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1.0 ABSTRACT
Inspection is an integral part of fuel channel life man-
agement strategy. Inspection data is used to assess
the state of reactor core integrity and provide the
information necessary to optimize long term mainte-
nance programs. This paper will provide an overview
of the structured approach to developing fuel chan-
nel inspection programs within OHN. The inspection
programs are designed to balance the resources uti-
lized (cost, outage time, and dose expenditure) with
the benefits provided by the inspection data obtained
(improved knowledge of component status, degrada-
tion mechanisms and rates, etc.).

The CANDU community has yet to have a fuel chan-
nel operate for a full 30 year design life. Since
research programs can not fully simulate reactor
operating conditions, inspections become an essen-
tial feature of the life management strategy as the
components age. Inspection programs often include
activities designed to develop predictive capability
for long term fuel channel behaviour and provide
early warning of changes in behaviour.

It should be noted that although this paper address-
es the design of fuel channel inspection programs,
the basic principles presented can be applied to the
design of inspection programs for any major power
plant component or system.

2 .0 WHAT ARE THE COSTS ASSOCIATED
WITH INSPECTION?
Before designing an inspection program for maxi-
mum cost effectiveness, it is important to under-
stand all of the financial impacts.

The major costs associated with a fuel channel
inspection campaign are:

(1) Lost Production Revenue

Should the fuel channel inspection be a critical path
activity (ie. helps define the total outage duration),
then lost production revenues should be charged for

the number of days which fuel channel inspection
would extend a routine planned outage.

(2) Decreased Fuel Burnup

Most fuel channel inspections require premature dis-
charge of fuel to allow access to the inspection area.
The unused portion of the fuel can be directly attrib-
uted to inspection costs. In addition the new fuel
placed in the channel following inspection can gen-
erally not be used to its full extent, once again incur-
ring additional fuel costs.

(3) Inspection Equipment Costs

The equipment, apart from initial capital and depreci-
ation costs, has ongoing maintenance costs, which is
dependent on usage (eg. number of channels
inspected).

(4) Inspection Labour Costs

The labour costs cover a wide variety of tasks, rang-
ing from preparation and calibration of equipment, to
performing inspections, and analyzing inspection
data. Cost for station support staff should be included.

(5) Radiation Dose Expenditure

Radiation exposures to personnel restrict future use
of their skills for other radioactive work, and can
result in the need to hire additional staff or postpone
other work.

These cost streams are highly dependent on the
scope of inspection, type of inspection equipment
used, and outage constraints (primarily the available
inspection time window). Of the major cost streams,
lost production revenue costs and increased fuel costs
tend to dominate all other inspection related costs.
Radiation exposure limits have been reduced in recent
years, resulting in a greater need (and increased costs)
for remotely operated inspection systems.

All inspection related costs can be quantified,
although one must carefully examine what are 'real'
and 'perceived' costs in order to determine the true
total cost of inspection.
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3.0 WHAT ARE THE INSPECTION BENEFITS?
The benefits of performing an inspection are not as
easily quantifiable as the costs. Sometimes the ben-
efit of completing an inspection may be fulfillment of
regulatory requirements in order to maintain the sta-
tion operating license. However, regulatory inspec-
tions (eg. periodic inspections) form only a small part
of the fuel channel inspections performed at OHN
stations. The majority of the inspections done at
OHN stations are geared towards collecting suffi-
cient information on fuel channel behaviour to guide
the long term life management strategies in place at
each station. These life management strategies
include continued inspection, planned maintenance,
and implementation of design modifications to elimi-
nate or mitigate known problems.

It is often difficult to quantify, particularly in monetary
terms, the benefit of having completed an inspec-
tion. Often the benefits are not realized until many
years after the inspection, and the benefits achieved
(eg. can defer channel reconfiguration by X years) are
wholly dependent on the actual inspection findings.
Therefore, inspection benefits are assessed in terms
of increased knowledge.attempting to put a qualita-
tive value on that knowledge.

In qualitative terms, we expect the following benefits
from an inspection;

(1) We have ensured that no channels pose an unac-
ceptable integrity risk prior to the next scheduled
inspection or corrective maintenance activity.

(2) We have achieved an improvement in under-
standing of the state of reactor core. (eg. can we
state at 95% confidence level there are no pres-
sure tube flaws greater than X.X mm deep in
reactor core).

(3) We have achieved an improvement in our predic-
tive capability, (eg. We better understand degra-
dation rates. We better understand population of
channels at risk).

These qualitative benefits are difficult to assess prior
to inspection as we do not know in advance what the
inspection results will be. In practice, we tend to
judge the inspection benefits by the quality and quan-
tity of information obtained, using the information to
determine the degree of confidence we have in the
state of the reactor core at present and for the near
term future (next 2 to 3 years).

4.0 KEY ELEMENTS TO STRUCTURING A
COST EFFECTIVE INSPECTION PROGRAM
An inspection program must define the who, what,
when, how (in general terms), and where for the

work to be performed. To develop an inspection pro-
gram that maximizes benefits achieved and mini-
mizes implementation costs, a strong focus must be
maintained on the following key areas:

(1) What is the purpose (objective) for the planned
inspection?

(2) What inspection data is needed to properly
assess component integrity and/ or degradation
rates?

(3) What inspection methods and equipment are
best suited to meet the inspection needs defined
above?

(4) What inspection sites (channels) would provide
the most valuable information on component
integrity and/ or degradation rates.

To maintain this strong focus and ensure that the
inspection program is cost effective, it is vital to
involve the following personnel throughout the pro-
gram development process;

(a) staff responsible for life management programs;

(b) staff involved with executing all activities, from
channel preparation through to inspection results
evaluation, defined in the inspection program;
and

(c) staff responsible for reactor integrity assessments.

4.1 Define the Purpose of Inspection

A well defined purpose (objective) for the inspection
is the first and most essential step in designing a
cost effective inspection program. The inspection
purpose will define the following key elements of
every inspection program:

(1) What is the scope of inspection?

(2) How many channels are to be inspected?

(3) Which channels are to be inspected?

(4) What are the inspection data (output) requirements?

(5) What is the required inspection schedule/frequency?

When the inspection purpose is well defined, each of
the above questions can be answered clearly and
concisely.

It may be possible to achieve the same objective
through a variety of inspection approaches (program
options), each of which would be assessed for cost
effectiveness.

4.2 Define the Inspection Requirement and
Identify the Inspection Methods/Equipment
Available

After having defined the inspection purpose, it
should be clear what fuel channel characteristics are
to be measured and what data outputs are required
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to assess component integrity. These requirements
can be defined in several ways, depending on the
inspection methods and equipment being evaluated
for use. For example, if the objective is to ensure that
there are no contacting tubes with hydrogen con-
tents above Blister Formation Threshold (BFT), it is
possible to either;

(a) determine whether the tubes are in contact (eg.
measure pressure tube to calandria tube gap, or
locate garter springs); or to

(b) determine whether the hydrogen content of the
tubes is below BFT (eg. chemical analysis of
scrape samples).

Both inspection options are quite viable, but obvi-
ously have different implementation costs and down-
stream benefits.

It is OHN practice to evaluate all viable inspection
options, even if the options considered greatly
exceed the inspection requirements. This step is par-
ticularly beneficial as we wish to maximize the down-
stream benefits as part of optimizing the overall fuel
channel life management program.

4.3 Select the Channels to Be Inspected

Selection of the inspection sites (channels) is vital to
maximizing the benefits achieved by an inspection
campaign. Each channel selected for inspection
must provide data which directly supports the
inspection purpose. For example, if the purpose is to
determine bearing pad fretting rates at the rolled joint
burnish mark region, then it is essential to select only
those channels which have had bearing pads reside
at the burnish mark location.

Many inspection campaigns have multiple inspection
objectives. Generally there is a limited subset of
channels which can be selected to satisfy a given
objective. In the case of multiple inspection objec-
tives, every effort should be made to select those
channels which are listed in more than one subset of
candidate channels. This approach will minimize
inspection workload without any reduction in inspec-
tion benefits.

Even in the case where there is only one inspection
objective it is possible, through channel selection, to
obtain additional valuable inspection data without
increasing the sample size. Through use of 'sec-
ondary' selection parameters, the channels inspect-
ed can yield data helpful in optimizing the overall life
management program. For example, if there is a sub-
set of channels which meets the inspection objec-
tive, it may be advantageous to select channels
which have been previously inspected. The repeat

inspection can provide valuable information on degra-
dation rates for a specific integrity concern (eg. bear-
ing pad fretting damage).

There are two basic approaches to selecting chan-
nels to meet 'primary' criteria, rank based selections
or sample based selections. Each of these approach-
es are discussed in the following sections.

4.3.1 Rank Based Channel Selections

Rank based selections are used only when there is;

(a) sufficient information to identify specific channels
which are susceptible to the integrity concern of
interest (as per the defined inspection purpose);
and

(b) assessments which can quantify the level of risk
for each specific channel (ie. channel risks can be
ranked).

In order to meet this criteria, we must obviously have
some predictive capability, understand the major
parameters affecting degradation, and have quantifi-
able data to identify and rank the channels of interest.

When the rank based selection process is used, the
basic inspection approach is to examine the top X
channels at risk. Upon completion of the inspection
program, assuming favourable inspection results, we
should be able to conclude that the entire reactor
core is fit for service as the worst X channels are
deemed fit for continued service. This approach does
not require large inspection sample sizes. Generally,
inspection of 20 (or fewer) channels can be translat-
ed into a high confidence in the state of the reactor
core, provided there are no unexpected inspection
results or significant changes to ranking and risk
assessment based on the actual inspection results.

4.3.2 Sample Based Channel Selections

Sample based selections are primarily used when
there is a need to;

(a) have a inspection sample representative of the
reactor core (eg. inspection results to be used in
probabilistic core integrity assessments); or

(b) develop a predictive capability for fuel channel
behaviour (eg. to better understand degradation
mechanisms, or to be able to identify channels
most at risk).

Sample based channel selections have been used
rather extensively in recent years, as the fuel channel
community is moving more towards probabilistic
reactor core integrity assessments. Also, the greater
emphasis placed on managing fuel channel life is dri-
ving the efforts to improve predictive capability for all
degradation mechanisms.

301



CANDU MAINTENANCE CONFERENCE 1995

The sample based channel selection methodology is
very similar to the methodology used in developing a
statistically designed experiment. The selection cri-
teria of interest, which may be parameters used to
develop predictive capability, are identified. A matrix
is constructed, with each selection criteria varied
from its high and low values, and all combinations
included. Using the matrix constructed, reactor con-
figuration and operational data is reviewed and those
channels meeting each combination of selection
parameters are identified. The list of channels meet-
ing each combination are rationalized or reduced,
incorporating secondary selection criteria, so there
are an equal number of channels selected for each
combination. A simplified example of a selection
matrix is presented in Table 1.

The strength of the selection approach described
above is that;

(a) a representative inspection sample is almost
always ensured; and

(b) the inspection results obtained can be evaluated
in a rigorous statistical manner to determine if
there are any relevant correlations between
inspection findings and the channel selection
parameters.

The practical problems encountered with application
of this approach to fuel channel selections are:

(1) There is often no reliable or measurable data
needed for a given selection parameter.
Therefore, selection parameters may have be
rationalized, grouped, or addressed using a sim-
pler global selection parameter. For example,
selecting channels on the basis of inner vs outer
zone can be used as a global parameter which
addresses the effects of channel inlet tempera-
ture and pressure, fuel residency time differ-
ences, etc...

(2) Some combinations of selection parameters may
not exist in the reactor design and adjustments to
the selection matrix and statistical analysis of
results will have to be made.

5.0 PROGRAM OPTIMIZATION
In order to optimize an inspection program it is nec-
essary to compare the costs and benefits for each
program option studied. It is relatively easy to quan-
titatively assess inspection costs. However, as noted
previously, the inspection benefits can only be prac-
tically assessed on a qualitative basis, primarily since
we do not know in advance what the inspection
results will be.

To address this problem, it is possible to pre-suppose
a range of inspection findings (from best case to
worst case expected) in order to assess the sensitiv-
ity of the benefits and costs for a variety of inspec-
tion program options. It is possible to optimize costs
and benefits, while managing risks associated with
unexpected inspection findings, through careful eval-
uation of the costs and associated benefits for each
program option assumed.

Practical experience has led to a simplified process
of program optimization. The quality and quantity of
information, which results in an assumed statistical
confidence in reactor core condition, is balanced
against the incremental cost of increasing the inspec-
tion sample size by a factor of two. By examining the
incremental benefits (returns) for the each increase
in sample size (and costs), practical judgement is
applied to identify the point at which there are insuf-
ficient incremental benefits for the additional costs
incurred (ie. use the law of diminishing returns).
In a few cases, it has been found that inspection
costs can be large enough to question the value of
inspection versus large scale maintenance programs.
In such cases, the reactor owner/ operator must
carefully reevaluate the required objectives of the
inspection program, options for obtaining improved
inspection capability to meet the objectives econom-
ically, or implementing large scale maintenance pro-
grams as required. These challenges have resulted in
some innovative solutions for improving inspection
capability (eg. development of the PIPE system for
rapid detection and sizing of bearing pad frets).

6.0 SUMMARY
The key points for designing a cost effective inspec-
tion program are:

(1) The total inspection program implementation
costs must be well known.

(2) Inspection benefits (which are dependent on
actual inspection findings and cannot be deter-
mined in advance) have to be assessed on quali-
tative basis by evaluating benefits from a range of
expected results.

(3) Development of the inspection program should
involve staff responsible for all aspects of fuel
channel life management and inspection related
activities.

(4) All the key elements of the inspection program
(scope, sample size, data output requirements,
and channel selection) are derived from a clear,
well defined inspection purpose statement.
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(5) All available options for satisfying the inspection
purpose must be evaluated in order to optimize
the inspection program.

(6) Significant reductions in inspection workload can
be achieved by utilizing overlaps between sub-
sets of candidate channel selections.

(7) Benefits of inspection can be greatly improved by
incorporating secondary selection criteria in the
selection process.

(8) Practical judgement and experience plays an
important role in optimizing inspection programs.

OHN stations have been able to achieve significant
reductions in inspection workload by selecting chan-
nels (inspection sites) which satisfy more than one
inspection objective, and by using the inspection
methods/equipment which provides the highest
quality of data (which satisfies the inspection require-
ments). The careful consideration of all primary and
secondary selection criteria, along with the involve-
ment of the OHN fuel channel community, has
resulted in OHN's ability to implement inspection
programs which maximize the information on fuel
channel behaviour achieved from modest scale
inspection campaigns.

The benefits of the structured approach to develop-
ing inspection programs is evident by the exemplary
performance of the Darlington units following the

discovery of cracked fuel bundles in 1991.
Investigations concluded that most channels were
likely to generate large numbers of reportable fret
marks, and that there was a subset of channels sub-
ject to enhanced bearing pad fretting damage. The
structured approach to fuel channel inspections
enabled an understanding of the major parameters
affecting bearing pad fretting damage, provided infor-
mation needed to design solutions to mitigate fret-
ting damage, and evaluate the effectiveness of the
solutions implemented. Since these solutions have
been implemented, all Darlington units have operat-
ed at full power output, and the extent of bearing pad
fretting damage significantly mitigated. The 1995
inspection of DNGS Unit 4 (after approximately 2.5
years of operation) found only one fret mark >0.15
mm deep in the 36 channels inspected. This
observed frequency of fret marks is significantly less
than that observed in the Bruce reactor units (which
are of similar design to Darlington).

For further information, you can contact the author at:

Ontario Hydro Nuclear
Fuel Channel Inspection and Maintenance Dept.
339 Westney Road South, Unit 101
Ajax, Ontario
Tel: (905) 686-2420 ext 455
Fax: (905) 686-9807

Selection Criteria
(Selection Parameters)

Reactor Zone
(Inner or Outer)

1

1

1

1

0

0

0

0

PHT Loop
(North or South)

N

N

S

S

N

N

S

S

Inlet End
(East or West)

E

W

E

W

E

W

E

W

Channels
Meeting Selection

Criteria

F09, S11

H04, 008

H21, M15

K16, R21

C06, M01

B10, S04

L24, W13

A13, X19

Table 1: Sample Based Channel Selections. Simplified Illustrative Example. Bruce Unit X November 1995 CIGAR Inspection.
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