to prepare the tube surface,
• prefilming solution to produce a strongly
adherent nickel layer,
• electroforming solution to build up a thick
structural repair nanocrystalline nickel sleeve.
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The first of these steps involves surface activation
to remove the indigenous oxide from the tube surface. This process is relatively easy with Alloy
400 as the "protective" film formed on this alloy is
relatively weak, but is quite challenging for Alloy
600, which forms a very stable passive oxide film.
In the later case, the activation solution is circulated through the sealed chamber and an electrical current (reverse polarity) is applied to clean
the parent tube by dissolving the surface oxide
layer. This step leaves the tube surface in an
active state and ready for the initial bonding layer
of nickel. To avoid repassivation (formation of a
new oxide layer) of the tube surface, the activation solution is immediately followed by the prefilming solution from which a thin layer of nickel is
deposited to the as-cleaned surface. The prefilming step leaves a strongly adherent and fully
bonded layer on the tube internal diameter. This
prefilming layer serves to immediately protect the
surface from oxidizing and provides a smooth transition layer between the tube surface and the
Electrosleeve. Chemical species associated with
the prefilming solution allow for optimum nickel
bonding to the host tubing.

I —. Supply

I

4 — Centering/Sealing

Figure 7: Schematic of plating cavity created in
the SG tube by the delivery tool (probe).

6.0 FIELD TRIALS
The repair process was first applied at PNGS-B
Unit 5 by an Ontario Hydro Technologies crew, with
excellent support from the station, during a pilot
demonstration in May of 1994. A total of 46 Alloy
400, 1/2" SG tubes were sleeved at the site, most
of these being "witness" specimens installed in a
small mockup beside one of the Unit 5 SGs.
However, 18 Electrosleeves were actually installed
in one of the boilers. Of the eighteen tubes sleeved,
4 tubes were immediately pulled for analysis and 14
sleeves were left in the SG. Approval from the
Atomic Energy Control Board (AECB) was obtained
to leave these 14 Electrosleeves in service. The
sleeved tubes were re-inspected in 1995 by ultrasonic examination; no changes in the bond interface or surface characteristics were observed.

After the prefilming solution is flushed from the
system, a sleeve-building (electroforming) solution is circulated in the plating cavity. This third
and final step involves introducing a nickel solution to complete the full thickness of the sleeve.
An electric current is then initiated and maintained for several hours to yield a thick, highstrength nickel deposit.

The second field application occurred at Duke
Power's Oconee Unit 1 in November 1995. The
crew was made up of FTI/OHT/B&W personnel.
Oconee 1 has B&W once-through-steam-generators
(OTSG's) with 5/8" tubing made from Alloy 600.
Nine tubes, which had been scheduled for plugging,

The target sleeve thickness is determined by
pressure-boundary minimum-thickness calculations in accordance with the ASME Boiler and
Pressure Vessel Code and other design analyses
based on the material properties test results.

150

8.0 WASTE MANAGEMENT

were Electrosleeved in one steam generator, as
well as 15 "witness" sleeves installed on the SG
platform. The nine SG tubes were plugged and
not left in service as the process had not been
granted a license by the NRC. However, the aim
of the exercise was to apply the process to in-service Alloy 600 SG tubing under typical PWR plant
conditions. Thus, the demonstration tested
B&W/OHT/FTI equipment in a field environment,
validated procedures and process specifications,
and demonstrated the installation of Electrosleeves under field conditions with a 100% success rate. From this perspective, the trial was a
complete success.

Framatome Technologies, Inc. (FTI) recently
completed the development of a process and the
associated mobile equipment for processing spent
solutions generated during Electrosleeving operations. The total spent solution volume is segregated into two distinct streams of concentrated
solutions (25%) and rinse waters (75%). The
processing technique employs a combination of
ultra filtration/reverse osmosis (UF/RO), precipitation technologies and concentration drying. The
combined use of these treatment systems provides
for volume reduction, maximum water recovery
and purification, and stabilization of the spentsolution stream to render it non-hazardous. The
final products of the spent-solution processing
system are liquid water effluent which is low in
activity and will meet very stringent release criteria,
and a dry, stable, solid with a high nickel content.
Expected volumes of both products are given in
Table 2 for various size sleeving campaigns.

7.0 PRODUCTION RIG
To achieve economical production rates, a multiple
probe delivery system must be used. Based on a
FTI-designed prototype delivery system, BWI and
FTI have constructed and commissioned an
Electrosleeving production delivery system within
the past year. The majority of the equipment is
deployed in "Sea/Land" containers to minimize
the impact on outage activities, particularly in the
reactor building. The modular design of the equipment allows flexibility in deployment (e.g., certain
modules may be located up to 200 m from the
reactor building penetration).

TABLE 2
Waste Volume Projections

The pumping and distribution system has a capacity
for installing a maximum of 18 Electrosleeves
simultaneously. However, due to access and
space constraints in the SG bowl, this rate of
installation would necessitate the repair of tubes
in two or more generators at a time. For typical
PWR applications, a maximum of 8 Electrosleeves
would be installed per SG with one (spare) channel
being used for the production of an optional or
"witness'' sleeve outside of the generator. Due to
more severe space constraints in CANDU applications, a larger number of typically smaller SGs
would be expected to be involved at any one time.
Based on the installation of 16 Electrosleeves simultaneously in two or more SGs and a 7-hour installation cycle (including the removal and re-insertion
of 8 probes), daily production rates of up to 48
sleeves per day for a given system are realistically
attainable. This rate is competitive with conventional, zero-leakage SG tube repair technology and
approaches the production rate for tube plugging.

Sleeves
Installed

Liquid
Waste

Dried
Material

45 Gallon
Drums for
Solids

#

m3

kg

#

200

6

690

3

500

10.6

915

4

1000

15.5

1140

5

9.0 NON-DESTRUCTIVE EXAMINATION
Following the deposition of the sleeve to the parent
tube, the success of the installation is verified
through the use of ultrasonic testing (UT). The
UT inspection verifies adequate sleeve thickness,
sleeve length, bond quality between the sleeve
and parent tube, and sleeve position. The sleeve
is also inspected to verify there are no unacceptable defects such as pits, or surface roughness
that could impede future in-service-inspection
(ISI) efforts. The ISI technique used to ensure the
structural boundary for the region repaired with
the Electrosleeve currently utilizes a UT probe.
The probe has multiple transducers to collect data
in both zero-degree and shear-wave orientations.
This technique has been tested using samples with
EDM notches, laboratory-grown indications, and
tubes pulled from steam generators with various
forms of indications. The results of this testing

During Electrosleeve installation, all critical process
parameters are continuously monitored and controlled within specified tolerances from a remote
process control computer and data logging system.
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are currently under review by the NRC. Due to a
desire to utilize more standardized ISI equipment,
FTI continues to pursue the development of an
ISI technique utilizing eddy current testing.

SUMMARY
A non-intrusive, advanced nuclear SG tube repair
process based on in-situ electroforming of a metallurgically superior nanostructured nickel microalloy
has been described. The Electrosleeve technology
also offers the following advantages and features:

10.0 REGULATORY APPROVAL
The pilot demonstration at Ontario Hydro PNGS-B
Unit 5 was authorized by the AECB and the Ontario
Ministry of Consumer and Commercial Relations
(MCCR) to Electrosleeve 18 known good tubes,
and leave 14 in service. The implementation of the
process on a large scale to repair damaged tubes
will require additional regulatory approvals.

• long-term, structural (complete pressure boundary)
repair
• low-temperature installation with no stress relief
requirements
• risk-free installation in 'locked tubes'
• installation at any elevation including tubesheet
• capability of installation at restricted ID locations
(e.g., dents)
• capability of installation above previous
Electrosleeve repairs (installation above
conventional sleeves is also considered to be
possible)
• superior combination of strength and ductility at
operating temperature
• high fatigue and wear resistance
• enhanced SCC resistance (in comparison to host
tube) with SCC arresting capability
• multiple sleeve production capability provides
competitive installation rate
• full inspectability (currently by UT)

To date, the Electrosleeving Process is awaiting
licensing approval by the U.S. NRC in order to be
used commercially as a steam generator tube repair
method in U.S. PWRs. A comprehensive and
detailed qualification report outlining process
parameters and sleeve material properties (e.g.,
corrosion, mechanical, fatigue, creep) has been
submitted to the NRC. This proprietary "topical
report" forms the basis for NRC consideration
pertaining to the acceptance of the SG tube
repair technology in the U.S. Discussions are
ongoing and are favorable. NRC approval is
expected before the end of 1997.
In September 1996, an ASME Section XI, Division
1 Code Case was granted for the Electrosleeve
Process. The Code Case (No. N-569) entitled
"Alternative Rules for Repair by Electrochemical
Deposition of Class 1 and 2 Steam Generator
Tubing" contains specifics pertaining to process
materials, procedural qualifications, operator
qualifications and examination requirements.
This Code Case was passed within a very short
time of submittal (< 6 months).

11.0

^ H Tube Support Plate
- Fretting

Denting

ODSCC
OD Pitting/Wastage
IGA
PWSCC .

APPLICATIONS

The Electrosleeve technology is applicable in a
wide variety of SG remediation programs - from
preventative maintenance to complete pressure
boundary repair for all tube defect types including
PWSCC. ODSCC, IGA, circumferential cracks,
axial cracks, pitting/wastage, fretting and denting,
as shown in Figure 8. Initially developed for
application to 1/2" diameter Monel 400 (Pickering
B) SG tubing, the technology has recently been
applied to PWR 5/8", 11/16", 3/4" and 7/8" diameter
Alloy 600 SG tubing, and is considered to be
readily adaptable to other iron and nickel-based
alloys such as Alloy 690 and Alloy 800.

-Nanostructured Nickel
Microalloy Sleeve

Tubesheet

v

Steam Generator Tube

Figure 8: Electrosleeve repair of various SG
degradation modes.
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1.0 INTRODUCTION
Advances in computer software and hardware now make it
feasible to carry out analyses that not too long ago would have
been considered far too computing intensive and prohibitive from
both a schedule and cost point of view. This computing power
can be employed to design openings that formerly were
considered unacceptable because of the proximity of attachments
and structural discontinuities and the available shell thickness.
Figure 1.0-1 shows an example of such an opening design. If an
opening is placed in a shell whose thickness is the ASME Code
minimum thickness, no reinforcement is available to compensate
for material removed. In addition, elastic analysis primary stress
limits cannot be satisfied in such a case. Elastic-plastic analysis
can, however, be employed to justify the design. In this paper a
zero-reinforcement closure is analyzed for warmup/rapid
cooldown transient. Analysis for the combined effect of thermal
transient and pressure loading is carried out in "real-time" in
order to account for the accumulation of inelastic strains and to
explore closure shake-down.

ABSTRACT
Access to the secondary side of a Nuclear Steam Generator
is required in order to properly inspect and maintain critical
components throughout the life. For the most part, it is only on
newer units that sufficient openings have been provided. Older
units must be field modified to provide access to the tube bundle
and internal lateral support components for inspection and
penetration by cleaning equipment. In order to avoid post weld
heat treatment after welding on some materials it would be
desirable to machine the opening directly into the pressure
boundary without providing weld build-up to compensate for the
material removed. In such a case, the pressure boundary may be
locally thinned below the minimum thickness required by the
ASME Code. As a result it is not possible to meet reinforcement
limits or elastic primary stress limits of the Code. However, the
ASME Code permits justification of the design by utilizing
elastic-plastic methods.
Elastic-plastic analysis can be utilized to demonstrate shakedown to elastic action and to demonstrate that small deformations
in the region of the gasket seating surfaces, or any loss of bolt
preload, have not compromised leak tightness. Employing the
technique developed by the authors for application in ANSYS, it
is feasible to carry-out such a design analysis including the
effects of time varying thermal stress. This paper presents the
highlights of such an analysis. It is important to note that the
method also permits the analysis of openings in locations
formerly considered too restrictive, such as near supports and
major structural discontinuities.

Figure 1.0-1: Zero-reinforcement Opening Example
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Temperature ("F)

If a design can be shown to shake-down to elastic action,
after a few load cycles employing elastic-plastic analysis,
subsequent fatigue analysis can be carried out on an elastic basis.
Elastic-plastic analysis can also be utilized to demonstrate that
small deformations in the region of the gasket seating surfaces or
any loss of bolt preload have not compromised leak tightness.
2.0 ZERO REINFORCEMENT ACCESS OPENING
DESIGN
An access opening in a secondary side shell of a nuclear steam
generator is shown in Figure 2.0-1. The opening is in a portion of
the secondary shell that is at the minimum ASME thickness. The
design employs no weld build-up and is installed in the field by
machining a flat for the gasket contact surface directly into the
shell. According to the reinforcement rules (NB-3332), an
opening does not require reinforcement if it satisfies the
following inequality, (Ref. 1):

Larger openings would have to satisfy the primary local stress
limit or be reinforced. It can be shown that if a cylindrical shell
containing an opening greater in size than that limited by NB3332 is stressed to its general primary stress limit it will fail the
PL stress limit. However a detailed elastic-plastic analysis to NB3228.3 can be employed to justify the design.
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Figure 3.0-1: Warmup/Rapid Cooldown Transients

4.0 ACCEPTANCE CRITERIA OF THE DESIGN
The acceptance criteria included consideration of: ©
accumulated deformations in order to preclude loss of the bolt
preload; © the difference in the outward displacement between
the points on the surface of the shell in order to preclude 'bellmouthing'. This accumulated displacement (distortion) should
also be small and asymmptotic after several load cycles. This
requirement will ensure that shakedown of the structure occurs
and collapse is precluded; ® changes in contact pressure between
the cover and the shell to evaluate potential adverse effects on
leak tightness of the joint.

5.0 FINITE ELEMENT MODEL

Figure 2.0-1: Zero-Reinforcement Vessel Closure

Contact Surface

3.0 WARMUP START-UP/RAPID COOLDOWN
TRANSIENT LOADING
The following transient loading was considered in the
analysis.

Figure 5.0-1: Finite Element Model
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materials, where Sr(T) and £ (7) are the yield stress and elastic

All modeling and analysis was carried out using ANSYS
version 5.2. Figure 5.0-1 shows the finite element model used for
the elastic-plastic analysis.

modulus which are functions of temperature.
Substructuring was employed to condense a group of finite
elements into one element which is called a superelement. The
size and extent of the region to be modeled as a superelement was
determined by elastic analysis (see Figure 5.0-3).

Stress

£,„ = 500 ksi

Sy(V

6.0 THERMAL TRANSIENT AND CYCLIC LOADING
FOR FINITE ELEMENT ANALYSIS
The warmup start-up/rapid cooldown transient process on
the secondary side of the steam generator as depicted in Figure
3.0-1 is applied to all internal surfaces of a thermal finite element
model. Theoretically, the temperatures at each particular load
substep should be read into the structural model. This is
impractical due to disk space limit and execution time. A means
has been developed to virtually eliminate the I/O portion of the
execution time so that the execution time is approximately the
same as that of a pressure load case. The scheme is based on the
simple observation that the temperature differences within the
geometry are the cause of thermally induced stress and strain.

Eyfl)
Strain

(a)SA-516-Grade70

Strain

If the temperature differences between key node pairs within
the geometry are plotted as a function of time, smooth curves
interrupted by occasional abrupt changes in slope are evident. It
is possible to visualize the same curves being represented quite
accurately by piece-wise continuous straight line curve fits. This
idea is illustrated in Figure 6.0-1 in which the time points were
picked such that the connection of the corresponding temperature
distribution points (Fundamental Temperature Distributions) fit
the temperature difference curve well. The temperature between
these Fundamental Temperature Distributions at a point (x,y,z)
on the structure at any time to between f, and t2 is then
calculated by the following equation which is shown in Figure
6.0-2.

(b) SA-193-B7
Figure 5.0-2: Stress-strain Curve

Superelement

'i

In this way the stress computations require the input from disk of
a very limited number of these Fundamental Temperature
Distributions, thus drastically reducing the I/O and total
execution time. The application of this method is further
described in Section 7.0.
After the load steps have been selected, they are applied
cyclically 4 times as shown in Figure 6.0-3.

Figure 5.0-3: Superelement
The material of the cover is the same as the shell. The
material nonlinearity of both the cover and the shell are modeled
as bilinear kinematic hardening. Bolt stress is checked to assure
that no bolt yielding occurs. The material of the shell is SA-516Grade 70 and the material of the bolt is SA-193-B7. Figure 5.0-2
shows the representation of the true stress-strain curves of the
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7.0 DISCUSSION OF ANALYSIS AND RESULTS
7.1 Thermal Transient
The nodes around the access hole and the contact surface are
selected to calculate the temperature difference. This is because
the distortion in these regions is of primary concern. These nodes
are plotted in Figure 7.1-1. For example Figure 6.0-1 shows the
temperature difference through the shell thickness and on the
shell outer surface.
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Figure 6.0-1: Load Steps Picked and Comparison of Linearized
Temperature Difference Curves with the Original

Figure 7.1-1: Nodes Picked to Calculate the Temperature
Differences

Temperature

The input-deck load steps for elastic-plastic analysis are
picked based on Figure 6.0-1. Since it is temperature differences
that drive thermal strain, fundamental temperature distributions
are selected at those time corresponding to the peak temperature
difference and others between them as well. These points have
been shown with symbol • in Figure 6.0-1.
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To(x,,,yo,zo,tc ) \
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0
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The predicted temperature distribution (during the structural
run) were compared with the real temperature distribution from
the thermal transient analysis in Ref. 3. A high degree of
accuracy was demonstrated. Therefore, the combined effect of
the thermal transient and the pressure loading can be handled in
'real-time' by calculating all temperature distributions between
fundamental temperature distributions within the elastic-plastic
stress computations.

Time

Figure 6.0-2: Linearization of Temperature

Loading

A

(1) Boll preloading
(2) - (9) 4 cyclic loads

7.2 Bell-mouthing of the Opening
The nodal displacements around the opening in the direction
perpendicular to the contact surface are extracted to calculate the
bell mouth shape. The results are plotted in Figure 7.2-1. Note
that the bell mouth shape is inward, i.e. the nodes further away
from the opening have larger displacements (for example, node
134 has a large displacement than node 94). This is because
during the thermal transient, the opening has a lower temperature
than the surrounding area. Although the internal pressure has a

Figure 6.0-3: Cyclic Loads
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tendency to cause the outward bell mouth shape, the effect is
smaller than the thermal influence. Note that the distortions after
four load cycles is not asymmptotic.
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Figure 7.1
7.3-1: Contact Pressure on Surface 2 after Bolt
Preloading
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Figure 7.3-2: Definition of Surface, Element
and Element Line Number

Figure 7.2-1: Bell-mouth Displacement

7.3 Variation of the Contact Pressure
To evaluate potential effects on leakage from the closure, it
is important to examine the contact pressure between the contact
surfaces. The contact pressures on each element when the bolts
are tightened are plotted in Figure 7.3-1 where surface 1 and 2,
element number and element line number are defined in Figure
7.3-2. Note that all the contact pressure of the contact elements
are negative which means compression. There is no contact force
on the surface 1 after bolt preload, hence the plot for surface 1 is
not given. It is clear from Figure 7.3-1 that the contact force is
uniformly distributed on each element line, but the magnitude is
gradually decreased from outer to inner. This is because of the
bending effect of the preloading on the cover. It should also be
noted that because of symmetric boundary conditions, the contact
force on the both edges (element 0 and 12) is about half of the
others.

The variations of the contact pressures on the elements
during the cyclic loadings are summarized in Figure 7.3-3. A
more detailed result can be found in Ref. 3. In all the 4 transient
cycles, it is found that the surface 1 is not in contact (hence the
plots are not given). For surface 2, the middle of the most outside
part (element Line 4) is lifted up (Element 7, 8 and 9). The
contact pressure distributions become non-uniform.
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(a) contact pressure after the 1st cycle transient
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It is concluded that after 4 cyclic loads, the structure has not
shaken down and incremental distortion may continue in
subsequent cyclic loading. Based on the first 4 cycle of
warmup/rapid cooldown transient load, the bell-mouth shape of
the present design is very small in the region of the contact
surface area. Although a small portion of the cover was lifted up
and the average contact pressure on the contact surface between
the cover and the shell was decreased after each load cycle, there
may be still sufficient pressure (contact force) to indicate no
adverse effect on tightness leak.
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(b) contact pressureafter the 4th cycle transient
Figure 7.3-3: Variation of Contact Pressure on Surface 2 after
Cyclic Loading
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8.0 CONCLUSIONS
The technique developed in this paper and that of Ref. 3 for
handling the combined thermal transient and structural loading
was proved to be a practical means of designing complex and
highly stressed components. The technique makes it practical to
carry out an inelastic analysis in "real time" with the combined
effects of thermal and structural loading. The predicted
temperature distribution calculated within the structural run has
been shown to be very close to that of the distribution calculated
in the thermal model.

Vol.354, 111-119, 1997.
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ABSTRACT
This paper describes the Pipe Support Program at Pickering. The program addresses the highest
priority in operating nuclear generating stations, safety. We present the need: safety, the process:
managed and strategic, and the result: assurance of critical piping integrity. In the past,
surveillance programs periodically inspected some systems, equipment, and individual
components. This comprehensive program is based on a managed process that assesses risk to
identify critical piping systems and supports and to develop a strategy for surveillance and
maintenance. The strategy addresses all critical piping supports. Successful implementation of
the program has provided assurance of critical piping and support integrity and has contributed to
decreasing probability of pipe failure, reducing risk to worker and public safety, improving
configuration management, and reducing probability of production losses.
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Introduction
Before getting into a discussion of the Pickering Pipe Support Program, let's begin with an
analogous comparison of the foundation of a building with the supports (and hangers) of a piping
system. If the building's foundation is not properly designed, constructed, or is deteriorating
from age, the integrity of the entire building is in danger. Similarly, supports are the foundation
of piping systems, and if the supports are not properly designed, installed, and maintained, the
entire piping system is at risk of failure. The resulting consequences of failure are injuries to
workers and public, and unit shut down.
The above conclusions are valid for all piping systems in all industries including petro-chemical,
thermal generating stations, and especially in nuclear generating stations where worker and public
safety are of paramount importance. Today there are hundreds of nuclear units in service
producing power, and they are aging. Given the extent of piping in nuclear stations, and that
safety is the primary concern, the piping systems must be maintained in good condition. To
achieve this, a managed process must be in place to ensure that the supports and hangers of piping
systems are in good condition and are performing well.
Section XI of the ASME Boiler and Pressure Vessel Code specifies rules for maintaining the
plant in good operating condition, and for returning the plant to service in a safe and expeditious
way following an outage. The rules include requirements for inservice inspection of nuclear
power plant components that specify a mandatory program for examination, testing, and
inspection to prove adequate plant safety. The code assigns to the plant owner the responsibility
for developing a program that meets the requirements of section XI of the code.
The Canadian standard CSA-N285.4 specifies similar requirements. Both the ASME Code and
the CSA Standard include piping systems and their supports among components that require
periodic inspection programs. In the past, there have been inspection programs for some
components such as valves, or individual supports, on some systems, but a program was never
implemented at Pickering that would address the risk of all supports on all critical nuclear and
conventional systems. Following several incidents of piping failure attributable (at least in part)
to pipe supports, the Pickering Pipe Support Program was initiated in 1992-3.

Program Objective
The purpose of the pipe support program is to mitigate the impact of piping system deficiencies
on station performance. Plant experience shows that support deficiencies (degradation) are a
precursor to support and piping failure. Therefore, the objective is achieved by reducing the
frequency of pipe support deficiencies, which reduces the probability of piping failure. The
impact of piping failure to station performance is summarized as follows:
•
•

worker safety (conventional safety concerns)
public safety (nuclear safety concerns)
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Methodology
The basis for achieving the program's objective is by implementing a managed process that
includes the following generic elements of component programs:
•
•
•
•

Identifying critical piping systems based on risk to station performance. (Scope and Risk
Assessment).
Developing a strategy for critical piping system supports. (Strategy Development).
Revising the strategy as new information is obtained. (Strategy Maintenance).
Developing documentation to permanently record the program and process, including
inspection and maintenance history database, and design configuration maintenance.
(Documentation).

The basic elements of the process are further described below.
Scope
To optimize the program effectiveness, it is necessary to limit the strategy to supports in critical
piping systems. Those systems and supports have the highest consequences of failure and pose
the highest risk to station performance. All nuclear and conventional piping systems were
evaluated. The following criteria was applied to determine critical piping systems and supports
that are included in the strategy:
1. Worker Safety: Piping failure can cause fatality or permanent disability. (Energy
Related Consequence).
2. Public Safety: Piping failure can cause Type "A" process failure or safety system
unavailability. (Nuclear Safety Related Consequence).
Criteria with production or environmental impact were not applied. Those criteria affect only
economics. Since the absolute probability of piping failure attributable to supports is very low,
systems with only economic consequences do not justify the cost of being including in the
strategy. The piping system evaluation yielded the following results:
•
•
•

Nuclear Piping Systems: 22 of 73 are included in the strategy.
Conventional Piping Systems: 57 of 118 are included in the strategy.
Total: 79 of 191 piping systems are included in the strategy.

Risk Assessment
Risk is the product of the consequence and probability of failure. The risk associated with the
failure of piping was qualitatively evaluated for all piping systems, and was classified as high,
medium or low. Piping systems with low risk are not included in the strategy. Consequence and
probability were independently evaluated, and were defined as follows for the pipe support
program:
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Consequence of Failure
• The consequences of failure impact Worker Safety (Energy related consequences) or
Public Safety (Nuclear safety related consequences).
• Energy is determined by type of fluid, pressure, temperature, and pipe size.
• Nuclear safety relatedness is determined by nuclear safety classification (function).
Probability of Failure
• The probability of pipe failure is determined from the rate and severity of degradation
occurrences observed during previous inspections.
• The probability is evaluated relative to the other piping systems in the strategy. However,
even a high relative probability piping system will typically have low likelihood of pipe
failure.
Strategy Development
The long term strategy is specified for all critical piping system supports. The strategy includes
the required inspection periods of pipe supports for the remaining life of the station on the basis
of the assessed risk. The assessments and strategy are unique for each system and address system
specific characteristics such as known degradation mechanisms, proximity to plant personnel and
sensitive or safety related equipment, system duty cycle, and piping configuration.
For piping systems included in the strategy (critical piping), the inspections include all supports in
each system. Systems excluded from the strategy (non-critical piping) are periodically inspected
during the SRE's system walk down inspections according to the needs determined by the SRE.
The initial inspections begin with high risk systems and are conducted during the nearest planned
outage, and then progress to medium risk systems. All initial inspections will be completed by
2001. Inspections cycles begin with the units longest in service to reveal the most advanced
effects of the degradation mechanisms. The normal periods for subsequent inspections are 2 to 4
years for high risk systems and 4 to 8 years on medium risk systems, depending on initial
inspection results.
The current inspection schedule completes about 3000 support inspections per year for 8 units.
The schedule will peak to about 4500 inspections per year during 1998 to 2002. That rate of
inspection is expected to significantly reduce in the future for several reasons:
•
•
•

The current volume of inspections is high in order to complete the initial inspections as
quickly as practical. Repeat inspections are based on inspection results.
The program was initiated after many years of accumulating service degradation.
Initial inspections include all supports on each system. Subsequent inspections will focus
on supports that are more susceptible to degradation (based on inspection results).

Strategy Maintenance
The program strategy is revised periodically to improve overall effectiveness. The revisions may
result from:
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•
•
•
•

Inspection results: Results provide feedback on program effectiveness and reveal
degradation trends.
Events: Unforeseen events may impact equipment condition and can change the assessed
risk and priority of systems. Events include internal and external operating experience.
Operating Practices: Changes to system operating parameters or frequency can alter
degradation trends.
Outage Schedule: Changes to outage schedule may require revisions to inspection
frequency.

Documentation
A database was developed and is maintained to record inspection results and repair status. The
database is used for reporting, program administration, and provides a source for obtaining
historic information and trending. In addition to electronic data storage, paper records are kept of
all inspection campaigns and results. For each support inspected, the following information is
filed permanently:
•
•
•
•
•
•

Photographs of each support to illustrate support condition and deficiencies.
Copy of inspector's field data sheets.
Marked up piping general arrangement drawing.
Pipe support drawing or design specification.
Program engineer's deficiency report (Includes WMS DR).
DR completion record (Campaign Monitoring Report).

The program's strategy and processes are described and documented as follows:
•
•
•

Pickering Division Component Strategy (P-DCS) - Contains the program scope, risk
assessment and strategy.
Component Surveillance and Maintenance Program (CSMP) - Contains annually revised
schedule and resource estimates for executing the strategy.
Pipe Support Inspection and Repair Procedure - Defines the roles and responsibilities of
individuals and work groups for the inspection, repair, and documentation of pipe
supports.

Inspection and Repair Process
The pipe support inspection and repair process includes the following key steps:
1. Scope Identification: Prior to commencing an inspection and repair campaign, the Program
Responsible Engineer (PRE) reviews the proposed scope (as determined by program strategy
and schedule) with the System Responsible Engineer (SRE) and Design Responsible Engineer
(DRE). The scope is agreed upon and communicated to production.
2. Inspection: The PRE establishes an inspection contract with QC/NTS. Qualified inspectors
conduct visual examinations of the pipe supports in accordance with an approved inspection
procedure. The inspectors record all observations on field data sheets, drawings and
photograph each support.
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3. Results Reporting: The inspectors submit all recorded results to the PRE for documentation,
review, and processing. The PRE initiates action DRs to the SRE for all supports with
deficiencies, and issues a deficiency summary report to the SRE and DRE. At the end of the
campaign the PRE files all disposition reports, and documents DR completion.
4. Dispositions: The DRE assesses and dispositions all non-conformances before the unit
returns to service. Dispositioning consists of recommending repairs for unacceptable nonconformances, or accepting the field configuration and updating drawings and specifications
to reflect the as built condition.
5. Repairs: The SRE assess and executes repair of all supports with degradation and nonconforming supports that require repairs before the unit returns to service.
Inspection Results
The purpose of pipe support inspections is to reveal deficiencies. The following types of
deficiencies were observed in the field:
Non-Conformances
• Incorrect Initial Design: Inspections revealed non-conformance such as insufficient
number of supports, pipe vibration or movement not analysed properly, specified support
type not suitable for application, etc.
• Incorrect Installation: Observations included supports in wrong location, missing
supports, incorrect welds, wrong configuration.
Degradation
• Observed support deterioration caused by known degradation mechanisms included
loosened components, missing nuts and bolts, broken or bent components, excessive
clearances, corrosion, fretting etc.
In addition to individual deficiencies, the inspection revealed the following general findings:
•
•
•

Some systems were in very good condition with minimal degradation and few nonconformances, but in general, far more degradation was observed than expected.
The condition of most systems was consistent from unit to unit, with few exceptions.
Systems with field run piping and supports were in worse condition than systems with
engineered supports.

The results of two recent inspections campaigns are shown in Tables 1 and 2. The tables list the
systems inspected, the number of supports, deficiencies observed, and repairs completed. The
Unit 6 and Unit 8 planned outage campaigns were selected because those were the first two large
scope campaigns completed under the requirements of the Pickering Pipe Support Program. The
inspections and repairs were completed, reported, and documented to a higher standard than ever
before, which achieved the most accurate results.

165

Table 1: Pipe Support Inspection - Unit 6
Nuclear Systems
No. of systems inspected:
No. of supports inspected:
No. of supports not accessible:
No. of deficiencies:
No. of repairs required:
System

32100 - Moderator Main Circuit
32200 - Moderator Purif. Circuit
33110 - Boiler Isol Valve Sppts
33110 - Boiler Spring Hangers
33120-PHT Main Circuit
33210 - PHT Purif. Circuit
33310-PHT Feed Circuit
33312 - PHT Pump Supports
33320 - PHT Bleed Circuit
33350 - ECI Hangers
33610-PHT Relief Circuit
TOTAL
Conventional Systems
No. of systems inspected:
No. of supports inspected:
No. of supports not accessible:
No. of deficiencies:
No. of repairs required:
System

71340-HPSW
71310-LPSW
43230 - Boiler Feed
36410 - Boiler Blowdown
36110 -Main Steam
71320 - Recirc. Cooling Water
TOTAL

11
542
18
54
25
No. of
No. of
Supports in Supports
System
Inspected
23
24
26
26
24
24
108
108
96
90
47
36
22
22
48
48
73
73
41
41
51
51
542
560
6
547
0
165
55
No. of
No. of
Supports in Supports
Inspected
System
242
242
100
100
32
32
59
59
16
16
98
98
547
547
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Deficiencies Repairs
Required
0
0
0
0
5
2
6
5
17
0
19
54

0
0
0
0
1
0
2
4
12
0
6
25

Deficiencies Repairs
Required
53
71
16
5
4
16
165

9
25
10
2
4
5
55

Table 2: Pipe Support Inspection - Unit 8
Nuclear Systems
No. of systems inspected:
No. of supports inspected:
No. of deficiencies:
No. of repairs required:
System

33310-PHT Feed Circuit
33312 - PHT Pump Supports
33320 - PHT Bleed Circuit
33610-PHT Relief Circuit
TOTAL
Conventional Systems
No. of systems inspected:
No. of supports inspected:
No. of deficiencies:
No. of repairs required:
System

33610-PHT IntRV Piping
36410 - Boiler Blowdown
41130 - Reheater Drains
43230 - Boiler Feed System
71320 - Recirc. Cooling Water
TOTAL

4
190
51
29
No. of
No. of
Supports in Supports
Inspected
System
22
22
48
48
73
73
47
47
190
190
5
235
72
32
No. of
No. of
Supports in Supports
System
Inspected
21
21
40
40
31
31
32
32
111
111
235
235

Deficiencies Repairs
Required
10
4
8
7
29

12
12
12
15
51

Deficiencies Repairs
Required
4
0

4
0
12
0
56
72

0
28
32

Table 3 below summarizes the deficiencies and repairs reported in Tables 1 and 2. The values
are in percentage of all supports inspected in the respective category. You will note that the
percentage of deficiencies and repairs on unit 8 are higher than unit 6. That occurred because
systems with higher rates of deficiency were selected for the unit 8 campaign based on the unit 6
results.
Table 3: Deficiency and Repair Summary
System Class
Nuclear
Conventional

Unit 8

Unit 6
Deficiency
Repair
Deficiency
Repair

10%
5%
30%
10%
167

Deficiency
Repair
Deficiency
Repair

27%
15%
31%
16%

Conclusions
The large number of deficiencies discovered, and repairs completed to correct the deficiencies,
prove the program's importance. The greatest benefit achieved by the program is assurance of
critical piping and support integrity. In addition, we conclude that the resources and efforts
invested in the pipe support program contribute to:
•
•
•
•

Decreasing probability of piping failure, thereby, reducing risk to worker safety and public
safety.
Improving the configuration management of the plant by bringing documentation closer to
the physical plant configuration.
Reducing future outage duration and decreasing radiation dose to personnel.
Reducing the rate of forced and unplanned shut downs between scheduled outages.

We recognize that the efficiency and effectiveness of the program are difficult to measure, but we
are confident that program will prevent pipe supports from attributing to the failure of all critical
piping in the future. That achievement, and the benefits listed above, have significant value, and
justify the program. Furthermore, the efficient manner in which the program is administered adds
to the justification. The program's managed process and results obtained are steps towards
achieving nuclear excellence at Pickering.
We recommend to other stations to consider the importance of piping system supports, and to
implement a similar program to ensure critical piping integrity.
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determine their severity. Comparison to similar
valves helps to determine which of the valves
requires maintenance.

NON INTRUSIVE CHECK VALVE
DIAGNOSTICS AT BRUCE A
by Steven P. Marsh, P. Eng.
Bruce A Nuclear Division
Production-Maintenance Support
PO Box 3000
Tiverton, Ontario
NOG 2T0

A sample population of seventy-three check
valves was selected to run a non intrusive check
valve pilot program in the Station. The focus of
the pilot program was to use diagnostics on a
variety of check valve applications to confirm
the existence and severity of degradation modes.
The program would determine if it is possible to
locate faults in check valves that see steady state
flow conditions as well as those that are
exercised during pump duty change over or
when safety system tests are performed.
Approaches to handle passive check valves that
cannot be exercised also need to be addressed.
This pilot program would identify difficulties
encountered in collecting the data needed to run
an effective program in a Candu Station. Any
weaknesses will be located in the pilot program
enabling us to make enhancements prior to full
scale implementation of the check valve
program.

Abstract
Bruce A purchased non intrusive check valve
diagnostic equipment in 1995 to ensure
operability and availability of critical check
valves in the Station. Diagnostics can be used to
locate and monitor check valve degradation
modes. Bruce A initiated a pilot program
targeting check valves with flow through them
and ones that completed open or close cycles.
Approaches to determine how to confirm
operability of passive check valves using non
intrusive techniques were explored. A sample
population of seventy-three check valves was
selected to run the pilot program on prior to
complete implementation. The pilot program
produced some significant results and some
inconclusive results. The program revealed a
major finding that check valve performance
modeling is required to ensure continuous
operability of check valves.

Background
The majority of check valves at Bruce A are
categorized as swing check valves. Typically, a
disc is hung on a hinge arm and the arm is
pinned to the valve body to allow the disc to
open and close in the fluid flow path. As flow
stops, the disc falls into the flow path and seals
against the seat to prevent reverse flow. If the
disc fails to close, severe transients can be
experienced such as a feedwater piping system
water hammer that caused several million
dollars in damage and lost production at San
Onofre Nuclear Station in the US.

Introduction
Non intrusive check valve diagnostic equipment
has evolved over the past few years to become a
viable maintenance tool. Increased computing
speeds and storage space has made complex data
collection much easier and cheaper to do. Non
intrusive diagnostics for check valves can utilize
two or more acoustic channels and also include
AC magnetic excitation and sensor coils to
collect magnetic flux change data. Other types
of diagnostic data can be collected too - such as
pulse echo ultrasonics and DC magnetics.
Acoustic data collected from temporarily
installed accelerometers is used to identify
internal impacts, rubbing, rattling, or chatter.
AC magnetics is used to track the disc as the
check valve opens, closes or is moving in
midstream. Combining these techniques allows
us to detect check valve degradation modes and

Advantages of swing check valves includes:
simplicity and low cost, low flow resistance, a
low pressure drop across the valve, it achieves
seating easily, it is tolerant to contaminants
(mud, solid particles) and its ease to maintain
and repair due to its relatively low accuracy
requirements in seat plane orientation.
Disadvantages are: a slow dynamic response
leading to higher pressure surges due to reverse
flow, a high wear rate and more frequent
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maintenance if used in continuous operation at a
flow velocity below that required for full open.'

Two 166 MHz analysis computers were
purchased to speed up analysis time, playback
acoustic data and data storage. The data could
be analyzed in a quieter environment. One
computer was to be used by the Mechanical
Maintenance Crew and the second one was to be
used by the Maintenance Support Engineer for
analyzing data.

The swing check valve's potential high wear
rate makes it a good candidate for performing
non-intrusive diagnostics to screen out good and
bad actors in order to prioritize maintenance
activities.

People:
The pilot required 718 hours of Mechanical
maintenance time to collect data and 596.5
hours of service maintenance time for scaffold
and insulation requests. As the mechanics
gained experience, data collection time lowered.
Approximately 280 hours of engineering time
was spent. In comparison, if valves are
inspected internally, scaffold and insulation
removal would still be required. Thus, if the
pilot study showed that disassembly could be
avoided, the cost of replacing parts, preparing
permitry to isolate the check valve and labour to
inspect the valve could be saved. Valuable
maintenance resources could be allocated
elsewhere during outages.

Pilot Program Test Sample
The following check valve groups and operating
conditions were selected:
a)HPECI 1/3/4-34330-NV115, 116, 117, 118
(12 valves, passive)
b) Liquid zone control 1/3/4/- 34810-NV35, 38,
45,48,51 ( 15 valves, active)
c) Boiler feedwater 1/3/4-4323O-NV5, 6, 7, 8,
17, 18, 116, 117, 118, 119. (30 valves, active)
d)Low pressure service Water 1/3/4- 71310-NV
6, 16, 26, 36. ( 12 valves, active)
These additional valves were tested as requested
by Operations.
a)Fueling Machine Auxiliaries North East and
North West were analyzed for leakage problems.
(8 valves, active)
0-35230-HP-NV1
O-3523O-HF-NV1
O-3523O-HLL-MV1
0-35230-HDP-MV1

Training:
The vendor's basic introductory course was
attended on site by four mechanical maintenance
personnel and two maintenance support
engineers. The training familiarized us with the
equipment operation and data collection. Later
on, two mechanical maintenance personnel
attended a week long course sponsored by EPRI
at Utah State University. The indoor flow loop
in Utah allowed data collection on a variety of
valves under various flow conditions.

b)Moderator 32110-NV3, 4 were looked at as
part of post maintenance testing. (2 valves,
active)

Resources Required
Equipment:
Liberty Technologies' Quickcheck II data
acquisition system with acoustics and AC
magnetics was purchased in 1995. The
equipment was capable of collecting data on
carbon steel and stainless steel valves up to
thirty inch NPS. This would be validated during
the pilot program. The equipment was selected
because it appeared to be the easiest to use to
collect and interpret the data.

Field Conditions
Testing was done under a variety of flow
conditions as system availability parameters
dictated. Some valves were analyzed under
steady state condition. Others were looked at
when valves were exercised from closed to
opened or visa versa as pumps were stopped or
started.
The ideal test conditions would include the
check valve being closed, introducing full flow
to it, monitor it as it opened, monitor it in its
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The inspection supported the findings of the non
intrusive data.

steady state, stop the flow and monitor the
closing stroke, monitor its closed position and
look for backflow leakage. Realistically, boiler
feedwater pump discharge check valves could
only be exercised against system pressure by
stopping or starting a pump. Opening, closing
and steady state conditions were monitored for
liquid zone check valves, low pressure service
water check valves, HPECI check valves and
moderator check valves. Steady state data was
collected on other boiler feedwater system check
valves.

A side result of our hon intrusive testing pilot
was determining that Unit 3 check valves were
listed as being manufactured by Hopkinson but
were actually ACME Kerotest/Guelph
Engineering swing check valves. The
responsible system supervisor was advised that
intended spare parts were incorrect prior to the
mechanics working on the job.
FEEDWATER(exercising)

It was recognized that performing the optimum
test would be difficult to do. Creating the field
conditions to test the valves was a new
approach. Systems may require modifications
just to test the check valve. To remedy this
situation, a COG proposal was initiated to study
the requirements of doing a better test (stroke
open-full flow test-close-back leak check)
similar to Condition Monitoring and Exercising
proposals being studied for light water reactors
by ASME OM-22. Unfortunately, the COG
research was initiated but not completed.

Pump discharge check valves — Valves on Unit
3 were monitored when the pump was shut
down. Acoustic data showed the flow noise to
decrease as the pump coasted to a stop and then
increase a short time later. The data appeared to
show the valves were passing and feedwater
flow was reversing through the check valve. A
review of the flowsheet revealed an alternate
flow path existed through a return orifice used to
keep the standby pump ready. A manual valve
would have to be closed prior to doing the test to
check for leakage. The magnetic trace shows a
change in the magnetic flux when the valve is
closed and when flow is passing through the
check valve. This indicates the valve internals
are moving and as a result of the movement,
internal parts are wearing.

Non Intrusive Test Results
FEEDWATER (steady state data)
Steam Generator inlet check valves - Field
conditions only allowed steady state data to be
collected on steam generator inlet check valves
as feedwater flow could not be interrupted on
running Units. Magnetic and acoustic data
showed the discs to be fluttering on some of the
check valves. The acoustic data indicated that
some impacting was occurring between the disc
or hinge and valve body. Comparisons of data
indicated some check valves were being exposed
to wear conditions that differed from others in
similar service. The data identified the presence
of wear mechanisms that can lead to future
inoperability if not corrected. A separate
analysis of wear rates of the internal components
is required to establish an appropriate
disassembly frequency.

The non intrusive test analysis is consistent with
the maintenance history on these feedwater
check valves. Hinge pins and bushings have
been replaced periodically due to wear. All
Units have been inspected and repaired.
Improved service life can be achieved if wear
analysis is used to optimize internal geometry or
determine a more favourable material
combination . Periodic parts replacement may
be extended.

LIQUID ZONE
Compressors — Data was collected for liquid
zone compressor discharge check valves during
the running cycle. Start up, valve opening,
steady state, shutdown and valve closure data
was collected while it compressed a mixture of
helium and light water. Acoustic data showed
severe and frequent impacting of the disc and
backstop. Magnetic data also revealed large

Internal inspections of the tested check valves
located worn internals. The check valve with
the highest impact energy and magnetic
oscillations had the most worn internal parts.
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oscillations of the disc. This would be
considered a severe service application for a
swing check valve. Wear is expected to be
present on the hinge pin or hinge arm. The
magnetic traces show the disc motion as well as
some signal drift. The vendor attributes this to
thermal changes in the valve affecting its
magnetic characteristics as it warms up.

1) High radiation fields required the acquisition
equipment to be located as far away from the
valve as possible — the valve could not be heard
or seen while being exercised. Long data
acquisition times were needed and events could
not be aligned to accurately correspond with the
data.
2) Cables were hung in the air in order to reach
the valves and were swinging. The movement
distorted the magnetic traces. Cables would
have to be secured from moving with tape.
3)These check valves have a pneumatic actuator
on them for testing purposes. The mechanics
had to use a phone to contact the first operator
to coordinate stroking and data collection.
Portable communication devices were
discovered to serverly disrupt the magnetic
signal data.
4) Only one stroke per valve was allowed so
setup could not be optimized. More testing will
be needed to locate the correct sensor positions,
gains and magnetic field strength. The vendor
is testing equipment to see if higher fields can
be generated without destroying the magnetic
coils.

Internal inspection revealed wear on the sides of
the hinge arm that contacts the side of the valve
body and wear on the hinge pin locating pin
holes worn locating pin holes in the hinge pin.
An application review was recommended to the
Responsible System Engineer — the swing check
valve is not the best suited valve for the
application it is in. This application has had an
ANSI 150 class swing check, ANSI 600 class
swing check and now an ANSI 1878 class soft
seated swing check valve. The latest swing
check valve has resulted in two reactor power set
backs on our Reactor Regulating System. One
was due to the loss of the soft seat and wear, the
second was a result of the maintenance done to
replace the soft seat.

Acoustic and magnetic signals were
inconclusive due to the difficulties we
encountered. We only picked up the drone of
the heat transport motors in the background
acoustically and the magnetic trace did not
reveal a crisp, clean open stroke on any ECI
valve tested. The reliability of the magnetic
trace is suspect due to the unsecured cabling and
interference from communication devices.

Pumps ~ Data was collected on the liquid zone
pump discharge check valves when pump duty
changeovers were done. An acoustic beat
frequency shows up when the two pumps run.
One check valve has very little movement of the
disc while the second check valve has more
noticeable oscillations present.
Maintenance history reveals a pattern of repairs
being made to these valves due wear, passing,
damaged seats and also valve replacement. The
maintenance history is less for the pump check
valves than for the compressor check valves.
However, wear modeling could help determine
the appropriate maintenance interval or extend
it through geometry changes or improved wear
material combinations.

More work is required to collect data on this
application. It could not be distinguished if the
actuator stem was rising and falling with the
disc attached or if the disc was missing
(unlikely). Disc seat impacts were not located
on any valves. Filtering signals did not provide
any further information. Relocation of acoustic
and magnetic sensors may help to obtain better
data.

HPECI
LOW PRESSURE SERVICE WATER
Data was collected on high pressure emergency
coolant injection check valves in conjunction
with safety system testing being performed.
Several new problems were encountered when
trying to collect data.

Thirty inch ANSI class 150 swing check valves
are in service in the low pressure service water
system. Four similar valves were monitored.
Pump starts and stops were monitored to catch
the open and close stroke of the valve. Two of
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the four check valves had crisp magnetic traces
that looked as if they were done under laboratory
conditions. The magnetic trace was flat, until a
step change occurred due to the pump start,
followed by mild oscillations and a second step
change as the check valve opened once
differential pressure was overcome. The
acoustic trace showed an increase in sound
energy as the pump started followed by a large
impact as the hinge hit the back stop and finally
some minor impacts as the disk rattled in the
flow.

as a motorized globe valve was closed. The
incompressible fluid was being squeezed out
past the check valve. Since the other three
check valves did not exhibit the same
characteristic, it was declared as the passing
valve.
Internal inspection revealed a partial o-ring to
be stuck between the disc and seat preventing
tight closure resulting in a passing valve. No
other valves required maintenance. ALARA
principles were followed and time savings
resulted from using the diagnostic equipment
approach to find the passing valve.

One check valve showed much larger
oscillations in its magnetic trace. The trace
showed the valve disc or hinge arm to be
moving while the acoustics showed little change
in acoustic energy or increased impacting. A
pump stop was monitored to collect data as the
valve closed. The acoustic trace showed the
pump noise stop, the check valve slam closed, a
short duration quite period and a slight rise in
the flow noise. The check valve was suspected
of passing flow in the reverse direction.

MODERATOR
Two moderator pump discharge check valves
were monitored during pump start, running and
shut down after maintenance was performed.
The magnetic trace revealed oscillations while
running indicating the valves are susceptible to
wear degradation.

Internal inspection revealed the following: its
soft seat o-ring was missing and probably had
been for several years, one of two hinge pin
bushings was missing causing misalignment
between the disc and seat, the seat was wire
drawn due to cavitation which confirmed the
reverse flow leak path. Visual observation of
the pump shaft did not reveal any sign of the
reverse flow (backwards rotation). If the pump
had been started up while rotating backwards, it
could have been severely damaged or the start
up motor current could have overloaded a power
bus.

Periodic maintenance is performed to replace
worn internals parts to prevent leakage. Wear
analysis modeling could improve internal
geometry or material combinations to extent
parts replacement intervals.

Problems/Improvements
The pilot program revealed several areas where
improvements could be made to overcome
problems encountered in the field.
One area to improve on is how the equipment is
set up. Sensor locations were selected based on
vendor training input. Often the locations could
be optimized to improve data collection.
Selecting gains and current settings for
magnetic field strength was all done by
estimates. This would all improve as the
maintenance personnel learned more about the
equipment and the valves being tested. The
program would have to be run at the Station
level to take advantage of the experience and
knowledge being gained. Otherwise, details will
be missed and follow up inspection activities
may not be documented correctly.

FUELING MACHINE AUXILIARIES NORTH EAST AND WEST
Maintenance personnel responsible for the
fueling machine auxiliaries' systems knew they
had one or more check valves passing out of
four possible check valves resulting in a loss of
pressure. Normally, they would have to remove
each check valve until they found the one that
was passing. The approach is high hazard work
from a radiation dose point of view. Field
conditions were set up and an accelerometer was
mounted to each check valve. One check valve
out of the four showed an increase in flow noise
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Another area for improvement is creating the
field conditions to ensure the best data can be
collected. An application review is necessary to
determine if the valve can be tested during an
outage or while the Unit is operating. The data
collection would have to be coordinated to align
with pump duty changeovers or other activities
being performed. All the Station staff tried very
hard to ensure the check valve data was
collected during the pilot program.

4) Ensure disc stud fatigue analysis is performed
to avoid the loss of the check valve function due
to a missing disc. The fatigue failure can
invalidate the wear model if it is not checked.
Constant back seat tapping can lead to stud
fatigue if the impacts are large enough or
frequent enough. Some swing check valve
designs eliminate this problem.
5)Set up field conditions to test poised systems
in order to perform condition-based monitoring
and exercising tests on valves that are passive.
Full flow test to ensure it opens. Reverse the
flow and check for leakage to ensure tight
closure and verify the disc is not missing.
System modifications may be impractical to
accommodate this type of testing.

Ideally, flow, pressure and temperature data
should also be collected. Caution is also
necessary — some flows cannot be varied or
valves exercised to design basis conditions.
Injecting light water into an operating reactor to
collect data is out of the question but simulations
to do the same during an outage may be feasible
provided a proper risk assessment is done The
additional data can be used to model the
application to improve its performance.

6)Build valve operabiliry information from SST
information, leakage surveys, surveillance,
maintenance inspections, and industry
experience. Increased knowledge has been used
to extend inspection intervals.

Program Recommendations
l)An application review is a necessity to start a
check valve program. Based on the results of
the non intrusive diagnostic pilot program,
problems are going to be found. Solutions will
be more difficult to obtain. Modeling and
analysis is essential to create a technical basis
for determining periodic inspection
requirements, material properties and valve
geometry. The answers to the following
questions are required. Is the right type of NV
in the system? Is the valve being tested to
ensure it meets its safety requirements?

Conclusions
1) Non intrusive check valve diagnostics is a
useful tool that locates check valve degradation
modes. It can be used to prioritize work on
similar valves, complete post maintenance
testing and it can provide data to assist in
making improved operability decisions.
2) Additional modeling is necessary to reduce or
resolve the degradation modes found due to non
intrusive diagnostics testing. Non-intrusive
diagnostics is only a part of a good check valve
program. All operabiliry aspects must be
considered.

2)An operating systems review is required to
determine values of Vmin and Vopen to screen
check valves to determine if they are stable or
unstable. Non intrusives can be used to verify
the results.

3) The Candu Station design must be evaluated
to determine if safety related check valves can
utilize a better test and perform it less
frequently, (full flow test and backflow leakage
test)

3) Perform wear analysis to determine if internal
geometry can be changed to improve
performance. Actual internal dimensions and
material properties will have to be determined to
calculate parameters such as disc or hinge
oscillation frequency. Only wear rates analysis
can be used to predict periodic inspection
frequency. The model can be updated and
validated with actual valve wear data and
material properties.
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Past History
Over the years, tools and equipment used in Maintenance have been purchased by many
departments. These are now being deployed in the station with no. process in effect to
ensure that they are maintained in good repair so as to effectively support the
performance of Maintenance activities. In addition, major delays have been encountered
in the past due to the lack of maintained or calibrated tools.
1997
Todays Legal Requirements require that all employers have a process in place to ensure
that tools are maintained in a safe condition. This is specified in the Ontario Health and
Safety Act, and the Canada Labour Code.
The Performance Objective and Criteria for Operating Nuclear Power Plants require that
Facilities and Equipment effectively support the performance of Maintenance activities.
Tools therefore, must be controlled, maintained and calibrated so as to be ready when
required. The Pickering Tool Management System has been chosen as the process at
Pickering N.D to manage Tools.
The Pickering Tool Management System was first designed in 1994. During the past
three years, tools throughout the station, and in the tool cribs have been identified by
number etching and bar code labels.
• The Pickering Tool Management System (PTMS) is a Windows application installed
on several file servers on the station LAN.\
• The PTMS data base is installed in an Oracle database server located at the
Information Services Unit server room.
• The PTMS manages all stores tool transactions.
• Tool status is updated automatically for every tool transaction.
• Your DISN is required for Tool issues, reservation and transfers.
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3.0
4.0
5.0
6.0
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PTMS Users
Basic Operation
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Desktop Program
Search Module

7.0
8.0
9.0
10.0
11.0
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Tool Transfer Module
Closing
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1.0

Introduction

The Pickering Tool Management System (PTMS) has been implemented and operating
since 1994.
•

The PTMS system is a Windows application installed on several file servers
on Pickering station LAN
• The PTMS database is installed in an Oracle database server located at the
ISU server room.
• The PTMS will manage all tool transactions from the stores. All tool
transactions are stored and updated instantaneously.
• The PTMS system uses bar coded labels and bar code scanners to process tool
transactions. Tool numbers can also be keyed in if necessary.
• Tool status is updated automatically for every transaction.
• DISN number is required for tool issues, reservations and transfers.
• Workers can transfer tools amongst themselves from the kiosk and desktop
computers.
• IOP staff can also order (or reserve) tools ahead of time for job planning
purposes.
• Everyone shares the same information.
• Maintenance and Calibration programs including periodic frequencies,
procedures and reports are available from PTMS.
• The PTMS records all tool transactions and tracking of tools including
missing and withdrawn tools.
• Tool Maintenance and Calibration activities are recorded and charted monthly.
Supervisors can monitor crew tools.
2.0

PTMS Users Include
•
•
•
•
•
•
•
•
•

Tool Crib Staff
Standards Lab Tech Staff
Tool Repair Shops - Mechanical and Control trades personnel
Measure and Test Equipment Labs staff
Radiation Instruments Repair Shop Staff
Planning, Engineering, Maintenance and I.O.P.Staff
Supervisors
Workers
Anyone who uses tools in the station
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Today Pickering has approximately 12,000 tools which are identified in the database.
The PTMS is user friendly and permits trades persons, engineers and planners to browse
the digital images of the tool before ordering for a job.
In 1997 the periodic inspection, maintenance and calibration program was introduced and
is working extremely well. A Quality of Work Plan for 1998 and 1999 has features
which will support
•

•

•

•

3.0

Improved productivity
• Reduce time at the tool crib counter
• Reserve tools required by IOP
Reduce cost
• Minimize tool redundancy
• Reduce quantity of missing tools
Manage Quality
• Inspection, maintenance and calibration of tools on schedule
• Quarantine feedback
Improve morale
• Reduce workers frustrations
• Less tool hoarding by introducing controlled satellite stores.

Basic Operations

Three programs (units) are used in the station they are:
KIOSK
There are 4 options on the Kiosk touch screen namely:
• Tool information
• Tool orders
• Tool transfers
• User information
Tool details and tool pictures also available.

The Tool Order module allows users to reserve a tool that is available in the tool crib.
Your DISN and PIN numbers are required. The Tool Transfer module allows users to
transfer tools from one account to another. The DISN and PIN number of both parties is
required.
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STORES
There is an extension of the KIOSK with 4 additional options:
• Issue records every tool
• Return records every tool
• Problem information
• Reports on issued tools - user/supervisor

DESKTOP
Unlike the touch screen kiosk program, the desktop is available to everyone throughout
the station on the LAN. The desktop is used for many functions in addition to the Stores
and Kiosk.
The desktop is used for tool:
Searching
Details
Users
Ordering
Transferring
Establishing Maintenance/Calibration requirements
Storing Maintenance/Calibration records
Spare parts lists for tool repair
Photographs of tools
Creating tool lists for special jobs eg. Modification Pump Replacement
ADMINISTRATION MODULE
This module is used by the System Administrators and is used to maintain the system
while it is operating.

4.0

Features and Uses of PTMS

Tool status is updated instantaneously. All employees share the same information. Used
for establishing maintenance programs. Used for newly purchased tool Quality Control.
Important information for IOP work planning. Regularly used for physical tool audits in
order to increase tool availability. Tool cost monitoring and control by regular
maintenance and calibration.
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5.0

Basic Operations - Desktop Program

The program operates the same way as any windows program.
Starting/Exiting
After clicking on the PTMS icon you will be presented with a dialogue box, asking you to
login. You can enter your DISN and PIN numbers, or choose the 'Browse Only' option.
If you enter your identification number you can enter and save changes in your account.
On the other hand the 'Browse Only' option allows you to perform a search and open
various modules, but you will noj be able to edit or enter any data.
You must first contact your LAN administrator to set up an account if you wish to login
to the system. Note that you do not need an account if you are only using the Browse
mode.
Buttonbar
The buttonbar appears on the top of the screen, and it is visible in all the
modules throughout the program. It consists of several command buttons, which will be
described later. The command buttons can be used to execute all the main functions of
the program. All of the commands found on the buttonbar are also found in the menus.
The following are descriptions of each button found on the buttonbar.

Close - This command button closes the immediate form or module
you are using.
Print - This command button allows you to print a hard copy of the
description or listing you have on the screen.
New - Press this button to begin a new record.

Save

Save - Saves the most recent entry such as a tool transfer or order.
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Clear

Clear -Clears the screen from all entries, allows you to begin a
new search, order, etc.
Query - Executes a search that you have specified in one of the
modules. Press this button after you have specified your search
criteria.

Next and Previous - Displays the next or previous user with the
same last name or a tool of the same type.

The following are command buttons used for opening various program modules. Each
module will later be outlined in detail

6.0

Search

Tools

User

Calibration

Transfer

Order

Search Module

The search module is probably the most useful module of the program, as it can be the
starting point of each search. It allows you to search for information according to a
specified search criteria.
To start a search, first choose the type of object you will be searching such as a tool,
user, etc. You can make this selection from the list box found in the upper left part of
the module screen.
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Search Group:

1.0 Ail Tool Types
1.1 All Individual Tools

Next enter your search criteria in the text boxes as shown below.
Search Criteria:

4

<

•

•

1: All Individual tools including TSO# Only tools--.,* --- T"\ -

-i LIKE

X Keyword 1
-*" ~ - -

:

"^

And

' 1

WRENCH
%^TOr-j; %-c.;s;'"A _"-

,--"

3:
itv.

TF~"^lfttntf^

This function allows you to specify a very detailed search criteria. You can choose a
criteria by scrolling through the list box. The criteria available are such as keyword,
manufacturer, model, etc. From the adjacent list box you can choose from several
operators. The two most used operators are '=' and 'like'. The '=' operator allows you
to select a criteria from a predefined list, while 'like' lets you type in your own entry.
The search function also can perform a search according to two criteria using the
'and' and 'or' operators. Simply choose an operator, and enter a criteria just as in the
previous text boxes. To execute the search press the Query button.
After the search is complete, a listing of all the items that correspond to the search
criteria will appear in the list, on the bottom portion of the screen. You can double
click on any item found in that list to see further details. A sample tool listing is shown
below.

Search Results:
Tool No.
>TSO No.

'

" .Current.: ", Status ' '"General?
1
User
Locatiorr"

V • ^^r^rJeicriptfon

Available Turbine Tra ^

1443-001

issued

Stores 25411

1443-002

31- 40- 27- 3 WRENCH.COMBINATION 1-7/8'

Issued

Stores 254 1

1442-006

"

T80 No.

33- 40- 25- 1 WRENCH,COMBINATION 1-3/4' ,<
33- 40- 25- 2 WRENCH.COMBINATION 1-3/4'
31- 40- 27- 1 WRENCH.COMBINATION 1-7/8' KING (JJ

1442-005

*

: 1383

j

KING (JJ

Available Turbine Trai;
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Sort - This command allows you to sort the search criteria items according to
various categories. In the dialogue box that comes up. Select the categories you want to
order by, and click the right arrow to make that category active. After completing your
selection press OK, followed by Query. The Sort By dialogue box is shown below.

"Sefectedr'
TSO No
5 Description
: Current User
1 Status
| General Location
I Specific Location
i

1
i

I

OK"

;#>

N.»'
(*

^

Tool No./TSO

^

TSO No.

- ASC/DESC" i T ^ |

Cancel
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7.0

Tools Module

Tools module can be used to look up the status of tools. You can enter this module by
double clicking on one of the tools found in the Search Module, or performing a
search. You can enter a Tool Type # or TSO # in one of the text boxes, and then press
Query to execute the search.

File

Edit

!!$IiPiiill^MIWlCP^Jis3PJlMI^

Detail

Record

Module

Window

,M

Help

IS.
Print

Clear

Cjusry

Prev j Next

Search

Tools- User

Order

Calfe

Transfei

TSO N o : 32- 40- 15- D

Tool Numberr 0199-003
Description: WRENCH,COMBiNATION,1-1 /16*'
Manufacturer: GRAY - ' ,

" Model Mai3134-

Mas: Marie,
Pickup StorerStores 274
- General Bin: Stores-274-

Owner Groupie M

^ OorM«iomOK
• -tCtffreirtUserr/ ^--f - :

- * Group Uric

SpecttfcBircJ300EE07F
- CaBt)ration Due DatK !

Main*. Due Date:-

?E>:p. Return Date:

Admin Remarta
Safety Remaric
More Tool Oetaiis | Tool Comments ~1K ^t
3,94

floplred DatK^
Warranty Days::

Maintenance Set Bate::
^aiRSetDatea

Cost:

Calibration Actuab *r.n

Too/ Module is composed of two screens: details and summary. The summary
screen contains very brief information about a tool, and a list of all the tools with the
same Tool Type #. By double clicking on a tool found in the list you can bring up that
tool's details. There is also a Tool Comments list found on the bottom of the screen. It
can be opened by pressing the Tool Comments button found in the middle of the screen.
You can alternate between this button and the More Tool Details Button to bring up
additional tool information.
By dragging the mouse pointer over the tool description and clicking the right mouse
button you can bring up the full text of the tool description.
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The User Module can be used to look up employees information. Information
contained in this module is the DISN number, name, position, supervisor, crew, work
group, preferred store, and a list of all the tools that are presently issued to that
employee.

File

Edit

IJser

Oosel PM

Record

Module

dear

Window
Prev

Help

,Next

Order

Search

DISN: 141912
Name: CURRE-MILLS, BJ (BRIAN)
, Trade: MAINTENANCEASSESSOR
1

;

-

,
i1

WorkGroup:>RODUCTlbNSUPPORT-MEeH

Tool No

S u p e r v i s o i t BAIJJpJ <JOp,
*

""*'""

" " 'Stores 254-

; , Stored

WorkUnltCOMMON

'Tools On Hand

:

v

"-

"

r rr:

"

Descnption

n "|PBdendTo ) Status*^

H

Detailed User Information

/4 search can be started from the Search Modules or within this module, by entering a
DISN number or last name in one of the text boxes, followed by pressing the Query
button.
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9.0

Order Module

The Order Module is used to place tool orders. You cannot place an order while in the
Browse Only mode. You can find a tool and use the Search Module to place an order
or you can enter a tool straight into an order list through the Order Module.

10.0

Calibration Module

The Calibration Module can be used to monitor all calibration procedures for tools. It
contains all the calibration procedures, as well as calibration dates. The main window
is titled Calibration Actuals.
Calibration Actuals
To call up a tool calibration procedure, in the Search Module choose the Calib option
from the criteria list box. This criteria box allows you to choose various templates for
your search. These templates allow you to look up tools according to various conditions.
For example, one template could bring up all the tools with procedures, while another
tool that needs calibration. To execute a search, press the Query button. A list of all the
tools will appear in the list at the bottom half of the screen. Select the tool from the list
that you are interested in. Double click on the row it is found on, or select it and press the
Calib button to open the calibration module. The calibration module will be editable for
only some selected users. It will be read only for all other users.
Maintenance Module
The Tool Maintenance Module is very similar to the Calibration Module and contains all
Maintenance information and records.
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11.0

Transfer Module

The tool transfer module is used to change the ownership of a tool from one employee
to another. In order to transfer a tool, or a group of tools the DISN and PIN number
o both employees must be specified. Enter the seconds employee's DISN and PIN
number in the text box appearing in the middle of the screen. As soon as the
identification numbers are entered, the tools on hand for that employee will be displayed.
To transfer tools, use the mouse to select an employee's tool so that they are all
highlighted. You can transfer more that one tool at a time from the list. To transfer tools,
press the Save button. You will now see the transferred tools in the other employee's list,
marked in a red font.

File

Edit

Record

Tool Management - (Tool Transfer]
Module Window Help

SP,

onfi '

.! 'Due Date

m

Dae Oats .^"U'- {
r.
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12.0

Closing

In closing, PTMS incorporates many necessary features which most other tool control
systems cannot provide. An Instruction Manual is available from Pickering Maintenance
Department. This manual will fully explain in much greater detail the many additional
features of the system. Should anyone be interested in obtaining a copy, please contact
Andrew Green.
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CONTINUOUS MONITORING OF STEAM GENERATOR PERFORMANCE
USING NON-INTRUSIVE DOWNCOMER FLOW MEASUREMENTS
C.E. Taylor, J.E. McGregor and C.A. Kittmer
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, Ontario
KOJ 1J0

Nuclear plant reliability depends directly on steam generator performance. Downcomer flow
is a good monitor of steam generator performance. It provides information critical to the
efficient and safe operation of steam generators as determined by the recirculation ratio and
water inventory. In addition, reduced downcomer flow may indicate steam generator
crudding or inadequate chemical cleaning.
This paper describes the recent advances in the application of ultrasonic technology to
measure flow velocity in the downcomer annulus during operation. This technique is nonintrusive since the measurements are taken with ultrasonic transducers mounted on the
outer shell of the steam generator. New transducers and improved installation techniques
have resulted in increased transducer reliability. Whereas previous installations provided
data for two to three months, a current installation has been operating for over a year.
Through on-site testing, it was determined that some CANDU steam generators are
experiencing carry-under (steam from the separators is carried into the downcomer). To
measure the downcomer flow under these conditions, a different ultrasonic technique was
required. A new technique became available in 1995 and was successfully adapted for
high-temperature application. This Transflection method was attached to a Bruce A steam
generator in January of 1996. This installation is still operating as this paper is being
written.
Options for movable measuring systems and simpler surface preparation have also been
examined. This research has determined the several obstacles and some possibilities for the
use of magnets in temporarily holding the transducers at a given location. This would
allow for measurements to be taken in a larger number of locations. In addition, the need
for minor welding on the surface of the steam generator shell would be eliminated.
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(100% reactor inlet header) ,the disengagement of the
divider plate from the seat bars results in an opening
smaller than 1% of the divider plate area.

Abstract
A primary divider plate in a nuclear steam generator
is required to perform its partitioning function with a
minimum of cross leakage, without degradation in
operating performance and without loss of structural
integrity resulting from normal and accident loading.
The design of the replacement divider plate for
normal operating conditions is discussed in some
detail in reference 1 and 2. This paper describes the
structural response of the replacement divider plate to
the severe loading resulting from a burst primary
pipe. The loads for which the divider plate structural
performance must be evaluated are mild to severe
differential pressure transients resulting from several
postulated sizes and types of pipe break scenarios. In
the unlikely event of a severe Loss of Coolant
Accident( LOCA) the divider plate or parts thereof
must not exit the steam generator nor completely
block the outlet nozzle. For the milder LOCA loads,
the integrity of the divider plate and seat bars must be
maintained. Analysis for the milder LOCA loads was
carried out employing a conservative approach
which ignores the actual interaction between the
structure and the primary fluid. For these load cases it
was shown that the divider plate does not become
disengaged from the seat bars. For the more severe
pipe breaks, the thermal-hydraulic analysis was
coupled iteratively with the structural analysis,
thereby taking into account divider plate
deformation, in order to obtain a better prediction of
the behaviour of the divider plate. In this manner
substantial reduction in divider plate response to the
more severe LOCA loading was achieved. It has been
shown that, for the case of a postulated Large LOCA

1.0 Introduction
The primary divider plate in a nuclear steam
generator performs the function of diverting the
reactor outlet D2O flow up through the U-tube
bundle thereby cooling it before its return to the
reactor. This function is therefore of prime
importance in transferring the heat removed from the
fuel in the reactor core to the steam generator
secondary side thereby generating steam. In carryingout these functions the divider plate is normally
subjected to an operating pressure load equal to that
of the pressure drop through the U-tubes of
approximately 35 PSI. To accommodate this
operating load with sufficient margin, the divider
plate is designed for a static pressure drop of 60 PSI.
The design method is discussed in the papers of
references 1 and 2.
Well into the design and manufacture of the lead
replacement divider plates for Hydro Quebec,
additional design requirements were identified by the
Gentilly 2 Safety Analysis Group. The new
requirements stipulated that in the unlikely event of a
burst primary pipe accident (LOCA), the divider
plate must not generate loose parts that could exit the
steam generator nor must it completely block the
outlet nozzle. For the smaller LOCA events, the
integrity of the divider plate and seat bars must be
maintained.
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replacement divider plate is only 3/4 inches thick. It
has been curved in order to provide the necessary
strength thereby providing a relatively lighter weight
for ease of installation, minimizing weld volume (and
radiation exposure to welders) and minimum
distortion due to welding that could result in binding
of the divider plate on the seat bars. The design has
been patented by B& W(3).

The discussion that follows briefly reviews the
unique design features of the replacement divider
plate and describes in some detail the method of
analysis developed to evaluate the replacement
divider plate behaviour under LOCA loads.

2.0 Features of the Replacement Divider Plate
The replacement divider plate is a strong, lightweight, integral construction designed for ease of
installation and minimum by-pass leakage. The
features included in the design of the replacement
divider plate were primarily intended to reduce
leakage and thereby lower RIH temperature. Because
the design is a single piece, the flow leakage crevice
area is much smaller than the original design. The
only leak path is around the periphery of the divider
plate at the tongue and groove joint (See Figure 1).
Erosion resistant material is employed at these sliding
joints to ensure that leakage rates do not increase
with time.

• rtffsei sai m

Figure 2: Segmented Divider Plate

DIVHR iW -

3.0 Dynamic Analysis for LOCA Loading
FUBEMEI SEA! 8M

(i) LOCA Loads
The original divider plate transient differential
pressure loads were computed by Hydro-Quebec
Safety Analysis Group by employing the thermalhydraulic Code SOPHT-G2 version 03.02. These
loads do not take into account divider plate
deformation. Several LOCA loads were eventually
identified. These transient loads are shown in Figure
3 through 6. As can be seen, some of the loads are
clearly much more severe than the loading for which
the replacement divider plate was originally
designed. (Note: these pressure-time curves hereafter
are referred to as original pressure versus time
curves)

QISCO SECTIDE

Fiaoiaus

(ii) Preliminary Structural Analysis
Initially a non-linear transient dynamic analysis
utilizing ABAQUS EXPLICIT Version 5.5 was
carried out to determine the sensitivity of the divider
plate response to variations in the assumed friction
factor at the tongue and groove joint and to confirm
earlier dynamic analysis carried out by Ontario
Hydro. For simplicity, the preliminary structural
analyses were carried out conservatively assuming
that the thermal-hydraulic solution and the structural
solution do not affect each other.

Figure 1: Welded Floating Divider Plate

The original primary divider plate was a segmented
design 1-1/2 inches thick (See Figure 2). The
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Figure 3: Divider Plate Loading — 5% Equivalent
RIH Break

Figure 5: Divider Plate Loading — 100% Pump
Suction Break
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Figure 4: Divider Plate Loading — 7.5% Equivalent
RIH Break

Figure 6: Divider Plate Loading — 100% RIH Break
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Initially three load cases were considered, 5%, 71/2% RIH Breaks and a 100% Pump Suction. The
effect of friction factors from 0.2 to 1.2 was
evaluated. This sensitivity study indicated that an
increase in friction factor will tend to reduced the rate
of deformation of the divider plate resulting from a
given differential pressure transient.

the procedure repeated until convergence of two
serial P-T curves is achieved.

I A P{)

Original Differential Pressure Curve
SOHPT-G2

Mixed results were obtained in the aforementioned
analyses (See section 4.0) and it became clear that if
realistic results were to be obtained for the more
severe load cases it would be necessary to allow for
the effects of the deformation of the divider plate.
ABAQUS/ExpIicitRunfromti.. t o t

In the initial dynamic analysis two important effects
that tend to reduce the response of the divider plate
were conservatively ignored. These are, bypass
leakage resulting from the open area formed when
the divider plate starts to disengage and differential
pressure reduction resulting from the deforming
divider plate pushing primary fluid out of the steam
generator outlet nozzle.
To take these effects into account, and thereby
effectively reduce the load on the divider plate,
requires that the thermal- hydraulic solution be
'coupled1 with the structural solution. To achieve
this, an iterative procedure was developed that
manually links the Hydro-Quebec thermal- hydraulic
analysis with the B&W structural analysis. How this
'coupling' is achieved is included in the discussion
that follows.

<^Disengaged?P>—

\ i:-i+l.j»l

| Yes
1

t

r^H—•*•
Send A Vj and AAjto

(iii) Thermal-Hydraulic and Structural Coupling

Hydro Quebec
forSOHPT-G2

The thermal-hydraulic analysis (HQ) is manually
linked with the structural analysis (B&W) as shown
in Figure 7. An original pressure versus time curve
(P-T) for the first iteration was run for an interval
from t0 to a suitable time tj at which time a certain
amount of displaced primary fluid volume, resulting
from divider plate deformation, is reached. The
volume reduction of the outlet side as a function of
time for this interval was provided to HQ for input
into the thermal hydraulic analysis. The thermal
hydraulic analysis was re-run for the same time
interval taking into account the displaced volume
function and a new pressure versus time load curve
computed for the interval. A check is made to
determine if the P-T curve has converged by
comparing it to the prior curve. If it has not
converged the displaced volume versus time curve is
recomputed based on the current structural run and
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Figure 7: Flow Chart of the Analysis

outlet nozzle by the deforming divider plate and the
increase in available volume on the primary inlet side
of the steam generator. Furthermore, the significant
by-pass flow area that opens up before the divider
plate becomes entirely disengaged from the seat bars
also tends to reduce the original LOCA loading.

At some point in time, for the more severe loads, the
tubesheet seat bar and divider plate start to disengage
and a by-pass leakage flow results. This by-pass flow
will tend to reduce the response of the divider plate
still further so it too is included in the iteration
procedure in a similar manner to the displaced
volume. Figure 7 illustrates how this is incorporated.

The aforementioned means of reducing the response
of the divider plate that were not included in the
initial analysis have a very significant beneficial
effect that results in considerably less divider plate
deformation. Figure 8 shows the 100 % RIH LOCA
with and without taking into account the deformation
of the divider plate. As indicated, the maximum
pressure load is much less severe when the
deformation of the divider plate was modelled. This,
in effect, shows the load reductions achieved by the
iteration technique developed to 'couple' the
thermal-hydraulic and structural solutions. Figure 9
shows the maximum velocity of the divider plate. As
can be seen the divider plate has come to a stop and
has started to return to its original position.

The above procedure was employed to analyse
divider plate response to the 100% RIH Break. This
load case is shown in Figure 6. Again, these original
loads had been determined based on the assumption
that the divider plate remains in place without any
deformation and does not by-pass primary fluid
beyond that predicted for normal operating
conditions.

4.0 Discussion of Results and Conclusion
The results of the initial conservative analysis for the
5% and 7-1/2% RIH breaks indicate that the divider
plate remains fully engaged with the seat bars on
both the primary head and tubesheet. For the 100%
Pump Suction Break the divider plate completely
disengaged. However owing to its construction
details, it can not exit the primary head to form a
loose part. With such a high load, seat bar weld
failure was a very significant concern. If the seat bar
welds fail, the seat bar becomes a loose part since it
can easily exit the primary head of the steam
generator. The seat bar weld strains were shown to be
acceptable thus precluding the loose parts concern.
This conclusion can be broadened because the
loading employed is conservative as discussed below.
We can conclude that even for the most severe
loading, the seat bar welds will not fail and therefore
the seat bars will not become loose parts.
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Even though the LOCA requirements were not
considered when setting the replacement divider plate
design, the curved divider plate concept appears to be
fortuitous in dealing with the large deformations that
result from the more severe LOCA loads. Because
the design is curved, it can deflect more than 4
inches under the severe LOCA loading without
significantly reducing the engagement of the divider
plate on the seat bars. Considerably more deflection
is required in order to cause the complete
disengagement of the divider plate from the seat bars.
This large deflection results in considerable load
reduction owing to the relatively large volume of
primary fluid that must be displaced out the primary
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Figure 8: Comparison of the One-Step Analysis and
the Iterative Analysis

The results confirm that for the 100% RIH break
(Figure 6) the divider plate only slightly disengages
with the tubesheet seat bar(approx. 1% of divider
plate area). Figure 10 shows the deformed shape at
r=80msecs. Deformation is shown with a
magnification factor of 1.0.
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Figure 10: Deformation of the Divider Plate for
100% RIH Break(t=80 msecs)
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CA0000032
Steam Generator Primary Side Fouling Determination Using the
Oxiprobe Inspection Technique
F. Gonzalez, A.M. Brennenstuhl, G. Palumbo and R.W. Dyck
Ontario Hydro, Materials Technology Dept., Ontario Hydro Technologies

magnetite and, in the presence of other
transition metals such as cobalt and
nickel, their thermodynamically stable
species are mixed oxides. The solubility
of magnetite and the mixed oxides varies
with the redox potential of the primary
coolant and it increases when this
parameter becomes reducing. Under
oxidizing conditions the most stable oxide
is hematite which is significantly less
soluble than magnetite. It is therefore
difficult to model the particulate and
corrosion product transport and deposition
since the redox potential in the primary
coolant changes especially if there is
boiling in the core.

ABSTRACT
Build up of deposits on the primary side of
CANDU steam generator tubes can lead to
a loss of heat transfer between primary
and secondary circuits. This fouling
contains radionuclides that cause high
radiation fields around the steam
generators. It is important to determine
the amount and nature of the deposits
including radionuclides and their
distribution in the tubes to assess the
need for cleaning, selection of cleaning
technologies, disposal of cleaning residues
and other related maintenance issues.
The Oxiprobe is an inspection technique
developed by Ontario Hydro Technologies
that measures the extent of primary side
fouling at various positions along the
length of a steam generator tube.
Deposits are chemically removed from
selected locations by means of tooling
inserted from the primary head. Deposit
loadings in each location can be
quantitatively calculated and their
elemental composition, which includes the
determination of alpha, beta and gamma
emitting radionuclides, can be determined.

It has been postulated that steam
generator fouling may be responsible for
the observed increases in reactor inlet
header temperature at some CANDU
plants. In fact, at some plants the deposit
buildup has been sufficiently high to
impede access by inspection tooling.

1.0 INTRODUCTION

Not only is it important to determine the
total amount of deposits on the tube but
also their distribution along the tube
which allows us to assess their impact on
the heat transfer coefficient.

The primary side piping in CANDU
reactors is made of carbon steel. Upon
exposure to the primary coolant
conditions the material rapidly forms a
protective magnetite passive layer.
Release rates of this oxide are very low
and in the order of 1 mg Fe/dm2.day(mdd)
in flowing coolant at 250 °C, pH 10 with
LiOH and saturated in dissolved iron/1/.
The stable iron oxide species under
CANDU normal operating conditions is

The Oxiprobe technique was developed to
determine the accumulation of deposits on
the inside wall of the steam generator
tubes, in terms of the deposit elemental
composition, the deposit loading
distribution along the tube length, and the
total tube deposit loadings. An additional
objective was to determine the identity
and loadings of alpha, beta and gamma
emitting radionuclides and their
distribution along the tube length.
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2.0 EXPERIMENTAL
The Oxiprobe hardware consists of an
end effector or probe, shown in Figure 1,
which is positioned at predetermined
locations inside the steam generator tube.
Solvent is delivered to the probe to
dissolve the deposits within the probe
cavity.

V1

V2

6)

V2

c

0.4001
0.330'

Solvent -

Cleaning
Solution

Water

o
**

IS

—» To Probe

MX

In
R\AIC.

V4
VS
—txJ
, V6

• - From Probe

RSC

Sampling
Length
19.5 cm

Steam
Generator Tube

Figure 2: Oxiprobe delivery system.
RWC - Return Water Container
RSC - Return Solution Container

The Oxiprobe used in all the deposit
measurements discussed here had a
sampling length of 19 cm. For each
position this distance represents the
length of steam generator tubing inside
the Oxiprobe cavity in which the oxide is
dissolved by the solvent. The probe
length determines the resolution of the
measurement with respect to the steam
generator tube length. The probe
consisted of a central element with a
round head to minimally disturb the tube
deposits during insertion and a bottom
fitting that had a bladder seal and
connections to the delivery tubing. The
top seal was achieved by pressurizing the
opposite end of the tube with air.

- Bladder
Seal

T
To. From
Delivery equipment

Figure 1: Schematic of Oxiprobe end
effector inside a steam generator tube.

Feed and return polymeric tubing connect
the end effector to a solvent /water
delivery system which includes flow
metering equipment, solvent and water
rinsing tanks, and pumping capabilities.
Figure 2 reveals the schematics of the
flow delivery system.

3.0 SOLVENT QUALIFICATION
The present setup allows two tube
determinations to be carried out
simultaneously. This capability saves
significant time during field sampling and
results in reduced personnel dose and a
shorter plan window requirement in the
station plan.

3.1 Materials Compatibility
Oxiprobe measurements have been carried
out at Pickering A, Bruce A and Bruce B.
Application of the technology to these
stations necessitated full qualification
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testing of the solvent compatibility with
alloy 400 and 600, respectively, in
advance of the fieldwork. The testing
involved a complete corrosion assessment
with the same solvents and materials and
under extreme simulated field conditions.
Testing results showed no significant
corrosion of either alloy 400 or alloy 600
during the sampling time required in the
procedure.

to the solution. The rinse effectiveness is
verified using simple pH measurements on
the effluent water. The probe is then
moved to a different tube location and the
operation is repeated. A total of one litre
of solution is collected per sampling point.
The average time required per sample
location is approximately one hour but
several tubes can be simultaneously
sampled. Setup time, excluding
interruptions unrelated to the process, is
three hours and the same length of time is
required to remove the equipment from
containment.

3.2 Deposit Dissolution Rates
Dissolution rates were evaluated in
laboratory tests using solid magnetite
samples. Additional confirmatory testing
was also performed with tubes previously
pulled from operating units. A factor of
five times the laboratory time required for
complete sample dissolution was used in
the field implementation. The error
resulting from the incomplete dissolution
of the tube deposits was therefore
negligible although no visual tube
verification was performed in the
fieldwork.

5.0 ANALYTIC
The solvent solutions collected are
analyzed by ICP (Inductive Coupled
Plasma Spectroscopy) to determine metal
ion concentrations. Gamma activity
measurements were performed using a
Canberra gamma analyzer. Alpha and
beta activity was also determined for
some samples. The analytic precision
was approximately 10%.

4.0 FIELD PROCEDURE
6.0 WASTE DISPOSAL
The field implementation of Oxiprobe
measurements requires access to
containment and the primary head of the
steam generator. Setup of the delivery
equipment should be carried out near the
steam generator primary head access
manhole. The end effector is inserted into
the steam generator tube into a
predetermined location.

One litre of solvent and four litres of
rinsing water per tube position were
produced as waste. The rinsing water
had undetectable gamma emitter
contamination but it was slightly
contaminated with tritium. After analysis,
the radioactive solutions were
concentrated by evaporation, solidified
and then disposed.

Spill barriers are placed around the
delivery systems and in the steam
generator primary head. The probe is
connected to the delivery systems via the
polymer tubing. After the seals have been
activated, water is first circulated to
verify the leak tightness of the whole
assembly. The solvent is then pumped
into the probe cavity and it rapidly
dissolves the deposits inside the tube.
When the dissolution time has elapsed a
thorough rinse of the probe cavity with
water eliminates any solvent trace from
the tube surfaces that have been exposed

7.0 FIELD APPLICATIONS OF OXIPROBE
7.1 Pickering NGS-A
7.1.1 Sampling Locations
The first trial with Oxiprobe was
implemented at Pickering A/2/. Two
tubes were preselected that were judged
to be representative of the majority of the
tubes in the bundle. The tubes were
situated in the centre of the bundle near
the divider plate. The tubes had never
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been inspected by eddy current or
decontaminated using CANDECON.

versus the tube position measured from
the primary face of the tubesheet hot leg.

Four locations were sampled in each tube.
Two were in the hot leg, one near the
tubesheet and the second at
approximately mid distance in the tube
hot leg straight length. However, one of
the tubes was significantly dented at the
first support intersection and the probe
could only reach a position immediately
below the dented region. The other two
locations were in the cold leg. The lowest
corresponded to the middle point in the
pre-heater. The second cold leg location
was at the same distance from the
tubesheet as the hot leg second location.
The sampling locations can also be
referred to the distance along the tube
from the primary face of the hot leg.
7.1.2 Deposit Composition
Iron, nickel, copper and zinc are identified
as the main contributors to the deposit
composition. Cobalt and chromium are
present in trace amounts.

The lowest deposit loading corresponds
to the lowest position in the hot leg, i.e.
the entry point of the primary coolant in
the steam generator. There is an increase
of the deposit loadings with increasing
distance from the reference point in the
hot leg; however, the reverse is true in
the cold leg. The results that were
obtained for the two tubes sampled
compared well. The available data
indicates that the deposit loadings go
through a maximum at the top part of the
bundle and slightly decrease in the bottom
part of the cold leg where the pre-heater
is situated.
The total amount of deposit in the tube
can be calculated by integrating the
values obtained at the specific locations
over the complete length of the tube. The
mass of deposit on each tube was
comparable and for tube R13C64 was 67
grams.
Deposit thickness was calculated
assuming an average deposit density is
5.2 g/cm 3 . This value was measured by
pycnometry from Bruce NGS-A U-bend
deposits.

7.1.3 Deposit Loadings
If it is assumed that all metals are
present as mixed oxides of the magnetite
type (ferrites), total deposit loadings can
be calculated.

Tube
Position, cm

Deposit
Thickness,
|im, 0%
Porosity

Deposit
Thickness,
Urn, 50%
Porosity

74
457

6
29
23
22

12
58
46
44

1240
1580

Q

0

Tablei: Deposit thickness for extreme
porosity values for tube R13C64 at
different tube locations calculated from
the deposit loadings and magnetite
density.

400
800
1200
1600
Distance from Tube Sheet Hot Leg, cm

Figure 3: Variation of tube deposit
loadings along tube length. PNGS-A, U-1,
SG-8, tubeR13C64.

Table 1 lists the calculated thickness for
two different porosities, 0 and 50%,
respectively. The latter is considered to
be an extreme but realistic value based on

Figure 3 shows the variation of tube
deposit loadings expressed as milligrams
of mixed oxide deposit per cm of tube
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tubes had to be representative of the tube
bundle. Four tubes were sampled at six
locations each, three in the cold leg and
the remainder in the hot leg. A total of 24
tube locations were sampled/3/.

deposit samplings from Bruce NGS-A Ubend removed tubes.
7.1.4 Radionuclide Distribution
Figure 4 reveals the variation of total
alpha, beta, and gamma activity at the
different tube positions. The distribution
is similar to that of the deposits. The
highest activity loadings are near the top
of the hot leg, which coincides with the
high deposit loadings.

7.2.2 Deposit Composition
Iron, nickel and chromium are the most
important metallic contributors to the
deposit composition. Copper, zinc and
cobalt were also detected.
7.2.3 Deposit Loadings

The main radionuclides that contribute to
the gamma activity are Ce-144 and Ru106. Each one separately accounts for
approximately 35% of the total gamma
activity. Co-60 accounts for 12%.
Additional significant contributors are Ru103, Sb-124, Sb-125, Ce-141, Eu-154,
Eu-155, Zr-95 and Nb-95. The high
contributions of Ce-144 and Ru-106 are
an indication of previous fuel failures in
the system. The presence of alpha
emitting isotopes confirms the significant
contribution from the nuclear fuel to the
total activity.

Figure 5 shows the variation of deposit
loading {calculated as mixed oxide) along
the tube length for one of the tubes. The
distribution pattern for rest of the tubes
sampled was similar.
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Figure 5: Variation of tube deposit
loadings along tube length. BNGS-A, U-3,
SG-2, tube R50C72.

I I .

The lowest loadings correspond to the
bottom of the hot leg; the loadings
increase with increasing distance from
that position (moving up towards the Ubend). The loadings peak at or near the
U-bend and then remain approximately
constant moving down the cold leg.

74
457
1240
1580"
Distance from tubesheet hot leg, cm
• Total gamma m Total beta B8 Total alpha I

Figure 4: Radionuclide gamma, beta, and
alpha activity loading variation along tube
length. PNGS-A, U-1, SG-8, tube
R13C64.

The patterns of deposit loading
distribution with respect to tube position
for PNGSA and BNGSA are similar and
both indicate highest loadings in the
region of the bundle where the steam
quality on the secondary side is the
highest.

7.2 Bruce NGS-A
7.2.1 Sampling Locations
The same criteria as in PNGS-A were used
in the tube selection. Deposits should not
have been disturbed by either inspection
or decontamination activities and the
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The main contributor to gamma activity is
Co-60 that accounts for more than half
the total. Significant contributors are Nb95, Zr-95, with approximately 20% of the
total. Fission products, Ce-144, Ru-106
and Ru-103 contribute to about 15% of
the total. Other radionuclides Sb-124,
Sb-125, Fe-59 and Mn-54 are less than
3%.

The total deposit loadings per tube
calculated by integration assuming all
oxides are present as mixed oxide
averages 72 g/tube. The cold leg carries
approximately half the amount of
deposits, the U-bend a quarter and the hot
leg also a quarter. For tubes with large Ubend radii the amount of deposit in that
region is likely to be higher than for tubes
with smaller diameter.
The deposit thickness calculated assuming
50% deposit porosity ranges from 3 ^m
at the bottom of the hot leg to a
maximum of 83 (irn at the top near the Ubend.

Most of the activity measured is beta and
alpha. The importance of obtaining
radiological information with direct
sampling is manifested here since outside
boiler radiological surveys could not
quantify this data. Maximum loadings are
situated near the U-bend.

7.2.4 Radionuclide Distribution

7.3 Bruce NGS-B

Figure 6 shows the radionuclide
distribution for tube R50C72 along the
tube length. Gamma measurements were
carried out for all the samples but alpha
and beta activities were only measured in
several locations of two tubes. The two
available total activity profiles compared
well and showed the highest activity
loadings near or at the U-bend, which
coincides with the region of high deposit
loadings. The gamma profiles for ail the
four tubes sampled were also comparable
and confirmed that the region of highest
activity loading is the U-bend.

7.3.1 Sampling Locations
Similar sampling locations to the BNGS-A
were used for BNGS-B/4/.
7.3.2 Deposit Composition
As in BNGS-A, iron, nickel and chromium
are the main metallic contributors to the
deposits. The concentrations of other
metals are at or below the detection limit.
7.3.3 Deposit Loadings
Figure 7 reveals the variation of deposit
loading (calculated as mixed oxide) along
the tube length for one of the tubes.
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Figure 6: Radionuclide gamma, beta, and
alpha activity loading variation along tube
length. BNGS-A, U-3, SG-2. Tube
R50C72
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Figure 7: Variation of tube deposit
loadings along tube length. BNGS-B, U-5,
SG-5, tube R42C42.
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As in the BNGS-A measurements, the
distribution pattern for the rest of the
tubes is similar. The deposit
loading/distance profile is similar to that of
BNGS-A in that the highest loadings are
near the U-bend. The corresponding
deposit thickness calculated, 1 to 84pim,
and the total amount of deposit per tube,
72 g, and its distribution among the hot
and the cold legs and the U-bend is also
similar to BNGS-A.

Consistent data has been obtained at
three CANDU stations. Deposit
composition, loadings and distribution
along the steam generator tubes are
available from the measurements.
Alpha, beta and gamma radionuclide
loadings and distribution along the tubes
are now at hand for radiological
requirements.
Minor process modifications and a
redesign of the delivery system could
reduce the time required for Oxiprobe
implementation. This would enable the
sampling of a larger number of tubes for a
given time window which would improve
the statistical confidence of the
measurements.

7.3.4 Radionuclide Distribution
The main radionuclide contributor to
gamma activity is Co-60. Also important
and contributing each to between 8 and
25% are Nb-95 and Zr-95.
Figure 8 shows the relative contributions
of radionuclides to the total activity. The
contributing radionuclides are the same as
in BNGS-A but the total gamma activity
levels are slightly higher in this
measurement.
:=
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magnetite and, in the presence of other
transition metals such as cobalt and
nickel, their thermodynamically stable
species are mixed oxides. The solubility
of magnetite and the mixed oxides varies
with the redox potential of the primary
coolant and it increases when this
parameter becomes reducing. Under
oxidizing conditions the most stable oxide
is hematite which is significantly less
soluble than magnetite. It is therefore
difficult to model the particulate and
corrosion product transport and deposition
since the redox potential in the primary
coolant changes especially if there is
boiling in the core.

ABSTRACT
Build up of deposits on the primary side of
CANDU steam generator tubes can lead to
a loss of heat transfer between primary
and secondary circuits. This fouling
contains radionuclides that cause high
radiation fields around the steam
generators. It is important to determine
the amount and nature of the deposits
including radionuclides and their
distribution in the tubes to assess the
need for cleaning, selection of cleaning
technologies, disposal of cleaning residues
and other related maintenance issues.
The Oxiprobe is an inspection technique
developed by Ontario Hydro Technologies
that measures the extent of primary side
fouling at various positions along the
length of a steam generator tube.
Deposits are chemically removed from
selected locations by means of tooling
inserted from the primary head. Deposit
loadings in each location can be
quantitatively calculated and their
elemental composition, which includes the
determination of alpha, beta and gamma
emitting radionuclides, can be determined.

It has been postulated that steam
generator fouling may be responsible for
the observed increases in reactor inlet
header temperature at some CANDU
plants. In fact, at some plants the deposit
buildup has been sufficiently high to
impede access by inspection tooling.

1.0 INTRODUCTION

Not only is it important to determine the
total amount of deposits on the tube but
also their distribution along the tube
which allows us to assess their impact on
the heat transfer coefficient.

The primary side piping in CANDU
reactors is made of carbon steel. Upon
exposure to the primary coolant
conditions the material rapidly forms a
protective magnetite passive layer.
Release rates of this oxide are very low
and in the order of 1 mg Fe/dm2.day(mdd)
in flowing coolant at 250 °C, pH 10 with
LiOH and saturated in dissolved iron/1/.
The stable iron oxide species under
CANDU normal operating conditions is

The Oxiprobe technique was developed to
determine the accumulation of deposits on
the inside wall of the steam generator
tubes, in terms of the deposit elemental
composition, the deposit loading
distribution along the tube length, and the
total tube deposit loadings. An additional
objective was to determine the identity
and loadings of alpha, beta and gamma
emitting radionuclides and their
distribution along the tube length.
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2.0 EXPERIMENTAL
The Oxiprobe hardware consists of an
end effector or probe, shown in Figure 1,
which is positioned at predetermined
locations inside the steam generator tube.
Solvent is delivered to the probe to
dissolve the deposits within the probe
cavity.
—> To Probe

0.400'
0.330'

•— From Probe

Solvent •
Sampling
Length
19.5 cm
Steam
Generator •
Tube

Figure 2: Oxiprobe delivery system.
RWC - Return Water Container
RSC - Return Solution Container

*

N

The Oxiprobe used in all the deposit
measurements discussed here had a
sampling length of 19 cm. For each
position this distance represents the
length of steam generator tubing inside
the Oxiprobe cavity in which the oxide is
dissolved by the solvent. The probe
length determines the resolution of the
measurement with respect to the steam
generator tube length. The probe
consisted of a central element with a
round head to minimally disturb the tube
deposits during insertion and a bottom
fitting that had a bladder seal and
connections to the delivery tubing. The
top seal was achieved by pressurizing the
opposite end of the tube with air.

- Bladder
Seal

T
Tttfrom
Delivery equipment

Figure 1: Schematic of Oxiprobe end
effector inside a steam generator tube.
Feed and return polymeric tubing connect
the end effector to a solvent /water
delivery system which includes flow
metering equipment, solvent and water
rinsing tanks, and pumping capabilities.
Figure 2 reveals the schematics of the
flow delivery system.

3.0 SOLVENT QUALIFICATION
The present setup allows two tube
determinations to be carried out
simultaneously. This capability saves
significant time during field sampling and
results in reduced personnel dose and a
shorter plan window requirement in the
station plan.

3.1 Materials Compatibility
Oxiprobe measurements have been carried
out at Pickering A, Bruce A and Bruce B.
Application of the technology to these
stations necessitated full qualification
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to the solution. The rinse effectiveness is
verified using simple pH measurements on
the effluent water. The probe is then
moved to a different tube location and the
operation is repeated. A total of one litre
of solution is collected per sampling point.

testing of the solvent compatibility with
alloy 400 and 600, respectively, in
advance of the fieldwork. The testing
involved a complete corrosion assessment
with the same solvents and materials and
under extreme simulated field conditions.
Testing results showed no significant
corrosion of either alloy 400 or alloy 600
during the sampling time required in the
procedure.

The average time required per sample
location is approximately one hour but
several tubes can be simultaneously
sampled. Setup time, excluding
interruptions unrelated to the process, is
three hours and the same length of time is
required to remove the equipment from
containment.

3.2 Deposit Dissolution Rates
Dissolution rates were evaluated in
laboratory tests using solid magnetite
samples. Additional confirmatory testing
was also performed with tubes previously
pulled from operating units. A factor of
five times the laboratory time required for
complete sample dissolution was used in
the field implementation. The error
resulting from the incomplete dissolution
of the tube deposits was therefore
negligible although no visual tube
verification was performed in the
fieldwork.

5.0 ANALYTIC
The solvent solutions collected are
analyzed by ICP {Inductive Coupled
Plasma Spectroscopy) to determine metal
ion concentrations. Gamma activity
measurements were performed using a
Canberra gamma analyzer. Alpha and
beta activity was also determined for
some samples. The analytic precision
was approximately 10%.

4.0 FIELD PROCEDURE
6.0 WASTE DISPOSAL
The field implementation of Oxiprobe
measurements requires access to
containment and the primary head of the
steam generator. Setup of the delivery
equipment should be carried out near the
steam generator primary head access
manhole. The end effector is inserted into
the steam generator tube into a
predetermined location.

One litre of solvent and four litres of
rinsing water per tube position were
produced as waste. The rinsing water
had undetectable gamma emitter
contamination but it was slightly
contaminated with tritium. After analysis,
the radioactive solutions were
concentrated by evaporation, solidified
and then disposed.

Spill barriers are placed around the
delivery systems and in the steam
generator primary head. The probe is
connected to the delivery systems via the
polymer tubing. After the seals have been
activated, water is first circulated to
verify the leak tightness of the whole
assembly. The solvent is then pumped
into the probe cavity and it rapidly
dissolves the deposits inside the tube.
When the dissolution time has elapsed a
thorough rinse of the probe cavity with
water eliminates any solvent trace from
the tube surfaces that have been exposed

7.0 FIELD APPLICATIONS OF OXIPROBE
7.1 Pickering NGS-A
7.1.1 Sampling Locations
The first trial with Oxiprobe was
implemented at Pickering A/2/. Two
tubes were preselected that were judged
to be representative of the majority of the
tubes in the bundle. The tubes were
situated in the centre of the bundle near
the divider plate. The tubes had never
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been inspected by eddy current or
decontaminated using CANDECON.

versus the tube position measured from
the primary face of the tubesheet hot leg.

Four locations were sampled in each tube.
Two were in the hot leg, one near the
tubesheet and the second at
approximately mid distance in the tube
hot leg straight length. However, one of
the tubes was significantly dented at the
first support intersection and the probe
could only reach a position immediately
below the dented region. The other two
locations were in the cold leg. The lowest
corresponded to the middle point in the
pre-heater. The second cold leg location
was at the same distance from the
tubesheet as the hot leg second location.
The sampling locations can also be
referred to the distance along the tube
from the primary face of the hot leg.

The lowest deposit loading corresponds
to the lowest position in the hot leg, i.e.
the entry point of the primary coolant in
the steam generator. There is an increase
of the deposit loadings with increasing
distance from the reference point in the
hot leg; however, the reverse is true in
the cold leg. The results that were
obtained for the two tubes sampled
compared well. The available data
indicates that the deposit loadings go
through a maximum at the top part of the
bundle and slightly decrease in the bottom
part of the cold leg where the pre-heater
is situated.
The total amount of deposit in the tube
can be calculated by integrating the
values obtained at the specific locations
over the complete length of the tube. The
mass of deposit on each tube was
comparable and for tube R13C64 was 67
grams.

7.1.2 Deposit Composition
Iron, nickel, copper and zinc are identified
as the main contributors to the deposit
composition. Cobalt and chromium are
present in trace amounts.

Deposit thickness was calculated
assuming an average deposit density is
5.2 g/cm 3 . This value was measured by
pycnometry from Bruce NGS-A U-bend
deposits.

7.1.3 Deposit Loadings
If it is assumed that all metals are
present as mixed oxides of the magnetite
type (ferrites), total deposit loadings can
be calculated.

Tube
Position, cm

Deposit
Thickness,
jim, 0%
Porosity

Deposit
Thickness,
Urn, 50%
Porosity

74
457

6
29
23
22

12
58
46
44

1240
1580

Q

0

Tablei: Deposit thickness for extreme
porosity values for tube R13C64 at
different tube locations calculated from
the deposit loadings and magnetite
density.

400
800
1200
1600
Distance from Tube Sheet Hot Leg, cm

Figure 3: Variation of tube deposit
loadings along tube length. PNGS-A, U-1,
SG-8, tube R13C64.

Table 1 lists the calculated thickness for
two different porosities, 0 and 50%,
respectively. The latter is considered to
be an extreme but realistic value based on

Figure 3 shows the variation of tube
deposit loadings expressed as milligrams
of mixed oxide deposit per cm of tube
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tubes had to be representative of the tube
bundle. Four tubes were sampled at six
locations each, three in the cold leg and
the remainder in the hot leg. A total of 24
tube locations were sampled/3/.

deposit samplings from Bruce NGS-A Ubend removed tubes.
7.1.4 Radionuclide Distribution
Figure 4 reveals the variation of total
alpha, beta, and gamma activity at the
different tube positions. The distribution
is similar to that of the deposits. The
highest activity loadings are near the top
of the hot leg, which coincides with the
high deposit loadings.

7.2.2 Deposit Composition
Iron, nickel and chromium are the most
important metallic contributors to the
deposit composition. Copper, zinc and
cobalt were also detected.
7.2.3 Deposit Loadings

The main radionuclides that contribute to
the gamma activity are Ce-144 and Ru106. Each one separately accounts for
approximately 35% of the total gamma
activity. Co-60 accounts for 12%.
Additional significant contributors are Ru103, Sb-124, Sb-125, Ce-141, Eu-154,
Eu-155, Zr-95 and Nb-95. The high
contributions of Ce-144 and Ru-106 are
an indication of previous fuel failures in
the system. The presence of alpha
emitting isotopes confirms the significant
contribution from the nuclear fuel to the
total activity.

Figure 5 shows the variation of deposit
loading (calculated as mixed oxide) along
the tube length for one of the tubes. The
distribution pattern for rest of the tubes
sampled was similar.
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Figure 5: Variation of tube deposit
loadings along tube length. BNGS-A, U-3,
SG-2, tube R50C72.

"•5

o

i
<

400
800
1200
160
Distance from Tubesheet Hot Leg, cm

...'

I

[""•"•••

1

The lowest loadings correspond to the
bottom of the hot leg; the loadings
increase with increasing distance from
that position (moving up towards the Ubend). The loadings peak at or near the
U-bend and then remain approximately
constant moving down the cold leg.

74
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1240
1580
Distance from tubesheet hot leg, cm
• Total gamma Z] Total beta Q Total alpha I

Figure 4: Radionuclide gamma, beta, and
alpha activity loading variation along tube
length. PNGS-A, U-1, SG-8, tube
R13C64.

The patterns of deposit loading
distribution with respect to tube position
for PNGSA and BNGSA are similar and
both indicate highest loadings in the
region of the bundle where the steam
quality on the secondary side is the
highest.

7.2 Bruce NGS-A
7.2.1 Sampling Locations
The same criteria as in PNGS-A were used
in the tube selection. Deposits should not
have been disturbed by either inspection
or decontamination activities and the
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The main contributor to gamma activity is
Co-60 that accounts for more than half
the total. Significant contributors are Nb95, Zr-95, with approximately 20% of the
total. Fission products, Ce-144, Ru-106
and Ru-103 contribute to about 15% of
the total. Other radionuclides Sb-124,
Sb-125, Fe-59 and Mn-54 are less than
3%.

The total deposit loadings per tube
calculated by integration assuming all
oxides are present as mixed oxide
averages 72 g/tube. The cold leg carries
approximately half the amount of
deposits, the U-bend a quarter and the hot
leg also a quarter. For tubes with large Ubend radii the amount of deposit in that
region is likely to be higher than for tubes
with smaller diameter.
The deposit thickness calculated assuming
50% deposit porosity ranges from 3 j^m
at the bottom of the hot leg to a
maximum of 83 ^m at the top near the Ubend.

Most of the activity measured is beta and
alpha. The importance of obtaining
radiological information with direct
sampling is manifested here since outside
boiler radiological surveys could not
quantify this data. Maximum loadings are
situated near the U-bend.

7.2.4 Radionuclide Distribution

7.3 Bruce NGS-B

Figure 6 shows the radionuclide
distribution for tube R50C72 along the
tube length. Gamma measurements were
carried out for all the samples but alpha
and beta activities were only measured in
several locations of two tubes. The two
available total activity profiles compared
well and showed the highest activity
loadings near or at the U-bend, which
coincides with the region of high deposit
loadings. The gamma profiles for all the
four tubes sampled were also comparable
and confirmed that the region of highest
activity loading is the U-bend.

7.3.1 Sampling Locations
Similar sampling locations to the BNGS-A
were used for BNGS-B/4/.
7.3.2 Deposit Composition
As in BNGS-A, iron, nickel and chromium
are the main metallic contributors to the
deposits. The concentrations of other
metals are at or below the detection limit.
7.3.3 Deposit Loadings
Figure 7 reveals the variation of deposit
loading (calculated as mixed oxide) along
the tube length for one of the tubes.

2
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Figure 6: Radionuclide gamma, beta, and
alpha activity loading variation along tube
length. BNGS-A, U-3, SG-2. Tube
R50C72
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Figure 7: Variation of tube deposit
loadings along tube length. BNGS-B, U-5,
SG-5, tube R42C42.
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As in the BNGS-A measurements, the
distribution pattern for the rest of the
tubes is similar. The deposit
loading/distance profile is similar to that of
BNGS-A in that the highest loadings are
near the U-bend. The corresponding
deposit thickness calculated, 1 to 84|im,
and the total amount of deposit per tube,
72 g, and its distribution among the hot
and the cold legs and the U-bend is also
similar to BNGS-A.

The main radionuclide contributor to
gamma activity is Co-60. Also important
and contributing each to between 8 and
25% are Nb-95 and Zr-95.
Figure 8 shows the relative contributions
of radionuclides to the total activity. The
contributing radionuclides are the same as
in BNGS-A but the total gamma activity
levels are slightly higher in this
measurement.
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Alpha, beta and gamma radionuclide
loadings and distribution along the tubes
are now at hand for radiological
requirements.
Minor process modifications and a
redesign of the delivery system could
reduce the time required for Oxiprobe
implementation. This would enable the
sampling of a larger number of tubes for a
given time window which would improve
the statistical confidence of the
measurements.

7.3.4 Radionuclide Distribution

0
S

Consistent data has been obtained at
three CANDU stations. Deposit
composition, loadings and distribution
along the steam generator tubes are
available from the measurements.
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Data shows little contribution from fission
products since there are very low levels of
alpha emitting radionuclides.
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8.0 CONCLUSIONS
Oxiprobe can perform successful sampling
of primary side corrosion products in
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[1-5]. BF3 detectors are currently used in all
CANDU stations as startup instrumentation
(SUI) detectors. Experience at some
CANDU stations and subsequent laboratory
tests at AECL's Chalk River Laboratories
have shown that some models of BF3
detectors degrade quickly, even in moderate
neutron and gamma fields [6].

ABSTRACT
Boron trifluoride (BF3) detectors are
currently used in all CANDU®4 stations as
startup instrumentation (SUI) detectors for
monitoring neutron flux during extended
outages and startups. Experience at some
CANDU stations has shown that some
models of BF3 detectors degrade quickly,
even in moderate neutron and gamma fields.

The test results [6] reveal that most BF3
detectors have low neutron and gamma
durability, and some exhibit an undesirable
degradation/recovery phenomenon. As a
result of this finding, other detector options
including a modified helium (3He) detector
described herein were investigated.

Degradation and life expectancy tests for
five models of BF3 detectors from different
manufacturers were performed at Chalk
River Laboratories (CRL) to investigate the
problem. The test results reveal that most
BF3 detectors have low neutron and gamma
durability, and some exhibit an undesirable
time-dependent degradation followed by
recovery. As a result of this finding, other
detector options including a modified
helium (3He) detector described herein were
investigated. Modified 3He detectors were
procured from an established supplier and
were found to perform without degradation
in neutron and gamma fields.

Regular 3He detectors have been used in
CANDU SUI only on rare occasions of
fresh-fuel conditions or very long outages
when the greater neutron sensitivity of
regular 3He detectors is needed to obtain
adequate count rates. For normal outages
and startups, neutron fields are much higher.
Consequently, the high neutron sensitivity of
regular 3He detectors leads to count rates
that are too high for the detector and the
electronics to handle. Also, typical 3He
detectors are more sensitive to gamma
radiation than BF3 detectors. This makes it
difficult to separate gammas from neutrons
when gamma fields are high. As a result of
these operational disadvantages of regular
3
He detectors, only some CANDU stations
have them on hand and no station uses them
routinely [7].

1. INTRODUCTION
Degradation during use and short
operational life of BF3 detectors have long
been recognized as a potential problem by
researchers in the area of neutron detection
1

AECL-l 1873, COG-97-436-I
CANDU* is a registered trademark of Atomic
Energy Canada Limited (AECL).
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Based on the physics of 3He detectors, it was
predicted that, by modifying the isotopic and
chemical composition of the filling gas of a
regular 3He detector, a reduced neutron
sensitivity, equivalent to that of a normal
BF3 SUI detector, can be achieved. It was
also predicted that, because 3He gas is far
more stable than the BF3 gas, 3He detectors
would suffer less from degradation in
neutron and gamma fields.

the maximum count rate the electronics can
cope with. The modified 3He detectors were
specified with different composition in the
filling gas to achieve a neutron sensitivity
comparable to that of BF3 detectors.
The thermal neutron detection mechanism in
SUI detectors depends on neutron capture
interactions to convert the neutron to
charged particles, followed by the
subsequent detection of the charged
particles. Of prime importance here is the
Q-value of the reaction, which is a measure
of the energy liberated following neutron
capture. The higher the Q-value, the greater
the energy given to the charged particles,
and the easier will be the task of
discriminating against gamma-ray events
using simple amplitude discrimination. The
(n,p) reaction for 3He and the {n, a) reaction
for BF3 detectors are given below in
equations (1) and (2), respectively [8]:

To assess the accuracy of these predictions,
modified 3He detectors were procured from
an established 3He detector supplier and
tested in neutron and gamma fields. This
paper discusses these tests and presents 3He
detector test results and, for comparison,
some of the results of similar tests for BF3
detectors.
In Section 2 we review the characteristics of
3
He and BF3 neutron detectors presently used
in CANDU SUI. Section 3 summarizes the
tests conducted and Sections 4 and 5
describe the test facility and test procedures,
respectively. Section 6 presents test results
for modified 3He detectors, and compares
them with those for the BF3 detectors.
Section 7 discusses and analyzes the test
results and Section 8 concludes the paper.

3

n + 3He

H + p + 0.765 MeV
(1)

n +

10

B ->

7

Li* +

a ->

7

Li + a

+ 0.48 MeV 7 - ray + 2.31 MeV (94%)
-> 7 Li + a + 2.79MeV(6%)
(2)

2. CANDU SUI DETECTORS

The Q-value for the 3He reaction induced by
thermal neutrons is 0.765 MeV. The
detection of neutrons in BF3 is based on 10B
(n, a) reaction, which produces a reaction
product of 7Li either in the excited state with
a Q-value of 2.31 MeV, or in the ground
state with a Q-value of 2.79 MeV. The
excited state 7Li* quickly decays (half-life of
~1013 s) to its ground state with the emission
of a 0.48 MeV gamma ray.

Two types of neutron detectors have been
used in CANDU SUI systems: the BF3
detector and the 3He detector. Table 1 lists
the relative advantages and disadvantages of
these two types of detectors.
The neutron sensitivity of an SUI detector is
specified by the number of counts per
second per neutron flux (cps/nv). The BF3
detectors currently used in CANDU stations
achieve a neutron sensitivity of about 4
cps/nv with an overall length of 30 cm (12")
and a diameter of 2.5 cm (1"). The neutron
sensitivity of regular 3He detectors used in
CANDU can be as high as 110 cps/nv. This
high sensitivity can be a problem, because of

The Q-values in (1) and (2) are indicated by
the peak locations in the spectra of 3He and
BF3 detectors as seen by a multi-channel
analyzer (MCA). Figure 1 shows the
representative MCA spectra for a 3He
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detector and a BF3 detector. The distance
between the spectrum peak and the gamma
tail also depends on the absolute gamma
sensitivity of the detector.

neutron beam. The detectors to be tested are
placed in the thermal neutron beam in four
locations. Removable absorbers between
the detectors and the incident neutron beam
were used to achieve the desired count rate,
and to reduce the neutron flux temporarily
when collecting spectra in an MCA.

Figure 2 shows three typical spectra for a
good, a degraded and a failed BF3 detector.
Note that as the detector degrades, the peak
in the spectrum reduces in height, broadens,
shifts to the left and eventually disappears
altogether.

In the gamma tests, the gamma irradiations
were done using an Ir-192 source with a half
life of 74 d (see Figure 4). A weak neutron
source was used to produce the spectra. The
neutron source was so weak that no
degrading effects occurred due to this
source. The energy spectrum of Ir-192 lies,
for the most part, above 100 KeV and below
1 MeV. In this energy range, the interaction
of gamma-rays is primarily photoelectric
absorption and Compton scattering. A
polyethylene block was machined to place
the specimen detectors around the neutron
and the gamma sources symmetrically. The
Ir-192 was in a C-340 radiographic pigtail
capsule assembly, for use with an Iriditron
Model 520 radiographic exposure device
(RED). With the RED, the gamma source
was conveniently withdrawn into the
shielding flask, allowing the spectra from
the weak neutron source to be collected
before and after gamma irradiation.

3. TESTS CONDUCTED
Tests were conducted at CRL on five models
of BF3 detectors (referred to as A, B, C, D,
E), and one model of modified 3He
detectors. For each model, three specimens
were tested to achieve statistically valid
results. This paper presents mainly the test
results for the modified 3He detectors. Some
of the test results for BF3 detectors are also
included for comparison purposes.
Three phases of tests were conducted for
each model. The first phase was the general
measurement of the high-voltage plateau,
tail pulse rise-time, pulse height and gas
multiplication. The second phase was the
neutron test and the third phase was the
gamma test. Most notable results were
obtained in the neutron and gamma tests.
Therefore, only those results are presented in
this paper.

Standard SUI electronics modules were used
in the neutron and gamma tests. They
included four preamplifiers, four shaping
amplifiers, four high voltage power supplies,
one single channel analyzer (SCA) and one
rate meter. A multi-channel analyzer was
used to capture the pulse height spectra for
the detectors.

4. TEST FACILITY
In the neutron tests, the thermal neutron
beam from the N5 and E3 spectrometers at
the NRU research reactor at CRL was used
to test the degradation and life expectancy of
the detectors under a thermal neutron flux.
A schematic of the spectrometer setup is
provided in Figure 3. The neutrons from the
moderator in the reactor core hit the crystal
monochromator placed at an angle to the
incident neutron beam. Only the neutrons of
a certain wavelength can diffract from the
crystal, thus forming the desired thermal

5. TEST PROCEDURE
The neutron tests were conducted in two
stages: Stage 1 neutron flux produced a
neutron count rate in the detector in the
order of 30 kHz. Stage 1 lasted 3 - 4 days
to yield a cumulative count for each detector
in excess of 1010. The 10'° counts which is
equivalent to about two months exposure
time in a reactor at a count rate of 2000
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even during stage 1. Figures 7 and 8 show
the spectra at the beginning and at the
middle of stage 1 neutron tests for model C.
Figures 9 and 10 show the same for model
D. The degradation evident in these figures
is so bad part way through Stage 1 that
Stage 2 tests were not done for models C
and D detectors.

counts per second, is specified as the lower
limit of life expectancy for the BF3 detectors
by one manufacturer. Other manufacturers
quote longer life expectancies. Stage 2
neutron flux produced a much higher
neutron count rate in the detectors
(calculated to be in the order of 300 kHz).
Stage 2 tests also lasted one to two days
achieving cumulative counts in excess of
1.2E10. Throughout the neutron tests,
spectra for each detector were collected once
a day, with the absorbers temporarily
inserted to reduce the count rate to a few
kHz.

Figure 11 shows the degradation of BF3
detector model A, with three spectra
overlapped showing the spectrum shape
evolution at the beginning of stage 1, at the
end of stage 1, and at the end of stage 2.
Figure 12 shows the same for model B. As
is evident from these figures the degradation
due to neutron is not as bad for these two
models but is still quite serious.

The gamma tests were conducted in a
gamma field in the order of a few kR/h, with
gradually increasing exposure time to give a
total cumulative gamma exposure of about
100 ~ 500 kR.

6.2 Gamma Test Results
Gamma test results show the most
significant difference between the BF3 and
the modified 3He detectors, and between
different models of BF3 detectors.

6. TEST RESULTS
Detailed test results for all the five models
of BF3 detectors and one model of 3He
detector were contained in CANDU Owners
Group (COG) reports [6, 9]. Highlights of
the results have also been published [10, 11].
In the following, the results for the 3He
detector tests are presented and compared
with some of the results of BF3 detector
tests.

Figure 13 shows spectra of a 3He detector at
the beginning of the gamma test, after a
cumulative exposure of 3.2 kR, and after a
cumulative exposure of 12.6 kR. The
spectra at the beginning and end of the
gamma test when an exposure of 410 kR had
been achieved are overlapped in Figure 14.
Even for this extreme exposure there is no
detectable degradation what so ever.

6.1 Neutron Test Results
The spectra of the modified 3He detector
before and after the stage 1 neutron tests
(cumulative counts in excess of 1010) are
shown overlapped in Figure 5. There is very
little change in the spectrum shape. Figure 6
shows the spectrum of a 3He detector at the
end of stage 2 (cumulative counts in excess
of 1.2E10) overlapped with the spectrum
taken at the beginning of neutron tests. Still,
there is very little change in spectrum shape
indicating almost no degradation at all.

Figures 15 and 16 show spectra of model C
BF3 detector at the beginning of the tests and
after initial gamma exposure. Figures 17
and 18 show the same for model D. As is
evident from these figures, BF3 detector
models C and D that showed low neutron
durability, even in stage 1 neutron tests, also
failed shortly after exposure to gamma, and
showed no sign of recovery with prolonged
gamma exposure.
Figure 19 shows the overlapped spectra of
model A BF3 at the beginning of the gamma
test and after a cumulative exposure of 1.6

3

In contrast to the He stability, two models
of BF3 detectors showed significant changes
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kR. Figure 20 shows the same for model B.
As is evident from these figures models A
and B BF3 detectors showed significant
degradation after the initial gamma
exposure. The most significant degradation
was observed during the initial exposure
with a cumulative exposure of less than 10
kR. Some gradual recovery with prolonged
gamma exposure was also observed (not
shown here).

thus possible to provide sufficient
discrimination against gamma radiation.
8. CONCLUSIONS
The neutron sensitivity of the modified 3He
detector is the same as that of BF3 SUI
detectors. The modified 3He detectors
showed superb stability during neutron and
gamma tests compared to all models of BF3
detectors, and a great potential for use as
CANDU SUI detectors. The gamma
sensitivity is somewhat higher than that of
the BF3 detectors. However, the very stable
spectrum shape of the modified 3He
detectors, even in high neutron and gamma
fields, makes it possible to set the SCA
threshold at a higher level than that used for
BF3 detectors so as to discriminate against
the gamma. The modified 3He detector
shows great potential for use as CANDU
SUI detectors.

Comparing 3He spectra (Figures 13 and 14)
with those of BF3 detectors we can see the
gamma tails in the spectra of the modified
3
He detector are further to the right than
those in the BF3 spectra (but similar to that
of a regular 3He). This indicates that 3He
detectors whether modified or not have a
higher gamma sensitivity.

7. DISCUSSIONS AND ANALYSES
Throughout the tests, the modified 3He
detectors showed the same level of neutron
count rate as the BF3 detectors in the same
radiation fields. This indicates that the
modified 3He detectors achieved the same
level of neutron sensitivity as that of BF3.
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The 3He detectors showed very stable
performance throughout the neutron and
gamma tests with almost no detectable
degradation, and no degradation/recovery
phenomenon as observed in some models of
BF3 detectors. This robust behavior makes
the 3He detector particularly suitable for use
as a reliable removable SUI detector. This
very stable 3He detector is also a candidate
for a possible new design of permanently
installed CANDU SUI detectors.
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Table 1. Comparison of BF3 and 3He as SUI detectors
Detector type
BF3
3He
Modified 3 He
-2100
-1100
Cost range (CND$)
700-2200
4
110
4
Neutron sensitivity
(cps/nv)
higher
Y sensitivity
lower
same as 3 He
poorer
better
y discrimination
same as 3 He
0.765 MeV
2.31MeV(94%)
Q-value
same as 3He
2.79 MeV (6%)
stable
less stable
stable
Stability of filling gas
in neutron and
gamma fields
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Figure 1. Typical spectra of BF3 and 3He detectors
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Figure 2. Typical spectra for a good, degraded, and failed BF3 detector
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Figure 3. Neutron test facility of spectrometer at NRU reactor
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SELF-HEATING, GAMMA HEATING AND HEAT LOSS EFFECTS ON
RESISTANCE TEMPERATURE DETECTOR (RTD) ACCURACY1
T. Qian, W. H. Hinds, P. Tonner
AECL, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ 1 JO
Key Words: self-heating, gamma heating, stem loss, RTD.

For dynamic temperature measurement,
there is also a requirement that the responsetime of the RTD measurement be fast
enough [1,2].

ABSTRACT
Resistance temperature detectors (RTDs) are
extensively used in CANDU®2 nuclear
power stations for measuring various
process and equipment temperatures.
Accuracy of measurement is an important
performance parameter of RTDs and has
great impact on the thermal power efficiency
and safety of the plant.

The accuracy of the RTD measurement at
some locations in the reactor directly affects
the efficiency of reactor power generation.
One such location is the reactor inlet header
temperature (RIHT) measurement. The
upper limit of the reactor inlet header
temperature is one of the parameters that
affects critical heat flux in the fuel channel
and the integrity of the fuel. This is a
nuclear safety limit that cannot be exceeded.
An increase in the accuracy of the RIHT
measurement means a reduction in the
allowance for the instrument error included
in the limit. This will allow the RIHT to be
closer to the limit and will result in an
increase in reactor power output. For
example, the reactor thermal power output is
calculated based on measurements of
temperature difference, AT, between the
outlets and the inlets of the reactor primary
heat transport system, the flows of the
coolant, and on the derived exit quality (the
steam content) of the coolant. Since AT is
less than 50 °C, an improvement of only 1°C
can mean about 2% increase in reactor
power output, and a significant increase in
generating revenue. Consequently, accurate
measurement of AT with a minimum margin
of uncertainty is a very desirable goal. It
was calculated that an increase of RIHT by
1°C would increase the boiler pressure by 83

There are a number of factors that contribute
to some extent to RTD measurement error.
Self-heating, gamma heating and the heatloss through conduction of the thermowell
are three of these factors. The degree to
which these three affect accuracy of RTDs
used for the measurement of reactor inlet
header temperature (RIHT) has been
analyzed and is presented in this paper.
1. INTRODUCTION
Resistance temperature detectors (RTDs) are
extensively used in CANDU power reactors
to measure various process and equipment
temperatures. Accuracy and response-time
are the two key RTD performance
parameters. For steady-state temperature
measurement, the major concerns are the
accuracy and stability of the measurement.
1

AECL-11874, COG-97-437-I
CANDU® is a registered trademark of Atomic
Energy Canada Limited (AECL).
2
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kPa, which could increase the output by 15
MW per unit [3]. A study of various factors
that affect the accuracy of RIHT
measurement was conducted by BNGS and
NTS staff [4, 5]. This paper describes a
companion study on three factors that limit
accuracy: self-heating, gamma heating, and
conductive heat loss through thermowell
that houses the RTD [6].

error. However, there is a lower limit in
current because of other considerations such
as noise problems, and signal-to-noise
ratios. The RTD standard recommends that
the current used to measure steady-state
resistance of an RTD be small enough to
limit the power dissipation in the RTD to
not more than 0.1 mW [7].
The self-heating index (SHI) is an RTD selfheating characteristics normally supplied by
manufacturers. The SHI is the ratio of
resistance changes (in ohms) to unit electric
power generated in the RTD sensing
element (in mW) as the result of application
of electric current. Sometimes the SHI is
expressed as the reciprocal, i.e., the
electrical power needed for unit resistance
change. It may also be expressed as
temperature changes (as opposed to
resistance change) per unit electric power
generated in the RTD, since the relationship
between temperature and resistance has been
well defined in standards. Based on the SHI
the self-heating error can be calculated for
an RTD for a given current. An example is
given below.

The paper is organized as follows: Section 2
introduces how self-heating affects
temperature measurement, the limitation of
an estimate of RTD self-heating based on
manufacturer specification, and a method of
measuring self-heating index in-situ for
calculating the self-heating error of RTDs in
operating condition. Section 3 describes the
error caused by gamma heating and an
estimate of gamma heating effect on RIHT
based on the known maximum gamma field
and the mass of the thermowell. Section 4
describes how conductive heat loss will
affect accuracy of temperature measurement
and provides a calculation of conductive
heat loss in the RIHT case. Section 5
concludes the paper.

The SHI for Rosemount model 104-1584
RTD is given as 25 mW/ °C for a bare RTD
[8], which means that every 25 mW electric
power dissipated in the RTD will result in a
+ 1 °C error in RTD output.

2. SELF-HEATING
The resistance of an RTD varies almost
linearly with the temperature it measures.
Therefore it is possible to measure the
temperature by measuring the resistance of
the RTD. The relationship of resistance with
respect to temperature of industrial RTDs is
specified in various standards including IEC
standard 751 [7].

As provided in RTD resistance table in [7],
the RTD resistance R. at 250 °C is:
R, = 194.10Q

(1)

If a 7 mA current, /,, is applied, then the
voltage across the RTD is:

Measurement of RTD resistance requires a
current through the RTD. This current /,
though small, will produce Joule heating
proportional to I2R in an RTD of resistance
R, and result in a temperature error. To
reduce this so-called "self-heating" error,
one needs to reduce the current: the smaller
the current, the smaller the self-heating

V, = / ? , * / , =194.10*0.007
= 1.3587V «1.4V
(2)
The power Pt dissipated in the RTD is:
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are injected into the RTD and the steadystate resistance (and hence, temperature) due
to these currents are measured as follow:

pt =V,*I, =1.4*0.007
= 0.0098W = 9.8m W
(3)

(1) Increase the RTD current incrementally
from 1-6 mA to 20-60 mA.
(2) Measure the RTD resistance when
steady state is attained after each
increment in current.
(3) Calculate the amount of power generated
in the sensor from:
P = I2R
(4) Plot the values of resistance as a function
of electric power dissipated in the RTD
(R vs. P).

From the SHI specification of 25mW/ °C
and the operating temperature, the
temperature over-estimate error is about
+0.4 °C.
There are several limitations in estimating
self-heating error based on the
manufacturer-supplied SHI. One limitation
is that the specification supplied is for bare
RTDs not for RTDs housed in thermowells
(see Section 4 for description of a
thermowell), which are common in a nuclear
power reactor. More importantly, the
manufacturer's SHI is determined at roomtemperature in water flowing at 1 m/s,
whereas the RIHT RTDs are working at a
much higher temperature and flow rate.
Also in CANDU, the thermowell is often
immersed in heavy water which has a
different thermodynamic property than light
water. Though standard methods such as
that given in IEC Standard 751 are used to
measure the SHI, the standard method, like
the one used by the manufacturer, is
specified for specific temperature and flow
conditions (an ice bath in IEC 751) only.
Consequently, the +0.4 °C error estimate
above is condition-dependent and cannot be
used as a correction to the RTD output.

A typical plot would show a straight line
such as that shown in Figure 1 [10]. The
slope of the line, i.e., AR/AQ, is the SHI at
the operating temperature. It was reported
that the value of SHI was quite different
from one RTD to another, even when they
were the same design [10]. This proves the
thermodynamic condition dependence of the
SHI. Therefore, the SHI of one RTD should
not be used to specify another RTD of the
same type at a different location or under
different conditions. However, if the SHI
can be correctly measured in situ for a
particular condition, the RTD error due to
self-heating for that particular condition can
be accounted for.

3. GAMMA HEATING

As mentioned above, self-heating error
would result when RTDs are calibrated in
one environment and used in another
environment. For example, RTDs calibrated
in an oil bath and subsequently used in
flowing water may have significantly
different SHIs [9]. Therefore the best way
to determine the self-heating error is to
measure the SHI with the RTD in-situ. A
procedure for measuring in-situ SHI is given
below based on an earlier EPRI report [10].
The procedure is based on steady state
measurement. Currents of different strength

When an RTD and a thermowell are exposed
to a gamma field, they will absorb some of
the energy carried by the gamma radiation.
Gamma rays are a high energy form of
electromagnetic waves. Their interactions
with other materials basically are in three
ways: photoelectric effect, Compton
scattering and pair production. The
interactions cause the temperature of the
RTD assembly to increase. This will cause
the RTD measurement to read higher than
the actual ambient temperature it is
223

conductive heat loss through the thermowell,
if proper consideration was not given in the
initial design. This heat-loss error is
sometimes referred to as stem loss [9].

measuring.
The approach used in estimating the bound
of RTD measurement error caused by
gamma heating is based on the knowledge of
the gamma field and the mass of the RTD
assembly. In CANDU, the headers and
feeders are shielded from the accessible
areas of the reactor building by the concrete
walls and roof of the fueling machine vault.
Inside the vault, these components give rise
to gamma fields as high as 1 Gy/h=100 R/h.

Jlkg
1

h -

The mathematical expression of the error
caused by conductive heat-loss through the
thermowell can be found in standard heat
transfer texts. The authors re-derived the
equation using two assumed boundary
conditions: (1) at the pipe wall, the
temperature difference is that between the
ambient temperature and the fluid
temperature inside the pipe, and (2) at the
RTD end of the thermowell, there is zero
temperature gradient with distance along the
thermowell. The difference in temperature
between the fluid and the well near the point
at which the RTD is located represents the
approximate error due to heat loss through
conduction from the thermowell. The
temperature error, T, may be expressed as
[12]:

W
=
0.000278
—
3600 s • kg
kg

J

(4)

This value can be used to estimate a bound
of the gamma heating on the thermowell (the
mass of RTD is small relative to the
thermowell and can be neglected).
Assuming the mass of the thermowell is 3
kg and all gamma energy is deposited in the
thermowell without heat-loss, then the
heating power is:

T =
e

*
cosh(ML)

(6)

where

0.000278 — * 3kg = O.OOO83W = 0.83m W
kg

Tw= temperature difference between the
header pipe wall (in which the well is
inserted) and the fluid, °C.

(5)

Therefore, the energy due to gamma heating
is less than one-tenth of the energy of the
estimated RTD self-heating. Thus the
temperature error due to gamma heating can
be neglected.

L = length of the well in m, and
M=(f7iD/kA) I/2 ,m"'

(7)

f = film conductance from the side wall of
the well to the fluid, W/m2 K.

4. HEAT LOSS THROUGH THE
THERMOWELL

D = outside diameter of the well, m.

The RTD thermowell is a protective jacket
used to isolate the RTD from the process
fluid and to permit easy replacement of the
RTD. The measurement of a fluid
temperature by an RTD placed in a
thermowell could introduce errors due to

k = thermal conductivity of the well,
W/mK.
A = cross sectional area of walls of the well,
m2.
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absolute method to choose these constants in
the literature. Generally the practice is to
use a few commonly used groups according
to the range of the calculated Reynolds
number.

To solve equations (6) and (7), it is
necessary to obtain the film conductance f.
In heat transfer theory [13], f in units of
W/m2K can be calculated using,
Nu k

(8)

The inner zone RIH size and operational
conditions are used for calculating (6), (7),
(12). The thermodynamic properties of
heavy water are also used in calculating the
film conductance.

where Nu is the Nusselt number, k is
thermal conductivity of the fluid, and D is
the well diameter. The Nusselt number can
be expressed as:
Nu = aRe

Prc,

From these data, the total flow for each inner
zone inlet header and the unit area flow are
calculated. The detailed calculation can be
found in [6]. The Reynolds number, the
Prandtl number and the ratio k/D are thus
obtained. The group of constants a, b, c in
(12) were taken from Table 12.1 in [13] for
the closest Reynolds number range.

(9)

where a, b, c are constants, Re is the
Reynolds number and Pr is the Prandtl
number. Note that the Reynolds number and
the Prandtl number are unitless numbers
given by:
Re =

GD

Pr =

(10)

The film conductance can thus be calculated
from (8).

(11)

For different lengths of the thermowell, the
calculated values of mL, cosh(mL) and Te/Tw
are listed in Table 1.

where

The maximum Tw (the difference of ambient
and the fluid temperature) is estimated to be
Tw = 253 °C - 20 °C = 233 °C assuming the
ambient temperature is 20 °C (the actual
ambient temperature is much higher than
this due to the insulation of the header and
feeder cabinet). From the last column of
Table 1 we can see that the error Te is
phenomenally small even with the
maximum possible Tw.

G = flow per unit area, kg/m2 s.
p. = dynamic viscosity of the fluid, Pa s.
cp = specific heat of the fluid, J / kg K.
k = thermal conductivity of the fluid,
W/mK.
Substituting (9), (10) and (11) in (8), the
film conductance can be expressed as:

ak

GDbcpji

This may be because the assumed boundary
conditions do not exactly conform to the real
situation, especially if the thermowell is not
long relative to its diameter. However, the
conclusion that the error due to heat loss
through conduction along the thermowell is
negligible, is supported by calculation using
a different method (see page 244 of [13]).

(12)

Note that there are a number of choices for
the constants a, b, c. There seems to be no
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5. CONCLUSIONS
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Table 1. The calculated values of mL, cosh(mL) and T/Tw for different length of thermowells
L(m)
2" = .0508 m
4" = .1016 m
6" = . 1524 m

mL
33.22
66.45
99.67

cosh(mL)
1.3373 e 14
3.6128 e 28
9.6628 e 42
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T/T. = l/cosh(mL)
0.7478 e - 14
0.2768 e - 28
0.1035 e - 4 2
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Figure 1. Typical Plot of Self-Heating Index Measurement
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CA0000036
SENDING MORE PROCESS DATA WITHOUT
ADDITIONAL CABLES

- Conditions that exist only during plant operation
could be monitored.

(Networking Sensors using Existing Plant
Infrastructure, COG WPIR 0172)

- Reduction of labour costs and radiation dose for
manual data collection.

H. Licht, R. Roiha, M. Rodych
Atomic Energy of Canada Limited
Chalk River Laboratories
Chalk River, ON KOJ 1J0

- Improved maintenance planning through
representative, rather than sampled, data.
- Improved management of imminent breakdowns
through continuous monitoring.

ABSTRACT
- Potential for diagnostics assistance by remote
expert.

The as-built data transmission capability in CANDU
plants is fully employed. Long delays and high cost
make it often not feasible to retrofit plant equipment
with additional sensors and bring the data to the
office. One of the reasons is the unavoidable
addition of data transmission cables. This
presentation describes the results of work performed
in 1996/97 to network sensors using existing plant
infrastructure.

- Correction of design oversights.
SITUATION AT HAND
Retrofitting an operating nuclear power station with
increased data transmission capability is principally
difficult for two reasons: it modifies the station
license and there are restrictions to access major plant
areas. The list below summarizes the situation.

To provide an alternative solution, a general purpose
data transmission system is being developed. It
sends data over existing plant infrastructure such as
power wiring and the telephone system. Its
components are based on PC technology packaged in
a "black box", using special hardware and software
to appear to the user as a very simple, low cost,
device. Its drawback is its rather limited transmission
speed. This design is in marked contrast to the
complexity of present commercial data transmission
systems.

- Retrofitting of equipment for surveillance and
diagnostics includes data transmission capability.
- The number of data lines out of containment and
other remote areas available for additional
surveillance and diagnostics data is insufficient for
both large scale and individual monitoring systems.
- There is no realistic possibility to add low value
containment penetrations and data lines because:

A point-to-point system has been demonstrated. A
networked system is under development.

- retrofitted cabling must meet the original station
design requirements,
- getting approvals is a lengthy process because a
comparison with as-is, rather than as-designed,
station layout and operation must be made,
- safety, operation and access restrictions make
cable retrofitting costly, and
- cable retrofitting work would compete with
outage repair and maintenance work.

VALUE OF TRANSMITTING ADDITIONAL
DATA
The existing plant information system appears at first
glance to be fully capable of handling all necessary
data - until one realizes that the system for which it
was designed has undergone major modifications and
procedural upgrades, that more of these are planned
for the future and even more will not be realized
unless made feasible. A list of potential benefits to
transmit additional data follows.

- Existing backfitted surveillance and diagnostics
data transmission systems suffer from being unique.
- Neither spare computing power nor general
purpose, generic PC technology are available in
containment to preprocess or concentrate data.

- Potential for process improvements through
increased process monitoring.
- Potential to remove some condition based
maintenance (CBM) and other surveillance and
diagnostic tasks from outage task list.
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Unlikely to be implemented in existing plants.

FACTORS USING EXISTING CABLES TO
TRANSMIT ADDITIONAL DATA

OPTION 2: Use existing 110/220 VAC power lines
and spare phone lines: connect to LAN inside or
outside containment

It would be desirable to expand data transmission
capability by simply adding more data to the existing
transmission facility. However, not only are these
transmission channels already used to their fullest
extent but any modifications would interfere with the
intent of the original design. If one wanted to send
additional data over any other plant infrastructure
such as power lines or radio then one must find
practical, efficient and expeditious means that avoid
the same obstacles that prevented the conventional
solutions. This points to three restrictions:

If the containment cannot be retrofitted with a LAN
then other options must be explored. The most
ubiquitous cables installed in a station are power and
telephone lines. Though they could lead directly to
an office where the current data could be evaluated,
one must be able to review past data and relate them
to plant conditions. Therefore, they have to be tied
into the LAN and the LAN may as well transport the
data from a convenient point to the office. Figure 1
shows both arrangements, where Path #3 shows the
direct connection and Path #5 shows the transfer
using the LAN. A summary for both options follows.

- Safety
- No safety relevant data are to be transmitted
(cost, delays, training, documentation).
- Data transmission must not interfere with any
special plant equipment to avoid the need for
certifying each installation (this factor excludes
wireless transmission from the list of options).
- Cost
- Initial development and demonstrations,
- Designing for manufacture,
- Manufacturing of initial batch of hardware,
- Individual installation costs, and
- Training, troubleshooting, and upgrading.

-

Requirements
Needs computing power in containment.
Needs development of generic repeater system.

-

Technical Risk
Small, but technology needs development.

-

Logistics
Equipment needs custom assembly of
commercial sub-systems.
Consider station needs: maintenance and
warehouse stocking.

-

Additional Restrictions
Only one data path per 110 VAC circuit
(between transformers) unless well
separated.
Spare phone lines are connected to Junction
Boxes.

-

Reality Check
Adequate solution for many, but not all, data
transmission problems.
Achievable in the short term.

- Availability of Suitable Cables
OPTION 1: Extending LAN throughout
containment
If the station's Local Area Network (LAN) would
extend into the containment then most data
transmission problems would disappear.
Unfortunately, this is not the case. The option of
retrofitting the containment with a LAN may be
summarized as shown below.
- Requirements
Needs computing power in containment.
Needs additional LAN cables in containment.

PAST WORK

- Technical Risk
Negligible, standard technology.

Work on this project started in 1996 for COG under
WPIR 0172. The following work was performed.

- Logistics
Commercial equipment is readily available.
Laying cables in containment is very expensive
and would probably take several years to
accomplish.

- Identified requirements, see Table 1.
- Developed repeater lab prototype based on PC.
- Demonstrated transmission string consisting of:
instrument PC, power line, repeater, phone line,
and office (or LAN gateway) PC with the following
results:

- Reality Check
Best long-term solution.
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-

Thus, the capability to transmit more data would
become available for widespread use. The envisaged
tasks are listed below.

generation of electric noise on power lines
was insignificant,
speed was typical of phone lines (340
characters/s), slowed down by plant noise,
recovered automatically from breakdowns,
no error detected for 660 000 characters
(100 pages of text).

-

Install and operate a point-to-point link in a plant.

-

Advance networked transmission system to
become field useable.

-

Develop specs for manufacturing the initial batch
of hardware.

PRESENT WORK
The present work is concerned with the more realistic
conditions under which a retrofittable data
transmission system would operate in a station. Work
goes on in the following areas:

SPIN OFFS
Besides adding data transmission capability, the
system will help to realize other benefits:

- Assemble PC-based repeater with the following
features for use in containment at 60°C (unusually
hot):
- decontaminable (by hosing off and steamcleaning),
- shock-proof (but not seismically qualified),
- connector replacement without need for
access to inner sanctum,
- enhanced reliability (no fan, no disk drive),
generic (spare capacity),
- black box installation (no local controls),
- runs any user software (under DOS,
Windows CE to be investigated)

- Making available a PC for general use in
containment.
- Leading the way to use spare LAN capacity for
CBM data.
- Making attractive:
- "guided tour troubleshooting", remote
supervision, and remote; temporary
diagnostics for commissioning and testing.
- Leading the way to retrofit remote controls.

- Develop first generation software for point-to-point
link.
- remote control, automatic recovery,
command string entry

DATA RATES
The critical question is the amount of data that may
be transferred by each system. A power or telephone
line based system employs inferior transmission
media than specially designed data cables but one
only needs to employ a reduced capability for a
limited number of retrofit applications. Tables 1 and
2 show the following:

- Demonstrate PC and point-to-point link to station
staff:
- confirm causing no interference with plant
equipment,
- demonstrate PC for containment use to get
user input regarding packaging.

There exist two signal classes depending
on their data rate, see Table 1: gauges and other.

- Develop lab prototype network for specific
application:
- consider application at feeder pipe wall
monitoring at G-2,
- integrate system with station LAN,
- build data acquisition front end and generic
user interface.

There are two classes of transmission media,
depending on data rate, see Table 2:
110/220 VAC, telephone in one class, and other
media.
-

FUTURE WORK
In the next year, a prototype system will be installed
in a station, for demonstration and refinement and
also to lead to the manufacture of such systems.

Each 110/220 VAC or telephone POTS line
can accommodate dozens of gauges.
All other signals must go over other
transmission media.
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Table 1: Typical Transmission Rate Requirements from Single Sensors
Origin
Gauges: temperature, pressure

Data
ASCII or binary

Accelerometers, raw signals

ASCII or binary

Video camera (uncompressed)
Computer screen dump

video
bit map

Data Generation Rate
24 characters/second at 2 samples
per second
several kb/s (depending on upper
frequency limit)
15 kb/s
several kb/s

Table 2: Maximum Specified Data Rates of Some Transmission Media
Transmission Medium

Standard

Maximum Data Rate
(kb/s)

110 VAC

not applicable

28.8 (ezPhone)

Telephone
unshielded twisted pair
Telephone

POTS
Category V
ASDL

Coax

Ethernet

28.8
10 000
4 400, downstream
441, upstream
(Aware, Inc.)
10 000
100 000

BLOCK DIAGRAM

PC#3

Figure 1 shows two options to transmit sensor data to
an office, see system components in the shaded area:
over dedicated telephone line (Path #3)
over a minimum number of cables through
containment wall (Path#4).
PC =
PC#1
PC#2

Path#l
Path#2
Path#3
Path#4

Personal Computer
located close to sensing instruments to
minimize cable length in Path#l
concentrates data traffic through
containment wall

Path#5
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Maximum Repeater
Separation
(m)
70
practically unlimited
100
2800

100

repeater, interfacing between Path#4 and
Path#5, not required if Path#4 is Ethernet
LAN
serial communications lines (RS-232, RS422 or RS-485)
direct link between serial ports (RS-232) or
110/220 VAC power line
analog telephone line (POTS)
either wideband [coax (Ethernet) or
Category 5 twisted pairs], for high data
rates, or
110/220 VAC power line for low data rates
coax for Ethernet LAN.

Sensing j—11—.
Instruments L j J L j J p a th #1

Reactor Building

PC#1
Sensing
Instruments
El Equipment [H [H [~]
OH

#1
PC#2

RDF

•B

Control Equipment Room

03

Annunciator Module

PC#3

Main Control Room
DCC

n

Gateway

Data Extraction System

Office PC

Example of System Configuration

233

OH

CA0000037

Nondestructive Elemental Analysis of Corrosion and Wear Products
from Primary and Secondary CANDU Water Circuits
Barbara D. Sawicka
AECL, Chalk River Laboratories
Chalk River, Ontario KOJ1J0
Abstract
The application of X-ray fluorescence (XRF) for off-line and on-line analysis of corrosion-product transport (CPT)
specimens is being evaluated, to monitor corrosion and wear products in CANDU water circuits. The method is
suitable for nondestructive analysis of CPT filters from both primary and secondary sides (i.e., radioactive and
nonradioactive specimens). The XRF method, the portable analyzer, and the work required to optimize their
performance for CPT specimens are described. Measurements performed on station CPT specimens are discussed.
Data on crud transport and composition were obtained, in particular iron and lead transport in secondary-side water and
iron and zirconium in primary-side water. The possibility and requirements for quasi on-line analysis under operating
conditions are also considered.

1. Introduction and background information
Corrosion and corrosion-product transport in both the
primary and the secondary sides of CANDU stations are
important topics because of their role in the following
areas: corrosion of feeder pipes, fouling of steam
generators (SGs), limits on reactor-inlet header
temperature, frequency of cleaning, radioactive waste,
and maintenance costs. Analysis of corrosion-product
transport (CPT) specimens provides information that
can be used by nuclear stations as an indicator of
system chemistry and that can bring a better
understanding of corrosion-transport phenomena and the
problems associated with these phenomena [1,2].
Stations conduct on-line sampling of CPT by
collecting specimens on filters in specially installed
samplers. After the filters have been removed from the
samplers, the deposits can be analyzed (off-line) using
various techniques. Depending on the type of a filter
used, paniculate or ion-exchange, the specimen contains
either suspended solids (paniculate or "crud") or
soluble species, obtained from circulating water
streams. In some stations, secondary-side CPT
specimens are routinely collected and analyzed.
Primary-side specimens are usually not collected or
only sporadically collected; since 1996, primary-side
specimens have been collected regularly in DNGS, at
approximately 3-month intervals [2].
One basic method of evaluating CPT specimens is
elemental analysis, which determines the presence of
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various elements and measures their content. The data,
normalized to the volume of water that flows through
the filters, provide the concentration of various elements
in water circulating in the reactor piping (in mg or \ig
of the element per kg of water, i.e., ppm or ppb). The
elemental analysis can be, and usually is, performed
using laboratory-based wet chemistry methods, which
involve specimen dissolution (digestion).
In this paper, we describe development and use of
nondestructive X-ray fluorescence (XRF) methods for
chemical analysis of CPT specimens, i.e.,
a "nondestructive and dry" method. Part of this study
was reported previously [3 to 5]. The XRF method
offers an advantage: because the specimens are not
destroyed in the process, they can be archived and/or
used in further studies using other methods, such as
Mossbauer spectroscopy, X-ray diffraction analysis and
scanning electron microscopy [1]. XRF is faster
because no digestive step is needed; it is less labourintensive and is therefore less costly. In the case of
primary-side specimens the nondestructive XRF
technique provides a more practical alternative to
processing low-level radioactive waste resulting from
digestive chemical methods.
It is of interest to find a method that can be used to
analyze very small amounts of material, because filter
deposits may be very thin. Wet chemistry methods
provide excellent sensitivity for many elements, but
require sufficient sample material to give high accuracy
(a sample size of 0.25 to 0.5 g is preferable; if the

wide range of elements can be measured, and the
elements to be measured can be easily changed,
according to requirements.

sample weight is too low, the dilution factor is too
great and error increases).
Because it is nondestructive and because it can be very
sensitive, the XRF technique is also being considered
for on-line or quasi-on-line analysis. The quasi on-line
examination infers that the measurements will be taken
every 15 to 30 minutes, so that transient effects can be
recorded and assessed. With XRF, such measurements
can be performed without removing the filter from the
sampler, and the analytical data record is available
concurrently with the CPT sample collection, while the
filter sample may be retained.

2.

Experimental: The XRF method, the analyzer, and
their use for CPT analysis.

XRF analysis is performed by measuring X-ray spectra
and identifying energy peaks characteristic of the
elements present in the sample. In XRF spectroscopy,
the primary X-rays or y-rays illuminate a sample
causing it to emit X-rays characteristic of the elements
present in the sample, Figure 1. X-rays for a specific
element are well defined, and since there are few allowed
transitions, there are relatively few X-ray peaks.

X-ray absorption and
photoelectron ejection

X-ray fluorescence transitions

Figure 1. Principle of XRF spectroscopy.
The XRF spectroscopy analyzer can be configured in a
number of different ways, but there are two basic types:
wavelength dispersive XRF (WDXRF) and energy
dispersive XRF (EDXRF). The distinction between
the two techniques arises from the method by which the
X-rays are sorted for measurements. In WDXRF, Xrays are separated according to wavelength by diffracting
crystals. Such analyzers offer the best resolution,
shortest analysis time and highest sensitivity, but they
are element-specific and laboratory-type only.
In EDXRF analyzers, X-rays are detected by solid-state
or proportional detectors and sorted electronically to
produce an X-ray spectrum, which is then
mathematically processed to provide the required
information. These detectors allow much greater
flexibility than wavelength detectors. In EDXRF, a
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The combination of improved detector resolution with
advanced microprocessor technology has resulted in a
new range of EDXRF analyzers, which offer new
solutions to the problem of XRF analysis.
Microprocessor-controlled XRF analyzers are currently
available commercially, which offer laboratory-quality
analysis in portable instruments.
Quantitative analysis using XRF is based on the
correlation between the amplitude of the signal and the
content (concentration) of the element in a specimen. A
number of factors that contribute to line intensity have
to be taken into account. The details and accuracy of
quantitative analysis depend on the particular analyzer
hardware and software solutions; it also depends on the
type of specimens, element range, geometry, line
overlap, etc. The degree of line overlap is also
dependent on the type of the detector.
In this work, an XMET920 [6], EDXRF analyzer, was
used. Because of its sophisticated data treatment
methods and high-resolution detection, this analyzer is
capable of achieving much higher accuracy and
sensitivity than those achieved using other portable
XRF instruments. The analyzer is equipped with a
Si(Li) detector, installed in a small-size probe, that is
connected directly to a multichannel analyzer board
(2048 channels) housed in a PC computer. The
detector is cooled by a small, built-into the probe dewar
of 0.5 L LN2 capacity. The all-directional dewar
enables operation of the probe in any position. The
microprocessor permits instrument calibration and
programming, data collection and display, and data
evaluation. The detector active area is 30 mm2, and the
energy resolution is better than 170 eV for the Ko Mn
line (5.9 keV) at 10 |xs shaping time and 1000 cps total
count rate. The analyzer software automatically corrects
for short-term drift (gain control) or decay of the source
(autonormalization). The analyzer can be used in a
portable version, suitable for field work, using an
industrial-grade, portable computer (field portable XRF
[6]). Using two radioactive sources, 20 mCi Cd and
30 mCi Am, the analyzer is capable of measuring
elements ranging from titanium to uranium in the
periodic table. The use of another source, 55Fe, would
extend the range to lighter isotopes.
The XMET920 analyzer is programmed by the
manufacturer to perform some standard, although
complex, functions, such as alloy analysis on bulk
specimens. An important feature is that the analyzer is
user-programmable. This permits us to program the
analyzer for applications that require a special approach,
such as high-accuracy analysis of filter deposits. The

geometry of the probe permits various detector-sample
configurations.

3.

One can perform qualitative analysis and approximate
quantitative analysis of filter deposits directly from the
measured spectra. The spectra show well-resolved Xray lines for particular elements, such as iron, lead,
nickel, copper, zinc, titanium, chromium, zirconium,
tin and antimony. After spectra accumulation,
background and peak overlap corrections are
implemented, and the spectra are deconvoluted. The
data needed for deconvolution calculations are obtained
during instrument calibration from the spectra of singleelement standards. The K- or L-series lines can be
taken for analysis, depending on their energies and on
what other interfering element lines might be present.
For accurate quantitative analysis of filter deposits, the
analyzer has to be calibrated and programmed for a
specific type of study; this is performed by developing
appropriate calibration "models". The models are the
instrument software and hardware configurations that are
specific for a type of study, analysis range, the number
of interfering elements, specimen characteristics,
measurement geometry, etc. In the mode!, a correlation
is established between the amplitude of the signal and
the concentration of the element in the specimen. The
models are developed by the user, by measuring a set of
suitable calibration standards (i.e., known samples that
are of the same type and physical form as the
unknowns), and by implementing appropriate
algorithms and corrections. The choice of standards,
which are still being tested, is very important, and the
standards should cover the range of concentrations
expected in the measured specimens. Another
important issue is that, for thin samples, an internal
standard of a backscattered peak (which is used in the
spectra deconvolution process) may vary for varying
specimen thickness; tests on its accuracy and
stabilization are underway.
The development of the correct calibration models for
evaluation of thin filter deposits is a critical issue for
quantitative XRF analysis of CPT specimens, both offline and on-line. We made several calibration models
suitable for thin-film analysis, and further tests are
underway.
For XRF analysis of primary-side specimens, spectra
correction for radioactive species is required and should
be incorporated in the deconvolution process. The
XRF measurement was integrated over a circular area of
~5 cm2 (diameter = 2.54 cm), which was assumed to be
representative of the total CPT deposit area. Whether
this is a valid assumption can be tested by repeating
XRF measurements for various areas of the deposit.
Smaller areas of various sizes and shapes can also be
examined.
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The specimens

A number of CPT specimens, collected during CPT
surveys in Darlington NGS and Bruce B NGS, primary
and secondary sides, were evaluated. These were
samples of particulate corrosion products ("crud"), as
no ion-exchange filters were used. 0.45 |j.m thick
cellulose membrane filters were used. The specimens,
provided by the stations, were from various sampler
locations in the secondary side, including condensate
extraction pump (CEP) discharge, feedwater, and
blowdown water. In the primary side, the heavy water
is sampled at DNGS close to the reactor outlet headers.
The deposit area was circular, about 10 cm2. The
diameter of the deposit area varied from 34 mm to 38
mm; i.e., the area ranged from 9 to 11.5 cm2 in various
specimens.
4.

Study #1: Comparison of nondestructive XRF and
destructive ICP techniques for Fe analysis

To test the accuracy of XRF analysis for iron in CPT
specimens, measurements were performed on a set of 19
CPT specimens, and the results were compared with
the results of destructive wet chemistry analysis
(inductively coupled plasma performed after specimen
dissolution). The specimens were from Darlington
Unit 2, taken during a CPT survey in 1996 June. Four
specimens were from CEP discharge, and 15 from
blowdown of boiler #1.
The XRF evaluation showed that the CEP deposits
contained about 0.5 mg of iron per specimen, and the
blowdown deposits between 4 and 10 mg of iron. After
normalizing the XRF data to the volume of water that
circulated through the filter, one obtains iron
concentrations in water equal to 1 to 3 ppb (ng/kg) for
CEP locations, and 15 to 40 ppb for blowdown water.
Quantitative XRF analysis was performed using
calibration models developed specially for thin-film
analysis. In the measurements, care was taken to
monitor and stabilize the backscattered peak amplitude;
the specimens were covered with an aluminium cup or
aluminium plate. A number of elements other than iron
were also measured in the XRF analysis, but these
results will be not discussed here.
Figure 2 compares the iron concentration data obtained
using the two methods of iron analysis, and shows
excellent agreement between the XRF and wet
chemistry data. In the evaluated range of iron contents
(rather thick deposits), the XRF error that is due to
statistics and calibration was ±1 to ±3%, and could be
neglected in comparison to geometrical errors. The
biggest error in the XRF evaluation of iron content is

due to the possible nonuniformity of the deposit and the
variation in the deposit area (up to ±10%). The former
can be evaluated by repeating the measurements over
various areas of the specimen; the latter can be
eliminated by careful measurement of the deposit area.
In this set of specimens, iron was found to be uniformly
distributed over the filter area.

deposits). For thirl deposits, the geometrical error in
XRF analysis will be much reduced, but the substrate
contribution and detectability threshold will have to be
considered. At the same time, for deposits thinner than
~ 0.25 mg, the error of the wet chemistry method might
increase because of the small quantity of material that is
available for dissolution. Work continues on
optimizing calibration techniques suitable for very low
iron concentrations, and evaluation of the accuracy of
the technique and its detectability threshold.

5.

Study #2:
Fe and Pb transport during the reactor work cycle
BNGS Unit S (1993 May-Oct)
FeandPb

SLOWDOWN
WATER

D«po«i1lls a -11.34cm2 (2R.38mm)
Error ban m«i» ih« potsibto icutar In t » «lttr
« « covered by cnjd [2R « 36 mmto40 mm] t

0.1

1
10
Sampling date (days from the startup)

100

BNGS Unit 5 (1993 May-OcL)
Hydrazlne and oxygen

Figure 2. Comparison of XRF and ICP data on the
iron concentration in water for a set of CPT
specimens collected in secondary side
(Darlington Unit 2, June 1996 CPT
sampling). Error of XRF measurements,
±1 to ±3%, is increased to ±10% due to
fluctuations in filter coverage area and
specimen nonuniformity. Error of ICP
measurements, not shown, is about ±3 to
±5%. The data are normalized to water flow
and expressed in ppb (|ig/kg H2O).
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The XRF error should be compared with the error of the
wet chemistry evaluation. This error depends on the
details of the analytical procedure, especially the control
of contamination during sample dissolution and the
correction for the contribution from a substrate (i.e., the
"procedural blank" measurement and correction); for the
range of iron measured, this error is usually between
±3 to ±5%, i.e., about 1 ppb. Iron content was well
above the detectability thresholds of both techniques.
Good agreement between the data shows that XRF can
be used instead of wet chemistry when nondestructive
or quick analysis or both are needed.
Similar comparisons will be made for a larger number
of specimens obtained under various station conditions,
and especially for low iron concentrations (i.e., thin
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Figure 3. Data on iron and lead concentrations in ppb
(Hg/kg H2O) obtained from XRF
measurements of CPT specimens, collected
during one reactor cycle in 1993 in Bruce B,
Unit 5. The logarithmic scale clearly
separates the reactor start-up specimens from
steady-state operation specimens. Lead
content follows the variation in iron. Similar
behaviour was observed in 2 other cycles in
Units 6 and 7. Bottom: hydrazine and
oxygen contents for the same period.
A series of CPT secondary-side specimens from BNGS
Units 5, 6 and 7 were examined. The specimens were
collected in 1993 and 1994, in 1- to 2-h sessions

during the first 1 to 2 d after start-up, and then in
several 6- or 7-d sessions during several months of the
steady-state operation. The specimens were from
various sampler locations, including condensate
extraction pump (CEP) discharge, feedwater collected
locally (using a mobile cart, MC; and at the sampling
room, FWSR), and blowdown (BLD) water.
The XRF analyses showed that large amounts of iron
are present in the system at start-up (up to 700 ppb); it
drops down to ~ 1 ppb range during reactor steady-state
operation. Figure 3 shows iron concentration for one
startup cycle in Unit 5. (Note the logarithmic scale that
clearly separates the start-up data from the steady-state
data.) Similar behaviour was also observed in Units 6
and 7. These results are correlated with chemical form
of iron measured by Mo'ssbauer spectroscopy [2].
Figure 3 also shows data for lead. Lead concentrations
are ~2 to 3 orders of magnitude lower than iron, but
interestingly, lead content follows a dependence on
iron: high lead content is present at reactor start-up (up
to 0.5 ppb), and is much lower during reactor steadystate operation (below 0.1 ppb). More measurements
will be performed to verify this result and to observe
whether this behaviour is typical for each reactor cycle.
Lead monitoring can then be conducted to establish the
database for evaluating possible correlations with other
parameters of SG chemistry. Figure 3 (bottom) shows
hydrazine and oxygen concentrations measured at the
same locations. No correlation is observed at start-up,
but low iron and lead concentrations during steady-state
operation tend to accompany low hydrazine and oxygen
contents.
The data in Figure 3 also show that feedwater collected
locally (using mobile cart) contained less crud than
water in the sampling room. The opposite effect was
observed in Unit 7.
6.

Preliminary XRF measurements performed on primaryside specimens show the usefulness of this technique for
evaluation of transport of iron and other elements in the
primary side. Iron and zirconium were the two main
components in all specimens. A number of minor
elements were also observed and identified.
Quantitative evaluation provided data on crud levels:
they were highest in the February '96 sampling
session, and were much lower in the next two sessions.
Mass transport evaluated from XRF measurements is
compared with the data obtained by specimen weighing
in Table 1 and Figure 4. The ratio between the XRF
and weighing data varies from 1 to 7 for various
specimens. The consistently higher values obtained
from weighing can be explained by the presence of water
in the specimens (probably mostly in the substrates),
because the radioactive samples are not dried at elevated
temperatures. This result indicates that the weighing
method used to evaluate the crud level might be
inaccurate and that material transport might be lower
than originally thought on the basis of filter weighing.
I Irom weighing
I XRF evaluation

Total crud mass (ppb)

1

11 I [
rl

1

hn

Study #3: Primary-side specimens

April •ST

An XRF evaluation of primary-side specimens was
performed on 16 primary heat transport (PHT)
specimens from DNGS, collected during sampling
sessions in 1996 and 1997 (see also [2]). The heavy
water is sampled using sampling lines leading from
reactor outlet common headers to modified integrated
crud samplers installed in each reactor water sampling
room. Some data on the specimens, provided by the
stations, are given in Table 1, together with selected
results of XRF evaluation. One BNGS specimen was
also measured. These XRF measurements pose a
special challenge because of the interfering effects of
radioactive species in the spectra.

ri

2N

2S

3N

f\

DNGS Unit

Figure 4. Total mass of particulates (crud mass),
calculated from XRF analysis and sample
weighing. Measurements concern PHT
specimens of 3 recent steady-state sampling
sessions (Darlington NGS).
Large amounts of zirconium were present in the
specimens from all four DNGS units. Zirconium
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content ranged from 5 to 30% of iron, up to 0.6 ppb,
see Table 1 and Figure 5. Similarly, a high zirconium
fraction (-25%) was also measured in one Bruce B PHT
specimen.
:

Zirconium and iron concentrations (ppb)
Feb'96
• "iZr

: E-JFe

Quantitative XRF evaluation of radioactive specimens
required correcting the XRF spectra for radioactive
species. Figure 6 shows a low-energy spectroscopic
emission spectrum compared with an XRF spectrum
measured for the same PHT specimen. A number of
radioactive species can be identified, including 55Fe,
l24
Sb and "9Sn. However, because the spectroscopic
emission spectrum was measured using a different
detector geometry than that of the XRF spectrum, no
direct comparison of line amplitudes was possible.
Incidentally, the presence of 5Fe in the specimens
allowed us to detect chlorine in the XRF analysis.

Dee '96

El B
April '97

il
1N

1S

possibly of corrosion, of either pressure tubes or nuclear
fuel sheaths or both. The identification of what is the
main source of zirconium and the quantification of the
fraction of zirconium that comes from pressure tubes in
comparison with the fraction that is due to fuel, might
be performed by analyzing the Nb and Sn contents in
crud; such XRF measurements are planned. The data
on debris can then be correlated with system chemistry
parameters as well as surveillance and oxide thickness
data.

s
2N

2S

3N

3S

4N

4S

DNGS Unit
S»Ft-~«Mn

«Zr— «Nb

Fraction of zirconium relative to iron

Sb

8 0.2
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1S

2N

2S
3N
DNGS Unit

111
3S

4N
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35

4S

Figure 5. Top: Concentrations of Fe and Zr in crud, as
measured from XRF analysis in PHT
specimens of 3 recent steady-state sampling
sessions (Darlington NGS). Bottom: Ratio
of Zr to Fe in the same specimens.
There might be a number of reasons for the presence of
zirconium in crud. Zirconium can originate from
scratching pressure tube inner surfaces during axial
motion of fuel bundles, from fretting at the inlet ends of
the pressure tubes by the bearing pads, and from fretting
of the Zircaloy-4 bearing pads on fuel sheathing [2].
Apparently the result of wear debris, the presence of
zirconium in crud is indicative of fretting and wear, and
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Figure 6. Typical XRF spectra (bottom) and
spectroscopic emission spectrum (top)
measured for one Darlington PHT specimen.
Note a number of emission lines, including
S5
Fe and 119Sn and 124Sb, as marked. In the
XRF spectrum, the main elements are Fe and
Zr. Low-energy Cl and Sb lines are observed
because of the presence of radioactive ssFe in
the sample.
In this work, quantitative XRF evaluation of radioactive
specimens was performed either directly from the spectra
or using approximate calibration models. The accuracy
was satisfactory for Zr and Fe and several other
elements. Accurate measurements for elements such as

Table 1.
XRF and station data on PHT specimens obtained in 3 sampling sessions in DNGS
February '96 Sampling
Station data

XRF data
Unit
Loop
IN
IS
2N
2S
3N
3S
4N
4S

Fe
ppb
6.5
4.2
3.7

6.6
0.4
3.2
0.7

6.5

Zr
ppb
0.39
0.57
0.32
0.05
0.12
0.53
0.07
0.06

Zr/Fe
ratio
0.06
0.13
0.09
0.08
0.27
0.17
<0.1
<0.1

Total
mass
mg
2.0
2.0
2.9
0.9
0.6
2.7
0.3
0.3

pH

Crud
cone.
14.4
9.6
8.9
2.3
2.2
8.0
2.5
2.1

10.58
10.57
10.52
10.54
10.43
10.44
10.51
10.51

Deut.

Weight

6.32
6.34
6.24
6.65
5.23
4.98
5.87
5.80

mg
2.3
4.0
5.0
1.1
1.4
5.7
1.8
1.0

Mass
ratio:
Crud
cone.
fg*g
16.4
19.0
15.3
2.9
4.9
16.6
17.0
7.9

iVeighing
toXRF
1.1
2.0
1.7
1.3
2.2
2.1
6.8
3.8

December '96 Sampling
Station data

XRF data
Unit
Loop
IN
IS
2N
2S
3N
3S
4N
4S

Fe
ppb
1.1
0.9
1.3
0.5
0.5
1.7
1.1
1.5

Zr
ppb
0.07
0.14
0.16
0.11
0.06
0.10
0.10
0.14

Zr/Fe
ratio
0.07
0.15
0.12
0.20
0.10
0.06
0.08
0.09

Total
mass
nig
0.72
0.56
1.15
0.52
0.30
0.88
0.22
0.20

Crud
cone.
HP/kg
2.5
2.2
3.0
1.3
1.3
3.7
2.5
3.3

PH
10.47
10.49
10.26
10.25
10.41
10.41
10.45
10.45

Deut.

4.95
5.00
1.93
2.46
5.57
5.45
4.09
4.23

Weight
mg
1.4
0.6
2.2
0.7
1.6
1.3
0.7
0.2

Mass
ratio:
Crud
cone. Weighing
Hg/kg toXRF
2.0
4.8
1.0
2.3
1.9
5.8
1.3
1.7
2.0
2.5
1.5
5.5
3.1
7.9
3.4
1.0

April '97 Sampling
XRF Data
Unit
Loop
IN
IS
2N
2S
3N
3S
4N
4S

Fe
ppb
0.8
1.7
0.9
0.9
0.6
2.5
1.1
1.6

Zr
ppb
0.04
0.15
0.16
0.07
0.20
0.30
0.09
0.11

Zr/Fe
ratio
0.05
0.09
0.17
0.08
0.33
0.12
0.08
0.07

Station Data

*
Total
mass
tng
361
720
706
535
513
2158
367
1122

Crud
cone,
fig/kg
1.7
3.9
2.3
2.0
1.7
5.7
2.5
3.5
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pH

10.42
10.45
10.44
10.43
10.38
10.47
10.36
10.36

Deut.

Weight
mg
0.8
0.7
1.8
0.7
0.9
1.9
1.5
1.7

Mass
ratio:
Crud
cone. Weighing
toXRF
Hg/kg
2.8
3.6
1.2
3.8
3.2
5.8
1.6
2.6
2.2
2.9
1.1
5.1
10.2
5.1
1.9
5.3

Nb and Sn (with very low contents and/or overlapping
X- and gamma-ray lines) require that corrections for
emission lines be incorporated into the analyzer
calibration process. To incorporate the appropriate
corrections into the deconvolution process and into the
calibration models, specrroscopic measurements have to
be performed using the same geometry as that used in
the XRF measurements. This will be possible after
some modifications are made to the XRF analyzer.

7.

On-line XRF analysis

There is a movement, led in the United States by the
Electric Power Research Institute (EPRI), to develop a
system for a quasi-on line iron probe to monitor
particulate corrosion products. One system has been
successfully tried at a small number of US plants, and a
company has been set up to commercialize the units
[7]. The unit consists of a flow-cell and a simple XRF
analyzer, equipped with proportional counter that is set
for Fe analysis. The measurements are to be performed
without removing the filter from the sampler, and the
sampling system is incorporated into the sample
chamber of an XRF analyzer. Water is periodically
removed from the sample chamber to permit XRF
measurement, and the cycles would be repeated until
the particulate loading in the sample chamber warrants a
filter change. Because of low detector resolution, the
unit provides integrated data on iron and neighbouring
elements in the periodic table.
CANDU stations are interested in this technique, and
one EPRJ-type unit has been purchased for tests.
Considerable scrutiny of the on-line work will be
required before an actual standard procedure is
established for specific station conditions. A number of
issues should be addressed. The field analyzer has to
be calibrated, its performance and accuracy tested for
specific station conditions, and the method of data
collection established. Calibration methods and
standards developed in the laboratory work on the high
resolution analyzer can be used. Line overlap will have
some detrimental effect on the accuracy of iron
monitoring; however, this is not considered significant
because iron is by far the most prominent element in
crud. Stabilization of an internal calibration peak
amplitude might be critically important because very
thin deposits are expected, and the measurement
geometry is more difficult to control than in off-line
measurements. Whether the system is capable of
monitoring elements other than iron remains to be seen,
and will need to be tested for individual elements,
station conditions and requirements.
The accuracy of iron (and other elements) monitoring
will also depend on mass transport in the system
because it depends on the amount of material that is
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deposited on the filter during each cycle of water flow.
At an iron concentration in water of ~ 1 ppb, about 200
jig of particulate material is deposited on a filter during
30 min; and correspondingly, about 20 |ig at 0.1 ppb,
and 2 mg at 10 ppb. Thus with a 30-min collection
time, concentrations below ~1 ppb, or even ~5 ppb,
will be below the detection limit. Sufficiently large
iron concentrations are present during reactor start-up to
monitor iron in a quantitative way. During steady-state
reactor operation, when there is low material transport,
on-line iron monitoring might be performed in a
"digital mode"; i.e., small amounts of deposits will be
collected during 15- to 60-min intervals — at normal
conditions — undetectable (digital 0); however, a
sudden "burst" of the material will be recorded (digital
1). Alternatively, longer collection times might be
used. Exact detection limits have to be evaluated and
determined. The high resolution analyzer should serve
as a check for performance of the on-line unit. It can be
also be periodically used in on-line measurements (e.g.,
when monitoring elements other than iron or when high
accuracy for iron is needed).

8.

Summary and conclusions

•

Sampling of corrosion products in both primary
and secondary sides of CANDU stations is
important to establish and control chemistry
specifications and practices. Evaluation of CPT
specimens obtained from integrated CPT samplers
installed at the stations helps to better understand
corrosion transport phenomena, which are
important in many areas of reactor operation,
including corrosion of feeder pipes, fouling of SGs,
length of outages, reactor-inlet header temperature
limits, frequency of chemical cleaning, radioactive
waste, etc.

•

The XRF method is being developed to
nondestructively determine elemental composition
and mass of CPT specimens collected as filtered
deposits. Elemental analysis is one basic method
of CPT specimen evaluation; it complements other
methods, including MOssbauer spectroscopy, X-ray
diffraction analysis and electron microscopy [1].

•

The XRF method offers the following benefits in
comparison to wet chemistry methods:
- nondestructive analysis;
- rapid analytical response and turnaround;
- lower analysis cost (no digestive step is needed);
- no active waste (in case of PHT specimens);
- possible on-site use and potential for (quasi) online analysis;
- possibility of storing and re-analyzing analytical
data (e.g., to identify additional elements).

However, the use of the field instrument for on-line
measurements needs considerable scrutiny, before a
standard procedure can be established for stationspecific conditions.

Measurements performed on samples of CPT
specimens showed that the XRF accuracy for iron
can be comparable to that of laboratory-based wet
chemistry methods. This must be verified for a
larger range of specimens, various concentration
ranges and station sampling conditions. The
method was shown to work on small amounts of
material (-10 |a.g/cm2 or ~ 100 |ig per filter,
possibly less).
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In addition to iron analysis and monitoring, the
XRF technique is suitable for measuring a wide
range of other elements. Work on high-accuracy
nondestructive analysis of elements other than Fe
in CPT specimens is in progress. Elements of
interest can include Ni, Cu, Zn, and Pb in
secondary-side water and Fe, Zr, Sn, Sb, and Cl in
primary-side water.
Data on crud transport and composition were
obtained. In secondary-side water, large iron
transport is observed at reactor start-up, and it is at
~ 1 ppb level during steady-state operation. Lead
content tracks that for iron (high at start-up, lower
during steady-state operation), at the level of ~ 0.1
ppb. In primary-side water, large zirconium
fractions (5 to 30%) were observed in addition to
iron. The measurements are correlated with the
system chemistry parameters in Reference [2].
These data indicate that the XRF method can be
suitable for analysis of primary side specimens.
Accurate analysis for other elements will be
performed to identify the main source of zirconium
in the system; to define the fraction of zirconium
that comes from pressure tubes in comparison with
the fraction that is due to fuel.
All measurements described in this work were
performed using a portable XRF analyzer, featuring
recent technological advances. The analyzer has
shown to be a useful and versatile tool, providing
laboratory-quality analytical capability in a portable
instrument. Methods are under development to
optimize this analyzer for high-accuracy
measurements on thin films.
Because of the need for decreasing costs and
improving accuracy, there is a growing tendency
throughout the analytical community to bring the
analytical method to the site rather than to take
samples in the field and bring them to the
laboratory. The XRF method can also be used for
quasi on-line monitoring performed under operating
conditions by combining the XRF analyzer with a
flow cell. There is a possibility of extending online monitoring to elements other than iron.
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Abstract
The paper reports a corrosion-product transport study in the primary-side of CANDU reactors.
The study is based on systematic crud sampling examinations at Darlington NGS. Emphasis is placed on
the corrosion-product transport and oxidation state as a monitor of primary water chemistry state, and as a
monitor of system corrosion effects. The D2O was sampled at reactor outlet headers and the deposits collected on 0.45 |im membrane filters were analyzed by using y-ray spectroscopy, X-ray fluorescence and
Mossbauer effect techniques. In the beginning of this study in 1994 and 1995, the steady state crud concentration used to be as high as 20 to 30 jig/kg D2O, and the crud contained large fractions of highly oxidized species (40 to 60% Fe), in the form of ferrihydrite, lepidocrocite, goethite and hematite. During startup operations, the crud concentrations were as high as 8 mg/kg D2O, and contained 70 to 80% Fe in the
form of oxidized iron species. However, as a result of various improvements, and especially because of
better oxygen control during lay-ups (nitrogen blanketing) and better pH control (lower and more stable
values), in recent steady-state runs, the crud concentrations were found to be lower than 3 to 5 M-g/kg D2O.
At present, the steady-state crud consists mostly of Fe, largely in the form of magnetite (60 to 80% Fe), and
hematite (20 to 40% Fe). The steady-state concentration of crud was found to increase markedly with pHa
in the range from 10.3 to 10.7. This seems to be in accord with the trend predicted by flow-assisted solubility of magnetite in lithiated water at ~300°C, and is generally in accord with the model of dissolution,
transport, and redeposition of iron in the primary heat transport system of CANDU reactors. The crud contains also significant amounts of Zr (~5 to 30 wt.% Fe), apparently in the form of zirconium oxide. Zirconium oxide particles may originate largely from the wear of fuel bundle pads and pressure tube fretting;
which should be minimized.

1. Introduction
Regular monitoring of reactor water systems by filtration and analysis of particulate corrosion products
(crud), as well as dissolved species (solubles), has become an important element of secondary-side water
chemistry optimization and system surveillance in most
Canadian CANDU plants [1]. Recently, crud sampling
has also been investigated as a tool to assist in primaryside maintenance [2]. Primary-side crud sampling may
provide useful information for improving chemistry
control, extending the lifetime of fuel channels and systern components, lowering activity transport and steamgenerator fouling, and, possibly, for preventing outletfeeder thinning.

Oxygen, hydrogen and pH are major concerns of any
primary-side chemistry control program. In particular, a
careful pH control is essential to minimize carbon steel
corrosion. The current chemistry control strategy in
most CANDU nuclear power stations is to add hydrogen
(deuterium) to the primary coolant to ensure that oxygen
is not produced radiolytically. However, adding excess
hydrogen can lead to hydriding of pressure tubes,
Therefore, the hydrogen addition has to be carefully
optimized,
Corrosion products formed in primary coolant system
indicate undesirable degradation of system components
and cause a wide variety of problems, such as reduced
heat transfer and radioactivity transport. The reasons
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oped for integrated in situ sampling during steady-state,
and North and South loops in Units 1 to 4 began to be
sampled sporadically [2]. Since 1996 April, the sampling of Units 1 to 4 has been performed regularly at
approximately 3 months intervals.

why corrosion-product transport (CPT) should be controlled and characterized are:
•

•
•
•
•
•
•
•
•

it points to excessive general corrosion and, in particular, flow-accelerated corrosion (FAC) of feeder
pipes;
crud activation increases the activity transport and
build-up of occupational radiation exposures;
oxidized iron may indicate air in-leakage's; as well
as not enough dissolved deuterium in water;
CPT increases in-tube deposition and fouling of
steam generators, and under-deposit corrosion;
fouling causes flow pressure drop and increases
reactor inlet header temperature (RIHT);
it may cause the increased frequency of chemialcleaning and volume of radwaste;
it fouls bleed filters and purification systems;
it deposits on pressure tubes and inlet fuel bundles;
and
overall it may increase the length of outages.

In this paper we report a PHT system study; which is
being performed with the following primary objectives:
•

•

develop procedures for sampling and analyzing
tritiated D2O with radioactive crud;
determine crud transport and composition;
examine effectiveness of hot conditioning;
compare steady-state and start-up effects;
identify main sources of crud transport and possibilities for its remediation; and
identify the origin of oxidized iron species.

2.

Technical Procedures

•
•
•
•

System Layout
The primary heat transfer system in CANDU reactors in
Darlington has two loops, north and south, with water
passing through the east and west boilers. As is schematically shown in Figure 1, deuterium is added in the
second path (at discharge of pumps 1 and 2). Purification is done after boiler 1, but at a fairly small rate of 10
to 12 kg/s. Water is sampled at the reactor outlet headers, before entering boiler 1.
Sampling Procedure
Studies of PHT crud transport and its chemical composition in Darlington NGS were initiated in 1990 during
the hot conditioning of Unit 1. In 1992, the start-up
crud transport was examined after a prolonged shutdown
of Unit 2 (for 1.5 years). During these studies 1 L grab
samples were taken. In 1994, a procedure was devel-

Figure 1. Simplified primary side (North loop) layout
with indicated sample and D2O addition-purification
points.
The heavy water is sampled using standard sampling
lines (length <20 m) leading from the reactor outlet
headers to the modified integrated crud samplers installed in each of reactor water sampling rooms. Before
reaching the sample holder, the water is cooled to about
50°C and depressurized. Each sampling runs typically
24 h and uses -200 L D2O, which is recovered.
A special procedure had to be developed to sample hot
tritiated water containing substantial amounts of radioactive species without spillage and waste. It involves
using a special vessel to allow D2O to completely drain
from the filter housing as described in reference [3].
Standard 0.45-|im-sized 47-mm cellulose membrane
filters were used in all tests. Application of ion exchange
filters is planned in the next sampling sessions to determine the solubles-to-particulates ratio.
An example of coolant chemistry parameters; pH, conductivity, deuterium, lithium, and chloride; recorded
prior to crud sampling, is given in Table 1. Table 2
gives a record of sampling conditions during one of the
typical sampling sessions.
Mass Gain Determination
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After exposure, the filters were dried at ambient temperature for 24 h in a dessicator. Mass gain was determined by comparing the weight of the filters at the station chemical laboratory, before and after exposure to
water. Recently, mass gain was typically 50 to 100

fig/cm2. Room temperature drying may introduce a big
weighing error because of remaining adsorbed water
both in the micropores of the filter and crud deposits.
Note that the weighing procedure for non-radioactive
filters from secondary-side water is different and it involves hot drying (usually at 80°C).

Gamma-spectroscopy
The PHT crud filters are radioactive and have to be
handled very carefully. The filters contain a variety of
activation products and some tritium. They may also
contain small hot particles (fleas) from possible failures
of fuel elements.. As seen in Table 2, typical activity
per filter 48 h after sampling was -10 mR/h in y-contact
and up to 1000 mR/h in (J-contact.

Table 1. Typical record of system chemistry parameters
prior to 1996 July 24 sampling.
Unit
(Loop)

PH

Cond.
(mS/m)

Deut.
(cc/kg)

U
(mg/kg)

Cl
(Hg/kg)

1-N
1-S
2-N
2-S
3-N
3-S
4-N
4-S

10.34
10.34
10.35
10.35
10.41
10.41
10.39
10.39

2.12
2.09
2.04
2.04
2.14
2.13
2.14
2.16

2.31
2.50
5.15
5.93
5.51
5.32
4.94'
4.53

0.76
0.73
1.04
1.05
0.99
0.99
0.98
0.98

6.3
3.3
24.5
21.9
8.1
12.7
11.4
10.7

specs.

10.3-10.7

-

3-10

Gamma-spectroscopy was used to determine the inventory of radionuclides on the filters, both at the station
and at CRL laboratory. Gamma-spectra using a highenergy (>50 keV) Ge(Li) detector have shown six major
radionuclides: 137Cs, 95Nb, 95Zr, I24Sb, I34Cs and ^Co.
Corresponding activities in one of the sampling sessions
are compared in Table 3, as an example. Full lists of
radionuclides found are filed and are available on request.

<200

-

In addition, an intrinsic Ge detector equipped with Be
window was used at CRL to measure a low-energy Xand y-rays (~3 to 50 keV). This allowed us to determine
i ow . en ergy X-ray and y-ray emitters such as 55Fe and
119
'Sn.

Table 2. Typical sampling conditions. 1996 July 24
session.
Unit
(Loop)

y Contact
(mR/h)
after 48 h

pS Contact
(mR/h)
after 48 h

Water
Vol.
(L)

Wt.
(mg)

Crud
Cone.
(Ug/kg)

1-N
1-S
2-N
2-S
3-N
3-S
4-N
4-S

10
10
10
10
5
10
5
5

200
400
1000
1000
400
500
200
200

231
171
268
222
232
315
127
134

2.9
1.4
2.0
1.1
1.1
3.7
1.1
0.9

11.4
7.4
6.8
4.5
4.3
10.7
7.9
6.1

X-Ray Fluorescence
An X-ray fluorescence method is being optimized to
determine nondestructively the elemental composition
and mass of the filtered deposits. The development and
applications of XRF method in filter analysis have been
described in reports [4,5] and in a preceding paper [6].
The XRF method is more practical than digestive
chemical methods of analysis, which have to deal with
low level radioactive liquid waste produced during

Table 3. Gamma-spectroscopy record of six major radionuclides
(1996 July 24 sampling - July 31 analysis)

Unit
(Loop)

Total
Activity

(%)
"Co

1-N
1-S
2-N
2-S
3-N
3-S
4-N
4-S
Tlfl

Total

% of Total Activity

uCi

0.82
1.31
6.40
6.26
3.84
4.58
1.08
1.16

7.1
1.6
0.6
0.7
1.4
3.2
1.1
1.5
5.3 a

95

Nb

95

Zr

124

Sb

134

Cs

15.4

9.5
20.7

12.4

9.6
7.2
9.1

6.7
5.2

3.1
3.0
6.7
7.6
7.8
5.4
5.9
5.5

35 d

64 d

60 d

2.1a

27.5
16.0

8.3
6.3
13.3
23.8

9.6

15.4

14.4

9.6
5.6
4.3

1.7
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20.5
12.3

137

Cs

8.7
8.8
20.5
23.5
19.6
13.7
18.8
17.7
30.2 a

76.2
40.7
62.2
54.7
63.6
83.5
49.3
51.4

specimen analysis. The XRF is nondestructive and can
be performed prior to further analysis of specimen by
other methods, such as Mossbauer spectroscopy and
electron microscopy. It also appears that the mass determination by the XRF technique can be more accurate
than by weighing. Further, the XRF analyzer used is
portable and can be used in field (quasi online) work. It
is also capable of measuring low-energy y-emitters and
EC decaying radionuclides, such as 55Fe.

on the inner tube surfaces during axial motion of fuel
bundles, and from fret marks at the inlet ends of the
pressure tubes caused by the bearing pads, as well as it
can come from fretting of Zircaloy-4 bearing pads on
fuel sheathing. The mass of Zr in the crud should be
correlated with these wear effects. Further systematic
monitoring of Zr and evaluation of other elements in the
crud should help to elucidate its main sources.

Samples from 1996 February, 1996 December and 1997
April sampling sessions have been analyzed by XRF
method. The XRF was performed using l08Cd and ^'Am
sources. Each measurement was integrated over a central area of filter of -10 cm2. Major elements found
were Fe and Zr; a number of minor elements was also
identified. Table 4 gives a typical XRF record of Fe and
Zr from one of the sampling sessions
Table 4. Typical XRF record of Fe and Zr mass determination. 1997 April 2 filters.
Zr

Unit
(Loop)

Fe
ug/cm2

Ug/cm2

Zr/Fe
Ratio

Mass Ratio
weight/XRF

1-N
1-S
2-N
2-S
3-N
3-S
4-N
4-S

14.7
28.3
25.8
21.2
16.5
82.4
14.5
44.7

0.8
2.5
4.4
1.7
5.4
9.9
1.2
3.2

0.05
0.09
0.17
0.08
0.33
0.12
0.08
0.07

2.8
1.2
3.2
1.6
2.2
1.1

Figure 2. Concentrations of Fe and Zr in crud measured
using X-ray fluorescence analysis of filter deposits obtained from 3 recent steady-state sampling sessions.
Mossbauer Spectroscopy

5.1
1.9

A summary of Fe and Zr concentrations in u.g per kg
D2O (ppb) measured so far is shown in Figure 2. As can
be seen, during three sampling sessions crud levels were
systematically lower for Units 2 and 4. High crud levels
observed in Units 1 and 2-N in 1996 February, decreased markedly during later sampling sessions. XRF
data for 1997 sampling session show that in a wellcontrolled steady-state of reactor operation, Fe concentration can be as low as -1 ppb and Zr concentration is
at the level of 0.1 ppb. The highest concentration of Zr
(up to 30 wt.% Fe) has been observed so far in Unit 3
North samples. The reason of these differences is being
investigated
Scanning electron microscopy and X-ray dispersive
analysis of filters showed that whileiron represented
very fine ~|im-sized particles, zirconium was often present in a form of 20 to 30-u.m-sized particles. It is likely
that zirconium in the crud originates from Zr-2.5Nb
pressure tubes oxide spalling, from axial scratch marks

Mossbauer spectroscopy was used to establish the
chemical form and oxidation state of iron and tin.
Similarly to secondary side filter analysis [7], the
transmission spectra of 14.4 keV y-rays in 57Fe are detected with a Kr-CO2 proportional counter, but the
measurements were significantly more difficult because
of the radioactivity of the absorbers [8]. All 57Fe spectra
were obtained at room temperature using a 50 mCi
57
CoRh Mossbauer source.
Iron is found mostly as magnetite, Fe3O4, but fractions
of reducible iron Fe(III) oxides and hydroxides
(ferrihydrite;
Fe5HO8.4H2O,
hematite;
a-Fe2O3,
maghemite; y-Fe2O3, goethite; oc-FeOOH, and lepidocrocite; y-FeOOH) were also found and often were at
higher concentrations than could be expected in lithiated
water under reducing conditions. A summary of Mossbauer spectroscopy data for filters from one of steadystate sampling sessions is. given in Table 5, as an example. The speciation of iron oxides observed and its relationship to system chemistry are discussed in Sections 3
and 4.
Using 23.9 keV y-rays emitted by radioactive 119Sn in
the deposits, Mossbauer spectra of minute quantities of
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tin in the filters were also measured [9]. Tin, presumably incorporated in zirconium oxide particles, was found
to be in oxidized state Sn(IV), same as in stannic oxide
SnO2, and same as observed in oxide scrapes from the
Zircaloy-2 pressure tube.

F.3O,

£

I

Table 5. Example of Mossbauer 57Fe spectroscopy
analysis of PHT specimens. 1996 July 24 sampling
session.
Unit
(Loop)
Fe 3 O 4
1-N
1-S
2-N
2-S
3-N
3-S
4-N
4-S

3.

81±2
82±2
81±1
48±2
41±2
68±1
35±2
47±1

1» -

~

>

»

1

Phase Composition
(wt. %>Fe)
a-Fe 2 O 3 a-FeOOH Y-FeOOH
16+1
14+2
—
15+7
—
—
—
—

—
—
6+1
—
—

3+1
4+1
19±1
37±1
53+1
32±1
65±2
53±1

23 Mar 1990

Figure 3. Results of DNGS Unit 1 hot conditioning in
1990. Top: evolution of iron species with time. Bottom:
crud transport as determined from mass gain of filters
and from Mossbauer spectra.

Chemical Form of Iron

The chemical form of iron in the crud and its oxidation
state provide an insight into its origin and PHT chemistry.
Hot Conditioning
Before entering into service, Units 1 and 2 were hotconditioned with EDTA and Units 3 and 4 with NH3,
N2H4 and some Li(OH). During hot conditioning with
lithiated light water, EDTA and 25 ppm N2H4 were
added at the beginning of the cycle.
The set of 15 archived filters from Unit 1 EDTA conditioning in 1990 was examined in 1995. During conditioning, the system was kept at 145°C for 6 h and then at
250°C for 36 h. The evolution of Fe species obtained
from Mossbauer spectra is plotted in Figure 3 (top) as a
function of the time. As seen, at 145°C, ferric oxyhydroxides (a- and y-FeOOH) have quickly (-12 h) converted to almost totally magnetite (~90%), indicating
quick conversion (after 12 h) to a desirable so-called
black state. The iron transport shows a rather complex
behavior, but it reaches low values (fraction of ppm) at
the end of the conditioning cycle. Figure 3 (bottom)
shows, that in this case, the crud transport data obtained
by weighing and from evaluation of the Mbssbauer
spectra were quite consistent.

Cold Lay-ups and Preconditioning
During cold lay-ups and preconditioning, considerable
amounts of ferrihydrite was found in the large D2O storage tank (TK1), in addition to hematite and maghemite.
Ferrihydrite deposits were also observed on the endshield carbon steel plugs in pressure tubes after prolonged lay-up (1.5 a) of Unit 2. The formation of ferrihydrite usually occurs by the oxidation of Fe2+ in the
presence of crystallization inhibitors, such as organics,
phosphate and silicate species. Phosphates have been
observed in primary side, for instance in Bruce A pressurizer heater. Ferrihydrite is thermodynamically unstable and with time transforms into goethite, hematite, or
mixture of the two.
Start-ups
During reactor warm-ups and start-ups iron was found
mostly observed in the form of ferrihydrite and goethite. Measurements were performed for Unit 2 in
1992 and Unit 4 in 1994. Start-up crud concentrations
were as high as 3 ppm and 8 ppm, respectively (see Figure 4). The magnetite fraction increased slowly with
time in the early operational phase.
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and 2. There was also no goethite in Units 1 and 3. Because goethite and lepidocrocite should be unstable at
PHT temperatures, their presence in the filters would
indicate the ingress of these oxidized iron species into
the circuit from low-temperature components of the
system, such as purifiers, storage tanks, fueling machines, etc.
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loops, respectively. Major outages and shutdowns are
depicted above each plot. BG indicates start of applications of N2 blanketing gas.
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Steady-state
The fractions of magnetite during steady-state reactor
operation varied widely between 50 and 80% (in %Fe)
in Unit 1, 30 to 95% in Unit 2, 45 to 70% in Unit 3
North, and 30 to 70% in Unit 4 (see Figure 5). The balance is lepidocrocite, goethite and hematite. Note that
100% magnetite is commonly expected and assumed in
the heat-transfer models.
Generally, the fraction of magnetite increased between
1994 and 1997 (see Figure 5), suggesting that more and
increasingly reducing conditions were slowly established in the system. This is consistent with loop experiments by Allsop et al. [10], which have shown that
the conversion of iron oxides in lithiated water, and especially reduction of hematite to magnetite in CANDU
primary coolant, is very slow and may take several
weeks to convert to stable oxide form.
Since 1996 February, the N2 gas blanket has been used
during outages, and the samples showed an absence of
lepidocrocite in Units 3 and 4, and very little in Units 1

Figure 5. Fractions of magnetite in PHT filter deposits
recorded during various sampling sessions. The balance
of iron is made up of iron (III) oxides and oxyhydroxides.
It is to be noted that at present the steady-state composition of iron oxides in DNGS PHT crud is quite comparable to the secondary-side blowdown crud composition.
4.

Discussion of Results

Effects of Primary-Side Chemistry
An analysis of PHT crud transport at DNGS Units 1 to
4, North and South loops indicated that there may be a
correlation between the concentration of crud and the
pHa of heavy water [11]. An updated and more complete correlation is shown in Figure 6. The pHa values
in Figure 6 are in most cases reported as averaged values over a 4-week period prior to sampling; in cases
when pHa in this period varied more than 0.2 units
(mostly prior to 1994 and 1995 samplings), the average
values for 2 to 5 days before sampling were accepted.
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pHa to the 10.1 to 10.4 range. On the other hand, as suggested by Burrill [16], at low pH more crud may be deposited in core and irradiated, and hence operation at
low pH range may result in higher activity transport.
The filters that have been taken at this new pHa range (at
50% power) and will be soon analyzed.
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The continuous lines in Figure 6 indicate the solubility
of magnetite in lithiated H2O and D2O at 310°C, as a
function of pHa, which were calculated by E. Cheluget
using Sweeton and Baes thermodynamic data [12]. Although there is much scatter in the data, the experimental points support the trend predicted by solubility of
magnetite in lithiated water at 310°C. This is generally
in accord with the current model of dissolution, transport, and redeposition of iron in the primary heat transfer system of CANDU reactors offered by Burrill and
Cheluget [13,14],

Figure 7. Crud concentrations and fractions of Fe3O4 as
a function of dissolved deuterium. Crud mass was determined by weighing.

More systematic and accurate PHT water sampling is
required to validate preliminary findings discussed in
this paper. In particular, the accuracy of pHa measurements and crud mass determination has to be improved.
The presence of zirconium in crud, often up to 10 to 30
wt.%, should be measured in individual cases and subtracted from the total crud concentrations. Also, it has
Based on these observations, one may postulate that been observed that high variability in pHa prior to crud
lowering the pHa towards the lower end of current sampling has usually promoted crud transport. Finally,
DNGS specifications (10.3 to 10.7) would help to de- ion-exchange filters (behind particulate filters) should
crease the solubility of magnetite and thus lower crud also be used in addition to particulate filters to detergeneration and transport. This may help in alleviating mine the solubles/crud ratio.
the feeder thinning, RIHT, and activity transport. In
fact, in 1997 July, based the new PHT chemistry guide- The mechanism for formation of crud particles in PHT
lines issued by AECL [15], DNGS decreased the PHT system is not well understood. It is believed that iron is
removed from carbon steel components by general cor-
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rosion and flow-assisted corrosion (dissolution), especially in areas where water stream is unsaturated in iron,
such as outlet feeders. On lay-ups the general corrosion
probably increases considerably. During on-power operation, iron may reprecipitate in areas where it is oversaturated, particularly because of temperature drop, such
as outlets of SG pipes. Thus, the deposits on the filters
can contain particles formed in two different mechanisms: 1. the particles precipitated on system surfaces
and removed (spalled) by process streams, 2. the particles precipitated from Fe dissolved in water during migration (cooling) to filter. High temperature sampling
would help to distinguish between those two mechanisms.

observed after recent start-ups. This may be the main
reason that iron in corrosion products is recently less
oxidized than it has been in the past, prior to N2 blanketing (cf. Figure 5 for comparison).

en
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A better understanding of iron oxides dissolution and reprecipitation processes in PHT system is also needed in
the context of possible depleted zinc treatment. It was
shown in reference [17] that in simulated CANDU primary coolant Fe and Zn tend to co-precipitate on carbon
steel surface in the form of zinc ferrite (ZnFe2O4) particles. This process may require and consume large
quantities of isotopically depleted zinc.
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The relationship between oxidation state of Fe and concentration of dissolved O2 in PHT water is yet to be established. In general, reduction-oxidation of primaryside iron can be affected by:
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external sources of oxygen; and
oxygen from radiolysis.
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External Sources of Oxygen
The main heavy-water storage tank has a cover gas, but
condensate and makeup water can be air saturated (at
Bruce B and DNGS it is). Fueling machines (FM) can
introduce some oxygen from FM water (if it is oxygenated), because the storage tank for FM water in DNGS is
open to air. Further, heavy water from valves, sampling
lines, drains, etc., is usually collected in a tank (gravity
system), which is open to air.
Starting from the middle of 1996, a nitrogen blanket was
used during shutdowns, both in the main circuit and in
the condensate and bleed tanks. Although its main purpose is to purge D2, it also helps to keep the pHa high,
and, as it appears now, it facilitates establishing more
reducing conditions (more magnetite) in the PHT system.
Figure 8 shows a comparison of 41Ar in reactor inlet
water in DNGS Units 1 to 4. As seen, since introduction of N2 blanketing procedure much lower surges of
41
Ar (a product of airborne ^Ar activation) have been

YEAR

Figure 8. Activity of 4l Ar in reactor inlet water in DNGS
Units 1 to 4, as a function of time.
Oxygen from Radiolysis
Oxygen production from radiolysis can be affected by:
•
•

reactor power; and
steam quality.

Steam quality is probably the most significant. At present, the outlet steam quality is probably in the following
order: CANDU 6 > Darlington > Bruce-B > Bruce-A >
Pickering. Reactor age may play a role in determining
outlet steam quality, largely because of the tube creep.
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In reactors with boiling at the outlet of the channel,
deuterium is stripped into the vapor phase, leaving less
deuterium to suppress radiolysis. This is probably not a
caseofDNGS.

•

To prevent radiolysis and O2 productions, in DNGS,
deuterium is added at concentration of 3 to 10 cmVkg
D2O. The addition is stopped 1 to 2 weeks before
scheduled shutdowns and then the system is degassed.

•

There is little experience in crud analysis and iron speciation in other stations. A Gentilly-2 study showed
100% magnetite (in 3 specimens examined thus far)
[18]. Bruce B had orange (ferric) crud when operating at
100% (with boiling); since the reactor was derated,
cruds have been black (magnetite). The analysis of crud
filters from Bruce B is in progress.
5.

Conclusions and Recommendations

The objectives of this work were to develop procedures
for monitoring the corrosion product transport in the
primary side of CANDU reactors, and to gain an insight
into the composition of the transported crud. Such
measurements are much needed as there are few field
data.
Regular sampling of primary side water and analysis of
crud is important for proper maintenance of CANDU
reactors. The expected goals and benefits include:
•

•

above 5 ppb.of total Fe, remedial measures to ensure more reducing conditions should be considered.
Periodic monitoring of the oxidation state of corrosion products at steady-state is highly recommended. If magnetite levels are below 80% of total
Fe, remedial measures to ensure more reducing
conditions should be considered.
Presence of iron oxyhydroxides in the crud indicates air in-Ieakage's and should be minimized by
heavy-water system leak-proofing and nitrogen
blanketing.
Concentration of Zr in the crud higher than ~ 1 ppb
may indicate excessive wear of fuel bundle pads
and pressure tubes, and should be avoided.
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INFRARED THERMOGRAPHY
PROGRAM AT DARLINGTON NGD
Prepared By:

Spot Thermography Tool - Tool that is used to
determine the temperature of a spot using the emitted
infrared energy.

B. Speer
Production Support Dept.
Darlington NGD
Box 4000
Bowmanville, Ontario
L1C3Z8

Thermography - The use of an infrared imager to map
out a temperature profile over the surface of an
object.
Thermography Crew - A maintenance crew set up to
perform infrared scans.
3.

ABSTRACT
Infrared Thermography is a proven predictive
maintenance tool for improving equipment reliability
and reducing maintenance costs. It has been identified
as one of the maintenance technologies that could
contribute to the reduction of OHN forced
incapability factor.

The program implemented can be broken down into
preventive maintenance and troubleshooting.
For the preventive maintenance a technician receives
a list of equipment that require an infrared scan.
Typically this list will be less than one day's work.
The equipment is scanned and temperature data
recorded, any deviations from the normal are noted.
Once the work is completed (unless the deviation
requires immediate action) the technician performs an
analysis on any deviations to determine the source of
the problem and passes the information on to
engineering and maintenance.

At Darlington NGD a program has been established
by combining OHN and Nuclear Maintenance
Applications Center (NMAC) operating experience.
This presentation outlines the development and
implementation of this program. The main point are:
Roles and Responsibilities, Equipment Selection,
Software Requirements, Manpower Level, Inspection
Equipment, Training and a Cost / Benefit Review.
1.

OVERVIEW OF THE MAINTENANCE
PROGRAM

On the troubleshooting side a request is made to the
technician to resolve a problem. The image is taken
and analysis performed. Reporting is made directly
to the requester of the problem.

INTRODUCTION

An Infrared Thermography Program has been
established a Darlington NGD to: Improve personnel
safety, minimize forced outages, prevent catastrophic
failures by identifying equipment that is deteriorating
before it affects station operation.

While establishing the program outline above the
following key elements were considered:

This paper will outline the key elements that went
into establishing an effective program. The program
established follows guidelines in the NMAC "Infrared
Thermography Guide" (see Reference 1) and adds
station experience. The information presented is :
Responsibilities, equipment to be surveyed, conduct
of work and frequency of surveys.

1. Determining the program responsibilities
2. Determining equipment to be included in a
surveillance program
3. Establishing an qualified crew and purchasing
the appropriate equipment.
4. Developing an effective data storage and
reporting system
5. Establishing a system to monitor the program's
effectiveness

2.

Each of these topics will be discussed below.

DEFINITIONS

Infrared Imager - A tool capable of displaying an
infrared map of an object. This device is commonly
known as an infrared camera.
PMEP (Preventative Maintenance Enhancement
Program) - A maintenance program based on
reliability centred maintenance principles to
determine which equipment should be included in
preventative maintenance programs.

4.

PROGRAM ELEMENTS

4.1

RESPONSIBILITIES

The titles below are not the actual titles at Darlington.
They have been made generic to indicate the level of
responsibility.
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Infrared Thermography Program

Maintenance Coordinators (Mechanical and
I&C):

4.2.1

Information From RCM

It has become recognized that to be cost effective
preventive maintenance has to be performed on the
right equipment. One of the methods of establishing
priorities is applying the principles of Reliability
Centred Maintenance. To summarize this type of
program: Station equipment is analyzed to determine
what the effect of a component failure is on safety
and production. In the simplest terms only equipment
that have an impact above certain threshold will have
PM performed. RCM is detailed in many other
reports therefore it will not be discussed any further.

Responsible for ensuring the Thermography Crew is
staffed and equipped to a level that allows it to
perform its duties.
Maintenance Engineer:
Responsible for: Supporting the equipment selection
process, interfacing with outside organizations,
providing technical/troubleshooting support as
required, and supporting the purchase of infrared
equipment.

Any equipment that is identified as critical by the
RCM Group will have infrared thermography
performed (where applicable). As the RCM program
progresses, this information will be passed on to the
infrared crew for addition to their routines. This
covers both electrical and mechanical equipment.
The information from the RCM program will be
entered into the routines developed for the
Mechanical and Electrical Equipment (listed below).
This will be an ongoing process until the RCM
review for the station is complete.

First Line Supervisor:
Responsible for supervision of the IR crew. This
includes review and setting of priority of work
requests and scheduling the routine work load.
Thermographers:
Responsible for the actual infrared scans required by
the program. This includes analysis and reporting of
results as directed by the program. Responsible for
determining which equipment will be surveyed as
outlined in Section 4.2. This includes selecting,
checking and adding to database.

4.2.2

Discussions With System Engineers

There are several areas where System Engineers
(and/or Thermographers and other Maintenance
Staff) have identified the need for IR scans on
equipment. Some of the areas are: Generator, TRF,
Standby Generator expansion joints and Fuel
Handling. The process for adding this equipment to
the IR program is:

RCM Coordinator:
Responsible for passing on RCM requirements to
Thermography Crew.
System Responsible Engineers (SREs):

1. Meet with the System Engineer to discuss the
equipment required and to determine if an
IR scan is possible. Have the System Engineer
justify the need for IR scans. The need must
follow the intent of the RCM process (prevent
shutdowns and equipment damage or economic
gains). Have the System Engineer prepare a list
of equipment (with location).

Responsible to act as required to the reports issued by
the Thermography Crew. They will also provide
technical support to RCM in identifying critical
equipment.
4.2

EQUIPMENT SELECTION

This section identifies the equipment that will be
monitored under the infrared thermography
preventative maintenance program. In general, a
'piece of equipment' is identified as having UnitSystem Code-Device Code. For the purposes of
thermography, this has also added 'component' since
some devices have more than one area to be
surveyed. Listed below are the criteria that will be
used. All four methods are being incorporated.

2.

Prepare a routine as detailed in 4.2.3 and 4.2.4.

4.2.3

Mechanical Equipment

Since determining the temperature using the infrared
imager is not time consuming the number of
components that can be scanned in a day is high.
This means that the exact analysis derived from RCM
need not be applied. Important systems are scanned
but the individual components may not be highly
rated by the RCM system.
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cells and 600 V feeder breakers will be examined.
The individual MCC Cells to be examined will be
identified by:

The determination of which pieces of mechanical
equipment are to be scanned is as follows:
1.

2.

Obtain a list from the RCM group that details the
most critical systems in the station.
Examine the operational flowsheets for the RCM
identified systems and determine which
equipment can benefit from an IR inspection.
Typically this will be rotating equipment and
valves (that could be passing). The list is cross
referenced with equipment lists already identified
by RCM (to ensure nothing was missed).

3.

Prepare a routine of equipment based on the
system and a useable route.

4.

Perform a trial inspection of the routine. This
determines if the IR inspection will produce
useable results and determines the approximate
time for the routine. During the trial the
technician would add equipment that did not
belong to the system but was nearby and an
infrared image easily obtained. In this manner
the route becomes the most efficient use of time

4.2.4

2.

A trial inspection of the routine is performed.
This determines if the IR inspection could
produce useable results and determines the
approximate time for the routine. During the
trial the technician would add equipment that did
not belong to the system but was nearby and an
infrared image easily obtained. In this manner
the route becomes the most efficient use of time.

Test Frequencies

Electrical: Once per year based on experience at
BNPD, or as requested by SRE.
Mechanical: In general, once every three months, or
as suggested by SRE.

Equipment identified that can be inspected is
added to the electrical routine for that system.
Presently 4 and 13 kV breakers cannot be
inspected as they are explosion proof and the
cabinets cannot be opened on power.

4.

Having the balance of the loads reviewed by the
IR crew and the Maintenance Engineer determine
if the load is important enough to be scanned.
This will be a crude criticality assessment but it
is felt that it will be cost effective.

The test frequencies for the inspections were
determine as follows:

The Electrical Systems Group in Engineering
identifies the electrical distribution equipment
that should be examined.

A routine of equipment based on the system is
prepared.

2.

4.2.5

Electrical Equipment

3.

Examining any MCC cell or 600 V feeder
breaker that appeared as critical on the RCM list.

A separate area of work is the inverters/rectifiers for
the Class I/II systems. It has been decided that
thermography will be performed approximately one
month before the annual maintenance is performed.
After the maintenance is performed, a follow-up scan
will be performed.

The determination of which pieces of electrical
equipment are to be scanned is as follows:
1.

1.

4.3

EQUIPMENT, QUALIFICATION AND
CREW COMPLEMENT

4.3.1

Equipment

The minimum to start a program is the use of an
infrared imager that has the capability of storing
images on disk. The latest generation of imagers
have focal plane array detectors. While this is a
better technology and is recommended, the program
can operate with the older scanning models.
4.3.2

Qualification

The American Society of Non-destructive Testing
(ASNT) has added thermography as a program they
accredit. It is recommended that all thermographers
achieve Level I within the first year of joining the
program. Level II or other advanced study (eg,
Electrical Applications) is recommended for at least
50% of the crew within the first three years.

The information above is for electrical distribution
systems. This system supplies power to individual
MCC's. It has been decided that not all the MCC
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The ASNT accreditation is required in order to
control thermographers offering their service to the
public. Since the Thermography Program at
Darlington is not a service to the public, the
qualification should not be viewed as mandatory;
rather, by using the ASNT levels, the station can be
assured of receiving quality training.

some enhancements required in order for this
program to meet the minimum needs of the program..

4.3.3

•

It seems best to illustrate the program by going
through the steps required of a routine:
•

Crew Complement

•

It is recommended that a Thermography Crew for a
four unit station with the equipment to be scanned
identified be, at a minimum, composed of the
following:

•

Two I&C Technicians: To run the electrical
equipment side of the program and provide insight
regarding the results from the scans on electrical
equipment. Two technicians are required in order to
have a safety person when performing scans on
HV equipment (opening panels).

•

•

Two Mechanical Maintainers: To run the mechanical
equipment side of the program and provide insight
regarding the results from the scans on mechanical
equipment

•

On the LAN a routine is requested based on the
preventive maintenance schedule.
This routine is downloaded into a laptop
computer.
The computer is taken out into the field along
with the infrared imager.
The routine in the program identifies the piece of
equipment (and the specific component on the
equipment) where the temperature is to be
determined.
The Thermographers determines the temperature
and determines if action is required. This
determination is from a comparison to previous
readings and experience.
The new reading is entered into the database and
the Thermographer moves onto the next
component.
Once the routine is complete the data is uploaded
from the laptop back into the LAN.

4.4.3
4.4

The reporting of thermography results will depend on
the type of work being performed routine or request.

There are two areas that software is required to run a
good program.
4.4.1

4.4.3.1

Routine

The results will be entered into the thermography
database for each component examined in the routine.
If an anomaly appears, the Thermography Crew will:

Analysis Software

The first is software to analyze the IR images
obtained from the IR camera. This software is
purchased from the suppliers of the cameras. The
main requirement is the capability to easiiy produce
quality reports. All suppliers of infrared imagers
now offer analysis programs.
4.4.2

Reporting

SOFTWARE AND REPORTING

1.

Initiate a work request either to a trades group to
repair the problem or to the technical group to
determine a course of action.

2.

Issue a Thermography Report to the SRE. A
copy of the report is filed in the Thermography
Office.

3.

Issue a second work request if a postmaintenance scan is required and/or determine
the nature of the problem for future reference.

4.

For issues where root cause is not determined by
Thermography Crew any work reports to the
work requests that have root cause information
are to be printed and filed with the report.

Database

The second software requirement is a database
capable of listing the routines generated. This
database will record IR data and be capable of
trending the results. Experience at Darlington has
shown that with the large number of equipment
entered into routines and the large amount of data
collected from these routines a database is required.
With the start of the Thermography Program in 1995
work began on developing a LAN based database that
met the requirements of this program. There are still
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4.4.3.2
1.

2.

4.5

been encouraging with both electrical and mechanical
faults detected and corrected.

Requests

Enter a work report against the requesting work
request detailing the results of the scan
requested.

6.

1. Infrared Thermography Guide EPR1 Report NP6973.
2. Darlington Procedure "Thermography Program"
NK38-PROC-60051-001

Issue a second work request as detailed above if
follow-up work is required.

TRENDING

Once a year, the Maintenance Engineer will initiate
an action that reviews the routine results for the past
year. This will attempt to identify components on the
program lists that had: Failures that should have been
detected by thermography but were not, or failures
that were undetected by an inspection.
For these components, the frequency will change to
suit the findings or they will be dropped from the
program.
The Maintenance Engineer will also implement a
yearly cost/benefit analysis of the maintenance
program. This will consist of reviewing the
thermography reports that were issued for the for a
year. A estimate will be made of the potential savings
from detecting the fault based on the probability of
failure x consequence of failure. The total benefit
will be compared to the cost of the program (labour
and equipment).
Experience at other sites which have implemented
Infrared programs shows that in the first year or two
numerous faults are found, especially in electrical
equipment. However, when the first pass has been
completed the number of faults drops dramatically.
Darlington has not determined how to address this
known problem.

5.

REFERENCES

SUMMARY

The information above outlines the program that is in
place at Darlington NGD. It is hoped that the
information can be used by others hoping to
established their own Infrared Thermography
Maintenance Program.
The program at Darlington is still in its infancy
therefore the cost/ benefit and routine review have not
been completed yet. They will be done after the first
full year of the program. The results to date have

257

Fourth CNS International Conference on CANDU Maintenance
November 1997, Toronto, Canada

UPGRADING INFLATABLE DOOR SEALS
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T.M Sykes, R. Metcalfe and L.A. Welch
Atomic Energy of Canada Limited
Chalk River Laboratories

SUMMARY
Inflatable door seals are used for airlocks allowing personnel and fuel to enter the reactor vault in
CANDU® stations. They were a significant source of unreliability and maintenance cost when the
CANDU Owners Group (COG) approved a program to upgrade them in 1993. The target was for
improved performance and reliability, to be backed by environmental qualification testing to show that
the doors would still seal during a loss of coolant and main steam line break, even after many years of
use.
Only commercial products and suppliers existed in 1993. For historical reasons, these "existing
products" did not use the most durable material then available. In hindsight, neither had they been
adapted or optimized to combat conditions often experienced in the plants—sagging doors, damaged
sealing surfaces, and many thousands of openings and closings per year.
Initial attempts to involve the two existing suppliers in efforts to upgrade these seals were unsuccessful.
Another suitable supplier had therefore to be found, and a "new," COG-owned seal developed; this was
completed in 1997. This paper summarizes its testing, along with that of the two existing products.
Resistance to aging has been improved significantly. Testing has shown that an accident can be safely
withstood after 10 years of service or 40,000 openings-closings, whichever comes first.
AECL's Fluid Sealing Technology Unit (FSTU) has invested in the special moulds, test fixtures and
other necessary tooling and documentation required to begin commercial manufacture of this new quiaity
product. Accordingly, as with FSTU's other nuclear products such as pump seals, the long-term supply
of door seals to CANDU plants is now protected from many external uncertainties—e.g., commercial
products being discontinued, materials being changed, companies going out of business. Manufacturing
to AECL's detailed specifications is being subcontracted to the new supplier. FSTU is performing the
quality surveillance, inspection, testing, and customer service activities concomitant with direct
responsibility for supply to the plants.

Submitted for presentation at the CANDU Maintenance Conference, Canadian
Nuclear Society, Toronto, 1997'November 16-18
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RTD PROBLEMS AT DARLINGTON
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Abstract
Resistance Temperature Detectors (RTDs) and their measurement circuit components have been a significant
maintenance item at Darlington. Analysis of the problems has shown that RTDs and electrical penetrations (EPs)
have been the largest sources of faults. A failure mechanism in which the RTD electrical resistance shifts upward
was identified as a major source of RTD failures, which prompted a detailed failure investigation by Ontario Hydro
Technologies (OHT). The investigation concluded that the root cause failure mechanism is chlorine contamination
of the platinum wire during manufacture which resulted in surface damage to the wire and flaking of the wire
surface during operation. Electrical penetrations in Darlington are of a pre-built modular design with two crimps
internal to the EP. Spurious resistance in poor quality crimps in the EPs lead to errors in resistance measurement.
The problem led to a complex and costly job to insert new modules in existing spare EPs.
1. Introduction
A Resistance Temperature Detector (RTD) is a
temperature measuring device that consists of a thin
(0.001" diameter) platinum wire with its length
manufactured to have a precise electrical resistance
(Figure 1 showing schematic of rtd). As the
temperature of the platinum wire changes, its
resistance responds in a predictable manner.

Other elements in the RTD measurement circuit are
shown in Figure 2. An RTD is connected to a cable
that runs to an electrical penetration (EP) where the
cable is spliced to wires going through the EP. The
EP wires are spliced again outside the EP to a cable
that runs to the electrical measurement circuit that
transforms the resistance into a voltage. CTM RTDs
are measured using a resistor bridge. The voltage
goes into an analog input (AI) card and from there
into both the Digital Control Computers (DCCs).
CPM RTDs go into a differential amplifier for
transformation to a voltage. From there, the voltage
signal goes to two separate AIs in the control room,
one for each DCC

In each unit at Darlington, there are 480 RTDs in the
Channel Temperature Monitoring (CTM) System
(one for each fuel channel), and 188 RTDs in the
Channel Power Measurement (CPM) System for a
total of 668 RTDs per unit. CTM RTDs are placed in
outlet feeders and used to confirm flow in each
channel while CPM RTDs are used to measure the
temperature increase across a fuel channel as a part of
thermal power measurement.
CPM RTDs are
connected at the inlet and outlet feeders of a fuel
channel.

Problems can occur in any of the circuit elements and
the key to solving problems is troubleshooting. A
consistent troubleshooting procedure has been
developed at Darlington that diagnoses and resolves
the source of problems.

Lead wires running from the platinum wire to
measurement electronics have resistance that, if not
accounted for, can severely affect the accuracy of the
measurement.
In order to compensate for the
resistance of the lead wires, a third wire is soldered to
one end of the platinum wire (Figure 1 A). Then the
lead-wire resistance can be measured (resistance
between the two wires on the same end of the
platinum wire, A and B) and subtracted from the
measured resistance (B to C) to give the true platinum
wire resistance.

A review of all the problems encountered to date in
Darlington has shown that RTDs, EPs, and
connectors are the main sources of our RTD
problems.
RTDs have been a significant maintenance item at
Darlington. The technical specification for the RTDs
specifies a failure rate less than 5 x 10'3 failures/year,
or about 3 failures per year per unit. However, for
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example, during the station outage in 1997, 59 RTDs
were replaced and in a poison outage on unit 3 early
in 1997, another 24 RTDs were replaced.

Until a systematic troubleshooting procedure was put
in place, problems with the EPs were very difficult to
resolve. The standard practice was to replace
components until the problem went away. Also, EPs
were not recognized as a potential source of
problems. Now, opening the splices on each side of
the poenetration and measuring the resistance of wires
across the penetration is the final step in
troubleshooting.

Another significant problem is electrical penetrations.
Darlington uses a pre-built style of EP that has two
crimps inside the penetration. We believe, based on
outside findings[l], that the crimps have degraded
and led to increased resistance in some circuits that,
though small, has a serious impact on the RTD loop
accuracy. This problem has so far been found in units
1,2, and 3, with most of the problems in a specific
module in unit 2. Three new penetration modules
were installed in unit 2 during the 1997 station
outage.

3. RTD Failures
While the normal failure mechanisms for RTDs are
open or short circuits, a different type of failure
mechanism in which the rtd reads high (3 °C or more)
has caused most of the failures in Darlington.
According to work management system, in the history
of Darlington, 253 RTDs have been replaced, of
which 109 have been suffering from this type of
failure (others have been replaced as part of the
"replace and see if it fixed the problem" school of
troubleshooting).

RTD connectors have also been a problem and 6
connectors were replaced during the last outage. The
next area to get attention after RTDs and EPs will be
connectors.
In this report, the particular type of RTD failure
causing the large failure rates and the EP replacement
program will be discussed. To begin, however, it is
important to understand the troubleshooting process.

Typically, the fault is detected in one of the following
ways:

2. Troubleshooting

1. An RTD is reading higher than the saturation
temperature (boiling point at the heat transport
loop pressure), or
2. An RTD is causing spread alarms (an RTD reads
higher or lower than surrounding RTDs), or
3. An RTD is reading high during zero-power hot
biasing.

Our first step in troubleshooting is to measure the
resistances across the different pairs of RTD wires
from the control distribution frame (CDF). (Refer to
Figure 1) A form has been developed for control
maintenance techs to record resistance measurements
between all legs of the RTDs. If the resistance across
the RTD ( A to C, B to C) are not equal (within 0.2
ohms), we know there is a problem with wiring,
although this may be in the RTD itself, the connector,
splices, or the penetration. If the measurements are
equal, we can determine the temperature by reference
to a chart of RTD resistances versus temperature. If
the temperature reading does not agree (within some
uncertainty) with the computer reading, then a
problem with the electrical measurement card or AI
card is suspected.

We can now easily spot this type of failure during online troubleshooting. If the RTD is reading high and
two resistance measurements (A to C and B to C) are
equal and agree with the computer reading, then we
immediately suspect an RTD "calibration shift"
problem.
Calibration checks of these RTDs have shown that
there is an increased resistance throughout the whole
range of operation, though the increased resistance is
not constant over the whole range.

If the problem is in wiring, further troubleshooting
must wait until an outage. Connections in the circuit
are opened and measurements are taken looking both
ways from the connection. For example, the first step
is to disconnect the rtd and measure across its leads.
Also, the connector is shorted and measurements are
taken from the CDF of the wire resistances. In this
almost binary troubleshooting process, the source of
the problem is tracked down with certainty.

An overwhelming number of the failures have
occurred in unit 3 and in a distinct serial number
range, corresponding in general to a time of
production of the RTDs.
Another clue is that only RTDs on outlet feeders have
failed in this way. Temperature is the major
difference between the inlet feeders and outlet feeders
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environment; therefore, temperature is thought to play
a significant role in the failure. An industry study on
aging reported that RTDs in continuous operation at
320 °C for 18 months drifted to levels comparable to
those in Darlington [2].

The electrical penetrations used in Darlington are prebuilt by Imaging and Sensing Technology
Corporation (1ST), a Westinghouse company. A
drawing of a penetration is shown in Figure 5. The
penetration structure is a carbon steel cylinder with
end plates containing seven holes for modules (only
three shown in cross-section). On the outside of the
vault, the penetration nozzle is welded on in-situ.
Internally, a structure of tubes supports the cables as
they cross the containment wall.

Because of the large numbers of this type of failure,
Darlington decided to sponsor a failure investigation
of these RTDs. Ontario Hydro Technologies was
contracted to do the failure analysis [3]. (The
manufacturer was also sent a sample of failed RTDs
to examine.)

A module consists of a bundle of wires that are
crimped onto a single-strand conductor to pass
through the containment barrier. There are two
crimps on each cable internal to the module - one on
each end of the single-strand conductor (see Figure
6).

OHT took some scanning electron microscope
pictures of the platinum wire of the RTD elements.
(Refer to Figures 3 and 4 - pictures of unfailed and
failed RTDs) The normal, unfailed RTDs have
platinum wire with a smooth surface (Figure 3). The
failed RTDs have platinum wires with a damaged
surface that shows flakes peeling off the surface
(Figure 4). The increased resistance of these damaged
wires is thought to come from the loss of crosssection caused by the flaking.

Darlington has found that some crimps have degraded
and a series resistance has built up (even as small a
resistance as 0.1 ohms can affect the RTD
measurement). The particular mechanism that causes
the series resistance is thought to be incomplete
crimping [1].

What would cause this kind of damage to the RTD
surface? Initially, oxidation was suspected, but a
literature search revealed no evidence for oxidation at
the conditions to which the RTDs are exposed. The
current theory is that chlorine present on the surface
of the platinum wire during manufacturing could have
caused damage to the platinum surface. During
operation, thermal stresses cause flakes to peel off the
surface and reduce the effective current-carrying
diameter of the wire. Only a 1% reduction in
diameter is required to cause the resistance to
increase to the extent observed. The process may
take years of operation before an RTD resistance
increase is noticed. (Note: we don't really know
whether the problems show up suddenly or only
gradually. Bias measurements of RTDs during low
power hot conditions are the only way to really tell
and they are not done very often.)

The electrical penetrations for the RTD circuits have
a small number of installed spares. In the past, when
a problem was detected with the penetration wires,
the RTD wires inside the vault could be spliced onto
a spare set of cables. During the 1996 outage in unit
2, spare cables were tested and it was found that many
of them had developed resistance and were unusable.
In order to put three CPM RTDs back into service on
unit 2, more spares were required.

A meeting was to take place between the
manufacturer, OHT, and Darlington NGS to discuss
the findings but results were unavailable at the time of
publishing.

There were existing blank electrical penetrations
installed directly over the electrical penetrations for
the RTD circuits. See Figure 7 for the layout of the
penetration inside the vault.
These electrical
penetrations had structure, but no modules. It was
decided that new modules, built to a new
specification that increased the quality requirements
on the crimps, would be installed in the spare
penetrations. New crimp technology is used, but the
most important change is that the quality assurance of
the modules is increased.

4. Penetrations

5. Penetration Installation Issues

Electrical penetrations are used to carry electrical
signals from inside the reactor vault to the outside
world while still providing the required containment
barrier.

There were many issues to be overcome in installing
the penetrations. These included:
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1) maintaining or compromising the containment
boundary during installation of the new
modules
2) getting the required sand out of and back into
the penetrations
3) did the internal support structure exist in the
penetrations?
4) how many modules should be installed and
where? (there were two spare electrical
penetrations to choose from)

EP 2260 (above 2263). The modules would be
installed at the bottom of the electrical penetration
and sand would be used to support the cables. See
Figure 9 showing the inside of EP 2262 with one
module installed and cables supported by sand.
Installation also included the following tasks:
1) installation of new cables between the outside
of the electrical penetration and the CDF,
2) installation of supports inside the vault to
support the weight of the pigtails, and
3) installation of additional cable pans for the
extra cables

These issues will be discussed in the following
paragraphs.
Originally, the plan was to use a custom flask to
maintain the containment boundary; however, the
flask could not be used because cable trays blocked
its access to the penetrations. Since the flask could
not be used, opening the required hole in containment
forced us to declare the Negative Pressure
Containment System (NPCS) out-of-service, which
was allowed partly because all four units were in
Guaranteed Shutdown State (GSS) during the
installation. Modules were inserted from outside the
vault end and pulled through the penetration from
inside the vault. See Figure 8 showing a module
being pulled through. There was a lot of pre-planning
and prerequisites prior to declaring NPCS out-ofservice and backout plans were put in place to handle
ail possible scenarios. In the future, if a module has
to be installed, a special, flexible flask that takes
advantage of the cabling that makes up most of the
length of the modules would be required. Then the
penetration can be opened inside the vault and the
module pulled through without compromising
containment.

Thanks to the hard work and cooperation of all the
work groups involved, the installation was
successfully completed and three sets of wires are in
use for CPM deltaT measurement.
6. Conclusions
Systematic troubleshooting methods helped us find
and resolve RTD faults and allowed us to target our
efforts on the most significant sources of trouble.
RTD calibration shifts are real and traceable to a
physical effect on the RTDs. The root cause of the
shifts is contamination of the platinum wire or other
sensor components during manufacture with chlorine,
carbon and oxygen-containing compounds.
Electrical penetrations with poor quality crimps have
caused problems on three units. Spare modules built
to a new specification were successfully installed
during the recent station outage.
7. References:

The sand used inside the modules for fill and
radiation protection is a special dense, dry sand from
Russia that pours easily and fills gaps. Replacement
sand is difficult to procure, so any sand removed from
the penetration had to be kept for replacement after
the modules were installed. Sand was removed from
inside the vault and had to be transported to another
level for storage because of the great weight of sand.
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Figure 3. Scanning Electron Microscope Picture of Platinum Wire
Surface from Unshifted RTD

Figure 4. Scanning Electron Microscope Picture of Platinum Wire
Surface from Shifted RTD.
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Figure 5. Electrical Penetration Diagram
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Figure 6. Schematic Illustration of Penetration Construction
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Figure 7. Electrical Penetration Layout Inside the Vault

Figure 8. Module Being Pulled Through Electrical Penetration 2260 From Inside the Vault
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Figure 9. Inside of Electrical Penetration 2262 Showing One Module
and Supporting Sand
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SHIELDING AND FILTERING TECHNIQUES TO PROTECT SENSITIVE
INSTRUMENTATION FROM ELECTROMAGNETIC INTERFERENCE CAUSED BY ARC
WELDING
W. Kalechstein

CA0000042
AECL, Chalk River Laboratories, Chalk River, Ontario, Canada KOJ 1J0
discussed may be applied in the construction of
temporary shielding enclosures for arc welding to
reduce concern over possible EMI to nearby I&C
equipment. The work complements previous
investigations that are summarized below.

ABSTRACT
Electromagnetic interference (EMI) caused by arc
welding is a concern for sensitive CANDU®
instrumentation and control equipment, especially
start-up instrumentation (SUI) and ion chamber
instruments used to measure neutron flux at low
power. Measurements of the effectiveness of simple
shielding and filtering techniques that may be applied
to limit arc welding electromagnetic emissions below
the interference threshold are described. Shielding
configurations investigated include an arrangement in
which the welding power supply, torch (electrode
holder), interconnecting cables and welder operator
were housed in a single enclosure and a more practical
configuration of separate shields for the power supply,
cables and operator with torch. The two configurations were found to provide 30 dB and 26 dB
attenuation, respectively, for arc welder electric-field
emissions and were successful in preventing EMI in
SUI set up just outside the shielding enclosures.
Practical improvements that may be incorporated in
the shielding arrangement to facilitate quick setup in
the field in a variety of application environments,
while maintaining adequate EMI protection, are
discussed.

A literature search and discussions with personnel at
nuclear power plants and with EMI consultants in
Canada and the US has shown that arc-welding EMI
in instrumentation is a common problem.
Administrative controls are widely used to avoid arc
welding near potentially sensitive equipment [1]. At
some plants, the use of high-frequency (HI7)
stabilization is prohibited for arc welding near
sensitive equipment.
Guidelines on electromagnetic compatibility (EMC)
recently published by the Electric Power Research
Institute (EPRI) advise that arc welding be avoided in
rooms containing in-service EMI-sensitive safety
equipment, but may be permitted, provided the arc
welding equipment is contained in shielded enclosures
[2, 3]. However, the authors were not able to identify
any implementation guidelines for shielded
enclosures, nor any plants that have applied shielding
to arc welding operations.
An experimental investigation of EMI effects in SUI
operating in proximity to an industrial arc welder of a
type used at some CANDU stations was performed.
The investigation showed a low level of disturbance
that has little effect on the SUI output when the arc
welder is operated in direct current (DC) mode without
HF stabilization [1].

INTRODUCTION
Electromagnetic interference (EMI) caused by arc
welding is a concern for sensitive CANDU
instrumentation and control (I&C) equipment. Arc
welding has caused interference with startup
instrumentation (SUI) and normal ion-chamber-based
neutronic instrumentation on a number of occasions.
Although the problem is most severe when the reactor
is at low power and the flux signal is very small,
there is concern about possible EMI effects whenever
arc welding near sensitive equipment is considered.
This often results in restrictions on or deferral of
maintenance work involving arc welding.

Measurements of arc welder electric and magnetic field
emissions showed strong emissions in the frequency
range 0.25 to 10 MHz for welder operation in
alternating current (AC) mode, with or without HF
stabilization, and DC mode with HF stabilization.
Strong emissions were found whenever HF
stabilization was selected, even in the absence of a
welding arc, indicating that significant emissions
originate in the welding power supply. In contrast,
welder operation in DC mode with HF stabilization
disabled was found to cause peak electric and magnetic

This paper describes simple shielding and filtering
techniques to mitigate electromagnetic emissions
from arc welding and measurements of the
effectiveness of these techniques. The techniques

AECL-11872, COG-97-430-I.
CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
268

field emissions that are more than 100 times lower
and are not far above the ambient level [4].

rolled steel sheet, steel screen (expanded metal),
aluminum foil and EMI tape.

A number of recommendations were made to help
avoid EMI caused by arc welding, including avoiding
the use of AC welding and HF stabilization [1].
However, as the above are necessary for certain welds,
and use of HF stabilization allows superior welds to
be made, the above restrictions sometimes present
problems for maintenance operations and are not a
fully satisfactory solution to the problem.

As shielding structures and sensitive equipment are
typically located in the near field of strong arc-welder
emissions, the attenuation of electric and magnetic
fields needs to be evaluated separately. The shielding
effectiveness of aluminum and steel sheet of practical
thickness is expected to exceed 145 dB for both
electric and magnetic fields, while aluminum foil is
expected to provide minimum shielding effectiveness
of 120 dB for electric fields and 55 dB for magnetic
fields, in the frequency range of interest [5].

SHIELDING ENCLOSURES FOR ARC
WELDERS

The shielding effectiveness for screen material is
expected to be somewhat lower than for solid sheet.
Nevertheless, shielding effectiveness of a practical
shielding enclosure made of any of the above
materials, including screen, is expected to be limited
by radiation from conducted emissions and leakage
through apertures.

Requirements
The requirements for a shielding enclosure for arc
welding are as follows:
must provide adequate electric-field and magneticfield shielding,
must provide for penetrations of the shield by
electrically-conductive structures such as the
power line and work piece, without overly
. compromising shielding effectiveness,
must allow the welder operator easy access to the
work piece, admit light and provide for ventilation of gases evolved in welding,
must be easily constructed, using materials that
are easily brought to the site, and
must be grounded.

Control of Conducted Emissions
The test shielding enclosure constructed for the
welding power supply was penetrated by a 600 VAC,
single-phase power line and by the pipe being welded.
A power-line filter was installed in the power line
near the entrance to the shielding enclosure to
minimize high-frequency conducted emissions from
the shielding enclosure. Such emissions give rise to
electric and magnetic fields that reduce the
effectiveness of the shielding enclosure.

Based on previous work, it is concluded that the
required shielding effectiveness (ratio of field strength
in the absence of the shield to that in the presence of
the shield) is no more than about 60 dB for electric
fields and 40 dB for magnetic fields, and may be much
less.

The power-line filter selected for the application was a
7t-type, low-pass filter. The nominal insertion loss of
the filter was at least 50 dB in the frequency range
0.25 to 10 MHz. The filter case and ground terminals
were bonded to the input AC power ground, the
welder ground and the shielding enclosure.

The shielding effectiveness of a shielding enclosure is
determined by the following factors:

Conducted emissions from the shielding enclosures
via the pipe being welded were minimized by (i)
securely clamping the welder ground electrode cable to
the pipe inside the shielding enclosure, (ii)
circumferentially bonding the pipe to the shielding
enclosure at each penetration, and (iii) bonding the
welder ground and shielding enclosure. This provides
low-impedance return paths for welding current
through the welder ground cable and shielding
enclosure, and minimizes stray currents conducted
along the pipe outside the shielding enclosure.

intrinsic shielding effectiveness of the shielding
materials used,
electric and magnetic field emissions from highfrequency currents conducted along the AC power
line, pipes or other metal structures penetrating
the shielding enclosure, and
leakage through seams, holes and other apertures
in the shield.

Shielding Materials
Test shielding enclosures were constructed of hot-
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Bonding of Shielding Panels

-

To avoid high leakage through gaps between shielding
panels, the maximum dimension of any holes in the
shielding and gaps between shielding panels must be
small compared with a quarter wavelength. For
effective shielding, various sources recommend
limiting maximum dimensions of holes and gaps to
values from 0.02 to 0.1 of a wavelength. As significant arc welder emissions are limited to frequencies
below 10 MHz, even the more stringent criterion is
easily satisfied as it requires that the maximum
dimension of holes and gaps be held to 0.6 m.

-

The floor of SE1 was made from two sheets of hotrolled steel sheet tack welded at several points. The
sides of SE1 were made using existing structures used
to partition welding work areas. These structures
consisted of hinged sections made of steel sheet
welded to a tubular steel frame supported on casters.
One partition formed the front, left side and half the
rear wall of SE1 and another partition formed the
other half of the rear wall and the right side. A gap in
the rear wall roughly 0.4 m by 1.2 m was covered
with aluminum foil. The foil was bonded to the steel
panels and pipe using EMI tape and a pipe clamp. A
roof of steel screen and a door of steel sheet were added
to complete the enclosure. Gaps in the shielding of a
few centimetres were left around the 7 casters and
long, narrow gaps, roughly 2 mm by 1 m, were left
between hinged sections of the enclosure.

Tack welds and EMI tape were used to bond shielding
panels in the 2 shielding enclosures constructed. The
EMI tape used is an embossed copper tape 0.035 mm
thick and 5 cm wide, having adhesive applied on the
high points. When applied to a conductive surface
and pressed down, the copper makes contact with the
conductive surface and gives a low-resistance
connection.

Description of the Shielding Enclosures
Two shielding enclosures were constructed. Shielding
Enclosure 1 (SE1) was constructed for investigation
of the shielding effectiveness that may be expected for
a shielding enclosure that is penetrated by a power
line and the pipe being welded, and includes gaps
between shielding panels consistent with quick
assembly. To ensure that emissions from all parts of
the welding apparatus are included in tests, SE1 was
made large enough to contain the arc welding power
supply, the power-line filter, the welding electrode and
ground cables, the work piece and the welder operator.

SE2 was constructed quickly of lightweight materials
using very few tools. The walls of SE2 were made of
two sheets of steel screen, each having a right angle
bend. The roof was made from another sheet of steel
screen. Loosely-rolled aluminum foil was placed
between adjacent panels to act as an EMI gasket. The
weight of the roof was used to compress the foil,
while the wall panels were held together with wire.
Aluminum foil was used for the floor and to cover the
access opening of the enclosure. A pipe penetrating
the walls of SE2 was set up to serve as the work
piece.

Shielding Enclosure 2 (SE2) was constructed for
subsequent investigation of a more practical
arrangement involving separate shielding for the
welding power supply, welding arc and welding
cables. In this arrangement, shielding for the above
items was provided by SE1, SE2 and an aluminum
foil wrapping, respectively.

Figure 2 shows the rear of SE1 at left and SE2 at
right. The following features may be seen in Figure
2:
-

the welder ground and electrode cables (and gas
line), wrapped in aluminum foil shielding,
entering the panel covering the SE2 access
opening from the left;
- the pipe serving as the work piece, and aluminum
foil stuffed in the gap between the pipe and SE2
wall to provide an electrical connection;
- a welder operator seated just behind the access
opening;
- the rod antenna, set up to measure electric-field
emissions from SE1 and SE2; and
the back of the low cabinet containing SUI

Figure 1 is a front view of SE1 showing the welding
power supply inside the open door. The following
additional features may be seen in Figure 1:
-

the power-line filter, located on the floor just
inside the door;
the welder foot control, which is moved inside
when welding inside SE1; and
the rod antenna (for measuring the electric field),
supported in a horizontal position above the
shielding enclosure on a cardboard box.

a pipe serving as the work piece, penetrating a
panel of aluminum foil at the rear of SE1;
the welder ground cable, clamped to a strut
supporting the screen roof of SE1 (The welder
ground cable is normally clamped to the work
piece near the weld site.);
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equipment, situated between SE1 and SE2.

Table 1: Equipment used in evaluation of shielding
enclosures

EVALUATION OF SHIELDING
ENCLOSURES

Equipment Description
•

Shielding enclosures for arc welding were constructed
and evaluated in the high bay area of the Bldg. 412
machine shop at the Chalk River Laboratories. The
effectiveness of the shielding enclosures was evaluated
by comparing measured electromagnetic emissions
caused by an arc welder, with and without shielding in
place.

•
•

Measurements of electric and magnetic fields were
performed using calibrated antennas and a spectrum
analyzer. The equipment used to generate and measure
arc-welding electromagnetic emissions is listed in
Table 1.

Industrial arc welder
(CANOX model C-33OA/B SP)
Spectrum analyzer, display unit & plotter

•

Rod and loop antennas, couplers, tripod and
output cable
Power supply (for loop and rod antenna couplers)

•

Current probe

protect SUI systems from EMI caused by arc-welding.
To investigate the effect of different shielding
materials and construction features, the electric field
was measured outside SE1 near four faces differing in
the above respects, while the arc welder was operated
inside SE1. No significant difference was found in
electric fields measured near the rear wall, which is
penetrated by the work piece, the left side, which is
made of steel sheet, the front, which has a door
(closed) of steel sheet, and the roof, which is made of
steel screen. Opening the door of SE1 caused the
electric field measured near the door to increase 3-fold,
but had no effect on the electric field measured at the
other locations. The above results show that adequate
performance can be achieved in shielding enclosures
made of screen materials and having walls that are
penetrated by conductive structures.

The electromagnetic field was generated by powering
the arc welder and selecting HF stabilization. It was
not necessary to strike a welding arc in order to
generate a strong broadband electromagnetic field.
However, an arc was struck for most tests. The
tungsten-inert-gas (TIG) welding process was used.
The welding power supply was set up for 70 A direct
current.
Arc welder electric and magnetic field emissions were
first measured in the frequency range 0.010-32 MHz,
with and without SE1 in place around the welding
power supply, welding cables, welding electrode and
work piece. Maximum emissions were found to
occur just above 1 MHz. Electric-field emissions
were 30 dB below emissions measured with no
shielding, but still nearly 20 dB above the ambient
level. In contrast, magnetic field emissions measured
with SE1 in place were only slightly above the
ambient level. Consequently, further investigations
included only electric-field measurements in the
frequency range 1-2 MHz.

In a further test, the welder return cable was removed
from the work piece and clamped at the roof strut, as
shown in Figure 1, thus forcing the welding current
to return via the enclosure wall. This did not affect
the shielding performance of SE1, suggesting that the
work piece may form one of the walls of a practical
shielding enclosure. Note, however, that it is
important the return cable is clamped inside the
shielding enclosure. It was confirmed that a shielding
enclosure becomes ineffective if the return cable
connection is made outside the shielding enclosure.

The effectiveness of the shielding enclosures was also
evaluated by monitoring for EMI in SUI under
various conditions. Excursions in the indicated count
rate were used as an indication of EMI in these tests.
The equipment used and its setup were very similar to
those described in reference 1. With the cabinet
containing SUI equipment located just outside SE1,
severe EMI was observed when the SUI detector and
detector cable were inserted into SE1 while HF
stabilization was on, but no EMI was observed when
the detector was withdrawn to a location just outside
SE1. The above result suggests that the shielding
effectiveness of 30 dB achieved for SE1 is adequate to

Subsequently, the welding power supply was left
inside SE1, but the welding cables and welding
electrode were removed, and welding was performed
outside SE1 without shielding the welding arc or
cables. Then, SE2 was constructed to enclose the
weld site and welder operator, and the welding cables
were wrapped in aluminum foil. Shielding
measurements were made at several stages, as
additional shielding was provided, ending with an
arrangement where shielding material fully enclosed
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all parts of the welding equipment (with the exception
of the work piece and ac power line). The findings in
the above tests were as follows:
-

-

-

CONCLUSIONS
Strong electromagnetic emissions are generated when
arc welding is performed using HF stabilization. It is
possible to avoid causing EMI in nearby sensitive
equipment by providing electromagnetic shielding for
the welding power supply, cables and welding arc, and
installing a low-pass filter at the AC power entry.
All the above measures are necessary to provide
confidence that EMI will not result.

There is no significant reduction in emissions
when welding is performed with unshielded cables
and no shield, or an incomplete shield, around the
arc, even if shielding is provided for the welding
power supply.
Shielding the welding power supply and cables,
and partial shielding of the welding arc (no floor in
SE2), results in roughly 16 dB reduction in
emissions.
Shielding the welding power supply in SE1, the
welding arc in SE2, and interconnecting cables in
aluminum foil results in a 26 dB reduction in
emissions.

Shielding enclosures for the welding power supply,
cables and welding arc were constructed and evaluated.
It was shown that shielding enclosures constructed
quickly, of easily available materials, and without
taking pains to eliminate all known leakage paths,
can be used to significantly reduce the risk of EMI in
sensitive equipment located near a prospective weld
site. The shielding effectiveness of the shielding
enclosure SE1 was measured to be at least 30 dB, and
the shielding effectiveness of the more realistic
arrangement, where SE1 was used to shield the
welding power supply, SE2 was used to shield the
weld site, and the welding cables were shielded using
aluminum foil, was measured to be 26 dB. The above
shielding enclosures were shown to be effective in
preventing EMI in SUI located close to operating arc
welding equipment.

The shielding effectiveness of SE2 and aluminum foil
covering the welding cable was not significantly
degraded in moving SE2 and rerouting the cables
around the other side of SE1, indicating that shielding
performance is not critically dependent on minor
details of shielding arrangement.
A low level of EMI was observed when the SUI
detector was shielded from direct emissions from the
welding power supply, but exposed to emissions from
the welder cables and the welding arc. This
observation is somewhat surprising, as electric field
measurements showed only a small shielding effect.

EMI tape was found very useful in bonding shielding
panels of aluminum foil and solid sheet. It was found
less useful in bonding expanded metal screen because
it is too stiff to conform well to the material.
However, adhesion to screening material that is
thinner and has larger openings may be more
satisfactory.

No EMI was observed in the SUI when arc welding
was performed nearby using HF stabilization, with
welding power supply emissions shielded by SE1,
welding arc emissions shielded by SE2, and welding
cable emissions shielded with aluminum foil.

The investigation provided a proof-of-principle
demonstration of shielding techniques to protect
sensitive electronic equipment from EMI caused by
arc welding. For field application, a reusable
shielding enclosure for the welding power supply can
be made much smaller and lighter than the enclosure
SE1 used in this investigation. The shielding
enclosure can be made of light screening and only
large enough to house the welding power supply and
power-line filter. Access openings or panels can be
provided for the welding power supply controls to
facilitate setup by an operator who remains outside
the shielding enclosure. An alternate, and possibly
more attractive, solution is to upgrade the shielding
performance of an existing welding power supply
cabinet, by improving the bonding of metal panels
and installing a power-line filter.

A current probe was used with the spectrum analyzer
to measure high-frequency conducted emissions on the
AC power line. Conducted emissions measured on
the supply side of the filter outside SE1 were higher
than expected on the basis of filter specifications and
emissions measured on the load side of the filter.
This may be because the filter was installed such that
a short length of AC power cable on the supply side
of the filter was exposed to the high-frequency
electromagnetic field inside SE1. To minimize
conducted emissions on the AC power line, it is
important that the filter is installed in the wall of the
shielding enclosure such that there is continuous
shielding between AC power cables connected at the
supply and load sides of the filter.
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Shielding for the welding cables can be improved
through the use of commercially-available cableshielding products (based on metal foil and/or braid
shields, combined with a fabric backing) that are
easier to apply than aluminum foil and are more
robust.

1672 for 1996/97.
The contribution of Ontario Hydro Darlington NGS,
particularly Fred Shady and Dennis Cosgrove, in
providing the receiving antennas and spectrum
analyzer used in the above investigation is gratefully
acknowledged.

It is anticipated that the shielding enclosure for the
weld site can be made much smaller than the
enclosure SE2 constructed for this investigation by
using an arrangement where the welder operator
remains-outside the shielding enclosure and
manipulates the work and torch through ports in the
enclosure. The shielding material is a flexible and
light mesh permitting adequate freedom of movement
and viewing of the work. Such an arrangement may
be no more difficult to use than a glove box for
welding under an argon atmosphere. Where welding
is performed on a fairly large structure, the structure
itself may form part of the shielding enclosure for the
weld site. A concept sketch for a light, portable
shielding enclosure for the weld site is provided in
Figure 3.
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Figure 1: Front view of Shielding Enclosure
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Figure 2: Shielding Enclosures 1 and 2.

Shielding material:
formable. transparent
screen

Access holes

Shielding for
welder cables

Additional openings for forming around
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Figure 3: Concept sketch for a light, portable shielding enclosure for the weld site.
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Abstract
Darlington Nuclear Generating Division's achievements in radiation dose performance can be attributed, in
part, to adherence to the ALARA principle. The station's ALARA program, which is an integral part of the
safety culture, derives its strength from a strong and unwavering commitment by the site Vice President.
This commitment is supported by performance standards and an accountability system which holds managers
and supervisors responsible for dose performance. A LAN-based hazard and dose information system with
site-wide accessibility was established to facilitate work planning and exposure control. The principle of
dose optimization is fully integrated into the work management process and includes work planning ,
progress monitoring and post-job review. An integrated performance assessment and reporting system also
provides timely feedback to management on dose performance.

An example of the ALARA program was the bleed condenser relieve valve replacement project. Pre-job
ALARA review meetings for the project were held with supervisory staff and technicians to discuss job
details and dose reduction measures. All work groups were required to prepare a detailed step by step task
safety analysis (TSA). The trades and engineering staff were requested to critique the TSA and suggest ways
of reducing dose. Over 30 practical ALARA suggestions were received and adopted for implementation.
Daily meetings were held to review job progress and the effectiveness exposure control. A post-job ALARA
review was held at the conclusion of each project to obtain feedback and lessons learned. All improvement
suggestions were review for implementation during subsequent installations. As a result of the ALARA
initiatives, significant dose savings were achieved. The normalized dose expenditure has been reduced from
9.6 rem for the first installation to 6.9 rem for the fourth and last installation.

The Darlington Nuclear Generating Station consists of four CANDU reactor units each
rated at 935 MWe. All four units were in commercial service by 1993. During the past
three years (1994 - 1996), the station operated with an average net capacity factor of
86.2%.
Between 1994 to 1996, Darlington's average collective dose was 25 rem/unit. This ranks
Darlington as the best of all CANDU reactors and puts it near the top among the best in
the world. The average individual dose during this time was 0.12 rem/year. In the past
three years, there were only 7 workers with annual doses exceeding 1.0 rem. With the
exception of one case involving an unplanned tritium exposure, all exposures over this
level were carefully evaluated by the line supervisors and the ALARA Co-ordinator
before approvals were sought from the responsible managers.
The station's achievements in dose reduction can be attributed to:
• robust design
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• high chemistry standards
• conservative fuel handling strategies
• ALARA controls
Darlington's ALARA program consists of four main components. The first and the most
important, is a strong and unwavering commitment by the upper management. This
commitment is supported by a set of dose targets benchmarked against the best in the
world and the inclusion of dose performance targets in supervisors and managers
performance contracts. The station's drive to establish a safety culture has created an
environment in which the ALARA approach is shared and assumed by every level of the
management chain, from the Site Vice President to the worker on the shop floor.
The second component of Darlington's ALARA program is the ready availability of
information tools for dose management and exposure control. The in-house information
systems consisting
of a dose management system (DMS), radiological hazard
information system (RHIS) and electronic exposure permit system (REP), are LAN-based
"Windows" applications. This ensures user friendliness and site-wide accessibility to all
station staff. The system's real-time dose and hazard tracking capability provides an
invaluable tool to planners, supervisors and workers in work planning and dose
management.
The third component of the ALARA program is the application of work management
techniques in the dose optimization process. The work planning process includes
techniques such as pre-job safety analysis, mock-up training, use of specialized tooling,
and post-job review. To ensure that all practical dose reduction measures have been
applied, all Zone 3 (which contains radioactive systems) work must be reviewed by
Radiation Control technicians and jobs with an estimated dose of 0.5 rem or higher must
be reviewed by the ALARA Co-ordinator. Reviews consist of discussions with
engineering staff, walk-downs at the job site, and pre-job planning meetings with work
groups involved in job execution. As part of the review process, the ALARA Coordinator may refer the case to the site Central Safety Management Committee (CSMC),
an oversight group consisting of the site Vice President and all department managers for
review and approval. Individual doses are also carefully controlled. In addition to
Ontario Hydro Nuclear 2 rem/year administrative dose limits, an exposure control holdpoint of 1.0 rem/year is applied at the site. Department manager's approval is required to
exceed this level and doses above this level without approval will be investigated. The
DMS also contains an auto-mailer feature which automatically sends out an e-mail to the
responsible supervisor and the ALARA Co-ordinator when a worker's dose exceeds 0.85
rem/year.
The fourth component of the ALARA program is an assessment and reporting system
which provides feedback to supervisors and managers on dose performance and identifies
areas of weakness. Monthly ALARA reports are produced detailing the station's dose
performance and potential problem areas. Regular presentations are also made to the
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CSMC on the stations overall dose performance, future trends and dose reduction
strategies.
An example of the ALARA dose optimization process was the bleed condenser relief
valve replacement project. This project, which will be performed on all four units, was
initiated in response to an event at Pickering NGD in December 1994 which resulted in a
large spill of D2O when the bleed condenser relief valves failed to reseat during an overpressure event. Pre-job ALARA review meetings for the project were held with
supervisory staff and technicians to discuss details of job-task analysis and identify
methods which could be used to reduce exposures to workers. The combined work force
was made up of Technicians, Pipe Fitters, Electricians, Carpenters, Laborers, Iron
Workers, and Painters. A total of 2,150 person-hours coupled with average exposure
rates of 5.6 mrem/hour led to a estimated dose of 12 rem/unit or a total dose of 48 rem for
the station. This triggered a detailed presentation by the ALARA Co-ordinator to the
Central Safety Management Committee. The committee reviewed the dose target and
ALARA controls and requested that the Project Manager re-examine the dose reduction
measures, especially where more extensive use of shielding structures and better work
management strategies could be made to reduce time in the radiation fields. With diligent
application of the ALARA process, the Committee felt that it should be possible to
reduce the dose by a further 25%.
The project team responded to the Central Safety Management Committee's suggestions
with a unanimous decision to lower the target from 12 rem to 9.0 rem. This required all
work groups to prepare a detailed step by step Task Safety Analysis with particular
attention given to job sequencing to enable logical separation of vault and non-vault
tasks. To the extent practical, only experienced staff were used and great care was taken
to match individuals with appropriate tasks.
The trades and engineering staff were asked to critique the TSA and make suggestions on
which job steps could be done outside of the radiation area and what techniques and
specialized tooling could be used to lessen time in the radiation area and reduce dose.
Some 30 practical ALARA suggestions were received and adopted for implementation.
These included:
• Containment air dryer operating procedures were modified to ensure that all four dryers
were operational to reduce tritium concentrations from an expected average of 100
MPCa to a target of 40 MPCa or less.
• Mock up training sessions were conducted with sheet metal RV's and an engineered
cart to identify interference and facilitate hoisting when moving the actual 816 kg RV's
into place.
• Where possible, tubing was prefabricated outside of the radiation area.
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• Radiography of components was done in the fabrication shop or in low dose locations
prior to being brought into radiation area. This greatly reduced the number of welds
that had to be radiographed in the radiation area.
• Engineered scaffolds (2501bs/ft2) were constructed to hold lead shielding blankets
sufficient to provide a 32-fold reduction in exposure rates (from 1000 mrem/hour to 30
mrem/hour).
• Detailed surveys in the radiation area were conducted to identify local hot spots and low
dose rate "wait areas". Job sequencing was optimized to reduce "idle times" and
workers were not allowed into the radiation area until they were needed.
• A rubber area was set up outside of the radiation area where contaminated piping was
prepared and welded. Many pipe supports were tack welded to the required dimensions
before being moved into the radiation area for welding. This not only reduced time
spent in radiation area to perform the welding operation but also reduced the time
required for inspection and testing.
• The hangers attached to the RV support were changed from the underside of the tank to
the top thereby greatly improving welder access.
• A tool kit assembled for the job based on input from all the trades. This reduced clutter
in the work area and eliminated tool-related delays in the work.
• Specialized tools were used to reduce time at the work site (e.g. a tool was used to
accurately and quickly prepare the carbon steel piping, a grommet gun was used to
facilitate hanging of local fire blankets, a power hacksaw with modified blades was
obtained to facilitate cutting in cramped areas).
Daily tailboard meetings were held to provide an opportunity to evaluate the ALARA
practices and determine if additional exposure controls should be implemented. At the
conclusion of the project, a post-job ALARA review was held with workers involved in
the hands-on installation and a list of improvement suggestions were obtained. All
improvement suggestions were reviewed for practical implementation during subsequent
installations in Units 2, 3 and 4.
As a result of the ALARA initiatives, significant dose savings were achieved. The
normalized dose expenditure for the first installation (Unit 1) was 9.6 rem which is
slightly above the dose target of 9.0 rem but 20% below the original dose estimate. The
dose expenditure was reduced to 8.1 rem during the second installation (Unit 4) and
further reduced to 7.2 rem during the third installation (Unit 2). The dose target for the
fourth and last installation (Unit 3) was set at 7.0 rem and our latest dose statistics
indicated that the actual dose was 6.9 rem. It is worth noting that the dose savings were
achieved with a corresponding reduction in the total person hours required for the job.
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This clearly demonstrates that excellence in productivity is complementary rather than in
conflict with radiation protection goals.
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ABSTRACT
Radiation dose to personnel during major maintenance and reactor refurbishment of CANDU reactors can be
controlled using chemical decontamination technologies. Technologies that have, and can be applied in CANDU
reactors include; sub- and full-system decontaminations of the heat transport system using the CAN-DECON™,
CAN-DEREM™ and CAN-DEREM Plus processes; and removal of Sb-122 and Sb-124 from the reactor core using
hydrogen peroxide.
CAN-DECON™ is a dilute chemical decontamination process that employs ion-exchange technology to
continuously remove dissolved metals and radionuclides and regenerate the components of the CAN-DECON™
formulation. Qualification of the CAN-DECON™ process, equipment requirements, process effectiveness, recent
process improvements and future directions are discussed.
Radioantimony deposited on in-core surfaces can be released into the HTS coolant by air ingress during
maintenance. At GentilIy-2, where large amounts of in-core antimony are present, these releases have resulted in
increased radiation fields around the reactor, making outage dose planning difficult and contributing significantly to
the radiation exposure of maintenance personnel. An antimony removal process developed by KWU for PWR's and
adapted to meet CANDU specific conditions, has been successfully applied at Gentilly-2. Optimization of process
conditions, and improvements in the in-core antimony removal process are described.

Introduction
Chemical decontamination technologies have been
used to reduce radiation fields around the heat
transport system (HTS) prior to major reactor
refurbishment campaigns. In addition, chemical
decontamination can be used to control radiation
fields to minimize dose to personnel during reactor
operation, routine maintenance and during unit
shutdowns.

These technologies are discussed in this paper, with a
focus on plant experience and on optimization to
further minimize personnel dose, cost and application
time.
In-core Antimony Removal

During reactor operation, antimony, present in many
CANDU materials of construction as a trace impurity,
is released and transported to the core, where it is
activated. At Gentilly-2, the primary pump seals and
Technologies that have, and can be applied in
bearings contain significant quantities of antimony,
CANDU reactors include:
and constitute a source of antimony that is not present
in other CANDU reactors. Releases of 122Sb and
I24
•
sub- and full-system decontaminations of the
Sb after oxygen excursions during shutdown at
heat transport system using the CANGentilly-2 have resulted in five-fold increases in outDECON™, CAN-DEREM™ and CANof-core radiation fields (during the 1993 outage at
DEREM Plus processes; and
Gentilly-2, the radiation fields at the steam generators
increased from 50 to 250 mR/h). Unexpected
•
removal of Sb-122 and Sb-124 from the
increases in radiation fields have adversely affected
mailUenance
reactor core using hydrogen peroxide.
8
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maintenance outage actitivties have been delayed or
cancelled. To prevent these antimony excursions, and
minimize personnel dose during maintenance outages,
an antimony removal process for the CANDU HTS
was developed. The antimony removal proces has
been applied during mainteneance outages since
1994.

•

Since the purpose of the antimony removal process is
to minimize increases in fields due to deposition of
122
Sb and 124Sb on out-of-core surfaces during
shutdown, the fields measured by the room monitors
throughout the plant can be used to gauge the success
of an application. As an example, the data from the
room field measurements for the 1997 February
antimony removal is plotted in Figure 2.

The key components for a successful antimony
removal application are:
•

mobilize the antimony in a form that can be
readily removed on an ion exchange resin;
and

•

control the chemistry to minimize antimony
deposition on other system surfaces.

maintaining oxidizing conditions ([O2] > 1
ppm) until antimony removal is complete.
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The oxidizing antimony removal process applied at
Gentilly-2, most recently in 1997 February [1], is a
modification of the Siemens-KWU antimony removal
process. This process had been applied several times
at European and American nuclear generating
stations, and was adapted for use in a CANDU HTS,
taking into account the differences in chemistry and
materials between a PWR and a CANDU [1]. The
antimony removal process uses H2O2 to create
oxidizing conditions in the HTS coolant at 85 °C
during reactor shutdown. Addition of H2O2 results in
the oxidation of antimony adsorbed or ion-exchanged
on in-core surfaces, which is then rapidly released
into solution. It is believed that the oxidation process
involves the conversion of the reduced antimony to an
Sb v species. The anionic Sbv species formed are then
removed on an anion exchange resin.
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The behaviour of radioantimony during the
application of the process is illustrated in Figure 1,
which shows the solution activity of l24Sb and 122Sb in
both loops of the HTS during the course of the 1997
February antimony removal. After the addition of
H2O2, the activity of antimony in solution rapidly
rises, peaking within one to two hours of peroxide
addition. The antimony concentration then decreases
after the ion exchange resins are valved in. The rapid
increase in solution antimony activity indicates that
the release of antimony from in-core surfaces is a fast
process.

0^

injection of the appropriate amount of H2O2;

•

bringing the purification system on-line as
soon as an increase of radioantimony is
detected in the coolant; and
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Figure 1: Behaviour of Radioantimony in the
Coolant in Loops 1 and 2 of the Heat
Transport System during the 1997
Antimony Removal at Gentilly-2.

The four applications at Gentilly-2 have shown that
the three critical aspects of this process are:
•

B
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In Figure 2, a rapid increase in room fields was
observed due to the large antimony release after the
initial H2O2 injection. The fields then dropped as the
antimony was removed from solution by the
purification system, leaving the final field levels
similar to those measured prior to the start of the
process. Between 14:00 and 16:00 hours on 1997
February 27, the oxygen level in the loops decreased
below the threshold required to keep antimony in
solution, and the remaining antimony (less than 5% of

the original amount released) was deposited from
solution.

components with high surface area/volume ratios and
high deposit loadings. CAN-DEREM Plus was used
in the decontamination of the Pickering Unit 1 steam
generators in 1994.

The ion-exchange (IX) resins effectively remove
antimony during the antimony removal process,
although the capacity of the resin for antimony is low.
Removal of roughly 10 grams of antimony (both
active and inactive) requires about 2 m3 of resin. This
is likely a result of the low affinity of antimony for
the anion exchange resin. Improving the capacity of
the IX resins for antimony is the only major area for
optimization of this process.

CAN-DECON™, CAN-DEREM™ and CANDEREM Plus are dilute, regenerative chemical
processes that employ ion-exchange technology to
continuously remove dissolved metals and
radionuclides and regenerate the components of the
process formulation. At the completion of the
decontamination, residual dissolved metals,
radionuclides and reagents are removed on deuterated
ion-exchange resin; the heavy water inventory is
conserved and there is no need for rinsing the heat
transport system following the process application.

0.6

0.5
The basic steps in the application of the CANDECON™ process during a full-system
decontamination of a CANDU heat transport system
include:
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Figure 2: Fields measured by the room area
monitors during the 1997 Antimony
Removal at Gentilly-2.

Qualification of the CAN-DECON™ Process:
The CAN-DECON™ process has been extensively
tested for use in CANDU reactors. The effectiveness
of the process and the extent of corrosion of HTS
materials has been evaluated in the qualification
programs.

Chemical Decontamination
Description of the CAN-DECON™ Process:
The CAN-DECON™ process was developed and
qualified for application in CANDU reactors and has
been applied in CANDU reactors from 1973 to 1991.

Heat transport system components such as
irradiated fuel, defective irradiated fuel, valve
packings, mechanical joints, gasketed joints, end
closures, shield plugs, fuel channel rolled joints,
cracked welds, and pump components have been
evaluated in the qualification programs.

The CAN-DEREM™ process was developed and
qualified in the mid 198O's for application in
CANDUs and light water reactors. This process was
applied in the first full-system decontamination of a
power reactor in the U.S. (the Indian Point 2 PWR in
1995).
AECL has also developed the CAN-DEREM Plus
process for decontamination of systems and

lower reactor temperature to 85°C
lower system pH; remove Li+ from the heavy
water coolant
add corrosion inhibitor
add CAN-DECON™ chemicals
remove insoluble crud using filters and
regenerate the CAN-DECON™ reagent
using cation ion-exchange resin (all resins
must be deuterated prior to use)
add chemicals as required
remove chemicals with mixed-bed ionexchange resin
restore HTS chemistry

A key result from the component evaluation program
was that full-system decontaminations of CANDU
reactors, using the CAN-DECON™ process, could be
carried out with a significant portion of the fuel
in-place. The CAN-DECON™ reagent had no impact
283

Pickering Unit 2 in 1984 January/April, and at
Pickering Unit 3 in 1985 June and 1989 July/August
are depicted in Figures 3 and 4.

on the integrity of the fuel (fresh, irradiated, and
irradiated, defective fuel).
Process Effectiveness:

The data for the Pickering Unit 2 decontaminations
(Figure 3) show that the fields at Row "B" were
reduced from 1400 mR/h to approximately 100 mR/h.
The DF of 14 is consistent with the DF of 13.5
reported for the Pickering Unit 2 feeders (Table 1).
The dose reduction observed at Row "B" reflects the
contributions of the feeders to the radiation fields at
the top of the reactor face. The radiation fields at
Row "M" (the mid-point of the reactor face)
decreased from 600 mR/h to 100 mR/h ( a DF of 6),
while the fields at Row "V" (the bottom of the
reactor) decreased from 400 mR/h to 100 mR/h. Note
that the radiation fields from the bottom to the top of
the reactor were uniform following the
decontamination.

To date twelve full-system decontaminations have
been performed at Ontario Hydro's CANDU reactors,
and two were performed at the Nuclear Power
Demonstration (NPD) reactor. Process application
times, decontamination factors, corrosion results and
waste volumes produced during the decontamination
of the Ontario Hydro reactors are listed in Table 1.
The effectiveness of the Pickering Unit 1
decontaminations performed in 1981 November and
1983 March were limited by the amount of ionexchange resin available, the purification half-life of
the system and precipitation of ferrous oxalate on heat
transport system surfaces. An underestimate of the
amount of iron oxides in the heat transport system,
even with a contingency, resulted in insufficient ionexchange capacity being available for the
decontamination. An insufficient ion-exchange
capacity leads to incomplete removal of oxide and
radionuclides from the heat transport system.

Similar trends were observed for Pickering 3, taking
the radiation fields prior to the 1985 June
decontamination as the initial radiation fields. Fields
were reduced from the 1000 to 2500 mR/h range to
75 mR/h after the decontamination performed in 1989
August. As observed in Figures 3 and 4, fields across
the reactor face were uniform following the
decontamination.

Development work performed through the 1980's
showed that the success of a decontamination in
reducing fields can be improved by i) lowering the
oxalic acid concentration in the CAN-DECON™
reagent, ii) having sufficient ion-exchange resin
deuterated and loaded into the decontamination
process system, and iii) ensuring that the purification
half-life for the system is in the 50 to 75 minute
range. Improvements in radiation field reductions in
the full-system decontaminations performed from
1984 to 1991 were realized from lowering the oxalic
concentration, better estimates of oxide inventories in
the HTS and maintaining the purification half-life in
the 50 to 75 minute range. The extent of field
reduction following a CAN-DECON™
decontamination is best represented by the
decontamination factor (DF = initial activity/final
activity). The benefits of the decontamination will be
realized in future maintenance outages, for emergency
preparedness (unplanned events) and in minimizing
personnel exposure during reactor maintenance under
normal reactor operation.

Reduction of radiation fields at the reactor face and in
the feeder cabinets have resulted in significant
reductions to personnel dose during the large-scale
fuel channel replacements perfonned at the Pickering
"A" Units. It is estimated that 1800 and 750 manRem were saved during the campaigns at Pickering
Unit 3 and Pickering Unit 4, respectively. Note that
the actual man-Rem saved is dependent on the
radiation field prior to the decontamination.
Note that the waste volumes produced during the
Pickering "A" decontaminations were in the 20 to 30
m3 range. Waste volumes in decontaminations
performed prior to 1984 were lower; however, this
was due to under-estimation of the oxide inventory in
the heat transport system.
Corrosion data, obtained from corrosion specimens
installed in heat transport system autoclaves, indicate
general corrosion rates for A106 Gr. B carbon steel in
the 0.1 to 0.6 u.m/h range. The general corrosion
rates for 400-series stainless steel specimens
(representative of the end-fitting and liner tubes)
ranged from 0.004 to 0.1 u.m/h. The 400-series
stainless steels can exhibit active-passive behaviour
during exposure to corrosion inhibitors.

Decontamination factors at the reactor face and in the
steam generators ranged from 4 to 10, while DFs on
the feeder and headers ranged from 3 to 13.5 in fullsystem decontaminations performed at Pickering "A"
from 1984 to 1991 (Table 1).
Decreases in gamma radiation fields resulting from
the full-system decontaminations performed at
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Table 1:

Summary of Decontamination Factors, Corrosion and IX Waste Volumes from CANDU Full System
Decontaminations

Unit / Date

DPt./75
DPt./83
P-l/81 (Nov.)
P-l/83 (Mar.)
P-1/84 (May)
P-2/84 (JanVApr.)
P-3/85 (Jul.)
B-l/86 (Sept.)
P-3/89 (Jul./Aug.)
P-4/91 (Oct.)

Duration
(hours)

12
20
13
30
43

62
56
65
79
75

DF
Reactor
Face

DF
Boilers

5.0
6.0
1.0
1.3
5.0
7.5
5.0
1.6
5.2
3.8

1.5
1.8
1.5
3.5

3.8
10
2.0
3.5
3.2

DF
Piping

5.0
4.0
1.0
1.5
3.0
13.5
18
1.6
4.5
10

Carbon Steel 410 SS
Corrosion
Corrosion
Rate
Rate
(u.m/h)
(|im/h)
0.058
0.14
0.020
0.25
NA
1.15
N/A
0.50 .
0.116
0.58
0.061
0.52
0.021
0.14
0.062
0.22
0.62
0.005
0.004
0.65

PICKERING NGS-A UNIT 2
REACTOR FACE RADIATION
{1 METER FROM FACE)

REACTOR

IX Waste
Volume
(m3)
3
4
6
9
15
26
30
18
26
28

PICKERING NGS-A UNIT 3

FIELDS

REACTOR FACE DECONTAMINATION HISTORY
(IUIUTION rams i UETEB raou REACTOR FACE)

FACE POSITION (ROW)
REACTOR M C I POSTION (ROW)

JANUARY 198+
PRE-ONOECON

Prt-Candccon
Jum 19IS

APRL 1 9 8 *
PRE-CANOECON
APRL 198*
POST-CANOECON

AVERAGE GAMMA FIELDS

(mR/h)

0

100 1,000 1.300 2,000 2,300
1VZ1UCE GAKHA FIELDS (mH/h)

3,000

Figure 3: Radiation fields at the Pickering Unit 2
reactor face before and after CANDECON™ decontaminations.

Figure 4: Radiation fields at the Pickering Unit 3
reactor face before and after
CAN-DECON™ decontaminations.

Application of the Alkaline Permanganate (AP)
Process in CANDU Reactors:

AP reagent was to reduce reactor face fields to levels
as low as possible. In some cases the effectiveness of
the CAN-DECON™ process in reducing reactor face
fields is limited by the presence of oxides containing
up to 40% Cr on outlet end-fittings and liner tubes
(400-series stainless steel).

A three-step CAN-DECON™/AP/CAN-DECON
process was applied at Pickering Unit 3 in 1989. The
Alkaline Permanganate (AP) reagent is routinely
applied during sub- and full-system decontaminations
of light water reactors. The objective of applying the
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The oxidizing AP reagent conditions the Cr-rich
oxide on system surfaces so that they can be easily
removed during the subsequent CAN-DECON™ or
CAN-DEREM™ step.

increases the complexity of the decontamination
operation.
Key features of decontamination process equipment
design include:

The radiation fields at the east and west faces of the
reactor before the Pickering Unit 3 decontamination
in 1989, after the first CAN-DECON™ step (1989
July) and after the AP and second CAN-DECON™
steps are listed in Table 2. The final fields at the east
and west faces of the reactor were 85 and 75 mR/h,
respectively. These were the lowest reactor face
fields observed after a full system decontamination of
a CANDU reactor.

Table 2:

•

•
•
•
•

Reactor Face Radiation Fields during the
Pickering Unit 3 Decontamination in 1989

Pre-decon
After 1st
CAN-DECON™
Before 2nd
CAN-DECON™
After AP and 2nd
CAN-DECON™

•
•

A block diagram of the equipment interfaces is shown
in Figure 5.

Reactor Face Fields (mR/h)
East Face
West Face
437
450
192
196

Improvements in the CAN-DECON™ Process for
CANDU Full-system Decontaminations:

180
85

Improvements in the CAN-DECON™ process for
CANDU full-system decontaminations include:

75

•
•

Equipment Requirements for CAN-DECON™
Decontaminations:

•

Equipment requirements for CAN-DECON™
decontaminations of CANDU reactors are listed
below:
•
•
•
•
•
•

high reliability; through redundant
components (maintain high flows through
filters and DC while adding or removing
chemicals);
sufficient IX resin capacity to accommodate
system oxide inventory;
compatibility with station systems;
minimal operational maintenance required;
minimized station manpower to set-up, commission
and operate equipment;
decommissioning activities minimized; and
high temperature and high flow filtration.

•

a purification (ion-exchange) system;
a high temperature filtration system;
a chemical injection system;
an ion-exchange resin
deuteration/de-deuteration system;
an ion-exchange resin loading system; and
an ion-exchange column flow
commissioning system.

development of a sulphur- and halide-free
corrosion inhibitor;
optimization of the AP Cr-rich oxide
conditioning process;
optimized decontamination process
equipment design; and
specification of strategies to minimize waste
volumes produced during sub- and fullsystem decontaminations.

Corrosion inhibitors are added to the CANDECON™ formulation to minimize waste volumes
generated during a decontamination and to minimize
corrosion of carbon steel surfaces during the
decontamination.
Rodine 31 A, a commercially available corrosion
inhibitor containing sulphur, was used in the fullsystem and sub-system decontaminations at the
Pickering NGS. However, residual sulphur and
chloride can potentially induce localized corrosion in
steam generator tubes with high nickel content (e.g.
Alloy-600 in Bruce "A" and "B", and Alloy-800 in
Darlington and CANDU-600 stations) during
subsequent reactor operation. Hence, a sulphur- and
halide-free inhibitor was required for application in
sub- and full-system decontaminations of
post-Pickering CANDUs.

The sizing of the equipment is primarily based on the
volume of ion-exchange resin required. The
ion-exchange requirements are, in turn, based on the
estimated deposit loading in the heat transport system.
Hence, obtaining an accurate estimate of the deposit
loading prior to design of the decontamination
process equipment is critical to the success of the
decontamination. It is possible to slurry out the spent
resin and load fresh, deuterated resin, but this
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Analysis Services
[Laboratory]
Process

Dedeutaration Purification
Data
System
Resin Loading
System
ix Column Flow
Commissioning System

Process Control
Center
1

I

Radiation Field
Dale

Ion Exchange Columns
& Valve Station

Decontamination Systems
Interface Block Diagram
Figure 5:

Process equipment required for a CAN-DECON™ decontamination.

A custom formulated corrosion inhibitor free of
sulphur and halides was identified and evaluated for
use with CAN-DECON™ decontamination solutions.
Development work has demonstrated that this
sulphur- and halide-free inhibitor is as effective as
Rodine 31A for inhibiting general corrosion and
protection against pitting corrosion.
The performance of the corrosion inhibitor was
demonstrated in a pilot-scale decontamination of
NPD feeder pipes. The results of the R&D program
and the pilot scale test have been used to specify the
application conditions for the sulphur- and halide-free
inhibitor. The presence of the inhibitor did not alter
the effectiveness of the decontamination process as
high decontamination factors were achieved. In
addition, the inhibitor formulation did not affect the
performance of the cationic and mixed-bed
ion-exchange resins used in the CAN-DECON™
decontamination process.

following CAN-DECON™ step. Paniculate MnO2
settles in low-flow and stagnant areas during the AP
and AP destruction steps, blocking access of the
CAN-DECON ™ reagents to system surfaces.
In addition, the AP reagent is difficult to destroy.
Typically, oxalic acid is used to reduce the AP
reagent to soluble Mn(II). However, addition of a
significant amount of oxalic acid to the heat transport
system results in precipitation of ferrous oxalate on
system surfaces. The presence of ferrous oxalate on
system surfaces may also limit oxide and activity
removal during the subsequent CAN-DECON™ step.
Process conditions to minimize decomposition of the
reagent and alternate approaches for the destruction
of the AP reagent have been identified and are
undergoing evaluation in the COG-funded
Decontamination Process Development program.

The effectiveness of some of the earlier full-system
decontaminations
at Pickering "A" were limited by
Although application of the AP reagent in Pickering
the
amount
of
ion-exchange
resin loaded in to the
Unit 3 was successful in reducing radiation fields to
decontamination
process
equipment
(due to physical
low levels, its application posed some challenges.
size limitations). Incorporation of on-line slurrying of
Due to the combination of materials of construction in
ion-exchange resin into the decontamination process
the heat transport system, decomposition of the AP
equipment design ensures that sufficient ion-exchange
reagent was significant. Decomposition of the AP
resin would be available for the decontamination.
reagent increases the waste volumes produced
The ion-exchange system could be designed so that
(although still small in comparison with the volume of
resin could be deuterated and de-deuterated, and
waste from removal of oxide from the heat transport
system) and makes process control more difficult.
slurried in and out of the ion-exchange column while
Furthermore, the production of paniculate manganese
other columns are valved-in. In addition, on-line
dioxide (MnO2) may limit the effectiveness of the
•yon slurrying of resin would significantly reduce the

number and size of ion-exchange columns required,
the overall size of the process equipment, and the
heavy water hold-up in the process circuit.

reactor refurbishment campaigns and during
scheduled maintenance outages. The in-core
antimony removal process is particularly suited to
controlling radiation fields at stations having
significant radioantimony inventories in-core.

Strategies to minimize waste volumes generated
during full-system decontaminations include
performing two-stage decontaminations and
implementing technologies to consolidate waste
resulting from oxide removal from the heat transport
system. A two-stage decontamination process,
consisting of mechanical (or chemical)
decontamination of the steam generators followed by
application of the CAN-DECON™ process leads to
significantly reduced process application time,
minimized ion-exchange resin and heavy water
requirements, reduced corrosion of heat transport
system materials of construction and smaller
decontamination process equipment.

Full-system decontaminations have significantly
reduced total dose to personnel during large-scale
fuel channel replacements, enabling the operation to
be performed in a manageable period of time. The
technology is well established, with a history of
successful reactor operation following the
decontamination.
Reference
Dundar, Y., Odar, S., Steit, K., Allsop, H., Guzonas,
D., "Application of KWU Antimony Removal
Process at Gentilly-2", 7th International Conference
on Water Chemistry of Nuclear Reactor Systems,
British Nuclear Energy Society, Bournemouth, U.K.,
1996.

Summary
The in-core antimony removal and chemical
decontamination technologies have served to
significantly reduce personnel dose during major

288

Dosimetry Results for AECL Personnel Involved in Maintenance Activities at Off-shore CANDU Stations
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ABSTRACT
measurements of dose from external fields for
AECL personnel.
Internal dose assessments rely on offshore radiation protection personnel. All offshore CANDU stations use urine bioassay
methods for tritiated water uptakes. Most offshore CANDU sites also have lung or wholebody gamma spectrometry capabilities or both,
which, if necessary, can be used to assess doses
from uptakes of gamma-emitting airborne
contaminants (e.g., from '"Co, 9!Zr, w Nb, etc.).
This paper discusses some internal and
external dosimetry data for AECL personnel
involved in recent FCR and SLARETTE work at
off-shore CANDU stations. The data show that
the whole-body dose contribution from uptake of
tritiated heavy water is small. The data also
show that three independent external dosimetry
systems give dose results that are in relatively
close agreement. Such information is invaluable
in promoting confidence in the various
dosimetry systems used under field conditions
and allows Sheridan Park Health Physics staff to
address any spurious measurements. The
dosimetry data are also useful in planning future
maintenance work.

Atomic Energy of Canada Limited
(AECL) is intermittently involved in
maintenance work on domestic and off-shore
CANDU nuclear power plants. Maintenance
activities, such as fuel-channel replacement
(FCR), small-scale spacer location and
relocation (SLARETTE) and primary-side
steam-generator tube cleaning, require work in
high-radiation fields. This may lead to
appreciable radiation doses. AECL staff
experience has been that these radiation doses
accrue mostly from external gamma fields, with
a minor internal dose component from the
uptake of tritiated water vapour. There are no
significant uptakes of other radionuclides.
AECL practice for SLARETTE and
FCR work at off-shore CANDU stations has
been to equip AECL personnel with 1 set of
thermoluminescent dosimeters (TLDs) and 1
direct-reading personal alarming dosimeter
(PAD). These TLDs are read at the Chalk River
Laboratories of AECL. In addition, off-shore
site radiation protection personnel issue AECL
personnel with a TLD. This TLD is
subsequently read at the off-shore site.
Consequently, there are often three independent
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INTRODUCTION:
Atomic Energy of Canada's Sheridan
Park site and its affiliated sites, labelled here as
AECL-SP, routinely monitors its atomic
radiation workers (about 150 of its ~900
employees) for radiation exposures. These
monitored employees are involved in a wide
range of activities ranging from periodic reactorsite visits to high- radiation-field maintenance
work. They typically work at reactor sites in
Canada (i.e., Pickering, Darlington, Bruce, Point
Lepreau, Gentilly-2) and at off-shore CANDU
sites in Argentina, Korea and Romania.
However, on occasion, work has been done in
Slovenia and Russia.

1995 AECL-SP Dose Distribution

(0.01-0.1)

(0.1-1.0)

(1.0-5.0)

(5.0-17.0)

Whole Body Dose (mSv)

Figure 1: 1995 AECL-SP Dose Distribution

Of the -150 AECL-SP employees
monitored for occupational radiation exposures,
about one third are involved in high-radiationfield work, such as fuel-channel replacement
(FCR), small-scale spacer location and
relocation (SLARETTE) and steam-generator
maintenance. The number of employees
involved in high-radiation-field work varies
from year to year, depending on the maintenance
work schedule. Consequently, radiation
exposures also exhibit annual variations. It is
also common for the same group of employees
to perform maintenance tasks at domestic and
off-shore sites in the same year. Consequently,
a small gToup of employees receive a
disproportionate amount of the collective
radiation dose.

1996 AECL-SP Dose Distribution

Whole Body Dose (mSv)

Figure 2: 1996 AECL-SP Dose Distribution
At domestic CANDU sites, AECL
employees involved in radiation work are
monitored with thermoluminescent dosimeters
(TLDs) and personal alarming dosimeters
(PADs) for external exposures, while urine
bioassays and whole-body counting are used for
internal exposures. Radiation doses from
Canadian sites are reported to AECL on a
monthly and quarterly basis by site staff, and are
consolidated in employees' personal dose
records.
Radiation protection practice at offshore sites sometimes differs from the radiation
protection practice employed at domestic
CANDU stations. The adequacy of radiation
protection and monitoring offered by off-shore
sites has been questioned by AECL staff. This,
together with the remoteness of the work
location, has meant that for high-radiation-field
work at off-shore sites, employees are routinely
issued TLDs and a PAD by AECL-SP Health
Physics staff. Off-shore site radiation protection

Figures 1 and 2 show the distributions
of whole-body dose for AECL-SP employees
for 1995 and 1996 respectively. Most of the
monitored employees are in radiation fields for
short periods of time and receive little or no
occupational exposures. Typically, 90% of the
monitored employees receive about 10 to 20%
of the collective dose; or conversely, 10% of the
employees receive 80 to 90% of the collective
dose. Therefore, it is appropriate that attention
and effort be focused on radiation exposures to
employees involved in high-radiation-field
maintenance work and receiving most of the
annual collective dose.
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staff also issue TLDs to AECL personnel. Thus
there are usually three independent
measurements of external dose. Internal
exposures are monitored by urine bioassay and,
if necessary, by whole-body or lung counting at
a site. Since the biological half-life of tritium is
about 10 d, it is impractical to perform these
bioassays on staff on their return to Sheridan
Park. The rest of this paper will discuss the
results of some of these dosimetric
measurements for work at off-shore CANDU
sites and the implications for future highradiation-field radiation work.

plastic. The activation foils and sulphur tablets
can detect high neutron doses from criticality
events. The CR-39 plastic detects thermal
neutron fields and neutron fields of energy
greater than about 100 keV. The presence of 2
TLD chips in each badge enables the wholebody dose and skin dose to be estimated from
the thick and thin TLD chips respectively. The
CR-39 track etch dosimeters are read only when
neutron exposures are suspected based on
excessively high ratio of thick to thin TLD chip
measurements.
AECL-SP staff also issue maintenance
workers with PADs for dose-control purposes.
Currently, ALNOR 101-R units are used. These
units can display cumulative external wholebody dose and dose rate, and have alarm set
points for cumulative dose and dose rate.
Although, the TLD badges are the official
dosimeters of record, they are unable to provide
any real-time dose measurements. PADs
accomplish this task and are invaluable for dose
control, work planning and prevention of
overexposures from unexpected radiation fields.
Off-shore site staff also routinely
provide AECL-SP staff with TLDs. These TLDs
are read by off-shore site staff, and the results
are communicated to AECL-SP Health Physics
staff.

DOSEMETRY USED FOR OFF-SHORE
WORK
Employees involved in off-shore highradiation-field maintenance work are each
issued, from AECL-SP, 2 TLD badges: one
badge is used as a control and the other badge is
used as a field dosimeter. These dosimeters are
kept together during travel to the site; they are
kept separately when radiation work is to be
performed. Then, the control TLD badge is
placed in a background radiation field
environment (such as a hotel room) and the field
TLD badge is taken into the high-radiation field
where work is to be done. On completion of
work, the control and field TLD badges are
again kept together until they re returned to
AECL-SP, and from there to AECL-CRL (Chalk
River Laboratories) for reading. Control
readings are subtracted from field readings to
yield the accumulated dose. By doing so,
radiation exposures obtained from cosmic rays
during the flight and from other background
sources are excluded from the occupational dose
records.
The presence of a large number of
control dosimeters for maintenance projects
enables easy troubleshooting of anomalous
readings and flexibility in the assignment of
staff. For example, background correction is
person-dependent, rather than constant for the
whole group when only one control TLD is used.
Therefore, employees can have varying lengths
of stay for the project without affecting
dosimetry. In addition, improper handling of
control and field TLD badges can sometimes be
identified and with multiple control TLD badges,
the readings could subsequently be
corrected/discounted.
Each TLD badge contains 2 TLD chips,
some activation foils, sulphur tablets and CR-39

MAINTENANCE ACTTVITIES
AECL-SP staff are involved in
periodic inspections of reactor components, fuelchannel replacements (FCR), garter-spring
repositioning using SLARETTE, and primaryside steam-generator-tube cleaning (SGTC) at
CANDU reactors.
Fuel-channel replacement activities
involve the removal and replacement of a fuel
channel. AECL participated in selective FCRs at
KANUPP in 1993, Wolsong Unit 1 in 1994, and
Embalse in 1995. However, since then, there
have been no requests from off-shore CANDU
stations for FCRs. At KANUPP, AECL utilized
KANUPP staff for most of the work performed
in high-radiation fields and were themselves
involved more in a supervisory and training
capacity. At Embalse in 1995, a situation similar
to that at KANUPP prevailed. However, at
Wolsong in 1994, AECL staff were more
involved in most of the high-radiation-field work
near the reactor face with assistance from site
staff. There were also some unexpected
problems during this maintenance work.
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Consequently, radiation exposures were higher
at Wolsong.
AECL-SP staff have been involved in
SLARETTE operations annually for the past 3
years at Wolsong, Gentilly-2 and Embalse. It is
expected that SLARETTE work (garter-spring
inspections and relocations) will continue at
these sites annually or once every 2 years until
these reactors are retubed and garter springs are
replaced with the improved spacer design.
AECL-SP staff have also been involved
in primary-side steam-generator-tube cleaning at
Gentilly-2 and Point Lepreau. This is highradiation- field work that is due to corrosionproduct activity in the primary side. However,
remote tooling is being increasingly applied,
leading to reductions in radiation exposures.
Other maintenance work periodically undertaken
includes steam-generator divider-plate repairs
and feeder-pipe repair. However, these are
expected to be infrequent maintenance activities.

while being supervisory in nature, did involve
work in the reactor vault.
Whole-body doses (obtained with film
badges) and internal doses from tritium,
(determined by urine bioassay), were reported to
AECL-SP Health Physics staff by KANUPP
staff.
These AECL employees also had TLD
badges issued from AECL-CRL. No results
from direct-reading PADs were available (these
units were acquired by AECL-SP in 1995).
Figure 3 presents the comparison of
external whole-body doses determined by
KANUPP staff and external whole-body and
skin doses determined by AECL-CRL TLDs.
Figure 4 presents the internal doses (from
tritium) and the reported total whole-body dose
(internal + external and from tritium).

DOSIMETRY DATA
Data for AECL-SP employees who
participated in the following selected projects at
off-shore CANDU stations will be discussed.
1. the 1993 KANUPP Fuel Channel
Replacement Project
2. the 1994 Wolsong Unit 1 Fuel Channel
Replacement Project
3. the 1995 Wolsong SLARETTE project.
This cross section of data will be
presented because it is fairly representative of
recent experiences at off-shore sites.
THE 1993 KANUPP FUEL CHANNEL
REPLACEMENT
Fuel-channel replacement involves
removal of the pressure tube and end-fitting.
This procedure is manpower intensive, requiring
cutting and welding operations at the reactor
face. The major hazard expected is from
external gamma radiation principally from the
pressure tubes due to Zr-95/Nb-95 activation
products. Further away from the face, general
gamma fields are due to corrosion-product
activity in the feeders (largely Co-60) and direct
gamma radiation from the face. In addition,
there is tritiated water vapour in the atmosphere.
Approximately 10 AECL employees were
involved in this project. This was composed of
two managers, two team leaders and 6
technologists and technicians. AECL's role,
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Figure 4: Tritium Contribution to Total Whole Body Dose
Figure 3 shows that most of the
KANUPP-calculated doses are within 50% of the
AECL-CRL TLD measurements. However,
there are cases where the discrepancy is as high
as 75%. Two independent dosimetry systems
measuring small exposures (<5mSv) in a field
setting, with the detectors at different locations
on the body may be exposed in different
exposure geometries. Also, poor counting
statistics may contribute to variability in readings

. Consequently, the variations between
dosimetry systems can be large. However, one
may expect a 50% agreement from good
dosimetry systems, in broad-beam geometries
and with proper use and handling of dosimeters.
Further investigations were conducted
into what were regarded as anomalous readings.
In one case, where the discrepancy was 75%, the
individual admitted to not having worn
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Employees were badged with AECLCRL TLDs, PADs and Wolsong-site TLDs.
Internal dosimetry was done by Wolsong staff.
AECL-SP Health Physics were sent records of
the Wolsong TLD measurements and the tritium
doses. As well, some raw data of tritium-inurine concentrations were supplied to AECL-SP
Health Physics staff by Wolsong staff.
Whole-body doses for this project
ranged from 0.1 to 16 mSv, with an average
exposure of 10.6 mSv. AECL-SP staff received
a total collective dose of 0.22 person-Sv. At the
Wolsong station, in 1994, the reported total
collective dose for the station was 2.80 personSv. Of this, 30% was from tritium. Also, 70%
of this total collective dose was obtained during
maintenance work at shutdown. The AECL-SP
staff of 21 persons contributed slightly over 11%
of the 1994 total station shutdown collective
dose of 1.95 person-Sv, in an exposure period of
about 1 month.

his AECL-CRL dosimeter for a vault entry. For
the other anomalous reading, no specific
explanation was found. However, it should be
noted that only one control TLD badge was
used, and employees did not return their field
TLDs at the same time. It is felt that closer
agreement between readings should be possible
with increased care in using TLDs.
Figure 4 reveals that the tritium
contribution to the whole-body-dose ranges from
13 % to 45 %, with an average contribution of
25%. This is usually what is expected for this
type of maintenance work.
THE 1994 WOLSONG UNIT 1 FUEL
CHANNEL REPLACEMENT
In 1994, 21 AECL-SP employees were
involved in the replacement of 3 fuel channels at
Wolsong Unit 1. This team was composed of 1
manager, 2 team leaders and 18 technologists,
technicians and engineers. The project took
approximately 1 month and required 2 aroundthe-clock shifts.

WOLSONG 1994 FCR External Whole-Body
Doses
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Figure 5: WOLSONG Unit 1 1994 FCR Doses
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Figure 5 presents the intercomparison of
PAD readings, external whole-body doses
determined by Wolsong 1 TLDs, and external
whole-body and skin doses determined from
AECL-CRL TLDs. There is remarkable
agreement among these three independent
measurements of external dose. The percent
differences between the three sets of
measurements are given in Table 1. In general,
the differences range from 0 to 34%, the
average being less than 12%. Note that there is a
discrepancy of 67% for employee 15. The doses
corresponding to this discrepancy are of the
order of 0.1 mSv. This is close to the lower level
of detection of most dosimetry systems.
Provided the dosimeters are handled
properly, AECL-CRL dosimetry services claim
that the accuracy of their TLD system is within
20% at these dose levels. The agreement of 3
independent dosimetry systems also seems to be
well within these levels.
Tritium doses compared with their
respective total whole-body doses are given in
Figure 6.

% difference
Employee# Wl-CRL Wl-PAD CRL-PAD
1
10.77
7.74
18.85
2
16.89
12.58
1.98
3
0.77
3.55
0.43
4
3.05
0.09
6.73
1.02
6.21
6.35
5
4.60
5.50
2.98
6
15.84
17.20
7
1.66
2.42
8
4.82
0.65
8.44
13.64
2.19
9
0.26
2.73
5.36
10
11
5.58
13.10
19.86
9.91
12
4.56
4.59
10.89
16.61
13
6.75
9.77
14
17.57
11.18
66.67
66.67
0.00
15
3.71
1.23
1.08
16
33.95
10.42
17
25.35
18
34.79
12.85
16.52
4.72
2.43
6.17
19
20
8.61
11.76
7.09
3.90
21
2.09
0.32
Average
11.23
11.84
7.21
Table 1: Percent Difference between External
Dosimetry Readings for Wolsong 1 FCR in
Figure 5
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Figure 6: Tritium Contribution to the Total Whole-Body Dose for 1994 Wolsong Unit 1 FCR
terms because staff were in the proximity of very
high external radiation fields from the removed

For this FCR project, the tritium
contribution to the total whole-body dose ranges
from 0 to 6%. This is very small in relative
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fuel channel. Consequently, the external doses
were disproportionately high.
AECL-SP Health Physics staff were also
given measurements of tritium in urine
concentrations. Consequently, internal dose

estimates based on these data were made and
compared with internal tritium dose estimates
from Wolsong 1. The comparison is shown in
Figure 7.
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Figure 7: Comparison of Wolsong Unit 1 and AECL-SP Calculated Tritium Doses for 1994 FCR
The AECL-SP tritium calculations were
done according to the Health Canada Bioassay
Guideline 2- Guidelines for Tritium Bioassay,
with the assumption that there were no acute
intakes (i.e., intakes were spread over 1 month).
There is generally good agreement between the
methods, with an average difference of the order
of 30%. Tritium-in-urine concentrations
supplied to AECL were not as frequent as
measurements taken at site. Consequently, the
differences are as expected.

THE 1995 WOLSONG UNIT 1 SLARETTE
SLARETTE involves the repositioning
of garter springs that separate the pressure tube
from the calandria tube. Usually this work
involves 2 workers at the reactor face for
latching and unlatching operations, and two
others on the other side of the fuelling-machine
bridge. There are usually one or two operators
outside the reactor vault remotely operating the
tool once it is set up and aligned. The general
hazards expected are from airborne tritiated
water vapour and external gamma fields from
the fuel channels and from the feeder cabinets.
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WOLSONG Unit 1 1995 SLARETTE External Whole-Body Doses
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Figure 8: Wolsong Unit 1 1995 SLARETTE External Whole-Body Doses

Eleven AECL-SP staff, consisting of 2
team leaders and 9 technicans, technologists and
engineers made up this team. Each AECL-SP
employee had AECL-CRL TLDs, AECL-SP
PADs and Wolsong Unit 1 TLDs. A comparison
of the external whole-body doses is given in
Figure 8.
The collective dose for this project was
0.03 person-Sv, with individual doses ranging
from 0.5 mSv to 10 mSv. As can be seen, 2
employees received 5 mSv or more, the other
AECL-SP staff averaged <1 mSv. The 2
employees receiving higher exposures were
involved in latching-unlatching and toolpositioning operations. A large part of the highfield work on this project was undertaken by
Wolsong or subcontracted staff, hence the
overall small collective dose. There is good
agreement between the 3 different external
whole-body dose measurements. Usually
discrepancies are of the order of 30% or less.
When large discrepancies exist (employee 2 and
6), doses from Wolsong Unit 1 TLDs are higher.
Some employees got slight external
contamination on this project, and it is
postulated that there were probably hot particles
on the Wolsong dosimeter. However, no
conclusive explanation was found.

Figure 9 shows the tritium contribution
to the total whole-body dose. The average
tritium contribution to the total whole-body dose
is 7% and ranges from 0 to 22%. The tritium
doses range from 0 to 1.3 mSv.
Tritium contribution to Total Whole-Body
Dose
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Figure 9: Tritium Contribution to the Total
Whole-Body Dose for SLARETTE at Wolsong
Unit 1 in 1995
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DISCUSSION AND CONCLUSIONS

social and economic factors taken into
consideration, AECL-SP employs the philosophy
that radiation work should be done by the person
who is best qualified to do it while minimizing
total radiation exposures. Hence, the higher
exposures for employees 2 and 6 as shown in
Figure 9, while still having overall low
exposures for the group. AECL is now
employing more robotic equipment for highradiation-field work, which will contribute to
lower exposures.
Additional data are required for
radiation work planning to become a more
effective tool in optimizing radiation exposures
for high-radiation-field work. For example, it is
important to correlate radiation exposures with
specific operations. If the work undertaken is
correlated with radiation doses, and calculations
or measurements of radiation fields, then one can
assess where most of the exposures are received
and investigate how to optimize work to
minimize exposures. Such an optimization has
not been comprehensively and systematically
done. Such a task may offer some improvement
in AECL-SP exposures. However, in the long
term, if significant gains are to be made in
reducing doses during maintenance work, then
the sources of these external fields must be
identified and addressed. AECL-SP is also
working towards compliance with the reduced
dose limits given in ICRP Publication 60
(Reference 3) for occupational exposures.
ICRP-60 specifies that the effective dose should
be less than 100 mSv in 5 a, with no year to
exceed 50 mSv. Existing radiation work
practices at AECL-SP currently demonstrate and
ensure that radiation exposures are well within
this dose limit.

The use of multiple dosimeters for
high-radiation-field work at off-shore CANDU
stations has provided conclusive evidence that
all 3 dosimetry systems, i.e., PADs, AECL-CRL
TLDs and Wolsong Unit 1 TLDs, do not
systematically overestimate or underestimate
radiation exposures. It also provides an
assurance that if these devices are properly used
and handled, the accuracy offered by all the
systems is quite good. The agreement is quite
impressive for field data (see Figure 5).
At Wolsong Unit 1, staff use the Korean
ice bottle respirators for tritium protection. The
efficacy of this device has been repeatedly
questioned by AECL-SP staff. However, it
claims to have a protection factor of at least 2, if
properly used. The data for work at Wolsong in
1994 and 1995 indicate that the tritium
contribution to the whole-body dose is typically
within 20% of the total whole-body dose. This
is consistent with data for Gentilly-2 and Point
Lepreau reported in the CANDU station
newsletter 96-03 (Reference 1). It is also
consistent with detailed data given in G2-RT-9551 rev.O for Gentilly-2 (Reference 2), where the
contribution of tritium to the total whole-body
dose is typically less than 20%. However,
because Point Lepreau operates with a very low
dewpoint in the reactor building, it is often
possible to work in the reactor vault without
respiratory protection. It is also known that
Wolsong Unit 1 can have high tritium-in-air
concentrations at shutdown in the reactor vault (a
few (2 to 3) derived air concentrations).
Consequently, based on this circumstantial
evidence, there is no indication that the Korean
ice bottle respirators are not effective at
providing adequate tritium protection, provided
they are used as intended. However, this should
be verified by controlled field and laboratory
trials. Site staff have also been monitored for
internal contamination other than tritium. In
most cases, no other contamination was present.
In a few cases, trace amounts of 95Zr and 95Nb
(contributing <0.01 mSv of the individual's
dose) have been detected. Because of their low
concentrations, they are not of concern.
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HISTORY
It was recognized from the early days of
commissioning of Bruce B that Control Maintenance
staff would require a level of expertise to be able to
maintain Special Safety Systems in proper running
order. In the early 80's this was achieved through
hands-on experience during the original
commissioning, troubleshooting and placing of the
various systems in service. Control Maintenance
Procedures were developed and implemented as the
new systems came available for commissioning, as
were operating manuals, training manuals etc. A
Production Section Instruction (PSI 3.03) was written
to define the requirements for Shift Control
Technicians to become qualified, as well as define the
need for requalification.

working. New SCT's wishing to work on Special Safety
Systems were required to meet the guidelines as set
out in PSI 3-03.This included completing various
procedures, attending system specific training, as well
as working on the various systems while accompanied
by a qualified SCT until he or she had gained sufficient
knowledge and skills as to be able to safely work on
their own. At that time the SCT would be added to the
Qualification Binder.
There were a number of flaws with the original
plan.
• Formal training objectives were not well defined.
The course was usually delivered by the System
Engineer.The material presented to the SCT
tended to be technical in nature and did not
readily help the SCT with the day to day job in
the field.The usual course length was one half
day or a full day.The actual amount of useful
knowledge transfer was questionable.

PSI 3.03 also identified a need for a qualification
binder to be maintained in the station that would list
all "qualified" Shift Control Technicians for each of the
Special Safety Systems, i.e. Shutdown System #1
(SDS#1), Shutdown System *2 (SDS#2), Emergency
Core Injection (ECD, and Negative Pressure
Containment (NPC).

• System specific Training Manuals were put
together and distributed to SCT's entering the
Qualification Program but the material consisted
mainly of sections cut and pasted from other
documents, ie. Operator training manuals,
Operating Policies & Procedures (OP&P's),
Design Manuals etc.The final product was a mix
of information that was not specific to the job of
an SCT.

Originally, most of the Shift Control Technicians
(SCT's) who had been involved in the commissioning
of Special Safety Systems were "Grandfathered" into
the new system.Their names were placed into the
Qualification Binder and were allowed to continue
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HISTORY ('CONTINUED')
• Although PSI 3.03 stated that each SCT must
requalify annually for each Special Safety System,
no requalification program was ever developed
or put in place.

qualify personnel, as well as maintain their
qualification.
We were not doing a good job of tracking our
program, and had no process in place that would allow
us to be able to show what was being done. We
believed we should be able to show the status of any
qualified SCT or that of an SCT in the process of
becoming qualified.This status would include
procedures completed, courses taken, requalification
dates, as well as accurate records of when the next
requalification was due.

• There was no formal way of tracking an SCT's
development through the qualification process.
Record keeping of procedures completed and
field experience obtained was the responsibility
of the individual.
Very little attention was given to the qualification
process during the mid to late 80's as units were
coming on line and commissioning was a top priority.
Priority was on production - not on training.

Under the direction of the Maintenance Manager, a
Conduct of Maintenance section was organized. One
of the responsibilities of this section was to develop a
series of Maintenance Administrative Procedures
(MAPs) that set the standards for maintenance
activities including training.

During this same time frame, internal and external
audits started to identify weaknesses in our
Maintenance Program. We questioned our ability to

QUALIFICATION PROGRAM DEVELOPMENT PROTECT
The first step in the process to a better
qualification program was to develop a MAP which
would clearly define each qualification, the process
required to obtain that qualification, as well as how
that qualification would be maintained.The MAP
would also clearly define ownership of the program.

• A fully traceable accounting system for all SCT's
in the Qualification Program
• New forms for the inputting of information from
the field supervisors to the Training Information
Management System (TIMS)
• All qualified personnel trained to meet
requalification standards

A team was assembled in the winter of 1995 to
work on the project.The team consisted of Shift
Control Technicians, a Senior Shift Control Technician,
System Engineer, Shift Maintenance Supervisor Control, as well as a Shift Superintendent. Over a short
period of time, MAP 2.001, "Control Maintenance
Safety System Qualification Program" was developed.

As part of the implementation plan, a program
schedule was developed which allowed all parts of the
new process to be put in place by March 31, 1997. All
training programs would be developed, training would
be presented and the TIMS accounting system would
be in place.This gave BNGS"B" roughly 18 months to
get everything in order.

The final product consisted of the following:
• New training manuals for SDS, NPC and ECI
• Refresher training packages for SDS, NPC and
ECI
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DETAILS OF MAP

2.001

The Qualification Program is designed to provide
maintenance personnel with the highest level of
knowledge and skills so their performance can
contribute to safe and reliable plant maintenance and
operation. MAP 2.001 specifies how this will be done.

There are a number of qualifications that a
candidate may work towards within the Qualification
Program including:
• SDS#l/SDS#2Tier#l,
• SDS#l/SDS#2Tier#2

Some of the highlights are as follows:

• SDS#l/SDS#2Tier#3

• Before any SCT can become part of the
qualification program, he or she must meet the
following minimum requirements:

• NPC
• ECI

- green or yellow badge qualified
• F/H-TC (This is a special qualification to allow
SCT's to do maintenance on the Fuel Handling
Transfer Chamber Doors, which constitute part
of the NPC system.)

- completed level 4 station systems
- current Work Protection
- completed OP&P Training

MAP 2.001 specifically outlines the process for
each qualification including training required,
procedures to be completed, field experience required
as well as the working rights and limitations for each
qualification.The entire process is tracked through
TIMS and will be discussed later.

- minimum of 2 years experience at BNGS"B"
Once the minimum requirements are met, the
candidate may be placed in the Qualification Program.
This is accomplished via Bruce B Form BBF-50 and
requires approval of the Control Maintenance
Coordinator.

To make the MAP more user friendly, appendices
were included to show, in block form, the qualification
process and forms required for each specific
qualification.
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DEVELOPMENT O F TRAINING MANUALS
The single largest task undertaken in our move to
a better Qualification Program was the development of
new Special Safety System Training Manuals, as the
existing material was outdated, poorly laid out and not
of any real value to the SCT working in the field.

To accomplish this task, the following generic
format was adopted for each of the Special Safety
System manuals.
• Section 1 would consist of a general overview of
the specific Special Safety System, including the
purpose, specific definitions and terminology,
failing safe methods, testing requirements, and
generic concerns that are common to all Special
Safety Systems, (e.g. Mercury Wetted Relays)

To ensure the final product would meet Ontario
Hydro Nuclear Standards, we made use of the
expertise of the western Nuclear Training Department
(WNTD).They provided word processing and drafting
services, and a Training Technician to assure the final
manual for each Special Safety System would meet
TSSD standards that were developed from INPO
documents.The actual technical information within
the documents was written by experienced SCT's.

• Each Special Safety System would then be
broken down into sizable pieces that would be
developed under the following headings:
- Reference material
- Purpose

After canvassing the Control Maintenance staff,
volunteers were selected to provide the technical
content of each manual. Questionnaires were sent out
to all staff who were presently qualified asking for
their input into the final product.This feedback was
used to help determine what the final product would
look like. For example, a large number of respondents
requested that actual logic drawings be included in the
manuals.They were looking for training, and training
material that would assist them long after the course
was completed.

- Failing Safe
- Circuit Operation
- Section Specific Information
-Trip and Testing
- Common Faults
Simplified process loop and elementary drawings
were drafted from the actual station documentation to
support the training material. All references to wire
numbers were deleted from the simplified drawings as
there was a fear that people might substitue training
material for approved drawings in the field, and try to
troubleshoot from them.

The SCT's writing the material were given wide
latitude in developing the final product, based on the
feedback from the questionnaires and their personal
experience.The intent was to produce a training
manual that was easy to follow, relevant to the SCT's
job in the field and most importantly, of value to the
SCT after he or she left the classroom and returned to
the actual work environment.

Also, the simplified training drawings did not
include test circuit logic, indicators, multiplying
relaying etc. as this was not considered relevant to the
concepts being discussed.

302

SPECIFIC DETAILS
Using the SDS#1/SDS#2 manual as an example,
Section 1 consists of an overview of both Special
Safety Systems, generic test circuits, definitions, etc.

Upon completion of the course, a final checkout is
given to verify the candidate has gained a basic
understanding of the concepts presented.

Section 2 is SDS#1 specific and breaks SDS*1
down into 3 specific sections which are:

The courses are presented by qualified SCT's.This
facilitates the answering of questions that result from
the prepared material and gives credibility to the
training. Any questions that can not be answered are
referred to the responsible System Engineer and
resolved before the end of the training course.

• Trip Logic,
• Firing System (Shut Off Rods) and
• Individual Trip Parameters

Also, to support the training courses, a complete
set of overheads were developed to augment the
material being presented and assist the instructors
with their presentations.

Each section is then broken down to the trip relay
level. The material is written to give the candidate a
thorough understanding of how the individual sections
tie together and is reinforced with the simplified
drawings.

As part of the requalification plan it was decided
to run all existing qualified SCT's through the initial
training courses, rather than through shorter refresher
training courses.This would bring all qualified staff to
a standard level, and took into consideration the fact
that many of the qualified personnel had not had any
refresher training in a number of years.

To reinforce the lessons learned, questions are
included at the end of each section.
Section 3 is SDS*2 specific and follows the same
format as SDS#1.
Section 4 is titled Compliance. Specific Operating
Policies and Procedures are reviewed, along with MAP
2.001 and details such as data cards, test equipment,
work reports, hot standby panel etc.
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REFRESHER / REOUALIFICATION TRAINING
After all personnel have been brought up to a
standard level of training, a three year requalification
program will maintain competency in Special Safety
Systems. Qualified Special Safety System Technicians
will be required to periodically requalify to:

To meet the requirements of the requalification
program, a revised training package will be developed
every three years.The package will include sections of
the training manual, SER's that have occurred over the
last three years, changes to procedures as well as cover
modifications in the field.The requalification training
will be continually changing with time to help keep
the field troops current.

• Reinforce system knowledge and skills
• Emphasize lessons learned from plant and
operating experience to prevent the occurrence/
recurrence of errors
• Review appropriate plant modifications and
procedural changes.
• Review appropriate OP&P's and Regulatory
Commitments.

TRAINING INFORMATION MANAGEMENT SYSTEM
The final step in producing the training program
was to develop a method of tracking qualification,
requalification, and progress within the qualification
program that was accurate, simple and auditable.To do
this we used the TIMS system that is currently used at
the Western Nuclear Training Centre.

( TIMS
BBF-50 - Individual credits for courses, field
experience, and procedures completed.
BBF-51 -Application for actual qualification on the
Qualification Register.
BBF-52 - Removal from Qualification Register.

Each step in the process was assigned a number,
including courses, field experience, procedures
completed, qualification, and requalification. Using the
TIMS system, all the numbers were linked together to
create a report that would list the candidates by
qualifications held, expiration date as well as a means
of checking any candidate's progress within any of the
qualification programs.

Once a candidate's name is recorded on the
Qualification Register, they are allowed to work on any
system they are qualified for as TIMS is our Official
Record of qualification. A copy of the Qualification
Register is kept in the Control Room for quick
reference and is updated on a regular basis.
As a means of tying everything together, reference
to TIMS credit numbering was included in MAP 2.001
text to assist the users, as well as simplified flow
charts included in the appendices which show credits
required, and forms used to obtain a desired
qualification.

New forms were created to allow supervisors a
means of getting access to the system as well as listing
the signing authorities required for each step. Note
that the forms are generic to all Special Safety Systems.
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CONCLUSION
The program is now up and running. In the 1996
WANO Peer review, this program was identified as
Strength MA. 10 -l.This doesn't come without effort
and expense. A number of people had to be released
on a full or part time basis to develop the training
material and deliver the courses. People had to be
released from regular duties to take the training and
several supervisors complained bitterly when their
people's qualification lapsed because the individuals
missed their scheduled training.

Having said that, the real benefit from the program
comes to light in an analysis of the Performance
Objectives and Criteria, MA.9. A few of the criteria are
paraphrased below;
• Maintenance is performed by personnel who
have completed formal qualification for the tasks
performed.
• Maintenance personnel understand fundamental
concepts and applications and the effect of
maintenance on plant systems.
• Continuing training effectively addresses plant
hardware and procedure changes and lessons
learned from operating experience.
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DEVELOPMENT OF AN IMPROVED
LOW PROFILE HUB SEAL
REFURBISHMENT TOOL
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are costly. Thus a high degree of
dedication and attention to detail is
required in the hub seal refurbishment
process to ensure that an acceptable
sealing surface is produced.

Lloyd Wagg

Feeder hubs exposed to air for
extended periods of time can develop
small pits. These pits and other
installation problems, such as
misalignment, can lead to leaks in the seal
area of the feeder hubs. To return the
surface of the seal area to its design
finish, several types of hub seat
refurbishment tools have been developed
over the years. The most notable among
these tools were the feeder hub seal
"Borazon" (Wet) grinding tool and the low
profile hub seat refurbishing tool.

Fuel Channel Engineering Department
Atomic Energy of Canada Limited
2251 Speakman Drive,
Mississauga, Ontario
L5K 1B2
ABSTRACT
The hub seal area of a fuel
channel feeder coupling can be exposed
to oxygen in the atmosphere if protective
measures are not taken during
maintenance outages. Exposure to
oxygen can lead to pitting of the hub seal
area. Although this is a rare occurrence,
the resulting possibility of the feeder
coupling leakage led to the development
of a feeder hub refurbishment tool.

2.0
TOOL

The "Borazon" Tool was designed
by Strite Industries for use during the
Pickering retube outage. This tool offered
fast and uniform material removal and the
ability to return the seal area to its design
finish. The tool was designed for use
during retube with the end fitting
removed. It is therefore bulky and not
suited for use during typical maintenance
outages when the end fitting is in place.

To reduce time and man-rem
exposure during feeder hub seal
refurbishment, an improved low profile
hub seat refurbishing tool has been
developed. The improved tool design will
allow for quick and controlled removal of
material, and the restoration of a rollburnished finish equivalent to the original
requirements.

The term "Wet" tool is used
because the tool utilizes Sunnen MB-30
honing oil, a cutting fluid, pumped under
pressure from a reservoir over the
grinding wheel. The oil is fed back
through a filter to remove the grinding
particles from the oil. This cutting fluid
also aids in cooling the surfaces.

The new tool can be used in
maintenance operations, with the end
fitting present, as well as under retubetype circumstances, with the end fitting
removed.
1.0

"BORAZON" (WET) GRINDING

BACKGROUND
A grinding cone, plated with
boron nitride particles, is used as the
cutting head. The cone has slots to allow
for the flow of the cutting fluid. Plating
of the cone was designed to a 220 grit
finish.

Feeder hub refurbishing tools are
used for the refurbishment of pitted or
deeply scratched feeder hub seal areas.
The leak tightness of the feeder hub to
end-fitting joint depends on a seal surface
having a high level of finish and tight
tolerances on the mating parts. These
joints cannot be tested until after the
system is filled with heavy water, at
which time any repairs or replacements

The tool locates on, and clamps
around, the outside diameter of the feeder
hub. Attached is a locating plug with two
"O" rings, that enters the hub ahead of
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The slow material removal rate
and the lack of uniformity of removal
(poor control of seal area geometry)
restricts this tool to the repair of only
lightly damaged hub seal areas, where the
amount of material removed is less than
0.015" (axial measurement). If the sea!
area damage is deeper than this, the
damaged hub has to be cut off and a new
hub welded on. This is time consuming
and man-rem expensive.

the grinding wheel to locate the tool and
seal the oil in the feeder hub area.
Material removal is controlled by a
dial micrometer similar to that of a lathe.
The "Borazon" tool can remove about
0.005 of an inch in approximately 7
minutes and can be run continuously.
Therefore, to remove 0.025 of an inch
requires only 35 minutes operating time.
The "Borazon" tool has the
capability, with a change of wheels, to
roll-burnish the seal area. This restores
the seal area to the design condition after
refurbishment, thereby eliminating the
need for Grafoil tape and reducing the
possibility of further leakage.

4.0
IMPROVED LOW PROFILE
REFURBISHMENT DEVELOPMENT
A project sponsored by the
CANDU Owners Group (COG) has
produced a prototype "improved" low
profile hub seal refurbishment tool. This
new tool attempts to combine the best
features of the previous tools, adapting a
cutting head and roll-burnishing head,
similar to the "Borazon" tool, to work in a
low profile tool. These changes improve
the quality of the sealing area and reduce
operation time (and consequently
radiation dose received by the operator).

3.0
THE LOW PROFILE HUB SEAT
REFURBISHMENT TOOL
The low profile hub seat
refurbishing tool was designed for use
during maintenance outages when the
end fitting is present. Consequently, the
tool must operate in the very constrained
space between the end fitting and the
feeder hub, which is only 1.7 inches
away.

4.1

Current Requirements

The new tool is the result of an
investigation into adapting a cutting head
and roll-burnishing head, similar to the
"Borazon" Grinding Tool, to fit a low
profile tool, similar to the hub-seat
refurbishment tool. These changes are
intended to increase the controlled
removal rate, improve the quality of the
sealing area and reduce operation time
(and consequently the radiation dose
received by the operator) required by the
low profile hub seat refurbishing tool.

This tool consists of a pneumatic
nut runner with a "pancake" head having
removable cones. The cones carry selfadhesive grit paper of various grades of
coarseness, and are loaded against the
feeder hub by a compression spring.
A single hub refurbishing
operation requires many cone changes.
The tool is operated dry, and material
removed from the feeder coupling hub is
taken away embedded on used up grit
paper. There are three types of cones, for
lapping, polishing and cleaning.

4.2

Design Progress

The design team was established
with representatives from AECL (the
designers of the original low profile tool)
and Strite Industries (the designers of the
"Borazon" tool). At various stages of
development of the prototype design,
review meetings were held with
operations personnel from Bruce A. This

The material removal rate is
determined by the coarseness of the grit
paper, and with the most aggressive
paper, the removal rate is only 0.0005" to
0 . 0 0 1 " per minute. To remove 0.015"
requires about 30 cone changes and
approximately one hour.
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helped to ensure that the new tool was
user friendly and met as many of the
projected requirements as possible.

The maximum vertical travel is 0.104 of
an inch.
A Hooke's coupling method is
used to drive the grinding cone. Times
and rates of material removal have yet to
be established, but are expected to be
much faster than with the original low
profile tool.

4.3
Details of The Improved Low
Profile Hub Seal Refurbishment Tool
(Prototype)
The improved low profile hub seal
refurbishment tool is a "Wet" tool.
Similar to the "Borazon" tool, this tool
utilizes a cutting fluid, pumped under
pressure from a reservoir tank over the
grinding wheel. The oil is fed back
through a filter to remove the grinding
particles from the oil. The cutting fluid
also aids in cooling the surfaces.

A design highlight of this tool, as
it was with the "Borazon", is its
capability, with a change of wheels, to
roll-burnish the seal area. This allows the
seal area surface finish to be restored to
the design condition after refurbishment,
thereby eliminating the need for the use
of Grafoil tape and reducing the possibility
of a leak.

The basic design of the "Borazon"
grinding cone has remained the same. The
cutting head is slotted and plated with
the same 220 grit boron nitride particles.
To accommodate the size requirements,
the height of the cone has been reduced.

Another design feature of the
improved tool is a removable insert that
allows the tool to be adapted to fit the
feeder coupling of any current CANDU
reactor.

This reduction in cone size is
helped by the advent of new, modified
seal rings. The seal rings were designed
for use in refurbished hub seal areas. The
lip of the hub side of the seal ring has a
larger pitch diameter to match the
material removed. This allows the seal
area to remain lower, in its intended
design location.

4.4 Anticipated Future Direction
The anticipated future direction is
to test and prove the prototype over the
remainder of 1997 and the first quarter of
1998. These tests will be used to
determine such things as the following:
A - To redefine the operating procedure.
B - To establish feed rates and material
removal rates.
C - To verify geometry at various stages
of material removal until 0.102 of an inch
(vertical shift) has been removed.
D - To establish a spare parts list.

The tool locates on, and clamps
around, the outside diameter of the feeder
hub. The clamp has been modified to
allow tool mobility, reducing problems of
interference. Flex cables and an
adjustable handle were introduced to
reduce interference problems. Due to
height restrictions, a separate plug and
plug installation tool were developed to
seal the oil in the feeder hub area.

SUMMARY
The Improved Low Profile Feeder
Hub-Seal Refurbishment Tool is still in the
development stage, as a prototype. Its
improved design features will allow for
quick and controlled removal of material,
and the restoration of a roll-burnished
finish. Once testing and proving is
completed, the new tool will be available
to all CANDU operators should it become
necessary to refurbish the feeder hub seal
surfaces during maintenance outages.

Material removal is controlled by a
feed-adjusting screw held in place by a
lock screw in the center of the grinding
wheel. A feed-adjustment wrench and
gauge plate, marked for 0.002 of an inch
travel (vertical shift), are used to control
the depth of cut. One complete turn will
allow 0.100 of an inch (vertical shift).
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STRATEGIES FOR ACCELERATING THE SLARette PROCESS
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ABSTRACT
The SLARette (Spacer Location and Repositioning) process is continuing on several CANDU
reactors, where loose fitting garter springs (spacers) were used, to prevent contact
between the calandria tube and the pressure tube for the target life. With time, the sag in
the fuel channel is increasing and consequently increasing the potential for contact
between the pressure tube and the calandria tube. Also, due to increasing sag in the
pressure tubes and increasing magnitude of the fuel channel constrictions on the eddy
current detection system, the Spacer Location And Repositioning activities are becoming
more time consuming and difficult. For CANDU owners, during the SLARette campaigns,
station outage time is the most expensive item. Therefore, it is beneficial to complete the
SLARette process as early as possible and as fast as possible. New SLARette strategies can
substantially accelerate the overall SLARette process and thus minimize the outage time.
There are several strategies to perform the SLARette process. These strategies include :
•
•
•
•
•

si

Using the SLARette Mark II Delivery System,
Using SLARette Advanced Delivery System,
Implement creative fuel handling technique,
Operate from both sides of the reactor using Mark II Delivery Systems,
Operate from both sides using Advanced Delivery Systems.

Each strategy offers different benefits, rate of fuel channel processing (SLARette Activity),
and schedule constraints. This paper provides the details of each strategy and compare
them in terms of outage time, man-rem consumption, and constraints.
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STRATEGIES FOR
ACCELERATING THE
SLARette PROCESS
1.0

tube with increasing force making the
spacers more difficult to move. In
addition, severely crept pressure tubes
can also limit the performance of a
SLARette Tool. Aging of the reactors
makes the SLARette process more time
consuming and expensive. Therefore, it is
beneficial for the utilities to complete the
SLARette process as soon as possible.
SLARette activity is performed during
station outages. Outages are very
expensive for the utilities, so there is
always a push to complete as many
channels as possible in that given time
slot.

INTRODUCTION

Pressure tubes and calandria tubes in
CANDU Reactors are separated by four
Annular Spacers (Garter Springs). In the
mid 1980s, it was found that for the
CANDU stations, where loose spacers are
installed, the spacers may have moved
from their original design locations. Due
to this random movement of the spacers,
the pressure tube may not have adequate
support or annular separation from the
calandria tube. Consequently, due to
increasing creep and sag, pressure tubes
may either be in contact with or are
anticipated to contact the calandria tubes.

The SLARette campaign is generally
carried out by using the "Base-Line
SLARette System", i.e., the Mark II
Delivery System installed on one side of
the reactor. In 1995, the Mark II Delivery
System was up-graded to the Advanced
Delivery System at Gentilly 2 to enhance
the SLARette performance.

To prevent the hydrogen equivalent level
being equal to or higher than the blister
formation threshold, the contact between
the pressure tube and the calandria tube
is not desirable. To ensure the contact
free target life of fuel channels, SLAR
System, an acronym for Spacer Location
And Repositioning, was developed to
locate and to reposition the spacers to the
new locations. A SLAR system applicable
for a small scale Spacer Location And
Repositioning process is called SLARette.
This paper discusses the possible
strategies to accelerate SLARette system.

This paper discusses all the possible ways
to speed up the SLARette Process. This
paper compares all the SLARette
strategies with the base line SLARette
process in terms of cost, schedule, manrem consumption rate, training, manpower requirements, and channel
processing rate.

Calandria
Tub*

The SLARette system using the SLARette
Tool, locates the annular spacers by
means of Eddy Current and Ultrasonic
probes and then repositions them using
Linear Induction Motors to the new
locations. The Spacer Location And
Repositioning process is currently in
progress for the CANDU 6 Nuclear
Generating Stations with loose Spacers.
As the reactor ages, the pressure tube
sag increases due to thermal and radiation
creep. Consequently, the increasing sag
pinches the spacer against the calandria
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2.0 CREATIVE FUEL HANDLING
TECHNIQUE:

bay and the six shield plugs from the
remaining 3 channels are stored in the
fueling machines. Then the SLARette
activities can proceed uninterrupted for all
nine channels from the first batch. Upon
completion of the first batch, 12 shield
plugs from the 2nd batch channels are
removed and installed in the six channels
of the first batch. The shield plugs from
remaining three channels of 2nd batch can
be stored in the fueling machines.
Similarly, SLARette process for the entire
2nd batch can proceed uninterrupted. And
so forth this process can be carried on
throughout the SLARette campaign.
Therefore, by sacrificing 12 shield plugs,
about 1.5 hours per channel can be
saved. At the end of the SLARette
campaign, 12 new shield plugs would be
installed.

Fuel handling is one of the major time
consuming activities during a SLARette
campaign. It consumes approximately
10% of the overall time when the
SLARette process is performed using a
base-line SLARette System. This strategy
is to implement a creative fuel handling
technique to reduce fuel handling time
substantially.
In the beginning of a SLARette
campaign, the total targeted fuel channels
are divided usually into batches of nine
channels. In this paper, a scenario of nine
channel batch is considered for
discussion. The fuel and the shield plugs
are removed from the fuel channel before
the delivery machine can be latched on
for the SLARette process. Fuel from all
channels of the first batch is discharged
into the spent fuel bay. The shield plugs
however are not discharged but are
stored in the fueling machine and the
rehearsal facility. During the fuel handling
operations, shield plugs from three
channels are stored in two fueling
machines and the remaining shield plugs
from the other six channels are put back
into these channels. At the end of defueling of each batch, the three fuel
channels with no shield plugs are ready
for SLARette. Upon completing the
SLARette activities on the first three
channels, the stored shield plugs are
reinstalled into these channels and the
shield plugs from the next three channels
are removed to continue SLARette
process. As a result, for each batch of
nine channels, the SLARette process is
interrupted at least two times for shield
plug shuffling. Shield plug shuffling takes
a minimum of 1.5 hours per channel.
Therefore, about 9 hours are spent for
shield plug shuffling for each batch of
nine channels.

For an outage planned to SLARette 100
fuel channels, about 100 hours (4 Days)
can be saved at a cost of 200K. The cost
of 12 shield plugs is insignificant when
compared with the cost of saved outage
time. More over it may be possible to
retrieve the discharged shield plugs from
the spent fuel bay and re-use them.
The implementation of this fuel handling
technique may cause higher radiation fields in
the vault due to the lack of shield plugs in six
additional fuel channels. Therefore, it is
recommended for the SLARette campaign with
Advanced SLARette System where the vault
work is significantly reduced.

The time for shield plug shuffling can be
greatly reduced if 12 shield plugs from six
channels are discharged to the spent fuel
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2.1 CREATIVE FUEL HANDLING TECHNIQUE:

SUMMARY:

BENEFITS:

ABOUT 10% INCREASE IN CHANNEL
PROCESSING RATE

CONSEQUENCES:

LOSS OF 12 SHIELD PLUGS

312

3.0 MARK II DELIVERY
MACHINE UPGRADED/REPLACED WITH
ADVANCED DELIVERY
MCHINE:

the Delivery Machine is latched onto the
fuel channel. Therefore, by reducing the
number of operators required for the vault
work, man-rem consumption is reduced.
The Delivery Machine latching and
unlatching mechanism for the Advanced
Delivery Machine has also been modified
to simplify the process. For a Mark II
Delivery Machine, latching and unlatching
process takes about one to two hours for
two persons. The modifications made for
the Advanced Delivery Machine reduced
this time to only 30 minutes for one
person. The Advanced Delivery Machine
incorporates most of the Mark II Delivery
Machine design while adding and
replacing some systems. The Advanced
Delivery System had been successfully
used for Gentilly-2 SLARette outages
1995, 1996, and 1997 with a total of
134 channels completed.

The SLARette Tool is positioned in
the fuel channel by the SLARette delivery
machine. This is a mechanism which
advances, retracts, and rotates the
SLARette Tool in the fuel channel and
the calibration facility. There are two
models of SLARette delivery machine:
MARK II SLARette Delivery Machine and
Advanced SLARette Delivery Machine.
This strategy is to replace the Mark II
Delivery System with the Advanced
Delivery System to accelerate the channel
processing rate and to reduce the manrem consumption.

The overall benefits of using the
Advanced Delivery Machine over the Mark
II Delivery Machine is about 15% savings
in time per fuel channel processed and
70% savings in men-rem consumption. In
addition, due to lower Man-Rem
consumption, a smaller team of operators
is required for the vault work. Since the
channel processing is faster, the
SLARette tool spends less time in the
reactor per channel. This has a favorable
effect on the SLARette Tool life. These
benefits are mainly due to reduction of
vault work, faster latch-on and latch-off
operation, and faster positioning of the
SLARette Tool during SLARette
operations.

In the case of the Mark II Delivery
Machine, the SLARette Tool is positioned
axially and rotationally by an assembly of
five push tubes and rotary and axial
drives. During the SLARette operation, a
team of trained SLARette personnel must
be available to connect or to disconnect
the push tubes to provide adequate length
of push-tube assembly. A significant
amount of time and man-rem dose are
consumed for the manipulation of the
push tubes. To limit individual man-rem
consumption, several teams of SLARette
operators are trained and used for this
task.
The Advanced SLARette Delivery
Machine was designed to minimize the
man-rem consumption and to enhance the
performance of the SLARette System.
The Advanced Delivery Machine replaces
the push tubes with a 3 STAGE
telescoping ram which positions the tool
in the fuel channel with a remote control
in the SLARette control room. No
operators are required in the vault once
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3.1 MARK II DELIVERY MACHINE UP-GRADED/REPLACED
WITH ADVANCED DELIVERY MCHINE:

SUMMARY:
Consequences:
•Additional Training
•Additional Cost
Benefits:
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•

Over-all channel processing
time improved by 15%,

•

70% Reduction in Man-Rem
consumption

•

Smaller team for the Vault
work.

•

Increased SLARette Tool Life

4.0 Dual SLARette System using
Mark II SLARette Delivery
Machines:

productivity, it demands good
coordination between the both SLARette
crews, the fuel handling crew, and the
other supporting teams. To minimize the
idle time, it will be beneficial to implement
creative channel de-fueling techniques to
some what synchronize on-channel
activities for both SLARette crews.

Conventionally, the SLARette process has
been performed using one SLARette
system installed on each side of the
reactor. Both sides of CANDU reactors
are identical for SLARette purposes.
Therefore, it is possible to install and
operate a SLARette System on each side
of the reactor, simultaneously. With two
SLARette systems installed and operated
on opposite sides of the reactor, two
channels can be accessed and processed
simultaneously.

With two SLARette systems working
simultaneously, the SLARette productivity
can be increased by at least 50% over a
single base line SLARette system. The
overall typical rate for channel processing
is 1.5 channels per day. With dual
SLARette systems, more than two to
three channels can be completed per day.
For 100 channels, 16 to 33 days of
outage time can be saved by having an
additional base line SLARette system.

The implementation of this strategy
requires two Inspection systems, two
Mark II delivery machines, two cable
penetration systems, two LIM Power
Supplies, two Tool Valve Stations, two
Delivery Machine Valve Stations, two
control rooms, and two operating crews.
Because of large capital and man-power
commitment, this strategy will require
higher job priority from the station than
most other jobs in progress during the
outage. It puts more pressure on the fuel
handling system and crew to work at
higher efficiency level. To maximize the
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4.1 Dual SLARette System using Mark II SLARette Delivery Machines:

SUMMARY:

BENEFITS:
•Overall Channel processing Rate At Least 50%
faster.

CONSEQUENCES:
•

Additional Personnel require for operation
and maintenance.

•

Additional Cost.

•

Additional penetration and control room
requirement.

•

Higher accumulated Man-Rem Consumption

•

Higher Pressure on Fuel Handling crew and
System

•

Require higher priority
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5.0 DUAL SLARette SYSTEMS
USING ADVANCED SLARette
DELIVERY MACHINES:

By performing the Advanced SLARette
process simultaneously on two fuel
channels, the channel processing
productivity can be increased by 100% of
the time over the single base line
SLARette system. It means that on
average basis, more than three channels
can be processed in a single day of
operation. This scheme not only saves the
overall SLARette times but also saves a
substantial Man-Rem consumption. For a
100 channel SLARette campaign, more
than 33 days of outage can be saved
when compared to single Base line
SLARette system.

Dual SLARette System using Advanced
SLARette Delivery Machines would
provide the largest increase in the
productivity. This strategy is to install and
operate SLARette system on both sides of
the reactor. This approach is identical to
the approach discussed in the previous
section but using the Advanced Delivery
Systems instead of Mark II Delivery
Systems.
This strategy requires two SLARette
teams, two Advanced SLARette Delivery
Systems, two control rooms, two
inspection and control systems
compatible with the Advanced SLARette
Delivery Machine, two LIM Power
Supplies, and two Cable Penetrations.
To maximize the use of equipment and
the crews and to minimize the idle time,
the station owner must provide special
attention and highest priority to SLARette
campaign during the outage. It will also
require very efficient and well planned
and organized fuel handling crews and
systems. It also requires a larger
supporting team from the utility.
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5.1 DUAL SLARette SYSTEMS USING ADVANCED DELIVERY
MACHINES:

SUMMARY:

BENEFITS:
Overall Channel processing time 100% faster

CONSEQUENCES:
•

Additional Personnel require for operation
and maintenance.

•

Additional penetration and control room
requirement.

•

Higher accumulated Man-Rem Consumption

•

Higher Pressure on Fuel Handling crew and
System

•

Require higher priority

•

Additional Cost
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COMPARISON OF SLARette STRATEGIES FOR 100 CHANNEL OUTAGE

Section

STRATEGY

Base-Line SLARette
using Mark II D/M
3.0

Single SLARette
using Advanced D/M

TIME(DAYS)

Man-Rem Reduction

Consequences

65

0%

N/A

55

70%

Extra Training
Extra Cost

51

70%

Extra Cost
Extra Training
Loss of 12 Shield Plugs

0%

Higher Priority
Larger Team
Add'nl Penetration & Control Room
Higher Accumulated Man-Rem Consumption
Extra Cost

Creative Fuel Handling

2.0 & 3.0 Techniques coupled with
Single Advanced SLARette

03

5.0
Dual Base-Line
using Mark II D/M

5.0

2.0 & 5.0

Dual SLARette
using Advanced SLARette
System

44

Highest Priority
Extra Training
Add'nl Penetration & Control Room
Extra Cost
Larger Team
Creative Fuel Handling
Loss of 1 2 Shield Plugs
Techniques coupled
29
70%
Highest Priority
Dual Advanced SLARette
Larger Team
Add'nl Penetration & Control Room
Extra Cost
Extra Training
* Men-Rem Consumption Rate when compared with Single Base-Line SLARette Operations
33

70%
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THE STRUCTURAL AGING ASSESSMENT PROGRAM:
RANKING METHODOLOGY FOR CANDU NUCLEAR GENERATING STATION CONCRETE
COMPONENTS
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ABSTRACT
Most of the major structural components in CANDU nuclear generating stations are constructed of
reinforced concrete. Although passive in nature, these structures perform many critical safety
functions in the operation of each facility. Aging can affect the structural capacity and integrity of
structures. The reduction in capacity due to aging is not addressed in design codes. Thus a
program is warranted to monitor the aging of safety-related CANDU plant structures and to
prioritize those that require maintenance and repairs.
Prioritization of monitoring efforts is best accomplished by focusing on those structures judged to
be the most critical to plant performance and safety. The safety significance of each sub-element
and its degradation with time can be evaluated using a numerical rating system. This will simplify
the utility's efforts, thereby saving maintenance costs while providing a higher degree of assurance
that performance is maintained.
This paper describes the development of a rating system (ranking procedure) as part of the Plant
Life Management of CANDU generating station concrete structures and illustrates its application to
an operating plant.
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INTRODUCTION
Aging of concrete structures is defined as the progressive loss of original mechanical and structural
properties caused by physical loads, the effects of plant operation and exposure to the natural
environments. Aging may result in noticeable physical changes such as cracking or loss of
concrete, or internal changes that require extensive testing to evaluate. Typically for nuclear
generating stations, the design safety factors and field quality control during construction result in
as-built structures of substantial capacity. Even though some aspects of aging such as increase in
compressive strength with time are beneficial, in general, concrete structures undergo degradation
from severe operating conditions and exposure to aggressive natural environments.
Integrity of safety-related structures is important to the long-term performance of nuclear
generating stations. Figure 1 shows a logic diagram of the 'Plant Life Management' (PLM) Program.
Safety and licensing are the two main drivers of this program. For continued operation, CANDU
generating station (NGS) safety-related concrete structures must be well maintained.
A numerical ranking procedure is required to focus inspections, maintenance, and rehabilitation of
structures most important to public safety. The ranking procedure is a continuous process that
involves monitoring of aging and numerical rating of sub-elements with respect to their aging and
safety significance. It complements the inspection procedures and prioritizes maintenance of
structural elements. By focusing on those structures having the highest importance, available
resources for overall plant aging management may be effectively utilized. Because the ranking
procedure takes into account the safety significance and aging of the components, the higher
ranked sub-elements may require more frequent inspections compared to those that have a lower
ranking. Structural components may be re-ranked periodically (i.e., every 3 to 5 years) to confirm
or modify their relative ranking.
The report by D. J. Naus [1] provides a detailed account of the structural aging assessment work
conducted for US power plants. Methodologies to assess the structural aging of concrete
structures by the use of ranking procedures were developed by Hookham [2,3] for US power plants
and by R.C. Judges [4] for UK power stations. They provide a logical and sound basis for
classifying structural components based on their aging degradation and safety significance.
However, these procedures involve the evaluation of a large number of parameters.
It was considered that a simplified methodology based on these procedures can be developed for
CANDU structures. The modified ranking methodology described in this paper can be used for
prioritizing sub-elements or components of safety related structures. It provides a logical method of
selecting components for regular inspection, maintenance and repairs. An application to a typical
CANDU 6 station illustrates the methodology.
RANKING METHODOLOGY FOR CANDU STRUCTURES
Figure 2 shows the relation of the proposed ranking procedures to Plant Life Management. As the
first step in ranking, all safety-related structures at the particular CANDU facility are identified and
sub-elements (components) are defined. An example of a safety related structure is the reactor
building, and its sub-elements include components such as the base slab, perimeter wall, and
internal walls, columns and floors. To rank sub-elements, a number of factors have to be evaluated
for each sub-element that can be presented in a numerical rating system. Initially, these factors are
estimated on the basis of the best information available. The source of information can be design
drawings, safety documents, inspection reports [5] and a visual examination of the sub-elements.
Some of the sub-elements are shown in Figures 3 and 4 of a typical CANDU NGS reactor building.
Based on these data, an initial ranking of the components can be done. The top-ranking
components from the initial ranking are examined further in more detail which may involve field and
laboratory testing. If the degree of damage is found to be significant, a structural evaluation may be
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required to establish the effect of aging on the structural and functional capacity of the
components. If the capacities of the components have degraded below an acceptable level, repairs
would be necessary.
PROCEDURE
The proposed procedure is centered on two main parameters: the extent or potential for
degradation of the sub-element and the safety significance of the structure.
If no degradation is evident for the sub-elements and if only limited likelihood of degradation exists
due to the benign service environment, the ranking procedure is not taken any further. The
structure or sub-element may be omitted from the ranking procedure as the degradation rates will
be very slow or insignificant. Even if degradation is evident and if the structure has only minor
safety significance, it will receive a low ranking.
Each sub-element is assessed using the following ranking formula:
Sub-element ranking (SR) = Degradation Factor (Df) x Safety Significance (Ss)
1)

Degradation Factor (Df)

The Degradation Factor is based on an estimate of the Extent of Degradation (De) and the Impact of
degradation (D;) of the sub-element in terms of its reduction in structural and functional capacity.
Degradation Factor (D,) = Extent of Degradation (De) x Impact of Degradation (D,).
1a)

Extent of Degradation (De):

Where degradation of concrete in a sub-element is evident, an estimate is made of the extent of
degradation. Also, if the sub-element is located in an unfavorable (severe) service environment that
is not accessible for detailed inspection, there would be a high probability of undetected
degradation. In this case, the sub-element would be rated for the Likelihood of Degradation based
on the severity of the environmental exposure and the type of degradation that can be present
under such an environmental exposure condition. The rating is based on a scale of 1 to 10. A
lower value is given if there is no evidence of degradation or likelihood of degradation of the subelement based on the service condition.
A number of mechanisms or modes can cause degradation of concrete elements including the
following:
•
•
•
•
•
•
•
•

Reinforcing steel corrosion;
Attack by chemicals such as chlorides, sulfates, carbon dioxide and nitrates;
Leaching of calcium from cement by rain water or ground water;
Freeze/thaw degradation;
Cracking and spalling of concrete caused by thermal effects;
Irradiation effects;
Abrasion, erosion, cavitation; and
Fatigue.

Degradation of concrete structures can be a direct result of an individual degradation mode or the
effect of two or three modes acting in concert. Methods that can be used to detect damage can
be grouped as direct techniques and indirect techniques. Direct techniques involve a visual
examination of the structure, removal of material from defined distress areas for testing or a
combination of the two. Indirect techniques measure the properties of concrete in a non-intrusive
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manner. Non-destructive techniques include ultrasonic, stress wave, surface hardness and
penetrating radar.
1b)

Impact of Degradation (D,)

The impact of degradation on the sub-element may be minor, causing only a local weakening of the
sub-element (such as cracking or spalling of a localized nature). On the other hand, the impact of
degradation may be high, causing severe weakening of the sub-element and thereby affecting its
structural capacity. Another consideration in evaluating the impact is the effect of the sub-element
weakening on the stability of the whole structure. If the weakening or loss of the sub-element
would affect the structural stability of the whole structure, then the impact would be rated high.
Table 1 shows an example of typical Impact of Degradation values (D,) assigned to various
degradation modes. They are based on industry knowledge on the impact of the modes of
degradation on reinforced concrete structures.
2)

Safety Significance (S,)

Safety Significance values are assigned on the basis of the safety functions served by the structure
and the structural significance of the sub-element. The Safety Significance is calculated as a
product of the Safety Function (Sf): and the Component Significance (Cs).
Safety Significance (Ss) = Safety Function (S() x Component Significance (Cs).
2a)

Safety Function (Sf):

The "safety-related" structures are those that are necessary to ensure the integrity of the reactor
coolant pressure boundary, to shut down the reactor, to maintain it in a safe condition, and to
mitigate the consequence of a radiation release during a loss-of-coolant accident (LOCA). They are
essential to the function of the safety class systems and components, and a failure of these
elements would lead to loss of function of safety systems and components housed, supported and
protected. In meeting its functional and performance requirements, a safety-related structure may
be required to perform one or more of the functions listed below:
1.
2.
3.
4.

Containment of radioactive liquids or airborne contamination;
Radiation attenuation or shielding;
Structural support of nuclear steam supply system and other safety-related equipment, and
Protection of communication systems and functions.

If the collapse of a structural element would endanger a safety system, then that structural element
should also be considered as a safety-related element.
The Safety Function values are assigned over a range from 1 to 10. A high value would mean that
the structure is performing a number of functions that have major safety significance. For example,
a factor of 10 is assigned to the reactor building containment structure that provides confinement
of radioactive gases and liquids. The rating for the safety-related structure is applied to all its subelements. For example, for a containment structure, the same rating will apply to the sub-elements
such as the base slab, the perimeter wall, the ring beam and the dome.
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2b)

Component Significance (Cs):

Each structure is composed of several sub-elements, and they are all treated as distinct
components of the structure. The Component Significance value takes into consideration the
relative importance of each component (sub-element) to the others, and its contribution to the
overall integrity of the structure. The rating system uses a scale from 1 to 10; 10 for components
having the highest structural importance. The primary load-carrying sub-element for each structure
is typically the foundation, which must distribute the loading to the underlying soil or rock.
Because the foundation is an essential component of any structure and the loss of foundation is
fatal to the integrity of the structure, it is given a rating of 10. Similarly, columns and walls are
supporting elements for floor slabs and hence they are given a higher rating compared to the slabs.
APPLICATION TO A TYPICAL CANDU 6 STATION
This methodology can be illustrated numerically by applying it to a typical CANDU NGS reactor
building structure. From design drawings and documents, the structural components (subelements) of the reactor building were identified. Figures 3 and 4 show an elevation and a plan of
the reactor building with some of the sub-elements identified for illustration purposes.
Degradation Factor (D,):
Table 2 shows the evaluation of the Degradation Factors (Df) for a typical CANDU 6 station reactor
building. Sub-elements of the reactor building are identified in column 2 and relevant degradation
modes are shown in column 3 under 'Degradation', for each concrete sub-element. For example,
for the base slab, the major degradation modes identified are reinforcement corrosion, chemical
attack and leaching of calcium from the concrete. All these modes can cause degradation of
concrete; however, some of the degradation modes can cause more severe damage compared to
others. Considering the evidence or likelihood of degradation of the sub-element, the extent of
degradation is estimated and is shown in column 4 under 'Degradation Extent (De). The impact
factor selected for each mode of degradation is given in Column 5 under 'Impact Factor' The
Degradation Factors are obtained as a product of Extent of Degradation and Impact of Degradation
in columns 4 and 5. The highest of the Degradation Factors is selected as the Degradation Factor
(D,) for the ranking evaluations
Safety Significance of Sub-Elements
Table 3 shows the calculations leading to the Safety Significance (Ss) and ranking of the subelements. Column 3 indicates the Degradation Factor as obtained from Table 2, column 7. Column
4 in Table 3 indicates the factors assigned to the Safety Functions performed by the sub-elements
and the 'Component Significance' is given in column 5. Safety Significance Factors (Ss) are
obtained by multiplying column 4 and 5 and dividing by 10.
Ranking
The sub-element ranking is obtained by multiplying the Degradation Factors (Df) in column 3 in
Table 3 by the Safety Significance Factors in column 6. The item numbers in Table 2 are rearranged in Table 3 to present the numerical rating of sub-elements starting from a maximum value
to the minimum. The sub-element ranking for the reactor building, is shown in column 7. The
ranking values range from 90 to 448 out of a maximum possible theoretical value of 1000. A
ranking value of 1000 would indicate significant degradation of a concrete sub-element. The dome,
outside face, has the highest ranking value of 448. Figure 5 shows a graphical representation of
these ranking values. Thirteen elements have a ranking higher than 160. The internal walls and
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slabs rank lower. This is because of the favorable operating environment they are subjected to and
because of their lower Safety Significance.
The ranking of sub-elements obtained in this analysis suggests priorities for field inspections and
damage identifications. Sub-elements with a higher rank would require subsequent detailed
examination and potential repairs compared to those with a lower ranking.
The Degradation Factors (D,) will be revised based on the results of inspection and maintenance.
The (Df) rating of similar sub-elements of a structure may differ due to localized defects or exposure
conditions causing the ranking the order of sub-elements to change.
CONCLUSIONS
This paper describes a technique for ranking sub-elements of a concrete structure on the basis of
their overall importance and safety significance. The ranking procedure can be used to identify the
sub-elements that need further inspection and maintenance.
It is recommended that the ranking assessment should be repeated every few years for safetyrelated structures to address the results of inspections and repairs. Repairs made to a sub-element
would lower the relative ranking of that sub-element, thus bringing other sub-elements to the top
of the ranking list. This procedure can also be applied to other structures of CANDU generating
stations even though they may have different configurations, and their sub-elements may have
different safety significance.
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2- Component significance

Field visual inspection,
Damage evaluation,

Initial condition X
(TO)

Identify major degradation mode:
for each sub-element
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Figure 3 : - A typical CANDU 6 Generating Station, Reactor Building,
General Elevation

Perimeter Wall

Figure 4: A typical CANDU 6 Generating Station, Reactor Building, General Plan
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Table 1: Typical Impact Factors assigned to Degradation Modes

Degradation Mode

Impact Factor

Reinforcement corrosion

8

Chemical attack

7

Elevated temperature

6

Thermal exposure/cracks

6

Leaching

4

Abrasion, erosion, cavitation

3

Irradiation

3
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Table 2: Calculated Degradation Factors based on the Impact Factors given in Table 1
2

Item

Sub-elements

4

3

Degradation Mode

5

6

7

Dt (Highest
value of Dfs,
Degradation
Factor

De

D,

D fs = D e x D

Degradation
Extent

Impact
Factor

Degradation
Factors

Containment Building
1

Base slab

Re-bar Corrosion
Chemical Attack
Leaching

2
2
2

8
7
4

16
14
8

16

2

Gallery at level 238' 6"

Re-bar Corrosion
Chemical Attack
Leaching

2
2
2

8
7
4

16
14
8

16

3

Perimeter wall (to spring
line), inside surface

Drying Shrinkage
Thermal Exposure
Re-bar Corrosion

3
3
2

6
6
8

18
18
16

18

4

Perimeter wall (to spring
line), outside surface

Re-bar Corrosion

6

8

48

48

Freeze/Thaw
Cycling
Thermal Exposure
Chemical Attack

6

5

30

4
3

6
7

24
21

Drying Shrinkage
Thermal Exposure
Re-bar Corrosion

5
4
2

6
6
8

30
24
16

30

5

Dome
Dome - inside

6

Dome - outside

Re-bar Corrosion
Thermal Exposure
.eaching
Chemical Attack

7
7
4
3

8
6
4
7

56
42
16
21

56

7

Dome centre Plug

Re-bar Corrosion
Thermal Exposure
.eaching
Chemical Attack

7
7
4
3

8
6
4
7

56
42
16
21

56

8

'ressure relief duct stub

Re-bar Corrosion
Freeze/Thaw
Thermal Exposure

3
3
3

8
5
6

24
15
18

24

9

Calandria, concrete

Radiation/Chemical
Thermal Exposure
Re-bar Corrosion

5
4
2

7
6
8

35
24
16

35

continued
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Table 2 I continued)

11

12

13

14

15

16

17

18

19

20

21

Calandria support

Closure plug

REM plug

Roof hatch 1,2,3,4

South cross wall

North cross walls

Radiation/Chemical
Thermal Exposure
Re-bar Corrosion
Chemical
Thermal

5
4

2

5
4

Chemical attack
Thermal
Radiation/Chemical

5
4

Chemical attack
Thermal
Radiation/Chemical

en

10

Chemical attack
Thermal
Radiation

5
4

2

4
2

2

J

7
6
8

35
24
16

35

7
6

35
24

35

7
6
7

35
24
14

35

7
6
7

35

35

24
14

7

35

6
7

24

35
24
14

35

35
24
14

35

35
24
14

35

35

30

Chemical attack
Thermal
Radiation

4

7
6

2

7

North Area walls
1-East
2- West

Chemical attack
Thermal
Radiation

5
4
2

7

Control Area walls
1 - East
2- West

Chemical attack
Thermal
Radiation

5
4

7

2

7

Elevation 274
Room 216
Room 217
Room 202
Room 203

Chemical attack
Thermal
Radiation

Shield wall R-208
R-209

Chemical attack
Thermal
Radiation
Chemical attack
Thermal
Re-bar Corrosion
Chemical attack
Thermal
Re-bar Corrosion

Floor at level 274'

Floor at level 289'

5

6

7

6

35

14

5

7

4

6

2

7

35
24
14

5

6

30

4
2

7

28

6

12

5
4
2

6
7
6

30
28

5

6

4

7

30
28

2

6

12

30

12

30

continued
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22

Floor at level 3 1 1 ' 6" Chemical attack
Thermal
Re-bar Corrosion

23

Floor at level 317' 6" Chemical attack
Thermal
Re-bar Corrosion

24

25

Table 2 (concluded)
5
4
2

6 :
7
6

30
28
12

30

5
4
2

6
7
6

30
28
12

30

Boiler support beams Thermal
Re-bar Corrosion

9
2

7
8

63
16

63

Fuel machine support Chemical attack
Thermal
Radiation

5
4
2

6
7
6

30
28
12

30
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Table 3: Ranking Values of sub-elements based on the highest Degradation Factors (Df) from Table 2 (see Note, next page)
2

3

4

5

6

7

Sub Elements

Degradation

Safety
Function Sf

Component

Safety Significance

Ranking

1

Factor D,

Item *

Significance

cs

Factor(Ss)
Ss = S, x Cs/10

SR = Df x Ss

1

Dome - outside

56

10

8

8

448

2

Dome centre plug

56

10

8

8

448

3

48

10

9

9

432

4

Perimeter wall (to spring line, outside
face)
Boiler support beams

63

8

6

4.8

302

5

Calandria, concrete

35

9

8

7.2

252

6

Calendria support

35

9

8

7.2

252

7

Dome - inside

30

10

8

8

240

8

Closure plug

35

8

8

6.4

224

9

REM plug

35

8

7

5.6

196

10

Roof hatch 1,2,3,4

35

8

7

5.6

196

11

Pressure relief duct stub

24

10

8

8

192

12

Fuel machine support

30

8

7

5.6

168

13

18

10

9

9

162

14

Perimeter wall (to spring line), Inside
surface
Base slab

16

10

10

10

160

15

South cross wall

35

6

7

4.2

147

16

North cross walls

35

6

7

4.2

147

17

North Area walls, East, West

35

6

7

4.2

147

18

Control Area walls, East, West

35

6

7

4.2

147

continued.

2

1

3

4

5

Safety Function Component
Item

Sub Elements

Degradation of the Structure Significance
Factor D,
s,
c
35

6

7

4.2

147

20

30

6

7

4.2

126

21

Floor at level 274'

30

CJI

Ranking
SR= Df x Ss

Elevation 274, Room
216,217,202,203
Shield wall R-208, R 208

6

3

90

22

Floor at level 289'

30

6

3

90

23

Floor at level 3 1 1 ' 6"

30

5

6

3

90

24

Floor at level 317' 6"

30

5

6

3

90

25

Gallery at level 238" 6"

16

7

8

5.6

90

19

en

Safety
Significance
Factor (Ss)
Ss = Sf x C 3 / 1 0

7

CJI

s

6

* Note: The item numbers in Table 2 are re-arranged to present the numerical ranking of sub-elements given in column 7 in a
descending order.
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ABSTRACT
Nuclear power plant concrete structures in addition to satisfying structural requirements are a major part of the
safety and containment systems. As a result, the structures are required to operate satisfactorily for the life of
the plant and until well after decommissioning. Successfullife management requires an understanding of potential
degradation mechanisms that can impact on the performance of these structures, regular well planned inspection
programs and the use of specialized repair and maintenance programs. These aspects of nuclear life management
are discussed with an example of inspection and repair conducted at one of Ontario Hydro' s nuclear generating
stations. The example is discussed in terms of the performance requirements of the containment concrete. The
plant referred to has been in operation for over 20 years, making it currently the oldest operating commercial
nuclear power plant in Ontario, Canada. The information on the concrete containment structures included baseline
construction data on the concrete material properties and the results of periodic scheduled and other interim
specialized inspections. Also available were the results of laboratory testing of concrete cores obtained from the
structures. The data from these inspections and laboratory testing were used to monitor the aging characteristics
of the structures and to plan appropriate repair activities.
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This paper was originally presented at the ASME Pressure Vesselsand Piping Conference held in Orlando, Florida
on July 2 7 - 3 1 , 1997.

336

EVALUATION OF NUCLEAR POWER PLANT CONCRETE
TO MAINTAIN CONTINUED SERVICE

INTRODUCTION
Ontario Hydro is the largest owner of nuclear power plants in Canada with the electricity produced from these
plants accounting for approximately 60% of the total electrical production in Ontario. As a result, these power
plants make a significant contribution to the province's economy, and the continued serviceability of the plants
must be maintained to ensure reliable production of electricity for the province.
Concrete is used extensively in nuclear power plants for structural applications and for radiological safety.
Structurally, it is used to house reactor components and provides a significant part of the safety and containment
systems. Concrete is also used as biological shielding to protect personnel and the public.
Hie structural requirements must be maintained for the operating life of the plant, approximately 40 years with
the possibility of extensions. The radiological safety requirements, including biological shielding and the
containment of radioactive gases, liquids and materials, must be met for the operating life of the plant and until
the plant is decommissioned and the radioactive components are placed in permanent storage. This may require
the structures to maintain serviceability for 100 years or more.
FUNCTIONAL REQUIREMENTS
To maintain the serviceability of these structures, the unique functional requirements of concrete in a nuclear
application must be understood. Degradation mechanisms affecting conventional concrete structures have been
studied; however, the combination of degradation mechanisms experienced in an operating nuclear plant and the
long-term effect on the performance of the concrete cannot be completely predicted. In addition, the unique
functional requirements of nuclear containment structures such as very low air and water permeability have not
been assessed over a long term.
Therefore, nuclear power plant concrete structures must be regularly inspected to satisfy licensing
requirements, to ensure the functional requirements are maintained, and to identify any short-term deficiencies.
The information from these inspections is used to identify long-term degradation processes that may affect the
operating life of the station. The results from these inspections are also used to characterise the aging of the
concrete and formulate repair programs to maintain the serviceability of the structures.
DEGRADATION PROCESSES
Concrete structures in a nuclear service environment are subjected to a variety of exposure environments.
These include conditions experienced by many large industrial structures such as exposure to freezing and
thawing, high structural stresses,prolonged high temperatures and aggressive liquids (eg. acids, deionized water)
with the addition of high radiation levels. The effect of exposure to some of these conditions has been studied
in the laboratory and monitored in existing structures. The long-term performance of the concrete must be
predicted based on the available information which is frequently limited. The more data available on a specific
exposure condition and the longer the period the data covers, the greater the accuracy of any predictions on the
long-term concrete performance.
A significant difference between concrete structures in nuclear power plant applications compared to
conventional industrial applications is that the nuclear structures must possess special functional properties (eg.
low air and water permeability) that must be maintained for 100 years or more. A reduction in these properties
or evidence of concrete deterioration is not acceptable to the regulators or the public. This long service life with
special performance requirements in a unique exposure environment mandates special monitoring of concrete
structures in nuclear power plants.
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INSPECTION PROGRAMS
The inspection of nuclear containment structures are typically carried out for two reasons:
1. To satisfy regulatory requirements for continued safe operation /I/. These inspections are generally carried
out at a regular interval with specific requirements.
2. To address unexpected operational problems caused by deterioration or damage to the containment structures.
These inspections are carried out when needed and the requirements vary to address the particular problem.
These inspections should identify problems with the performance of the concrete and provide information and
data to predict the long-term concrete aging characteristics. In some instances, repairs are required to return the
structure to a satisfactory operating condition.
Inspection programs are designed to concentrate on critical areas based on the required performance of the
structure or deterioration of the concrete. The preparation of the program includes a review of the structure in
consultation with the design engineer to identify and select components or areas of high stresses or severe
exposure for detailed inspection.
Various techniques are employed depending on the objective of the inspection. These include visual
inspection supported with a photographic record and crack mapping, nondestructive testing techniques to identify
areas of deterioration and concrete coring to obtain specimens for laboratory testing and examination to determine
the physical properties of the concrete and the condition of the cement-aggregate bonds.
Baseline data is frequently available from constructionrecords, previous inspection reports, and the literature.
This data is compared to the inspection findings to identify changes in the concrete and to predict aging
characteristics.
Ontario Hydro maintains a unique long-term exposure site used to monitor various types of concrete in a
natural outdoor exposure environment to identify concrete aging and performance characteristics /2,3/. Data is
available on concrete exposed for over 40 years. The information from monitoring specimens in this site is used
to assist in predicting the performance of concrete in-service under similar conditions. In addition, programs that
accelerate the aging process under specified exposure conditions are carried out in the laboratory. These include
exposure to high temperatures, accelerated testingforalkali-aggregatereactivityandexposure to flowing deionized
water.
On occasion, concrete samples are obtained from the reactor containment buildings or reactor shielding vaults.
These samples are frequently highly radioactive and special handling and testing procedures and facilities must
be utilized. The concrete is typically analyzed for changes in physical properties that may indicate progressive
deterioration due to the service environment. The concrete is also analyzed to determine the radioactive inventory
including the nature of radioactive isotopes present and their profile through the concrete section.
REPAIR PROGRAMS
Based on the results of the inspection programs and the predicted performance of the concrete, repairs may
be necessary to maintain the continued serviceability of the structure. Generic repair materials and procedures
are suitable for many applications; however, on occasion, a specialized repair may be required.
To address specialized repair requirements, suitable materials are developed and evaluated in the laboratory
to ensure they satisfy the performance requirements. This may require the construction of models and the use
of environmental chambers to evaluate extremes of temperature, moisture and radiation exposure. Specialized
testing equipment is employed to evaluate the physical properties of the materials and repairs.
The repair procedures are developed based on a combination of laboratory testing and field trials. When the
repair is performed, it is inspected and monitored using both specialized and established QA and QC procedures.
CASE HISTORY
The application of these inspection and monitoring programs to Ontario Hydro's oldest operating nuclear
reactor is discussed. The plant, Pickering NGS 'A' Unit 1, has been in operation for over 20 years. As a result
of these inspection programs, the need for repairs was identified to maintain the serviceability of the Unit 1
containment structure.
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Background
Pickering NGS is located on the north shore of Lake Ontario approximately 20 miles east of downtown
Toronto (Figure 1). This was the first multi-unit nuclear power plant constructed by Ontario Hydro with the units
placed into service between 1971 and 1973.
Pickering NGS 'A' is a four unit (540 MW per unit) CANDU type nuclear station. Each unit (Units 1 to 4)
and its associated nuclear components are housed in concrete reactor buildings. The turbine and conventional
components are in a separate building. Radiological safety structures include the reactor buildings (one for each
unit), a pressure relief duct and a vacuum building which were designed to prevent the release of radioactive
gases, water vapour and particles in case of a nuclear accident. The pressure relief duct connects the reactor
buildings to the vacuum building. In an emergency, such as a loss of coolant accident, gases and steam that are
generated will be drawn via the pressure relief duct to the vacuum building and will be condensed by a water
spray system supplied from an elevated tank enclosed within the building.
All of these containment structures (ie. reactor buildings, pressure relief duct and vacuum building) are
constructed of reinforced concrete.
The reactor buildings consist of a 4 ft (1.2 m) thick circular perimeter wall supporting an 18 in (0.46 m) thick
reinforced concrete dome (Figure 2).
The domes of the reactor buildings are exposed to an outdoor environment and are subjected to cycles of
freezing and thawing and rain, snow and ice. At certain times of the year and depending on the operating
condition of the reactor, the concrete can be exposed to high thermal gradients through the thickness of the dome
causing high structural stresses.
Inspection Results
As part of the licensing requirements, the containment buildings are assessed for leak tightness by conducting
periodic pressure tests approximately every five years. The structures must be leak tight to ensure all radioactive
gases, steam and particles are contained in the event of an accident.
The test consists of pressurizing the buildings to approximately 6 psi (g) (41.4 kPa (g)) and monitoring the
loss of pressure with time. During these tests, critical areas of the reactor building, such as those exposed to high
structural stresses.are visually inspected to identify deterioration. The inspections concentrate on identifying leak
paths extending through the containment boundary which could contribute to an increase in containment leakage
and signal concrete deterioration. Because of the nature of these tests, they provide a unique opportunity to
identify leakage paths that extend through the concrete.
During a pressure test of the Unit 1 reactor building conducted in 1992, a significant increase in building
leakage was recorded (Figure 3). This increase was attributed to air leakage through numerous hairline cracks
in the top part of the reactor building dome. Although hairline cracks had previously been identified in the dome,
the extent and number had not been previously reported. These cracks were very narrow, typically less than
0.005" (0.1 mm) wide, and not readily visible.
The results of this test were of concern because there was a possibility that a minor increase in containment
leakage in subsequent tests might cause the leakage limits specified in the operating licence to be exceeded
requiring the unit to be shut down. Since this was the oldest unit, there was also concern that similar leakage
could develop in the other three units. The cracking could also indicate a serious problem with deterioration of
the concrete.
As a result of these concerns, a two stage program was initiated. The first stage was to identify the cause of
the hairline cracks and determine the probability of increased cracking in subsequent years. The second stage was
to develop a repair method to seal the cracks to allow continued operation of the unit with no concern of
exceeding the leakage limit in subsequent years.
Concrete Investigation
Detailed information was available on the concrete used in the domes of the reactor buildings. The
information was obtained from concrete inspector'sreportsprepared during construction and included information
on the ambient weather conditions, method of placement, mix proportions and fresh concrete properties. In
addition, the density and compressive strength at 7, 28 and 90 days was recorded. This information, used as
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Figure 1: Pickering NGS 'A' and 'B'

Figure 2: Reactor Building Wall and Dome
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Figure 3:

Pressure test results. The circles show the operation target of 1 % volume leakage per hour.
The licensing limit is 2.7%. The triangles show the leakage during the test immediately prior
to the repair and the squares show the leakage after completion of the repair.
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baseline data, was summarized and reviewed to identify differences in the concrete between the four units.
Commissioning reports were available but they did not describe the as-built condition of the concrete in detail.
As an example, the reports mention radial hairline cracks in the reactor building dome but information regarding
the length, width or number of cracks was not provided.
The results of the regular in-service inspections of Unit 1 conducted since commissioning were compared to
the results of similar inspections of Units 2 to 4. Radial cracking was identified in the domes of all the units,
however the cracking was most extensive in Unit 1.
To help in determining the cause of the hairline cracks and confirm the quality of the concrete, an investigation
program consisting of nondestructive testing, concrete coring and laboratory testing was undertaken. For this
investigation, Units 1 and 4 were selected as they represented the first and last units built. The walls and the
domes were sampled in both units to represent concrete exposed to different structural stresses. Areas of the wall
exposed to an outdoor environment versus those exposed indoors were compared to identify the effects of
exposure environment.
The nondestructive testing included ultrasonic pulse velocity readings and detailed crack mapping of selected
test areas. Inspections were conducted at different periods of the year and with the reactor building in different
conditions (ie. unit in operation, unit shut down, building at various pressures during test). The objective of these
activities was to identify any increase in cracking that may occur.
Specimens were prepared from the cores and tested for compressive and splitting tensile strengths and density.
This testing was conducted to identify significant differences in the concrete from the different sample locations.
Specimens were also examined petrographically to assess the condition of the cement-aggregate bonds and the
features of the cracks through the concrete. The air-void system was evaluated to ensure that it was suitable to
protect the concrete from damage due to freezing and thawing.
Assessment
The baseline, inspection and investigation data were reviewed and compared to identify possible causes of the
cracking and identify the aging characteristics of the concrete. The properties obtained from the laboratory testing
were compared to the behaviour of long-term reference concrete to ensure that the Unit 1 dome concrete was not
exhibiting any unusual aging characteristic.
A review of the construction records and the results of the laboratory testing of cores from Units 1 and 4
revealed that, although the compressive strength of the concrete exceeded the required design strength, the Unit
1 concrete had a significantly lower compressive strength than that in the other units. A summary of the
laboratory testing for compressive strength conducted during construction is given in Table 1 where the average
28-day compressive strength of standard cured test cylinders for the dome of each unit is presented as a percent
of the Unit 1 dome concrete.
The testing of concrete cores obtained from the domes and walls of Units 1 and 4 confirmed that the Unit
1 dome concrete had lower strength than the other areas sampled (Table 1).
The compressiveand tensile strength of concrete are related; therefore, areduction in the compressive strength
would indicate a reduction in the tensile strength. Cracking occurs when the tensile strength is exceeded.
A structural analysis revealed that although the domes are structurally sound, radial cracking in the top of the
dome could occur under service conditions. The expected crack configuration was similar to the cracking
observed in all of the reactor building domes. The design assessment also confirmed that the difference in the
extent of cracking between units could be explained by a lower concrete tensile strength in the Unit 1 dome.
Based on visual inspections and laboratory examination of the concrete cores, it was determined that the
hairline cracks had likely developed soon after the domes were constructed.
Although the cracks had likely been present for some time, it was found that unique thermal conditions existed
during previous tests which prevented the hairline cracks from opening to the extent that allowed the loss of air
from the dome recorded in 1992. These thermal conditions relate to the relative temperature of the concrete
versus that of the air inside and outside the building.
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TABLE 1
Pickering NGS 'A'
Units 1 to 4
Concrete Compressive Strength of Reactor Building Domes

Unit
Number

Compressive Strength of Dome Concrete
Construction Data
(Percent of Unit 1 Dome Concrete")

Compressive Strength of Cores
After 20 Years of Service
(Percent of Unit 1 Cores"")

Unit 1

100%

100%

130%

-

Unit 3

129%

-

Unit 4

117%

152%

Unit 2

.

•

The average 28-day compressive strength of the Unit 1 dome concrete
was 3450 psi. The design compressive strength was 3000 psi at 28 days.
** Based on limited test data.
Repair Program
A number of detailed repair options were reviewed to reduce or eliminate the leakage through the dome.
These options included post-tensioning the dome, adding large masses to prevent the cracks from opening, sealing
the surface with fibre reinforced concrete, adding an additional layer of concrete, sealing the cracks by epoxy
injectionandapplyingacoating material. Basedonstructuralanalysis,laboratorytesting,economic considerations
and operational limitations, it was decided to apply a coating material to the top of the dome where most of the
leakage through the cracks occurred.
The selection of a suitable material was based on an extensive laboratory evaluation and testing program.
Models were constructed in the laboratory and subjected to various environmental conditions including
temperature extremes from -25°C to 30°C. In addition to the laboratory program, a series of field trials were
conducted to optimize application procedures.
After extensive material testing of various types of polymeric coatings a single component, elastomeric
polyurethane-based coating was selected to be applied to the top portion of the exterior surface of the dome
(Figure 4).
Solution
Based on the review of the construction data, evaluation of the condition of the concrete and structural
analysis of the dome, the cause and future development of the cracks was established. Repairs were undertaken
to reduce the leakage so that the pressure test leakage would not exceed the licensing limits (Figure 3). Programs
to monitor the long-term performance of this coating have been implemented in both outdoor exposure sites and
under accelerated conditions in the laboratory.
CONCLUSIONS
The performance requirements and long service life of concrete structures used in nuclear power plants
requires special inspection, monitoring and repair methods. Periodic in-service inspections are used to identify
concrete deterioration and the need for repairs. The long-term performance of the concrete is predicted by
utilizing the inspection results and information from long-term concrete studies and material databases. When
necessary, repairs are undertaken to restore the performance of the structure to acceptable levels and thereby
maintain the service life of the structure.
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Figure 4: Pickering NGS 'A' Unit 1 after concrete coating applied.
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Abstract
Environmental Qualification [EQ] is the process of providing assurance that safety related
equipment and systems will function as required following a Design Basis Accident which
generates harsh environmental conditions. The process lists all the equipment required to
function under accident conditions, assesses ability to function under those conditions,
makes modifications as required to achieve the required capability and ensures the required
measures are in place to maintain qualified status for remaining Station life. The safety
related systems covered by the Pickering EQ Program are those required to control reactor
power, cool the fuel, contain radioactivity and monitor critical safety parameters and all
associated electrical, service water and instrument air support systems. The program
considers Loss-of-Coolant-Accident [LOCA], Main Steam Line Break [MSLB] and all other
Design Basis Accidents identified in the currently published Safety Analysis. The
environmental phenomena considered by the program include temperature, pressure,
radiation, steam and flooding. The qualification methodology is based on the IEEE-323
standard.
The goal of the program is to achieve full qualification status at best possible speed, provide
equipment which has a high margin of safety and leave a program in place which is readily
sustainable. The current target completion date is 2003; however, opportunities are being
explored to attempt to accelerate completion. Qualification by a system oriented approach
best addresses change management requirements. Qualification by equipment type
oriented approach best addresses technical capability issues. The program uses hybrid
approach to get the best mix. Equipment is qualified primarily on a system oriented basis;
however, generic equipment qualification approaches are also used where significant safety
benefit or efficiencies can be achieved. An extensive up front engineering effort is required
to list and assess equipment. Engineered changes need to be prepared well in advance of
installation dates. Impact on station operation is minimized by maximizing installation of
changes on-power. Impact on station maintenance is minimized by consolidating EQ work
with existing rehabilitation programs. Margin of safety is maximized by using existing,
proven solutions to qualification inadequacies to the highest extent possible. Sustainability
is maximized by broadly applying standardized fixes.
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seats. Two of the valves are used in the ECIS
recovery system, while the third is used for
instrumentation loop isolation or as drain valves.
All are exposed to little or no radiation during
normal use.

ABSTRACT
Valves containing tetrafluoroethylene (TFE)
components are being used in many CANDU®
Nuclear Generating Stations. However, some
concerns remain about the performance of TFE
after exposure to high levels of radiation.
Stations must therefore ensure that such valves
perform reliably after being exposed to
postulated accident radiation dose levels. The
current Ontario Hydro Environmental
Qualification (EQ) program specifies much
higher postulated radiation exposure than the
original design, to account for conditions
following a LOCA. Initial assessments indicated
that Teflon components would require
replacement. Proof of acceptable performance
can remove the need for large scale replacement,
avoiding a significant cost penalty and preserving
benefits due to the superior performance of TFEbased seals.

Based on the results of the tests, all the valves
tested will still meet functional and performance
requirements after the TFE components have
been exposed to 10 Mrad of irradiation.
1.

INTRODUCTION

Under Ontario Hydro's Environmental
Qualification Assessment (EQA) program,
components in safety related systems must be
qualified for up to 40 years of service life under
normal conditions plus a three month period
under accident and post-accident conditions.
Existing components must be tested for
cumulative age, radiation, fatigue and seismic
effects, as applicable to each component's
function and location.

A test program was undertaken at Chalk River
Laboratories (CRL) to investigate the
performance of three valves after irradiation to
10 Mrad. Such valves are currently used at the
Bruce B Nuclear Generating Station. Each
contains TFE packing rings; one also has TFE

Bruce (A&B) Nuclear Generating Stations
(NGS) EQA reports [1,2,3] for the
tetrafluoroethylene (TFE) components in
specified Whitey, Worcester and Jamesbury
valves have qualified them for thermal aging
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effects of 40-years plus accident conditions.
However, a major concern is the ability of TFE
components to function as intended after
radiation exposure. The Mechanical Equipment
Development (MED) branch of AECL at Chalk
River was contracted to evaluate the performance
of these valves after irradiation, with no thermal
aging involved.

polyetheretherketone (PEEK). The packing rings
have a rectangular cross section.

This project evaluated three valve types, each
containing one or more TFE components, for
leak-free operation at accident pressure and
temperature after varying degrees of irradiation.
Each valve was leak-tested at simulated Loss of
Coolant Accident (LOCA) conditions after 0, 2,
4, 6, 8, 10 and 12 Mrad of exposure. The dose
increments were selected so the effect of
increasing dose on leak rate could be monitored.
After the 12 Mrad test, samples of the irradiated
TFE materials were analyzed for leachable
chlorides, fluorides and sulphates.
FIGURE 2: Worcester Valve
1.1

Equipment Tested

The tests evaluated specified models of Whitey,
Worcester and Jamesburv valves.

The Jamesbury valve contains 5 rings of braided
TFE packing.
One each of the Worcester and Whitey valves
was available from Bruce B NGS for testing. A
test rig was fabricated to model the large
Jamesbury valve.
1.1.1

Jamesbury Valve Test Rig

The Jamesbury Valve Test Rig (Figure 3) models
the stem seal of the Jamesbury Wafer Sphere
Valves at Bruce NGS, including the stem and
stuffing box dimensions.
The packing configuration used in the Jamesbury
test rig was a double-packed set of TFE braid (3
below the lantern ring and 2 above). This is the
same packing configuration used in the valves at
BNGS. The packing rings were cut on a bevel
and the splits were staggered to ensure there was
no continuous leak path. On installation, the
packing set was live-loaded to a maximum
compressive stress of 5000 psi. Since leakage
through the top ring to atmosphere was the
primary concern, a leak-off port from the lantern
ring was not provided.

FIGURE 1: Whitey Valve

The Whitey valve (Figure 1) contains two TFE
packing rings (Chevron* style). The Worcester
valve (Figure 2) contains TFE packing and two
TFE seats. The packing consists of two rings of
polyfill (approximately 80 % TFE and the rest
carbon/graphite fill) and two rings of
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2.1.1

Dose Monitoring

While in the l92Ir chamber, the dose to the TFE
components was estimated using a Microshield
computer model. Model inputs included source
strength and halflife, distance from the source to
the component, the amount of shielding due to
the valve body and the exposure time. The dose
to the internal TFE components from their
exposure in the Gammacell 220 was calculated
based on the same variables. The accuracy of the
dose is estimated to be ±20%.
2.2

Leak Test Facility

The leak test facility (Figure 4) consisted of two
adjacent water columns, an oven, a compressed
air cylinder and associated tubing. The two
water columns were connected through tubing
containing an isolating valve. The primary water
column was open to atmosphere while the second
was connected to the valve in the oven and, when
the isolating valve was closed, could be
pressurized by the compressed air cylinder.
The accuracy of leakage measurement depends
on tube inner diameter, water temperature, and
the water column height, and is ± 0.7 mL.
Measurement accuracy of the pressure and
temperature are ± 3 psig and ± 3 °C,
respectively.

FIGURE 3: Jamesbury Valve Test Rig

2.0

2.1

TEST SETUP AND
INSTRUMENTATION

2.3

Radiation Facilities

Chemical Analysis

Chemical analysis of TFE samples, both
unirradiated and irradiated to maximum dose,
was contracted off-site to an approved
laboratory.

The valves were irradiated in stages to the
nominal 10 Mrad total dose in a chamber
approximately 1.5 ft x 1.5 ft x 1,5 ft. The
chamber was shielded on all sides by lead bricks
or pellets. A gamma source of !92Iridium was
contained in a pencil-shaped holder in the centre
of the chamber. The valves were placed as close
to the source as required to receive the desired
dose rate.

3.

TEST PROCEDURE

3.1

Packing Installation

In preparing the Jamesbury Valve Test Rig, the
first three packing rings and the lantern ring were
installed in the stuffing box, then loaded to
5000 psi packing stress by compressing the
calibrated Belleville washers. The load was then
removed and the top two packing rings installed,
followed by the gland follower. The Belleville
washers were again compressed to give 5000 psi
packing stress.

A radiation facility with a much higher dose rate
(the Gammacell 220) was used for the final
2 Mrad dose to the Whitey and Worcester valves.
This facility consists of a series of pencil-shaped
6<1
Co sources positioned circumferentially around
a sample chamber.
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The Whitey Valve and the Worcester Valve were
tested as received.

Table 1: Leak Test Temperatures and
Pressures

D. it

Valve

Oven
Temperature (°C)

Valve Fluid
Pressure (psig)

Worcester
Valve
Whitey Valve

100 ±5

190+5,-8

ambient
(20-30)
100 + 5

50+5,-8

Jatnesbury
Valve Ri2

190+5,-8

After four hours, the oven was turned off, the
system depressurized, and the change in water
column height measured. Except for the Whitey
valve test, where the test temperature was
ambient, a second water column height
measurement was made after a minimum of four
hours, after the water in the system had returned
to ambient conditions. The top of the primary
water column tube was clamped to minimize
evaporation.
3.3

3.2

Valve Irradiation

FIGURE 4: Leakage System

After the initial leak tests, the valves were
installed in the irradiation chamber at the desired
distance from the source. The chamber lid was
installed and covered with bags of lead pellets
and the source was wound into the chamber.
After a time sufficient for the centre of the TFE
components in each valve to have received
2 Mrad of dose, the source was rewound into its
shielded container and the valves removed from
the chamber.

Leak Tests

After each 2 Mrad dose increment, the valves
were leak tested again.

All valves were leak tested at the start of the test
program and after each 2 Mrad increment of
irradiation. The leak test temperature and
pressure were the predicted Loss of Coolant
Accident (LOCA) conditions for the particular
valve [1,2,3]- Table 1 shows the temperature and
pressure of each valve during the leak test.

3.3.1

Dose Rate

The target dose rate was 10 Mrad in 90 days but
the actual dose rate was slightly lower than this.
The l92Ir source (74 day half life), saw a
significant decay in its strength over the course
of testing. Interference between the three valves
in the chamber prevented them from being
moved closer to the source as its strength
decreased. Instead, the exposure period was
increased for each successive 2 Mrad dose.

The valve to be tested was placed in the oven and
connected to the leakage testing system. The
system was then pressurized and heated. When
temperature and pressure were at the LOCA
levels for the valve being tested, temperature,
pressure and time were recorded. These values
were monitored for the next four hours to ensure
that the test was progressing according to plan.

3.3.2 Total Dose
On achieving the nominal 10 Mrad dose, each
valve was irradiated an extra 2 Mrad, to ensure
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that 10 Mrad had been exceeded. The Whitey
and Worcester valves underwent the final
irradiation in the Gammacell 220, while the
Jamesbury rig remained in the 192Ir chamber.

4.2

Table 3 shows the leakage for each valve as a
function of nominal dosage, from the baseline
leak test to the 12 Mrad leak test.

The total irradiation times for the three valves
ranged from 118 days to 139 days.
3.4

Table 3: Valve Leakage* Over 4-Hour Leak
Test

Post-Irradiation Inspection

Chemical Analysis

Samples of irradiated and non-irradiated TFE
components from the valves was sent to an
approved off-site laboratory for testing of
leachable chlorides, fluorides and sulphates.
4.

TEST RESULTS

4.1

Radiation Dose

0

Whitey
Valve
Leakage,
mL
0.6

Worcester
Valve
Leakage,
mL
0

2
4
6
8
10
12

0.3
0.5
0.4
3.3
0.2
0.6

0.3
20.0
24.7
3.1
6.6
4.3

Nominal
Dosage,
Mrad

After the final functional tests, each valve and its
TFE components were carefully examined for
changes in appearance, cracks and colour. In
addition, internal components of similar, nonirradiated components were inspected for
comparison with the irradiated components.
3.5

Leakage

* The accuracy of the leakage measurements was
estimated at ± 0.7 mL.
** This test was repeated after stem movement
was observed.
4.2.1

Comparison of the predicted dose from the
model with dosimeter readings resulted in a
correction factor of 0.82 being applied to the
nominal dose. Therefore, an additional nominal
2 Mrad irradiation period was applied to ensure
that the total corrected dose exceeded 10 Mrad.
Table 2 shows the nominal and corrected doses
for the TFE components.

Whitey
Packing

Mrad
2
4
6
8
10
12

Mrad
1.5
3.2
4.9
7.0
8.6
10.6

Whitey Valve (Chevron Style TFE
Packing)

The leakage from this valve remained below 1
mL per 4 hours, for all tests except the 8 Mrad
test, which had 3.3 mL leakage. There is no
evidence of increasing leakage with increasing
total dose.
4.2.2

Table 2: Nominal and Corrected Dose of the
TFE Components

Nominal
Dose

Jamesbury
Rig
Leakage,
mL
9.8
12.6**
0
4.7
7.5
2.6
3.4
4.1

Worcester Valve (Solid TFE Rings &
Ball Seat)

The baseline and 2 Mrad tests for the Worcester
valve showed little or no leakage through the
packing or the seat. However, after 4 Mrad,
20 mL of leakage was measured. No water was
observed in the downstream end cap and there
was no obvious sign of leakage through the
packing. A second, one-hour leak test was
performed, this time at 190 psig but ambient
temperature. The leakage measured was 3 mL
and approximately this amount of water was
found in the downstream end cap after this test,
indicating that the leakage was through the seat.
It is suspected that during the four-hour leak test,
the water in the downstream end cap evaporated
through a slight leak to atmosphere.

Corrected Dose
Jamesbury
Worcester
Packing
Packing
and Seat
Mrad
Mrad
1.5
1.2
3.3
2.9
4.9
5.0
7.0
6.1
8.6
8.2
10.6
10.0

351

packing is normal for TFE packing at high
stresses and is not considered as caused by the
radiation. There was also no obvious difference
between the packing from the front (nearest the
radiation source) and back sides of the valves.

The 6 Mrad leak test confirmed the results after
4 Mrad. The leakage was 24.7 mL, and this time
water was noted in the downstream end cap after
the test. However, the leakage dropped below
7 mL for the final three leak tests; again, there is
no evidence of increasing leakage with
increasing total dose.

The front and back TFE seats of the Worcester
valve were examined. Although there was no
difference in colouration, the front seat had a
single crack that went right through. This crack
was located at one of six small notches in the
outer edge of the seat. At least one leak test must
have been performed after the break, because the
crack faces were dirty from exposure to water
containing rust particles. No other cracks were
visible on either seat. Figure 5 shows the front
seat with the crack.

A previous test performed at CRL on the same
valve model, but at a lower temperature and
pressure, also showed no evidence of decreased
performance with increasing dose [4].
4.2.3

Jamesbury Rig (Braided TFE
Packing)

The initial baseline leak test resulted in a 9.8 mL
loss in the water column. This was believed to
be a result of the relatively porous packing
"soaking up" the water. This test was repeated
after stem movement was observed, and the
second baseline test showed 12.6 mL loss.
Again, this was felt to be due to the packing
"soaking up" the water. The valve was irradiated
to 2 Mrad and leak tested again. Leakage
remained below 8 mL for all subsequent leak
tests and did not increase with increasing total
dose.
4.3

It is possible the crack developed between the
nominal 2 Mrad and 4 Mrad tests when the
leakage for this valve increased substantially.
However, the leakage dropped again for the last
three leak tests, although not back to the levels at
0 and 2 Mrad. Regardless of when the crack
developed, it did not result in drastic failure of
the valve.
Components from an identical but unirradiated
Whitey valve were compared to the irradiated
components. The irradiated packing was slightly
dirtier than the unirradiated packing due to
contact with the water during the leak tests. No
other differences were noticeable. The same was
true for irradiated and unirradiated components
of the Worcester and Jamesbury valves.

Jamesbury Test Rig Packing Stress

The packing load was applied with two stacks of
calibrated Belleville washers. Initial and final
packing stresses were determined from the gland
gap and spring stack heights with associated
spring calibration curve. Table 4 shows the
initial and final packing stress and consolidation.

4.5

A chemical analysis for leachable chlorides,
fluorides and sulphates was performed for
samples of the irradiated TFE components and
non-irradiated components. The detection limit
for all the analyses was 1 p.g/g. Table 5 lists the
results of the analysis.

Table 4: Jamesbury Test Rig - Packing Stress
Total
Nominal
Dosage
(Mrad)
0
12

4.4

Packing
Stress
(psi)
5000
3170

Post-Irradiation Chemical Analysis

Packing
Consolidation
During Tests
(inches)
0
0.060

In every case, the irradiated components show
higher leachables than the unirradiated
components. In many cases, the changes are
quite small and within the error of the analysis.
However, the increase in leachable fluorides in
the Jamesbury packing from below the detection
limit to 143 ug/g may be of concern. The
Whitey packing also showed a large increase in

Post-Irradiation Visual Inspection

After the final leak test, the TFE components
were examined. Apart from very slight extrusion
of the upper Jamesbury packing ring and of the
Whitey packing, there was no evidence of any
packing deterioration in any of the valves. The
slight extrusion of the Jamesbury and Whitey
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5.

DISCUSSION

Other than the Worcester seat, there is no visible
evidence of radiation damage to the TFE
Table 5: Chemical Analysis of Irradiated and
Unirradiated Components
Sample

Whitey
Packing
Worcester
Packing
Worcester
Seat
Jamesbury
Packing

Chi oride
u.e/g
0
12
Mrad Mrad*
10
19

Fluoride
Ufi/g

0
Mrad
1

12
Mrad
28

Sulphate
ug/g
0
12
Mrad Mrad
7
22

40

86

5

17

30

76

5

8

<1

9

3

9

3

4

<1

143

2

3

*The nominal total dose is referred to as 12 Mrad
for this report.
components. It is unclear when and why the
crack developed in the Worcester seat but the
most likely time is between the 2 Mrad and
4 Mrad leak tests. Despite the crack, the valve
did not leak catastrophically.
Previous research [6] has shown that high
irradiation rates can result in less damage for a
given total dose than low rates. Oxygen is
required for the damage to occur, so for a given
oxygen supply rate, there is a radiation dose rate
that fully utilizes this oxygen to drive the damage
process. If the dose rate is increased, the rate of
damage will not increase unless extra oxygen is
made available. Therefore, the slower radiation
rate is considered to give conservative data.
Since the total irradiation period for each valve
exceeded 90 days, the results are considered
conservative.

FIGURE 5: Cracked Worcester Seat
(dark line @ 9:00 o'clock)

fluoride after irradiation, while the Worcester
packing had a moderate increase in all three
leachables.
The current Ontario Hydro specification for
graphite valve packing materials [5] specifies
maximum allowable values for leachable
chlorides, fluorides and sulphates. In new
condition, all the materials pass the maximum
leachables requirement. Only the Worcester seat
satisfies all three requirements after irradiation to
10 Mrad. The Whitey packing is just out of
range for leachable fluorides. Since these valves
are not exposed to radiation under normal
operating conditions, excursions beyond the
specified allowable levels of leachates after
10 Mrad exposure will likely be considered
minor issues relative to other post-LOCA
conditions.

During a reference accident, the outside of the
valve is estimated to receive a maximum of
10 Mrad. Interior components would receive less
because they are shielded by the valve body.
During these tests, the TFE components received
at least 10 Mrad, so that the conditions were
harsher than expected in the reference accident.
Despite the conservatism resulting from the dose
rate and total dose, there is no evidence of
increasing leakage with increasing radiation dose
for any of the valves tested, indicating that they
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should be able to perform acceptably during a
LOCA event.
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STEAM GENERATOR CLEANING CAMPAIGNS AT BRUCE A: 1993 - 1996
F. V. Puzzuoli and P.J. Leinonen (Ontario Hydro Nuclear Technology Services),
G. A. Lowe and B. Murchie (Ontario Hydro Bmce A Projects and Modifications)
ABSTRACT
Boiler chemical cleaning (BOCC) and high-pressure water lancing operations were performed
during the Bruce A 1993 Unit 4, 1994 Unit 3,1995 Unit 1 and 1996 Unit 3 outages to remove secondaryside deposits. High-pressure water lancing focused on three boiler areas: tube support plates (TSPs) to
remove broached hole deposits, hot leg U-bend supports (HLUBS) to dislodge deposits contributing to
boiler tube stress corrosion cracking (SCC) and tube sheets with the aim of removing accumulated sludge
piles and post BOCC insoluble residues. The chemical cleaning processes applied were modified versions
of the one developed by the Electric Power Research Institute/Steam Generator Owners Group
(EPRI/SGOG). During these BOCC operations, corrosion for several key boiler materials was monitored
and was well below the specified allowances.
Boiler chemical cleaning and tube sheet lancing removed about 6,250 and 2,200 kg of deposit
respectively from Unit 4 boilers in 1993. The BOCC process involved an initial copper removal cycle,
magnetite removal step, a final copper cycle and passivation step in that order. Tube sheet lancing
operations, done after chemical cleaning, removed accumulated sludge from the cold leg and outer hot leg
areas down to the tube sheet. However, hard tube deposits roughly 18 cm (7 inches) above the tube sheet
were left in the hot leg central regions. High-pressure water lancing of the HLUBS, before or after BOCC,
had limited success in cleaning the scallop bar surfaces of these U-Bend supports and left most hourglass
(tube land) areas filled with deposit. In contrast, the combined effect of water lancing and BOCC left most
TSP broached holes in an almost "as new" condition. Minor deposits remained in the TSP land areas.
The BOCC operations performed on Unit 3 in 1994 dissolved about 6,800 kg of deposits. For this
BOCC campaign, the cleaning sequence was the same as applied in Unit 4, but the magnetite step was
lengthened from 40 to 100 hours to enhance cleaning of the U-bend supports. The combination of pre and
post BOCC lancing left HLUBS scallop bars cleaner than those in Unit 4, but did not remove the hourglass
deposits. Tube sheet lancing before BOCC dislodged roughly 1,770 kg of sludge, compared with 875 kg of
material after BOCC. Tube sheets were left in a similar condition to those in Unit 4 the year before; cold leg
and outer hot leg areas were cleaned down to the tube sheet and hard tube deposits about 15 cm (6
inches) high remained in the hot leg central areas. As in Unit 4 a year earlier, water lancing and BOCC left
TSP broached holes nearly deposit-free with minor deposits in the tube land regions.
To enhance cleaning of the HLUBS hourglasses and TSP land areas, the BOCC process was
modified for Unit 1 in 1995; the low temperature magnetite step was shortened to about 24 hours and
followed by a 67.5-hour EPRI/SGOG-type crevice cleaning step applied at 121°C. The latter step involved
-1-minute steam drum vents every hour to induce boiling and enhance crevice deposit dissolution. The
sequence of pre and post BOCC lancing activities was the same as performed during the 1994 Unit 3
outage. In total, the Unit 1 BOCC process dissolved almost 8,500 kg of deposits. Post water lancing
inspections of the HLUBS after BOCC showed that more scallop bar surface and hourglass deposit had
been removed compared with the Unit 3 operations a year earlier. However, the hourglasses were only
partially cleaned out. About 2,000 and 520 kg of tube sheet sludge was removed by water lancing before
and after BOCC respectively. Tube sheets were left in virtually the same condition as those in Unit 4 and
Unit 3 after BOCC and water lancing; hard tube scale about 18 cm (7 inches) above the tube sheet
remained in the hot leg central regions. The combined cleaning operations left TSP broached holes nearly
deposit free, but again, minor residues remained in the tube land areas.
In an effort to maximize deposit removal from the HLUBS hourglasses, a modified BOCC process
was qualified for recleaning Unit 3 in 1996. The BOCC process performed involved a copper removal step,
crevice clean and a proprietary copper/passivation step in that order. The crevice solvent was applied for
100 hours at 107°C while performing 2 vents per hour. Since the TSP broached holes were left nearly
deposit free after the 1994 cleaning activities, pre and post BOCC lancing was limited only to the HLUBS
and tube sheet areas. Post lancing visual inspections of the HLUBS after BOCC showed scallop bar
surfaces and hourglasses to be almost free of deposits; only thin residues remained in the hourglass areas.
The BOCC operations removed about 2,530 kg of deposit, while the pre and post BOCC tube sheet lancing
activities dislodged approximately 162 and 46 kg of tube sheet sludge respectively. The height of the hard
tube scale in hot leg central areas above the tube sheet, was reduced by 2.5-6 cm (1-4 inches) in most Unit
3 boilers by the BOCC process. Hard sludge piles about 8 cm (5 inches) high were evident in some of
these hot leg regions. As expected, TSP broached holes appeared almost "as new" and minor residues
remained in the land regions.
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1.0

INTRODUCTION

1.1

Bruce A Steam Generator Features

The Ontario Hydro nuclear generating system currently consists of 20 pressurized heavy
water (CANDU) reactors spread over three sites: the Pickering, Darlington and Bruce stations.
The Bruce Nuclear Power Development, in Tiverton Ontario, is the location of eight reactors, with
the Bruce A station housing Units 1 to 4. Bruce A Unit 2 started operations in January of 1977
and the remaining three units went on-line by 1979. In 1994, Ontario Hydro decided to lay up Unit
2 partly due to the poor condition of its boilers and to maintain the option of returning it to service if
a future business case can justify refurbishment.
Each Bruce A unit contains eight recirculating boilers arranged in east and west banks.
Boilers 1 to 4 and 5 to 8 make up the west and east banks respectively. A common steam drum
connects the four boilers in each bank, a feature unique to the Bruce A station. For each bank of
four boilers, there are 2 external preheaters. Figure 1 shows a cutaway view of a Bruce A boiler
and steam drum. Table 1 summarizes key boiler features including tube and tube support
materials.
2.0

Steam Generator Secondary-Side Deposits

During their operating lifetimes, Bruce A boilers accumulated significant quantities of secondaryside deposits that were introduced via the feed water. These impurities resulted from the
corrosion of feed water system components and condenser leaks. The deposits typically contain
30-35% iron (mostly as Fe3O,,), 35-45% copper (mostly as metallic Cu), 5-10% zinc (as ZnO), 15% nickel (as NiO) and minor amounts of other metallic oxides.
Beginning in the late 1980s, boiler water level oscillations became a recurring problem at
Bruce A . In 1988, Boiler 3 in Unit 2 experienced water level oscillations which forced a Unit power
derating to alleviate the problem. Over the next few months, Unit 2 was eventually derated to
72% full power operation to avoid the oscillations. Broached hole blockage in the upper tube
support plates (TSPs) was suspected as the root cause of the problem and was confirmed later
that year by fibrescopic visual inspections.1
High-pressure water lancing equipment, developed and operated by Babcock and Wilcox.
Canada (BWC) Ltd., was used to clean the upper TSPs, enabling Unit 2 to return to full power
operation. Around the same time, boiiers in Unit 1 began to experience similar level oscillations
which also forced a unit derating. As in Unit 2 earlier, Unit 1 returned to full power after cleaning
the upper TSPs by high-pressure water lancing.2 Although water lancing was recognized as an
effective temporary solution, boiler chemical cleaning (BOCC) was developed as a more longterm measure.
A more serious problem associated with the build up of secondary-side deposits is stress
corrosion cracking (SCC) of boiler tubes in the area of the hot leg U-bend supports (HLUBS), due
to:
1.

High local mechanical stresses due to support stack growth caused by the accumulation of
deposits between scallop bars.
2. A boiler tube material (I-600) susceptible to SCC.
3. Accumulated surface and hourglass (tube land) deposits that promote a localized corrosive
environment and scallop bar degradation.
In Unit 2, the SCC-related tube failures and scallop bar degradation were accelerated by lead
contamination from a lead shielding blanket left inside a boiler during a unit outage. These tube
failures along with overall boiler condition were major contributing factors in the decision to lay up
the unit. Scallop bar decay was also discovered in varying degrees during pre and post cleaning
inspections of the Units 1, 3 and 4 HLUBS and is described in greater detail in Section 5.0.
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The build up of secondary-side deposits also led to concerns over the long-term integrity
of boiler tubes above the tube sheets. The primary concern was the possibility of under deposit
tube pitting and eventual tube failures in the tube sheet area where sludge piles had accumulated.
Minor tube pitting has been found in this area, but more recently, circumferential tube cracking
was identified in the tube sheet regions of several Unit 1 and Unit 4 boilers.
3.0

Boiler Cleaning Methods: Chemical Cleaning and Water Lancing

Soon after the Unit 2 boiler oscillation problems began in 1988, Bruce A recognized the
need for a long-term solution. Chemical cleaning was chosen as the most viable approach, with
the initial intent of applying the process on Unit 2 boilers only. However, later inspections
revealed that heavy fouling on the secondary-side was common to boilers in ail four units. As a
result, the Bruce A station decided to chemically clean all boilers in Units 1 to 4 over a four-year
period starting in 1993.
Pickering Unit 5 boilers were chemically cleaned in 1992 using a modified version of a
process developed by the Electric Power Research Institute/Steam Generator Owners Group
(EPRI/SGOG).3 This cleaning operation demonstrated that:
1.
2.
3.

Deposits in fully blocked broached holes were not removed by chemical cleaning. However,
partially blocked broached holes could effectively be cleaned out by the BOCC process.
The chemical cleaning solvents did not significantly penetrate hard and thick tube sheet
sludge piles not removed by water lancing.
Tube scale and deposits on large surfaces were effectively removed.

After reviewing the Pickering Unit 5 BOCC operations, the Bruce A boiler cleaning
strategy was subsequently revised to include high-pressure water lancing to help remove as much
deposit as possible before BOCC. High-pressure water lancing operations focused on three
boiler areas: HLUBS, TSPs and the tube sheets. At first, chemical cleaning was carried out with
the aim of dissolving bulk secondary-side and broached hole deposits. Later, the importance of
cleaning the U-bend areas became more evident. Combined chemical cleaning and lancing
operations were carried out on Unit 4 in 1993, Unit 3 in 1994, Unit 1 in 1995 and again in Unit 3 in
1996. Section 4.0 describes the BOCC and lancing equipment used for these cleaning
campaigns. The strategies, rationale for changes made for each cleaning operation and results
are detailed in Section 5.0
4.0

Cleaning Processes and Equipment

4.1

Chemical Cleaning

To meet the 4-year schedule for cleaning boilers in all four Bruce A Units, the station
issued tenders for the design, supply and operation of BOCC equipment and a corrosion
monitoring system (CMS) in 1990. PN Services (then Pacific Nuclear and later VECTRA
Technologies) and Babcock and Wilcox Nuclear Services (BWNS) (later Framatome
Technologies Inc., FTI) received the contracts for the BOCC equipment and CMS respectively the
following year.
The Bruce A station owns the BOCC and CMS equipment, but purchased
operation/refurbishment services from the individual vendors for each clean. Table 2 summarizes
several features of the BOCC equipment and CMS. Figure 2 depicts the lay out for the BOCC
system components outside the Bruce A power house, while Figure 3 shows a flow diagram of the
systems' boiler attachments and components inside the Power House. To minimize maintenance
and lay-up requirements between cleans, the BOCC systems' wetted parts were constructed of
stainless steel.
The contract for process qualification was awarded to BWNS, with the aim of removing an
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estimated deposit loading of about 25,000 kg for all eight boilers in each Bruce A unit. This
deposit estimate was based on:
1. Density measurements performed on deposit flake samples.
2. Tube deposit thickness measurements made from an inspection port aligned with the no-tubelane.
The EPRl/SGOG cleaning method was chosen for qualification over the higher
temperature cleaning processes, which use primary side heat, for several reasons:
1. The EPRl/SGOG process was well developed and had a large corrosion data base.
2. The high temperature processes were felt to be inadequate for removing high copper levels in
secondary-side deposits.
3. High corrosion rates even at low copper levels were suspected at the higher temperatures.
4. There were concerns over delayed hydride cracking of pressure tubes and stresses resulting
from steam drum temperature differentials, if a high temperature process employing primary
side heat was used.
The EPRl/SGOG process uses separate solvents to remove copper and magnetite,
cleaning crevices and passivation. Table 3 lists the solvents applied at Bruce A along with the
application conditions. The qualification program was carried out to determine the sequence of
cleaning steps best suited to dissolve Bruce A boiler deposits without exceeding preset corrosion
limits for the following key materials (corrosion limits are shown in parenthesis):
•
•
•
•

'AISI-1018 - U-bend supports (3.0 mils, later 6.0 mils for Unit 1 in 1995 and Unit 3 in 1996)
"SA-515, Gr.70-TSPs (3.0 mils, later 6.0 mils for Unit 1 in 1995 and Unit 3 in 1996)
"Shielded Metal Arc Weld (SMAW) E7018 A1 - Welds(27.5 mils)
"AISI-1015- Internals (27.5 mils)

Critical Materials
" Most Susceptible Materials
Corrosion limits for AISI-1018 and SA-515, Gr.70 were based on Flow Induced Vibration analysis
of post BOCC scenarios and carried out by Ontario Hydro Technologies (OHT).
From the qualification tests, it was expected that the cleaning sequence for Unit 4 boilers
in 1993 would be:
1.
2.
3.
4.
5.
6.
4.2

An initial copper cycle with multiple copper steps; the number of steps depended on the
copper loading.
Low volume rinses followed by a full volume rinse.
A magnetite removal step (40 hours max.)
Low volume rinses followed by a full volume rinse.
Repeated copper and magnetite cycles, as well as low/full volume rinses as necessary.
Low volume rinses followed by a final full volume rinse and passivation.
Water Lancing

Babcock and Wilcox Canada (BWC) Ltd. received the contract to supply the highpressure water lancing systems to clean the HLUBS and TSPs. The automated tube sheet
lancing system was designed and built by Foster Miller Inc. (FMI) and is based on their
Consolidated Edison Combined Inspection and Lancing (CECIL®) technology. Table 4
summarizes several key features of the HLUBS, TSP and tube sheet lancing systems.
Water lances used to clean the upper TSPs in Unit 1 and 2 boilers in 1989 and 1990 were
originally designed, built and qualified by BWC to remove broached hole deposits in the upper
TSPs. These thin, flexible intertube lances were constructed of stainless steel tubes encased in a
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rigid plastic body (See Figure 4) and typically operated at a qualified nozzle pressure of 10,000
psig. Since the lances had limited flexibility, they could only be inserted into 30° tube lanes with
the help of an adjustable guide, placed in the no-tube-lane through an external port, that allowed
access through the boiler shell and shroud. At best, up to 65% of the TSP areas could be
accessed by this method.1'2
In 1992 and 1993, BWC supplied equipment for tube sheet cleaning operations performed
on Pickering Unit 5 and 6 boilers. Water lances used for these cleans were modified versions of
the ones used for the Bruce A Unit 1 and 2 operations and were designed to enter 90° as well as
30° tube lanes from the no-tube-lane. Two design improvements made this possible:
1.
2.

Replacing stainless steel tubing with Kevlar™ wrapped flexible tubing.
Substituting the rigid plastic around the tubing with a more pliant material.

These types of lances were used in cleaning the HLUBS and TSPs in Bruce A boilers by
accessing 90° tube lanes through external lancing/inspection ports to provide the maximum
coverage possible. By this method, roughly 83% of the total TSP area could be water lanced,
compared with approximately 65% by accessing the 30° tube lanes only. The remaining 17%
cannot be accessed due to tie rod interference in the NTL and within the tube bundle (Refer to
Table 1). Up to 100% coverage of the HLUBS top or bottom sides is theoretically possible by
lancing via the 90° tube lanes.
The key components of the tube sheet lancing system are described in Table 4.
Figure 5 depicts several CECIL® components as they would appear within the boiler.

5.0

STEAM GENERATOR CLEANING RESULTS

Table 5 provides a summary of the chemical cleaning operations performed over 1993 to
1996, while Table 6 summarizes the corrosion data.4"7
Corrosion was measured on-line during BOCC using zero resistance ammetry (ZRA) and
linear polarization techniques. On-line measurements were used for process surveillance and
control. All final reported corrosion values were determined from coupons mounted inside the
boilers during BOCC and removed afterwards.
Waste quantities for each clean are shown in Table 5. Except for the Unit 1 operations,
the amount of waste produced in successive cleans was reduced. Additional waste was
produced during the 1995 Unit 1 clean compared with the Unit 3 operation the year before
because of the additional crevice cleaning step. The radiation levels in BOCC waste were always
low (<2 uCi/kg gross p and y radiation), allowing transfer to the site Spent Solvent Treatment
Facility (SSTF) under Unconditional Transfer Permits. Two transfers of rinse water produced
during the Unit 4 BOCC required Conditional Transfer Permits because of tritium contamination in
the building steam used to heat the solvents and rinse water.
A brief summary of the pre and post BOCC water lancing operations is given in Table 7.8~
Sections 5.1-5.4 further describe the BOCC and lancing operations and modifications made in
successive cleaning campaigns. The 1994 Unit 1 TSP and 1995 Unit 4 HLUBS lancing activities
are not discussed in detail but are briefly summarized in Table 7.
18

5.1

Unit 4 - 1 9 9 3

Throughout 1992, several Unit 4 boilers experienced minor level oscillations relative to those seen
in Units 1 and 2 during the late 1980s. The initial plan for the 1993 Unit 4 outage involved
inspecting and, if necessary, water lancing TSPs 3-7 only. During this outage, the water lancing
scope was expanded when a decision was made to develop and use equipment to clean the
HLUBS top and bottom sides. This required installation of a special lancing/inspection port
aligned with the gap between tube rows 14 and 15 (See Table 1). Due to outage scheduling
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difficulties, the HLUBS lancing nozzles could only be installed on the west bank boilers after
BOCC and on east bank boilers prior to BOCC. As a result, HLUBS in the west bank were only
water lanced after BOCC, while those in the east bank were lanced before and after BOCC.
The scope of the lancing operations was further increased to include tube sheet cleaning
when access to these areas became possible through the use of temporary bellows containment
seals. However, these seals became available only after chemical cleaning. Once the seals were
in place, access man ways could be cut into the boiler bellows without breaching containment,
allowing the installation of TSP 1&2 and tube sheet lancing/inspection ports.
Boiler chemical cleaning operations were performed on the west bank, east bank and on
the preheaters in that order. Section 5.1.1 describes the results of these BOCC operations, while
Section 5.1.2 details the Unit 4 water lancing activities.
5.1.1

Chemical Cleaning

The BOCC operations removed 6,254 of deposits from the boilers, compared with 190 kg of
material from the preheaters. Boiler tube surfaces and TSP broached holes were left with an "as
new" appearance.19 Actual deposit removal was only about a quarter of the estimated 25,000 kg
loading (See Section 4.1). The preheater clean, not summarized in Table 5, involved two copper
steps followed by a magnetite step. Most of the material removed from the preheaters contained
magnetite and corrosion for this cleaning operation was well within allowance.20 In both the west
and east bank boilers, only the initial copper step achieved a high loading, while the subsequent
copper steps used up only a fraction of the solvent capacity.
From both on-line and actual coupon weight loss measurements, a corrosion gradient
effect was noticeable during chemical cleaning; the highest corrosion occurred in the lower boiler
regions near the tube sheet sludge piles. This behavior had not been observed during chemical
cleans carried out elsewhere and a definitive explanation is not available. One possibility is this
phenomenon may have occurred in cleans done in other stations, but was not observed because
of the relatively fewer numbers of corrosion probes installed. Another conceivable reason is that
high local deposit loadings near the tube sheet resulted in higher, local dissolution rates, causing
more corrosion.
During the west bank clean, the magnetite step was stopped after about 8 hours since the
magnetite dissolution had nearly plateaued and the indicated corrosion for the critical material
(SA-515) approached its limit. Since this was the first BOCC campaign at Bruce A, it was not
known how much corrosion would occur during the final copper and passivation steps. By
terminating the magnetite step at that stage, it was felt there would be enough of the remaining
corrosion allowance to permit carrying out the final two steps. In reality, corrosion during the final
copper and passivation steps was low and overall corrosion remained well within allowance.
After reviewing the results from the west bank operations, the magnetite step for the east
bank clean was extended to the full 40 hours. Subsequently, more magnetite was removed from
the east bank boilers and, as described in Section 5.1.2, there was reduced blockage of broached
holes in TSPs 1&2 after chemical cleaning.
Although the 1993 Unit 4 cleaning operations were successful, two major operational
problems occurred. The first event occurred after the stainless steel hydrogen peroxide "day
tank", containing about 5,000 L of 35% peroxide, became contaminated with copper solvent due
to a passing check valve. Exothermic peroxide decomposition accelerated due to the catalytic
effects of dissolved copper and, after about 5 hours, the contents of the tanks were violently
released into the environment. Fortunately, the peroxide handling system was designed to handle
such an event and equipment damage was minimal. The main impact from this incident was a
several-day delay while a root cause investigation was carried out and procedures were modified
to prevent a recurrence.

360

The second incident was the discovery of a white residue which coated the steam drum
after the east bank operations. Analysis of this residue revealed it was a component of CCI-801
corrosion inhibitor. Nitrogen sparge rates during the east bank clean had been increased greatly
and it was believed that magnetite solvent droplets containing inhibitor were entrained and
deposited on the steam drum. Industrial hygiene concerns made work inside the steam drum
much more difficult and time consuming due to additional protective equipment required. Sparge
rates were greatly reduced during future cleans to minimize this problem.
5.1.2

Water Lancing

The strategy for cleaning the TSPs was to limit water lancing to those plates showing only >40%
broached hole blockage. Where possible, 2 TSPs were simultaneously cleaned through a port
situated at the mid span between them and aligned with the NTL. Lancing ports were installed
between TSPs 6&7, 4&5 and later (post BOCC) for TSPs 1&2. The decision to install ports for
TSP 3 depended on the pre lancing inspection results on one boiler in each bank. If required, the
TSP 3 lancing/inspection ports was installed closer to this TSP because of interference from the
blowdown header (See Figure 1).
Before chemical cleaning, water lancing reduced broached hole blockage from up to
100% to 0-10% (10-20% at worst) for TSPs 4 to 7 in the west bank, and TSPs 3 to 7 in the east
bank. Post BOCC visual inspections of these same support plates showed these support plates
to be virtually deposit free with 0-5% blockage. The post BOCC inspections of TSPs 1 and 2 in
the east and west banks showed a marked difference. In the west bank, where a shorter
magnetite step was performed, up to 100% broached hole blockage was still present in several
areas. Water lancing of these regions reduced blockage to 20% or less. In contrast, broached
holes in TSPs 1 & 2 in the east bank boilers, which underwent a 40-hour magnetite step, had only
0-5% blockage. Tube land deposits were evident in all TSPs after water lancing and chemical
cleaning.
During the HLUBS water lancing activities, access to the HLUBS top and bottom sides
varied from 65-95% due to misaligned tubes. This was caused by a combination of stack growth,
broken forks and scallop bar deterioration.21 Lancing operations done in the east bank before
BOCC removed enough surface deposit to expose some of the scallop bar surfaces but left the
hourglass regions with residual deposit. The post BOCC operations left these same areas with
less surface deposit but did not clean the hourglass areas (See Table 7). Except for Boiler 1,
which showed 60-90% HLUBS surface exposure, the lancing operations in the west bank were
unable to achieve the same surface cleanliness seen in the east bank.8 Two factors likely
contributed to this difference:
1.
2.

West bank boiler HLUBS were not lanced before BOCC. As a result, deposits probably
remained thick enough to prevent effective penetration and removal by BOCC solvents.
The magnetite step during the west bank clean lasted only about 8.5 hours, compared with 40
hours for the east bank.

Post BOCC tube sheet inspections of Boiler 7, before lancing, showed maximum sludge
heights of roughly 36 and 31 cm (14 and 12 inches) in the center of the hot and cold leg sides
respectively. Repeated passes with the 90° barrel spray unit cleaned the cold leg and outer hot
leg areas down to the tube sheet. The remaining shadow deposits were removed with a sideshooting lance.
Hard, tenacious tube scale prevented lances from fully entering the hot leg central regions
of Boiler 7, with access limited to about 18 cm (7 inches) above the tube sheet. Sludge piles were
not evident and tube sheet assessments could not be done in this area due to the fibrescopes'
limited visual range. This finding was consistent for all Unit 4 boilers. The hard tube scale in the
hot leg regions remained intact despite repeated attempts at removal with either the straightahead lance or lances fitted with offset nozzles.
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On average, the CECIL® tube sheet lancing system removed about 275 kg of wet sludge
per boiler. 811 The percentage of chemical cleaning insolubles could not be determined since all
tube sheet lancing operations were performed post BOCC.
5.2

Unit 3-1994

After reviewing the 1993 Unit 4 experiences, several changes were made to the water lancing and
BOCC procedures:
1.

The magnetite step was qualified for and extended to 100 hours to enhance cleaning of the Ubend supports.
2. Unit 3 preheaters were not chemically cleaned. This decision was based on the previous
efforts required to remove the relatively small quantity of deposit from the preheaters in Unit 4.
3. TSP lancing was limited only to areas with >60% broached hole blockage before BOCC,
compared with the >40% blockage criterion used during the 1993 Unit 4 operations. It was
expected that the longer magnetite step applied in Unit 3 would enhance deposit removal from
broached holes.
4. Tube sheets were water lanced before and after chemical cleaning to allow access to the hard
tube deposits by the chemical cleaning solvents.
5. All boiler HLUBS were lanced before and after BOCC to maximize deposit removal from the
scallop bar surfaces and hourglass regions. An automated HLUBS lancing system was
developed by BWC for this purpose and to reduce dose uptake inside the boiler room.
Sections 5.2.1 and 5.2.2 describe the impacts of these modifications.
5.2.1

Chemical Cleaning

The chemical cleaning operations removed about 6,800 kg of deposit from Unit 3 boilers (See
Table 5). Visual inspections done after BOCC showed tube surfaces and TSP broached holes to
be virtually free of deposit. In addition, inspections of the HLUBS were carried out immediately
after BOCC from inside the steam drum. It was apparent from these inspections that the HLUBS
surfaces were much cleaner than those in Unit 4 a year earlier, but deposits remained in most
hourglass areas. The improvement in overall cleaning effectiveness was mainly due to the longer
magnetite step. In addition, there was no inhibitor deposits found in the steam drum after BOCC.
Corrosion was within the allowances for all key boiler materials. As in Unit 4 a year
earlier, corrosion rates were higher in the lower boiler regions, but less in magnitude. This was
likely the result of removing loose tube sheet deposit before BOCC. Examination of the SMAW
corrosion coupons, which were located close to the tube sheet during BOCC, showed severe
localized "worm-hole" like corrosion up to 750 urn (30 mils) deep. Visual examinations done on
actual boiler SMAW welds located close to the coupons revealed minimal corrosion. One
possible explanation for this discrepancy was that the coupons were partially buried in loose tube
sheet deposits, or that some other localized conditions caused the observed localized pitting of
the coupons. The SMAW corrosion reported in Table 6 was determined from the weight loss
measurements made on pitted coupons.

5.2.2

Water Lancing

Boiler TSP inspection/lancing nozzles were installed in the same locations as in Unit 4. Pre water
lancing visual inspections revealed TSPs in Unit 3 boilers to be much cleaner than found in Unit 4
the year before. Only TSPs 1, 2 & 7 in a few Unit 3 boilers had >60% broached hole blockage
and were water lanced to reduce blockage to 10-20% or less. Post chemical clean inspections of
TSPs that were either lanced or had <60% blockage and did not require lancing, revealed
blockages has been reduced to 0-5% (10-20% in the worst case). Deposits were found in most
TSP land areas examined.10
Water lancing of the HLUBS before BOCC removed enough deposit to expose part of the
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scallop bar surfaces including a few scallop divisions, but did not clean hourglass regions. Access
to the target 90° lanes ranged from about 63 to 99% of the available tube lanes before BOCC due
to restrictions. However, average access after BOCC increased to about 98% due to the removal
of tube deposits by the BOCC process.
As mention in Section 5.2.1, a general inspection done inside the steam drum just after
chemical cleaning, but before water lancing, revealed the Unit 3 boiler HLUBS to be much cleaner
than those in Unit 4 after the 1993 chemical clean. This was attributed to the longer magnetite
step performed in Unit 3. Visual inspections of selected tube lanes after chemical cleaning, but
before water lancing, showed clean tube surfaces except for the areas just above the scallop bars
where dark deposits covered most hourglasses and scallop bar surfaces.
Post lancing visual inspections after BOCC revealed:
1.

Roughly 50% surface exposure on the top sides, compared with 80% surface visibility on the
bottom. As expected, the scallop bars appeared much cleaner than after the pre chemical
clean lancing operations.
2. A light, red surface oxide coating on most scallop bar surfaces on both sides. This oxide
likely formed after water lancing.
3. Small tube collars that filled most hourglasses and extended a few millimeters above the
scallop bar surfaces.
4. No sign of scallop bar degradation as seen in Unit 4 the previous year. This was not
surprising since the Unit 3 HLUBS stack growths were far less than those for measured for
Unit4in1993. 22
Before chemical cleaning, pre lancing tube sheet inspections of Boiler 5 showed maximum
sludge heights of roughly 23-25 cm (9-10 inches) on the hot and cold leg sides. The combination
of the 90° and 30°/150° barrel sprays effectively cleaned the cold leg and outer hot leg areas down
to the tube sheet, with thin deposits left in the original location of the pile. Hard tube deposits,
similar to those left in Unit 4, were found in the hot leg central area; this limited lance insertion to
no more than 8-15 cm (3-6 inches) above the tube sheet and prevented tube sheet visual
inspections in this area. Hard sludge piles were not evident in the restricted hot leg area.
The post lancing tube sheet condition of the remaining Unit 3 boilers closely resembled
that of Boiler 5. Although hard tube scale was also found about 2.5-5 cm (1-2 inches) above the
tube sheet in some cold leg areas, the tube sheet was clearly visible in these regions. The pre
chemical cleaning water lancing operations removed about 222 kg of wet sludge per boiler.
Tube sheet lancing operations after BOCC dislodged about 109 kg of residue per boiler.
Although the cold leg and outer hot leg areas were cleaned down to the tube sheet, hard tube
deposits about 8-15 cm (3-6 inches) above the tube sheet remained in the hot leg central areas.
The persistence of hard tube collars most likely resulted from a rapid build up of insoluble BOCC
residues around the tubes and on top of the tube sheets, possibly during the initial copper step.
Once the insolubles settled on the tube sheet, they became an effective barrier between the
chemical cleaning solvents and the hard deposits.
5.3

Unit 1 -1995

Deterioration of the U-bend support structures in all Bruce A Units, along with the inability of the
low temperature EPRI/SGOG BOCC solvents to remove the U-bend deposits in Units 3 and 4,
raised concerns over the effect on the remaining boiler life. The focus of BOCC operations at
Bruce A consequently changed from bulk deposit removal and broached hole cleaning to
removing deposits from the U-bend supports. It was recognized that a more aggressive process
was required and a new cleaning sequence incorporating an EPRI/SGOG crevice clean at 121°C
was qualified.
A crevice cleaning process involves heating the solvent above its normal boiling point with
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periodic depressurizing to induce boiling in the upper solvent region. Deposit dissolution is
enhanced over the conventional magnetite removal step by the higher application temperature
and turbulence caused by boiling. The periodic boiling cycles are believed to force fresh solvent
into crevices thereby allowing deposit dissolution to continue. Under non-boiling conditions, the
solvent inside the crevices rapidly becomes spent and deposit dissolution ceases. Without an
active mechanism to replenish solvent within crevices, deposits in these regions remain intact.
The chemical cleaning application sequence qualified for the Bruce A Unit 1 was similar
to the one applied on Unit 3 in 1994 except:
1.
2.

The magnetite step was shortened to 24 hours. Data from the previous Unit 4 and Unit 3
cleans showed that iron loading in the magnetite solvent plateaued after about 10 hours.
A boiling crevice cleaning step followed the magnetite step. A standard EPRI/SGOG crevice
cleaning process (See Table 3) was selected for Bruce A since the 120-125°C application
temperature could be achieved with the BOCC equipment then available. Vents were
planned for about 1 minute each hour and performed by opening steam drum relief valves that
discharged directly to the atmosphere through a stack located on the station roof.23

Due to concerns over SMAW corrosion, the CCI-801 inhibitor concentration in the
magnetite solvent was increased from 1 to 2.5%. The specification for inhibitor concentration in
the crevice solvent was set at 3% owing to similar concerns.
Solvent and process qualification testing for the Unit 1 clean showed that AtSI-1018 Ubend scallop bar material and, to a lesser extent, SA-515 Gr.70 TSP material were susceptible to
high aspect ratio pitting in the crevice solvent. One possible explanation was that the crevice
solvent attacked the manganese sulfide "stringers" created during the rolling process of AISI-1018
carbon steel. Maximum exposure duration for AISI-1018 was found to be 50 hours, compared
with 75 hours for SA-515 and other boiler materials. Pitting was found to be excessive beyond
these times and the total process time was therefore limited to 67.5 hours. The solvent level was
maintained above the top of the U-bend for a maximum permissible exposure of 50 hours.
Afterwards, the level was lowered below TSP 5 to allow cleaning of the lower boiler regions
including the tube sheet for the remaining 17.5 hours, without further impact on the U-bend
supports.
During field application, AISI-1018 and SA-515 Gr. 70 coupons were removed on-line and
subjected to metallographic examination for pitting. On-line coupon removals started at 25 hours
and were repeated at 35 and 45 hours into the crevice cleaning step.
Before the Unit 1 clean, corrosion allowances for the critical U-bend support and TSP
materials were reevaluated. Based on FIV analyses, the corrosion allowances for these materials
were raised from 75 urn (3.0 mils) to 150 urn (6.0 mils).24
Water lancing operations carried out during the 1995 Unit 1 outage closely paralleled
those performed in Unit 3 the year before. However, the upper TSPs in Unit 1 were water lanced
late in 1994 to provide temporary relief for level oscillations until a full scale lancing and BOCC
campaign was executed in 1995 (See Table 7). The 1995 TSP lancing activities before BOCC
were restricted to TSPs with >60% broached hole blockage, but carried out with a newly
developed automated system to reduce dose uptake inside the boiler rooms (See Table 4). As in
Unit 3, tube sheets and HLUBS were lanced before and after chemical cleaning.
5.3.1

Chemical Cleaning

The Unit 1 BOCC operations removed about 8,500 kg of deposit, compared with roughly 6,250
and 6,800 kg of material dissolved by the 1993 Unit 4 and 1994 Unit 3 cleans respectively.
Corrosion of all materials monitored was well within their allowances, as shown in Table 6.
Forty-nine and 51 vents were performed during the crevice cleaning steps for the west
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and east banks respectively. Each vent lasted about 1/4-2 minutes and resulted in boiiing
depths of around 14 feet. The recovery time between vents ranged from roughly 30 to 90
minutes, with an average time of approximately 75 minutes. Most of this time was spent reheating
the crevice solvent to 121°C by direct steam injection. Since the steam was at relatively low
temperature, larger volumes of steam were required to reheat between vents relative to the steam
lost during venting resulting in solvent dilution.
Metallographic evaluations of AISI-1018 U-bend coupons removed from boilers during the
crevice step showed the onset of pits toward the end of the 50-hour duration at full height. The
crevice solvent level was then dropped to below TSP 5 for the remaining 17.5 hours according to
plan.
After BOCC, visual inspections of the HLUBS were performed and revealed that the
HLUBS in Unit 1 were cleaned better than those in either Unit 3 or 4. In some cases, tube
deposits present before BOCC were removed and the hourglass edges were clearly visible.
However, these land regions were not completely cleaned out. Section 5.3.2 to follow describes
the HLUBS condition assessments in further detail, along with TSP and tube sheet visual
inspections
Although the Unit 1 clean was successfully executed, several operational problems
occurred. During the initial 121°C hot rinse preceding the crevice step in each bank, the
temperature differential between the top and bottom of the steam drum exceeded the permissible
limit. Subsequent temperature data analysis from both events revealed that allowable stresses
were not exceeded and the procedures for subsequent cleans were revised to avoid a recurrence.
During the west bank clean, a copper solvent spill occurred inside the Power House. The
nitrogen gas supply was lost when high winds toppled over liquid nitrogen evaporators which were
situated behind Unit 1 outside the station. Once the nitrogen pressure dropped to zero, copper
solvent flowed back into the nitrogen sparging system pulse tank. A brass fitting at the bottom of
the tank, which normally contained dry nitrogen, corroded and opened a spill path. The spill was
quickly contained and the BOCC system was isolated from the leak point, allowing the copper
step to continue without further incident. Brass fittings were replaced with stainless steel ones
before the east bank operations.
5.3.2

Water Lancing

As in Units 3 and 4 previously, the combined effect of chemical cleaning and water lancing left
TSP broached holes virtually deposit free. The amount of land deposits in the TSPs after BOCC
appeared to be significantly less than in observed in Units 3 or 4 during visual inspections. This
can be attributed to the addition of the crevice cleaning step in the BOCC process.13
Pre chemical cleaning lancing operations left about 50-80% of the HLUBS surfaces
exposed on the top and bottom sides, but did not remove any hourglass deposits. In contrast,
inspections done after chemical cleaning and water lancing showed 80-90% surface exposure
and partial penetration into the hourglass deposits.
Further HLUBS condition assessments for each Unit 1 boiler after BOCC showed scallop
bar degradation in varying degrees. This degradation followed the same trend found in Unit 4 a
few months earlier; decay was found primarily in the HLUBS central regions, with the most severe
degradation apparent in the hourglass areas (See Table 7). In contrast, the outer HLUBS areas
appeared to be intact.13'14
Before chemical cleaning, about 2,000 kg of loose sludge was removed from the tube
sheets through a combination of 90° and 30°/150° low-pressure barrel sprays. Hard tube scale,
about 23-37 cm (9-15 inches) above the tube sheet, prevented lance insertion into the hot leg
central regions and tube sheet assessments in these areas. Roughly 2.5-7.5 cm (1-3 inches) of
tube scale was also found in a few cold leg areas examined.15
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The post chemicai clean tube sheet lancing activities dislodged roughly 520 kg of BOCC
insoluble residues. Inspections done afterwards showed that the height of the tube scale was
reduced to a maximum of about 15 cm (6 inches) in six boilers. Roughly 2.5-5 cm (1-2 inches) of
tube deposit remained in a few cold leg areas inspected. It is believed that the reduction in hard
tube scale, not observed in Unit 3 a year before, resulted from:
1.
2.

5.4

Addition of the boiling crevice step to the BOCC sequence, and
The more effective tube sheet rinses after each cleaning cycle. These more vigorous rinses
flushed out more of the undissolved particulates which settled on the tube sheet and sludge
piles, and provided an effective barrier between the hard tube deposits and the cleaning
solvents. Post BOCC tube sheet flushes in Unit 3 removed roughly 450 kg more of deposit
compared with the same operations carried out in Unit 1.
Unit 3 -1996

By 1996, Unit 2 had been laid up partly due to the poor condition of its boilers. Because of
heightened concerns over degradation caused by crevice corrosion in the U-bend area, a case to
perform crevice cleaning on Unit 3 and 4 boilers was submitted and approved in 1995.
Although the 1995 Unit 1 BOCC campaign resulted in significantly cleaner scallop bars
and hourglass regions, further improvements in the cleaning process were clearly required to
ensure the recleaning of Units 3 and 4 could be justified. To this end, the various parameters
affecting the crevice solvents' potency were reviewed and a process qualification/optimization
program for Units 3 and 4 undertaken. The susceptibility of AISI-1018 scallop bar material to
pitting in the crevice solvent continued to be a major concern throughout the new qualification
program and was closely monitored.
The test program focused on varying application parameters for the crevice solvent, but
not for the copper solvent which was considered relatively benign. The three crevice solvent
application scenarios were:
1.

The same crevice solvent composition and application temperature, 121°C, as used in Unit 1
but with 2 vents per hour instead of 1. This test clearly showed the benefits of more frequent
venting cycles. As a result, the crevice solvent was qualified for application for the same
exposure duration as used during the previous Unit 1 clean: 67.5 hours total, with 50 hours at
full height.
2. The same solvent and venting frequency as above, but applied at 107°C. It was hoped that
the lower temperature would permit a longer exposure to the crevice solvent and more
venting cycles before the onset of pitting in AiSI-1018. This was found to be the case and the
crevice solvent was qualified for application at 107°C with 2 vents per hour for up to 110 hours
(maximum field duration = 100 hours).
3. The Babcock and Wilcox (B&W)/FTI high temperature process applied at 143°C. This
process was successfully applied at several US utilities using primary heat to maintain the
solvent temperature. During the Bruce A qualification tests, the high temperature process
effectively cleaned experimental crevices but corrosion of AISI-1018 was unacceptably high.
As a result, this high temperature process was not qualified for use at Bruce A. It was also
unclear whether the BOCC equipment had the capabilities of reaching and maintaining the
required process temperature in the permitted duration of the high temperature step.
A 3-step process was ultimately selected for use in Units 3 and 4. The cleaning sequence
included a single copper step, followed by the 107°C crevice step with 2 vents per hour for 100
hours at full height, and finally, the B&W/FTI low temperature passivation step. Bruce A licensed
the latter process from B&W/FTI.25 Units 3 and 4 had been previously cleaned and the copper
bearing components in the feed trains replaced. None-the-less, it was expected that there would
be residual copper in the remaining tube sheet deposits. This necessitated an initial copper step
to avoid excessive copper plate out and corrosion during the crevice step. In addition, the
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B&W/FTI passivation process was selected to reduce outage critical path time and BOCC solvent
waste. As in Unit 1 the year before, AISI-1018 and SA-515 Gr. 70 coupons were periodically
examined during the crevice step to watch for the onset of pitting.
Free EDTA concentration was also identified as an important factor in the crevice
solvents' effectiveness. During the Unit 1 clean, the use of direct steam injection heaters resulted
in solvent dilution and free EDTA concentrations less than 100 g/L. For Units 3 and 4, a minimum
free EDTA concentration of 170 g/L was specified. To avoid solvent dilution, a plate-type heat
exchanger, heated by building steam, was installed in the BOCC system. Use of the new heat
exchanger required removal of large condensate volumes due to the low quality building steam
utilized for supplying heat.
Water lancing operations, before and after chemical cleaning, were limited only to the
HLUBS and tube sheets. Lancing of the TSPs was not carried out since the supports were left
virtually deposit free in 1994 and, by that time, BOCC was a proven method for cleaning partially
blocked broached holes.
5.4.1

Chemical Cleaning

About 2,500 kg of deposits, primarily magnetite, were dissolved during the recleaning of Unit 3,
compared with approximately 6,800 kg in 1994. The total corrosion measurements from both
cleans were within the permitted allowances (Refer to Table 6).
For the east bank clean, the crevice step was executed as planned, i.e., at full height for
100 hours at 107°C and two 1-minute vents per hour. Visual inspections done after chemical
cleaning showed broached holes and HLUBS scallop bar surfaces to be almost free of deposit.
Nearly all hourglass areas examined were cleaned out and only thin residues were left behind in
these land regions. From these inspections, it was evident that the crevice step applied in Unit 3
was much more effective than the one carried out in Unit 1 a year earlier. However, most tube
sheet deposits remained intact, as described later in Section 5.4.2.
The crevice step for the west bank clean was modified in an attempt to enhance tube
scale removal at the tube sheet. After 100 hours at 107°C and full height, the crevice solvent level
was lowered to below TSP 2 and the temperature raised to 121°C. The 121°C phase of the
crevice step lasted only about 5 hours because of free EDTA depletion and schedule constraints.
As described Section 5.4.2 below, this process modification did not result in better tube scale
removal in the hot leg area. Results from the post BOCC visual inspections of the west bank
HLUBS were nearly identical to those of the east bank; hourglasses and scallop bar surfaces
were nearly deposit free.
Operational difficulties during the second Unit 3 clean included a steam drum temperature
differential event during the heat up rinse prior to applying the crevice step on the first (east) bank.
Procedures were again revised prior to cleaning the second bank to avoid a recurrence.
A second upset occurred during the first vent cycle in the east bank crevice step. A small
quantity of crevice solvent was ejected out of the safety relief when it was opened. This was
unexpected since there was no similar occurrence during the 1995 Unit 1 clean, which involved a
121°C crevice step. The most likely explanation is that the crevice solvent tends to produce a
stable foam at the lower application temperature of 107°C. To avoid this problem, the vent
duration was reduced, which resulted in less vigorous boiling. In addition, the lower solvent
injection nozzle was used to reduce nitrogen entrapment at the solvent surface.
A comment is warranted about the post BOCC start up chemistry. After the Unit 3 restart,
boiler sulphate levels remained at elevated levels for an extended period. Increased blowdown
kept the sulphate level within specification, but only at the expense of high demineralized water
usage and lower Unit power output. It appears likely that the crevice solvent containing a sulfur-
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bearing corrosion inhibitor was left behind in numerous cut boiler tubes and other steam drum and
boiler dead legs. The inhibitor sulfur is rapidly converted to sulphate at operating temperatures,
but diffusion back into the boiler water during operation could have caused the chronically high
sulphate levels experienced. Another contributing factor was that virtually all boiler deposits in
which the sulphate could previously hide out were removed from the Unit 3 boilers.
5.4.2

Water Lancing

Post BOCC inspections of the TSPs could only be performed in a few selected boilers due to
schedule constraints. The inspections showed TSP broached holes to be virtually deposit free, as
expected, with thin residues remaining in the land areas.16
Pre BOCC visual inspections done before lancing showed the HLUBS to be lightly coated
with black deposits with many scallop divisions clearly visible. All hourglass areas were filled with
deposits. The lancing operations carried out before BOCC cleaned the HLUBS top and bottom
sides well enough to expose 70-100% of the scallop bar surfaces, but did not change the
condition of the hourglass areas. At the end of the BOCC and lancing operations, 95-100% of the
scallop bar surfaces were visible on both sides and nearly all hourglass land areas inspected were
essentially free of deposits.
Tube sheet lancing operations before BOCC dislodged roughly 162 kg of sludge for all
eight Unit 3 boilers, compared with 46 kg after BOCC (Refer to Table 7). Tube deposit profile
maps generated before chemical cleaning and after water lancing were nearly identical to those
produced at the end of the 1994 cleaning operations. The cold leg and outer hot leg areas were
cleaned down to the tube sheet, but hard tube deposits remained about 13-15 cm (5-6 inches)
above the tube sheet in.the hot leg central areas preventing tube sheet inspections in these
areas.18 However, several differences were observed during inspections after BOCC and lancing:
1.
2.
3.

The height of the hot leg tube scale in seven boilers had been reduced by 2.5-10 cm (1-4
inches). There were no discernible differences between the east and west bank boilers.
Roughly 7.5-15 cm (3-6 inches) of hard sludge was evident in some hot leg areas which were
previously inaccessible before BOCC.
The minor tube scale seen in a few cold leg areas before BOCC was removed.

Considering these findings, it is unlikely that the modified crevice step performed on west bank
boilers enhanced tube scale removal in the tube sheet areas. The overall improvement in tube
scale removal likely resulted from fewer insoluble residues being generated during the 1996
BOCC, thereby leaving more of the hard tube deposits exposed to the chemical cleaning solvents.
6.0

Review of BOCC and Water Lancing Operations

Plans to reclean Unit 4 boilers in 1998 were well advanced when the decision to shut
down the Bruce A Units by March 31, 1998, was announced in August of this year. All four Units
will remain shutdown until at least 2003. To restart, the Bruce A Units may require new boilers
and pressure tubes. As a result, the Unit 4 BOCC operations were recently canceled.
None-the-less, it is important to mention the successes and lessons learned from BOCC
and lancing operations carried out at Bruce A from 1993 to 1996. One of the most notable
successes of these cleaning campaigns was the removal of about 30,700 kg of boiler secondaryside deposits from the three units over this period by the combination of water lancing and
chemical cleaning. Several other noteworthy experiences gained from these cleaning operations
are:
1.

The combination of water lancing and chemical cleaning effectively rendered TSP broached
holes deposit free. As a result, boilers in all three Bruce A units are expected to run until the
scheduled shutdown without concerns over level oscillations.
2. The most effective crevice cleaning step to date was applied on Unit 3 boilers in 1996. As a
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result, HLUBS degradation rates are expected to be significantly reduced for this Unit over its
remaining life.
3. The tube sheet lancing system efficiently removed large quantities of loose sludge. However,
improvements to the system are required to breakup hard sludge deposits.
7.0
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TABLE 1

BRUCE A STEAM GENERATOR DATA

Steam Generator Type:
No. of Tubes/Boiler:
Boiler Tube Material:
Hot Leg Temperature:
Cold Leg Temperature:
No. of Tube Support Plates
(TSPs)/Boiler:
TSP Material:
TSP Design features:

No of U-bend
Supports/Boiler:
U-bend Material:
U-bend Support Design
Features:

No-Tube-Lane:

Tube Sheet:

Weld Material:

Babcock and Wilcox inverted U design.
4,200
I-600
304°C (579°F)
265°C (509°F)
Seven 2.54 cm (1-inch) thick TSPs spaced
about 89 cm (35 inches) apart.
SA-515, Gr. 70 carbon steel.
• Trefoil broached holes.
•
-0.47 cm (0.18 inch) wide tube lanes at 90°,
30° and 150° to the no-tube-lane (NTL).
• 4 tie rods located in NTL between TSP 1&7.
Additional 20 tie rods located within the tube
bundle.
3 sets of stacked scallop bars: one at 90° and
the others on the hot and cold leg sides at 40° to
the horizontal.
AISI-1018 carbon steel.
• Individual bars have half-tube scallops
alternated from top to bottom.
• Hourglass shaped land areas around each
tube.
• Supports held together at edges by studs
and through the middle by forks (6 forks per
support).
• 90° support holds tube rows 15 to 95. *
• Both 40° supports hold tube rows 42 to 95.*
• Separates hot and cold leg sides.
• ~6.85 cm (2.7 inches) wide.
• 4 tie rods along the center.
• 2.52 m (99 inches) in diameter.
• 36.8 cm (14.5 inches) thick in the tube
region.
• Weld overlaid with I-82 on the primary side to
facilitate tube welding.
Shielded Metal Arc Weld (SMAW) E7018, A1

Small gap present between tube rows 14 and 15 in the U-bend region. Rows 1-14 are unsupported.
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TABLE 2
System
BOCC

BOCC AND CMS SYSTEM DESIGN FEATURES
Feature
Location

Designers/
Registration
Cleaning Capacity
Process Control

Chemical Handling

Solvent Preparation
& Recirculation

Heating

Level Measurement

Waste Handling

Description
Process modules located and tanks outside on the North side of the Bruce
A Power House (See Figure 2).
Process skids located inside the power house.
Designed by AECL and PN Services
Registered as a Class 6 non-nuclear system.
System can clean 4 steam generators at a time.
Manually operated system.
Critical valves & pumps can be controlled with computer located in Control
Module.
Computer controlled by "In Touch" software and contains preprogrammed
shutdown criteria for safe operation.
35% or 50% (wtA/vt) H2O2 and 99% EDA stored in rented road tankers
fitted with temporary containment dikes.
40% (wt/wt) EDTA stored in one of four frac tanks.
CCI-801 inhibitor and 35% (wt/wt) hydrazine delivered in 350-550 gallon
steel totes and off-loaded in the drum module.
30% (wt/wt) ammonium hydroxide delivered in 45 imp. gallon drums and
off-loaded in drum module or from rental tanker (Unit 3, 1996).
Air powered diaphragm pumps used to transfer chemicals from the drum
module to mix tanks.
Copper, iron and rinse solvents prepared in 3 separate 136,000 liter tanks.
Recirculation pump can be valved to other solvent preparation systems if a
pump failure occurs.
Up to 110,000 liters needed to fill 4 boilers and BOCC system lines.
Solvent can be recirculated up to 80 liters/second, i.e., ~1 system volume
every 30 minutes.
Solvent introduced at top of boilers via 3" nozzle above U-bend area.
Solvent drained out through boiler blow down lines.
-100 kPa(g) nitrogen blank maintained inside boilers and steam drum to
ensure adequate NPSH.
Constant nitrogen purge through steam drum to avoid hydrogen build up
from carbon steel corrosion.
Initially through a combination of electric heaters and plant steam (-600
kPa(g)).
Plate-type heat exchanger installed prior to 1996 Unit 3 clean to achieve
quick heat up and avoid solvent dilution by steam injection.
Pressure difference between cover gas and nitrogen bubbles introduced
into blow down box header is translated to level readings.
Static levels confirmed by sight glasses.
Two main tanks enclosed in a containment dike receive waste. (Total
capacity = 650,000 liters).
3 of 4 frac tanks act as backup for waste transfer.
"Non active" waste must have <2uCi/kg total U & y radiation. Spent Solvent
Treatment Facility (SSTF) on site can only hold a limited quantity of active
material.
Active waste can be transferred to contingency waste facility inside the
station fence.
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TABLE 2
System
Corrosion
Monitoring
(CMS)

(Continued)
Feature
On-line
measurement

Description
•

•
Locations

•

Combination of Linear Polarization (LP) and Zero Resistance Ammetry
(ZRA) methods to measure general and galvanic corrosion respectively
on-line.
Weight loss measurements for coupons and dimensional changes on
mockups provide the official corrosion results.
LP, ZRA and coupons located at various boiler elevations to track and
measure differences in corrosion.
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TABLE 3

EPRI/SGOG CHEMICAL CLEANING SOLVENT
COMPOSITION AND APPLICATION CONDITIONS

Solvent

Composition

Application
Conditions

Copper

•
•
•
.
•
•
•
•

•
•

25-35°C
~8 hours

•
•

90-96°C
~40 hours

•
•

90-93°C
(passivation)
~8 hours

•
•
•

107-125°CJ
50-100 hours
1-2 vent per hour.

Iron

Rinse/Passivation

Crevice

•
•
•
•
•
•
•

5% EDTA
EDA"*topH 10.01
3% hydrogen peroxide
15% EDTA
1 % Hydrazine
Ammonium hydroxide to pH 7.0
1% CCI-801 corrosion inhibitor2
Ammonium hydroxide to pH
10.0
20-200 ppm hydrazine
EDTA <50 ppm
Fe<100ppm
Cu <50 ppm
20%ETDA
Ammonium hydroxide to pH 6.0
3.0% CCI-801 inhibitor

EDTA = Ethylenediamine tetraacetic acid
**EDA = Ethylenediamine
1

2

For Unit 3 in 1996, 30% ammonium hydroxide was used for pH adjustment.
CCI-801 concentration increased to 2.5% for Unit 1 clean in 1995.

3

Uniti:

121°C, - 1 vent per hour, full height for up to 50 hours & below
TSP 5 for 17.5 hours.

3

Unit 3:
(1996)

107°C, 2 vents per hour, full height for up to 110 hours.
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TABLE 4

WATER LANCING SYSTEM FEATURES

Lancing
System
(Designer)

Type

TSP
(BWC)

Semi-manual

Key Features

•
•
•
•
•
•
•
•

Automated

•
•
•
•

HLUBS
(BWC)

Semi-Manual

•
•
•
•
•

Automated

•
•
•
•

Tube Sheet
(FMI)

Automated

•
•
•

•
•
•

Used for 1993 Unit 4, 1994 Unit 3 and 1994 Unit 1 TSP
cleaning operations.
Flexible intertube lances with the following typical dimensions:
294.6 cm X 0.29 cm X 3.81 cm (116 in. X 0.115 in. X 1.50 in)
Lances contain 6-8 flexible Kevlar™ wrapped tubes.
Water jets from lance directed parallel to boiler tubes.
90° tube lanes accessed through a manually operated lance
guide inserted in a port aligned with the NTL.
Lance movement controlled with an air drive.
Water supplied by high-pressure pump located outside the
boiler room.
Water removed from boilers with a suction pump hooked up to
1-inch boiler blow down line and filters.
Used for Unit 1 operations in 1995.
Lances, lance guides and water supply/removal systems similar
to those in semi-manual system.
90° tube lanes accessed through port aligned with NTL.
Lance/guide drive assembly controlled by computer outside
boiler room and has separate lance and guide drives.
System designed for remote operation of high-pressure pumps.
Used during 1993 Unit 4 U-bend lancing campaign.
Designed to enter gap between tube rows 14&15 through a port
above TSP 7.
Lances, lance guides and pump/filtration assembly similar to
semi-manual TSP system.
Lance guides built to rotate allowing access to the HLUBS top
and bottom sides through 90° tube lanes.
Movement of lance controlled with an air drive.
Used during 1994 Unit 3, 1995 Unit 4, 1995 Unit 1 and 1996
Unit 3 cleaning operations.
Access to 90° tube lanes through gap between rows 14&15.
Lances, lance/guide drive assemblies and control similar to that
of the automated TSP lancing system.
Used during 1993 Unit 4, 1994 Unit 3, 1995 Unit 1 and 1996
Unit 3 lancing campaigns.
Separate skids contain surge tank, filter housings, water
storage tank, lance and barrel spray supply pumps.
High-pressure lance, for hard sludge removal, made of
segmented metal pieces and fitted with 4 Kevlar™ pressure
tubes and a fibrescope.
Access to 90° tube lanes through a port aligned with NTL.
90° and 30°/150° barrel spray units used for low pressure tube
sheet flushing operations.
Lances and barrel spray units were remotely controlled from a
computer outside the boiler room.

375

TABLE 5

SUMMARY OF CHEMICAL CLEANING CAMPAIGNS

Unit 4
(1993)

Step
No.

Step

Application
Temperature

Duration
(hours)

Unit 4
(1993)

1

Cu1-1

<35

-5

2
3
4

Cu1-2
Cu1-3
Fe1-1

"
-93

5
TOTAL
Unit 3
Step
(1994)
No.

Cu2-1

<35

-5
-5
8.5 - west bank
40 - east bank
-8

Step

Application
Temperature

Duration
(hours)

1
2
3
4
TOTAL
Uniti
Step
(1995)
No.

Cu1-1
Cu1-2
Fe1-1
Cu2-1

<35
-93
<35

<5
-8
100
-8

Step

Application
Temperature

Duration
(hours)

1
2
3
4
5
TOTAL
Unit 3
Step
(1996)
No.

Cu1-1
Cu1-2
Fe1-1
CM
Cu2-1

<35

<10

1
2
3
TOTAL

u

-93
-121
<35

-20
67.5
<10

Step

Application
Temperature

Duration
(hours)

Cu1-1
CM
Cu2-1

<35
107
<35

-8
100-110
-8

Deposit
Removed
(kg)
2,303

Total Waste
Volume (liters)
-1,744,000

627
250
2,841
233
6,254
Deposit
Removed
(kg)
2,359
412
3,859
175
6,809
Deposit
Removed
(kg)
2,563
506
3,434
1,686
287
8,476
Deposit
Removed
(kg)
31
2,292
204
2,527

Total Waste
Volume (liters)
-990,000

Total Waste
Volume (liters)
-1,108,000

Total Waste
Volume (liters)
-717,000

For brevity, the rinse steps between the copper (Cu) and iron (Fe)/crevice (Cr) cycles and
passivation steps are not shown.
" Individual steps are denoted by the type (Cu, Fe or Cr), followed by the cycle and step
numbers. For example, Cu2-1 refers to the first copper step in the second copper cycle.
~50 hours at full height and 17.5 hours between TSP 5 and the tube sheet.
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TABLE 6 SUMMARY OF CORROSION DATA FOR BRUCE A
BOILER CHEMICAL CLEANS
Material

SA-515,
Gr.70
(TSPs)
AISI-1018
(U-bends)
AISI-1015
(Internals)
SMAW
E7018, A1
(welds)

Corrosion
Allowance
(mils)*
6

Unit 4
(1993)

Unit 3
(1994)

Uniti
(1995)

Unit 3
(1996)

0.70

1.26

1.13

0.60

% Total of
Allowance for Both
Unit 3 Cleans
31

6

0.53

1.71

1.03

0.49

37

27.5

2.90

2.20

1.53

0.64

10

27.5

4.20

6.44

3.30

47

9.70

1 mil = 0.001 inch = 25.4 urn
" Corrosion allowance for SA-515, Gr.70 and AISI-1018 carbon steels was revised from 3.0
to 6.0 mils before the 1995 Unit 1 clean, based on Flow Induced Vibration (FIV) analysis.
"Corrosion penetration for the SMAW material during the 1994 Unit 3 clean was
determined from weight loss measurements performed on severely pitted coupons.
Maximum pit depth was <30 mils, but inspections of boiler internal welds did not reveal
localized attack as found on coupons.
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TABLE 7 WATER LANCING RESULTS: 1993 -1996
Unit
(Year)

Area
Lanced

Operating
Pressure

Pre BOCC
Lancing

Post BOCC Lancing

Unit 4
(1993)

TSPs

10,000 psig
(pump)

TSPs 3-7. Limited to
areas where
broached hole
blockage was >40%.

Only some areas of TSP
1&2 in the west bank
where broached hole
blockage was up to 100%.

Key Results
•

•

•

•
HLUBS

7,500 psig
(pump)

East bank only.

East and west bank.

•

•

•

Tube Sheet

5,000 psig
(nozzle) for
straight-ahead
and sideshooting lance

Not done due to
timing of
containment seal
installations.

East and west bank.

•
•

•
3,000 psig
(nozzle) for 90°
and 30°/150°
barrel spray
units.
Unit 3
(1994)

TSPs

HLUBS

10,000 psig
(pump)

8,000 psig
(pump)

•
East and west bank.
Limited to some
areas of TSP 1, 6
and 7 where
broached hole
blockage >60%.
East and west bank.

Not required as
determined from visual
inspections.

•

•
East and west bank.

•

•

•

Tube Sheet

5,000 psig
(nozzle) for
straight-ahead
lance.

East and west bank.

East and west bank.

•

•
3,000 psig
(nozzle) for 90°
and30°/150°
barrel spray
units

•
•

378

Water lancing reduced broacned hole
blockage to 0-10% (10-20% at
worst).
BOCC operations left TSP broached
holes "as new" with 0-5% blockage
(0-10% at worst).
Shorter magnetite step during west
bank BOCC left some areas in TSP
1&2 up 100% blocked. Water
lancing reduced blockage in these
regions to 20% or less.
Tube land deposits left on all TSPs
at the end of the cleaning operations.
Pre BOCC lancing of east bank
removed some surface deposit but
left hourglass areas dirty.
Post BOCC operations on the east
bank left 30-60% surface exposed on
the top side, compared with 60-80%
on the bottom side.
Boiler 1 HLUBS left cleaner than
those in Boilers 2, 3 & 4, The
HLUBS in the latter boilers were left
with 0-10% and 0-50% surface
exposure on the top and bottom
sides respectively.
2.201 kg of tube sheet deposit
removed.
Cold leg and outer hot leg central
areas cleaned down to the tube
sheet.
Hard tube scale left in the hot leg
areas about 15-18 cm (6-7 inches)
above the tube sheet. Tube sheet
inspections were not possible in
these regions.
Hard sludge piles were not evident in
the restricted hot leg zones.
Combination of lancing and BOCC
left broached holes virtually deposit
free with 0-5% blockage (10-20% at
worst).
Tube land deposits remained in most
TSP areas inspected after BOCC.
Lancing before BOCC exposed
scallop bar surfaces but left
hourglasses filled with deposit.
Post BOCC lancing left about 50%
and 80% of surface exposed on top
and bottom sides respectively.
Most hourglasses left filled with
deposit at the end of lancing and
BOCC activities.
Pre BOCC lancing dislodged about
1.770 ko of deposits, while post
BOCC operations removed roughly
875 kg of BOCC insoluble residues.
Final tube sheet condition similar to
that of Unit 4 after water lancing.
Cold leg and outer hot leg areas
cleaned down to tube sheet.
7.5-15 cm (3-6 inches) of hard tube
deposit left in hot leg central areas.

TABLE 7 (Continued)
Unit
(Year)

Area
Lanced

Operating
Pressure

Pre BOCC
Lancing

Post BOCC Lancing

Unit 1
(1994)

TSPs

10,000 psig
(pump)

Not applicable.

Not applicable.

Key Results
•

•
Unit 4
(1995)

HLUBS

10,000 psig
(pump)

Not applicable.

Not applicable.

•

•
•

•

Uniti
(1995)

CLUBS
(Boiler 2 only)

10,000 psig
(pump)

Not applicable

Not applicable

•
•
•

TSPs

10,000 psig
(pump)

East and west bank.
Restricted to areas
of TSPs 1-5 where
broached hole
blockage was >60%.

Not required as
determined from visual
inspections.

•

•
•

HLUBS

10,000 psig
(pump)

East and west bank.

East and west bank.

•

•

•
•

Tube Sheet

5,000 psig
(nozzle) for
straight-ahead
lance.

East and west bank.

East and west bank.

•

•

3,000 psig
(nozzle) for 90°
and30°/150°
barrel spray
units

•
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Lancing of TSPs 6&7 in all eight
boilers reduced broached hole
blockage to 20% or less.
Water level oscillation problems
temporarily relieved.
Lancing of HLUBS hourglass areas.
removed most of surface deposit left
behind after the 1993 cleaning
activities.
Hourglass areas left filled with
deposit on top and bottom sides.
HLUBS visual inspections showed
severe degradation in Boilers 2&7
over 2 years and relatively minor
degradation in other Unit 4 boilers.
Scallop bar degradation more severe
in central HLUBS areas and inside
hourglass regions.
Most surface deposit removed.
Hourglasses left filled with deposit.
No evidence of scallop bar
degradation during visual
inspections.
Combined BOCC and water lancing
operations left broached holes
virtually deposit free (0-5%
blockage).
Tube lands cleaned to a greater
extent than in Units 3 & 4 previously.
Thin residues left in the tube land
areas.
Lancing before BOCC exposed 5080% of the scallop bar surfaces on
the top and bottom sides.
Post BOCC lancing left 80-90% of
scallop bar surfaces clean on both
sides.
Hourglass deposits were partially
removed by crevice cleaning step.
Scallop bar degradation pattern
similar to that seen in Unit 4 earlier in
1995.
Roughly 2.000 kg of deposit
dislodged before BOCC, compared
with about 520 kg after BOCC.
Post lancing inspections before
BOCC showed:
1. Cold leg and outer hot leg areas
cleaned down to tube sheet.
2. 2.5-7.5 cm (1-3 inches) of hard
scale in a few cold leg areas
inspected.
3. 23-37 cm (9-15 inches) of hard
tube scale in hot leg central
areas.
Similar inspection results after post
BOCC water lancing except height of
hard tube scale reduced by 2.5-10
cm (1-4 inches) in 6 of 8 boilers.

TABLE 7

(Continued)

Unit
(Year)

Area
Lanced

Operating
Pressure

Pre BOCC
Lancing

Post BOCC Lancing

Unit 3
(1996)

HLUBS

10,000 psig
(pump)

East and west bank.

East and west bank.

Key Results
•
•

Tube Sheet

5,000 psig
(nozzle) for
straight-ahead
lance.

East and west bank.

East and west bank.

•
•

•

3,000 psig
(nozzle) for 90°
and30°/150°
barrel spray
units

•
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Pre BOCC lancing exposed 70-100%
scallop bar surface on both sides.
Inspections done after BOCC and
water lancing showed:
1. 90-100% surface exposure on the
top and bottom sides.
2. Hourglasses were nearly deposit
free with faint residues left
behind.
162 and 46 ka removed before and
after BOCC respectively.
Post lancing, pre BOCC condition
was virtually identical to "as left"
state in 1994.
Inspections after BOCC and lancing
showed the height of hot leg tube
scale was reduced by 2.5-10 cm (1-4
inches) in 7 of 8 boilers.
Hard sludge piles up to 8 cm (5
inches) high were observed in some
hot leg areas previously inaccessible
due to tube scale.
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FIGURE 2

00

BOILER CHEMICAL CLEANING SYSTEM LAYOUT

FIGURE 3

...... !

1

FLOW DIAGRAM FOR BOCC SYSTEM
COMPONENTS INSIDE THE POWER HOUSE

FIGURE 4

TSP LANCE DESIGN FEATURES

Connection for High
Pressure Hose

Lance Body With 8
SS Tubes Encased in
Rigid Plastic

Lance
Nozzle
(0.040"
drilled
hole)

Front
Manifol

Rear Lance Manifold

Offsetting Water Jets(Parallel to Boiler
Tubes)

TYPICAL LANCE DIMENSIONS: 9 ft, 6 in long.
0.115 in thick
1.5 in wide
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FIGURE 5

CECIL® TUBE SHEET LANCING COMPONENTS
INSIDE THE STEAM GENERATOR

Tilt Module

Lance Barrel

Flexible Lance
(Fitted with
Fibrescope)
From Reference 9
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ABSTRACT
The B&W/ FTI Chemical Cleaning program has
a long history marked by many successful field
applications. These include development of a
magnetite dissolution solvent in the early
1970's, participation in the EPRI/SGOG
chemical cleaning process development
program, and participation in numerous
applications of the EPRI process in PWR reactor
units. The B&W/FTI chemical cleaning program
also includes the development and qualification
of the Bruce and Pickering chemical cleaning
processes, and execution of that process on
four reactor units at Pickering. The Pickering
application included both the EPRI low
temperature process and a modified version of
the EPRI elevated temperature crevice process.
A high temperature cleaning process has also
been developed by B&W/FTI for iron-based
deposit removal from CANDU and PWR reactor
units. It has been successfully applied at two
PWR plants. Application of the high
temperature iron process is based on plant heat
using a reduced process equipment
configuration. The paper describes the high
temperature B&W/FTI chemical cleaning
process, with emphasis on the testing of steam
generator tubing materials, and includes a
summary of the results of one field application.

reliability and availability.
The B&W/FTI chemical cleaning program has a
long history dating back to work on fossil
boilers in the early 1950's. Building on this
fossil experience, Babcock & Wilcox (B&W)
presented data (1) in 1971 showing that a
solvent composition of 10% EDTA, 1 %
hydrazine at an initial room temperature pH of
7.0 will satisfactorily and safely remove
magnetite from nuclear steam generators. In
1978, the Electric Power Research Institute
(EPRI) initiated a program to further the
development of a nuclear steam generator
chemical cleaning process. The B&W solvent
became the basis for the current EPRI low
temperature magnetite dissolution solvent. In
addition B&W was one of the major contractors
in the EPRI chemical cleaning program
(References 2, 3, 4).

The B&W/FTI chemical cleaning program
includes the development and qualification of
the Bruce and Pickering chemical cleaning
processes, and execution of that process on
four reactor units at Pickering (Reference 5).
The Pickering application included both the
EPRI low temperature process and a modified
version of the EPRI elevated temperature
crevice process.

INTRODUCTION
Corrosion products and other feedwater
contaminants from the preboiler cycle of the
nuclear steam plant will be transported, during
operation, to the secondary side of the steam
generator where deposition will occur. As the
deposits increase in thickness and loading, they
can produce detrimental effects on the steam
generator operation. The danger of tubing
failures due to corrosion also increases as
deposits accumulate . As deposition
increases, chemical cleaning becomes an
indispensable tool to establish steam generator

Through joint research and development, B&W
and Framatome have developed a high
temperature process that can be used to
remove deposits from the secondary side of
CANDU and PWR steam generators. This R&D
was funded by B&W and Framatome but was
overseen and guided by U.S. and Canadian
utilities pursuing chemical cleaning. Through a
series of customer review meetings, utilities
provided their input, expressed their concerns,
witnessed testing, reviewed raw data and even
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contributed their materials and deposits for
testing and evaluation.

ambient up to the final test temperature. Later
tests simulated the actual application, with the
solvent heated externally to 93 °C (200 °F) and
injected into a preheated autoclave. The HTCC
includes a number of vent cycles to cause
boiling and to promote mixing of the solvent.
After venting, temperature was restored to the
test temperature as soon as possible (typically
less than 5 minutes). During venting the
vented gas passes through a cooling coil. The
condensables are captured in a sealed dry trap.
The noncondensable gas then is vented under
about 3 liters of water to ensure that no
paniculate escapes to the atmosphere. Figure
1 is a picture of the autoclave assembly used
for testing, with the head removed.

The goal of the high temperature chemical
cleaning (HTCC) process is to improve the
overall dissolution rate and the effectiveness of
the process. The higher temperature promotes
more rapid dissolution and is also effective at
dissolution of the hard to dissolve deposit
constituents, such as Trevorite (a nickel based
deposit). Because of the increased dissolution
rate and the fact that the HTCC uses plant heat
to maintain temperature, there is less support
equipment and the process itself minimizes the
overall outage impact. When properly applied,
the HTCC will also reduce overall corrosion of
the steam generator materials due to the
reduced solvent contact time.

Corrosion Test Results

The new process relies strongly on the large
foundation of research data produced during
the development of the EPRI/SGOG processes.
The subject process is a higher temperature
EDTA process that is more aggressive and can
significantly reduce application times (when
compared to the standard EPRI processes).

Results of a typical test utilizing 10 hours of
exposure follow. The solvent used for this test
was the typical HTCC solvent:
200 grams/liter EDTA
5 grams/liter hydrazine (N2H4)
20 mL/liter CCI-801 Inhibitor
pH of 8 (adjusted with ammonium
hydroxide <NH40H)
Application Temperature - 143°C
(290 °F)

HTCC PROCESS CORROSION TESTING
The development and testing of the HTCC has
been presented elsewhere (Reference 6) and
will not be discussed in detail in this paper. A
brief description of the testing and the results
of a typical application test will be presented.
Qualification of the HTCC process for exposure
to the steam generator tubing material will also
be presented in detail.

Table 1 summarizes the materials tested, the
general location of these materials in a steam
generator, and the specimen identification. All
of the coupons were galvanically coupled to
the system. As previously mentioned, on-line
free and galvanic corrosion were monitored
during the test using the FTI Corrosion
Monitoring System (CMS). The carbon steel
surface area to solvent volume ratio (S/V) used
for this test was 115 cm2/liter. The total metal
surface area to solvent volume ratio was
maintained as close as possible to 1145 ± 10
cm2/liter. A loading of 11 g/L Fe (as magnetite)
was used in this test. This test included nine
(9) vents during the course of solvent exposure.

Generic and site specific testing was performed
in a 10-liter autoclave. Corrosion monitoring
was provided by means of coupons, for weight
loss and metallurgical examination. On-line
free and galvanic corrosion were monitored
during the test using the FTI Corrosion
Monitoring System (CMS). The CMS used the
EPRI recommended approach to corrosion
monitoring during chemical cleaning (Reference
3 - linear polarization, and zero resistance
ammeters). Some testing included actual
steam generator tubing, heated to temperature
on the inside to simulate the heat flux across
the tubes that would be experienced in actual
application. Early testing was performed with
the solvent initially in the autoclave. Heating of
the solvent occurred in the autoclave from

Table 2 summarizes the results of the
chemistry analyses performed during the test.
The chemistry results followed the expected
trends, based on the other testing in the HTCC
program. The EDTA and hydrazine
concentration decreased while the iron
concentration rapidly increased during the
exposure. Essentially all of the deposit was
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Table 1
Summary of Tested Materials
Material

Generic
Steam Generator Part

Specimen
Type

Specimen
Identification

SA-106 GrB

Pressure Boundary and Piping

Coupon

RC106-9

AISI-1018

Internals

Coupon

C1018-16

E7018 SMAW

Pressure Boundary and Internal Welds

Coupon

RC7018-8

SA533 GrA

Pressure Boundary

Coupon

RC533-8

SA533/8018
SMAW/HAZ

Pressure Boundary and Internal Welds

Coupon

RH533-1

ERNiCrT3
GTAW/HAZ

Carbon Steel To Inconel
Internal Welds

Coupon

RHGTA-1

SA-240 Type 405

Flow Distribution Plate

Coupon

RC405-4

SA-176 Type 409

Lattice Support Plate

Coupon

RC409-4

E7018 SMAW

Pressure Boundary and Internal Welds

ZRA Electrode

ZSMW-25

AISI-1018

Internals

ZRA Electrode

Z1018-4

SA533 GrA

Pressure Boundary

ZRA Electrode

Z533-18

SA533 GrA

Pressure Boundary

LP Electrode

L533-17

Alloy 600

Tubing

LP Electrode

L600-50

LSMW-19
E7018 S M A W "
Pressure Boundary and Internal Welds
LP Electrode
Key for welds: SMAW = Shielded Metal Arc Weld: GTAW = = Gas Tungsten Arc Weld: HAZ = Coupon
in test to examine potential for increased heat affected zone attack
Electrode monitored by linear polarization during the test
CMS indicated versus weight loss values are
considered to be in very good agreement. The CMS
also showed the correct order of susceptibility to
attack in the HTCC when compared to the coupons.
Note from Table 3 that all materials experienced a
corrosion loss of 51 fjm (2 mils) or less, with the
AISI-1018 material being the most susceptible to
corrosion attack during application of the HTCC.
Also note the minimal corrosion experienced by the
tube support structures (RC405-4 and RC409-4).

dissolved within the first hour of exposure.
Also as expected when dissolving magnetite
with the HTCC solvent, the pH elevates and
buffers at about 8.7. At the completion of
testing, the autoclave was inspected and
essentially no deposit remained.
The corrosion results, based on weight loss for the
coupons are presented in Table 3. The corrosion
results, based on weight loss, of the electrodes are
presented in Table 4. Included in Table 4 are the
CMS predicted values for the various electrodes.
Predicted CMS values for ZRA electrodes requires
the addition of a free corrosion correction factor
(References 3 and 7). For the Table 4 CMS
indicated galvanic values, the free corrosion
correction was made using the on-line LSMAW data
for ZSMAW-25 and Z1018-4. The free corrosion
correction for Z533-18 used the final weight loss
corrosion value from the L533-17 electrode. The
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The CMS output for the ZRA electrodes is shown in
Figure 2. There was a sharp increase in corrosion
rate on the 1018 carbon steel during the first vent.
This is apparently due to a disruption of the
inhibitor film that has not yet fully stabilized at the
onset of the first vent. Corrosion rates fell w i t h
time. When the autoclave was cooled for the
termination of the test, the corrosion rate dropped
very quickly. This is typical with the HTCC
applications.

Table 2
Summary of Chemistry Results
HTCC Solvent Testing
Time
(Hours)

N2H4
(fl/L)

EDTA
(g/U

Fe
(g/D

Initial

5.1

195

0

0*

4.0

132

11.1

1

2.9

129

11.5

2

2.5

124

11.6

5

1.4

122

12.4

No pitting or localized attack was observed on the
coupons exposed during this test. There was no
accelerated galvanic heat affected zone (HAZ)
attack in the ERNiCr-3 GTAW coupon (RHGTA-1) or
the SA-533 GrA/8018 SMAW coupon (RH533-1).
This is typical for a 10-hour exposure to the HTCC.
Longer exposure times or utilizing the HTCC to
dissolve deposits with elevated levels of copper,
have led to pitting type attack in some carbon
steels.

107
12.7
10
0.9
* - Time 0 = time at test temperature
(143°C for this test)

Table 3
Summary of Coupon Corrosion
HTCC Solvent Testing

HTCC Solvent Velocity Testing

Specimen
Identificatio
n

Corrosion
U/m)

Corrosion
(mils)

RC106-9

27.5

1.08

RC405-4

0.4

0.02

RC409-4

0.9

0.04

RC7018-8

14.5

0.57

C1018-16

51.0

2.00

RH533-1

13.6

0.54

RC533-8

15.9

0.63

RHGTA-1

16.6

0.66

The HTCC solvent was also tested under various
flow conditions to verify that, in the presence of
magnetite, it would not cause erosion corrosion.
Concentrated HTCC solvent was pumped through a
test loop containing standard piping materials (SA106 piping and a SA-105 elbow) at 9 3 ° C (200°F)
for one hour. This configuration simulated injection
of concentrated chemicals impinging on a common
base metal, SA-515 Gr70, and an Alloy 600 tube
specimen at 5.5 m/s (18 ft/s). The solvent was
then diluted to the normal application conditions
and circulated through the loop at 149°C (300 °F)
for an additional 30 hours at 5.5 m/s. The
corrosion experienced by the specimens in the test
loop was not significantly higher than specimens
tested in static autoclaves.

Table 4
Summary of Electrode Corrosion
Specimen
Identification

Weight Loss Corrosion
in //m (Mils)

CMS Indicated Corrosion
in fjm (Mils)

ZSMW-25

6.7 (0.26)

10.4(0.41)

Z1018-4

28.4 (1.12)

36.3 (1.43)

Z533-18

8.0 (0.32)

14.0(0.55)

LSMW-19

8.5 (0.34)

6.6 (0.26)

L533-17

5.9 (0.23)

Not Applicable

L600-50

0.00 (0.00)

Not Applicable
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Table 5
Tubing Material Corrosion In the HTCC Solvent
Synthetic Deposits

Plant Deposits

Corrosion - fjm (mils)

Corrosion -//m(mils)

Alloy 400

1.37 (0.054)

1.42 (0.056)

Alloy 600

0.03 (0.001)

0.03 (0.001)

Alloy 690

0.00 (0.000)

0.03 (0.001)

Alloy 800

0.00 (0.000)

0.00 (0.000)

Specimen

Testing Of Tubing Materials
The high alloy tubing materials were evaluated in
the HTCC by two methods. The first was exposure
of samples of tubing during autoclave testing.
Total exposure time was 30-hours. The tests
evaluating the tubing materials consisted of a
deposit loading of 20 g/L magnetite. Both synthetic
and actual plant deposits were used during the
testing. Results of the tubing exposures are shown
in Table 5.
As can be seen from Table 5, the tubing material
showed negligible corrosion loss after the 30 hours
of exposure to the HTCC.

•

Bend specimen in a fixture to a
2.5 cm radius

•

Compress the specimen then
remove from the fixture

•

Compress the specimen in a
holder to a span (constant
deflection) of 3.65 cm, plastically
deforming the specimen in the
bent configuration

By nature of their configuration, these specimens
are in a highly-stressed state with a degree of cold
work. The actual stresses that result from this
configuration were not specifically measured in this
program. However, in past programs with Alloy
600, x-ray diffraction was performed to determine
stress levels. As reported in Reference 4, the
stress at the apex of these types of specimens is in
the range of 120 ksi. This value is considered
sufficient to cause stress corrosion cracking should
local breakdown of the passive film occur in the
test.

In addition to the potential for general corrosion
attack it is important to ensure that no localized
attack should occur on the tubing material, such as
stress corrosion cracking (SCO or pitting. In order
to address this issue slow rate anodic scans on
Alloy 600 and Alloy 800 were performed.
The objective of the slow rate anodic scan testing
was to determine the susceptibility of select tubing
materials to localized corrosion mechanisms under
the HTCC environment. The concept is to expose a
stressed strip of the tubing material to the HTCC
solvent environment. The specimen is then
polarized at a very slow rate (0.025 mV/sec) from
rest potential through to the break away potential.
If the material is susceptible to damage in the
chemical environment, the slow rate anodic scan
will cause pitting or cracking at the apex of the
bend.

The test strips were polished to a 600 grit finish
and cleaned in acetone, followed by a methanol
rinse. Nickel wires were attached to the strips,
which were then bent, placed into fixtures, and
placed into a 1-liter Alloy 600 autoclave. The
autoclave was filled with test solution so that the
specimen was covered up to the region of the spot
weld. The autoclave was then heated to 150°C
(302°F) before the poteniodynamic scans were
made. A schematic of the test system is shown in
Figure 3.

One of the criteria used for selecting specimen
configuration was the ability for comparing the
results from this test program with those results
from previous chemical cleaning and corrosion
testing. The configuration chosen has been used
extensively at B&W in past corrosion evaluations,
including chemical cleaning corrosion evaluations
(References 8 and 9). The specimen is bent to
constant deflection as follows:

The specimens were allowed to soak for one hour
at temperature in the test solution, in order to arrive
at a stable open circuit corrosion potential, before
the potentiodynamic scan was run. The initial scan
was started -0.050 V below the open circuit
potential and scanned in an anodic direction to
+ 0.500V, with respect to open circuit potential.
Test results showing the polarization scans on Alloy
600 and Alloy 800 in the HTCC solvent at 150°C
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are given in Figure 4. These are fairly typical
polarization curves for materials exhibiting passive
behavior. The corrosion rates corresponding to the
measured open circuit current are quite low and,
based on the polarization curves, there are no
indications of pitting or localized attack.

At this time, the temperature on the primary side
was held constant and the steam generators were
drained to the tubesheet. Solvent was then
injected simultaneously into the steam generators.
A simplified schematic of the Palo Verde Unit 1
chemical cleaning system is shown in Figure 5.

There was no visual evidence (at magnifications up
to 40X) of pitting or stress corrosion cracking
observed on either the Alloy 600 or Alloy 800
specimen following the test exposures. Lack of
localized attack was confirmed by SEM examination
at up to 5.000X. Overall the surfaces of both
specimens were shiny and bright. The Alloy 600
specimen had a slight darkening of the surface.
The results of this study indicate that Alloy 600 or
Alloy 800 tubing should not suffer localized
corrosion damage in the HTCC process.

The dissolved iron versus time for the Palo Verde
Unit 1 chemical cleaning is shown in Figure 6. The
first reliable sample was not obtained until the 4hour point of the cycle. By that time the
dissolution reactions were essentially complete.
This 10-hour application can be compared to the 60
to 80 hour magnetite steps utilized in the
successful Palo Verde Units 2 and 3 chemical
cleanings.
The total deposit removed per steam generator
from Palo Verde Unit 1 is presented in Table 6.
Included in Table 6 is the amount of deposit
removed per steam generator for Palo Verde Units 2
and 3. Based on the operating time of the units,
the amount of deposit removed from each unit was
comparable. Of interest is the fact that Units 2 and
3 also included a crevice step after the magnetite
step. At the Unit 2 and 3 chemical cleanings the
crevice step removed an additional 180 kilograms
(400 pounds) of deposit, while at Unit 1 the
crevice step removed essentially no additional
deposit. Based on the overall dissolution, the
crevice step was not a necessary follow on to the
HTCC at Palo Verde Unit 1.

PLANT APPLICATION
The HTCC has been applied at the Byron-1 and Palo
Verde 1 plants. This section of the paper presents
a summary of the application of the HTCC at Palo
Verde Unit 1. Details of the application at Byron-1
were presented previously (Reference 10). The
sister units at Palo Verde (Units 2 and 3) had been
previously cleaned using the EPRI process
(Reference 11). Although, these cleanings were
overall successful, some ridge deposit remained
undissolved in the batwing region of the tube
bundle after application of the low temperature
process. The high temperature process was applied
to Unit 1 in an effort to more completely dissolve
these ridge deposits along with removal of the bulk
deposits that were in the steam generator.

Table 6
Summary of Deposits Removed
Palo Verde Chemical Cleanings
Unit

Kilograms (Pounds) Deposit
Removed Per Steam Generator

1

2628 (5788)

2

2411 (5311)

3

2210(4868)

The HTCC was applied for a total of 10 hours
exposure at temperature. The process included
eight (8) vents with the solvent covering the tube
bundle. Application temperature for this cleaning
was 143°C (290°F). For this particular application,
the HTCC was followed by a low level application
of the EPRI 121 °C (250°F) crevice process. This
step was the same as employed during the Palo
Verde Units 2 and 3 chemical cleanings,
maintaining the solvent level approximately 74 cm
above the flow distribution plate with the objective
to clean out the blocked drilled holes in the flow
distribution plate. The crevice step was also
applied for 10 hours and included five (5) vents.
The cleaning was completed with three rinses (2low volume rinses followed by a full volume rinse)
and a passivation step. The passivation step was
the eight (8) hour EPRI hydrazine based passivation.

The post cleaning inspection indicated that the Unit
1 steam generators were generally cleaner than
seen during the post cleaning inspection at Palo
Verde Units 2 and 3. Eddy current examination
also indicated an effective cleaning. Overall
corrosion at Palo Verde Unit 1 was considered as
well below the predetermined allowances based on
the qualification data (see Table 3 for typical
corrosion during a 10 hour application of the
HTCC).

For the Palo Verde application, all of the solvents
were pre-formulated and heated off-line to 93°C
(200 °F) prior to the plant starting down. As the
unit was being brought down off-line, the cold leg
temperature was monitored until it reached 143°C.

In summary, all of the objectives of the cleaning
were met. The HTCC was successfully applied as
the plant was coming down in power. The 10-hour
HTCC application minimized the overall outage
impact and the target dissolution was achieved.
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CONCLUSIONS
The B&W/FTI high temperature chemical cleaning
process is the result of a long history of chemical
cleaning developments. The HTCC process has
been developed and qualified for application to PWR
and CANDU steam generators. It has been
successfully applied in two full scale applications.
In the two applications, solvent was applied in a
concentrated form (Reference 10) and mixed in the
steam generators, and in the final concentration,
pre-mixed external to the steam generators. Both
approaches are considered as fully qualified.
Deposit removal rates and overall deposit removal
effectiveness were high in both applications.
Corrosion tests have been performed on materials
representative of CANDU and PWR steam
generators. The overall corrosion experienced by
these materials was confirmed by these test to be
low. In addition, localized pitting and stress
corrosion cracking was confirmed to not be a
problem for steam generator tubing materials during
application of the HTCC process.
The process provides the advantages of short
cleaning times, crevice cleaning capability, and
reduced equipment requirements, when compared
to the traditional EPRI/SGOG processes. The
process is considered as qualified and field proven
for application to the cleaning of CANDU or PWR
steam generators that have a variety of iron based
deposits.
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Figure 1 - Autoclave assembly used for HTCC process testing
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Corrosion Rate Versus Time - HTCC Solvent Exposure
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Figure 2 - ZRA corrosion rate versus time for a typical HTCC solvent exposure test
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Figure 3 - Schematic of slow rate anodic scan test system
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Figure 4 - Slow rate anodic scan of Alloy 600 and Alloy 800 in the HTCC at 150°C

Figure 5 - Simplified schematic of the Palo Verde-1 chemical cleaning system
14
12

4
6
8
Elapsed Time (Hours)

10

12

Figure 6 - Dissolved iron versus time for the Palo Verde-1 HTCC step
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