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USING THE TIME DOMAIN REFLECTOMETER
TO CHECK FOR AND LOCATE A FAULT

M. Ramphal
Ontario Hydro, Darlington

E. Sadok
Ontario Hydro, Darlington

CA9800469

INTRODUCTION TO THE TOR
(HOW IT WORKS)
The Time Domain Reflectometer (TDR) is one of the
most useful tools for finding cable faults (opens,
shorts, bad cable splices). The TDR is connected to
one end of the line and shows the distance to the
fault. It uses a low voltage signal that will not dam-
age the line or interfere with nearby lines. The TDR
sends a pulse of energy down the cable under test;
when the pulse encounters the end of the cable or
any cable fault, a portion of the pulse energy is
reflected. The elapsed time of the reflected pulse is
an indication of the distance to the fault. The shape
of the reflected pulse uniquely identifies the type of
cable fault.

INTERPRETING TDR TRACES
Faults that are Inductive or of a higher resistance (i.e.
bad splice, open) than the cable impedance will cause
a positive (upward) deflection on the reflected TDR
trace. Faults that are capacitive or of lower resistance
(i.e. short) than the cable impedance, will cause a
negative (downward) deflection on the reflected TDR
display. Refer to Figure 1 which shows TDR reflec-
tometer traces for an open and short. The amplitude
of the reflection defines the impedance change, at
the fault. The greater the amplitude, the greater the
impedance change. As a result, the TDR is very use-
ful for detecting intermittent faults such as poor
crimps or bad solder connections, which are usually
very difficult to find. Other faults such as, opens and
shorts are very easy to locate with the TDR.

TDR traces require some interpretation. However,
this interpretation can be minimized by comparing
traces of known good signal loops with suspect
loops. In addition, information such as the number
of connections and distances between connections
in a loop, should be researched from station equip-
ment drawings, to obtain an understanding of the
TDR trace.

FIGURE 1— (Show figure that illustrates open/short)

APPLICATION OF TDR FOR
CABLE FAULTFINDING
At Darlington NGD, the TDR has been used effec-
tively to troubleshoot intermittent faults on incore
flux detector signal loops. In one application, which is
described in detail below, the TDR was used to
locate a fault which had expended over 70 hours of
control maintenance troubleshooting time. The loca-
tion of the fault was found inside the reactor vault at
the flux detector assembly. This information was
extremely useful since it allowed preplanning for
material to be ordered to site in preparation for the
repair work. Preplanning is important to minimize
outage time and maximize productivity.

DNGD- INTERMITTENT TEST FAILURE
ON SDS2 NOP SAFETY RELATED
SYSTEM TEST (SRST)
A Shutdown System #2 (SDS2) safety related sys-
tem test (SRST) is performed on each Neutron
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Overpower Detector (NOP) to test NOP trip logic.
The test also confirms the integrity of the NOP
cabling to the detector (but not the actual detector
itself). This test is done by sending a test current
down the TEST line. At the Detector Assembly
Housing, the SIGNAL wire is connected to the TEST
line. Hence, the test current ramp can pass from the
TEST Line to the SIGNAL line and be received by the
AMPLIFIER, resulting in a NOP loop trip. Figure 2
illustrates the signal path of the SRST.

PYLE
CONNECTOR

VAULT WALL

L!X
DETECTOR

SIGNAL
LINE

MCR

3 = TRIP TEST

FIGURE 2— (Show figure that illustrates SRST 2.06).

ORIGINAL SYMPTOM
Often, when a current ramp waveform was sent
down the TEST Line, the test results would be poor
or the test would fail

• poor in the sense that the amplifier response was
slow, sluggish

• failure of the test to complete the ramp in the
allotted time or to the required amplitude

No fault was observed on the SIGNAL line. The
incore flux detector output signal as seen at the out-
put of the amplifier showed no signs of sluggish
behaviour.

TROUBLESHOOTING
OUTSIDE CONTAINMENT
All of the accessible components (amplifier, connec-
tors, cabling) associated with this in-core flux detec-
tor circuit were examined, checked, cleaned, and
replaced, but the intermittent problem still persisted.
As a result, the fault appeared to be related to the
wiring inside the reactor vault (INSIDE CONTAIN-
MENT). A total of about 70 hours was spent in trou-
bleshooting this intermittent problem. In addition,
when troubleshooting was being done, one channel
in SDS2 would have to be taken out-of-service for
several hours at a time. This was undesirable since it
increases the risk of firing SDS2 on a spurious chan-
nel trip.

TROUBLESHOOTING
INSIDE CONTAINMENT
TDR

The TDR was connected to the flux detector loop, at
the amplifier end. A few test traces (i.e. "signa-
tures") were produced. One set of traces for the sus-
pect loop; one set of traces for a known good loop (to
be used for comparison).

A review of the TDR traces showed (reference Fig. 3):

1. relative to the known, good detector loop, there
was a distinct difference in the TDR traces from
the "suspect" detector loop.

2. the suspect detector loop showed an unusual sit-
uation that indicated both a high impedance and a
low impedance at essentially the same point
depending on which line the TDR pulse when
send on (i.e. the SIGNAL or TEST line).

3. the distance of the fault from the amplifier cabi-
net room was such that the fault had to be in the
reactor vault, at the flux detector assembly.

Within one hour, the TDR was able to determine
the location of the fault.

The resolution of the TDR in this application is
approximately 5 to 6 feet, hence it was not possible
to determine whether the fault was :

• At the soldered connection between the SIGNAL
and TEST line, internal to the Detector Assembly
Housing or

• External to the Detector Assembly Housing (e.g.
at the cable connector)

CAPACITANCE
A capacitance meter was connected to the flux
detector loop, at the amplifier end.

A review of the capacitance values measured
showed that there was something quite different
with the suspect detector loop.

1) capacitance of TEST line on good detector:
25,000 pF.

2) capacitance of TEST line on suspect detector:
10,000 pF.

Capacitance is proportional to length. The flux detec-
tor capacitance is typically 5000 pF. The total capaci-
tance of a 'good' detector loop was 25,000 pF. Hence
the length of the wiring alone would be (25,000 -
5000 pF), and since the TEST and SIGNAL wiring is
approximately of equal length, the distance to the
flux detector assembly would be 10,000 pF. The
capacitance results for the 'suspect' detector indicat-
ed a discontinuity at the flux detector assembly.
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Both the TDR results and the capacitance measure-
ments indicated that the fault was at the flux detec-
tor assembly. The fault would likely be at the pyle
connection or at the solder junction inside the
Detector Assembly Housing. The focus was on the
wiring, internal to the Detector Assembly Housing,
since the TEST line and SIGNAL line are solder con-
nected together in the Detector Assembly Housing
and it was postulated the the fault might be a cold
solder joint.

OUTAGE MAINTENANCE
The fault was suspected to be at the connection
between the SIGNAL and TEST lines. A workplan
was prepared to troubleshoot and repair the fault in
an outage. The flux detector cable was disconnected
from the flux detector assembly and checks were
performed on the flux detector assembly to deter-
mine if the fault was internal to the assembly.

If the fault was internal, the internal wiring was to be
replaced. It was suspected that the fault was internal
since the SIGNAL and TEST lines were soldered
together in trie assembly. Parts were ordered from
the manufacturer to replace the internal wiring.
Replacing the internal wiring in a plastic suit with rub-
ber gloves would be a very intricate job and exten-
sive post maintenance testing would be required to
ensure that no other wiring was disturbed. Refer to
figure 4 which shows the details of the internals of
the flux detector assembly.

1 year shelf life, hence it is not a regularly stocked
item, but must be ordered to meet workplan
demands. Figure 5 shows the flux detector cable
connection.

Lemo connector

Pyle connector

FIGURE 4 - (Show figure of internals of the flux detector
assembly)

If the fault was external to the assembly then checks
were to be performed on the flux detector cable.
Material was ordered to repair the flux detector cable
connector. For example, the potting compound has a

FIGURE 5 —(Show figure of flux detector assembly)

During in the outage, the fault was found to be on
the flux detector cable connector. Resistance testing
showed an intermittent connection in the TEST line
to the Pyle connector. When the protective boot was
cut away and some of the rubber sealant was
removed, it was discovered that there was a poor
crimp on the TEST line. The TEST wire was so loose,
that it could be easily pulled out of the connector, by
hand. It was postulated that the wrong crimp wire
setting was used, since the cable termination proce-
dure used two different crimp wire settings for the
signal and the shield wires.

The connector was cut off and re-terminated using
the correct crimp tool settings. The connector was
potted with a rubber type sealant and protected with
a heat shrink boot to meet environmental qualifica-
tions. The entire repair took approximately 72 hours
to complete, since the potting compound alone
requires 12-18 hours to cure.

Once the pyle connected was secured to the
Detector Assembly, a repeat of the TDR scan
showed that the repaired TEST line had a signature
similar to the good detector loop. As well, the capac-
itance measured was as seen on the good detector
loop.

The repair was successful as verified by the TDR
scan and the Capacitance measured.
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PREDICTIVE MAINTENANCE
The nature of the fault (use of the incorrect crimping
tool) was such that the potential existed for a num-
ber of Shutdown System NOPs and Reactor
Regulating System (RRS) flux detectors to be poorly
connected to the flux detector. Plans were made to
perform TDR traces and capacitance measurements
on all NOPs and RRS flux detectors.

Of all the NOPs and RRS flux detectors scanned,
three flux detector loops required cable re-termina-
tion. In these cases pins were found partially insert-
ed into the connector. This resulted in high imped-
ance connections.

CONCLUDING REMARKS
• The TDR is a very useful troubleshooting tool for

indicating the position of a fault in cable wiring.
Once the location is determined, material can be
ordered in preparation for maintenance.

• If there is more than one fault, the TDR will show
the first fault with a strong echo and then a weak-

er echo from each succeeding fault. Hence, the
TDR can indicate multiple faults.

The TDR measurements can be performed with
the reactor at power. It can be used to locate a
fault inside of containment.

The TDR scan can be used as a check on quality
of repair by comparing the before and after scans.

The TDR can be used as a "second opinion", to
check the fault assumption being made based on
some other test method - such as resistance, or
capacitance check.

TDR scans can be made of newly commissioned
loops and then put away - to be consulted at a
later date for signs of deterioration in the loop.

TDR scans can be digitized and stored as a
computer file; for ease of comparison of scans
from another unit or at a later date.

TDR scans require a sense of interpretation; but
this interpretation can be kept to a minimum if
there is a scan of a known good loop to be used
as a reference for comparison.
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FIGURE 3A: FORWARD TEST CONNECTION
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FLOW ACCELERATED CORROSION PROGRAM

D.E. Stephenson, P. Eng.

Presented at the
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Toronto, Canada
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ABSTRACT
An inspection program for the detection of wall thin-
ning due to erosion-corrosion (E-C), also known as
flow accelerated corrosion (FAC), has been in place
at Bruce B since 1987. The purpose of this program
is to prevent injuries to personnel or losses in pro-
duction by monitoring the integrity of secondary
side system- piping susceptible to this damage
mechanism.

Bruce B is a four unit CANDU Station, each unit 860
Mw net output with in-service dates of March 1985,
September 1984, April 1986 and May 1987 for Units
5, 6, 7 and 8 respectively.

To date two inspections have been completed in all
units, with a third inspection performed in Units 5, 6
and 7. There have been few occurrences of signifi-
cant wall thinning requiring the replacement of com-
ponents or of system failures.

This is an evolving program, and as it has matured it
has been modified to reflect improvements in the
inspection methods and the processing of the
inspection results.

THE EROSION-CORROSION PROCESS
Erosion-Corrosion (E-C), or Flow Accelerated
Corrosion (FAC), is a material degradation phenome-
non that affects ferritic materials which are normally
resistant to corrosion processes due to the presence
of a protective oxide film (typically magnetite) on the
wetted surface. Under certain conditions, turbulent
or fast flowing water or a water/steam mixture can
remove the protective oxide coating, resulting in con-
tinuous dissolution of the underlying material.

FAC can occur in both single-phase and two-phase
flow. The state of the fluid will determine the pattern
of wear that is observed on the inside of the piping
system. For single-phase flow, the appearance of the

surface will be very smooth and uniform, often
showing little or no obvious signs of wear.

For two-phase flow, two types of damage can occur.
For two-phase flow along a straight length of pipe, or
any other configuration with smooth and relatively
undisturbed flow, the inside surface will have the
appearance of "tiger striping". For regions where the
flow is significantly disturbed by local geometrical
discontinuities or by the piping configuration, the
damage will have a more localized, and often show a
more severely degraded appearance.

STRATEGY FOR PERFORMING FAC
INSPECTIONS
The development of this program was prompted by
a piping failure at Virginia Power's Surry-2 nuclear
power plant and was established in 1987 to ensure
that this type of failure would not occur in suscepti-
ble secondary side piping systems at Bruce B. The
governing strategy for the FAC program has been
evolutionary. Many developments have been intro-
duced over the course of the inspection program
based on station experience, changing conditions,
and improvements in the performance of these
inspections. The following sections sequentially
describe the initial intent of the program, the
changes that have been made and a summary of the
current program direction.

Selection of Locations
Initial identification of the locations to be inspected
was performed by the corporate Design Engineering
group. The method of selecting the locations
depended on the type of flow occurring in the pipe.

For single-phase flow applications, selection of the
locations was based on a set of criteria developed by
a U.S. utility consultant. These criteria are tempera-
ture, velocity and geometry. Additional factors such
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as the pH and the oxygen concentration were treat-
ed as second-order effects and were used only in a
qualitative manner to make a choice between close-
ly weighted locations. Trace element concentrations
(such as chromium, molybdenum and copper) were
not considered in the selection process since knowl-
edge of these trace quantities was generally not
available from the design documentation, especially
in the case of carbon steel piping.

For locations experiencing two-phase flow, selection
was based on a combination of experience in the
industry and engineering judgment. Portions of all
carbon steel lines carrying two-phase flow were con-
sidered for inclusion in the program.

Inspection Rationale

The FAC program was initially set up such that the
inspection of all locations in the program would only
be performed in one unit. This unit, termed the lead
unit, would be the unit with the longest operating
time. The assumption was made, that for all other
conditions remaining constant, the lead unit would
present the worst case for FAC damage in the sta-
tion. Any locations in the lead unit that were
observed to be affected significantly would then be
inspected in the remaining units. For Bruce B, Unit 6
was the first unit in-service, and as a result was the
lead unit. The program was initially divided into two
"phases". Phase 1 covered all of the high-energy pip-
ing in the station for which failure would have an
impact on personnel safety. Phase 2 extended the
inspections to lower energy piping systems, for
which failure would primarily be production loss.

Inspection Methodology

In order to obtain accurate values of the thickness of
the pipe or component, the inspections were per-
formed using ultrasonic techniques. Initial proce-
dures required a scan of the entire surface of the
component in order to determine the minimum thick-
ness for the component. This was combined with
measurements at specific points on the component,
in order to provide some reference measurements
that could be used to compare the progress of wall
loss between successive inspections. The measure-
ments for wall thickness are performed during
planned unit outages due to the limitations of the
measurement equipment with the piping at operat-
ing temperature, and from personnel safety con-
cerns due to the close contact required when making
measurements.

The requirement of having the unit shut down to per-
form the inspections fixed the minimum interval
between inspections to that between major unit out-

ages. This inspection interval may be increased or
decreased as the results of inspections become
known. However it is important to perform a mini-
mum of two inspections at each location, since it is
only after the results of more than one inspection
that an FAC rate can be established.

Determination of Significant Thinning

Evaluation of the locations to determine which have
thinned significantly is based on two factors. The first
is the minimum thickness measured at the location.
Significant thinning in a component is considered to
occur when the minimum measured wall thickness
(TMIN) falls below 87.5% of the nominal wall thick-
ness (TNOM) at that location. This criterion is based
on the allowable manufacturing tolerance in the pro-
duction of seamless piping. Once a component has
reached this value, the next important factor is
TCODE, the minimum allowable thickness according
to the governing design and construction code. The
value of TCODE, in combination with the erosion-cor-
rosion rate, can then be used to determine the
remaining component life.

Calculation of the E-C Rate
Remaining component life is calculated in one of two
ways. For those locations and units where two
inspections have been performed, an erosion-corro-
sion rate can be calculated using the measured thick-
ness values at the fixed measurement points. This
rate can then be used to determine the amount of
time required for a component to reach the TCODE
value from its current value for TMIN. Until the sec-
ond inspection, a FAC rate must be estimated, since
the initial thickness of the components is unknown.
However, the initial wall thickness can be approxi-
mated by measuring the thickness of new compo-
nents and determining an average value based on a
large number of measurements. The rates derived
using these estimates for the thickness must be
used with caution since they are based on only one
factual measurement.

DEVELOPMENT AND CHANGES MADE TO
THE INITIAL CONCEPT
Changes to the original program have been imple-
mented based on experience gained. The following
paragraphs describe these changes.

Lead Unit Concept

One of the fundamental assumptions of the initial
concept was that FAC behaviour of all units would be
the same provided that the operating conditions
were identical. This led to the adoption of the lead
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unit concept. After the inspection of a number of the
same locations in different units it became apparent
that the lead unit concept could not be reliably used
to evaluate the FAC behaviour of the entire plant.
Significant differences in the extent of material loss
was observed at the same location in all four units.
This necessitated a change in the application of the
inspection program. The program was reevaluated to
determine which of the program locations should be
inspected in all units, during every outage. These
locations are presumed to be the most likely to suf-
fer damage from FAC. A listing of 31 critical locations
was prepared, and is used as the basis for the cur-
rent program.

TCODE/TNOM Relationship

Calculations for TCODE have also revealed some
unexpected values that have had an impact on the
program. It was anticipated that the maximum value
of TCODE would be in the vicinity of 60-70 %TNOM.
However in one case, the value of TCODE was sig-
nificantly increased by a large amount of thermal
expansion combined with localized constraints. In
this particular circumstance the result was that
TCODE was over 80 %TNOM. The implication of this
is that in some cases the determination of TCODE
may be required before the thickness falls below
87.5 %TNOM.. This is to ensure that there is suffi-
cient time to allow repairs to the system before code
non-conformance can occur. A review is required of
all of the locations in the inspection program to deter-
mine which are likely to require TCODE calculations
in advance of the normal time.

Phase 1/Phase 2 Integration
The Phase 1 and Phase 2 designations for the
inspection program have been dropped. The 31 criti-
cal locations in the inspection program combine high
and low energy systems, largely based on our own
experience and the experiences of other utilities.

Measurement Techniques/Material Loss Rate

A change has been made in the manner in which the
inspections are performed. A 100% scan method
was used at the onset of the program. In order to
improve the speed and ease of performing the mea-
surements, a new technique was adopted which
relies on the use of a datalogger. In this technique
the measurements are performed at discrete "grid"
points along the length and circumference of the
component. The size of the grid that is used is
dependent on the nominal pipe size of the compo-
nent being inspected. This is based on the industry
standard.

The results of the inspections are automatically
recorded by the datalogger. Additionally, the grid can
be accurately reproduced at each inspection, and
therefore the measurements can be repeated for the
same location on the component. This has helped to
provide a more accurate determination of the
progress of thinning across the extent of the compo-
nent. Finally, enhanced repeatability of the measure-
ments means that more accurate data for the mater-
ial loss rate calculations is now possible.

Calculation of the FAC rate has also undergone some
changes over the course of the inspection program.
With the adoption of the grid method for performing
the inspections, and with the availability of the data
in electronic form, calculation of the rate and so
remaining life was transferred to an automated
means using a spreadsheet software application. At
first, the results of successive inspections for a com-
ponent were compared on a point-to-point basis to
determine the maximum change in thickness for the
component. This maximum change in thickness was
then used to calculate a single value of the FAC rate
for the component. This meant that this rate repre-
sented the worst case for the entire component.
Calculations of the remaining life for some compo-
nents using this method yielded very low values,
resulting in the need to perform additional inspec-
tions to confirm these values of the life and prepare
for replacement of the components as required. The
repeat measurements indicated that the progress of
FAC was not as severe as predicted, indicating a
need to revise the method for calculating the rate.

In view of this, a review of industry practices was
conducted and it was determined that the rate was
best calculated on a band basis. A band refers to a
set of inspection points that lie along a circumferen-
tial line on the component. The maximum change in
thickness for each band of a component can then be
determined, and this value of the change in thickness
used to calculate the FAC rate.

This is the rate that is then applicable to that band.
This local value of the rate can then be used to cal-
culate the remaining life for all of the points in the
inspection set for a component, and the minimum
value of the remaining life for all these points
becomes the remaining life for the component. It is
anticipated that this method of calculating the rate
and the remaining life will provide more realistic val-
ues for these two quantities.
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The Adoption of Templates for Measurement

Following a CANDU Owners Group, (COG), spon-
sored FAC conference where the use of this tech-
nique was first highlighted by Pt. Lepreau, Bruce B
procured a number of inspection templates. These
were used for the inspections during the next outage
and immediately showed their worth in a number of
respects.

The accuracy and repeatability of the inspection
process has been greatly improved since the tem-
plate grid openings are placed exactly at the required
grid points and are sized to suit the probe tip being
used. Also, the wrong grid cannot be used. In addi-
tion by permanently marking the locations the same
template will be returned to exactly the same place,
again enhancing repeatability.

Carrying out the inspections is very much speedier
and requires less concentrated effort trying to ensure
the probe is in exactly the right location. The likeli-
hood of mistakes being made is thus significantly
lessened.

Additionally there is no requirement to touch-up or to
redraw the measurement grid.

Additional Consideration With Respect to
Significant Thinning

In addition to the 87.5 %TNOM criterion for signifi-
cant thinning, the material loss rate must also be
considered. This is because it is possible for a com-
ponent with a relatively large thickness of usable wall
also having a sufficiently high rate so that it could thin
to less than TCODE before the next outage. Based
on the average amount of time between inspections,
it was decided that significant thinning would be
when the erosion-corrosion rate is 5 %TNOM/year or
greater. This value was chosen since it represents
the approximate rate that would be required for the
wall thickness of a component to decrease from 100
%TNOM to 87.5 %TNOM in the interval between
two inspections assuming these are carried out dur-
ing successive planned outages.

Selection of Most Susceptible E-C Locations in
Parallel Lines

For some of the inspections performed, there have
been some instances where the location is one of a
pair or series of parallel lines.

Initially for identical parallel piping systems, one of
the lines was picked at random and examined for
FAC damage. In the future, for selected locations
which have identical parallel piping, the inspections
will be expanded to include all of the parallel lines.
For the remaining locations which have parallel lines,

if significant wall losses are detected in the line
which is included in the inspection program, the
inspections will subsequently be increased to include
all of the parallel lines.This will ensure that all possi-
ble wall thinning is detected. Subsequently only the
line showing the maximum degradation rate may be
used as the indicator for that series of lines.

Separate LIE/CE Program

The structure of the erosion-corrosion program is
geared specifically to the detection of the usually
slow and uniform process of flow-accelerated-corro-
sion. The interval between inspections is acceptable
only if the wall losses are primarily due to this failure
mechanism.

For certain locations in the program, there is a possi-
bility that the material loss may be the result of
mechanisms other than FAC. Specifically, some loca-
tions can be identified as being susceptible to wall
loss due to liquid impingement erosion or cavitation
erosion. An example of this is several locations in the
Boiler Blowdown system for which wall loss leading
to failure has been the result of either cavitation ero-
sion of liquid impingement erosion. The possibility of
this type of damage leading to system failures has
resulted in the development and implementation of a
separate program, aimed at detecting the occurrence
of this type of damage.

In this program, the detection method and frequency
of inspections are different than that used in the FAC
program. Due to the localized nature of the damage,
the grid system is not the best method for detecting
damage. In addition, the inspections need to be per-
formed more frequently, since the damage is likely to
progress much more rapidly than in the case of FAC.
As a result, the inspections are performed using radi-
ography as the primary detection technique, with the
unit operating and the insulation in place.

This presents a limitation in the size of the piping that
can be inspected, and the amount and type of sys-
tem fluid present in the piping, but is a more practi-
cable inspection procedure than U/T, which would
require the unit to be shut down to perform these
inspections safely and effectively. If radiography
reveals a problem then it will be confirmed by anoth-
er technique, likely U/T at the next available outage.

Tramp Chrome Analysis of Components

An addition to the scope of the program was the
removal of small samples from the components in
order to perform analysis to determine the chrome
content of the pipe or component. This was espe-
cially important in the case of carbon steel piping,
where chrome is a tramp element and is generally
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controlled only in the maximum amount that is
allowed. It was hoped that it would be possible to
correlate the results of the tramp chrome content to
the observed material loss rates. Analysis of the
results of the chrome sampling indicated that there
was a general trend towards decreased FAC rates
with increasing chromium content, but the scatter in
the data prevented the development of any analytical
correlation with the inspection results. The results of
the chromium sampling could therefore not be used
as a predictive tool for establishing FAC behaviour.
Since two units were sampled in this manner with lit-
tle resulting benefit, it was decided to discontinue
chromium sampling.

Long Term Planning
As mentioned, the interval for the inspections is gov-
erned by the time between major outages on the
units. As a result, long term planning of the FAC pro-
gram is governed by the station 10 year outage plan.
The length of each outage also has a direct impact on
the number of locations that can be inspected in any
given outage. This therefore requires that the scope
of the inspection program be reviewed before each
inspection to determine how many locations can be
examined, and to determine which locations are the
most important. At every revision of the ten year out-
age plan, the FAC program is reviewed to ensure that
no gaps will exist in the inspection of the units.

CURRENT STRUCTURE OF THE EROSION-
CORROSION PROGRAM
Based on the strategy described in the sub-section
'Selection of Locations', eighty-three locations have
been designated as being susceptible. Due to limita-
tions imposed by time and resources, not all of the
locations can be examined in every inspection. The
list of locations that are examined during any given
inspection is based on two main selection criteria:

• The first is a list of 31 locations that have been
identified as being critical to all units. These loca-
tions must be examined during each inspection on
every unit.

• The second is a quantitative review of any loca-
tions, not included in the list of 31, that have been
inspected previously. This analysis relies on calcu-
lations of the expected wall thickness for each
component at a given location. The expected wall
thickness is determined both for the inspection
under consideration and for the following inspec-
tion. If the minimum wall thickness is expected to
be low (i.e., near to or less than TCODE) for either
of the two inspections, then that location is added
to the current inspection. A pool of locations is

maintained and appended to this list of locations
as outage scope will permit.

To date this has resulted in an average of 45 to 50
locations being visited during each FAC inspection
campaign with an average of two components at
each location.

The program requires that it be responsive to chang-
ing conditions. In part this requires that it remain flex-
ible and adaptable as experience is accumulated. In
addition, the continued review of similar programs at
other locations both within and outside of Ontario
Hydro is necessary. This ensures that conditions
relating to FAC that arise, and which have implica-
tions for the safety and productivity of Bruce B, are
considered. Efforts to improve the efficiency of the
generation, storage and usage of information from
the inspections will continue. The scope will also
continue to be revised with respect to the resources
available and the importance of the locations being
inspected.

Based on this philosophy, the following summarizes
the current direction of the program:

• 31 locations must be examined during every
inspection on every unit. These locations have
been identified as being high risk, and potentially
subject to significant thinning.

• TCODE calculations are performed whenever the
wall thickness of any of the components at a par-
ticular location decreases to less than 87.5%
TNOM. If, however, a review of the location indi-
cates that temperature or load effects might result
in an unusually high value of TCODE, the request
for the calculation may be made earlier than usual.

• Inspections are performed on a grid system using
automatic data recording.

• We will continue to use templates to the maxi-
mum extent possible to make most efficient use
of the inspection resources available during any
outage.

• We will continue to require that the inspections be
complete by the mid point of the outage to allow
sufficient time for any component repair or
replacement. We will continue to work with
inspection personnel to meet this standard.

• Removal of samples of the wall material for
chrome sampling has been discontinued. This is
the result of an inability to establish any useful cor-
relation between the observed FAC behaviour and
the trace chromium present.

• In cases where repeat inspections indicate that lit-
tle or no wall thinning is occurring, the inspection
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interval may be doubled. Alternatively, the location
may be considered for removal from the program.

A comprehensive review of the entire erosion-cor-
rosion program will be conducted after ten years
of inspections have been performed.

Reporting of inspection results will continue to be
by:

the status/strategy report being updated on an bi-
annual basis and containing all results up to and

including the last outage. Also included will be any
changes or developments introduced into the pro-
gram since the previous revision.

continued reporting of the results by means of
direct communication with the System Engineers,
as well as the preparation of in-service reports
detailing the extent and results of each inspection.
These in-service reports are prepared as soon
after the inspection as practicable.
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ABSTRACT
The use of RCM techniques have begun to change
maintenance practice at Bruce B. This paper identi-
fies the status of the program at Bruce B, and exam-
ines a new methodology for completing system
analysis studies by incorporating lessons learned and
results from Bruce A.

INTRODUCTION
Reliability Centered Maintenance - RCM -develops
cost-effective preventive maintenance applications
for complex systems based on the functional impor-
tance of the component, and on the use of condition
monitoring techniques. The purpose nuclear plant
RCM is to ensure the operability of the station's safe-
ty-related equipment, and to ensure the production
of electricity, at competitive costs.
Competition in the electric utility sector is forcing util-
ities, especially those owning nuclear facilities, to
reduce costs. Natural gas, abundant world-wide, has
become the energy source of choice for new elec-
tricity generation. In addition, utility regulatory agen-
cies have adopted positions requiring rates to remain
as is, or to be reduced. Therefore, to control large
and increasing operations and maintenance costs,
utilities have focussed on improving preventive main-
tenance practices, and reducing maintenance costs.
RCM has become a leading technique for evaluating
preventive maintenance at nuclear power plants. The
drive to perform RCM is based on three economic
factors:

• trip reduction/availability - PM to prevent the fail-
ure of equipment whose failure causes plant trips,
increased downtime, or power reduction.

• maintenance cost - PM to prevent costly equip-
ment failures, regardless of plant impact, or to pre-
dict failures in order to plan for mitigation.

• outage costs - PM to reduce the amount of
scheduled downtime for equipment (either plant
shutdown, or system down time).

RCM allows the allocation of scarce resources to
maximize benefits in these areas, as well as to
improve equipment performance.

The potential benefits of RCM have lead Ontario
Hydro to develop programs for each of its nuclear
power stations. Hydro's Bruce B station began its
program in 1993, and is currently developing signifi-
cant innovations to the RCM process. This paper dis-
cusses the status of the Bruce B RCM program, and
the factors involved in transferring RCM analysis
techniques and results between nuclear plants.

RCM ANALYSIS DEVELOPMENT
In the 1960s, United Airlines determined that time-
directed overhauls (regularly scheduled disassembly
and internal inspection) of aircraft equipment was not
necessarily cost-effective. At about the same time,
Boeing began to develop the first 747s. The airline
industry recognized that applying traditional preven-
tive maintenance techniques to this enormous plane
would make the plane too expensive to fly. In addi-
tion, the Federal Aviation Administration (FAA)
required more safety features due to the large num-
ber of passengers the 747 would carry. In response
to these two factors, United, Boeing and several
other airlines interested in purchasing 747s devel-
oped the RCM process.

As originally conceived, RCM embodied the follow-
ing principles:

• aircraft equipment maintenance should be based
on the function of the equipment,

• equipment failures would be tolerated only if they
could be detected or predicted before catastroph-
ic failure by the crew or by maintenance person-
nel; otherwise, the equipment would be
redesigned to eliminate the failure,

• routine overhauls do not necessarily enhance
equipment reliability.
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In addressing the first point, maintenance program
designers evaluated every equipment item on board
the 747 for "criticality" - support of safe commercial
aircraft flight. Those items found to be non-critical
may be allowed to fail, while critical components are
subject to additional analysis.

Any critical system or component whose failure
could not be tolerated, e.g., resulted in a plane crash,
or detected beforehand was redesigned or made
redundant. For potential failures that could be detect-
ed by the flight crew, mitigating action would be
incorporated into flight instructions. For example, the
mechanism that moves the plane wing flaps may fail,
which would prevent safe landing. However, the
flight instructions required the pilot or co-pilot to
manually lower the flaps (a design change to elimi-
nate the intolerable failure of the wing flap mecha-
nism), and land the plane.

In addition, the aircraft is subject to routine inspection
by maintenance crews, who examine the plane for
signs of possible future failures. The need to detect
failures before catastrophe lead to the emphasis on
predictive maintenance or condition-monitoring
tasks. All RCM programs attempt to use condition
monitoring whenever practical and cost-effective.

The third RCM principle is based on studies by the
airlines that found only 11 % of all aircraft compo-
nents experience a relatively steep increase in failure
rate at some age limit. Only these components ben-
efit from routine overhauls or replacements. Other
components are either allowed to fail, if the failure
has no effect; incorporated into flight crew instruc-
tions, if the plane can survive the failure; added to
the routine preventive maintenance program, if the
failure can be detected before catastrophe; other-
wise, the component is redesigned.

The principles listed above apply to any system with
significant impacts due to equipment failure. RCM
has been performed on a number of U.S.
Department of Defense weapons systems, such as
aircraft and submarines, and to nuclear power plants.
RCM was first applied to nuclear power plant sys-
tems in 1984, as part of a pilot study of systems at
three power plants funded by the Electric Power
Research Institute (EPRI). This study was so suc-
cessful that EPRI commissioned two full plant stud-
ies, at San Onofre (Southern California Edison) and
Ginna (Rochester Gas & Electric). Since that time,
RCM has been performed on some or all plant sys-
tems at about 55 U.S. nuclear utility sites.

In 1991, Ontario Hydro commissioned its first full
plant RCM study at the Bruce A Nuclear Generating

Station, near Tiverton, Ontario. Bruce A had experi-
enced reduced equipment availability and plant
capacity. In part, deferring PM tasks to perform addi-
tional corrective maintenance, and to reduce costs,
lead to the decline in plant performance. Following
the start of the Bruce A program, Bruce B concluded,
after an exhaustive examination of PM improvement
techniques, that the EPRI approach to RCM was the
most likely to be effective. Although CANDU reactors
differ from US plants - most notably in the use of on-
line refueling, and in the use of a natural uranium/
deuterium moderator reactor configuration - RCM
was determined to be applicable. Currently, Hydro is
performing RCM at all four of its nuclear sites.

Bruce B began its program in 1993. Program man-
agement obtained site buy-in by creating an RCM
team from different groups - maintenance engineer-
ing, the maintenance trades, and Operations.
Maintenance engineers and operators analyze the
higher safety significant plant systems, while techni-
cians analyze lower safety significant systems. The
engineers and operators use an RCM technique
known as Failure Modes and Effects Analysis
(FMEA). This technique has been in use for many
years, and was used to perform the first RCM analy-
ses of aircraft in the 1960s. During an FMEA, the
analyst identifies all significant failure modes of a
component, and evaluates the effects of each failure
mode. If the failures effects are highly significant,
preventive maintenance is established (if possible)
for that component. If the failures are not significant,
the component is allowed to run to failure, unless a
cost-effective maintenance task is found.

The technicians at Bruce B use a technique known
as Criticality Checklist to analyze systems. In this
technique, each significant failure mode is evaluated
against set criteria, such as whether the failure mode
causes a plant power reduction. Components criti-
cality is based on the criteria responses. This method
provides less detail than the FMEA, but costs less to
perform, and is used to analyze systems with less
impact on plant operation and safety.

The Bruce B technicians also perform the implemen-
tation of RCM recommendations by creating, delet-
ing, or modifying call-ups. The approach used at
Bruce B has the advantage of maintenance depart-
ment buy-in, and avoids the conflicts caused by hav-
ing different groups analyze and implement the RCM
recommendations. Conflicts like these have lead to
difficulty in implementation, and, in some cases, to
abandonment of the RCM process.
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CURRENT RCM PROGRAM STATUS
AT BRUCE B
Bruce B has identified 53 plant systems to be ana-
lyzed using FMEA or Criticality Checklist. Table 1 lists
each system, analysis method and status. Despite
changes in personnel, the Bruce B RCM effort has
made significant progress. In July, 1995, the Bruce B
RCM program employed on at least part time basis
one supervisor, two engineers, and three craftsman
(two mechanical and one control tech). In the near
future, the group will obtain staff support from
Operations.

Over 24,000 plant components have been analyzed
as part of this effort. The analyst evaluates compo-
nents associated with the reference unit (Unit 5),
then makes changes to reflect the configurations at
the other three units. Generally Unit 5 and 7 are iden-
tical, while unit 6 (the oldest unit) has more equip-
ment installed, and Unit 8 less. Differences between
the units represent implementation of lessons
learned during the design and operations process.
Approximately 90% of the components are common
to all four units.

The RCM group craftsman are in the process of
implementing recommendations for each of the
above listed systems. To date, the RCM program has
instituted the following changes to the PM program:

• Added 182 Mechanical and 160 Control PM tasks
• Deleted 1 Control PM task
• Modified 4 Mechanical and 48 Control PM tasks.

Craftsmen implement tasks following station accep-
tance of the recommendations. The craftsman are
also responsible for analyzing Criticality Checklist
systems, and other duties. This arrangement inte-
grates maintenance personnel into the RCM
process, but the division of duties means implemen-
tation lags system analysis finalization.

Since the PM implementation effort has essentially
just begun, determining changes to plant costs or
performance is not yet possible. The intangible ben-
efits of the project are beginning to be realized in
terms of better communications between mainte-
nance and system engineering. RCM has also been
used as a vehicle for expanding more advanced con-
ditioning monitoring techniques, such as air-operated
valve diagnostics and lube oil analysis.

FUTURE DIRECTIONS
The Bruce B RCM group will complete the 53 sys-
tems by 1998, under the current schedule. However,
the process may be accelerated if Bruce A data can
be converted for use at Bruce B. The Bruce A RCM

program began two years earlier than the Bruce B
program, and has analyzed and implemented recom-
mendations for more systems. Conversion of Bruce
A data to Bruce B requires answering the following
questions:

• if the conversion appropriate?

• can be conversion, if appropriate, be performed
more easily than simply analyzing Bruce B data?

The first question asks if the Bruce A recommenda-
tions and analysis results fit circumstances at Bruce
B. Although "replicate" plants, Bruce A and B have a
number of different design features. For instance,
Bruce A has smaller, higher head moderator pumps
than does Bruce B. Also, the individual units at Bruce
A and Bruce B have differences. These differences
may mean that PM tasks appropriate for one design
are inappropriate, unnecessary, or even detrimental
to the other plant design.

In addition to design, Bruce A and B equipment may
differ in experience. The units at Bruce A were com-
missioned up to four years before those at Bruce B.
In that time, the Bruce A units may have experienced
design changes, corrective maintenance, operation
practices and even preventive maintenance that dif-
fer significantly from the Bruce B units.

Finally, Bruce A and Bruce B may use different main-
tenance techniques; for example, one plant may use
heat balance calculations to determine when heat
exchanger tubes are to be

cleaned and inspected, while the other plant per-
forms such cleaning on a time-directed basis. Task
performance frequencies may differ as well. Each of
the considerations discussed in the previous para-
graphs must be evaluated when converting Bruce A
RCM analyses to Bruce B.

The second part of the conversion involves the
mechanisms of conversion. Both Bruce A and Bruce
B use the Electric Power Research Institute's (EPRI)
RCM Workstation for documenting analysis results.
To convert the Bruce A analysis results, Bruce B
must develop a "translation" routine to change
Bruce A component identifiers and call-ups into the
equivalent identifiers for Bruce B. In addition, the
design changes discussed above must be reflected
in the Bruce B results. Components installed at
Bruce A but not at Bruce B must be deleted, while
those components unique to Bruce B must be ana-
lyzed using RCM techniques. Lastly, the entire
process must be subject to a "sanity check" - do the
Bruce A RCM results and the conversion to Bruce B
make sense, and reflect Bruce B philosophy and
practices.
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From a management standpoint, the key question is
whether the conversion process can be performed in
a cost-effective manner - i.e., is converting Bruce A
data less time consuming than performing the analy-
sis on Bruce B equipment directly. To answer this
question, Bruce B initiated a pilot conversion of the
main moderator system. During the pilot, the
researcher tracked the manhours to perform each
step in the conversion process, as well as the
changes needed to make the analysis appropriate to
Bruce B. This effort is ongoing, but the following con-
clusion have been tentatively drawn:

• the Bruce A and Bruce B design are relatively sim-
ilar - several components differ in design, such as
the pumps discussed in the previous paragraphs,
but may not differ in the preventive maintenance
tasks required. For major components, the Bruce
A and B designs are very similar. Instrumentation
and minor valves differ somewhat, but deleting
components that are unique to Bruce A was per-
formed relatively quickly.

• the component identifiers for major components
at the two plants are almost identical. In a few
cases, the component identifiers differ in ways
that do not affect the analysis process; for exam-
ple, at Bruce A, main moderator pump 1 is assocn
ated with train A, while at Bruce B, pump 1 is
associated with train B. Identifying and physically
changing the component identifiers from Bruce A
to Bruce B was accomplished relatively quickly.

• the design information needed to compare the
two plant systems was relatively easy to obtain
and to interpret. The Bruce B system design man-
uals identify design differences between the two
units, which greatly facilitates comparison.

Management at each station will be able to evaluate
the final results from the pilot to determine the next
course of action. One obvious course is to convert

Bruce B data for Bruce A use. To date, Bruce B per-
sonnel have analyzed only one system analyzed at
Bruce A. In the future, Bruce A and B may assign
systems to one analysis team or the other based on
past analyses of similar systems, and share the
results using the conversion process. The entire
process may be applied to other replicate plants as
well, resulting in cost savings in performing RCM
analyses.

CONCLUSIONS
The Bruce B RCM program is making considerable
progress in achieving its goal of analyzing the bulk of
station systems. The analysis effort is about 40%
complete, while the implementation is effort is
approximately 20% finished.

Bruce B has enhanced its program through the use
of innovative RCM practices. Performing more rigor-
ous analysis for more critical systems will lead to
cost savings, and is in accordance with the RCM
principle of basing effort on the functional impor-
tance of the entity being analyzed. Bruce B is also
developing other innovations, such as the conversion
process discussed above, that, if successful, will
make the Bruce B RCM program extremely cost
effective.
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SYSTEM

MAIN STEAM & WATER
MAINTENANCE COOLING
D20 RECOVERY
LIQUID ZONES
PHT (MAIN LOOP)

ECI
MODERATOR
ANNULUS GAS
PHT (AUXILIARIES)
FUEL HANDLING
SDS1
SDS2
RRS
AIR LOCKS & TRANSFER CHANNELS
TURBINE GENERATOR
CONDENSATE & FEEDWATER
CONTROL CENTER EQUIPMENT
STEAM GENERATORS
DC POWER
13.8KV ELECTRICAL DISTRIBUTION
4.16KV ELECTRICAL DISTRIBUTION
WATER TREATMENT
SPENT FUEL BAYS
INSTRUMENT AIR
FEEDWATER HEATING
END SHIELD COOLING
EMERGENCY WATER STORAGE
LOW PRESSURE SERVICE WATER
MAIN POWER OUTPUT
BREATHING AIR
FIRE WATER
HIGH PRESSURE SERVICE WATER
EMERGENCY WATER

EMERGENCY PLANT GENERATORS
D20 TRANSFER
HEATING & VENTILATION
MATERIAL HANDING
CONDENSER
DOMESTIC WATER
TRANSFORMERS
SHUTDOWN COOLING
FILTER & RESIN HANDLING
D20 CLEANING & UPGRADE
CLOSED LOOP DEMIN WATER
WASTE MANAGEMENT
D20 SAMPLING
D2O SUPPLY
D20 LIQUID RECOVERY
SERVICE AIR
HYDROGEN
SEWAGE & DRAINAGE
CO2
SWITCHYARD AIR

ANALYSIS
TYPE
FMEA
FMEA
FMEA
FMEA
FMEA

FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
FMEA
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL

CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL
CCL

ANALYSIS STATUS

FMEA - COMPLETE
FMEA - COMPLETE
FMEA - COMPLETE
FMEA - COMPLETE
FMEA - COMPLETE

FMEA - IN PROGRESS
FMEA - IN PROGRESS
FMEA - IN PROGRESS
FMEA - IN PROGRESS

CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE
CCL - COMPLETE

CCL- IN PROGRESS
CCL- IN PROGRESS

IMPLEMENTATION STATUS

MECH. CONT - COMPLETE
MECH, CONT - COMPLETE
CONT - COMPLETE
MECH - COMPLETE
CONT - IN PROGRESS; MECH -
COMPLETE

MECH, CONT - COMPLETE
MECH, CONT - COMPLETE
MECH, CONT - COMPLETE
MECH, CONT - COMPLETE
MECH, CONT - COMPLETE
MECH - COMPLETE
MECH - COMPLETE
CONT - IN PROGRESS; MECH -
COMPLETE

Table 1: RCM Status
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DARLINGTON NGD PREVENTIVE MAINTENANCE
ENHANCEMENT PROGRAM

D. J. Phillips
Darlington NGD
Ontario Hydro CA9800472

ABSTRACT
In 1994, Darlington NGD began a formal enhance-
ment to the current Preventive Maintenance (PM)
program for the station process and supporting
equipment. The initial program was developed from
manufacturer's manuals, past experience and judg-
ment of the maintenance personnel involved. The
PM, therefore, was directed at any equipment
judged by them, to require routine maintenance.
There had been no formal review done to decide
which equipment deserved more PM than others,
based on its criticality to unit or station production, or
nuclear safety. Also, there was increasing pressure
from regulatory authorities to redirect the PM effort
towards equipment that was critical to nuclear safe-
ty, as well as unit production.

The DNGD Preventive Maintenance Enhancement
Program (PMEP), stems from the 1992 INPO guide
on preventive maintenance enhancement. It uses
Reliability Centered Maintenance (RCM) techniques
to:

• Analyze 36 production and safety oriented sys-
tems, and develop and implement appropriate PM
tasks.

• Produce generic equipment-based maintenance
strategies.

PMEP uses a "RCM criticality checklist" approach to
classify equipment in the 36 systems, into 4 different
criticality categories: A, B, C or D. Criticality A is the
highest level of criticality to unit production or nuclear
safety, and deserves the highest level of PM.
Criticality B and C equipment descend from this, and
therefore receive lower levels of PM. Criticality D
represents equipment that will have no PM done on
it (i.e., run to failure).

PMEP will also produce numerous "maintenance
strategies", based on equipment type (e.g., centrifu-
gal pumps, motor operated valves, etc.). These will
be developed from:

• Maintenance history at DNGD, other Ontario
Hydro nuclear stations, and NPRDS.

• Published maintenance guides (e.g., NMAC
Maintenance Guides).

• Other Ontario Hydro station maintenance strategies.

• DNGD outage schedule.

These maintenance strategies will prescribe PM
tasks (time based, condition monitoring and failure
finding), and their recommended frequencies, for
each of the different criticality levels described
above. They are generic guides only, developed to
establish a consistent approach to similar equipment
across the different units in the station.
The basic PMEP approach is then to:

• identify the credible equipment failure modes and
effects on the system,

• establish criticality levels of the equipment, and

• Apply and implement the accepted equipment PM
strategies to them.

Since this was a new approach to Preventive
Maintenance, PMEP began as a pilot program for 6
systems. It has now become a formal program (accept-
ed by station management and the licensing authority).
The current status of the program is as follows:

• RCM analysis has been completed on 13 systems.

• Generic maintenance strategies have been devel-
oped for 14 types of equipment.

• PM task review of the first 13 systems has result-
ed in the identification of an extra 720 PM tasks.

The overall process will take approximately 2 years,
for the initial list of 36 systems. An assessment will
be made at that time on whether to continue with
more station process systems.Darlington NGD is a 4-
unit (935 MWe per unit) PHWR station, complete
with a heavy water upgrader and tritium removal
facility. The station is situated approximately 50 km
east of Toronto. The station was built in the 1980's,
and the first unit went into service on Oct 9, 1990.

Darlington's maintenance program is run by a staff of
500 persons, with the mechanical, electrical and
instrumentation workload shared by 365 workers.
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This workload includes the Preventive Maintenance
(PM) program as well as all the required corrective
maintenance (including outages). The PM program
includes several Predictive Maintenance (PdM) tech-
niques that are currently being used.

An initial PM program was put in place to satisfy the
licensing requirements of the Atomic Energy Control
Board (AECB), our regulating authority in Canada.
The program was developed by Mechanics, Control
Technicians and System Engineers at the station,
based on manufacturer recommendations for the
equipment, and on the person's past experience with
systems and equipment at other stations. Also, a
considerable amount of informal judgement was
used, based on their experiences with PM programs
elsewhere.

It is well known that manufacturers' recommenda-
tions are usually developed for worst case operating
conditions, and therefore tend to over maintain the
equipment. Also, PM programs at other stations that
the persons worked at, tended to become excessive
in certain areas. As a result an effort was made at
Darlington to avoid the situation where the PM pro-
gram was not executable, because of an excessive
amount of PM tasks. As a result, much of the I & C
equipment was omitted from the program.

Other than a risk assessment on nuclear safety sys-
tems, there had been no formal review done to
decide what equipment required more PM than oth-
ers (based on the importance of the component, its
level of redundancy in the system, and the system's
importance to unit production or nuclear safety).
Hence, some equipment got less PM than it
deserved, while others got more.

There has been a steady decline of unit and station
capacity factors at other Ontario Hydro Nuclear
(OHN) stations, due to various reasons such as
degrading steam generators, pressure tubes,
increasing numbers of forced outages from equip-
ment failures, and an inability to execute all of the
PM program. The AECB became concerned as well,
due to an increasing number of incidents affecting
reactor safety.

While Darlington has not unduly been afflicted by
these problems, it was clear that the current PM pro-
gram required a formal review, to avoid the same
decline in capacity factor, in the future. The AECB
wanted other OHN sites to formally review their PM
programs, and while they had not asked Darlington
to do the same, they were clearly interested in how
we were going to avoid the same pitfalls in equip-
ment reliability. For these reasons, Darlington began

a formal Preventive Maintenance Enhancement
Program (PMEP), in 1994.

PMEP is an adaptation of the 1992 INPO guide on
preventive maintenance enhancement. It is basically
a five-step process, that utilizes analysis from a plant
process system approach, and an equipment main-
tenance strategy or template approach.

These approaches are used to determine system
functional failures and the equipment that would
cause these failures, and also to develop generic
equipment PM strategies (based on equipment fail-
ure and maintenance histories). The generic equip-
ment maintenance strategies reflect the criticality
level of equipment of that type, and are coupled
together with specific examples in the system being
analyzed. This produces a specific PM program
geared to how critical a piece of equipment is to a
particular system, and, at the same time, a PM strat-
egy that is similar for equipment of that type across
the station, depending on criticality level.

Refer to Figure 1 for an illustration of the five steps
to PMEP program. These steps will be explained in
further detail in the following paragraphs. The
System RCM Analysis and the Equipment
Maintenance Strategies steps are essentially done
in parallel.

The System RCM Analysis step utilizes well-known
Reliability Centered Maintenance (RCM) techniques
to systematically analyze a system and its functional
failures and effects on the unit. All equipment in the
system is looked at, to determine what equipment
failure modes would cause a system functional fail-
ure, and an ensuing unit upset, trip or nuclear safety
incident. Only credible failure modes are considered
(e.g., failure modes that are more than remotely like-
ly to happen, like a valve stem leak as opposed to a
valve body rupture). This analysis then determines
whether the piece of equipment in question, is critical
to the system, or whether it merely serves a sec-
ondary, supportive function.

Unlike other RCM programs used elsewhere which,
in the past, classified equipment as either critical or
non-critical, Darlington breaks out the criticality of its
equipment into 4 distinct levels (A, B, C and DJ.The
reason for this, is that there was a need to break out
the very critical equipment that would immediately
trip a unit, with no redundancy (e.g. main PHT
pumps), from the equipment that was still regarded
as critical (having the potential to trip a unit), but had
some redundancy. This would be used to direct more
PM effort to the equipment that had the greatest
effect on the units. Similarly it was useful to break
out the non-critical equipment into two categories, to
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Equipment Maintenance
Strategies

Develop generic maintenance
strategies for equipment types.
Review with Equipment
Engineer.

Proceed to
next system.

Specify PM Tasks

Apply equipment maintenance
strategy to criticality level of
each component.
Review with System Engineer.

Task Implementation

System RCM Analysis

Select criticality level for each
component
Review with System Engineer.

Enter PM tasks into station PM
or Operator Routines program.

Living Program

Regularly review PM program.

Proceed to
next svstem.

Figure 1: Steps to the Preventive Maintenance Enhancement Program
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segregate equipment on which it was worth doing
basic PM (equipment protection), from equipment
where it was more economical to "run to failure".
Thus the criticality levels were defined as follows:

Category A: Cannot tolerate any unavailability of
equipment because a forced outage (or a delayed
start-up) on at least one unit would occur in < 8
hours, or cause environmental emissions > allowable
limits, or cause a significant radiological or conven-
tional hazard, or cost > $1M to replace or > $100K to
repair.

Category B: Can tolerate unavailability for only a
short period of time, because failure of the redundant
(backup) component would cause the same effects
as above, or the original failure would cause the
same effects on its own as above but to a lesser
degree, or cost > $100K to replace, or > $10K to
repair.

Category C: Can tolerate unavailability for an indefi-
nite period of time, because failure will have no
impact on the unit, but costs > $10K to replace, or
repairs are economically worthwhile.

Category D: Can tolerate unavailability for an indefi-
nite period of time, because failure will have no
effect on the unit, and repair and/or replacement cost
is low enough to warrant running to failure.

It then follows that we will perform the most PM on
criticality A equipment, a fair amount on criticality B
equipment, only a basic amount of PM on criticality
C equipment and no PM on criticality D equipment.

Darlington has chosen a very streamlined RCM
method, that is gaining greater recognition than
before in a number of other nuclear plants in the US.
It is called the Criticality Checklist method. Typically
the method asks a number of questions to help the
analyst decide what criticality level to select for each
credible component failure mode. However, in the
interest of expediency, Darlington has decided to
streamline that even further. The equipment as a
whole is looked at, which implies that only one or
two of the dominant failure modes are analyzed, to
arrive at a criticality level. Thus the checklist is essen-
tially used on the equipment itself, rather than each
failure mode. This method is generating more inter-
est than before in various plants, due to the ability to
analyze more systems at a faster rate.

Since the PMEP program at Darlington was a new
approach to improving the PM program, it was decid-
ed to limit it to a selected number of systems, to
attain support from both management and mainte-
nance personnel. A total of 36 systems were chosen
from a ranking system, based on their effect on sta-

tion capacity factor. The systems that had the high-
est effect on the production of electricity were there-
fore included. Nuclear/public safety was also an
important parameter, although of lower importance,
since there are other programs at Darlington affect-
ing maintenance that address this specifically.
Nonetheless, the 4 reactor special safety systems
were included, and 17 of the 36 systems chosen are
safety related systems anyway.

The RCM process is completed using information
from design and operating flowsheets, design, oper-
ating, training and abnormal incident manuals,
Operator Test Procedures (OTP's), Safety Related
System Tests (SRST's), control logic diagrams, and
the station Operating Policies and Principles
(OP&P's). The OP&P's are Darlington's "contract"
with the AECB on how we will operate the station,
and form the basis on which the operating license is
issued.

Before the RCM analysis is considered complete, a
comprehensive review is done with the System
Engineers (SRE's), to ensure they have agreed to the
criticality assessments. Valuable information and
experience is obtained from the SRE's, during the
RCM process.

Done in parallel with the system RCM analysis, is the
development of Equipment Maintenance
Strategies. These are generic PM strategies or
"templates" that are a guide on how we want to
maintain certain types of equipment as a whole,
across the different systems in the station. For
example Darlington has developed general PM
strategies for air-operated valves (AOV's), motor
operated valves (MOV's), pump/motor sets, etc.
They prescribe PM tasks at specific frequencies
based on the criticality level (A, B, C or D) of the com-
ponent. Criticality A components will get more PM at
a greater frequency that criticality B or C compo-
nents. Criticality D components get no PM. Generally
these strategies are developed to ensure a consis-
tent approach to "like" equipment, across different
systems, for the same criticality level. They are
intended to focus the PM program on the critical
equipment in the station, not just on anything.
However, since no generic strategy can cover all spe-
cific situations, there will always be some excep-
tions, which are allowed for in the PMEP program.

The equipment maintenance strategies have devel-
oped from various sources of information, both from
within OHN and outside. Maintenance history both at
Darlington and other OHN stations remains one of
the most valuable resources, as it pertains to the
specific OHN equipment and systems. Part of this
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maintenance history comes from the experience of
tradespersons and Equipment Engineers. INPO's
Nuclear Plant Reliability Data System also provides
failure history on equipment (right down to the make
and model number if desired), from participating
nuclear plants across the US, and elsewhere. The
Nuclear Maintenance Applications Center (NMAC), a
branch of the Electric Power Research Institute
(EPRI), publishes informative maintenance guides for
different types of equipment. Useful PM information,
extracted from surveys from supporting utilities, as
well as extensive technical information is provided.
Also, EPRI itself, is in the process of publishing main-
tenance templates, which prescribe PM tasks and
frequencies, based on criticality, service and environ-
ment. All of these sources have been used to various
degrees to develop the equipment PM strategies for
Darlington.

Three other considerations were looked at from with-
in Darlington, in the development of these strategies.
Since the equipment strategies include PdM tasks as
well as other PM tasks, they had to reflect the cur-
rent PdM techniques available to the tradespersons
at Darlington. Several, including vibration monitoring,
MOV and AOV diagnostics, are already in place,
while others like infrared thermography are being
developed. Also, we had to establish a general oper-
ating philosophy of equipment and PM in general
(such as duty rotation of redundant rotating equip-
ment) and integrate that with the equipment mainte-
nance strategies. The station outage philosophy
(e.g., major unit outages every 4 years, minor out-
ages every 2 years, etc.) was taken into considera-
tion and integrated into our PM strategies. Finally, we
had to examine our general maintenance resources
and manpower capabilities and make judgments as
to whether we can handle the prescribed PM work-
load in the strategies. This is where the criticality
assessments of equipment play an important part. If,
for example, the PM workload was too heavy for a
certain type of equipment (due to the sheer numbers
involved), the PM strategy could be pared down to
eliminate a PM task from say, the criticality C equip-
ment. This easily facilitates the readjustment of the
total PM effort, because we will know exactly what
equipment of this type is criticality C, in the systems
across the station.

The System RCM Analysis and the Equipment
Maintenance Strategies steps in the PMEP pro-
gram, were essentially done coincident with each
other, especially during the initial stages of the pro-
gram. At that time several key strategies were devel-
oped all at once. The equipment types selected to

develop a maintenance strategy, were based mainly
on what types of equipment were showing up time
after time in the initial systems. For example, AOV's
and MOV's were typical components in the systems
we were analyzing, so maintenance strategies were
developed for them first. After the initial systems
were done, we had developed a fairly good cross
section of maintenance strategies from which to
use. Thus the third step in the PMEP process,
Specifying PM Tasks for each component was done
a lot more easily.

The Specifying PM Tasks step involved looking at
the equipment chosen as "critical" (category A or B)
in a particular system, determining the equipment
type for each component and applying the associat-
ed equipment PM strategy to the component. In
many cases it was simply a case of matching the
strategy to the particular criticality level of the equip-
ment. The PM tasks then were checked against the
following for consistency, duplication and sensibility:

SRST's: Does the existing SRST perform essentially
the same tasks as the specified PM task (e.g., failure
finding).

OTP's: Does the existing OTP perform the same
check as the specified PM task, as above.

Operator Routines: Is there an operator routine that
could substitute for the PM task.

Technical Surveillance: Could the current technical
surveillance and trending detect impending failure
and eliminate need for the PM task.

The PMEP program does not go as far as recom-
mending new surveillance or test procedures. It is
used to supplement these if they are currently in
place.
Other checks include the following:

EQ Program: Does the PM task conflict with a simi-
lar task that was already specified in the
Environmental Qualification (EQ) program.

OP&P's: Does the PM task conflict with or violate
the OP&P's or any operating commitment made to
the AECB.

Existing PM: Is there an identical or similar task, or
a conflicting task in the current PM program.

Again, the PMEP program does not make changes
to the EQ program or to any commitment to the
regulators.

The recommended PM tasks may be altered at this
point after reviewing the current activities dictated by
the other programs, or by the existing PM program.
This is where the actual PM task may differ from the
prescribed PM task outlined in the maintenance

2 3



CANDU MAINTENANCE CONFERENCE 1 9 9 5

strategy. There have not been many instances of
this, however. Also, specially manufactured equip-
ment for certain applications may require a different
PM program than prescribed in the generic strategy,
even though that equipment may fit the type of
equipment in the strategy. There have not been
many instances of this in our program either.
Generally the equipment PM strategies have been
successfully applied to the majority of equipment
that has been analyzed so far.

Finally, another review is done with the System
Engineers at this stage. Their experience is essential
in ensuring that no critical equipment is overlooked,
the PM tasks as recommended address any mainte-
nance preventable failures in the past, and in general
make sense. Also they are instrumental in determin-
ing whether a particular task is an "outage" task or
an "on-line" task (no unit outage required). If the PM
task is an outage task, the frequency is checked to
ensure it coincides with the outage frequency.

The next step in the PMEP program is the Task
Implementation step. If the PM task is a new one,
a new callup is entered into the Darlington Work
Management System (WMS). If the PM task modi-
fies a current task, then that particular callup is mod-
ified in WMS, or if no task is recommended, and
there is one currently in place, the callup is then
deleted from WMS.

Implementing new tasks or modifying existing ones,
require reviewing the callup for proper information
(including procedures to avoid tripping the unit, if run-
ning), spare parts, proper frequency, whether it is an
outage or on-line task, and for proper reference
material. The frequency is checked to ensure it coin-
cides with the unit outage schedules. Also the next
due date for the task is selected and entered, based
on how long the equipment has been in service,
whether any similar corrective maintenance was
done in the past, and whether other callups on the
same equipment (or related equipment) need to be
done at the same time. A new maintenance proce-
dure may be required; this needs to be flagged. In
general, the new callup or revision to the existing
one requires careful integration into the overall unit
and station priorities.

In addition, new or revised callups affecting nuclear
safety systems, require a careful review by nuclear
safety personnel. This is to ensure that reactor heat
sinks (main or backup) remain available, backup
equipment in safety systems is available, reactor
power is always under control and containment is
not breached. In essence, the OP&P's must not be
violated by doing the work on the callup. For these

reasons, a workplan may need to be prepared by the
System Engineer to ensure the work is carried out
safely.

The final step to the PMEP program, is the Living
Program. This part of the program has not been
developed at Darlington yet, due to the relative infan-
cy of the other parts of the PMEP program. It is rec-
ognized however that a living program is required to,
among other things, assess the effectiveness of the
RCM and PM strategies done on the 36 systems,
and make modifications where necessary. Such a liv-
ing program may involve a callup review, formal root
cause analysis of failures, corrective maintenance
review, spare parts review and maintenance proce-
dures review (not an exhaustive list). Part of this is
currently ongoing in a more informal way.

Since mid-1994 Darlington has completed the review
of 13 out of 36 systems (as of September 1995). We
have found that for a typical system, about 5% of the
components will be criticality A, 15% criticality B,
35% criticality C and 45% criticality D. This has
resulted in the identification of approximately 720
new PM tasks across the station, for equipment that
had no PM before. The new tasks identified above
have concentrated on the criticality A and B equip-
ment. Most of this is on I & C equipment. Very few
tasks have been deleted, but almost 230 have been
modified (mostly extending intervals between
callups). The net result adds an additional 2.5 man-
years (0.7% additional effort) to the maintenance
program at Darlington for the 13 systems. This is pro-
jected to add approximately 7 man-years (1.9%) after
completing the 36 systems. This is expected to be
well within the capabilities of the present mainte-
nance workforce, because the amount of unplanned
corrective maintenance will decline.

We have developed 14 generic maintenance strate-
gies on the major equipment types in the systems
looked at so far. We expect to develop about 20 to 25
maintenance strategies by the end of the program.

The main goal of PMEP is to enhance the PM pro-
gram to reduce the amount of corrective mainte-
nance, and prevent forced unit outages from equip-
ment failures that were maintenance preventable.
There have been other side benefits of PMEP that
we have seen so far. Repeated corrective mainte-
nance is expected to be reduced on certain equip-
ment (e.g., liquid zone control system pumps, due to
identifying the need to redesign the check valves on
the discharge line of each pump). This was detected
by reviewing maintenance history in the system, to
catch repeating problems. While PMEP does not
catch all equipment like this, the more obvious exam-
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pies are readily apparent and this can lead to a sim-
ple design change recommendation, without side-
tracking the PMEP process.
Another benefit from PMEP so far, has been the cor-
recting of misleading information in Darlington's
WMS, on the station equipment. This will lead to
intangible savings in tradespersons time spent look-
ing up the correct information, when performing
maintenance tasks.

The PMEP program at Darlington consists of 1
Engineer (half time) and 1 Nuclear Technician (full
time) performing the System RCM Analysis, 1
Engineer, 1 Mechanic and 1 Control Technician (each
full time) preparing the Equipment Maintenance
Strategies and also Specifying PM Tasks. The Task
Implementation is done by 1 Mechanic and 1
Control Technician (approximately half time each).
The Living Program has not been fully formalized
and developed yet, so there is no manpower dedi-
cated to this part of the PMEP program. With this
level of manpower, we expect the program to be
completed in approximately 2 years. An assessment

will be made at that time on whether to continue
with more station systems.
PMEP is a systematic process then, to identify cred-
ible equipment failure modes on process systems,
establish criticality levels for this equipment and their
dominant failure modes, develop generic equipment
maintenance strategies for them (based on equip-
ment type), and apply them to the critical equipment.
It has become a formal program for Darlington,
accepted by the AECB as a way of maintaining con-
trol of the PM program, while concentrating on the
equipment that will affect station performance and
nuclear safety most.
OHN has done much research in the past on lifetime
capacity factors at its stations, and what affects
them most. It was found that life assurance pro-
grams on major equipment could net as much as an
additional 15% on lifetime capacity factor, while
good preventive maintenance on critical equipment
could net another 5%. It is hoped that Darlington's
PMEP program will contribute significantly to this
extra 5% capacity factor increase.
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BRUCE NGS A UNIT 4 PREHEATER DIVIDER PLATE FAILURE

M. Langridge

and

D. Mclnnes

CA9800473

INTRODUCTION
On May 19, 1995, without any prior operational indi-
cations, Bruce A discovered preheater divider plate
damage in Unit 4 that had the potential to have a
major impact on the continued safe operation of the
station. Further investigations indicated that Unit 4
may have been operating with this damage for as
long as ten years.

In the two months following this discovery, Bruce A:

• procured and replaced the 4 divider plates
• located most of the missing pieces
• retrieved pieces from the PHT system
• investigated historical operational information
• performed detailed analytical investigations
• investigated root cause
• performed in-situ and mock-up testing
• updated operational procedures
• installed DP monitoring equipment

This work culminated in a letter to the AECB, dated
July 17, 1995, providing information & assuring con-
tinued safe operation of Bruce A.
Integral to the planning of the work were the Job
Safety Analysis (JSA's), Radiation Safety Analysis
(RSA's) and ALARA reviews. Ensuring (despite the
hurried nature of the work), there were no serious
injuries or radiological over-exposures.

Approximately 14,000 hours of direct field labour
was associated with the divider plate work on Unit 4.

The total dose incurred as a result of all the field work
was approximately 33 rem.

The total cost to the Corporation was a one month
delay in the Unit 4 restart, $1,600,000 of direct
charges, unaccounted costs as a result of additional
outage and technical support, and a 75% power limit
on all Bruce A Units until the Units preheaters are
inspected, and any necessary repairs completed.

An integrated Team, focused on the job at hand, was
the key ingredient in taking this work from a standing
start to a safe and successful completion. All

involved, combined with their different talents and
skills, ensured all the preheater related work was
performed such that Unit 4 continued to proceed
towards a timely return to service.

Work is still continuing on the Root Cause
Determination (RCD) and the actions needed to pre-
vent recurrence.

1.0 PREHEATER DESIGN
The preheater divider plate is a carbon steel "board
and batten" design bolted together. There are eight
main "division plates", the longitudinal edges of
which are secured by seven "clamping bars" and
fifty eight 5/8" diameter bolts. These division plates
are approximately 1-1/2" thick, and vary in width. The
clamping bars are approximately 2-3/4" wide and
1/2" thick and are located on the "hot" or inlet side
of the divider plate. The outer edges of the division
plates are stepped to match the step in the seat bar
which is welded to the preheater shell and to the
tubesheet. Holding the assembly in place, against
the seat bar, are eleven "clamping dogs" across the
shell of the preheater, and nine clamping dogs at the
tubesheet. These require a total of forty 5/8" diame-
ter bolts to secure the assembly. The dogs are all 6"
x 2-1/2" x 1" and are located on the "cold" or outlet
side of the divider plate. Overall, the preheater
divider plate is approximately 67" across the base
and 34" at its maximum height. All bolts are held in
place with locking tabs that are welded to the applic-
able component (clamping bars or clamping dogs).

2 .0 SYSTEM LAYOUT
The Main Heat Transport System (HTS) is a closed
loop system arranged for constant bi-directional flow
through the reactor core. Major components of the
HTS include 4 motor-driven pumps, 8 boilers, 4 pre-
heaters, a reactor inner core, and a reactor outer core.

The 200 reactor outer core channels are fed directly
from the 4 circulating pumps, which draw coolant
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from the boiler outlets. The 280 inner zone channels
are fed by coolant which passes from the pumps
through the preheaters (half of this inner zone flow
bypasses the preheater), heating the feedwater and
cooling the Heat Transport fluid going to the inner
zone channels

There are 2 preheater designs, a Type "A" and a
Type "B" . These two types are simply mirror images
of each other.

3.0 DAMAGE DISCOVERY
As part of the Unit 4 outage, planned maintenance
activities included preheater manway gasket repairs.
These repairs, which involved opening the preheater
manways, were in progress, and already completed
on 2 of the 4 preheaters. During the repairs to pre-
heater 3 (HX3) manway gaskets (Friday, May 19th,
1995), the mechanics noticed some loose parts lay-
ing on the tubesheet. A complete inspection of HX3
revealed substantial damage to HX3's divider plate.
This discovery led to a complete inspection of all four
Unit 4 preheater divider plates, including the ones for
which the manway gasket repairs had already been
completed. At that time, the Unit 4 outage was
scheduled to be complete in a months time

The inspections identified considerable damage to
the divider plates in 3 preheaters (HX1, HX2 & HX3).
In total, 5 clamping dogs, 13 locking tabs and 20
bolts were unaccounted for from three preheaters.
All damage indicated a that a pressure differential
had occurred in the direction opposite to normal
operations. Preheater 4 (HX4) had no signs of dam-
age. All preheater divider plates were video-taped for
future reference and analysis.

Preheater 1 was the most severely damaged, with 5
clamping dogs dislodged from their position at the
top of the divider plate, and 5 division plates in the
centre of the divider plate "leaning" towards the inlet
side of the preheater, revealing a gap of approxi-
mately 6" in the top of the divider plate. One of the
five dislodged clamping dogs was still jammed
between a division plate and the top of the preheater
shell. A total of 4 clamping dogs and 12 bolts or bolt
heads were unaccounted for in preheater 1 (6 bolts
from the Cold leg and 6 bolts from the Hot leg)

In preheater 2, four clamping dogs were dislodged
from the bottom of the divider plate. These dogs
were all found on the tubesheet and some with bro-
ken bolts still attached. Unlike HX1, the division
plates were not bent or leaning. The number of bolts
or bolt heads unaccounted for in HX2 totaled 1 from
the Hot leg.

In preheater 3, the damage was similar to preheater
1, only not as severe. Four division plates in the cen-
tre of the HX3 divider plate assembly had leaned
towards the inlet side of the preheater approximate-
ly 2" to 3". Three clamping dogs at the top of these
division plates had dislodged, two of which were still
in the preheater and jammed between the division
plates and the preheater shell. A total of 1 clamping
dog and 7 bolts or bolt heads were missing from pre-
heater 3 (2 bolts from the Cold leg and 5 bolts from
the Hot leg).

4.0 FIELD ACTIVITIES

4.1 Inspections & Retrievals

All loose (unattached) parts were retrieved from the
tubesheet area and the tubesheet was vacuumed
and visually inspected for damage. There were no
signs of damage to the tubesheets

Due to the mirror image design of the system, the
preheaters were inspected to ensure they were not
originally installed in the opposite locations. Although
inconceivable, the inspection was performed and
verified the correct orientation of the preheaters.

The Reactor Inner Zone Inlet Headers (RIZIH's) were
remote visually inspected using a remote operated
vehicle (ROWER). As a precautionary measure,
these inspections were closely monitored by the
control room operators to ensure the channels were
not affected by ROWER blocking a feeder inlet. All 5
missing dogs were located in the RIZIH's as antici-
pated (4 in the west RIZIH & 1 in the east RIZIH with
a bolt attached)

Simultaneously, with the ROWER inspections, ultra-
sonics (UT) were being performed on the outside of
the RIZIH's. The UT unit consisted of a multi-trans-
ducer head with an auto-couplant feed to help reduce
inspection time in the feeder cabinets. These inspec-
tions also proved to be successful in confirming the
locations of the dogs.

Two fuel channels were CIGAR'ed, based on histori-
cal fueling information where pieces of what may
have been locking tabs, were found ejected into the
Spent Fuel Bay.

All 280 inner zone inlet endfittings were radiographed
at the feeder connection in an attempt to locate the
19 missing bolts and 13 locking tabs. This was suc-
cessful in locating 16 bolts and it was not clear if any
of the missing locking tabs were located. The infor-
mation obtained from these inspections proved to be
very useful in reaffirming the safety of the reactor for
continued operation. Out of the 280 inner zone inlet
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end-fittings, 14 were found to have 1 or 2 bolts in
them for a total of 16 out of 19 bolts located. The
remaining 3 bolts and locking tabs are believed to be
lodged in the annular space between the end-fittings
and the liner tubes. This is not considered to be detri-
mental to the safe operation of the Unit.

4.2 Divider Plate Replacement

By May 31, the divider plate replacement and loose
parts retrieval was planned and assigned to the
Building Trades through the Purchase Service
Agreement. The work was expected to take 18 days
of the outage critical path and cause SLAR (Spacer
Location and Re-location) to be interrupted early. The
work would have to continue 24 hours a day until
complete.

By June 18, twenty additional boilermakers were
hired on and trained. A total of 46 boilermakers
(some staff already hired for boiler work) were
trained for this work. The training activities took
approximately 5 days to complete and involved the
use of a preheater head mockup.

After placing the order on May 31, the first divider
plate was picked up and delivered by Ontario Hydro
personnel on June 16.

On June 19, SLAR was halted to allow the divider
plate work to commence to completion.

By June 23, most of the divider plates were removed
and the Design authority provided the approvals to
proceed with "replacement-in-kind". This approval
was timed perfectly with the delivery of the remain-
ing 3 divider plates (received on June 23).

As a result of being able to inspect on June 7 to 9, all
loose parts in the RIZIH's were removed during the
week on June 19. This was much quicker than antic-
ipated and therefore did not hinder the divider plate
replacement work.

The divider plate seat bar, in preheater 1, was found
to be badly damaged as a result of the failed divider
plate. The damage had to be ground out, re-welded
and ground flush. The seat bar is not part of the ves-
sel pressure boundary.

All 4 divider plate replacements were complete by
June 29 reducing the time on outage critical path
from the planned 18 days to 13 days. When this
duration is added to the additional CIGAR'ing, end-fit-
ting radiography and preheater box-up performed as
a direct result of the divider plate damage, the Unit 4
outage experienced an approximate one month delay
in restart.

4.3 Radiological Hazards

Due to the location of the work, significant radiologi-
cal hazards were encountered as follows:

• 10 to 20 mrem/hr general gamma.
• 400 mrem/hr in the heads prior to shielding.
• <180 mrem/hr in the heads after shielding.
• up to 10 mrem/hr loose contamination.
• high hazard particles (>25 R/hr contact dose rate).
• 100 -150 MPCa's tritium at the work locations.

The preliminary inspection of the heads identified up
to 300,000 CPM of loose contamination with some
minor hot spots of up to 1500 mrem/hr. Per above,
the actual hazard was much higher than anticipated
and required rigourous contamination control. For
similar work in future Units, the use of power wash-
ers would have to be considered prior to preparing
the heads for entry.

The tritium was less than anticipated as a result of
the air movers and the high usage of breathing air
(for plastic suits) keeping the preheater area continu-
ally purged.

Dedicated radiological safety personnel (greenmen)
used for the duration of the job greatly helped to
ensure the safety of the workers and minimize and
control the radiological hazards.

In order to minimize the radiological hazards in the
preheater heads, a combined gasket/shielding of the
tubesheet was installed - this greatly reduced the tri-
tium and general gamma coming from the
tubesheet.

4.4 Additional Radiological Information

This section has been divided in parts that reflect the
actual work performed as anticipated during the pre-
job ALARA planning.

a) Preliminary Inspections (June 7 to 9)

This included RIZIH inspections (by ultrasonics &
ROWER), shielding and gasket installation in the
HX1 and the cold legs of HX2 and 4, partial divider
plate removal for research and general vault prepara-
tions for the remainder of the work to commence on
June 19.

dose estimate: 8825 mrem
actual: 3133 mrem

Comments: The work in the preheater heads went
from an estimated 200 min. to 27 min. The ultrason-
ic activity in the feeder cabinets was also reduced.
Both items led to the overall reduction of dose for
the work and support activities. The ROWER camera
inspections proved to be very successful in quickly
locating the pieces in the headers.
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b) Replacements and Retrievals (June 19 to 29)
This included the retrieval of divider plate dogs from
the inlet headers, the remainder of the shielding and
gasket installations, full preheater head inspections,
seat bar repairs in HX1, high hazard work in HX1,
divider plate removals and reinstallations in all four
preheaters.
dose estimate: 106 rem
actual: 17 rem

Comments: The estimates were performed given
the worst-case scenario and the actual work went
very well with less staff and 75% of the time antici-
pated. The actual time spent in the preheater heads
was also much less than anticipated due to extensive
mockup training for all personnel doing the work. It
was anticipated that some decontaminating and
component modifications would be performed in the
vault, however, the use of a tented area outside
Airlock 5 and a glove box allowed a considerable
amount of this work to be performed outside of the
vault. The ROWER camera retrievals were very suc-
cessful and the pieces were removed from the head-
ers in less than half the time anticipated.

c) E/F Radiography (July 3, 4 & 10 to 12)

This involved only the radiography performed on all
the inlet endfittings of the reactor inner zone. This
work commenced on both reactor faces simultane-
ously while working off small (8' by 10') reactor face
platforms.

dose estimate: 6.5 rem
actual: 13 rem

Comments: Due to physical constraints caused by
the use of the small reactor face platforms and the
requirement to perform two radiographs for each
endfitting, the estimated duration for this work dou-
bled (went from 3 shifts to 6 shifts). Also, it was not
anticipated that tape on the endfittings would have to
be cleaned or that a radiography tool (tungsten colli-
mator) would be dropped in the endfitting area and
would have to be located and retrieved with the help
of a remote camera. Seven of the radiographers
received close to 1 rem each.

5.0 ROOT CAUSE DETERMINATION
While the repairs and replacement of the preheater
divider plates was underway, investigations proceed-
ed to uncover the Root Cause for the damage.
Evidence was gathered from a myriad of sources in
order to arrive at the cause of the divider plates failure.

Investigation of the Root Cause for this damage is
still continuing and a final report is expected in 1996.
Data gathered to date includes.

5.1 Physical Evidence
Some bolts and division plate sections were sent for
analysis. The analysis pointed to a single, abrupt,
overloading event, that occurred some time ago.
Further analysis estimates the damage to have hap-
pened approximately 40,000 (± 20,000) operating
hours ago (5 to 10 years).

Checks of Unit 4 boiler divider plates were also per-
formed and did not indicate any signs of damage. This
is pertinent to the Root Cause Determination for two
reasons. One is that the boiler divider plates are of a
similar design and the other is that the two divider
plates reside on different sides of the main PHT
pumps. This leads toward a conclusion that the initiat-
ing event is related to the pumps (i.e. a similar design
upstream of the pumps experienced no damage).

5.2 Testing

A test was performed, using a hydraulic jack to load
a division plate clamped in a fashion similar to the
actual preheater divider plates. This test gave failure
loads, for the divider plates bolts, that correspond to
a steadily applied pressure of approximately 250
psig. Note that this pressure loading is opposite to
the normal operating pressure differential for the
divider plates. This test correlates with the engineer-
ing analysis that postulated the required pressure dif-
ferentials to be in the order of 220 psig.

5.3 Engineering Analysis
A number of possible Level B transients were inves-
tigated (SOPHT analysis of pump trips, loss of Class
IV power, etc.), but these were not considered to be
a plausible source of the large reverse pressure dif-
ferential thought to have been experienced by the
damaged divider plates.

Water hammer-type loads were also considered as a
possible source for the large pressure differential.
This scenario involves trapped gas in the preheater
when the heat transport pumps are started up after
a shutdown where the HTS had been drained for
maintenance. This water hammer could then be
caused by incomplete venting of the preheater, or by
a redistribution of gas trapped in the boilers, perhaps
due to a failed pump start.

An investigation based on heat balance data sug-
gests an abrupt anomaly in Unit 4 preheater perfor-
mance circa Spring 1986. This corresponds with the
time frame indicated by the physical investigations
performed on the divider plate parts.

5.4 Historical Data

All four preheaters in Unit 4 were visually examined
in 1981, and were damage free. In addition, HX4 was
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opened and examined in 1993, to look for possible
divider plate damage which could be causing high
RIZIH temperatures. As confirmed previously in this
paper, though, the divider plate in HX4 was not found
to be damaged in 1995.

During the 1980's, the time that both the analysis of
the broken bolts and the review of Unit 4 preheater
performance points to as a possible timeframe for
the damage to have occurred, the startup procedures
were changed from starting 1 pump at a time to
starting 3 pumps simultaneously, and the 4th after
that. It is known that starting a single pump results in
reverse flow. It is possible that, during the time that
the "single pump start" startup procedures were in
effect, a reverse pulse, which was created due to an
air pocket, damaged the preheater divider plates.

Investigations of fueling historical records indicated
no Channel Outlet Temperature (COT) alarms
reached the alarm level, but a close look at the
reports has confirmed that at least 2 bolt tabs or
pieces of bolt tabs were observed during refueling
operations.

6.0 SAFEGUARDS
To assess the effect of bolt segments located at the
entrance of an inlet end-fitting on channel flow, pres-
sure drop, and dryout characteristics, tests were per-
formed at Sheridan Park Experimental Laboratories
(SPED to determine the incremental change in end-
fitting differential pressure as a function of mass
flowrate for a varying number of preheater bolts. The
effect of varying bolt size was also studied. The
results of these tests demonstrated that for configu-
rations consisting of two bolts or less, the incremen-
tal change in end-fitting differential pressure was lim-
ited to well below 100 kPa at 25 kg/s of D2O. In
terms of the impact on Bruce A channel flows, this
magnitude of incremental pressure drop corre-
sponds to a flow reduction of less than 4% of nomi-
nal flow. This range of flow reduction was found to
have no impact on the current maximum channel
power limits in the range of 0% to 75% of full power.
The decrease in critical channel power was also
found to be less than 2% for both inner and outer
zone channels.

The results of the safety assessment demonstrated
that Unit 4 can operate safely within the range of 0%
to 75% of full power. Nominal setpoints and limits on
SDS1 and SDS2 trip parameters as well as maximum
channel power were shown to be adequate and post
trip fuel cooling remains unaffected by the presence
of bolt segments.

In the absence of a definitive Root Cause for the
damage to the Unit 4 preheater divider plates, a num-
ber of actions have been implemented to more
closely monitor the condition of the divider plates,
and also to prevent potential damage causes.

• During Unit 4 power runup, the COT's on the four-
teen affected channels were monitored to ensure
that there is no gross flow blockage in them.
There were no indications of blockage.

• Pressure differential A/I's have been installed in
Unit 4. These A/I's are connected to the existing
preheater instrument tubing. They allow monitor-
ing of the pressure differential across each of the
four Unit 4 preheater divider plates. These A/I's
are to be read during normal operational transients
and also during Heat Transport upset Conditions
(Pump Trip, Pump Restart, etc.). The startup read-
ings for Unit 4 indicated pressure differential from
170 to 188 kPa (A/I's are set to alarm at 100 kPa
falling).

• More stringent procedures have been put in place
for operating units when recovering from a PHT
pump trip. Under these conditions, the Unit is
now taken out of service, and the Duty Manager
contacted.

7.0 FUTURE
Analytical work, to more precisely determine the
cause of the failures, is currently in progress. The
impact of loose parts in the HTS is being analyzed
separately. Both of these items have the potential of
requiring a divider plate re-design, however, this is on
hold pending the completion of the Root Cause
Determination.

All Preheaters at Bruce A will be inspected for dam-
age at the first planned outage opportunity. These
inspections will become part of a preheater inspec-
tion program for Bruce A. It is anticipated that the
Unit 1 inspection findings will be available for the
conference presentation.

It is anticipated that the loose parts located in the
Unit 4 endfittings, by radiography, will be removed
during the next planned outage (currently 1997). The
associated endfittings will also be inspected for signs
of fretting damage. During the 1997 outage, the unit
4 preheater divider plates will also be re-inspected.

The impact of a LOCA on the boiler divider plates is
currently being assessed, although, this is not
thought to have any impact on the preheater divider
plate design.
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8.0 CONCLUSION
Fortunately, the preheater divider plate failures in
Unit 4 did not progress to the point of affecting the
safe operation of the Unit, and their efficient replace-
ment represents somewhat of a maintenance suc-
cess story. This incident, however, has uncovered
serious gaps in Bruce A's plant surveillance and In-
Service Inspection Programs.

In addition to the inspections planned for all pre-
heaters at Bruce A as a result of this incident, a com-
prehensive preheater divider plate inspection pro-
gram will be implemented to ensure that adequate
inspections are regularly performed and reported for
the life of the Station.

While the measures to prevent recurrence of the
event that led to the partial failure are not yet fully

known, some interim measures have been imple-
mented to:
• prevent recurrence of the known likely scenarios

currently under study.
• provide "baseline data" for the pressure differen-

tial across the intact Unit 4 preheater divider
plates.

• provide indication of full or partial failure of the
Unit 4 divider plates through Control Room
Annunciations.

• provide operational data for input to the root cause
investigations.

As Bruce A Units go through planned outages,
inspections will be performed, and interim or final (if
RCD is completed) measures will be implemented to
provide reasonable assurance that damage will not
re-occur and/or any initiating event will be recorded.
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ABSTRACT
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 recircula-
tion ratio and water inventory. In addition, reduced
downcomer flow may indicate steam generator crud-
ding or inadequate chemical cleaning.

This paper describes the application of ultrasonic
technology to measure flow velocity in the down-
comer annulus during operation. The technique is
non-intrusive since the measurements are taken
with ultrasonic transducers mounted on the outer
shell of the steam generator.

Successful application of this technique required
development in several areas - high temperature
couplants, signal quality, transducer performance
and reliability, and remote monitoring. The effects of
carry under, obstacles in the downcomer annulus,
temperature variation, and wall thickness are also
discussed in this paper.

The results of measurements from 0 to 100% power
in the Darlington nuclear station are presented. The
results are compared to thermalhydraulic calculations.

A second ultrasonic technique has recently been suc-
cessfully tested at operating conditions with void in
the flow. This new technique is also presented in this
paper.

1. INTRODUCTION
On-line monitoring of downcomer flow velocity could
result in improved steam generator performance and
therefore improved nuclear power plant reliability.
The downcomer annulus in a typical nuclear steam
generator is found between the outer shell and the
shroud (see Figure 1). Without on-line monitoring, a
steam generator must be shut down and opened up
to assess the amount of fouling that has occurred.

The shell-side flows in operating nuclear steam gen-
erators are generally not monitored. Instead, design-
ers and operators depend on thermalhydraulic com-
puter codes to calculate the recirculation ratios and
steam inventory levels in a steam generator. Shell-
side flows have not been measured because intru-
sive flow-measurement techniques present many
practical problems and safety concerns. Recently,
interest in measuring downcomer flows has risen
and a CANDU Owners' Group (COG) program for the
development of a non-intrusive measurement tech-
nique has been accelerated. As a result, a high-tem-
perature ultrasonic system for steam-generator
downcomer flow measurement has been developed
at Chalk River Laboratories (CRL).

Most conventional flow meters are not suitable
because they are intrusive or unable to withstand
steam generator operating conditions. If instrumen-
tation holes through the outer wall have not been
provided, they are a very expensive in situ modifica-

•• Submitted for presentation at the Third CNS International Conference on CANDU Maintenance, Toronto, Canada, 1995 November 19-21.

3 3



CANDU MAINTENANCE CONFERENCE 1 9 9 5

tion to the pressure boundary. Ultrasonic flow meter-
ing was chosen because its non-intrusive nature
does not require modifications to pressure bound-
aries and therefore is easily installed.

High temperatures found at the outer wall of the
steam generator have required some adaptation of
an ultrasonic measurement system that is in general
use. A commercially available ultrasonic flow meter
working in the reflective mode is used to interpret
the transducer signals. Improvements to room-tem-
perature couplant and transducer attachment tech-
niques were required. Laboratory tests were carried
out at room temperature on a downcomer test sec-
tion in our CRL air-water VIBFLO flow loop. High-
temperature tests were carried out in the Whiteshell
Laboratories steam-water RD-14M flow loop. The
development of this technology for downcomer flow
measurement culminated with a successful series of
measurements on a CANDU® (Canada Deuterium
Uranium) steam generator. This paper outlines the
benefits of measuring downcomer flow, describes
the ultrasonic techniques used, summarizes some of
the technical developments and provides flow mea-
surement results.

2. BENEFITS OF MEASURING
DOWNCOMER FLOW
Measuring the downcomer flow velocity provides
information vital to the efficient operation of nuclear
steam generators. The downcomer flow velocity can
be used to calculate the recirculation ratio and to
infer the rate of tube support fouling.

The recirculation ratio is a measure of how much
water is circulating throughout the steam generator
relative to the amount of steam that is being pro-
duced. The downcomer flow velocity is directly relat-
ed to the recirculation ratio.

Tube support plate fouling will increase the hydraulic
resistance and reduce the recirculation ratio. In turn,
a low recirculation ratio causes more crud to deposit
on the tube supports, a vicious cycle.

By measuring downcomer flow, stations can meet
many needs:

• Provide baseline measurement during commis-
sioning for future reference;

• Determine whether or not the steam generator
tube supports need cleaning;

• Measure the effectiveness of tube support clean-
ing (before and after measurements should be
taken);

• Monitor long-term fouling trends and thus sched-

ule, or even forego tube support cleaning (modify
water chemistry);

• Determine improvement in steam generator per-
formance after modifications (before and after
measurements should be taken); and

• Verify computer code predictions of steam gener-
ator thermalhydraulics.

3 . THE TRANSIT TIME TECHNIQUE
Ultrasonic flow measurement is based on a knowl-
edge of the speed of sound in various mediums. For
reflective-mode flow measurement in a steam gen-
erator, ultrasonic pulses are alternately fired and
received between upstream and downstream trans-
ducers, using the downcomer shroud wall as a
reflector (see Figure 2). Because the sound waves
travelling from the upstream transducer are moving
with the water flow, they will reach the opposite
transducer faster than those travelling from the
downstream transducer. With the knowledge of this
difference in the time of flight between upstream
and downstream pulses and a knowledge of the path
geometry, a flow velocity can be calculated.

In practice, a sound pulse sent into a steam genera-
tor shell and downcomer annulus can follow any one
of several dominant paths. With the downcomer
geometry, each transducer receives five time-sepa-
rated pulses. The signal path for each of these puls-
es can be seen in Figure 3. The first three pulses
travel only through the carbon steel outer shell. The
speed of sound in steel is much higher than it is in
water so these three signals arrive before the
desired signal (the 4th signal). A weak fifth peak orig-
inating from a double bounce through the water
arrives last.

The fourth pulse is used for flow measurement. This
pulse enters the steel wall at a 60° angle, refracts
when entering the downcomer water, passes
through the flowing water and hits the shroud wall. It
then reflects from the shroud wall, passes through
the flowing water, refracts as it enters the steel and
continues to the second transducer. The difference
in time of flight between upstream and downstream
pulses following this path, Dt, is used to determine
the downcomer flow velocity, Vf as follows:

V - *
f 2 Wtanfl, (1)

where, W is the annulus width, af is the speed of
sound in the fluid, and qf is the angle of refraction
from the shell to the annulus as measured from the
normal to the shell.
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The flow meter searches for pulses in a time window
that has been calculated internally from user-provid-
ed information about the temperature and geometry.
User input includes types of media, medium thick-
nesses, number of passes, distance between trans-
ducers and temperature. If pulses are detected with-
in the calculated window, the signal quality must be
verified. After a significant number of successful
transmit and receive cycles, the flow meter will cal-
culate and output flow data.

User inputs such as the steam generator shell thick-
ness and the width of the downcomer annulus must
be accurate to ensure that the velocity reading is cor-
rect. The annulus width, W, is particularly important
since it is inversely proportional to the measured flow
velocity (see Equation (1)). For example, if the annu-
lus width input to the flow meter is 10% larger than
the actual annulus width, the measured flow velocity
will be 10% lower than the actual flow velocity.

The shell thickness is important because it is
required in calculating an appropriate transducer
spacing. A slight error in the shell thickness input to
the flow meter has no significant effect on the mea-
sured velocity but it can affect the signal quality as a
result of inappropriate transducer spacing.

The measured time difference, Dt, is not affected by
the input values for the annulus width and the shell
thickness. This is because the time spent in each
medium subtracts out when the time difference is
calculated.

The gap between the transducer and the vessel wall
is crucial because unwanted scattering and absorp-
tion of the signal energy can occur at this location.
This interface not only lowers signal strength, but
produces background noise. To minimize these loss-
es, a couplant (void-free filler material) is commonly
placed in the gap. At room temperature, almost any
liquid or paste will function as well as a couplant.

4. OBSTACLES IN APPLICATION TO
DOWNCOMER FLOW
Several factors associated with nuclear steam gener-
ators create a difficult environment for ultrasonic
measurements. High temperatures, thick outer
shells and radiation fields were obstacles that had to
be overcome in the development of a suitable mea-
surement device.

High temperatures affect transducer lifespan, cou-
plant selection and differential thermal expansion of
the transducer rails. Temperature also affects pulse
trajectory and path length as shown in Figure 4. The
path changes due to the change in sound velocity as

water is heated, which in turn alters the refraction
angle at the steel-water boundary.

Wall thickness affects the signal strength due to nat-
ural diffusion of the sonic pulse as it passes through
the carbon steel. The steel walls of CANDU nuclear
steam generators are typically more than 54 mm
(2 in.) thick to safely contain shell-side pressures of
about 4.5 MPa (260°C). Because the steam-genera-
tor walls are much thicker than the pipe walls gener-
ally encountered in ultrasonic flow measurement,
the signal strength for this application is low. Faced
with a signal of limited strength it is even more
important to be sure that the transducer-to-shell cou-
plant is minimizing the signal loss.

Radiation fields may limit access of personnel to the
steam generator. This may preclude the possibility of
performing minor tests and adjustments of installed
equipment while the reactor is operating. The ability
to make adjustments after the steam generator is at
operating temperature and in radiation environments
is station specific and therefore may affect applica-
tion of this ultrasonic measurement system.

5. TECHNICAL DEVELOPMENTS
The first hurdle was the selection of a suitable high-
temperature couplant. At room temperature, almost
any liquid or paste will function well as a couplant,
but none of these materials remain effective at
steam-generator temperatures. If the transducer and
shell surfaces are smooth and flat, and if sufficient
force can be applied to mold the couplant to the
micro-contours of these surfaces, a soft metal can be
used as a couplant.

Unfortunately, the transducer manufacturer had lim-
ited experience with the use of soft metals as a cou-
plant. Therefore, considerable development was
required before suitable surface preparation and
clamping techniques were established. With soft
metal couplants, flat and smooth surfaces are need-
ed to minimize signal loss due to absorption and
scattering at the couplant/wall and couplant/trans-
ducer interfaces. In addition, parallel surfaces are
required to ensure that the signal initiated at one sur-
face is sent directly toward the second surface.
Consequently, a portable machining device was
found that could be used on the steam-generator
outer wall to produce flat, parallel surfaces. In addi-
tion, the surface is polished to remove surface imper-
fections.

Transducer mounting hardware consisting of
clamped steel rails was designed to allow higher
forces to be applied to the transducers. The steel
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rails also keep the transducers aligned vertically and
allow for easy adjustment of the spacing between
the transducer pair. The clamping hardware is spring-
loaded to allow for thermal expansion effects.

The use of a soft metal couplant and the fact that the
steam-generator outer shell is very thick both limit
the signal strength and signal quality in this applica-
tion. Flow meter parameter settings suggested by
the manufacturer of the flow meter were not suitable
for this application. Laboratory tests were undertak-
en to determine appropriate parameter settings and
to understand the limitations of the flow meter
device.

The effect of transducer spacing was studied to
determine the loss in signal quality and the loss in
flow measurement accuracy with non-ideal transduc-
er spacings. Because the transducers must be
installed at room temperature, it can be difficult to
know the optimum spacing for the transducers at
operating temperature. Equations are available to cal-
culate such distances, but the true optimum distance
can be affected by inner surface conditions. Signal
quality was found to decay rapidly after a significant
change from the ideal transducer spacing. This sig-
nificant change in spacing was greater than our
expected error. Therefore, a small error in transducer
separation distance is unlikely to affect the signal
quality.

The effect of changing the mounting forces acting on
the transducer and the soft metal couplant was also
examined. It was found that significant signal loss
would occur if the original mounting pressure was
not maintained. Since the signal quality is already lim-
ited in this application, it is very important to maintain
the mounting force as the temperature changes and
time passes.

As received from the manufacturer, the transducers
were not always reliable. A high-temperature testing
technique was developed to determine if a pair of
transducers could be used in the field. Since this
quality control test has been used, no short-term fail-
ures have occurred during flow testing. Currently
available transducers used at CANDU steam genera-
tor temperatures will fail within six months if no cool-
ing is applied. Methods to cool these transducers are
now being tested. In addition, more reliable trans-
ducers are currently being developed by the manu-
facturer, but have not yet been used in the field.

The flow meter can be controlled using a finger pad
on the meter itself or from a remote terminal such as
a personal computer. This feature allows remote
monitoring and adjustment of the flow meter input
parameters, if communication lines are put in place.

Portable data logging equipment has been used to
store the velocity data at sites where such commu-
nication lines are not available.

6. LABORATORY MEASUREMENTS
Laboratory measurements to check the calibration of
the ultrasonic flow meter were carried out in the
VIBFLO air-water loop at Chalk River Laboratories.
The results of the calibration tests are given in Table
1. There is reasonable agreement between the test
loop flow meters and the ultrasonic flow meter.

More recent laboratory testing has been carried out
to determine the susceptibility of this measurement
system to the presence of both obstacles in the flow
and void (vapour bubbles) at the flow measurement
location. Although the flow meter itself does not
obstruct the flow, it was thought that other obstacles
such as shroud pins and intrusive measurement
devices could affect the ultrasonic flow measure-
ment. Bubbles passing through the ultrasonic signal
will interrupt the signal thereby reducing the signal
quality.

For the obstacle tests, a 2 in. diameter shroud pin
was placed in the VIBFLO downcomer test section at
varying heights above the measurement location.
Velocity measurements taken with the shroud pin at
each height showed no significant effect due to the
presence of the shroud pin. Vortex street flow pat-
terns that would have developed behind the pin did
not affect the measurement device. An example of
the results with shroud pins is given in Figure 5.

The presence of void in the flow had a significant
effect on the measurement device. With as little as
1 to 2 percent void fraction, the ultrasonic signal was
lost and velocity measurements were not possible.
These tests were carried out in a mixture of air and
water and, therefore, may not be directly applicable
to the steam-water mixture found in an actual down-
comer. Tests at downcomer flow conditions are
planned for the near future. In addition, a new ultra-
sonic technique (called transflection) for measuring
velocities in multi-phase flows is now available.
Testing at steam generator operating conditions is
underway.

In March 1994, high-temperature tests were per-
formed in the RD-14M steam-water flow loop at
Whiteshell Laboratories. This test loop has calibrated
turbine flow meters that were compared against the
ultrasonic flow meter. A high-pressure test section
was built with a wall thickness and annul us width
almost identical to the geometry found in a typical
CANDU steam generator. Excellent signal quality
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was obtained with this set up. Three sets of trans-
ducers were tested over a complete range of down-
comer velocities (0.0 to 2.5 m/s). An example of a
high-temperature test result is given in Figure 6. The
test results proved that this non-intrusive ultrasonic
measurement system consistently measures down-
comer velocities with an accuracy of better than ±10
percent. If the flow is steady and parameters such as
temperature are not changing, the accuracy
improves.

7. FIELD MEASUREMENTS
In September 1994, downcomer flow measure-
ments were taken on steam generator #1 in Unit 2 at
Darlington Nuclear Generating Station. The reactor
began to heat up on September 19th, started to
increase power on September 21st and reached
100% power on September 26th. The change in
velocity and power with time is plotted in Figures 7
and 8. The elapsed-time scale is zero at 2200 hr on
September 21st and increases by minutes. The plot-
ted measurements were either read directly from the
flow meter or from chart recorder strip charts.

The hot side and cold side measurements are very
similar. There are no significant differences in the
velocities at any given time or power level.

During the first 250 minutes, the velocity rises rapid-
ly as the power increases from 0 to 10%. At each
step increase in power, the velocity experiences a
sharp increase and overshoots the steady state
velocity for that power. It is not clear whether the
overshoot is real or caused by the software in the
flow meter.

Up to 30% power, the velocity changes significantly
with a change in power. Above 30% power there is
very little change in velocity as the power increases
to 100%. This change in velocity with reactor power
is more clearly shown in Figure 9. In this plot some
of the data points corresponding to the overshoots at
low power have been eliminated so that the trends
with reactor power can be seen more clearly. Each
time the reactor power was held constant for a peri-
od of time (i.e. at 5.7%, 8.7%, 10.5%, 30%, 60%
and 93%), some variation in the velocity was mea-
sured.

THIRST, a thermalhydraulic computer code for
steam generators, was used to calculate downcom-
er velocity at 100% power for the instrumented
Darlington steam generator1. The results of these
calculations are also shown in Figure 9. The calculat-
ed values agree very well with the downcomer flow
measurements.

Some earlier field measurements were briefly out-
lined in a previous paper2. These measurements
showed that a crudded steam generator had reduced
downcomer flow velocities.

8. THE TRANSFLECTION TECHNIQUE
With the transit time technique, flow velocity is cal-
culated from the difference in time required for
sound waves going in opposite directions to travel
the same signal path. If something obstructs or
absorbs one, or both, of the signals (e.g., vapour bub-
bles), then the measurement cannot be taken. In
contrast, the transflection technique actually requires
the presence of a reflective second phase to be able
to measure flow velocity.

Transflection calculates velocity be measuring the
actual time required for a bubble or particle to move
a specified distance. In this case, the distance is cho-
sen to correspond to a change in signal path length
equal to 1/2 wavelength at the operating frequency
(see Figure 10). As with transit time, a sound pulse
from the transmit transducer enters the steam gen-
erator shell, refracts at the shell-water interface and
enters the flowing water. Any signals reflected back
to the receive transducer are analyzed and filtered to
remove the "clutter" signal (e.g., noise, shroud wall
reflection, short circuit, etc.) and retain only the signal
due to moving bubbles or particles. The time required
for a bubble to move the specified distance, A t , is
used to calculate the downcomer flow velocity, Vf .
as follows:

where F is the transducer frequency, e i is the trans-
ducer wedge anle, and c i is the sound of speed in
the transducer wedge.

One notable difference between the transflection and
transit time techniques is in the choice of transducer
wedge material. Judicious selection of the wedge
material may obviate the need for a soft metal cou-
plant at high temperatures, thus potentially avoiding
the associated surface preparation and high clamping
forces. The transflection wedge also places the piezo-
electric crystal at greater distances from the hot shell
surface. The resultant lower operating temperature
bodes well for long transducer life and reliable per-
formance. These benefits are being investigated.

In 1995 July, tests were conducted in the same
steam-water loop used previously. In this test
sequence, the transit time and transflection tech-
niques were compared for measurement capability
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at steam generator conditions for varying levels of
void, and to confirm the acceptability of transaction
for high temperature operation. Results of this and
room temperature tests (Figure 11, using air injection
to simulate void) indicate that transit time becomes
inoperative around 0.3% void, and transaction
requires some void, 0.1 %, to begin but is still opera-
tional at 30%. Within this overlap from 0.1 to 0.3%,
the results are very similar. Future installations will
probably require that both techniques are available,
to accommodate the potential for void due to carry-
under and thus ensure flow measurements can be
made.

9. CONCLUSIONS
A non-intrusive ultrasonic flow measurement system
has been successfully used to measure downcomer
flow velocities in an operating steam generator.
Predicted velocities using the THIRST code (a ther-
malhydraulics computer code) are in agreement with
the measured velocities.

Obstacles placed in the flow in the VIBFLO laborato-
ry test program did not affect the measurement of
the flow velocity. On the other hand, the presence of
void in the flow has the almost immediate effect of
blocking the ultrasonic signal. However, a new ultra-

sonic meter is now available for use in multi-phase
flow and has been successfully tested for use at
steam generator operating conditions. When com-
bined with the original transit time technique, this
complete measurement system can be used over a
wide range of single- and two-phase flow conditions.

We recommend this flow measurement system as a
diagnostic tool for steam generator maintenance.
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Table 1: Flow Meter Comparison

Ultrasonic
(m/sec)

0.72

1.46

2.19
2.94

3.87
4.72

5.61
6.05

Vortex
(m/sec)

0.826

1.63
2.44

Magnetic
(m/sec)

3.26
4.07

4.89
5.69
6.11

Difference
(%)

12.8
10.4

10.3

9.8

4.9

3.5

1.4

0.1
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Figure 3: Signal Path for each Time-Separated Pulse

Figure 4: Effect of Temperature on the Fourth Pulse
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FLOW

Velocity Vf = —
At

Ad

2 sin 63At

AS =
Ad

2 SinG,

SnelT s Law
4Fsin63 A t

4F sin e2 At

where: Vf = flow velocity
AS = change in bubble position
At = change in time
Ad = change in signal path length (= 1/2 A,)
C3 = sound of speed in the fluid
63 = incident angle in the fluid
C1 = sound of speed in transducer wedge
62 = transducer wedge angle
F = transducer frequency

sin 63 sin Q1

Figure 10: Transflection Ultrasonic Flow Measurement Technique
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DARLINGTON STEAM GENERATOR
LIFE ASSURANCE PROGRAM*

by

Eric Jelinski, Ontario Hydro - Darlington Nuclear Generating Station

Mike Dymarski, Ontario Hydro - Darlington Nuclear generating Station

Carmina Maruska, Ontario Hydro - Nuclear Technology Services

Eric Cartar, Ontario Hydro - Nuclear Technology

ABSTRACT
The Darlington Nuclear Generating Station belonging
to Ontario Hydro is one of the most modern and
advanced nuclear generating stations in the world.
Four reactor units each generate 881 net MW,
enough to provide power to a major city, and repre-
senting approximately 20% of the Ontario grid. The
nuclear generating capacity in Ontario represents
approximately 60% of the grid.

In order to look after this major asset, many proactive
preventative and predictive maintenance programs
are being put in place. The steam generators are a
major component in any power plant. World wide
experience shows that nuclear steam generators
require specialized attention to ensure reliable opera-
tion over the station life.

This paper describes the Darlington steam generator
life assurance program in terms of degradation iden-
tification, monitoring and management. The require-
ments for chemistry control, surveillance of process
parameters, surveillance of inspection parameters,
and the integration of preventative and predictive
maintenance programs such as water lancing, chem-
ical cleaning, RIHT monitoring, and other diagnostics
to enhance our understanding of life management
issues are identified and discussed.

We conclude that we have advanced proactive activ-
ities to avoid and to minimize many of the problems
affecting other steam generators. An effective steam
generator maintenance program must expand the
knowledge horizon to understand life limiting
processes and to analyze and synthesize observa-
tions with theory.

CA9800475

INTRODUCTION
World wide utility experience with steam generator
performance has been less than satisfactory for the
majority of utilities. The Darlington Nuclear Power
Generating station is a four unit station with units
placed in service in the year 1990, 1992, and 1993.
The expected station life is 40 years. Recognizing
that the steam generators are a major capital com-
ponent of a nuclear electric generating unit,
Darlington staff prepared a steam generator life man-
agement strategy aimed at achieving a 40 year
steam generator life.

The process of preparing a life assurance plan
required an understanding of the design, the fabrica-
tion, the installation, and the operation and mainte-
nance activities. . The evaluation of the degradation
mechanisms, inspection and repair techniques
revealed areas where proactive work was required. A
benefit / cost evaluation of options has identified life
management activities that are considered most
worthwhile.

DESIGN FEATURES
The Darlington steam generators are the largest built
for any CANDU unit. There are 4 steam generators in
each of the four units on site. The key design fea-
tures include:

• Vertical inverted U-tube heat exchangers with inte-
gral preheater,

• I-800 tubes, 5/8" OD, 4663 tubes per steam gen-
erator,

• tube/tubesheet joint is hydraulically expanded,

* Prepared for the CNS International Conference on Candu Maintenance
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• 410 SS lattice bars tube supports,

• 410 SS flat bars and arch bars in U-bend (this sup-
port is a new design for CANDU),

• All ferrous secondary side system.

DEGRADATION MECHANISMS
We have analyzed the degradation mechanisms and
determined that the major vulnerable areas that may
impact on long term reliable performance are:

• Water chemistry on the secondary side. This is
the single most important aspect of boiler life
assurance based on industry experience with lim-
its to steam generator life.

• Loss of heat transfer performance due to tube
fouling resulting in an increase of the Reactor Inlet
Header temperature approaching limits of opera-
tion. This is unique to CANDU. Deterioration of the
divider plate may also be a significant contributor
to increasing RIHT.

• Tube pitting and stress corrosion cracking, and
intergranular attack are a function of chemistry
and tube materials.

• Fretting and fatigue induced by high flows.

• Primary divider plate integrity and leakage concerns.

Contributing factors to each of the degradation mech-
anisms are deposits on: tubes, tube supports, and
the tubesheet that result in degradation mechanisms:
stress corrosion cracking, intergranular attack, pitting,
and corrosion fatigue. Contaminants such as lead,
sulfur, chlorides, copper, sodium, silica must be mini-
mized. Air ingress must be minimized. Oxygen must
be low, but not to low to avoid erosion-corrosion. It is
also noted that the I-800 alloy tubing is vulnerable in
highly caustic or acidic crevice conditions.

MANAGEMENT ACTIONS
The management and staff at Darlington recognize
that deliberate proactive actions are necessary by
individuals dedicated to the life management strate-
gy to ensure strategic activities are completed as
scheduled.

The first step is to render a corporate cultural change
recognizing the importance of a long term proactive
maintenance program to enable the formation of a
team who have responsibility to champion steam
generator equipment performance and integrity. This
includes the responsibility to budget a program, to
identify a strategy, a 10 year plan, a one year plan and
outage-specific plans for steam generator work. This
required a clear assignment of responsibilities for

specific activities, procedures, tools and training
developed ahead of time.

Feedback of results and evaluation of future courses
of action closes the loop in terms of comparing "as
found" to the expected. This identifies the need for
any course correction or further evaluation of the
strategy.

PREVENTATTVE ACTIONS
Our analysis and characterization of the degradation
mechanisms for I-800 in the aggressive environ-
ments indicates that we must take a variety of proac-
tive preventative measures aimed at two main areas:
reduction of deposits and control of impurities.

These measures include high AVT (all volatile treat-
ment) with high hydrazine chemistry using hydrazine
and ammonia. The implementation of programs to
reduce condensate oxygen at all times; and, to rapid-
ly search and repair condenser leaks even if impurity
levels are below specs.

We also intend to have corrosion product transport
(CPT) monitoring. We currently have monitors in Unit
2. It is planned to have CPT's in all Units.

We review the Chemical Control Laboratory results
and operating conditions daily of the feed water /
steam cycle and the water treatment plant.

During outages we apply hot soaks and maintain a
good lay-up chemistry. On start-up we drain and flush
each steam generator and have a power hold at 30%
to maximize impurity removal.

We have also initiated programs to remove compo-
nents and materials bearing lead and copper alloys
from systems tied to the secondary side.

PREDICTIVE AND MONITORING ACTIONS
The predictive and monitoring actions is a large work
program having the following elements:

• Enhanced tube bundle inspection program using,
visual, eddy current and other NDE techniques.
Both the primary side and secondary sides are
inspected. Sludge build up is quantified to the best
extent possible.

• Tube removals for analysis of deposits, metallurgy
and any other phenomenon.

• Chemical environment monitoring: hideout return
studies, wet lay-up monitoring, deposit analysis.

• We have measured the downcomer flow in one
steam generator, and compared results with
model predictions.

• We have started a comprehensive monitoring pro-
gram of process parameters.
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CORRECTIVE/MODIFICATION ACTIONS
In the area of corrective actions we have started a
program of waterlancing all steam generators each
unit on a four year cycle. The timing for chemical
cleaning is being evaluated.

Modifications have been made to reduce the oxygen
levels in the condensate by relocating the conden-
sate make-up water connection.

Copper heat exchanger coils have been replaced by
all ferrous heat exchangers in the building heating
system. The building heating system is another
potential source of impurities capable of causing
steam generator problems.

We also purchased maintenance tools consisting of
a fully automated waterlancing system, welded tube
and tubesheet plugs and mechanical plugs and auto-
mated equipment for installing plugs. Mockups sim-
ulating the steam generator secondary and primary
side configurations have been purchased for training
purposes.

The following table puts our steam generator life
assurance actions into perspective.

RECENT EXPERIENCE
The Darlington Unit 4 steam generators were
inspected and cleaned in the 1995 spring outage.
Inspection results showed the boilers were relatively
clean and free of deposits (consistent with good
chemistry operation). Outage activities included visu-
al inspection and waterlancing of the tubesheets on
4 boilers. One boiler was subjected to a U-bend visu-
al inspection, bobbin probe eddy current inspection
on 445 tubes, specialized probe inspection on 25
tubes, primary and secondary side tube removals,
and welded and mechanical plugging of tube ends.
The activities of waterlancing, tube removals and
tube plugging, and use of some specialized inspec-
tion probes were first-time applications and field
demonstrations of recently developed capabilities.
The experience gained this year will permit refine-

Degradation Modes

Loss of Heat Transfer
Performance

Tube Pitting

Tube Stress Corrosion
Cracking/lntergranular
Attack

Tube /Support Fretting

Tube Fatigue

Divider Plate Problems

Deposits
- Tubesheet
- Lattice Bars
- U-bend
- Tube surfaces

Impurities /Contaminants

Preventive Methods

Good Chemistry Performance

Good Chemistry Performance

Good Chemistry Performance

Improved Design
FIV Analysis

As above

Good Chemistry Performance
- reduction of oxygen levels
- lay-up chemistry

Good Chemistry Performance
- hot soaks
- lay-up chemistry
- drain/flush
Material Control

Predictive Methods

Comprehensive
RIHT Monitoring Program
ID/OD Deposit measurements

Non Destructive Examination
- Eddy Current
- Chemical environment monttoring

- NDE , (bobbin and advanced probes)
- Metallography
- Chemical environment monitoring

NDE
- E/C and Visual

NDE
- Specialized E/C probes

Visual

CPT Monitoring
Downcomer flow UT measurements
Deposit build-up measurements

Chemical environment monitoring
On-line Monitoring
Daily review of results

Corrective/Modification
Methods

Chemical Cleaning
Divider Plate Repair

Tube Plugging

Tube Plugging

Tube Plugging

Tube Plugging

Repair

Water Lancing
Chemical Cleaning

Quick response to
problems: e.g.: Water
Treatment Plant,
Condenser leaks.
Modifications to
secondary side system,
Lead and copper
reduction programs
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ment of the procedures and tools to ensure their
availability for future planned (and unplanned) boiler
outage work.

The results of laboratory metallurgical assessment of
the tubes removed from Darlington Unit 4 this year
are interesting. For example, there is evidence of
tube surface rubbing at some tube supports. It is dif-
ficult to say whether this is a concern, as there is no
comparable data for tubes removed so early in a
steam generator's life (i.e. after approximately 1.5
years of service). Future outage plans will include
inspections focusing on this phenomenon.

SUMMARY AND CONCLUSIONS
We believe that we have a thoroughly reviewed
steam generator life assurance program. We have
the benefit of knowledge from older CANDU units,
and also the benefit from the knowledge of world-
wide experience.
The operation and maintenance of steam generators
must be controlled to a very narrow operating regime
in order to ensure that degradation is either mini-
mized or managed for" a power plant to be viable.

We recognize that a full and complete understanding
of the operating regime can not be guaranteed,
therefore it is necessary to ensure that we are con-
stantly expanding our knowledge horizon to under-
stand life limiting processes by analyzing and syn-
thesizing observations with theory, understanding
the synergistic effects, understanding limitations of
inspections and analysis, reviewing other's experi-
ence, continuously validating the strategy in order to
maintain the program

DARLINGTON STEAM GENERATOR
LIFE ASSURANCE
EPRI Steam Generator
Strategic Management Workshop
St. Louis, Missouri
May 10-12, 1995

E. Jelinski, Ontario Hydro
C. Maruska, Ontario Hydro

Purpose

1) To ensure that Darlington Steam Generators will
operate for the 40 year station life. To be achieved
by implementing a proactive maintenance program.

2) To avoid surprises!

This presentation will be divided into three parts:

I - What we have I

• Brief description of the design features of
Darlington steam generators

II - What can go wrong!

• List of the degradation mechanisms that could
affect Darlington steam generators

III - What we can do about it!

• Management actions

• Preventive actions

• Predictive and Monitoring actions

• Corrective and Modification actions

We will place emphasis in this talk on the success
achieved to date for each of these actions and how
this has influenced future actions.

Design features of Darlington steam generators

• Vertical inverted U-tube heat exchangers with
integral preheater (steam generators are large for
CANDU)

• 4 Steam Generators per unit (4 units on site)

• I-800 tubes, 5/8" OD, 4663 tubes per SG

• Hydraulically expanded tubeAubesheet joint

• 410 SS lattice bars tube supports

• 410 SS flat bars and arch bars in U-bend (this sup-
port is a new design for CANDU)

• All ferrous secondary side system

Degradation Mechanisms

• Loss of heat transfer performance (in CANDU this
results in an increase of the Reactor Inlet Header
(RIH) temperature)

• Tube pitting

• TubeSCC/IGA

• Tube/ support fretting

• Tube fatigue

• Primary divider plate integrity and leakage concerns

Degradation Mechanisms -
Main Contributing Factors

• Deposits on: tubes, tube supports, tubesheet

• Contaminants: lead, sulphur (specially reduced
species), chlorides

• Oxidizing species: oxygen, copper

• I-800 is specially vulnerable in highly caustic or
acidic crevice conditions

Management Actions

• Creation of group at Darlington to champion
steam generator equipment performance and
integrity

• Clear assignment of responsibilities

• Corporate/station culture change
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• Procedures, tools and personnel training devel-
oped ahead of time

• Feedback of results and evaluation of future
course of action

Preventive Actions: Reduction of Deposits
• High hydrazine chemistry (hydrazine/ammonia)

• Implementation of programs to reduce conden-
sate oxygen (long and short term and ongoing)

• Implementation of programs to rapidly search and
fix condenser leaks (even if impurity levels are
below specs.)

• Corrosion Product Transport (CPT) monitoring
(monitors are currently being commissioned in
Unit 2)

Preventive Actions: Control of Impurities
• Chemical Control - Lab results and operating con-

ditions reviewed daily

• Hot soaks

• Good lay-up chemistry

• Drain/flush-steam generator on start-up

• Hold point (30% power) on start-up to maximize
impurity removal

• Lead and copper reduction programs

• Ongoing improvement WTP performance

• Characterization of critical degradation mecha-
nisms and aggressive environments for DNGS I-
800 tubing

Predictive/Monitoring Actions
• Enhanced tube bundle inspection program: NDE

inspections, tube removals for metallurgical analy-

sis, comprehensive secondary side visual inspec-
tions, FIV bar gap measurements

• Chemical environment monitoring: hideout return
studies, wet lay-up monitoring, deposit analysis

• Steam generator deposit build-up measurements

• Downcomer flow UT measurements

• Comprehensive RIH temperature monitoring program

Corrective/Modification Actions

• Tubesheet waterlancing currently being planned
every four years

• Evaluation of chemical cleaning (timing and
method for RIHT concerns)

• Modifications of secondary side system to reduce
condensate oxygen levels (e.g. relocation of con-
densate make-up water connection, make-up
water deoxygenation)

• Conversion of secondary side HX (building heat-
ing) to ferrous to eliminate copper

Purchase of maintenance tools ~ $4 million

Darlington NGS Continuous Improvement
Program
Expand knowledge horizon to understand life limiting
processes

• Analyze and synthesize observations with theory

• Understand synergistic effects

• Understand limitations of NDE and Metallurgical
analysis

• Review other's experience

• Continuously validate strategy

• Continuously improve the program
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Summary of Life Assurance Actions

Degradation Modes

Loss of Heat Transfer
Performance

Tube Pitting

Tube Stress Corrosion
Cracking/lntergranular
Attack

Tube /Support Fretting

Tube Fatigue

Divider Plate Problems-

Preventive Methods

Good Chemistry Performance

Good Chemistry Performance

Good Chemistry Performance

Improved Design
FIV Analysis

As above

Predictive Methods

Comprehensive
RIHT Monitoring Program
ID/OD Deposrt measurements

Non Destructive Examination
(NDE)
- Eddy Current (E/C)
- Advanced Ultrasonic
Chemical environment monitoring

NDE
- E/C (bobbin and advanced probes)
- Metallography
Chemical environment monitoring

NDE
- E/C and Visual

NDE
- Specialized E/C probes

Visual

Corrective /Modification
Methods

Chemical Cleaning
Divider Plate Repair

Tube Plugging

Tube Plugging

Tube Plugging

Tube Plugging

Repair

Summary of Life Assurance Actions

Contributing Factors

Deposits
- Tubesheet
- Lattice Bars
- U-bend
- Tube surfaces

Impurities /Contaminants

Preventive Methods

Good Chemistry Performance
- reduction of oxygen levels
- lay-up chemistry

Good Chemistry Performance
- hot soaks
- lay-up chemistry
- drain/flush
Material Control

Predictive Methods

CPT Monitoring
Downcomer flow UT measurements
Deposit build-up measurements

Chemical environment monitoring
On-line Monitoring
Daily review of results

Corrective/Modification
Methods

Water Lancing
Chemical Cleaning

Quick response and
fixing of problems e.g.:
- Condenser leaks
-WTP
Modifications to
secondary side system
Lead and copper
reduction programs
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CORROSION-PRODUCT INVENTORY:
THE BRUCE-B SECONDARY SYSTEM

J.A. Sawicki, AECL
Chalk River Laboratories
Chalk River, Ont. KOJ 1J0

J. Price
Ontario Hydro, Bruce-B Nuclear Generating Station

Tiverton, Ont. NOG 2T0

M.E. Brett
Ontario Hydro, Nuclear Technology Services

Toronto, Ont. M5G 1X6

CA9800476

1. INTRODUCTION AND BACKGROUND
Corrosion inspection and corrosion-product charac-
terization in water and steam systems are important
for component and systems maintenance in nuclear
power stations [1,2]. Corrosion products are pro-
duced, released and redeposited at various sites in
the secondary system. Depending on the alloys used
in the condenser and feedwater heaters, paniculate
iron oxides and hydroxides can account for about 95-
99% of the total corrosion-product transport. Where
brass or cupro-nickel alloys are present, copper and
zinc contribute significantly to the total transport and
deposition. Particulates are transported by the feed-
water to the steam generators, where they accumu-
late and can cause a variety of problems, such as
loss of heat-transfer capability through deposition on
boiler tubes, blockage of flow through boiler-tube
support plates, and accelerated corrosion in crevices,
either in deep sludge piles or at blocked tube sup-
ports. The influx of oxidized corrosion products may
have a particularly adverse effect on the redox envi-
ronment of steam generator tubing, thereby increas-
ing the probability of localized corrosion and other
degradation mechanisms.

Intergranular attack and intergranular stress-corro-
sion cracking have adversely affected many pressur-
ized-water reactors that have recirculating steam
generators. One way of reducing susceptibility to
intergranular attack may be to minimize the introduc-
tion of oxidizing agents such as ferric (Fe3+) oxides,
especially hematite (a-Fe2O3) and lepidocrocite (g-
FeOOH). On the other hand, the presence of mag-
netite (Fe3O4) is believed to be beneficial and neutral
with respect to changing redox conditions [3].

A number of corrosion-product-transport surveys of

the secondary systems of Ontario Hydro (OH)
nuclear power plants have been performed since the
early 1990's. Paniculate corrosion products are fil-
tered with 0.45 mm paniculate Millipore filters, and
examined using chemical analysis and Mossbauer
spectroscopy [4-7]. Regular evaluation of the compo-
sition of filtered corrosion products helps us under-
stand the kinetics of redox reactions and sludge con-
solidation processes. The elemental and phase com-
position of these specimens provides a valuable
insight into the chemistry of the water systems,
allowing for better chemistry specifications, minimal-
ization of crud transport, lowering the sludge and
fouling, as well as proactive outage management.

The redox conditions of corrosion products and the
lowering of iron transport in general are of consider-
able interest to nuclear utilities worldwide. An
Electric Power Research Institute (EPRI) meeting
was held in early November 1995 to exchange infor-
mation on the measurement of the redox state of
iron compounds in nuclear plants (especially at ele-
vated hydrazine levels) and their relationship with
direct measurement of feedwater ECP [6,7]. Since
many stations would like to reduce their iron trans-
port and hydrazine concentrations (for economic and
other reasons), a position paper will be developed
based on the EPRI meeting, for review by the EPRI
Water Chemistry Guidelines Committee. This will
assist in revising the EPRI Secondary Water
Chemistry Guidelines in 1996.

To assist these efforts, we have performed an exten-
sive survey of the corrosion-product transport in
Bruce-B, Unit-7, in conjunction with prolonged ECP
measurements of feedwater; the results have been
described in refs. [6,7]. Also, a correlation between
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blowdown magnetite and the feedwater hydrazine/
condensate oxygen ratio has recently been suggest-
ed [8], although the extensive data from Bruce-B does
not appear to follow exactly this trend, possibly due to
secondary-system and steam-generator blowdown
design differences. In this paper, we describe a com-
plementary survey of general corrosion deposits in
Bruce-B, Units 5-8, which helps to identify the origin,
evolution and inventory of corrosion products along
the secondary system of CANDU reactors.

2. THE SAMPLES AND ANALYTICAL
TECHNIQUES

During recent outages of Bruce-B Unit-5 (September
1994), Unit-6 (May 1995), Unit-7 (May 199) and Unit-
8 (September 1995) various locations along the sec-
ondary system were inspected for visual signs of cor-
rosion, and about 80 specimens were taken by man-
ual scraping or abrasion (sanding), for laboratory
analyses. The time of sampling during the outage
varied, as did the conditions the samples experi-
enced during the outage. For all samples taken dur-
ing the outage, the feedtrain had been drained but
not completely dried. Some locations were still wet
when they were opened, while others had been
dried fairly rapidly by residual heat or dry lay-up. The
data from Unit-8 are especially valuable, since they
represent the status of the secondary system after
operating for 697 consecutive days, with a capacity
factor that averaged about 85% over the course of
the run.

Figure 1 shows a schematic of the secondary system
at Bruce-B. The sampling locations are indicated. The
forthcoming COG report will provide detailed descrip-
tion of all specimens, together with typical tempera-
tures, hydrazine and dissolved oxygen concentrations
during steady-state operation.The sample locations of
special interest were: 1) the sides of the condensers
above and below the water line, on areas of fresh cor-
rosion; 2) suction piping and discharge piping
between the condensate pump and first heater; 3)
the low-pressure heater (HX3) tube side; 4) the side
of the deaerator storage tank, relief valve line, and
feed-pump recirculation line; 5) the feed-pump dis-
charge before the high-pressure heater; 6) between
the high-pressure heater and the preheater; 7) the
shutdown cooling loop between the preheater and
boiler; 8) the high-pressure heater shell-side drains
between the pump and deaerator; 9) the steam dis-
charge to condenser; and 10) the high-pressure tur-
bine exhaust line before the moisture separators.

The specimens were examined using a nuclear
gamma resonance (Mossbauer) technique. All spec-

tra were taken in transmission geometry using
Mossbauer spectrometers at Chalk River
Laboratories. The 14.4 keV g-rays from a 30 mCi
^CoRh source were detected using Kr-CO2 propor-
tional counter. The specimens usually contained
between 100 and 200 mg of corrosion products, but
the technique also allowed us to analyze samples
that had an iron content as low as 0.5-1 mg/crrr, as
described in ref. [5]. All spectra were analyzed for the
presence of various iron-bearing phases using least-
squares minimalization procedures.

X-ray diffractograms were obtained with graphite-
monochromated Cu Ka X-rays. Since the samples
were often too thin for X-ray diffraction (XRD) analy-
sis, only those specimens that had a comparatively
high loading (~5 mg/cm2) gave XRD patterns
amenable to interpretation. In some instances,
Mossbauer spectroscopy was able to identify iron-
bearing phases that appeared amorphous or invisible
to XRD.

3 . RESULTS AND DISCUSSION
The Mossbauer spectra showed the presence of
magnetite (Fe3O4), hematite (a-Fe2O3), maghemite
(g-Fe2O3), goethite (g-FeOOH), lepidocrocite (g-
FeOOH), wustite (Fe-|.xO), and metallic iron or car-
bon steel (a-Fe). The fraction of Fe (in wt.%) in the
various iron-containing phases could be determined
to within ±1-5%. The accuracy of the analysis was
checked and confirmed using reference specimens
that had known compositions. The stability of the
small particle-size deposits with respect to oxidation
and crystallization was examined by remeasuring
Mossbauer and XRD spectra of several specimens
after approximately six months' storage in air. There
were no significant differences between the spectra
of freshly sampled and aged specimens. The full list-
ing of the experimental data will be presented in a
COG report.

The following observations can be made from the
preliminary inspection of the data:

1) Magnetite was observed at any temperature, as
well as oxygen and hydrazine concentrations.
Especially large percentages of magnetite (up to
100% of total Fe) were found on the components
exposed to steam and high temperatures. A strong
relationship between Fe3O4 and the steam/water
ratio can be related to much higher hydrogen con-
centration in steam than in water. The best examples
of this are in the condenser. The black samples come
from areas where steam is in contact with the metal
(above the water line, the top of tubes, the sides of
condenser). Where water is in contact, the percent-
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age of magnetite is much lower. Similar features
were observed in the condensate steam discharge
valve deposit (#38), in the line that allows steam to
flow from the boilers directly back to the condensers.
The distribution of red and black deposits from 4182-
TK1 (#31,32) was not as abrupt as in the condenser.
This tank is partially full and possibly boiling during
operation. In general, the red (hematite) deposits are
on the bottom (liquid) portion of the tank, and the
black (magnetite) deposits are on the upper (steam)
portion of the tank. During normal operation, this
equipment should be dry and warm (not hot, since it
is at the condenser end of the line); obviously, when
steam is flowing through the system, it would be hot
and chemically treated.

2) Although ematite was observed at any tempera-
ture and oxygen conditions, particularly large fractions
(-80% of total Fe) were found in specimens from the
deareator storage tank (#24) and in ajacent down-
stream waives (#25 and 26) (up to 100% of total Fe).
The reason for so high an oxidation state is not clear,
and more samples will be studied from this area.
Because the low-temperature hematite forms within
ferrihydrite particles via a dehydration/ rearrangement
mechanism [9], its presence in condensers indicates
a high rate of iron oxidation.

3) Maghemite accounted for up to 50% of the Fe in
some specimens, but it was only observed in speci-
mens that had been exposed to temperatures less
than 40°C. This suggests that the maghemite was a
product of the dehydroxylation of lepidocrocite [91.

4) Goethite was measured in quantities of up to 60%
of total Fe, mostly in specimens exposed to temper-
atures lower than about 100°C, and dissolved oxygen
concentrations lower than 1 ppb. Its absence on high-
temperature components suggests that it dehydrated
to hematite.

5) Lepidocrocite was seen also in low-temperature
parts of the feedtrain; it was almost entirely absent
from corrosion products exposed to temperatures
higher than about 150°C, presumably because of
dehydroxylation and thermal transformation to
hematite [9]. A particularly large fraction of lepi-
docrocite (-70% of total Fe) was found in specimen
#1 on the wet carbon steel plate in the condenser,
where it apparently grew during the outage.

6) Wiistite was found only in two specimens, at the
level of - 5 % of total Fe.

7) Metallic iron, which was observed in four cases, at
a level from 2 to 8% of total Fe, could be ascribed to
the base carbon steel removed from the components
during sampling.

4. COMPARISON WITH CORROSION
PRODUCT TRANSPORT (CPT) STUDIES

It is interesting to compare the present data with the
results of the recent corrosion-product transport
study at Bruce-B Unit-7, performed between 1995
January and August [61, in parallel with feedwater
ECP monitoring [7]. All measurements of filters at
steady-state operation indicated very low crud trans-
port, and only small changes in the composition, with
varying condensate (CEP) oxygen and feedwater
(FW) hydrazine levels. Filters taken during start-ups
showed crud transport up to 200 times higher than
the steady-state filters. The data showed clearly that
the majority of transportable corrosion products orig-
inate from the condenser, and that, in the steady
state, they are transported continually, with only min-
imal modification of phase composition, to the steam
generator. During all steady-state tests covering the
FW hydrazine/CEP oxygen ratio in the range 3-30, the
feedwater ECP measured with a carbon steel elec-
trode showed only small variations of the order of 10-
20 mV around a mean value of -570 mV vs. standard
hydrogen electrode (SHE).

During the CPT study, the CEP filters indicated mag-
netite (30-45% of total Fe), hematite (-20% of total
Fe), poorly ordered goethite (30-40% of total Fe), lep-
idocrocite (-10% of total Fe) and some metallic iron
(-5-10% of total Fe). These values are consistent
with the data for low-temperature deposits present-
ed above.

The final feedwater contained magnetite (30-40% of
total Fe), hematite (30-40% of total Fe), poorly
ordered goethite (20-30% of total Fe) and lepi-
docrocite (5-10% of total Fe). The observed by us
FW hematite levels did not decrease with elevated
hydrazine above 300 ppb, and are much higher than
those observed in Japanese PWR's (-5-10% of total
Fe) [3J.The larger hematite fraction in the feedwater
compared to the CEP can be attributed to partial
goethite- and lepidocrocite-to-hematite transforma-
tion. Note that goethite was not seen on compo-
nents exposed to hot feedwater.

In the blowdown filters, the goethite totally disap-
peared, and magnetite became a major phase (55-
80% of total Fe), with lower hematite (20-35% of
total Fe) and lepidocrocite (5-10% of total Fe) frac-
tions. Further, blowdown (BD) magnetite increased
with FW hydrazine/CEP oxygen ratio much more
slowly than was expected based on an EPRI/
AECL/OH survey [8] of various PWR and CANDU sta-
tions running elevated hydrazine levels. This result
suggests only a slow conversion of corrosion-product
phases with changes in chemistry parameters. The
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absence of maghemite and goethite in the steam
generators is consistent with the phase composition
of the high-temperature deposits discussed above.

5. CONCLUSIONS
This work has contributed towards establishing an
inventory of corrosion products in the secondary sys-
tem of a CANDU reactor. A variety of corrosion prod-
ucts were identified including magnetite, hematite,
maghemite, goethite, lepidocrocite and wustite. Very
high percentages of magnetite were observed on
components exposed to steam, whereas large
amounts of hematite were found in the deareators
and on associated piping. Maghemite appeared to be
stable only at temperatures below 3O40°C. Low-
temperature phases, such as goethite and lepi-
docrocite were largely absent from components
exposed to temperatures higher than 100-150°C
(i.e., in feedwater and steam generators).

Comparison with results from a corrosion-product
transport study, helped to identify the probable main
sources of corrosion products that contribute to the
total steam-generator sludge inventory.
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Figure 1: The schematics of the secondary side water system; the examined deposit locations (##1 to 45) and water sampling posi-
tions (CEP, FW and BD) are indicated.

Table 1: Corrosion products survey in secondary water side of Bruce-B nuclear power station.
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APPENDIX

Description of samples.

1) Sample taken from a carbon steel plate inside the
condenser. The deposition pattern (circular) lead us to
believe that water had been sitting on the plate dur-
ing the outage. The underlying deposit was very thin
and did not cover the surface continuously. Other
areas where water had been sitting also showed evi-
dence of this type of corrosion. This was most appar-
ent in drains headers that still contained liquid and on
the floor of the condenser. Some significant patches
on the condenser walls had no deposit and appear
quite bright. Most of these bright areas show evi-
dence of recent corrosion (bright orange). The
amount of bright area varies between units, as does
the proportion showing recent corrosion.

2) Taken below the tube bundle but above the water
line, at the cooling water inlet end. The deposit at the
cold end tended to be thicker and more orange than
the deposit at the outlet end.

3) Taken below the water line, at the cooling water
inlet end, but not on the floor. There was no evidence
of corrosion during the outage but it is not impossi-
ble since the humidity was high in the condensers
for some time after the shut-down.

4) Taken at the south end but on the west wall,
below water line

5) Taken at south end on support beam. There were
several "blisters" on the metal that look like the cor-
rosion blisters seen in unprotected piping.

6) Taken from condenser, no extra information, may
be from the floor.

7) Taken above water line in area with red deposit.
The red deposit is concentrated mainly underneath
the tube bundle, bottom of troughs, patches up the
walls of the condenser, at some drain discharges.
The amount of red deposit varies greatly from unit to
unit but less with the unit. Deposit was very adher-
ent and slightly rough. The deposit appears to have
formed where water is in contact with the carbon
steel (especially at bottom of collection trough). The
condenser tubes also tend to be covered by a par-
tially loose red or orange deposit at the bottom and a
more adherent black coating further up. This sample
was taken from the west wall of the condenser, half
way back.

8) Taken from a piece of structural support under
the the tube bundle, half-way back. Deposit was red
in color.

9) Taken from an area covered with black deposit.
The black deposit is much thinner and more adher-
ent. The black deposit has a coverage of approxi-
mately 0.6g/100 cm2, the orange deposit is 3g/100
cm^. In units 5&6 the ratio the area covered by red
versus black deposit was 1:3 with <5% of the area
covered by shiny material. In unit 8 the ratio of red to
black was closer to 1:5 with 30% of the surface
being covered by shiny deposit. The shiny deposit in
unit 8 mostly showed evidence of corrosion, since
the shutdown, in the form of very nonadherent
"bubbles" of corrosion products.

10) Taken from the outside of a return header mid-
way back along the west wall.

11) Taken from a drain line used for flushing the con-
densate extraction pump strainer. The line is under
vacuum at normal operation conditions but has no
flow. The line is 0.5 m long and covered by a flange.

12) Taken from the suction piping of the condensate
extraction pump. The pump was taken out of service
and the pipework taken apart to do maintenance on
a victaulic coupling.

13) Same as 12, duplicate sample.

14) Victaulic coupling consists of a rubber band that
spans the gap between two sections of piping.
Deposits collected on the victaulic coupling between
the two sections of piping. When the piping was
taken apart the unit was about 10 years old, there is
no record of previous maintenance being done on
this coupling.

15) Sample taken from the internals of a valve on the
discharge side of the condensate pumps. There was
water sitting in the valve and evidence of recent cor-
rosion (orange deposit). The sample was taken from
the dry part of the valve body. The deposit was fairly
rough and irregular.

16) This sample was taken from the valve disk. The
reason for sampling the disk was to attempt to deter-
mine if there was a difference between deposits
forming in place and deposits going past. The deposit
was not very adherent and could be removed by
brisk brushing.

17) From the internals of a valve further along the
feedtrain than 15&16 but before the drains coolers.
Deposit was more smooth and regular than in 15.

18) From a check valve on the steam drains return,
between HX1 and HXO. Taken from the lid of the check
valve. This location may not have been completely full
during operation. Deposit was rough and irregular.
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19) From the internals of 18, deposit more smooth
and uniform.

20) From the shell of the last low pressure heater on
the tube side. The manway had been opened to
allow dry lay-up to be established. There was no evi-
dence of loose deposit. The deposit was adherent
and smooth.

21) From the piping leading to a deaerator relief
valve. The piping comes out of the top of the deaer-
ator and can be assumed to see only steam during
operation. There would normally be no flow in this
line, the sample was taken about 1m above the
deaerator.

22) From the unit 5 deaerator storage tank. This sam-
ple was removed from the internals using a wire
brush. The sample comes from several locations with-
in the storage tank including the bottom of the tank.

23) Form the deaerator storage tank. This was loose
deposit sitting on the floor of the storage tank. Most
of the deposit is found on the back side of the sup-
port ribs. Between 4 and 5 kG of deposits were
removed from units 6&8 during the last outage.

24) From the side of the deaerator storage tank,
most likely below the normal operation water line.

25) From the internals of the check valve between the
boiler feed pumps and the high pressure heater. The
deposit was smooth and uniform, not very thick. There
was still water in the check valve when the sample
was taken but there was no evidence of corrosion.

26) From the body of a valve on the recirculation line
from the boiler feed pumps back to the deaerator.
There is likely to be some flow during these lines dur-
ing operation.

27) From the disk of an isolation valve in the reheater
drains pump pit. The valve gets it feed from the dis-
charge of the steam side of the high pressure heater.
Most of this stream originates as extraction steam or
from the moisture separator and first stage drains
tanks.

28) From the body of the valve in 27.

29) From the body of one of the boiler level control
valves. These valves are between the high pressure
heaters and the preheaters.

30) From the high pressure steam line before it
enters the high pressure turbine.

31) From a moisture separator drains tank. Although
there was no definite water line, the deposits in the
tank could be generally divided into red at the bottom

and black at the top. This sample was taken from an
area where red was the predominant color.

32) Taken from the same tank as 31 but from a black
dominated area.

33) Taken from a different moisture separator drains
tanks than 31&32. The tank was not illuminated so
the color of the deposit was not known.

34) From the preheater blowdown piping, with the
blowdown valve removed. This piping would not be
expected to see flow during normal operation.

35 and 36) With a feedwater RV removed a sample
was taken from the piping underneath. The inside of
the piping could not be seen. The sample was
removed in water which was subsequently dried-off.

37) From the internals of the valve separating the
shutdown cooling loop from the feedwater system.
The valve is at the feedwater piping and would
expected to be hot and full of water but have no flow
during normal operation.

38) From the internals of a condenser steam dis-
charge valve. This valve is located near the con-
denser but is open to main steam during operation.
The valve internals may be wet during operation but
not under water.

39)- JAS archive

40)- JAS archives

41) HX3B (last low pressure heater) shell side RV
(4312-RV12). From inside HX. Tubes have little
deposit, look metallic nut not shiny.

42) HX3B (4312-RV12)on the DV discharge pipe.
Normally sees air, only sses steam if RV lifts.

43) Deareator - where steam enters at ends the HX
is black.

44) Deareator - inside where the HX is wet the depo-
sait is red.

45) Deareator storage tank - from sides of tank below
operating water level.

46,47,48) Boiler feed pump discharge check valves
(4323-NV8, NV9, NV10).

49) Boiler feed pump receive line to deareator -
before flow control valve - should see only water
(4323-V76).

50,51) BFP recive line to DA - after FCV's may see
steam and water mix (4323 - V80, V78).

52,53) HX5, tube side, inlet one from each HX.

54) Boiler level control valve (4323-LCV9) between
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HX5 and preheater. Normally no or low flow, deposit
much heavier than other valves, some purple oxide in
lines before LCV9, other LCV's are all black. LCV9
oxide is patchy - has a stringy pattern with stripes of
oxide running vertically down the valve body.

55) Boiler trim valves (4323 -MV61).

56) Main steam isolation valve (4323-MV65), sanded
off valve body.

57) Main steam isolation valve (4323-MV65), deposit
lying loose in valve body.

58) 1st stage reheat drains tank vent line to extraction
steam (4185-MV48). Other 1st stage valves also
looked black, little deposit.

59) 2nd stage reheat drains tank vent line to extrac-
tion steam (4185-MV242). Other 2nd stage valves
more purple than 1st stage, some white deposit.

60, 61) 2nd stage reheat (4185-NV150, NV153) at
reheat drains pumps. After pump, should see only
water.

62) Poison prevent valve (36110-PCV1) normally
closed but on start-up allowa main steam to
deareator to warm it up. These valves often pass so
it would see the equivalent of main steam.

63) Boiler feed pump glan supply (45310-V6). From
condensate pumps before 1st low pressure heater.
Valve was wet and deposit would not sand off.

64) Unused piece of sandpaper used to collect 63.

65) Auxilliary CEP isolation valve, suction side
(43210-V198) normally no flow.

66) Boiler level control isolation MV - very heavy
deposits. Some indication of a water line, strings of
deposit. Deposit very rough - large chunks.

67) CD2 floor - some recent loose orange deposit
and an underlying rough, nodular material. Removed
by scraping.

68) CD1 red deposit - above. Forms in areas with no
steam contact )under tube bundle etc., especially at
cold end (CCW inlet end). Less in U8 than in other
units.

69) CD1. Orange on shiny. Large areas of the con-
denser walls in unit 8 have no deposit and appear
shiny. Most of this area has an orange corrosion film,
it is very loose and apparently is formed during the
shutdown.

70) High pressure recirculating service water (lake
water) with no chemical treatment.

71) HXO inlet - Inlet side of HXO - from condensate
pumps. No loose material evident.

72) Boiler feed pump 2 discharge piping - section
removed right at pump (vertical section). Iron metal
likely due to cutting of pipe for removal.

73) HX5 discharge piping. Apoximately 30 m from
HX5, vertical section. Iron metal likely due to removal
(hot cutting) of pipe.

74) Deaerator loose material. From floor of deareator,
had been wet. Some paint flake, contamination from
vacuum used for removal. Debris were removed into
bag and point flakes stuck to bag when it was
removed from vacuum.

75) Condenser floor deposits - isolated mounds of
material at north end of condenser. Appear to have
been flow deposited.

76) Loose deposit from outside of cyclone separators
in the boilers.

6 0



CANDU MAINTENANCE CONFERENCE 1995

PORTABLE RADIATION INSTRUMENTATION
TRACEABILITY OF STANDARDS & MEASUREMENTS

Al Wiseman
Senior Control Technician

and

Michael Walke
Health Physicist
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Ontario Hydro

CA9800477

ABSTRACT
Portable radiation measuring instruments are used to
estimate and control doses for workers. Calibration of
these instruments must be sufficiently accurate to
ensure that administrative and legal dose limits are
not likely to be exceeded due to measurement uncer-
tainties. An instrument calibration and management
program is established which permits measurements
made with an instrument to be traced to a national
standard. This paper describes the establishment and
maintenance of calibration standards for gamma sur-
vey instruments and an instrument management pro-
gram which achieves traceability of measurement for
uniquely identified field instruments.

INTRODUCTION
The authors of this paper are employees of Ontario
Hydro at the Bruce B Nuclear Generating Station,
working with the Portable Radiation Instrument
group. This group is responsible for the maintenance
and calibration of all 2700 portable radiation instru-
ments and sources at the Bruce Nuclear Power
Development facilities in Tiverton as well as Ontario
Hydro Technologies in Toronto. Calibration and main-
tenance facilities are located at the NWESD central
facility, at Bruce A and at Bruce B. With the availabil-
ity of these calibration facilities, virtually any portable
radiation instrument can be calibrated on the Bruce
site.

DISCUSSION
In order to control occupational doses below admin-
istrative and legal limits, hazard level measurements
must be performed with known, acceptable accura-
cy. This means that the methods and equipment
employed in the calibration process for the survey
instruments must be accurate, i.e. their accuracy

must be traceable. The purpose of a portable radia-
tion instrument management program is to establish
a process that ensures instruments are properly con-
trolled and calibrated.

Traceability is the ability to relate the accuracy of
measurements to appropriate standards through an
unbroken chain of comparisons. The AECB with
Regulatory Guide R-117 has stated that the calibra-
tion equipment must be implicitly traceable i.e. as a
minimum to national standards and the calibration
process (for gamma survey meters) must be
approved by the AECB. Ontario Hydro recognized the
needs for and benefits of having a radiation protec-
tion instrument program with demonstrated accura-
cy and reliability and has gone further than the AECB
requirements with the issuance of Technical Report
NOB-03420-002. This report deals with the calibra-
tion and standards for all portable radiation instru-
mentation used by OH Nuclear.

Most industry standards suggest the use of a free air
calibration facility but some recognize the usefulness of
calibration boxes for production style calibration of field
instruments. All stipulate the traceability of the field
instrument calibration through to a national standard.

The first stage in the process (see Figure 1) is to
transfer standard from an appropriate national stan-
dard via a high quality, stable instrument to a local
secondary or laboratory standard. Our Central Health
Physics Department provides us with calibration for
our Cs-137 track calibrator at Bruce B using a trans-
fer standard calibrated against a national standard in
Ottawa.

The national standard is Co-60 and our track source
is Cs-137. A conversion factor has been established
for the transfer standard using NIST Co-60 and Cs-
137 sources. The track is calibrated using the con-
version factors following calibration of the transfer
standard in Ottawa.
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The track itself approximates free air exposure con-
ditions although there is some departure due to scat-
ter close to the source. This source is decay correct-
ed on a regular basis since it is used at least month-
ly for calibrations of various instruments.

The bulk of our gamma survey instruments are not
calibrated on this track but rather in a cabinet calibra-
tor at the maintenance shop, remote from the track.
Reference fields are established in the cabinet for
each type of survey meter using instruments of each
type calibrated on the track. The cabinet is then used
to calibrate the field instruments since it is conve-
nient and efficient to do this for large numbers of
instruments. It is expected that the AECB will
approve this alternate practice since the relationship
to the national standard, although indirect, is reliably
established.

The traceability of individual field instruments must
be established as well. This is accomplished by hav-
ing in place an instrument management system
whereby the instruments can be identified and
retrieved as necessary for the required calibrations.
At the BNPD this is "accomplished with Radiation
Control and Control Maintenance working together
to ensure a reliable system exists.

An electronic information management system
(BIMS) is used for much of the tracking necessary,
providing an equipment database, identification sys-
tem, calibration management, and history files (see
figure 2).

Each of the instruments is assigned a unique equip-
ment code which is entered into the equipment data-
base of BIMS. In this database is specific information
pertaining to this instrument such as facility owner,
serial number, etc. The equipment code employs the
standard Ontario Hydro USI or SCI identification sys-
tem. An example of this is
CM67877BA-GM01-0001

where CM is Central Maintenance, 67877 is the USI
assigned to portable radiation instrumentation, BA
designates that this instrument is owned by Bruce A,
GM01 designates gamma meter type Scintrex
model 189A and 0001 tells us that it is gamma meter
number 1 of this type. This identification is placed on
the instrument with a alpha/numeric and bar coded
label for use by Radiation Control for retrieval and
Control Maintenance for tracking, calibration sched-
uling and history files.

Included in BIMS is a callup database with a callup for
each instrument. Information in the callup includes
last completion and next due dates, calibration fre-
quency, calibration procedure reference number, and

any special considerations. From the callup database
a calibration schedule is produced which is forward-
ed to each facility's Radiation Control unit so that they
may begin the retrieval process from the field units.
The instrument is transported to the Control
Maintenance unit and the calibration process begins.

A calibration certificate is started and all measure-
ments and data are recorded on it. The pre-calibration
radiological measurements stated in the calibration
procedure are performed using a traceable source of
the appropriate isotope. The instrument then has the
required functional and operational checks (high volt-
age, alarms, etc.) done and any necessary servicing
or repairs are carried out. Once satisfied that the
instrument is in good working order, the instrument
is again exposed to the source and the necessary cal-
ibration adjustments are made. The final step is to
conduct post calibration radiological measurements
on every scale to ensure that the entire instrument
range falls within acceptable tolerance. When the
instrument has successfully passed calibration, a
new calibration sticker is affixed. The calibration cer-
tificate is issued with all measurements recorded
and errors calculated and any repairs and adjust-
ments noted. This hard copy calibration certificate is
stored in the Records department under the instru-
ment's equipment code. In addition to the calibration
certificate, an electronic report is required to be filed
and kept in BIMS referenced to the instrument's
callup and equipment code. The information written
into this report will include the work done, that the
calibration was successful or failed, and any unusual
conditions. When the calibration process is com-
plete, the instrument is then returned to the
Radiation Control unit for issue to the field staff.

Once instruments are calibrated and returned to the
field, there is still a requirement for checking to see
that the instrument is functioning correctly prior to
each use. For this reason, check sources are placed
in the field, generally at the point of instrument issue.
These sources are calibrated annually using calibrat-
ed instruments. Instruments failing the constancy
check are removed from service and repaired and
recalibrated.

Since the calibration for each instrument is traceable
to a national standard and since each is constancy
checked against a stable source whose calibration is
also traceable to the same national standard prior to
each use, each measurement made with the instru-
ment is bracketed by confirmation of its calibration.
Confidence in the accuracy of field instruments is
thus assured.
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FIGURE 1

Traceability of Calibration

LEVEL

National Standard

•NRCCo-60

•NISTCs-137, Co-60

Transfer Standard

•OHN-HPDIonex

3 chambers (0.6cc,

35cc and 600cc)

Laboratory Standard

•Shepherd Model 81

Cs-137(0.1 Ci, 10 Ci

and 1000 Ci)

Calibrated Instruments

• 1 of each model against

Laboratory Standard

Reference Radiation Fields
•Cabinet Calibrator

Cs-137(130Ciand5mCi)

Field Instruments and

Sources

•Various models, including
Constancy Checkers

FREQUENCY

• 1 to 2 years

•Calibrate using transfer standard

• Periodic constancy check using

BNPD lonex

• Decay correct quarterly

• Annual following decay correction

• Establish reference fields annually with
calibrated instrument of each model

• Calibrate against reference fields

annually. Calibration recorded on sticker,

calibration certificate and in BIMS
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FIGURE 2

Field Instrument Management and Calibration
BNPD

BNPD Information Management System

Reports

Work Management System
• equipment code

completion date
work report

due date
callup
instrument
list

Scheduling & Planning

Station/Facility Control

Field Control of Instruments
•retrieval and distribution

by Radiation Control

Portable Instrument Shop and Cal Facility •

Calibration Process
• pre-calibration checks
• calibration
• post-calibration checks

repair/
maintenance

Documentation
• calibration certificate

• measurements & errors
• completion date
• abnormal/unique

information
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ABSTRACT
This paper outlines the role of a Certified Calibration
Laboratory in- ensuring that the requirements of
Measuring and Test Equipment calibration, identifica-
tion, and traceability are met and documented.

The Nuclear environment is one which is subject to
influences from numerous "quality agents". One of
the fields which comes under the scrutiny of the
quality agents is that of equipment calibration and
repair (both field components and M&TE).

There is a responsibility to produce a superior prod-
uct for the Ontario Consumer. The maintenance and
calibration of Station Systems and their components
have a direct impact on this output.
The Measuring and Test Equipment element in each
of these needs can be addressed by having a defined
group of Maintenance Staff to execute a Measuring
and Test Equipment Program which meets specific
parameters.

INTRODUCTION
Nuclear Generating Stations are required to produce
electrical power safely, reliably, and economically.
Station systems are a key element in the delivery
system for this output. To ensure that these station
systems are operating to the design expectation, and
is, therefore, meeting the requirement, each station
must have reliable, in-specification, traceable
Measuring and Test Equipment available for
Maintenance Staff which meets their technical
requirements for the calibration and/or repair of sys-
tem components.

Inherent in the need for reliability and traceability, is
the necessity to have all calibration information doc-
umented, and the associated records safely stored.
The storage method must facilitate third party audit
requirements.

THE QUALITY APPROACH
Maintenance work in a Nuclear Generating Station
falls under the influence of a number of regulatory
/licensing/accrediting bodies who have compiled a
diverse body of information relative to recommend-
ed approaches for effecting quality maintenance
techniques.

The principle quality agents with whom we interact
in the area of Measuring and Test Equipment are:

• Our direct customers (i.e., the Maintenance
Staff);

• The Atomic Energy Control Board

• The Canadian Standards Association;

• Institute of Nuclear Power Operations/World
Association of Nuclear Operations/PEER;

• The Standards Council of Canada

• The National Research Council;

• International Organization for Standardization;

• Manufacturers ; and,

• Internal quality assessment departments.

In reviewing the available articles and policy docu-
ments written individually by members of this group,
we can arrive at a core list of requirements which a
valid M&TE Program should meet.
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THE PROGRAM
• should be predicated on system accuracy.
• should have a documented system for the selec-

tion, use and calibration of M&TE.
• equipment documentation requirements must be

specified.
• will require the application of approved written cal-

ibration procedures which were developed on the
basis of technical data.

• will employ trained personnel with demonstrated
capability in the required fields. The emphasis will
be on a specialist approach.

• inventory of M&TE will be reflective of current
industry standards.

• test equipment calibrations will be carried out in
an environment which contributes to measure-
ment confidence.

• will be inclusive of a preventive maintenance ele-
ment which features an electronic callup system.

• will ensure that deviations from standard practice
are documented.

• will confirm Stationaccountability for Program ele-
ments executed by contractors.

• all calibrations must be traceable to National
Standards (See Figure 1 for example of traceability)

RECOMMENDED STATION RESPONSE
We assert that the stated goal in our Introduction
can best be attained by establishing a Station
Measuring and Test Equipment Program for the cali-
bration and repair of M&TE, and by further assigning
accountability for the Program to an Accredited
Calibration Laboratory.

The Figure 2 shows the role of the Standards
Calibration Laboratory with relation to regulatory bod-
ies, auditing department and the customer.

The Program will have ten (10) elements:

1. Technical support will have overall responsibility
for the technical operation

2. Quality Manual/Work Program Procedure
should describe all aspects of the calibration program
against which it should be audited on regular basis. It
should contain following:

2.1 Governing policy./ Quality policy statement
2.2 Scope of calibrations/tests.
2.3 Job descriptions.
2.4 Procedure description including procedure on
audit and review.
2.5 Exceptions.
2.6 References.

3. Certified Calibration Laborator should focus on
the following areas:

3.1 Purchase a base group of standards to meet the
Program's parameters.
3.2 Develop an approved written procedure for deter-
mination of uncertainties.
3.3 Develop an approved written procedure for the
performance of specification/ calibration checks of
equipment.
3.4 Construct a suitable environment to carry out
specification/calibration checks :

3.4.1 Physical area.
3.4.2 Temperature control.
3.4.3 Humidity control.
3.4.4 Dust control.
3.4.5 Vibration control
3.5 Training of the Staff.
3.5.1 Shift Control Technician program.
3.5.2 Metrology courses.
- Sir Sanford Fleming College
- Fluke Canada Inc.
- NCSL reference material.

4. A sub program to identify the manner in which
Station equipment will be maintained.

This program should cover:
4.1 Equipment purchase program.
4.2 A registry for maintenance test equipment.
4.3 Equipment surplus policy.
4.4 Unique equipment identification numbers.
4.5 Equipment calibration frequency categorization
guidelines.
4.6 Electronic equipment Callup Program.
4.7 Approved written 2pecification/calibration proce-
dures.
4.8 Documented readings (as found/as left).
4.9 Equipment usage trace system.
4.10 Nonconformance follow-up procedure.
4.11 Record keeping.
4.12 Staff education.
4.13 Specific test equipment references in Station
maintenance procedures.
4.14 Commitment to current technology.

5. Calibration Laboratory Accreditation in specif-
ic fields of measurement.

The purpose of acquiring SCC/CLAS accreditation is
to have third party verify that the laboratory is capable
of making measurements within the stated uncertain-
ties. This verification is done through proficiency test-
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ing and determines the laboratory's calibration perfor-
mance by means of inter-laboratory comparisons.

BENEFITS
5.1 Listed formal recognition of competency.
5.2 Increase the confidence of current and potential
customers.
5.3 Improve your measurement quality through initial
and ongoing participation in the Canadian Laboratory
Assessment Service (CLAS) Program.
5.4 Process audit system is valuable training for inter-
nal audit initiatives.
5.5 Permission to use the SCC Accreditation
Registration Number and the NRC/CLAS Certificate
Number on formal documents.
5.6 Opportunity to network accredited capabilities
between stations with the inherent gains in economy
and efficiency.
5.7 Assistance is readily provided by both SCC and
CLASS staff that enables lab to continually upgrade
the measurement capabilities and expand the knowl-
edge of metrology.

6. Purchase procedure for Measuring and Test
Equipment to meet the field need.

Avoid purchase of M&TE with accuracy beyond the
actual need. It increases the cost of maintenance and
calibration.

7. Ontario Hydro Nuclear peer group interaction
to compare, innovate, and share similar/dissimi-
lar capabilities.

8. Membership in The National Conference of
Standards Laboratories.
The membership and participation in NCSL's activi-
ties bring numerous benefits. They include:

8.1 Opportunity to improve test and measurement
quality through voluntary participation in a world
wide network.
8.2 Access to information from NRC/NIST/and
Metrology bodies from countries around the world.
8.3 Access to NCSL publications.
8.4 An opportunity to interact with Canadian metrology
groups by participation in the conferences of our Region.
8.5 Participation in a voluntary Organization dedicated to
metrology quality and productivity for competitiveness.
8.6 Gain from the experience of a broad group of
peers.

9. Built in annual Program review.
The calibration program must be reviewed on regular
basis and audited by the independent body to assure

that corners are not cut and quality of service is
maintained.

10. Library of reference information.

The Calibration Lab must maintain and continually
upgrade the library of metrology information.
Metrology is a field greatly evolving within the last
decade. The new field equipment and instruments
are built and introduced in the production to improve
economy and efficiency of manufacturing processes.
The calibration and repair of this equipment must not
be too far behind and the technicians must continu-
ally learn new techniques.

The following is a minimum of information that
should be kept in the Library or reviewed regularly:

10.1 Manufacturers'catalogues.
10.2 Manufacturers' service manuals.
10.3 Metrology philosophy publications.
10.4 Metrology Periodicals.
10.5 NCSL publications.
10.6 SCC, Consensus magazine.
10.7 Internet discussion groups such as
ISO25@FASOR.COM

RECOMMENDATIONS
• The establishment and operation of the calibration

Laboratory is a time consuming and an expensive
endeavor. Because of that it must be carefully
established right at the beginning to avoid costly
changes or purchases of wrong equipment.

• In multistation utility it is not necessary to accred-
it all laboratories in the same fields. One may be
accredited in DC Voltage and Resistance, one in
Pressure and one in Flow, etc. All Laboratories will
benefit from the rigor of the accreditation but cost
of the calibrations at higher echelons will be mini-
mized Also the labs may calibrate other lab's
equipment in the fields they are accredited for.

REFERENCES
A. ISO/I EC Guide 25

General Requirements for the Competence of
Calibration and Testing Laboratories.

B. CAN-P-1515
Conditions for the Accreditation of Calibration and
Testing Laboratories.

C. CLASS-06E-90/CAN-P-1514
Environmental Practices and Documentation and
Operational Protocols for Calibration Laboratories.

D. NCSL
Recommended Practices
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RP-1 TORP-12.
Calibration Laboratory Manager's Guidebook

E. INPO 84-006 May 1986
Control and Calibration of Maintenance and Test
Equipment.

F. CSAN286.5
Operations Quality Assurance for Nuclear Power
Plants

G. CAN/CSA-Q419-88
Recommended Practices for the Calibration and
Use of Devices for Maintenance and Test
Equipment.

H. IEEE STD 498-1980
IEEE Standard Requirements for the Calibration
and Control of Maintenance and Test Equipment
used in the Construction and Maintenance of
Nuclear Power Generating Stations.

I. STPR-09341-12-R00
BNGSB Station Procedure for the Preparation and
Use of Maintenance Administration Policies.

J. BGB-09342-47
BNGSB Station Procedure - Calibration of
Maintenance and Test Equipment.

K. 09342-113-R00
BNGSB Guidelines for Managing Station
Documentation.

L. BGB-09341-22
BNGSB Quality Assurance Records Management
System.

M. Fluke Canada Inc.
Calibration Philosophy in Practice.

N. WPP-67824-1
Measuring and Test Equipment Repair and
Calibration.

0. ISO/TAG 4, June 1992
Guide to the Expression of Uncertainty in
Measurement.

DEFINITIONS
a. Accreditation*
Accreditation by the Standard Council of Canada and
National Research Council is the formal recognition
of the competence of a laboratory to manage and
perform specific tests or types of tests registered
with the Council.

b. Accuracy***
The closeness of the agreement between the result
of a measurement and the true value of measurand.

c. As Found/As Left Calibration**
A calibration protocol that records and compares the

same calibration data for an instrument both before
and after its calibration is adjusted.

d. Audit* *
Usually a customer's independent inspection of a
supplier's records, procedures, facilities and person-
nel. The audit is conducted to confirm that the sup-
plier's quality is functioning properly.

e. Calibration***
The set of operations which establish, under certain
specified conditions, the relationship between values
indicated by a measuring instrument, and the corre-
sponding known values of a measurand.

f. Calibration Report**
A comprehensive record of the calibration of an
instrument. The record includes data that describes
the performance of the instrument, the environmen-
tal conditions under which it was calibrated and the
standards used to calibrate it.

g. confidence**
In metrology, confidence refers to the degree of
assurance one has that a measurement lies within its
statistically predicted bounds.

h. Environment**
The altitude, temperature, humidity, emi and other
pertinent conditions that effect the performance of
an instrument.

I. Measurement**
The set of operations having the object of determin-
ing the value of measurand.

j . Measurand**
The quantity that is being measured.

k. Measurement Standard**
An object, artifact, instrument, system or experiment
that stores, embodies, or otherwise provides a phys-
ical quantity which serves as the basis for measure-
ments of the quantity.

I. Primary Standard**
A standard defined and maintained by some authori-
ty and used to calibrate secondary standards.

m. Test Equipment**
Any equipment that is used to make measurements,
or supply stimulus, alone or in conjunction with other
equipment.

n. Traceability**
The ability to relate individual measurement results,
through a contiguous sequence of measurement
accuracy verifications, to nationally accepted mea-
surement systems.
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o. Working Standard**
A standard that is used in routine calibration and
comparison procedures in the laboratory and is main-
tained by comparison to reference standards.

# CAN-P-4C October 1991
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PORTABLE DIGITAL ELECTRONIC RADIOGRAPHY SYSTEM
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1. INTRODUCTION
Radiography is a standard nondestructive technique
in the industrial testing of materials and components.
It is routinely used during the construction, mainte-
nance and repair of nuclear plants. Traditionally, radi-
ography is performed using photographic film (film
radiography, FR). Recent developments in solid-state
area-imaging radiation detectors, miniature electron-
ics, and computer software/hardware techniques
have brought electronic alternatives to FR (electronic
radiography, ER) [1, 2]. In recent years various ER
techniques have served as alternatives to FR; these
proved beneficial in some applications. While origi-
nally developed to provide real-time imaging, ER may
offer other advantages over FR, depending on the
application.

Commercially offered ER equipment mainly aims to
provide real-time radiography on a production floor
(with radiographs obtained using very short exposure
times and without wet film processing). For that rea-
son, while excellent results are obtained for fast
inspection, image quality is usually degraded com-
pared to film and the dynamic range is rather limited.
Requiring high intensity radiation sources (X-ray gen-
erators) and comprising rather bulky detector units,
the equipment is generally not suitable for field appli-
cations. At present, no turn-key ER instrument is
available commercially in a portable version.

Work was undertaken at CRL to review progress in
ER techniques and evaluate the possibility of con-
structing a portable DER (digital electronic radiogra-
phy) system, for the inspection of power plant com-
ponents. A suitable DER technique has been devel-
oped and a proof-of-principle portable system con-
structed. As this paper demonstrates, a properly
designed ER system can be small and compact,
while providing radiographic examination with
acceptable image quality and the benefits of ER
imaging. The CRL DER system can operate with
radioactive sources typical of FR.

While it does not replace FR, our DER system is
expected to be beneficial in specific applications for
CANDU maintenance, reducing cost, labour and

time. Practical, cost saving applications of this sys-
tem are expected to include valve monitoring and for-
eign object (debris) location during maintenance at
CANDU reactors.

2 . BACKGROUND INFORMATION
The potential benefits of improved DER inspection
methods for plant components are: (1) shorter expo-
sure times and instant image retrieval, resulting in
reduced personnel exposure and saved time; (2) dig-
ital images suitable for image enhancement, quanti-
tative analysis and easy data storage; (3) larger
dynamic range, permitting radiography outside the
film range; and (4) elimination of the wet film pro-
cessing, resulting in a reduction in radiographic-film,
as well as film-processing hazardous-waste.

The following DER techniques were originally consid-
ered: storage screens, reverse geometry radiography
(RGX), and solid-state imaging (SSI). While a close
watch has been kept on competing technologies, the
SSI-based technology was selected at CRL, as being
the most promising option to develop for a portable
DER system (most flexibility and the most advanced).

Laboratory-type SSI systems were constructed at
CRL, first in a simple version for proof-of-principle
experiments, and then in a more advanced "semi-
prototype" version. New developments in area-imag-
ing detectors, camera systems and computer soft-
ware/hardware were used to construct the system.
Various tests were performed to optimize system
design and its performance. The semi-prototype sys-
tem comprises compact components that to a large
degree will be used in construction of a field proto-
type system.

3. SSI SYSTEM

3.1. Block diagram and radiation sources

Figure 1 shows a block diagram of the DER system.
In ER, X- or gamma-radiation from a radiation source
is transmitted through the examined component/
object to the detector system, similar to FR. With our
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DER system, radiation is converted to a light image
in an area-imaging scintillator, then picked up by a
CCD (charge-coupled-device) sensor via a focusing
lens, integrated over exposure time to create a noise-
free signal, read-out (digitized) by the CCD camera
electronics, and transferred to the PC computer
RAM. The image can be viewed on a computer mon-
itor, mathematically processed using image enhance-
ment software, and transferred to permanent elec-
tronic storage, such as optical or magnetic disk.

Radiation sources over a wide range of energies can
be used, from low-keV to MeV levels, including
sources typical of FR, such as lr-192, Co-60, and X-
ray generators

3.2. Detector and enclosure

Newly developed high-density glass scintillators [3,
4] and commercially developed phosphor screens
are used as area-imaging scintillators. The output
brightness of the scintillators was studied over the
energy range 50 keV to 1.3 MeV. Tests included the
use of reflective coating to increase the glass bright-
ness, and metal screens to attenuate some of the
scattered lower-energy X-rays.

The area-imaging detector is secured in a light-tight
enclosure (detector box, Figure 1), with interior light-
absorbing coatings to eliminate reflected light. A 45-
degree turning mirror is used to redirect the signal
and position the CCD camera away from the radia-
tion beam. The camera is shielded from direct and
scattered radiation by tungsten or lead plates.

The CCD camera can be either mounted directly in
the box to pick up the signal from the focusing lens
(direct coupling) or positioned away from the box,
with the signal from the lens transmitted to the CCD
sensor via a fiberoptic cable (cable coupling). The first
option is preferred, as cable coupling causes some
image degradation. Tests with cables comprising one
million fibers were performed. Cables up to several
meters long can be used, without major degradation
in signal intensity. Some degradation in image quali-
ty and resolution is observed (there is a characteris-
tic "chickenwire" effect and some "dead" pixels);
however, this will be insignificant in low resolution
imaging. Improvement in image transmission quality
can be expected with cables comprising several
times more fibers, which at present is impractical
(and expensive).

3.3. CCD camera

A CCD-array, electronically cooled camera is used,
with a fast read-out and high-bit level; the CCD sen-
sor features high sensitivity, high gain, high resolu-
tion, and high electronic well capacity. An important

feature is the large dynamic range assured by the lin-
earity of camera response over a wide range of sig-
nal intensity. Dark field and bias field corrections are
used to reduce noise and assure a wide linear range.
A CCD format of 1024 x 1024 pixels was selected
(suitable CCD array sizes range from 512 x 512 to
2048 x 2048), with a sensor size of 25 mm x 25 mm
and 12-bit and 16-bit digitization levels. A user select-
ed pixel format is possible with one sensor. The CCD
camera permits various data acquisition times, from
0.1 s to hours, permitting corresponding various
exposure times for radiography. The upper limit of
the exposure duration is determined by either the
dark current of the sensor or by oversaturation. The
CCD sensor geometry and camera optics are impor-
tant to the size and portability of the whole system.

3.4. Detector size and spatial resolution

Large size detectors can be used with this technique;
however, to keep the system small, a maximum
detector size of 25 cm x 25 cm was selected. Optics
can provide fields of view as small as 25 mm x 25
mm, up to the scintillator size. Two versions were
constructed, with a scintillator size of 10 cm x 10 cm
and 25 cm x 25 cm. It is expected that it will be
impractical in field applications to manipulate the
optics to change the field of view, especially over a
large range; the use of fixed fields of view is recom-
mended. The two system versions are therefore sug-
gested for large and small objects, respectively, with
lower and higher resolution. Areas larger than 25 cm
will have to be radiographed in parts, and the image
composed in a computer.

The spatial resolution of a DER system is determined
by the pixel number, pixel size relative to the system
field of view, the resolution of the scintillating detec-
tor, the source size and geometry. With our system,
the first three factors are most significant under typ-
ical geometry, while source size is important only at
very close source-to-detector (S-D) distances. Spatial
resolution was tested using image quality indicators
(IQI) suitable for high energy radiography. The fields
of view of 10 cm x 10 cm and 25 cm x 25 cm pro-
vided spatial resolution of 5 Ip/mm (line pairs per
mm) and 2 Ip/mm, respectively, in agreement with
estimates based on detector size and CCD format.

Figure 2 shows a photograph of the detector box (the
scintillator of 10 cm x 10 cm), with the CCD camera
attached to the box (direct coupling), and a portable
industrial computer for data collection and image
analysis.

3.5. Image viewing and data processing

The computer is used for CCD control, data acquisi-
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tion, data viewing and preliminary data acquisition.
The computer is equipped with 24 Mb RAM and a
0.5 Gb hard disk. With each image requiring about 1
Mb space, this permits a large number of images (up
to 500) to be stored and processed. More images are
stored on optical disks, each sufficient for more than
100 full size images. Optical disks also provide per-
manent data archiving.

After exposure, a radiographic image is instantly dis-
played on the PC monitor. The PC is equipped with
image processing software, for mathematical image
and data processing, such as filtering, algebraic and
statistical operations, and display, with various mag-
nification factors and thresholding. For more
advanced data processing, it is more convenient to
transfer images to a laboratory computer equipped
with a large monitor (Figure 1). Image format pro-
vides easy archiving in both computer hard disk and
storage disks, which also assures easy data access
and retrieval. Both IBM PC and MAC platforms have
been used.

4. EXAMPLES OF RADIOGRAPHIC
EXAMINATION

To illustrate the DER technique and its possible appli-
cations, several radiographs are shown below, mea-
sured using an lr-192 source. Note that the printed
version presents only one of many possible repre-
sentations of a digital radiograph, and that it does not
reproduce the true quality of the image viewed on a
computer screen.

Figure 3 shows a digital radiograph of a small valve,
which was measured with 4800 Ci.s (source activity
of 48 Ci, exposure time 100 s, S-D distance 1.9 m).
Similar images of this valve were obtained using
longer (twice) and shorter (up to 10 times) exposure
times.

Figure 4 (left) shows a digital radiograph of a small
valve half filled with water. Geometry and exposure
conditions were as in Figure 3. The water level and
water-filled areas, observed in the image, can be
enhanced by thresholding the image data. One can
also subtract radiographs measured for the valve
with and without water (bottom image), which
results in a dramatic increase in sensitivity for the
water area representation. This last operation illus-
trates one type of image processing, possible with
digital images.

Figure 5 shows radiographs of a check valve (Newco
33wcb2, 8 NPS, 300 lbs) from Darlington nuclear
generating station. The top radiograph was mea-
sured with 30,000 Ci.s (20 Ci source, exposure time
1600 s, S-D distance 1.9 m). In the image, flapper

details are clearly seen in the water-free area, as well
as aluminum rods (6 mm in diameter) and some
details of the valve exterior and interior. While the
flapper in the water is not well represented in this
print, its position and some details can be clearly
detected through numerical analysis of the data. The
image below shows the valve parts under water, not
observed in the top image. The image was obtained
by .subtracting the image of a similar valve measured
without water. While in field applications one cannot
expect to be able to take shots of a component
empty and full of water, one can store a set of refer-
ence images in computer memory. Typical FR shot of
this valve would require much longer exposure times
at similar exposure conditions.

5. COMPARISON WITH FILM RADIO-
GRAPHY AND APPLICATIONS

For the fields of view of 10 cm to 25 cm, the spatial
resolution of the ER system is 5 to 2 Ip/mm, respec-
tively, which is less than is usually achievable with
FR. For small fields of view, the DER system can pro-
vide a spatial resolution up to 20 Ip/mm.

The contrast sensitivity of the ER system was tested
using some plate image indicators, and found to be
close to (not better than) that for FR.

The advantage of ER over FR is in exposure times. A
radiographic examination of components using our
DER system is at least 10 times shorter than that
performed using FR at similar exposure conditions.
This was confirmed for both small and large and thick
components. For example, DER measurements pre-
sented above can be compared with FR shots taken
for the same components. To make the measure-
ments comparable, one has to correct for source
activity and the S-D distance. (The ER measurements
were performed with a S-D distance of close to 2 m,
because of geometrical restrictions of the shielding
flask; shorter distances, similar to FR, will normally
be used.) The FR for two small valves, performed
using a 30 Ci source and the S-D distance of 0.6 m,
required exposure times of 1000 s. Corrected for S-
D distance, that means exposure times up to 25
times longer than for the DER system. For a large 8"
valve, typical FR exposure times (exposure time of
5500 s (1.5 h), using a 37 Ci source and the S-D dis-
tance of 0.6 m), when corrected for examination con-
ditions, are also about 10 to 20 times longer. The
much shorter exposure time combined with image
viewing shortly after exposure allows one to opti-
mize inspection in timely manner.

Due to a greater sensitivity of the scintillator/ CCD
camera system in comparison to film, with our DER
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system one can use a low energy (lr-192) source for
some inspections, which with FR would require high-
er energy (Co-60) source.

Because DER features a wider dynamic range than
film, exposure time does not have to exactly match
the object thickness and detector sensitivity (con-
trary to film). This provides an advantage in cases
when object thickness or material properties are not
known (such as debris). Also, because with DER a
single exposure can cover a wide range of thick-
nesses, single exposure would be sufficient in some
cases where multiple exposures are needed with FR.
Finally, the digital form of ER images permits the use
of advanced data processing and mathematical
image-enhancement techniques and computer-
based data storage, which is compact, permits easy
data access and retrieval and with soft- and hard-mul-
ticopies readily available.

The following possible uses of ER in nuclear gener-
ating stations have been identified:

(1) valve monitoring, including operation of valve
internals,

(2) foreign object location (such as debris), and

(3) monitoring of localized wall loss in reactor piping.

6. SYSTEM PORTABILITY AND
FIELD TESTS

The present system will be ready for field tests after
only minor modifications. All system components
will be secured on a cart, and the detector box will be
equipped with attachments for pipes or valves for
exposure. Field tests at CANDU stations are being
planned with Ontario Hydro personnel.

strated in the laboratory and work on field trials is in
progress. Compared to typical real-time radiography
systems, our DER system offers higher sensitivity,
wider dynamic range and portability. Compared to
film radiography, this system offers imaging without
wet film processing, the possibility of considerably
shorter inspection times, easy-to-archive information
and the option of mathematical data processing.
Exposure times for the present system are typically
one tenth those needed for film, and an lr-192 source
can be used instead of Co-60 to inspect some thick
components. The spatial resolution of the system is
usually worse than FR (for a typical 10 cm x 10 cm
area detector the spatial resolution is about 4 Ip/mm,
and respectively lower and higher for larger and
smaller area detectors). Contrast sensitivity is typi-
cally similar to that of film radiography.

While not replacing film radiography in its standard
use, in some applications this electronic radiography
system will enable more reliable and faster inspec-
tion. Practical, cost-saving uses of this system are
expected to include applications such as valve moni-
toring and foreign object (debris) location during
maintenance at CANDU reactors.
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7. SUMMARY AND CONCLUSIONS
A novel portable system for radiographic inspection
of components, materials and systems has been
developed. This is a digital electronic radiography
(DER) system, based on the SSI (solid state imaging)
technology. Radiographic imaging is performed using
a gamma- and X-ray area-imaging scintillator coupled
to a high dynamic range, high-bit level CCD camera
and a portable industrial computer. Sources typical of
film radiography can be used (Co-60, lr-192 and X-ray
generators). Radiographs are obtained as digital
images, which are displayed on a monitor and stored
in a computer memory and on optical disks, for easy
data access and further data evaluation. Digital radi-
ographs can be mathematically processed to
improve detection sensitivity.

The performance of the system has been demon-
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Figure 1: Block diagram of the SSI system

Figure 2: Photograph of the detector box and computer for data acquisition, preliminary processing and viewing.
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Figure 3: Radiograph of a valve, measured using exposure time of 100 s, with
48 Ci lr-192 source and the S-D distance of -2 m. Film radiography required
more than 10 times longer exposure time, at the same geometry and source
intensity.

Figure 4: Left: Radiograph of a small valve half filled with water. {Exposure conditions as in Figure 3). Water leve! and water areas, seen
in the valve cavity, can be enhanced by thresholding the image data. To the right is shown the image obtained after subtracting radi-
ographs measured for the valve with and without water, hence showing water only.
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Figure 5: Top: radiograph of an 8 " check valve from Darlington NGS station (20 Ci source, S-D distance ~2 m, exposure time 1600
s). The valve was half filled with water; the image shows valve flapper, aluminum rods (6 mm in diameter) and some details of the
valve exterior and interior. Bottom: the result of image subtraction to show portions of the valve containing water.
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INTRODUCTION
In 1990, a new Air Operated Valve (AOV) diagnostic
tool was demonstrated at Bruce A. During the
demonstration, the diagnostic unit quickly and cor-
rectly identified a passing valve that had extended a
unit outage by five days. As a result of the demon-
stration, Bruce A began a pilot program in 1991 to
assess the condition of critical station AOV's and to
lay down the framework for developing an AOV
Preventive Maintenance (PM) program through the
use of state of the art valve diagnostics.

The pilot study found that;

• AOV diagnostics is a useful predictive mainte-
nance tool that can indicate degrading valve con-
dition through non-intrusive examinations.

• AOV diagnostic equipment is a useful calibration
tool.

From the experience gained during the pilot program,
a successful AOV maintenance program that covers
all aspects of AOV maintenance (corrective, preven-
tive and predictive) has been implemented at Bruce A.
This paper will begin by focusing on the key elements
of the program including program goals, division of
responsibilities, work flow and quality assurance. The
focus will then shift to a discussion of the results of
over 1000 diagnostic tests that have been performed
at Bruce A. The trends observed in the results will be
explored to identify those areas of AOV maintenance
which should be targeted. The data will also be ana-
lyzed to demonstrate the effectiveness of the pro-
gram in the areas of reduced corrective maintenance

and reduced maintenance rework. The results of a
recent program review are also presented to com-
plete the discussion of the program's effectiveness.

AOV PROGRAM STRUCTURE

Program Description

The Bruce A AOV Program follows a predictive/pre-
ventive maintenance approach that is designed to
ensure safe, reliable, cost effective performance of
station AOV's . To accomplish this goal, the program
has been built around the use of a non-intrusive test-
ing system that facilitates AOV calibration and diag-
nostics, thus allowing maintenance resources to be
focused on problematic valves. At this time, the
Fisher Flowscanner diagnostic system is used at
Bruce A.

By providing a managed process for monitoring the
condition and performance of station AOV's and opti-
mizing AOV predictive/preventative/corrective main-
tenance activities, the AOV Program will achieve the
following goals:

• a reduction in maintenance costs associated with
AOV repair through early fault detection and accu-
rate diagnosis of AOV problems.

• accurate, repeatable, traceable calibration of
AOV's.

• improved worker safety and reduced radiation
dose received by maintenance staff by focusing
on predictive maintenance.

• improved control loop/valve performance.
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Program Organization
The AOV program is executed by a dedicated com-
posite "days" specialty maintenance crew (the Valve
Crew) with technical support provided by an engi-
neer from Maintenance Support. The use of a com-
posite mechanical/control maintenance crew is one
of the keys to the program success allowing special-
ization and complete ownership of valve mainte-
nance. The structure of the crew is shown below:

Valve Crew

SMS

SSCT(AOV)

SCT

JMAINT1

SSCT [MOV|

SCT

SUPPORT |

—M/MUSTM

DR ASSESSOR

M/M

SMS - Shift Maintenance Supervisor
(S)SCT - (Senior) Shift Control Technician

The responsibilities of the crew include:
• collection, interpretation and storage of Flow-

scanner test data
• repair, calibration and set-up of program valves
• diagnostic assessment of problem valves
• Post Maintenance Testing (PMT) of AOV's

Procedures also exist to define the program and
expectations when testing valves. These expecta-
tions include external valve inspections, evaluation of
visible elastomers and accurate work reporting that
details "as-found" conditions, describes mainte-
nance performed and the reasons the maintenance
was performed.

Diagnostic Equipment

The portable, briefcase sized Flowscanner measures
the air pressures, current/voltage signals and travel of
an AOV and it's accessories (I/P, positioner) as the
valve is cycled on or off line. The data collected by the
scanner is displayed in graphical form on a built in com-
puter screen. From these "traces", operating charac-
teristics of the valve such as bench set, travel, seat
load, valve friction and stroking speed can be
assessed. This information is compared to valve
design specifications, and where deficiencies exist, the
appropriate maintenance action is initiated. Currently,
three Flowscanners are used to perform diagnostics
on the approximately 1400 AOV's in the station.

Following testing, the data is stored on floppy disk to
provide a source of historical information for trending
valve performance. By comparing subsequent diag-
nostic traces with the original trace of a valve, wear
rates can be predicted more accurately and analysis
of other valve characteristics can be simplified.

In addition to assessing valve condition, the
Flowscanner can also be used to calibrate AOV's
with a high degree of accuracy. This is especially
beneficial, since even with the best calibration tools
and maintenance skills, certain valve adjustments,
such as packing friction and seat loading, are difficult
to measure accurately on a shop bench. Incorrect
packing friction can affect a valve's response time,
and incorrect seat loading can lead to leakage and
seat damage from wire drawing.

Inspection, Testing and
Maintenance Requirements

The AOV Program covers three main aspects of AOV
maintenance including troubleshooting of problem
AOV's, routine testing/inspections of AOV's under
the call-up system and calibration of AOV's following
maintenance and installation. Valve calibration with
the Flowscanner following maintenance also serves
as a post maintenance test to ensure the valve is
ready for service. This is then followed by remote
stroking of the valve from the control room.

The call up system is used to schedule and specify
AOV testing. The PM Engineering (RCM) group is cur-
rently in the process of identifying all AOV's critical to
safe station operation. As each AOV is identified, a
call-up is prepared to have the valve "Flowscanned"
at periodic intervals (between 0.5 to 5 years). The
results of the Flowscan are then used to identify
required maintenance for the valve. In addition to the
Flowscan requirement, the call-ups also specify minor
PM tasks such as elastomer and relay replacement.
As the RCM analysis proceeds and trend data accu-
mulates, frequencies will be refined to reflect failure
history and service conditions.

To further improve AOV maintenance, a spare parts
review is underway to ensure that the station
Electronic Spare Parts system specifies the correct
parts used in valve repairs.

Work Flow

The flow of AOV diagnostic and repair work can be
divided into two categories, corrective (diagnostic)
and preventive/predictive maintenance (call-ups).
Normally corrective AOV maintenance is assigned to
the Valve Crew via the planning process, however in
the case of emergency work or to balance resources.
Duty Shift maintenance personnel can perform trou-
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bleshooting and repairs. If the Duty Shift performs
the work, it is still a requirement that the Valve Crew
take an "as left" Flowscan in order to meet post
maintenance testing requirements and to keep per-
formance trending data current and accurate.

All AOV preventive maintenance is performed by the
Valve Crew. This includes "as found" and "as left"
diagnostic tests, repair (as required), calibration and
PMT for each valve.

Quality Assurance

In order to ensure accuracy of the results obtained
from the Flowscanner, it has been made a traceable
piece of test equipment. The valve set-up data used
by the Flowscanner is also quality controlled to
ensure that a valve is correctly assessed. All data
input into the Flowscanner valve name tag is verified
by the AOV maintenance engineer against design
and manufacturer specifications. Quality control of
output data is required to ensure that historical data
is not lost. All test results are backed up and verified
by the Senior Control Tech responsible for the AOV
control technicians.

Current Objectives

Program targets for 1995/96 include:

• AOV packing evaluation completed (30% complete).
• all critical AOV's identified (40% complete).
• spare parts review completed (20% complete).
• 400 valves scanned per year (on target).
• mass storage of data available and all information

collected to date, backed up (complete).
• AOV trending database set-up (complete)
• continued Control Maintainer training (50% complete).

AOV PROGRAM RESULTS

Diagnostic Results
Since the start of the AOV program, 1018 scans have
been performed, 945 (93%) as preventive/predictive
(including valve set-up and PMT) and 73 (7%) as cor-
rective maintenance. In total, 653 of the approxi-
mately 1400 station AOV's have been tested.

A comparison of initial testing results from the pilot
study and separate 1993 and 1995 data compilations
is shown below in Figure #1. This graph highlights
the predominant AOV failure modes (>5% of total)
and PM activities. It must be stressed that the defi-
ciencies listed are of varying degree and not all
required immediate action. The failures/deficiencies
identified are essentially the result of two factors -
incorrect valve set-up (bench set, stroke, packing fric-

tion, calibration) and operating conditions (packing
leaks, calibration drift).

Post Maintenance Testing of all AOV's with the
Flowscanner has addressed the first problem, and
periodic testing of critical valves is being used to
identify and correct chronic calibration problems. A
station Valve Packing Program has been implement-
ed to improve packing performance. The increased
PM rate for diaphragm replacement is a result of
recent diaphragm failures in the industry.

Figure #2 compares the predominant (> 5%) fail-
ure/preventive maintenance rates of all valves tested
under the program broken down into initial and sub-
sequent tests. The decrease in each deficiency cate-
gory for the valves tested more than once demon-
strates the effectiveness of the program at improv-
ing valve performance. The persistently high I/P and
positioner recalibration rates suggest equipment
deficiencies many of which are currently being
addressed on a case by case basis.

The highest failure rate observed after calibration
drift is incorrect bench set. This often misunderstood
parameter controls important AOV operating charac-
teristics such as seat lead and stroke. The problems
encountered when adjusting the bench, are a combi-
nation of a lack of understanding, measurement diffi-
culties and incorrect design. The relatively small
reduction in bench set deficiencies is a result of a
number of bench set changes that have been made
to remedy deficiencies identified by the program. In
the long term however, use of the Flowscanner to
accurately measure bench set should reduce the fail-
ure rate.

Figures #3 and #4 provide a breakdown of the signif-
icant (> 5%) failure/maintenance rates by the type
(preventive/corrective) of maintenance. Preventive
maintenance tasks focus on rebuilding the position-
ers and I/Ps, a check on the valve operating charac-
teristics (baseline data collection) and an assessment
of the condition of the valve internals. Corrective
maintenance incorporates two actions - trou-
bleshooting and repair of obvious defects (ie. air
leaks). After each incidence of corrective mainte-
nance the valve was set-up according to specification
and in some cases the I/P and positioner were rebuilt
preventatively.

The results of the preventive maintenance scans are
similar to the results of the program as a whole, and
hence the same conclusions can be drawn regarding
program effectiveness. The overlapping preventive
and corrective maintenance failure modes reinforces
the program focus on AOV PMT/Set-up, elastomer
replacement and periodic testing.
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Three failure modes showed up during CM testing
that were not identified as significant during PM test-
ing - internal problems (ie. seating, high friction), limit
switch set-up and elastomer failures. In all three
cases, the relatively small sample size of corrective
maintenance testing has inflated the extent of the
problem. For example, two limit switch failures gave
a 7% failure rate and the high incidence of internal
problems is a result of two particular types of valves
whose internal problems could not be detected or
predicted using the Flowscanner (4 failures total).
The inability of the Flowscanner to detect elastomer
degradation was found to be a concern during the ini-
tial pilot study and it was therefore decided to
replace elastomers during initial Flowscanning.
Generally, the corrective maintenance test results
show the same trend to reduced failures for valves
that have been tested under the program, however,
the incidence of positioner and I/P recalibration
remains high.

Rework

In forty cases (4% of total tests), rework of a valve
was required within four months of Flowscanning as
a result of failed elastomers (15%), leaking packing
(20%) or recalibration (65%). It should be noted that
the rework rate has steadily declined since the start
of the program with a 6.6% rework rate at the end of
1993 and a 1.8% rate from 1994 onward. This
decrease is directly attributable to the increased
focus on PMT at Bruce A.

The majority of the calibration problems are the
result of drift caused by a poorly designed (and soon
to be replaced) model of I/P-Positioner used on the
Atmospheric Steam Discharge Valves. The rework
due to failed elastomers and packing leaks has iden-
tified the inability of the Flowscanner to fully predict
these types of failures. The station Valve Packing
Program is addressing packing performance con-
cerns and an Elastomer PM Program is currently
being developed to enhance the periodic mainte-
nance activities specified by RCM.

Program Assessment

As a result of recent high profile AOV failures at
Pickering A and Bruce B, the physical condition and
maintenance/calibration history of sixty AOV's was
recently examined to evaluate the effectiveness of
current AOV maintenance practices. The sample
valves were selected from a review of AOV's
required to operate during an Abnormal Incident as
specified in the Bruce A Abnormal Incident Manual
(AIM).

A field inspection of the valves was performed to
examine the physical condition of the valve and it's
peripherals and to identify deficiencies. The mainte-
nance/failure history (including call-ups/PM tasks)
was reviewed to identify failure modes and trends.
Shop calibration records for each valve were exam-
ined to determine "as-found" and to verify "as left"
calibrations. Valves which had been tested and set-
up under the AOV Maintenance Program had their
data disks and database records reviewed.

The results of the field inspection did not identify
faults serious enough to impair the operation of any
valve and most faults could easily be corrected with
the turn of a wrench. The two apparent fault trends
were minor air leaks (ie. bubbles when soap is
applied to the joint) and loose liquidtite fittings.
Together these two accounted for over half of the
faults identified. Also of note, is that in general, the
visible elastomeric components of the sample valves
were in good condition.

The review of the maintenance history for the sam-
ple valves identified failures that were varied in
nature with the only observable trend being a rela-
tively high incidence of packing leaks. Plotting the
number of failures for the years 1987 to 1995 pre-
sented a clear trend towards reduced AOV failures
coinciding with the introduction of diagnostic testing
and the dedicated valve crew in 1991.

The review of the "as found" calibration records for
the sample valves did not identify valves far enough
out of calibration to impair their operation.
Examination of the "as left" calibration records indi-
cated that the valves had been set-up correctly given
the best available knowledge at the time. The use of
standard calibration records was found to be problem
since the format does not require information to be
recorded on all AOV parameters; however, the AOV
Program trending database does record all pertinent
valve calibration data.

Overall, the inspected valves were found to be in
good materiel condition during the walk-down, how-
ever a number of program improvement recommen-
dations were made. These included revising mainte-
nance procedures to assess the entire condition of
the valve and its' components during maintenance,
improved wording of call-ups, greater attention to
elastomer PM frequencies and improved calibration
records and tolerance requirements. Further evi-
dence of the effectiveness of the AOV Maintenance
Program is the fact that a number of the recom-
mended actions from the review were already under-
way as a result of continuous program monitoring.
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CONCLUSIONS
Based on the experience gained by Bruce A in set-
ting up the AOV Program, the following elements are
considered key to ensuring success;

• a champion to drive the program.

• a dedicated specialty maintenance crew, the use of
which has improved productivity, reduced rework,
produced consistent test results and improved the
ability to change maintenance practices.

• clearly defined work expectations provided by pro-
cedures, training and consistent testing/mainte-
nance requirements.

• the use of computerized valve diagnostics in con-
junction with good maintenance practices.

• following a Reliability Centered Maintenance
approach to focus maintenance activities on criti-
cal valves.

The analysis of the test results revealed that;

• the use of diagnostics to calibrate and PMT AOV's is
a precise method for ensuring proper AOV set-up.

• Valve Packing and Elastomer PM Programs need
to be integrated with the AOV program to ensure
improved AOV performance.

• calibration drift of I/P's and positioners is the num-
ber one cause of AOV failures.

• diagnostics have improved the understanding of
bench set concepts and set-up.

• the limitations of diagnostics must be recognized
and compensated for when analyzing test results.

The initial focus of the Bruce A AOV Program has
been to restore valves to an optimum operating con-
dition at the same time as collecting baseline valve
test data. Now, that the majority of baseline data has
been collected, the program focus can shift to identi-
fying (through trending) and addressing chronic AOV
deficiencies such as I/P and positioner drift.
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IMPLEMENTATION CHALLENGES OF A MOTOR OPERATED
VALVE PROGRAM

T. L. Ferguson
Ontario Hydro

Bruce Nuclear Generating Station
CA9800481
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ABSTRACT
Electric motor operated valves (MOVs) have become
a global focus of attention for Nuclear Power Plant
(NPP) operators due to reported operability problems
in the last decade. Many NPPs have or are in the
process of setting up maintenance programs to
address MOV operability issues. Bruce B is in the ini-
tial stages of implementing such a program. This
paper outlines some of the challenges that have
been encountered and how they are being
approached to establish an effective program.

INTRODUCTION
There are approximately 1400 MOVs installed at
Bruce Nuclear Generating Station B (Bruce B). They
are configured in an array of gate, globe and butterfly
types spanning 1 inch to 96 inch nominal pipe size
and sixteen valve manufacturers. The population of
actuators covers four manufacturers, twenty two
basic models with variations (gear ratio, motor size
etc..) that are application dependent. These valves
perform process functions that vary in criticality in
relation to the safe, reliable and economic operation
of the station.

With this span of variables there are many challenges
to establishing a program to optimize maintenance
initiatives for MOVs. This paper is focused on issues
that have been encountered at Bruce B while under-
taking the task of initiating such a program. Specific
examples are given to illustrate some points.

The issues that follow are some typical elements of
an MOV program.

THE CHALLENGES

1) Program Document

This must describe a program to address failure
modes of MOVs, prescribe maintenance initiatives
commensurate with criticality of each valve in a way
that optimizes resources, defines the roles of
involved work groups, interfaces with complimenta-
ry programs and strategies.

Generic MOV failure modes were not apparent from
station operating experience since Bruce B is rela-
tively new by North American standards. Knowledge
of the issues was gleaned from sources such as:
MOV Users Group conferences and the contacts
derived from these. Meetings and visits with OEMs,
mailings from OEMs (by getting on their list for auto-
matic updates via technical and maintenance bul-
letins etc.), NMAC repair guides (through NMAC
membership). Operating experience bulletins and
significant event reports from other NPPs.

Criticality of each valve was rated by level of impor-
tance to the safe, reliable and economic operation of
Bruce B. There were no guidelines on how to do this
so a methodology had to be established. Information
gathered from reviews of the Safety Related
Systems List, Safety System Tests, Abnormal
Incident Manual, Reactor Safety Manual, Design
Manuals and interviews with System Engineers was
combined to give an aggregate rating for each valve.
Future plans include an independent review of this
assessment to confirm its validity. Refinements from
this review will be used to adjust the maintenance
currently proposed to further optimize the program
and prevent maintenance "overkill".

Definition of roles and responsibilities involved some
arbitrary decisions such as making Maintenance
Support responsible for generating, coordinating and
assessing the effectiveness of an MOV program.
Defining the role of specialty groups such as a valve
crew is not straight forward as the impression would
be that they do all MOV maintenance whereas this
was not possible given the volume of work to be
done. The valve crew is really assigned the task of
performing all special testing and lead role activities
whereas more established work would be picked up
by the balance of trades personnel as assigned.
Other roles were more obvious such as the stores
organization being responsible for spare parts.

Interfacing with other station programs was more
involved than first envisioned. During development
of the program document it was learned that many
other programs or strategies could effect or be
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effected by an MOV program. Some of these pro-
grams & strategies include:

• Life cycle Management Policy
(divisional directive)

• Preventative Maintenance Enhancement
Program (station RCM -initiative)

• Environmental Qualification Program

• System Surveillance Program

• Bruce B station Maintenance Strategy

Correspondence with personnel involved in each of
these has occurred to ensure initiatives are consis-
tent and rationalized for optimum use of mainte-
nance resources.

2) MOV Population and Configuration

There was no equipment database by specific equip-
ment type therefore the identification of each MOV
was the first task of the program. This required review
of the total station equipment database (BIMS),
design manuals and system flowsheets. It is impor-
tant to include all valves in the program so that main-
tenance to be done, even if it is run to failure is stipu-
lated in a strategy document for guidance when allo-
cating limited resources. This helps keep resources
focused on the important issues and equipment.

MOV assembly configuration could not be complete-
ly determined from station equipment database,
design manuals, valve assembly drawings, tendering
and requisition files, OEM maintenance manuals and
history and data cards. Field walk downs were per-
formed by trades personnel to collect nameplate
information as confirmation of, and in addition to the
aforementioned data. Other information such as
equipment access requirements, equipment condi-
tion etc was collected during this exercise.

3) Application Review

Each unique MOV application requires a review of
the application to confirm the required function,
process conditions under which the function is to be
performed and equipment capabilities to determine
set-up acceptance criteria.

This portion of the program required a significant
amount of engineering support for the program.

Application specification sheets quoted system
design conditions which are relevant for the pressure
boundary considerations but not necessarily repre-
sentative of the worst case process conditions the
valve would encounter. At Bruce B, Engineering
Services has provided more realistic conditions
under which equipment must function (ie-normal,
test, abnormal, design). Based on the worst case

scenario from this information, minimum required
stem thrust is calculated using methodology pre-
sented in the NMAC MOV application guideline doc-
ument and in some cases compared with original
OEM sizing documentation. Set-up criteria herein
refers to two main items:

• valve stem thrust or torque target required to
satisfy all process requirements including
allowances for equipment repeatability, losses
and degradations. This essentially converts the
theoretical target into a practical one and is usu-
ally expressed as a target thrust window.

• limit switch setting targets for proper valve con-
trol and position indication

Thrust window at torque switch trip, considers thrust
measurement accuracy, actuator repeatability, valve
inertial effects, contactor drop out, stem nut load
sensitive behaviour, lubricant performance, compo-
nent thrust or torque limits and capabilities in addi-
tion to the minimum required thrust or torque. Each
one of these items requires quantification which is
not always straightforward.

Bruce B uses Liberty Tech VOTES equipment with a
complex statistical error analysis, validated through
extensive testing to quantify measurement error.

Sometimes inertial effects can only be estimated
then confirmed after initial testing.

4) Data Management

A large quantity of information is involved when
defining an MOV configuration, specifications, stan-
dards and test results. At Bruce B, configuration
information from MOV program information collec-
tion (ie-walk downs, manuals, drawings etc.) has
been and continues to be input to an MOV database
developed by Ontario Hydro Information Systems
Department with significant input from Canadian
COG Maintenance personnel. Software features
include controlled access and function rights such
that specific data can only be edited by those with
the authority to do so. Coupled with this feature is
the inclusion of references for key data fields which
facilitates easy checking or audit of important config-
uration or set-up information. A convenient link to
plotting software is provided to display and analyze
valve performance data from diagnostic testing.

Information in the database can be queried based on
user specified criteria and displayed in custom
reports. This has been very useful for quick grouping
and identification of generic valve features when
responding to operating experience bulletins or
determining the scope and impact of proposed main-
tenance activities.
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The original scope of this database included a calcu-
lation module to perform set-up calculations and
weak link analysis. During development of the soft-
ware it was discovered that the unique nature of
each valve application with respect to set-up increas-
es software complexity which becomes less user
friendly. This situation favours use of separate cus-
tom spread sheet to perform necessary calculations
with storage of results only in the database. The
database is evolving with the resolution of such
issues and is currently operating at version 1.5 with
further revision in progress. This database is
designed to be expanded for applications involving
any valve type (ie-AOVs, SVs, etc.)

5) MOV Testing

Valve diagnostic test equipment, regardless of ven-
dor, is relatively complex generally consisting of a
personal computer interfaced with data acquisition
hardware.

Transducers, interconnecting cabling and the acquisi-
tion systems are subject to damage with field use
given unfavourable field conditions.

Frequent calibrations (every six months) are required
for many of the transducers to guarantee valid test
data.

Special training is required to use this equipment.
Experience has shown that training must be rein-
forced with continuous use of the equipment to opti-
mize testing. A specially trained crew or valve testing
service company is preferred for more efficient test-
ing. Analyzing test results requires experience or
additional training to interpret the information proper-
ly (ie- perform error analysis and FFT analysis).

Diagnostic testing requires valve stroking, which is
inconvenient on critical valves with respect to heat
sinks during outages. At Bruce B, before an MOV
program was defined some maintenance cooling
valves have been earmarked for testing on a trial
basis but were dropped from outage scope because
the work involved rearranging heat sinks which made
the job critical path and would have delayed start up.

Innovative approaches to measuring valve thrust
(performance) have been required due to variations
in stem and yoke geometry. At Bruce B and at other
CANDU stations Newman Hattersley valves coupled
to Limitorque actuators offer no direct access to the
stem for strain (thrust) measurement (see figure 1).
At Bruce B, the method of using a Stemnut Locknut
Calibrator (SLC) was developed with the assistance
of diagnostic equipment vendors. In this case, the
valve could not be tested using off the shelf equip-
ment. Liberty Technologies had an experimental

strain gauge which was coupled to the VOTES sys-
tem to record closing thrust values at torque switch
trip to ensure proper valve set-up. The standard
method for testing a valve of this configuration
requires the actuator to be raised off the valve yoke
flange allowing insertion of a torque/thrust cell (TTC)
which would measure actuator output on subse-
quent strokes. In this case, field measurements indi-
cated the stem was too short to use this method. To
validate output from the SLC, it was tested on a
valve in the shop. A calibrated TTC mounted
between actuator and valve was used as the stan-
dard to which SLC results were compared. Strain
(thrust) signals from both transducers were simulta-
neously captured through separate channels of the
VOTES system. Mapping of the SLC signal onto the
TTC signal allowed computation of a sensitivity value
for the SLC. The SLC was subsequently used for val-
idating thrust at torque switch trip in some ECI
valves.

In another case, eight hydraulically operated gate
valves on ECI injection (two per unit) had chronic
seat leakage which required frequent downstream
draining. Normally, the stem coupling block was
adjusted to apply just the right amount of seat load-
ing to seal under low differential pressure without
exceeding rated valve thrust (see figure 2). This valve
received a limit switch signal to stop the hydraulic
cylinder when the valve was closed. There was no
provision for stem load feedback to indicate correct
seating had occurred. The standard set up procedure
involved a tedious coupling adjustment to establish
seating just as the hydraulic ram was fully extended.
The VOTES system was used to indicate stem load
from a temporary stem mounted strain gauge while
the coupling was adjusted to properly load the gate
and seats. Post adjustment stroking while recording
the stem load verified correct operation and valve
leakage stopped. Other troubleshooting such as
valve disassembly to verify seat and wedge condition
would have caused an ECI impairment or unit shut-
down was eliminated.

The current scope of MOV program testing includes
periodic repeat testing to confirm continued valve
performance. This continued cycle of testing in itself
places a major burden on station trade resources and
would increase valve crew dose. The current chal-
lenge is to find an alternative method that is faster
than VOTES (one or two valves per VOTES system
per shift is the foreseen maximum testing capacity
using the current system) and less dose intensive. A
Motor Power Monitoring tool (MPM) is now available
to monitor performance from the motor control cen-
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ter, using the motor as a transducer to indicate valve
performance. This equipment has been demonstrat-
ed and looks promising. The next step of equipment
assessment involves a demonstration collecting data
simultaneously with the MPM and VOTES systems
to validate thrust measurement accuracy claims.

6) Lubrication

Stem lubrication has the most profound effect on
mov performance of any maintenance issue. At
Bruce B experience showed stem lubrication was
not always applied in the most effective manner. If a
valve position was open during lubrication only a
small portion of the stem was exposed therefore not
enough of stem received fresh lubricant to distribute
over the balance. In one case an MOV with a freshly
lubricated stem was tripping on thermal overload
during stroking. The stem was inspected and found
with part of the stem lubricated and the balance dry.
A simple redistribution of the grease dropped the
running amps from 14 to 10 amps in four strokes
which was close to original commissioning level cur-
rent. A stem lubrication procedure was developed
and has been made the standard for stem lubrication
call-ups.

In general, the stem lubricant was recently switched
to a true EP type grease as a result of extensive test-
ing done by EPRI. The previously used grease was
not a true EP type grease and showed inconsistent
behaviour during testing.

On some actuator types, internal lubricant can
restrict torque sensing devices significantly changing
actuator output to the point where weak link compo-
nents could be challenged. Currently at Bruce B stan-
dard ASTM penetration and particle tests are per-
formed on representative actuator gearbox samples.
Clear tygon tubing, pre-labelled and marked for the
correct sample volume have proven to be a quick
method of obtaining representative samples without
contamination. Lubricant will be refreshed per test
results when action limits are reached. These results
compliment diagnostic performance tests as condi-
tion monitoring indicators to determine when over-
haul is required.

CONCLUSION
Although the MOV maintenance program is in an
early stage, Bruce B has derived benefits from the
pre-program initiatives which have been undertaken
on a trial basis to assist setting the course for the full
program. More preventative maintenance is being
done, more effort is directed toward important
valves, better testing techniques are being used to
obtain useful insights into MOV behaviour. This
paper presents some of the issues that have been
encountered at Bruce B as part of the MOV mainte-
nance program evolution. Hopefully the experiences
outlined in this paper will be a benefit to mainte-
nance personnel involved with MOV issues at other
CANDU stations.
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Figure 1: MOV with enclosed stem
(no access for strain gauge)

Figure 2: Hydraulically operated valve
set up with VOTES system
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DARLINGTON NGD UQUID INJECTION SHUTDOWN SYSTEM
(USS) VALVE PERFORMANCE

Murray Wightman, Frank Amantea, Brian Speer, Amir Rouhi
Ontario Hydro, Darlington

ABSTRACT

During 1993 Liquid Injection Shutdown System
(LISS) valves", at Darlington NGD, exceeded their
specified opening times on six separate occasions.
In October 1993, two valves on Unit I exceeded their
specified opening times during their scheduled test.
This event was assessed as a Type II Fault (reduced
effectiveness) of SDS2. Since that time there has
been considerable effort expended to investigate the
root cause(s) of the LISS Injection Valve opening time
degradation; to implement short term initiatives, to
improve valve opening times; to develop and test
potential long term solutions to improve opening
time; and finally to implement those solutions.
Significant progress has been made towards
improved LISS Injection Valve performance. LISS
Injection Valve maintenance, using revised proce-
dures, resulted in some improvement in LISS valve
performance. The LISS valve maintenance included

component replacement and lubrication. A modifica-
tion to the LISS Solenoid Valve venting configuration
has had a significant effect on valve operating time.
A proposed modification to the LISS valve logic cir-
cuit, to add diodes, has been tested. The diode tests
resulted in additional improvement to the LISS
Injection Valve opening time performance.

Since December 1993, there have been no addition-
al occurrences of LISS valves exceeding their license
limit. This dramatic reduction in the number of valve
test failures can be attributed to improvements in
preventative maintenance, technical surveillance
plus the installation of venting modifications. With
the improved performance of individual valves plus
the restructuring of the test schedule, it is very
unlikely that there will be further occurrences of
SDS2 unavailability due to coincident valve failures.
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1. ABSTRACT
The Wolsong Nuclear Power Station is located on the
shore of the Eastern Sea near the ancient capital city
of Kyongju in the Republic of Korea. Wolsong Unit 1
is the only operating CANDU® 6 Pressurized Heavy
Water Reactor at the four unit station owned and
operated by the Korea Electric Power Corporation
(KEPCO). The other three CANDU 6 units are under
various stages of construction and all three are sched-
uled to be in-service during the 1997-1999 period.

The Wolsong 1 fuel channels were subjected to peri-
odic inspections in accordance with the regulatory
requirements and the inspection findings revealed
acceptable indications until 1990. The debris induced
wear marks identified during pressure tube inspec-
tions in 1990, 1992, and 1994 led to the decision to
replace fuel channels E11, M11, and O08 during the
scheduled plant outage in 1994.

The three fuel channels were replaced in 26.5 days
(8.8 days per channel) and a total of 75.8 Rem (25.3
Rem per channel) dose was expended. Unshielded
radiation fields on reactor face ranged from 450
mRem/hour on contact tithe the end fitting face to
2000 mRem/hour on contact with the feeder ports.
The work was performed on two twelve hour shifts
involving 20 technicians and engineers from AECL;
and 44 engineers, technicians, and tradesmen from
KEPCO and KPS1.

This paper chronicles the Wolsong 1 Fuel Channel
Replacement (FCR) site experience and describes in
detail the methodology employed during the design
and implementation phases. The paper deals with
the tooling design, procurement, testing, and com-
missioning work carried out at AECL's Sheridan Park
Engineering Laboratories (SPED and the training pro-
gram at Wolsong site.

Other issues addressed include the radiological con-
ditions and dose, the fuel channel quality control pro-
gram, and the problems encountered and solutions
employed during the FCR work.

2. INTRODUCTION
Construction of Wolsong 1 started in November
1977. First criticality was achieved on November 21,
1982 and first synchronization to the grid on
December 31,1982. The unit was declared in-service
on April 22, 1983.

Wolsong 1 was ranked Number One in the world for
annual nuclear power generation twice, first in 1986
with a 98.4% capacity (load) factor, and again in 1993
with 100.8%. It had a cumulative lifetime capacity
factor of 84.2% as of the end of December 1993.

The October 1992 CIGAR2 Inspection campaign at
Wolsong 1 confirmed a flaw seen in channel M11 in
1990 and found another significant flaw in channel
O08. It was determined from the characteristics of

1 KPS - Korea Eower plant Services is the maintenance and services subsidiary of KEPCO.
2 CIGAR - Channel Inspection and gauging Apparatus for Beactors.
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the flaws that both were due to debris induced wear.
Subsequently, a commitment was made by KEPCO
to replace the channels during their next planned out-
age in January-March, 1994.

In August of 1993, KEPCO awarded a contract to
AECL for the supply of tooling, equipment, and site
support services for their 1994 Fuel Channel
Replacement (FCR) campaign. The contract stipulat-
ed that a number of large equipment such as flasks,
work platforms, and carriages be procured locally by
KEPCO to AECL designs.

Typically, the procurement, testing, and commission-
ing of an FCR tool set requires ten months to com-
plete. The awarding of the contract was delayed for
various reasons, allowing AECL and KEPCO only five
months to procure, test, and commission the FCR
tool set.

The 1994 CIGAR inspection campaign which had
been scheduled ahead of the FCR program identified
unacceptable flaws in fuel channel E l l , resulting in
the decision to add E11 to the list of channels to be
replaced. Three fuel channels; E l l , M11, and O08,
were replaced during the scheduled 1994 plant out-
age at Wolsong 1.

The FCR reactor face work was successfully com-
pleted by composite teams of AECL, KEPCO, and
KPS workers.

3. FUEL CHANNEL
REPLACEMENT PROCESS
The Wolsong 1 reactor core has 380 fuel channels
arranged in a lattice matrix with each channel carry-
ing 12 fuel bundles. A cutaway view of the reactor
fuel channel is shown in Figure 1.

The fuel channel replacement process requires a sig-
nificant a mount of planning and engineering to reduce
downtime and personnel dose. The quality of
replaced fuel channels can only be assured through
meticulous attention to details and the adoption of a
well organized, coordinated, and systematic approach
supplemented by a comprehensive training program.

An essential ingredient of a successful FCR quality
program is the on-site availability of experienced and
knowledgeable technical expert support to deal with
the unique problems that are occasionally encountered.

A typical fuel channel replacement campaign for a
CANDU reactor comprises four distinct phases.

The tooling design, procurement, and commission-
ing activities at AECL started immediately after the
signing of the Approval To Proceed (ATP) document.
The tool procurement, testing, proving, and integra-

tion activities proceeded in parallel with the prepara-
tion of tool operating procedures and detailed work
plans. A two week familiarization and training pro-
gram at AECL's Sheridan Park Engineering
Laboratory (SPED for 14 employees of KEPCO and
KPS continued until late December 1993. The tools
were shipped to Korea in late December and early
January to ensure arrival at site prior to start of the
plant outage on January 24, 1994.

The first group of AECL team members reported to
work at Wolsong site in early January and started
unpacking the tools and performing functional
checks in order to ensure tools had not sustained
damage during transportation from Canada to site.

The crew training and preparation phase at site cov-
ered training of personnel on a representative fuel
channel mock-up. The existing Wolsong fuel channel
mock-up was fitted with a modification kit supplied
by AECL. the training program with KEPCO and KPS
workers began just prior to the start of the scheduled
plant outage.

During the last stages of the preparation phase, vari-
ous support systems hardware such as the reactor
face work platforms, video observation system
(VOS) components, close circuit voice communica-
tion (CCVC) equipment; and services receptacles for
breathing air, service air, and electrical power were
installed in the reactor vaults.

The FCR control centre used for monitoring and
supervision of reactor face work activities was also
set-up during this period. The FCR control centre pro-
vided office space within close proximity of the reac-
tor building and housed the VOS monitors, the cam-
era control units, the CCVC hardware, and miscella-
neous office furniture and equipment.

The fuel channel removal phase involved removal,
flasking, and handling of irradiated components. The
irradiated fuel channel components removed from
the reactor were placed in the Wolsong 1 Spent Fuel
Receiving Bay for processing of pressure tube and
end fitting rolled joint samples. Using AECL supplied
sample inspection, identification, cutting, and flask-
ing equipment; the samples were cut, placed in an
International Shipping Flask, and shipped to AECL's
Chalk River Laboratories (CRL) for analysis.

The reactor component off-cuts were left in the
Spent Fuel Receiving Bay for interim storage. Major
work activities performed during the fuel channel
removal phase are schematically depicted in Figure 2.

During the fuel channel installation phase, new pres-
sure tubes, tight fitting garter springs (four per chan-
nel), end fittings, positioning assembly hardware, and
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feeder seal rings and capscrews were installed. A
large number of quality control checks and inspec-
tions were performed to ensure reliable fuel channel
performance during the post-FCR life of the reactor.

Finally, the FCR program reactor face work activities
were concluded with the installation of shield plugs
and closure plugs, hydrostatic testing of the replaced
channels, remaking of feeder connections, and refu-
elling of the new channels. Figure 3 shows the fuel
channel installation phase major work activities in
schematic form.

4. SITE WORK
AECL was informed during a December 1993 site
visit that the radiation fields at the reactor face would
be in the order of 350-400 mRem/hour which was
significantly higher than what had been assumed ear-
lier. By comparison, New Brunswick Power's Point
Lepreau reactor had reported general reactor face
radiation fields of 150-200 mRem/hour during their
FCR outage in 1989.

The higher radiation fields at Wolsong 1 resulted in
the decision to increase the number of AECL and
KEPCO/KPS workers to be committed for the FCR
program. KEPCO's decision to add E11 to the list of
fuel channels to be replaced resulted in a further
review of staffing levels and the training program.
The final staff levels were 20 AECL and 43
KEPCO/KPS.

4.1 Removal Phase

In reviewing the miscellaneous removal phase relat-
ed difficulties highlighted below, two facts should be
kept in mind:

i) The Wolsong 1 FCR program was implemented
on an extremely tight five month schedule which
is half the typical ten month requirement accept-
ed as norm within the CANDU community.

ii) This was the first ever FCR campaign undertaken
by KEPCO.

The reactor face work started with the freezing of
channel M11 feeders. Initially, some difficulties were
experienced with feeder capscrew removal.
Capscrew removal became routine only after the
adoption of end fitting feeder port heating as stan-
dard procedure.

The next set of difficulties were encountered during
bellows clamp installation on E11 C-Side and were
attributable to restricted access created by feeder
and positioning assembly layouts for E11 and its
neighbouring channels.

In addition to the tooling modifications, a special pro-
cedure had to be developed for E11 C-Side bellows
weld cutting. The bellows clamp used on E11 C-Side
was one of two clamps procured locally in Korea as
part of the additional tooling required for replacement
of the third fuel channel. Due to schedule con-
straints, the locally procured bellows clamps could
not be manufactured to meet all of the material, heat
and surface treatment related requirements speci-
fied by design. The difficulties encountered in instal-
lation of the E11 C-Side clamp culminated in the
eventual failure of this clamp and inadvertent stretch-
ing of the E11 C-Side bellows.

Some of the pressure tube cuts during mock-up
work were found to be eccentric. Although the pres-
sure tube cutting tool design was the same as that
used in previous CANDU fuel channel replacement
programs, difficulties were experienced in making
consistent and concentric cuts. This resulted in pur-
suing a very cautious approach and confirming all on-
reactor pressure tube cuts in several different ways.
Despite all precautions taken, several problems were
experienced and had to be dealt with during the
flasking of end fittings and pressure tubes.

Pressure tube end cut at E11 A-Side had not been
completely severed. A small ligament remaining on
the pressure tube stub actually broke off and the stub
separated from the rest of the tube while pulling the
end fitting into the flask. This resulted in the A-Side
half of the pressure tube being partially pulled out of
the reactor core during flasking of E11 end fitting. The
pressure tube half subsequently had to be pushed
back into the reactor following a special procedure.

The two available flask winches used for pulling the
end fitting into the flask failed after the flasking of
the first end fitting. A new scheme was developed
quickly to continue end fitting flasking activities
uninterrupted.

During flasking of E11 C-Side end fitting the bellows
was stretched by 5- to -5.5 inches. Tooling and pro-
cedures were subsequently developed to compress
the E11 C-Side bellows to its installed length. This
was successfully carried out prior to new end fitting
installation.

The flasking of E11 C-Side end fitting had to be mon-
itored with extreme care due to the stretching of the
bellows.

It appeared that the bellows stretching resulted from
one or more of the following factors:

• Tight clearances (low end of tolerance range)
between the end fitting attachment ring and the
bellows flange sleeve.
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• Insufficient cutter penetration in the radial direc-
tion during bellows cutting.

• Use of a bellows clamp which was not as strong
as the standard bellows clamps.

• Use of less-than-ideal pulling methods (come-
along secured to the back of the vault) during
flasking of the end fitting which may have result-
ed in application of non-axial pull forces and hence
window jamming of the attachment ring inside the
bellows flange sleeve.

Initial attempts at flasking the M11 pressure tube
failed. It was realized that the tube had entered the
flask beyond the centre cut, indicating that the pres-
sure tube had not been completely severed at the
centre cut location.

To rectify this situation, a modified pressure tube
locating tool had to be developed and tested over a
24 hour period. The modified tool allowed the pres-
sure tube to be pulled out of the flask and back
towards the A-Side until the centre cut was brought
into the gap between the flask and the end of the C-
Side calandria tube extension sleeve.

The C-Side F/M bridge was moved up and down and
the pressure tube was sheared at the cut location.
The pressure tube was subsequently pushed back
into the flask in two halves.

4.2 Installation Phase

The work progress during the installation phase was
excellent. It was essentially problem free. The only
difficulties and work slow downs were experienced
during the feeder freezing, hydrostatic testing, and
feeder reconnection related activities. The delays
were for the most part attributable to various fuelling
machine availability problems. This final phase of the
work requires significant interfacing with the fuelling
machines and co-ordination with the Fuel Handling
Department for filling, draining, and pressure testing
of the new fuel channels.

Installation of feeder capscrew locking hardware is
dose intensive work. A decision was made not to
use locking hardware on the feeder capscrews. The
decision was based on the fact that locking hardware
was not installed in any of the four retubed units at
Pickering.

The general consensus among fuel channel design-
ers is that locking hardware is neither effective nor
essential. The most important factors in feeder con-
nection are meeting the alignment requirements
between the hub and the feeder port, the proper
lubrication of feeder coupling components, and the
accurate torquing of the capscrews.

In summary, the entire FCR program at Wolsong 1
took 53 shifts or 26.5 days (8.8 days per channel) to
complete. This compares well with the only other
CANDU 6 FCR program at Point Lepreau. See Table 1.

5. RADIOLOGICAL CONDITIONS
AND DOSE
The fields tabulated in Table 2 are based on the radi-
ation surveys conducted at the reactor face by the
Wolsong 1 Health Physics Department at the start of
the FCR outage.

It was realized at the very early stages of the FCR
site work that generous use of lead blankets at the
reactor face would be essential to ensure successful
completion of the work with the existing manpower.

The radiation fields from above the work platforms
were contributing significantly to the general fields in
the reactor face work areas. A recommendation was
made to place lead blankets on top of the F/M bridge.
This resulted in a further reduction in the fields. The
tritium levels in the vaults were in the 5 -10 MPCa
range most of the time.

Data based on Personal Alarming Dosimeter (PAD)
readings and bioassay samples indicated that a total
of 74,590 mRem dose was expended for the replace-
ment of three fuel channels at Wolsong 1. This trans-
lates to 24,863 mRem per channel and compares
well with the Point Lepreau FCR dose expenditure of
16,000 mRem/channel when the substantially lower
radiation fields at Point Lepreau are taken into
account.

6. FUEL CHANNEL QUALITY CONTROL
AECL was responsible for all Quality Control (QC)
related activities during the Wolsong 1 FCR program.
AECL technicians performed all required QC mea-
surements and inspections at reactor face, some
highlights of the QC activities are presented below.

AECL supplied four pressure tubes to KEPCO for the
Wolsong 1 FCR Program based on existing Wolsong
1 site spare end fitting bore dimensions. Custom
selection of pressure tubes made it possible to
achieve a good match between end fitting bore diam-
eters and pressure tube end outside diameters. The
favourable pressure tube-to-end fitting match afford-
ed a number of advantages and streamlined the
installation process:

• The use of one size ring gauge for ovality checks at
both end of all three pressure tubes was possible.

• All six calculated rolled joint bore diameters were
within a narrow 0.001' (one thousandth of an inch)
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range, making the use of a single rolled joint
expander setting possible and virtually eliminating
the risk of expander setting errors. All pressure
tube wall thickness values were within a 0.0005"
(half of a thousandths of an inch) range. All select-
ed end fitting rolled joint bore sizes were within a
0.002" (two thousandths of an inch) range.

• All pressure tube rolled joint bore diameters were
targeted 0.002" (two thousandths of an inch)
below nominal and actuals were 0.003" (three
thousandths of an inch) below nominal in four of
the six joints and exactly at nominal for the other
two joints

• All six burnish marks were in the mid portion of
the acceptance range.

The calandria tubes at sites E11, M11, and O08 were
inspected. The inspections were carried out at the
completion of pressure tube removal and immedi-
ately after the swabbing of the calandria tubes.

The video tapes for all three sites were reviewed.
Based on known acceptance criteria for calandria
tube conditions, all three Wolsong 1 calandria tubes
were deemed acceptable. The acceptance criteria
used was based on AECL experience involving the
review of video recordings of more than a hundred
calandria tube inspections during Ontario Hydro's
Pickering Units 1, 2, 3, and 4 Retube Programs. The
Wolsong 1 calandria tube conditions were found to
be similar to those found at Pickering with most
prominent inspection observations being typical
garter spring contact marks and axial scuff mark like
indications along the length of the tubes.

7. CONCLUSIONS
The Wolsong 1 FCR program had an extremely tight
five month tooling procurement, testing, and com-
missioning schedule instead of the customary ten
months required to mount a successful FCR pro-
gram. It was the first FCR campaign undertaken by
KEPCOand they have done extremely well when
one considers that FCR is a complex process and the
work is full of technical challenges. KEPCO, KPS, and
AECL worked effectively as a team towards suc-
cessful FCR implementation.

Bellows welding, targeted as a critical activity, had
the most comprehensive crew training program dur-
ing the Wolsong 1 FCR campaign. It is noteworthy
that the bellows welding work on reactor face went
without a hitch and was a phenomenal success. This
clearly demonstrated the importance and benefits of
a solid training program during FCR work.

The duration and dose expenditure records for the
Wolsong 1 FCR program compare very well with
other CANDU FCR programs. KEPCO is now in pos-
session of an FCR tooling set and has gained valu-
able technical experience and expertise during the
Wolsong 1 FCR program implementation.

FCR Work Performed

Feeder Freezing and Blanking

Work Platform and Carriage
Installation

Fuel Channel Removal (incl.
discharging of components
into Spent Fuel Receiving Bay)

Fuel Channel Installation

Work Platform and Carriage
Removal

Feeder Freezing, Fuel Channel
Hydrostatic Testing, and
Feeder Reconnection

Total

Duration
in Shifts

5

3

27

10.5

1

6.5

53

Percent
of Total

9.4

5.6

51

19.8

1.9

12.3

100

Table 1 - Wolsong 1 FCR Work Activity Durations

Vault

A

C

At End Fitting Face
mRem/hour

No. of Lead Blankets

None

400450

35O400

3

100-200

100-150

6

50-100

50-100

At Feeder
Port

(no lead
blankets)

mRem/hour

2000

1500

Table 2 -Wolsong 1 FCR Reactor Face Radiation Fields
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FIGURE 1- CANDU 6 Fuel Channel Assembly

FIGURE 2 - Schematic Representation of
Fuel Channel Removal Phase
Major Work Activities
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Major Work Activities
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ABSTRACT
In support of the Safe Operation of KANUPP pro-
gram, AECL was commissioned in early 1992 to
assist the Karachi Nuclear Power Plant in the design
and supply of equipment and procedures for removal
of a seized fuel channel from the KANUPP CANDU
reactor. In addition AECL was also asked to supply
technical site support to assist the KANUPP station
staff during the removal of the G-12 channel.

The design of a fuel channel removal system pre-
sented an interesting challenge. The fuel channel
design was unique to KANUPP with no history of
previous channel removal, consequently nearly all
tools and equipment had to be specially designed. In
addition, the seized end fitting posed a special prob-
lem requiring the development several contingency
tools and techniques. This paper is an account of the
design and development of the removal system and
the site experiences during the actual fuel channel
removal.

After the channel had been removed, it was con-
firmed that a corrosion seizure between the end fit-
ting sleeve bearings was inhibiting normal channel
elongation.

INTRODUCTION
The KANUPP reactor is a CANDU PHWR with a
gross capacity of 137 MWe. It is located 15 miles
west of Karachi on the coast of the Arabian Sea.

The reactor had been operating successfully since
inauguration in 1971. However, in 1987 one of the
208 fuel channels was exhibiting abnormal behavior.
Normally the horizontal fuel channels are free to
expand and elongate during operation, but one chan-

nel was not moving and appeared to be seized. Con-
sequently this channel was isolated, taken out of ser-
vice and following an IAEA recommendation, a deci-
sion was made to remove and inspect the channel.

AECL was contracted to design, develop and supply
the tooling and equipment required to remove the
channel and to provide site assistance to the station
staff.

Although fuel channels had been removed from
almost every other CANDU, this was the first
removed from KANUPP. The KANUPP fuel channel
size and details were significantly different from
other CANDU reactors. This coupled with the
absence of an elevating bridge and lifting equipment
in the reactor vaults required a new approach. These
difficulties were also compounded by the obvious
problems associated with designing and building
tools in Canada for use in a distant country.

FUEL CHANNEL
The design and configuration of the KANUPP chan-
nel is shown in figure 1. Elevations of the reactor
and fueling machine vaults are provided in figures 2
and 3.

The fuel channel is smaller than most other Candus
having a pressure tube bore of only 3-1/2 inches
diameter versus 4 inches. The zirc-niobium pressure
tubes are rolled into Inconel hubs which are in turn
welded to stainless steel bodied end fittings.

Each downstream end fitting incorporates a fuel
latch. This latch holds the fuel in position and sup-
ports it against the coolant flow pressure drop, simi-
lar latch systems are used in the Bruce and
Darlington reactors.
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THE SEIZURE
At the on-set of the program to remove the G-12
channel it was assumed that the cast iron end fitting
bearings had seized in the lattice tube (this was con-
firmed after removal). Obviously the degree of
seizure and the axial force required to break the bond
was unknown

The force typically required to pull out an old end fit-
ting can be generated with a simple boat winch lim-
ited to 1500 lbs. Occasionally an end fitting may
require a little more force, particularly if there is high
friction at the bellows connection. For the KANUPP
case higher loads would almost certainly be required,
and for a worst case scenario it had to be assumed
that no amount of axial pull would be sufficient.

Given these requirements, several tools and proce-
dures were developed to handle the seized end fit-
ting including a contingency method for a complete-
ly seized end fitting.

In addition to dealing with the seizure, a full set of fuel
channel removal tooling had to be designed and man-
ufactured to suit the see of the KANUPP channel.

In general the approach was tool designs used for
CANDU 600Mw channel removal and for KANUPP.
These designs are well known to the CANDU indus-
try and therefore will not be described in great detail
in this paper. Rather the emphasis is on the approach
and tooling developed for removing the seized end
fitting. (the lack of a fuelling machine bridge and in
vault cranes required considerable design effort and
is covered also)

END FITTING REMOVAL TOOLING
It was initially assumed that very high forces would
be required to overcome the end fitting seizure, and
the method employed must ensure the resulting
stresses in the reactor structure remain within allow-
ables. A rigorous stress analysis was therefore
undertaken (ref.1) on the end shield structure. The
most severe scenario occurred with an outer bearing
seizure. This resulted in a load path through the
weakest point in the structure, a weld between the
fueling machine tubesheet and the outboard calan-
dria extension (lattice tube). The allowable static load
was limited to a 30 tons shear pull. A factor of safe-
ty of 2 was applied reducing this to the target
removal load of 15 tons.

To apply the load, a hydraulic jacking tool was devel-
oped (see fig. 4). The tool consisted of a hydraulic
cylinder and pull rod connected to the end fitting. The
pull force was reacted through the frame of the tool

and into the fueling machine tubesheet.

In the event that static pull was found to be inade-
quate, an impact device was provided to assist the
pull. Impact was applied using a sliding weight
mounted in the pull tool frame. In the same manner
as using a slide hammer, the weight was repeatedly
struck against a rigid surface and the maximum
impact force was controlled by a fixed sliding dis-
tance and a constant mass.

REMOVAL CONTINGENCIES
If pulling and impacting proved ineffective it would be
necessary to provide contingency measures. Several
methods were considered, including harmonic force,
torsional loading, applied heat and machining out the
end fitting. It was felt that torsional loading may
result in slip between the end fitting and the bearings
with little or no torsional load at the seizure surface.
Applying heat was considered difficult, impractical
and potentially hazardous. The final choice was
applied harmonic force and if this failed the ultimate
solution was to machine out the end fitting.

Applied harmonic force was felt to be an effective
means of releasing the end fitting. Consequently
suitable equipment was designed, tested and sup-
plied to site. The equipment was designed to work in
conjunction with the standard hydraulic pull tool,
applying the excitation force at the outboard end of
the end fitting, while maintaining an axial pull.

Based on the recommendations of a harmonic
response analysis (ref. 2), a 1000lbf exciter was used
at frequencies between 40 and 60 Hz. Also the pull
tool was modified to effectively eliminate it as part of
the excited mass. This was achieved by replacing the
solid tension bar with a wire cable.

In the event that all methods involving applied forces
failed, machining the end fitting remained the final
option. The machining approach involved first sever-
ing the outboard end of the end fitting close to the
bellows. Severing would require an internal wheel
type cutting tool similar to that used for removing
end fittings. Once severed, a milling tool would be
used to cut two internal axial slots along the remain-
ing length of the end fitting. At this point, it was envi-
sioned that the pieces would either be vibrated loose
or a collapsing tool would force them away from the
wall of the lattice tube. The latter approach was
taken only as far as a conceptual proposal, since this
was recognized to be expensive and would require
considerable development and if necessary the job
would have to be put on hold until the cutting equip-
ment was ready.
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FUEL CHANNEL REMOVAL TOOLING
The fuel channel removal tooling consisted of the fol-
lowing major tools used generally in the order listed
below. Tools are generally similar to those used for
600 Mw CANDU channel removal but some were
quite unique to Kanupp:

• Pressure Tube Internal Cutter

• End Fitting Jacking/Impact tool (described above)

• Bellows Cutting Tool

• Stop Collar Cutting Tool

• Flask. This was designed specially for KANUPP to
meet the constraint of a 3 foot high opening in the
vault wall. All flask peripherals had to be reduced
to provide clearance and a special elevated rail bed
was designed to transfer the flask through the
opening between the reactor and fueling machine
vaults.

• Pressure Tube Push Tool. Normally the pressure
tube is removed using manual force through a
push tool, however, given that the channel was
seized a controlled force applied through a rodless
pneumatic cylinder (Power Beam) was provided.

• Calandria Tube Cleaning & Inspection.

EQUIPMENT HANDLING
In the absence of a fueling machine bridge, a sub-
stantial structure was required at the working eleva-
tion to support equipment and personnel.
Additionally, a lifting device was required to handle
payloads up to 7.5 tons.

An elevating structure was considered, but rejected
due to cost and complexity. Instead, fixed elevation
platforms were designed and installed at each face.
Lifting and handling was accommodated using a
commercially available powered crane gantry. Rails
were designed to allow the gantry to be driven to the
back of the vault and stored when not in use.

Once the lifting and handling parameters had been
established, an interface control document was pre-
pared. This was essentially a controlled drawing iden-
tifying the constraints of space and weight.
A particularly difficult handling problem involved the
transfer of the flask between the fueling machine
maintenance area and the reactor vault. The only way
of transferring the flask between these locations was
through a horizontal slit in the concrete dividing wall.
The slit, only 3 feet high, (fig.2) imposed a severe
restriction on the size of the flask and consequently
all flask peripherals, lifting attachments etc., had to
be designed to fit within this slit. The transfer

through the slit was achieved by designing an ele-
vated rail bed, the flask was lowered onto the bed
and winched through until it could be lifted by the
vault crane.

VAULT PREPARATION
At the times of site work, KANUPP had planned to
carry out In service Inspection (ISI) of eight fuel chan-
nels as well as the removal & plugging of G-12 Fuel
Channel. A ten week shutdown was planned. Most
of the shutdown period was necessary for vault
preparations before the start of actual work and then
vault normalization.

The KANUPP reactor building, (including main air
lock, F/M Maintenance Locks, reactor vaults, decon-
tamination bays etc.) were not designed with fuel
channel replacement work in mind. Thus the installa-
tion of handling facilities, transfer of heavy equip-
ment in and out of reactor building and handling of
highly contaminated material was a major challenge
for KANUPP site team. The vault preparations includ-
ed the following main activities.

• Installation of the Gantry Cranes in reactor vaults
for the handling of shielding flasks. Installation of
load spreaders & floor decking in reactor vault.

• Installation of vault observation system for vault
monitoring.

• Transfer of heavy equipment including shielding
flasks, flask trolleys, gantry cranes, scissor tables
maintenance platforms etc.

• Installation service panels and communication
system.

• Setting up of local control rooms for inspection
(near north reactor vault) and removal (in service
building Truck bay).

• Installation of end fitting and pressure tube trans-
fer & cutting equipment in decontamination bay.

• Testing of all the equipment and then dismantling
& removal as a part of preparation for ISI of FC's.

• Installation of Inspection platform and equipment
for ISI of FC's.

The transfer/handling of shielding flask was consid-
ered the most critical activity. A full scale rehearsal
for flask transfer was carried out to identify any diffi-
culties in the handling procedure.

Satisfactory completion of above mentioned vault
preparation activities was a pre-requisite for the ISI of
FC's and FC removal. Vault preparation activities
were started immediately after plant shutdown and
continued for three weeks.
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FUEL CHANNEL DRAINING & ISOLATION
During the plant shutdown KANUPP had to carry out
ISI of eight Fuel Channels followed by the removal
and plugging of G-12 fuel channel. As a part of prepa-
rations, KANUPP site team had to drain and defuel,
not only the eight fuel channels to be inspected but
also the three additional channels which had to be
isolated to make enough room for the installation, of
bellow cutting & welding equipment on G-12. The ISI
of FC's was planned in pairs. Thus the process of FC
defuelling, isolation (by ice plug formation) and drain-
ing had to be repeated at least four times during ISI.
This was not only time consuming (thus longer down
time for site work) but was not considered safe due
to the possibility of D20 spill. Since a down time of 3-
4 weeks was necessary for vault preparations (as
mentioned above) KANUPP decided to defuel and
drain the required fuel channels by draining PHT
headers one by one. This procedure not only result-
ed in substantial reduction in site work time span but
also ensured uninterrupted ISI of FC's.

MOCK-UP TRAINING
KANUPP staff were responsible for all the site work
related to FC removal including those on reactor
faces. Since this was the first fuel channel
removal/maintenance work at KANUPP, very com-
prehensive and rigorous training of KANUPP site
team was considered essential. A 15 days mock-up
training program was carefully planned and provided
by AECL. Training was carried out on three different
mock-ups.

The KANUPP site team was divided into six crews
based on the logic diagrams of SFCR and each group
was lead by an Engineer. During this training the
detailed work plans (DWP's) and tool operating pro-
cedures (TOP's) were fine tuned for final implemen-
tation. The training session included in depth study of
respective DWP's and TOPs. Video training films and
practical/hands on training on Mock-ups using the
actual tools to be used for the removal Throughout
the training, the radiation protection aspects were
considered most important issues. Comprehensive
15 days mock-up training culminated to a full dress
rehearsal. As a result of full dress rehearsal, the
time/duration for each activity was recorded and
DWP's were rechecked and adjusted to finalize the
actual site work in the reactor vaults.

TOOL MANAGEMENT
To ensure smooth operation of site work including
mock-up training, a Tool Management & Control

Group was established. Tool control engineers were
considered responsible for the identification, logis-
tics and safe keeping of all the tools throughout the
site work. As a part of tool control, FC removal activ-
ities were divided into different work packages and
tools for each work package were categorized sepa-
rately. A tool control crew was responsible for ensur-
ing the availability of all tools for each work package
in the respective reactor vaults before the site team
entered the vaults. Similarly after the completion of
any task, the tools were removed from reactor vaults
for safe keeping, readiness for next task and decont-
amination. A full-time decontamination crew was
also assigned to tool control group. The Tool Control
Group was also responsible for the safe storage of all
training and production tools after the conclusion of
the SFCR.

CONTINGENCIES DURING SITE WORK
It was known that the fuel channel was sagged 2"
and may present unusual removal problems. It was
essential that under all circumstances, the plant
must be restored to a condition whereby it could be
operated safely for power generation. Contingency
plans were included during design phase as well as
during site work.

During the FC removal work, the KANUPP site team
had to face many unexpected situations which were
unique/new even for the experienced team of AECL-
CANDU. These eventualities were however,
resolved by the timely efforts and preparedness of
the site team.

The Bellow weld cutting operation was performed
after some difficulties and tool modifications (Fig-D).
During End Fitting flasking operation, the outer sleeve
of bellow assembly remained seized with Lattice
Tube. This resulted in stretching & tearing of bellow.
Later on to remove the remaining portion of bellow
and the seized bellow sleeve, KANUPP had to devel-
op special contingency tool to proceed further for the
inspection of Lattice Tubes and Calandria Tube.

Removal of the seized end fitting probably posed the
greatest concern. The removal tool (fig 4) was
installed at the face without much difficulty.
Hydraulic pressure was applied to try and draw the
end fitting free of the lattice tube, however this
proved insufficient and the built-in slide hammer was
used. After several impacts the end fitting came free
of the bearings. At this point the tool was removed
and the end fitting was winched into the flask.

The pressure tube push operation for 2" sagged tube
was very well designed using air cylinders instead of
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manual push. Pressure tube was cut in two halves
before pushing operation was started.

The force actually required to push the sagged PT
was much more than anticipated and the air operat-
ed tool did not work. After the front half of the PT had
passed through (by manual push), all attempts to
push and flask the second half of PT failed.

At this stage, the PT was hanging partly in the flask
and the flask trough and the South vault was totally
in-accessible due to high dose of 40 R/hour at a dis-
tance of 5 ft. It was not possible even to pull back the
PT into the channel. Finally the site team again visit-
ed the mock-up to plan for line of action and it was
revealed that the front end of second half of PT was
hitting against the stepped section of CT (Fig-C).
Knowing the problem, the manual push technique
was changed and the site team managed to over-
come the otherwise extremely serious situation.

Shielding flask for contaminated End Fittings and
Pressure tube had attachment to collect the
pieces/fragments of Garter Springs during PT push
operation. However, during PT push operation, no
pieces/fragments came out of the fuel channel. Later
on during Calandria Tube cleaning/swabbing opera-
tion, the pieces and debris of Garter Springs were
pushed into a plastic bag attached to the south end
of fuel channel. However this plastic bag collapsed
by swabbing tool and thus contaminating the work-
ing platform and south reactor vault and resulting in
contamination level of 400 R/hour on contact. The
south vault was immediately vacated. Contingency
plans were made to collect the fragments of garter
springs, highly contaminated swab and to clean the
south vault.

RADIATION PROTECTION & EXPOSURES
To minimize the personnel dose during the site work,
arrangements were made to continuously monitor all
types of airborne contaminations. This was achieved
by continuous purging of boiler room and removal of
radioactive particles from the area through exhaust
hoses.

Generally the tritium concentration in air was less
than 10 Mpca and radioactive particles was within

safe limit i.e. < 1 Mpca. In view of possibility of high-
er levels of contamination on the platforms and in
front of reactor faces (to restrict the spread of these
contamination), a rubber area was established
around the platforms.

Decontamination of the inspected channels and G-12
also generated debris that had very high dose rates,
e.g. when small pieces of debris from G-12 channel
dropped on the inspection platforms, the resulting
dose rate on them was of the order of 200 R/hr. One
of the swabs used for cleaning the calandria tube
(after removal of G-12 pressure tube) had a contact
gamma dose rate of 400 R/hr, requiring the develop-
ment of special tools and procedures to transport
into a shielded storage.

TABLE-1
Radiation Dose Ranges for FCIA Job

Dose Ranges No. of Persons Exposed

<2mSv (<200 mRem) 66

2.01-4.00 mSv (201 -400mRem) 57

4.01-6.00 mSv (401 - 600mRem) 31

6.01-8.00 mSv (601 - 800 mRem) 19

8.01-10.00 mSv (801 - 1000 mRem) 10

10.01-12.00 mSv (1001 -1200 mRem 03

12.01 -14.00 mSv (1201 -1400 mRem) 04

16.01 -18.00 mSv (1601 -1800 mRem 00

CONCLUSION
Despite the difficulty of pressure tube removal and
the anticipated end fitting seizure concerns, the
channel removal was completed within schedule and
budget. The thorough training and development of
contingency tools and procedures proved to be very
important

Total radiation dose received by 194 persons,
involved in the site work as 75 Man-Rem, with an
average of 387 mRem. The maximum dose received
by any person was 1.55 Rem. Break up of radiation
dose ranges during site work is shown in the table-1.
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ABSTRACT OF WET SCRAPE SAMPUNG CAMPAIGN
BRUCE 'B' UNIT 6 - SPRING '95

S. Bennett
Ontario, Hydro, Bruce B III

CA9800485

Part of OHN's Periodic Inspection Program requires
that pressure tube material is regularly sampled in
selected reactors. One parameter to be measured by
this sampling is the concentration of Deuterium (D2)
at various sites in a number of pressure tubes. In the
case of the lead CANDU unit (Unit 3 at Bruce A) this
sampling is carried out by regular removal of a select-
ed fuel channel for a full examination of the pressure
tube material. For other CANDU units the sampling is
carried out by scraping pressure tube material from
selected fuel channels. In the case of multi-unit sta-
tions 6 fuel channels are sampled in the lead unit; for
Bruce B this is Unit 6.

The OH program of PT scrape sampling started some
8 years ago with an extensive program in Pickering
using a 'dry scrape' concept developed by AECL
which had been proven as a reliable 'on-reactor'
process at Douglas Point. The 'Dry' scrape sample
technique uses tools that are delivered into an empty
and isolated channel by personnel at the reactor face.
This technique needs:

• outage time for defuelling and channel isolation by
feeder freezing

• considerable worker-rem expenditure at the reac-
tor face and in feeder cabinets.

It also incurs a substantial financial penalty in replac-
ing the partly irradiated fuel with new fuel. The origi-
nal 'Dry' scrape tooling was therefore modified to the

'Wet Scrape' process; this allows the scrape tool to
be delivered to a full fuel channel with fueling
machines. The 'Wet Scrape' concept was proved at
Bruce B some three years ago; however, before it
could be used in a reactor fuel channel, it was found
that the original concept allowed scrape samples to
be contaminated by D2 absorbed into the sample
during the scraping process. Therefore the concept
had to be altered by adding a 'Light Water' injection
capability to each of the wet scrape tools.

Injection of light water past the scrape tool sample
cutters throughout their cutting stroke prevents
the freshly exposed and highly chemically reactive
Zinc-Niobium in the samples from reacting with
PHOTO DO-

The six Bruce B Unit 6 pressure tubes that were
sampled were chosen from the highest fluence fuel
channel population. Each tube was sampled in four
different axial positions in either the II o'clock' or I
o'clock' positions. The process of channel selection
defines the fuel channels, the axial sampling posi-
tions and one of the 11 or 1 o'clock positions on the
PT circumference.

The selection process was carried out by FCIMD
(CIGAR and PIPE inspection section) advised by
RESD and by Bruce B operations staff. Analysis of
the scrape samples was carried out by AECL per-
sonnel in the hot cells at their Chalk River
Laboratories.
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GENTILLY 2 DIVIDER PLATE REPLACEMENT

J. Forest
Hydro Quebec

E. Kiisel/G. McClellan/W. Schneider
Babcock & Wilcox, Cambridge, Ontario

CA9800486

ABSTRACT
The steam generators at the Gentilly 2 Nuclear Plant
in operation since 1983 were built with primary
divider plates of a bolted panel configuration. During
a routine outage inspection, it was noted that two
bolts had dislodged from the divider and were locat-
ed lying in the primary head. Subsequent inspections
revealed erosion damage to a substantial number of
divider plate bolts and to a lesser extent, to the
divider plate itself. After further inspection and repair
the units were, returned to operation, however, it was
determined that a permanent replacement of the pri-
mary divider plates was going to be necessary.

After evaluation of various options, it was decided
that the panel type dividers would be replaced with a
single piece floating design. The divider itself was to
be of a one piece all-welded arrangement to be con-
structed from individual panels to be brought in
through the manways. In view of the strength limita-
tions of the bolted attachment of the upper seat bar
to the tubesheet, a new welded seat bar was pro-
vided. To counteract erosion concerns, the new
divider is fitted with erosion resistant inserts or weld
buildup and with improved sealing features in order
to minimize leakage and erosion.

At an advanced stage in the design and manufacture
of the components, the issue of divider strength dur-
ing LOCA conditions came into focus. Analysis was
performed to determine the strength and/or failure
characteristics of the divider to a variety of small and
large LOCA conditions. The paper describes the diag-
nosis of the original divider plates and the design,
manufacture, field mobilization, installation and sub-
sequent operation of the replacement divider plates.

INTRODUCTION
In September 1993, it was discovered that the origi-
nal primary side divider plates in operation in the
steam generators since 1983 had experienced a
degree of degradation. The units were inspected, the
damage stabilized and returned to service. Over a

period of months, the problem and various repair
alternatives were evaluated and replacement dividers
were designed, developed and installed so that the
units could be returned to service with new dividers
plates in June 1995 as described in this paper.

SEGMENTED DIVIDER PLATES
The original divider plate construction for the Gentilly
2 steam generators incorporated a number of V/4inch
thick vertical panels supported by peripheral seat
bars as shown in Figure 1. The divider assembly was
of a floating configuration in which the segmented
panels rested on the seat bars at their periphery in
such a way that the dilation of the pressure vessel
during changes in operating temperature and pres-
sure were accommodated by sliding of the floating
divider relative to the seat bars. The divider panels
were attached to each other by a lap joint secured by
a number of bolts. The lower edge of the floating
divider was supported by a seat bar which was par-
tial penetration welded to the primary head. The lap
joint between the divider panels and the primary
head seat bar was clamped by clamping blocks. The
upper edges of the divider panels were bolted to a
seat bar which was bolted to the tubesheet. At the
outer corners of the divider in the space bounded by
the end of the tubesheet seat bar, the head seat bar
and the divider panels, a space exists which is filled
with filler blocks which are called "ears" because of
their shape. The ears were affixed to the outer-most
divider panels. The divider plates were designed as
segmented panels in order to meet the specified
requirement that they be removable. Their design
function was to partition the steam generator prima-
ry head so that the primary flow was directed from
the inlet side of the head, through the tubes to the
outlet side - a process involving a pressure drop of
approximately 35 psi.

During a routine inspection in September 1993, it
was discovered that two of the divider panel joint
bolts were missing. One was discovered lying in the
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head and the second some distance down the pri-
mary piping. It appeared that the bolts which tend to
be held in place by the flow had simply popped out
at some time during the shutdown or during the sub-
sequent waterjet decontamination process. Further
examination snowed that a number of the divider
panel joint bolts had experienced erosion to the
underside of the bolt head, to the shank of the bolt
and even to engaged threads. The divider plate com-
ponents of all four steam generators experienced
this type of damage to some degree. The divider
panel to tubesheet seat bar bolts experienced a sim-
ilar type of damage. The clamping block and
tubesheet seat bar bolts were relatively unaffected.
After further inspection, it was determined that 9,12,
20, and 7 bolts had to be replaced on SG's #1, 2, 3
and 4 respectively. On return to operation, it was
noted that surprisingly the performance of the steam
generators improved by a small but significant
amount and that the amount of improvement hap-
pened to be consistent with the number of bolts
which had been replaced in the respective steam
generators - reinforcing the feeling that divider leak-
age may have been more significant than previously
assumed.

REPAIR & REPLACEMENT CONCEPT
On return to operation, work began immediately at
B&W to develop a more permanent repair or replace-
ment for the existing temporarily repaired divider. An
initial concept for a flat floating divider somewhat like
that used on the later Candu 6 steam generators was
quickly conceived. It was realized that it should be
possible to install the very large divider plate into the
primary head in only 4 pieces - a very important con-
sideration in minimizing the amount of in-head fitup
and welding. In response to questions, suggestions
and feedback from Hydro Quebec and NB Power,
numerous variations and fixes were evaluated. At
some point the variations included - replacement of
the existing divider plate bolts only, doubling the
number of bolts, replacement of the existing divider
plate bolts and seating clamps, seal welding of the
divider plate panels and replacement of bolts,
replacement of the entire divider plate with a similar
assembly, replacement of the divider plate with a
one piece floating design with bolted joints, installa-
tion of the divider replacement components roboti-
cally, application of a seal panel over the face of the
divider plate to preclude leakage, adding a seal panel
and repairing bolts as well - and other variations too
numerous to mention. Many of the alternatives were
developed to the point of having a worked-out design
concept, feasibility and cost.

TUBESHEET EAR

MVS SEAT BAR

DIVIDER PANELS'

PANEL JOINT

BOLTS .

SEAT BAR CLAMP

HEAD SEAT BAR

FIGURE 1

SEGMENTED DIVIDER PLATE

Assessment of the individual options indicated that
many of the quick and cheap options were in fact not
quick and not particularly cheap - often costing a
large fraction of the full fix cost and taking as long. It
was also determined that the divider plates had to
satisfy a wide range of requirements which were not
met by any of the "quick" options. The selected
option had to - correct the loose parts problem, sus-
tain normal operating pressure differentials, accom-
modate vessel thermal motions, reduce divider plate
leakage to an absolute minimum, preclude on-going
erosion damage, accommodate various forward and
reverse loss of coolant accident (LOCA) loads in an
acceptable manner, be installable in a short period of
time with a minimum radiation uptake, minimize in-
head work including welding and be of a reliability
consistent with this critical application.

After evaluation of many concepts and performing
many cost and feasibility assessments, it was deter-
mined that a replacement divider of a dish shaped,
welded, floating configuration was the only concept
which adequately addressed all of the requirements.

WELDED FLOATING DIVIDER
The dish shaped welded floating one piece divider
concept evolved from the prior flat one piece con-
cept. The concept incorporated a 3/4 inch dish
shaped central portion supported by a heavy periph-
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eral rim. The dish shaped section allowed for a high-
er load bearing capability with greatly reduced weight
and field welding requirements. The features of the
floating divider shown in Figure 2 include:

• A one piece floating welded divider incorporating a
thin dished central section within a heavy peripher-
al rim.

• 3/4 inch thickness to minimize weight and welding.

• The divider is fabricated in four segments which
are manipulated into the primary head for final
assembly.

• The divider incorporates a continuous peripheral
tongue and groove support and seal configuration.

• A new tubesheet seat bar welded to the tubesheet
weld overlay.

• Ears integral with the new tubesheet seat bar
which fill the corner spaces and create an essen-
tially continuous seat bar for the entire periphery of
the divider.

• Erosion resistant material for the new tubesheet
seat bar, for weld buildup on the seating faces of
the divider, and for a head seat bar liner to preclude
further erosion.

• Tight fitup tolerances at seal locations to minimize
leakage.

T/S SEAT BAR

DIVIDER RIM

DISHED SECTION

FIELD WELDS

HEAD SEAT BAR

FIGURE 2
WELDED FLOATING DIVIDER PLATE

DESIGN & NORMAL OPERATION
The design configuration for the welded floating
dividers was established based on a number of
requirements established in a special design specifi-
cation. The design considerations included;

• As a normal design condition, the divider must sus-
tain a forward pressure differential of 61 psi. To
demonstrate this capability the divider was subject-
ed to finite element elastic/plastic plate model
analysis. The divider is dished in the upstream
direction and therefore tends to flatten as load is
applied in the flow direction. At normal loads the
deflections and stresses are small. During overload
conditions the divider flattens and gets somewhat
softer but does not "snap" as the dish shape flat-
tens and eventually assumes the reverse curvature.

• The divider is required to sustain a static load of
130 psi as a means of demonstrating strength dur-
ing small LOCA conditions. At this loading condi-
tion, the divider has deflected substantially and has
assumed a degree of reverse curvature however it
remains fully engaged at the peripheral seat bar.

• The divider needs to accommodate the dilation of
the head and tubesheet during the thermal and
pressure effects experienced in operation. This is
accommodated by the sliding feature of the
tongue and groove seat bar configuration.

• Divider plate leakage was required to be less than
1 %. By tolerance control at the seat bars and the
corner ear fillers, the calculated divider leakage
during normal operation was reduced to 0.6%.

• The replacement tubesheet seat bar was classi-
fied as an ASME Section III, Class 1 pressure
boundary attachment. This was accommodated
by providing the seat bar material, the seat bar to
tubesheet overlay weld and the seat bar analysis
all to Class 1 requirements.

• No loose parts may be released from the steam
generator during a large LOCA. The divider plate
and seat bar configuration was designed to allow
large inelastic distortion but to disengage in a
graceful fashion so as to release the divider plate
from the seat bars in a single piece.

LOCA LOADS
In December 1994, at a point where the divider plate
concept and design had been fully detailed and
where materials procurement and manufacture of
components were underway, the need to design for
LOCA loads suddenly changed from a consideration
to a major requirement. LOCA load requirements
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were developed by Hydro Quebec in conjunction
with NB Power who were simultaneously consider-
ing the need for divider plate replacement. It became
necessary to incorporate the dividers into LOCA
modelling i.e. to show that the dividers would sustain
a range of small LOCA loads without rupture or dis-
engagement, to show that during very large LOCA
loads the dividers would be released without gener-
ating any loose parts outside the steam generator
and that for certain intermediate loads the partially
disengaged divider be considered in the modelling.

To address the LOCA loads, a large number of pipe
break/divider plate condition cases were identified
and modelled by Hydro Quebec. Response of the
dividers to these various load cases was evaluated
for B&W by Ontario Hydro using a dynamic, elas-
tic/plastic finite element analysis. The results of the
analysis have shown that the divider is able to sus-
tain small breaks (5% and TA% break sizes) with sig-
nificant distortion but without any disengagement of
the divider from the seat bar. For the purpose of
modelling LOCA flow conditions, this allows the
divider to be considered totally intact. The response
of the divider to a small break LOCA is shown in
Figure 3.

FIGURE 3

DIVIDER PLATE UNDER

SMALL BREAK LOCA LOADS

For the very large LOCA loads, the dynamic elas-
tic/plastic analysis shows the divider to fully disen-
gage from the seat bars. The central portion of the
divider first pops through and dishes in the down-
stream direction, next the upper rim pulls downward
and begins to disengage from the tubesheet seat bar
and finally the entire peripheral rim pulls away and
disengages from the seat bar so that the divider is
fully disengaged from the seat bar and is moving
toward the outlet nozzle. In this condition, the divider
is fully open for purposes of LOCA flow modelling.
For various intermediate LOCA loads, the divider
may partially disengage and offer a partial flow area
for consideration in further LOCA analysis.

In the large LOCA case, analysis has shown that the
divider plate is totally intact though severely distort-
ed, that the new tubesheet seat bar remains totally
intact and welded to the tubesheet but with some
seat bar distortion and that the head seat bar is dis-
torted but remains welded to the head. The new U-
shaped liner which is applied over the primary head
seat bar by double strength welds does experience
severe distortion during the disengagement of the
divider plate. It may shear through at a corner but the
remaining pieces would remain attached to the seat
bar because of the strength welds. On verifying this
point and that the disengaged divider cannot in any
way block the outlet nozzle, the response of the
divider-to-LOCA conditions will have been confirmed.

COMPONENT MANUFACTURE
The replacement divider plate components are a
unique and novel design and therefore required the
development of unique and novel manufacturing pro-
cedures. The divider was manufactured by a vessel
fabricator as a heavy peripheral "window frame" into
which was welded the curved central portion.
Subsequently the 4 segments were prepared for
field assembly by breaking the divider assembly into
4 pieces and adding the edge weld preparations. The
complex shape of the tubesheet seat bar was
machined from solid by an air craft component man-
ufacturer using sophisticated NC machines to deal
with the complexities of the T divider slope and the
ear profile.

INSTALLATION
Field installation of the replacement divider plates -
shown in Figure 4 - was a major operation involving
installation of this first-of-a-kind design in a retrofit
situation in a difficult access, high radiation environ-
ment. A major consideration in determining the fea-
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sibility of field installation was the radiation level to
be anticipated during the changeout. The radiation
levels were high enough to require very large field
crews for the installation of the dividers if done man-
ually. The initially assumed radiation levels (1 R/hr in
the head) meant that the fields were so high that
robotic techniques would have been required - an
option requiring a large upfront cost and a long lead
time. A planning value of 0.5R/hr was established
which allowed for large but feasible crews. The val-
ues ultimately experienced in the field were above
the planning value.

Installation procedures were developed in
Cambridge by a combination of procedure develop-
ment, special tools design, mockup trials, weld pro-
cedure qualification, inspection development and
personnel training. Mockup trials were of great
importance. Cardboard and then wood mockups of
divider segments showed that the dividers could be
installed into an existing head mockup in only four
pieces - a factor which was key to setting the design
configuration.

To establish the installation procedures, a full scale
mockup was constructed including the SG primary
head, existing divider, seat bars, manways, vessel
support and the external floor and walls. A full scale
Lexan replacement divider assembly was built to pro-
vide an early confirmation of the configuration and for

TUBESHEET

MANWAY

PRIMARY HEAD DIVIDER PANELE

V,SUPPORT

FIGURE 4

DIVIDER PLATE REPLACEMENT

use in developing procedures. When the full comple-
ment of metal parts became available, they were used
to further verify procedures and for fitup and welding
trials. In parallel, a large field force was recruited. Field
personnel under B&W supervision were trained for
execution of the work segments as feasible within
individual radiation exposure limitations.

In the field, installation of the replacement dividers
would first require removal of the existing divider
plates. As anticipated, the removal of the existing
divider plates and tubesheet seat bars was an opera-
tion that went relatively quickly because of the
nature of the existing design and the condition of the
bolting.

Refurbishment proved more of a problem. On
removal of existing dividers, it was observed that the
existing primary head seat bars had experienced a
significant amount of erosion. While the erosion
observed at G2 did not affect the strength of the seat
bar it had to be repaired in order to allow it to prop-
erly receive the seat bar liner. The repair required
weld buildup and grinding to re-establish the head
seat bar profile.

The observation that the old primary head seat bar
had in fact experienced a significant amount of ero-
sion was a vindication of the earlier design decision
to include an erosion resistant seat bar liner, erosion
resistant divider groove faces and an erosion resis-
tant tubesheet seat bar as part of the design.

On completion of seat bar refurbishment, the seat
bar liner could now be installed. The liner was a
machined profile sized to slide into the periphery of
the divider plate after installation. Between the
machining operation and divider installation, the liner
was rolled to the curvature of the primary head,
pressed over the seat bar and strength welded on
two edges. After all of this manipulation, the liner
required a degree of adjustment to allow for the sub-
sequent installation of the divider.

The next step was the installation of the two seat
bar/ear components. The two seat bar/ear compo-
nents which join at the centre of the tubesheet were
each positioned and secured to the tubesheet. Once
this was complete, the tubesheet and head seat bars
created a continuous tongue across the tubesheet
and around the head.

The divider itself consists of four very heavy compo-
nents. These components, the largest of which is
16.6" by 56" and weighs 300 pounds had to be
maneuvered into the head through the 14 x 18 inch
cold leg man way. Once inside the head the compo-
nents were manoeuvred into final position using var-
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ious guide channels and rope and pulley devices. In
the installation, the two corner portions are installed
first followed by the lower central portion and finally
by the very heavy upper central portion.

At this point the divider panels are in their final posi-
tion with their weld preparations aligned. The weld-
ing process incorporated completion of the root
passes from each side of the 3/4 inch full penetration
double groove weld profile, a root pass inspection
and then progressive welding simultaneously on
both sides. Double sided welding was done so as to
better control and balance weld distortion. After
cleanup, the welds are subjected to surface exami-
nation and partial volumetric examination. Execution
of the tubesheet seat bar to tubesheet overlay welds
completed the welding program.

Completion of the divider plate installation represent-
ed the culmination of a complex manufacturing and
installation of a unique first-of-a-kind configuration
which was executed in a highly satisfactory manner
notwithstanding the vagaries of the unexpected seat
bar condition and a few inevitable first-of-a-kind con-
siderations. The resultant divider plate was a highly
satisfactory installation.

The replacements of the divider was completed at
G2 in 15 days and 9 days on the first two and second
two SG's respectively by a total of 220 personnel.

RETURN TO OPERATION
Upon completion of the installation and the plant out-
age, the plant was returned to operation. In operation
the divider plate has been performing very well. After
the outage the steam generators, which had been
experiencing a continuous degradation of perfor-
mance in the form of an increase of the reactor inlet

header (RIH) temperature, where observed to have a
very large improvement in the RIH temperature. The
divider replacement was the only relevant change
(other than ID cleaning of a very small number of
tubes on one generator). On re-start the plant was
observed to have a very large RIH temperature
reduction of 5.2"C average. This correction restored
the steam generator operation to very nearly the orig-
inal startup condition. This type of RIH temperature
improvement will indefinitely avoid the need for the
plant derating which had been anticipated prior to the
outage.

CONCLUSION
The replacement of the segmented original divider
plates at the G2 plant with a welded floating one-
piece design has been completed as a unique first-of-
a-kind operation. The result has been a very satisfac-
tory installation of a design which is better able to
meet the various loading requirements and which
has had the effect of substantially improving the
plant performance.
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ABSTRACT
Mechanical Plugging capability has been developed
for Bruce Nuclear Generating Station (BNGS) steam
generator (SG) tubes and Darlington Nuclear
Generating Station (DNGS) SG tubes and tubesheet
holes. The plug concept was a modified
ABB/Combustion Engineering Inconel 690 plug with
a nickel band, rolled into the tube or tubesheet hole
from the primary side of the tubesheet. The qualifi-
cation program included analytical justification of the
plug body and experimental testing to verify the leak
tightness of the rolled joint under conditions which
meet or exceed all service or design requirements.

Tools and procedures were developed and tested for
manual and remote/robotic installation and removal
of the mechanical plugs. Additionally, tools and pro-
cedures were developed to plug tubesAubesheet
holes at DNGS in the event the steam generator is
recalled to service to act as a heat sink. A crew of
Ontario Hydro personnel were trained and qualified
for the installation of mechanical plugs for permanent
and recall applications. During the DNGS Unit 4
spring 1995 outage, 6 tubes were plugged and the
"Recall Plugging Capability" was deployed and ready
for use during a primary side SG tube removal.

The mechanical plugs were installed manually with a
typical 3 minute/plug irvbowl duration time with an
average radiation dose of 12.5 mrem per plug. This
compares favourably with manual plug welding dur-
ing the same outage in the same SG bowl at approx-
imately 15-30 minutes/plug in-bowl duration with an
average radiation dose of 117mrem/plug.

1.0 INTRODUCTION
A steam generator tube and tubesheet plugging
process was developed for Ontario Hydro's
Darlington Nuclear Generating Station (DNGS) and
Bruce Nuclear Generating Station (BNGS), steam
generators (SG), using a modified ABB CENO
mechanical plug. This plug concept consists of an

INCONEL 690TT plug rolled into an INCOLOY 800
steam generator tube or tubesheet hole on the pri-
mary side of the SA-508 Class 3 tubesheet, in the
case of DNGS SGs (Figures 1 and 2) and an
INCONEL 690TT plug rolled into an INCONEL 600 SG
tube, in the case of BNGS SGs (Figure 3).

2.0 PLUG DESIGN
Design Requirements. The plugs were designed to
satisfy the requirements of the ASME Boiler and
Pressure Vessel Code, Section III for Class 1 compo-
nents. Design considerations included leak tight seal
at the plug-to-tube and plug-to-tubesheet interface,
installation process to preclude the possibility of the
plug becoming a loose part or to dislodge, move or
leak during normal or accident conditions, and plug
lifetime of 40 years. The design of the mechanical
tube plug included the following considerations:

• Minimal tube preparation and cleaning.

• Full primary side pressure with virtually nil sec-
ondary side pressure.

• Full primary side pressure with full secondary side
pressure.

• Full secondary side pressure with virtually nil pri-
mary side pressure.

• Overall effect on the tube-to-tubesheet seal weld
due the plugging operation.

• Overall effect on tubesheet stresses due to the
plugging.

• If a hydrostatic or pneumatic field test is devel-
oped, the loading and corresponding stresses
shall be analysed for their effect on the plug and
on the tube and tubesheet.

• Plug stress analysis shall be performed and shall
satisfy applicable ASME Code requirements for
design conditions. Level A to D, service and hydro-
static test conditions. For the analysis, tubesheet
hole thermal dilation shall be considered.
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• The plug and installation process shall be
designed to eliminate the risk of the plug becom-
ing a loose object in the primary coolant system.

• The plug analysis must indicate that creep relax-
ation during the boiler design life will not affect the
tube and/or tubesheet plug joint and result in leak-
age or failure.

• The plug shall be designed for easy installation
and removal.

Material Selection. The plug material was selected
to function in the steam generator coolant system
under water chemistry limits, faulted chemistry con-
ditions and to exhibit superior corrosion resistance.
The plugs were fabricated from Alloy 690 thermally
treated and subjected to a final annealing and ther-
mal heat treatment after nickel plating.

3.0 ANALYSIS
Thermal Expansion Analysis. A finite element
analysis for the Thermal Expansion at Mechanical
Plugs was performed. The results of the thermal
expansion analysis prove that the mechanical joint in
both the tube plug and tubesheet plug becomes
tighter as a result of the worst case thermal tran-
sients. The transients selected for worse case evalu-
ation were warm-up and start-up..

Tubesheet Stress and Strain Evaluation. A finite
element analysis of Tubesheet Strains at Mechanical
Plugs was performed, which covers the
stress/fatigue requirements of the ASME Code
Section III Subsection NB for Class 1 components, to
determine the effects of the mechanical plugging
upon residual stresses in the tubesheet and neigh-
boring in-service tubes. The results of the finite ele-
ment analysis for DNGS SGs, when using a maxi-
mum of 16% plug wall thinning, proved that the max-
imum plastic strain in the tubesheet are less than
3%. For field applications the nominal plug wall thin-
ning is less than 7.5%.

4.0 QUALIFICATION TESTING
Bench Testing. Bench Tests were performed to
determine the optimum torque values for installation
and to verify that the plug is leak tight. Samples were
manufactured with tubesheet holes drilled to the
high and low side of the hole tolerance. Hydrostatic
tests were performed from the secondary side fol-
lowed by the primary side test at a minimum of 1.5
times the design pressure. Plug removal and re-
installation were performed to determine the impact
of this action on the tube/tubesheet. The plugs were

removed and re-installed a number of times and each
time were subjected to hydrostatic tests to deter-
mine if the joints were leak tight.

Destructive (Blowout) Tests. Destructive or
blowout tests were performed to determine the
maximum hydrostatic pressure that the plugs can
withstand before it moves, leaks or otherwise fails.
These tests were performed on the primary and sec-
ondary sides of the plug and were not to exceed
10,000 psig.

Flexure Tests. Flexure tests were performed to ver-
ify the integrity of the plug-to-tube and plug-to-
tubesheet joints. Test fixtures were designed to pro-
vide both tensile and compressive loads.

Helium Leak Tests. Helium leak tests were per-
formed on both the bench and flexure test speci-
mens. The test specimens were pressurized for a
minimum of 12 hours at 58 psig (0.4 Mpa).
Acceptable leak rate was 10-6 standard cubic cen-
timetres per second.

Thermal Cycle Test. A thermal cycle test was per-
formed using the worst case thermal transients to
determine the impact on the tubesheet/tube/plug
interface. A thermal cycle evaluation of other avail-
able data were also used for the thermal cycle test.
The plugs were pressurized from the secondary side
during the testing to allow access to the primary side
of the plug for rapid cooling. This test was designed
to prove that the mechanical tube plug will withstand
severe cool-down thermal shocks far beyond those
which may be imposed on the plug during plant
operation.

Recall Scenario Testing. Tests were conducted to
determine how long it would take to recover from
any SG outage maintenance condition when the SG
is recalled to service to act as a heat sink. The plug
and the installation process were designed to recov-
er from any SG outage maintenance condition within
the required time frame of fourteen (14) minutes.
During the DNGS SG mechanical plug qualification
testing, the following recall scenarios were investi-
gated:

Recall Scenario 1: The tube had been shrunk and
the shrunk portion of the tube was in the plug seal-
ing zone. This condition was selected for testing to
prove that the TIG process produces no effects on
the tube which will prevent the leak-tight installation
of a mechanical tube plug. As a result of the shrink-
ing processes the tube ID would have a spiral pattern
where the tube had been melted.
Recall Scenario 2: The tube had been cut and water
and secondary deposits were pouring from the tube.
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This condition was selected for testing to prove that
the plugging process can proceed when deposits are
leaking through the tube. The water and deposits are
the result of cutting the tube within the sludge pile or
below the secondary side water level.
Recall Scenario 3: The gripper which pulls the tube
had slipped from the tube and left axial scratches in
the tube I.D. This condition was selected for testing
to prove that the gripper scratches produces no
effects on the tube which will prevent leak-tight
installation of a mechanical tube plug. In this condi-
tion the tube ID will have axial broach marks or
scratches where the gripper slipped on the tube ID
surface and possibly burrs raised on the tube ID
when the gripper is removed.

Recall Scenario 4: The tube had been pulled some
distance and had been necked-down due to high
pulling forces. In this condition the tube had been
reduced in diameter, "necked-down" due to the
pulling forces. The tube must be expanded by rolling
the tube in to contact with the tubesheet to permit
the installation of the mechanical tube plug.
The recall testing showed that the plugs can be suc-
cessfully installed with a leak tight joint.

5.0 JURISDICnONAL APPROVALS
The qualification documents were submitted to the
Chief Engineer, Engineering and Standards Branch,
Pressure Vessel Safety Program with the Ontario
Ministry of Consumer and Commercial Relations.
The qualification documents were reviewed in con-
junction with the Atomic Energy Control Board and
approval was provided for:

• Plugging six tubes (12 plugs) during the DNGS
Unit 4, spring 95 outage.

• Using the mechanical tube & tubesheet plugs for
the "SG Recall scenario" during the DNGS Unit 4,
spring 95 outage.

• The essential variables associated with the plug-
ging process were submitted and accepted by the
Jurisdiction in much the same way that a welded
tube plugging procedure is addressed.

Ontario Hydro has subsequently asked the jurisdic-
tion for approvals for 1996 for increased plugging lim-
its for the mechanical tube plugs and blanket
approval for tube and tubesheet plugging during the
"DNGS Recall Scenario".

6.0 TOOLING
There different tooling configurations were
addressed during the development program. The

three sets of tooling and their applications are:

• Mini-Mechanical Plugging System - To be
applied for low volume, low radiation dose plug-
ging applications applied by operators from inside
the primary bowl.

• Remote Mechanical Plugging System - To be
applied for high volume or high dose plugging
applications.

• Recall Plugging System • To be applied in the
event a Steam Generator is recalled to service dur-
ing a steam generator tube removal operation or
other maintenance activity which would result in a
breach of the primary to secondary containment
boundary in the steam generator.

The following operations are performed for mechan-
ical plug installation:

• Tube/Tubesheet hole marking

• Insertion of water plug if water leaking out of the
tube/tubesheet hole

• Cleaning by Wire brushing . This is performed to
remove surface contamination

• Tubes are size rolled with a roller mandrel. This
ensures that the tube opening is large enough to
allow interference free insertion of the tube plug.
This operation is not required for the tubesheet
plug.

• Swab the tube/tubesheet hole with alcohol to
remove lubricant deposited by the rollers

• Plug is inserted and roller expanded creating a
positive seal

• Plug is expanded a 2nd time

• Installation parameters checked against accep-
tance criteria

7.0 FIELD EXPERIENCE
Operator Training. A training program was provided
to the OH operators consisting of:

• A one week training program, 1/2 day of theory
and 41/2 days of practical hands on training.

• written exam requiring a 80% average to pass

• practical hands on exam requiring the operator to
demonstrate installation and removal of mechani-
cal plugs to the requirements of the Standard
Plugging Procedure and the Recall Plugging
Procedure. An evaluation checklist was used to
asses the operators performance during the prac-
tical examination

Recall Training. Eight (8) recall scenarios were used
to test the DNGS mechanical plugging system using
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the full-size SG mock-up at the Training and Mock-Up
Building in Pickering. In all the recall cases; two
workers were involved in the plugging, one worker
outside/inside the primary head mock-up in full plas-
tic suit who performed the actual plugging and the
second a platform worker who assisted in the plug-
ging. The time required to recover from the recall,
complete or stop any on-going work, plug the tube
and clear the primary head was no more than four-
teen (14) minutes. The following recall scenarios
were used:

• Recall scenario #1 : Worker was inside the prima-
ry head, tube removal was in progress, the tube ID
gripper was in the tube and the tube had been par-
tially pulled; recall was issued. The total time to
recover from the recall, plug the tube and clear
the primary head was 7 minutes.

• Recall scenario #2: Worker was outside the pri-
mary head since the tube can be reached from the
manway opening, tube removal was in progress,
shrinker was in the tube, service air was turned
off, water was dripping from the secondary side in
the tube ID; recall was issued: The total time to
recover from recall, plug the tube and clear the
primary head was 4 minutes.

• Recall scenario #3: Worker was inside the prima-
ry head, tube removal was in progress, ID gripper
and jack were on the tube, tube had been pulled
down 4", air hose was disconnected on the way
in and had to be re-connected; recall was issued.
The total time to recover from the recall, plug
the tube and clear the primary head was 11
minutes.

• Recall scenario #4: Worker was inside the prima-
ry head, tube removal was in progress, tube had
been partially pulled, water was dripping from the
secondary side in the tube ID; recall was issued.
The total time to recover from the recall, plug
the tube and clear the primary head was 9
minutes.

• Recall scenario #5: Worker was outside the pri-
mary head since the tube being pulled was acces-
sible from the manway, the tube pull was in
progress, the shrinker was installed, the upper
expanded (rolled) zone was shrunk, the tube ID
gripper was installed, the tube was partially pulled
and the upper expanded shrunk zone was at the
plugging area; recall was issued. The total time
to recover from the recall, plug the tube and
clear the primary head was 6 minutes.

• Recall scenario #6: Worker was inside the prima-
ry head, the tube pull was in progress, the tube ID

gripper had broached the tube and slipped, water
was dripping from the secondary side; recall was
issued. The total time to recover from the
recall, plug the tube and clear the primary
head was 7 minutes.

• Recall scenario #7: Worker was inside the prima-
ry head, the tube pull was in progress, the tube ID
gripper was installed, the tube had necked down
and stretched more than 2", water was dripping
from the secondary side; recall was issued. The
total time to recover from the recall, plug the
tube and clear the primary head was 8 min-
utes.

• Recall scenario #8: Worker was inside the prima-
ry head, the tube pull was in progress and the tube
was coming out easily, water was pouring down
from the secondary side; recall was issued. The
total time to recover from the recall, plug the
tube and clear the primary head was 6 minutes.

Some of the above samples were hydrostatically
tested from the primary and secondary sides with no
leaks observed.

Field Application. During the week of May 15,
1995, six (6) tubes were plugged at DNGS, Unit 4,
Steam Generator No. 3 using the Mini-mechanical
Plug Installation system and three (3) tubes were
plugged using manual welding techniques. The in-
bowl general gamma radiation field was measured at
300 mrem/hour. The average radiation dose uptake
was:

• 12.5 mrem /Plug - Mechanical Plugging

• 117 mrem/Plug - Manual Welded Plugging

Both the manual welded and mechanical plugging
were applied by operators inside the steam genera-
tor bowl. The mechanical plugs typically required 3
minutes of in-bowl time per plug while the welded
plug required between 15 and 30 minutes of in-bowl
time.

8.0 SUMMARY AND CONCLUSIONS
Mechanical plugging capability has been developed
for BNGS and DNGS SGs. The mechanical plugs can
be installed manually with a mini-mechanical plug-
ging system and remotely with a robotic system. A
"recall plugging" capability has also been developed
for DNGS SGs utilizing mechanical plugs.

The first mechanical plugs were successfully
installed in an Ontario Hydro SG at DNGS Unit 4 dur-
ing the spring 1995 outage. Installation costs (time
and dose) were substantially less than that for man-
ually welded plugs.
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DARLINGTON NGSS

MECHANICAL TUBE PLUG

MECHANICAL TUBE PLUG PLATING

Figure 1. DNGS mechanical tube plug and plating.

DARLINGTON NGS

MECHANCAL TUBESHEET PLUG

MECHANCAL TUBESHEET PLUG PLATING

Figure 2. DNGS mechanical tubesheet plug and plating.

BRUCE NGS-B

3 I"

MECHANICAL TUBE PLUG

MECHANICAL TUBE PLUG PLATING

Figure 3. BNGS mechanical tube plug and plating.
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MAINTENANCE AND ENVIRONMENTAL QUALIFICATION

R.S. Martin
United Energy Services Inc

and

D.G. Austin
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CA9800488

INTRODUCTION
The design of today's nuclear generating plants
involves many detailed design considerations. This
includes comprehensive look at aging effects on
plant components over their expected lifetimes. This
is important to ensuring that the plant operates safe-
ly throughout its life. The effects of aging are
required to be documented in detail in today's
designs. This documentation provides assurance
that safe operating conditions are maintained
throughout the station life cycle. This requirement is
analogous to-the longer standing requirement to
ensure pressure boundary integrity. The pressure
boundary integrity requirement has existed in the
industry since its inception. The subject of plant
aging effects and the maintenance of functionality is
known as Environmental Qualification (EQ).

What about older plants? In Ontario Hydro we operate
stations ranging from Pickering A which was designed
and constructed in the late 60's, to the modern
Darlington station which was subject to the latest
standards of the 90's. Darlington was designed and
built with EQ design requirements as an integral part
of the complete set of design considerations.
Pickering A had, at best, the expectation that a com-
bination of good engineering practice and the use of
high quality materials, would adequately address plant
aging effects. There was no formal EQ design require-
ment at Pickering A. For the stations in between,
there was an evolution of the standards requiring a
demonstration of the ability to withstand component
aging effects. These requirements became more and
more explicit with each new design.

The purpose of the current EQ program in OHN, is to
systematically review the extent of environmental
qualification of the pre-Darlington stations and do
whatever is necessary to bring them up to today's
standard.

What does this have to do with maintenance?
Everything.

The biggest reason for performing maintenance is
that components age. They wear out and break-

down. The preferred, optimal way of performing this
maintenance is to do it on a planned, proactive (if
possible) basis as we have all learned.

Consider the requirement to maintain a pressure
boundary intact. In our business, we expend a lot of
energy attempting to proactively avoid pressure
boundary failures. This is because we have learned
through hard experience that waiting for failure is far
more expensive and dangerous than investing in
avoidance. In fact, much of our effort in this area is
focused on the effects of aging through environmen-
tal exposure (otherwise known as corrosion). Why
not apply the same level of effort to other aging phe-
nomena?

This paper will attempt to explain the wisdom of EQ,
and the potential for optimizing maintenance activi-
ties (to move from reactive to proactive activities),
within the context of the overall maintenance pro-
gram. It is the authors' intent to encourage the active
involvement of maintenance professionals in the
effective implementation of the ongoing EQ program
so that the benefits are maximized.

BACKGROUND
Following the TMI accident in 1979 (how many dis-
cussions have that famous preface?), the Nuclear
Regulatory Commission (NRC) in the US initiated the
requirement for a review of all nuclear stations' abili-
ty to safely function in the environmental conditions
(heat, humidity, flooding and radiation) resulting from
an accident. For the first time, the issue of compo-
nent capability under post-accident conditions was
being fully and carefully questioned.

This ultimately lead to a massive NRC dictated pro-
gram at all US stations to retrofit Environmental
Qualification, as a formal design requirement. For the
most part this initiative occupied utilities throughout
the US for the next five years, and consumed large
amounts of capital. Anywhere from $50M to S100M
per unit was spent to complete the EQ program and
make the necessary changes.
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For the most part the rest of the industrialized
nations followed suit. The standards varied from
country to country, but the approach and costs were
about the same.

In Canada, the response was more measured. It is
unclear as to why the rather proscriptive approach
taken south of the border was not taken here, but
the real answer probably lies in the degree of public
ownership (and therefore self regulatory responsibil-
ity) of our nuclear program. This coupled with a fun-
damental confidence in the adequacy of our design,
and our much less proscriptive regulatory environ-
ment lead to the path we followed on this issue in
the past.

In reality, our typically Canadian debate on the issue
only deferred the issue about ten years and now we
have come to the conclusion that it must be
addressed.

The advantage of this of course is that we can take
advantage of world experience. We have researched
the successes and failures from the body of world
experience and have adopted what we believe to be
the optimal program for us.

The down side however, is that this particularly
expensive venture has come along at a time when
money is tight and continued competitiveness is the
key to our collective futures.

The result of this is that though the job must be
done, it must be done effectively and efficiently and
in a manner which maximizes payback over the
remaining life of our units.

ENTER MAINTENANCE!
Question: If one were to remove all aspects of our
maintenance programs related to the maintenance of
pressure boundaries, how many of our people would
be without work?

Answer 1: None! Not only would we have all the
overtime we could handle, we would have to hire
many more to handle the work load due breakdown
maintenance on the pressure boundary.

Answer 2: All! After our first catastrophe, those sur-
viving would soon be out of a job!

This hypothetical question is provided to highlight the
idea behind EQ maintenance requirements. To date
our maintenance programs have focused heavily on
the aging of the metallic components of our systems
and the rather well understood phenomena of
mechanical wear and corrosion.

The EQ program's review of the effects of heat,
steam, water and radiation on device performance,

quickly moves away from the well understood study
of metallurgy, to the less well understood area of
organic chemistry of elastomers and polymers.

For the conditions in an normal operating power
plant, with the exception of the reactor core, metals
are relatively unaffected by the environmental condi-
tions of heat, steam, water and radiation.
Paradoxically, most elastomers are relatively impervi-
ous to chemical attack from the water chemistry that
normally exist in a power plant.

So what is EQ actually trying to achieve?

The EQ process focuses on the impacts of normal
temperature, humidity and radiation on the behavior
of key safety functions in the plant. The design
requirements on a safety function are typically that it
perform adequately under normal conditions for its
design life and still have enough functional capacity
to perform its safety function under the conditions of
the accident for which it is credited in the design.
The EQ process is one which analyzes each critical
component making up a safety function and then
determines the "design life" of the device based on
normal conditions and its required post-accident
function. The objective, in a backfit program such as
ours, is to prove that components currently installed
will last the life of the station and still perform ade-
quately if the accident were to occur on the last day
of operation.

The reality however is less than what we would hope
for. Much study of these aging phenomena have lead
us to conclude that some of our installed compo-
nents will have shorter lives than the plant. In the
extreme, some of the devices which we currently
have installed may lack the capability to do the job
today!

Thus the real objective of the EQ program is to sys-
tematically identify these components and put in
place replacement and maintenance strategies to
restore the design capability of the station. One of
the main outputs of the EQ program therefore, is of
major import to the maintenance professional, that of
establishing the EQ driven maintenance require-
ments and maintenance intervals for key plant com-
ponents. As with any problem resolution process,
however, there are options, and it is in the selection
of the best option, that the maintenance profession-
al will play his or her greatest role.

IMPACTS ON MAINTENANCE PROGRAMS
As we have discussed, a major output of the EQ
process is the specification of EQ maintenance
requirements for critical plant devices. The true
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impact on the maintenance program however,
begins much earlier in the EQ process. Figure 1 rep-
resents a high level depiction of the EQ process. It is
fundamentally a four stage effort.

Identity

*

Assess

Qualify

Maintenance

Figure 1 - EQ Process

The Identify stage involves a systematic identification
of the critical components for the successful comple-
tion of safety functions following the design basis
events (accidents we are licensed to survive).
Because we have never systematically developed a
comprehensive list of safety critical devices before,
the EQ process has to start from first principles, with
the Safety Reports, and generate the lists from there.

From this group of documents we define a list of all
devices credited to perform safety functions in the
event of an accident which will generate harsh con-
ditions (elevated heat, humidity or radiation). We
then must subdivide it into those which will or won't
have to withstand the elevated condition (harsh ver-
sus mild environmental conditions). Further, we must
distinguish between those devices which fail safe
(i.e. cannot fail under the environmental conditions in
a manner which impairs the safety function) and
those which can fail and cause a problem. Those
which can fail inappropriately are considered EQ
components and must be subjected to further
review.

It is estimated that between 4,000 and 6,000 com-
ponents per unit will reach this point in the process
and that at least half of these components will
require at least some upgrade to the existing main-
tenance because of EQ.

The Assess stage of the job is a detailed engineering
review of the ability of the EQ devices to perform
their critical safety function. The analysis performed
for the assessment calculates the amount of time a
device can age under normal conditions before its
ability to perform safety critical functions is compro-
mised. This is known as the EQ design life of the
device. As implied earlier, a design life exceeding 40
years is good news, but not always possible.

An EQ design life of less than forty (40) but more
than two (2) years, implies that replacement of the
device or some kind of maintenance on the device
will be required to assure ongoing qualification.
Anything less than two years is generally considered
to be unacceptable. Even through such devices are
technically environmentally qualified, it will likely
need some form of rework (redesign, reconsidera-
tion of inputs or possibly test) to mitigate the overall
impact on operations and maintenance and extend
the maintenance interval.

Regardless of the outcome of the assess stage,
some form of activity is required in the qualify stage.
This can vary from simply visiting the field to confirm
that what is installed is what the paperwork says is
there, through some form of maintenance, to an
occasional design change. The decisions being made
during this phase are of critical importance to the
maintenance professional. In some cases, there will
be several options that will satisfy the engineering
requirements, but require varying amounts and types
of ongoing maintenance and replacement activity.

Consider the choice between a 4 year callup in con-
tainment working in cramped quarters with 200
mrem dose and a $5,000 upgrade which eliminates
the callup. In the past the decision would have been
clear! In the past, ongoing maintenance costs would
have been downplayed. In the new Hydro, they must
form a significant part of the overall decision making
process.

The final stage of Figure 1 is maintenance. The suc-
cess of the previous stages rests not as much on
their completion as upon the maintenance of the
qualification over the remaining station life. The abili-
ty to maintain the qualification is heavily dependent
on the previous three steps.

One of the major roadblocks in the past to an effec-
tive maintenance program was the unavailability of
information which could be relied upon for decision
making. One of the most valuable outputs of this pro-
ject is information. Much of the data required for
effective and efficient maintenance is collected as
part of the EQ effort. That is, much of the data is
"reconstructed" as part of the EQ process. One of
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the crucial aspects of the ongoing maintenance of
environmental qualification is the preservation of the
reconstructed data.

All data recovered to support this project will be used
to populate existing maintenance information sys-
tems and correct past errors. In addition, the pro-
curement requirements to support ongoing EQ
impose additional requirements on the Materials
Management processes to ensure that correct
replacement components are specified and pro-
cured. As the EQ process progresses, errors in stock
code descriptions will be eliminated.

A consequence of this cleanup however, will be a
requirement for the maintenance professional to trust
his or her support systems and to avoid "shopping"
for a replacement in stores. EQ components require
EQ replacement parts. Failure to use the right parts in
maintenance on an EQ device will in essence be a
license violation. This is because it will place the EQ
device in an unknown state relative to its capability to
perform its required post-accident safety function.

BENEFITS OF ENVIRONMENTAL
QUALIFICATION
With these dramatic sounding words in mind, it is
time to contemplate the "What's in it for me?" The
completion of the EQ program should represent a
new opportunity for the maintenance professional to
do his or her job. The program has been designed
with world class standards in mind to ensure the
best quality components are used in our plant. The
use of high quality components coupled with an opti-
mized maintenance program should result in fewer
breakdowns, and better component performance. In
many cases it will allow us to lever the world experi-
ence to achieve higher safety system reliability.

The Identify stage will clearly provide a heretofore
unheard of level of alignment of the Safety Report,
the post-accident design requirements and the
Maintenance program. The list will not be perfect as
only harsh accidents are considered, however the
lists generated will represent 80-90% of the devices
required to perform post-accident safety functions.

The EQ lists generated will contain the hidden trea-
sure of failure analysis. This is an essential ingredient
to Reliability Centered Maintenance programs. If
nothing else, they identify the lion's share of the
devices which the maintenance professional should
pay attention to whether maintenance is being per-
formed on an EQ device or not.

The work performed and the decisions made at the
Assess stage are critical to maintenance. Where bet-
ter for the maintainer to have his say? The assump-
tions inherent in the analysis are critical to the opti-
mization of the downstream maintenance program.
It is impossible however to train everyone in the art
of EQ evaluation. Nevertheless it is essential to get
the correct answers to questions about the impact
on maintenance that arise during assessment
process. The most benefit from a maintenance pro-
fessional's input and experience can be gained at this
point. This is the stage where critical options are pro-
posed and rejected/accepted. It is important for the
maintenance professional to realize that the informa-
tion sought at this point is vital to the making of good
decisions about the options. This need for their
involvement with the group trying to establish the
requirements may be new, but must become a part
of our overall improved business processes. A full
hearing of all benefits and concerns must occur
before any decisions are made.

The Maintain part of the program appears to be a
place of little real benefit. US experience however,
contradicts this supposition. In the states, the great-
est benefit of this stage has come from "the school
of hard knocks" and experience. The careful applica-
tion of operational maintenance experience has pro-
vided supplemental information that allows us to
"improve" on the initial, conservative analyses of the
EQ programs of the 80's.

As one means of capitalizing on this experience,
OHN has joined with the Plant Support Engineering
division of EPRI. This allows us to participate in their
ongoing EQ initiative and thus gain the continuing
benefit of experience south of the border.

CONCLUSIONS
The EQ program should and must deliver improved
plant performance in addition to an improved stan-
dard of safety. This improved performance can only
be achieved by the wholehearted support of the sta-
tion maintenance professional. As with any major
retrofit program, there are many opportunities to
influence the direction of the program and the
requirements that result. The maximum benefit,
from the money to be spent to achieve environmen-
tal qualification on an older station, can be gained
only with the active and enthusiastic participation of
those who must do the work and "carry the torch"
on an ongoing basis.
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ABSTRACT
Environmental Qualification walkdowns are conducted
to collect field data to verify/validate/document config-
urations of safety related equipment and systems.

This paper describes the process for conducting
walkdowns and the justification for using an elec-
tronic format. The following are described.

a) Background

b) Preparing, executing and processing walkdowns

c) Hardware/software

d) Impact of a paperless system on walkdown exe-
cution, maintenance and work planning

e) Other applications for the technology

Introduction

In safety analysis and Abnormal Incidents Manuals,
post accident operation of safety related functions is
credited in order to demonstrate that risk to the pub-
lic is within limits specified in the Siting Guide. The
objective of the Environmental Qualification (EQ) pro-
gram is to provide assurance that safety related
equipment and systems are capable of performing
their credited functions in the environments they
may face following the relevant Design Basis
Accident. This capability is to be maintained over the
remaining station life.

Walkdowns are conducted to collect field data which
is used to validate station and design configuration
information, establish the "as-built" condition and
document the "as-left" or qualified configuration of
safety related equipment.

1.0 BACKGROUND
The first walkdowns initiated by the Pickering Nuclear
Division (PND) EQ unit utilized hard copies of design
configuration information, referred to as datasheets.
These datasheets were taken into the field and
"marked-up", as required, to document as-found
equipment configurations. Information from the mark-
ups was then copiedAransferred onto clean datasheets
and these were then stored in file cabinets.

Following completion of a number of walkdowns,
specific process problems were identified.

a) field mark-ups with a pen were difficult since the
control technicians performing walkdowns used
radiation protective clothing/equipment - it was
difficult to maintain legibility while correcting
information on the datasheets if a plastic suit was
worn

b) multiple paper datasheets extended the time
required to complete walkdowns since the
datasheets were retained on a clipboard covered
in a plastic bag - this was cumbersome for the
control technicians

c) contamination of the datasheets and clipboard
occurred even though preventative methods
were used to minimize contamination

d) photocopying paper datasheets extended the
time required to process data obtained during
walkdowns

e) data errors could occur once field information
obtained was manually transferred into a "parent"
database
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Note: There is a potential 3% error rate expected
during manual data transfer.

f) access to hard copies of walkdown information
and photographs would be limited

To resolve the issues identified above and to accom-
modate the processing of extensive data obtained
from walkdowns1, the EQ unit at PND developed a
computer driven system for the collection, storage
and retrieval of design/field verified data including
photographic images.

At the heart of this integrated system are portable
computers for use during data collection. These com-
puters include hand writing recognition software.
Still video cameras are also used to record configura-
tion information not included in the walkdown data.
Photographs are stored on video floppy discs then
the images are transferred into a digital format.

Ultimately, design/field verified data and images are
maintained in a common parent database. This data-
base is accessible via the LAN utilizing a Visual Basic
3.0 driven program maintained on desktop computers.

2.0 PREPARING, EXECUTING AND
PROCESSING WALKDOWNS

2.1 Environmental Qualification Information
System Database (EQIS)

The EQIS database is the source of design data used
for walkdown preparation. This database is populat-
ed with information obtained from design manuals,
operating manuals, drawings, manufacturer manuals
and other sources.

To prepare a walkdown file, a project responsible
engineer first reviews key fields in EQIS for equip-
ment belonging to a target safety system. Following
this review, information is revised by the engineer, as
required, to correct and supplement the original data.
Once all revisions are complete and verified, walk-
down data is extracted electronically into a file. A
maximum of 20 component walkdowns are collected
into one walkdown package.

Key information fields within EQIS include the fol-
lowing.

a) Equipment Code
b) Material Code
c) Manufacturer name and model number
d) Nearest floor elevation
e) Location including grid and room

f) Mount code, if applicable, eg. panel
g) Cable type, size and manufacturer

Selection of equipment for a walkdown package is
dependent on common characteristics, eg. room
location. Selection is done this way to minimize time
required for walkdown completion.

2.2 Format

Design data contained within a walkdown file is
transferred into electronic datasheets utilizing a
Visual Basic 3.0 program. These datasheets are then
exported into portable computers which are used
during the walkdowns. The computers are manufac-
tured by GRiD, models 2260 and 2270, and each
includes hand writing recognition software.

Sample screens from a walkdown package showing
how data is displayed are included in Figures 1 and 2.

Note: Photograph requirements are also identified
during processing of a walkdown package. These
requirements, along with design data, are displayed
on the screens.

2.3 Walkdown Execution and Issue

2.3.1 Walkdown Performance

Production staff perform walkdowns per an
approved PND control maintenance procedure2.

Two control technicians carry a GRiD computer (cov-
ered in a plastic bag) with the walkdown information
loaded, to the target equipment in the plant. These
control technicians also bring with them a still video
camera manufactured by Sony, Model MVC7000.

During walkdown execution, one technician evalu-
ates the information on the datasheets (as shown in
Figure 2) against the actual configuration of a com-
ponent. Discrepancies between design data and the
field configurations are recorded into the computer
using the keyboard or by writing in the appropriate
fields. The second technician verifies that the original
data and revisions are complete and accurate. Both
technicians' names are recorded with the walkdown
data.

Following data verification, photographs are taken of
the equipment to record general and specific config-
uration details. Photographic data is recorded onto
video floppy discs (VFDs). The associated photograph
numbers and corresponding photograph descriptions
are recorded along with the walkdown data.

Refer to Figure 3 for a sample screen from the exe-
cution of a walkdown. The message box "No Cable

1 Current estimates indicate the PND EQ program will evaluate approximately 100,000 components.
2 P-AB-CMP-03651.1, "Environmental Qualification Field Walkdowns"
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Found...." is shown as an example of how input from
the technicians performing a walkdown is incorporat-
ed into the original data submitted.

If inadequacies are discovered at the time that a
walkdown is performed, eg. damaged cables/covers
missing, the engineers responsible for the equip-
ment are notified and a deficiency report is initiated
in the PND work management system. Appropriate
actions will then follow.

2.3.2 Data Review
Following completion of a walkdown, data and pho-
tographs are reviewed by the technicians who per-
formed the field inspection along with the originator of
the walkdown/project responsible engineer. If the data
and photographs are considered acceptable, all infor-
mation is passed to the technicians' supervisor for ver-
ification. Verification of the data is then recorded.

If the data is not complete, additional walkdown
activities are initiated.

2.3.3 Data Issue
Once complete, walkdown data is exported into a
parent directory that will be part of the EQIS data-

base described in section 2.1. This directory is acces-
sible via the LAN.

A sample screen showing the transfer keys is shown
in Figure 4.

2.3.4 Photographs

Photographic data recorded on the VFDs is digitized
utilizing a Canon VFD reader and specific scanning
software which transforms photographs into a digital
format. These digitized photographs are saved onto
the parent directory along with the walkdown data.

Photographs are also stored on a CD-ROM whenev-
er approximately 595 pictures accumulate on the
directory. CD-ROM's are used to "backup" the pho-
tographic data maintained in the parent directory.

Notes:

1) Digital photographs are originally in MS Windows
3.1 Bitmap file format. Each photograph, in true
colour mode, requires approximately 1 megabyte
of storage. The file size is then decreased utilizing
Lead Technologies compressed file format. Each
photograph then requires 30 kbyte of capacity.
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2) Currently, software used to view walkdown pho-
tographs does not access data stored on CD-
ROM's.

3.0 HARDWARE/SOFTWARE
A partial list of hardware and software required by
the walkdown process is provided in Appendix 1.

In addition to that shown in Appendix 1, "Walkdown
Viewer" software is used to access walkdown data
and images maintained in the parent directory. This
software is a Visual Basic 3.0 program and must be
provided on individual computers with access to the
LAN. The viewer program combines data and pho-
tographs in multiple formats.

Typical specifications for an imaging work station are
as follows.

a) 486 computer

b) minimum 6 Mbytes RAM

c) Super VGA monitor

d) 1 Mbyte VRAM Graphics card

4.0 IMPACT ON WALKDOWN EXECUTION,
MAINTENANCE AND WORK PLANNING -
PROCESS EFFICIENCY

4.1 Process Efficiency Improvements -
Walkdowns

Utilizing a paperless system of data input and stor-
age, estimated savings are as follows.

4.1.1 Estimated Cost Savings = $750,000 over
the next five years

Net Present Value of Process Efficiency
Improvements = $87,800 (see Table 1)

Assumptions

a) 100,000 components to be inspected over 5
years

b) Time to inspect equipment is estimated to be 1
hour per component on average

c) Assumed labour rate is $75.00 per hour

d) Expected reduction in field effort due to a paper-
less system, 10%

WL Walkdown - Version 2.24

Enviromental Qualification Walkdown Package

File Name:

• * • •

Directories:
a:\

s\

• Read Only

Save File as Type: Drives:
Access DataBase Jj;

list bmm

Figure 4 - Walkdown Issue
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4.1.2 Estimated dose expenditure savings = 2.5
rem collective dose per year over the next 5 years.

Assumptions

a) There are approximately 20 components identi-
fied in each walkdown package.

b) On average, control technicians are exposed to
approximately 5 mrem during execution of a
walkdown package.

c) Walkdowns are performed in both accessible and
access controlled areas within the plant.
Approximately 1/2 of the components are located
in access controlled areas.

4.1.3 Rationale
a) Electronic datasheets have been optimized such

that only essential information is entered into dis-
crete database fields. Additional pertinent infor-
mation which documents the overall configura-
tion is recorded in high resolution still video
images.

b) Notepad computers are populated with data
extracted from the EQIS database. Only missing
information and/or corrections need to be entered
during the execution of a walkdown.

c) Missing information and/or corrections can be
easily recorded using the computer keyboard or
writing in the appropriate fields. The ease of data
entry is not affected by protective clothing/equip-
ment worn.

4.2 Process Efficiency Improvements •
Maintenance and Work Planning

PND staff who utilize the data/photographs available

via the LAN, can review equipment configuration
information prior to visiting a work site. This capabili-
ty will contribute to reductions in the number of field
inspections required during work planning.

4.2.1 Estimated Cost Savings = $1,500,000 over
the next ten years
Net Present Value of Process Efficiency
Improvements = $184,000 (see Tables 1 and 2)

Assumptions - Similar to section 4.1.1 except as fol-
lows

a) 10% of the 100,000 components to be inspected
over 10 years.

b) Use of integrated component data/images avail-
able on the LAN is estimated to save 2 future vis-
its per component during work planning or prior
to maintenance being performed.

4.2.2 Estimated dose expenditure savings = 1.0
rem collective dose per year over the next 10 years

Assumption

Visits to proposed work locations cost 1 mrem in
dose expenditure.

4.2.3 Rationale
a) Design information can be obtained quickly via

the LAN.

b) Specific configuration information can also be
obtained from the images provided with the data.

4.3 Reduction of Wastes and Services
Reductions in the use of paper and protective equip-
ment is not quantified. The following must also be
considered.

Total Costs for NPV Calculation
(includes an escalation rate of 2% per year) - k$

Present Value Factor (most likely)

Present Value of Total Costs - k$

Accumulated Present Value - k$

1995

150

0.1125

16.9

16.9

1996

153

0.1125

17.2

34.1

1997

156

0.1125

17.6

51.7

1998

159

0.1125
17.9

69.6

1999

162

0.1125

18.2

87.8

Table 1

Total Costs for NPV Calculation
(includes an escalation rate of 2% per year) - k$

Present Value Factor (most likely)

Present Value of Total Costs - k$

Accumulated Present Value - k$

2000

165

0.1125

18.6

106.4

2001

168

0.1125

18.9

125.3

2002

171

0.1125

19.2

144.5

2003

174

0.1125

19.6

164.1

2004

177

0.1125

19.9

184.0

Table 2
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a) Paper datasheets are eliminated. These
datasheets would end up as radiological waste.

b) Hard copy photographs are also eliminated by the
use of digital photographs.

c) Reductions in the number of field inspections
results in a direct reduction in the use of radiation
protective clothing/equipment.

5.0 OTHER APPLICATIONS
The above described system for obtaining and main-
taining walkdown information can be used by other
utilities and industries where data retrieval or verifi-
cation is required in hazardous areas to minimize time
at the site. An example of this is the verifications
required following the recent Unit 2 incident at PND.

This system can also be applied to other industries
where there is processing of large amounts of field
data. Recording of calibration dates and equipment
operation counts are two examples of data collection.

6.0 CONCLUSIONS
The computer driven system for the collection, stor-
age and retrieval of design/field verified data is a use-
ful tool in minimizing costs associated with walk-

downs at PND. The resultant information database
will also provide opportunities for resource savings
during future maintenance and work planning.

The unique adaptability and generic features of this
process should be evaluated and considered for
other applications external to PND.

APPENDIX 1 -
PARTIAL HARDWARE/SOFTWARE LIST
GRiD 386 Notebook Computer, Model 2260, com-
plete with 3.5 inch drive

GRiD 486 Notebook Computer, Model 2270

Sony 3CCD Still Video Camera, Pro Mavica, Model
MVC-7000 complete with flash, lenses and appropri-
ate adapters

Sony 4 inch LCD Colour Monitor

Canon VFD Reader, Model FV-540

FV-Scan Software for Windows

Kodak CD-ROM Reader/Writer

P-Scribe CD-ROM writing software

Microsoft Visual Basic 3.0

NEC CD-ROM reader

Microsoft Access 2.0
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1. INTRODUCTION
The Wolsong EQ Program is a process that begins at
the design concept stage and continues throughout
the operating life of the station. As all components
may not have a 30 year service life without periodic
maintenance, the EQ Program becomes an impor-
tant management tool for the owner of the plant.
First, the environmental conditions are predicted for
the postulated events. Next, suitably qualified equip-
ment is specified and procured. Then the equipment
is installed according to specific instructions. Finally,
by means of ongoing maintenance and replacement
of parts, the qualification of the equipment is main-
tained during the operating life of the plant. Proper
documentation and traceability is required at all
stages of the program.

As defined in the Wolsong Project Environmental
Qualification Design Guide "a comprehensive
Environmental Qualification <EQ) Program ensures
that safety-related equipment located in an area in
which a harsh environment could occur, can function
when required for the life of the station". This pro-
gram was implemented at the beginning of the
Wolsong project. Using this program, components /
equipment are qualified prior to installation and a
maintenance program is established to keep equip-
ment "qualified" throughout the station life.

2 . OBJECTIVES
The EQ Program meets the following objectives:

A. Satisfy licensing and safety requirements.

B. Provides the RFC (Release for Construction) doc-
uments to construction to install equipment and
associated interfaces.

C. Provide the necessary information and guidance
to operations for the maintenance of equipment
qualification during its installed life.

D. Documents information generated by the EQ
process in an organized manner to provide assur-
ance that the program has been fully implemented.

3 . THE EQ PROGRAM
The Wolsong EQ program is shown in the Figure 3-1.
It provides a description of the activities required dur-
ing the various stages of design procurement, con-
struction and operation of the stations.

3.1 Design Stage

At the design stage, the design basis events causing
harsh environmental conditions were identified. The
systems and components required to perform safety-
related functions as a result of these events were
also identified. The safety function and the mission
time were identified for the components requiring
environmental qualification. This process was carried
out in accordance with the requirements of the
Environmental Qualification Safety Design Guide
(EQ-SDG).

The normal temperature internal to the component
and the ambient temperature and normal radiation
rate were identified. The minimum acceptable per-
formance requirements for the component and the
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harsh environmental conditions external to the com-
ponent were also identified.

The documentation related to the environmental
qualification of the components at the design stage
includes the following:

a. Design Manual
The Design Manual describes how the EQ-SDG
requirements have been implemented in the sys-
tem design. Items such as applicable bounding
events & conditions, mission time and implemen-
tation of EQ requirements are described in the
Design Manual.

b. Component EQ Specification Sheet
Specific component EQ design requirements
were incorporated into the Technical Specification
by attaching an EQ Specification Sheet to the
Component Specification Sheet or else by incor-
porating the requirements into the Component
Specification Sheet and/or Technical
Specifications.

c. Environmentally Qualified Components List
(EQCL)
The Environmentally Qualified Components List
(EQCL) is a list of environmentally qualified com-
ponents. The key information related to the envi-
ronmental qualification of the components is
incorporated into the EQCL to provide operations
with the information required to maintain the qual-
ified life of these components.

3.2 Procurement Stage

The specifications, outlining how the qualification
requirements are to be met by the supplier, were
prepared during the procurement stage. The pre-
ferred qualification method and the minimum interval
between maintenance activities were specified.
Details of the test sequence were also specified.
Requirements related to the interfaces with the com-
ponent, and the mounting/orientation of the compo-
nent for the test were included in the specification.

This information is transmitted to the component
supplier in addition to the Environmental Qualification
of Equipment Technical Specification, or the
Environmental Qualification of Instrument and Control
Equipment Technical Specification. The component
supplier prepares and submits a qualification report
outline which describes the qualification method cho-
sen and the justification for the selection. The equip-
ment engineer reviews and accepts the report out-
line. Upon the acceptance of the outline, if testing is
to be done, then the supplier prepares a test plan. The
test plan is reviewed and accepted by the equipment
engineer prior to the start of the testing.

The qualification, either by testing or analysis, is doc-
umented in a qualification report prepared by the sup-
plier. The report is then reviewed and accepted by
the equipment engineer or a "Third Party" reviewer.

The documentation related to the environmental
qualification of the components at the procurement
stage includes the following:

a. Information for Tendering Document
The information, developed in the procurement
stage detailing the qualification instructions to the
suppliers, is added to the component EQ
Specification Sheet. If the EQ Specification Sheet
form is not used then this information is incorpo-
rated into the Component Specification Sheet or
Technical Specifications.

b. Component Qualification Report
Component testing or qualification by analysis is
documented by the equipment supplier and/or
test lab and is submitted to the equipment engi-
neer for review and acceptance. The content and
the format of the qualification report documents
are prepared in accordance with the requirements
of the Environmental Qualification of Equipment
Technical Specification and the Environmental
Qualification of Instrument and Control Equipment
Technical Specification. The qualification report
demonstrates that the acceptance criteria speci-
fied in the component Technical Specification
have been met. In addition, the report describes
the maintenance required to maintain the qualifi-
cation of the equipment.

c. Environmentally Qualified Components List
(EQCL)
The information in the EQCL which is not available
during the design stage, is completed during the
procurement stage. The information in the EQCL
includes a list of the EQ components, qualified
life, and identifies the EQ Qualification Reports.

3.3 Installation Stage

The environmentally qualified components are
installed following any special installation require-
ments for the equipment and its interfaces, such as
cables, connectors, electrical interface seals, instru-
ment air lines, etc. A site walkdown (sometimes
referred to as "EQ Safari") is performed to verify that
the location of equipment and its installation conform
to the design.

3.4 Operations Stage

The list of environmentally qualified components
(EQCL) is provided to operations. The list indicates
the qualified life of each component to help opera-
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tions staff prepare the EQ maintenance schedule and
parts replacement program. A spare parts inventory
program can subsequently be established to ensure
that qualified parts are available for replacement pur-
poses as needed.

4. RESPONSIBILITIES
The Environmental Qualification Program is imple-
mented by a multi-disciplinary team consisting of all
project disciplines to ensure that all interfaces are
adequately covered. This Program is headed by an
EQ expert who ensures completion of activities in a
timely manner and helps in addressing technical
issues raised internally or by external entities.

EQ awareness / education seminars have also been
conducted for this program to ensure that the staff
are aware of the EQ requirements and the way they
need to be implemented on this project.

The program and the roles of the individuals is
described in Project Procedures and Operating
Instructions. Checklists are provided to assist in
assuring compJeteness of the design activities.

5. METHODS OF QUALIFICATION
The two basic methods of qualification are analysis
and testing. In most cases, qualification by testing is
utilized or a combination of testing and analysis.

5.1 Qualification by Testing

Qualification by testing is required for electrical
equipment and mechanical equipment that contains
components which are in motion during operation of
the equipment e.g. transmitters, limit switches, elec-
tric motors, pumps, and valve actuators.

5.1.1 EQ Test Sequence

All steps in the sequence, including seismic testing
where applicable, are performed on the same repre-
sentative test sample.

The test sequence most frequently used by industry is:

Radiation (normal + accident) - » Thermal Aging -H»
Seismic Testing -> Harsh Environment Testing.

Seismic testing is sequenced before or after the
harsh environment testing depending on the equip-
ment and the harsh environmental conditions.

5.1.2 Performance/Acceptance Criteria

The performance and acceptance criteria for the
components are specified in the Technical
Specification on the applicable EQ Specification
Sheet or within the Component Specification Sheets.

5.1.3 Target Qualified Life

The target qualified life for all components is 30
years. Periodic replacement of parts may be required
to maintain the qualification of the equipment. The
minimum time between maintenance activities is to
be maximized to achieve high plant capacity factors.
A minimum time between maintenance activities of
10 years for instrumentation and 6 years for process
equipment is the target used on the Wolsong project.

6. MAINTENANCE OF QUALIFICATION
AT SITE

6.1 Replacement of Components

The EQCL will be used by operations staff to set up
and record the status of the preventive maintenance
program. For components whose qualified life is less
than 30 years, a replacement program is implement-
ed to either replace the complete component or to
replace the degraded part at specified intervals.

6.2 Replacement Parts Program

A replacement parts inventory control program is
undertaken at site such that:

• elastomers are properly stored (dry, cool, dark sur-
roundings)

• fresh replacement parts are available for planned
outages involving EQ maintenance

• spare parts are qualified and are identical to or of
better quality than the originals

7. SUMMARY
The EQ Program for Wolsong 2/3/4 was initiated at
the beginning of the project, along with educational
seminars for the appropriate project staff. Early initia-
tion of the EQ Program along with close cooperation
with the Suppliers and testing laboratories has result-
ed in relatively few problems and has helped in suc-
cessful completion of design/procurement activities.
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ABSTRACT
In 1992, a program was initiated to establish reactor
noise analysis as a practical tool for plant perfor-
mance monitoring and system diagnostics in Ontario
Hydro's CANDU reactors. Since then, various
CANDU-specific noise analysis applications have
been developed and validated. The noise-based sta-
tistical techniques are being successfully applied as
powerful troubleshooting and diagnostic tools to a
wide variety of actual operational I&C problems.
Critical plant components, instrumentation and
processes are monitored on a regular basis, and their
dynamic characteristics are verified on-power.
Recent applications of noise analysis include (1) vali-
dating the dynamics of in-core flux detectors (ICFDs)
and ion chambers, (2) estimating the prompt fraction
ICFDs in noise measurements at full power and in
power rundown tests, (3) identifying the cause of
excessive signal fluctuations in certain flux detec-
tors, (4) validating the dynamic coupling between liq-
uid zone control signals, (5) detecting and monitoring
mechanical vibrations of detector tubes, reactivity
devices and fuel channels induced by
moderator/coolant flow, (6) estimating the dynamics
and response time of RTD temperature signals, (7)
isolating the cause of RTD signal anomalies, (8)
investigating the source of abnormal flow signal
behaviour, (9) estimating the overall response time of
flow and pressure signals, (10) detecting coolant boil-
ing in fully instrumented fuel channels, (11) monitor-
ing moderator circulation via temperature noise, and
(12) predicting the performance of shut-off rods.
Some of these applications are performed on an as-
needed basis. The noise analysis program, in the

Pickering-B station alone, has saved Ontario Hydro
millions of dollars during its first three years. The
results of the noise analysis program have been also
reviewed by the regulator (Atomic Energy Control
Board of Canada) with favorable results. The AECB
have expressed interest in Ontario Hydro further
exploiting the use of noise analysis technology.

INTRODUCTION
The goal of reactor noise analysis is to monitor and
assess the conditions of technological processes and
their instrumentation in the non-intrusive passive
way. The noise measurements are usually performed
at steady-state operation, while the availability of the
signals in their respective systems (i.e., shutdown
systems, regulating system) is not interrupted.
Although reactor noise analysis techniques usually
offer an indirect way of diagnostics and require
expert knowledge, often they are the only diagnostic
indicators of processes inaccessible to direct plant
testing.

In 1992 an extensive program of reactor noise analy-
sis was initiated in Ontario Hydro to develop CANDU-
specific noise-based statistical techniques for moni-
toring process and instrumentation dynamics, diag-
nostics and early fault detection. A comprehensive
"noise survey" of detector signals from the standard
instrumentation of Pickering-B, Bruce-B and
Darlington units have been carried out in the past
three years at various operating conditions. Also, rec-
ommended standards and procedures for regular sta-
tion noise measurements have been developed. In
these measurements the feasibility of applying noise
analysis techniques to actual operating data has been
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clearly demonstrated. The results indicated that the
detection and characterization of instrument and
process failures, and validation of process signals
and instrument functionality can be based on the
existence of certain statistical signatures derived
from the measured reactor noise signals.

Multi-channel PC-controlled analog data acquisition
hardware and signal processing software capable of
carrying out 48-channel simultaneous noise mea-
surements have been developed and regularly used
in station noise measurements. The custom-built
signal conditioning and data acquisition hardware
(isolation buffer amplifiers, filters, DC-compensators,
noise amplifiers, ADC boards) are fully software-con-
trolled. The procedure for safely connecting analog
station signals from the two shutdown safety sys-
tems (SDS1 and SDS2), the reactor regulating sys-
tem (RRS) and the fully instrumented fuel channels
(FINCH) to the noise measuring hardware has been
established. Week long noise measurements can be
carried out with no interference with the normal
operation of the plant. The PC-based off-line signal
processing software includes FFT-based multi-chan-
nel spectral analysis, multivariate autoregressive
(MAR) modeling for cause-and-effect analysis and
response time estimation, and sequential probability
ratio tests (SPRT) of MAR-based residual time series
for fault detection. A newly designed portable noise
analysis system is being developed in AECL Chalk
River Laboratories, which will eventually replace the
current system1 and will transfer the technology to
the stations. Application areas in which reactor noise
analysis has been successfully used are discussed in
the following sections.

VERIFYING IN-CORE FLUX
DETECTOR DYNAMICS
One of the most important applications of reactor
noise analysis in Ontario Hydro's CANDU units is the
confirmation of the functionality and dynamic
response of in-core flux detectors (ICFDs) and their
amplifiers. The on-power verification is based on the
signatures of inter signal spectral functions charac-
terizing the statistical coupling between detector sig-
nal fluctuations measured simultaneously. The first
in-core neutron flux noise measurements in Ontario
Hydro's power plants at full-power operation were
performed in early 1992 at Units 6, 7 and 8 of
Pickering-B2. Further in-core neutron noise measure-
ments were carried out in all units of Darlington and
Pickering-B and in two units of Bruce-B between
1992 and 1995. Noise signals from regular in-service
and spare ICFDs (self-powered flux detectors with

Platinum, Inconel or Vanadium emitters) of SDS1,
SDS2, RRS and Flux Mapping systems were mea-
sured at full-power normal operation before sched-
uled reactor outages. The results showed that neu-
tron noise signals contained process related dynam-
ic information in the frequency range of 0-10 Hz. This
indicates that the detectors are "alive" and capable
of following the small but fast fluctuations in the neu-
tron flux around its static value, even after 12 years
of continuous service in the Pickering-B units.

In Pickering-B periodic and systematic noise mea-
surements of all in-core flux detectors used in the
shutdown systems and the reactor regulating sys-
tem are carried out on a regular basis to confirm that
the detectors meet their transient response require-
ments. The statistical noise signatures characterizing
the normal detectors were learned for all vertical and
horizontal detectors, regular and spare detectors in
all reactor units. A large database of signatures has
been established in terms of auto power spectral
density (APSD), coherence and phase functions, and
MAR-models of detector noise signals3. Abnormal
signatures indicating the degradation of detectors/
instrumentation dynamics can be readily identified.
In 1992, one of the in-core flux detectors of RRS
channel B in Pickering-B Unit 6 was identified as
degraded based on its unusual noise characteristics
and low coherence with other ICFD noise signals.
The same detector was found to be degraded in the
subsequent reactor rundown test as well. In 1994,
two more detectors were found to have degraded
dynamics through the noise analysis surveillance pro-
gram. Based on the noise analysis results, the detec-
tors have been declared failed by the station's engi-
neering staff. In other cases, detectors previously
declared to be unavailable, were validated by noise
analysis and put back in service. Also, in-core flux
detectors with low insulation resistance (<100
kOhm) were confirmed to be still operational.

Multi-channel measurements of ICFD and ion cham-
ber noise signals are also used to estimate the rela-
tive prompt fraction of ICFDs. The noise-based esti-
mation of ICFD relative prompt fractions can be cali-
brated either to the absolute prompt fraction of
ICFDs derived from a subsequent reactor rundown
test (SDS1 -initiated reactor trip from full power), or to
the ion chamber noise characteristics, assuming in
both cases that the ion chambers are 100% prompt
and truly represent the global flux changes in the
core over the frequency range of interest. Typically,
reactor rundown tests can be performed every two
years for a limited number of ICFD detectors only.
Once the ICFD noise signatures are calibrated to the
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results of the reactor rundown test or the ion cham-
ber noise, changes in the prompt fraction can be
detected by noise analysis any time between run-
down tests. The noise-based monitoring of detector
performance can reduce the need for further run-
down tests.

MONITORING DETECTOR TUBE
AND FUEL CHANNEL VIBRATIONS
Evidence of mechanical vibration of horizontal detec-
tor guide tubes has been found in the spectral func-
tions of certain noise signals of horizontal SDS2 and
vertical SDS1/RRS ICFDs. Detectors vibrating in an
inhomogenious static flux sense virtual flux fluctua-
tions, and the mechanical vibration is mapped into
detector current fluctuations. Increase in the vibra-
tion amplitude or possible impacting on surrounding
calandria tubes can be detected indirectly by neutron
noise analysis. The vibration of the detector tubes,
induced by the moderator flow, resulted in strong
peaks in the APSD and coherence functions of ICFD
noise signals in the frequency range of 3-5 Hz. Noise
signals of detectors located in the same vibrating
detector tube have high coherence and zero phase
difference at the fundamental frequency of tube
vibration. Higher harmonic frequencies of the detec-
tor tube vibrations were also observed in the ICFD
noise spectral functions as smaller and narrower
peaks with 180 degree phase difference. Noise sig-
nals from detectors located in different tubes have
zero coherence at the vibration frequencies since the
vibration of different tubes are not correlated, even if
they had the same vibration frequency. The APSD
functions of noise signals from ICFDs located in ver-
tical guide tubes show signs of guide tube vibration
too, although the vertical detector tubes are less sus-
ceptible to mechanical vibration.

By monitoring the trend of vibration peaks in the
noise spectral functions of the measured detector
signals, the mechanical condition of the detector
tube can be assessed based on the following simple
principles: (1) increase in the magnitude of the peak
in the noise APSD indicates increasing vibration of
the detector tube, (2) shift in the location of the
APSD peak indicates changes in the mechanical con-
ditions/support of the detector tube, (3) widening of
the APSD peak indicates increasing impacting with
the surrounding structures4.

Recent neutron flux noise measurements have
detected fuel channel vibrations at frequencies
around 4.5-6 Hz and 15 Hz. Some ICFDs lined-up
along the same fuel channels showed common
vibration peaks with high coherence. At these vibra-

tion frequencies, the phase difference between the
ICFD noise signals was either 0 or 180 degree,
depending on whether the detectors were on the
same side, or different sides of the vibrating fuel
channel. In many cases, multiple vibration peaks at
slightly frequencies were seen in the coherence
functions, indicating that there were several vibrating
fuel channels among the common neighbouring
channels of the two ICFDs. Similar measurements
were performed in a CANDU-600 reactor, where evi-
dence of fuel channels vibrations was also found in
the same frequency ranges5. The long term monitor-
ing of neutron flux noise peaks is useful for early
detection of mechanical damage in the reactor core
caused by flow-induced vibrations.

ESTIMATING RTD RESPONSE TIME
Noise analysis also provides a non-intrusive method
for monitoring and estimating the dynamic response
of RTDs installed reactor systems. The technique
has been applied to both thermowell and strap-on
RTDs used in temperature measurements of moder-
ator, reactor inlet-outlet header, channel-outlet and
FINCH fuel channels of various reactor units.
Measurable and physically reasonable fluctuations of
RTD signals have been analyzed in Darlington,
Pickering-B and Bruce-B units, and their noise signa-
tures have been learned. Based on the established
noise database, RTDs with degraded dynamic
response can be identified.

Signal fluctuations of SDS1 heat transport high tem-
perature (HTHT) RTDs were recorded in Pickering-B
Unit 8 for 15 hours with the reactor operating at full
power. The objective of the noise measurement was
to estimate the response time of the newly installed
RTDs and to identify possible anomalies in the RTD
signals. The RTD response time derived from the
APSD of noise signals was in the range of 14-16 sec
for all the SDS1 HTHT safety RTDs. The APSD func-
tions exhibited a clear corner frequency on log-log
scale at around 0.01 Hz with linear attenuation.
Recent numerical studies, based on SOPHT model-
ing indicated, that the noise-based estimation gives
an upper limit for the RTD response time6.

Earlier noise measurements of FINCH channel RTDs,
reactor inlet/outlet header RTDs, moderator inlet/out-
let RTDs and fuel channel outlet RTDs in Bruce-B and
Darlington units also showed that the temperature
fluctuations sensed by the RTDs are in the frequen-
cy range below 0.5 Hz for both the thermowell and
the strap-on RTDs. Irregular and fast bilevel changes
were found in some of the RTD signals.
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Additional RTD noise measurements in the frequen-
cy range of 0-100 Hz were carried out in Pickering-B
Unit 6 in 1993, in order to identify the source of a
strong electrical noise in the SDS2 HTHT RTD tem-
perature signals which has already tripped the reac-
tor once. Based on our measurements, a design fault
in the circuit of one of the ground fault detectors was
positively identified as the source of signal tran-
sients. In fact, in 1989, one of the Pickering B units
tripped on high temperature. Diagnosis at the time
could not confirm the cause of the trip, but a faulty
ground fault detector was suspected.

Based on the conclusive results of the 1993 Unit 6
noise measurements, a surveillance program has
been put in place at the station to monitor ground
fault detector integrity. This program has already pre-
vented a reactor trip in 1994 (on the current world
record holder for continuous production. Unit 7 at
Pickering-B) by early detection of a fault in the
ground fault detector.

INVESTIGATING PRESSURE NOISE
AND FLOW SIGNAL ANOMALIES
Noise analysis is being successfully used in pressure
and flow measurements of the primary heat trans-
port (PHT) system as well. The application includes
the following areas: (1) estimating the response time
of pressure and flow transmitters and validating their
dynamics, (2) identifying the resonance frequencies
of pressure sensing lines, (3) validating FINCH flow
and SDS1 safety flow signals, and (4) separating
anomalies in flow from instrument noise.

Transient alarms on SDS1 Low Gross Flow (LGF)
safety signals were investigated, which involved
simultaneous noise measurements of four SDS1
flow signals, two reactor inlet and two outlet header
pressure signals and seven FINCH inlet flow noise
signals in the PHT system of Pickering-B Unit 6 at full
power operation7. The objective was to investigate
the characteristics and the root cause of the strong
signal dips detected in the SDS1 LGF flow signals,
and to determine whether the signal dips represent-
ed real flow transients in the PHT system (induced
by pumps or process abnormalities), or if the dips
were generated locally in the flow measuring ele-
ments/ instrumentation. The spurious alarms (dip-
ping below 90% flow) caused by the dips in the Low
Gross Flow loops has been a problem on PNGS-B
units for some time. In Unit 6 the SDS1-D Low Gross
Flow F4D-FT1 signal was spuriously alarming at a
rate of up to 30 times per 12-hour shift. The typical
time width of a signal dip was 70 msec.

The analysis proved that the signal dips in SDS1-D
signals did not represent global flow reductions in the
process. Most likely, the dips are generated locally
and independently by the flow (Delta p) measure-
ment elements (orifice plate and impulse lines).
Similar flow (Delta p) measurements in FINCH chan-
nels do not show any dips, only the normal flow fluc-
tuations. In those channels a much smoother flow
element (Venturi tube) is applied to achieve a mea-
surable Delta p signals. No reactor inlet and outlet
header pressure signals showed any dips similar to
those found in SDS1-D flow signals. The fundamen-
tal frequencies and their higher harmonics of pres-
sure sensing line resonances were also identified in
all the pressure and flow signals as resonance peaks
in the noise spectra. These peaks are well-known and
are considered as normal components of the mea-
sured noise signals. They can be separated from the
effect of the random dips on the flow noise spectra.

Fluctuations in the FINCH and SDS1-D flow signals
are totally uncorrelated even if they were connected
to the same reactor inlet header. The lack of coher-
ence can be explained by the dominance of the inde-
pendent and random dips in the SDS1-D flow signals
superimposed on the normal and correlated fluctua-
tions of the flow signals. The occurrence of dips in
SDS1-D flow signals is random, resulting in a white
noise contribution to the flow noise spectra. Also,
the dips are uncorrelated between the four SDS1-D
flow signals, indicating that the dips are generated
independently. A subsequent study showed that by
applying a minimum necessary filtering (dampening)
to the SDS1-D Delta p transmitter signals, the signal
dips causing spurious alarms can be greatly reduced.
Since the noise measurements proved that the sig-
nal dips do not represent real physical flow reduc-
tions in the PHT system, applying low-pass filtering
to the transmitter signals would not corrupt the sig-
nal dynamics. Similar flow dips were found in the
LGF safety signals of other Pickering-B units. The
problem seems to be generic in all orifice-based flow
measurements.

Further pressure and flow noise measurements
were made in the low frequency range (0-1.0 Hz). A
sharp and strong peak in the pressure noise spectra
was found at 0.025 Hz in all the measured inlet and
outlet header pressure noise signals with zero phase
difference and maximum coherence. This slow and
correlated in-phase oscillation of pressure signals
with about 40 sec time period can be clearly seen in
the raw time series as well. Most likely the pressure
oscillation is caused by a periodic "feed-and-bleed"
control. Also, a smaller and wider pressure peak was

144



CANDU MAINTENANCE CONFERENCE 1995

found around 0.3 Hz in the inlet and outlet header
pressure signals with high coherence. The 0.3 Hz
oscillation between two reactor header pressure sig-
nals is in-phase or opposite phase depending on
whether the two reactor headers are in the same
coolant loop or in different loops. These low-fre-
quency pressure fluctuations have no effect on the
measured FINCH and SDS1 flow fluctuations, since
the latter are based on differential pressure mea-
surements, in which both legs of the differential
pressure transmitter are equally affected by the pres-
sure oscillations. However, the same pressure oscil-
lations can be identified in the in-core neutron flux
fluctuations.

VALIDATING ZONE CONTROL SIGNALS
The objective of this application is to validate the
cause-and-effect relationships between the ICFDs
signals, liquid zone level signals and their control
valve position signals. The flux in the 14 zones of
CANDU reactor core is controlled by constantly
adjusting the level of light water in 14 liquid zone
compartments" located inside the core. The demand
positions of inlet control valves of the liquid zones
are calculated by the control computer based on the
readings of the 14 in-core flux detectors assigned to
the 14 zones. Faulty in-core flux detectors, level
transmitters, hunting control valves and possible
instabilities in the coupling between neutron flux and
liquid zone level signals can be identified by multi-
channel spectral analysis of noise signals. Based on
these measurements, the sensitivity of RRS in-core
flux detector signals to the changes in the individual
liquid zone levels can be estimated as a frequency
dependent complex transfer function derived from
the spectra of the measured neutron flux and liquid
zone level noise signals.

In Pickering-B Unit 6, the dynamic coupling between
fluctuations in zone level indicator signal and the in-
core neutron flux detector, located in the same zone,
has high coherence (90%) and linear phase differ-
ence starting from 90 degrees at zero frequency.
This indicates that the slow changes (below 0.1 Hz)
in the liquid zone level and neutron flux signals are
coupled through a time integral with a delay time of
1.5 sec. Similar phase analysis showed that the zone
level noise is the time integral of the control valve
position fluctuations. The former lags behind the lat-
ter by a time delay of 1.5 sec, derived from the phase
slope. The liquid zone level fluctuations are also cou-
pled with in-core flux fluctuations and control valve
fluctuations at 0.25 Hz, even if the signals were mea-
sured in different zones. This wide peak represents a

global and correlated coupling between zone control
signal fluctuations in the whole reactor core. The
neutron flux fluctuations in different zones are also
correlated in phase, except below 0.1 Hz, where the
slow flux changes are driven by the independent con-
trol actions in the 14 zones. The slow zone level fluc-
tuations (below 0.1 Hz) in different zones are inde-
pendent (zero coherence), while level fluctuations
around 0.25 Hz are in phase and correlated between
any two zones (broad peak in coherence). In-core flux
detector and control valve position noise signals are
also strongly correlated below 0.5 Hz with a constant
phase shift of 180 degree.

The above complex coupling patterns of ICFD, level
and valve fluctuations were found in all combinations
of zone pairs. Similar zone control noise measure-
ments in Darlington (1993) and Bruce-B (1994)
showed the same statistical coupling under normal
conditions8. The frequency dependent dynamic cou-
pling inferred from noise can be decomposed into a
local zone component and an overall reactor core
component. Once these complex patterns have
been learned, they can be used to validate
process/instrumentation dynamics. If these patterns
are reproduced in subsequent noise measurements,
it indicates that the process and its instrumentation
is in normal condition.

VALIDATING ION CHAMBER
SIGNAL DYNAMICS
Noise components of log N and log N Rate signals of
the three ion chambers used in the reactor regulating
systems were continuously recorded during the
startup of Darlington Unit 4 in 1993. Similar noise
measurements of three ion chambers used in SDS2
were carried out during the entire three-month out-
age of Pickering-B Units 5 and 7 in April-June and
October-December of 1994, respectively. Ion cham-
ber noise signals from both SDS1 and SDS2 systems
were continuously recorded in the 1995 outage of
Unit 5. The purpose of these measurements is to
monitor the functionality of ion chambers and their
instrumentation at low power (-4 to -7 decades).
Should anomalies occur, corrective actions still could
be taken before the startup. In the Pickering-B appli-
cations, noise analysis identified faulty ion chamber
amplifiers. Also, the noise measurement provided
supporting data for the relatively frequent SDS1 spu-
rious Log N Rate trips in Pickering-B Units 5 and 7.
Both the Darlington and the Pickering-B noise mea-
surements showed that the multi-channel noise sig-
natures of the Log N and Log N Rate signals of the
ion chambers had a certain pattern, which changed
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with changing reactor power. By analyzing these pat-
terns the ion chamber signals can be validated during
the outage. The validation of the dynamics did not
require any step change in power or the temporary
isolation of the tested instrumentation.

DETECTING BOILING IN FINCH FUEL
CHANNELS BY FLOW NOISE ANALYSIS
The detection of coolant boiling in FINCH fuel chan-
nels can be based on the measurement of inlet and
outlet flow fluctuations. Noise measurements in
Darlington showed strong correlation between the
occurrence of boiling (indicated by fuel channel out-
let temperature) and the coherence and phase func-
tions of inlet and outlet flow fluctuations in the fre-
quency range of 0-1 Hz8. The coolant is incompress-
ible in non-boiling state, therefore the inlet and outlet
flow fluctuations occur simultaneously, in phase.
This results in high coherence and zero phase-shift
between inlet and outlet flow fluctuations.

In high-power boiling FINCH channels the coolant
becomes compressible, therefore the inlet flow fluc-
tuations propagate to the outlet with some time
delay, which leads to a linear phase function and a
characteristic structure in the coherence function.
The above dependency of phase and coherence
functions on the channel power is typical and well-
studied in light water reactors (in BWR, and in certain
PWR), where strong coolant density fluctuations are
carried by the coolant flow. These observations give
an independent way of detecting coolant boiling in
FINCH channels using flow noise measurements (as
opposed to outlet temperature and flow DC read-
ings). The detection is based on the shape of the
coherence and phase functions between inlet/outlet
flow fluctuations. Since these functions have a rela-
tive amplitude scale, they are invariant to signal scal-
ing factors and signal DC-offset bias. Therefore, the
noise-based method can be applied even if the flow
meter is miscalibrated (conversion factors and DC-
readings are biased).

CONCLUSION
CANDU noise measurements carried out over the
past three years have proved that fault detection and
validation of process/ instrumentation dynamics can
be based on the existence of multi-channel complex
patterns of statistical noise signatures. The tech-
nique is being successfully applied now in a wide
variety of actual station problems as a powerful trou-
bleshooting and diagnostic tool.

ACKNOWLEDGEMENTS
The noise measurements were performed in
Pickering-B, Darlington and Bruce-B units with an
active support of plant personnel. In particular the
authors would like to acknowledge the contribution
of A.V. Campbell, Sonya von Svoboda, R.I. Vilkko,
D.E. Williams, M. Woitzik of PNGS-B, F. Amantea,
B.P. Bouckley, F. Dermarkar, E. Sadok, M. Ramphal,
M. Wightman of DNGS and A.M. Kozak, P. Wright of
BNGS-B.

REFERENCES
1 ST. Craig et al., "Portable System for Noise Data

Acquisition", 7th Symposium on Nuclear Reactor
Surveillance and Diagnostics, SMORN-VII,
Avignon, France, June 19-23, 1995.

2 0. Glockler, R. Ko, A.M. Lopez, "Reactor Noise
Measurements in the CANDU Nuclear Generating
Stations of Ontario Hydro", ANS Topical Meeting
on Nuclear Plant Instrumentation, Control and
Man-Machine Interface Technologies," Oak
Ridge, Tennessee, April 18-21, 1993.

3 0. Glockler, M.V. Tulett, "Development and
Application of Noise Analysis in CANDU Reactors:
Ontario Hydro's Experience Gained in the Past
Three Years, "7th Symposium on Nuclear Reactor
Surveillance and Diagnostics, SMORN-VII,
Avignon, France, June 19-23, 1995.

4 I. Pazsit, 0. Glockler, "BWR Instrument Tube
Vibration: Interpretation of Measurements and
Simulation," Annals of Nuclear Energy, Vol.21,
No. 12, pp.759-786, 1994.

5 J. Fiedler et al./'Vibration Measurements in the
Argentine CANDU Reactor Embalse by Use of
Neutron Noise Analysis," 7th Symposium on
Nuclear Reactor Surveillance and Diagnostics,
SMORN-VII, Avignon, France, June 19-23, 1995.

6 Y Gao et al., "Use of a SOPTH-Based CANDU
Noise Model to Corroborate Noise-Based
Estimates of RTD Response Times," AECL CRL,
COG Report ET-NAA-TN-05, August 1995.

7 0. Glockler, "Pressure and Flow Noise
Measurements in PNGS-B Unit 6," PB-IR-63700-
8, In-Service Report, February, 1994.

8 O. Glockler, M.V. Tulett, "Application of Reactor
Noise Analysis in the CANDU Reactors of Ontario
Hydro," IMORN-25, Raleigh NC, June 13-15,
1994. Progress in Nuclear Energy, Vol. 29, No.3/4,
pp. 171-191, 1995.

146



CANDU MAINTENANCE CONFERENCE 1995

CA9800492

PORTABLE SYSTEM FOR REACTOR NOISE DATA ACQUISITION

ST. Craig, P.D. Tonner, J.P. Johnston, LE. Nicholson
Atomic Energy of Canada Limited

Chalk River, Ontario, Canada

Oswald Glockler, D. Williams
Ontario Hydro

Toronto, Ontario

ABSTRACT

The measurement and analysis of noise on other-
wise -stationary process control and monitoring sig-
nals have proven valuable in on-line diagnosis of
instrumentation problems, and thus preventing inad-
vertent shutdown (i.e. trip) of CANDU nuclear power
plants. To increase the usability of the equipment and
to reduce the cost associated with this task, a high
resolution, personal-computer based multichannel
portable data acquisition system is being developed.
Wherever practical, commercially, available hardware

and software components are employed. User inter-
face is being developed that alternates data acquisi-
tion and analysis functions such that the task can be
performed by station Maintenance and Control
Technicians. Customized hardware is being devel-
oped to optically isolate the acquisition system from
the plant, and for synchronizing multiple nodes dis-
tributed throughout the nuclear power plant. This
paper describes both hardware and software aspects
of the development of the equipment.
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ABSTRACT

CHECWORKS™, a comprehensive software package
for managing Flow-Accelerated Corrosion (FAC) con-
cerns in the secondary side, was applied to supple-
ment and improve the existing FAC program at
Darlington NGS. The database created for the station
contains the Heat Balance Diagram, susceptible-to-
FAC secondary side systems, ultrasonic inspection
data, drawings and pictures. The distribution of hot pH
and oxygen within the secondary side was calculated
and components were ranked by wear rate. The pre-
dicted wear rates are relatively small, mainly because
of the favourable water chemistry. It was demon-
strated that the package is a very useful tool comple-
menting the existing In-Service Inspection program.

1. INTRODUCTION

Flow-Accelerated Corrosion, also called erosion-cor-
rosion, is a wear mechanism that results in wall thin-
ning in piping systems and process components.
FAC takes place in power plant systems, where the

protective oxide layer consists mostly of magnetite
and where the flowing medium is water. Its wear
rate is greater than the usual corrosion rate since the
dissolution of the magnetite by the flowing water can
accelerate the thinning significantly.
This report describes the application of CHEC-
WORKS™ at the Darlington Nuclear Generating
Station (DNGS) to improve the existing FAC program
and to demonstrate its capabilities and usefulness to
mitigate FAC concerns. A database has been pro-
duced to include necessary information for important
FAC issues. The database consists of component data
for susceptible-to-FAC secondary side systems, UT
inspection data, drawings of piping lines and pictures
of components. The database is used by the program
to calculate distributions of water chemistry parame-
ters (hot pH and dissolved oxygen) in the secondary
side. These parameters and initial input data are used
to determine wear rates for each component.

It should be mentioned, however, that any effective
approach to deal with FAC should also include engi-
neering judgment and UT wall thickness inspection

1 To be presented at the Third CNS International Conference on CANDU Maintenance, 1995 November 19-21, Toronto, Canada
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measurements [1,2]. Currently, CHECWORKS™ has
been incorporated into In-Service Inspection pro-
grams of all nuclear power plants in the U.S. and it is
used in several other countries to monitor FAC.

2. THE CHECWORKS™
COMPUTER PROGRAM
The Flow-Accelerated Corrosion analysis of the
DNGS secondary side is based on a computer model
using CHECWORKS™ Version 1.0D. CHEC-
WORKS™ is a software platform for a variety of cor-
rosion codes. The FAC application, the first applica-
tion that has been installed into CHECWORKS™,
predicts the rate of wall thinning on a component by
component basis. This predictive ability assists the
station operators in identifying the worst areas for
FAC. The FAC application can also be used at the
design stage to evaluate piping designs and water
chemistry before the stations are built. It is also very
useful in managing, displaying and handling vast
amount of UT wall thickness inspection data.
Support tasks enable the user to calculate the distri-
bution of amines and" dissolved oxygen within the
secondary side, to determine pressure variations and
steam quality within piping networks, and to evaluate
component acceptance in accordance with ASME
Section XI.

The CHECWORKS™ empirical formula is based on
hundreds of laboratory measurements and thou-
sands of plant data. The program is currently under-
going a thorough verification and validation testing of
its capabilities under CFR50 Appendix B.

3 . FAC PHENOMENON
CHECWORKS™ is a PC-based program initially
developed by EPRI (and now under joint develop-
ment with AECL under COG) for use in managing
FAC in power plants. The program calculates the FAC
rate in plant piping based on an empirical function
expressed as [3]:

F5(pH)*F6(G)*F7 (a)

where:
E
Fi(T)
F2<AC)
F3<MT)

F4(O2)

Fe{G)

F7 (a)

= FAC rate
= factor for temperature effect
= factor for alloy content effect
= factor for mass transfer effect
= factor for oxygen effect
= factor for pH effect
= factor for geometry effect
= factor for void fraction

3.1 Temperature

The maximum FAC rate is in a temperature range of
140-160°C for single-phase flows and at about 180°C
for two-phase flows. For temperatures below 50°C
and above 250°C, the rate is an order of magnitude
less from those at the peak temperatures as shown
in Figure 1.

100 110 120 130 140 13) 160 170 180 190 200

Figure 1. Predicted Wear Rate vs. Temperature

3.2 pH

Data for temperatures typical of the secondary side
show that increasing the pH reduces the FAC rate.
Figure 2 presents an example of the effect of cold
pH, at 25°C, on the FAC rate. As seen from the fig-
ure, increasing the pH from 8.0 to 9.0 reduces the
FAC rate by a factor of 4.

Figure 2. Predicted Wear Rate vs. pH

3.3 Oxygen Concentration in Water

Increasing the oxygen concentration in water
reduces the FAC rate, see Figure 3. This relationship
is particularly strong for the low values of oxygen.
For values greater than 150 ppb, the FAC rate is inde-
pendent of the oxygen concentration.
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Figure 3. Predicted Wear Rate vs. Oxygen

3.4 Velocity
Increasing the flow velocity increases the FAC rate.
The relationship is linear or stronger. There can be a
threshold value, below which general corrosion takes
place and the rate is not a function of velocity.

3.5 Component Geometry
Components with increased turbulence level due to
their internal design are more susceptible to FAC.
Table 1 shows the relative results of carbon steel
components subject to de-aerated two-phase flow.
The components most susceptible to FAC are tees;
the least susceptible is straight piping at distances
more than ten diameters from the entrance.

Geometry Relative Wear

Plates and pipes perpendicular to flow

Tees with flow from main run to branch
and main run

Tees with flow from branch to main runs
Elbow with Radius/Dia.=0.5

Elbow with Radius/Dia.=1.5
Elbow with Radius/Dia.=2.5

Pipe Inlets
Pipe downstream tees

Long pipes, except for inlets

Rate

1.0

0.75

0.60
0.52

0.30
0.23

0.16

0.15

0.04

Table 1. Geometry Effect [4]

3.6 Alloy Content
Some alloy additions reduce the FAC rate significant-
ly. It was found that chromium has the biggest
effect, and copper and molybdenum have small ben-
eficial effects. Austenitic stainless steels are practi-
cally immune to FAC and Chrome-Moly steels give
good performance at less severe conditions as
shown in Figure 4.

Figure 4. Predicted Wear Rate vs. Chromium Content

3.7 Steam Quality

Steam quality of steam-water mixtures has a signifi-
cant effect on the wear rate of carbon steel. Figure 5
shows the CHECWORKS™ prediction for the effect
of steam quality on the FAC rate at 150°C.

O.1 02 03 OA 0.5 0.6 0.7 OX OS

Figure 5. Predicted Wear Rate vs. Steam Quality

3.8 System Susceptibility
All secondary side systems are susceptible to FAC
wear except as follows, [3]:
• all single-phase systems that have pressure less

than 2 MPa, temperature less than 100°C and
steam quality less than 0 (subcooled),

• all systems that are made of steel with a chromi-
um content greater than 1 %,

• all systems, irrespective of the pressure or tem-
perature, with superheated steam.

Special considerations may be made for small bore
piping and parallel lines. Small bore piping (under 5
cm in diameter) should be included if a failure would
result in a plant shutdown, create a personnel hazard,
or can not be isolated. In parallel lines, if the compo-
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nents and operating conditions are similar enough, a
reduced number of inspections may be acceptable.

3.9 Mitigation Strategy

A number of methods can be implemented to miti-
gate FAC concerns:

• Operating conditions regarding quality, flow rates
and temperature can be examined and may be
altered to reduce FAC.

• Design changes regarding geometry and chromi-
um content may be implemented.

• Water chemistry can be changed to increase pH
and therefore reduce the FAC rate.

• Oxygen content can be increased to a level that
will mitigate FAC.

All these methods can be evaluated first, before
implementing, by CHECWORKS™.

4. RESULTS AND DISCUSSION

4.1 DNGS CHECWORKS™ Database

To demonstrate CHECWORKS™ capabilities, a
DNGS database was created containing the Heat
Balance Diagram of the station (Figure 6), operating
parameters of the steam cycle, pipe lines susceptible
to FAC, all components of the pipe lines, drawings of
pipe lines and pictures of components.

Figure 6. Heat Balance Diagram of DNGS Secondary Side

The systems that were input into the database are:
Boiler Feed System, Main Condensate System,
Moisture Separator Drains System, First Stage
Reheater Drains System, Feedwater Heater Drains
System, Second Stage Reheater Drains System, and
Feedwater Heater Vents. These are some of the sys-
tems that are usually the most susceptible to FAC.

Some of the data of the existing DNGS In-Service
Inspection program were also incorporated into

CHECWORKS™. This included UT inspection results,
component wall thicknesses and locations of mini-
mum thickness, time of inspections and replacements.

The available UT inspection data has been imported
into CHECWORKS™ and associated with the appro-
priate components. This enables the user to visualize
the UT data in 3-D (Figure 7). The data can be colour
coded according to thickness or wear rate. The 3-D
image can then be used to visualize the UT data and
obtain associated information about the component.

Figure 7. Elbow with UT data

4.2 Water Chemistry Results

As part of calculating the wear rates, CHEC-
WORKS™ calculates the cold pH, hot pH and
Ammonia concentrations around the secondary side
of DNGS. These parameters are needed to deter-
mine the FAC wear rate. Figure 8 below shows the
water chemistry parameters at various points in the
secondary side.

Ammonia 13 ppm a« 100.00% Power

FH3 FH4 PH3 D*. 2 PHI SO HP 1

CotdpH H i BxpH

LP1 LP2 LJ i

FH - Feedwater Heater DA - Dearator
SG - Steam Generator
HP - High Pressure Steam Extration Line
MSR - Moisture Separator Reheater
LP- Low Pressure Steam Extraction Line

Figure 8 Chemistry Results of DNGS Secondary Side
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4.3 Component Wear Rates
Component wear rates for the modelled systems
were calculated using CHECWORKS™, version
1.0D. The following is a list of components in the
DNGS secondary side with wear rates above 0.07
mm/yr. Wear rates below this value are not consid-
ered serious for large bore piping over the life of
DNGS.

System (component)

Moisture Separator Reheater (nozzle)
Moisture Separator Reheater (orifice)
Moisture Separator Reheater (tee)
Feedwater Heater Vents (orifice)
Moisture Separator Reheater (tee)
Moisture Separator Reheater (valves)
Moisture Separator Reheater (reducer)
Feedwater Heater Vents (valve)
Feedwater Heater Vents (reducer)
Moisture Separator Reheater (elbow)
Boiler Feed (nozzle)
Moisture Separator Reheater (valve)
Moisture Separator Reheater (elbow)
Moisture Separator Reheater (reducer)
Moisture Separator Reheater (tee)
Main Condensate (orifice)
Main Condensate (elbow)
Main Condensate (elbow)
Main Condensate (elbow)
Boiler Feed (elbow)
Feedwater Heater Drains (nozzle)
Boiler Feed (valve)
Boiler Feed (tee)
Boiler Feed (tee)
Boiler Feed (valve)
Main Condensate (tee)
Main Condensate (valve)
Main Condensate (valve)
Boiler Feed (valve)
Boiler Feed (valve)
Main Condensate (tee)
Main Condensate (reducer)
Main Condensate (reducer)
Main Condensate (reducer)
Boiler Feed (valve)

Line

L6
L6
L21
L10
L21
L6
L6
L11
L11
L6
L3
L7
L6
L5
L6
L28
L43
L44
L45
L3
L14
L29
L29
L25
L56
L28
L26
L27
L3
L3
L41
L44
L43
L45
L17

Wear
Rate

(mm/yr)

0.24
0.22
0.21
0.20
0.18
0.17
0.15
0.14
0.13
0.12
0.12
0.11
0.11
0.11
0.10
0.09
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.07
0.07
0.07

Table 2. Wear Rates of DNGS Secondary Side

The results depict that line L6 of the Moisture Steam
Reheater system has a number of components with
relatively high wear rates. The water chemistry
results shown in Figure 8 show that the pH value in
the line is the lowest of any system currently in the
CHECWORKS™ model. The line consists of compo-
nents with A234/WPB. Replacing this line with com-
ponents with a higher chromium content would mit-
igate the wear rate in this line. The operating tem-
perature in this line is 153.7°C. Figure 1 shows that
FAC at this temperature has the highest wear rate for
single-phase flow. A change in operating conditions
to lower or raise the temperature in this line again
would help mitigate the FAC rate. Similarly, other
lines in the DNGS secondary side can be analysed to
reduce the wear rates caused by FAC.

Currently DNGS has only baseline UT data. This UT
data gives the thickness of piping at various locations
throughout the DNGS secondary side. Once second
and third readings are conducted at these locations,
the CHECWORKS™ program can start comparing
the field results with the predicted wear. This com-
parison will give the user the ability to improve the
accuracy of the CHECWORKS™ predictions.

5. SUMMARY
CHECWORKS™, a comprehensive computer pack-
age for managing FAC concerns, was used at DNGS
to augment the existing In-Service Inspection pro-
gram. The model created for the secondary side of
the station includes the Heat Balance Diagram, sec-
ondary side systems susceptible-to-FAC, UT inspec-
tion data, drawings and pictures.

The database, consisting of detailed component
data, was used to calculate water chemistry parame-
ter distributions and wear rate for all components.
The predicted wear rates are small, mainly because
of the favourable water chemistry. The package com-
plements the existing In-Service Inspection Program
by allowing the station to use a single database for all
FAC-related data, write reports, manage outage
activities, plan inspections, calculate hot pH and oxy-
gen distribution in the secondary side, and predict
pressure and steam quality in lines.

This application of CHECWORKS™ will increase
plant safety and reduce the probability of costly plant
shutdowns due to FAC.
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A REQUIREMENTS CHECKUST FOR THE REPLACEMENT OF
ANALOG FISCHER AND PORTER PROCESS CONTROLLERS WITH

NEW DIGITAL MODELS

A. Beauchamp, P. Eng
AECL

CA9800494

A requirements checklist for the introduction of digi-
tal process controllers at CANDU stations was pre-
pared under COG project WPIR 1640. The checklist
describes the issues and criteria to be assessed at
each CANDU station for the direct replacement of
analog controllers with digital controllers. Some
enhancements to the controllers are also considered
which can improve the user interface and reduce the
Instrumentation and Control related Operating,
Maintenance and Administration costs (I&C OM&A)

In CANDU stations hundreds of Fischer and Porter
analog process controllers are used. Most controllers
are located in the main control rooms and in the
equipment rooms. Components used in these con-
trollers degrade with age and are subject to wear,
which results in loss of calibration and increasing fail-
ure rate. Some controllers have reached their expect-
ed end of life and must be replaced.

The F&P 2000,3000 and 4000 series are used by
Ontario Hydro stations Darlington and Bruce as well
as by AECL CANDUs Wolsung 2, 3, and 4.
A modified version of the Fischer and Porter DCI 53
MC 5000 series controller has been selected for use
as a direct replacement controller in most applica-
tions at DNGS. The approach taken is to achieve , as
a closely as possible, a one to one replacement.
However some issues arise from the introduction of

these digital controllers. These digital controllers con-
sume more electrical power, the sampling rate may
be affect the stability of some control loops and the
microprocessor based design forces the integration
of some software verification features. They are
much more functionally powerful than the analog
model they replace, Therefore, the replacement
requires the evaluation of the functional, safety,
licensing, and human-machine control interface
(HMCo) issues related to the use of the new con-
trollers. Other issues raising from the software-
based design are the requirements for safety fea-
tures such as watched timers and controlling access
to the controller configuration as well as some
human interface features evaluation.

At Ontario Hydro DNGS about twenty controllers
have been replaced with a modified version of the
Fischer and Porter DCI 53MC5000 series. This pre-
sentation is based mainly on the DNGS experience
gained in the replacement of the, F&P 4000 series
analog controllers with the :-5000 series and also
Bruce A experience with the Fischer and Porter
Chameleon series digital controllers used on a safety
system. The information gathering at DNGS and
Bruce was supplemented by various discussions with
the station to define the future needs of each, station
and the possible applications of the controllers.
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UPGRADING FROM THE DICON WIRING MANAGEMENT SYSTEM
TO INTEC AT THE GENTILLY 2 STATION

by

Paul A. Theoret
Hydro-Quebec

CA9800495

SUMMARY
The General Electric DICON Wiring Management
system supplied to HQ during the construction of G2
is currently being replaced by the stand-alone version
of the IntEC software developed by AECL. The rea-
sons for replacing DICON and choosing IntEC are dis-
cussed. The different aspects of the two year DICON
data conversion project are presented with the prob-
lems encountered and the means that were taken to
resolve the problems. IntEC has shown our DICON
data to be considerably more deficient than we had
thought. This has increased the cost and the duration
of the conversion process. However, correcting the
errors during the conversion process provides us
with much more accurate data. This should be
viewed as an investment in configuration manage-
ment. Many potential causes of future errors and
potentially critical path delays have been removed.

We have chosen to document the detailed proce-
dures for the use of IntEC in our plant using a
Windows Help File compiler. This also has been
found to be extremely useful as a training tool as well
as providing on-line help.

The DICON data conversion into IntEC will not be
completed until 1996. IntEC is not perfect. However,
from what we have up to now, we are satisfied with
the conviviality and efficiency of IntEC and with
AECL's diligence in constantly aspiring in making it a
better product.

DICON
DICON (Device Installation and CONnection soft-
ware) was created by General Electric for their own
use. It was first used on CANDU plants as part of the
GE design package for the fuel handling systems. In
the early design stages of the first CANDU 6 plant
(Gentilly 2), AECL and Canatom decided to extend
the use DICON to their own design packages for the
Nuclear Steam Plant and for the Balance Of Plant.
DICON was used in the design of all CANDU 6 plants
up to Wolsung 2.

DICON is written in COBOL, initially ran on a main-
frame computer located in the United States and
accepted key-punched card input for batch treatment
of the data. Even now, this system is still being rent-
ed by the different owners of CANDU 6, using more
modern input stations emulating the card data format
and transmitting the data over modem links to the
GE computer.

In 1988 and 1989, CGE hinted that they may want to
opt out of providing the DICON in the future. All the
DICON users then started evaluating different
options to replace it. CGE have since reassured the
users that they will continue to support DICON for
the time being and have offered their own options
for replacing it with a more modern system.

INTEC
During the CANDU 3 development, AECL decided to
put money in modernizing their design tools. The
design of the CANDU 3 plant and of a specialized
Computed Aided Design and Drafting tools pro-
gressed in parallel. It included the automation of the
cabling and connection data produced directly from
the three dimension plant layout drawings and the
electrical circuit drawings. This part was called IntEC
(Integrated Electrical and Control Software).

When the Wolsung 2 project was started, it was
intended to be a copy of the Wolsung 1 project with
minor changes. So the Wolsung 1 circuit drawings
and the existing DICON data for these circuits were
to be used and edited rather than be redrawn from
scratch. It was also decided that DICON should be
replaced because of the prohibitive communication
costs between South Korea and the United States
based GE system. AECL proposed to trim IntEC
down to a stand-alone system and convert the exist-
ing DICON data into the required format.

The stand-alone version of IntEC suddenly became
also a suitable option for replacing DICON in existing
plants once it is shown that the DICON data can be
successfully be transferred to the new system.
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The IntEC applications were designed by AECL to be
run on an Intergraph server running in a UNIX envi-
ronment and using Informix as the database software.

USEFULNESS OF THE INFORMATION
CONTAINED IN DICON
DICON was chosen for the design of the CANDU 6
because it eliminated a large number of drawings
and lists. DICON data is therefore complementary to
electrical circuit drawings. These drawings are then
uncluttered and easy to read because much of the
detailed wiring information is not shown on it. For
example, the exact route a signal follows to get from
one point to another is not available using the circuit
drawing alone. DICON contains a program that scans
all the connections in the database to determine the
actual installed sequence of electrical conductors,
cables, junction box terminals and that produces the
"end to end" wiring report. This DICON report is
used in conjunction with the circuit drawing in many
situations, for modifications to the circuits, for open-
ing or jumpering circuits during tests or maintenance,
for connecting troubleshooting equipment, etc... If
the DICON data is not kept up to date, we would
become blind to the details of most of the plant's
electrical circuits, including the heavily instrumented
safety system wiring. In Wolsung 1 where the
DICON data was not kept up to date because of the
prohibitive communication costs, it was basically
unusable to be copied for Wolsung 2. It was less
expensive for AECL to use drawings from another
CANDU 6 plant that had up to date DICON data
instead of trying to enter all the handwritten changes
the Koreans made to the initial DICON reports.
Turning reports into drawings is extremely tedious.
Much information is redundant in the reports, pre-
senting the same data in different ways. Integrating
changes to the reports without the help of the
DICON program is difficult and leads to omissions
and to errors.

The DICON data must be considered as an integral
part of the design documentation that must be kept
accurate over the life of the plant. Not only for con-
figuration control, but also for day to day 0 & M work
and for accurate and cost effective design of modifi-
cations. In the design area, much of the initial cabling
done during the construction of the plant was trunk
cabling from large local junction boxes to the main
control areas. A significant amount of spare cable
conductors preconnected to spare terminals were
provided and included in the DICON data. Using
these spares allows a great number of modifications
to be implemented without having to go to the
expense of installing new cables.

DICON OBSOLESCENCE
There has been much progress in computerized
information management both in hardware and in
software. The cost/performance ratio of computers
has been drastically reduced over the last 15 years.
An Ethernet network was installed in our plant linking
powerful servers. More and more information is
being provided to users connected to the network
through terminals and personal computers. At the
same time, powerful new database software pack-
ages are now available such as Informix. Even in the
absence of an actual threat that GE may terminate
their DICON service, the removal of the required
$100 000 yearly rental fee, in addition to the cost sav-
ings in reduced time to input changes when using
more efficient software and interfacing, would justify
the investment to replace DICON with an in-house
system.

SIZE OF THE DICON DATABASE
There are three separate DICON files for our plant,
GE, AECL and Canatom each providing their own file
for the part of the plant that they designed. Together
these files hold staggering numbers of devices,
cables, raceways and even a more staggering
amount of electrical connections. As the actual data
is stored in a distant computer without a user-friend-
ly interface, for most users at our station, access to
the information is from printed reports. There are
three copies of all the reports, each copy containing
over 150,000 pages of data. The instrumentation and
electrical maintenance shop has one copy, engineer-
ing has the second copy and the third copy is distrib-
uted per system to the different system engineers.
Managing such a huge amount of paper is another
difficulty. As design changes are made, only the parts
of the systems that are revised are printed out and
included in the modification packages. Once the
changes have been implemented, these reports can-
not readily be integrated to the full reports because
of the discontinuities in the data. The cost of produc-
ing full reports was such that they could only be done
gradually over a two year period. Therefore the data
shown in these reports is on average a year old. The
copy in the maintenance shops contains many red-
printed handwritten additions that were picked up
during day to day maintenance work. It is difficult to
feed this information back to the system engineer
and from him to engineering so that it may be
entered into DICON. When the new print-outs
arrived from engineering, each page had to be exam-
ined to see if any red-printed information was miss-
ing and had to be transferred to the new copies.
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DESIGN PROCESS UNDER DICON
At Gentilly, DICON was a significant part of the
detailed design process in electrical, instrumentation
and control changes. On average, at least 50% of the
time to produce the detailed design package was
taken up to input the changes to DICON, correct the
errors reported and obtain the reports.

The designer would write down the new data on dif-
ferent forms, submit on average several hundred
pages of these forms to a clerk that would transfer
the data to a computer terminal. The data would then
be sent by a modem link to the GE computer. DICON
would process the data and produce an error report.
The designer would fill in more forms to correct the
errors and request the reports required to be includ-
ed with the engineering change notice and the
revised drawings. Unless there was an identified
rush, the time between submitting forms and getting
the reports back took at least a week and sometimes
for low priority work could take months.

REQUIREMENTS FOR A SYSTEM
TO REPLACE DICON
• Allow instantaneous access to up to date data

from any terminal, personal computer or work
station on our plant network.

• Maintain means to keep separate the actual in
service plant data from the future data for each
change until it has been implemented and turned
over to operations.

• Provide a more effective interface for the editing
of the data and providing new input.

• Maintain at least the same amount of functionali-
ty and of data validation that DICON provided.

• Provide means to report errors in a more timely
fashion.

• Produce reports in a format similar to those of
DICON to limit the need to retrain the people
using the DICON reports to implement the
changes in the plant.

OPTIONS CONSIDERED
TO REPLACE DICON
1. Purchase from GE the COBOL source program,

develop the upgrades required to allow its use on
a server in our network environment. This had the
advantage of guaranteed compatibility with the
data format (no transfer costs) but could not eas-
ily provide the functionality of modern database
software. Programming changes would be more
expensive.

2. Sub-contract a software firm to develop an emu-
lation of DICON using a modern database plat-
form. This would also guarantee compatibility of
the data but would take a long time to specify,
develop and test without any guarantee that the
data could not somehow be corrupted or that
there would be no escalation of the costs from
the original estimates.

3. Identify a recent software package already in ser-
vice providing functionality similar or better than
DICON. The software used by Ontario-Hydro was
not considered at that time because we believed
they were using DICON. A software package
used by Hydro-Quebec for all power plants com-
munication systems was discarded as requiring
to many changes to be upgraded to the require-
ments of a nuclear power plant. Other packages
would require fundamentally different architec-
ture for the data so that the all the data would
somehow have to be reentered in a different
manner, a tremendous undertaking.

4. The IntEC software whose development was in a
significantly advanced stage and would be proven
by use on the Wolsung 2 project. This included
software tools to convert the DICON data into the
format required by IntEC. IntEC was developed to
fully implement the modem design rules for the
CANDU 3. It is a significant upgrade from DICON
in the manner it validates data as it is entered. As
it was recognized by all that IntEC needed refine-
ment to address the differences between an in
service plant and a new project, the software was
offered to HQ at a lower price in return for our
help in the development.

DECISION TO CHOOSE INTEC
Looking at the total cost of the different alternatives,
they ranged from $500 000 to $1 000 000 when tak-
ing into account all the factors. The total project cost
to replace DICON with IntEC was initially estimated
at $650 000. However, IntEC more than surpassed
the requirements in that it already had demonstrated
functionality way beyond the minimum require-
ments. As compared to less expensive but less
advanced systems, IntEC would pay for itself by
reducing significantly engineering costs of electrical
design changes as well as reducing the number of
errors. We were attracted also to the fact that we
could influence further enhancements by participat-
ing in the final development of IntEC for use on
Wolsung 2.

Gentilly had available on its network a SUN server
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that would provide more speed than the AECL
Intergraph server. We agreed to purchase the IntEC
software license if AECL could demonstrate that
there was no problem in getting it running on our
SUN computer. AECL compiled the software on a
SUN computer in Chalk River and, after ironing out
some bugs, got it running successfully.

SYSTEM MANAGEMENT
A system analyst was assigned to the project. When
DICON is discontinued, a clerk will no longer be
required. So basically, when IntEC is in service the
analyst is merely replacing the clerk. In November
1992, this analyst and our DICON coordinator both
attended a training course on Informix On-line and on
UNIX. They were both assigned to AECL Sheridan
Park for participation on the final development work
on IntEC that was being put in use for Wolsung 2.

PROJECT TEAM
In the spring of 1994, a project team was put in place
to support the transfer of the DICON data to IntEC.
AECL has the mandate to process the data but they
have to be supported during the process by a num-
ber of people at site to respond to omissions, dis-
crepancies and incoherences found in the DICON
data that made the data unacceptable or unusable by
IntEC. The team also has to verify and validate the
data under IntEC, make decisions on the way IntEC
is configurated, write procedures and provide train-
ing for the users.

The team is made up of seven people, four from our
permanent staff, two temporary and one contractual.

The DICON technical coordinator and the analyst
were the first chosen as they will remain after the
project is finished. Their main focus is on learning
everything there is to know on IntEC, verifying and
validating the data, and putting in place the operating
procedures.

We borrowed from our planning department a for-
mer electrical designer who had more than ten years
experience with the use of DICON at Gentilly. And
we hired a designer from Canatom. He was respon-
sible for implementation of DICON in Canatom when
the decision was taken in 1973 to use this tool on the
Gentilly project. These two are the prime answer
guys for all the problems encountered during the
conversion.

A senior Instrumentation and Control engineer is a
part time member coordinating the effort and helping
in resolving the more difficult problems.

Two young engineers hired on a temporary basis
work on the snags and help in the production of
procedures.

DATA CONVERSION
See figure 1.

The conversion process is divided in three major
parts which are repeated sequentially for each one of
the three DICON files:

1. Review of the conversion rules, preparation of
the reference tables and obtention of a full copy
of the DICON data on a magnetic tape. AECL pro-
duce an estimation of their effort and a contract is
signed based on this estimation (average
$100 000 per file).

2. AECL transfer the DICON data to Informix pre-
liminary tables, run programs to check the data,
to normalize certain formats, to transfer gradually
the data to IntEC tables and to run further checks.
Omissions, discrepancies and incoherences are
submitted in reports to the Hydro-Quebec team
for resolution.

3. The IntEC data is transferred to Hydro-Quebec
with a list of non-resolved problems. We then
check the IntEC data for conversion errors and
work on the resolution of the problems having the
highest priority.

CONVERSION PLANNING
See figure 1.

The first file converted was the 66A. Much was
learned from this first conversion which helped us
better prepare for the next file.

We put more effort in preparing software tools and
the DICON data for the 66C file. Although this file is
about 40% larger than the 66A file, the conversion
cost was basically the same.

We are currently in the process of the conversion of
the 066 file (Fuel Handling). This is a much smaller
file but CGE used DICON somewhat differently than
AECL and Canatom. For example they did not use
subject indexes in the identification of their devices
and wire numbers. IntEC has been modified to
accept their unique formats for the data and the con-
version rules have had to be adjusted in conse-
quence. At this writing, we expect the conversion of
this file to cost less than each of the other two files.

We are also considering merging the AECL and
Canatom files in IntEC. The reference tables for the
066 file have significant differences that make full
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merging of the three files not very practical. But
merging the two main files would simplify things by
doing away with most of the interfacing problems.
And users would not have to have prior knowledge
of which parts of the plant were designed by AECL
and which were designed by Canatom.

TRAINING
IntEC's instant data validation, compulsory fields
requirements and complexity of structure can be
viewed as significant obstacles for the people who
are used to inputting data into DICON. The order in
which the data must be entered also is important.
Designers must receive detailed and specific training
before being authorized to make changes to the data.

A full copy of the 66A file was made to do commis-
sioning tests and to develop the procedures. This
test file is now being used for training. The training is
largely based on the use of the procedures that were
developed during commissioning. After about a
week of training on the test file, the designers are
allowed access to the real data files.

Data entered into DICON past the date the copy of
the file was sent to AECL for conversion is not in the
IntEC file delivered to us. The new trainees first
assignment is to enter the data that they put into
DICON after the tape was made. We can then com-
pare the IntEC reports with the DICON reports as a
verification of their ability.

The training of the general users that do not have
editing privileges takes about two days. They learn
the structure of the data, how to make queries and
how to produce reports.

ON LINE HELP
It was decided at the beginning of commissioning of
the 66A file to write procedures in parallel with the
testing. Different options were considered and a
decision was taken to produce the procedures using
a Windows Help File compiler. This allows the pro-
cedure to be written in a check list fashion for a
designer experienced with IntEC, but with hypertext
links to more detailed information as required for
each step for those who have less experience or
have not used this particular procedure for a long
time. IntEC menus and messages are all in English.
The procedures are written in French. Hypertext links
to translations are available for the designers that
may not understand some of the English terms.
Designers can in a Windows environment on a PC
have open simultaneously a window with the IntEC
interface and a window with the procedure.

SNAGS
This project has highlighted many errors that have
accumulated in the DICON data over the last 20
years.

Some come from typing errors during the input of
information to DICON. For example, a wrongly
entered identification might create a duplicate
device, or connect a wire to the wrong terminal or to
the wrong device. In this case, the data is wrong as
compared to the reality in the plant.

A worse problem is the presence of accurate data
but representing a transgression of CANDU design
rules. For example, there are a number of cables that
cross-over from a channel A (Odd) tray to a channel
C (Even) tray. This is fundamentally wrong because a
fire in the odd cable tray can now propagate to the
even tray by following this cable at the cross-over.
This type of problem should be corrected by physi-
cally rerouting the cable.

One now has to wrestle with how to deal with these
problems. If we had not chosen IntEC, most of these
errors could have gone unnoticed for the rest of the
plant's life. But now that IntEC has put them in evi-
dence, some action has to be taken. It is unfair to
IntEC to charge the cost of the corrective actions to
be taken to the conversion project, but this had to be
done for the corrections that had to be made in order
for IntEC to work.

During the conversion process from existing DICON
files, the data is entered through a back door. If the
same data was entered through the normal IntEC
interfaces, the checking routines would not allow
most of these errors to occur. We have classified the
errors into three categories:

1. Data that has to be corrected immediately other-
wise it would cause IntEC to crash. Also in this
category, data that does not have a suitable for-
mat so that it cannot be entered into IntEC.
Resolution of most of these errors occurs during
the second phase of the conversion process
when AECL are massaging the data and our per-
sonnel find corrections by searching the drawings
and sometimes looking at the actual installation in
the plant. The rest is omitted from the IntEC data
file delivered at the beginning of the third phase
of the conversion process but listed in AECL
reports of data that could not be converted for dif-
ferent reasons.

2. Data that would not cause IntEC to crash, but that
IntEC will not allow to be kept when it is encoun-
tered. When IntEC is confronted with a field that
contains unacceptable data in an edit mode, even
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if another field is actually being edited, IntEC will
not allow the user to save the edited information
without correcting the non-valid data. These
errors are identified mainly during the third stage
of the conversion process when the data is being
verified and validated.

3. Data that is wrong, but has no effect on IntEC
performance. Some of these errors are identified
during the third stage but many will go undetect-
ed. However we anticipate that IntEC facilities for
filtering and sorting the data will allow users to
identify many more when IntEC becomes fully
operational.

We have also identified priorities for the resolution of
these problems:

Priority 1, anything that would cause IntEC to crash
and that we cannot do without. Missing data on a
special safety system or in an unaccessible area
would require priority one resolution.

Priority 2, anything that would significantly increase
the time to do future engineering changes with IntEC
if they are not resolved up front. Also, anything that
has the potential to cause a plant outage or signifi-
cantly decreases safety.

Priority 3, anything that requires resolution when
encountered during an engineering change or that
could lead to engineering errors. Also, anything that
has the potential to cause maintenance or opera-
tional errors.

Priority 4, all other errors.

All priority 1 and most priority 2 errors must be dealt
with before we declare the IntEC data in service
using the task force put in place for the the conver-
sion project.

Some priority 2 as well as the priority 3 and 4 prob-
lems will remain after the project team is disband-
ed. They will be integrated by priority with the other
priorities of our normal staff for resolution when
appropriate. Some may never be addressed.

We had underestimated the cost of dealing with the
resolution of DICON errors and omissions during the
conversion process. The present estimation of the
total DICON replacement project cost is $1 000 000
(This includes money for merging the 66A and 66C
files that we may decide not to do). But you must
remember that the process has significantly upgrad-
ed the quality of the data. Our plant is nearing the
mid-point of its life. We also have a plant life exten-
sion project in the works. So this data will be used
during perhaps another 20 or 30 years. The added
quality to the data must be viewed as an investment
in easing future modifications or upgrades, in reduc-
ing future engineering and maintenance errors possi-
bly and reduce lost time on a critical path engineering
modifications.

CONCLUSION
We are very satisfied with the functionality of IntEC
and the higher quality of the data.

However, IntEC is not perfect. From an ergonomic
point of view, the current version still has shortcom-
ings beyond not being available in a French version.
Commands given to IntEC in different contexts do
not have always the same effect. From screen to
screen, some common fields are presented in differ-
ent locations and under not quite the same names.
There are some spelling mistakes. It lacks the pol-
ished look and feel of most commercial software
packages.

On the other hand, every three or four months, we
are provided with an upgraded version where some
shortcomings are corrected and new improvements
have been added. AECL have been very good at lis-
tening to our comments, discussing their impact and
integrating fixes into new versions.

Finally, the use of detailed procedures helps to com-
pensate for certain things that would be too expensive
to correct.
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SLARette OPERATIONS AT CANDU 6 STATIONS

D.J. Burnett, B.A.Sc. P.Eng.
Manager Development and Test Branch

AECL
2251 Speakman Drive, Mississauga, Ontario,

Canada L5K 1B2

ABSTRACT
The Objective of the SLARette system as an ongoing
maintenance device was to design a system which
could be installed in reactor, commissioned and oper-
ational in less than 48 hours and removed in less
than 24 hours, thus allowing a selected number of
fuel channels to be SLARed during the normal yearly
maintenance outage. This required a relatively simple
design that does not require any changes to the
Station Fuel Handling Systems and is portable, reli-
able and easily maintained.

Over the last 10 years virtually every part of the
SLARette system has been enhanced to further
reduce man-hour and man-rem expenditure and it
has now been used successfully on four CANDU 6
stations and many fuel channels.

I. INTRODUCTION

Equipment and Stations

The SLARette System is a specialized maintenance
device consisting of a SLAR Tool, SLARette Delivery
System and a SLAR Inspection System. SLARette
has been developed and proven effective on four
CANDU 6 stations.

SLARette equipment was first designed in 1985 to
deliver an early SLAR Tool into a fuel channel at
Pickering unit 4 in order to provide on - reactor proof
of principle of the SLAR (Spacer Location And
Repositioning) process. That fuel channel was isolat-
ed by feeder freezing and a considerable effort in
man-hours and man-rem was expended to deliver a
SLAR Tool into a single channel, locate the spacers
and move them about 60cm. The SLAR principle was
proven on reactor using this very early SLARette
system.

2. SLARette SYSTEM DEVELOPMENT
The majority of enhancements over the last 10 years
were made to the mechanical portion of the

SLARette System and were directed at reducing the
man-rem expenditure. This was achieved primarily
by adding the capabilities of being able to latch onto
a fuel channel under Shutdown conditions, remove
and store the Closure Plug and deliver the SLAR Tool
into the channel. All these processes are performed
without the need to isolate the channel by feeder
freezing and do not require any changes to the sta-
tion fuelling machines or fuel handling systems.

Another major improvement to the Delivery Machine
was to the push tubes, used to advance and retract
the SLAR Tool in the fuel channel. Originally these
were round tubes, manually coupled by screwing
them together, which was time consuming and they
had a tendency to spiral as they advanced through
the drive mechanism of the delivery machine. This
resulted in incorrect position feedback information.
The improvement was to design a quick disconnect
locking sleeve, replacing the screwed locking sleeve
along with a longitudinal flat along the full length of
all push tubes, which match the flat on the Delivery
Machine drive rollers.

Additional improvements included, the SLARette
Shielding Cabinet to further reduce the radiation
exposure expenditure, the SLARette Carriage and
larger Platform to transport the Delivery Machine
from the maintenance lock to the Reactor face.

The SLARette Inspection Systems were also upgrad-
ed to include the Inspection Computer 3 which great-
ly improves the spacer location capabilities. This
upgrade has become standard equipment on all
SLAR Inspection systems. The SLARette Inspection
systems were also upgraded to incorporate the capa-
bilities of the Mark 3 SLAR Tool.

The latest System upgrade was the recent addition
of the Mechanical Ram design to the Delivery
Machine. This design effort was a Hydro Quebec and
AECL initiative to eliminate the need for push tubes
and thereby reduce the radiation exposure consider-
ably while still maintaining the SLARette objective.
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3 . IN SERVICE EXPERIENCE

Point Lepreau NGS - 1991,1992,1993

Point Lepreau was the first Candu 6 Reactor to oper-
ate SLARette System in April 1991. The Delivery
Machine was the Mark 2 design which was capable
of accessing the fuel channel without channel isola-
tion by feeder freezing. The SLAR Tool was the Mark
2 design. Limited success was achieved during the
first year due to the limitations of the Inspection
System and Mark 2 SLAR Tool. Five channels were
attempted during a 10 day station outage. Difficulty
was experienced locating spacers in the "E" series
pressure tubes, and the Mark 2 SLAR Tool could not
move the spacers effectively once they were locat-
ed, however the SLARette Delivery System per-
formed very well

Improvements were incorporated for 1992 station
outage. Inspection Computer 3 was added to
enhance the capability to locate spacers in "E" series
pressure tubes at Point Lepreau. This upgraded sys-
tem performed very well and has since become stan-
dard equipment on- all SLAR and SLARette
Inspection systems. Five fuel channels were suc-
cessfully SLARed in a 10 day outage in 1992.
However progress was still limited by Mark 2 SLAR
Tool limitations.

By April 1993, the Mark 3 SLAR Tool had been added
to the SLARette system at Point Lepreau. This
SLARette System was installed in Reactor, 14 fuel
channels were successfully SLARed and the system
removed to allow Reactor startup, all within the 10
day maintenance outage. The SLARing process per-
formed so well that New Brunswick Power decided
to change from large scale retube plans to the com-
plete Reactor SLAR which was implemented in 1995.

Embalse - Argentina - 1991, 1992,1993

The original SLARette system including a Mark 1
Delivery Machine, Mark 2 SLAR Tools and a
SLARette Inspection System were supplied to
Embalse in 1988. The system was not used on
Reactor until October 1991. Very limited success
was achieved that year due to problems with the
hydraulics of the Mark 2 SLAR Tools.

In 1992, five fuel channels were completed using a
Mark 2 SLAR Tool and the Mark 1 Delivery Machine
which required channel isolation by feeder freezing.

In 1993 the Mark 2 Delivery Machine and Mark 3
SLAR Tools were used in Embalse to complete the
SLAR of 24 fuel channels. Channels were completed
at an average rate of 2 per day, including all fuel han-
dling activities.

Gentilly 2-1995
The use of the SLARette System at Gentilly 2 pre-
sented a unique problem due to the unusually high
radiation dose rates in the area of the Heat Transport
systems and the Reactor face. The SLARette system
was modified to limit the radiation exposure during
the SLARing process.

The SLARette Shielding Cabinet was manufactured
to be used with a SFCR Carriage. The shielding cabi-
net reduced the radiation dose rates by a factor of
four at the reactor face.

Other enhancements to the Delivery Machine front
end hardware and procedures were incorporated to
further reduce the radiation exposures.

The SLARette Control Room was moved outside the
Reactor Building. This involved some cabling
changes and the addition of a temporary Reactor
Building Penetration.

The major mechanical enhancement to the SLARette
Delivery Machine used at Gentilly 2 was the change
from the Push Tube system to the Mechanical Ram
design. A three stage telescoping ram was designed
with unique latching mechanisms to allow the
SLARette Delivery Machine to be fully remote con-
trolled after the channel latch-on is complete. This
ram can move the SLAR Tool from the home position
in the Delivery Machine to full extension in the fuel
channel (a distance of over 10 metres) as well as pro-
vide full rotational control. All Tool movements are
controlled remotely from the SLARette Control
Room located outside the Reactor Building.

In May 1995, 45 Fuel Channels were SLARed during
a 4 week period and the radiation exposure was even
lower than planned.

Wolsong 1-1995
Wolsong 1 was the fourth CANDU 6 station to use
the SLARette System and again further upgrades
were done, this time to the Mechanical/Reactor Vault
equipment to reduce time and radiation exposure
during SLARette installation and operation. The
upgrades involved a redesign of the SLARette
Carriage and Shielding Platform to allow easier
assembly and operation.

Mark 3 SLAR Tools were provided along with a new
Inspection System. The SLARette Control Room was
located outside the Reactor Building.

In June 1995,48 Fuel Channels were SLARed during
4 1/2 week period.

Embalse -1995
At the time of preparing this paper, NASA and AECL
personnel are preparing for a 4 to 6 week application
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of the SLARette system in Embalse, Argentina. It is
expected that 40 to 70 fuel channels will be SLARed
during this maintenance outage.

4. SLARette OPERATION PERSONNEL
AECL has provided the leadership and training of site
staff in the installation, operation and maintenance of
the SLARette equipment at the four CANDU 6
Stations. Each station has some differences in the
methods of SLARette operation.

Point Lepreau

The SLARette planning and implementation at Point
Lepreau was the responsibility of the Fuel Handling
Section. Members of this section were assigned to
prepare work plans, and co-ordinate all activities
related to the SLARette Program.

AECL staff provided:
a) Expertise and assistance in the installation of the

SLARette System in the Reactor Building.
b) All SlARette Control Room activities by qualified

NDE personnel to operate the Inspection System
and qualified personnel to supervise and assist
Station staff, during Reactor face activities, name-
ly "Latch On and Un Latch" procedures and
Pushtube activities.

c) Expertise for any maintenance work required on
the SLARette system.

Station staff provided:
a) All activities associated with the fuel handling
b) Assistance with Reactor face work
c) SLARON computer operation
d) co-ordination of all station support staff

Following the Station outage the SLARette equip-
ment was packed and shipped back to AECL for a
complete maintenance overall and operational check-
out in preparation for the next SLARette Outage.

Embalse - Argentina
The SLARette System is set up in a training facility
during the normal reactor opertion. CNEA/NASA
have a trained operation team capable of most of the
activities associated with the set up and operation of
the SLARette system. In 1993 an AECL/CNEA team
was formed to operate and maintain the SLARette
System.

AECL staff provided:
a) Expertise and leadership in the Control Room

operation
b) Expertise in the maintenance and operating pro-

cedures for the new Mark 3 Tools and Delivery
Machine

CNEA staff provided:
a) All reactor face work
b) Assistance in Control Room operation
c) operation of the Blister Detection system
d) co-ordination of all Station support staff
e) all fuel handling activities

After the Station outage the equipment was returned
to the training facility.

Wolsong - Korea

The SLARette system was delivered to Wolsong site
approximately 4 weeks prior to station shut down.
This allowed a relatively short time period to perform
the system up in a training and mock up building to
confirm the system was fully operational and to per-
form installation and Delivery Machine training.

An AECL and KEPCO/KPS team was formed to oper-
ate and maintain the SLARette system.

AECL staff provided:
a) Installation and operational training
b) Expertise in system installation
c) All SLARette Control Room operation
d) Expertise in maintenance and operating proce-

dures

KEPCO/KPS staff provided:
a) all Reactor face work
b) all fuel handling activities
c) co-ordination of all station support staff

After the Station outage, all equipment was moved
back to the training and mock up building and com-
pletely set up to allow system maintenance and train-
ing for next year's outage.

Gentilly 2

An AECL/HQ team was formed to operate and main-
tain the SLARette System

AECL staff provided:
a) All Control Room operation
b) Expertize in the maintenance and operating pro-

cedures

HQ staff provided:
a) All reactor face work

b) all fuel handling activities
c) SLARON computer operation
d) co-ordination of all Station support staff
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After the Station outage, all equipment was packed
and stored at site. The system maintenance will be
done at site as well as training.

5. SLARette ACHIEVEMENTS
The SLARette Objective has been achieved. All
SLARette equipment can be installed, commissioned
and ready for the first fuel channel in less than 48
hours. The system can be dismantled and removed
from the reactor in less than 24 hours. The relatively
simple design has been maintained. No changes to
the station fuel handling systems or controls are
required. All these features are combined to produce
an effective maintenance device to perform the
SLAR process.

The SLARette equipment continues to evolve in
response to the utility needs. Recent enhancements
to the Delivery Machine by the addition of the shield-
ing cabinet and the mechanical ram drive mechanism
have further reduced the radiation exposure and the
time required per channel.

6. FUTURE SLARette
SLARette system operations are part of the
Embalse, Wolsong 1 and Gentilly 2 Station outage
plans for the next 5 years. During that time the
SLARette systems will be operated on all the remain-
ing fuel channels of those Reactors to Locate and
Repositioning the Spacers.

By the end of 1995 there will remain about 900 fuel
channels in these three CANDU 6 stations that
require the SLARing process.

Although the SLARette System was designed to per-
form the SLAR process.in Fuel Channels in CANDU
6 Reactors, other applications are possible.

Some of those applications would be the relatively
minor modifications to allow SLARette operation at
Pickering units 5 and 6. The Delivery Machine could
also be adapted to deliver other inspection and main-
tenance tooling into the CANDU 6 and Pickering fuel
channels.
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DESIGN OF THE MINISLAR SYSTEM FOR BRUCE A

M.G. Gray
GE Canada Nuclear Products

CA9800497

ABSTRACT
Cancellation of Bruce A Retube created the need to
perform SLAR on Unit 1. The existing SLAR system
cannot reach Unit 1 and alternative systems had lim-
itations. The concept and design of MiniSLAR were
driven by the availability of existing components
made for Retube.

The MiniSLAR concept was developed by a team
with members representing operators, technicians,
and designers from various departments within
Ontario Hydro and GE Canada. Overall project lead-
ership was provided by Bruce A Projects and
Modifications Department with assistance from
Ontario Hydro Nuclear Technology Services. The
responsibility for detailed design was assigned by
Ontario Hydro to GE Canada. The detailed design
proceeded with continual input and review by the
team.

The MiniSLAR delivery machine consists of a closure
removal ram, a shield plug removal ram and a SLAR
tool delivery ram attached to the sliding plate of a
horizontal indexing mechanism. The moving plate is
constrained by guide rails to a fixed plate and seals
against it with o-rings. A snout and clamping mecha-
nism mounts on the front of the fixed plate. The
machine mounts atop a work table which provides
the various motions required for endfitting engage-
ment. Some operations are performed manually
while others are remote and automatic.

CONCEPT AND DESIGN
The cancellation of the Bruce A Retube project left
the future of Unit 1 in question. In order to continue
operating to the end of the century its channels
would require SLARing, a procedure developed to
reposition the garter spring spacers designed to pre-
vent contact between pressure tubes and calandria
tubes. Due to steam generator problems Unit 2
would likely be shut down rather than SLARed.

Sophisticated SLAR equipment was already in exis-
tence at Bruce A and had been successfully used on
Units 3 and 4. This system however, had been
installed as planned on the extension trolley which
only services Units 3 and 4. In fact the extension trol-

ley cannot physically reach Unit 1. Early investigations
indicated that it would not be practical to transfer the
SLAR system to another trolley, mainly due to the
time constraints and the loss of fuelling capability dur-
ing the change. It appeared that if Unit 1 was to be
SLARed then it would have to be done using a deliv-
ery system that did not currently exist at Bruce A.
This was reinforced by the fuel handling group's
strong preference that Unit 1 SLAR would not depend
on the availability of fuelling machines or trolleys.

The SLARette system was seriously considered as it
was not only a relatively simple method of delivering
the SLAR tool into a channel, but had already proven
itself on Candu 6. However SLARette had two main
limitations:

1. It could not handle shield plugs and

2. The bore size of Bruce endfittings necessitated
insertion and removal of liner sleeves.

Both of these factors would result in continual
reliance on the fuelling machines to transfer compo-
nents from channel to channel.

One dominating factor in the development of con-
cepts for Unit 1 SLAR was the availability at Bruce
of components procured for the cancelled Retube
Project. Among these was an almost complete set
of parts for the drain tool, a machine designed for
Ontario Hydro by GE Canada, specifically to drain
channels. Its main features included a ram to unlock
and store a closure, a ram to unlock and store a
shield plug and a rotating turret to alternate
between the two. Following draining, the shield
plug and closure would be replaced in the endfitting.
These features, together with the existence of
available parts provided the basis for a cost effective
design solution.

The drain tool turret was too small to add a third loca-
tion, but one could envisage a new machine consist-
ing of the closure and shield plug rams from the drain
tool and a SLAR tool delivery ram mounted alongside
on a movable turret. Place a snout and snout locking
mechanism in front of the turret and the concept of
MiniSLAR was born.

A team was formed under the direction of Bruce A
Projects and Mods to look after all aspects of

169



CANDU MAINTENANCE CONFERENCE 1995

MiniSLAR design and implementation. The team
included representation from Projects and Mods
unionized as well as professional staff along with OH
Nuclear Technology Services (NTS) and GE Canada
Nuclear Products. The team brought together skills
from construction, retube, reactor maintenance,
SLAR operations and fuel handling design. As much
as possible decisions were made by consensus of
the team. Input from other groups was solicited as
required. Projects and Mods maintained the project
leadership, initiated the concept and directed the
design development, especially where manual oper-
ations by unionized personnel on the reactor face
would be involved. NTS contributed their knowledge
of the SLAR tool and the control and data acquisition
systems along with SLAR operational experience.
GE Canada brought experience in the design and
operation of the Bruce Fuel Handling System, the
SLAR Delivery System and the Drain Tool and other
Retube Tool designs.

Although use of the drain tool closure and shield plug
rams appeared feasible there was a question as to
the best concept for the SLAR tool delivery ram. The
existing SLAR delivery machine relies on water
hydraulics to advance a four piece telescopic ram
assembly with a tether cable and winch provided to
pull it back. The entire assembly including cable drum
is filled with pressurized water and is quite large and
heavy. It also requires an associated pump and valve
package along with the necessary hoses.The
SLARette ram, on the other hand is mechanically dri-
ven and much simpler in design. It, however,
requires long drive tubes to be manually added as
the SLAR tool advances, not particularly attractive for
personnel when an active shield plug is stored in the
machine. What was needed was a mechanical drive
which would fit in a relatively small package yet pro-
vide the SLAR tool with close to 300 inches of
stroke. The answer came from a concept for the
Bruce Retube Fuel Loader. The mechanism is a rigid
chain drive patented and manufactured by Serapid,
France and marketed by Serapid, USA. The chain is
designed to fold one way but not the other. When
extending, the links push one against the other and
when adequately supported so as to prevent buck-
ling will develop high compressive loads. When
retracted by the driving sprocket the chain simply
wraps up inside its storage "magazine". The maga-
zine measures 64 inches long by 20 inches high, yet
stores enough chain to give 291 inches of tool
stroke.

The width of the chain had to be customized in order
to accommodate the SLAR tool umbilical cable

between its side links. Although the armour jacketed
cable was not needed by MiniSLAR, for economic
reasons it was decided that MiniSLAR would have to
use the same tool and cable assembly as SLAR.
Since the chain had to pass through the bores of the
ram tubes other than the smallest one, this increase
in chain width resulted in the necessity of dropping
from a four section ram assembly to a three section
ram. Each section increased in length accordingly to
maintain an overall tool stroke equivalent to SLAR.

The SLAR tool and ram assembly is carried into the
endfitting inside a liner tube which acts to reduce the
bore of the endfitting for ease of passage of the tool
into the pressure tube. The thin walled liner nose can
open the channel latch fingers and hold them open
during SLAR operations. The liner is similar to that of
the SLAR delivery machine except that it passes
through seals at the back of the machine such that
its outside surface outboard of the seals is dry and
visible. Another significant difference is that the nose
of the liner passes by but does not engage behind
the endfitting shield plug lug. Thus, unlike the SLAR
liner which can only enter and exit the endfitting at
one rotary orientation, the MiniSLAR liner can be
removed at any rotary position, making recovery in
the event of a breakdown much simpler. Like SLAR,
rotary motion of the tool is achieved by rotating the
liner, which is keyed to the largest of the ram tubes.
This in turn is keyed to the next ram tube which final-
ly is keyed to the smallest tube. The smallest (#1)
ram tube attaches directly to the tool coupling in the
normal way. The only difference here is that since
the back ends of the ram tubes and liner are open to
atmosphere, a seal is required between the tool and
the ram assembly. This is provided by an o-ring
between the tool cable sleeve and the bore of the #1
ram.

Liner axial motion is accomplished by a ballscrew dri-
ven by an electric gearmotor. The components used
were originally supplied for a Retube Endfitting
Removal Tool. The tail of the liner is supported in ball
bearings inside a housing which runs along a linear
way originally supplied for the Retube Shield Cabinet.
This housing, in turn, supports the rigid chain maga-
zine and drive and the liner rotary drive. Rotary
motion is provided by an electric gearmotor driving
the liner via a toothed belt. All drives are provided
with encoder feedback.

The closure removal ram taken from the drain tool
contains two oil hydraulic actuators, one for axial
motion and the other for rotary. These necessitated
an oil power supply and manifold valve package, but
since these were already available it became a mat-
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ter of fitting them on. The power supply was to be
mounted on a separate cart alongside the delivery
machine's support table.

The shield plug removal ram taken from the drain
tool also provides axial and rotary motion but is dri-
ven by electric gearmotors. The axial motion is
achieved by a ballscrew rotating inside the advancing
ram sleeve. The rotary motion results from driving a
torque tube and spline shaft assembly which passes
through the center of the ballscrew and engages
with the ram head. In both cases the drive motors
are mounted on a common gearbox at the back end.
Unlike the fuelling machine which uses three drives
to achieve shield plug latching, unlocking and
removal, MiniSLAR accomplishes the same result
with only two drives.

One of the factors driving the design was the time
available for both the design and implementation
phases. This factor contributed significantly to deci-
sions regarding proposed designs and levels of con-
trol automation.

The turret concept resulted from several factors:

1) The SLAR delivery machine rams suffered from
drooping due to the large overhanging moment
applied to its three position rotating turret.

2) Large pressure vessel forgings are costly, both in
dollars and delivery times.

3) Minimizing the internal volume of the vessel
would minimize the weight.

4) The fact that the closure and shield plug rams
provided storage for their respective components
eliminated the need for any fuelling machine style
magazine.

The turret concept chosen consists of two thick
plates, one fixed and the other movable. The three
ram mechanisms are bolted to the sliding plate at 10
inch centers. The fixed plate is wide enough such
that the sliding plate is always in contact with the
fixed plate at any of the three index positions. The
sliding plate is held by and slides in guide rails which
in turn are bolted rigidly to the fixed plate. The sliding
plate has three holes through it, one for each of the
ram assemblies. The fixed plate has only one hole at
the centre in line with the snout. Sealing is achieved
by a pair of o-rings in grooves in the sliding plate. The
grooves completely envelop the three ram holes and
when assembled to the fixed plate are always out-
board of the snout hole. This way the 20 inches of
indexing motion can be accomplished and the o-rings
never have to cross a hole. The surface of the fixed
plate is chrome plated to minimize wear and provide
a consistent sealing surface.

Required squeeze of the o-rings is accomplished by
dimensioning of the guide rails but can be adjusted
by changing shim thickness. Development testing
indicated that the initial squeeze could be relaxed. It
also indicated that the readily available motorized
ballscrew actuator was inadequate for the plate
indexing function. Because of space limitations, the
actuator was replaced with a hydraulic cylinder. Initial
concepts considered a second actuator midway back
on the ram support frame but prototype testing has
shown this to be unnecessary.

Much discussion took place concerning the snout
locking mechanism. The drain tool design provided a
fully automated, hydraulically operated mechanism
complete with electronic proximity alignment sen-
sors. The MiniSLAR team opted for a simpler
arrangement relying on both manual alignment and
lockup. This decision allowed for a new, shorter
snout which in turn reduced the required length of
the SLAR ram liner, thereby reducing the overall
length of the delivery machine. Keep in mind that the
entire machine would have to fit through the vault
airlock or be transported in pieces.

The original concept for delivery machine support
was a commercial scissors lift table as had been
used for many of the retube tools. However, as com-
ponent weights and shifting center of gravity data
were calculated it became apparent that a custom
design would be required. Since the machine would
be mounted on the Multi Fuel Channel Replacement
platform the minimum collapsed height would be
established by the lowest row endfittings. "Y"
movement would be necessary to allow for coarse
positioning of the reactor area bridge. Sufficient "2"
motion was needed to allow shielding canopy doors
to be closed yet reach the snout to the shortest end-
fitting. Pitch adjustment would be required to allow
for endfitting alignment and variations of the platform
deck. "X" motion would be needed across the full
width of the face.

The decision was made early that the support or
"work table" would be entirely manually operated via
hand cranks. The upper frame and lower frame were
separated by screw jacks to give the "Y" and pitch
movements. Linear ways and a ballscrew actuator
provided "2" motion. An independent frame mount-
ed atop lateral linear ways supported the ram assem-
blies yet allowed for the 20 inches of indexing
motion.

A D2O system was designed to fill and pressurize
the delivery machine prior to closure removal and to
drain the machine after closure installation before
unclamping from the endfitting. It consists of a cen-
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trifugal pump, storage tank, motorized fill, vent and
drain valves, visual flow meters and remote pressure
indicators along with the required lines and hoses.

The control system is beyond the scope of this
paper, but in summary all delivery machine motions
are equipped with feedback devices for automatic or
remote manual control. The worktable is equipped
with hand cranks and the snout alignment and clamp-
up is done by hand. In general the intention is for per-
sonnel to access the platform following draining,
unclamp and move the machine to the next channel,
align, engage and tighten the snout clamp, and
remain as the head is filled and pressurized. Upon
successful pressurization, personnel leave the vault
and operations from closure removal through to final
draining are done by automatic sequences from the
remote control panel.

CONCLUSIONS
From a design perspective the MiniSLAR Project pro-
vided many technical challenges, together with a
novel approach to solving problems, all within an
ambitious schedule. The team approach should
result in wider acceptance of the finished product by
all parties involved.
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Photo 1 - Prototype MiniSLAR Delivery Machine on Platform at Mock-up. Viewed from left rear.

Photo 2 - Prototype MiniSLAR Delivery Machine partially assembled. Viewed from left front showing fixed
plate and snout locking mechanism.
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Photo 3 - Prototype MiniSLAR Delivery Machine. Viewed from right rear showing SLAR Ram drive.

<*• A .

Photo 4 - Production MiniSLAR Delivery Machine on Training Building floor. Viewed from right front.
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ABSTRACT
SLARette1 equipment, comprising of a SLARette
Delivery Machine, SLAR Tools, SLAR power sup-
plies and SLAR Inspection Systems was designed,
developed and manufactured to service fuel chan-
nels of CANDU 6 stations during the regular yearly
station outages.

The Mark 2 SLARette Delivery Machine uses a Push
Tube system to provide the axial and rotary move-
ments of the SLAR Tool. The Push Tubes are operat-
ed remotely but must be attached and removed man-
ually. Since this operation is performed at the Reactor
face, there is radiation dose involved for the workers.

An Advanced SLARette Delivery Machine which
incorporates a computer controlled telescoping Ram
in the place of the Push Tubes has been recently
designed and manufactured. Utilization of the
Advanced SLARette Delivery Machine significantly
reduces the amount of radiation dose picked up by
the workers because the need to have workers at
the face of the Reactor during the SLARette opera-
tion is greatly reduced.

This paper describes the design, development and
manufacturing process utilized to produce the
Advanced SLARette Delivery Machine and the experi-
ence gained during the Gentilly-2 NGS Spring outage.

1. INTRODUCTION
The Advanced SLARette Delivery System was
designed to enhance the performance of the Mark 2
SLARette System by simplifying the delivery
machine while improving the capability and reliability
of the hardware.

The advanced design was first conceived in February
of 1994 while studying methods to decrease direct
operator involvement at the Reactor face. The pri-
mary focus of the early development was the
replacement of the manually manipulated Push
Tubes with a fully automated, remotely controlled,

SLAR tool delivery system. It was from these early
design ideas that the Advanced SLARette's tele-
scoping Ram was developed.

The Advanced SLARette Deliver/ Machine incorpo-
rated most of the existing Mark 2 SLARette Delivery
Machine hardware. Taking advantage of the previ-
ously qualified design significantly reduced both
development and manufacturing costs. An additional
benefit of the integrated design was that the com-
plete Mark 2 SLARette Drive and Push Tube system
could still be used, if it were found to be advanta-
geous to do so.

The new machine consists of a telescoping Ram
assembly, axial and rotary Drive Motors, Control
Computer, Support Table and Pedestals. The original
Mark 2 SLARette Primary Turret, Closure Plug
removal Tool, Transition Tube, Secondary Turret and
Calibration Tube are maintained.

The SLAR Tool is moved axially along the fuel chan-
nel by moving the Ram assembly which is connect-
ed to a ball screw driven by a DC brushless motor.
A second DC brushless motor rotates the Ram. The
SLAR Tool motion is computer controlled by custom
software written in 'C running on an industrially
grade fault tolerant 486-PC. This computer forwards
the tool position data to the SLAR Inspection sys-
tem computer.

The duration for the design and development pro-
gram of the Advanced SLARette Delivery Machine
including the full system integration, proof, and
acceptance testing was 14 months. The short devel-
opment time of the Advanced SLARette System can
be attributed to the engineering tools and techniques
utilized throughout the project.

The completed Advanced SLARette Delivery
Machine and System was shipped to the Gentilly-2
NGS in April of 1995. The Advanced System then
completed a very successful, thirty day, campaign in
May of 1995. SLAR operations were completed on
45 channels in that period.
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2. DESIGN PROCESS
The single most unique aspect of the Advanced
SLARette Delivery Machine's design, that con-
tributed to the successful operation and the short
development time, was the engineering design
process. The use of a Concurrent Engineering Team,
utilizing some of the most advanced and powerful
CAD/CAM tools available, began shortly after the
design concepts were submitted. This approach was
endorsed by AECL management and the client.
Hydro Quebec, with the proviso that periodic
reviews of progress would show some significant
advantages over the tried and true, 'Pen and Paper'
design methods used previously. A potential draw-
back was that the use of CAD/CAM and concurrent
engineering was essentially unproved within AECL.

2.1 Concurrent Engineering Team

A team was assembled to cover the anticipated skill
requirements of the project. The team consisted of
the following positions; Coordinator, Design
Engineer, Mechanical Technologist, Mechanical
Technician, CAD/CAM Specialist, Draftsperson,
Electrical Engineer and a Electrical Technologist. The
core design group that developed the conceptual
design, were the Design Engineer, the Mechanical
Technologist, the CAD Specialist and the Electrical
Engineer. It was from these early conceptual design
meetings that the full concurrent engineering design
process evolved.

2.2 Design Tools

The mechanical design work of the Advanced
SLARette Delivery Machine was done using
Parametric Technology Corporation's CAD software
'Pro/Engineer' release 13.0. The software used para-
metric modeling methods to generate true solid 3-D
models, from conceptual sketches, that allowed the
design team to quickly 'see' the components individ-
ually and more importantly, assembled to their mat-
ing parts (Figure 1). The software also highlighted
any interference or design problem that existed
because the models could be rotated, shaded or
'sectioned' on screen and viewed from any direction.
The mechanical properties of the model components
were readily calculated by the software and used to
finalize the other design parameters of the system.

As the overall size and complexity of the assembled
model continued to grow, the power of CAD soft-
ware tools became obvious. The software could eas-
ily assemble the model components into different
design configurations by altering the assembly para-
meters or conditions used. The simulated 'animation'
was used extensively to complete the detailed

design and determine the final configuration of the
Advanced SLARette Delivery Machine.

During the design process, changes were necessary.
Some were due to design restrictions or material lim-
itations while others were client requested, usually
to make something more suitable to the site opera-
tion of the system. The CAD software maintained
the data base and the associative nature of the
model components and mechanical drawings. This
allowed all changes to be made with the assurance
that they would be reflected in both the detail draw-
ings and the models.

Upon completion of each model component, one of
two things occurred. The model/part geometry was
either IGES2 transferred directly to the CAM specialist
for manufacture on AECL's CNC machine tools; or
mechanical drawings were completed and issued to
outside suppliers for quote and eventual manufacture.

At various points during the mechanical design
phase, prototypes were manufactured to demon-
strate the design and to prove out any of the con-
ceptual concerns that still existed. These prototypes
were also important to physically display the design
process because a very limited amount of hardware
had been manufactured, or was necessary, by the
half way point in the design process.

2.3 Concurrent Activities

Several other activities occurred concurrently while
the mechanical design work continued. These includ-
ed; the refurbishment and modification of the exist-
ing Delivery Machine hardware; procurement of the
new designed components and the vendor supplied
hardware; and the extensive electrical engineering
work that was required.

The instrumentation and control system for the
Advanced SLARette Delivery Machine was devel-
oped using consultations and planning meetings
between the concurrent engineering team staff. The
challenge, for the electrical engineering staff, was to
rapidly integrate a still evolving mechanical system
design into the existing Mark 2 SLARette instrumen-
tation and computer system via a completely new
control interface. The control software would have to
accept operator inputs, drive the axial and rotary posi-
tional control motors of the Advanced SLARette
Delivery Machine, and simultaneously feed back the
encoder information to the other SLAR computers.

To achieve the design goals, the electrical design
specifications and hardware selection were complet-
ed early in the design process by making conservative
equipment sizing choices. This left enough time for
the development of the control algorithms, writing
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the computer programs and proof testing the hard-
ware and software. The concurrent engineering team
approach allowed the mechanical and electrical engi-
neering systems to be fully compatible as the devel-
opment program ended and the designs were fixed.

3 . DESIGN DESCRIPTION
The Advanced SLARette Delivery Machine was
assembled from existing hardware, newly designed
components and pre-engineered catalog items. The
need to integrate the existing Mark 2 hardware into
the final design of the Advanced SLARette was a
major design criteria. Other contributing criteria were
simplicity, reliability and modular design. The use of
the pre-engineered catalog items was key in keeping
the limited design time available for new components.

The design requirement of full remote control of
SLAR tool operations once the Delivery Machine was
latched onto the fuel channel and the closure plug
was removed, was achieved by integrating these
new components; Ram Tube, Shuttle, Ball Screw,
Support Table and Lifting Pedestal assemblies
(Figure 2).

3.1 Ram Tube Assembly

The Ram Tube assembly was the most complex and
challenging portion of the Advanced SLARette
Delivery Machine design. A considerable effort went
into conceptualizing and developing a workable tele-
scoping ram and latch design. The need to utilize a
three stage Ram assembly grew from the space lim-
itations of the CANDU 6 vault, existing Mark 2
SLARette component sizes, SLAR Umbilical Cable
diameter and the four inch pressure tube inside
diameter.

Components of the Ram, once modeled, were stud-
ied and manipulated with functionality, fit and manu-
facturability being continually reviewed. It was from
these models that the first Latch Block and Ram
Tube prototypes were manufactured. Their success-
ful operation helped to demonstrated the viability of
the new design.

3.2 Shuttle Assembly

The Shuttle Assembly was made up from a base
plate with side supports and a spherical bearing pil-
low block. The pillow block held the Ram assembly
in position on the center line of the machine while
providing rotary freedom of movement for the drive.
The rotary drive motor was geared to the Ram tubes
via a timing belt and pulley system that was easy to
maintain. The entire Ram and Shuttle assembly was
moved by a Ball Screw Drive Nut which was fixed to
the Shuttle.

3.3 Ball Screw Assembly

The unique feature of the Ball Screw Assembly and
axial drive motor was that it was mounted directly to
the Support Table on linear bearings that allowed the
entire drive train to float. This meant that the drive
system was always connected and that manual
channel connection operations could be completed
without further set-up of the axial drive hardware.

3.4 Support Table

The Support Table was designed to accept both the
Mark 2 and the newly designed Advanced hardware
onto one standard base. The design incorporated
several features that allowed for both simple setup
and reliable operation. The use of linear bearings and
tracks on all attached components made the whole
system nestable. This enabled the delivery machine
to be compacted lengthwise so that the table frame
was the longest fixed item. These features allow the
Advanced SLARette Delivery Machine to be installed
into, and removed from, the SLARette shielding cab-
inet using the reactor transfer hall. Once the delivery
machine is installed, the shielding cabinet is lifted
and bolted to the Fueling Machine bridge in the
maintenance area. The system is then ready to go
into service.

3.5 Lifting Pedestals

Two lifting pedestals were used to adjust the align-
ment of the Support Table to the end fitting center
line. The pedestals utilize screw jacks, driven by DC
motors, to provide the fine and coarse height adjust-
ments. The motions could be either linked together
or run independently. This was achieved by using
motor synchronizers and a programmable control
unit. The operators were supplied with a push button
input pendant.

4. SYSTEM PERFORMANCE
The Advanced SLARette Delivery Machine was used
at the Gentilly 2 site in the Spring 1995 for the first
time (Figure 3). During the outage period Advanced
SLARette was available from April 30 until May 29.
The spacers were successfully repositioned on all 45
fuel channels worked upon in this period. The average
channel processing time (cycle time) achieved was
7.75 hours from the latched on configuration to the
disconnect point. An average of 1.6 channels were
completed per day (45 channels in 28.5 days) due to
other activities that needed to occur. These included
fuel shuffling which is required for the SLARette
process as well as Station critical path work on the
Steam Generators and other maintenance work The
Advanced SLARette Delivery Machine performed
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very well during the Gentilly 2 outage. There were
some minor problems but the design allows for easy
maintenance of the equipment.

Benefits of new delivery system include; very fast
channel processing times; no full time "In Vault" sup-
port staff required, greatly reduced radiation dose
exposure; improved operational capabilities; no time
delays associated with push tube changes, person-
nel shift changes or communication problems and
decreased support staff training. Also, all SLAR tool
position functions including rotational and axial tool
positioning were controlled by a single operator,
through a 486-PC based computer.

SLARette Delivery Machine. The use of concurrent
engineering and CAD/CAM proved itself time and
time again during the development program and the
outage. The machine achieved its primary design
goal by greatly reducing the accumulated radiation
dose picked up by the Gentilly 2 personnel.

All the improvements and benefits combine together
to make the Advanced SLARette Delivery system a
very good overall performer in the "SLAR" family of
maintenance equipment.

5. SUMMARY
Overall, the system performance was even better
than expected with the prototype Advanced

1 SLAR = Spacer Locator And Relocator
2 IGES = Initial Graphics Exchange Standard
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1.0 ABSTRACT
This paper discusses the fuel channel conditions
encountered during the SLAR (Spacer Location and
Repositioning) of the Bruce, Gentilly, and Point
Lepreau Nuclear Generating Stations.

First, the distribution of 'as found' fuel channel spac-
ers is presented. Ninety percent of Bruce unit 3 fuel
channel spacers ('fat' spacers of diameter 6.8 mil-
limeters) were found at design locations. Less than
55 percent of Bruce unit 4, Gentilly unit 2, and Point
Lepreau fuel channel spacers ('thin' spacers of diam-
eter 5.5 millimeters) were found at design locations.

Second, the increase in SLAR processing time due to
the aging of fuel channels is discussed. The implica-
tion of aging fuel channels for stations preparing
SLAR strategies is that delaying SLAR will result in
progressively higher outage time requirements.

2.0 INTRODUCTION
SLAR is a maintenance activity developed for the
rehabilitation of CANDU reactor fuel channels, and
has the capability of locating and repositioning fuel
channel spacers ('spacers') in in-service reactors.1

SLAR uses a delivery system, an inspection system,
and a SLAR Tool. Eddy current non-destructive exam-
ination techniques are used to locate spacers. LIM
(Linear Induction Motor) technology is used to move
the spacers using electro-magnetic force.

One of the key measures of interest for a station
preparing SLAR strategies is the amount of outage
time required for SLAR. This measure is affected by
two items, the process used to perform SLAR, and

the state of the fuel channels when SLAR is per-
formed.

To date, emphasis has primarily been placed on
improving the process used to perform SLAR, specif-
ically on cycle time improvements and customization
of delivery systems.2

Less attention has been paid to the state of the fuel
channels when SLAR is performed. By the end of
1995, the SLAR section of the Fuel Channel
Inspection and Maintenance Department in Ontario
Hydro Nuclear will have performed SLAR on over
1000 fuel channels in a five year time period. The
data recorded for these fuel channels provides a
meaningful database for analysis.

It is now possible to analyze the distribution of 'as
found' spacer locations and use this data for SLAR
strategies. Multiple visits of reactors and of fuel
channels over time also allow the effects of fuel
channel mechanics3 on SLAR to be analyzed, and the
data used for SLAR strategies.

3.0 BRUCE 3 FUEL CHANNEL SPACERS
SLAR was successfully performed on two hundred
and thirty-two fuel channels at Bruce unit 3 in 1994.
The reactor was at 105,700 EFPH (Effective ful l
Eower Hours).

The distribution of 'as found' spacers was plotted
against the distance from the west inside face of the
calandria tubesheet Ctubesheet') for the visited fuel
channels (figure 1). Twenty-five percent of the spac-
ers should be found at each of the four design loca-
tions. Ninety percent of the spacers were found with-

1 For the purposes of this paper, SLARette can be considered equivalent in operation to SLAR.
2 By the end of 1995, there will be four types of delivery systems: the SLAR Delivery Machine, the SLARette Mark

delivery systems, and the mini-SLAR delivery system.
3 Such as pressure tube sag and pressure tube diametrical creep.
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in +/- 200 millimeters of the design locations.4 Less
than 0.5 percent of the spacers were found in the
end bell regions. The remainder of the spacers, 9.5
percent, were found elsewhere in the fuel channel.

Thus Bruce unit 3 comes very close to being the
ideal reactor with respect to spacer locations. It is
hypothesized that this can be attributed to the use of
'fat' spacers in the fuel channel.

4.0 BRUCE 4 FUEL CHANNEL SPACERS
SLAR was successfully performed on two hundred
and seventeen fuel channels at Bruce unit 4. One
hundred and forty-eight fuel channels were visited in
1993. The reactor was at 93,000 EFPH. Sixty-nine
fuel channels were visited in 1995. The reactor was
at 98,900 EFPH.

The distribution of 'as found' spacers was plotted
against the distance from the west tubesheet for the
visited fuel channels (figure 2). Twenty-five percent of
the spacers should be found at each of the four design
locations. Only 45 percent of the spacers were found
within +/- 200 millimeters of the design locations.5

A total of 7.5 percent of the spacers were found in
the east end bell region. This percentage is equiva-
lent in magnitude to the percentage of spacers found
at the each of the design locations. When the per-
centage of spacers found in the west end bell region
is added to this percentage, a total of 10 percent of
the spacers were found in end bell regions. The
remainder of the spacers, 45 percent, were found
elsewhere in the fuel channel.

5.0 GENTHXY 2 FUEL CHANNEL SPACERS
One hundred and fourteen fuel channels at Gentilly
unit 2 were subject to SLAR. SLAR was performed
with limited success in 1991 on 77 fuel channels
using a Mark II SLAR tool. The reactor was at 56,100
EFPH. In 1995, SLARette was successfully per-
formed on 45 fuel channels6 using the Mark III SLAR
Tool. The reactor was at 79,800 EFPH.

The distribution of 'as found' spacers was plotted
against the distance from the west tubesheet for the
visited fuel channels (figure 3). Twenty-five percent
of the spacers should be found at each of the four

design locations. Only 51 percent of the spacers
were found within +/- 200 millimeters of the design
locations.7 A total of three percent of the spacers
were found in end bell regions. The remainder of the
spacers, 46 percent, were found elsewhere in the
fuel channel.

6.0 POINT LEPREAU
FUEL CHANNEL SPACERS
All (380) fuel channels at Point Lepreau were subject
to SLAR. SLARette was successfully performed on
eight fuel channels in 1993.8 SLAR was successfully
performed on the remaining 372 fuel channels in
1995. The reactor was at 101,000 EFPH.

The distribution of 'as found' spacers was plotted
against the distance from the west tubesheet for the
visited fuel channels (figure 4). Twenty-five percent of
the spacers should be found at each of the four design
locations. Only 44 percent of the spacers were found
within +/- 200 millimeters of the design locations.9

A total of 9.6 percent of the spacers were found in
the west end bell region. This percentage is greater
than the percentage of spacers found within +/- 200
millimeters of the fourth spacer design location.
When the percentage of spacers found in the east
end bell region is added to this percentage, a total of
15 percent of the spacers were found in end bell
regions. The remainder of the spacers, 41 percent,
were found elsewhere in the fuel channel.

7.0 COMPARISON OF 1993 BRUCE 4
SLAR AND 1995 BRUCE 4 SLAR
REPOSITIONING RATES
As stated earlier, Bruce unit 4 was subject to SLAR
twice. In 1993, SLAR was performed during three
outage windows. During window one and part of
window two, SLAR was performed from the west
side. During the remainder of window two and dur-
ing window three, SLAR was performed from the
east side.

In 1995, SLAR was performed during two outage
windows. During window one SLAR was performed
from the west side and during window two SLAR
was performed from the east side10. These multiple

4 For the first design location, 24%; for the second, 24%; for the third, 22% ; for the fourth, 20%.
5 For the first design location, 11%; for the second, 13%; for the third, 12% ; for the fourth, 9%.
6 This included eight revisits of fuel channels subject to SLAR in 1991.
7 For the first design location, 14.8%; for the second, 12.2%; for the third, 12.4% ; for the fourth, 11.9%.
s Additional fuel channels were visited but repositioning to achieve station target life was not completed because of time constraints.
9 For the first design location, 11.1%; for the second, 14.8%; for the third, 10.7% ; for the fourth, 7.4%.
10 Unlike other CANDU stations, at Bruce 'A' there are two SLAR Delivery Machines, one on each face of the reactor, thus making it

possible to SLAR from either the east side or the west side without major site modifications.
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visits provide us with an opportunity to determine
the general effect of two additional years of reactor
operation (6,000 EFPH) on SLAR.

The data from the third SLAR window in 1993 was
statistically compared to the second SLAR window
of 1995 (figure 5). SLAR was performed during both
these windows from the east, thus ensuring that ori-
entation specific variables such as delivery machine
used would not skew the data. Millimeters of move-
ment for each LIM fire (mm/LIM fire) was analyzed.
This measure is independent of the inspection sys-
tem, the operating crew, etceteras; it is dependent
only upon the fuel channel and the SLAR Tool LIM.
Modifications were made to the LIM circuit before
the second SLAR window of 1995 to ensure that the
LIM output was equivalent to 1993 values.11

When comparing the data12 for the two SLAR win-
dows, millimeters of movement for each LIM fire
went from an average of 63 mm/LIM fire (at 93,000
EFPH) to 41 mm/LIM fire (at 99,000 EFPH). This cor-
responds to an increase in SLAR processing time.
This is in line with the observations made by the
operating crews and suggests an ongoing trend: as
EFPH increases, SLAR processing time increases.

8.0 COMPARISON OF 1991 GENTTLLY 2
SLAR AND 1995 GENTILLY 2 SLARETTE
EDDY CURRENT NOISE
As stated earlier, Gentilly unit 2 was subject to SLAR
twice, in 1991 and in 1995. Of the fuel channels vis-
ited in 1995, eight were revisits of 1991 SLAR chan-
nels. No other reactor provides us with an opportuni-
ty to determine the effect of four additional years of
reactor operation (24,000 EFPH) on the fuel channel
with respect to SLAR.

Eddy current non-destructive examination tech-
niques are the primary method used to determine
the location of fuel channels spacers by the SLAR
system. Enhanced Locate techniques were devel-
oped in 1991 to deal with the eddy current 'noise'
present in 'E' series pressure tube fuel channels.
This 'noise' masked the spacer eddy current signals
in the fuel channel. However, Enhanced Locate tech-
niques are increasingly being used by operating
crews on non 'E' series pressure tube fuel channels.
The aging of fuel channels has changed the proper-
ties of the pressure tubes. These changes also pro-

duce an eddy current 'noise' signal which masks the
eddy current signal produced by a spacer.

Gentilly unit 2 channel P10 provides an example of
the nature of the 'noise' signals (figures 6 and 7).
Final 1991 'as left' eddy current inspection results
were compared to initial 1995 'as found' eddy cur-
rent inspection results. In 1991, the fuel channel was
visited from the south (west) side. In 1995, the fuel
channel was visited from the north (east) side. The
inspection results should thus be mirror images; they
are not. In 1995 the spacer signals were hidden
because of the eddy current 'noise' signals. This is
solely due to the aging of the fuel channels.

Enhanced Locate techniques are used during two
phases of the SLAR process, resulting in an increase
in SLAR processing time. First, Enhanced Locate
techniques result in a step increase in SLAR pro-
cessing time during initial inspection, spacer verifica-
tion, and final inspection. This increase is estimated
at 25 minutes per channel.13 In addition, Enhanced
Locate techniques increase the SLAR processing
time during repositioning by an amount estimated at
five minutes for each LIM fire. Thus as EFPH increas-
es, there will be an increase in SLAR processing time
due to the use of Enhanced Locate techniques.

9.0 CONCLUSIONS
Ninety percent of Bruce unit 3 spacers ('fat' spacers)
were found within +/- 200 millimeters of design loca-
tions. About 45% of Bruce unit 4 and Point Lepreau
spacers ('thin' spacers) were found within +/- 200
millimeters of the design locations. Over 10 percent
of spacers in these reactors were found in the end
bell regions. Only 51 percent of Gentilly unit 2 spac-
ers ('thin' spacers) were found within +/- 200 mil-
limeters of the design locations. This different distri-
bution may be due to the small sample size. Other
reactors with 'thin' spacers include Bruce units 5,6,7,
Pickering units 5,6,7,8, Wolsung, and Embalse.

Delaying SLAR results in increased outage time
requirements due to the aging of the fuel channel
and the effect of this on SLAR processing time.
Delaying SLAR also results in Enhanced Locate tech-
niques being used to locate spacers. This results in
additional outage time requirements of at least 25
minutes of SLAR processing time per fuel channel.

11 A deficiency in the LIM circuit during the first SLAR window of 1995 for the SLAR tool in the west delivery machine had been
identified.

12 A sample of 78 fuel channels.
13 Initial inspection 5 minutes, spacer verification 15 minutes, and final inspection 5 minutes.
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ABSTRACT
During the Bruce-A 1993 Unit 4 and 1994 Unit 3 out-
ages, three water lancing operations were carried
out along with chemical cleaning as part of the sta-
tion boiler refurbishment program. The water lancing
activities focused on three boiler areas: 1) support
plates to clean partially or completely blocked broach
holes and prevent boiler water level oscillations, 2)
hot leg U-bend supports (HLUBS) to remove
deposits contributing to boiler tube stress corrosion
cracking (SCO and 3) tube sheets to dislodge sludge
piles that potentially threaten boiler tube integrity and
to flush out postchemical cleaning insoluble
residues.

The combination of water lancing and chemical
cleaning effectively reduced broach hole blockage
from up to100% to 0-10% or less. As a result, boil-
ers in Units 3 and 4 will operate for some time to
come without concerns over water level oscillations.
However, deposits remained in most tube support
plate land areas.

For Units 3 and 4, the prechemical clean lancing
operations had limited success in dislodging HLUBS
deposits; although some deposit from the scallop bar
surfaces was removed, hour glass areas remained
dirty. The postchemical clean lancing activities were
more effective in removing surface deposits from
the HLUBS in Unit 3 boilers. This was mainly due to
the longer iron step performed during the Unit 3 boil-
er chemical clean. Inspections carried out after
chemical cleaning and water lancing in either unit,
showed that most hour glass areas remained filled
with deposit.

Water lancing of the Unit 4 boiler HLUBS in 1995,
dislodged much of the scallop bar deposit left behind
in 1993, but did not succeed in cleaning hour glass
areas. Visual inspections performed on Unit 4
HLUBS in 1995 revealed significant scallop bar
degradation in Boilers 2 and 7, and relatively less

scallop bar decay in Boilers 1,3, 5 and 6; in Boilers 2,
3, 6 and 7, degradation areas not identified during the
final inspections in 1993 were found. The 1995
inspections also showed far more scallop bar decay
in the Boiler 2 HLUBS compared with the other Unit
4 boilers.

Tube sheet lancing activities in Unit 4 after chemical
cleaning, effectively removed about 275 kg of wet
sludge per boiler. The cold leg and outer hot leg areas
were cleaned down to the tube sheet, with thin
deposits remaining in the original location of the
sludge pile. In the hot leg central areas, hard tube
deposits did not allow lances to travel farther down
than 12.7-30.5 cm (5-12 inches) above the tube sheet
and prevented tube sheet inspections in these areas.
Attempts to remove the hard, tenacious tube scale
by water lancing did not succeed.

In Unit 3, the tube sheet lancing operations before
chemical cleaning removed about 222 kg of tube
sheet sludge per boiler, while the postchemical clean
activities dislodged roughly 109 kg of chemical clean-
ing insolubles from each boiler. As in Unit 4, the cold
leg and outer hot leg areas were cleaned to the tube
sheet and hard tube collars were left in the central
hot leg areas; nearly all the hard tube collars present
before chemical cleaning were unaffected by the
chemical cleaning process. This is thought to have
resulted from shielding of the tube collars by the
rapid build up of insoluble residues on the tube
sheets during chemical cleaning.

1. INTRODUCTION

1.1 Bruce-A Steam Generator Features

The Ontario Hydro nuclear generating system con-
sists of twenty pressurized heavy water reactors
spread over three sites: the Pickering, Darlington and
Bruce stations. The Bruce Nuclear Power
Development in Tiverton. Ontario is the location of
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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 units were in ser-
vice by January 1979. Each Bruce-A unit has a gen-
erating capacity of 760 MWe.
Every unit at Bruce-A has eight recirculating boilers
arranged in an east and west bank. The west and
east banks are made up of Boilers 1-4 and Boilers 5-
8 respectively. Each bank of four boilers is connect-
ed to a common steam drum, a feature unique to the
Bruce-A station. Individual boilers are 2.44 m (96
inches) in diameter and contain 4200 tubes made
from Inconel 600. The tube outer diameter and wall
thickness are 1.30 cm (0.51 inches) and 0.11 cm
(0.04 inches) respectively. Figure 1 shows a cutaway
view of a Bruce-A boiler.

Within every Bruce-A boiler, there are seven 2.54 cm
(1 inch) thick carbon steel support plates to help sup-
port the tube bundle. The plates are numbered in
ascending order and are spaced about 89 cm (35
inches) apart. Each plate contains trefoil broach holes
that allow steam and water to flow through the boil-
er (See Figure 2). Broach holes are arranged in a 2.03
cm (0.8 inch) triangular pitch pattern, with tube lanes
located at 30°, 90° and 150° relative to the no-tube-
lane (NTL) (See Figure 3). Tube lanes are a nominal
0.47 cm (0.18 inches) wide, while the NTL is about
6.85 cm (2.7 inches) wide and has 4 tie rods along its
center. Additional tie rods are located within the tube
bundle. The tie rod pattern shown in Figure 3 is
common to support plates 1 to 7.

Above support plate 7, there are three supports in
the U-bend area: one at 90° and the others on the hot
and cold leg sides at 40°, to the horizontal. Nine car-
bon steel arched bars tie together all three supports.
Each of the carbon steel scallop bars making up the
supports is 1.27 cm (0.50 inches) wide and 1 cm
(0.40 inches) high. During the U-bend support
assembly, the scallop bars were first stacked and
then drilled with tube location holes. Individual holes
were chamfered on both sides with about a 20°
included angle, leaving a tube land or hour glass area
roughly 0.25 cm (0.1 inches) wide (See Figure 4). As
a result, each bar has half-tube scallops alternating
from top to bottom.

Scallop bar stacks are held together at the edge by a
series of short studs and through the center with car-
bon steel clamping plates called forks. There are 6
fork assemblies in each stack. None of the three U-
bend supports hold tube rows 1 to 14. The 90° sup-
port holds tube rows 15 to 95, while both 40° sup-
ports hold tube rows 42 to 95 as shown in Figure 5.

The tube sheet is a 2.52 m (99 inch) diameter carbon

steel plate that is 36.8 cm (14.5 inches) thick in the
tube region (See Figure 1). There are no tie bars
either in the tube bundle or the NTL between sup-
port plate 1 and the tube sheet. The tube pattern is
otherwise identical to that of support plates 1 to 7
(See Figure 3).

1.2 Steam Generator Cleaning Methods:
Water Lancing and Chemical Cleaning

Over 1989 and 1990, boiler water level oscillations
observed in Unit 2 and in Unit 1 led to unit deratings.
The oscillations resulted from broach hole blockage
caused by a buildup of secondary-side deposits.
Subsequent boiler problems also linked to the
buildup of secondary-side deposits are stress corro-
sion cracking (SCO of boiler tubes in the U-bend area
and scallop bar degradation. Another potential prob-
lem arising from deposit buildup is crevice formation.
Within crevices, non-volatile feedwater components
can collect and create localized, aggressive corrosion
environments. This localized corrosion could result in
boiler tube pitting and eventual failure.

Secondary side deposits in Bruce-A boilers typically
contain 30-35% iron (mostly as Fe3O4), 35-45% cop-
per (mostly as metallic Cu), 5-10% Zn (as ZnO), 1-5%
Ni (as NiO) and minor amounts of other metallic
oxides. Two integrated methods are used at Ontario
Hydro to remove these types of boiler deposits:
chemical cleaning and water lancing. The chemical
cleaning method is based on the Electric Power
Research Institute/Steam Generators Owners Group
(EPRI/SGOG) process which involves the use of two
solvents: one to dissolve copper deposits and the
other to remove iron oxides. Zinc and other metals
found within deposits are also removed by this
method. At the Pickering station, boiler chemical
cleans were part of maintenance activities in several
unit outages: Unit 5 in 1992, Unit 6 in 1993, Unit 1 in
1994 and Unit 2 in 1995. Chemical cleans were also
performed during the Bruce-A 1993 Unit 4 and 1994
Unit 3 maintenance outages.

The effectiveness of the chemical cleaning process
depends on deposit thickness and hardness.
Although chemical cleaning effectively removes thin
deposits typically found on boiler tubes, it does not
effectively penetrate and remove thick deposits like
those found on tube sheets. High pressure water
lancing is necessary to remove the bulk of the hard,
thick material beforehand. The amount of hard mate-
rial removed by water lancing is limited by sludge
accessibility and hardness, and lance operating pres-
sures as determined by qualification tests. After
removing as much bulk deposit as possible by water
lancing, the remaining thinner deposits can react
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more effectively with the chemical cleaning solvents.
After chemical cleaning, low pressure water lancing
is required to flush insoluble residues from the tube
sheets.

To date, Ontario Hydro has used high pressure water
lancing systems for the following boiler cleaning
operations (at the stations shown in parentheses):1,2

1) Removal of tube sheet sludge piles to reduce the
risk of under deposit corrosion and pitting
(Pickering Units 1, 2, 5 & 6, Bruce-A Units 3 & 4
and Darlington Unit 4).

2) Cleaning of broach holes (or lattice supports) par-
tially or completely blocked with deposits to
restore steam and water flow (Bruce-A Units 1, 2,
3 & 4 and Pickering Units 1,2, 5 & 6).

3) Removal of deposits from the hot leg U-bend sup-
ports (HLUBS) to reduce the risk of boiler tube
stress corrosion cracking (SCO (Bruce-A Units
3&4) .

The history of water lancing operations at Ontario
Hydro will not be discussed here but has been cov-
ered in References 1 and 2.

Along with boiler chemical cleaning, the Bruce-A
1993 Unit 4 and 1994 Unit 3 outages included high
pressure water lancing operations to clean boiler
broach holes, HLUBS and tube sheets. For the 1995
Unit 4 outage, HLUBS water lancing was repeated to
remove deposit left behind after the 1993 outage.
This paper will focus on each of these water lancing
operations with emphasis on equipment develop-
ments and the results achieved.

2. LANCING STRATEGY AND RESULTS

2.1 Support Plate Water Lancing

2.1.1 Background

Boiler water level oscillations in Unit 2 provided the
first signs of broach hole blockage in Bruce-A steam
generators. However, a chemical cleaning process
had not been qualified for use at Bruce-A in the late
1980s. As a result, high pressure water lancing was
pursued as a viable short-term solution to clean
broach holes and restore steam and water flow.

The water lancing operations performed on Unit 2
boilers over 1989 and 1990, and on Unit 1 boilers in
1990, involved the use of thin, flexible intertube
lances developed by Babcock and Wilcox Ltd.
(B&W). The water lances were constructed of stain-
less steel pressure tubing encased in a rigid plastic
(Refer to Figure 6 ) and were typically operated at
10,000 psig (nozzle pressure). 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 NTL through an external port. At best,
this method allowed access to about 65% of the
support plate areas. Despite the limited coverage,
water lancing of the upper 2 support plates (6 & 7)
removed enough broach hole deposit to restore Unit
2 from a derated power of 73% to full power opera-
tion. A similar approach followed about a year later
also enabled Unit 1 to return to full power operation.

Throughout 1992, water level oscillations in Unit 4
boilers indicated support plate blockage. As a result,
the planned outage in 1993 included support plate
lancing as a maintenance activity. Since the support
plate lancing operations carried out on Units 1 and 2,
B&W made several changes in the lance design to
improve lance flexibility. Two particular changes
enhanced lance flexibility and made it possible to
enter 90° tube lanes.

1) Replacement of stainless steel tubing with
Kevlar™ wrapped flexible tubing.

2) Substitution of the rigid plastic around the tubing
with a more pliant material.

Improvements in nozzle design and construction led
to increased cutting effectiveness. Lances with
these design features were first used during tube
sheet lancing operations at Pickering Unit 5 in 1992.

The strategy for support plate cleaning in Unit 4 was to:

1) Use flexible lances to enter 90° tube lanes via the
NTL with an adjustable 90° lance guide. By this
method, about 83% of the support plate area
could be water lanced. The remaining 17% is not
accessible because of tie rods in the NTL and
within the tube bundle.

2) Clean two support plates simultaneously from a
port at the midspan distance (17.5 inches or 44.5
cm) between them. For the lancing operations
previously carried out in Units 1 and 2, the ports
were located close to support plates 5, 6 and 7,
which were the only support plates to be water
lanced. However, inspection and/or water lancing
activities were planned for all seven boiler support
plates in Unit 4. It was expected that there would
be a considerable time saving by cleaning 2 sup-
port plates simultaneously. Consequently, ports
aligned with the NTL were installed between the
following pairs of support plates: 1 & 2, 4 & 5 and
6 & 7. Inspection/lancing ports for support plate 3
(where required) were placed closer to this sup-
port plate because of interference from the blow-
down ring header (See Figure 1).

3) Perform visual inspections on all support plates.
Support plates with nominally <40% broach hole
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blockage were not lanced since it was believed
the chemical cleaning solvents would effectively
dissolve these thin deposits (See footnote
below1).

Access to support plates 1 & 2 for inspection and/or
water lancing required a man way to be cut into the
boiler containment bellows (See Figure 1). A tempo-
rary containment seal was being developed for this
purpose, but was not available until after the Unit 4
boiler chemical cleans in 1993. However, contain-
ment seals were installed early in the Unit 3 outage
in 1994 to permit inspections and/or water lancing of
support plates 1 & 2 and tube sheets before and
after chemical cleaning.

2.1.2 Support Plate Lancing Results
Tables 1 and 2 summarize the pre- and postchemical
clean support plate lancing data for Units 4 and 3
respectively. Lances were operated at nominally
8,000 psig (nozzle) to reduce the risk of lance fail-
ures. On average, about 95% of the target support
plate areas were accessed in both units where water
lancing was required: Sections 2.1.2.1 and 2.1.2.2
below describe results of the lancing operations in
Units 3 4.

2.1.2.1 Unit 4
Prelancing visual inspections showed broach hole
blockages ranging from 30 to 100% for support
plates 3 to 7. Water lancing of support plates with
nominally >40% broach hole blockage, usually
reduced blockage to 0-10%; at worst, 10-20%
remained in a few locations. In contrast, the
postchemical cleaning inspections of the same sup-
port plates revealed 0-5% broach hole blockage for
those plates previously water lanced, with 0-10%
blockage left in a few areas (See footnote below 1).
The same inspections of support plates that had
<40% blockage before chemical cleaning and were
not lanced, showed a blockage reduction to 0-10%.
However, the tube land areas were not cleaned.

The postchemical cleaning conditions of support
plates 1&2 depended on the length of the iron
removal step during the chemical clean. Broach hole
blockages did not exceed 0-5% in Boilers 5-8, which
were subjected to a 40-hour iron removal step. In
contrast, the iron step during the west bank clean
was stopped after 8.5 hours due to corrosion con-
cerns. This left some areas of support plates 1 &2 in
Boilers 1-4 with up to 100% broach hole blockage.

Water lancing reduced blockage to 10-20% or less in
these regions (See Table 1). The tube land areas of
support plates 1 & 2 in either bank remained filled
with deposit.

2.1.2.2 Unit 3

Based on the Unit 4 support plate lancing data, It was
felt that the requirement for lancing individual sup-
port plates before chemical cleaning could be
changed to >60% broach hole blockage compared
with >40% for Unit 4. The rationale for this change
was modification of the Unit 3 chemical cleaning
sequence to include a 100-hour iron step, compared
with 8.5 and 40-hour iron steps for the Unit 4 west
and east banks respectively in 1993. The longer iron
step was expected to improve deposit removal.

Visual inspections performed before lancing showed
support plates in Unit 3 boilers to be much cleaner
than they were found in Unit 4 a year earlier. Only
support plates 1, 2 & 7 in a few Unit 3 boilers had
>60% broach hole blockage (See Table 2). Water
lancing reduced broach hole blockage in these
regions to 10-20% or less. Postchemical cleaning
inspections of support plates that were either lanced
or originally had <60% blockage and were not
lanced, usually showed blockages of no more than 0-
10%; the most blockage seen was 10-20% on the
hot leg side of support plate 5 in Boiler 6 (See Table
2). Deposits remained in the tube land areas as in
Unit 4 a year earlier.

2.2 HLUBS Water Lancing

2.2.1 Background

Stress corrosion cracking (SCO of boiler tubes in the
HLUBS area is attributed to:

1) High local mechanical stresses due to support
stack growth. The growth is caused by accumu-
lation of corrosion products between scallop bars.

2) A boiler tube material (I-600) susceptible to SCC.

3) Accumulated deposits that can promote a corro-
sive environment.

When evaluating options for removing HLUBS
deposits from the Unit 4 boilers in 1993, it was
believed that chemical cleaning alone would not be
effective. Water lancing was considered a viable
approach because of previously successful applica-
tions in tube sheet cleaning at the Pickering station in
1992 and 1993, and support plate cleaning at Bruce-
A Units 1 and 2.1,2,3

1 Broach hole blockages are "by eye" estimates from fibrescope inspections. A range of 0-5% indicates broach holes with an as new
appearance, while a 0-10% range represents the case where broach holes were clean with a small percentage left with minor
deposits. All other ranges show the average blockage observed.
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Before 1993, the only other attempt to water lance
the HLUBS area was made during a trial carried out
during the Bruce-A Unit 2 outage in 1992. The trial
involved use of lancing equipment designed for oper-
ation from inside the steam drum and did not suc-
ceed for 2 reasons:

1) Heavy tube deposits prevented water lances
from entering the target tube lanes. The deposits
could not be removed despite repeated attempts
to clear tube lanes with tube cleaning or "straight
ahead" lances.

2) Equipment problems along with worker radiation
dose limits did not allow prolonged work inside
the steam drum.

The approach completely changed when during the
1993 Unit 4 outage, a decision was made to utilize
the small gap between tube rows 14 and 15.
Babcock and Wilcox Ltd. (B&W) received a contract
to develop manually operated equipment that could
enter this gap through an external boiler port. The
equipment was designed to rotate and allow lancing
of the HLUBS top and bottom sides via 90° tube
lanes. Flexible water lances similar to those used for
support plate cleaning were used. Figure 7 illustrates
a few of the lancing equipments features.

To reduce dose uptake and shorten the water lancing
schedule during the 1994 Unit 3 outage, Bruce-A
contracted B&W to develop automated U-bend
water lancing equipment. Several automated system
features shown in Figure 8 are:

1) Separate drives for lance and guide movement,
and setting the lance angle. All drives are remote-
ly controlled by computers placed in a control
area outside the boiler room.

2) Computer generated readouts of guide position,
lane numbers, lance angle and lane coverage.

3) Newly developed water lances similar to those
used during the 1993 Unit 4 operations. The
newer lances contained six Kevlar™ wrapped
pressure tubes instead of seven. This allowed
holes necessary for coupling the lance to the
lance drive, to be placed along the center of the
lance.

The automated system was also used during the
1995 Unit 4 outage.

2.2.2 HLUBS Lancing Results

Table 3 summarizes the "as left" boiler HLUBS con-

ditions for Unit 4 in 1993 and 1995, and Unit 3 in
1994. For the initial Unit 4 cleaning activities in 1993,
the nominal lance operating pressure was about
6,500 psig (nozzle). Based on qualification tests run
before the Unit 3 outage, the lance operating pres-
sures were raised to 8,000 psig (nozzle) for the 1994
Unit 3 and 1995 Unit 4 HLUBS water lancing opera-
tions. Sections 2.1.3.1 and 2.1.3.2 describe the
results of HLUBS lancing operations in both units.

2.2.2.1 Unit 4

In 1993, coverage of the HLUBS top and bottom
sides in Unit 4 boilers varied from 65-99% because
of lane access restrictions. Visual inspections identi-
fied misaligned tubes as the cause of the access
constraints; other restrictions were not apparent.
This was not surprising since additional HLUBS
inspections showed bent or broken forks and studs
that likely resulted from stack height growth.

For the east bank boilers, water lancing before chem-
ical cleaning had limited success; although some
deposit was removed from the scallop bar surfaces,
most hour glass areas remained dirty. The lancing
operations after chemical cleaning removed more
deposit from scallop bar surfaces, but left most hour
glasses filled with deposit. Postlancing inspections
showed about 30-60% scallop bar surface exposure
on the top side and roughly 60-80% surface visibility
on the bottom side (See footnote below2).

Compared with the east bank boilers, postchemical
clean lancing of the west bank boiler HLUBS was
less effective in Boilers 1 to 3. In Boiler 1, HLUBS top
and bottom side surface exposures after water lanc-
ing were 0-50% and 0-90% respectively, while
Boilers 2 and 3 had respective top and bottom side
surface exposures of 0-10% and 0-50%. Boiler 4 was
the cleanest west bank boiler with surface expo-
sures of 80-90% and 60-80% for the HLUBS top and
bottom sides (See Table 3). Most hour glass areas in
the west bank boiler HLUBS remained filled with
deposit.

The difference in lancing effectiveness after chemi-
cal cleaning for the east and west bank, depended on
one or both of the following:

1) West bank boilers were not water lanced before
chemical cleaning. The west bank had been
chemically cleaned by the time a HLUBS port
(aligned with the gap between tube rows 14 and
15) was installed on each boiler. As a result, the

2 All reported inspection data are based on visual estimates of surface cleanliness. The ranges reported represent the maximum and
minimum surface exposure observed. For example, a range of 40-80% means that one lane had a surface exposure of 40% and anoth-
er lane showed 80% surface cleanliness; surface exposures for the remaining lanes fell between the two values.
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HLUBS deposits in Boilers 1 to 3 probably
remained thick enough to prevent effective pene-
tration and removal by the chemical cleaning sol-
vents.

2) The iron removal step was stopped after 8.5
hours during the west bank clean to stay within
the preset corrosion limits, while the east bank
underwent a 40-hour iron step.

Visual inspections done after chemical cleaning and
water lancing also showed small holes in the scallop
bars of a few Unit 4 boiler HLUBS examined. These
holes were the result of localized corrosion.

Due to the limited success in removing HLUBS
deposits from Unit 4 boilers, the water lancing oper-
ations were repeated during the 1995 Unit 4 outage.
By this time, B&W developed an automated lancing
system that had already been used for the 1994 Unit
3 outage. For the 1995 Unit 4 operations, B&W mod-
ified the water lances by offsetting the cutting noz-
zles about 50 from the vertical to focus the water jets
onto the hour glass areas.

Based on the 1993 experiences, the initial plan was
to perform visual inspections on one boiler per bank
before water lancing and for all boilers afterwards.
Water lancing operations were started on Boilers 1
and 2, while carrying out prelancing visual inspec-
tions of Boiler 3 in parallel. The Boiler 3 inspections
showed the HLUBS top and bottom sides to be dirty
with almost no visible scallop bar surface.
Postlancing inspections of Boiler 1 revealed about 75
and 85% surface visibility for the HLUBS top and bot-
tom sides respectively. After lancing, the Boiler 2
HLUBS had 5% or less surface visibility on the top
side; inspections of the bottom side could not be car-
ried out because of lane access restrictions.

An unexpected finding during the Boiler 2 postlanc-
ing inspection was missing scallop bar sections
between lanes 31 and 82. This was not seen during
the final inspections in 1993 and forced an immedi-
ate reassessment and expansion of the Unit 4 out-
age plan and scope. An additional refurbishment
activity resulting from the Boiler 2 condition evalua-
tion, was antivibration bar (AVB) installations
between the 90° and hot leg U-bend supports on all
Unit 4 boilers. The U-bend water lancing and inspec-
tion program was revised to include:

1) Pre- and postlancing inspections on all boiler
HLUBS that had not been water lanced (Boilers 3
to 8) when the missing scallop bar pieces in
Boiler 2 were discovered. This would identify
HLUBS degradation on the remaining Unit 4 boil-
ers and in combination with activity 2) below,

help assess the benefits or drawbacks of water
lancing.

2) Inspections of the hot leg area on top of support
plate 7, in Boilers 2 and 7, for missing scallop bar
pieces. The 1995 inspections of the Boiler 2 and
7 HLUBS revealed areas of scallop bar degrada-
tion besides those seen during the final inspec-
tions in 1993. However, the HLUBS inspections
in 1995 showed far less deterioration in Boiler 7
compared with Boiler 2. The results from the sup-
port plate 7 inspections, before and after HLUBS
lancing, would help to learn if water lancing
caused the scallop bar degradation in Boiler 2.

3) Installation of a nozzle to allow inspection and if
necessary, water lancing of the Boiler 2 cold leg
U-bend support (CLUB). This also enabled inspec-
tors to look for debris on the top side of the sup-
port plate 7 cold leg area. The Boiler 2 HLUBS
condition prompted concerns about possible
CLUBS degradation in all Unit 4 boilers.
Inspection data from Boiler 2 were used to decide
the need for CLUBS nozzles on the remaining
Unit 4 boilers.

4) Submitting any scallop bar pieces collected from
the hot leg area on top of support plate 7 in Boiler
2, to Ontario Hydro Technologies (OHT) for chem-
ical analysis. The analytical results were used to
determine the extent of scallop bar corrosion.

The results of these additional operations were:

1) Pre- and post lancing HLUBS inspections for
Boilers 3-8 showed no evidence of deterioration
caused by water lancing. The HLUBS bottom
sides in all east bank boilers were clean and were
not water lanced. Scallop bar erosion was seen in
all eight boilers and small holes were found in
Boilers 1, 3, 5, 6; Boilers 3 and 6 had a few addi-
tional holes in the degradation area identified dur-
ing the 1993 inspections.

Boiler 7 had many holes and several missing scal-
lop bar sections between lanes 50 and 66, but far
less scallop bar degradation than in Boiler 2. The
extent of scallop bar deterioration found in Boilers
1,3, 5 and 6 was far less than observed in Boilers
2 and 7.4 For Boilers 3-8, the postlancing condi-
tions of the HLUBS top and bottom sides were
similar to that of Boiler 1: roughly 70 and 80%
surface visibility on the top and bottom sides
respectively with few visible hour glass areas.

2) In Boiler 2, debris was found in the central hot leg
area on top of support plate 7. Babcock and
Wilcox Ltd. quickly designed, built and qualified a
manually operated flushing lance to remove most
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of the debris. Inspections of the same area in
Boiler 7, before and after HLUBS water lancing,
revealed no noticeable increase in debris levels.
Later inspections of the hot leg on top of support
plate 7 area in Boiler 4, also showed no significant
debris buildup after HLUBS water lancing.

3) Visual inspections of the Boiler 2 CLUBS revealed
that the bottom side was clean with no apparent
degradation and the top side was covered with
deposit. Hour glass areas were not visible on
either side. The cold leg area on top of support
plate 7 had only a few pieces of loose tube scale.
Based on these inspection data, only the CLUBS
top side was water lanced. Postlancing inspec-
tions of the CLUBS top side showed about 75%
scallop bar surface visibility, with no signs of
either scallop bar degradation or clean hour glass-
es.

4) Chemical analysis done at OHT showed that the
debris collected from the hot leg area on top of
support plate 7 in Boiler 2 was solid magnetite,
i.e., a corrosion product.

Based on these findings, it is unlikely that water lanc-
ing contributed to the observed HLUBS scallop bar
degradation found in Unit 4 boilers. Furthermore, the
CLUBS conditions in the other Unit 4 boilers are
probably as good as or better than that of Boiler 2.

The 1995 lancing operations removed much of the
surface deposit left behind on the Unit 4 HLUBS in
1993 (See Table 3), but did succeed in dislodging
hour glass deposits.

2.2.2.2 Unit 3

Based on the 1993 Unit 4 results, HLUBS lancing
was carried out before and after chemical cleaning to
increase deposit removal. It was believed that includ-
ing a 100-hour iron step in the chemical cleaning
process would improve scallop bar deposit removal,
compared with the1993 Unit 4 clean where shorter
iron steps were carried out.

The prechemical cleaning lancing results were simi-
lar to those achieved for Unit 4 in 1993; water lanc-
ing removed enough deposit to expose part of the
scallop bar surface including a few scallop divisions,
but did not clean hour glass areas. Coverage of the
target 90° lanes ranged from about 63 to 99% due to
access restrictions. As in Unit 4 the previous year,
misaligned tubes were identified as the primary
cause of the access constraints.

A general inspection carried out from inside the
steam drum just after chemical cleaning but before
water lancing, revealed the Unit 3 boilers HLUBS to
be cleaner than those in Unit 4 after the 1993 chem-

ical clean. This is attributed to the longer iron step in
the Unit 3 clean. Prelancing lane inspections per-
formed after chemical cleaning for one boiler in each
bank, showed clean tube surfaces except areas just
above the scallop bar where dark deposits remained.
These deposits covered most hour glasses and scal-
lop bar surfaces on the HLUBS top and bottom sides.
The bottom side appeared cleaner than the top side.

Postlancing HLUBS inspections in Unit 3 after chem-
ical cleaning revealed:

1) Scallop bar surfaces that appeared much cleaner
than after the prechemical clean lancing opera-
tions. About 50% of the scallop bar surface was
exposed on the top side. In contrast, the HLUBS
bottom side had about 80% surface visibility (See
Table 3).

2) A red surface oxide on most exposed scallop bar
surfaces on the top and bottom sides. The light
surface oxide likely formed after water lancing.

3) Tube deposit collars that filled most hour glasses
and extended a few millimeters above the scallop
bars on the HLUBS top sides. The HLUBS bottom
sides in four boilers had more cleaned hour glass
areas than the top sides.

4) No sign of scallop bar degradation or deformation
such as was found in Unit 4 during the 1993 or
1995 outages. This was not surprising since the
measured HLUBS stack growths for Unit 3 were
less than those in Unit 4

For both the HLUBS top and bottom sides, coverage
of the target 90° tube lanes increased about 12%
after chemical cleaning. This likely resulted from the
effective removal of tube deposit by the chemical
cleaning solvents.

2.3 Tube Sheet Water Lancing

2.3.1 Background
The first production tube sheet lancing operations at
Ontario Hydro occurred during the Pickering Unit 5
outage in 1992. Through-wall pitting and boiler tube
leaks in tube sheet areas where hard sludge piles
had collected, resulted in a forced outage. Manually
operated equipment designed and built by B&W was
used to remove as much tube sheet sludge as pos-
sible. The lancing operations focused on removing
sludge from the tube sheet hot leg areas that were
accessible from a boiler port aligned with the NTL.
Tube sheet coverage was limited by the tie rods
within the tube bundle.

Similar lancing operations were carried out at
Pickering Unit 6 in 1993 and resulted in significantly
increased tube sheet coverage compared with the
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Pickering Unit 5 operations a year earlier. This was
due to the installation of 2 additional lancing ports on
all Unit 6 boilers: one at 50° and another at 130° rel-
ative to the NTL. Automated lancing systems later
developed by B&W were successfully used during
outages at Pickering Units 1 and 2 in 1994 and 1995
respectively, and at Darlington Unit 4 in 1995.

Early in 1993 Bruce-A Unit 4 outage, tubes pulled
from the primary side of Boiler 3 showed no evi-
dence of pitting. None-the-less, about 25 cm (10
inches) of sludge was measured through the open-
ings left by the tube pulls. Due to the timing of the
temporary containment seal development, tube
sheet lancing could only be carried out after chemical
cleaning.

Foster-Miller Inc.(FMI) received the contract award to
develop, supply and operate an automated tube
sheet water lancing system. The equipment later
purchased by Bruce-A, is based on FMIs
Consolidated Edison Combined Inspection and
Lancing (CECIL®) technology. The lancing systems'
key components are:

1) A six-piece rail on which various spray and robot
modules (described below) travel. The rail is
inserted into the NTL just below support plate 1
and is held in place by inflatable bladders.

2) A 90° barrel spray module that directs 8 low pres-
sure water jets (4 per side) down 90° tube lanes
from the NTL. By rotating this unit back and forth,
loose sludge deposits are flushed toward the
annulus and rennoved by the suction/filtration system.

3) A 307150° barrel spray unit that directs water jets
down 30° and 150° tube lanes from the NTL and
flushes away loosely bound shadow zone
deposits left behind after the 90° barrel sprays.
This module was developed and used later during
the 1993 Unit 4 outage.

4) A lance robot module to control lance movement
and position.

5) A "straight ahead" lance with 4 flexible pressure
tubes wrapped in Kevlar™. This lance is used at
higher pressures than either the 90° or 307150°
barrel spray unit to cut away hard deposit left
after the low pressure barrel washes. A
fibrescope in the center of the lance provides
visual feedback. Accurate tube sheet assess-
ments are possible by continuous visual monitor-
ing and computer generated readouts of robot
position, lance angle, depth and height from the
tube sheet.

6) A "side-shooting" lance to clean shadow zones
left behind after the 307150° barrel sprays. The

lance is similar to the straight ahead lance but the
water jets are directed sideways.

Figure 9 depicts several system components as they
would appear within the steam generator.

The lancing strategy for Unit 4 was to remove loose
sludge by performing a combination of 90° and
307150° barrel sprays, and using the side-shooting
lance where required. Hard sludge piles that
remained would then be removed by the straight
ahead lance.

2.3.2 Tube Sheet Water Lancing Results

Table 4 shows the sludge quantities removed by the
Unit 3 and 4 tube sheet cleaning operations. Nominal
nozzle operating pressures for the barrel spray and
straight ahead lancing operations were 3,000 and
5,000 psig respectively. The side-shooting lance was
operated at 5,000 psig (nozzle). Sections 2.3.2.1 and
2.3.2.2 below describe the results from each outage.

2.3.2.1 Unit 4
Boiler 7 was the first Unit 4 steam generator to be
water lanced. Prelancing inspections revealed sludge
heights of about 35.6 and 30.5 cm (14 and 12 inches
respectively) in the center of the hot and cold legs
respectively (See Figure 10). 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 effectively
removed with the side-shooting lance. (The 307150°
barrel spray unit was developed later for the west
bank tube sheet lancing operations).

Hard, tenacious tube scale prevented the straight
ahead lance from entering the hot leg central areas;
access was limited to about 7 inches above the tube
sheet and tube sheet condition assessments could
not be carried out in this region. This finding was con-
sistent for all Unit 4 boilers. Despite repeated
attempts to remove the hard tube scale with either
the straight ahead lance or lances fitted with several
offset nozzles, the hard deposits remained intact.
However, hard sludge piles were not seen in any of
the restricted hot leg areas. 5

On average, the automated system dislodged about
275 kg of wet sludge per boiler. The percentage of
chemical cleaning insoluble residues in the removed
sludge is not known since the lancing operations
were carried out only after chemical cleaning.

2.3.2.2 Unit 3

Based on the 1993 Unit 4 results, tube sheet lancing
operations for Unit 3 were carried out before and
after chemical cleaning. The prechemical cleaning
operations were performed to remove loose tube
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sheet sludge and expose the hard tube deposits for
reaction with the chemical cleaning solvents.
Chemical cleaning insoluble residues were removed
by the postchemical clean barrel washes.

Before chemical cleaning, prelancing inspections of
Boiler 5 showed maximum sludge heights of rough-
ly 23-25 cm (9-10 inches) in the hot and cold leg
sides. The combination of 90° and 307150° barrel
sprays cleaned the cold leg and outer hot leg areas
down to the tube sheet. Thin deposits remained in
the original location of the pile with no shadow zones
left behind. 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 7.6-15.2 cm
(3-6 inches) above the tube sheet and prevented
tube sheet inspections in this area. As in Unit 4 the
previous year, hard sludge piles were not seen in the
restricted hot leg areas.

The postlancing condition of the remaining boilers
closely resembled that of Boiler 5. Although hard
tube scale was also found about 1-2 inches above
the tube sheet in some cold leg areas inspected after
water lancing, the tube sheet was visible in these
regions. Prechemical clean water lancing operations
removed about 222 kg of sludge per boiler (See Table
4). 2,6

The first boiler lanced after chemical cleaning was
Boiler 3. To estimate the depth of chemical cleaning
insoluble residues, a central hot leg and cold leg lane
was inspected before water lancing. Maximum
sludge heights of 20.3 cm (8 inches) and 12.7 cm (5
inches) were found in the center of the hot and cold
leg sides respectively. Similar sludge heights were
later measured during more rigorous postchemical
clean and prelancing inspections in Boiler 5.

Postchemical clean lancing operations dislodged
about 109 kg of residue per boiler. The post lancing
condition of Boiler 3 and the other Unit 3 boilers after
chemical cleaning, closely resembled their postlanc-
ing appearance before chemical cleaning; although
the cold leg and peripheral hot leg areas had been
cleaned down to the tube sheet, hard tube deposits
about 7.6-15.2 cm (3-6 inches) above the tube sheet
remained in the central hot leg areas. Nearly all hard
tube collars found near the tube sheet before chem-
ical cleaning were unaffected by the chemical clean-
ing process.

The persistence of hard tube collars probably result-
ed from the rapid buildup of insoluble residues
around the tubes and on top of the tube sheets dur-
ing chemical cleaning. A likely scenario is that once
the insolubles settled onto the tube sheet, they

became an effective barrier between the chemical
cleaning solvents and the hard deposits.

3 .0 CONCLUSIONS AND FUTURE BNGS-A
BOILER CLEANING OPERATIONS
Based on the Unit 3 and 4 water lancing data, the
conclusions of this paper are:

1) The combination of water lancing and chemical
cleaning effectively removed broach hole
deposits in Units 3 and 4. As a result, both units
will run for some time to come without concerns
about boiler water level oscillations.

2) The water lancing and chemical cleaning opera-
tions left the boiler HLUBS in Unit 3 cleaner than
those in Unit 4. This was mainly due to the longer
iron step carried out during the Unit 3 chemical
clean and improvements in the lancing technolo-
gy. Much of the scallop bar surface deposit left on
the Unit 4 HLUBS in 1993 was removed during
the 1995 lancing operations. However, the lanc-
ing operations did not succeed in dislodging
deposits from most hour glass areas in Units 3
and 4. Modified chemical cleaning and/or water
lancing methods are required to remove the
deposits left behind on the Unit 3 and 4 boiler
HLUBS. Currently, the addition of a crevice clean-
ing step to the boiler chemical cleaning sequence
is considered the best alternative.

3) The tube sheet lancing operations efficiently
removed soft sludge and cleaned the cold leg and
outer hot leg areas down to the tube sheet.
However, water lancing had little effect on the
hard tube collars in the central hot leg areas.
These deposits were unaffected by the chemical
cleans carried out on either unit. Additional
inspections in the area of the hard collars are
required to determine the tube sheet condition.
Further cleaning operations may be warranted
based on the inspection results.

Late in 1994, water level oscillations in several Unit 1
boilers indicated broach hole blockage. The upper
boiler support plates in this unit were water lanced in
1990 to restore steam and water flow to allow full
power operation. Support plate, HLUBS and tube
sheet water lancing operations are planned for the
Unit 1 outage in September 1995. However, a small
scale lancing campaign was required in December
1994 to clean the upper support plates in all eight
Unit 1 boilers. This has provided short-term relief for
the oscillation problems.

The 1995 Bruce-A Unit 1 chemical clean will include
a crevice cleaning step that may last up to 100 hours
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at 121°C, compared with 93°C for the iron removal
step. The crevice clean will involve periodic vents to
induce solvent boiling and cleaning of tube land areas
in the U-bend supports and broach plates. As a
result, it is expected that Unit 1 boiler tube supports
will be left in a much cleaner state than those in
either Units 3 or 4 after water lancing and chemical
cleaning. The outcome of the chemical cleaning and
water lancing operations in Unit 1 will help define
future boiler cleaning programs for Bruce-A Units 3
and 4.
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Table 1

HOT LEG

Percent Broach Hole Blockages in Unit 4 Boilers

Support
Plate

11

12

3

4

5

6

7

Boiler 1

Pre
Lance

30-40

0-10

Nl

Nl

Nl

30-50

30-50

Post
Lance

10-20

0-10

NL

0-10

0-10

0-10

0-10

Post
BOCC

0-10

0-5

0-5

0-5

0-5

Boiler 2

Pre
Lance

100

10-40

NP

40-50

40-50

Nl

Nl

Post
Lance

0-10

0-10

-

0-10

10-20

0-10

0-10

Post
BOCC

-

0-10

0-10

0-5

0-10

Boiler 3

Pre
Lance

50-100

0-10

30-40

30-50

40-50

40-60

40-60

Post
Lance

0-5

0-5

NL

0-10

0-10

0-10

0-10

Post
BOCC

0-10

0-5

0-5

0-10

0-5

Boiler 4

Pre
Lance

0-10

0-10

NP

30-50

40-50

40-60

40-60

Post
Lance

NL

NL

NL

0-10

0-10

0-10

0-10

Post
BOCC

-

0-5

0-10

0-5

0-5

COLD LEG

Support
Plate

11

'2

3

4

5

6

7

Boiler 1

Pre
Lance

10-20

10-20

Nl

Nl

Nl

40-60

40-60

Post
Lance

NL

NL

NL

0-10

0-10

0-10

0-10

Post
BOCC

0-10

0-5

0-5

0-5

0-5

Boiler 2

Pre
Lance

10-20

0-10

NP

40-50

40-50

60-70

60-70

Post
Lance

NL

NL

. -

0-10

0-10

0-10

0-10

Post
BOCC

-

0-5

0-5

0-5

0-5

Boiler 3

Pre
Lance

10-20

0-20

30-40

30-50

40-50

40-60

40-60

Post
Lance

NL

NL

NL

0-10

0-10

0-10

0-10

Post
BOCC

-

-

0-10

0-5

0-5

0-5

0-5

Boiler 4

Pre
Lance

0-10

0-10

NP

40-60

40-50

50-60

50-50

Post
Lance

NL

NL

NL

0-10

0-10

0-10

0-10

Post
BOCC

-

0-5

0-5

0-5

0-5

'For support plates 1&2, % Prelance blockage •
after chemical cleaning.

% Postchemical clean blockage since these support plates were inspected and/or water lanced

NL = Not lanced Nl = Not inspected NP = No port installed.



Table 1 (Continued)

HOT LEG

Support
Plate

'1

12

3

4

5

6

7

Boiler 5

Pre
Lance

NL

NL

40-60

50-70

40-60

50-60

60-80

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

Boiler 6

Pre
Lance

NL

NL

50-60

40-50

50-70

50-70

70-100

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

Boiler 7

Pre
Lance

NL

NL

Nl

Nl

Nl

50-70

50-70

Post
Lance

-

-

0-10

0-10

0-10

10-20

10-20

Post
BOCC

0-5

0-5

Nl

0-5

0-5

0-5

0-10

Boiler 8

Pre
Lance

NL

NL

40-50

60-70

50-60

50-60

60-80

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

COLD LEG

Support
Plate

M
12

3

4

5

6

7

Boiler 5

Pre
Lance

NL

NL

40-80

50-60

50-60

50-70

60-70

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

Boiler 6

Pre
Lance

NL

NL

70-90

50-80

50-70

60-80

70-80

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

Boiler 7

Pre
Lance

NL

NL

Nl

Nl

Nl

50-70

70-80

Post
Lance

-

-

-

0-10

0-10

10-20

10-20

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

Boiler 8

Pre
Lance

NL

NL

80-100

50-60

60-70

50-60

60-80

Post
Lance

-

-

0-10

0-10

0-10

0-10

0-10

Post
BOCC

0-5

0-5

0-5

0-5

0-5

0-5

0-5

1For support plates 1&2,
after chemical cleaning.

% Prelance blockage - % Postchemical clean blockage since these support plates were inspected and/or water lanced

NL = Not lanced Nl = Not inspected



Table 2

HOT LEG

Percent Broach Hole Blockages in Unit 3 Boilers

Support
Plate

1

2

3

4

5

6

7

Boiler 1

Pre
Lance

20-30

40-60

NP

20-40

30-40

10-20

30-40

Post
Lance

NL

NL

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-10

0-10

0-10

0-10

Boiler 2

Pre
Lance

MO-60

30-50

NP

30-40

40-50

0-10

30-50

Post
Lance

0-10

Nl

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-10

0-10

0-10

0-10

Boiler 3

Pre
Lance

20-40

20-30

NP

20-30

40-50

10-20

20-40

Post
Lance

NL

NL

-

NL

NL

NL

NL

Post
BOCC

20-5
20-5

-

0-5

0-5

0-5

0-5

Boiler 4

Pre
Lance

30-50

30-40

Nl

20-40

30-40

10-20

40-80

Post
Lance

NL

NL

NL

NL

NL

Nl

10-20

Post
BOCC

Nl

Nl

0-5

0-5

0-5

0-5

0-5

COLD LEG

Support
Plate

1

2

3

4

5

6

7

Boiler 1

Pre
Lance

50-70

20-30

NP

20-30

30-40

20-30

20-40

Post
Lance

0-10

Nl

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-5

0-5

0-10

0-10

Boiler 2

Pre
Lance

30-50

10-2'.;

NP

20-30

20-40

10-30

50-70

Post
Lance

NL

NL

• -

NL

NL

Nl

0-10

Post
BOCC

Nl

Nl

-

0-10

0-10

0-10

0-10

Boiler 3

Pre
Lance

30-40

20-40

NP

20-40

30-40

10-30

30-40

Post
Lance

NL

NL

-

NL

NL

NL

NL

Post
BOCC

20-5

20-5

-

0-5

0-5

0-5

0-5

Boiler 4

Pre
Lance

30-50

20-30

Nl

20-30

20-40

20-30

50-70

Post
Lance

NL

NL

NL

NL

NL

Nl

0-10

Post
BOCC

Nl

Nl

0-5

0-5

0-5

0-5

0-5

'The decision to lance was based on observations of heavy tube deposits near support plate 1.
2 Postchemical clean inspections were possible only for Boilers 3 & 6 where temporary flanged nozzles were installed between support plates 1 &2.

NL = Not lanced Nl = Not inspected NP => No port installed.



Table 2 (Continued)

HOT LEG

s

Support
Plate

1

2

3

4

5

6

7

Boiler 5

Pre
Lance

40-70

50-80

NP

20-40

30-40

0-10

60-80

Post
Lance

0-10

0-10

-

NL

NL

Nl

0-10

Post
BOCC

Nl

Nl

-

0-5

0-10

0-5

0-5

Boiler 6

Pre
Lance

50-70

20-40

NP

10-20

20-40

0-10

60-80

Post
Lance

0-10

Nl

-

NL

NL

Nl

0-10

Post
BOCC

'0-5

'0-5

-

0-5

10-20

0-5

0-5

Boiler 7

Pre
Lance

'40-60

30-50

NP

20-30

30-50

0-10

40-50

Post
Lance

10-20

10-20

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-5

0-10

0-5

0-5

Boile • 8

Pre
Lance

30-40

40-50

NP

30-50

40-60

10-20

50-70

Post
Lance

NL

NL

-

NL

NL

Nl

10-20

Post
BOCC

Nl

Nl

-

0-5

0-5

0-5

0-5

COLD LEG

Support
Plate

1

2

3

4

5

6

7

Boiler 5

Pre
Lance

20-40

20-30

NP

20-40

20-40

10-30

40-50

Post
Lance

NL

NL

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-5

0-5

0-5

0-5

Boiler 6

Pre
Lance

60-80

40-50

NP

20-30

20-40

10-30

30-50

Post
Lance

0-10

Nl

-

NL

NL

NL

NL

Post
BOCC

'0-5

'0-5

-

0-5

0-5

0-5

0-5

Boiler 7

Pre
Lance

'40-50

20-30

NP

20-30

30-40

0-10

20-30

Post
Lance

Nl

Nl

-

NL

NL

NL

NL

Post
BOCC

Nl

Nl

-

0-5

0-5

0-5

0-5

Boiler 8

Pre
Lance

20-30

30-40

NP

10-30

30-40

20-30

50-70

Post
Lance

NL

NL

-

NL

NL

Nl

0-10

Post
BOCC

Nl

Nl

-

0-5

0-5

0-5

0-5

'The decision to lance was based on observations of heavy tube deposits near support plate 1.
2Postchemical clean inspections were possible only for Boilers 3 & 6 where temporary flanged nozzles were installed between support plates 1&2.

NL = Not lanced Nl = Not inspected NP = No port installed



Table 3 Scallop Bar Surface Cleanliness Estimates for Bruce-A Unit 3 and 4 Boiler HLUBS

to
ow

Boiler

1

2

3

4

5

6

7

8

'Unit 4
(1993)

Top
Side

Range

10-50%

0-10

0-10

80-90

30-60

30-60

30-60

30-60

Average

19%

2

8

85

50

50

50

50

Bottom
Side

Range

0-90%

0-50

0-50

60-80

60-80

60-80

60-80

60-80

Average

44%

24

21

70

70

70

70

70

Unit 4
(1995)

Top
Side

Range

60-90%

0-5%

50-100

70-90

70-80

50-70

50-80

70-90

Average

75%

3

75

80

77

67

65

80

Bottom
Side

Range

75-85%

NA

60-100

75-90

250-90

260-90

250-80

280-90

Average

85%

-

85

87

83

78

75

87

Unit 3
(1994)

Top
Side

Range

50-70%

40-70

50-70

40-70

40-80

30-40

20-40

10-60

Average

60%

53

60

58

60

32

27

30

Bottom
Side

Range

70-80%

70-90

80-90

80-90

70-90

60-80

30-70

80-90

Average

75%

78

88

88

85

71

55

83

NA = Not accessible

'All reported data are based on "by eye" estimates of scallop bar surface cleanliness from visual inspections. The ranges reported represent the
minimum and maximum surface exposures observed. For example.a range of 40-80% means that at least one lane had a surface exposure of 40%
and at least another showed 80% surface cleanliness; surface exposures for the remaining lanes fell between the two values.

2Not water lanced.

3West bank boilers were not water lanced before chemical cleaning. The iron step during the west bank clean was stopped after 8.5 hours. In
comparison, the east bank clean involved a 40-hour iron step.



Table 4 Wet Tube Sheet Sludge Removed from Unit 3 and 4 Boilers1

(O

BANK

West

East

BOILER

1

2

3

4

Average

5

6

7

8

Average

Totals

SLUDGE REMOVED
PRECHEMICAL

CLEANING
(Unit 3 1994)

219.0 kg

195.0

177.7

194.1

196.5 kg

229.3 kg

235.4

247.6

273.8

246.5 kg

1,771.9 kg

SLUDGE REMOVED
POSTCHEMICAL

CLEANING
(Unit 31994)

96.5 kg

234.5

147.0

124.5

150.6 kg

57.4 kg

73.6

86.0

55.2

68.1kg

874.7 kg

TOTAL SLUDGE
REMOVED

(Unit 3 1994)

315.5 kg

429.5

324.7

318.6

347.1 kg

286.7 kg

309.0

333.6

329.0

314.6 kg

2,646.6 kg

TOTAL SLUDGE
REMOVED FROM
UNIT 4 BOILERS

(1993)2

295.6 kg

390.4

424.0

385.4

373.9 kg

189.7 kg

213.1

151.4

151.5

174.6 kg

2,201.1kg

1AII sludge weights were calculated by subtracting wet filter weights from the gross weight. The weights reported for Unit 4 in Reference 1 were
calculated using dry filter weights. The corrected Unit 4 weights are listed above.

2The 1993 Unit 4 tube sheet lancing operations were performed after boiler chemical cleaning.
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FIGURE 1 Bruce-A Boiler Cutaway View
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FIGURE 2 Broach Hole Design
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FIGURE 4 Scallop Bar Geometry
SCALLOP DIVISION

SCALLOP BAR
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TOP VIEW SIDE VIEW

FIGURE 5 Boiler U-bend Supports
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FIGURE 6 30° Lance Design Features

Connection for High
Pressure Hose

8

Lance Body With 8
SS Tubes Encased in
Rigid Plastic

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

Lance
Nozzle
(0.040"
drilled
hole)

Front ^
Manifold rt

n

I
8
0
01



CANDU MAINTENANCE CONFERENCE 1995

FIGURE 7 HLUBS Manual Lancing Equipment

Assembly Diagram
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Mounting Flange

. — Extension Sleeve
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Extension Sleeve
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FIGURE 8 HLUBS Automated Lancing Equipment
Assembly Diagram

- Guide Head
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FIGURE 9 CECIL® Components Within the Steam Generator

Till Module

Lance Barrel

Rail

Flexible Lance
(Fitted with
Fibrescope)

From Reference 5

FIGURE 10 As Found Condition of Boiler 7 in Unit 4

Plan View

From Reference 5
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STEAM GENERATOR WATERLANCING AT DNGS

Dave Seppala
Design Engineer

Nuclear Plant Life Assurance
Darlington NGS - Ontario Hydro

Eric Kiisel
Business Manager
Nuclear Services

Babcock & Wilcox International
Cambridge, Ontario

1.0 DNGS SG DESIGN
Darlington Nuclear Generating Station (DNGS) is a
four 900 MW Unit nuclear station forming part of the
Ontario Hydro East System, located east of
Pickering NGS and Toronto, Ontario on the north
shore of Lake" Ontario.

There are four identical steam generators (SGs) per
reactor unit supplied by Babcock & Wilcox. The
Darlington SGs are vertical heat exchangers with an
inverted U-tube bundle in a cylindrical shell. Steam
separating equipment is provided in an integral
steam drum at the upper end of the shell. An integral
semi-cylindrical preheater directs the feedwater flow
up the cold leg through staggered openings created
by the 10 internal baffles.

Each SG has 4663 Incoloy 800 tubes (5/8" OD)
arranged in a triangular pitch. This results in a tube
bundle with about 120 lanes of tubes within a
tubesheet region approximately nine feet in diame-
ter. The tubes are supported by 410 stainless steel
lattice bars and the U-bends by 410 SS flat bars and
arch bars.

Two diametrically opposite four inch inspection ports
located about 10" above the secondary side
tubesheet face allow access to the tubesheet tube-
free lane. The tubesheet secondary surface is car-
bon steel.

Steam operating temperature is about 509°F and the
design recirculation ratio is about 5 at 100% reactor
power. Continuous blowdown is approximately 0.2%
of the steaming rate.

2.0 STRATEGY
The DNGS Nuclear Plant Life Assurance Group, a
department of DNGS Engineering Services have

by
Jim Malaugh

Senior Technical Engineer
Nuclear Technology Services
Head Office - Ontario Hydro

Frank Kamler
Design Engineer
Nuclear Services

Babcock & Wilcox International
Cambridge, Ontario

taken a Proactive Approach to ensure long term SG
integrity.

Instead of waiting until the tubesheets are covered
by a substantial and established hard deposit; DNGS
plan to clean each steam generator's tubesheet, 1st
half lattice tube support assembly and bottom of the
thermal plate every four years.

The 10 year business plan provides for cleaning and
inspection to be conducted on all four SGs in each
Unit during maintenance outages (currently sched-
uled for every four years).

3.0 WATERLANCING
SYSTEM DESCRIPTION

3.1 Introduction
The waterlancing system employed at DNGS was
designed and fabricated by Babcock and Wilcox
International located in Cambridge, Ontario and has
domestic and foreign patents pending.

Babcock & Wilcox have also performed similar
waterlancing cleaning operations at Ontario Hydro's
Bruce NGS-A and Pickering NGS stations.

One complete waterlancing system was adequate to
meet the schedule requirements of waterlancing the
hot and cold leg tubesheet regions on each pair of
steam generators in four (4) "on steam generator
days". A spare system was made available by
Babcock & Wilcox to assure there would be no pro-
longed down time in case of system failure.

A simplified flowsheet of the waterlancing system is
shown in Figures 1 and 2 attached. The waterlancing
system was comprised of several sub systems; The
Waterlance, Waterlance Delivery system, Control
System, Process Systems, Flushing Waterlance, and
Inspection and Verification Svstem

2 1 3

CA9800501
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3.2 Waterlances
The B&W patent pending waterlance process uti-
lized some very unique intertube waterlancing
devices which directed powerful waterjets directly
onto the sludge and deposits. To achieve a close
proximity, waterlances were thin and flexible to
allow easy manipulation into the tube bundle. A
waterlance is depicted in Figure 3 (mounted in the
delivery system).

The Darlington waterlance measured 0.125" thick,
1.5" wide, and 150" long, and utilized a symmetrical
90° waterjet configuration (with respect to the lance
axis) for efficient removal of sludge and deposits
above and below the waterlance. The waterjets were
directed up and down, and parallel to the tube axis
when the waterlance was in the level orientation. The
waterjets were purposely configured parallel to the
steam generator tubing to minimize erosion of steam
generator tubing and allow higher pressures to be
used without damaging the tubes. The waterjets can
reach up to several feet for cleaning tubes, tubesheet,
and tube supporting structures simultaneously.

3.3 Waterlance Delivery System
The waterlance delivery system (Figure 3) accessed
the steam generator through the NTL handhole. The
system mounted to the steam generator tubesheet
handhole and drove a rigid guide down the NTL. The
waterlance was supported by the guide, and was
directed 90° (relative to the NTL) by the guide head
for delivery into the tube bundle.

The guide and waterlance were driven by servo
motors. The waterlance and guide assemblies were
coupled to the servo motor through positively
engaged tractor drive systems. Lane to lane indexing
and position calibration were controlled through com-
puter software using encoder position feedback and
proximity detectors.

The servo controlled motors allowed the lance to
waterjet on insertion as well as retraction. Drive
power was also controlled to detect obstructions in
the tube lanes and prevent over stressing the lances.

A rotational drive with encoder position feedback
and clinometer for level reference provided rota-
tional motions.

3.4 Control System

The control system was divided into two main com-
puter controlled systems. The first was called the
Controller (Figure 4). This system was a collection of
power supplies, solid state relays and interconnect
hardware that were controlled by the mating of a
motion controller and a 80486 microprocessor board.

These two boards control and interpolate the motion
of the lance system while coordinating all the sen-
sory feedback.

The second was a computer control workstation
which allowed remote control of all lancing, flushing
and fibreoptic inspection operations (Figure 5).
Remote cameras also feedback to the control work-
station thus minimizing personnel exposure during
the cleaning operations. The workstation used a win-
dows based software that provided graphical on-line
position feedback displays, camera views, diagnos-
tics, and data logging. On-line reports were generat-
ed by simply selecting an icon and then printed on a
HP Laser Jet 4L

The data generated by the system was continually
being backed up on the hard disk. The information
was stored in a DOS text format for importation into
any standard software package.

The two systems were joined by a standard
"Ethernet" card. This card allowed for high speed
data transfer and network capability.

3.5 Process Systems

The waterlancing system incorporates three main
process systems; high pressure water supply system,
suction systems and sludge removal/filtration system.

High Pressure Water Supply System;

High pressure water required for lancing and flushing
was provided by high pressure pumps (Figure 6). The
high pressure pumps can supply 10 U.S. gpm @
12,000 psi for lancing and 30 U.S. gpm @ 4000 psi
for flushing and were powered by a 100 hp TEFC
electric motor. Each High pressure pump unit
includes a pressure regulator, inlet filter unit, over-
pressure protection and an emergency kill switch
and are mounted on a rigid frame complete with inte-
gral casters for portability. Water supply to the pump
is provided by a 300 gallon cylindrical water tank
equipped with a booster pump. This system ensured
proper operation of the High pressure pump by pro-
viding the consistent water flow required. The boost-
er pump was powered by a 3 hp electric motor and
had a maximum rated capacity of 50 U.S. gpm @ 40
psi. The water tank was filled from the plant water
supply and the water level was regulated by an auto-
matic level control system. The water tank, booster
pump and level control system were all mounted
together on a steel frame. The high pressure water
supply to the lance was controlled by the automated
lancing control system utilizing a solenoid operated
valve which diverted water at low pressure back to
the supply tank when the lance was not in operation.
1/2" high pressure hose, 1" flushing hose, and 2"

214
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suction hose were used in 175' lengths for passing
over the reactor mechanism deck, and in 50' lengths
at the high pressure pump and steam generator.

Suction System;

The purpose of the suction system was to remove
water and entrained sludge from the steam genera-
tor during lancing and flushing. Suction was provided
by an air-powered double diaphragm pump with a
maximum rated capacity of 140 U.S. gpm. A suction
foot was inserted into the steam generator through
one of the unused handholes and was fixed in posi-
tion with an adapter flange. A water level sensor was
used to ensure that the suction system was func-
tioning properly and eliminate the risk of water over-
flowing through the handholes. The diaphragm
pumps were each mounted on a portable steel
frame. The suction hose was 175' in length for pass-
ing over the reactor mechanism deck, and in 50'
lengths at the steam generator and water supply
tank. All suction hoses were connected using quick-
connect "Camlock" fittings.

Sludge Removal / Filtration Unit;
Water removed from the steam generator by the suc-
tion system was pumped through a filtration unit to
remove any particulate (sludge) and then either
drained or sent back to the supply tank for recircula-
tion. The filter system consisted of three filter canis-
ters as shown mounted together on a mobile cart
(Figure 7). The two stage filter assembly used 23 and
1.5 micron filters connected as shown in Figure 1. A
valve was mounted on the unit which allowed the
flow to be diverted to allow filter bags to be replaced
without shutting down the system. A pressure gauge
indicated when a filter element required replacement.

3.6 Flushing Lance

The flushing lance is depicted in Figure 8. The flush-
ing lance is similar in shape and size as the lance
guide so that it can be deployed by the drive assem-
bly. The flushing lance utilized three (3) parallel water-
jets that sweep (by the rotational motion) up and
down the tube lanes to direct loose sludge to the
periphery of the SG. The principle behind using three
(3) parallel jets is that the center jet entrains and
pushes the sludge down the intertube lane while the
outer jets columnate and channel the flow of sludge
and water.

When the flushing waterjets leave the tube bundle
and enter the annulus, the flows were deflected by
the inner surface of the shell towards the opposite
handhole where they were removed by the suction
system. Sufficient energy was maintained in the

flow path to entrain sludge until the suction foot
was reached.

3.7 Inspection and Verification System

Methods for visual inspection of the tubesheet, tube,
1st half lattice bar tube support, and underside of
lower preheater baffle plate and measurements of
sludge height are provided by the visual inspection
system (Figure 9).

The heart of the system consisted of a 2 mm
fibrescope mounted in a strip which was the same
size as the waterlance. This design allowed the strip
to utilize the intertube waterlancing equipment for
deployment inside the steam generator.

The fibreoptic was indexed to a preselected 90°
intertube lane with the guide drive, and inserted into
the lane with the lance drive. Rotation of the lance
guide by 3rd axis motion inclined the inspection strip
to allow vertical positioning of its visual end.

The inspection strip completely housed the
fibrescope and protected it from all external forces.
The optical end of the fibrescope was supported at
the rear of the inspection strip with its integral video
camera system to prevent any damage to the deli-
cate fibreoptic bundle. The front end of the fibreop-
tic bundle was supported within the inspection strip
and was positioned at the lower edge of the inspec-
tion strip end at the optimal angle to gain maximum
visual information.

Fibrescope cleanliness was maintained by providing
an integral cleaning system within the visual inspec-
tion strip. Within the visual inspection strip provision
for an air purge and waterwash of the fibreoptic lens
was provided. In the event that the fibrescope
become fouled, the air purge and waterwash was
used to clean the lens. The visual inspection system
also included a separate unit which housed a fibre-
optic light source and CCD camera.

4.0 QUALIFICATION TESTS
Qualification tests were performed by Babcock &
Wilcox prior to site work to determine the safe oper-
ating conditions of the waterlance for cleaning the
tubes, tubesheet, and lower lattice tube support. A
criteria of no tube erosion and no damage to steam
generator internals was established. This was deter-
mined by performing water jetting tests on a mock-
up of the Darlington SG and representative SG inter-
nal parts. The information gathered from the tests
gave the operating envelope of pressure, impinge-
ment angle and standoff distance. The 90° water-
lance qualified to operate at 8000 psi pump pressure
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with the lance in the level orientation. Detailed
requirements of the qualification tests were provided
by Ontario Hydro.

5.0 DESCRIPTION OF CLEANING CYCLE
The following describes the cleaning sequence used
during the Unit 4 steam generator cleanings.

5.1 Pre-inspection

To establish the condition and sludge loading in the
steam generators before waterlancing, a pre-inspec-
tion was conducted using the fibreoptic inspection
system. Due to time restraints during the outage
caused by other activities on the SGs, only a number
of selected intertube lanes were inspected.

A select number of points were inspected at the
tubesheet, 1st half-lattice tube support and thermal
plate. The pre-inspection was video-taped with an
audio record, and is available in VHS format. Sketch
1 (SK1) gives a summary of some of the pre-inspec-
tion results for B01.

The depth of the sludge could not be measured
directly as there was only a very small amount in the
SGs. A layer of continuous thin sludge having an esti-
mated thickness of about 1/8" was determined from
eddy current measurements.

5.2 Lancing
After the pre-inspection, the hot and cold leg regions
of each steam generator were waterlanced by the
remote waterlancing system. The system required
an average of two on steam generator days per SG
to complete the waterlancing operations.

The 90° cutting waterlance was operated in every
accessible 90° lane on the hot leg side to waterlance
the tubesheet, tubes and 1st half lower lattice grid
simultaneously, and then the cold leg side to water-
lance the tubesheet, tubes, and underside of the pre-
heater baffle plate simultaneously.

Because a relatively low sludge loading was observed
in the pre-inspection, the waterlance was operated at
6000 psi pump pressure, and two passes (lancing on
the way in and out) at a traverse rate of 12" per
minute. The waterjets acted erosively on the sludge
and deposits in these areas to remove them.

5.3 Flushing

While some sludge was removed during the actual
waterlancing process, the majority was removed by
the high volume flushing of the steam generator
after lancing was completed.

The steam generators were flushed using the flush-
ing lance operated at 4000 psi pump pressure and 28

USGPM flow rate. The high pressure pump can be
converted for the flushing operation by changing the
plunger size to 1 1/4".

The flushing lance was incremented one lane at a
time essentially allowing 3 cleaning passes in the
majority of the tube lanes.

To assure that all of the sludge was filtered out, all
waste water removed from the steam generator by
the suction system was passed through the filter sys-
tem before it was recirculated. One filter system pro-
vided adequate capacity to support the waterlancing
system during both waterlancing and flushing.

Effective removal of loosened sludge was an impor-
tant part of the waterlancing process, as excessive
amounts of loose sludge left in the steam generator
after waterlancing could interfere with post-outage
steam generator blowdown performance and also
accelerate the formation of sludge deposits.

5.4 Post - Inspection

With Waterlance Equipment;
To establish the cleanliness of the steam generators
after the waterlancing program, a post-inspection
was conducted using the waterlance inspection sys-
tem. The same points inspected in the prelancing
inspection were inspected for comparison. The
inspection showed that all the steam generators
were clean.

Additional Inspection;
To satisfy the inspection program requirements and
to assist in establishing the cleanliness of the steam
generators after the waterlance program , a post-
inspection was also conducted by personnel from
the Specialized Inspection & Maintenance
Department (SIMD - an OH central group) in the
tubesheet regions which are not accessible to the
waterlance inspection system. The areas include the
tube-free lane, tube bundle annular spaces, the
peripheral areas of the first half lattice tube support,
and the feedwater box. This additional inspection
was only carried out on BO3.

The inspection by SIMD was recorded on VHS and
SVHS tape and verified the steam generators were
clean.

5.5 Sampling
Wastewater;

During the waterlancing program, for both the lanc-
ing and flushing, samples of the wastewater down-
stream of the waterlance filters were collected for
each waterlancing shift to satisfy the requirements in
the Ministry of Environment Sewage Works
Certificate of Approval.
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The 16 wastewater samples were analysed and the
range of results are tabulated in Table 1 attached.

Filter Sludge;

During the waterlancing program, for both lancing and
flushing, the 23 and 1.5 micron filters on the water-
lancing filter skid were changed out and collected in
labelled plastic bags for each steam generator.

The estimate of the sludge collected on the filters for
any steam generator is 4 kg. This was based on wet
filter weights and calculated sludge loadings.

Tubesheet Sludge;

During the waterlancing program, prior to either lanc-
ing or flushing, attempts were made to get a grab
sample of sludge from the tubesheet surface in the
tube bundle. Unfortunately because of the amount of
water left on the tubesheet after draining/suction,
only a wet swipe deposit was obtained from BO2 off
of a dirty lance onto a clean glove.

The sludge sample on the glove was analysed and
the results are tabulated in Table 2 below along with
previous sample results obtained in Units 2 & 3.

TABLE 2: SG (BO2) Tubesheet Sludge
Sample Analysis

Concentration of HL Sludoe

Calcium
Chloride
Chromium
Copper
Iron
Lead
Magnesium
Nickel
Sodium
Sulphate

U4BO2*
(ppm)

466
1052

95
2733

586210
276
466
448

2828
1060

U2BO1
(ppm)

<50
NA

4200
2700

671000
198
148

4900
<50

<500

U3BO2
(ppm)

900
NA

7200
1440

630000
110**

290
4000

<5
770

* - approximate values since glove used
** - could be analysis or sample error

The results of the sludge sample from the tubesheet
were considered acceptable, and comparable to pre-
vious U2BO1 and U3BO2 samples.

Results of Previous Inspection of U2 Tubesheet;

The oldest steam generators (in Unit 2) are about 5
years old since going in-service. The latest inspec-
tions of these steam generators during the
September 1994 outage have shown that the
tubesheet has a scattered deposit of about 3 to 4
mm in depth.

Some of the tubes at the tubesheet have deposit col-
lars growing from the tubesheet upwards along the
tube surface. Darlington currently has only small
quantities of soft deposits accumulating on the SG
tubesheets.

6.0 KEY OUTAGE INFORMATION

6.1 Personnel

The complete DNGS waterlance team consisting of
eleven Mechanical and Control Maintenance staff,
which were trained over a two week period in
February at the equipment manufacturer Babcock &
Wilcox.

Operation was done by 2 crews of 4 people on two
12 hour shifts.

Two equipment manufacturers' representatives were
contracted to act as Technical Services Consultants
at DNGS for the full duration of the outage.

6.2 Site Services

The following lists the equipment and services pro-
vided by the plant to allow operation of the special-
ized equipment. Quantities given are based on one
Waterlancing System.

• High pressure Pump: 575 volt electrical service via
quick connect coupling 200A starting current,
100A pumping current.

• Booster Pump: 220 volt, 25A, single phase electri-
cal service.

• 5 x 100 psi air supply to steam generator area (1
at water tank, 2 at lancing area, and 2 at the lance
control station).

• Minimum of 5,110 volt electrical connections (1 at
water tank, 2 at lancing area, and 2 at the lance
control station).

• 50 USGPM demineralized water supply delivered
to water tank through a 2" male Camlock connec-
tor. Supply hose to be adequately supported to
allow for proper hook-up to top of water tank.

• Drainage for waste water disposal (min. 50
USGPM capacity).

• Communications

• Adequate laydown space for high pressure
pumps, filter carts and associated equipment.

• Adequate laydown space in Zone 2 for mockups
and training equipment.

• Crane facilities for equipment.

• Adequate lighting, scaffolding, etc. around steam
generators to provide a safe and accessible work-
ing environment.
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• Secure storage for equipment during extended
downtime periods.

6.3 Hazards

Conventional;

The many and long lengths of hosing and cabling
were routed as best as possible to keep traffic areas
clear. Numerous warning signs were displayed
where required.

Areas around the process equipment, where pumps
and high pressure water hosing were concentrated,
were roped off to minimize traffic and disruption to
the waterlance team members at station there.

Hoses were protected to mitigate the consequences
of leaks.

Only the trained members of the waterlance team
were authorized to run the waterlance equipment.

Radiological;

Radiation at the two steam generator inspection
ports was approximately 25 millirem/hour outside
the ports and 50 millirem/hour just inside the ports.

7.0 LESSONS LEARNED FOR
WATERLANCING IN THE FUTURE
The first use of the new waterlancing system went
extremely well, never-the-less there is room, at least
conceptually for refinements during repeated use.

7.1 Hardware

Loose Parts Procedure;

Although no parts were lost in the steam generators
during the waterlancing campaign, the following are
recommended to further assure this never becomes
a problem.

1. Modify inventory checklist to include check of
tool sub-components (that they are properly tight-
ened etc) before and after insertion/removal from
the SG, to avoid loose parts in the SG.

2. Have search procedures written up ahead of time
for various sizes of loose parts in the tubesheet
region.

3. As a suggestion for loose parts retrieval, compo-
nents on tools etc which could theoretically
become loose parts should be made of stainless
400 which is magnetic and/or be brightly
coloured, and thus would be much easier to
retrieve from the steam generator.

Steam Generator Access;

Waterlancing equipment access to the steam gener-
ators was generally good. The nearest wall on one

side of the steam generator required the tail end of
the waterlance guide to bend slightly when opera-
tions were carried out at the near side of the NTL.

In some circumstances, the blowdown pipe which
occupies close to the handhole obstructed the rota-
tion drive assembly when 3rd axis motion was initi-
ated. Angles up to 45° were required but angles of
only 35° were achieved. Accommodation of the
blowdown pipe is needed in the equipment design.

High pressure Pumps;

Vibrations from the 100 hp high pressure pump may
effect plant instrumentation in the immediate vicini-
ty. To reduce this problem considerably, the pump
lift blocks should incorporate a section of rubber or
other dampening material to achieve isolation from
the vibrations.

Inspection System;

Problems were encountered in the post-lancing
inspection of the steam generators. The fibreoptic
strip would get covered/smudged with sludge and
cloud the visual image. The continuous flow of air
across the f ibrescope was not strong enough to keep
the sludge (which had the consistency of petroleum
jelly) from covering the lens.

Repeated attempts to utilize the automatic Camera
Wash system did not work. It is unclear if the wash
canister was empty, or the system did not function
properly.

In future, it may be necessary to increase the air
pressure across the strip. The pressure is currently
20 psi, increasing this to 30 psi should not be a prob-
lem. The fear is blowing high pressure across the
face of an extremely delicate instrument. High pres-
sure could blow the lens completely off the
fibrescope. Lenses are typically glued to the fibreop-
tic bundle, and lens detachment has been a recent
problem with the fibrescopes.

It is possible the sludge runs down the tubes from
the first lattice grid after flushing. If this is true, it may
be necessary to wait until the water/sludge collects
on the tubesheet before performing the inspection.

Suction System;

The tubesheet region was drained using the diaphram
suction pump system, which performed considerably
better than a wet-dry vacuum used previously. For the
next outage (U2) it is recommended that the suction
pump be used to drain the tubesheet.

High Pressure, Flushing and Suction Hoses ;

High pressure, flushing, and suction hoses were rel-
atively long (175 ft.) to pass over the reactor mech-
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anism deck to assure minimal possibility of leaks
that could otherwise occur from fittings. The coiled
size and weight of these hoses was too uneconom-
ical for manual layout. To improve this situation,
hose reels driven by air actuation with forward and
reverse are recommended to prevent back strain
and potential injury.

Two suction hoses failed due to abrasion on a corner
of concrete. Corner protectors are recommended for
all hoses to prevent this problem.

Flushing;

It was observed that the flushing lance nozzle end
moved up to contact the NTL divider plate when the

waterjets were directed at steep angles to the
tubesheet. This is attributed to the thrust from the
waterjets causing the flushing lance to bend slightly.
A method for stabilizing this condition is necessary.

7.2 Instrumentation

Label all cables and hoses at both ends.

7.3 Safety

Have available hose guard blankets.

7.4 Equipment Storage/Training Facility

A dedicated building set up to do lance qualifying and
mock up training is recommended.

SUCTION
PUMP LANCING

RECIRCULATION
(FLUSHING)FILTERS

COARSE - 23 MICRON
FINE-1.5 MICRON

ACTIVE
LIQUID
DRAINS

SUPPLY
TANK

2 HIGH PRESSURE
PUMPS

COMPUTER
SOFTWARE
PRINTERS
MONITORS
VCR
VIDEO PRINTER
SOUND AMP

COMPUTER WORKSTATION

DARLINGTON NGS
STEAM GENERATORS
WATERLANCING
SIMPLIFIED
FLOW DIAGRAM

^ DAS 95.08.29
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SG WATERLANCING DNGS UNIT 4 1995
WASTEWATER SAMPLE ANALYSIS RESULTS (*)

BOILER #

SAMPLE*

CONCENTRATION

METHOD
BO-1 4

6

6
7

RANGE - MIN

-MAX

AVERAGE
BO-2 8

9
10

RANGE - MIN

-MAX
AVERAGE

BO-3 1
2

3

RANGE - MIN
-MAX

AVERAGE

BO-4 11
12
13

14

15
16

RANGE-MIN
•MAX

AVERAGE
OVERALL RANGE - MIN

-MAX

OVERALL AVERAGE

PROCESS/
LOCATION

NA
LANCING/SSCL

LANCING/NSCL
FLUSHING/NSHL

LANCING/SS
FLUSHING/SS
LANCING/NS

SSCL
SSCL
SSHL

LANCING
LANCING
LANCING/NS

FLUSHING/NSHL
FLUSHING/SSCL
FLUSHING/SSHL

Ca

PPM

BYICP

1.9

0.22
0.18
0.3

0.18

1.9

0.65

1.43
2.28
NA
1.43
2.28
1.88
0.21
0.4

0.23
0.21
0.4

0.28
NA
NA
NA

NA
0.76
0.82

0.76

0.82

0.79
0.16
1 2 8

0.792

Cl

PPM

8YIC
1.09
0.06
0.03
0.046
0.03
1.09

0.31
0.22
0.44
0.17

0.17
0.44

0.28
<0.02
0.06

NA

0.02
0.08

0.03
0.18
0.06
0.14

<0.04
•C0.04

0.11

0.04

0.18

0.11
<0.02

1.0«

0.18

Cr

PPM

BYICP

< 0.005
< 0.005

<0.0O5
< 0.005

0.005
0.005

0.005
< 0.005
< 0.005

NA

0.005
0.005
0.005

< 0.005

< 0.005
<0.OO5

0.006
0.0O5

0.005
NA
NA

NA

NA
< 0.005

< 0.005

0.005

0.005

0.005
< 0.006
< 0.006

< 0.005

Cu

PPM

BYICP

0.127
0.036

0.03
0.03
0.03
0.127
0.06
0.05
0.099

NA

0.05
0.099
0.07
0.068

0.019
0.038
0.019
0.0S8
0.041

NA
NA
NA

NA
0.038

0.159

0.038

0.159

0.099

0.019

0.159

0.083

F»

PPM

BYICP
2.03
0.68

0.24
0.25
0.24
2.03
0.8

1.17
0.8

NA

0.8

1.17
0.99
0.49

0.019
1.4

0.019
1.4

0.636
NA

NA

NA

NA
1.06

7.26

1.06

7.26
4.16

0.019

7.26

1.4

TABLE 1

Pb

PPM

BYICP
< 0.005
< 0.005

<0.OO5
< 0.005
0.O05
0.005

0.005
0.53
1.13
NA

0.53
1.13
0.83
0.14

< 0.005
< 0.005
0.005
0.14
0.05

NA
NA
NA

NA

0.51

< 0.005
0.005

0.51
0.28

< 0.005
1.13
0.213

Mg

PPM

BYICP
0.59
0.02

0.01
0.01

0.01
0.59

0.16

0.1
0.1
NA

0.1
0.1
0.1

0.01
0.01
0.02
0.01
0.02

0.01
NA

NA

NA

NA
0.02

0.02

0.02

0.02

0.02

0.01
0.59

0.083

Nl

PPM
BYICP

0.04
0.008

<0.007
< 0.007
0.007
0.04

0.018
0.03

0.02
NA

0.02
0.03

0.03

0.008

< 0.007
< 0.007
0.007
0.008
0.008

NA

NA
NA

NA

< 0.007
0.04

0.007

0.04

0.024

< 0.007
0.04

0.018

PH

8.35

6.59

5.83
5.88
5.83
8.35

6.86
7.23

8.94
6.94
6.84
7.23

7.04

6.26
6.87
NA

6.25
8.87

6,66
8.27
6.09
5.49

8.46
6.62
6.S4
5.48

6.64

6.28
5.49
8.36

6.66

Na

PPM
BYICP

0.75

<0.02

<0.02
<0.02
0.02
0.75

0.2
0.13

0.97
NA

0.13
0.97

0.55
<0.02
<0.02
<0.02
<0.02
<0.02

<0.02
NA
NA
NA

NA

0.03
0.06

0.03
0.06

0.05
<0.02
0.97

0.187

Sulphate

PPM
BYIC

1.08

<0.04

<0.04
0.13
0.04
1.08

0.32
0.51
0.99
0.28
0.28
0.99
0.59
<0.04
0.12
NA

0.04
0.12

0.08
0.12
0.06
0.12

0.07
0.08
0.08

0.08
0.12

0.08
<0.04
1.08

0.251
(• ) WASTEWATER WAS TAKEN AT SAMPLING POINT JUST DOWNSTREAM OF WATERLANCE 23 AND 1.5 MICRON FILTERS.
NA - NOT AVAILABLE

TOTAL
SUSPENDED

SOLIDS (TSS)

PPM
FOR 105C

<2
18

3

11

2

18

8.5
NA
NA
NA

NA

NA

NA
11

12

NA

11

12

12

NA
NA
NA

NA

NA

NA

NA

NA

NA
<2

18

9.5

1995.08.30

Zn

PPM

BYICP
0.01

0.09

0.05
0.1

0.01
0.1

0.25
0.18

0.23
NA

0.18
0.23
0.21
0.05

0.08
0.08
0.05
0.08
0.07
NA

NA

NA

NA

0.048

0.094
0.048

0.094
0.071
0.01
0.23
0.092
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FIG.2: REIOTE WATERLANCING SYSTEI LAYOUT
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Figure 5: Babcock & Wilcox Waterlancing Workstation
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Figure 7: Sludge Removal/Filtration Unit
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UNIT 4 BOILER1
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HIGH TEMPERATURE PROCESS

Kamal Vermai, Cyril MacNein, Dr. Suat Odar2, Klaus, Kuhnke2
1New Brunswick Power

2Siemens

ABSTRACT

The secondary sides of all four steam generators at
the Point Lepreau Nuclear Generating Station were
cleaned during the 1995 annual outage run-down
using the Siemans high Temperature chemical
Cleaning process. Traditionally all secondary side
chemical cleaning exercises as well as all the other
nuclear power plant stations in North America have
been conducted using processes developed in con-

junction with the Electric Power Research Institute
(EPRI). The Siemans high temperature process was
applied for the first time in North America.

The paper discusses experiences related to the pre
and post award chemical cleaning activities, chemi-
cal cleaning application, post cleaning inspection
results and waste handling activities.
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PICKERING UNIT 1 CHEMICAL CLEANING

by

J.L. Smee
Niagara Technical Consultants

St. Catharines, Ontario

R.J. Fiola
B&W Nuclear Technologies

Lynchburg, Virginia

K.R. Brennenstuhl, D.D. Zerkee and C M . Daniel
Ontario Hydro, Pickering Nuclear Division

Pickering, Ontario

ABSTRACT
The secondary sides of all 12 boilers at Pickering Unit
1 were chemically cleaned in 1994 by the team of
Ontario Hydro, B&W International (Cambridge,
Ontario) and B&W Nuclear Technologies (Lynchburg,
Virginia). A multi-step EPRI/SGOG process was
employed in a similar manner to previous cleanings
at Units 5 and 6 in 1992 and 1993, respectively. A
major innovation with the Unit 1 cleaning was the
incorporation of a crevice cleaning step, the first
time this had been done on Ontario Hydro plants. In
addition, six boilers were cleaned in parallel com-
pared to three at a time in previous Pickering clean-
ings. This significantly reduced cleaning time. A total
of 6,770 kg of sludge was removed through direct
chemical dissolution. It consisted of 66% iron/nickel
oxides and 28% copper metal. A total of 1,600,000 L
(420,000 US gallons) of liquid waste was produced.
It was processed through the spent solvent treat-
ment facility located at the Bruce Nuclear Power
Development site. Visual inspection performed after
the cleaning indicated that the crevices between the
boiler tubes and the tube support structure were
completely clear of deposit and the general condition
of the tubing and lattice bars appeared to be in "as
new" condition.

1. PROJECT OVERVIEW
All 12 boilers of the Pickering Nuclear Division Unit 1
(PND-1) reactor were chemically cleaned in the peri-
od October 19 to December 2 1994. The cleaning
operation was performed in two stages with six boil-
ers (one bank) of the 12 being cleaned simultane-
ously in each stage. The first stage (the west bank)
took 17 days to complete - October 19 to November
4. The second stage (the east bank) took 12 days -

November 21 to December 2. These times represent
periods when chemicals were actually in the boilers.
They do not include equipment setup, testing dis-
mantling, etc.

Chemical cleaning was performed to remove sec-
ondary side deposits that had built up over 22 years
of operation. These deposits are thought to be con-
centrating impurities such as sulphur and chlorides
which were causing under-deposit corrosion (pitting)
of the Monel 400 boiler tubes.

In preparation for the chemical cleaning, water lanc-
ing was performed to break up and remove the
majority of the deposits on the tubesheet and to
open the tube/support structure gap between the
boiler tubes and the lattice support structures to
allow access of chemical solvents. Chemical clean-
ing was required to reach all regions of the boilers,
clean all boiler tube surfaces, and remove deposits
from the boilers. A post-cleaning water flush of the
tubesheet was performed to remove insoluble parti-
cles of silica, chromites, trevorite, etc. which settled
during the cleaning operation.

Prime contractor for the project was Babcock &
Wilcox International (BWI) of Cambridge, Ontario.
BWI provided system operators and personnel for
handling waste transfer operations. B&W Nuclear
Technologies (BWNT) of Lynchburg, Virginia was
subcontracted to supply all chemical cleaning equip-
ment, application expertise and technical support.
Babcock & Wilcox Alliance Research Center (ARC) of
Alliance, Ohio supplied corrosion monitoring and
chemistry personnel support. Niagara Technical
Consultants (NTC) of Niagara Falls, New York and St.
Catharines, Ontario supplied process engineering
and operations engineering support. Ontario Hydro
(OH) staff completed the team responsible for the
cleaning.
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2 . CHEMICAL PROCESS DEVELOPMENT
In 1978 a major research program was initiated in the
USA to develop a non-proprietary process to chemi-
cally remove magnetite and copper-based corrosion
product deposits from the secondary side of PWR
steam generators. The research program was admin-
istered by the Electric Power Research Institute
(EPRI) and the PWR Steam Generator Owners Group
(SGOG). Project participants were Combustion
Engineering, Babcock & Wilcox, the Tetrolite Division
of Petrolite Corporation, UNC Nuclear Industries and
Westinghouse.

The objective of the research program was to define
solvents and application techniques required to suc-
cessfully remove tubesheet sludge deposits, tube
deposits and tube support plate crevice deposits
without corroding the steam generator materials of
construction beyond acceptable levels. After evalua-
tion of many solvents and processes, a procedure
consisting of alternate applications of copper and
magnetite dissolution solvents was developed1-2

Copper and magnetite are the major components of
most secondary side boiler deposits and PND-1 is no
exception.iai This procedure has become known in
the industry as the EPRI/SGOG process, or simply
the SGOG process. It is the process that was applied
by BWNT to the PND-1 boilers. It is very similar to
the chemical cleaning process previously applied to
PND-5 in 1992, PND-6 in 1993, BNGS4 in 1993 and
BNGS-3 in 1994.3 The major difference between the
PND-1 cleaning and previous cleanings at Ontario
Hydro plants was the addition of a crevice cleaning
step. The reasons for including this step are dis-
cussed in the next section.

3 . CLEANING SOLVENT FORMULATION
AND APPLICATION SEQUENCE.
All qualification testing program was performed
specifically for PND-1.4 Based on this program, the
application sequence given in Table 1 was developed.

The major innovation for the PND-1 cleaning com-
pared to other cleanings at Ontario Hydro plants, was
the addition of a crevice cleaning step to assist in
removing deposits from the narrow openings
between the boiler tubes and the lattice support
structures. These openings between the boiler tubes
and the lattice support structures. These openings
were known to be locked in the PND-1 boilers, and in
many cases were fully blocked. Some tubes are
showing restrictions at the tube support area. As

explained above, water lancing had removed some
of the deposits in the tube support area. As
explained above, water lancing had removed some
of the deposits in the tube support structure but
physical constraints as a result of boiler design pre-
cluded mechanical cleaning of all the crevice areas.
Previous experience at Pickering and Bruce indicated
that the magnetite step, while very effective in clean-
ing tube surfaces, was ineffective in removing thick,
tightly packed crevice deposits. It was hoped that by
applying a more aggressive solvent, i.e. a crevice
cleanings step, that the crevices would be opened. A
secondary benefit of adding the crevice step was to
improve removal of nickel ferrite. It has limited solu-
bility in the SGOG magnetite step but is more solu-
ble in the crevice solvent because of the lower pH
and higher temperature.

The qualification program for the crevice solvent was
focused on ensuring acceptable corrosion for the
crevice step. No attempt was made to demonstrate
crevice cleaning effectiveness due to the inability to
accurately mock-up realistic crevices containing
deposits. During the program it was found that unac-
ceptable corrosion of Monel 400, the PND-1 boiler
tube material, occurred at a temperature of 250°R
the standard EPRI/SGOG crevice solvent tempera-
ture. Thus the temperature was limited to 225°F for
this application, a temperature that additional testing
had shown to be satisfactory.

Copper removal steps were applied first to dissolve
all available copper. If copper is not removed prior to
a magnetite dissolution step, it will first go into solu-
tion then subsequently plate out on all boiler sur-
faces thus interfering with the efficiency of the mag-
netite removal step and causing higher corrosion. A
magnetite dissolution step was then applied to dis-
solve the majority of the deposit. Following this, a
crevice cleaning step was applied to remove the
more recalcitrant deposits located in the crevice
regions of the lattice support structures as explained
above. Another copper step was then applied to
remove any plated copper and the small amount of
copper that was deeply buried within the magnetite
layer that could not be removed during the first two
copper removal steps. Finally, the BWP proprietary
passivation step was applied to lay down a thin layer
of magnetite on all carbon steel and low alloy sur-
faces to minimize flash rusting during subsequent
maintenance activities.

Table 2 summarizes the composition of the three sol-
vents employed during the PND-1 cleaning.

[a] Average composition of PND-1 deposits: Fe = 37%, Cu = 24%, O = 20%, Ni = 12%, Si = 4%, Zn = 4%.

2 3 0



CANDU MAINTENANCE CONFERENCE 1995

4. CHEMICAL CLEANING EQUIPMENT
The equipment used to support the cleaning is locat-
ed outside the reactor building in a covered bermed
area approximately 150 ft x 75 ft. Major components
of the equipment are:

• process tanks ranging in size from 34,000 gal to
42,000 gallons for mixing chemical solvents and
rinse solutions;

• a 2,500 gallons hydrogen peroxide "day tank"
which is located outside the main berm;

• 1,000 kW and 600 kW electric heaters for heating
the solvents and rinses either in the process tanks
or during recirculation in the boilers;

• recirculation pumps ranging from 500 to 1,000
gpm for recirculating solvents within the process
tanks, transferring solvents and rinses to and from
the boilers, and for recirculation within the boilers;

• a chemical addition system capable of adding bulk
chemicals to the process tanks from drums, totes
and tankers;

• interim waste storage tanks ("Frac" tanks) of
20,000 gallons capacity each which are located in
a separate covered berm.

All major components are interconnected by either a
double 4-inch line or a single 6-inch line. A combina-
tion of schedule 40 carbon steel pipe and reinforced
rubber hose are used.

A single 6-inch carbon steel line carries solvent from
the main berm to the reactor building (RB). Once
inside the RB a header distributes the flow to six boil-
ers. During recirculation flow into each boiler is
through lancing nozzles N i l or N13 depending upon
the solvent level. Flow exits the boilers through the
lower feedwater line and the blowdown lines. These
connections are shown in Figure 1. Once a solvent
exits the boilers it is directed to a header from where
a single 6-inch carbon steel line returns it from the
RB to the main berm.

5. CORROSION MONITORING
A sophisticated corrosion monitoring system (CMS)
was supplied and operated by BWNT as part of their
service package. The CMS was used to monitor both
free and galvanic corrosion of three materials: AISI-
1018, AISI-1018 containing 0.16% Cu, and SMAW
(E7018-A1 weld filler metal). These materials had
been determined to be representative of the most
critical material (i.e., that with the smallest corrosion
allowance, lattice support material A-245B) and the
most susceptible material (i.e., that which was
expected to undergo the most corrosion, weld filler

ASME E-7018 A1) in the PND-1 boilers. Free corro-
sion was monitored by linear polarization (LP) while
galvanic corrosion was monitored by zero resistance
ammetry (ZRA). These are standard, field-proven,
corrosion monitoring techniques that have been
used by BWNT and other chemical cleaning vendors
for several years on previous cleanings. Total corro-
sion was also monitored by weight loss coupons and
a lattice bar/baffle plate mockup coupon containing
six 2" section of Monel 400 tubing.

Three types of CMS probes were employed during
the cleaning:

(i) a hybrid probe containing ZRA electrodes, LP
electrodes, weight loss coupons and a lattice bar
mockup coupon;

(ii) a probe containing only ZRA electrodes;

(iii) a retractable probe containing only weight loss
coupons.

A hybrid probe was installed in each boiler just above
the tubesheet in existing sludge lancing nozzles N1
or N4 (see Figure 1). Experience indicated that this
was likely to be the region of highest corrosion.

ZRA probes were installed in one boiler in each bank
(boiler 10 in the west bank and boiler 7 in the east
bank) at various elevations. Again, existing sludge
lancing nozzles were employed to gain access to the
boiler (see Figure 1). These probes were designed to
provide an indication of corrosion as a function of ele-
vation.

Retractable proves were also installed in one boiler in
each bank (boiler 6 in the west bank and boiler 3 in
the east bank) at two different elevations. These
probes were designed to be removed and provide
independent confirmation of the electronically
obtained CMS LP and ZRA readings without shutting
down the cleaning operation.

Corrosion limits were determined for each compo-
nent in the secondary side of the PND-1 boilers. The
most restrictive limits are summarized in Table 3. The
material employed in the CMS to represent the PND-
1 material is also listed in Table 3. In most cases, it
has been determined that the corrosion response of
the representative material bounded the actual mate-
rial, i.e. the corrosion response of the CMS material
was equal to or grater than the actual PND-1 materi-
al it was representing. The sole exception to this was
AISI-1018 containing 0.16% Cu. It showed slightly
lower corrosion than A-245B, the support structure
material it was representing. To compensate for this,
a factor of 1.22 was applied to the AISI-1018 (Cu)
CMS readings to obtain an estimate of the corrosion
of the support structure material. The 1.22 correction
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factor was determined from comparison of the cor-
rosion results of A-245B and the AISI-1018 (Cu) dur-
ing the qualification program.

The "official" corrosion losses for the cleaning are
given in the last column of Table 3. These are the
highest values measured by any method in either
bank. Thus they are worst case values. For each
component and for each material the corrosion loss
was much less than the corrosion limit.

6. SUMMARY OF WEST BANK CLEANING
A total of 3,471 kg (7,652 lbs) of deposit was
removed through direct dissolution. A breakdown of
the amount removed in each process step is given in
Table 4. About 29% was copper and about 64% was
iron/nickel oxides. All of these values are in good
agreement with predicted values. The amount of
deposit in the PND-1 boilers was estimated to be
735 kg per boiler.5 For a 6 boilers this is equivalent to
4,410 kg. When allowance is made for the 10%
insoluble portion this is reduced to 3,969 kg, only
11.4% higher than the amount actually removed and
well within the uncertainty of the calculation. The
predicted deposit composition, based on 100 g of
sludge lacing deposit, was 26% copper and 69%
iron/nickel oxides. Again this was in reasonable
agreement with the actual composition.

Copper removal steps were performed at essential
ambient temperature although the temperature was
allowed to rise to 100-115°F towards the end of the
step to promote decomposition of residual hydrogen
peroxide. Each copper step typically lasted about 10
hours. The maximum copper concentration obtained
in the solvent was about 8g/L in the first copper step.
The second and third copper steps had much lower
concentrations. A graph of the major chemical para-
meters during Cu W-1 shown in Figure 2. All para-
meters followed the expected trends.
The iron removal step was performed at ~200°F. It
lasted for approximately 80 hours. The maximum
iron concentration obtained was about 6g/L. A graph
of the major chemical parameters during Fe W-1 is
shown in Figure 3. Again all parameters followed the
expected trends.

A typical galvanic corrosion response during the mag-
netite dissolution step is shown in Figure 4. Note the
initial peak of 6,000 mils per year (mpy) followed by
a rapid drop to the steady state value of 50 mpy. The
abrupt drops every 8 hours or so correspond to drain
and refill operations which were performed periodi-
cally to preclude stagnant areas, or regions of local-
ized solvent depletion within the boilers. Figure 5

shows a typical free corrosion response during the
magnetite step.

An interim inspection was performed in boiler 6 after
fe W-1 to determine if a crevice cleaning step was
required. The crevices in the tube support structures
were still blocked with deposit. In addition, it
appeared that some deposit had settled onto the top
of the support structures as a result of the previous
cleaning steps. Ontario Hydro advised that a crevice
cleaning step would definitely be required.

The crevice solvent was injected at 200°F and heat-
ing in situ to 225°F. Once full operating temperature
was reached, periodic venting was initiated to induce
boiling to a given depth. The purpose of the boiling is
to expel depleted solvent from within the crevices
which is replenished by fresh solvent when the boil-
ers are repressurized. Deposit dissolution may be
assisted by the mechanical action of boiling as well.

The operation consisted of securing recirculation and
reducing pressure to <=1-2 psig by venting N2 and
water vapor. At this pressure the top 1-2 feet of sol-
vent were below the saturation pressure and boiling
occurred. Boiling was detected by an abrupt change
in the response of the CMS electrodes located near
the boiling region and by an increase in level on the
boiler sightglasses as bubbles of steam formed.
Boiling was allowed to continue for 5 minutes.
Pressure and recirculation were then reestablished
and the solvent was reheated to 225°F. Typically 4-
5°F was lost as a result of boiling.

Two venting operations were performed at level 8
(see Figure 1) over a three hour period. The level was
sequentially lowered to levels 7, 6, 5, 4, 3, 2 and 1. It
was held at levels 7 and 6 for 2 hours each. Two vent
operations were performed at each level. It was held
at levels 5 and 4 for 12 hours each with venting being
performed every 2 hours.

It was also scheduled to held at level 3 for 12 hours,
but required repairs to the piping support structure
between the yard and the reactor building extended
this step to 17 hours. Venting was not permitted
while repairs were underway since it was the vent
line supports that were being refurbished. Once
repairs were completed, venting operations resumed
shortly thereafter on a 1.75 hour cycle to perform the
required number of vent cycles (six) without extend-
ing the time unduly.

The level was lowered to level 2 and held for 12
hours, a total of 7 vents were performed during this
period. It was then lowered to level 1 where it was
held for 14 hours. A total of 9 vents were performed
on a 1.5 hour frequency. Longer exposure times
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were employed at the lower levels (levels 5, 4, 3, 2
and 1) since the lower support structures were found
by inspection during lancing to be more heavily
fouled than the upper ones. Also the corrosion limit
was higher for the lower lattice supports thus allow-
ing longer exposure times. See Table 3.

Following injection of the crevice solvent, the con-
centration of dissolved metals started to increase
and the free EDTA started to decrease in a manner
similar to that of the magnetite dissolution solvent. A
graph of the major chemical parameters is shown in
Figure 6. The apparent steep rise in dissolved iron
concentration between hours 70 and 80 is mainly
due to a concentration effect as a result of the ~60
gallons lost during each of the 9 vents. This effect
was much less pronounced at higher elevations
where the system volume was much larger. All
chemical parameters remained within specification
throughout the entire crevice cleaning step. No
adjustments were necessary.

Maximum corrosion for the west bank cleaning as
determined from the CMS and corrosion coupons is
given in Table" 5. The DMS values were determined
by adding the ZRA and LP readings for each material
in each step using the electrode which ultimately
gave the highest indicated value. Corrosion deter-
mined from weight loss of the appropriate ZRA elec-
trode is also listed for comparison. The LP electrodes
cannot be used for this comparison since they under-
go only free corrosion. The ZRA electrodes undergo
both free and galvanic corrosion event though it is
only the galvanic portion that is monitored electroni-
cally. A more complete theoretical discussion of cor-
rosion monitoring is available elsewhere.6

All corrosion losses were well below the previously
established limits which are given in Table 3.

A visual inspection of boiler 6 was performed at the
first lattice support structure on November 15, 1994,
11 days after the cleaning. This was the last in a
series of three inspections at the same location to
determine the effectiveness of the cleaning opera-
tion. The first inspection was performed before the
cleaning started. It showed that the tubes were
fouled, the lattice bars had deposits on them, and
there was deposit in the crevices. The second
inspection, performed after completion of the iron
step but before the crevice step, showed that the
tube surfaces were clean but the crevices at the
tube/ lattice bar intersections remained fouled. This
last inspection showed that the crevices were com-
pletely clear of deposit and the general condition of
the boiler tubing and lattice bars appeared to be in
"as new" condition. Based on these positive results,

it was decided to apply the identical series of
process steps to the east bank boilers. The only
change would be elimination of the interim inspec-
tion between the iron and crevice steps since the
west bank experience indicated that a crevice step
was essential to clean the crevices.

7. SUMMARY OF EAST BANK CLEANING
A total of 3,298 kg (7,271 lbs) of deposit was
removed through direct deposit dissolution. A break-
down of the amount removed in each process step
is given in Table 6. About 27% was copper and 67%
iron/nickel oxides. These numbers are very similar to
those from the west bank.

The copper, magnetite and crevice steps were per-
formed in a very similar manner to those in the west
bank and will not be discussed here.

Maximum corrosion for the east bank cleaning as
determined from the CMS and corrosion coupons is
given in Table 7. Results for A-245B, AISI-1018 and
AISM018 (Cu) are very similar to those in the west
bank. The SMAW coupons and electrodes showed
far higher corrosion than that indicated electronically
by the CMS and far higher than the equivalent values
in the west bank. The large difference is attributed to
pitting which was evident upon visual examination of
the coupons and electrodes. Pits as deep as 51 mils
were observed. After considerable investigation the
pitting was attributed to loss of inhibitor or inhibitor
depletion in the east bank iron step. In the west bank
magnetite dissolution solvent excess inhibitor was
added to account for potential error in initial solvent
formulation. The final concentration was approxi-
mately 18 mL/L In addition, a further 5 mL/L was
added as a precautionary measure during one of the
drain and refill operations. During the east bank mag-
netite dissolution step only the amount specified in
the qualification program (10 mL/L) was added.

Inspection of the SMAW welds within the east bank
boilers showed similar corrosion to that observed on
the coupons only on the blowdown header at the
tubesheet. This header is no longer used. It was dis-
connected on both sides when the sludge lancing
holes were installed. Thus corrosion of this weld rep-
resents no change to boiler integrity. The inspection
also showed that the tubes, lattice bars and crevices
were completely clear of deposit. In general, the tubes
and lattice bars appeared to be in "as new" condition.

8. WASTE HANDLING
All waste chemical cleaning solutions were tem-
porarily stored on the Pickering site in 20,000 gal
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(70,000 U, portable, stainless steel fractionation
tanks ("frac tanks"). After confirmation that the
waste met all shipping requirements, plans were
made to ship the contents to Bruce Nuclear Power
Development (BNPD) site for processing in the Spent
Solvent Treatment Facility (SSTF) located there.

The waste was shipped to BNPS in 9,000 gal (35,000
L) industrial waste tankers by a commercial haz-
ardous waste hauler. A total of 52 tanker loads were
shipped. The first shipment was made on October 22
and the last on December 12, 1994. A total of about
420,000 gal (1,600,000 L) of waste was hipped con-
sisting of approximately 42% copper solvent, 35%
iron/crevice solvent and 23% rinse.
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Table 1
Application Sequence for Chemical Cleaning of PND-1 Boilers

Step
No.

1
2
3
4
5
6
7
8
9
10
11
12
13

Designation in
West Bank

RW-1
CuW-1
CuW-2

FVRW-1
FeW-1

FVRW-2
Visual Insp.
FVRW-2A

Cre W-l
FVRW-3
CuW-3

BWPW-1
FVRW-4

Designation in
East Bank

RE-1
CuE-1
CuE-2

FVRE-1
FeE-1

Cre E-l
FVRE-2
CuE-3

BWPE-1
FVRE-3

Description

Checkout rinse
First copper dissolution step
Second copper dissolution step
Low volume rinses, full volume rinse and heatup
Magnetite dissolution step
LVRs, FVR and cooldown of boiler 6 - West
bank only
Visual inspection of boiler 6 - West bank only
Full volume rinse and heatup - West bank only
Crevice cleaning step
Low volume rinse, full volume rinse and
cooldown
Third copper dissolution step
Passivation step
Low volume rinse, full volume rinse and
cooldown

Table 2
Composition of Solvents Emploved During PND-1 Chemical Qeaning

Parameter

EDTAW
Hydrazine
CCI-801W
Hydrogen peroxide
EDA^
Ammonium hydroxide
Application temperature

Copper Solvent

50g/L
Not used
Not used

30 g/L
Added to give pH

10
Not used
25-35°C

Magnetite Solvent

150 g/L
10 g/L

lOmL/L
Not used
Not used

Added to give pH
7

93-95°C

Crevice Solvent

200 g/L
Not used
20mL/L
Not used
Not used

Added to give pH
6

104-107°C

[b] Ethylenediaminetetraacetic acid - an organic acid and a chelating agent for iron, copper and other
metals

[c] A corrosion inhibitor

[d] Ethylenediamine - an organic base and a chelating agent for copper
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Table 3
Chemical Cleaning Corrosion Summary for PND-1 Boiler Materials

Boiler
Component

Lattice supports
6, 7 and 8

Impingement
plate

Lattice supports
1, 2, 3, 4 and 5

Shroud support
lugs

U-bend
supports

Stay tubes

Shielded metal
arc weld

Shell

Boiler Material

A-245B

Corten-A

A-245B

AISI-1018

A-245B

SA-214

ASME E-7018
Al

weld filler

AISI-1018

Representative
CMS Material

AISI-1018 with
0.16% Cu

AISI-1018 with
0.16% Cu

AISI-1018 with
0.16% Cu

AISI-1018

AISI-1018 with
0.16% Cu

AISI-1018

ASME E-7018 Al
weld filler

AISI-1018

Corrosion
limit
(mils)

4

8.5

12

12

12

15

27.5

27.5

Corrosion
Loss
(mils)

1.23

3.23

3.23

3.84

1.23

3.84

19.34*

3.84

Localized attack as deep as 51 mils was seen on the east bank SMAW coupons.
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Table 4
Weight of Deposits Removed During Qeaning of PND-1 West Bank Boilers

Step

CuW-1

CuW-2

FeW-1

FeW-
1A

Cre W-l

CuW-3

CuPass

Total

Deposits Removed (kg)

Fe3O4

2

6

619

369

395

14

3

1,408

Cu

765

140

1

1

2

103

11

1,023

NiO

6

6

421

195

163

5

9

805

ZnO

55

10

81

37

27

7

1

218

CaO

0.7

0.3

6.2

5.2

3.4

0.6

0.0

16

Pb

0.0

0.0

0.4

0.2

0.2

0.0

0.0

1

Total

829

162

1,129

607

591

130

24

3,471

Table 5
Maximum Indicated Corrosion During West Bank Qeaning

Material

AISI-1018 (Cu)
Lattice

Supports
6-8 (Note 1)

AISI-1018 (Cu)
Lattice

Supports
1-5 (Note 1)

AISI-1018

SMAW

A-245B

Total
Indicated
Corrosio
n (mils)

1.16

0.83

2.78

2.62

NA
Note 1: All corrosion losses tor A

Corrosion
fromZRA
Electrode

Weight
Loss
(mils)

1.23

0.81

2.62

3.89

NA
Sl-1018 (Cu)

Corrosion
from

Coupon
Weight
Loss
(mils)

NA

1.20

3.28

5.28

1.49

Lattice
Support
Mockup
Weight
Loss
(mils)

NA

1.94

NA

NA

NA

Lattice
Support
Mockup

Wall
Thickness

Change
(mils)

NA

2.07

NA

NA

NA

Lattice
Support
Mockup

Hole
Radius
Change
(mils)

NA

2.20

NA

NA

NA

iave been multiplied by 1.22.
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Table 6
Weight of Deposits Removed During Gearing of PND-1 East Bank Boilers

Step

CuE-1

CuE-2

FeE-1

Fe E-IA

Cre E-l

CuE-3

CuPass

Total

Deposits Removed (kg)

Fe,O4

3

2

401

474

445

6

4

1,335

Cu

584

120

1

0

3

133

41

882

NiO

6

5

201

461

172

17

5

867

ZnO

27

11

54

56

46

0

0

194

CaO

1.5

0.6

4.6

5.3

6.0

0.6

0.0

19

Pb

0.0

0.0

0.0

0.2

0.3

0.2

0.0

1

Total

622

139

662

997

672

157

50

3,297

Table 7
Maximum Indicated Corrosion During East Bank Cleaning

Material

AISI-1018 (Cu)
Lattice

Supports
6-8 (Note 1)

AISI-1018 (Cu)
Lattice

Supports
1-5 (Note 1)

AISI-1018

SMAW

A-245B

Total
Indicated
Corrosio
n (mils)

0.95

0.74

1.58

3.86

NA
Note 1: All corrosion losses for A

Corrosion
fromZRA
Electrode
Weight

Loss
(mils)

0.78

0.60

1.41

7.90

NA
Sl-1018 (Cu)

Corrosion
from

Coupon
Weight
Loss
(mils)

NA

1.89

3.84

19.34

1.65

Lattice
Support
Mockup
Weight
Loss
(mils)

NA

2.16

NA

NA

NA

Lattice
Support
Mockup

Walt
Thickness

Change
(mils)

NA

2.20

NA

NA

NA

Lattice
Support
Mockup

Hole
Radius
Change
(mils)

NA

3.23

NA

NA

NA
have been multiplied by 1.22.
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Figure 1
Solvent Connections and Solvent Levels - Pickering 1 Boilers
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Cu pH EDTA -V- H2O2

Figure 2
Chemical Parameters During Cu W-1
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ELASTODYNAMIC SPOT TESTING -
ASSESSING SERVICEABIUTY OF AGING ELASTOMER PARTS

by

B. Gracie, R. Metcalfe and R. Wensel
Fluid Sealing Technology Unit

Atomic Energy of Canada Limited
Chalk River Laboratories, Ontario KOJ 1J0

ABSTRACT
The properties of all polymers change with time as a
function of their environment. Traditional practice has
been to replace these parts according to generic time
limits based on estimates of worst case material
properties and conditions. This is overly-conservative
in many cases, and creates unnecessary mainte-
nance work and costs for replacement and disposal.
Much of this could be avoided if the serviceability of
elastomeric parts such as seals, diaphragms, gas-
kets, cable insulation and hoses could be re-
assessed on a routine basis.

Elastodynamic spot testing offers a way to do this.
Parts can be sampled while in service or storage to
compare their as-new and used (or aged) elastody-
namic properties. This data can usually be correlated
with the results of functional tests to prove that
material properties have not degraded to the point
where the part could fail. This spot testing is similar
to a micro-hardness test, but includes stress-relax-
ation and subsequent recovery. It provides a non-
destructive means to assess the effective age of the
material at a point, or several points, on a part.
Sampling of hardness alone is rarely sufficient to
know whether a part is still functional because this
overlooks the material's viscoelastic and strength
properties.

An elastodynamic spot tester has been used to test
different sizes, shapes and hardnesses of elastomer-
ic parts at different levels of strain, i.e., indentation
depths. An initial test program has given informative
relaxation and recovery data, showing repeatability
and comparing well with finite element analysis of
the indentation process. Tests of aged O-rings and
diaphragms have revealed different elastodynamic
properties, depending on the elastomer compound
and aging conditions.

1. INTRODUCTION
Because parts made from elastomers eventually
deteriorate to the point of being non-functional for
their service as seals, diaphragms, gaskets, cable
insulation or hoses in CANDU® nuclear plants, they
are periodically replaced. Currently, many elastomer-
ic parts are being replaced too soon, creating unnec-
essary maintenance work and costs for replacement
and disposal. A notable few have been replaced too
late - i.e., after they failed and caused serious loss-
es, such as those stemming from the valve
diaphragm rupture at Pickering in 1994 December,
which shut down the plant for several months and
cost in the order of a hundred million dollars.

The objective, therefore, is to know the right time to
replace each part: neither too soon, nor too late.
Some parts in non-critical applications can be left
without penalty until they fail, but critical elastomeric
parts must be part of an ongoing assessment
process and preventative maintenance strategy.
Elastomers have vastly improved in CANDU® plants
since the early days, but much more can be done.
Work in the seventies established the susceptibility
of various commercially available elastomers to radi-
ation, compression set and extrusion in hot water or
humid air-ozone environments (Wensel, 1977;
Wensel and Cotnam, 1978). Thus, preferred elas-
tomers were selected for various static applications
from those available.

Later work concentrated on dynamic performance,
where information on stiffness, damping, resilience,
friction and fretting damage for various elastomers
and conditions could then be applied to design and
maintenance of seals {Wensel, 1985). In an out-
growth of this technology, AECL made a major con-
tribution towards improving O-ring seals for Space
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Shuttle boosters in the aftermath of the Challenger
accident (Wensel et al., 1988). This included exten-
sive testing, analysis and modelling of elastomer
behaviour (Metcalfe et al., 1989). Also, a compre-
hensive set of function-related tests and require-
ments was used to optimize the recipe for the elas-
tomer to be used, with subsequent tests to ensure
consistent manufacturing quality (Metcalfe and
Wensel, 1994 September).

For detection of material deficiencies or internal
defects such as inclusions, voids or regions of inho-
mogeneity in O-rings, a non-destructive tool called an
Elastodynamic Tester was developed (Anon.,
1994 September). This measures reaction force on
two pinch rollers as an O-ring is driven and squeezed
between them. Internal defects are signalled by
spikes in reaction force. Any generally high or low
force, or variation around the O-ring, signifies abnor-
mal properties when compared with a known baseline.

Similar techniques are now being applied to selec-
tion, specification and inspection of elastomer parts
for severe nuclear service (Wensel, 1993). Typical
failure modes for nuclear seals have been investigat-
ed, and elastodynamic spot testing has been devel-
oped to test the serviceability and monitor the aging
of a wide variety of elastomeric parts.

2. FAILURE MODES
There are many possible types of failure for elas-
tomeric parts, e.g., extrusion, chemical attack, wear-
out, tensile cracking, load relaxation and compres-
sion set. They are all influenced by a combination of
material characteristics and service conditions.
Material properties alone cannot quantify extrusion
resistance, chemical resistance, wear resistance,
etc. Some properties are closely related (e.g., tensile
strength to tensile cracking) but other commonly
quoted properties such as hardness, ultimate elon-
gation, permeability and thermal expansion are only
tenuously associated with common failure types.

The first challenge in assessing an elastomeric part
for a particular service is to determine when and how
it fails. This requires a fundamental understanding of
its functional needs for this specific application. For
example, age-hardening of an O-ring interferes with
its ability to in-fill any roughness on the counterface
and create a tight seal. O-ring seal failure may also be
caused by loss of sealing force with time. Some such
change is always expected due to reversible vis-
coelastic stress relaxation, or to thermal expansion-
contraction; but irreversible loss of force has tradi-
tionally been measured as "compression set," i.e.,

the percent of the squeeze that becomes permanent
when an O-ring is squeezed a fixed amount for a
time. Examples of magnitudes of compression set
that may cause a failure for two common O-ring
applications are given in Table 1.

Other applications, including ones that employ elas-
tomeric seals other than O-rings, are different and
must be evaluated individually or in common groups.
This effort is warranted since life predictions could
otherwise be wrong by an order of magnitude or
more if a generic deterioration criterion for failure is
used instead of the actual level that has been shown
to cause failure for that application. Past practice has
often been insufficiently application-specific. The
consequence has been over-conservatism in replace-
ment schedules and, in some cases, failure to satis-
fy regulators.

3 . WHAT IS AGING?
Aging of elastomers is not unlike the human experi-
ence. Many 70-year-olds are admirable national lead-
ers, but it would be ludicrous to expect them to func-
tion acceptably in professional sport, for example.
Likewise, the average football star is totally unfit for
service as president of the USA. Each function
requires different attributes. Some individuals never
have them, and the remainder have them only for a
limited time.

The mix of constituents that go into the compound-
ing process for an elastomer defines its "genetic
make-up," while the milling, moulding and curing are
its "education." If a particular compound thus-pro-
duced is tested and seen as more promising for a
particular service than competing or presently-used
compounds, its adoption may be pursued. However,
for critical applications, its "qualification testing"
must consider more than just the as-new perfor-
mance under normal service conditions. It must also
assess how the compound will "age" in service and
when the part must be replaced. Often, instead of
normal conditions, replacement will be governed by
postulated accident conditions, where a particular
margin of safety must be maintained.

The concept of service lifetime for an elastomer can-
not be tied directly to the calendar. Instead, it must
be specific to each application and each part. It is
defined here as being 100% used up when the part
is no longer serviceable, i.e., when the safety margin
becomes too small for the application. This may
come quickly if the aging factors (e.g., stress, radia-
tion, temperature, ozone) are severe or if the part is
marginal to begin with.
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Aging studies are underway on several nuclear-rec-
ommended elastomers to measure the changes of
various function-related properties in response to
aging factors. This will gradually enable lifetime of
specific compounds in specific service conditions to
be predicted more widely and accurately.
(Performance of elastomers varies too much to infer
the performance of one compound or service from
another.)

A useful form for such data is an Arrhenius plot1,
which combines temperature- and time-dependent
deterioration, and from which service-life estimates
at various temperatures can be interpolated and
extrapolated. Each Arrhenius plot is for a specific test
method and magnitude of deterioration, e.g.. Figure
1 shows Arrhenius plots based on a particular level of
compression set (75%) for three different O-ring
compounds tested in air at 25% squeeze. To be use-
ful for service-life prediction, 75% must be the dete-
rioration expected to cause failure. The tests done to
generate the Arrhenius plots must be in the same
fluid as used in service. When higher temperatures
are used to accelerate the testing, as is common,
extrapolation must be made with caution.

In the meantime, nuclear plants contain many exam-
ples of vaguely defined compounds or service condi-
tions that make an accurate prediction of service life-
time impossible, yet some of these parts are acces-
sible for interim inspection. This is where elastody-
namic spot testing is helpful. If there is sufficient
data to show how a particular elastomeric com-
pound's properties change qualitatively with time in
the service environment, and if the starting quanti-
ties and minimum required quantities for these prop-
erties are known, then making an interim measure-
ment of these quantities using the elastodynamic
spot tester gives a non-destructive method to pin-
point the current "effective age" of the part in terms
of the percentage of service lifetime already used up.

For example, most elastomers age-harden. If hard-
ening is the failure mode and functionality of the part
requires hardness less than say 80, with new parts
being 70, then an interim measurement of hardness
of 75 suggests that half the service life remains
(50% effective age). This presumes the process is
linear; however, aging data may also show that hard-
ening accelerates and that the part's age is therefore
already some amount more than 50%.

4. ELASTODYNAMIC SPOT TESTING
The advantage of elastodynamic spot testing is that
it measures much more than hardness and therefore
offers potentially more and better indicators of aging
and serviceability. It measures stress relaxation and
recovery, and can measure these as a function of
stress level in order to discern the onset of perma-
nent damage. Essentially, the stiffness, clamping and
strength are quantified. It then only remains to relate
these to age, in the same way that measurements of
weight, running speed and subsequent heart rate, for
example, might pinpoint the effective age of an indi-
vidual in a population of genetically and environmen-
tally similar humans. Note that aging does not always
reduce functional performance, at least not in early
life.

A schematic of the elastodynamic spot tester is
shown in Figure 2. It applies and maintains a nominal
force on a flat-ended "foot" that encircles a hemi-
spherical indenter, thus pre-loading and flattening the
surrounding area in the same way as a microhard-
ness tester. When the indenter is then plunged a pre-
set depth into the specimen, instead of taking a sin-
gle force reading, the force and its decrement (relax-
ation) with time are measured continuously for at
least one minute. The magnitude of the relaxation
force is a measure of hardness (modulus). In a stan-
dard hardness test, this is recorded after a standard
time of 30 seconds, while the elastodynamic test
monitors the force across the whole time domain of
the test. During the relaxation phase, a rapid drop in
force signifies springiness and little damping, while a
slow drop signifies high damping.

Part of the deformed mesh of an axisymmetric, finite
element analysis of the indentation process is shown
in Figure 3. The material was assumed to be Neo-
Hookean (Metcalfe et al., 1989) with Young's modu-
lus of 450 psi (-55 IRHD). The specimen thickness is
0.14 inches and depth of indentation is 0.020 inches.
The figure shows that the indenter deforms material
well below the surface of the rubber. Thus the test is
a "macro" test rather than a "micro" or surface prop-
erty test. Figure 4 compares the finite element
results with actual spot tester results for a rubber
specimen of known hardness. This shows close
agreement between numerical and experimental
results and also illustrates the repeatability of the
spot tester procedure.

f Arrhenius plots show the natural logarithm of time (to a specified level of damage) versus the reciprocal of absolute temperature at
which each test was performed. Many aging tests involving polymers and elastomers materials give straight Arrhenius plots, which
allow simple extrapolation (or interpolation) to the service temperature. This accounts for their usefulness and popularity in life pre-
diction. (See Figure 1 for a typical Arrhenius plot.)
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After the relaxation phase of the elastodynamic test,
the load is removed and subsequent movement of
the indenter is monitored for up to 10 minutes. The
rate of recovery of indentation depth during this
phase can be interpreted similarly to relaxation -
quick recovery indicates a springy rubber; slow
recovery indicates a highly damped rubber. If recov-
ery is complete, or if it extrapolates towards becom-
ing complete (i.e., no discernible after-effect of the
indentation), the test can be repeated with an incre-
mental increase in the pre-set indentation depth. If
there is incomplete recovery, the strength of the
elastomer is being exceeded in the most highly
stressed region and the corresponding "yield
strength" is noted.

5. DATA ANALYSIS
A typical plot of force and displacement data for a
spot test on a diaphragm is given in Figure 5. The
load cell readings include both the force of the inden-
ter on the rubber and any resistance due to the
indenter's suspension system. The displacement
(LVDT) readings are of the indenter relative to the
foot.

Assuming the rubber is linear-viscoelastic, its behav-
iour can be modelled by a system of springs and
dashpots (Figure 6). If *i ^ Q / K ; , i.e., the damping
to stiffness ratio of each branch, and "ft is defined as
an energy decay constant associated with each
branch, then the expression describing the model
behaviour in a force relaxation test at constant dis-
placement is (Metcalfe et al., 1989):

The initial force, Fo, is analogous to instantaneous
hardness and SYi represents the total loss in force,
expressed as a fraction of the initial force, over an
infinitely long period of relaxation. In this paper the
value of Fo divided by the depth of indentation is
called "spot stiffness", and the value of EYi is
called "stiffness relaxation". These values are calcu-
lated by fitting the above model to the relaxation
phase of the test data using a least-squares method.
A third value that is reported is called one-minute
recovery, the fraction of the indentation recovered
one minute after removal of all load from the indenter.

6. RESULTS
A pre-production prototype elastodynamic spot
tester was used to evaluate the aging characteristics
of N674 (nitrile) Orings. Different batches of the

same compound were tested to determine if the
elastomer properties varied from batch to batch.
Results are shown in Figures 7 and 8, illustrating the
effects of batch and squeeze. Tests were performed
at different indentation depths; the figures reveal
that there is some scatter in the results from this pro-
totype tester and that the results do not depend
greatly on the depth of indentation used. Figure 7
shows that the squeezed O-rings were a little less
stiff than the other, unsqueezed O-rings (from a dif-
ferent batch), although the difference is slight. Figure
8 shows there is a large difference in relaxation
behaviour between the squeezed and unsqueezed
O-rings. The squeezed O-rings relax much more, and
there also appears to be a slight difference in relax-
ation between the two batches that were not
squeezed. Because these differences between the
squeezed and unsqueezed O-rings were not obvious
in the spot stiffness results, they would not be
revealed by a conventional hardness test; they
require a tester that evaluates viscoelastic response.

Table 2 gives elastodynamic spot test results for new
and aged O-rings made from two different elastomer
compounds. The tests were performed using the
first production spot tester and the results are all for
the same indentation depth. The aged O-rings were
subjected to a squeeze of 25% for various durations
in the media indicated. For each compound the spec-
imens are listed in the order of increasing spot stiff-
ness, which is analogous to hardness.

For the E740 (ethylene propylene) compound, the
spot stiffness results show obvious differences for
the different aging conditions, with both duration and
temperature of aging having an effect. The changes
in spot stiffness seem more dramatic for the more
severe aging conditions. Stiffness relaxation and
one-minute recovery appear to be affected only
when the temperature exceeds 300°F. In particular,
change (deterioration) of these viscoelastic proper-
ties in 320°F oil was greater (worse) than in 350°F air.

For the N1148 (nitrile) compound, the spot stiffness
was also affected by both the duration and tempera-
ture of aging. The greatest increase in spot stiffness
occurred during 30 days of exposure to 350°F air.
The stiffness relaxation values show a trend that con-
trasts with the E740 results - several of the aged O-
rings actually relaxed less than the new O-ring. Three
of the aged O-rings also showed a slightly greater
recovery than the new O-ring. Assuming that less
relaxation and a quicker recovery are desirable char-
acteristics, the results show that compound N1148
"improves with age" early in life. Even the O-ring
aged in 350°F air for 30 days showed less percent-
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age relaxation than the new specimen, although this
specimen had a spot stiffness that was more than
three times greater than new, i.e., the absolute
decrease in indenter force during its relaxation was
much greater than that of the new O-ring. The sam-
ples aged for 30 days in 320°F oil and 300°F water
had higher stiffness relaxation and slower recovery
than that of the new O-ring.

7. CONCLUSIONS
The performance of elastomer parts in sealing appli-
cations depends on the particular functional require-
ments of the application, the properties of the elas-
tomer material, and the change in properties during
service life. Without complete knowledge of all
three, a maintenance program is difficult to manage
- guessing leads to unnecessary costs and occasion-
al serious failures.

The elastodynamic spot tester provides a simple,
non-destructive means of assessing the viscoelastic
properties of a variety of elastomer parts. If used to
monitor the properties of parts as they age, it can
identify changes in properties that have an effect on
performance.

Elastodynamic results have been presented that pro-
vide information about elastomer aging that cannot
be obtained from conventional hardness testing. The
spot tester has also been used to illustrate how the
elastic, viscoelastic, and strength properties of two
elastomer compounds, E740 and N1148, were
affected as the compounds aged under several dif-
ferent conditions. The effect on elastic properties
(spot stiffness) does not always correspond to the
effect on viscoelastic properties (stiffness relaxation
and one-minute recovery). It was also seen that, for
moderate aging conditions, compound N1148 under-
went an increase in spot stiffness (which may be
considered detrimental to a seal), but also a decrease
in force relaxation and increase in recovery speed
(which may be considered beneficial to a seal).
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TABLE 1: Example of Magnitudes of Compression Set Deterioration for Failure

Application Description
Geometry

Face seal in a bolted
flange joint

Piston seal with
changing eccentricity

due to tolerance
stack-op and

clearance

Movement of
Sealed Parts

none

yes

(sliding as well as
gap opening)

Pressure

applied quickly >100
psi

<40psi

Evaluation Summary
Tolerance to

Compression Set

high

low

Estimated
Deterioration
Criterion to

Cause a Failure

85-95%§

25-50%

§ After 95% compression set, an unpressurized O-ring exerts almost no remaining contact force against the sealing
walls. The margin against leakage becomes small, especially if the O-ring is disturbed or depiessurized then re-
pressurized.

Table 2: Spot Test Results for New and Aged O-Rings
E740 (Ethylene Propylene)

N1148 (Highly Saturated Nitrile)
Indentation for all tests is approximately 0.012 in.

All the aged O-rings were subjected to 25% squeeze throughout their aging.

Compound

E740

N1148

Aging Condition

New
200 days, 200°Fair
14days,300°Fair
30 days, 320°F oil
30 days, 350°F air
200 days, 250°F air

New
200 days, 200°F air
30days,320°Foil
50days,250°Fair
14 days, 300°F air
30days,300oFH2O
30 days, 350°F air

Hardness
IRHD

73
72
71
70
87
75

71
75
73
76
76
82
88

Compression
Set (%)

-
19
33
94
100
38

_
43
62
47
73
65
96

Spot
Stiffness
(lbf/in)

35.59
39.30
40.68
46.01
61.53
64.80

49.66
55.29
57.54
58.30
67.24
93.75
167.42

Stiffness
Relaxation

(%)
37.2
36.0
38.1
47.8
44.3
36.2

48.4
40.4
50.2
40.9
39.5
57.0
41.0

One-Minute
Recovery

(%)
95.1
95.5
95.0
90.2
92.8
95.5

95.0
96.6
92.9
97.4
97.7
88.7
92.2
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I stepper motor drive

Each data point is
i.the result of many

thermal aging test

Compound "A"
Compound "B"
Compound "C"

R
2.2 2.4 2.6 2.8 3 3.2 3.4

1 000/Temperature (*K)

Figure 1: Typical Arrhenius Plot for
Three O-ring Compounds (Damage
Parameter is 75% Compression Set)

mdentfr

frame

see detail "A"

optional base plate to hold specimen;

0.05 in.
dia.

rubber specimen

0.02 in.
dia.

bulge0.15 in. dia.

Detail "A"
indenter just touching squeezed specimen (preload stage)

Figure 2: Schematic of Elastodynamic
Spot Tester With Indenter Detail

Figure 3: Deformed Mesh From Finite
Element Analysis of Indentation
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Figure 4: Comparison of Finite Element and
Experimental Results for Spot Tester
Indentation of a Flat Sample of Young's
Modulus 3MPa (Hardness 55IHRD)
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THE ROLE OF LUBRICANT ANALYSIS IN
MAXIMIZING LUBRICANT AND EQUIPMENT LIFE

John Janis
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Petroleum Products
Natural Sciences Unit

Ontario Hydro Technologies
CA9800505

1. INTRODUCTION
Lubricant analysis has always played an important
yet somewhat invisible role in equipment health
monitoring. At its most primitive, simple observa-
tions and field testing alert equipment operators to
changing conditions. At its most advanced, data from
performance and analytical tests are used to develop
or select optimum lubricants for service, stretch
drain intervals, predict remaining equipment life and
identify potential equipment or system problems at
an incipient stage. Coupled with thermography and
vibration analysis, lubricant analysis can become a
major component of a comprehensive predictive
maintenance (PM) program.

Ontario Hydro finds itself at a turning point regarding
the use and monitoring of lubricants. Increasing
emphasis on equipment reliability and plant life
extension, coupled with major, recent changes in
lubricant composition in response to environmental,
energy and safety concerns, forces an upgrading of
many aspects of lubricant monitoring so that it may
establish itself as a key part of modem PM practices.
This paper discusses some of these aspects.

2 . LUBRICANT TESTS & LIMITS
Modern lubricant monitoring builds upon the stan-
dard tests and limits used in the past, but tailors or
adds to these to suit the changing times. The follow-
ing are general principles that are used to develop
guidelines: (1) the lubricant should match the appli-
cation so that frequent testing is not required, (2)
tests that are required the most often should be sim-
ple enough to carry out in the field; (3) tests should
provide information on the mechanical system as
well as the lubricant, (4) the test techniques should
not produce noisy data nor should the limits result in
too many false alarms, and (5) for large volume or
critical applications the data should be complete
enough to allow alternatives to replacement.

2.1 Screening Tests

As noted in Table 1, the conventional suite of tests
for most oils (acidity, viscosity, colour and an appear-
ance check) has changed little over the years,
although particle count (PC) and trace metals (TM)
have been added recently to provide data on equip-
ment health and additive concentrations.

Maintaining low particle counts is seen as a way of
extending bearing life while monitoring TM provides
early warning of system wear and, for products such
as ball screw greases, provides some measure of
remaining life based on additive element contents.

The above tests are still usually sufficient for routine
monitoring, and most can be automated in a site lab-
oratory. However, if they identify an abnormal state,
or a more detailed check is required periodically or as
part of a failure analysis, there is a host of important
methods available to provide additional information.
Some of these are noted in Table 2 and described
below.

2.2 Oxidation & Remaining Life
Oxidation tests such as Rotating Bomb (RBOT), and
ASTM 2440 Oxidation Stability are used in the OHT
Petroleum Products Laboratory (PPL) to determine
remaining oil life, while Infrared (IR) andTM methods
track additive depletion and degradation product
buildup in oils and greases. The data can be used to
determine if re-inhibition is warranted, then the same
methods can be used to evaluate the remaining life
of the addified product.

2.3 Particles, Sediments & Deposits

Unusual particulate, sediments and deposits can
now be routinely analyzed in detail via Energy
Dispersive X-ray (EDX) techniques, coupled with IR,
at relatively modest cost. The analyses provide ele-
mental composition for elements as light as carbon,
so both organic and inorganic components are
detectable. The PPL considers the EDX-IR technique
to be superior to Ferrography, another relatively new
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method widely used for lubricant particulate analysis,
because it provides data on a wider variety of materials.

Particle counting data is typically very noisy and there
are systematic differences in what is counted by dif-
ferent techniques. This problem is addressed to a
large extent by comparing data via International
Standards Organization (ISO) contaminant codes
rather than by absolute particle counts. A ratio of ISO
codes characterize the particle distribution in a 100
mL sample by, approximately:
Iog2(particles>5u.m)/log2(particles>10nm)

The size of the range number gives a measure of
total loading while the ratio of the two numbers indi-
cates the skew toward small or large particulate.

2.4 Dispersed Contaminants or Emulsified
Condition

American Society for Testing and Materials (ASTM)
methods D 892 Foam, D 3427 Air Release Value
(ARV), D 1401 and D 1935 Emulsion tests, D 665 rust
test, plus various hydrolytic stability, flash point and
water content tests, are available to check on fluid
degradation, contamination or additive loss. Coupled
with TM and IR, the test data indicate the nature of
the condition and its severity.

With knowledge of the constituents in the new lubri-
cant, the laboratory can often recommend additives
such as defoamers or corrosion inhibitors to correct
the condition.

Reports on contamination can sometimes identify
harmful maintenance practices, such as overuse of
liquid silicone gasket repair materials which can
bleed low molecular weight polymers into oils and
cause air entrapment problems.

2.5 Wear Tests

Wear and load tests on bearing rigs or pumps are
sometimes required to evaluate lubricant film
strength or the effectiveness of anti-wear (AW) or
extreme pressure (EP) additives.
Special testers such as Timken load ( EP products),
four-ball wear ( AW products), pin-on-disk, Vickers
vane pump (hydraulic fluids) and high speed bearing
rigs are used to rate new and used materials.

Recent advancements include the use of very small
samples to accommodate the testing of radioactive
materials in Timken test, the use of start-stop and
reverse motion in pin-on-disk tests to simulate vari-
ous field conditions, and the use of force transducers
to monitor friction in bearing rigs. The modification of
a Vickers system to test synthetic fluids in high pres-
sure hydraulic valves is also being considered.

3. TRENDS
The following issues are having an impact on the role
of lubricant testing.

3.1 Waste Minimization

Lubricant monitoring has always assisted waste min-
imization by such things as reducing the number of
unnecessary changeouts and by assessing the con-
dition of pooled oil collected over time from turbine
operations. However, minimization efforts have
recently included fluid reconditioning of turbine oil
charges. Additive concentrates are now available
from lubricant suppliers and reclaimers for treating
turbine oils to extend oil life and new testing tech-
niques are required for their evaluation.

For example, in 1992 candidate additive packages
and filtration treatments for use on Unit 4 turbine oil
at Pickering NGS were evaluated by accelerated
aging of treated oil blends. A modified D 2440 oxida-
tion test for insulating oil was adapted for use. The
test method determined that the optimum reinhibit-
ed blend had about 60% of the life of new turbine oil.

Waste minimization also includes labour minimiza-
tion and radioactive dose reduction. This can be
accomplished by pushing changeout and sampling
intervals to their limits while maintaining acceptable
lubricant performance. However, there is a tradeoff
between extended intervals and the testing required
for the lubricants. Because the lubricant is seen less
frequently, more tests have to be performed when
the lubricant is obtained to assure continued perfor-
mance. Also, significant extension is sometimes only
possible by using new synthetic products which may
require some form of initial acceptance testing.

3.2 On-Line Monitoring and Field Testing

PM programs can benefit from real-time monitoring
systems. However, at present, few on-line lubricant
monitors exist. Real time particle counters have been
used with considerable success for monitoring
standby generator systems, and hand-held particle
counting systems are available for field testing small
samples. Viscosity measurement could be placed on-
line, but it is usually not considered. Capacitance
probes for dissolved water exist and may be useful
for some systems.

For most conservatively designed equipment in
Ontario Hydro, on-line data is not required because
the lubricant properties do not usually change quick-
ly with time. However, portable field systems would
be convenient as they could be merged with vibra-
tion analysis monitoring routines.
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Approaches considered for field monitors include
cyclic voltammetry, microwave resonance, spec-
trometry and various auto-titration systems. More
development work is needed in this area.

3.3 Electronic Data Handling

The computer networking capabilities of Ontario
Hydro provides a method of obtaining and interpret-
ing lubrication data in a timely fashion. The PPL sees

three areas emerging: (1) electronic transfer of test
data from laboratories, (2) data interpretation via soft-
ware, and (3) enhanced case history record keeping
and lubrication list updating.

Ideally, the act of logging samples at the station lab-
oratories will generate electronic data forms to be
accessed and completed by those doing the work,
regardless of the physical location of the lubricant
testing laboratories.

Application

1

2

3

4

5

6

7

8

9

10

11

Turbine and H2 Seal
Oils

F/M Hydraulics

Air Compressors

BFP

HTP & Gen. Use in
Pumps

AW Hydraulic Oils-
Gears

AW Hydraulic Oil-
Gen. Use

EP Gears

CTU

FRF Governors

Refrigeration
Compressors

Screening Test Limits1f 2

TAN

(mg KOH
perg)

0.25

0.25

0.25

0.35

0.35

0.90

0.70

+ 3 from
new oil

1-warn
2-max

0.20

0.05

Particle
Count

(ISO Class)

16/13

15/12

17/14

17/14

17/14

-

-

-

16/13

15/12

-

Viscosity
Change
(%of
Grade)

-5 to 5

-5 to 5

-5 to 5

-5 to 5

-5 to 5

-5 to 10

-5 to 10

-5 to 25

-5 to 20

-17 to 6

-20 to 20

Water
Content

(mg/kg)

100

100

100

100

100

100

100

-

500 (ester)
100 (SHC)

1000

35

Trace
Elements

(mg/kg)

all <10

all <10

all <10

all <10

all <10

Fe <250
WM < 30

Fe <250
WM < 30

-

-

Cl <100
Mg + Ca
< 30
Na + AI
< 30

Al <15
Ca <20
Fe <30

1 Appearance limits { applies to all fluids): abnormal darkness, cloudiness, foam or sediment.
2 Abbreviations: TAN = total acid number, WM = Cu,Pb,AI,Sn wear metals, AW = antiwear, EP =
extreme pressure, FRF = fire resistant fluid, F/M = fuelling machine, BFP = boiler feed pump, HTP =
heat transport pump, CTU = combustion turbine unit, ISO = International Standards Organization.

Table 1: Test Limits for Initial Screening
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In most cases, data interpretation logic can be flow-
charted to provide consistent guidance. However,
the process is sometimes complicated by a require-
ment for re-sampling and waiting for additional analy-
ses.

Electronic database versions of the lubrication lists
exist or are being prepared for all Ontario Hydro
nuclear stations. Over time it is expected these will
be linked to records containing historical data on test-
ing and lubricant selection for important equipment.

The electronic form also facilitates changes and
updates of lubricants if required. For example, a
major supplier recently changed the phosphorus
additive content by almost 50% in its EP gear oil, but
this trace element is sometimes used to monitor
remaining additive content. The electronic form
allows for convenient flagging of such changes.

3.4 Synthetic Lubricants

While synthetic hydrocarbon, silicone fluid and ester-
based synthetic lubricants are used in Ontario Hydro
in adverse environments such as some rotary screw
compressors, high temperature applications and
combustion turbines, more extensive use is being
recommended by lubricant suppliers as a way of
increasing changeout intervals, consolidating inven-
tory and reducing energy consumption.

Equipment likely to benefit from synthetics are: air
compressors, heavily loaded gear sets, refrigeration

compressors, and fans in containment or other hard
to reach locations.

Problems seen with synthetics include: loss of
expensive synthetic during water draining of air com-
pressors with low duty cycle, poor radiation resis-
tance of some SHC products, too low a grade rec-
ommendation in an effort to gain energy efficiency,
incompatibility with materials of construction and
incompatibility of specialty greases.
Monitoring the condition of synthetics is a challeng-
ing problem area that is becoming more important as
new products move into service. For example, in the
PPL an aggressive oxidation technique, pressurized
differential scanning calorimetry (DSC) is sometimes
required to evaluate highly stable materials and spe-
cial hydrolytic stability procedures are required to
evaluate phosphate ester electrohydraulic control fluids.

Because they are expensive, degraded synthetics
are often worth reclaiming using filters or other plant
equipment. Both filtering media and treated fluids
require special monitoring.

4. LUBRICANT RATIONALIZATION AND
SPECIFICATIONS
Lubricant performance testing and analysis plays a
large role in reducing the number of lubricants carried
in inventory. This is mostly achieved by matching per-
formance characteristics of inventoried materials

Application

1

2

3

4

5

6

7

8

Turbine & H2 Gen.
Seal oil & BFP

F/M Hydraulics

HTP

Air Compressors &
General pumps

AW hydraulic oils

EP Gear Oil

FRF Governors

unusual sediments
deposits, and
particulates

Additional Requirements For Service

Paddle emulsion test - emulsified layer < 3 mL @ 20 min
Rotating bomb oxidation test (RBOT) - life > 100 min
Foam < 400 mL @ 5 min blowing, NIL @ 10 min standing
Air Release Value < 10 min (for ISO 46 oil), < 8 min (for ISO 32 oil)

RBOT > 150 min. Other tests/limits as for turbine oils.

RBOT > 75 min. (if wet, trace metals used to identify source)

RBOT > 75 min.

Sediment < 0.1 %, 4-ball scar < 0.5 mm dia, acidity after D 943
oxidation < 2 mg KOH/g,Vickers D 2882 vane wear @ 100 h < 50 mg

Timken OK Load > 30 lbs

Resistivity > 5,000 MQ-cm

Normal levels of wear metals and oxidation products in SEM-EDX/IR
tests.

Table 2: Some Extended Tests and Limits
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with the field requirements. This may require labora-
tory simulation of the operating environment and
comparison testing, as sometimes the match of
operating conditions and lubricant or equipment sup-
plier's performance data is not clear or OEM data is
not available.

For the existing inventory to be suitable for many
applications and adverse conditions, products select-
ed for use must be known to meet a wide variety of
conditions. This can be ensured only if the products
are known to meet appropriate acceptance specifica-
tions. It is only by screening products through rigor-
ous acceptance testing that in-service programs can
monitor lubricant and equipment health with any
degree of confidence and yet be based on a minimal
amount of testing.

The PPL is in favor of formalized specifications for all
major lubricant types used in Ontario Hydro. Further,
if possible, such specifications should be similar to
"Mil. Specs." in that all products meeting a specifi-
cation must be compatible with one another to pro-
vide options for change. The challenge here is to set
the specification requirements in a comprehensive
manner such that all operating conditions and mixing
effects are taken into account. This requires a com-
bination of performance tests on mixtures of new
products and also analytical tests to characterize
base materials and additives. In particular, high per-
formance liquid chromatography (HPLC) and IR tech-
niques are extremely valuable for identifying lubri-
cant components. If the components are known with
confidence, then many time consuming performance
tests to confirm compatibility are not required.

Lubricant rationalization is being both aided and
threatened by modern developments in lubrication
and product distribution and inventory control.
Advances in synthetic lubricants mean it is possible
to optimize performance and lengthen changeout
intervals considerably in some special applications,
but this implies a proliferation of special products in
inventory. While it is true that premium synthetics
may be technically capable of replacing several non-
synthetic materials, their high cost will probably keep
them in small volume, harsh environment applica-
tions for some time.
Streamlined, computerized methods of purchasing
and inventory management may make it possible to
either maintain an expanded inventory of specialty
products or to consolidate materials via such initia-
tives as Commodity Management or other bulk pur-
chasing arrangements.

5. SUMMARY
Lubricant condition monitoring techniques available
in Ontario Hydro are adequate for the present and
near future. However, the test methods and limits
used in the past for qualifying new lubricants and
monitoring lubricants in service require major updat-
ing to allow Ontario Hydro to keep pace with tech-
nological advances and meet the demanding mainte-
nance requirements of the future.
Electronic data handling procedures and new labora-
tory and field instrumentation require development
to aid predictive maintenance programs.
The development of more Corporate Specifications
for lubricants is recommended.
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CONDITION BASED MAINTENANCE PILOT PROJECTS
AT PICKERING ND

R.T. Zemdegs
Nuclear Technology Services Division
Ontario Hydro
700 University Avenue
Toronto, Ontario
Canada

F.K. F'rtzsimmons
Pickering Nuclear Division
Ontario Hydro
1675 Montgomery Park Road, P.O. Box 160
Pickering, Ontario
Canada

1.0 INTRODUCTION
Ontario Hydro's nuclear power plants (20 Candu
units) were designed, built and commissioned with-
out effective formal maintenance programs being
developed beyond the 'vendor recommended prac-
tices and call-ups'. Each station has been obliged to
develop its own procedures. High maintenance costs
and audits by the nuclear regulator (Atomic Energy
Control Board) have underlined the need for positive
actions on an integrated overall plant maintenance
strategy.

Ontario Hydro has recognizedrecognized that the
approaches to maintenance have undergone signifi-
cant changes in the past decades. The traditional
break-down maintenance approach has been
replaced by preventative maintenance and, more
recently, by condition-based maintenance. The
nuclear plants of Ontario Hydro have evaluated on a
number of alternative programs to improve their
maintenance effectiveness and to reduce costs,
including Reliability Centred Maintenance (RCM),
call-up review, component-based PM programs,
analysis of failure history etc...

Pickering ND (Nuclear Division) and (Ontario Hydro -
NTS (Nuclear Technologies Services Division) NTS
have embarked on a Condition Based Maintenance
(CBM) pilot project to address the above issues as a
'breakthrough' solution for 'smarter maintenance'.
The Condition Based Maintenance (CBM) pilot pro-
ject will demonstrate an end-to-end 'process' utiliz-
ing a Reliability Centred Maintenance (RCM) struc-
tured approach to re-engineer and redefine the exist-
ing maintenance programs. The project emphasizes
on-condition maintenance where justified, and uti-
lizes an information management tool to provide the
required records keeping and analysis infrastructure.

This paper briefly describes the planned mainte-
nance model at Pickering ND used to guide the CBM
pilot, and an overview of the methodology used to
develop on-condition equipment indicators as part of
a re-engineered maintenance plan.

2.0 PICKERING ND
MAINTENANCE MODEL
Various technologies and methodologies have
recently emerged which provide both a framework
and the associated tools for redefining maintenance.
The framework, in general, concentrates on the
replacement of a 'fix-it-when-it-fails' approach to a
planned approach which emphasizes on-condition
maintenance. The Pilot model of planned mainte-
nance process used for this project is shown in
Figure 1.1, decomposes the process intoand has the
following 7 major steps.

2.1 Identify Production Resources

This consists of the identification of the equipment
assets (things to be maintained) and but can also
encompass the identification of the resources (equip-
ment and personnel skill sets or 'crafts') available and
necessary to conduct maintenance.

2.2 Define Maintenance Requirements

This is a critical step in which is decided what forms
of maintenance will be conducted for each equip-
ment asset and its components. The optimum mix-
ture of corrective ('after the fact'), preventive (sched-
uled and failure finding), and on-condition mainte-
nance to be applied can be rationally established by
giving consideration to:

• the operating context and consequences of failure
of the equipment;

• the known or likely equipment failure modes, fail-
ure effects, and reliability characteristics (based on
generic data for the equipment type, manufactur-
er's data for the equipment mode, and/or any actu-
arial data available); and

• technologies that are available and feasible to
address various failures.

One methodology for guiding this rationalization
process is known as Reliability Centred Maintenance
(RCM). The RCM methodology provides the proce-
dures and decision loaic for auidina the identification
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of maintenance requirements. A computerized
approach to RCM iwas used during this project to
enable convenient maintenance of RCM data, to
facilitate the accessibility of RCM records, to directly
'feed' a computerized equipment maintenance plan,
and to support continuous improvement.

2.3 Plan Maintenance Tasks

It is at this step that one transcribes the maintenance
requirements identified in Step 2 into a 'template'
maintenance plan for each different subject equip-
ment type. Included in the template are the suggest-
ed maintenance activities, the frequency of their exe-
cution (e.g. every month orf every 2000 hours of oper-
ation), the skill sets or crafts of the personnel required
to carry out the tasks, the data to be gathered when
maintenance is executed (in order to provide the
feedback to the system), etc. The current station 'call-
ups' are examples of maintenance plan templates.

2.4 Schedule Maintenance Tasks
This step involves the creation of an 'instance' of the
maintenance plan for which is identifieds the actual
personnel that will carry out the work and the actual
time frame (e.g. July 5-6, 1995) in which the mainte-
nance is scheduled to take place. The determination
of the required time frame in which to carry out the
maintenance is governed by the intervals identified in
the maintenance plan as well as the availability of

personnel and access to the subject equipment.
This step is typically executed from within the orga-
nization's work scheduling system.

2.5 Execute Maintenance Tasks

This step involves the actual execution of the main-
tenance tasks as well as the recording, in the field, of
the prescribed equipment maintenance/performance
feedback data.

2.6 Process Maintenance Data

This step involves:

• the entry of maintenance/equipment performance
feedback data into the maintenance tracking
system;

• the calculation of predefined equipment condition
indicating parameters ('condition indicators') from
the raw gathered data;

• the comparison of condition indicator values to
expected baselines in order to assess current
equipment condition; and

• the execution of diagnostic procedures to relate
abnormal condition indicators to the affected
equipment subsystems and or corrective mainte-
nance tasks.

2.7 Analyze Maintenance Effective
This step involves the regular review of the mainte-

1 Identify
Production
Resources

2 Define
Maintenance

Requirements

3 Plan
Maintenance

Tasks

1 ^
%

Continuous
Improvement

Loop

7 Analyze
Maintenance
Effectiveness \fSS?l*SJSS

I5T

4 Schedule
Maintenance

Tasks

6 Process
Maintenance

Data

Sustained
Maintenance

Loop

5 Execute
Maintenance

Tasks

yi
:$;

55

|

r
Process/
System
Failures

Figure 1: Planned Maintenance Model
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nance programme as part of a continuous improve-
ment feedback loop. IncludedCovered in the review
would beis an the examination of the effectiveness
of the current condition indicators, maintenance and
data gathering intervals, as well as thean analysis of
any equipment failures for the purpose of refining the
maintenance plan to alleviate future failures.

3.0 PILOT PROJECT
Ontario Hydro's ultimate objective is to improve
maintenance of its nuclear plants. A proposed com-
ponent of the improvement strategy is a structured
approach to the reassessment/redefinition of what
maintenance activities should be performed against
plant equipment, and a desire to emphasize an on-
condition maintenance approach where justified.

In order to confirm the applicability and benefits of
the proposed maintenance "re-engineering", Ontario
Hydro has undertaken a pilot project which is con-
fined to a single station (PND) and to two selected
plant systems (Instrument Air Compression (IAC),

and Low Pressure Service Water (LPSW)). Please
see Figure 2 for the schematic of the air compressor.

This pilot approach is considered to be optimal for
these reasons:

• the entire planned maintenance process can be
piloted, verified and assessed

• the project can be completed with low risk and in
a compressed time frame

• as a contributing component to the planned main-
tenance process the CBM Information
Management tool (MAINSTAY) can be piloted and
assessed. Mainstay is a software product provid-
ed by our consultant GasTOPS.

3.1 Methodology And Approach

3.1.1 Overview

A key step in the maintenance reassessment is the
process of "taking a step back" to identify the in-
house maintenance requirements for the targeted
equipment considering its operation context, failure
modes, and the effects of failures. The pilot project,

H81

OIL FLOW

PANEL MOUNTED GAUGE

Figure 2: Air Compressor Schematic
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adapted Reliability Centred Maintenance (RCM)
methodology to facilitate the above.

Subsequently, the project took advantage of
advancements in the maintenance field as well as in-
house experience to emphasize the application of
condition based maintenance techniques to address
the predominant equipment failures.

3.1.2 Information Management

There is a considerable amount of data collection and
tracking required to ensure that assessments of
machinery condition and maintenance requirements
are meaningful and will result in an improved
approach to maintenance. The significant volume
and importance of the data gathered lends itself to
the use of a computerized information management
system to support a CBM programme. GasTOPS'
MAINSTAY product is a software tool designed to
manage general maintenance and CBM information

and is utilized throughout this CBM pilot project. See
Figure 3 for an overview of the CBM information
"architecture".

3.1.3 Equipment Engineering Analysis
The engineering analysis results in the definition of
new maintenance tasks, including on-condition
tasks. As such it is a key activity of the project. A
thorough understanding of the design, operation and
maintenance was developed from the following
sources.
e reviewing the detailed technical documentation,

including:
- design manuals
- operating and maintenance manuals
- manufacturer documentation
- process flowsheets

• conducting "interviews" or discussions with the
equipment maintainers, Engineering and suppliers

Re/note IB
Lab , Camera
Results

Equipment
signals

Existing
Station
Facilities

Periodic
Vibration
Analysis
DS/W
Package

Oilier core
systems
(MM?. E?r. uto! Station LAN

Maint. &
Tech. iingincer

Station Sup. Maintainer
& Mgrs.

Existing
Station
Facilities

Figure 3: CBM Information Architecture
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• reviewing maintenance, reliability and failure data
including the following sources:
- WMS data (Work Management System)
- CORDS data (Component Reliability Data

System)
- SRE interviews/logs (System Responsible

Engineer)
- maintainer interviews/logs
- other studies or reports as available

3.1.4 Reliability And Failure Analysis
Based on the above data, a reliability and failure
analysis was conducted for each system using the
techniques of RCM that resulted in:
• a description of functions fulfilled by the system/

equipment
• for each function, a description of functional failures
• for each functional failure, a description of failure

modes
• for each failure mode, a description of the failure

effect
• for each failure mode a proposed maintenance task

that best addresses it

The software selected for the project includes an
integrated RCM module that allows the project to
document equipment failure modes and effects
using RCM techniques and to drive the selection/def-
inition of appropriate maintenance activities. This
integration also allows maintenance rationalization to
be a living process since the RCM analysis which
lead to the selection of an activity is readily visible
and able to be fine-tuned.

3.1.5 Maintenance Design Analysis
The consequences of each failure mode wasere
weighed and possible maintenance activities were
identified. The decision analysis of RCM asks the
necessary question in an order which gives priority to
on-condition and restoration tasks over scheduled
discard or failure finding activities.

The required weighting of the worthiness of pro-
posed maintenance activities, generally derived from
a comparison of the cost of performing maintenance
versus the consequences and cost of a failure was
based on engineering judgement. Table 1 summa-
rizes the breakdown of recommended maintenance
strategies for the 166 failure modes identified during
the RCM analysis. Figure 4 shows part of the activi-
ty list summary screen for maintenance.

3.2 Development Of Condition Maintenance
Indicators
On-condition maintenance is based on the fact that a
great many failures do not occur instantaneously, but

actually develop over a period of time. If evidence
can be found early in its development that a particu-
lar failure process is underway, it may be possible to
take action to avoid the failure completely (e.g.
through :on-condition" maintenance) or reduce the
magnitude of the failure effect, i.e. the amount and
severity of the collateral damage. The point in the
failure process at which it is possible to detect that a
failure is occurring or is about to occur is known as a
potential failure. On-condition tasks entail checking
equipment for potential failures.

In order to determine if a piece of equipment is
"healthy"; that is, it has no potential failures, one
must develop one or more indicators of equipment
health. In order to be effective a condition indicator
must be responsive to changes in the health of the
machine, and at the same time be insensitive to
changes in the operating environment. In the case of
an air compressor environmental changes include
variations in inlet air temperature, delivery air pres-
sure, etc..

Condition indicators are usually calculated based on a
number of measured parameters, and are tracked
over time. Limits are developed which envelope the
indicator values during normal "healthy" operation.
tThe space or dead band between the limits accounts
for variations in the health indicator values due to
machine operating condition and measurement vari-
ability. tThe selection of suitable health indicators is a
key element in establishing a successful on-condition
maintenance program and will depend on machinery
type and operating context. See Figure 5 for an
example of a display of a trended health indicator.

The condition indicators and on-condition tasks
("tests") identified for the instrument air compres-
sors were:

• Performance Test
• Lubrication Oil Test
• Vibration Test

Examples are shown for the development of com-
pressor performance condition indicators.
Lubrication oil and vibration indicators were devel-
oped similarly.

Examples of Air compressor Failure modes for which
performance testing and hence monitoring is effec-
tive are shown in Table 2.
The goal of the Rotary Screw Air Compressor
Performance Test is to:

i. determine the health of the compressor elements;
ii. track the condition of the inlet air filter;
iii. monitor the proper adjustment of the cooling sys-

tem flow regulating cocks;
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Legend
VA
PM
IT
SR
ULD
MG

- Vibration Signature Analysis
- Performance Monitoring
- Infrared Thermography
- Scheduled Restoration
- Ultrasonic Leak Detection
- "Megger Tests"

Total #
Failure
Modes

PM

VA

OA

IT

ULD

SD

SR

FF

MP

NSM

MCR

MG

CPl

45

4

4

4

1

4

5

12

15

CNT

18

9

9

COOL

33

7

7

9

1

10

LUB

22

3

1

4

3

7

2

3

UNL

18

1

2

3

7

2

3

ELEC.
MOT

8

1

4

2

1

REC

4

3

1

DR
Y

18

9

1

4

4

TOT

166

24

5

5

10

6

8

25

44

3

39

2

1

System
(

System

CPl - Compressor

OA - Oil Analysis
FF - Failure-finding Inspection
NSM - No Scheduled Maintenance
MP - Maintenance Practice

MCR - Motor current readings

CNT - Compressor Control

COOL - Compressor Cooling System LUB - Compressor Lubrication

UNL - Compressor Unloading System DRY - Air Dryer
REC - Air Receiver ELEC - Electric Motor

Table 1: Summary of CBM Practices for Instrument Air System
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iv. determine the presence of a build up of silt or
other foreign material in the cooling system com-
ponents, in particular the heat exchangers;

v. detect a deterioration of the electric motor wind-
ings due to overheating; and

vi. monitor the condition of the oil pump and oil
bypass valve.

An example of some of the data which is collected to
support the performance indicators is shown in Table
3. Initial baselines and limits are developed and pro-
grammed into the system which automatically alarm
when exceeded.

3.3 Reconciliation With Current Maintenance
Practices

Before implementing the "Condition-Based" mainte-
nance program (which includes corrective and sched-
uled), a reconciliation of the current maintenance pro-
gram is made to ensure that nothing has been over-
looked.

In the case of this pilot project the CBM Program,

replaced a number of previously scheduled mainte-
nance tasks with on-condition maintenance. Each
task involves the collection of the information neces-
sary to make condition-based maintenance deci-
sions. Based on the information collected corrective
actions are scheduled to replace, repair or overhaul
system components. These activities have been
hitherto performed on a scheduled basis. The follow-
ing Table 4 shows examples of such tasks.

Not all components or failure modes lend them-
selves to condition based maintenance. For some
components, in particular rubber diaphragms and 0-
rings, the time and effort spent in determining the
condition would far exceed any benefit from extend-
ing the in-service life. For such components sched-
uled replacement or refurbishment is appropriate.
The following Table 5 identifies some examples of
activities which were previously done on a scheduled
basis and will continue to be. The activities have
been organized in a way which will allow flexibility
and customization of the frequency.

File Edit ID Plan Sched/Exec Eguipment Setup Utilities Window Help

mmmm
*•£

THIe

Compressor Vibration
Test

Coupling ThermographiciOn-Condition iiNFRARED
Inspection j ;THERMOGRAPHY

Unit 5 Air Compressor
Indicators

Unit 3 Compressor
Performance Test

iOn-Condition PERFORMANCE jlnstrument Air
JMONITORING Compressor - CP1

Unit 9 Oil Samples

Recondition Unloading
Valve

Unit 9 Relief Valve
Reconditioning

Unit 9 OP Leak Check

iActiytty Type jTechnique jEquiprnerrt Mame IDepartmerrt

iOn-Condition IVIBRATION Instrument Air
System

Mechanical

Instrument Air
System

iMechanical

iOn-Condition jPERFORMANCE jlnstrument Air
iMONITORING jCompressor - CP1

iMechanical

iMechanical

On-Condition jOIL ANALYSIS Instrument Air
j Compressor - CP1

iMechanical

Scheduled
Restoration

PRECONDITION (Unloading System iMechanical

iScheduied
Restoration

iRECONDITION Instrument Air
Compressor - CP1

iMechanical

Mainrt. IrrtenfaljOriQin Fixet

8000 - hours RCM

4000 - hours RCM

7-day EMP

200 - date ]RCM

1 - month EMP

4000 - hours

5 -year EMP

iOn-Condition jVISUAL
INSPECTION

Lubrication System iMechanical 7 - day EMP

EMP IF

1*1;

Figure 4: Maintenance Activity List Screen
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4.0 CONCLUSION
The CBM project is a pilot program to demonstrate a
"structured" approach to re-engineering the mainte-
nance programs of two specific systems at the
Pickering Nuclear Generating Station. The pilot
approach was chosen to demonstrate the effective-
ness of CBM in terms of equipment/system avail-
ability, and cost effectiveness and utilization of main-
tenance resources.

The maintenance program recommendations for
these two systems (which include condition-based
maintenance, scheduled maintenance and corrective

maintenance) were derived from a thorough under-
standing of the design, operation and maintenance
histories of the systems and components, and their
failure modes and effects. Each maintenance "ele-
ment" was uniquely designed and is traceable to
specific failure modes and mechanisms, and perfor-
mance requirements. The re-engineered mainte-
nance system, including the supporting system soft-
ware for data collection, trending and analysis has
been installed. The trial period of CBM over the next
eight months will conclude with a "performance
evaluation" measured against several benchmarks
which were developed prior to deployment.

;; -^ ;^^y^^y^^^
File Edit View ^Options Tools Window H

m Instrument Air Compressor - CP1 Corrected HP Compressor Outlet Temperat i l l H
Instrument Air Compressor - CP1 Viscosity at 40 deq C vs Date (Graph)

Instrument Air Compressor - CP1 Iron Particles vs Date (Graph) Wii m
m msmMMmmmM

Aftercooler Effectiveness vs Date

800)

£ 70

o

5 60-
• * * > ^

50-f-
JunO195 Jun1195 Jun2195 Jul 01 95

Date

Jul11 95 Jul 21 95

Figure 5: Aftercooler Effectiveness Health Indicator Trend
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Table .2 -

Component

Rotarv Screw Air
Compressor
(RSACi

RSAC Cooling
System

Rotary Screw Air Compressor

Function

1

1

1

1

1

1

i

3

3

6

Functional
Failure

B

B

B

E

A

A

A

A

A

A

A

Failun: Modes for which Performance Monitoring is Relevant

Failure Mode

4

5

11

1

•>

3

1

3

I

3

Performance of the LP element has been reduced due to wear and
erosion.

Performance of the HP element has been reduced due to wear and
erosion.

The compressor intake air filter has become blocked by din and
debris.

The intake air filter sealing gasket has failed, i.e.. it has become
punctured.

Insufficient water flow through the ariercooier caused by
improper adjustment of the aftercooler flow regulating cock.

Insufficient water flow through the system due to the solenoid
valve or other system components being plugged with debris eg
scale, dirt, or shells.

Insufficient water flow through the intercooler caused by
improper adjustment of the intercooler flow regulating cock.

Same as Cooling System 1A3.

Same as Cooling System 2A1.

Same as Cooling System 1A3.

Same as Cooling System 2A1.

Table 2: Air Compressor Failure Modes/Performance Testing
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Step Description Condition Indicators

Description Units Initial Baselines
/ Limits

Notes

Gather Compressor
Data
(Atmospheric)

Inlet Air Temperature °C 0-50

Barometric Pressure kPa(abs) 88- 108

Reasonabilitv Limits

Reasonabilitv Limits

Gather Compressor
Data
(Gauge Panel)

Inlet Water Pressure kPag 321-400

227-321

170-227

Caution Hieh

Normal

Caution Low

Intercooler Air
Pressure

Air Filter Vacuum
Pressure

Discharge Air
Pressure

Oil Pressure

Oil Temperature

170

kPac 270 - 290

258-270

226-258

200 - 226

194-200

kPa(vac) 4.5-6.0

0-4.5

kPas 874 - 930

822 - 874

770 - 822

550-770

kPae 250- 282

210-250

173-210

140- 173

°C >75

65-75

55-65

48-55

<42

Warning Low -
(Annunciator Message
below 145)

Wamine Hieh

Caution Hieh

Normai

Caution Low

Wamine Low

Warning High

Normal

Warning High

Normal

Caution Low

Wamine Low

Caution Hieh

Normal

Caution Low

Warning Low -
(Compressor will trip
below 138 kPa)

Warning High -
(Manufacturer's Limit
= 75)

Caution High

Normal

Caution Low

Warning Low

Table 3: Condition Indicator Data/Bas«linas/Limrts

266



a

mxam
pl

a
M
°z
i)n-C

oi ldr

lO
I)

M

Maintenance
Requirement To Be

Addressed

LP Compressor Element
Failure

HP Compressor Element
Failure

Previous Scheduled
Maintenance Task

Replace the LP element
upon failure

Frequency: Failure
driven

Replace the HP element
upon failure

Frequency: Failure
driven

Revised Maintenance Proqramme

Condition Based
Triqqer

Trends of element
compression ratios and
discharge air temperature,
as per data analysis
driven by suggested WO
Template It 1, will show
degradation of the
elements. Maintenance
action will be triggered
and prioritized based on
observed trends. This
approach allows the
relative health of all
elements to be
ascertained. Elements can
then be replaced on an as
required basis.

Condi t i on Ori veil
c.'oi reel i ve Maintenance

Actjon

Replace the compressor
element when observed
performance is
unsatisfactory, but pi ior
to failure.

Replace the compressor
element when observed
performance is
unsatisfactory, but: prior
to failvire .



to

CD
g;
<0

3.

t

Maintenance
Requirement To Be

Addressed

The heatless air
dryer outlet screens
are plugged.

The heatless air
dryer control panel
instrument air filter
is plugged with
desiccant.

The heatless air
dryer desiccant
material no longer
functions.

Previous Scheduled Maintenance
Task

Inspect and clean the dryer upper and
lower outlet screens as part of call-up
# 7209 - Inspect Dryer, Change Filter

Frecruency: 104 weeks

Inspect the pilot air filter and change
if required as part of call-up # 7209 -
Inspect Dryer, Change Filter

Frequency: 104 weeks

Change the dryer desiccant material as
part of call-up tt 14393 - Desiccant
Change

Frequency: 416 weeks

Revised Maintenance Proqramme
Scheduled Maintenance Task

Inspect and clean the dryer upper and
lower outlet screens as part of
suggested WO Template U 12 using the
procedure described in call-up H 7209.
Desiccant which escapes through the
screens can foul the chamber purge
valves and the after-filter. It is
therefore recommended that these
screens be cleaned and inspected on a
more frequent basis.

Frequency: 52 weeks

Inspect the pilot air filter and change
if required as part of suggested WO
Template U 12 using the procedure
described in call-up # 7209. In view
of numerous dryer switching problems an
increase in frequency is recommended.

Frequency: 52 weeks

Change the dryer desiccant material as
part of suggested WO Template # 14
using the procedure described in call-
up U 14393.

Frequency: 416 weeks
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PND FUEL HANDLING DECONTAMINATION PROGRAM:
SPECIALIZED TECHNIQUES AND RESULTS

by

R. Pan
K. Hobbs, M, Minnis, K. Graham

Ontario Hydro, Pickering
CA9800507

The use of various decontamination techniques and
equipment has become a critical part of Fuel
Handling maintenance work at the Pickering Nuclear
Station, an eight unit CANDU station located about
30 km east of Toronto. This paper presents an
overview of the set up and techniques used for
cleaning in the PND Fuel Handling Maintenance
Facility, and the results achieved.

1.0 THE EVOLUTION OF PND
FUEL HANDLING DECONTAMINATION
The current PND Fuel Handling Maintenance Facility
(FM Shop) was constructed in the late 1970's as part
of the Pickering 'B' expansion that saw the station
grow from four to eight units. It is located in the Unit
0 operating island just west of Unit 5, and represent-
ed a big improvement over the facility it replaced.

However, despite its other advantages, this new
facility still lacked an adequate decon capability.
Decontamination at the time was limited to manual
scrubbing and dry wiping of small items like closure
plugs, and manual scraping and vacuuming of large
items like FM rams and head internals.

Due to this lack of decon capability, contamination
levels in the FM Shop grew progressively worse over
time. In December 1987, excessive levels of Co-60
were identified in the station laundry and traced back
to protective clothing from the Shop, an incident that
led to a renewed effort to upgrade Fuel Handling
decon capabilities.

This initial effort was focused on two key areas: (1)
cleaning up the existing contamination hazard, and
(2) developing more effective decon equipment.

To facilitate clean-up of the FM Shop, all work in the
facility ceased for four months while it was thor-
oughly decontaminated. Contamination that had built
up on walls, floors and equipment were all reduced
to acceptable levels during this period. The ventila-
tion system was also upgraded, and the active liquid
waste system was refurbished and put in service.

To facilitate development of better decon equipment,
an assessment of the existing facility was conducted
with the assistance of personnel from what is now
Ontario Hydro Nuclear Technology Services (NTS).*

1.2 Decon Facility Performance Criteria

A set of performance criteria was developed from
this assessment and used as a general guideline for
upgrading the Shop. They are as follows:

(a) Decontamination activities must remove all loose
and as much fixed activity as is reasonably achiev-
able. Removal of fixed activity must take into account
design tolerances of the component being cleaned.

(b) Equipment selected will minimize the amount of
"hands on" cleaning required.

(c) Equipment must have sufficient capacity to meet
the expected Shopwork load without causing delays.

(d) The layout for the Fuel Handling

Decontamination Facility should have:

• separate contaminated and clean areas for equip-
ment decon and maintenance

• one way flow of personnel and equipment
between these two areas

• sufficient work and storage space
• storage locations selected to minimize dose haz-

ard to staff, and to maximize ease of retrieval
• radiation monitoring for all staff and equipment

entering and exiting the facility.

2.0 DECON TECHNIQUES
Many techniques can be used to clean contaminated
items. Some of the most commonly used methods
are as follows:

(a) Manual /Mechanical

Manual/mechanical techniques rely on physical con-
tact between the surface of a cleaning tool, such as
a metal wire brush or scouring pad, and the surface
to be cleaned.

* Cleaning Services Section, Chemistry and Metallurgy Department, NTS. Contact: T. Dereski, 416-592-6869
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The process can be quite effective at removing loose
and some fixed contamination from the surface of
fuelling machine components and tooling. The
degree of contamination removal depends on the
aggressiveness of the mechanical method selected
as well as the application technique. An aggressive
manual application of a mechanical cleaning tech-
nique can be highly effective at removing fixed cont-
aminants. However, it can also remove the upper lay-
ers from the surface of the contaminated object
which is usually not desirable unless the part is to be
scrapped. Less aggressive mechanical methods may
not result in material loss, but may also not be effec-
tive at removing more adherent deposits.

Corrosion caused by mechanical cleaning is minimal.
However, it is possible to damage protective surface
coatings (e.g. "malcolmized" surface of closure
plugs) and erode high tolerance parts using this
method.

Waste produced as a result of mechanical cleaning
consists of the spent abrasive pad/ brush or other
cleaning tool, used paper towels/ cloth, and the
waste rinse water containing most of the dislodged
contaminants and cleaning agent (if one was used as
a pre-soak).

The spent abrasive pads/cleaning tools and towelling
will need to be disposed of as active solid waste.
Depending on the level and type of contamination
present, the waste water stream may or may not
require an intermediate filtration step before dis-
charging to the station active liquid waste stream.

Material/ equipment costs for manual mechanical
decontamination methods are relatively low com-
pared with other methods to be discussed. Most of
the equipment required to perform a decon of this
type can be purchased for under $1,000. However,
because this method tends to be both labour inten-
sive and time consuming, actual expenditures (espe-
cially for routine activities) may be higher than other
methods, once all costs are accounted for.

(b) Chemical

Chemical cleaning relies on the use of a solvent solu-
tion to dissolve the radioactive deposit or contami-
nant. Chemical cleaning processes can be classed
into one of two major types: dilute and concentrated.
Generally speaking, dilute chemical cleaning refers to
processes that use solutions with reagent concen-
trations <1 % (w/w); whereas concentrated chemical
cleaning refers to processes that use solution con-
centrations > 1 % (w/w).

Chemical cleaning effectiveness is dependent on a
number of factors: the concentration and composi-

tion of the cleaning solution, the application method
(temperature, pH, flow rates, contact time), and the
composition of the deposit or contaminant are key
among these.

Corrosion is a major concern when using both dilute
and concentrated chemical cleaning solutions. For
this reason, every cleaning solution introduced for
use in Fuel Handling decontamination must be care-
fully evaluated before it can be applied. For example,
a limit is set on the concentration of total halogens
(Cl, F < 100 ppm) and sulphur (< 1% w/w) because
of the concern for inducing stress corrosion cracking
in stainless steel reactor components.1

Waste produced, as well as the method of disposal
employed to handle it, are dependent on the solution
concentration used. Active dilute chemical solution
wastes can generally be cleaned up using mixed bed
ion exchange resin.2 The result of this treatment is
solid active waste (spent ion exchange resin) and
clean water. Active concentrated chemical solutions
cannot be cleaned up by ion exchange, and must be
treated by alternate means.

Material/ equipment costs to employ chemical clean-
ing agents vary greatly depending on the type/ con-
centration of solution used, and method of applica-
tion employed.

(c) High Pressure Water

High pressure water jets with discharge pressures
ranging from 1 to 15 kpsi have been used to clean a
variety of contaminated equipment surfaces and tools.

The decontamination effectiveness of the high pressure
water stream depends on the shape, flow rate, and dis-
charge pressure of the jet and stand off distance.
Water jets employed at the lower end of the pres-
sure range (~2 to 3 kpsi) are effective at removing
some loose contamination and will generally not
damage protective coatings or painted surfaces
beneath the deposit. A typical system operating in
this pressure range will use a "fan" type spray noz-
zle (30° or 45° angle of dispersal on the spray), have
discharge water flow rates of 3 to 6 USgpm, and be
manually operated.

Water jets employed at the higher end of the pres-
sure range (~9 to 15 kpsi) are effective at removing
all accessible loose contamination and some fixed
contamination. (For the purposes of this discussion,
"fixed" refers to any contaminant that cannot be
removed by manually wiping with a soft cloth.)
Damage to underlying protective coatings and paint-
ed surfaces can result if care is not taken when
decontaminating with water jets in this pressure
range. Typically, a system operating in this pressure
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range will employ fan or pencil type spray nozzles (jet
can be angled or straight), have discharge water flow
rates of 6 to 15 USgpm, and be either automated or
manually operated.

Corrosion is not a major concern when using high
pressure water spraying. There is the possibility that
some protective coating/ passivating layer may be
removed by higher pressure jets, but this can be min-
imized or avoided through proper selection of equip-
ment and good application technique.

The waste produced by high pressure water jetting
consists of a relatively large volume of waste water.
Generally, this waste water stream is filtered to
remove as much of the suspended particulate as
possible before discharging to the station active liq-
uid waste stream.

Material/ equipment costs to employ high pressure
water jetting range from a few thousand dollars for a
"car wash" type portable spray system to several
hundred thousand dollars for more sophisticated
automated water lancing machines.3

(d) Vibratory finishing
Vibratory finishing uses small metal or ceramic clean-
ing media immersed in a cleaning solution to decon
small metallic components and hand tools. During
cleaning using this method, contaminated compo-
nent, cleaning media and solution are all held in a large
tub with a system to continuously filter and recirculate
the cleaning solution. The tub vibrates on its spring
mounted base, creating physical contact between the
cleaning media and component in the tub.

The cleaning action obtained using this method is a
combination of the mechanical effect created by con-
tact between the metal cleaning media and compo-
nent/ contaminant surface, and the chemical action
of the cleaning solution. Each process enhances the
action of the other.

Vibratory finishing is effective at removing loose and
some fixed contamination from the surfaces of small
fuel handling components and hand tools.

Corrosion concerns using vibratory finishing are the
same as those encountered when using chemical
cleaning solutions in general. Careful evaluation of
the cleaning agents is required before use in the
field. There may also be the potential for some of the
more abrasive media to damage protective coatings
(such as the delicate "malcolmized" surface on clo-
sure plugs) but this can usually be minimized through
proper cleaning media selection.

A thorough inspection should also be performed
after cleaning in the VFM to ensure that none of the

ball cones have become lodged within the part
cleaned.

Waste produced by vibratory finishing consists of
spent filter cartridges (from cleaning solution recircu-
lation system), spent cleaning solution, and the con-
taminated cleaning media itself. Spent filter car-
tridges account for the bulk of the waste produced
by vibratory finishing. Most of the dislodged contam-
inants are removed by the filter, making it the most
frequently changed item in the system. The cleaning
solution also requires occasional changing, usually
because of an increase in contaminants that cannot
be removed by the filter or because of a drop off in
cleaning effectiveness. The ball cones or other metal
cleaning media used almost never wear out, and
would therefore seldom need to be disposed of.

The cost of setting up a vibratory finishing system to
decontaminate small components is in the range of
$40k to $80k depending on size and features avail-
able. Machines are available "off the shelf" from a
number of manufacturers.4

(e) Ultrasonic Cleaning

Ultrasonic cleaning combines the chemical action of
a cleaning solution with the physical cleaning action
of cavitation to remove deposits/ contaminants from
component/tool surfaces. The basic system consists
of a tank (which contains the cleaning solution), a
heater, and an ultrasonic generator and transducer
assembly. A recirculating clean-up system with in-
line filter is also sometimes employed.

The effectiveness of ultrasonic cleaning on any given
deposit or contaminant is dependent on the cleaning
solution used, and method of application. In general,
ultrasonic cleaning enhances the effectiveness of
chemical cleaning solutions by producing a physical
effect (cavitation) on or near the contaminated sur-
face. This is due to the multitude of bubbles that are
produced in the cleaning solution as a result of vibra-
tions generated by the transducer assembly. These
bubbles are unstable, localized low vapour pressure
regions and collapse quickly. The cavitated "col-
lapsed bubble" region produced is a temporary, local-
ized pocket of high temperature and pressure that
can enhance the chemical cleaning properties of the
liquid solution by up to 10 times.5

Corrosion can be a major concern when using ultra-
sonic cleaning. This generally depends on the type of
cleaning solution used, and the application technique
employed. The ultrasonic cleaning action can accel-
erate the corrosion rate caused by cleaning solutions
just as it accelerates the rate of dissolution and
removal.
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Waste produced by ultrasonic cleaning consists of
the spent cleaning solution, cartridge filter (if used)
and the dislodged/ dissolved deposits. Disposal
requirements for the waste are dependent on the
cleaning solution used. Volumes of contaminated
chemical waste produced using this technique are
relatively low compared to other decon methods.
Ultrasonic cleaning equipment is not expensive to
purchase or operate. Commercial "off the shelf" units
are available in the $500- $5000 range, depending on
size of equipment and number of features required.6

(f) Strippable Coatings

Strippable coatings are used for cleaning/ contamina-
tion control in two ways: [1] as a protective coating
(to prevent contamination of the material under-
neath) which can be easily removed when loaded
with deposits, or [2] as decon technique to remove
contaminants already present on a surface. Typically,
a strippable coating will be applied as one thick layer
(0.020-0.080 in.) directly to the clean or contaminat-
ed equipment surface. When applied as a protectant,
the strippable coating-may be left in place for up to a
few days before removal. When applied to decon a
surface, the strippable coating is removed as soon as
it has dried or cured sufficiently to obtain maximum
strength.

The effectiveness of strippable coatings is quite
good in general. Decontamination factors as high as
1000 have been reported using this method.7

Corrosion is not a major concern when using strip-
pable coatings. Most coatings of this type employ a
corrosion inhibitor to minimize the damage caused
by any corrosive agents in the coating formulation.

Waste produced by this method consists of the solid
strippable coating material, and any contaminants
that may be adhered to it. Rinse water and detergent
waste may also be generated if there are difficulties
with removal.

Strippable coating material, itself, is relatively inex-
pensive. However, this technique is quite labour
intensive - both in application and removal - which
raises costs significantly.

(g) Dry Ice Blasting

Dry (CO2) ice blasting is a decontamination method
that relies on physical and thermal effects to remove
deposits from contaminated surfaces. Systems on
the market today typically use compressed pellets of
CO2 "snow" in the cleaning process. The pellets are
entrained in an air stream that is directed via a jetting
tool to the contaminated surface to be cleaned. The
cleaning mechanism is dependent on several factors:

[1J the impact energy of the pellet, which is a prod-
uct of the pellet's mass/density and velocity; [2] pel-
let mass flow rate/ number of impacts per unit time;
and, [3] thermodynamic effects.

Factors [1] and [2] are controllable by making adjust-
ments to the blasting machine. Increasing any one of
these factors (pellet density, velocity, or pellet flow
rate) will increase the effectiveness/ aggressiveness
of the decontamination.

Factor [3], thermodynamic effects, is caused by the
temperature differential between the dry ice pellets
and the contaminated surface being impacted. An
effect known as "fracking" (freeze cracking), in
which the contaminant layer becomes embrittled by
the cold CO2 is one such effect. Fracking results in a
break up of the active deposit layer, making it easier
to dislodge.

Another thermodynamic effect occurs when the CO2
pellet sublimates on impact. The CO2 gas from the
sublimating pellet is able to penetrate beneath the
deposit layer (which has been made accessible by
"fracking") and dislodge contaminants from under-
neath as it expands.

Dry ice blasting is effective at removing most loose
contaminants, paints.oil and grease, and adhesives.
It is not effective at removing oxides, scales/mineral
or other hard deposits.

Corrosion is not a concern when blasting with CO2
pellets.

Waste produced by CO2 blasting is usually limited to
the dislodged material itself. The CO2 pellet will sub-
lime to gas on impact, leaving no other waste behind
aside from the material removed. HEPA filters, if
used for air filtration in the blast area, may constitute
a secondary source of waste.

Costs associated with CO2 blasting have been
decreasing as the technology becomes more
mature. A turnkey CO2 blasting system capable of
making pellets (but requiring external CO2 supply)
can be purchased for approximately $US 120k. Less
expensive CO2 blasting units ("remote delivery" sys-
tems) that do not make their own pellets are also
available for $US 30k to $US 45k. CO2 pellets for use
in these remote delivery systems are available com-
mercially at a cost of - $0.35/lb or approximately $35
to $105 per hour of blasting.8

3 .0 DECONTAMINATION
EQUIPMENT SELECTION
Field testing of some of the techniques discussed
above was carried out in order to select the most
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appropriate methods for use in the Shop.
Testing indicated that high pressure water jetting
was effective at removing most of the contamination
normally encountered in the course of Fuel Handling
maintenance. This contamination consists mainly of
activated corrosion and some fission products picked
up from the primary heat transport system during
fuelling.9 (Collectively, this type of contamination is
simply referred to as "crud".)

In addition to being effective, high pressure jetting
also offered the advantages of being non-corrosive,
and being relatively inexpensive to start up and oper-
ate. Waste disposal was also made easier since no
chemicals, abrasives, or other additives are ordinarily
needed in order to achieve good results.

Decontamination using manually operated 10 kpsi
jetting equipment commenced in 1989. Very careful
control of the water jetting operation was maintained
during this time in order to ensure worker safety as
well as to obtain good decon factors.

The FM ram was the most frequently decontaminat-
ed item using.this method over the next 18 months.
After several repetitive manual cleans of the ram
using FM Shop personnel in plastic suits, it became
apparent that some sort of enclosed, automated
water jetting system would make this physically tir-
ing, somewhat tedious task much easier to perform.
This observation eventually led to the development
of the automated Ram Spray Booth (RSB).

Other equipment/techniques that had proven to be
effective - such as ultrasonic cleaning and vibratory
finishing - were also brought into the FM Shop at
around the same time.

The current decontamination equipment set up for
PND Fuel Handling Maintenance is summarized in
Table 1.

3.1 Ram Spray Booth
As mentioned, the Ram Spray Booth (RSB) was con-
ceptualized as a totally enclosed booth where
fuelling machine rams could be cleaned using high
pressure water.

The RSB was custom designed and constructed to
decontaminate PND fuelling machine rams, and can
accommodate other long cylindrical items with diam-
eters < 17".

Some key design features incorporated into the RSB
include:

• able to accommodate an FM ram assembly with
the drive housing gray lock attached

• able to use overhead crane to load /unload individ-
ual components

• high accessibility to the ram when inside the
booth

• all high pressure spray, drain, and filter systems
located within the booth

• built to facilitate decon of interior surfaces and
minimize potential for crud traps

• able to use robotic arm to perform the majority of
the ram housing and ball screw decon with rotary
water jets

• capability to manually water jet areas not accessi-
ble by the robotic spray arm or as backup

• built in safety devices to limit access to the booth
interior when robotic spray arm in operation

• PLC access codes to restrict use to authorized
personnel

• connectable to active ventilation

The height of the booth (92" including foot pads),
required construction of a raised platform around the
booth to provide operators with easy access to con-
trols and glove ports.

The robotic spray arm uses a two nozzle rotary spray
jetting tool (~9kpsi) for cleaning. Separate electric
motors inside the booth move the spray arm longitu-
dinally and radially along separate tracks to provide
spray coverage to most areas of the ram. An Allen
Bradley PLC directs both motors to control the spray-
ing pattern when in use.

A separate, smaller 3 kpsi water jetting pump is also
built into the RSB to permit manual jetting of any
areas missed. The hand-held spray lances are oper-
ated through glove ports down the length of both
sides of the spray booth.

The Ram Spray Booth was placed in-service in mid-
1994 at a total cost of approximately $300,000.10

Decontamination results achieved using the RSB
have been very good. Rams with smearable activity
> 1 million cpm have been reduced to virtually zero
loose. Further, time required for a full ram deconta-
mination has been lowered from 7-10 days using
manual spraying to about 3 days using the RSB.11

3.2 Other Decon Equipment

Results achieved by other decon equipment used in
the shop have also been good and are summarized in
Table 2.

4.0 THE ROAD AHEAD
Improvements in productivity and equipment reliabil-
ity have been achieved as a result of upgrading Fuel
Handling decontamination capability.

Ram performance, for example, has continued to
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improve as decon capability has increased. This is at
least partly attributable to better rebuilds during
maintenance as a result of [1] being able to fully see
the part, and [2] being able to spend more "quality"
time working on the part.

There are also other indirect benefits of decontami-
nation. The maintenance side of the FM Shop, for
example, is no longer a rubber area, which makes for
more comfortable working conditions. As well, dose
pickup has dropped by a factor of 5 since the com-
mencement of the program, an important health and
safety gain.
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TABLE 1
DECONTAMINATION EQUIPMENT ALLOCATION

DESCRIPTION

Vibratory Finishing Machine

Ram Spray Booth

Glove Box Spray Booth

Small Ventilated Bench (1m)

Small Ventilated Bench (1m)

Large Ventilated Bench (2m)

Ventilated Sinks (2m)

Automated Parts Washer

Ventilated Solvent Tank

Ultrasonic Cleaner

LOCATION

East Shop

East Shop

Small Parts Decon

Small Parts Decon

East Shop

Small Parts Decon

Small Parts Decon

Small Parts Decon

East Shop

East Shop

UNITS
1

1

1

1

1

2
1

1

1

5

TABLE 2
DECONTAMINATION EQUIPMENT EFFECTIVENESS

DESCRIPTION

Ram Spray Booth

Vibratory Finishing Machine

Glove Box Spray Booth

Ventilated Sinks/Benches

Automated Parts Washer

Ultrasonic Cleaner

Ventilated Solvent Tank

USED FOR

rams, other cylindrical parts

closure plugs, small parts

small parts (< 18 kg)

small parts, hand tools

small parts, hand tools

small parts, hand tools

oil, grease removal

EFFECTIVENESS* (cpm)

> 1,000,000 to< 10,000

>25,000 to<2,500

> 50,000 to<2,500

> 10,000 to<2,500

>50,000 tO<40,000

>25,000 to<2,500

fully degreased

•Typical smearable activity levels before and after decontamination. Total DFs for each piece of equipment will vary depending
on the nature of the contamination on the component being cleaned.
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DECONTAMINATION AND RECOVERY OF MATERIALS
AT NUCLEAR FACILITIES - OPERATING HISTORY

P.J. Gillis
Non-Destructive Cleaning Inc.

J. Ackeroyd
J. Ackeroyd & Associates

CA9800508

I. INTRODUCTION
Non-Destructive Cleaning Mobile CO2 Decontam-
ination Facilities have more than 120 months of oper-
ational time conducting radioactive decontamination
at Nuclear Power Stations and U.S. Department of
Energy sites.

During this time we have compiled an extensive
database on what has been decontaminated and the
cost savings realized.

Over these past five years, NDC has decontaminated
items ranging from a 1040 megawatt generator at a
nuclear power station after an explosion and fire in
the generator, to over 31/2 million pounds of contam-
inated tools and parts at nuclear power stations for
over twenty customers.

The cost savings at the generator cleaning was in the
tens of millions of dollars and the cost savings from
cleaning over 3V2 million pounds of contaminated
tools and parts is over 70 million dollars. One U.S.
Department of Energy decontamination project at
the Hanford Reservation saved 5 million dollars in a
14 month decontamination project.

The key to achieving these results is the NDC
Technology that we developed and patented and use
every day with these kind of results.

NDC PELLET CLEANING TECHNOLOGY
In 1990, Non-Destructive Cleaning introduced an
innovative method for decontaminating materials at
nuclear facilities using dry ice (solid CO2) in a mobile,
self-contained, self-sufficient decontamination facility.

The successful CO2 decontamination project requires
a proper working enclosure (containment) as well as
correct negative working pressure and ventilation
dynamics and filtration.

Successful application of CO2 pellet cleaning technol-
ogy is not just pulling the trigger and blasting dry ice.

Successful CO2 pellet cleaning technology entails
the following as a minimum:

• Dry ice pellet delivery (blasting).

• Containment of the cleaning operation to prevent
unwanted environmental releases.

• Negative pressure operation of the containment
enclosure (Decontamination Room) at a minimum
of 1.5 inches of water vacuum. This prevents
pressurization of the Decontamination Room dur-
ing the blasting operation.

• Noise Abatement design of the containment
enclosure (Decontamination Room) to comply
with OS HA regulations.

• Proper ventilation flow dynamics in the
Decontamination Room to control CO2 concentra-
tion for OSHA compliance and to improve cleaning
performance by preventing cross contamination.

• Human Engineering of the cleaning facility to
achieve a High Productivity cleaning operation
while satisfying Safety and Environmental controls.

All of these requirements are easily accomplished.

The problems experienced with CO2 pellet cleaning
have been because the people using the process did
not understand the technology.

Once you understand the technology of successful
CO2 pellet cleaning, you will be very pleased with its
performance and cost savings.

Figure 1 Non-D«structive Cleaning Mobil* Decontamina-
tion Facility
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RESULTS
The process has proved to be popular with U.S.
nuclear power utilities and the Department of Energy
nuclear sites because it cuts costs and personnel
exposure. It can decontaminate smearable and fixed
contamination without causing damage to the item
being cleaned. Consequently, utility personnel are
comfortable with the technique for decontaminating
durable items, like tools, valves, and pumps, and for
cleaning and "free releasing" more fragile equip-
ment, such as electric motors, instruments, gauges,
precision tools and underwater television cameras.

At the DOE sites, NDC has decontaminated and free
released a wide variety of equipment, tools, and
parts including: lead shielding, drilling equipment,
laboratory equipment, glove boxes, electrical equip-
ment, ventilation ducts, building components,
machinery and manipulators.

During more than 120 months of radioactive decont-
amination, NDC has proven to decontaminate 100%
of the smearable contamination 100% of the time
and to decontaminate the fixed contamination from 8
out of 10 items to free release limits.

The NDC Mobile, Self-Contained Decontamination
Facility - nine (9) are in service - has an excellent
record of satisfying customers' needs because it is
self-sufficient and cost effective.

After arrival at the job site in two pieces, it is simply
set on the ground or any firm surface and connected
together to form the decontamination facility. The
customer just needs to supply a 480V power con-
nection.

Everything needed for a successful high productivity
decon project is furnished in the NDC Mobile Facility.
It operates at a negative pressure to prevent unwant-
ed airborne exhaust of radioactive materials.

• It has a stainless steel cleaning room

• It has a unique HVAC arrangement specific CO2

decontamination

• It has multiple stages of exhaust air filtration.

The only waste effluent stream generated is the
exhaust ventilation gas, which is filtered through a
series of HEPA filters and free released to the envi-
ronment. NDC facilities are permitted to free release
without connection to station ventilation systems.

Successful cleaning projects have been completed at
dozens of power stations in the USA.

One of the biggest improvements in saving
money is a new decontamination process.

Previously, anything coming out of
the containment building that was

contaminated was disposed of. For this
outage, all contaminated equipment

and materials go into a separate building
for decontamination. There, the

contamination is blasted off and the waste
is processed. "We've reduced our waste
by about 90 to 95 percent", Taylor said.

Non-Destructive Cleaning's
Mobile Decontamination Services at

V.C. Summer's Steam Generator
Replacement Project.

Substantial cost savings have been achieved through:

• Recovering tools, parts and components for re-use.

• Reducing radwaste volume.

• Lowering radiation exposure.

Decontamination by dry ice is less expensive than
other techniques because it can clean large quanti-
ties of material more effectively than liquids, abra-
sives or chemical cleaners. Since the cleaning
process is non-destructive, it can clean items of
value for re-use that other cleaning processes might
damage or destroy. Overall radwaste volumes are
reduced by items being returned to use rather than
thrown away.

The decontamination process is relatively fast and
achieves substantial decontamination factors, so it is
now being used for ALARA purposes, for example,
decontamination of reactor water clean-up system
components and nuclear steam supply system com-
ponents before they are worked on in the station
maintenance shop.

CO2-pellet cleaning achieves significant dose reduc-
tions, eliminates smearable contamination and
relieves concerns about "hot" particles, achieving an
increase in maintenance worker productivity.

Since the NDC Process is non-destructive, it is very
successful in cleaning nuclear safety class items
such as reactor studs, steam generator components,
reactor recirculation pump components and safety
class motors and instruments.

276



CANDU MAINTENANCE CONFERENCE 1995

DECONTAMINATION TECHNIQUE

COMPARISON

Performance Criteria

Destructive

Removes Smearable
Contaminants

Removes Fixed Contaminants

Generates Liquid Waste

Generates Solid Waste

Generates Mixed Waste

Generates Secondary Waste

NDC

No

Yes

Yes

No

HEPA
Filter

No

No

Grit Blast

Yes

Yes

Yes

Yes, if Water Blast

Grip
Filters
Precoat
Resin

Possible

Yes

Hydrolaze

Could Be

Most

No

Yes

Filters
Precoat
Resin

Possible

Yes

Freon

No

Most

Some

No

Filter
Cartridges

Yes

No

H2Olce

Yes

Most

Some

Yes

Filters
Precoat
Resin

Possible

Yes

Detergent/
Chemical Washing

Yes, if Acid

Yes

No/Yes, if Acid

Yes

Filters
Precoat
Resin

Possible, if Acid

Yes

HIGH VALUE COMPONENT DECONTAMINATION

Motor Operated Valves (8)

Decon for Free

Net Savings

Underwater TV

Decon for Free

Net Savings

Release

Camera & Cable

Release

Actual

(plus

Field Data

$400,000

- 28,000

$371,200

burial cost)

$128,000

- 3,600

$124,400

CO2 DECONTAMINATION OFFERS
SUBSTANTIAL COST SAVINGS
Since 1990, we have compiled an extensive data-
base of items decontaminated and the cost savings
realized.

Substantial cost savings have been achieved
through:
• Recovering tools, parts and components for re-use
• Reducing radwaste volume
• Lowering radiation exposure

Figure 2 shows the cost per pound for on site decon-
tamination of hardware at a nuclear power station.
This cost is fully burdened with all of the site costs
(see Note 1) and all of the inefficiencies associated
with working on site (see Note 2). Even with all of
these costs in the project, the cost per pound is less
than one dollar.

Figure 3 shows the cost per pound for on site decon-
tamination of a diverse cross section of materials
requiring decontamination at a nuclear power station.
Remember when evaluating decontamination cost on
a per pound basis, soft goods and aluminum don't
weigh much and they add bulk and increase handling
time.

Even with all of these adverse effects, the cost per
pound average is less than $1.25. Note that a total of
59 barrels of soft goods were cleaned during this pro-
ject. The resulting waste volume reduction is another
cost savings in addition to the on site decontamina-
tion cost savings.
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HARDWARE
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SOFT GOODS, HARDWARE & ALUMINUM
COST PER POUND CLEANED

© I \

©
/

L
1 3 5 7 9 K 13 15 17 19 21 23 2S 37'&'31 "as'3S"37'3S"-*l <3 46

WORK DAY

EACH DAY - » - CUMULATIVE AVG. S BARRELS SOFT GOODS
CUMUlATtVe

.NOTES: 1) Soft goods are lightweight bulky items such as
hose cable, wirerope and ladders.

2) 6 days partia! down lime due to various issues, namely:
training new operators, sk* lime, plant meetings.
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Figure 3
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REHABILITATION ACTIVITIES
AND RADIATION PROTECTION REQUIREMENTS

IN A CANDU FACILITY

J.K. Mohindra
D. Papavramidis

and I. Lake

Pickering Nuclear Directorate
Pickering, Ontario

ABSTRACT

The inspection, maintenance and rehabilitation activ-
ities are part of the operating life of a Candu Nuclear
Facility. The Pickering Units 1 to 4 underwent major
rehabilitation including the Large Scale Fuel Channel
replacement projects to increase equipment life and
reliability. At present, boiler maintenance program is
carried out at Pickering units.

The rehabilitation activities increase radiation dose
expenditure, creates unique work situations and spe-
cific radiological hazards.

A facility radiation protection program is designed to
meet the routine operation and maintenance activi-
ties in a nuclear station. The radiation protection
requirements are established to comply with the reg-
ulations and sound practices relevant to facility oper-
ation. However, the routine protective barriers or the
managed environment may not be very effective or

compatible to support the needs of major rehabilita-
tion activities. To manage the person-rem resource
and to minimize the radiation risk to an acceptable
level the radiation protection requirements need to
be upgraded to include additional barriers.

The collective dose is used as a radiation safety per-
formance measure, and compared with the past per-
formance and of the other utilities. A strict collective
dose target adherence may not be an effective tool
to further improve a facility ALARA program. This
paper will present other radiation safety performance
measures like hazard control and assessment, reduc-
tion in personnel unplanned exposures and person-
rem optimization. These effective measures are con-
sistent with the applicable AECB Consultative guide-
lines and ICRP-60 requirements.

(Abstract submitted for presentation at the CNA
Conference in Toronto)

2 8 1
NEXT PAQE(S)

left BLANK



CANDU MAINTENANCE CONFERENCE 1995

EVALUATION OF CANDU SAFETY-SYSTEM
CALIBRATION ACCURACY
THROUGH MONITORING

by CA98005iu

H.W. Hinds
AECL, Chalk River Laboratories, Chalk River, Ontario

and R. MacKay
Ontario Hydro, Bruce B Nuclear Generating Station, Tiverton, Ontario

INTRODUCTION
CANDU* operators are increasingly being required to
demonstrate that estimated accuracies of the trans-
mitters used to measure process variables in
CANDU special safety systems are being achieved in
operation. At present, this is done by recalibrating all
transmitters periodically, typically every one to three
years. Functional checks are performed more fre-
quently. These include panel checks (i.e., visual mon-
itoring and cross-comparison of redundant process
measurements) and safety-system process-trip tests
(i.e., valving-in test pressures to activate the alarm
units). These functional tests provide assurance that
transmitters and related circuits are working, but
they are not always sufficiently sensitive to evaluate
calibration accuracy.

Continuous computerized monitoring of safety-sys-
tem signals is being investigated as one approach to
verifying safety-system calibration accuracy and
transmitter functionality. Eventually, if successful, it
may enable a reduction in the frequency of process
trip testing (a labour-intensive, error-prone operation),
or even the elimination of process trip tests and their
associated hardware altogether.
Using both Shutdown System (SDS) 1 and SDS2, it
is possible to obtain at least three, and more often
six, independent, redundant measurements of each
of many process variables. If signals from the reactor
regulating, containment and emergency coolant-
injection (ECI) systems are also used, then it is pos-
sible to obtain up to 13 independent, redundant mea-
surements of many process variables. Assuming
these measurements are truly independent, and that
there are no common mode errors, calibration accu-
racy can be verified by intercomparing the nominally
identical readings.

A CANDU Owners Group (COG) R&D project was
set up to evaluate this monitoring concept. This pro-
ject has progressed through several phases:

(1) data acquisition,

(2) data analysis and algorithm development, and
(3) on-line calibration analysis and operational experience.

Phases 1 and 2 are complete and phase 3 has been
in operation since 1995 August.

This paper describes the progress made to date and
the expectations for the future.

DATA ACQUISITION
A Safety-System Monitoring Computer (SSMC) has
been installed and been in use at Bruce Nuclear
Generating Station (BNGS) for some time (Figure 1).
A set of nine front-end units (MP/100s) act as intelli-
gent data gatherers from SDS1 (channels D, E and
F), SDS2 (G, H and J) and ECI (K, L and M). They con-
tain analog-to-digital converters which sample the
analog data every two seconds. Each MP/100 then
sends a record, consisting of a start code, the num-
ber of bytes, the analog data in scaled engineering
units, some other information and a check sum, to its
modem for transmission on a fibre-optic line. The
record is simply broadcast; there is no handshaking.
At the other end of the fibre-optic line is a second set
of modems; these are connected to the monitor
computer (MP/200). The records are received by the
MP/200 computer, which then presents the data on
various control room displays. The system is quite
old and, while still fully functional, is difficult to use
by today's standards.

As a means of acquiring the necessary data to devel-
op and test monitoring concepts, a Labvlew-based

•CANDU™: CANada Deuterium Uranium
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data acquisition system was developed and installed
at the beginning of 1995 March on BNGS unit 6 [1].
The system is non-intrusively connected to the exist-
ing SSMC, as shown in Figure 1. It is isolated from
the actual safety systems by the modems and fibre-
optic links. Further, it was shown that it could not
affect the operation of the existing MP/200, as its
only connection is a high-impedance receive line to
the modems' electrical outputs. Information from
SDS1 and SDS2 (six channels of independent data)
are acquired every two seconds and the digitized
analog variables are stored to optical diskette in 1 h
files. About 400 files, covering two weeks of opera-
tion, fill a 230 MB optical diskette.

The six channels of data are sampled independently
and asynchronously, and simply broadcast by the
MP/100s. The data acquisition computer collects the
information from all channels together into a single
two-second record. The original asynchronous data is
thus artificially synchronized; the potential error in
this process is up to two seconds.

DATA ANALYSIS AND ALGORITHM
DEVELOPMENT
The proposed algorithm is based on an assumption
that calibration errors on independent measure-
ments are uncorrelated; i.e., calibration is as likely to
drift up as it is to drift down. An estimate of the true
value of each process variable can then be obtained
by averaging these independent measurements. The
more independent measurements available, the bet-
ter the estimate of the true value. However, in prac-
tice, there are often individual signals that are obvi-
ously not measuring the process variable with any
reasonable accuracy. The reasons for these obvious
anomalies are:

• a transmitter is under maintenance,
• a transmitter is being subjected to a process trip

test,
• an MP/100 or another part of the SSMC is under

maintenance,
• the data acquisition computer fails to synchronize

on the data (channel dropout),
• a transmitter is excessively miscalibrated,
• the process variable passes the end of the trans-

mitter linear range and an irrational reading occurs
(the MP/100s convert readings outside the normal
range of 4 - 20 mA to hexadecimal FFFF), and

• a transmitter has failed.

Of these sources of anomalies, the most common
are process trip tests and channel dropouts, the lat-

ter being an intermittent problem, which we hope to
correct shortly.

A consistency check 12] is used to detect signals that
are obviously incorrect. For each signal Xj(t) of a set
(i=1, 2 .. N) of nominally identical signals at each
point of time t, the degree of inconsistency is com-
puted:

i

where
djj(t) = 0

= 1

faultychannel

iflXj(t)-Xj(t)l£a
if Ixj(t) - Xj(t)l > ej

(1)

(2a)
(2b)

The degree of inconsistency will be a value between
0 and N-1. The channel(s) with the highest degree of
inconsistency is(are) declared faulty. Then the
degree of inconsistency of the remaining channels is
recomputed. This process is repeated until all
remaining channels have the same degree of incon-
sistency, which may or may not be zero. If they are
zero, then the remaining channels are consistent; if
they are not zero, then there is an unresolvable
inconsistency.

The remaining channels are then declared non-
faulty. If a channel is non-faulty for at least three
consecutive time steps, it is declared good, and is
used in the subsequent "true value" calculation.
There are Ng good channels for each variable at each
time step.

The limit ej is chosen, in this study, to be 3 times the
SDS1 reference accuracy as specified in the Safety
Analysis Report [3] if the signal was previously good,
or 2 times the SDS1 reference accuracy if the signal
was previously not good. This feature adds some
hysteresis to the declaration of a good transmitter,
and prevents it from changing status too frequently.
The Safety Analysis Report reference accuracies are
listed in Table 1, along with some other information
about the signals of interest.

The best estimate of the value of the underlying
process variable is found by averaging only the Ng
good channels of nominally identical signals for each
variable at each time step, t.

"true value":

u.(t) =-3—
Ng(t) j - i

j=good(t)

Xj(t

(3)
Signals that are irrational, or do not have consistent
checksums, or have rational but inconsistent values,
are not included in the average. It is recognized that
the "true value" may in fact be in error, due to a
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unidentified systematic error in the calibration of
even the good channels; however, it is the best sta-
tistical estimate of the true value of the process that
can be obtained from the data itself. Other defini-
tions could alternatively be used; for example, the
reading of the most recently calibrated transmitter
could be taken as the "true value".

Differences are formed by subtracting individual sig-
nals from the "true value" at each time step, t. By
continuously monitoring and subtracting over time,
we can calculate both the "difference mean" and the
"difference standard deviation" for finite periods of
time, T, which is taken as 1 hour, for convenience.

Table 1: Signals measured, their ranges, reference
accuracies, and quantization levels.

Reference accuracies in brackets are for SDS2,
where different from those for SDS1 .difference
mean:

M t = l

difference standard deviation:

M

(4)

(5)t-i

where T = M At = 1 h
and At = cycle time of the MP/100s = 2 s

M = 1800

The calculations for difference means and difference
standard deviations are partially performed each
cycle by adding one more term to the summation,
rather than by storing the data and performing them
all at the end.

The difference means are a statistical estimate of the
calibration error (offset) of a particular transmitter
over the time period. They can be compared with the
calibration-accuracy requirements (see Table 1) to
help decide whether a particular instrument is in
need of calibration. The difference standard devia-
tions are statistical estimates of the uncertainties of
the difference means; they indicate how closely an
individual signal tracks the "true value". In other
words, an individual signal follows the formula:

Xj(t) (6)

The data corresponding to 60 measurements of 12
different process variables have been analyzed off-
line. Figure 2 shows a typical set of raw data from six
independent transmitters measuring boiler 2 level. In
general, as in this example, all signals exhibit fluctu-
ations, but the independent measurements of a
given process variable tend to fluctuate together,

indicating that they are responding to the underlying
process as they should.

Difference means for the boiler 2 level transmitters,
which are the average differences over one hour
between the individual signals and the average of the
good signals, are shown in Figure 3. Note that these
differences for channels E, F and J, are less than, or
approximately equal to, the accuracy specified in the
Safety Analysis Report, implying that those transmit-
ters are correctly calibrated. The differences for
channels G and H, however, exceed the reference
accuracy; their calibrations are suspect. In general, at
BNGS unit 6, most signals have difference means
within the reference accuracy, while a few signals
appear to be slightly outside this band. These sus-
pect transmitters will be calibrated manually in the
near future, and a beforehand-after comparison of the
results will be made at that time. It is recognized that
the difference means depend not only on transmitter
calibration but also on other elements of the total
loop, including: 225 £2 monitoring resistors, buffer
amplifiers (SDS1 only), and the ADCs in the
MP/100s. Maintaining high accuracy in these ele-
ments is essential for correct interpretation of the
data.

In practice, under normal steady-state operation and
during fairly severe transients, it has been found that
both the difference means and the difference stan-
dard deviations remain roughly constant. These two
statistical parameters do not appear to change sig-
nificantly with time or with operating conditions.
Figure 3 shows the difference means for boiler 2
level in a two-day period that includes a major tran-
sient, a reactor shutdown. Also, the difference stan-
dard deviations (not shown) tend to be extremely
small, less than 1 quantization level (the minimum
possible) for most variables, and less than 3 quanti-
zation levels for the somewhat-noisier orifice-based
PHT flow measurements.

ON-LINE CALIBRATION ANALYSIS AND
OPERATING EXPERIENCE
In 1995 August, the calibration analysis algorithm
described above was added to the data acquisition
computer software [41. Warning alarms are given
whenever a difference mean is greater in absolute
value than the reference accuracy. Warning alarms
are also given whenever the difference standard
deviation exceeds 1 quantization level for most sig-
nals, or 3 quantization levels for the PHT flow signals.
Besides the raw data files, the analysis computer
now also outputs one-hour summaries of difference
means and difference standard deviations, and a
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chronological alarm status change list. These last
two are in simple ASCII format and thus may be read
directly by a spreadsheet or word processor.

The front panel of the computer is shown in Figure 4.
The left side contains the operating controls to turn
data acquisition on/off and change diskettes; the cen-
tre contains an chronological alarm list and a display
of the current set of alarms; the right side allows the
operator to select a set of six (or three) signals mea-
suring a common process variable on each of three
graphic (strip chart) displays. The y-axis scales are
fully adjustable, so that the operator can zoom-in on
the signals and thus amplify even minor differences.

In addition to the pressure-based data used in the
above analysis, the log flux, log rate and linear flux
(SDS2 only) signals derived from ion chambers are
also recorded. This system has been used twice to
monitor trips and verify shutdown parameters.

CONCLUSIONS
The simple difference algorithm developed is sensi-
tive to small changes in transmitter calibration, which
may be smaller than the reference accuracy. The
level of calibration offset seen with this system and
alarmed on is considerably smaller than that used in
most other checks (e.g., panel checks). At the same
time, the algorithm is insensitive to system tran-
sients. Thus, it may be used during start-ups, shut-
downs and other manoeuvres, which hopefully cover
nearly the full range for the transmitter. However, it
is very sensitive to anomalous behaviour of any kind,
including process trip tests, which last only a few
minutes. Therefore, some provision must be made
to deal with those large operator-induced transients.

An intelligent user is still required, in order to inter-
pret alarms and anomalies correctly. For instance, at
present, there is no automated way to distinguish a
process trip test from an intermittent or temporary
failure of the transmitter. The interpretation of stan-
dard deviation alarms is even more obscure. The sys-
tem can be used as a first pointer to a situation that
contains at least one faulty component. If the prime
component (a transmitter) is found to be OK, then

other components in the system must be checked.

Several transmitters at BNGS unit 6 have been iden-
tified as having calibration offsets greater than the
reference Safety Analysis Report accuracy. These
may be due to a number of causes that are not asso-
ciated with the transmitter per se , but with some
other element of the system. We hope to recalibrate
these transmitters shortly, and thus sort out the
exact source of the higher-than-expected difference
means.

The system may be used to help decide to recali-
brate a few selected transmitters sooner than would
normally be the case. It might also be used, with
Atomic Energy Control Board concurrence, to justify
delaying the recalibration of some transmitters that
appear to be correct. However, in this case, it is rec-
ommended that at least one of the redundant set be
recalibrated on schedule, to help determine whether
any correlated drift is present.

The system was built and installed with a minimum
of effort. The Labview base provides a flexible and
easily modifiable platform, along with an excellent
operator interface. Programming and computer skills
are not required to operate the system.
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Description

PHT* Pressure Header 1
PHT* Pressure Header 2
PHT*Flow (Q17, J12 and

Q9) (SDS1 only)
PHT* Differential Pressure

HDR 1-4 (SDS2 only)
PHT* Flow (Q8, J13 and

Q16) (SDS1 only)
PHT* Differential Pressure

HDR 2-3 (SDS2only)
Pressurizer Level

Boiler 2 Level
Boiler 3 Level
Boiler 6 Level
Boiler 7 Level

Boiler Feedline Discharge
Header Pressure

Units

MPa
MPa
kg/s

MPa

kg/s

MPa

m
m
m
m
m

MPa

Range

4-12
4-12
0-32

0-2

0-32

0-2

0-10.3
-5.2-2.3
-5.2-2.3
-5.2-2.3
-5.2-2.3

2-7

Reference
Accuracy
0.1 (0.08)
0.1(0.08)

0.51

(0.02)

0.51

(0.02)

0.13(0.1)
0.1
0.1
0.1
0.1
0.06

Quantization
Level
0.01
0.01

0.027

0.0027

0.027

0.0027

0.014
0.01
0.01
0.01
0.01

0.0068

* PHT: Primary Heat Transport system
Table 1: Signals measured, their ranges, reference accuracies, and quantization levels. Reference
accuracies in brackets are for SDS2, where different from those for SDS1.
*PHT: Primary Heat Transport system
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MP/200

MP/100

Data Acquisition &
Calibration
Analysis Computer
(Compaq Pentium)

Arnet

^ ^ B ^ ^ ^ ^ ^ • • • • ^^™^^^

MP/100

DB25
T-junctions (6)

modems (9)

fibre-optic
links (9)

(230 MBytes
every two weeks)

modems (9)

MP/100
one each for channels D, E, F (SDS1),
G, H, J (SDS2) and K, L, M (ECI)

71 r
analog and digital inputs from the field

Figure 1: Schematic of new Data Acquisition and Calibration Analysis Computer with its connection (shown in heavy black) to the exist-
ing SSMC system (shown in plain lines).
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Boiler 2 Level
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Figure 2: Raw data for boiler 2 level over seven minutes showing how signals track each other. Channel D data not plotted because it
had too many dropouts.
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Figure3: Difference means for boiler 2 level over two days including a shutdown. Channel D data not included because it had too many
dropouts.
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Channel D data not included because it had too many dropouts.
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Figure 4: Front Panel of the Data Acquisition & Calibration Analysis System.

2 9 0



CANDU MAINTENANCE CONFERENCE 1995

POINT LEPREAU NGS
RTD CABLE ASSEMBLY

FAILURE & REPLACEMENT PROGRAM

Prepared by

M.P. Callister CA9800511

1.0 PURPOSE
The purpose of this report is to provide a review of
the RTD (Resistance Temperature Detector) cable
assemblies problems experienced at Point Lepreau
Generating Station, and to discuss both the interim
repair performed during the '92 and '93 outages to
gather with the design and testing and installation of
a qualified alternative.

2.0 INTRODUCTION
For the first eight years of operation, Point Lepreau
experienced apparently random failure of RTD con-
nector assemblies. The original design was not
standing up to operating conditions. The connector
assembly used, is the same type for all station
process temperature measurement loops. Its pur-
pose is to provide a means of quickly disconnecting
the cable from the RTD during maintenance. Due to
the system engineering separation and the relatively
small number of failures, the common mode of fail-
ure had not become apparent.

With the initiation of the Environmental Qualification
program in 1989, the potential of a common mode
failure of the Red's became apparent. An investiga-
tion took place. This identified the problems with the
cable assembly that contained the quick disconnect.
An immediate interim repair was carried out and
design of a replacement Environmentally Qualified
assembly was initiated in conjunction with Kanata
Electronic Services Limited of Toronto.

The most common problem identified was the sepa-
ration of the potting boot from the connector. The
strain imposed from the cable caused the boot to
bend as much as 90° in some cases. This bending in
turn caused separation of the boot from connector
allowing a path for water into the solder pin connec-
tions. Under accident conditions the intrusion of
moisture into the connections would prohibit the
RTD loop from registering the correct temperature
indication.

3.0 INVESTIGATION OF THE PROBLEM
With concerns being raised about the integrity of
RTD cables, a sample was removed from an ECU
vault temperature loop located opposite the reactor
face. Inspection by Ontario Hydra's Killing Labs
showed the cable connector assembly to be deterio-
rated beyond its functional capabilities. The Raychem
heat shrink boot was no longer properly bonded to
the Cannon connector and the potting compound
was peeling away, leaving exposed connections.
During a LOCA, this connector assembly would be
unable to perform its safety function and accurately
transmit the required temperature measurement. In
addition the excess cable attached to the connector
had been rolled into a tight loop during installation.
This had caused the cable jacket to crack.

While the majority of assemblies appeared to be in
this condition, they were not failing in large numbers
during operation. The inservice failures that were
causing actual operational problems were:

• Open circuit of the RTD loop
• Short circuit of the RTD loop
Both of these failure mods are attributes to the dete-
rioration of the potting compound and the viton boot
located on the back shell of the quick disconnect.
With the failure of the potting compound the weight
of the cable is applied to the rear soldered connec-
tors of the Cannon connector. This caused them to
short or to separate the pin from the wire.

During the E walkdown inspection it was noted that
the majority of the RTD cable assemblies located in
the east and west vaults and RTD platforms were
damaged to such an extent that immediate action to
rectify the problem was required.

In Figure 1, note the degree of bend at the RTD cable
connectors.

3.1 Original Cable Assembly Design

The connector is hermetically sealed both in male
and female ends. A compression ring provides a
metal to metal seal inside the mated connector pair.

291



CANDU MAINTENANCE CONFERENCE 1995

Figure 1: ffTD Cables 92 Outage Walkdown

The hermetic seal does not allow water intrusion into
the connector at either end. To seal the gold brazed
connections heat shrink potting boot is used over the
cable/connector interface as shown in the Figure 2.
This potting boot does not provide adequate strain
relief and during normal operation. Bending of the
boot forces the brazed connections to be in closer
proximity, increasing the probability of a short circuit
between pins. This strain has also caused separation
of the pin to wire connection. The bending also
weakens the bond between the connector and boot
creating a path for moisture ingress during accident
conditions. The material used as the potting com-
pound in Point Lepreau connector has deteriorated in
operational temperature and radiation conditions.

CANNON CONNECTOR
COLO BRAZED CONNECTIONS

CA8LE JACKET
FILLER SLEEVE

POTTING COMPOUND

POTTJWC BOOT

Figure 2: RTD Cable Connector Assembly

The components of the original assemblies, manu-
factured by ITT Cannon, are listed below.

Cable: STILAN, Raychem #88B 8520-16-9/90/92-9
Connector: CANNON, CE #9444-1001
Boot: VITON, Raychem #202-A121-12-00
Potting: GE RTV 560
Adhesive: GE RTV 159
Tubing: VITON, 1/4' Filler Sleeve

3.2 Replacement Cable Assemblies

in 1986/88 when replacement assemblies were
required for stock, it was learned that Raychem had
discontinued the production of Stilan cable. The
'new' cable assemblies although built to the same
specification, TS-XX-60441-22, contained different
materials. These assemblies were manufactured by
Thermo Electric.

The materials of construction are listed below:

Thermo Electric Assembly:
Cable: KAPTON
Connector: CANNON CE9444-1001
Boot: VITON
Potting: GE RTV 616
Adhesive: RAYCHEM S1010

The use of Kapton as an insulation and cable jacket
material introduced additional problems to existing
difficulties.
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According to the American nuclear industry, prob-
lems have been found with the FEP fluorocarbon
used to bond the Kapton tapes. The FEP dissolves
under radiation exposure thus allowing the tapes to
unravel, exposing the conductors.

It is important to note that the original Stilan cable
jacket and insulation showed no significant deteriora-
tion when the sample was examined by Kipling Labs.
The cracking of the jacket was due to tight bends in
the coils used to accommodate the excess length of
cable.

4.0 POINT LEPREAU INTERIM RTD
CABLE REPAIR
During the 1992 EQ walkdown inspection it was
obvious that problems with cable/connector inter-
face as previously described existed. These prob-
lems were primarily the result of strain imposed on
the heatshrink boot by the cable.

Immediate steps were taken to replace suspect
assemblies with new units from stock. Additional
work was carried out to provide a temporary fix to
alleviate the strain and provide additional sealing for
the remaining worst case assemblies. This work was
carried out immediately. This consisted of two
lengths of nuclear grade Raychem heatshrink tubing.
One length of tubing was used to build-up the cable
diameter while the second was shrunk over the
existing boot and sealed at the Cannon connector.

It is important to note that this fix is as stated, tem-
porary. This is not an environmentally qualified solu-
tion. The purpose of this fix was to provide strain

5mm i

MlM '

-NOTE 1

• RAYCHEM WCSF-200-N SLEEVE (4")

RAVCHEM WCSF-I I5-N SLEEVE ( 3 . 5 " ) -

USEO TO SHIM UP CABLE 0.0.

NOTE 2

EXISTING POTTED BOOT

-EXISTING CANNON CONNECTOR

NOTES:
t ) SHRINK SLEEVE OVERLAP TO CONNECTOR BARREL

2) SLIDE SHIM SLEEVE OVER EXISTING BOOT

PRELIMINARY SKETCH

ose BKP

PROPOSED INTERIM FIX FOR

RTD CABLES

relief for the brazed connections and reinforce the
boot/connector bond. Testing was not performed on
this revised assembly although the Raychem prod-
ucts are qualified for all environments at Point
Lepreau. Testing was carried out to confirm that
there was no loss of signal from these connectors.

5.0 PROPOSED CABLE ASSEMBLY
DESIGN CONSIDERATION
In response to the deficiency, NB Power, in conjunc-
tion with Kanata Electronic Services Limited, pro-
duced the following design which addresses the
identified problem areas.

In the design of this replacement cable assembly the
following areas are considered.

1. The use of the Cannon CE9444-1001 hermetic
connector or equivalent,

2. Modification to consider strain relief,
3. Prevention of moisture ingress,
4. Suitable cable selection, and

5. Environmental Qualification Testing.

The proposed design is shown below.

Uotfilied Threaded Conner Connector

45 dtp Bcckshdl

Cable Clomp

Figure 4. PLGS Proposed Design

5.1 Hermetically Sealed Connector

The existing red's in service at PLGS are complete
with the hermetically sealed male connector end. It
would not be feasible to replace this adapter on all
red's at PLGS. For this reason the design must be
limited to a compatible connector.

The CE9444-1001 meets the requirements of AECL
specification TS-XX-60441-20, High Temperature
Connectors for a Nuclear Power Station. This specifi-
cation requires individual hermetic seals for both the
plug and receptacle as well as stringent contact
resistance parameters and temperature require-
ments. Kanata Electronic had located an alternate
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supplier who also meet the required specifications
and they would be considered as a possible supplier.

According to Ontario Hydro SCR 32.0 R1, "although
the connector is qualified to prevent moisture from
being forced into the cable or RTD, the connector
may be subject to moisture intrusion between the
connector halves during LOCA."

To the best knowledge of the PLGS, this condition
has not been noted in any available test report.
Rather than test for the occurrence of the aforemen-
tioned problem in qualification st B90-53H, OH used
qualified heatshrink over the mated connector to pre-
vent this postulated moisture intrusion. As a result
the test did not provide a definitive answer whether
or not moisture would be forced into the unprotect-
ed connector.

AECLIR-400, LOCA Qualification of Instrument
Components for 600 MW Reactors (EQD#13), states
that the connector assembly was considered to have
behaved satisfactorily throughout the irradiation and
LOCA exposures. However, the data collected is
inadequate to provide qualification. Pre-ageing was
not performed, failure parameters not defined, and
there was insufficient monitoring to document the
equipment performance during the test.

As defined in Section 5.5, an environmental qualifi-
cation test must be performed to determine the abil-
ity of the equipment to accomplish its safety function
considering the environmental factors including age-
ing and LOCA exposure.

5.2 Strain Relief Considerations

To mitigate the effects of strain on the connections,
the use of a rigid backshell complete with cable
clamp was proposed. This backshell is to be filled
with potting to completely encapsulate the gold
brazed connections.

In order to accommodate the use of a backshell the
connector must be modified to provide a threaded
barrel.

From the EQ walkdown inspection it was noted that
many cable assemblies are required to bend at the
potting boot. For this reason a 45 degree backshell is
recommended. This would allow for easier installation
while removing a potential strain causing mechanism.

5.3 Prevention of Moisture Ingress

The mandate of the EQ program is to alleviate com-
mon mode failures of electrical equipment. One such
failure is the intrusion of moisture into RTD cable
assemblies. This may result in erroneous readings
from groups of red's located in an affected area such
as the RTD platforms during a LOCA.

As previously discussed, the hermetic seal of the
connector prevents moisture intrusion into the RTD.
To the date of testing it had not been determined if
under LOCA conditions moisture will permeate the
mated connector pair. To address this issue, in the
PLGS qualification test some connectors will be pro-
vided with a qualified heatshrink sealing the inter-
face, while the remaining assemblies will not be
sealed. The results will determine whether or not
sealing is required over the mated connector.

To prevent moisture ingress to the gold brazed con-
nections potting compound is to be used. This pot-
ting will prevent any moisture that may be forced
into the backshell along the inside of the cable jacket
and individual conductors, from inhibiting perfor-
mance by maintaining sufficient insulation resistance
between conductors and conductors to the ground.

Thread sealant is used to prevent ingress between
the backshell and threaded connector.

5.4 Cable Selection
The most difficult issue in regards to the redesign of
the cable assemblies is the selection of a replace-
ment cable for stilan. Extensive market research and
contact with other utilities has not resulted in a qual-
ified lightweight control cable with properties equal
to that of stilan.

The effects of radiation can be mitigated by the choice
of a larger diameter cable insulation, however a
method of supporting the cable must be considered.
Many utilities, including PLGS, have been using
Kapton as the selected replacement. Recent infor-
mation from a variety of sources indicates Kapton is
not suitable for use in high radiation applications. In
Ontario Hydro test B90-53-H, a LOCA simulation for
cable assemblies using Kapton insulation, the test
was discontinued when the cables failed.
Statement from Ontario Hydro test B90-53-H,
'All cables suffered from unfurling of the insulation
layers. This was caused by the deterioration of the
binding material between the insulation layers."

The most promising candidate was PEEK (poly-
etheretherketone) cable developed by ICI and manu-
factured in Canada by Harbour Industries. This cable
has properties similar to that of stilan.

An environmental qualification test was performed
for this cable insulation by Franklin Institute Research
Laboratory. Pre-ageing, irradiation, LOCA simulation
and baseline testing were performed in accordance
with IEEE 323-1974, Qualifying Class 1E Equipment
for Nuclear Power Stations. Preliminary analysis of
the test result indicate that this cable may be shown
to be qualified for use at PLGS.
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UESC produced an Environmental Qualification
Assessment that compares the level of testing to the
PLGS requirements. This assessment provided a
determination of qualification based on analysis of
existing data and provided the assurance that a test
was a low risk.

5.5 Environmental Qualification Testing

Although qualification may be established for sub-
parts of the cable assembly, it was decided to con-
duct an environmental qualification test to assure
qualification for the complete assembly. Qualification
testing was to be paid for by the manufacturer with
engineering support from NB Power EQ group.

This approach enabled the monitoring parameters
related to performance of the equipment's safety-
related function, and resulted in a conclusive state-
ment regarding qualification. For the RTD cables,
monitoring leakage current is critical to establishing
qualification. It also allowed the Manufacturer the
opportunity of demonstrating qualification to stan-
dard higher than the PLGS requirements.

The test plan was developed in accordance with
IEEE 323-1983, Qualifying Class 1E Equipment for
Nuclear Power Stations. The testing sequence was:

a) irradiation
b) thermal ageing
c) mechanical disconnect cycles
d) seismic
e) LOCA simulation

Functional testing of assemblies was conducted
throughout with inspections between each stage.

To maximise results, several different configurations
were tested simultaneously. These variations include
cable type, potting, type of backshell, the use of a
viton "O' ring between the male and female parts of
the connector, heatshrink sealing and the use of ter-
minal blocks inside the test chamber. An important
issue was the torque used to pull the two parts of
the connector together.

7.0 TIME FRAME FOR RTD CABLE
REPAIR/REPLACEMENT
1993 Outage: Complete interim repair for safety-
related red's. Possible repair for CTM cables.

Dec. 1993: Complete EQ testing. Identify qualified
design. Begin production of replacement cable
assemblies.

1994 Outage: Install replacement cable assemblies.
1994 Outage: Install replacement cable assemblies.
1997 Outage: Complete installations of replacement
cable assemblies.
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INSTRUMENT DEVICE SPECIFICATION

TITLE:

TYPE:

MANUFACTURER:

MODEL:

CONNECTOR:

CABLE AND CONNECTOR ASSEMBLY FOR RTDs

QUICK DISCONNECT, 3-WIRE. 12FT (6.10m)

KANATA ELECTRONICS SERVICES

K7666-1-203

SCN: 7191055W

Sheet f 1 of 1 Rer: 1

Spec: TS-XX-60441-22.Rev 0

Note: Supersedes SCN 718L1142
TECHNICAL REQUIREMENTS

3 PIN, WATERTIGHT, HIGH TEMPERATURE PER TS-XX-60441-20, REV1

SOCKET CODING: A - BLACK WIRE, B - WHITE WIRE, C - RED WIRE (DRAIN WIRE - BLUE)

VOLTAGE:

CABLE:

LENGTH:

ISOLATION:

10 Vdc MAX

3 CONDUCTOR, 16 AWG Cu PER TS-XX-63102-001, REV4

20 ft (INCLUDING LEADS)

iRtt.l

INSULATION RESISTANCE BETWEEN CONDUCTORS, CONDUCTORS AND SHIELD,AND
SHIELD AND CONNECTOR SHALL BE 1E9 OHMS MINIMUM

FIN CONNECTIONS: GOLD BRAZED, HERMETICALLY SEALED SOCKETS, 0.05 OHMS MAX LRCV.1

LEAD RESISTANCE: FINAL ASSEMBLY SHALL HAVE < 0.02 OHMS DEVIATION BETWEEN LEADS ARCV.1

BACKSHELL: 43 DEGREE, RIGID, POTTED, C/W CABLE STRAIN RELIEF

LEADS: 3 X 8 INCH CONDUCTORS AND 1 X 2 FOOT SHIELD DRAIN

MATERIALS AND ASSEMBLY

All materials and assembly shall conform to NB Power drawing 0087-60441-9019-001-GA-C-O. No substitution of components or
" T i n U is permitted without the expressed written consent of NB Power. In the event of any conflict or ambiguity between this
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FUEL CHANNEL IN-SERVICE INSPECTION PROGRAMS
PROGRAM DESIGN FOR MAXIMUM COST EFFECTIVENESS

Nicholas C. van den Brekel
Senior Technical Officer

Fuel Channel Inspection and Maintenance Dept.
Nuclear Technology Services Division

Ontario Hydro Nuclear

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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FUEL CHANNEL LIFE LIMITING FACTORS THAT
DICTATE FUEL CHANNEL MAINTENANCE REQUIREMENTS

P.J. Richinson\ H.W. Wong, and P.J. Ellis^

1. INTRODUCTION
CANDU® reactors have been operating for 33 years.
The Nuclear Power Demonstration (NPD) Unit start-
ed up in 1962 and the prototype of CANDU, Douglas
Point, started in 1967. The first commercial reactors,
Pickering Units 1 and 2 both went into service in
1971 closely followed by Units 3 and 4 in 1972 and
1973 respectively. Operating commercial reactor
experience represents over 10,000 pressure tubes,
not including the replaced channels in all the
Pickering A Units, and nearly 130,000 pressure tube
operating years. No pressure tube has yet operated
for its 30 year design lifetime of 210 KEFPH at 80%
capacity factor. The longest operating time for pres-
sure tubes to-date is about 120 KEFPH in Pickering
Unit 4.

Many lessons have been learned regarding pressure
tube life limiting factors from the early CANDU units
and these, together with the information obtained
from an extensive pressure tube R & D program,
have resulted in many design changes and improve-
ments in material properties, mainly from manufac-
turing route changes. Reactors built recently are
expected to achieve their 30 year design life. The
development of Periodic and In-service Inspection
programs and equipment, assessment methodolo-
gies and acceptance criteria, and the development of
maintenance tooling and procedures are enabling the
life limiting factors to be addressed in the currently
operating units.

The life limiting factors in currently operating Units
are reviewed in relation to the experience gained
from the early units, the R & D programs and the
inspection and maintenance performed to date.

2. DEGRADATION MECHANISMS
Under normal operating conditions the pressure
tubes are exposed to a very harsh operating environ-
ment in high temperature (250 to 315° C), high inter-
nal pressure (9 to 11 MPa) and high flow rate D2O
coolant. The tubes also experience a high neutron
flux of up to 3.7 *1017 n/m2/s, resulting in a lifetime

fluence of up to 3*1026 n/m2. These conditions result
in the following degradation mechanisms being
experienced by the tubes.

2.1 Creep and Growth

Thermal creep, irradiation creep and irradiation
growth, resulting from the above operating condi-
tions, results in axial elongation, diametral expansion
and wall thinning of the pressure tubes. In addition,
since the fuel channels are horizontally oriented, the
previous factors along with the weight of the fuel
and D2O coolant also results in creep sag of the
channel.

2.2 Corrosion

The internal surfaces of the pressure tube and the
stainless steel end fitting are corroded by the slight-
ly alkaline (pH10) D2O coolant. A fraction of the deu-
terium released by the corrosion process is absorbed
and retained by the pressure tube, while the deuteri-
um absorbed by the end fitting migrates through the
wall to be released either into the Annulus Gas
System or directly into the pressure tube at the rolled
joint.

2.3 In-service Damage and Wear

The initial dry fuel loading and the on-power refu-
elling of the horizontally oriented pressuretubes
results in scratching of the lower quadrant of the
tubes by the fuel bundle bearing pads. The use of
stainless steel shims during initial fuel loading, in
recent years, has eliminated the scratching at this
stage. Examination of many removed tubes has
shown that the scratches are rounded and shallow
and tests have shown that they cannot cause
Delayed Hydride Cracking (DHC) initiation under
reactor operating conditions.

The high flow rate of the coolant through the fuel
bundles causes bundle movement which results in
minor fretting of the tube wall by the bearing pads. In
reactors with a 12 bundle fuel string, experience
from the examination of removed tubes and from the
many periodic and in-service inspections performed
to date, has shown that these fret marks are shallow

1 AECL Reactor Engineering Services Department, Mississauga
2 Ontario Hydro, Reactor Engineering Services Department, Mississauga
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and are not likely to initiate DHC. In reactors with a
13 bundle fuel string, fuel bundle bearing pad fretting
in the inlet rolled joint area, particularly at the burnish
mark, has resulted in deeper fret marks. This is cov-
ered in more detail later.

The concentration of Lithium Hydroxide under some
fuel bundle bearing pads, mainly in the outlet half of
the tubes, has resulted in crevice corrosion in some
tubes. Examination of removed tubes has shown
that the pits are shallow, wide and very rounded.
These are not considered to be sites for the initiation
of DHC.

Debris can possibly come from material left in the
Primary Heat Transport System during construction/
installation, from in-service degradation of compo-
nents, or from use of unfiltered make-up water to the
PHTS. Debris which becomes entrained in the
coolant and becomes trapped in the fuel bundles or
between the bundles and the tubes can result in
debris fretting damage of both the fuel sheaths and
the pressure tubes. The fret marks in the pressure
tubes can be deep and may necessitate tube
removal, but the occurrence is random and is not
seen as a generic degradation mechanism.

2.4 Hydride Blister Formation

Vibration of the pressure tubes caused by installation
activities, such as rolling the joints.and commission-
ing and early operation, before sag of the channel
loads all the spacers, has been found to cause migra-
tion of the loose fitting spacers away from their
design locations allowing the pressure tubes to sag
into contact with their calandria tubes. If the hydro-
gen equivalent concentration at the point of contact
is above the Blister Formation Threshold (BFT) then
hydride blisters can start to form.

2.5 Material Property Degradation

Irradiation of the Zr-2.5 Nb pressure tube material
causes an increase in the yield and tensile properties
and a decrease in ductility and fracture toughness.

3 . POTENTIAL LIFE LIMITING CONCERNS
FOR CANDU PRESSURE TUBES
The following sections give a brief overview of the
potential (known) life limiting concerns resulting from
the above degradation mechanisms for CANDU pres-
sure tubes. Where appropriate the experience gained
from current and previous operating units is given.

3.1 Dimensional Changes

During reactor operation, the conditions of tempera-
ture, stress and neutron flux change the dimensions

of the pressure tubes. Irradiation and thermally
induced deformation of fuel channel components will
eventually limit fuel channel life. The following inter-
related dimensional changes occur in pressure tubes
during normal reactor operation:

• axial elongation
• diametral expansion
• wall thinning
• sag

3.1.1 Axial Elongation

Pressure tube axial elongation due to irradiation can
become a life limiting factor if the bearing length pro-
vided by the design is not sufficient to accommodate
the projected axial elongation for the design life.
Also, life is limited if theelongation rates between
neighbouring channels are sufficiently different that
interference between feeders occurs or fuelling
machine access is no longer possible.

In the early units the extent of pressure tube axial
elongation experienced was not fully anticipated in
the design and therefore the Pickering A Units and
Bruce A Units 1 to 3 were designed with insufficient
bearing travel to accommodate the currently project-
ed axial elongation for the 30 year design life. The
Pickering A Units have already been retubed (insuffi-
cient bearing travel being one of the reasons for
Units 3 and 4). For Bruce A Units 1 to 3, remedial
actions to allow operation after the bearing travel is
used up include west shift, REFAB (operation with
channels repositioned beyond the supporting bearing
sleeves), limited defuelling and/or retubing of select-
ed channels. Maintenance strategies currently
involve measurement and calculation of the elonga-
tion rate of each channel to determine when remedi-
al action is required.

All units since Bruce 3 were designed with at least
153 mm of bearing travel which, based on the extrap-
olation of current data, should allow the channels to
reach the end of their design life ( 210 KEFPH) with-
out exceeding their design bearing travel. These units
will be required to perform a reconfiguration at about
half life to free the fixed end and lock the free end in
order to allow the full bearing travel at each end of
the fuel channel to be used. Maintenance strategies
for these units involve pressure tube elongation mon-
itoring of all channels to provide the required data to
plan the correct timing for reconfiguration.

3.1.2 Diametral Expansion and Wall Thinning

The design of fuel channels has taken into consider-
ation the following factors related to pressure tube
diametral increase and wall thinning:
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• Stress rupture
• Creep ductility
• Flow by-pass
• Spacer nip-up

Operating pressure tubes have been analysed for up
to 5.4% diametral increase and 0.368 mm wall thin-
ning. Based on in-reactor measurements the project-
ed diametral increase and wall thinning are not
expected to exceed the design values and are not,
therefore, expected to be life limiting. However,
between 2 to 4% diametral expansion, coolant flow
bypass needs to be addressed. Possible remedial
actions include improvements in modelling, redesign
of the fuel to increase turbulent flow around the bun-
dles, and limited derating.

3.1.3 Sag

The consequences of pressure tube sag during reac-
tor operation have been assessed to address; pres-
sure tube to calandria tube contact, calandria tube to
LISS nozzle contact and fuel bundle passage and
pressure tube replacement.

Pressure tube to calandria tube contact is addressed
under the Tolerance to Hydride Blisters section
below.

Calandria tube to LISS nozzle contact is not an imme-
diate concern. Recent measurements on one of the
lead units indicates that contact will occur much later
in life than previously predicted. Additional measure-
ments will be carried out in a few years to determine
when or whether LISS nozzle replacement/ reposi-
tioning could be required.

Fuel bundle passage limitations due to curvature are
not predicted to be of any concern during the design
lifetime.

Pressure tube replacement in a sagged calandria
tube is currently limited. Improved tooling is required
for single channel replacements late in life, unless
the calandria tube is also replaced at that time.

3.2 Deuterium Ingress
Deuterium ingress occurs primarily as a result of the
corrosion of the Zr alloy pressure tube material by
the D2O coolant;

Zr + 2D2O = ZrO2 + 2D2

with some of the deuterium released being absorbed
by the Zr alloy. Corrosion in Zr alloys follows the clas-
sical three stages shown by many materials of a
rapid primary stage until a protective oxide is formed
followed by a stable secondary stage during which
the oxide growth, and deuterium ingress.is almost
constant. Eventually the oxide reaches a thickness
where, due to a number of factors, it cracks or spalls

and becomes unprotective. This is the tertiary stage.
Zircaloy 2, which was used for the pressure tubes in
NPD, Douglas Point and Pickering Units 1 and 2,
exhibited tertiary corrosion at about 100 KEFPH. NPD
and Douglas Point were shut down and Pickering 1
and 2 were retubed in 1985. The Zr-2.5 Nb alloy
selected to replace Zr-2 in Pickering Units 1 and 2,
and for all pressure tubes since, has a much lower
corrosion rate than Zr-2 and an even lower deuterium
ingress rate.

A scraping tool was developed as a means of taking
small samples from the inside surface of in-service
pressure tubes to monitor deuterium ingress.
Scraping, together with the analysis of punched sam-
ples from removed surveillance tubes, has been
used to gather a database on the deuterium ingress
rate in reactor. An extensive R & D program, includ-
ing specimens in carrier bundles in power reactors
and in fast flux research reactors, has been in
progress for many years to develop an understanding
of the mechanisms involved and reasons for variability.

The CAN/CSA Standard N285.4-94 requires deuteri-
um ingress monitoring on lead power plant units and
this is presently done using scraping.

Deuterium ingress mechanisms and rates are differ-
ent for the body-of-tube and rolled-joint regions.
These will be discussed separately below.

3.2.1 Deuterium Ingress in Rolled Joints

The rolled joints experience a much higher ingress
rate than the body of the tube because of the addi-
tional ingress routes provided by the end fitting. This
results in rolled joints reaching a hydrogen equivalent
(Heq) concentration ( = initial hydrogen + deuteri-
um/2) above the Terminal Solid Solubility
(Dissolution) (TSSD) at operating temperature during
the design lifetime. As a result, rolled joint flaws
capable of having flaw tip stresses exceeding the
threshold for Delayed Hydride Cracking (DHC) initia-
tion could accumulate hydrides, during cooldown
cycles, and eventually initiate DHC. Rolled joint deu-
terium ingress data is currently based on the analy-
ses of removed tubes. A method for scrape sampling
in the rolled joint area is in the process of being
developed.

3.2.2 Deuterium Ingress in the Body of the Tube

Deuterium ingress in the body of the tube is depen-
dant on the operating temperature and therefore
increases along the tube from inlet to outlet. Ingress
is monitored by scraping and by analysis of punched
coupons from removed tubes. The ingress rate is
currently modelled as an Arrhenius relationship with
temperature.
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Repeat scrapes are planned to be taken from lead
units to confirm that ingress rates remain low and
constant. Assuming constant rates to the end of
design life, the Heq will not exceed TSSD in the body
of the tube at operating temperature.

3.2.3 Tolerance to Hydride Blisters
Spacer movement in older units, which results in
pressure tube to calandria tube contact, can lead to
hydride blister formation and growth if the Heq at the
contact location exceeds the blister formation
threshold (BFT). The current operational approach
with respect to blisters is that tubes will not know-
ingly be operated in contact if they are predicted to
be at or above the BFT at sustained operating condi-
tions. Maintenance, using the SLAR tool to locate the
spacers and relocate them, if necessary, is carried
out before the Heq is predicted to reach BFT. Core
assessments are carried out to establish the priority
of channels to be SLARed during maintenance out-
ages. Tubes for which spacer locations are not
known are assumed to be in contact at the worst
location. The upper bound of the deuterium ingress
model, which is based on scrape data, is used along
with a realistic value for the initial hydrogen.
During some short duration thermal conditions
below normal operating power levels it is possible for
the BFT to be exceeded from very early in the reac-
tor life. This occurs at zero power hot (ZPH) and
reduced power hot hold conditions. Operation under
such conditions in contact regions will lead to hydride
accumulations in contact regions and hence blister
growth. These hydride accumulations do not dis-
solve when the unit is returned to power since the
bulk Heq concentration is above TSSD. Pressure
boundary integrity is demonstrated by ensuring that
the accumulated equivalent blister depth does not
exceed an allowable depth. Operating guidelines are
defined to ensure that the accumulated operating
time spent at conditions where blister growth could
occur is less than that required to grow an allowable
sized blister.

Details on the SLAR tool and delivery systems are
being presented in other papers at this conference.
Most units installed with loose-fit spacers have
either recently performed spacer repositioning or
have outages scheduled for the near future.

The SLARON model used during the repositioning
process ensures that with 3 or 4 spacers located in
close to design positions no contact will occur before
the end of design life.

From Bruce Unit 8 on, all units have tight-fitting
Inconel X750 spacers that do not move in service.

3.3 In-service Wear

As has been indicated earlier, fuel bundle bearing pad
scratches, crevice corrosion under bearing pads, and
fuel bundle bearing pad fretting in units having 12
fuel bundle strings, have been shown by experience
gained from examination of removed tubes and from
periodic and in-service inspection programs to be
blunt and shallow and therefore not susceptible to
DHC. These are therefore not life limiting concerns.

3.3.1 Debris Fretting

Debris fretting has been shown to occur, primarily,
early in operating life and to be random in occur-
rence. Occasional pressure tube replacement may
be required but debris fretting is not a generic life
limiting concern.

3.32 Rolled Joint Bearing Pad Fretting

In reactors with 13 bundle fuel strings the thirteenth
bundle in a new fuel channel is positioned half out of
core with the outboard bearing pads located in the
rolled joint region. With axial elongation of the pres-
sure tube the relative position of the bearing pads
moves inboard until eventually they are located on
the rolled joint burnish mark. In this position the fuel
bundle is not fully supported and vibration and rock-
ing due to the turbulent flow at the inlet can result in
much more severe fretting in the rolled joint region
than occurs with other bundles. The fretting at the
burnish mark is also of more concern because;

• residual stresses from rolling the joint are highest
close to the burnish mark

• the Heq concentration at the burnish mark can
reach TSSD after a limited number of years opera-
tion, making the flaws susceptible to DHC.

The following design changes and maintenance pro-
grams are in progress to mitigate or prevent further
fretting;

• installation of flow straightening shield plugs to
reduce fuel element vibration and bundle rocking
due to turbulent flow.

• phased use of longer fuel bundles through a fuel
bundle management program to ensure that bear-
ing pads are not located on the rolled joint burnish
mark.

• fuelling with the flow (FWF) which results in hav-
ing new (unirradiated) fuel at the inlet end burnish
mark.

The existing flaws are evaluated using both NDE
and replication techniques to establish depth and
root radii. Extensive research and test programs are
providing information for use in these assessments.
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A procedure for blending out the flaws by scraping
or grinding is also in the process of qualification.

3.4 Material Properties

Neutron irradiation of the Zr-2.5Nb pressure tube
material causes hardening of the matrix by the cre-
ation of vacancies which block dislocation move-
ment. This results in an increase in yield and tensile
strengths and DHC velocity and a decrease in ductil-
ity and fracture toughness. The extent of these
changes varies along the length of the tube, from
inlet to outlet, because, at higher operating tempera-
tures, both some recovery of the irradiation damage
occurs and changes in the microstructure occur.

The irradiation damage saturates relatively early in
reactor operating life, at between 1 and 3*1025 n/m2,
which represents between about 0.5 to 2 years oper-
ation, depending on the location of the tube in the
core and on the reactor. After saturation the rate of
change is negligible. On-going testing in fast flux
research reactors will, in a few years time, provide
information on the effect of end-of-life fluence on
material properties. Tests, as required by CSA
N285.4-94, on tubes removed from the lead CANDU
unit, will demonstrate whether the research data is
applicable to the operating reactors and whether any
further changes in material properties are to be
expected before the end of design life.

3.5 Delayed Hydride Cracking (DHC)

Zirconium alloys are susceptible to the DHC mecha-
nism of flaw growth if the Heq concentration at the
flaw is high enough, either at operating conditions or
during a series of cooldown cycles, to accumulate
hydrides large enough to crack, and if the stresses at
the flaw tip are large enough to crack the hydride.

DHC was experienced in some of the Pickering Units
3 and 4 rolled joints in 1974/75 and in Bruce Units 1
and 2 rolled joints in 1982/83. The rolled joints in
these units were a clearance fit before rolling and
had been incorrectly rolled. The combination resulted
in very high residualtensile stresses in the burnish
mark region. As a result of the investigation of the

cracking incident low clearance and zero clearance
rolled joints were developed. Since the introduction
of this design change and the use of a more stringent
rolling procedure no further DHC has been experi-
enced in CANDU units.

Assessments of any flaws exceeding the CSA accep-
tance standards detected in a pressure tube during
periodic or in-service inspections are required to
show that DHC initiation will not occur. In addition, if
the Heq is predicted to be close to TSSD, it is postu-
lated that DHC initiation can occur and a leak-before-
break assessment is also performed. These assess-
ments use currently available saturated material
property values. Based on current understanding of
the mechanisms involved further changes in materi-
al properties are not expected.

4. CONCLUSIONS
Operation of the early CANDUs identified most of
the life limiting factors for pressure tubes and result-
ed in many design changes;

• Zr-2.5Nb tubes
• low and zero clearance rolled joints
• 4 spacers
• tight fitting spacers
• increased bearing length

The development of a successful SLAR maintenance
procedure is allowing the hydride blister concern to
be addressed in units with loose fitting spacers and
the design change to tight fitting spacers has elimi-
nated this factor in the newer units.

The continuing potential life limiting concerns of
dimensional changes, deuterium ingress and DHC
can be carefully monitored through the periodic and
in-service inspections of the operating units and the
on-going research programs.

For CANDU units currently under construction, or
planned, the above design changes and the improve-
ments made in pressure tube material properties are
expected to ensure that the tubes will achieve their
design lifetimes.
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ABSTRACT
Periodic inspection of fuel channels is essential for a
proper assessment of the structural integrity of these
vital components of the reactor.

The development of wet channel technologies for
non-destructive examination (NDE) of pressure tubes
and the high technical performance and reliability of
the CIGAR equipment have led, in less than 10 years,
to the accumulation of a very significant volume of
data concerning the flaw mechanisms and structural
behaviour of the CANDU fuel channels.
On this basis, a new form of the CAN/CSA-N285.4
Standard for Periodic Inspection of CANDU Nuclear
Power Plant components was elaborated, introducing
new concepts and requirements, in accord with the
powerful NDE methods now available. This paper pre-
sents these concepts and requirements, and discuss-
es the NDE methods, presently used or under devel-
opment, to satisfy these requirements.

Specific features regarding the fuel channel inspec-
tions of Cernavoda NGS Unit 1 are also discussed.

1.0 INTRODUCTION
Fuel channels are a key component of the Candu reac-
tors, and inspection programs play an important role in
minimizing their impact on overall reactor incapability.
Periodic inspections are performed to ensure that no
unacceptable degradation in component quality is
occurring, and that the probability of failure remains
acceptably low for the life of the plant. In addition, in-
service inspections are performed to monitor the
integrity of pressure tubes which are judged to be at
higher than average risk due to known causes such as
manufacturing flaws, fabrication variances, and com-
missioning, operation or maintenance-induced dam-
age. The objectives of both inspection programs are
met through the application of a comprehensive
inspection Standard, combined with the right equip-

ment, procedures and personnel.(1,2)

The Canadian Standard which governs the periodic
inspection of CANDU NPP components is
CAN/CSA-N285.4, with Section 12 being dedicated to
the inspection of fuel channel pressure tubes.
Through its application, shortcomings were identified
in the initial standard (published in 1983), which led to
the development of the second edition (CSA-N285.4-
94), published in 1994. The 1994 edition reflects the
improved understanding of flaw mechanisms and
structural behaviour of the pressure tubes gained over
the last 10 years.

This paper highlights the limitations of the 1983 edi-
tion of CSA-N285.4, and discusses the major changes
introduced in the 1994 edition. Also, because this
Standard is closely related to the wet inspection tech-
nologies, the paper shows how the current methods
of fuel channels inspections, specifically the
non-destructive examination capability of the CIGAR
equipment, comply with the requirements of the
revised CSA standard. Finally, specific features
regarding the fuel channel inspections of Cernavoda
NGS Unit 1 are discussed.

2.0 EVOLUTION OF BASIC CONCEPTS OF
CAN/CSA-N285.4
The practical application of the M83 edition of
CAN/CSA-N285.4 standard identified the following
limitations and difficulties with regards to fuel chan-
nels periodic inspections:(3,4)

• it did not address all known and postulated degra-
dation mechanisms,

• it did not properly define all inspection require-
ments and acceptance criteria, leaving some rules
to be negotiated with the Regulatory Authority, and

• it only allowed for conservative non-destructive
examination acceptance criteria.
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The 1994 edition was developed to address the limi-
tations of the previous Standard. It is based on the
identification of the main fuel channel integrity con-
cerns, and on defining the inspections required to
address them. The main integrity concerns are:(3,4)

(1) Service induced flaws (fuel bundle scratching,
bearing pad fretting, debris fretting).

(2) Creep ductility, irradiation growth, and stress rup-
ture (with consequences on the dimensional sta-
bility).

(3) Blister formation (at points of pressure tube to
calandria tube contact).

(4) Degradation of material properties (reduced frac-
ture toughness, increased hydrogen/deuterium
content, increased delayed hydride cracking
velocity).

The inspections required to monitor these degrada-
tion mechanisms are summarized in Table 1.

Comparison between the 1983 and 1994 editions of
the Standard identifies several key areas of change,
which are discussed below.

(a) Replacement of Inaugural Inspection with
Baseline Inspection

In the 1983 edition, the inaugural inspection was to
be performed pre-service. It has been shown that the
rate of change in pressure tube physical dimensions
is much higher in early life. Therefore, growth rates
can be greatly overestimated if pre-service inspec-
tion data is used as the first reference point. (3,4) For
this reason, the 1994 edition replaces the pre-service
inaugural inspection with a baseline inspection, to be
performed between one and three years after start
up, a time at which the growth rate should have lev-
elled off. The baseline sample size has also been
reduced for the Station Lead Unit, as well as for sub-
sequent Units.

(b) Increased Inspection Frequency for Station
Lead Unit

For the Station Lead Unit, defined as the unit with
the greatest EFPH (Equivalent Full Power Hours), the
frequency of Periodic Inspections has been
increased from every 10 years to every 6 years.

(c) Acceptance by Analysis

A new essential concept of the 1994 edition is the
possibility for acceptance by analysis. Thus, indica-
tions or dimensional conditions which do not comply
with the acceptance criteria shall be acceptable, pro-
vided that it has been demonstrated that:

• The integrity of the fuel channel is still adequate,
and

• The predicted deterioration will not seriously
reduce the integrity of the fuel channel before
the next scheduled periodic inspection.

A logic diagram of the inspection data evaluation
process in accordance with the 1994 edition, is pre-
sented in Figure 1 .(4

(d) Material Surveillance Requirements

A major new requirement of the 1994 edition is that
of pressure tubes material surveillance. This involves
periodic measurements of

• Hydrogen isotope concentration,

• Fracture toughness, and

• Delayed hydride cracking velocity.

All three of these measurements are required for the
CANDU Lead Unit (defined as the CANDU unit with
greatest average fast neutron fluence). For the
Station Lead Units, only the measurement of the
hydrogen isotope concentration is required. The
methods for performing these measurements (i.e.
destructive, or non-destructive testing) are not spec-
ified, although reliable non-destructive methods obvi-
ously offer significant advantages.

(e) Definition of Volumetric and Dimensional
Inspection Requirements

The 1994 edition better defines the specific require-
ments for volumetric and dimensional inspections, in
some cases stipulating the method(s) to be used.
These requirements are:

• Examination of the full volume of the pressure
tube, including the rolled joint regions, to be per-
formed using ultrasonic methods, utilizing longi-
tudinal and shear wave technique. (This is a very
clear statement, unlike the M83 requirement of
"full length volumetric inspection" which has led
to contradictory interpretations as to the validity
of eddy current as a true volumetric examination.)

• Determination of the pressure tube to calandria
tube gap. Gap can be measured directly (eg, by
eddy current), or calculated using garter spring
location and pressure tube deflection (sag).

• Measurement of pressure tube internal diameter
and wall thickness.

• Determination of the fuel channels positions on
its bearings (achieved through pressure tube
elongation measurement).

• Requirements for reference specimens covering
the full range of expected results for the volu-
metric and dimensional inspections performed.
These reference specimens are to be used for
equipment calibration, as well as to verify the
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performance and accuracy of the equipment and
techniques used to perform the inspections.

All the volumetric and dimensional inspection
requirements specified in the 1994 edition of CSA
N285.4 can be fully met using the wet inspection
technologies provided by the CIGAR equipment.

3 . CIGAR NON-DESTRUCITVE
EXAMINATION CAPABILITY
CIGAR (Channel Inspection and Gauging Apparatus
for Reactors) is the main system used to perform the
volumetric and dimensional inspections of pressure
tubes to meet the requirements of the Periodic
Inspection Program. It can also be quickly adapted
for specific NDE requirements of In-service
Inspections. CIGAR is able to access the full length
of the pressure tubes, with 360 degrees of rotary
coverage. The present main NDE capabilities of the
CIGAR system are described below.

Garter Spring location: Garter springs are detected
by inducing an electrical current in the spring's girdle
wire with an eddy current coil, and detecting this cur-
rent with another coil. In reactors with overlapped (as
opposed to welded) girdle wires, oxidation can
impede the current flow after a few years of opera-
tion, reducing the system's ability to detect garter
springs.

Sag Measurement System: The sag measurement
system uses an accelerometer which produces a
voltage output proportional to the slope angle. By
integrating the slope over the length of the pressure
tube and correcting for the end-fitting supports, a sag
profile can be generated. The radius of curvature can
also be calculated to assist in finding the inflection
points caused by garter springs.

Diametral Gauging: Diametral gauging measures
pressure tube inside diameter and wall thickness,
both of which are now required under CSA N285.4-
94. The output displays diametral variations and wall
thickness changes over the axial length of the pres-
sure tube. Software has also been developed to gen-
erate long-term trending predictions from compari-
son of repeat gauging inspections.

Volumetric Flaw Detection: The ultrasonic system
uses three electronic timing gates, respectively cen-
tered on the interface (ID-boundary), half skip (OD),
and full skip (ID) of the pressure tube, to inspect the
full volume of the tube, as required under CSA
N285.4-94. Ultrasonic scanning of the outside sur-
face is also helpful in identifying evidence of pres-
sure tube to calandria tube contact, which can be
useful when garter spring oxidation reduces its

detectability with conventional eddy current tech-
niques. The flaw detection system is calibrated using
a portable fuel channel mock-up, which contains axial
and circumferential notches machined on the inside
and outside of the tube, as required under the per-
formance demonstration requirements of CSA
N285.4-94.

Wet Channel Replication: Wet replication is a recent
addition to the available inspection techniques. The
purpose of replication is to obtain root radius informa-
tion for flaw assessment purposes. A rubber com-
pound is used to get an impression of the flaw being
investigated. The mould is then scanned using an
Optical profilometry technique to generate a three-
dimensional image of its contours. From this image,
root radius information, which is critical in assessing
the integrity of the flaw, can be extracted.

Underwater CCTV: An underwater closed circuit
television (CCTV) camera has also been adapted to
the CIGAR system. A forward looking or 90 degree-
angled camera can be used to view components in
the end-fitting assembly or the pressure tube.

In addition to the present capability, new NDE tech-
niques are also being developed. Some of them are
discussed below.

Pressure tube to calandria tube Gap measure-
ment: Another specific requirement of CSAN285.5-
94 is the determination of pressure tube to calandria
tube gap. While this value can be calculated from
garter spring locations using creep design equations,
a direct method is preferred. An eddy current gap
measurement method, used in combination with the
existing gauging ultrasonic system, is being field test-
ed, and is expected to be in service in 1996.
Ultrasonic Garter Spring Detection: A specialized
probe has been developed to detect garter springs
by searching for the low amplitude, repetitive signal
of the spring's helical wire. This system has been
successfully tested in-reactor during recent CIGAR
campaigns.

Wet Eddy Current Flaw detection: Designed to
complement ultrasonic, this capability will assist in
sizing the depth of ID flaws.

OPIT (Optical Profilometry Inspection Technique):
Similar to the replica scanner, this module shines a
thin beam of light over an in-channel flaw and digitizes
its contour, producing a three-dimensional image. A
prototype of this system was successfully field-test-
ed during a PIPE campaign in 1995. It is anticipated
that OPIT will eventually replace rubber replication as
the means of obtaining root radius information

Hydride Measurement using Ultrasonics: This
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module, under development by Ontario Hydro
Technologies, uses the change in velocity of sound
in the pressure tube to measure hydride levels.
Specialized line-focused probes have been tested in-
reactor during recent campaigns to gather empirical
data on the process.

Pressure Tube Scrape Sampling: A CIGAR-deliv-
ered version of the wet scrape sampling tool is cur-
rently being developed by AECL.

The CIGAR system has successfully inspected over
700 channels, 75 of which under the Periodic
Inspection Program, during the last ten years. During
this period, significant improvements have been
made in the quality of NDE information, while main-
taining low levels of employee radiation dose. This
high standard of NDE has become a benchmark,
meeting or exceeding the requirements of CSA
N285.4-94.

4. SPECIFIC FEATURES REGARDING FUEL
CHANNEL INSPECTIONS AT CERNAVODA
NGS UNIT 1
Cernavoda NGS Unit 1 is a CANDU-6 type reactor. Its
pressure tubes were manufactured by CHASE
NUCLEAR LTD./NUTECH (extrusion and hone) and
BRISTOL AEROSPACE (final stage, including auto-
claving), in accordance with the TS-XX-31110-5 tech-
nical specification.(5) Specific features regarding the
as-received properties of Cernavoda Unit 1 pressure
tubes include:

• The minimum values of the wall thickness are
very close to the minimum admissible value
(0.160", or 4.064 mm). This will impose rigorous
monitoring of the corrosion process, as well as
accurate wall thickness measurements during
periodic inspections.

• The initial hydrogen content is between 5 ppm
and 17 ppm, the maximum permissible value
being 25 ppm.'5' As it is known, the hydrogen
Terminal Solid Solubility (TSS) is around 33 ppm
in the Inlet rolled joint area, and around 70 ppm
in the Outlet rolled joint area. Assuming a hydro-
gen absorption rate of around 1 ppm/Vear, TSS
could be reached within approximately 16 years.
This means that a rigorous monitoring of the
hydrogen/deuterium content at the rolled joints
(preferably by a non-destructive method), as
well as high-resolution ultrasonic scanning of
these areas, will be required during periodic
inspections. It should be noted that the new
manufacturing specifications, applied after
1993, provide for a maximum admissible hydro-
gen content of 5 ppm

From the point of view of the structural integrity, the
most important feature regarding the pressure tubes
installed at Cernavoda Unit 1 is the fact that they have
not been inspected by eddy current before reactor
start-up. Table 2, summarizing the types of pressure
tube inspections performed for all CANDU-6 units,
shows that Cernavoda Unit 1 is the only unit which
was not subjected to this type of inspection.*©

It is well known that ultrasonic and eddy current
examinations are complementary. The eddy current
flaw signals are much less dependent on the flaw
shape and orientation than the ultrasonic signals. On
the other hand, the sensitivity of the eddy current
examination decrease exponentially with the depth
and, therefore, it is maximum for surface or near-sur-
face defects, where the correlation between ultra-
sonic amplitude and defect size is limited.!7'

The eddy current examination performed in the final
stage of the manufacturing process is very impor-
tant, especially for detecting lamination-type flaws
(long axial defects at internal tube surface, at a small
angle with the surface) i8' Such flaws, although rare
in occurrence, could result in a pressure tube rup-
ture. For this reasons, in order to replace, to a certain
extent, the eddy current examination, the offcuts of
all Cernavoda Unit 1 pressure tubes manufactured
from the top or bottom of ingots were examined
using a special metallographic technique.®' No evi-
dence of lamination-type flaws was observed.

However, we consider that the offcuts must also be
examined by high frequency ultrasonic and eddy cur-
rent imaging techniques <10> These very high resolu-
tion examinations should be performed for all offcut
samples from Cernavoda Unit 1, not only for a limit-
ed number of samples, as was the case for the labo-
rious metallographic technique.'11'

Also, for the reasons discussed above, it is very
important that the pressure tubes to be installed in
Cernavoda Unit 2 be examining by eddy current
before their installation.'11'

An other important feature of the fuel channels from
the Cernavoda Unit 1 is the use of the snug type of
garter springs (INCONEL X750).n2) The girdle wire of
these garter springs is overlapped, not welded. For
this reason, the very low eddy current signal-to-noise
ratio makes detection of this type of spring very dif-
ficult. Therefore, in the case of Cernavoda Unit 1, the
pressure tube to calandria tube gap may have to be
measured directly during baseline and periodic
inspections. The inspection equipment used should
also have the capability to locate garter springs, since
the signal-to-noise ratio may be sufficient high for
good detection.'13'
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It is interesting to note that, after their installation, all
garter springs in Cernavoda Unit 1 were located by
the conventional eddy current method.'141 During
these eddy current measurements, very large
defect-like signals were observed in areas of some
channels, mainly E10, G2, G13, K14, N16, 019, and
P14. From these, only the signals observed in chan-
nel 019 may be correlated with a heavy scratch on
the pressure tube's outside surface (this scratch was
later removed by careful polishing). The pressure
tube from channel N16, which produced the largest
signal, was removed and examined with ultrasonics
and radiography. No evidence of structural disconti-
nuities were observed, and it was concluded was
that the defect-like signals were due to localized
resistivity bands created by an enriched oxygen con-
tent. (8) It was also observed that the vertical reactiv-
ity mechanisms produce garter spring-like signals.
However, these signals can be discriminated by
phase analysis.*15>

It should be emphasized that these and other similar
signals will also be present during the baseline and
periodic inspections. For this reason, determination
of ultrasonic and eddy current signature maps of the
fuel channels before reactor start-up can prove very
useful for future interpretation of ambiguous signals.

In December 1994, an accord between RENEL,
CNCAN and ISCIR was established for Unit 1, regard-
ing the replacement of the inaugural inspection of
the fuel channels, as per CSA N-285.4-M83, with a
baseline inspection, to be performed within a two
year period commencing after 7,000 EFPH of opera-
tion, as per the requirements of the 1994 revision of
CSA N-285.4. This baseline inspection will be per-
formed on 14 fuel channels as established by the
AECL-ANSALDO Consortium.(16) This accord also
stipulates that the inspection procedures will be elab-
orated in accordance with the most recent edition of
the periodic inspection standard, which now means
the 1994 edition.

5. CONCLUSIONS
The 1994 edition of the CAN/CSA-N285.4 periodic
inspection standard is based on the identification of
the main fuel channel integrity concerns, and on
defining the inspections required to address them.
This new conceptual basis reflect the significant
increase in knowledge in the field of pressure tubes
behaviour and material properties due, in a great
measure, to the use of wet channel inspection tech-
nologies with high sensitivity ultrasonic examination
methods. All inspection requirements of the 1994
edition of the standard can be met using the wet

inspection technologies provided by CIGAR-type
equipment.

With regards to fuel channels inspections at
Cernavoda NGS Unit 1, the inaugural inspection as
per the 1983 edition of CSA N285.4 will be replaced
with a baseline inspection, in accordance with the
1994 edition. Because the pressure tubes of the
Cernavoda Unit 1 were not inspected by eddy cur-
rent before start-up, it is necessary that the pressure
tube offcuts from this Unit be examined by high fre-
quency ultrasonic and eddy current imaging tech-
niques, mainly for pressure tubes manufactured
from top or bottom of ingots. It is also very important
that the pressure tubes to be used in Cernavoda Unit
2 be examined along their full length by eddy current
before their installation.
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Dr. George Field, Manager of the Fuel Channels
Engineering Department from AECL CANDU-
Mississauga. Also, he wishes to thank the INTER-
NATIONAL ATOMIC ENERGY AGENCY, Vienna, for
their financial support.
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Table 1
Fuel Channel Periodic Inspection Reauirements

Volumetric examination

Wall thickness and internal diameter
measurement

Pressure tube elongation measurement

Pressure tube to calandria tube gap
determination

Material surveillance

INTEGRITY CONCERN

Service-Induced
Flaws

•

#

Creep Duotffity/
Stress Rupture

*

#

•

Blister
Formation

•

•

Material
Property

Degradation

•

Table 2
CANDU-6 FUEL CHANNEL INSPECTION HISTORY l6-91

INSPECTION PURPOSE

To verify ahaenris of
significant defects

To delect defects thst
could be mieead by UT

To detect defects that
could be missed by UT

Rainspection of suspect
regions identified by ET

Verify presence end
location of gsner springs

Look for evidence of Lap-type Raws
lin top k bottom of ingot tubes only)

Compliance with CSA-N286.4-M78,
to provide baseline information
for future inspections

Compliance with CSA-N286.4-M83.
to verify there is no generic
degradation

Subsequent Periodic end
IrvService Inspections

TYPE OF
INSPECTION

Manufacturing

Manufacturing

• *.

Pre-esrvica

Pre-esrvioe
GS Location

Poet-
Installation

Inaugural

First Periodic
Inspection

1988

1887

1888

1889

1980

1981

1892

1983

1894

TfCHNJQUE/
METHOD

Full length UT

Furl length ET
on OD & ID

Full length ET
on ID

Selected area
UT

ET

Metallography

UT

Rolled joint ET

Full length ET

Surface
roughness

gauging

CIGAR

•Ory Charmer

OS Location
byET

CIGAR

CIGAR

CIGAR

CIGAR

CIGAR

CIGAR

NUMBER Of CHANNELS INSPECTCP

t£Pft£AU

380

380

2

All

Aa

14

14

14

14

6

2

9

1 (UT. ED

3

CENTIUY 2

380

380

All

All

14

14

14

6

a

27 (CIGAR)

4

WOLSIMO 1

380

380

1

14

14

14

E

6 (CIGAR)

19

14

EMBAJ.SE

380

380

2

All

14

14

14

14

11

CERNAVOOA

380

380

All (28)

W0LSUN02

380

380

380
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TRANSMIT-RECEIVE EDDY CURRENT PROBES FOR DEFECT
DETECTION AND SIZING IN STEAM GENERATOR TUBES

L.S. Obrutsky, T. Harasym, V.S. Cecco and S.P. Sullivan

I. INTRODUCTION
Inspection of steam generator (SG) tubes in aging
Nuclear Generating Stations is increasingly impor-
tant. Defect detection and sizing, especially in defect
prone areas such as the tubesheet, support plates
and U-bend regions, are required to assess the fit-
ness for service of the SG. Information about defect
morphology is required to address operational
integrity issues, i.e., risk of tube rupture, number of
tubes at risk, consequential leakage.

In 1991 Bruce Nuclear Generating Station A (BNGS-
A) was shut down because of SG tube failures due to
circumferential stress-corrosion cracking (SCO at the
40° hot leg "U-bend support plate. Eddy current
inspection was performed using the best commer-
cially available technology at that time which used
pancake impedance coil probes. It was demonstrat-
ed that impedance probes were unable to detect any
cracks except some that had propagated 100%
through the tube wall1.

To address this problem AECL developed a new
probe specifically designed for detecting circumfer-
ential SCC.

This probe, denoted as C3, is a transmit-receive (T/R)
multi-coil array probe with four or eight T/R units .
Since the first field trial on 1000 tubes, it has been
used routinely to inspect SG tubes at four CANDU
plants for detection and sizing of SCC . The probe
was able to detect cracks as shallow as 40% deep1.

Recently, a new T/R probe was designed to address
the need of detecting circumferential and axial cracks
simultaneously. The C5 incorporates T/R array probe
technology with equal sensitivity to both type of
cracks and a bobbin probe for historical comparison.

T/R array probes with up to 24 T/R units have been
used to inspect 12.9 to 22.2 mm diameter tubing for
external as well as internal SCC in CANDU and PWR
steam generators.

This paper discusses the operating principles of T/R
eddy current probes. It describes field experiences
with detection and sizing of SCC with the C3 probe.
Additionally, it explains the features of a C5 probe
and its applications.

2 . BACKGROUND INFORMATION
Detection of circumferential cracks is one of the
most challenging aspects of eddy current tube
inspection. Bobbin type probes have very low sensi-
tivity to circumferential cracks, because the eddy cur-
rents flow parallel to the circumferential coil wind-
ings, and do not interact with circumferential cracks2.

The usual solution is to use rotating pancake probes
(MRPC) or probes consisting of an array of small pan-
cake coils. These probes are usually composed of
impedance coils that have good sensitivity to internal
circumferential cracks. However, they have low sen-
sitivity to external defects, and they generate large
lift-off noise that complicate signal analysis and
reduce sensitivity23. These probes are normally
spring loaded to minimize lift-off effects but that in
turn makes them prone to mechanical failure.

Research at Chalk River Laboratories, established
that T/R probes have much lower sensitivity to lift- -
off noise than impedance probes. Computer simula-
tions4-5 of small defect signals and lift-off for imped-
ance and a T/R probes are compared in Figure 1. For
the same defect, signal-to-noise with a T/R probe can
be 5 to 10 times that of an impedance probe.

3 . PROBE CHARACTERISTICS

3.1 Probe Features
The C3 probe is a differential multi-coil T/R probe.
Figure 2a shows a C3 probe with eight sets of T/R
coil units operating at four multiplexed frequencies.
Unlike a 6x1 or 8x1 spring loaded surface probe it has
no moving parts permitting single pass inspections
as fast as bobbin type probes. The eight T/R units are
contained in two separate bodies. Each probe body is
encased in a metallic sleeve, with centering guides.
The probe bodies are physically separated by a sec-
tion of flexible cable, because a single solid body
would be too long to go around tight U-bends. This is
a robust design but still flexible enough for it to pass
around U-bends as small as 150 mm radius without
difficulty.

To obtain eight T/R units, the transmit coils adjacent
to either side of the receive coil pair are active at dif-
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ferent multiplexed times. This allows each receive
coil pair to detect a signal from one transmit coil at a
time1. This results in eight separated windows of
sensitivity.

Computer modelling and laboratory tests have
demonstrated that probe sensitivity is maximum
between transmit and receive coils and drops to zero
at the centre of the coils4-5. Circumferential coverage
of each probe body (coil array) can be represented by
four windows of approximately 45° of high sensitivi-
ty areas located between transmit and receive coils,
with four windows of low sensitivity areas located at
the centres of the coils. It follows that each probe
body is capable of only 50% coverage of the tube cir-
cumference. To achieve 100% coverage of the tube
circumference in a single scan the second probe
body is rotated 45° with respect to the first one.
Figure 2b illustrates the eight windows of sensitivity.

The C3 probe requires an instrument that can oper-
ate in T/R mode. The Zetec MIZ-18 requires a modi-
fication board designed for this application. Newer
instruments such as the Zetec MIZ-30 or the RD
Tech TC-6700 have this capability incorporated in the
basic instrument.

3.2 Directional properties

A T/R probe's maximum response corresponds to
variations in the induced magnetic field in the region
between the transmit and receive coils. They have
directional properties, being sensitive primarily to
defects in-line with the T/R coil pairs.

The differential C3 probe design was originally opti-
mized for detecting circumferential cracks.
Nevertheless, it retained some sensitivity to cracks
which are not perfectly circumferential.

4. SIGNAL ANALYSIS

4.1 Display of Data
A usual concern, when new eddy current technology
is introduced, is whether signal analysis is more com-
plicated than that of standard technology. Since the
C3 is a differential probe, each channel yields the
familiar figure-8 signal, making the probe "user friend-
ly". Additionally, signal analysis done with systems
such as the Zetec Eddynet or Westinghouse ANSER
programs, which produce multi-channel presentation
of data, is relatively easy, since they allow analysts to
study the signals from multiple T/R units or frequen-
cies at the same time. Calibration tubes need to con-
tain concentric grooves, rather than localized defects
as in the ASME standard, to allow all separate T/R
units to be calibrated simultaneously. The calibration

tubes also contain a concentric indentation which is
used to establish signal phase. The signal is set hori-
zontally and moving to the left as the probe is retract-
ed through the tube past the indentation, so the con-
tribution of tube deformation to the vertical defect
signal component is minimized (Figure 3a).

The data shown in Figure 3b illustrate signals from a
C3 probe with eight T/R units, at a test frequency of
250 kHz. Only one unit out of eight detected the
EDM notches, implying that circumferential resolu-
tion is about 5 mm. Signal-to-noise at the eccentri-
cally deformed tube section is excellent.

4.2 Defect Sizing

4.2.1 Crack Depth

Typically, eddy current testing uses signal phase (ori-
entation angle on the Lissajous display) to predict
defect depth. However, in the BNGS-A SGs, tube
deformation at the 40° hot leg scallop bar caused
large signal phase distortion. Therefore signal phase
was not considered a reliable parameter for predict-
ing crack depth in these tubes. Vertical signal ampli-
tude (Vmx) had to be used to estimate crack depth.

Since the eddy current signal amplitude from SCC is
affected by electrical contact between the walls of
the crack and factors such as crack morphology, arti-
ficial defects, such as EDM notches and machined
grooves cannot be used to generate accurate cali-
bration curves. Calibration curves for C3 probes were
derived by correlating eddy current signals with
results of destructive examination of pulled tubes
from BNGS-A, Unit 2 as well as laboratory induced
SCC. Figure 4a shows a calibration curve for the C3
eight T/R unit probe, for the 250-70 kHz mix. It con-
tains separate data points for ten pulled tubes and
the average normalized signal amplitude for repeated
scans of tubes with laboratory induced SCC. The
solid line represents 'the best-fit' curve through
these data points. The inserted table shows the volt-
age values and the corresponding depth used to
build the curve1-6.

Figure 4b presents the sizing accuracy using the cali-
bration curve for the 250-70 kHz mix. The solid lines
represent ideal sizing of eddy current predicted depth
versus the metallography measurement with a ±15%
error band. In most cases, the ET estimates, with the
calibration curve, fall inside the ±15% error band.

4.2.2 Crack circumferential extent

Defect length is an important licensing issue. The
combined information about circumferential crack
extent and crack depth was required to assess risk of
tube rupture.

3 2 0



CANDU MAINTENANCE CONFERENCE 1995

The C3 probe with eight T/R units generates eight
outputs, each covering a detection window of
approximately 45° of the tube circumference, thus
crack length can be estimated by the number of units
detecting the crack. Furthermore, the output from
each unit can be plotted in sequence around the cir-
cumference at equal intervals to produce a two
dimensional depth profile of the crack.

C3 probes were used to assess circumferential
extent of cracking in about 50 tubes6. To validate the
method, eddy current predictions were compared to
destructive examination results of ten pulled tubes
from BNGS-A and 20 tubes with laboratory induced
SCC. Figure 5a shows a two dimensional profile gen-
erated with the eddy current data of the crack in a
pulled tube, superimposed to actual crack profile
obtained by metallography. The solid line, which was
generated using a polynomial equation, represents a
'best-fit' curve through the discrete values of the
eddy current estimates. Figure 5b shows a cross-
section view of the tube . Note the good agreement
between the two profiles.

The information provided to the station, was crack
extent at given defect depth level. Figure 6 illustrates
accuracy of the measurements. The solid line repre-
sents the ideal sizing versus the metallography mea-
surements with a ±5 mm error band. The tubes with
laboratory induced SCC were scanned several times
at different relative probe positions to determine
repeatability. The plot shows that, in all cases the
measurements were within the ±5 mm error band.

6. OTHER APPLICATIONS OF T/R ARRAY
PROBES
The C3 probe has been used to inspect 22.2 mm
diameter Inconel 600 tubes in PWR SG for internal
SCC (PWSCC) at the U-bend transition. The probe,
first evaluated in short U-bend samples with labora-
tory induced SCCs, was able to detect cracks as shal-
low as 20% deep; field evaluation showed that the
single pass C3 probe had defect detectability as good
or better than MRPC.

A growing area of interest has been the simultaneous
detection of both, circumferential and axial cracks.
Computer modelling studies were conducted to
design a probe with equal sensitivity to circumferen-
tial and axial cracks5. This new probe, denoted as C5,
comprises 8 to 24 T/R units with equal sensitivity to
circumferential and axial cracks, as well as volumet-
ric defect detection capabilities, and a conventional
bobbin probe to obtain historic signals for compari-
son. Figure 8a illustrates computer-predicted areas of
sensitivity for a C5 T/R unit to short circumferential
and axial cracks. Figure 8b shows C5 probe response
to an axial crack at the tubesheet expansion region.
These probes have been used to inspect tubes from
15.9 mm (5/8") to 22.2 mm (7/8") diameter. The C5
probe was accepted by the US National Regulatory
Commission for providing SG fitness-for service.

Recently, new software has been developed to gener-
ate C-scan displays from array probe data (tube map-
ping). This type of display provides the analyst with a
very useful tool to rapidly visualize tube artifacts.

5. PROBABILITY OF DETECTION
The C3 probe has been extensively used to inspect
12.9 mm diameter, Inconel 600, BNGS-A SG tubes.
The probes were able to detect and size cracks at the
area of interest, where conventional eddy current
probes had previously failed to detect any cracks that
had not propagated completely through the tube
wall.

Detectability with the C3 probe was not significantly
affected by deformation, yielding a clear vertical sig-
nal from defects. However, the presence of copper
and magnetite deposits, in some cases, reduced sig-
nal-to-noise and complicated signal analysis.

Correlation of the destructive examination results of
100 pulled tubes was used to generate probability of
detection (POD) histograms of circumferential cracks
with the C3 four T/R unit probe. Figure 7 shows that
cracks deeper than 40% are likely to be detected,
while the POD decreases rapidly for shallower
cracks.

7. SUMMARY/CONCLUSIONS
A single-pass C3 probe improves the detection of cir-
cumferential cracks in SG tubes. C3 probes detected
circumferential SCC, previously undetected by con-
ventional impedance probes. Comparison between
predicted depths and destructive examination indi-
cated good detection and sizing for circumferential
SCC as shallow as 40% through-wall. The probe
yields the familiar figure-8 signals with similar phase
separation as that of standard bobbin probes. The
speed of inspection is similar to that for standard
bobbin probe inspection, and because the probe has
no moving parts is more durable than surface riding
probes.

The C5 T/R probe provides equal sensitivity for both
axial and circumferential cracks in SG tubes including
those at tubesheet expansions.

Computer modelling can be used to predict
probe/sample responses, significantly increasing
confidence in this new technology.
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SUMMARY

Steam generator tubing has become a major source
of CANDU reactor downtime due to stress corrosion
cracking, corrosion pitting, mechanical fretting and
other problems. One solution is to repair pitted tubes
in-reactor, using an OHT-developed plating process
called "electrosleeving". Electrosleeving pitted and
damaged steam generator tubes has considerable
advantages over traditional welded or explosive
bonded sleeves for CANDU steam generators.
However, the inspection requirements are more
stringent for electrosleeved tubes than for welded
tubes: specifically, wall thickness needs to be mea-
sured to high accuracy to ensure adequate material
has been deposited; disbonds must be detected and
sized; and other possible defects such as nodules,
pits and porosity must be detected and character-
ized. Ultrasonics is the prime technique for such an
inspection, especially as 100% volumetric inspection
is required.

The Ontario Hydro Technologies-developed TRUSTIE
steam generator ultrasonic inspection system was
modified so the probe head could pass through the

reduced diameter sleeved tubes, which was the
main mechanical development. The ultrasonic tech-
niques, procedures and software were modified for
rapid wall-thickness measurement, and for more
rapid inspections. For example, special C-scans (area
maps) were developed to show wall-thickness at a
point, while through-wall B-scans were used to pro-
duce images of the defects for better characteriza-
tion and sizing. In the laboratory, TRUSTIE reliably
measured wall thickness, detected the occasional
disbond, characterized and sized inside surface
sleeve pits and nodules, and analyzed other condi-
tions such as rough surfaces. In principle, outside
surface pits can be monitored for growth by
TRUSTIE after sleeving. Though only a few tubes
were electrosleeved in-reactor, similar inspection
results were obtained. Typical scans of these labora-
tory defects will be shown, plus the results from the
re-inspection of the in-reactor electrosleeves.
Overall, the TRUSTIE system and procedures
worked well for electrosleeving, both in the laborato-
ry and in-reactor.

325 NEXT PAQE(S)
toft BLANK



CANDU MAINTENANCE CONFERENCE 1995
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INTRODUCTION
Cracking has occurred in pressure vessel nozzles and
girth welds due to thermal fatigue. Pipe welds, welds
in support structures, and welds in reactor vault liner
panels in nuclear facilities have failed because of
cracks. Cracking can also occur in turbine rotor bore
surfaces due to high cycle fatigue. Dye penetrant,
magnetic particle and other surface NDT methods
are used to detect cracks but cannot be used for
depth sizing. Crack depth can be measured with var-
ious NDT methods such as ultrasonic time-of-flight
diffraction (TOFD), potential drop, and eddy current.
The TOFD technique can be difficult to implement on
nozzle welds and is best suited for sizing deep cracks
(>5 mm). The conventional eddy current method is
easy to implement, but crack sizing is normally limit-
ed to shallow cracks (<2 mm).

AECL has developed transmit-receive probes with
directional sensitivity, capable of detecting and sizing
cracks in plain and weld areas of carbon steel com-
ponents. The G3 probe is used for sizing long, deep
(>2 mm) cracks. Eddy current testing (ED tech-
niques are readily amenable to remote/automatic
inspections. These new probes could augment pre-
sent magnetic particle (MT) and dye penetrant (FT)
testing through provision of reliable defect depth
information. Reliable crack sizing permits identifica-
tion of critical cracks for plant life extension and
licensing purposes. In addition, performing PT and
MT generates low level radioactive waste in some
inspection applications in nuclear facilities. Replacing
these techniques with ET for some components will
eliminate some of this radioactive waste.

with alternating current, and the receive coil is used
to detect magnetic flux. With such spacing, the coils
have little direct coupling. This transmit-receive (T/R)
probe behaves as an absolute probe, producing one-
sided signals from lift-off variations and defects.
Similar probes have been used in the aircraft indus-
try1 and are normally referred to as "Sliding Probes".

The G3 probe only detects crack-like defects which
guide the magnetic field from the transmit coil to the
receive coil2. Unlike conventional eddy current
probes, it is relatively insensitive to magnetic perme-
ability variations. Long and deep defects increase the
magnetic coupling between the coils thereby increas-
ing the voltage induced in the receive coil. It has
directional properties, being only sensitive to defects
in-line with the T/R coils. Since the magnetic field in
the peripheral region of the transmit coil is quite uni-
form, even the small distortions originating from the
bottom of deep defects are detected. This permits
sizing of surface defects that are much deeper than
'one standard depth of eddy current penetration'.

Figure 2 contains a block diagram of the eddy current
system with a probe, test sample, ET instrument and
strip chart recorder. Signals can be analyzed directly
off the storage monitor or off a strip chart recorder
trace. As shown in Figure 2(b), signals from cracks
and probe wobble (lift-off) are separated by approxi-
mately 90°. Since signal phase angle is essentially
independent of defect depth, only the vertical (y) sig-
nal component needs to be recorded on the strip
chart as shown in Figure 2(c). With no signal phase
rotation with defect depth, signal amplitude must be
used to obtain size information.

G3 PROBE CHARACTERISTICS
The G3 probe consists of transmit and receive (T/R)
coils laterally displaced by at least one coil diameter
as shown in Figure 1. The transmit coil is excited

TEST RESULTS
G3 probes with large transmit-receive coil spacing
and operating at high test frequencies MOO kHz)
have excellent sensitivity to long surface breaking

327



CANDU MAINTENANCE CONFERENCE 1995

cracks. Figure 3(b) illustrates probe response to EDM
(Electric Discharge Machined) notches 1 to 5 mm
deep (20 mm long), lift-off, and 'weld noise', at 100
kHz. Since the probe tolerates a change in lift-off of
almost 1 mm, it can be used in a non-contact mode.
It can bounce over a rough weld crown without pro-
ducing large background noise signals.

Figure 3(0 illustrates computer predicted probe
response to cracks and lift-off, in addition to perme-
ability and resistivity variations. The cracks are simu-
lated as EDM notches of infinitesimal width. The
computer simulated signals agree closely with the
laboratory results of Figure 3(b). The probe appears
almost insensitive to magnetic permeability (mr) and
resistivity variations.

G3 probes have been used recently for inspecting
steam drums, welds in support structures, PWR
pressure vessels and turbine rotor bores3 for surface
breaking cracks. Figure 4 illustrates the probe's
defect detectability in welded samples. Because of
the insensitivity to lift-off and permeability variations,
the G3 probe can detect defects at welds. Figure 4(e)
shows the undistorted signals from side-walMack-of-
fusion and fatigue cracks at welds. Defects deeper
than 2 mm can be readily detected, and because sig-
nal amplitude is not significantly affected by the weld
crown, depth can also be estimated.

Figure 5 illustrates similar results from a type 304
stainless steel weld sample. Although the 304 base
material is nonferromagnetic, the 308 weld filler is
strongly ferromagnetic, making conventional eddy
current testing unreliable. The G3 probe clearly
detects the 3 and 5 mm deep, by 20 mm long EDM,
notches in the weld area. The lift-off signal is larger
than that from the carbon steel weld sample, but
defect detectability and sizing accuracy is similar.

In another inspection application that illustrates the
versatility of G3 probes, a manufacturing defect (cold
shut) had to be sized on a type 304 valve casting. The
coarse grain structure rendered ultrasonics unreliable
and large ferromagnetic variations made convention-

al eddy current impossible. Clear signals with a G3
probe, illustrated in Figure 6, indicated a 75 mm long
and 6 to 7 mm deep (50% through-wall) defect. The
defect signal was so large that lift-off and permeabil-
ity noise were insignificant.

SUMMARY
The transmit-receive eddy current probes described
in this paper demonstrate how design optimization
through computer modelling and laboratory valida-
tion, overcome limitations in eddy current testing of
ferromagnetic components. These probes signifi-
cantly increase the scope and reliability of detecting
and sizing long, deep cracks in as-manufactured and
welded components.

G3 probes can be used with commercially available
instruments, and the versatility and simplicity of their
design and inspection procedure makes them very
promising.
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Figure 1: Schematic of G3 probe and test sample illustrating
the scanning direction.
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Figure 2: (a) Block diagram of eddy current inspection system.
(b) Experimental signals from a G3 probe with 10 mm coil
spacing, (c) Computer simulated signals from a similar G3 probe.
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Figure 3: (a) Calibration plate with EDM notches 1, 3 and 5 mm
deep by 20 mm long, (b) Experimental signals from a
G3 probe with 10 mm coil spacing, (c) Computer-
simulated signals for a similar G3 probe.
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Figure 4: (a, b, c) Carbon steel calibration and welded test samples, (d) Calibration
signals at 200 kHz. (e) Signals from side-wall lack-of-fusion. (f) Signals
from fatigue cracks near welds.
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Figure 5: (a, b) Type 304 stainless steel calibration and test samples.
(c) Calibration signals from EDM notches at 200 kHz.
(d) Signals from EDM notches in weld areas at 200 kHz.
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Figure 6: (a) Plan view of a 75 mm long flaw in 304 stainless steel valve casting, (b) X-Y signals from calibration
defects and a flaw, (c) Y-component signals along flaw length, with a G3 probe, with 15 mm coil
spacing, at 100 kHz.
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PRIMARY HEAT TRANSPORT PUMP
MECHANICAL SEAL REPLACEMENT

STRATEGY FOR PICKERING R

V. Chacinski
Ontario Hydro, Pickering CA9800518

Pickering Nuclear Generating Station is a CANDU
PHWR eight unit station located on Lake Ontario.
The station is divided into Pickering A {Units 1 to 4)
and Pickering B (Units 5 to 8). Pickering B is the
focus of this paper. Each unit is rated at 540 MWe.
The Primary Heat Transport (PHT) system, which is
used to cool the fuel, is divided into four quadrants.
Each quadrant has four vertical Byron Jackson PHT
main circulation pumps. Three pumps in each quad-
rant are required for normal operation, leaving one
pump in each quadrant as a spare. Each Pickering
PHT pump has a Byron Jackson Type SU two stage
mechanical seal. The typical pressure breakdown
across the seal is 8.7-4.5-1.0 MPa. Certain features
of seal operation and the PHT system which influ-
ence seal replacement are discussed below.

PRESSURE OSCILLATIONS
An inherent characteristic of the Pickering PHT pump
seal is susceptibility to pressure oscillations. These
oscillations are characterized by interseal pressure
oscillating between 4 and 6 MPa at a frequency of
about 5 to 10 times per minute, increasing gland
return temperature, and high leakage past the sec-
ondary seal. The high gland return temperature
results from excessive rubbing of the carbon and car-
bide components. This causes premature wear of
the carbon and premature heat checking of the car-
bide. These oscillations may last from a few seconds
to a few hours. They may show up once on a partic-
ular pump and never come back, or can occur inter-
mittently for weeks or months.

RUN TILL THEY FAIL
Because of the redundant pump in each quadrant,
and the fact that Pickering B seals had been per-
forming well, the strategy at Pickering had been to
run the pump until the seal failed, and then change
over to the spare pump. However after a rash of fail-
ures which resulted in an extension to a planned out-
age, and a forced outage attributed to PHT pump
seal failures, a seal replacement strategy for
Pickering B PHT pumps was developed.

The extension to the planned outage and the forced
outage prompted an aggressive seal replacement
programme. The criteria for replacement was high
pump running hours or other signs of seal trouble
such as high interseal pressure. All the old seals
were disassembled and thoroughly examined. A
"Seal Inspection Form" was used to document
results of the seal examinations. The following infor-
mation was obtained:

• Seal identification information including running
hours

• Primary and secondary carbon wear rate

• Extent of heat checking on the carbides

• Condition of the rotating element components

• Condition of the elastomers

• Condition of the pressure breakdown cell

• Condition of the seal sleeve

• Additional comments; amount of crud, evidence
of metallic fines, oily appearance.

The completed Seal Inspection Forms are catalogued
by the System Responsible Engineer (SRE).

CRUD

The most interesting observation during seal disas-
sembly/inspection was the extraordinary quantity of
crud (particulates, primarily magnetite, circulating in
the PHT system). Large amounts of crud were found
caked in all areas of the seal. On most of the carbon
and carbide seal faces, a "phonographic effect" was
witnessed - the carbon and corresponding carbide
seal faces had concentric grooves which resembled
a phonograph record. The abrasive effects of the
crud result in higher than normal seal wear. (In the
early years, problems with the Pickering B PHT
Purification system resulted in large amounts of crud
in the PHT system which made its way to the pump
seals. Although purification problems have been
resolved, the crud which was be trapped in the pump
seal would remain in the seal.]
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70,000 HOUR SEAL LIFE
Despite the crud and susceptibility to pressure oscil-
lations, Pickering seals have had a relatively long life.
From the information recorded on the Seal
Inspection Forms, carbon wear rates were deter-
mined for the Pickering B PHT pump seal environ-
ment. The highest wear rate observed was about
0.00085" per 1000 hours. This corresponds to a seal
life of about 70,000 hours. The 70,000 hour target
was established as the seal replacement criterion for
Pickering B seals with stable operating parameters.
This 70,000 hour target may be adjusted as more
information is collected on the effects of pressure
oscillations and PHT system cleanliness on seal life.

Detailed inspection results of failed seals have been
correlated to the seal operating parameters observed
in the Control Room. This provides a better under-
standing of the behaviour of a failed seal, and insight
into the use of Control Room indications to distinguish
between a seal that has failed and a seal in a tempo-
rary transient. Guidelines on abnormal seal behaviour
were produced and documented in the Operating
Manual. If abnormal seal behaviour is observed, the
operator is to monitor the interseal pressure, gland
return and gland recirculation temperatures, and seal
leakage hourly, Seal failure is characterized by pres-
sure oscillations that persist for more than 12 hours
with accompanying high gland return temperatures
(>50°C) and high seal leakage (>250 ml/min). In the
case of a primary seal failure, elevated gland recircu-
lation temperatures (0.5°C above normal) also accom-
pany the above indications. If it is found that the seal
has not failed, but has gone through a transient, the
details of the transient are given to the System
Responsible Engineer who will catalogue this infor-
mation. This information will be used to adjust the life
expectancy for that particular seal.

SYSTEM SURVEILLANCE
The following PHT pump seal operating parameters
are collected routinely every two weeks:

• Interseal pressure

• Gland Return Temperature

• Gland Recirculation Temperature

• Seal Leakage Past Secondary Seal

• Seal Gland Supply Flow

This information is trended on an Excel computer
programme. The trend of these parameters is more
valuable than the absolute values for revealing abnor-
mal seal behaviour. Other PHT pump parameters
such as vibration and bearing temperatures are also
trended.

SUMMARY
By detailed logging of seal inspection results, trend-
ing seal parameters, and careful cataloguing of pres-
sure oscillations, some objectivity has been instilled
into the black art of predicting the life of a Pickering
PHT pump seal. Subjective factors such as pressure
oscillations and the quantity of crud in the PHT sys-
tem influence seal life predictions. The crud problem
in the PHT system at Pickering has been resolved.
Seal technology and materials have improved such
that pressure oscillations can be eliminated. With the
elimination of crud and pressure oscillations, it is con-
ceivable that a seal can survive beyond 100,000
hours. Eliminating these factors would also make
seal life predictions more accurate. For Pickering, a
cost/benefit analysis will determine if the increased
capital cost of upgrading the PHT pump seal is worth
the improved reliability.
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UPGRADING PRIMARY HEAT TRANSPORT PUMP SEALS

by

T. Graham, R. Metcalfe, D. Rhodes1, and D. Mclnnes2

INTRODUCTION
Changes in the operating environment at the Bruce-A
Nuclear Generating Station created the need for an
upgraded Primary Heat Transport Pump (PHTP) seal.
In particular, the requirement for low pressure run-
ning during more frequent start-ups exposed a weak-
ness of the CAN2 seal and reduced its reliability.

The primary concern at Bruce-A was the rotation of
the CAN2 No. 2 stators in their holders. The intro-
duction of low pressure running exacerbated this
problem, giving rapid wear of the stator back face,
overheating, and thermocracking. In addition, the
resulting increase in friction between the stator and
its holder increased stationary-side hysteresis and
thereby changed the seal characteristic to the point
where interseal pressure oscillations became preva-
lent. The resultant increased hysteresis also led to
hard rubbing of the seal faces during temperature
transients.

An upgraded seal was required for improved reliabili-
ty to avoid forced outages and to reduce maintenance
costs. This paper describes this upgraded "replace-
ment seal" and its performance history. In spite of
the "teething" problems detailed in this paper, there
have been no forced outages due to the replacement
seal, and in the words of a seal maintenance worker
at Bruce-A, "It allows me to go home and sleep at
night instead of worrying about seal failures."

THE REPLACEMENT SEAL
The CAN8 design, shown in Fig. 1, was chosen as
the replacement for the CAN2 PHTP seals at Bruce-
A. Designed in 1991 for both Boiling Water Reactor
(BWR) and CANDU® service, the CAN8 design 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.

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 incorpo-
rates improved cooling of the rotating and stationary
components similar to that used in the successful
CAN2A design. To facilitate lapping and refurbish-
ment, 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 inspection to verify fit;
at most, only minor rework is required.

PERFORMANCE AND INSTALLATION
HISTORY AT GRAND GULF AND BRUCE-A
The first two CAN8 seals were installed in May 1992
in the Grand Gulf BWR plant while laboratory testing
was continued. Although there were no mid-cycle
problems, these were replaced by the CAN8 "Mark
II" version during Grand Gulf's September 1993 fuel
outage. These seals then operated flawlessly until
the spring of 1995. At this time, the seals were
removed for system decontamination and unfortu-
nately one of the pumps was re-assembled incor-
rectly and destroyed its seal at start-up. This seal
was repaired, and both it and the remaining seal from
1993 continue to operate well as of October 1995.

Four CAN8 seals were installed in Bruce-A Unit 3 in
September 1994. Existing spring assemblies, seal
flanges, and pressure breakdown devices were
inspected for conformance to CAN8 design require-
ments, relapped as necessary and then used in seal
assemblies. None of the available shaft sleeves met
the surface finish requirement of 0.2 urn Ra nominal.
However, the sleeves were coated with flame
sprayed chrome oxide in the U-cup areas and at the
tertiary seal, and this surface coating had been used
successfully with the CAN2 seal despite being much
rougher than the CAN8 specification. Coated sleeves
were accepted for CAN8 application on this basis.
Three of them were new from the pump supplier.
These were installed in Pumps 1,2, and 4. The fourth

1 Atomic Energy of Canada Ltd., Chalk River Laboratories
2 Ontario Hydro, Bruce-A-Nuclear Generating Station
• Canada Deuterium Uranium
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- installed in Pump 3 - had been coated by Bruce
Central Maintenance Facility (CMF) during recondi-
tioning. A fifth CAN8 seal using a CMF coated sleeve
was installed in Unit 4 Pump 2 in mid-November fol-
lowing stator rotation problems with a CAN2 seal
during unit start-up.

In mid-November, the CAN8 seal in Pump 2 of Unit 3
began to exhibit sporadic "spiking" in interseal pres-
sure, accompanied by no other appreciable changes
in seal operating parameters (see Fig. 2). Normal
interseal pressure at the time was 4.3 MPa. During
"spiking" the interseal pressure would rise suddenly,
in less than 6 s, to between 5 MPa and 8.8 MPa, and
remain at the higher pressure for a random period of
time before returning just as rapidly to normal. The
periods of high interseal pressure ranged from less
than 6 s to several hours in duration. This "spiking"
would disappear for several days, and in at least one
case for a couple of weeks, before recurring without
any discernible initiating event. Note that this behav-
iour is very different than the more regular pressure
cycles that can occur due to high friction between
the seal rings and their supporting surfaces (Refs. 1
& 2]. The seal continued in this state for an estimat-
ed 10,000 or more pressure cycles, until the unit was
shut down for other reasons in mid-January 1995.
The faulty seal was then removed, replaced, disas-
sembled, and inspected by AECL and Bruce-A per-
sonnel. Excessive roughness of the sleeve coating
was the suspected problem.

Following start-up of Unit 3 on February 4, Pump 1
gland return temperature alarmed high at 63°C, but
then cleared. Other seal operating parameters
remained normal, however, the gland return temper-
ature stayed -10 to 12°C above normal (i.e., in the
57°C ±5° range) for the next week when the unit
was again shut down for other reasons. Although the
gland return temperature was not seriously high,
examination of the seal trend data showed that the
temperature had been trending upwards slowly
since around the start of December 1994 and it was
decided to change and inspect the Pump 2 seal.
Again, sleeve roughness was the suspected cause.

Subsequently, the third CAN8 seal with a similarly
rough sleeve (Pump 4), has shown elevated gland
return temperatures similar those experienced in
Pump 1. This seal remains in service however.

In June 1995, the three remaining CAN2 seals in Unit
4 were replaced by CAN8 seals and the CAN8 seal in
Pump 2, though operating normally, was removed for
inspection to verify that the wear rate with a rela-
tively smooth sleeve was very low.

INSPECTION AND ASSESSMENT OF SEALS
Visually, the seals removed from Unit 3 Pumps 1
and 2 looked in excellent shape. Rotor and stator seal
faces of both stages appeared highly polished, as is
consistent with normal operation, and there was no
evidence of thermocracking of rotors or cracking or
chipping of the stators. Seal support pieces were
also in excellent condition. Elastomers were all flexi-
ble and appeared to be in almost as-new condition;
barely visible on the No. 1 U-cup was a thin shallow
groove, -0.001 in. wide and deep, nibbled where the
U-cup bridges the gap between the rotor support and
shaft sleeve. The rotor supports, U-cup followers,
and spring holders showed no evidence of any rub-
bing against their shaft sleeves or binding between
components. The only manifestation of the interseal
pressure spiking of Pump 2 and the high gland return
temperature of Pump 1 was in the wear rates of the
carbon-graphite stator faces. These are given in Table
1 in terms of the extrapolated seal face life, i.e., the
estimated running time till the entire seal face is
worn off at the average wear rate up to inspection.

The seal removed from Unit 4 was also in excellent
condition visually. Wear rates, also presented in Table
1, are very low.

Table 1: Extrapolated Life and Shaft Sleeve Surface
Roughness for Inspected Seals

Seal

Unit 3 Pump 2
14 mos. run time

Unit 3 Pump 1
(5 mos. run time

Unit 4 Pump 2
(6 mos. run time

Life
Finish
(Ra)

Life
Finish
(Ra)

Life
Finish
(Ra)

No. 1
Stage

1 a
0.84pm
(33 pin.)

2a
0.91pm
(36 pin.)

10a
0.33pm
(13 pin.)

No. 2
Stage

10a
0.79pm
(31 uin.)

>10a
0.91pm
(36 uin.)

>25a
0.41pm
(16 pin.)

Based on the operating data and inspection results,
the following conclusions were reached.

• For Unit 3 Pump 2, the seal faces separated in
response to small downward shaft movements
because the friction between the U-cup and
sleeve was larger than could be consistently over-
come by the spring and pressure forces acting to
close the seal. As the No. 1 seal opened, the clos-
ing force due to pressure drop across the U-cup
decreased because the interseal pressure
increased. This left only the spring force to force
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the No. 1 seal closed. Upward movement of the
shaft would close these faces in a similar manner.
The No. 2 seal faces meanwhile remained closed
since the higher interseal pressure provided
increased closing force. The reason this occurred
only after several months of operation is postulat-
ed to be the loss of lubrication on the rougher sur-
face. The other factor in this is the probability that
the pump was operating near the point where the
pressure forces acting on the shaft and impeller
balanced the combined shaft and impeller weight.

• For Unit 3 Pump 2, the high gland return tempera-
ture in this case indicated hard rubbing on the
No. 1 stage, since flow routed past the seal faces
into the secondary seal cavity would carry heat
with it. Hard rubbing causing the more rapid wear
was initiated by higher friction associated with the
loss of lubrication on the rougher sleeve surface.

• All three CAN8 seals examined from Bruce-A
showed more wear on the No. 1 stage seal faces
than on the No. 2 stage, whereas in Grand Gulf
the No. 1 seal wore less. This is thought to be due
to differences between the internal flow patterns
around the No. 1 seals from Bruce-A and Grand
Gulf. Tests with the Bruce-A flow configuration
showed no measurable difference.

iii) Measurement and visualization of internal flow in
the seal cavity with the goal of improving cooling
of the No. 1 seal stage. This program showed
that an easy modification would improve the cool-
ing flow in this stage.

iv) A test program to investigate the friction charac-
teristics of U-cups on both CMF and the pump
supplier's chrome oxide coatings and on polished
17-4 PH stainless steel. This program has shown
that the tetter's chrome oxide coatings supplied
to Bruce-A are susceptible to loss of lubrication.
In a lightly lubricated state, meant to simulate the
conditions at the U-cup after the seal has operat-
ed for some time, the U-cup did not slide on the
sleeve at pressures above 4.3 MPa during
0.05 Hz motions of 2 mm amplitude. All other
sleeve preparations tested did slide under these
conditions.

The No. 1 stage internal flow modification for
improved cooling and the reduced roughness
chrome oxide coated shaft sleeves were installed in
all four pumps in Unit 4 during the June 1995 outage.
Operation of these seals and the three seals with
CMF coated sleeves installed in Unit 3 has been trou-
ble-free to date.

RESOLUTION OF THE
BRUCE TEETHING PROBLEMS
After inspection of the two seals from Unit 3, a spe-
cial program was started to address the issues
raised. It included the following:

i) Laboratory testing to determine if the CAN8 seal
can be made to give high gland return tempera-
ture with a stainless steel sleeve polished to
specification. These tests, with seal faces lapped
to the same condition as those removed from
service, did not reproduce the high gland return
temperatures seen in the field. This indicated that
excessive sleeve roughness was an important
ingredient in this problem.

ii) A program to ensure that chrome oxide coated
sleeve roughness was as low as reasonably pos-
sible. Bruce-A and Bruce CMF personnel have
succeeded in reducing the surface roughness of
the chrome oxide coatings to the 0.25 to 0.4 um
Ra range. Note that there have been no problems
attributed to sleeve roughness with earlier CMF
coated sleeves, neither with the CAN8 nor CAN2
seals, and that previously these sleeves typically
had surface roughness in the 0.4 to 0.5 um Ra
range.

EXTENSION TO A
THREE STAGE CARTRIDGE

The CAN8 seal design has now been extended to
include a third stage, the same as the No. 1 stage
used in Bruce-A. This is shown in Fig. 4. It allows
upgrade of the CAN2 seals in use at Darlington, Point
LePreau, and Wolsong-1. This is accomplished by
machining the shaft sleeve to accept a new balance
sleeve and adding an axial spacer to the stationary
assembly. By avoiding the use of new larger-size seal
rings, support rings, and elastomers, any uncertainty
in performance of a "new" seal design has been
minimized.

CONCLUSIONS

The CAN8 PHTP seal, which had its successful intro-
duction to main coolant pumps for BWRs at Grand
Gulf, has now shown itself to be a cost effective
upgrade for the CAN2 seals in CANDU service. Initial
high wear associated with excessively rough chrome
oxide coated sleeves was quickly eliminated. The
close co-operation between the user and seal suppli-
er has resulted in a product fully adapted to CANDU
PHTP operation.
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INFLATABLE DOOR SEALS -
REDUCED MAINTENANCE AND LONGER SERVICE-LIFE

by

S. Kuran1, R. Wensel1, and M. Lazic2 CA9800520

1. INTRODUCTION
Inflatable door seals, designed more than a quarter of
a century ago, have given good service in Canadian
and overseas CANDU reactors. These thin-walled
elastomeric seals have been exposed to many thou-
sands of cycles of inflation and deflation, various
types of aging (temperature, radiation and time),
ozone degradation, abrasion, pinching, stiction,
cracking and installation damage. The fact that they
have operated successfully as part of the reactor
building containment structure - subjected to the
same pressures and temperatures as those for the
thick reinforced concrete walls and steel doors -
highlights the achievement of these thin rubber
seals.

However, in the last decade, the rubber industry has
developed new compounds that are more resistant
to radiation, temperature, and time-dependent aging.
Components manufactured from such compounds
are less prone to hardening, stress cracking and per-
manent set; thereby saving on replacement costs,
inventory and overall maintenance.

This paper discusses development and testing of
recent material and design changes to inflatable
seals, and addresses various practical issues faced
by the operations engineers and maintainers using
these seals.

2. THE PRODUCT
An inflatable seal (Figure 1), usually reinforced with
high strength fabric, is moulded from silicone rubber
(in a retracted, i.e., deflated, position). The seal -
spliced together from segments and fitted with an
inflation tube - is installed into a custom-designed
retainer groove, either on the side or on the face of
an access portal. Sealing, the result of positive con-
tact between the serrated striker and the metal coun-
terface, is generally established by inflating the seal
to 30-40 psi.

Figure 1: A Typical Inflatable Seal.

Seal performance is affected by various factors such
as: groove shape, gap size and uniformity, sealing
counterface texture, corner radius, plane of installa-
tion, inflation pressure, pressure across the seal, seal
geometry, striker characteristics, cycling frequency,
temperature, radiation and elastomer/ fabric material
properties. These effects have been observed in the
field and quantified in laboratory work.

3 . FACTORS AFFECTING PERFORMANCE
Seal performance was assessed by three sets of
experiments:

1) The seals were installed on scaled-down acrylic
doors and frames allowing visual inspection. Seal
extension, contact pressure at the sealing inter-
face and leakage across the seal were measured
for different groove shapes, gap sizes and seal
inflation pressures.

2) Seal segments - inflated, deflated and cycled -
were exposed to radiation, elevated tempera-
tures and ozone. Properties such as set, hard-
ness, spring force and 'retractability' were moni-
tored.

3) Manufacturer-supplied standard (ASTM) silicone
sheets, were tested for tensile, compressive and
product-specific mechanical properties to deter-
mine an improved seal material for CANDU use.

1 Atomic Energy of Canada Limited - Chalk River Laboratories
2 Ontario Hydro - Nuclear Technology Services
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Some test results are discussed below.

Groove Shape
The existing seals are designed to fit into grooves of
the three different designs used in CANDU stations
(side walls machined to 0,11 and 22° from the verti-
cal). The inflated shape of the same seal is different
in each groove; hence the gap that the seal can
bridge and the sealing footprint contact pressure are
different from each other. Figures 2 and 3 show that
the same seal in an 11 ° groove extends out more and
exerts a larger sealing pressure than in a 22° groove.

CO 1.2

EXISTING SEAL (G-1)

10 20 30 40

Seal Internal Pressure (psi)

Figure 2: The Effect of Groove Shape on Seal Extension:
The inflated shape of the seal is determined by groove geom-
etry. Seal extension depends on the groove shape.

10 15 20 25 30 35 40

Seal Internal Pressure (psi)

Figure 3: The Effect of Groove Shape on Seal Contact
Pressure: Higher sealing pressures are established in an 11°
groove.

Gap Size

For straight segments of the door, the relationship
between gap size and sealing contact pressure is a
reverse linear one, where the slope is defined by seal
inflation pressure (Figure 4). For a 0.600" gap the
sealing contact pressure is sensibly independent of
the inflation pressure; a result suggesting that the
seal has attained its maximum possible extension.
Linearity deteriorates very rapidly for gaps greater
than 0.600" and seal internal pressures below 20 psi.

40 i I I I
0.2 0.3 0.4 O.5

Gap Size (Inches)

Figure 4: The Effect of Gap Size on Sealing Pressure: A
reverse linear relationship exists between gap size and sealing
pressure for an 11 ° groove.

Sealing at the Corners Versus the Sides

Typical airlock doors consist of straight and corner
sections. Circumferential and radial stresses - refer-
enced to the door - show significant variations
between these locations, especially at higher infla-
tion pressures where maximum deformations occur.
In the 30 to 40 psi inflation pressure range (typical for
CANDU airlock seals), corner sealing contact pres-
sure tapers off with increased inflation pressure
above 30 psi (Figure 5). This creates potential sealing
problems at the corners (e.g., for gaps larger than
0.400", the corner contact pressure was measured
to be as low as 50% of the straight segments).

Radiation and Silicone Compounds

Silicone seals may undergo property changes - i.e.,
harden or set - if exposed to excessive radiation.
Traditionally, this is minimized by adding phenol dur-
ing compounding. As suggested by the seal manu-
facturers participating in this program, silicone com-
pounds - with dimethyl-vinyl and temperature-radia-
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Figure 5: The Effect of Location on Seal Contact Pressure:
Corner sealing pressures are 20-30% less than in straight seg-
ments.

tion 'retardation' agents - were also tested to deter-
mine their suitability for a new seal.

Results from a series of tests simulating the magni-
tude of radiation-induced set are shown in Figure 6.
Silicone sheets 4" x 1 " x 0.060" were folded without
being compressed and irradiated while held in this
position. After each radiation dose, the sheets were
unfolded and their lengths were measured. The post-
radiation free-length of dimethyl-vinyl sheets

—- length measured an hour after release from squeeze
— dose rate = 0.294 Mrad/hr

4.5 i 1 1-

A Dlmethyl-Vl
• Phenol Sill
A Phenol Sll
tt Phenol sill

(marki)
<mark2)

Phenol SHtcono (mark*)

10 15 20
Radiation Dose (Mrad)

Figure 6: Radiation Resistance of Selected Silicone
Compounds: Contrary to common expectations, compounds
with Phenol are less resistant to radiation induced setting than
dimethyl-vinyl compounds.

reduced to -88% of their initial length. Phenol
sheets, surprisingly, fared a lot worse and reduced to
77-62% of their initial length.

The outcome was the same when the seals were
exposed to a high temperature environment {160°C
for 120 hours). Dimethyl-vinyl silicones set less and
hardened less.

Seal Retractability

In standard station practice, the seals are replaced at
the first hint of retractability problems. The onset of
this type of failure is strongly affected by the unaged
properties of the seal material. Silicone sheets 4" x
1" x 0.060", all of the same hardness, were folded
into two, and the opening force - indicative of seal
retractability - was measured as a function of dis-
tance (Figure 7). Dimethyl-vinyl compounds had sig-
nificantly higher opening force - thereby greater
resistance to retractability problems - than phenolic
compounds across the test range.

0.1 0.2 0.3 0.4 0.5

Displacement (inches)

Figure 7: Opening Force for Various Compounds with the
Same Durometer Hardness: The opening force is a good indi-
cator of seal retractability. Dimethyl-vinyl silicone, has the
greatest opening force.

Reinforcing Fabric

Inflatable seals are manufactured from numerous
fabrics (i.e., Dacron, Terylene, Nomax) with different
layers, weaving patterns, thicknesses and pitches. A
change in fabric properties can affect the inflation
characteristics of the seals.

The change can be as simple as the number of fabric
layers used in seal construction. Two seals (Figure 8),
identical in all aspects other than reinforcement,
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were manufactured with single and double layers of
the same fabric. While both seals were successful in
retaining 60 psi inflation pressures, the single layered
seal was able to bridge a gap -0.100" larger than the
double layered one.

Other tests, on the effect of radiation, temperature,
fabric type and weave pattern on seal fabric perfor-
mance, determined the acceptable design limits.
Results were used to fine-tune the fabric properties
of the new seal.

Single layer fabric

10 20 30 40

Seal Internal Pressure (psi)

Figure 8: The Effect of Reinforcing Fabric on Seal
Effectiveness: A seal reinforced with a single layer of fabric
extends out more and bridges a larger gap that a seal rein-
forced with two layers of the same fabric. Both seals passed
pressure retention tests.

4. PROTOTYPE I
In-depth testing, some of which was profiled in
Section 3, helped to identify:

• silicone compounds and reinforcing fabrics with
greater resistance to CANDU conditions, and

• potential design changes enhancing operational
integrity.

Based on these results, a new seal (Prototype I) was
designed by AECL-CRL. Seal segments were mould-
ed from improved materials in the facilities of a
Canadian-based seal producer. Versions of Prototype
I were tested at Chalk River to fine-tune the design
and determine the optimal seal characteristics. Some
of the results, comparing Prototype I with the exist-
ing seals, are given below.

Prototype I bridged and sealed a gap (straight door

segment) at least 0.100" greater than that possible
by an existing seal (Figure 9). The same improve-
ment was also measured in the corner segments.
This is a major improvement in sealing large and non-
uniform gaps, which may exist at some stations.

1.35

a

1.05

Seal Internal Pressure (psi)

Figure 9: Prototype I Versus The Existing Seal: Under typical
CANDU seal internal pressures - 30 to 40 psi - prototype I
bridges a gap -0.100" larger than that possible by the existing
seal.

Prototype I also exerted higher sealing contact pres-
sures on the counterface than the existing seals
(Figure 10). This result, which reduces the potential
for leakage, is repeatable for Prototype I in all CANDU
grooves - side walls 0,11 and 22° from vertical. In the
design of the next prototype (Prototype II), the prop-
erties of the serrated sealing surface were improved
to increase contact pressures even further.

Prototype I, because it is manufactured from
improved compounds and fabrics, resisted radiation
and temperature-induced set and other mechanical
property degradations better than the existing seals.
When exposed to accelerated aging at 160°C for 120
hours (Figure 11), inflated Prototype I seal segments
set by one-third that of existing seals. This is a major
improvement, which extends life-span and enhances
safety.

Similarly, when exposed to radiation, Prototype I set
less than the existing seals, as would be expected
when the material performance data of Figure 6 is
considered. Resistance to high concentrations of
ozone is currently being studied.
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Figure 10: Prototype I Versus The Existing Seal: Prototype I
exerts higher contact pressure on the sealing counterface than
the existing seal. Higher contact pressure reduces the poten-
tial for leakage. -

5. PROTOTYPE II
Prototype I, superior to the existing seals in most
aspects, was used as the basis for the next step -
Prototype II. The material for Prototype II was kept
the same.

Significant geometry changes were introduced to
Prototype II to have a more 'retractable' seal with a
better striker (Figure 12) delivering higher sealing
pressures while bridging larger gaps.

Use of different mandrels and mould components for
the striker region of Prototype II allows seal opti-
mization in a reasonably short time. Some Prototype
II seals are already manufactured, and initial test
results suggest major improvements. The effect of
different striker geometries - rounded, rounded and
serrated, f lat - as well as the effect of wing thickness
on seal characteristics are presently being tested and
analyzed. Full-scale seals will soon be ordered for
field and qualification testing.

i

Figure 12: Prototype II: Prototype II is designed with options
to reduce the product development time. The striker is round-
ed to resist inflation instabilities, and mildly serrated to retain
high contact pressure regions. Different core shapes were
explored to optimize the "retractability" of the seal.

" Counterface

%Set = 100 X (D - 0.625)/(X - Do)

Figure 11: Temperature Resistance of Seals from Different
Silicone Compounds: Prototype I, manufactured from a sili-
cone compound with temperature resistant additives, sets
less than the existing seals (160°C for 120 hours).

6. CONCLUSIONS
A series of inflatable door seals with design changes
enhancing operational characteristics were manufac-
tured from recently-developed materials. New seal
performance is superior to that of the existing ones.
The seals, after design optimization, will be qualified
for reactor use in mid 1996.
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THE DEVELOPMENT OF
A STATION MAINTENANCE STRATEGY

F. Fitzsimmons and R. Barton
Ontario Hydro
Pickering NGD

T. Andreeff
Ontario Hydro

Finance and Business Services

ABSTRACT

The Pickering Nuclear Generating Station has devel-
oped a maintenance strategy using a team of main-
tenance and maintenance support personnel from
the station. The team identified the key result areas
for maintenance at the Pickering station and devel-
oped a set of issues for each area. The focus was on
weaknesses in the maintenance program including
those identified by peer evaluations. These were pri-
oritized according to the impact on the maintenance
program if the weaknesses were corrected. The
planning team then broke up into smaller teams each

of which assessed one of the areas for:

a) Programs already in place to address the weak-
ness.

b) The probable effectiveness of those programs in
correcting the weakness.

c) Any new initiatives that might be required.

This paper represents the overall planning methodol-
ogy, the results of the assessment and the future
planned activities that will result.
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ABSTRACT
This paper discusses the AECB practices in assess-
ing maintenance activities at one four unit CANDU
nuclear plant-It outlines the authority of the AECB in
enforcing the licence condition concerned with main-
tenance, and how this is interpreted by AECB site
staff to measure and report maintenance activities.

The AECB staff attaches great importance to proper
maintenance as it affects safe operation. Programs
used by the licensee staff to identify safety important
components, or to predict degradations and failures
are of particular interest. In our experience, the appli-
cation of such programs has been generally good.
However, their integration into an overall mainte-
nance scheme can be improved, and the possibilities
of integration are not well understood. This paper
includes examples of such integration to illustrate
our views and to highlight the resultant benefits that
AECB staff believes are possible

TABLE OF CONTENTS
Abstract

1.0 Role of the AECB
2.0 Importance of Maintenance
3.0 Regulation of Maintenance
4.0 Current AECB practice in Monitoring of

Maintenance activities.
5.0 AECB observation of Maintenance Activities.
6.0 Integration of Maintenance

7.0 Maintenance Indicators

8.0 Strategic Plan and Management

9.0 Expectations for the Future

1.0 ROLE OF THE AECB
The Atomic Energy Control Act of 1946, empowers
the Atomic Energy Control Board (AECB) to make
regulations concerning the control and use of nuclear
energy in Canada. AECB's mission is to ensure that
the use of nuclear energy in Canada does not pose
undue risk to health, safety, security and the envi-
ronment.

The AECB requires the owners of the nuclear power
plants to operate the plants safely in accordance with
the Operating Licence issued by the AECB. The reg-
ulations are generally non-prescriptive in nature, and
include very general requirements with respect to
maintenance.

2.0 IMPORTANCE OF MAINTENANCE
From a nuclear safety perspective, the function of
maintenance is to prevent and correct degradations
of equipment originally designed into the plant impor-
tant to safety. Maintenance should be of such a stan-
dard so as to maintain the defense in depth and thus
keep risk as low as reasonably possible throughout
the life of the plant. To do this, a highly specialised
maintenance program is required, one which is spe-
cific to the needs of each particular plant with its
known design and operating characteristics.
Maintenance programs at nuclear plants are becom-
ing increasingly complex although they are more suit-
ed to the needs of those specific plants. The factors
that influence the design of such maintenance pro-
grams include:

• Resource limitations;

• Production pressures;
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• Ageing of plant structures, systems, and compo-
nents;

• Greater awareness of risk by regulators and plant
staff;

• Availability of new maintenance methods.

The AECB staff is increasingly focusing attention on
maintenance programs since they are considered to
be important contributors to the overall safety of the
plant. These programs will become increasingly
important as nuclear plants age.

3.0 REGULATION OF MAINTENANCE
The AECB assesses nuclear plant maintenance activ-
ities to determine if they meet the requirements of
operating licence condition, which states:

" Maintenance at the Nuclear Facility shall be of such
a standard that, in the opinion of the Board, the relia-
bility and effectiveness of all equipment and systems
as claimed in the Safety Report and the documents
listed in the application are assured."

The maintenance program must therefore ensure
the requirements for reliability and effectiveness of
equipment and systems, that are assumed in the
Safety Report, are met. In practice, it is difficult to
assess compliance with this condition, since there
are no quantitative criteria for performance. Hence,
there can be uncertainty as to when the maintenance
at the nuclear plant is fully meeting the intent of the
licence condition.

AECB staff and the licensee require criteria so that
maintenance activities can be rated "satisfactory" or
"unsatisfactory" in a more objective way. AECB staff
in Ottawa are at present considering an amendment
license condition which is intended to more clearly
define the above.

4.0 CURRENT AECB PRACTICE IN
MONITORING OF MAINTENANCE
ACTIVITIES
In this section, the individual components of a main-
tenance program assessed by AECB staff are
reviewed. These are examples only, and assess-
ments at different plants will vary. The amount of
time spent on any one area will be dependent on its
relative importance, or if it is of concern. Generally,
two main areas are considered:

(i) State of structures, systems, and components
(SSCs); and (ii) Management process.

With respect to i) The AECB staff examines:

• Corrective maintenance backlog;

e Preventative maintenance backlog;

• Techniques used for identification of equipment
important to safety, (such as the Reliability
Centred Maintenance (RCM) program);

• Condition monitoring.

With respect to ii) AECB staff examines:

• Organisation structure;

• Rules for conduct of maintenance (e.g. compli-
ance with OP&Ps);

• Review and feedback of operating experience;

• Indicators currently used to determine mainte-
nance effectiveness;

• Overall maintenance strategy.

Comments based on AECB findings are recorded in
the AECB staff's annual assessment of the nuclear
generating station operation for the year. If signifi-
cant deficiencies are found, the licensee is formally
requested to take appropriate corrective action.

5.0 AECB OBSERVATION OF
MAINTENANCE ACTIVITIES
An assessment using the practice described above
was conducted at a four unit nuclear plant in 1994. In
this case the areas the AECB site staff assessed
included:

• Organisation structure;

• Completion rate and control of changes to Callups;

• The role of RCM;

• 13 week rolling maintenance schedule;

• Condition monitoring techniques;

• Trends shown by maintenance indicators.
Following the AECB staff assessment, an Action
Item was raised to address a number of deficiencies.
These included the following:

• Lack of resources to carry out RCM;

• Inadequate analysis of Indicators. Lack of indica-
tors in some important areas of maintenance.

• Lack of clear definition of maintenance responsi-
bilities.

AECB staff observed one particular deficiency that
required special attention. This was the lack of inte-
gration and co-ordination between groups where
there was possibility of overlap or gap in responsibil-
ity interfaces, or where technical exchange of infor-
mation would have avoided duplication of effort and
inconsistency.

There were a number of maintenance projects
underway where better co-ordination or integration
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of activities was needed.For example, it was unclear
to AECB staff as to how groups such as RCM, EQ
and Nuclear Safety kept each other informed of
changes to Callups. AECB staff could not clearly
identify who had overall control of Callups or what
controls were in place to check if changes made by
any of the above groups were in the best interest of
safety.

6.0 INTEGRATION OF MAINTENANCE
The following three examples illustrate the AECB's
concept of integration of maintenance. This is
intended to show the possibilities that exist. At dif-
ferent nuclear plants other such relationships may be
possible:

(i) Interactions between groups for changes to
Callups:

For changes to Callups, the AECB staff were of the
opinion that one group should be made responsible.
Information should be exchanged between this co-
ordinating group and the rest. This group would
receive and assess the change with all parties before
allowing it to be part of the nuclear plant's mainte-
nance program. The typical groups that would pro-
vide expertise in decision making would include:

• The Nuclear Safety Department which identifies
all Caliups important to nuclear safety, particularly
if operational changes resulted in changes to fre-
quency or content of Callups;

• The RCM group which create, amend or delete
Callups based on RCM analysis;

• The EQ group ensures that environmental qualifi-
cation of equipment is not affected by mainte-
nance activities, or by changes made to Callups by
other groups;

• The Planning group schedules and records the
Callup completion rates and keeps track of
changes to callups;

• The System Engineer is usually responsible for
maintenance on their systems, hence System
Engineers must have good interaction with all of
the above groups.

(ii) Application of Probabilistic Safety Assessment
(PSA) to maintenance.

The use of PSAs has been very limited for nuclear
plant operations applications in Canada. AECB staff
believe it has great potential for maintenance, PSAs
could be used to:

• Determine the high risk accident contributors and
hence the mitigating systems and equipment that
must be given high priority for maintenance.

Conversely, there may be equipment of very low
failure consequence such that only corrective
maintenance need be applied. Knowing this,
greater efforts on preventative maintenance could
be placed on safety important equipment at the
expense of equipment of low failure consequence
Thus the maintenance program would become a
key element of operational risk management, and
resources could be applied more effectively;

• Identifying change in risk when certain compo-
nents are unavailable. Some configurations of
equipment unavailability may be highly undesir-
able from a risk perspective, and these should be
known and avoided, particularly during outages;

• Make risk based decisions on whether to carry out
certain maintenance now or wait for a more
favourable time when risk impact would be less;

• Alternative maintenance schedules could be eval-
uated using PSAs. e.g. with respect to the struc-
ture of the rolling maintenance schedule.

(iii) Management of Ageing

The management of ageing includes predicting,
detecting and preventing degradation of system and
plant components due to ageing effects. Ageing
management is usually found to be an integral part of
maintenance program. The ageing aspects of any
maintenance program must therefore be clearly
specified. Some elements of maintenance activities
relevant to management of ageing include:

• Various aspects of preventative, predictive and
condition monitoring could identify age related
deterioration. Diagnostic practice could predict the
remaining operational life of the components;

• Indicators that detect ageing related trends;

• Safety important structures, systems and compo-
nents could be better identified. For example tech-
niques such as RCM or PSA or even by safety
requirement matrices based on design basis acci-
dents from the Safety Report.

In the management of ageing, AECB considers it
important to formally identify, list, and monitor safe-
ty important structures, systems, and components.
As the plant ages, it is necessary to keep such a list
updates with inputs from operating experience,
trend indicators, and new safety analysis.

7.0 MAINTENANCE INDICATORS
Although performance indicators are extensively
used, for maintenance indicators there appears to be
some variation in the interpretation of what these
mean. Almost no analysis of the trends is carried out,
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and there is no clear indication of when it is neces-
sary to correct a negative trend. Collectively, these
indicators should show the state of the plant with
respect to maintenance. AECB checks for the fol-
lowing characteristics:

• Use of data that is adequate in terms of quantity
and quality. For example for determining Callup
completion rates, or effect of RCM on preventa-
tive maintenance;

• Indicators must be sensitive enough to highlight
deficient areas clearly;

• To have alarm and action levels that clearly show
when action must be taken to remedy a negative
trend.

8.0 STRATEGIC PLAN AND MANAGEMENT
The strategic plan must show how the individual pro-
grams are integrated. It should outline targets and
goals as well as the responsibilities. It should outline
the mechanism by which management is kept
informed of progress and deficiencies, so that they
are able to establish priorities for field work.

The AECB considers that the most important func-
tion for the strategic plan, and associated indicators
is to provide a process whereby continued aware-
ness of the effectiveness of maintenance is made
known especially to management.

From a regulatory perspective, the AECB site staff
require assurance that the managed process is such
that it is possible to identify and maintain equipment
which is important to safety. The strategic plan
should identify ways in which this can be achieved.
The managed process itself should also be modified
and improved as experience is gained.

9.0 EXPECTATIONS FOR THE FUTURE
AECB staff will continue to assess the maintenance
plans of nuclear plants, particularly with respect to
ageing of SSCs.

Major new tools such as RCM and PSAs can con-
tribute to focusing maintenance activities on safety
significant equipment such that the effect of fewer
resources is minimised. The integration of these and
other tools should assist in producing an overall co-
ordinated program, in which significant improve-
ments are possible. The AECB staff is pleased to
note that some licensees are taking advantage of
many of these tools.

The AECB places great importance on the managed
process to effectively implement a good mainte-
nance program over the life of the nuclear plant, and
will continue to press for improvements in mainte-
nance and integration of maintenance activities in
future.
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CONTROL VALVE FRICTION
OPERATIONAL EXPERIENCE AT DARLINGTON NGD

Prepared by

Brian Speer
Maintenance Engineer

Darlington NGD CA9800523

ABSTRACT
Proper installation of valve packing is an important
part of ensuring that control valves operate as intend-
ed. Darlington NGD has developed a Valve Packing
Program. This program combined with valve diag-
nostics has enabled the station to ensure that the
operability of control valves is maintained after
repacking. This paper outlines the process that is
used for this."

INTRODUCTION
Darlington NGD is a four unit CANDU nuclear power
station located on the north shore of Lake Ontario
approximately forty miles east of Toronto. Each unit
is rated to 881 MW (net) for a total of 3,520 MW. The
first unit went into commercial operation in 1989.

This paper is intended to share the experience from
the station with regard to repacking of control valves
and the use of valve diagnostics to ensure good
setup. It is important to note that this is a personal
opinion based on experience.

The paper is broken down into the following sections.

1.0 Packing
An overview of valve packing

2.0 Control Valve Friction
A listing of typical areas of friction in control valves

3.0 Valve Program

3.1 Communication
Levels required

3.2 Packing Program
Applying packing program to control valves

3.3 Diagnostics
Applying diagnostics to repacked control valves

4.0 Packing Improvements
Discussion of improvements made at Darlington

5.0 Summary

1.0 PACKING
In the simplest terms valve packing is required to
provide a seal around the valve stem to prevent the
fluid inside the valve from leaking out. This applica-
tion would be a very simple if it were not for the
valve stem having to move through the packing so
now you are attempting to seal on a moving surface.
Control valves are a more difficult application than
open / close valves due to: the high cycle nature of
the valves, the affect of stem drag on valve response
and in many cases the low amount of force available
to move the stem. This section will present a brief
overview of a 'typical' Darlington NGD packing con-
figuration.

The basic principle of packing is to have a material in
the stuffing box (reference Figure 1) that can be
pressed against the valve stem to provide a seal but
not have high friction. Apart from a few valves
packed with Teflon, our typical configuration is a
packing set that is a combination of die-formed
graphite rings, composite graphite rings and high
density graphite bushings. The composite graphite
rings are to minimize extrusion of the die-formed
graphite material through the top and bottom of the
stuffing box. High density graphite bushings are used
to further aid in containing the packing set and assist
in stem guiding. The bottom of most stuffing boxes
is an unknown quantity so a junk ring (generally
called a guide bushing in control valves) is installed to
provide a solid foundation for the packing set and to
guide the valve stem.

The packing material must be pressed against the
stem. If it was loose there would be no seal. The
sealing force is provided by a gland follower which
has a force applied to it by a packing flange. The
packing flange has a load applied it in one of two
ways: Packing nuts bearing directly on the packing
flange which are torqued down to a specific value or
the packing nuts compressing a spring pack (refer-
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Figure 1 - Valve Packing Component Description
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ence Figures 1 and 2). There is no difference in
applied load between these two configurations. The
gland follower does not care how the load is applied
to it. This is important as there seems to be a wide-
ly held belief that live-loaded packing generates high-
er friction. The error may come from the fact that
live-loaded packing does a much better job of main-
taining the applied load whereas non live loaded
packing consolidates and the load decreases.

Important Points: The packing must have some
value of friction in order to seal.

Live-loaded packing does not have a higher initial
designed friction.

2.0 FRICTION IN CONTROL VALVES
In the ideal world a control valve would have zero fric-
tion which would allow for a smaller actuator, elimi-
nate hysteresis from packing, facilitate easier set up
and longer life. Unfortunately this world doesn't
exist thus there is a need to discuss valve friction.

As we all know there are many different types of
control valves. This section describes some the
potential areas of friction in the entire assembly.

Piston Actuator Either from the piston seal or any
taper in the cylinder.

Actuator seal: In an air-to-open actuator the bottom

r ^ -2ELATWASHERS
_A
_/ i PERSTUD

!-• 10SPRENG
WASHERS
PER STUD

GRAPHITE BUSHING

2 COMPOSITE RINGS

2 GRAPHITE RINGS

COMPOSITE RING

GRAHTTEBUSHNG

JUNK RING

Figure 2 - live-loaded Peking Configuration
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of the actuator must be sealed to prevent air loss
(this applies to both piston and spring-diaphragm
actuators).

Actuator Spring: If the actuator stem contacts the
spring or if the spring contacts the housing will there
be an increase in friction.

Packing: Includes all the components of the packing set.

Stem Guiding: Guide bushing (junk ring) and gland
follower if there is contact with the stem.

Plug / Cage: There will be contact between the plug
and cage and / or the friction from seals in the plug /
cage assembly.

Ail these areas can contribute to valve friction, some
more than others. Some examples: We have some
piston actuated valves where the actuator piston
alone has a friction value of 200 lbs out of a total
valve friction of 1,000 lbs. In other valves contact
between the stem and the guide bushing has gener-
ated 800 lbs of static friction in a valve that had 300
lbs of dynamic friction.

Important Point: Not all friction in a valve assembly
is packing friction.

3.0 VALVE PROGRAM
In order to have control valves that are repacked and
setup properly a coordinated approach between
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valve packing and control valve programs is needed.
The next three sections of this paper present the
methods that are used at Darlington NGD to maintain
proper setup of control valves.

The essential elements of the program are:
• Communication
• Valve Packing Program
• Valve Diagnostics

Each of these sections will be discussed in more
detail below.

3.1 Communication

In any large organization there will be many groups
involved in maintenance. While this cannot be avoid-
ed, good communication can assist in ensuring work
is performed as required. The areas of communica-
tion that have proved successful for the repacking
and set-up of control valves are:

Between the Packing Coordinator and the Valve
Diagnostics Coordinator.

After determining which control valves require repack-
ing (based on leaks, potential for future leaks, oper-
ability problems or configuration change) the Packing
Coordinator generates a list. This list is reviewed by
the Valve Diagnostics Coordinator to determine which
are important enough to require diagnostics. This
review is a must to ensure that valves that require
diagnostics due to their criticality to plant operation,
history of previous problems or new packing configu-
rations have the diagnostics performed.

At times the valve diagnostics results will determine
that a valve requires repacking due to a low friction
value or condition of the packing area. This informa-
tion is be passed on to the Packing Coordinator by
the Valve Diagnostics Coordinator for entry into the
program.

At Darlington NGD this communication works well as
the two coordinators work in the same group and are
physically located close to each other.

Between Mechanical Maintenance and the Valve
Diagnostics Crew. When the Diagnostics crew pre-
pare for work on a valve they ensure that Mechanical
Maintenance will have someone ready on short
notice to adjust the packing if required. This is espe-
cially important during outages where time is at a
premium.

Between the Valve Diagnostic Crew and
Technical Support. If a problem is noted and oper-
ability is a concern, there needs to be support for the
Valve Diagnostics and Valve Packing Crews. To cover
this, we ensure the Valve Diagnostics Coordinator
and the Packing Coordinator are available to address

problems that may arise. These two coordinators
know the appropriate system engineers to contact or
have the knowledge to make a reasonable decision.
This is especially true during shutdowns and pagers
are used to ensure minimal time is lost.

3.2 Valve Packing Program

Darlington has a well established and controlled
valve packing program. This program is run by an
engineer in the Maintenance Support Unit. Control
valves form only a part of this program but the suc-
cess of the control valve work depends on the Valve
Packing Program. There are two main outputs from
the Valve Packing Program used in the control valve
work. The first output is the determination of a pack-
ing configurations that will not leak and will not add
any unnecessary friction to the valves. The second
output is the Valve Packing Technical Sheet (see
Appendix A). This information is available from a
Valve Packing data base on a Local Area Network
(LAN) to all station staff.

The important piece of information on this data sheet
for control valves is the expected valve packing fric-
tion. The number here is calculated from information
provided by the packing supplier. The database is
kept up to date so any changes in packing configura-
tion will have new friction numbers calculated and
presented. This means that the Valve Diagnostics
Crew has access to this information easily. There is
no searching through design information for data that
may be out-of-date. Before diagnostics is performed,
a crew member can print out a copy of the Valve
Packing Technical Sheet.

The Valve Packing data base lists when the valve
was last repacked. This information is useful for
determining chronic leakers (frequent repacking) or
valves that still have old packing configurations.
Important Point: A valve packing data base can pro-
vide up-to-date and accurate
information to the valve diagnostics crew.

3.3 Valve Diagnostics

3.3.1 General

The next step in the process is the use of valve diag-
nostics to ensure the operability of the valve has
been maintained after the rework. The diagnostics is
used to ensure that all parameters of the valve setup
are correct. A numeric value for friction is only one of
the many values that is determined by the diagnos-
tics equipment, however the following discussion is
related to the friction value only.

The diagnostics friction value is not just packing fric-
tion, it represents the overall valve friction. All the
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items that were mentioned in Section 2.0 are applic-
able so the friction value cannot be directly related to
the packing friction value on the data sheet. In order
to determine an acceptable level of friction the Valve
Diagnostics Crew has been supplied with a guideline
(see Appendix B). This chart details actions regarding
the friction value noted from the valve diagnostic
trace. The acceptable levels of 20% under and 50%
over the packing friction number on the Valve
Packing Technical Sheet are from station experience
and they are guidelines only. If the friction value is
out of specification then either a packing adjust-
ments is made or an 'operability' check is made. This
includes consultation with Technical Support and the
Valve Packing Coordinator.

Important Point: The valve diagnostics friction infor-
mation is only a guide to the valve's performance. In
addition to the friction information there is a need for
guidelines to what is 'acceptable' friction.

3.3.2 Packing Adjustments
The valve packing program has developed a proce-
dure that allows Mechanical Maintenance to
retorque packing if it is leaking. This applies to man-
ual and motor operated valves as well as control
valves. The intent of the program was to allow
Mechanical Maintenance to retorque packing to val-
ues specified in the database. When control valves
are repacked the torque values used are from the
database (see Appendix A, page 2), the friction val-
ues from the diagnostics are not used to set the

packing load. The reasons for this are:

The diagnostic friction value is not packing friction
alone. Assuming that it is can lead to errors especial-
ly in valves that have high friction from other
sources. For example: reducing the packing torque
on a valve with high friction may cause a leak if the
friction is from a sticky actuator.

The amount of load on the packing based on the
Valve Packing Data Sheet and this number must be
repeatable to Mechanical Maintenance. If the pack-
ing load was set using the friction values from the
diagnostics then each valve would have individual
torque or spring pack compression values. This value
would have to be recorded on the data sheet and
updated every time a valve leak was noted and
torque adjustments made. It has been decided that
this is not a good use of resources.

Important Point: The packing must be adjusted to
suit the Valve Packing Data Sheet, not to suit the fric-
tion value from the diagnostics. The diagnostics are
used to ensure the specified valve packing torque
falls into a predefined friction range.

3.3.3 Operability

This concept was mentioned earlier and it is include
in the packing flowchart (Appendix B). If the valve
friction is outside of the range in the sheet (typically
the problem will be with higher friction) the valve's
'operability' is determined. This process depends on
the type of valve and valve function. Listed below are
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some hints from operational experience that may be
useful when investigating the friction value for con-
trol valves:

The important considerations in determining oper-
ability are: the criticality of the valve to station opera-
tion and the parameter being controlled. If high fric-
tion is noted in feedwater valves it will probably
affect the control circuit. With both the criticality of
feedwater and the difficulty in controlling flow the
high friction has to be investigated. In another appli-
cation (i.e. level control in a drains tank) poorer con-
trol may not be a concern. The system is not a criti-
cal and level control typically is not sensitive to con-
trol valve problems. Therefore a valve with higher
friction (and its associated control problems) can be
tolerated and no adjustments are required.
Experience has shown that piston actuators have
higher friction than spring-diaphragm valves (a 200
in2 piston actuator may have a 200 Ib friction where-
as a 160 in2 spring diaphragm will be in the 70 Ib
range). Therefore, piston actuators may show a high-
er friction value as seen on a diagnostics trace.
The phenomena of stick-slip (or "stiction") shows up
on many traces. It is important to quantify the
amount of slip-stick. In the Figure 3 shown below,
the valve overall trace shows stick-slip through most
of the valve travel and it appears to be of concern.
Figure 4 is a zoom of the trace in the 50% travel area.
Note that the valve "sticks" for 1.4 psi which trans-
lates to 225 lbs of force required (this actuator is

capable of producing thousands of pounds of force).
When the valve does move ('slip") the amount is
0.075". In many applications this is quite tolerable so
corrective actions to eliminate the stick-slip do not
have to be made.
Important Point: A high friction value may not mean
that there is a problem with the valve. Stick-slip may
be tolerated.

3.3.4 Feedback to Database
Once the Valve Diagnostics Crew has completed
their fieldwork the diagnostics information is ana-
lyzed and a report issued. One of the areas in this
report is recording the 'as left' friction value. This
number is sent to the Valve Packing Coordinator and
is entered into the database (reference Appendix A,
page 1, lower right part of sheet). This provides an
indication of valve friction when performing diagnos-
tics in the future.

Important Point: The friction value is the valve fric-
tion, not the packing and is to be used a reference only.

3.3.5 Static Scans

When performing the diagnostics one has to ensure
the proper testing is performed. This section details
some experience in determining if friction is affecting
valve response. The diagnostic equipment is typical-
ly used for dynamic and static scans. The static scan
shows the valve response to 4 ma changes in the
valves input signal. Experience has shown that the 4
ma step is too large and some valve problems are
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masked. In Figure 5 the static scan of a valve is
shown. There are no problems noted in the valve
response.

If a static scan with the following current steps is
used (11.9-12.0-12.1 -12.3-12.6-13.1 -14.1 and
back down) the scan looks much different (see
Figure 6). At the 0.1 ma steps there is no valve
response. Since in many valves a 0.1 ma step is a
typical control signal change the valve may have
some response problems due to friction.

Important Point: Perform diagnostic tests as close
to the operating condition of the valve as possible
(use small current steps).

4 .0 PACKING IMPROVEMENTS
This section discusses some of the improvements to
valve packing made at Darlington NGD. These are
mentioned since in many cases they improved the
operability of control valves. These developments
were made by the station Valve Packing Coordinator
with verification by Argo Packing.

Ensuring that the valve stem has a finish of 4 rms
reduces the friction considerably. This is now the
standard for control valve stems. All rework now
includes in-house stem polishing using the Supfina
Polishing Machine.

High density graphite bushings are being used for
stem guiding in place of stainless steel components.
The friction of the graphite bushings is minimal so

valve performance is improved. In the early days
problems were encountered when changing only the
packing rings from asbestos to graphite (in many
cases the stainless steel bushing were left in).

The perceived problems with these early graphite
packing sets having higher than expected friction
were in fact due to the stem binding on the tight
clearances of the gland followers and guide bushings.

On some valves the originally supplied gland follow-
ers had a tight clearance (in some instances the fol-
lower would not fit into the stuffing box). This caused
two problems:

• The follower could become cocked and the torque
from the gland studs would not be transferred to
the packing. The packing would then not be prop-
erly loaded and it would leak or blow out.

• The stem could contact the gland follower, greatly
increasing friction. A new design for the gland fol-
lowers was developed in-house. The features of
this new design are: a change of material to
Waukesha 88; increased diametrical clearances;
and improved resistance to cocking.

On some valves the guide bushing came with toler-
ances that are too tight. This lead to stem contact
damage and higher friction. Also the material selec-
tion was a problem. Some materials like 410 stain-
less steel lead to galling and then poorer perfor-
mance. Opening up the tolerances and changing to a
non-galling Waukesha 88 eliminated these problems
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5.0 SUMMARY
The following are the items required in order to get
the most from your control valves with respect to
packing and repacking.

Communication between all work groups involved.

A well controlled Valve Packing Program. An essen-
tial part of this program is accessible packing data
with up to date packing friction numbers, gland
torques, configurations and dates of installation.

Common sense in diagnostics to ensure the diag-
nostics is used as a guide instead of an absolute with
respect to friction.

Use of small step change scans to better quantify
control problems.

Control valve operability is the overriding con-
cern for the Valve Diagnostics and Valve Packing
Coordinators.
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Appendix A: Valve Packing Database Information
Sheets. Page 1: Valve Packing Technical Sheet. Page
2: Mechanical Maintenance Valve Packing Data
Sheet
Appendix B: Guidelines for Determining Packing
Acceptability
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GENERAL
Unit: 4
SCI: 63617
Valve #: LCV103
Last Update: 1995-03-04

DNGD Valve Packing Program
Valve Packing Technical Sheet

Current Record
Valve Location: TAB 107.9 EL COL B-10
FIOWSheet/Grid: NK38-FEX-43000-4502-D3
Rev#: 4
Safety Related (Y/N): N Field

Nuclear (Y/N):
Scaffold (Y/N):

Checked (Y/N):

N
N
Y

VALVE INFO
Valve SCN:
Make:
Model:
Size:
Class:
Type:
Orientation:

Dwg Fig: V339 TECHNICAL INFO

543F7190
COPES-VULCAN

CV600
10m

600
GLOBE

VERTICAL

rHi

OperMake: COPES-VULCAN

Oper Model: CV600-16R
Hand Wheel Dia: 18.0 m
Stem Thr Pitch: thds/in
Bellow Seal (Y/N): N

DRAWING INFO
OH#1:

#2:
#3:
#4:

Mfg#1:
#2:
#3:
#4:

Packinq

63617-0006
63617-5017

NK38-D1H-60463-9050
N/A

N/A
N/A

E-263391
N/A

Supplier Info

- 1 FLAT WASHER
1 PER STUD

GRAPHITE BUSHING

COMPOSITE RING

2 GRAPHITE RINGS

COMPOSITE RING
GRAPHITE BUSHING
JUNK RING

Suppl ier
Pack Set Part #:
Up Gr Bush Part #
Lr Gr Bush Part #
Gr Lantern Ring Part #:
Spring Part #:

# Springs/Stud:
Flat Washer Part #:
# Flat Washers/Stud:

Valve Ser #:
OperSer#:
Stem Material:
CRN#:

ARGO
2-59-101

2-5010-05625
2-5010-05625

N/A
N/A
N/A

6F177
1

Mtce Manual: M-NK38-60463-9190
OHReq#: - NK38-RH-60463-03
Packing Stress

Preferred:
Minimum:
Left As:

Gland Load .
Preferred:
Minimum:
Left As:
Pref Per Stud:
MIN Per Stud:
Left As/Stud:

Packinq Friction
Packing Height:
Friction Coeff:
Transfer Ratio:
Live Load Factor:
Calc (Pref):

(MIN):
(Left As):

Est (ARGO):
OEM Value:
(A) As Left:
(B) Empty Gland:
(A-B) Actual:

4000 psi
3000 psi
3795 psi

3140 ibs
2355 ibs
2979 ibs
1570 ibs
1178 ibs
1490 ibs

1.000 in
0.05
0.85
0.75
707 ibs
530 ibs
671 ibs
300 ibs
630 ibs
420 lbs

lbs

420 ibs
Diagnostic Date: 1993-08-21

COMMENTS/HAZARDS:
GRAPHITE BUSHING SCN IS 563C6376. FIAT WASHER SCN

IS 563C4290. NEW GLAND FOLLOWER (543AAH92) AND JU

NK RING (543AAJ50) ARE INSTALLED. THIS VALVE WAS R

EWORKED UNDER DR 2-94-19620-01. STEM WAS POLISHED
f; Ql IPCIMA flATA gUCCT Ml-VT DCTI I

Return completed Valve Packing Tech Sheet to Cameron Spence (x7336 Mtce Support)
Produced: Monday, May 29,1995 D A 2 - B 3
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DNGD Valve Packing Program
Mech Mtce Valve Packing Data Sheet

GENERAL
Unit: 4
SCI: 63617
Valve #: LCV103
Last Update: 1995-03-04

Current Record
Valve Location: TAB 107.9 EL COL B-IO
Flowsheet/Grid: NK38-FEX-43000-4502-D3 Nuclear (Y/N): N
Rev#: 4 Scaffold (Y/N): N
Safety Related (Y/N): N Field Checked (Y/N): Y

Dwg Fig: V339 PACKING INFO
VALVE INFO
Valve SCN:
Make:
Model:
Size:
Class:
Type:
Orientation:
Oper Make:
Oper Model:
Hand Wheel Dia:
Stem Thr Pitch:
Bellow Seal (Y/N):

543F7190
COPES-VULCAN

CV600
10,n

600
GLOBE

VERTICAL
COPES-VULCAN

CV600-16R
18.0 in

rfTi

N

- I FLAT WASHER
PER STUD

GRAPHITE BUSHING
COMPOSITE RING

2 GRAPHITE RINGS

COMPOSITE RING
GRAPHITE BUSHING
JUNK RING

LIVE LOADING INFO
Live Load (Y/N): N
Bel. Washer SCN. N/A
Stud Type: STRAIGHT
Stud Material: GR B7
Total Stud Lgth: 3.000
Effective Stud Lgth: 2.500
Radial Stud Clear: 0.625
Axial Stud Clear: 1.625
Eye Bolt Inner Dia: N/A
Eye Bolt Thickness: N/A

NOTE: If there is a "JUNK" Ring Present

Re-Install Ring with NEW Packing

GASKET INFO
Gasket SCN: 543G9451

in Type: SPIRAL WOUND

m Material: GRAPHITE

in Bonnet Torque: 375/1 FT ibs
in Bonnet Nut Size: 1-5/8 in
in Bonnet Stud Size: in
m Gasket Date:

Times Gskt Repaired: 0

COMMENTS/HAZARDS:
GRAPHITE BUSHING SCN IS 563C6376. FLAT WASHER SCN IS 563C42

90. NEW GLAND FOLLOWER (543AAH92) AND JUNK RING (543AAJ50) A

RE INSTALLED. THIS VALVE WAS REWORKED UNDER DR 2-94-19620-01

. STEM WAS POLISHED USING SUPFINA. DATA SHEET NOT RETURNED.

Tolerances Allowed: Stem Dia - 0.010" Gland Dta + 0.020"

Packing Set SCN:
Type:
Material:
Gland Torque

563C6334
COMPOSITE

GRAPHITE

117
88

111

Preferred:
Minimum:
Left As:

Stem Diameter:
Gland Diameter:
Gland Depth:
Stud Diameter:
# of Studs:
Stud Nut Size:
Stud Nut Height:
Gland Flange Ht:
Gland Fol Step Ht:
Gland Fol Insert Ht:
Gland Fol Insert OD
Up. Gr. Bushing Ht:
Lr. Gr. Bushing Ht:
Junk Ring Ht:
Last Packed:
Times Packed:
Times Stem Repaired: 0
Leakoff Port Info
Port Type: UNKNOWN
Active (Y/N): N
Inner Diameter: N/A in
Port Depth: N/A in
Lantern Ring Ht: N/A in

IN lbs

IN Ibs

IN Ibs

0.750 in
1.250 in
2.625 in
0.375 in

2
11/16 in
0.365 in
1.000 m
0.187 in
0.875 in
1.242 in

0.5625 in
0.5625 in

0.250 in
1995-01-30

2

Valve Cycled 5 Times (Y/N):
Torqued Left As:
Date Packed:
Packed By:

lbs'

Return completed Valve Packing Data Sheet to : Cameron Spence (x7336 Mtce Support)
Produced: Monday, May 29,1995 D A 2 - B 3
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Valve Packing Adjustments for Control Valves pg 1 of 2

IN MANY INSTANCES CONTROL MAINTENANCE VALVE CREW IS REQUESTED TO FLOWSCAN CONTROL VALVES AFTER THEY ARE REPACKED TO
ENSURE OPERABILITY. LISTED BELOW ARE SOME GUIDELINES FOR RELATING THE FRICTION VALVES FROM THE FLOWSCANNER AND THE
INFORMATION IN VALVE DATABASE (ON THE LAN).

T h e i n f o r - m a - t i o n b e l o w a p p l i e s - t o F l o w s c a n n i n g A O V ' s - t h a t

h a v e b e e n n e w l y r - e p a c k e d w i t h c o m p o s i t e g r a p h i t e .

IN VALVE SHOP OBTAIN INFORMATION FROM VALVE DATABASE. THIS IS TO INCLUDE:

- IS THE PACKING COMPOSITE GRAPHITE? THIS CHART FOR COMPOSITE GRAPHITE ONLY.
- THE MINIMUM AND PREFERRED TORQUE VALUES FOR THE GLAND STUDS (PAGE 1 OF DATABASE)
- THE ARGO FRICTION VALUE (FROM PAGE 2 OF DATABASE).

EXPERIENCE HAS SHOWN THAT COMPOSITE GRAPHITE PACKING REQUIRES CONSOLIDATION.

STROKE THE VALVE 20 TIMES BEFORE PROCEEDING.

PERFORM A DYNAMIC SCAN ON THE VALVE AND DETERMINE THE OVERALL FRICTION.

IS THE FRICTION -20 / +50 2 OF THE ARGO VALUE?

YES
(NOT ALL FRICTION FROM THE FLOWSCANNER

IS PACKING THEREFORE THE RANGE) NO

ASSUME THE PACKING IS CORRECT AND REQUIRES
NO REWORK. CONTINUE WITH NORMAL VALVE SET-UP

IS THE FRICTION LOWER OR HIGHER
THAN THE ARGO VALUE?

LOWER HIGHER

CONTINUED ON PAGE I B
CONTINUED ON PAGE 2
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Valve Packing Adjustments for Control Valves pg 2 of 2

B

OBTAIN M/M HELP FOR ADJUSTMENTS TO PACKING.

- HAVE M/M DETERMINE THE "AS-FOUND" TORQUE. THIS VALUE
IS TO BE RECORDED IN THE VALVE ANALYSIS.

* M/M NOT TO EXCEED PREFERRED TORQUE VALUE ON DATASHEET

- INCREASE THE TORQUE SLOWLY. AS A GUIDELINE INCREASE
TORQUE IN 1 FT-LB OR 5 IN-LB STEPS (UNITS DEPEND ON
INFO FROM VALVE DATASHEET).

- PERFORM DYNAMIC AND STATIC*SCAN AFTER EACH INCREASE
IN TORQUE. THE OBJECTIVE IS TO REACH THE PREFERRED
TORQUE WITHOUT AFFECTING OPERABILITY.

BASED ON DYNAMIC AND STATIC SCANS* ARE THERE PROBLEMS
WITH THE VALVE OPERABILITY?

NO YES

BASED ON DYNAMIC AND STATIC
SCANS* ARE THERE PROBLEMS WITH
THE VALVE OPERABILITY?

YES NO

i

NO FURTHER WORK REQUIRED.
ENSURE FRICTION AND OPERABILITY
ARE REPORTED IN ANALYSIS.

CONTACT MAINTENANCE SUPPORT:
B. SPEER - 7919 C. SPENCE - 7336

TO OBTAIN APPROVAL FOR THE NEXT STEP

ONCE PREFERRED TORQUE IS REACHED AND
VALVE IS OPERABLE THEN NO FURTHER WORK
REQUIRED. ENSURE FRICTION IS REPORTED
IN ANALYSIS.

BACK OFF TORQUE IN 1 FT-LB OR 5-IN-LB STEPS (UNITS
DEPEND ON INFO IN VALVE DATABASE).

PERFORM DYNAMIC AND STATIC*SCAN AFTER EACH DECREASE
IN TORQUE. THE OBJECTIVE IS TO OBTAIN VALVE
OPERABILITY.

ENSURE FRICTION, OPERABILITY AND "AS-LEFT" TORQUE
INFORMATION IS REPORTED IN THE VALVE ANALYSIS.

* AS PER FISHER'S RECOMMENDATION FOR STATIC
SCAN USE 5-8-12-16-19 (AND BACK) MA

PREPARED BY:

VERIFIED BY:
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DARLINGTON NGD VALVE PACKING PROGRAM

Cameron G. Spence, P. Eng.
Ontario Hydro

Darlington NGD, Bowmanville, Ontario
CA9800524

DARLINGTON NGD
Darlington NGD is a four unit CANDU 1000 nuclear
generating station, located on the shores of Lake
Ontario, approximately 45 miles east of Toronto. The
CANDU design is a Pressurized Heavy Water
Reactor (PHWR), each unit at Darlington is designed
to produce 940MWe. The commissioning phase of
the station was completed in the spring of 1993.

BACKGROUND
Based on the experiences of other Canadian and U.S.
stations, it was apparent that Darlington required a
valve packing program to assist in controlling plant
leakage and valve operability.

To date, the program resources have been focussed
on: developing program infrastructure; obtaining sta-
tion management and maintenance approval for the
long term program maintenance strategy; MOV oper-
ability problems; AOV leakage and operability prob-
lems; and replacement packing set designs for dou-
ble packed valves.

During commissioning, there were a number of
motorized valves identified to have operability con-
cerns; it was decided that by replacing the existing
asbestos packing with graphite the operating mar-
gins could be increased. The use of graphite packing
in this manner provided the first step in establishing
a packing program at Darlington.

While the station was still in the commissioning
phase, it was decided to take the opportunity to
develop the program infrastructure which consists
of: valve packing data base; installation procedures;
and training programs. The importance of the infra-
structure was stressed as a primary reason for the
success of the Bruce B packing program.

With the program infrastructure in place and the sta-
tion commissioning phase complete, preparations
were made for the first major maintenance outage.
During these preparations, the signs of wide spread
valve leakage led to the inclusion of over 90 valves to
be worked on in this first outage; a startling figure
considered the limited operation of the plant. The
concern over potential future problems led to a high
priority being placed on repair of steam leaks for the

station by the Operations Manager. As result, during
the last few years each outage has had a major work
program aimed at repacking valves.

During the scope identification stage for each of the
various outages, it was discovered that control
valves on the conventional side of the plant were a
particular problem which required a special effort to
reduce the amount of maintenance hours spent on
repacking these valves. As well, work continued on
improving double packed configurations used in
nuclear MOVs, including the development of pro-
curement specifications and research test programs.

The Darlington Valve Packing Program is attempting
to ensure that leaking valves are repacked with qual-
ity, long lasting materials that will improve plant per-
formance. As well, a proactive approach is being
used to repack valves prior to a large scale problem
occurring.

This paper will focus on the program infrastructure
developed for the Valve Packing Program at
Darlington.

DARLINGTON VALVE PACKING PROGRAM
OVERVIEW
Over the last 2-1/2 years, over 1,400 valves have
been repacked with composite graphite packing
materials. Rework has been reduced through mater-
ial selection and training; for these 1,400 valves, only
five manual valves require rework. As well, there are
approximately 30 control valves that have or will be
repacked; these repacks are the direct result of con-
trol logic problems, hunting or problems with the
control valves themselves. The program has
focussed on the following areas:

• program infrastructure;
- valve packing data base
- installation procedure
- blanket substitute parts approval

• leaking valves;

• operability concerns (MOVs, AOVs);

• proactive maintenance; and

• coordination with other valve maintenance pro-
grams (ie. MOVs, AOVs).
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In various MOVs and AOVs, the substitution of
graphite packing for asbestos materials has alleviat-
ed operability concerns which normally may result in
expensive actuator upgrades or replacements. The
proactive work is based on system availability and
similar chronic leaking valves. Coordination with
other valve maintenance programs, such as MOVATS
call ups, assist in maximizing the success of both
maintenance programs.

Two key factors have facilitated the large amount of
valves being repacked over the past year: the high
priority that the Operations Manager has placed on
repairing steam leaks (only safety related work is
given a higher priority); and the empowerment of the
valve packing program to the mechanical mainte-
nance staff and the valve packing program coordina-
tor. The success of a program depends on the ability
to provide a mechanic with the proper materials and
means of installation in a timely manner and the abil-
ity of the mechanic to be able to install the configu-
ration properly. The coordinator and the mechanical
maintenance staff each have specific roles and
responsibilities; as well, each group has the specific
tools and resources required to assist them in their
work.

ROLES AND RESPONSIBILITIES

Mechanical Maintenance

The mechanics are responsible for the following
areas in the valve packing program at Darlington:

• valve survey and measurement;
• identification of irregularities such as;

- gland diameter
- stem diameter
- gland depth
- leak off/water seal port depth

• installation; and

• feed back.
Surveying the valve, which includes measurement
and inspection, is normally the first step in the
repacking process. This step is critical as it will deter-
mine the initial configuration chosen for the valve.
The valve irregularities or differences from the initial
valve survey are key elements that must be identi-
fied by the mechanic as they will affect the packing
configuration design and the success of the valve
work. The confirmation of the gland diameter is cru-
cial as it is very common for it to be oversized on
valves found on the conventional side of the plant. If
the gland diameter is oversized then a new packing
set will be required. Other components that will

affect the performance of the packing set are: condi-
tion of the valve stem; size of the gland follower; and
size of the junk ring/guide bushing.

The most important part of the entire process is the
actual installation of the packing materials. The
mechanic must have the proper training, supervision
and support in order to install the packing materials
correctly or all the time, effort and money spent on
working on the valve is wasted. The manner of instal-
lation will affect the success of the repacking work;
if it was performed in a professional and thorough
manner then the packing will perform as it was
designed but if the configuration was not installed
correctly or if valve irregularities were not identified
then packing failure will occur very quickly affecting
plant performance.

The final area of responsibility for the mechanic is
feedback on the job performance (ie. any problems
encountered) to the supervisor and the coordinator.
This feedback can be in the form of the returning of
the valve packing data sheet used in installation to a
phone call or E-Mail note detailing a particular prob-
lems or concerns with respect to the valve work.
This feedback will assist with work on the remaining
similar valves (valve family) and to provide some
insight as to why the valve was leaking.

Valve Packing Program Coordinator

The valve packing program coordinator has the fol-
lowing roles and responsibilities:

• overall program coordination;
• packing configuration design;
• configuration management;

- data base administrator
- blanket substitute parts approval
- material management system
- installation procedure

• technical support; and
• outage coordination.

The valve packing program coordinator has overall
responsibility and ownership of the program. If the
work is not being performed correctly or materials
are not available for some reason then the coordina-
tor is responsible. The coordinator has the necessary
approvals, through substitute parts approval, to
design packing configurations using accepted stan-
dards; this delegation allows for the timely design of
packing sets for mechanical maintenance staff. If this
design cannot be performed in the time required
then packing opportunities may be missed or sub-
standard materials may used resulting in future
repacking of the valve due to poor performance of
these materials.
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Configuration management is maintained through
the use of a data base; the coordinator can keep
track of specific valves with respect to the packing
configuration that has been installed, perform trend-
ing, obtain information on like valves, etc. The data
must be accurately maintained in a timely manner in
order to ensure that a high level of accuracy remains
for the data base; this accuracy will dictate the level
of confidence and usage of the data base. Also, the
coordinator is to ensure that other station documen-
tation is kept up to date such as: Material Manage-
ment System; valve packing installation procedure;
and blanket substitute parts approval. The substitute
parts package delegates design responsibility to
Maintenance Support and it allows for certain pack-
ing configuration changes without the use of jumper
records and expensive drawing updates since the
valve packing data base is used for recording any
packing configuration changes instead.

The coordinator must be able to provide technical
support to the mechanics before, during and after
repacking work. In order to ensure that a valve is out
of service fora short duration, the coordinator must
be able to provide solutions to the mechanics in a
timely manner. Most problems occur once a valve is
opened up and it is required to be returned to service
within a few hours. If the coordinator cannot provide
the required support, the chances of a successful
repacking will be reduced.

Maintenance outages are a important opportunity for
the valve packing program and they represent the
most intensive period of the program due to the
large amount of work that takes place. In order for
the work to take place, the scope must be identified
early through: field walk downs; data base searches;
and previous experience. The coordinator must
ensure that all involved parties are aware of the pro-
posed scope to ensure that the work can take place.
The planning department, operators and mechanics
must be involved early in the process; as well, the
packing material supplier should be contacted to
make them aware of any large orders to ensure that
they can be delivered on time. The coordinator's
logistical work commences months prior to the out-
age and it includes liaison with other PM program
coordinators (ie. for MOV and AOV work). During the
outage the role of the coordinator is to provide tech-
nical support for the mechanics during the actual
repacking. This support will include: redesign of con-
figurations; specifying other packing sets; ordering
new materials; and providing recommendations with
respect to scope changes due to scored stems or
other damaged valve components.

PROGRAM RESOURCES REQUIRED
The previous section referred to the areas of work
for the key players in the valve packing program. In
order for these players to be successful they require
a number of resources.

Mechanical Maintenance

In order to repack a valve the mechanics require the
following:

• training;
• installation procedure;
« valve specific information (data base);
• technical support contact;
• packing tools; and
• materials.

The first step in any program is to provide training for
the mechanics and their supervisors. The training
should provide a background on the materials, an
overview of the installation procedures and some
practical hands on repacking. The training provides
initial contact with the materials and the means to
install them. The packing data base provides a link
between the valve specific information and the sin-
gle generic installation procedure. The data base has
been made accessible to the mechanics via the
Darlington local area net work (LAN). The mechanics
have been trained on the data base and how to
obtained the desired reports (more will be discussed
on the data base in the next section of the paper).

The mechanics require technical support to be avail-
able for any questions, refresher training and trouble
shooting; this is generally supplied by the coordinator
with occasional assistance from the packing supplier.

With respect to the actual repacking work, there are
certain specific tools that should be made available
such as: hydraulic packing removal device; torque
wrenches; removal tools; and measuring tools.
Special tool boxes have been set up for repacking
work.

Materials must be supplied in a timely fashion which
is achieved through the set up of material codes in
the Material Management System and through the
use of a standing offer agreement which ensures
material availability.

Valve Packing Program Coordinator

The coordinator should have access to the following
resources:

• training;
• installation procedure (author);
• valve specific information;
• materials and configuration qualification;

3 6 5



CANDU MAINTENANCE CONFERENCE 1995

• valve packing supplier;
• material availability; and
• other station contacts.

It is just as important for the valve packing program
coordinator to receive training as it is the mechanics.
The coordinator should go through the same level of
training as do the mechanics plus a few additional
steps: the coordinator should visit other stations to
review other programs; the coordinator should spend
an extensive period in the field with the mechanics
to get idea of the conditions they work in and the
efforts required to repack a valve; and the coordina-
tor should spend some time with packing supplier's
technical representatives to gain knowledge of pack-
ing configuration design and suggested installation
procedures. Once the coordinator has completed the
above training and gained some experience the coor-
dinator will be able to develop a station installation
procedure. The installation procedure will ensure that
valves are repacked in a consistent, correct manner
and it will assist in providing quality assurance for the
valve packing program. At Darlington, the focus was
to produce a single generic procedure.
The must useful tool for the valve packing coordina-
tor is the valve packing data base. The data base
allows for the following to occur:

• configuration management;
• single generic installation procedure;
• packing design communication to mechanics; and
• trending.

The data base is used to record the proposed design
for the specific valve and any other information
required for the installation. Since the Darlington data
base program is on the LAN then any changes
required can be made at any computer at any time
and once these changes are made then the mechan-
ic can print out a new data sheet at their location. The
LAN allows for timely updates and corrections to be
made ensuring that the materials are installed prop-
erly. More information on the Darlington valve pack-
ing program is detailed in the next section.

The coordinator requires proven materials and con-
figurations to incorporate into a valve packing pro-
gram. At Ontario Hydro any new material is tested
through at AECL Chalk River laboratory in accordance
with Ontario Hydro Specification M-724. This specifi-
cation indicates the acceptable leak rates, friction
and chemical properties for a graphite packing mate-
rial. Once a material has been qualified, the stations
will then consider purchasing and using the material.
This process ensures that the packing material being
used in a recommended configuration will seal and it

will not affect the integrity of the valve. As well, the
coordinator has a list of suppliers that can be referred
to and the recommended configurations to use; also,
this list of suppliers has been made available to the
purchasing department to ensure that any materials
being purchased are from this approved list.

Once a packing supplier has been chosen, it is impor-
tant to develop a good relationship with them to
ensure that they can provide the necessary service
that is required. The supplier should be able to guar-
antee: reliable delivery; strong technical support; and
be sensitive to your station's needs. The supplier
should be seen as one of the partner's in the valve
packing program and a valuable resource for training,
outage preparation and trouble shooting. A key
aspect of this relationship is the ability to supply
materials on a short turn around basis; in many cases
the material is needed for the next day and if the sup-
plier is not sensitive to your requirements, deliveries
will be missed and valves will not be packed. If the
partner approach is taken then the supplier should be
aware of future outages and the packing require-
ments that will accompany them.

The last set of resources required for the coordinator
is a forum to exchange information with other sta-
tions. Within Ontario Hydro there is a committee
called the Integrated Valve Actuator Program (IVAP)
Task Force consisting of station and design person-
nel. As well, there are sub-committees that examine
particular areas of concerns regarding valves such as
packing. The IVAP Valve Packing Steering Committee
consists of a representatives from each station,
design and AECL Chalk River. The committee facili-
tates an information exchange between the stations
and it provides direction concerning valve packing
research at AECL Chalk River. The committee meets
on a quarterly basis which allows all stations to be
kept up to date with station developments and to dis-
cuss any problems that any station may be having.

VALVE PACKING DATA BASE
Since most of the current station documentation did
not provide for adequate storage and retrieval of
information to allow for proper design, installation
and maintenance of valve packing configurations a
new format was required. The information obtained
during the repacking of valve must be retained in
some format that can be made available to all station
staff. A computerized data base is an excellent
means of collecting and retaining this data. As well,
existing station documentation does not provide spe-
cific valve information; the information is normally
grouped by like valve or commonly referred to as
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valve families. Due to the tight tolerances required
for graphite packing materials, valve specific infor-
mation is required as critical information such as
gland diameter, gland depth and leak off port depth
can vary greatly between valves in the same family.

A key success factor for a valve packing program is
to develop a process that makes it as easy as possi-
ble for a mechanic to repack a valve. Since a data
base can provide specific valve information then a
single generic installation procedure can be used. At
Darlington, it is typical to develop maintenance pro-
cedures that are system and not equipment specific.
With respect to valve packing, this past practice
could translate into hundreds on installations proce-
dures which would make repacking a valve a very
onerous task. These procedures could take years to
write and to approve but with a single procedure that
the mechanics would become very familiar with and
an available data base, the process of repacking
valves would be extremely streamlined.

Darlington is fortunate to have installed a station
wide local area network (LAN) that all staff members
have access to. It is the logical medium to place a
data base which is available to all mechanics. The
Darlington data base is based on a version developed
at Bruce B over several years. The Bruce B version
was designed for a stand alone PC; this version was
then adapted for Darlington's use in a similar format.
Once the LAN was available, the Darlington comput-
er group converted the stand alone version into a
network version including the necessary security
measures to safeguard the data. These security mea-
sures will allow: mechanics and system engineers to
view the valve packing data; data clerks to input data;
and the valve packing coordinator to verify input data.

2 FLAT WASHERS
PER STUD

10 SPRING
WASHERS
PER STUD

GRAPHITE WASHE
GRAPHITE BUSHIK

2 COMPOSITE RINI

2 GRAPHITE RING

COMPOSITE RING
GRAPHITE BUSHIN
GRAPHITE WASHI

The data base must be able to produce various
reports that the mechanics can take into the field
which will allow for easy installation of a valve pack-
ing configuration. A key report is the Valve Packing
Data Sheet (VPDS). The VPDS provides the neces-
sary information to repack a valve: configuration
drawings (example shown below); gland information;
torque values; and other information. The sheet is
marked up and returned to the valve packing coordi-
nator for review and input.

The data base used at Darlington provides valuable,
accurate information for the mechanical mainte-
nance staff and also, it provides valuable technical
information such as:
• calculated gland torques;
• calculated friction values;
• calculated gland loads;
• valve drawings; and
• maintenance manual reference.

This particular program allows a trained user to set
up a data sheet in a matter of minutes which
includes all the above mentioned calculations. There
are a number of other functions built into the data
base that assist greatly with setting up specific infor-
mation on valves; a key one is the copy function. The
copy function will allow for information to be copied
from an existing record to another. Thus, once infor-
mation has been recorded for one valve in a family
then in a few minutes the entire family can be set up
whether it be several valves or several hundred.
Using this feature, almost 5,000 valves have been
set up in just over two years.
The data base has a current and an archive file. The
use of these files will allow for the creation of a valve
history; each design change or repacking can be kept
on record enabling trending to be performed for spe-
cific valve types or configurations.

CONCLUSION
The Darlington Valve Packing Program's early suc-
cess is attributed to the team work approach taken
by Mechanical Maintenance and the Valve Packing
Program Coordinator with the support of the
Operations Manager. There are a number of key
infrastructure items that are required to support the
program: training; installation procedure; blanket sub-
stitute parts approval; and a valve packing data base.
The program has focussed on the following specific
areas: valve packing data base; air operated valves;
and nuclear motor operated valves. Future work at
Darlington includes: further data base development;
continued AOV work; and Fuel Handling trouble
shooting.
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BNGS B
VALVE PACKING PROGRAM

Dean Cumming

Ontario Hydro BNGS B
Tiverton, Ontario

CA9800525

ABSTRACT
The Bruce B Valve Packing Program began in 1987.
The early history and development were presented
at the 1992 International Candu Maintenance
Conference.

This presentation covers the evolution of the Bruce B
Valve Packing'Program over the period 1992 to 1995.

HISTORY 1992-1995
By 1992 the program had started to change, with
Bruce B doing about 70% preventative maintenance
and 30% corrective maintenance.

During this time Bruce B changed to composite
graphite sets. A 3 year project to repack all steam
heating system valves with graphite/yarn rings was
undertaken by the Central Maintenance Facility,
(CMF). An exception to this was the reheat boundary
isolation valves that were repacked with compos-
ite/graphite sets and live-loaded. The repacking of
the building and heating steam systems continued
between planned outages and by now the preventa-
tive to corrective maintenance percentage ratio had
further improved to 80/20.

1993 saw a new valve data base developed by
Ontario Hydro's Integrated Systems Department
(ISD) that by now included a schematic of the pack-
ing arrangement. The Air Operated Valve (AOV) pro-
gram was initiated to address the AOV packing prob-
lems directly influenced by AOV components, main-
ly actuator size. It was considered that the three
equipment maintenance programs, specifically those
for AOVs, Motor Operated Valves (MOV) and Valve
Packing would interact to improve overall valve relia-
bility in the station. This close working relationship
would be coordinated by the Maintenance Support
Department.

Throughout this period the Integrated Valve Actuator
Program (lVAP) packing working group, has contin-
ued to work closely with Atomic Energy of Canada
Limited, Chalk River Laboratories (AECL-CRL) and
Ontario Hydro's Nuclear Systems Services
(NSS)-Equipment and Systems Engineering
Department in further development, testing and doc-
umentation of improvements in graphite packing
configurations.

There has been continued development and
improvement of the valve packing database. It forms
a central part of the station valve packing program
and is constantly undergoing development and
improvement.

As previously found in 1991 a peer evaluation in
October,1994 again found the valve packing program
a significant strength in that it had become a mature
program and has been effective in minimizing leaks
throughout the station.

A Liberty Technologies Packing 'Nforcer was pur-
chased early in 1995 to perform valve packing diag-
nostics. A strain gauge measurement is taken on the
stem and then converted to give an indication of
stem friction using a PC software program. This
device has been used as a diagnostic tool on ECl
MV's in Unit 6, and on ECl and Maintenance Cooling
MV's in Unit 8. These MV's are presently packed
with the original asbestos type packing. The Unit 6
results varied from 4000 IbF to 9000 IbF while Unit 8
was from 3900 IbF to 9500 IbF. The expected friction
during initial installation for asbestos packing was cal-
culated to be in the range of 9000 IbF to 11,000 IbF.
The diagnostics are being performed on the ECl and
Maintenance Cooling Valves to determine which
MV's have the lowest packing load so that they can
be targeted for replacement during future planned
outages.
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In 1991 Unit 7 Maintenance Cooling MV1 had a
cracked leakoff line to collection. The resulting inves-
tigation determined that the root cause for the failure
of the stainless steel leakoff line was stress corrosion
cracking. This was directly related to the leachable
chlorides present in the asbestos packing material.
As a direct result of this event it was recommended
that Bruce B develop a program to replace the
asbestos packing in all valves containing John Crane
187I to prevent a similar occurrence elsewhere.

During the period May to June 1995, Units 5, 6 and
7 feed bleed and relief system Control Valves (CV's)
(Fisher Model 667 DBQ, 2" , 15001b.) were repacked
using a new graphite packing configuration to pre-
vent a known side loading problem caused by the
actuator spring. Engineering Services performed an
actuator sizing review that allowed the use of a
lighter actuator spring. This was subsequently
installed and indications are that the previous side
loading problem has been lessened to the point
where it is no longer significant. Note: Refer to
Figure #1 for valve data sheet on the fisher valve.

The Unit 6 spring outage in 1995 seen the introduc-
tion of a new graphite configuration for AOV's. This
configuration was a sandwich style reduced height
set installed in four Leslie AOV's (Leslie Model
DDBOYSX, Size 3", 600lb.)
The configuration included the following compo-
nents from top to bottom of the stuffing box
(graphite washer, graphite bushing, composite end
ring 0.250", solid graphite ring 0.125", composite
ring 0.250", solid graphite ring 0.125",composite
ring 0.250", graphite bushing, graphite washer, junk
ring 0.1875"). The configuration was live loaded and
operability was subsequently assured using Fisher
flowscanning test equipment. To date this style has
performed well with no leakage.
The unit 8 fall outage in 1995 has seen the further
introduction of sandwich style configurations incor-
porating thin Teflon wafers between the rings of
packing. This style is being used in six Copes Vulcan
valves (Copes Vulcan model's CV600 3" 300lb and 3"
400lb) which have exhibited operability problems
with traditional graphite packing configurations.
Another example is a Fisher valve (Fisher model
EWD 12" x 8 " 600lb) which traditionally leaked
shortly after repacking with the OEM Teflon chevron
type packing. Actuator sizing has been completed
prior to installing any new packing configurations to
ensure valve operability and satisfy original design
requirements.

Note: Refer to Figures #2 and #3 for valve data
sheets on the leslie and copes vulcan valves.

1995 has seen Bruce B begin retorquing valves in
Units 6 and 8. These valves had been repacked with
graphite materials and inservice for 5 years or more.
The valve data base was used to identify these
valves. The strategy used during this exercise was to
document the as found torque value and then
retorque to desired value.

The reason for retorquing as outage prerequisites
was to identify possible additions to outage scope if
problems were identified during the retorques. So far
there have been no problems. There has been some
resistance to the retorque program based on past sta-
tion experience that the gland nuts would be corrod-
ed to the point that torquing would not produce any
results. The returned data sheets and interaction that
I have had with maintenance personnel performing
the retorques indicated a large number of valves with
low as found gland torque, which were then subse-
quently retorqued to a desired value without any
problems relating to seized or corroded gland nuts.

BRUCE B VALVE PACKING
PROGRAM STRATEGY
This packing program consists of a number of essen-
tial elements that include the following;

• Training/Procedures/Instructions
• Technical Support
• Packing Materials/Availability
• Valve Database/Configuration Management

Training/Procedures/Instructions

Training Mechanical Maintainers in correct installa-
tion methods and evaluating valve component condi-
tion is essential. It is also very important that all
groups involved such as engineering support, plan-
ning, and outage management have a clear under-
standing of the goals of the packing program.

Having current procedures and instructions available
for mechanical maintenance personnel to follow dur-
ing inspection and installation will ensure that correct
packing configuration is installed and a high quality
job done.

Technical Support

Each facility that has a successful packing program
has one common factor; a person dedicated to coordi-
nate the program, provide direction and technical
assistance. This technical support interfaces with the
maintenance staff and assists in preparing for outage
and operating work. To remain successful, facilities
must invest resources so that technical support per-
sonnel stay current with respect to industry advance-
ment and with issues surrounding packing technology.
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Packing Materials

No program will function unless the correct packing
materials are available in the required quantities
when needed. Known packing sizes are typically
stocked in small quantities in stores while the signif-
icantly larger outage related packing requirements
are ordered just prior to shutdown. Individual valves
or valve families are updated in the spare parts sys-
tem with the appropriate packing materials. Purchase
of graphite packing material must meet Ontario
Hydro Specification M724 which has been developed
exclusively to cover the procurement needs of
graphite valve stem packing materials and associated
components. This specification quantifies accep-
tance criteria with regards to chemical composition,
dimensions and tolerances, documentation, packag-
ing, quality assurance and qualification testing.

Database

A key component of the valve packing program has
been the development and implementation of a com-
puterized database to provide information such as
packing material, configuration, required gland
torque, dimensions etc. The valve packing database
is also used to trend packing performance and iden-
tify materials required for like or similar valves.

Asbestos Replacement

Asbestos packing has been shown to have limited
life and becomes very compacted with age, losing its
ability to seal. Asbestos is also a hazardous material
and is not recommended for continued and repeat-
able use in Ontario Hydro.

Asbestos packing will be replaced in the station
under two initiatives:

I) CM - Corrective Maintenance
II) PM - Preventative Maintenance

The corrective approach will be to repack when the
valves start to leak while the preventative strategy is
to replace packing before they become leakers. Also,
repacking will be governed to some extent by the
knowledge that certain makes, models and types of
valves have been identified as leakers due to their
past operating and maintenance history.

Nuclear System Valves

The intent is to use the Liberty Technologies Packing
'Nforcer to perform diagnostics on safety related
valves and so prioritize packing replacement.
Graphite packing is the recommended replacement
for asbestos in nuclear system valves.

Packing configurations and material recommenda-
tions will be supplied by Maintenance Support with

approval from Engineering Services via the
Responsible System Supervisor (RSS).

Equipment Spare Parts (ESP) and Material
Management System (MMS) will be updated as
required, the recommendation for packing spares
being the responsibility of Maintenance Support. The
RSS in turn will approve and pass this information on to
the Spare Parts Task Force, (SPTF), for implementation.

Conventional System Valves
In most cases asbestos packing will be replaced with
Graphite materials. In configurations that use Teflon
packing, these materials will continue to be used in
existing applications (mostly AOV s), but if this mate-
rial is not performing satisfactorily a replacement
graphite configuration will be proposed and an actua-
tor sizing review undertaken to confirm the operabil-
ity of the valve prior to the change being made.

The packing configuration and material recommen-
dations will be made by Maintenance Support with
approval from the RSS.

ESP and MMS to be updated with recommendations
from Maintenance Support followed by approval
from the RSS who will then pass on the information
to the SPTF for implementation.

Configuration Management

The Bruce B Valve Packing Database will provide the
configuration management tool for all valve packing
changes.

IMPLEMENTATION ISSUES FOR THE
PACKING PROGRAM

Training

A half day training class with actual valves for 'hands
on' training will be scheduled on an as needed basis
to keep Maintenance personnel updated with
respect to packing changes and developments. An
information class is proposed for engineering sup-
port staff, control technicians, spare parts task force,
stores personnel or any other group potentially
involved in valve packing.

Repack Scope

A strong effort will be made to identify leaking valves
in both the nuclear and conventional systems prior to
all planned outages. Valves that are 'leakers' or have
had a poor history of packing leakage will be sched-
uled for repacking. A preventative repacking program
will be implemented where groups of valves in high
pressure and temperature systems will be identified
for potential repacking.
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Outage Preparation

In preparation for outages, planning, accurate data
collection and regard to the required materials being
available in the quantities needed is essential.
Conventional system valves will be field surveyed
months prior to shutdowns while the station is in
operation. Most of the needed packing data can be
collected during these walkdowns and a data sheet
can be updated or created. Required packing materi-
als will then be ordered at this time reducing the
need for rush orders and potential delays. Because
many nuclear valves cannot be accessed during sta-
tion operation, it is necessary to use supplementary
means to identify packing requirements prior to shut-
down. Information on the drawings or the previous
work history will identify many of the required dimen-
sions needed to correctly order valve packing. Also,
our current packing supplier has provided packing to
other stations that have identical valves. Information
from these other stations or from the valve manu-
facturer is often used to identify the needed packing
materials.

Database

The data base is only as valuable as the information
it contains. It must be constantly updated with infor-
mation and verified, as the work is completed in the
station.

EXPECTED BENEFITS OF THIS
PACKING PROGRAM
It is not necessary to look far to get a view of the
benefits from a quality graphite packing program.
Since Bruce B implemented a graphite based pack-
ing program in 1988 there have been over 5,000
valves repacked. Leaks have essentially ceased and
valves that were repacked every planned outage
have not been re-worked in over six years. Similarly,
stations such as Susquehanna and Quad Cities have
repacked large numbers of valves using trained per-
sonnel, quality materials, and detailed data sheets
with great success. These stations now treat packing
leakage as the exception rather than the rule.

The benefits from these activities are:

• leakage reduced or eliminated
• packing life extended
• heat rate improved on conventional system valves

• slipping and burn hazards eliminated
• plant appearance improved
• leak sealing eliminated
• reduce/eliminate steam impingement damage to

actuators

FUTURE STATION IMPROVEMENTS

Water Sealed Valves

It is our intention to replace all water sealed double
packed valves with a single graphite packing
arrangement. This is based on research work
detailed in the report, COG-94-326 "Vacuum
Leakage Studies".

Drain Valve Replacement

A proposal dating from 1989 requires that all drain
and vent valves 2" and below on conventional steam
and feedwater systems that have packing leaks be
replaced with bellows sealed valves. In view of the
significant improvements in packing and the extend-
ed life of currently available packing this is no longer
a cost effective approach and so should be reviewed
on a case by case basis. In 1989 this bellows sealed
option may have been viable but that was before the
use of the high quality graphite type packing that we
have in use today.

A suitable alternative to this approach is to use a
good quality bolted bonnet valve repacked with
graphite packing. It has been demonstrated by AECL
testing that a valve repacked with graphite should be
leak free for the remaining life of the station.

Summary

The valve packing program is constantly evolving. It
requires full time attention at Bruce 'B'. Valve pack-
ing is not low grade technology, the philosophy that
we have done it this way for the last 20 years no
longer applies in the 1990's and will only lead to
many more problems in the near future.

The valve packing program has been in existence for
8 years at Bruce 'B' and it has taken 8 years to get to
a leak free station. We currently have more than
5,000 valves repacked with at least 15,000 to go and
probably more if we are to achieve an asbestos free
station as well as remain leakfree.

It takes one person full time to drive the program
with a lot of support from the other resource groups.
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Report Date: 06-Oct-1995

Unit: 8 USI: 33320 Equip Code/No : CV5
USI Description : PHT BLEED & RELIEF CCT

Op. Temperature : (B) Op. Pressure : (B)

Room No:
Elevation: 630

Column: 8H10

Scaffold (Y/N): N
Last Update: Aug-08-1995

Flowsheet/Grid : NK29-FXX-33300-0001;B3

VALVE INFORMATION

Material Code: 543N8954

Manufacturer: FISHER

Model: 667 DBQ

Size : 2 in.

ANSI Rating: 1500

Seat Held By: CAGE

Bellow Seal (Y/N): N

Valve Type:

Stroked 5 X (Y/N):

Packed By:

Bonnet Bolt Torque : ft-lbs

PACKING INFORMATION

Figure No.: VALVE897.BMP Stem Diameter:0.750 in.

Gland Diameter: 1.375 in.

Gland Depth :4.188 in.

Leakoff Port Depth : 2.688 in.

Leakoff inside Dia.: 0.125 in.

Stud Diameter :0.563 in.

Number of Studs :2

Nut Size: 0.938

Gland Torque-Desired: 20 ft-lbs

Gland Torque-As Left: 16 ft-lbs

2 FLATWASHERS
PERSTUD

- 1 0 SPRING
WASHERS
PERSTOD

GRAPHITEWASHER
GRAPHITE BUSHING

~ COMPOSITE RING (D.25I
— GRAPHITE RING (0.25I
— COMPOSITE RING (0.250)
— GRAPHITE LANTERN RING
— COMPOSITE RING (0.3125)

2 GRAPHrrE RINGS (0.3125)
- / COMPOSITE RING (0.3125)

/ GRAPHITE WASHER
~ —JUNK RING (30 DEG ANGLE)

Pack. Friction-As Left :578 lbs

Upper Bushing Ht. :1.250 in.

Lower Bushing Ht.: in.

NOTE: IF THERE IS A " JUNK" RING

PRESENT, REINSTALL RING

WITH NEW PACKING.

Comments / Hazards :
ti-l

r '1'

Lantern Ring Ht.: 0.500 in.

Junk Ring Ht.: 0.250 in.

Live Load :Y

Live Load Spring # :9M98177

Packing Type:

Packing Date:

Times Packed :0

Times Stem Repaired :0

Gasket Change Date :

Times Gasket Repaired :0

Return completed MECH MTCE UPDATE CHECK SHEET to MTCE SUPPORT.

Figure 1
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Report Date: 05-Oct-1995

Unit: 8 USI: 41850
USI Description : REHEAT DRAINS

Op. Temperature: (B)

Equip Code/No : LCV1

Op. Pressure: (B)

Room No:
Elevation:

Column:
591
7P19

Scaffold (Y/N): N
Last Update: Oct-03-1995

Flowsheet/Grid: NK29-FXX-41800-0002;D2

VALVE INFORMATION

Material Code: 543D8093

Manufacturer: COPES VULCAN

Model: CV 600

Size: 3 in.

ANSI Rating: 300

Seat Held By:

Bellow Seal (Y/N): N

Valve Type: GLOBE

Stroked 5 X (Y/N):

Packed By:

Bonnet Bolt Torque : in-Ibs

Figure No,: VALVE860.BMP

- 2 FLATWASHERS
PER STUD

- 1 0 SPRING
\ j WASHERS

PER STUD

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

NOTE: IF THERE IS A "JUNK" RING

PRESENT, REINSTALL RING

WITH NEW PACKING. Live

Comments / Hazards :

MACHINE GLAND FOLLOWER TO .875" IN LENGTH FROM
BOTTOM OF FOLLOWER TO GROOVE.
REMOVE LOWER COPES GUIDE BUSHING, INSTALL NEW
JUNK RING .250" WAUKESHAW

PACKING INFORMATION

Stem Diameter: 0.750 in.

Gland Diameter: 1.250 in.

Gland Depth : 2.675 in.

Leakoff Port Depth : in.

Leakoff inside Dia.: in.

Stud Diameter: 0.375 in.

Number of Studs :2

Nut Size: 0.688

Gland Torque-Desired: 88 in-Ibs

Gland Torque-As Left: 112 in-Ibs

Pack. Friction-As Left :363 lbs

Upper Bushing Ht. :0.438 in.

Lower Bushing Ht.: 0.438 in.

Lantern Ring Ht.: in.

Junk Ring Ht.:0.250 in.

Live Load :Y

Load Spring #:6M70177

Packing Type :287-IB

Packing Date :May-01-1988

Times Packed :1

Times Stem Repaired :0

Gasket Change Date:

Times Gasket Repaired :0

Return completed MECH MTCE UPDATE CHECK SHEET to MTCE SUPPORT.

Figure 2
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Report Date: 05-Oct-1995

Unit: 8 USI: 43230 Equip Code/No : LCV5
USI Description : BOILER FEED SYSTEM

Op. Temperature : (B) Op. Pressure: (B)

Room No;
Elevation:

Column:
663
8P11

Scaffold (Y/N): N
Last Update :Oct-03-1995

Flowsheet/Grid : NK29-FXX-43000-0005;

VALVE INFORMATION

Material Code: 54306196

Manufacturer: FISHER

Model: EWD

Size: 12 in.

ANSI Rating: 600

Seat Held By:

Bellow Seal (Y/N): N

Valve Type: PLUG

Stroked 5 X (Y/N) :

Packed By:

Bonnet Bolt Torque: ft-lbs

PACKING INFORMATION

Figure No.: VALVE861.BMP Stem Diameter: 1.000 in.

Gland Diameter: 1.750 in.

Gland Depth : 5.000 in.

Leakoff Port Depth : in.

Leakoff inside Dia.: in.

Stud Diameter: 0.625 in.

GRAPHITE WASHER Number of S t u d s : 2
GRAPHITE BUSHING K1 o .
COMPOSITE RING (0.375) Nut S ize : 0 .938

— TEFLON WAFER
(0.250) Gland Torque-Des i red : 2 5 ft-Jbs

/ COMPOStfE RING (0.375)
— TEFLON WAFER Gland Torque -As Left: ft-lbs

- -f- GRAPHITE RING (0.250)

_2FLATWASHERS
PERSTUD

- 12 SPRING
WASHERS
PERSTOD

TEFLON WAFER
COMPOSTTE RING (0.375)
GRAPHnEBUSHING
GRAPHITEWASHER
JUNK RING

NOTE: IF THERE IS A "JUNK" RING

PRESENT, REINSTALL RING

WITH NEW PACKING.

Comments / Hazards :

COMPOSITE PACKING SET TO BE INSTALLED LCV5 OCT/95
OUTAGE, CONTACT DEAN CUMMING

Pack. Friction-Desired :498 Jbs

Upper Bushing Ht. :1.250 in.

Lower Bushing Ht.: 1.250 in.

Lantern Ring Ht.: in.

Junk Ring Ht.: 0.375 in.

Live Load :Y

Uve Load Spring # :10L98177

Packing Type:

Packing Date:

Times Packed :0

Times Stem Repaired :0

Gasket Change Date : '

Times Gasket Repaired :0

Return completed MECH MTCE UPDATE CHECK SHEET to MTCE SUPPORT.

Figure 3

375

left BLAftK



CANDU MAINTENANCE CONFERENCE 1995

MOBILE ROBOTICS FOR CANDU REACTOR MAINTENANCE:
CASE STUDIES AND NEAR-TERM IMPROVEMENTS

by

M.G. Lipsett
Mechanical Equipment Development Branch

Chalk River Laboratories, AECL

and

K.H. Body
Reactor Maintenance (Fuel Handling)

BNGS-B, Ontario Hydro

CA9800526

ABSTRACT
Although robotics researchers have been promising
that robotics would soon be performing tasks in haz-
ardous environments, the reality has yet to live up to
the hype. The presently available crop of robots suit-
able for deployment in industrial situations are
remotely operated, requiring skilled users.

This talk describes cases where mobile robots have
been used successfully in CANDU stations, discusses
the difficulties in using mobile robots for reactor main-
tenance, and provides near-term goals for achievable
improvements in performance and usefulness.

1. INTRODUCTION
The advantage of using a robot for inspection and
maintenance is that a robot can gather information
and do work in highly hazardous areas. In such areas,
and to a lesser extent in inaccessible areas, conven-
tional remote sensors and tooling can not be
deployed. Information gathered by robots about the
hazards can be used to rehearse procedures, which
reduces dose during the task. In some cases, simple
gripping and actuation tasks can be done by the
robot instead of by a human, allowing tasks to be
done in inaccessible areas quickly, cheaply, and safely.

Robots for CANDU maintenance fall into two cate-
gories: mobile vehicles and portable manipulators.
The mobile robot is most useful for delivering sen-
sors to a highly hazardous location to gather informa-
tion. The portable manipulator is used for jobs with a
limited work space where hazards are local.

As well, the fueling machine can be used as a robotic
tooling delivery system at the reactor face.

1.1. Mobile Vehicles

Mobile robots with manipulators are in use at Ontario
Hydro CANDU stations. All share similar characteris-
tics: they are wheeled or tracked machines with sim-
ple manipulator arms. The user drives to a location of
interest to survey a scene remotely with video cam-
eras, make a radiation survey, or perform rudimenta-
ry manipulation tasks. The robot is either tethered or
self-powered and radio-controlled; the machine does
not operate under automatic control.

One model has been modified to be carried by crane
to a location; most models can ride elevators and
operate buttons. Some models can climb stairs or
crawl in pipes.

Pipe inspection robots are tethered, remotely operat-
ed tracked vehicles that crawl through pipes looking
for abnormalities with on-board video cameras and
lights. These mobile robots are built for small spaces
and for moving along pipes with low flow. The
Babcock & Wilcox (B&W) ROWER and the Inuktun
SEAMOR have been used at Pickering; SEAMOR is
a submersible robot suitable for 20-inch pipes; it can
also act as a conventional mobile robot when fitted
with a small manipulator for object retrieval1.

A Remotec Andros robot has recently been acquired
by Darlington. This robot has articulated tracks for
climbing catwalk stairs. Bruce-A and Bruce-B use
Pedsco wheeled mobile robots.
The Pedsco at Bruce-B has already done remote
visual inspections of equipment in hazardous envi-
ronments, made radiation surveys, retrieved pieces
of failed equipment, and monitored a maintainer's
progress on a job without dosing another maintainer.
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1.2. Portable Manipulators

Portable manipulators are used mostly in the bowls
on the primary side of CANDU steam generators.
This is an appropriate workspace because work
inside the bowl does involve dose, but equipment
can be brought to the boiler easily. Ontario Hydro has
been using a Vermatt-Technics Flexivera manipulator
with ABB-CE tooling for tube plugging. This portable
robot arm is assembled inside the bowl in sections
and remotely controlled from outside containment2.
Zetec and B&W also make steam generator robots,
which reach through the manway for faster set-up
and removal. Such manipulators can be used to deliv-
er other tools for tube inspection and repair. No
robotic systems are presently in use on the sec-
ondary side of the boilers; water lances (such as
those used by B&W) are articulated flexible probes,
not robots.

ANDREA (manufactured by B&W) is a non-mobile,
hydraulic manipulator for inspection and simple main-
tenance tasks inside the PNGS-A calandria vault.
CALVIN, another manipulator, was developed specif-
ically for calandria vault inspection1.

1.3 Fueling Machines

The fueling machine (F/M) itself acts as a robotic tool
delivery system for pressure tube sampling by wet
scraping and molding, CIGAR, SLAR, PIPE, and
SLARETTE. This is an excellent example of using
modular tools with a common delivery system. The
fueling machine is the only permanently mounted
robotic system in the CANDU reactor vault. Bruce-B
is considering building a Universal Delivery System
for delivering inspection tooling.

2 . LIMITATIONS
Mobile robots have limited capabilities: the driver has
to use video to see where to go; there is no map
except in the driver's memory; the arm is not versa-
tile; and power is limited.

2.1. Getting Around the Vault

The driver of the vehicle has to visualize what the
machine is doing with only the feedback from video
cameras. This level of sensing is adequate, provided
that the driver can navigate to the place of work with-
out collisions.

Robots have not been used for other remote tasks
because it is difficult to deploy the machine to some
parts of the vault. Presently, the Bruce B robot enters
through the transfer chamber or goes into the reac-
tor vault on the fueling machine transport trolley. But
interlocks prevent the crane from approaching close

enough to the reactor face to engage the lifting bar
on the robot to lift it to higher elevations.

Because of the limitations of using fuel handling
equipment to get the robot into the vault, alternative
strategies for entry into the vault have been pro-
posed, such as going through the airlock. Operational
procedures have to be reviewed before robots can
be allowed to enter an airlock while the reactor is on-
power; one option is to erect a temporary third door-
way to maintain an airlock even when one door is
open. An additional concern at Bruce-B is that the air-
lock doors and pressure equalization mechanism are
manually operated, and the robot is not capable of
opening and closing the airlock by itself. A worker
may have to drive the robot through the airlock.

2.2. Autonomous Navigation

Much recent robotics research effort has focused on
enabling a mobile robot to navigate by itself3.4; but
autonomous navigation is not necessary for the type
of specialized CANDU maintenance tasks that
mobile robots will be doing in the foreseeable future.
It is sufficient that a robot vehicle can be driven by
the user without colliding with anything, and that it
can backtrack when necessary. The onus is on the
driver to keep track of where the machine is at a
given time. Users of mobile robots practise to sharp-
en their orienteering skills as well as their driving
technique.

The driver has to communicate over a tether or a
radio link. Radiation fields have not interfered with
radio communication or control in the fueling duct
under reactors at power; communication in the vault
itself while at-power has not been attempted.

2.3. Manipulation

Once the robot has reached the work site, the task is
to make measurements or to manipulate a tool to do
work. The manipulator arm is used to move a cam-
era, an instrument, or a tool in a small work space.
The arm is joint-controlled, which means that the
user has to move the individual joints with joysticks
and use video for feedback. This method of open-
loop control makes dexterous handling very difficult
and tiring. The robot arm can not handle a large pay-
load. There are few sensors or tools that can be
changed in the field to do different kinds of tasks.

In cluttered work areas, it would be advantageous for
users to have closed-loop control for accurate posi-
tioning. Range imaging system can also be used to
calibrate a scene4. But users do not need telepres-
ence or fancy displays: they need machines that can
do a small set of tasks reliably.
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2.4. Power Supplies

An untethered robot must either drag an extension
cord, or it must carry its power supply on-board,
which limits the robot operation time. Recharging
stations are not available inside containment. It mat-
ters little if the machine is retrievable from the vault
immediately after the job, provided that the robot is
secured and does not interfere with the operation of
the reactor, up to and including the time that the
robot can be retrieved.

3. CASE STUDIES

3.1 Fueling Machine Failure Diagnosis

In March 1992 at Bruce Unit 8, the Northeast fueling
machine became stuck on a channel while attempt-
ing to replace a closure plug. The diagnosis of a
charge tube drive failure was confirmed only after
the Bruce-B mobile robot was sent to investigate5.

From the East Service Area (ESA), the robot was dri-
ven through the transfer chamber and brought to the
bottom of the. stairs. The robot drove along the fuel-
ing duct, controlled by a maintainer in plastics in the
ESA operating by radio control with video feedback.
The robot had no problems with communications or
with negotiating pipes in its path as it drove under
Unit 8 while the reactor was at full power. The robot
found the charge tube axial drive shaft in the fueling
duct where it had fallen. The robot picked it up with
its gripper and carried the shaft back to the ESA.

The robot thus confirmed the fault diagnosis and
eliminated the need for a dose-intensive inspection
and survey. Knowing the exact cause of failure
allowed preplanning and rehearsal of the repair.
During the actual repair, the robot monitored dose
and provided visual feedback so that the maintainer
could be coached.

3.2 End Fitting Visual Inspection

A CCD video camera was mounted on a Bruce-B F/M
carriage to make a visual inspection of all end fitting
sealing faces on the reactor face. The F/M was pro-
grammed to pass along all end fittings with an offset
to align the camera. Video output was tape recorded
for later inspection, which revealed pitting in the bot-
tom segment of many sealing faces.

3.3 Leak Sealing of Shield Tank Wall

The SEAMOR robot was used as a robot submarine
for inspection and leak sealing of the PNGS-A shield
tank wall. The robot was tethered with an air-line dri-
ven motor for brushing an area clean and applying
epoxy. The epoxy was mixed outside, so the robot

had to apply the coating within twenty minutes. The
robot carried its thirty pound payload using foam for
neutral buoyancy. This robot was also used for under-
water inspection of a trolley in the fuel bay, and in
screen houses to examine the extent of zebra mus-
sel infestations.

3.4 Radiation Surveys on Open Channels

During maintenance on open channels, radiation sur-
veys have been made by the Bruce-B robot on a
mini-platform on top of the carriage, mapping the
beam and doing inspections into the channel. A CCD
camera can be used in high fields; although a stan-
dard CCD camera has a nominal cumulative dose
limit of 20 kR, often a camera will recover its sensi-
tivity. A gamma meter is mounted onto the side of
the arm with a separate video camera dedicated to
reading that meter.

3.5 Valve Inspection from Inside Pipe

In most cases, inspections inside pipes can be done
with video scopes or fiber scopes without having to
open the pipe network. But these instruments
require an access opening close to the area of inter-
est. The submersible SEAMOR robot once traveled
on tracks inside a 2-foot line to make an internal visu-
al inspection of a broken valve.

4. ENHANCEMENTS
Rather than redesign a new machine, we propose
that commercial mobile robots be modified to
improve their performance and usefulness in
CANDU stations.

4.1. Modular Tooling and Instrumentation

The arm has to be able to release an end effector and
pick up another when it needs a different tool. The
robot therefore needs a tool changer for instruments
and tools, with a standard mount with positive lock
and a connector for power and signal conductors.
Examples include tools to collect smears or collect
grab samples, custom grippers, tools for fasteners,
leak detectors, and gamma meters.

4.2. Improved Communication Link

The user interface has to be able to read the modu-
lar sensors and actuate the modular tools. The com-
munication link has to accommodate the range of
tasks the robot can perform remotely. Existing sys-
tems will require upgrades. Using a penetration for
radio transmission would improve reception. The
radio transmitter must not affect reactor operation.

Electronics can be designed for high radiation fields;
of mobile robot vendors, only Remotec specifically
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offers that option for its controller hardware. The con-
troller architecture should be open for expandability
and reconfigurability, but that is not a requirement.

4.3. Improved Power Supplies

Mobile robots can operate over a tether or by radio
link with batteries. A recharge adapter would allow
an untethered robot to operate longer inside contain-
ment. The adapter would be held in an end effector
and would plug into a mains receptacle in the vault.

4.4 Modular Improvements to Manipulator Arm
and Vehicle Base
Different tasks require different performance abili-
ties, driven by task expectations. Modular subsys-
tems allow the machine to be reconfigured to per-
form the job at hand. Figure 1 shows how a modular
system might be configured. Improved arms will
have less backlash, more power, and improved dex-
terity for maintenance tasks on complex parts in clut-
tered environments; for inspection, however, no
major modifications to the arm are necessary. In all
cases, the components must be rugged, corrosion-
resistant, and washable for decontamination.
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Figure 1: Modular Mobile Robot

5. TARGET APPLICATIONS

5.1 Maintenance Support
Target applications for the improved system include:
inspection programs (both while on-power and dur-
ing shutdowns) and testing of environmental condi-
tions in different areas of the reactor while on-power
to gather data for environmental qualification.

5.2 On-Line Operations Support
An application for robotics should provide more feed-
back into the condition of an area where there is lit-
tle information available by other means.
Inaccessible areas with little or no instrumentation
are primary target areas. There are clear benefits to
providing an operator with the means to find out the
condition of equipment in containment that is not
well instrumented. A mobile robot can be driven to a
piece of equipment so that condition monitoring
could be done on-line using video and audio inspec-
tion, or existing vibration and thermographic analysis
techniques. This level of support for operations is
achievable using existing technology with little addi-
tional development.

Using mobile robots for autonomous remote inspec-
tion and maintenance tasks remains a near-term
dream until manipulators have: more degrees of
freedom to be dexterous, joint sensing for closed-
loop control, reliable controllers, an accurate ranging
system for workspace geometric modeling, a user
interface that is easy to use, and an automatic
method of avoiding collisions in a cluttered work
space. None of these necessary characteristics is
available off-the-shelf, but they are all achievable
with today's technology. For today's maintenance
problems, however, mobile robots should be modi-
fied incrementally for reliable teleoperation rather
than autonomous operations.

5.3 Fuel Channel Replacement
The most important area for robotics to be used in
reactor maintenance is in fuel channel replacement.

To maintain fitness for service of fuel channels eco-
nomically, channels must be replaced without long
outages. The way to do this is to change several chan-
nels during each outage, thus maintaining the integri-
ty of the pressure tubes. Single channels can now be
replaced in fifteen days, but the time and the dose to
workers could be reduced by automating most of the
tasks, which keeps workers away from the face and
reduces the need for building temporary shielding
structures (a major dose task in itself). The existing
fueling machine bridge and carriage should be used as
the delivery system for robotic tooling for fuel channel
replacement and refurbishment of end fittings.
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Figure 2 shows how a robotic fuel channel replace-
ment (RFCR) system can be implemented.

Remotely operated tools comprise three modules
that attach to the F/M carriage. The old pressure tube
(P/T) is removed by machining the end fitting (E/F)
rolled joint (R/J) area with a larger diameter in one E/F
to allow for annulus spacer clearance and installation
of the new pressure tube. End fittings are not
removed, which eliminates the need for bellows
welding. The E/F R/J is made using a composite
insert and a heavy P/T wall at the opposite end.

Figure 2: Robotic Fuel Channel Replacement System Concept

Implementation of robotic tooling can be incorporat-
ed into single fuel channel replacement (SFCR) cam-
paigns as the tools become available, so that the sys-
tem has an early impact on reducing SFCR time and
dose. An immediately useful application would be to

resurface end fitting sealing faces. In this way, the
system can be developed and used promptly, the
design remains closely tied to user requirements,
and the system can be upgraded as required.

6. CONCLUSION
The near-term goal of modifying mobile robots for
use in CANDU maintenance should not be to pro-
duce high-performance teleoperation systems. The
goal should be to implement a series of incremental
improvements. Each improvement moves toward
higher performance and versatility, but utility and reli-
ability should be added to mobile robots while keep-
ing them available for maintenance tasks. In this way,
mobile robots can assist in maintenance in radioac-
tive areas so that it can be done more safely, in less
time, and with less radiation exposure to workers.
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1.0 INTRODUCTION
Each of the four Pickering Nuclear Generating Station
A (PNGSA) CANDU® units was constructed with its
reactor and dump tank surrounded by a concrete
Calandria Vault (CV). The Ring Thermal Shield (RTS)
system at PNGSA units is a water cooled structure
with internal cooling channels with the purpose of
attenuating excessive heat flux from the calandria
shell to the end shield rings and adjoining concrete
(Figure 1). In newer CANDU units the reactor calan-
dria vessel is surrounded by a large water filled shield
tank which eliminates the requirement for the RTS
system.

The RTS structures are situated in the space
between the calandria and the vault walls. Each RTS
is assembled from eight flat sided carbon steel seg-
ments, tilted towards the calandria and supported
from the end shield rings. Cooling water to the RTS
is supplied by carbon steel cooling pipes with a por-
tion of the pipe run embedded in the vault walls.
Flow through each RTS is divided into two indepen-
dent circuits, having an inlet and an outlet cooling
line. There are four locations of RTS inlet and outlet
cooling lines. The inlet lines are located at the bottom
and the outlet lines at the top of the RTS.

The "L " shaped section of RTS inlet and outlet cool-
ing lines, from the RTS waterbox to the start of
embedded portion at the concrete wall, had become
defective due to corrosion induced by excessive
moisture levels in the calandria vaults. An on-line leak
sealing capability was developed and placed in ser-
vice in all four PNGSA units. However, a leak found

during the 1994 Unit 1 outage was too large to seal
with the current capability, forcing Ontario Hydro
(OH) to develop a method to replace the corroded
pipes.

The repair project was subject to some lofty perfor-
mance targets. All tools had to be able to withstand
dose rates of up to 3000 Rem/hour. These tools,
along with procedures and personnel had to suc-
cessfully repair the RTS system within 6 months oth-
erwise a costly outage extension would result.

This paper describes the method used to develop the
organization, tools, and procedures to effect this
repair during the 1994 Unit 1 outage.

2 .0 ORGANIZATION
The RTS project scope was very quickly defined as
the replacement of all eight corroded inlet and outlet
lines. A project execution plan, including scope, orga-
nization, roles and responsibilities, work breakdown
structure, quality assurance requirements, level 1
schedules, and budgets, was in place within two
weeks of the project start-up.

The project was organized into three main groups—
Design, Field Work, and Field and Operations
Engineering. Personnel were assembled from within
the Pickering Nuclear department (PND), OH's
Nuclear Technology Services (NTS), and from Atomic
Energy of Canada Limiteds (AECL) Sheridan Park
Engineering Laboratory (SPED to staff each of these
groups.
The organization was functional in appearance on the
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official chart, but had elements of a matrix structure
in terms of roles and responsibilities assigned to
each of the groups. Personnel were asked to assist
others on the project team in their particular areas of
expertise. An example of this was the substantial
amount of input solicited from the tradesmen, the
ultimate users of the tools, during the early phases of
the tooling design process. Many practical ideas pro-
vided by the tradesmen during tooling design
reviews proved invaluable and resulted in improved
constructability and operability of the tools. Not only
did this process instill a certain sense of ownership in
the eventual product, but it also ensured that the
tools had a much better chance of being designed
right the first time.

All project personnel were assembled in a single
warehouse style office, near the mockup area. This
allowed easy access to the shop where the tools
were being worked on and provided a good forum for
the many open and lively discussions leading to the
final tooling designs.

3.0 DESIGN
Design phase for the project comprised of two main
categories— system modification design and tooling
and component design.

The system modification involved all activities related
to the replacement of eight 40' sections of corroded
carbon steel pipe with eight 40' sections of flexible
stainless steel hose. Extensive analysis work had to
be carried out to ensure the flow and temperature
conditions in the RTS System would remain within
acceptable envelopes for continued reliable opera-
tion of the system. Neither the analytical work nor
the hardware modifications associated with parts of
the system outside of the calandria vault are dis-
cussed in this paper.

The tooling design and the method of attaching the
flex line to the RTS waterbox were the more compli-
cated and challenging design tasks; and hence
deserve a more detailed treatment.

Tooling design work was performed using a variety
of engineering experience and expertise from PND,
NTS, AECL's SPEL group. A set of tooling system
requirements were prepared before starting concept
development and detailed design. Fortunately, a sub-
stantial amount of proof of principle testing and pro-
totype tool development work had been undertaken
earlier in preparation for the eventual and inevitable
RTS piping modifications.

After the preparation of the system requirements,
each tooling package was subjected to a series of

design steps; including concept reviews, design
reviews, radiation shielding/health physics reviews
and operability and constructability reviews.
Adoption of a project philosophy that insisted on all
tools being thoroughly designed, reviewed, and test-
ed on full size mockups prior to any work being per-
formed in the field; paid handsome dividends and
was detrimental to the success of the project.

Once the tools were manufactured and assembled,
they were divided up into two categories— Training
or "T" tools and Production or "P" tools. All of the
"T" tools were maintained in the Mockup areas out-
side of the Operating Island. This was done to
ensure that all of the training work, and any subse-
quent contingency work, could be done in a clean,
non-radioactive environment. It should be noted that
there were no differences between the "T" and "P"
tools. Any modifications performed on "?" tools
were also implemented on the "T" tools. This
ensured that the experience gained during tool prov-
ing and training processes was directly applicable to
the field work. This approach allowed the flexibility to
use a training tool in the field, should a need ever
have arisen, since all training tools had been brought
to a "ready for reactor use" status.

3.1 Repair Process

In order to understand the specifics associated with
each of the tooling packages, a brief description of
the major steps involved in the RTS Piping
Modification Process is given below.

Prerequisites

Two platforms were designed and erected in the
South Accessible Area (SAA) of the PNGSA calandria
vaults for use during the field implementation phase
of the RTS piping modifications. Once the platforms
were erected, four holes had to be drilled through the
SAA cross-wall to allow access into the calandria vault
(Figure 2). These holes were stepped down from 24"
in diameter through either two 4'-6" walls in the 304'
elevation or one 7' wall at the 273' elevation. A multi-
tude of system pipes and interferences were also
removed during the prerequisite phase.

The major tools, attached to the ends of various
manipulator arms, were then installed into the access
holes. The tooling and equipment were designed to
reach the repair sites at the north-south reactor cen-
treline, a distance of over 30'. The various support
systems such as the Video Observation System
(VOS), the Close Circuit Voice Communication
System (CCVC), and the Tool Control Stations (TCS's)
had to be installed and commissioned as a prerequi-
site to the RTS modification work.
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Defective Pipe Removal

Each corroded inlet or outlet line was removed piece
by piece in approximately 12" sections. The only
pipes remaining were a portion of the 2.5" reducers
embedded in the calandria vault wall and a 1" long
1.5" pipe stub at the RTS waterbox.

RTS Waterbox Spotfacing
A mechanical joint, to be affixed to the RTS waterbox
and re-establish the RTS cooling flow; was designed,
developed, and extensively tested. The rusted condi-
tion of the waterbox was not acceptable as a sealing
surface and had to be prepared prior to joint installa-
tion. This required a machined spotface on the water-
box surrounding the pipe stub. At the two upper
repair locations, subsequent cleaning of the spotface
surface was required, as many machining chips
remained on this critical sealing surface at the com-
pletion of the spotfacing operation.

Joint Installation
Prior to joint installation, the spotfaced seal surface
was visually inspected and confirmed acceptable
based on surface cleanliness, flatness, and finish.
Subassemblies, comprising the joint and its associat-
ed flexible stainless steel hose were pre-assembled
and tested before being declared ready for installa-
tion in the field.

The first step in the joint installation process involved
fishing a length of aircraft cable into the calandria
vault from outside and then retrieving it through the
access hole onto the working platform in the SAA.
This cable was subsequently attached to the non-
joint end of the flexible steel hose. As the joint and
flexible hose assembly moved into the vault, the free
end of the hose was actually being pulled down the
existing embedded line. After placement of the joint
into the pipe stub and onto the spotfaced waterbox
surface, it was actuated hydraulically to provide the
proper sealing preload for the special radiation resis-
tant graphite sealing gasket. A stub at the opposite
(to the joint) end of the flexible hose was then weld-
ed into the system proper. The original line simply
became a conduit for the flexible hose.

3.2 Tooling, Facilities & Components

The following are the major packages developed for
the repair of the RTS system:

Delivery Manipulator System

The Delivery Manipulator System (DMS) included the
complete set of hardware required to deliver tooling
and equipment to all four PNGSA RTS pipe replace-
ment work locations. The DMS consisted of the fol-
lowing main assemblies:

• Transporter Assembly

The Transporter Assembly had three main sub-
assemblies consisting of:
- A main structural 18" diameter steel tube called

the Transporter Pipe
- A roller bearing mounted Extrusion, and
- Two independent electrically Driven Carriages.

• Manipulators

Two main types of manipulators were used:
- Parallelogram Type Universal Manipulator Arm

This was a universal use manipulator (Figure 3) arm
of aluminium construction and double parallelogram
design with three degrees of freedom. It weighed
about 50 pounds and was 50" long, 6 " wide, and 7"
high. It had two links with a rectangular cross section
- shoulder and forearm. Shoulders came in short and
long versions to lend added versatility and flexibility
to the manipulator design.

- Telescopic Manipulator Arm

This was a four degree of freedom manipulator arm
specifically developed for activities where the manip-
ulator mounted tooling required an insert/retract type
linear motion not readily available with the parallelo-
gram type manipulator arm.

Defective Pipe Removal Tool

This tool was used to cut out the corroded inlet and
outlet RTS pipes. Two sizes of tools were required as
there are two pipe sizes to be dealt with inside the
calandria vault; 2.5" and 1.5".

This tool was a custom built, right angle drive, recip-
rocating power saw; complete with a regulated, vari-
able pressure feed system and two independently
operated hydraulic pipe clamps. The tool body was
an integral part of the clamping system.

Spotfacing Tool

This tool was used to machine a 0.5" wide spotface
with an outside diameter of 3.375" on the RTS
waterbox around the 1.5" inlet and outlet pipe stubs.

The tool was an adaptation of a commercially avail-
able pipe ending tool. The machining was done by a
cutting head with three staggered cutting bits
hydraulically actuated by a 4 HP motor. The cut depth
was controlled electrically through an auto-feed fea-
ture. The entire tool was held in place at the water-
box, by a three leg chuck, with a centre pull draw
down cone for radial leg actuation into the ID of the
old pipe stub.

Joint Installation Tool

The joint installation tool was used to hold and deliv-
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er the replacement joint through the DMS. It was
also used to insert the joint stem into the pipe stub
and secure the joint inside the RTS waterbox

After joint installation, the tool actuated the locking
gear nut on top of the joint and prevented the joint
from relaxing and reducing the critical sealing gasket
preload to an unacceptable level.
Replacement Joint

The replacement joint used a graphite ring gasket
pressed against the pre-machined spotface on the
outer surface of the waterbox to form the water seal.
The graphite gasket was loaded from a thrust tube
held in compression by an inner shaft (Figure 4). The
tension force in the inner shaft was reacted at one
end through a hook engaged inside the waterbox
cooling cavity and at the other end through a gear nut
tightened onto the thrust tube. A stack of Belleville
washers were used for live loading of the gasket,
and hence, to prevent any relaxation of the gasket
load in service.

The thrust tube and the inner shaft of the joint were
sealed by a bellows fitted in the annulus between
these two components.

During installation of the joint, the tensile and com-
pressive forces necessary for loading the gasket
were developed hydraulically. Once the correct seat-
ing load was attained, the gear nut on the threaded
end of the inner shaft was driven against the end of
the thrust tube allowing the hydraulic pressure to be
released

Mockups

The mockups for the RTS job were among the most
important pieces of equipment developed. Although
the mockups were not an exact replica of the PNGSA
calandria vaults, they had all the elements and the
accuracy necessary to mount a successful tool,
equipment, and component development program;
and to train the field personnel on all aspects of the
repair process.

4.0 TOOL PROVING AND INTEGRATION
After the tools were delivered to site and assembled
on the manipulator arms, each tool was subjected to
a series of tests to ensure that the applicable system
requirements were met. A Tool Operating and
Proving Procedure (TOPP) was written for each of
the tooling packages.

This document included a brief description of the tool
design and all relevant information related to tool
operation and tool proving requirements. The TOPP
document, along with its associated Quality Control
(QC) checksheets, ensured that the tools undergo a

rigorous preparation process prior to being used in
the field.

5.0 IMPLEMENTATION
Work was performed in two distinct phases -
Training and Field implementation.

5.1 Training

The schedule requirements dictated that the RTS
modification work be implemented using a day and a
night crew.

All of the training was performed on clean mockups.
This was done using the "T" tools. Procedures were
developed to ensure that all operations required in
the field were trained on, prior to implementing the
actual repair work. Personnel from each of the two
crews received all of the training and qualification
required to perform the complete job. All personnel
were not trained on all aspects of the RTS modifica-
tion, however, sufficient numbers of workers were
trained in their specific areas to ensure enough depth
in each crew to adequately perform all required
tasks. A qualified personnel list was generated and
made available to the shift supervisors to ensure the
people performing the work had been adequately
trained and qualified for the various tasks involved.

5.2 Field Work

The field work was performed on two 10-hour shifts;
on days and nights. Various factors were taken into
consideration in determining the shift length. These
included employee well being, overtime constraints,
and productivity related concerns.

The crews were comprised of "doers" and "check-
ers". The overall supervisor for the crew was the
General Foreman. He was responsible for all of the
physical work to be performed and all production
related issues.

A Shift Engineer had the responsibility for quality
assurance. He had to ensure that all outlined QA
steps were adhered to and any deviations encoun-
tered were resolved in a timely manner. The shift
teams comprised of the supervisors, the tradesmen,
and the technicians and were collectively charged
with task of performing the RTS modifications in
accordance with all applicable procedures and in
compliance with the stated QC requirements.

Although the 10 hour shifts did not provide 24 hour
coverage, the face-to-face supervisory shift
turnovers had to be instituted as it became abun-
dantly clear that question marks arising from paper
turnovers were going to lead to significant reductions
in productivity.
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A Remote Control Centre (RCC) was placed outside
of the calandria vault to provide audio and video com-
munication capabilities for the shift supervisors and
to enable them to monitor and control the job.

The Tool Control Stations, containing all tooling and
equipment control hardware as well as the VOS and
the CCVC equipment, were located inside the calan-
dria vaults on the working platforms. All tooling oper-
ations were performed from this location in line with
instructions received from the supervisory personnel
in the RCC. Although the beams emanating from the
access holes were as high as 1.0 Rem/hr, the dose at
the TCS's was below 5 mRem/hr.

6.0 OPERATING EXPERIENCE
AND CONCLUSIONS
Each of the repair sites were slightly different in
terms of configuration. Although the access hole
sites were chosen in such a way to minimize geo-
metrical differences in the key repair steps, some
adjustments and modifications to the procedures
and the tooling were still required.

The most difficult repair site was chosen as the first
site to be worked on with the expectation that it
would present the repair teams with most, if not all,
of the possible surprises. It became quickly apparent
that each of the holes, in fact, would be custom
repairs with limited commonalities.

The major challenge during field work was configura-
tion management of calandria vault components.

Although great care had been taken during the man-
ufacturing and assembling of the project mockups,
the real world was different from the drawings. Key
components like moderator spray line headers were
as much as 3 inches out from their design locations
shown on drawings.

Through proper planning and foresight, provisions in
the design requirements for the adjustability of the
DMS ensured a significant level of flexibility and
enabled the project team to cope with the various
calandria vault discrepancies encountered along the
way. This proved detrimental to the success of the
program by allowing tooling modifications and recon-
figuration with relative ease.

Although the radiation fields inside the calandria vault
were as high as 3000 Rem/hour, the group of 50
tradesmen and technicians, in the course of doing
the entire repair, received just under 2 Rem total
dose. Given the high hazard nature of the work
involved this was a significant achievement.

The repair schedule was extremely aggressive with
very little margin for error. Although the repair
process began slowly, with each successive repair
efficiency and productivity soared. It took 13 working
days to complete the first repair and just 6 working
days to complete the fourth and last repair. The result
of complete planning and the quality approach used
to develop the tools, procedures and personnel
ensured that the repair project was completed in just
under 6 months from the time of the pipe failure.
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ABSTRACT
ARK-2 is a robot that uses a vision system based on
a camera and spot laser rangefinder mounted on a
pan and tilt unit for navigation. This vision system
recognizes known landmarks and computes its posi-
tion relative to them, thus bounding the error in its
position. The vision system is also used to find
known gauges, given their approximate locations,
and takes readings from them. "Approximate" in this
context means the same sort of accuracy that a
human would need: "down aisle 3 on the right" suf-
fices. ARK-2 is also equipped with the FAD (Floor
Anomaly Detector) which is based on the NRC
(National Research Council of Canada) BIRIS (Bi-IRIS)
sensor, and keeps ARK-2 from falling into open
drains or trying to negotiate large cables or pipes on
the floor.

ARK-2 has also been equipped with a variety of appli-
cation sensors for security and safety patrol applica-
tions. Radiation sensors are used to produce contour
maps of radiation levels. In order to detect fires, envi-
ronmental changes and intruders, ARK-2 is equipped
with smoke, temperature, humidity and gas sensors,
scanning ultraviolet and infrared detectors and a
microwave motion detector. In order to support
autonomous, untethered operation for hours at a
time, ARK-2 also has onboard systems for power,
sonar-based obstacle detection, computation and
communications. The project uses a UNIX environ-
ment for software development, with the onboard
SPARC processor appearing as just another worksta-
tion on the LAN. Software modules include the hard-
ware drivers, path planning, navigation, emergency
stop, obstacle mapping and status monitoring. ARK-
2 may also be controlled from a ROBCAD simulation.

INTRODUCTION
This paper describes ARK-2, the robot built by indus-
trial partners Ontario Hydro Technologies and Atomic
Energy of Canada Limited as one of the deliverables
of the ARK (Autonomous Robot for a Known envi-
ronment) project. The project is a four year PRE-
CARN-sponsored project, ending in December 1995,
with the main goal of achieving reliable autonomous
robot navigation in difficult industrial environments,
without making modifications to the environment.
The test environment is the Sheridan Park
Engineering Laboratory of AECL. it is an industrial
facility over 100 metres long, containing both large
open areas, and very cluttered areas full of cables,
pipes and equipment. Although many large structur-
al components in the lab are unchanging from day to
day, other areas change dramatically on time scales
of minutes (in the case of the movement of a forklift)
hours (in the case of the use of the overhead crane)
or days (in the case of the construction of a reactor
part mockup).

Existing approaches to robot navigation fall into two
classes. There are systems that operate well in sim-
pler, office-like environments, and there are others
that operate in industrial environments with the aid
of artificial beacons, markers or wires. While the lat-
ter approach of customizing the environment to suit
the robot is a possible solution to the problem of
robot navigation, it suffers from several drawbacks.
In the case of guidance devices that are intended to
keep the robot following a fixed path, the obvious
problem is the inflexibility of the resulting system.
The robot is limited to travel on a set of preplanned
paths, and is unable to cope with unexpected obsta-
cles. Systems that use a network of beacons or
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markers require a large number of beacons in order
to assure visibility of the beacons at all points of inter-
est in the patrol area, especially if beacons may be
subject to obscuration due to changes in the place-
ment of objects in the area. Note that this is also true
for radio beacons, due to difficulties induced by
reflections of radio signals within structures. A
detailed survey of positioning methods used in acad-
emic and industrial mobile robotics is available in1.

Robots designed to operate in office-like environ-
ments often use sonar for position correction to
determine relative to the robot the positions of
known walls. Usable sonar wavelengths are such
that many surfaces in the environment are specular
reflectors of the signal. The result is that only small
patches of the environment whose normals intersect
the transducer may be seen by a sonar device. The
sonar signal may also return after multiple reflec-
tions, giving false range values. These effects render
sonar alone unusable for navigation in open areas,
where targets are few, and in cluttered areas, where
targets may be too numerous to match to models
reliably. Infrared ranging, while much less sensitive
to the problem of specular reflection of the signal,
also suffers from difficulties in determining corre-
spondences between targets detected and modelled
objects.

ARK-2 makes use of existing natural landmarks, that
are readily findable using an onboard computer vision
system, in place of beacons. This has the advantage
of requiring no modifications to the environment, as
with the sonar-based approaches. It also has the
advantage of concentrating the attention of the navi-
gation system on a small number of readily recover-
able targets, as with the beacon-based approaches.
This avoids difficult correspondence problems.
Collision avoidance with unexpected obstacles is
accomplished using both sonar and infrared-based
subsystems.

THE ARK-2 ROBOT
Figure 1 shows the robot in its test environment, in
a typical development configuration. The lower half
of the robot is a commercially available Cybermotion
K2A robot, which provides the motion subsystem
(including shaft encoder-based dead-reckoning),
some of the sonar for collision avoidance, and half of
the battery power. The dark enclosure in the upper
part contains the remaining battery power, power
converters and onboard computers in a VME card
cage. On top are the camera and a spot laser
rangefinder mounted on a custom-built high-perfor-
mance pan-and-tilt unit. Also on top are a spread-

spectrum radio Ethernet link, an analog video link and
the package of security and environmental sensors.
Not shown in the figure are the FAD sensor and the
radiation monitors, which are mounted in front of the
robot near the floor when in use. Additional sonar
and infrared proximity sensors are mountable for
complete collision protection. The VME card cage
typically contains the SPARC-based high-level control
computer with frame grabber, an M68040-based
low-level control computer and a microcontroller
board for controlling the pan-and-tilt head.

Figure 1: The ARK-2 robot in its test environment

The radio links are used to provide communication
between the robot and a remote workstation but are
not essential to the operation of the robot. We may
instead run the control interface using a laptop com-
puter atop the robot. Remote monitoring is desirable
for applications in which the robot's patrol area is haz-
ardous or far from a command site. Charging may be
accomplished autonomously using the Cybermotion
docking station, which is a flexible probe onto which
the robot may attach in order to recharge the
onboard batteries. Battery life between charges is
roughly 4 hours of continuous operation with all sub-
systems running. During development, the robot typ-
ically runs for the entire day without need for
recharging.
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The Floor Anomaly Detector (FAD) is an NRC BIRIS-
based2 subsystem for detecting depressed or ele-
vated areas on the floor, in order to avoid areas that
the robot could not traverse. It operates by projecting
a laser stripe onto the floor from a position roughly 1
metre high on the front of the robot. A CCD camera
with a dual-iris lens infers the position in depth of
each part of the stripe from the separation of the two
images of the stripe on the focal plane. The sensor
can provide adequate coverage of the floor to avoid
dangerous obstacles at the robot's full operating
speed of 0.5 metres per second.

The sonars used for detection of obstacles in front of
the robot (but not necessarily standing on the floor)
are Cybermotion sonars, notable for their extremely
wide field of 75 to 90 degrees (depending on the ver-
sion). Since the sonar has a minimum useful range
due to the time required to send the outgoing pulse,
close-range obstacle detection for traversal of
extremely confined spaces is done using diffuse
infrared range sensors.

The vision subsystem consists of the camera and
rangefinder mounted on the pan-and-tilt unit plus
associated control electronics and computer. The
head is capable of rotation speeds of 200 degrees
per second, carrying a payload of about 10 kilograms.
It incorporates anti-backlash gears and slip rings for
36 lines, and may be customized to meet a wide vari-
ety of specifications. Its use in the vision subsystem
is to aim the camera at the predicted positions of
landmarks in order to determine their exact locations
for position corrections. Once their exact locations
are determined the rangefinder may be aimed to
acquire a precise range to each landmark.

SYSTEM ARCHITECTURE
The ARK-2 control philosophy is based on the following:

1) The robot should not run into anything.

2) It is assumed that other agents in the environ-
ment will not run into the robot.

3) The robot should attempt to get to the user-spec-
ified destinations safely, given known navigation
accuracy.

in the design of ARK-2, the robust achievement of
objective 3 represents a large part of the technical
challenge standing in the way of broad use of robot-
ics. Given competent navigation, high performance
will follow quickly. Part of the research effort in the
ARK project has examined the possibility of a highly
reflexive system (e.g. Brooks3) in the hope of relax-
ing assumption number 2. Such a system would cou-
ple motor commands tightly to sensory feedback.

Truly effective realization of such systems would
require the resolution of some difficult research
issues. For example, it is not clear if there is always
a principled choice of movement to make when
being pursued. ARK-2, being intended as an industri-
al prototype, is not reflexive. The focus is on driving
the robot to its destination via a safe path. To this
end, we have aimed at a simple, easily understood
system and focussed on achieving reliability within
each module. The job of the collision avoidance mod-
ule is to stop the robot before it hits anything. The job
of the navigation module is to know the robot's posi-
tion reliably. If it does this job well, then the robot can
drive through tight spots without using sensor feed-
back to steer. If the positions of obstacles in a tight
spot are different than on the robot's map, it suffices
for the robot to stop, update its map and replan its
path.

Figure 2 depicts the overall system architecture
showing the main flows of information. We will
begin by giving an overview of the function of the
robot, then describe each module in more detail.

After the user has specified one or more desired des-
tinations the path planner is invoked by the interface
to search for the best path to each destination in
turn. The planner sends a piecewise linear approxi-
mation to the best path to the drive monitor as a
series of waypoints for the robot to visit. Position cor-
rections are scheduled at some of the waypoints, to
keep the robot's dead-reckoning error small enough
to guarantee that no collisions will occur with known
obstacles. The drive monitor in turn sends low-level
commands to the drive control which runs the plat-
form. The drive monitor periodically examines the
dead-reckoned position estimate of the robot in order
to update the map and determine whether the
Emergency stop (E-stop) module has forced the
robot to stop in order to avoid collision with an unex-
pected obstacle. In the case of an emergency stop of
this sort the drive monitor inserts the new obstacle
in the map then asks the path planner to replan the
current path segment to avoid the obstacle. When a
position correction is to be done the navigation mod-
ule is asked to find landmarks and do the calculation
of a new position fix to be applied to the robot's dead
reckoning.

The user interface module is an X application con-
sisting of multiple windows for different subsets of
the robot's functions. Since the X window system
supports networking transparently the interface may
be run without change on the PC laptop on the robot,
on a remote Sun workstation or any of a large variety
of other platforms that can run X servers. The main
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windows of the interface are for robot and head
motion control with additional windows for various
application sensors. In autonomous patrol applica-
tions the only window of interest is the robot motion
control window. It displays a map of the environ-
ments showing positions of obstacles, landmarks
known to the system, the robot and the next robot
destination. The user specifies robot destinations
with a click of the mouse. The robot's position is
updated as the robot moves.

The path planner module is a classical Al path plan-
ner that discretizes the world into a graph of possible
robot positions and orientations. A "potential field" is
defined in the map of the world that assigns a high
potential to positions near obstacles and lower
potential to positions far away. The potential compu-
tation may also contain a term related to the reliabili-
ty with which the robot's position may be corrected
at each point in the environment. A shortest path
search is conducted in the graph to minimize the
path integral of the potential along the path from the
robot's current position to its destination.

The navigation module performs a task very similar
to coastal navigation. By finding the exact spherical
coordinates (relative to the robot) of each of a pair of
landmarks of known position in the world, the robot's
position and orientation in the world can be deter-
mined. In fact, the position calculation does not use
the angle between the landmarks, so this measure-
ment can be used as a consistency check on the
position fix. Each landmark is found by aiming the
camera head at the estimated position of the land-
mark (based on the current dead-reckoning estimate
of the robot's position and orientation) then finding
the actual landmark position in the camera image.
The landmark is found by storing the 3D surface in
the vicinity of the landmark then computing the sur-
face's appearance from the robot's estimated posi-
tion, for use in a 2D image-based matching opera-
tion. The robot's gauge-finding operation is per-
formed using the same approach, but with a scan of
the region where the gauge may possibly be found,
rather than a single camera image as for landmark-
finding.

User Interface

Destinations
Known

obstacles Robot position

Path Planner Map

Drive
commands!

Replan
requests

New obstacles
and robot position

Drive Monitor

Position
requests

Position Drive
fixes commands

Dead-reckoned
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Min safe

. range setting

Navigation Drive Control stop! E-stop

Aim
commands

Image Motor
and range speeds .

Head, camera, rangefinder K2A platform

Encoder

counts
obstacle

ranges

Sonar, IR, FAD

Figure 2: The ARK-2 system architecture
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RESULTS
The primary technical objective of the project boils
down to two types of test that can be run at the
AECL site. The first is to command the robot to run
down a broad central corridor containing a selection
of unexpected obstacles, but with sufficient space
between them for the robot to navigate from one
end to the other. The second is to command the
robot to navigate down a very tight secondary corri-
dor where there is very little room for navigational
error. The first type of test is run routinely because
the broad central corridor is the only route to get
from the robotics lab, where the robot is stored, to
the site of the secondary corridor. There is frequent-
ly a forklift parked in the robot's planned path or ship-
ping crates and oil drums located at various positions
in the planned path as a result of normal activity in
the corridor.

The robot performs as expected in cases where
unexpected obstacles are encountered. When the E-
stop module forces an emergency stop, the part of
the obstacle seen by the sensors is inserted in the
map and the robot plans and executes a path around
the obstacle. If the obstacle is large, then the
replanned path may pass through an unseen part of
the obstacle. The robot will stop again when the new
part of the obstacle is detected, insert this part into
the map and replan again. Since the general path
planner is invoked a substantially different route from
the robot's current position to the destination may be
chosen if, for example, the robot's planned path is
completely blocked. This generality of planning is in
marked contrast to reflexive approaches that attempt
to "feel" their way around an obstacle.
The robot is also able to handle navigation through
tight areas. The secondary test corridor has places
with as little as 90 centimetres clearance between
known obstacles. The robot is able to pass through
such places autonomously in spite of a mere 2 cen-
timetres of clearance on either side. The key to suc-
cess is that position corrections are scheduled imme-

diately before such tight spots with landmarks close
enough to the robot that a small change in robot posi-
tion corresponds to a large change in landmark coor-
dinates. By contrast, where high accuracy is not
required, landmarks used may be far away and thus
usable from a broader range of floor positions. One
routine test, conducted every day that the robot is
used, passes the robot through an 89 centimetre
doorway to return it to the room in which it is
charged each night.
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UNDERWATER FUEL HANDUNG EQUIPMENT MAINTENANCE

VERIFICATION OF DESIGN ASSUMPTIONS,
SPECIFIC PROBLEMS AND TOOLS, CASE STUDY

Jack B. Kurek
Fuel Transfer System Responsible Engineer

PND -"A" CA9800529

The majority of CANDU Fuel Transfer System equip-
ment at Pickering is located under 14 Ft. of water, as
dictated by the containment and shielding require-
ments. Such arrangement, however, creates specific
problems with equipment maintenance (especially
after 20 years of service ).

The General Design Assumption for maintenance of
this equipment was very simple - Receiving Bay, all
Elevator Shafts and Conveyor will be drained, and
required maintenance/repair will be carried out like
on any other machinery in the nuclear island. Too
good to be true? - Yes. After over twenty years of

operation and many unsuccessful attempts to follow
this idea (to drain the Conveyor or Receiving Bay) the
conclusion is clear "THE ASSUMPTION" is a great
idea, however, not attainable.

Since you can not remove the water, the only other
option is to go under the water (and face the conse-
quences) - that's exactly what was done! Easier said
than done. Interesting question - what has prevent-
ed us from draining the Conveyor, Elevator, or
Receiving Bay?

The major obstacle was (and still is ) - presence of
damaged fuel pencils (from the early days of opera-

11 - Spent Fuel Elevator
12 - Spent Fuel Conveyor
13 - Conveyor Unloader
14-Basket Loader

Fuel Handling system with marked up underwater equipment
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tion) hidden in the inaccessible areas of equipment.
In addition to this, there was no provision in design
to isolate and drain section of the Conveyor or
Elevators of single unit. Expectation to have two
units (1 & 2 or 3 & 4) shut down for maintenance, for
prolonged time simultaneously, remains an unreal
wishful thinking. Presently engineers from Pickering
Fuel Handling, together with AECL are working on
the project to allow isolation and draining of the sec-
tion of the Conveyor or single Elevator (the dream of
the maintenance people).

Another very important aspect, worthy of the design-
er's consideration, is to avoid all partially enclosed
spaces in the underwater equipment design to elim-
inate potential for hidden damaged fuel pieces (dam-
aged fuel does happen). The same applies to equip-
ment that is to be removed from the water for main-
tenance (example - Basket Loader).

Underwater Fuel Transfer Equipment such as:
Elevator, Conveyor, and Conveyor Unloader design
philosophy are entirely based on the assumption of
draining and isolation of the Conveyor and Receiving
Bay - i.e. there are no provision to make underwater
maintenance easier, or sometimes even possible.
The only piece of equipment designed to be
removed from the Receiving Bay for maintenance is
a Basket Loader. Full overhaul of the unit 012 Basket

Loader (first time after 20 years of service) was just
recently successfully completed. No doubt designers
and manufacturer deserve credit (without mention-
ing a few minor problems).

One of the very challenging tasks in our Underwater
Fuel Handling Equipment maintenance history in
Pickering Station was to replace seized directional
pulley/shaft assembly on both Conveyor Unloaders
(012 and 034). Operation of two 540 MW units was
at stake when this pulley was seized.

Fortunately, it was revealed that operation of the
Conveyor with seized pulley is possible for limited
time and under modified operational conditions (con-
veyor cable tension was lowered and cable was slid-
ing on the stationary pulley - cutting deeper and deep-
er the pulley material). The time was running out.

Initially, the original design assumption (draining the
Receiving Bay and working on "dry equipment"),
was considered, but again this time, it was recog-
nized as not achievable (for previously mentioned
reasons).

The .other option was to do the work through 14 Ft.
of water, with remote tools and T.V. camera. Thus
the special tools were designed, fabricated and test-
ed on the dry "mock-up" to perform this task. Before
starting underwater pulley /shaft assembly removal,
the task analysis was performed and a few questions

Spent fuel conveyor unloader with detail of seized pulley/shaft assembly.
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were raised : • What force is required to remove
seized shaft/bearings assembly? • What are the con-
sequences of breaking the shaft puller while shaft is
being partially removed? • What is the puller
strength? • What is the max. torque to be applied to
the puller without damaging the tool (or shaft)?

Well, the expected consequences of tool failure during
the job were very serious - no fuelling available on two
units for prolonged period of time (until some new
ideas are developed and successfully implemented).

To make sure that the tool limitations (max. torque
the puller is operated and max. vertical pulling force)
were known, a destructive test of the tool was per-
formed. When the results from dry rehearsal and
destructive testing were obtained, the assumption
was made, that it will be safe to operate puller up to
80% of the max. torque (max. torque was defined as
a tool damaging torque) - i.e. safety margin was
established at 20%.

After all these preparations, the replacement of
seized shaft/pulley assembly on unit 034 (Conveyor
Unloader serving Units #3 and #4) was successfully
completed, however, the tool was brought up to its
limit (max. torque applied).

Attempt to replace the same seized shaft/pulley
assembly. On the other unit (012), using the "battle
proven" set of tools - failed, the shaft was seized
beyond the tool capability. New, more powerful tools

were required. In addition to the existing set of tools,
two interesting new tools were developed (in-house)
and later proven successful, namely underwater
hydraulic jack with guiding mechanism, and adjustable
frequency air vibrator (attached to the puller).

The successful completion of the job this time was
mainly credited to the vibrator action.

As both tools, mechanical puller and guided hydraulic
jack were able to produce considerable static force
(limited only by strength of the Conveyor Unloader
structure), the seized shaft did not even move, until
the vibrator was started. The "miracle of vibration"
resulted in the seized shaft being removed within
seconds. The vibrator was the typical pneumatic pis-
ton unit with the large scope of adjustable frequency
ranging from 3.000 v.p.m. to 11.000 v.p.m. (as a
function of air flow & pressure ranging from 20 p.s.i.
to 80 p.s.i.). Our understanding is, that while the
vibrator air supply valve was slowly open and vibrator
ran through full range of frequency - at some point it
passed through the resonance range, which trig-
gered movement of the seized shaft. Note: The
shaft/pulley assembly was originally equipped with
two ball-bearings (s.s. - water lubricated), which
failed almost simultaneously on both units after
about twenty years of service. Design modification
was implemented and ball-bearings were replaced
with special bushings. The shaft was also modified,

- -J^CJ^J^** a—"
Special tools: puller with the vibrator; guided hydraulic jack; pulley removal tool.
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to allow easy removal when replacement is required.

Human Factor. The major difficulty of this job was no
doubt working through 14 Ft. of water and being able
to see the shaft and pulley assembly only through
underwater T.V. camera, and under limited angle.
Guiding the tools (hydraulic jack and shaft
puller/vibrator) to the position of proper engagement
required great deal of skill and patience. Highly
skilled and dedicated team of mechanics is required
for such a task, to ensure the success, and "at the
first time". We have had failed attempts in the past
as a result of underestimating the human factor.

Other underwater work, worthy of a few words are
the removal of the Basket Loader from the Receiving
Bay for first major overhaul after twenty years of ser-
vice (just recently completed).

The challenge was a job never done before, and

damaged fuel hidden inside the Basket Loader struc-
ture (creating potential for very high radiation field,
when B.L. is lifted from the water).

Deteriorating performance of the unit, namely slug-
gish movement of the hydraulic cylinders was the
main reason for the B.L. overhaul. Twenty years of
service, without even replacing the hydraulic cylin-
ders' seals was considered close to the limit.
Underwater high pressure water lancing was chosen
as the primary method of B.L. decontamination, and
removal of fuel elements from the B.L. surfaces. Unit
was lifted from the track closer to the surface {still
fully submerged) and treated with high pressure
water, then very slowly moved through the water
surface (water lancing continued) with the gamma
meters pointed at it and continuously reading the
radiation field.

Basket Loader
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Radiation fields measured from work distance were
not higher than ten to twenty mRem/HR (well within
the limits), few "hot spots" up to 5 Rem (on contact)
were also found. Surface contamination level at
some spots was as high as 50.000C.P.M. After fur-
ther field decontamination, the B.L. was transported
to our decontamination facility before disassembly.
About one thousand man-hours was spent on the job
(removal of B.L from the bay, decontamination,
complete overhaul, testing and reinstallation ), and
total of 360 mRem dose was committed.

Considering that the B.L. was in service for twenty
years in a very harsh environment (water, radiation,
dust, and other impurities) - the wear of moving part
was much lower than expected.

Obviously the main reason for sluggish hydraulic was
wear and deterioration of the cylinder rubber seals;
however , metal surfaces of the cylinders and pis-
tons were found in ideal condition.

Other underwater challenges on the horizon for
Pickering "A" Station:

1. Isolation of section of the Fuel Transfer Conveyor
and Elevator, to allow draining of the single
Elevator and Conveyor for maintenance purpose
(project in co-operation with AECL).

2. Inspection of the inside of Fuel Transfer Conveyor
tube, using T.V. camera travelling on the cart.

3. Fuel transfer Conveyor Unloader - removal from
the bay, complete overhaul and reinstallation
(Conveyor. Unloader was designed as "nonre-
movable", and was supposed to be serviced after
dewatering the Receiving Bay).
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4. Renewed attempt to perform Receiving Bays
decontamination and subsequent draining (as an
alternative to #3 above).

GENERAL NOTES:
Maintenance of underwater Fuel Transfer equipment
at Pickering "A" (the oldest station in our CANDU
family) presents the biggest challenge to mechanics
for a few reasons:

First, each single piece of equipment serves two
generating units, which means in case of defect -
double losses on production, or two units shut down
simultaneously for planned maintenance.

Second, the requirement for underwater mainte-
nance was not anticipated at the design stage, which
multiplies the level of difficulty, and creates require-
ment for developing special tools for each work.

Third, lack of contingency option (design provisions
for equipment removal, or for underwater service) to
the great idea of Receiving Bays dewatering.

Removal of the damaged fuel from the Receiving
Bays and decontamination of submerged equipment
is also part of the problem.

FINAL STATEMENT:
The purpose of this presentation is to share our
experience with the designers, operators, mainte-
nance mechanics, and technical personnel of the
other CANDU generating stations.

"What is life worth without the challenge??????"
(Not much).

F/T conveyor and elevator-isolation/draining F/T conveyor system - schematic
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ULTRASONIC SYSTEMS FOR HIGH-ACCURACY THICKNESS
MEASUREMENT OF FUEL BUNDLE BEARING PADS

AND SHIELD PLUG CRIMPS

P. Ciorau, B. Bevins, L. Gilham
Ontario Hydro, Nuclear Technology Services CA9800530

ABSTRACT
The performance of two ultrasonic systems, remotely-
operated in high radiation environment, are presented.

The first system is used to measure the bearing pad
height of radioactive fuel bundles located in the irradi-
ated fuel bays, at Darlington NGS. The system was
designed and commissioned to achieve an accuracy
of ± 20 urn. The repeatability of results is within ± 10
pm uniformity band. The measurements are indepen-
dent of testing speed, water temperature, bundle
temperature, pencil geometry. Possibilities and limita-
tions of the UT system are also presented and some
improved alternatives are proposed.
The second system was developed for measuring
the crimp height of shield plugs (special iron casting)
at Bruce B - Mark III development. The accuracy of
measurements is ± 50 pm, with a repeatability of ±
25 um. The results are independent of shield plug
thickness variation and ovality, crimp off-set and
heavy-water temperature.

I. ULTRASONIC SYSTEM FOR BEARING
PAD THICKNESS MEASUREMENT.
Based on N 12 committee recommendations,
Darlington NGS asked NTS SIMD-ET to develop a
system capable to measure the bearing pad height
with an accuracy/repeatability of ± 40 pm. At the
beginning of 1992, the only reliable method to per-
form the task was ultrasonic (UT) technique.

Fuel bundles are positioning within the pressure
tubes and their surface contact is assured by bearing
pads. During the operation of CANDU reactor, the
fuel bundle vibrates and bearing pads presenting a
height greater than 1350 pm could produce frets on
pressure tubes. The wearing of bearing pads due to
horizontal vibration/movement in rolling joint area
could lead to bundle disintegration. The lower limit
for bearing pad was consider to be 700 um, with an
acceptance value around 1200 pm.

The radioactive bundles are visually inspected in
Auxiliary Spend Bay. The UT system has to operate
under the following conditions: radiation dose = 105

R/h, remotely, at 7 m under demineralized water with
t = 25° C - 90° C and to interface with bundle rotator
and maintenance tools operating in the spend bay.
An inspection rate of 0.5 h/bundle was asked. This
led to a testing speed of 25 mm/s over the whole
pencil. The transducer fixture has to accommodate
warp pencils of ± 5 mm.

The results have to be independent of testing speed,
bundle temperature, bundle position on bundle rotator.
The results have to display the length of the bearing
pad and the relative height of pad vs. sheath surface,
with a possibility of reading the thickness on a specif-
ic position.

The system was built by: New Automation - Oakville.
ANDEC Mfg. - Rexdale was in charge to develop the
electronics, ultrasonic board, software and motion
supervision. The mechanical performances of the
pad-tester were improved by OHT prototyping model
shop - in charge for commissioning the mechanical
system. The block diagram of the system is present-
ed in Fig. 1.

RESULTS
Two "dummy" bundles filled with stainless steel
rods were manufactured by Zircatech. One bundle
contains 9 pencils with machined pads of different
shapes: steps , slopes, continuous wear with R 200
mm, lateral wear, notches. These artificial "defects"
were used to assess the ultrasonic results and com-
pared with mechanical measurements performed by
SPEL. A heated pencil from Stern Labs - Hamilton
was used for evaluation of water and pencil temper-
ature influence on readings. A calibration pad with 5
steps was installed on so-called home position of
transducer carriage, so the accuracy/repeatability
can be checked after each pencil testing.

The calibration curve based on 50 readings repeated
10 times for the thickness range 940 pm -1290 pm
is presented in Fig. 2.

The over/under sizing is less than 20 pm in the range
of 1200 pm - 1400 pm, where most of radioactive
bundles thicknesses are placed.
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Fig. 1. Block diagram of ultrasonic pad tester.

1300

c
©

i
^ - 1,100

th
lc

kn
e

eco

7C0

I
t p _ d = 1.05 x t U T - 63

I ~r r ~\

r~
—
i—

:— —

• —

• —

• — - / .

r ~

~~

—

y
]/_

A

— —

—

—

• —

—

—

— —

8C0 SCO lOCO I I C O 12C0 19C0 1 « D

P a d t h i c k n e s s [ m i c r o n s ]

The results presented in Fig. 3 concluded that
water/pencil temperature do not influence the
results.
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Fig. 3. The temperature influence on results.

The testing speed has an influence of less than 10
um (see Fig. 4).
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Fig. 2. Calibration curve for 700 um - 1400 um.

Fig. 4. Speed influence on thickness readings.

The bundle position on rotary table has an influence
within the normal dispersion results (see Fig. 5).
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Fig. 5. Bundle orientation influence on measurements.

CONCLUSIONS
The remote system can perform the pad thickness
measurements within ± 25 urn accuracy and ± 10 um
repeatability. The readings are independent of
water/bundle temperature, oxide layer, testing speed
and bundle location on rotator. An automatic calibration
was set-up at the beginning of each scanning. The sys-
tem can display slopes up to 3°, notches with width
greater than 1 mm, a step resolution of 10 um.
Scanning files can be displayed in a zoomed mode with
multiple cursers setting. The system can detect pad
wear along the length, but is limited to lateral wear.

II. ULTRASONIC SYSTEM FOR
MEASUREMENT OF CRIMP HEIGHT
OF SHIELD PLUGS
Shield plugs are loaded within the pressure tubes
using a crimp tool. The head cylinder has three
crimps oriented at 120° each other. If the height of
the crimp is too low, the tool cannot hold; if the crimp
height is too height, the crimp starts to crack.
SIMD-ETS was asked by Bruce B to develop an ultra-
sonic method and commission a system for crimp
height evaluation under the following conditions: rota-
tion speed 2.2 rpm given by fuel machine, measure-
ments to be independent of heavy water tempera-
ture, wall ovality/eccentricity and cylinder thickness
variation. An accuracy/repeatability of ± 50 um was
required for the crimp height between 30 - 40 mils.
The system was built using a pulser/receiver, A/D
digitizer, an oscilloscope for real time display of RF
signals. An in-house developed piece of software -

Winspect™ - was selected for data acquisition/inter-
pretation. The block diagram is presented in Fig. 6.
The ultrasonic delivery tool to interface with reactor
outlets was designed and built by General Electric
Canada - Peterborough, which provided also the
required samples for feasibility study and calibrated
coupon for field commissioning.

GE Shield Plug Delivery System

RG 178 - SO" long
• p.p.

Panametrics pulsar/receiver 5601

Rotation

Fuel"

Machine

Tektronix 2232

Sonix A/D STR 8100
IBM 486 / 33

VGA monitor

Winspect

Computer

HP Printer

z - axis

Fig. 6. Block diagram of ultrasonic system for crimp height
measurement.

While fuel machine is pulling the shield plugs, the
ultrasonic signals will display a 5-signals pattern,
according to Fig. 7.

A Set-iup
Display
pattern:

U
axial

Crimp height
A h = 60 *At

#1.

#5

#2

#3

#4

Fig. 7. Ultrasonic display during the axial movement of shield plug.
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RESULTS
The ultrasonic results on representative samples are
presented in Table 1.

Table 1

Coupon

#9-cyl. 1
#9-cyl. 2
#9-cyl. 3
#12-cyl. 1
#12-cyl. 2
#12-cyl. 3
#13-cyl. 1
#13-cyl. 2
m3-cyl. 3
#14-cyl. 1
#14-cyl. 2
#14-cy\. 3
2 <j interval -

25-
Equation:

. Ultrasonic

GE value

14
35
43

(15)
(35)
(45)
(20)
(30)
(40)
(10)
(25)
(50)

all range

50 mils
all range

25 - 50 mils

results on

UT value

15.6
35.2
44.2
17.8
36.6
47.7
22.4
29.7
41.2
12.8
25.4
49.6

-0.8 - +
-1.0 +
Tcrimp =

GE samples.

Difference Remarks

+ 1.6
+ 0.2
+ 1.2
+ 2.8
+ 1.6
+ 2.7
+ 2.4
- 0.3
+ 1.2
+ 2.8
+ 0.4
- 0.4

3.5 oversized
2.0 trend
4.6 + 0.830 * TUT

Tcrimp =-0.3 + 0.996 * TUT

Calibration curve for thickness range 25 - 50 mils is
presented in Fig. 8.

± 1.5

30 35 40 45 50

A c t u a l h e i g h t [ m i l s ]

Fig. 8: Correlation between UT readings and crimp height for
25- 50 mils range.

A waveform display of 360° scanning is presented in
Fig. 9.

Crimp height is evaluated using zoomed function in
Winspect™ and find the average time difference
between back-wall and crimp signal (see Fig. 10).

JElle Select View Zbom Oj2t>on0 Fitter Xransta

Fig. 9: Ultrasonic B-scan display of coupon scanning.

Fig. 10: Rectangular zoom of 36.5 mils crimp height.

CONCLUSIONS
Crimp height of shield plugs can be measured with
an accuracy of 2 mils (50 microns) for all crimp height
range and 95 % of population. The accuracy for the
usual range (25 - 50 mils) is less than 1 mils. The
repeatability of measurements is within one mils. The
measurements are independent of water tempera-
ture, eccentricity and thickness variation of cylinder.
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DARLINGTON NGD FUEL HANDLING
HEAD EIGHT ACCEPTANCE PROGRAM

P.H. Skelton (DNGD)
T. Sie {DNGD)

J. Pilgrim (GE-Canada) CA9800531

ABSTRACT
Darlington NGD requires eight fuelling machine
heads to fuel the 4*932 MW reactors. Six heads are
used on the three fuelling machine trolleys for nor-
mal fuelling operations. A further two heads are
required to allow for maintenance and to provide for
such reactor face activities as PIPE and CIGAR.

Seven heads were successfully delivered to site
from the head supplier. During acceptance testing,
stalls on the charge tube screw assembly of the
eighth and final head prevented its delivery to site.
Replacement of the charge tube screw with a spare
screw did not alleviate the problem.

An in depth series of tests were undertaken at site,
at the supplier and at the screw sub-supplier to
determine the root cause of the problem.

These tests included taking torque measurements
under different operating conditions and using differ-
ent components to assess the effects of the
changes on torque levels. An assessment of the
effects of changing chemical conditions (particularly
crud levels) was also made.

To ensure that the results of the testing were well
understood, additional torque testing was also com-
pleted on a head and screw assembly at site that
was known to work well.

Based on all of the above series of tests, a recom-
mendation was made to re-machine the charge tube
screw(s). The original charge tube screw from Head
eight was subsequently returned to the sub-supplier
for re-work. Follow-up torque measurements and
acceptance testing showed that the screw re-work
was effective and that Head eight could be success-
fully delivered to site.

This paper focuses on the results of the head/screw
test program. Results of the acceptance testing are
also discussed.

INTRODUCTION
The Darlington fuel handling system provides auto-
matic on power fuelling capability to all four reactors.
Under normal operating conditions, each reactor unit
can be serviced by any one of three fuelling machine
(FM) systems.

A fuelling machine system consists of one pair of
fuelling machine heads and their associated heavy
water and air auxiliary systems all mounted on a
transport trolley.

During a typical fuelling operation, one fuelling
machine head inserts four fuel bundles into a chan-
nel two at a time. This causes the string of 13 bun-
dles in the chanpei to be shifted and the four end
bundles to enter the second fuelling machine head.
Either of the fuelling machine heads can insert new
fuel or receive irradiated fuel as all the heads are
identical (see fig 1).

Each head consists, in part, of a charge tube and a
concentric ram which transfers fuel into the reactor
under normal operating conditions (310°C and
10MPa). The charge tube has an axial drive (CTA) and
a rotary drive (CTR). The ram has an axial drive only.

Figure 2 depicts the layout of a Darlington ballnut/
screw arrangement. The charge tube is hollow with
the ram positioned inside the chargetube. Both
charge tube and ram axial movements are generated
through the ball screw/nut arrangement. The charge
tube axial drive rotates the charge tube ballnut which
is stationary with respect to the fuelling machine.
This motion causes the charge tube screw to
advance or retract axially depending on the direction
of the ballnut rotation. All actions are in heavy water.
There is no lubrication (other than the water).

For a ball screw/nut arrangement to work with mini-
mum torque, it is crucial that the balls do not bunch
up. Adjacent balls in a screw can come into contact
with each other by:
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• vibrations

• bending of the screw due to loading

• imperfect screw profiles

• poor deflectors or guides

When any of the above occur, higher torques are
required to overcome the bunching up of the balls.
An effective ballscrew design will have less potential
for ball bunching or if it does have some ball bunch-
ing, the balls will separate easily.

DISCUSSION
Six heads are used on the three fuelling machine trol-
leys for normal fuelling operations. A further two
heads are required to allow for maintenance and to
provide for such reactor face activities as PIPE and
CIGAR.

Seven heads were successfully delivered to site
from the head supplier. During final acceptance test-
ing of the eighth head, stalls on the charge tube
screw assembly prevented its delivery to site.

Prior to the final acceptance testing, a series of pre-
liminary tests of the head was completed on a test
rig that simulated a Darlington fuel channel. During
this initial testing, frequent charge tube axial stalls
(due to higher than expected torques) were noted.
Note that average torques typically seen on an
acceptable charge tube are 50-80 inch lbs while peak
torques of 150-200 inch lbs were typically seen on
Head 8 charge tube.

The fuelling machine was removed from the test rig,
disassembled, inspected, cleaned, re-built {with a
spare screw/nut assembly) and returned to the test
rig for a second series of testing. The original screw/
nut assembly was returned to the sub-supplier for
evaluation.

During the second series of testing, cold runs
(260°C) were successful with no stalls observed.
However, when the test rig temperature was
increased to 300°C, frequent stalls began to appear.
When the drive torque was plotted against time,
many torque peaks (as high as twice the average
torque) were noted.

Clearly there was a problem with the charge tube
assembly.

Although the major efforts were directed at resolving
whether the charge screw was the route cause of
the problems, it was also felt that the root cause
could possible lie with head component misalign-
ment. It should be noted here that Head 8 was at one
time overheated when it was used in an unrelated
test program.

Ontario Hydro Technology was contracted to perform
a series of tests on Head 8. Accelerometer probes
were located at several points along the outer hous-
ing of the charge tube axial drive (see figure 31).
Torque profiles were also generated. A series of thir-
ty two tests were completed. Sixteen of the tests
were in advance mode and sixteen were in retract
mode. These tests were completed under several
different conditions including:

• off channel

• on channel, cold and de-pressurized

• on channel, cold and pressurized

• on channel, cold pressurized with two fuel bun-
dles loaded into fuel carrier.

• on channel, hot and pressurized

• on channel, hot pressurized with two fuel bundles
loaded into the fuel carrier

Results of this series of tests2 appeared to indicate
that the high torques seen with Head 8 were not
caused by:

• the screw touching at the front end of the fuelling
machine

• alignment problems at the rear of the fuelling
machine

• the input drive or gear box

The testing did appear to indicate that the higher
than expected torques were caused by either
pitch/thread depth variations from the front to the
back of the screw or pre-loading on the ballnut. In
addition, there was evidence of double contact with
the balls on the screw thread. This double contact
indicated that there was some imperfection in the
screw thread profile.

In later discussions, test rig crud levels were raised
as a possible additional contributing factor since the
rig was predominantly carbon steel with minimal oxy-
gen control.

The evidence now clearly pointed to a ballnut/screw
problem and not a misalignment problem.

A set of experiments were then conducted to narrow
down the problem further. A series of tests were
completed on a ballnut/screw arrangement that was
located away from the head on a test bench. Seven
variables were altered. These variables included:

• changing the screw (two spare screws were available)

• changing the nut (two spare nuts were available)

• changing the screw bearings

• changing the pre-load on the nut (100 lbs and
600 lbs)
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• changing the cleanliness of the screw (by adding
fine participate crud

• changing ballnut transfer tube

• changing ballnut deflectors

Results of this testing are shown in figure 4. Two
parameters appeared to predominate, screw pre-
load and rig cleanliness (crud).

Head 8 was then re-built. The pre-load on the screw
was reduced from the normal ievel of 600 lbs down
to 100 lbs. Efforts were undertaken to ensure that
the test rig was as clean as possible. The rig was run
for several days with purification flows maximized,
As much crud as possible was removed from the rig.

With Head 8 now rebuilt using optimum conditions
as determined from the bench testing (lower
ballscrew pre-load and with a clean test rig), final
head acceptance testing recommenced.

Again, higher than expected torques were observed.
This was somewhat disappointing since all the evi-
dence from bench test work had indicated that the
problem was well understood and that we had com-
pleted effective fixes (although bench test work was
not completed at normal temperatures and pressures).

It was now evident that Head 8 was not adequate for
normal production use. Further work was required on
the ballnut/screw arrangement.

The screw/nut supplier was contacted for further
input. The original screw from Head 8 (which had
been previously returned to the sub-supplier) was
inspected more closely. Indications of double contact
on the screw thread were evident. In addition the
screw was found to be bent by about 13 thousandths
of an inch. Although this bending was acceptable for
use in normal fuelling machine operation, it was too
far out for a precise grinding operation.

A decision was made to straighten the screw and
regrind the screw thread. It was recognized that the
screw could be badly cracked or possibly broken dur-
ing the straightening process. However it was equal-
ly recognized that we would not be able to use the
screw in the current state. The screw was eventual-
ly straightened to within 2 thousandths of an inch but
could not be straightened further. A decision was
then made to machine the screw straight.

Following the straightening of the screw, the thread
profile was re-ground. The material removed from the
thread profile was mostly removed in the axial direc-
tion (about 5 thousandths of an inch). The depth of the
thread was only altered in the area where the depth
was shallowest (by about 2 thousandths of an inch).

The screw (with its nut) was then returned for re-
building into Head 8.

Subsequent acceptance testing with Head 8 with the
re-machined screw was successful. No high torques
or stops were observed during the acceptance test-
ing. Head 8 was finally delivered to site during the
summer of 1995.

CONCLUSION
During final acceptance testing of the eighth head,
stalls on the charge tube screw assembly prevented
its delivery to site.

An in depth series of tests undertaken at site, at the
supplier and at the screw sub-supplier eventually
determined the root cause of the problem to be a
badly machined screw.

The screw was returned to the manufacture for re-
work which included straightening the screw and re-
machining the thread profile.

Subsequent testing of head 8 using the re-machined
screw was successful. Head 8 was eventually deliv-
ered to site during the summer of 1995 and is
presently available for service.

Because the testing program showed the impor-
tance of using torque monitoring as a diagnostic tool,
future activities are being directed at developing
torque sensing equipment for use on the fuelling
machines during normal operation.
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IMPROVED RELIABILITY, MAINTAINABILITY AND SAFETY
THROUGH ELASTOMER UPGRADING*

by

R. Wensel and K.C. Wittich

Atomic Energy of Canada Limited
Chalk River Laboratories

CA9800532

ABSTRACT
Equipment in nuclear plants has historically con-
tained whatever elastomer each component supplier
traditionally used for corresponding non-nuclear ser-
vice. The resulting proliferation of elastomer com-
pounds, many of which are far from optimal for the
service conditions (e.g., pressure, temperature, radi-
ation, etc.), has multiplied the costs to provide sta-
tion reliability, maintainability and safety.

Cost-effective improvements are being achieved in
CANDU® plants by upgrading and standardizing on a
handful of high performing elastomer compounds.
These upgraded materials offer significant gains in
service life over the materials they replace (often by
factors of 2 or more).

This rationalization of elastomer compounds also
facilitates the EQ+ process for safety-related equip-
ment. Detailed test data on aging is currently being
generated for these specific elastomers, encom-
passing the conditions and media (air, water, oil)
common in CANDU® service. Two key elements
characterize this testing. First, each result is specific
to the compound used in the test, and second, it is
specific to the tested failure mode (e.g., compres-
sion set, extrusion, fracture, etc.).

Having fewer, but more thoroughly tested com-
pounds, avoids the penalty (associated with poorly
characterized materials) of having to replace parts
prematurely because of conservatism, while main-
taining safe, reliable service. This paper provides an
overview of this approach covering:

• the benefits of compound rationalization
• the how and why of establishing relevant failure

criteria

• appropriate quality assurance to maintain EQ
• procurement, storage and handling guidelines
• monitoring and predicting in-service degradation.

1. WHY UPGRADE?
The high costs of station downtime and of mainte-
nance in a radiation environment, and the need to
ensure and assure that the reactor is safe at all times
make performance requirements for equipment in
nuclear plants higher than in most other industries.
Historically, equipment in nuclear plants has con-
tained whatever elastomer each component supplier
traditionally used for non-nuclear service. More than
most plant operators realize, the resulting prolifera-
tion of elastomer compounds, many of which are far
from optimal for the service conditions, has multi-
plied the costs to provide station reliability, maintain-
ability and safety.

By standardizing on a handful of superior elastomer
compounds (for seals, hoses, electrical insulation,
etc.), service life can be extended, maintenance plan-
ning and safety can be improved, environmental
qualification can be streamlined, and procurement
and handling of replacement parts can be simplified.
Extensive tests have identified high performing com-
pounds for each class of CANDU® service. These
upgraded materials offer gains in service life by fac-
tors of two or more over original materials.
Moreover, the aging characteristics of the new mate-
rials are much better understood than those of the
original materials, many of which are only known by
generic type. Detailed data on aging is now being
generated, specifically focused on strengthening and
simplifying the process of EQ of safety-related equip-

* Paper to be presented at the CANDU® Maintenance Conference, 1995 November.
* Environmental Qualification, i.e., a technical process of assessment of safety-critical equipment in a nuclear plant, providing assur-

ance that it will perform reliably should it be exposed to the harsh conditions of design basis accidents at any time in its installed
life, taking into account the deterioration that normally occurs in its service.
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ment relying on elastomers. Past practice in EQ has
often been insufficiently compound- and application-
specific. (The consequence has been over-conser-
vatism in replacement schedules and, in some cases
failure to satisfy regulators.) With retrofit to a short-
list of well-characterized new materials the entire
process of ensuring safety can be put on a more
defensible footing.

2. CANDU® ELASTOMER PROGRAM
The objective of AECL's elastomer program is to
make cost-effective improvements in the reliability
and integrity of equipment in Canadian-designed
(CANDU®) nuclear plants. The program includes
selection and, where necessary, development of
superior compounds for each type of CANDU® ser-
vice, improved quality assurance methods, handling
and inspection guidelines, and transfer of all relevant
technology to operators, maintainers and designers
of CANDU® plants.

Program effort falls into two categories: generic and
service-specific. A key element in the generic work is
identification of the fundamental properties that gov-
ern elastomers. The generic work encompasses:

• identifying and retrofitting improved elastomer
compounds

• developing new compounds where necessary,
• preparing and implementing new elastomer com-

pound specifications and quality assurance proce-
dures

• preparing guidelines for installation, handling, and
inspection of elastomeric components, and

• on-site training.

Service-specific effort focuses on the need for spe-
cific improved elastomeric components (e.g., inflat-
able door seals, conduit seals, valve actuator
diaphragms). Discussions with plant personnel,
review of maintenance and inspection reports and
other such activities form the first stages of such
activities. Subsequent activities include:

• inspection and simple bench-scale testing of parts
removed from service

• preliminary (scoping) testing of possible improve-
ments

• qualification testing to demonstrate suitability of a
selected improvement for service

• introduction into service
• monitoring the "improved" parts during phase-in

periods.

Other service-specific effort focuses on service-life
prediction and environmental qualification. This is
based on "accelerated-aging" and simulated normal

and accident service tests of elastomeric parts and
equipment under specific conditions of heat, radia-
tion and other deteriorative influences.

The remainder of this paper highlights key stumbling
blocks in the use of elastomers and gives an
overview of how they are being addressed in AECL's
program.

3. RELEVANT AGING CRITERIA
Deterioration of equipment in a nuclear plant is often
due to "aging" of elastomeric parts such as seals,
diaphragms, gaskets, cable insulation and hoses.
These degrade much faster than metallic parts when
exposed to radiation, high temperature, pressure,
humidity, and mechanical stress. Knowledge of elas-
tomer service life is needed under both normal and
accident conditions since safety demands that cer-
tain components be capable of functioning through
accidents that could occur after long periods of aging
under normal plant conditions.

To establish the life of any elastomeric component,
the type and magnitude of deterioration that causes
a failure in service must be known, as well as the
deterioration rate. There are many possible types of
failure, e.g., extrusion, chemical attack, wear-out,
tensile cracking, load relaxation and compression
set. They are all influenced by a combination of mate-
rial characteristics and service conditions. Commonly
reported material properties alone cannot quantify
extrusion resistance, chemical resistance, wear
resistance, etc. Some properties are closely related
to common failure modes (e.g., tensile strength to
tensile cracking failure) but other commonly quoted
properties such as hardness, ultimate elongation,
permeability and thermal expansion are only tenu-
ously associated.

A primary challenge, then, in assessing an elas-
tomeric component for a particular service, is to
determine when and how it might fail in service.
Relevant and comprehensive failure criteria based on
functional properties are necessary for meaningful
life prediction. These need to be based on a funda-
mental understanding of the performance needs for
the particular application.

4. COMPOUND- AND SERVICE-SPECIFIC
AGING DATABASE
A database of relevant properties and behavior is key
to elastomer selection and life prediction. This data
must be compound-specific because within a given
elastomer class (e.g., nitrile), the base polymer is
compounded with varying amounts of fillers, vulcan-
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izing agents, anti-oxidants, anti-ozonants, processing
aids, plasticizers and accelerators from any number
of suppliers. These variables, and the method and
degree of mixing and curing, all profoundly affect
functional properties of the end elastomer product.
For example, AECL's studies have shown that two
ethylene-propylenes, developed specifically for pres-
surized hot water seals, one in common use in
CANDU® plants and the other recommended for
retrofit, differ by a factor of over ten in their time-to-
failure in this service.+

As discussed above, properties alone are not enough
for the database to be usable for severe service. It
must also include semce-specific behavior. Most of
the published data on elastomers is misleading,
because: (1) the effects of the fluid are neglected
(e.g., air versus water versus other fluids), and (2) the
measured damage parameters, that life predictions
are based on, often have little bearing on how a part
actually fails in service. Parameters are more often
chosen for testing convenience and standardization

Besides choosing the most appropriate damage
parameter(s), the level of damage considered to con-
stitute a failure must also be chosen judiciously.
Compression set may be correctly identified as the
most likely failure mode for a particular application,
but its magnitude for failure may be poorly estimat-
ed. For example, a compression set failure criterion
appropriate for a piston seal will severely underesti-
mate life for a bolted flanged joint. A high compres-
sion set criterion is appropriate for a flange seal since
the seal is in a static, highly squeezed face seal
arrangement, with no extrusion gap and no changes
of squeeze. In contrast, a low compression set crite-
rion is appropriate for a piston seal which is dynamic,
lightly squeezed for low friction and wear, and has
parts with tolerance stack-ups that create significant
eccentricity between the piston and bore.

Naturally, the amount of testing must always be bal-
anced by the value of the results. Consider that
accelerated thermal aging requires data at four tem-
peratures for reasonable extrapolation, and at each
temperature the duration of the test must be iterat-
ed to obtain the desired level of damage (see Figure
1). Consequently, developing a compound-specific
database can become very expensive. This is anoth-
er reason to rationalize the number of compounds
used in the field to the fewest that adequately cover
the required range of applications.

5. "BATCH" APPROACH TO
QUALITY ASSURANCE
To ensure relevance of elastomer test data, the
ingredients and processing variables for each chosen
compound must be closely controlled for consisten-
cy, both in original qualification testing and in subse-
quent service. To ensure that the correct specific
compound is received, purchasing specifications
must not open the door to other compounds in the
same class of elastomer. Otherwise, performance in
service may be unacceptable (i.e., low safety mar-
gins, unreliability and frequent replacement). If alter-
native compounds are needed as back-up, each must
be separately qualified. Purchase specifications, as a
minimum, must require that each elastomer seal be
of a particular compound, traceable to the particular
"batch" of ingredients, mixed and processed togeth-
er to form the unvulcanized stock from which the
part was made. A certificate of conformance should
be supplied specifying the compound, its batch num-
ber, and date of cure, along with the hardness, spe-
cific gravity and tensile strength of samples from that
batch, as compared with the manufacturer's expect-
ed values. In this manner the elastomer compound
can effectively be "fingerprinted".

6. DEFECTS IN ELASTOMERS
Inspection methods and rejection criteria for defects
are often neglected in quality assurance programs for
elastomeric parts. This can impact heavily on integri-
ty and reliability. Surface defects in most parts can be
detected by unaided eye. In the case of eiastomeric
parts this is most effective when the elastomer is
strained appropriately (i.e., by bending, pulling, pres-
surizing, etc.), since many defects, such as cuts and
tears, are difficult to see in unstretched parts. Size
can be compared to reference standards that corre-
spond to acceptance limits, and (if necessary) mea-
sured using optical and mechanical aids (e.g., cali-
brated magnifier, depth-measuring microscope, sty-
lus profilometer).

For detection of internal defects (inclusions, voids,
discontinuities in reinforcing materials, etc.), as well
as for monitoring state of aging (on the shelf or in
service) a non-destructive technique called elastody-
namics has been found most useful. A tool has been
developed, employing this technique for inspection
of O-ring seals. Basically the tool measures reaction
force on two pinch rollers while the seal is driven and
squeezed between them. Localized defects are sig-

These results were found by tests of O-rings sealing 6.9 MPa, 232°C (1000 psi, 450°F) water. One compound failed after five weeks;
the other had not failed after 52 weeks.
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naled by spikes in reaction force. Any generally low
or high force, or variation around the seal, signifies
abnormal properties when compared with a known
baseline. A version of this tool, developed for moni-
toring the condition of elastomeric parts of all types
is described in Section 7.

7. STORAGE AND HANDLING
Elastomers are subject to deterioration with time, tem-
perature, and other environmental influences. Ideal
storage conditions are cool, dark, and free from conta-
minants (such as ozone, solvent vapor, etc.). Elastomer
parts should be stored in a relaxed state, free from
strain (i.e., not folded, twisted, or hanging on a rack).
Their shelf life (expressed as expiry date) should be
stated and be rationally based (e.g., if 90% of "as-
new" lifetime for the particular service is deemed
acceptable, and proper storage at the maximum allow-
able temperature is known to cause 1 % loss per year,
then shelf life is 10 years). Many elastomers are very
stable under store-room conditions. Measurement of
critical functional properties (e.g., compression set,
extrusion resistance, hardness) of elastomers of cer-
tain ethylene-propylene and nitrile compounds stored
under proper conditions has shown them to be essen-
tially unchanged after more than twenty years (for
example, see Figure 2). Unfortunately, not all elas-
tomer compounds are this stable.

Many elastomers are incompatible with common sol-
vents. Ethylene-propylene elastomers are notable for
their lack of resistance to petroleum-based products.
Some elastomers have very poor resistance to cut-
ting and tear propagation. To cover the many facets
of proper use and handling of elastomeric parts a one
day on-site training course for mechanical maintain-
ers has been developed. This has been very well
received by station personnel, having been present-
ed nine times to date.

8. MONITORING IN-SERVICE
DEGRADATION
Nuclear plants contain many examples of vaguely
defined elastomer compounds that make accurate
prediction of service lifetime impossible (yet many of
these parts are accessible for interim inspection).
Even in applications where well-defined compounds
are used, the service conditions may not be well
known. There are also cases where station person-
nel would like to assess the state-of-aging of elas-
tomeric components held in inventory for long times.

In applications such as these a recently developed
tool called an elastodynamic spot tester promises to
be very helpful. If there is sufficient data to show
how a particular elastomeric compound's properties
change qualitatively with time in the service environ-
ment, and if the starting quantities and minimum
required quantities for these properties are known,
then making an interim measurement of these quan-
tities using the elastodynamic spot tester gives a
non-destructive method to pinpoint the current
"effective age" of the part in terms of the percent-
age of service lifetime expended. For example, most
elastomers age-harden. If hardening is the failure
mode and functionality of the part requires hardness
less than say 80 durometer* , with new parts being
70 durometer, then an interim measurement of hard-
ness of 75 durometer suggests that half the service
life remains (50% effective age) if the degradation
rate is linear with time. However, aging data may also
show that hardening accelerates and that the part's
age is therefore already say 90%.

The advantage of elastodynamic spot testing is that
it measures much more than hardness. It also mea-
sures stress relaxation and recovery, and can mea-
sure these as a function of mechanical stress level in
order to discern the onset of permanent damage.
Essentially, the stiffness, damping and strength are
quantified. It then only remains to relate these to
age, in the same way that measurements of weight,
running speed and subsequent pulse rate, for exam-
ple, might pinpoint the effective age of an individual
in a population of genetically and environmentally
similar humans. Note that aging of elastomers does
not always reduce functional performance, at least
not in early life, due in part to curing being incom-
plete. The elastodynamic spot tester is further
described in a separate paper being presented at this
conference.

9. A VISION
Where Could We Go From Here?

Researchers should not only be expected to explore
and develop, but also to paint a vision of how things
could be. The preceding sections have essentially
provided an overview of a program aimed at improv-
ing CANDU® plants through improved elastomers,
and more knowledgeable use of elastomers.
Although the emphasis has been on retrofits
(upgrades) in existing stations, it should be clear that

"Durometer" is a measure of rubber hardness, as determined by indentation depth of a stylus under a given load after a given peri-
od of time.
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the new elastomer materials and knowledge offer
benefits to CANDU®'s of the future.

Imagine for a moment an entire plant with all elas-
tomeric parts made from one of a handful (8 to 10) of
high-performance, formula-controlled, well-charac-
terized elastomers. The potential savings in EQ costs

alone are staggering. Can it be done? Yes, the mate-
rials and technology to achieve it are wi th us today!

Should it be done? Yes, but only to an optimum level
of standardization determined by a cost-benefit study
encompassing plant construction, licensing and life-
t ime operating costs.

Compound "A"
in air 1 8 0<>c 135<>c

-t4 Time for
85% Set
at Service
Temperature

1 /Temperature (K Service
Temperature

Figure 1: Arrhenius Thermal Aging Tests. This figure illustrates the number of points required for a reasonable extrapolation.
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STATUS OF THE RELIABILITY CENTERED
MAINTENANCE PROGRAM

AT ONTARIO HYDRO'S BRUCE 'A' NUCLEAR DIVISION

Ijaz Khan, P.Eng.
Senior Engineer- Maintenance

Operations Department
P.O.Box 3000,Tiverton, Ontario, Canada, NOG 2T0

ABSTRACT
Bruce A started a preventive maintenance (PM) qual-
ity improvement program in August of 1991. This ini-
tiative was taken to address the concerns expressed
by the AECB and the Peer Audits finding. The con-
cerns were on the quality of the Bruce A PM pro-
gram and its execution in the field. Reliability
Centered Maintenance (RCM) analysis was selected
as the PM program quality improvement and opti-
mization technique. Therefore, RCM became a key
component of Bruce A's Integrated PM program and
maintenance strategy. As a result of RCM imple-
mentation, and improvements in the work planning
and scheduling process, Bruce A is seeing down-
ward trends in the corrective maintenance work load,
maintenance preventable forced outages, over-
due/missed PM tasks and corrective maintenance
backlog. Control Room Operators have reported
observing an improvement in systems and equip-
ment response to transients. Other benefits include
a documented, controlled and traceable PM pro-
gram. In addition, the team approach required by
RCM has started to improve staff confidence in the
PM program which, in turn, is improving the compli-
ance with the PM program.

WHAT IS RELIABILITY CENTERED
MAINTENANCE?
Reliability Centered Maintenance (RCM) is a struc-
tured process to determine maintenance require-
ments of the systems and equipment to ensure that
they perform their intended functions in their current
operating context. The underlying principle is to con-

trol equipment reliability through analysis of the fac-
tors that affect reliability and provide a system of
actions to improve low reliability levels.

In simple words, the RCM process entails determin-
ing the following about equipment or a system under
consideration:

a) What are the functions and associated perfor-
mance standards of the system/equipment in its
present operating context?

b) In what ways can it fail to fulfill its functions?

c) What happens when each failure occurs?

d) In what way does each failure matter?

e) What causes each functional failure?

f) What can be done to prevent each failure?

g) What should be done if a suitable PM task cannot
be found?

h) What preventative maintenance tasks are we
doing now?

i) What changes must be incorporated in the main-
tenance program?

j) What must be done to implement the changes?

The process begins with identifying boundaries of
the system under analysis. Functional Failure
Analysis (FFA) is the next step where system func-
tions and functional failures are determined.
Components which can contribute to those function-
al failures are assigned to respective functional fail-
ures. Failure Modes and Effects Analysis (FMEA) is
performed next. FMEA is an engineering review of all
failure modes of a component. The effects of these
failures on safety, operating performance, and main-
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tenance costs are evaluated to determine the main-
tenance significant items (critical components) in a
system. These components are then subjected to
the RCM decision logic to evaluate and assign appro-
priate types of PM tasks to prevent potential failure.
The four basic types of PM tasks that may be rec-
ommended are:

a) Condition Monitoring and diagnostic tasks.

b) Scheduled inspection/maintenance at some spec-
ified interval.

c) Discard or replacement of a component at specified
interval.

d) Failure finding inspections or tests for hidden failures.

RCM PROGRAM DEVELOPMENT AT
BRUCE A
The RCM program development effort (see Figure 1)
resulted in establishment of an Integrated Preventive
Maintenance Program (IPMP) at Bruce A. The IPMP
provided integration and single point control of the
PM program. The PM Engineering Group (PMEG)
was formed in the Production Support Section to
take administrative and technical control, define, and
to manage the station preventive maintenance pro-
gram. The PMEG is a composite group consisting of
engineers, mechanics, control technicians, and oper-
ators (see attachment). RCM philosophy requires
that dedicated people from various areas of expertise
to work as a team.

Bruce A uses EPRI's RCM Workstation to perform
analysis and several commercial software programs
(Microsoft Excel, Access, Q&A Database, etc.,.) to
prepare RCM recommendations implementation
documents and to track the changes made in the
existing PM program.

CURRENT STATUS
Bruce A has completed RCM analysis on 14 systems
which includes Primary Heat Transport, PHT Feed and
Bleed, Boiler Feedwater, Condenser Air Extraction,
13.8 KV and 4.16 KV Distribution, Instrument Air,
Liquid Zone Control, SDS1, etc.,. Recommendations
on 10 systems have been implemented in the station
maintenance program. See Figure 2 for RCM analysis
and implementation results.

FUTURE PLANS
Bruce 'A' plans to complete RCM analysis on 58 sta-
tion systems. An RCM living program will be estab-
lished by the end of 1996 (see Figure 3 for RCM

Implementation Plan). The RCM living program will
provide means to continuously monitor the preven-
tive and corrective maintenance activities at the sta-
tion. This will result in continuous updating of the PM
program as appropriate. Based on plant operating
and maintenance experience and to keep it current
and effective for rest of the station life.

BENEFITS OF RCM BASED PM PROGRAM
The benefits varies considerably from one organiza-
tion to another depending on its objectives and on
the current state of their PM program. PM Program
effectiveness indicators are attached for review (see
Figure 4). Some of the benefits of the RCM Program
are discussed below.

Improved Plant Safety

The systematic review of the safety implications is
performed for every evident and hidden failure.
Appropriate maintenance actions are then imple-
mented to prevent critical failures. Appropriate and
effective PM program improves the equipment relia-
bility thus improving overall plant safety. Failure find-
ing inspections or testing help ensure poised sys-
tems and equipment are available to perform their
function when needed.

Control Room operators indicate that systems and
equipment response to transients has been much
improved in the last couple of years.

improved Plant Availability and Operating Reliability
There are a number of ways the RCM process helps
improve plant availability.

a) The systematic review of operational conse-
quences is performed for every evident and hid-
den failure.

b) Condition monitoring and diagnostic tasks mini-
mize tag outs and equipment downtime. Plant
technicians become more knowledgeable about
the health of their equipment and corrective
actions are taken based on condition thus avoid-
ing in-service failures.

c) Forced outages due to maintenance preventable
failures are reduced (see Figure 5).

d) Identifying and eliminating unnecessary mainte-
nance activities reduces failures due to mainte-
nance induced errors.

Cost-Effective Maintenance

Safe and reliable plant operations reduces the main-
tenance costs. The RCM process involves identifying
and eliminating unnecessary maintenance activities.
Adequate documentation and better planning of pre-
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ventive maintenance activities help reduce job
delays. Appropriate and effective preventive mainte-
nance reduces expensive breakdown maintenance
(see Figure 5). RCM provides an optimal mix of con-
dition based PM, time-based PM, and breakdown or
corrective maintenance.

Maintenance Practice improvement

The RCM process, combined with Bruce A's IPMP,
enabled us to improve the maintenance practices by
forcing the critical review of the current preven-
tive/predictive maintenance practices. In addition, it
provides a means for bringing new technologies into
the maintenance programs. Examples include;
Flowscanner for AOVs, VOTES for MOVs, Trapman
for Steam Traps, Quickcheck II for checking valves,
TIG analyzer for motors, Infrared Thermography, etc.

A Well Documented and Controlled PM Program

RCM process provides a well documented and con-
trolled PM program providing a basis for selection of
components to be included in the PM program and
the basis for each PM task. This helps in traceability,
and to answer questions and aliay concerns in a
strong regulatory environment.

Improved Confidence and Compliance of
Preventive Maintenance

RCM gives a PM program which is defined and
implemented as a result of team work and structured
process. As mentioned above, it also provides basis
for each and every PM task. Therefore, it provides
clearer understanding of why a PM task is being per-
formed. This improves the staff confidence in the
PM program and thus improves the PM compliance
as the staff becomes better aware of the conse-
quences of not doing a prescribed PM task.

OPERATOR SURVEILLANCE PROGRAM
The Operator Surveillance Program is a part of the
Station Integrated Preventive Maintenance Program.
It includes Operator daily field Rounds and weekly
field Reading activities. Currently, Rounds and
Readings are done following approved Forms.

The current process for controlling and processing
Operator Rounds and Reading forms is inefficient
and ineffective. The Operator Readings information
is not easily accessible to different Station work
groups. The ability to trend equipment performance
is minimized by this lack of accessibility. Reading
ranges do not reflect the current power level and unit
condition.

As part of the RCM program Bruce A is in the
process of developing and installing a network appli-
cation for managing the Operator Surveillance pro-
gram.

The new electronic management tool will enable us to:

1. Streamline the revision process and make it con-
sistent with call-ups and Routines managed
processes.

2. Field Operators will always be using the current
revision of each Reading/Round data sheet,

3. All station staff can view Readings data to facili-
tate system surveillance and equipment perfor-
mance monitoring,

4. Provide flexibility to generate Reading sheets
based on current reactor power level and unit
operating condition,

5. Add new applications such as SSTs, Control
Room Panel Checks etc.

6. Add electronic data capture capability using char-
acter recognition touch pad clipboard style hard-
ware.

423



/Peer Audit \
\ hnding J

( AECB \ ^ /
\ Concerns J /

I State of \ /
the PM 1

\ Program J

RCM Program Development and

— •

/

Program
Objectives

Management
Support

RCM
Advisory

Committee &
its Charter

Assess Original
PM Program

Determine
Optimum

Implementation
Approach

Develop
Procedural
Framework

~Mgmt Support

~ Guidance
-Resources

~ Effectiveness
Indicators

r

-Procedures

Implementation Approach

Prioritize &
Select Plant
Systems for

RCM Analysis

"Mechanisims

"Program Scope

r- Rolls &

Responsibilities
r i

- Priorities

- Scope of

Figure 1

Conduct RCM
Training and

Familiarization

Technical Work

r

~ Field Support

""System Engineering

Support

r

Integrated Preventive Maintenance Program

r

PM
Administration

& Control

T

RCM Analysis
&

Implementation

r

Task Based
RCM Analysis

of new or
existing PM

Tasks based on
Field input

r

Integrate PdM,
PM and

Equipment
Programs

r

PM Living
Program and

PM
Effectiveness

Monitoring

r

Support
Operational &

Outage
Planning on PM

Scoping



01

As Of February

Work Group
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CM

OP
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TOTAL

Work Group

UNITO

UNIT 1-4

TOTAL

Note: OR 845

28, 1995

CUs Added

1,251

1,239

95

9

2,594

ORs Added

19

23

42

RCM Program Cumulative Report

Call-ups

CUs Deleted

894

234

155

20

1,303

CUs Revised

3,418

1,998

248

31

5,695

Operator Routines

ORs Deleted

7

17

24

(Steam Lines Walkdown) has been excluded
Rounnds/Readings are not done in any shift.
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11
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RCM PROGRAM IMPLEMENTATION PLAN

OPERATIONS DEPARIHENT. 8RUCE A NUCLEAR DIVISION

Ihe Implementation Plan shows program development 8 management, four Phases
of systems analysis, their schedule, and resource al location to RCH Croup.

IJAZ KHAN

REVIEWED BVi

FIGURE 3
REVISED ! HAY 2 2 , 1995

1. Program Development and
Management

2. RCH Pi lot Systems

3. Systems For RCH Analysis
* Classical Approach

4. Systems For RCH Analysis
- Streaml ined Approach

5. Systems For RCH Analysis
- Criticali ly Checklist

6. Living Program (Part I )
(Continuous Review)

7. Living Program (Part 2)
(Periodic Review)

991 1992 1993

IPHP Implemented

1994 1995 1996 1997 1998 1999

| CU Proc Appd 1 PH Mnln/PHEH Procs Appd 1 Procs Review/Upgrade

Phase-I: RCH Trial

XI 1, Hain toderator
XI 2. DC Power Supply
XI 3. KxJerator Auxlll;
XI 4. HS/Stean Peheat

LEGEND:
I P . PARTIALLY COMPLETED
X . ANALYSIS COHPLETEO
X I . ANALYSIS IHPLEHENTEO

,41588)
32518,32718) NOTES:

Phase-2: 28 Systems (Reactor Unit Process 8 Safely systems)

Analysis Start Date
XI I . Primary Heal Transport (33128)
XI 2. PHI Auxil iaries (33318, 33328, 33338. 33348. 33358, 33526, 33318)
XI 3. Boiler Feed Water (43188, 43218, 43238, 452i«, 45318)
X 4. Electr ical d i s t r i b u t e (53088)
X 5. Liquid Zone Control (348181
X 6. Instrument Air (75128)

Condenser and Air Extraction (42116, 42128)
Shutdown System I (63728)
Shutdown System 2 (31766)
UnI("Service Water"(71368)

. HPECI (34306)
, Boiler Steam and Blou-off (36110, 36416)
, Shutdown Cool Ing Systems (34718, 34729)
, Emergency teller Cooling (71918)
. Negative Pressure Containment (34289)
. Reactor Regulating System (63718)

Reactivity Control (31786)
, Reactor Instrumentation (63189)
. Turbine and Generator (41186, 41268)
, Standby Generators(54689)

1. Blocks of systems for each phase has been selected from
the or iginal ranking l i s t based on their importance to
unit safety, r e l i a b i l i t y , and history of forced outages.

2. Within each block, the pr io r i ty of analy2ing systems has
been s l i gh t l y rrodified based on the ECNs, past history ofj
forced outages, and the importance of major process
systems to unit production r e l i a b i l i t y .

3. A conscience decision was made to drop the p r i o r i t y of
the special safety systems based on management input,
comprehensive SST program and the complexity of analysis

Ch-going Review based on Field, Planning, and-RSS Input on a l l PH Act iv i t ies (Task Based Analysis)

•Phase-3: 18 Systems (Unite. Comron. 8 Production Support)|

Purp Gland Injection/Steam Drains
Service Air
Fire Protection
Vapour Recovery
Breathing Air
Water Treatment Plant
020 Upgraders
Comon Service Water

v. Main Power System
10.Electric Power Supply Transformers
I I . F i l l e r and ftesin Handllrw
I2.Swltchedyard Compressed Air
13.Chemical Treatment
14.Spent Fuel Bay CooMng/Purlftcatlon
15.Shield CooHng/Anoulus Gas
16.Environmental Hsnltorlng
17. Annunciators
18.Keating and Ventilation

I Phase-4: 15 Systems

See the List In the
RCM Program Planning
Manual

On-going Periodic Review of PK/CH Work Reports on RCH'd Systems

Resources

1. Engineers

2. Mechanics

3. Control Technicians

4. Cperator

5. CiviI Haintainer

6. RCH \fcrkstation

2 — 3 .

EPRI ALPHA .02 i BETA 1.8 _ JV 1.0 V 1.2 L V 1.31 . L V 2 . 0 .



FIGURE 4

Maintenance Effectiveness Indicators

n• MAINTENANCE COSTS - Corrective Maintenance, Preventive
Maintenance, and Total Maintenance Trends, §
and PM to CM Ratio; C

• SYSTEM/UNIT RELIABILITY - Maintenance Preventable Forced Outage
Trend:

s
• PM COMPLIANCE - Call-ups/Routines Performed Vs Scheduled, g

Overdue Call-ups Trend;

I
MAINTENANCE BACKLOG - Corrective Maintenance Backlog Trend; Q

VO

PEER AUDIT FINDINGS/AECB CONCERNS - Qualitative based on Facts; *

FIELD PERSPECTIVE - Qualitative based on Observations & Facts.
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INFORMATION MANAGEMENT FOR MAINTENANCE
OF INSTRUMENT CALIBRATION DATA

Y. Tarn
Ontario Hydro

Pickering, Ontario CA9800534

ABSTRACT
This paper discusses the rationale for developing a
calibration information system at Ontario Hydro
Pickering Nuclear Division (PND), including the
approach to calibration information problems, the
identification of existing processes, discovery of alter-
natives, selection of the best alternative and project
development.

INTRODUCTION
Instrument calibration data is important to CANDU
maintenance program for safety reasons. At PND,
two significant events reported in 1991 and 1992
focused attention on the need for accurate and up-to-
date calibration information available. In the first
event report , the Boiler Emergency Cooling System
(BECS) had been potentially impaired due to incor-
rect calibration information. In the second2.
Shutdown System (SDS1) log rate trip meters on
numerous units were calibrated incorrectly. These
events had the potential to challenge the safe opera-
tions of the CANDU reactors. As a result, the Atomic
Energy Control Board (AECB)3 actioned PND to
determine the overall status of calibration proce-
dures, activities and records; then to define correc-
tive actions.

EXISTING PROCESSES
At PND, the calibration process is defined in the
Pickering Station Reference Plan P-SRP-1.2,
Equipment Calibration. The performance and verifi-
cation activities that are required to ensure measur-
ing and test equipment is maintained within speci-
fied accuracies are well defined. Designated control
and electrical field equipment should be calibrated to
traceable standards. Similarly, field equipment are
traceable back to calibration equipment so that
accountability may be maintained if/when a standard
is found to be outside of its calibration specification.
The calibration program at PND deals with four cate-
gories of measuring and test equipment. The calibra-
tion process structure is illustrated in Figure 1.

Traceability

External Measurement Standards

Internal Measurement Standards

Field Calibration Equipment

Accountability

Field Equipment

Figurei. Calibration Process Structure

The calibration activity is initiated by a call-up or a
malfunction of the instrument. The Design calibration
data is first recorded in calibration sheets at commis-
sioning time. The calibration sheet is used as refer-
ence for subsequent calibrations. Calibration for spe-
cial safety and safety related system instruments are
governed by regulatory requirements specified in
Operating Policies & Procedures (OP&P).

The calibration process at PND is shown in the
Figure 2.
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1
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Requirement

2
Collect

instrument
data

Calibrate &
Record

Verify
Calibration

No
8

Action

Yes

Figure 2. Calibration Process

The traditional paper based method for handling
instrument calibration is found to be deficient. Some
of the deficiencies are noted as follows:

• backlogs of calibration records awaiting filing
• difficult to review history of calibration records
• difficult to create reports and trends on instruments

The Control Maintenance organization at PND recog-
nized the need to collect and manage calibration data
electronically.

DISCOVERY OF ALTERNATIVES
PND is supported by an evolving information sys-
tems infrastructure that includes legacy systems
such as the Work Management System (WMS).
Since al! work activities performed at PND are
recorded in WMS, modifications to WMS to support
instrument calibration was considered. However,
numerous attempts to change WMS to support cali-
bration failed. The failures were attributed to factors
such as

• high cost associated with enhancements to legacy
systems

• inflexible hierachical/network database manage-
ment system to support user requirements

• long life-cycle for development and implementation

Control Maintenance investigated the use of off-the-
shelf software such as Instrumention Manager" soft-
ware by Sandcove Software. The software product is
a Microsoft Windows' based application which
allows instrumentation designers, installers, and
maintainers to specify, track and access information
about predefined instrumentation systems. The soft-
ware application is well suited for managing instru-
ment calibration fora small workgroup. However, the
software cannot be scaled to a large, multi-user net-
work environment.

The Environmental Qualification (EQ) project group
came across similar obstacles when faced with the
difficult task for managing the large volume of EQ
data. For expediency, a software application called
Harsh Environment Components List (HECL) pro-
gram was developed. The HECL software was suit-
able for a small workgroup of list generation.
However, the application may not be deployed to
meet the multiple workgroups involved in EQ that
are geographically dispersed throughout the corpora-
tion. Thus, an enterprise EQ Information System
(EQIS) was devloped to collect information on safety
related components at the required level of safety
assurance. The technology selected is scalable:

• Client Server technology
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• ORACLE' Relational Database Management
System (RDBMS)

• Structured Query Language {SQLWindows') appli-
cations development environment

SELECTION OF BEST ALTERNATIVE
In the course of development and implementation of
EQIS, EQ and CM recognized the commonality in
information and functionality that pertains to instru-
ment calibration. Information such as

• Unit
• equipment code
• manufacturer make and model

Engineering Services, Control Maintenance and EQ
organization initiated the development of a Calibration
(CAL) Application. CAL is developed by the same
Information Systems group that developed EQIS. The
CAL screen design assumes the same general format
and style as EQIS. The common data elements
between the CAL and EQIS are identified in analysis.
The detailed analysis facilitates the need to sychro-
nize common data elements in the future. Also, other
related information systems such as Instrument
Schedule Information System (ISIS), WMS, Tool
Management System (TMS), and Power Supply List
are also considered in the detailed analysis.

DEVELOPMENT
The application is developed using a combination of
Joint Application Development (JAD) and Rapid
Application Development (RAD) methodologies. The
team adopted the new approach to system develop-
ment to get the following results:

• direct input for the users
• expedite development efforts

The team consists of stakeholders from various
orgranizational units:

• Control Maintenance
• Engineering Services
• Business Services
• Information Systems Section
• Environmental Qualification

In the preliminary production implementation of the
CAL application (Phase 1), the following functionali-
ties are included:

• Device data for four types (Control Valves,
Transducers, Switches, and Relief Valves)

• equipment code, function, location, installed
make/model/serial number

• Approved calibration data
• Input and output ranges, calibration points, toler-

ancess

• Actual calibration data

• Associated reference documents

• Security

CONCLUSION
Phase 1 development is scheduled for completion at
the end of 1995. Traditional information management
methodologies require improvements in-tune with
the current evolution of information technology. The
custom development of the Calibration Application
fulfills the requirement to maintain a history of the
calibration records. The repository of calibration col-
lected in the CAL application provides the System
Engineers with trending and reporting capabilities.
Also, Ontario Hydro Nuclear (OHN) has recommend-
ed the migration of legacy systems to an integrated
solution. The development work on CAL helps to
move information closer to the integrated informa-
tion management system for the future.

1 Significant Event Report SER B91-053
2 Significant Event Report SER B92-002
3 AECB audit report 92-QA-01

™Trademarks

ORACLE is a registered trademark of Oracle
Corporation.

SQLWindows is a licensed, registered trademark of
GUPTA Corporation.

Windows is a trademark of Microsoft Corporation.
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1.0 ABSTRACT
The overall lay-up program initiated as a result of the
strategic decision to shut down Bruce A unit 2 is
briefly described as an introduction to the engineering
assessment of the unit 2 systems. The assessment
has identified the need to prepare 67 system and 9
equipment lay-up specifications. A summary of the
selected system specifications is described. A com-
plete summary and the specifications and the status
of unit 2 systems and equipment required to support
lay-up and/or the other three operating units is avail-
able on request due to the volume of the information.
Some logistical details of the lay-up implementation
plans, results, and problems to date demonstrate the
complexity of the lay-up requirements for a nuclear
unit in a multi-unit CANDU station.

employee relations, and regulatory compliance are
met. Commitment to the future of the unit will be
demonstrated through on-going monitoring and
maintenance of the lay-up state. A level 1 program
plan1 was issued to describe the roles, responsibili-
ties, and organization of the various functional groups
involved in the program.

The lay-up program cost estimate is about $33M.
The two major level 2 programs are field implemen-
tation ($12.9M) by Operations Dept and project
installation ($1O.5M) by Projects and Modifications
Dept. Engineering assessment is a $2.2M program.
Overall, costs are being distributed to decommis-
sioning (86%) and preservation (14%). This is
because much of the work identified for lay-up is also
required to decommission the unit.

2.0 INTRODUCTION
In February 1994, the Ontario Hydro Board of
Directors decided to reduce surplus generation by
removing Bruce A unit 2 along with two oil-fired units
and two coal-fired units from service due to declining
energy sales and the forecast for little or no load
growth in the foreseeable future. Unit 2 was chosen
due to the poor condition of the boilers. The Board
approved a plan to put unit 2 into a lay-up state in
order to preserve the option of returning it to service
at some future time, should a business case favour
refurbishment.

The objective of the overall lay-up program is to safe-
ly shut down the unit as required by the licence and
place the systems and equipment in specified states
to minimize further deterioration and/or to support
lay-up or other unit operation. The goal of the pro-
gram is to preserve unit 2 assets until the year 2000
and ensure program success through strict adher-
ence to station policies and procedures. This will
allow the unit to be returned to service within the
budgeted time and cost limits, while ensuring that
high standards of nuclear safety, employee safety,

3.0 ENGINEERING ASSESSMENT (E/A)
PROGRAM

3.1 OBJECTIVE and SCOPE

The objective of the E/A program is to support the
overall lay-up program by determining the end state
of each system and providing technical specifications
and work packages to implement lay-up. The goal is
to determine the minimum necessary requirements
to preserve the asset for five years. This period was
chosen because the unit 2 retube would have to start
in 1998 to avoid overlap with the unit 1 retube sched-
uled in 2000. The station can not retube two reactors
simultaneously. If a decision to retube unit 2 is not
made by 1998, then all retube efforts would be
directed towards unit 1 since the boilers in that unit
are in better condition than those in unit 2.

3.2 ORGANIZATION, ROLES, and
RESPONSIBILITIES

A thorough work breakdown structure analysis of the
level 2 engineering assessment program resulted in
eleven level 3 programs with over 35 activities2. To
perform these tasks, the E/A section was estab-
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lished in late 1994 and staffed in 1995 with two full
time and varying numbers (1-4) of part time technical
engineers, three operations support staff (a mechan-
ical maintainer, control technician, and operator), a
nuclear technologist, and a project planner. The engi-
neers provide the main program direction and are
responsible for:

a) equipment and system lay-up specifications
preparation,

b) the preparation of lay-up procedures and work
plans,

c) technical support during lay-up implementation,

d) initiation and support of lay-up projects,

e) revision of operating documentation to reflect the
final lay-up state.

During the entire process, the responsible system
supervisors (RSS) retain responsibility for their sys-
tems. All E/A work is being conducted with thorough
involvement of the RSS. Once the lay-up state is
established, the E/A contact engineer will provide the
RSS a complete summary of the lay-up including all
documentation and recommendations for on-going
system surveillance.

The dedicated operations staff have been especially
useful during the preparation of procedures and work
packages. These people are scheduled to supervise
and execute the majority of the procedures and work
plans during lay-up implementation.

The project planner and nuclear technologist focus
mainly on work management processes designed to
facilitate execution of the level 2 E/A project plan.

3.3 SYSTEM END STATES and SPECIFICATIONS

Introduction

A standard, based on Lambton experience, was
established for the preparation of all lay-up specifica-
tions3. Each specification has six sections : scope,
failure mechanisms, safety and regulatory, specifica-
tion details (ie protection, inspection, and monitor-
ing), restoration, and references. Generic lay-up
equipment specifications were written for valves,
pumps, heat exchangers, pressure vessels, MCCs,
fans, transmitters, compressors, and motors. All sys-
tems were reviewed and currently, 67 specifications
are required. For many systems, it was practical to
combine a number of systems together into a single
document. System specifications were also pre-
pared for the Safety System Test and Heat Sink pro-
grams. The target to have all specifications and work
packages issued prior to the lay-up outage was not
met due to limited resources. All equipment specifi-
cations were issued. The system specifications are

90% complete with about half formally issued. Work
package preparation is on-going.

All specifications were stored on a shared drive on
the station LAN to provide common electronic
access by system supervisors, nuclear safety engi-
neers, maintenance support staff, planners, and oth-
ers at the station.

Industry experience4 and standards (5,6) were used
to the extent possible. Lay-up with dry air (relative
humidity < 40%) has been specified for many sys-
tems. Where wet lay-up is specified, standard chem-
istry guidelines have been applied.

The lay-up strategies below for selected systems
were determined relative to fuel removal; a key out-
age milestone activity. Phase 1 activities are prior to
defueiling and scheduled between October 1995 and
August 1996. Phase 2 activities are scheduled for
completion after defuelling and by December 1996.

Conventional Systems
Condensate, Feedwater, and Shut Down Cooling

Dry lay-up is specified as the end state for all system
piping. It was planned to drain the condensate and
feedwater systems as soon as possible after shut
down to utilize residual heat in the piping and vessels
to aid system dry out. Unfortunately, the unit
remained on shut down cooling for heat sink con-
cerns for almost 4 days. During this time, most of the
residual heat dissipated. Also, these systems will be
required to operate in late November to support shut
down cooling operation to remove some fuel needed
in unit 1. After the initial defuelling operations, the
project to implement 5 dry lay-up flow paths will be
completed for the condensate, LP and HP feedwater,
steam reject, and extraction steam systems.
Although the admiralty brass condenser and LP feed-
water heater tubes and the 90/10 Cu/Ni HP feedwa-
ter heater tubes will be replaced with stainless steel
tubes if the unit is refurbished, these vessels are
included in the loops for convenience.

The shut down cooling system must be operated
again next summer to support defuelling operations.
Until that time, wet lay-up is planned for this system
using 200 ppb hydrazine. With the condensate and
feedwater systems in dry lay-up, an alternate means
to provide nominal pressurization of the system and
make-up must be established. If there is significant
leakage past the feedwater isolating valves, this will
have an impact on the future dry lay-up of the feed-
water system. The shut down cooling system is also
required to provide some heat for the HT vacuum
drying process in phase 2. Afterwards, the system
will be placed into dry lay-up.
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Boilers, Steam Drums, Main Steam, and STP A

The steam drums will be protected because only the
boilers are scheduled to be replaced during rehabili-
tation. In phase 1, a nitrogen blanket will be main-
tained in the drums and main steam piping. The boil-
ers will be placed into wet lay-up at the beginning of
the outage as per existing operating procedures.
Bubbling nitrogen gas through each bank of boilers
will provide the nitrogen blanket and some mixing in
the boilers since the boiler recirculation system is not
available for service. Steam drum stress ie SOD con-
cerns, will be controlled by completing a project to
cut the HT balance lines. The boilers will be drained
in phase 2 since there will no longer be any heat sink
requirements. Then, the drums will become part of
the main steam system with dry air flowing through
the boilers and venting via the blowdown system.

The unit 2 STP A piping from Bruce A will not be pro-
tected during the lay-up outage. The steam and con-
densate piping will be drained, vented, and isolated
with no intent to ever use them again. Also, the
equipment in Bank #2 at STP A will not be protected
because of its condition and a 1992 study that con-
cluded that alternatives to provide a reliable supply of
steam to the BHWP, Energy Centre and site could be
made available.

Nuclear Systems

Heat Transport and Auxiliaries

The reactor will be defuelled using the flow generat-
ed by the heat transport pumps to carry the fuel into
a fuelling machine carrier (single ended operation)
with the HT system at 4 MPa and 38C. Overheating
of the heat transport pump motor thrust bearings
during extended operation for flow defuelling was a
concern since thrust bearing loads increase as flows
increase as channels are defuelled and the pump
suction pressure decreases due to boiler fouling. The
concern was resolved and proven not to be signifi-
cant during the recent unit 1 defuelling program.

To start up unit 1 after the current mini-SLAR outage,
as many as 112 channels of used fuel are required.
As mentioned above, the current plan is to transfer
unit 2 fuel to unit 1 in December and to defuel the
remaining channels next summer. The heat sink and
flow requirements associated with having 112 unit 2
channels empty are being addressed as part of the
analysis for the unit 1 mini-SLAR. Carbon steel flow
restricting bundles and associated equipment to
ensure adequate flow to all channels have been pur-
chased at a cost of $115K. These are not required for
the initial 112 channel defuelling. The assessment
that 240 flow restricting bundles will be required to

maintain sufficient flow for flow defuelling is under
review.

Unfortunately before unit 2 shut down, there was a
small, 0.5 Mg/hr boiler tube leak. The leak rate
dropped to virtually zero after shut down but it was
confirmed to be in boiler 3. This will have to be fac-
tored into the defuelling strategy. During defuelling,
main HT pump heat will be removed through the
shut down cooling system which will be operated
under nominal pressure conditions as mentioned
previously.

The purification system will be required to maintain
normal HT shut down chemistry control until defu-
elling is complete. Then all ion exchange resin will be
removed and the system included in the main circuit
dry lay-up. The D2O sampling system will be drained
during the main system dry lay-up. Two large pro-
jects have been initiated to drain and vacuum dry the
HT and its auxiliary systems. After draining to the low
level state using existing operating procedures, a
modified mini-SLAR delivery machine connected to
the D2O collection system will be used as a drain tool
to complete the process. Individual channel draining
will proceed by manually moving the drain tool from
channel to channel. The drain tool will have a filter
package to assist in contamination control. Vacuum
drying via the maintenance cooling system will
remove the residual water from the system.
Maintenance cooling, shut down cooling and moder-
ator pump heat will be used to provide heat to the
vacuum drying process.

Moderator and Auxiliaries

The moderator will remain in GSS during phase 1.
The system will be drained and dried using either the
instrument air or vapour recovery systems during
phase 2. Dry lay-up will result in ozone generation via
the radiolysis of air. Regular air purges will be
required to control ozone concentrations which have
been calculated to build up to levels of concern even
after all the fuel is removed. Purification is always
isolated during GSS and made available for poison
removal prior to main system draining. When no
longer required, all resin will be removed and the sys-
tem drained and dried with the main moderator. The
cover gas and sampling systems will be left in-ser-
vice as per the normal shutdown procedures untii the
moderator is drained at which time they will be shut
down and isolated from the main moderator enve-
lope. Collection will be drained, air dried, and left as
is. The liquid poison addition system will be drained,
flushed, and left to air dry. All ties to the D2O trans-
fer system will remain isolated.
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Booster Rods
The project to remove the booster rods and drive
mechanisms is scheduled to be completed while the
moderator is in the GSS and the moderator auxiliary
pumps are operating to provide mixing of the moder-
ator and sample flow for analysis twice per shift.
During booster rod removal on other units, the
pumps were shutdown for 4 hours per shift to mini-
mize the tritium hazard on the reactivity mechanisms
deck. It has been determined that they can be shut-
down for 8 hours. This more readily facilitates boost-
er removal operations. It is estimated that booster
removal will not start until next May due to out-
standing storage and security issues.

Safety and Safety Related Systems
All SSTs are being reviewed for applicability to the
related system lay-up states including the new con-
tainment boundary. Modified procedures will be used
to test equipment for reliability rather than availability.

The shut off rods and control absorber rods will be
inserted into the core before moderator draining to
prevent damage, and their associated logic supplies
will be left energized for reliability testing. Start up
instrumentation will be installed until the core is
defuelled.

When no longer needed, the liquid injection shut
down system will be drained and dried with the mod-
erator system.

No lay-up activities are specified for the vertical or
horizontal flux monitoring systems.
The zone control units will be flooded and the atmos-
phere above the units will be regularly purged with
air.

The HPECI system will be placed into dry lay-up.
The end shield cooling system will be left full and
stagnant except for occasional pump operation to cir-
culate the inventory for chemistry control. The LPSW
cooling water to the heat exchangers will be drained
in order to mechanically clean them. Once clean, the
heat exchangers will be left dry.
The annulus gas system will be placed in the stag-
nant shutdown mode. If retube is approved, dry lay-
up will be implemented.
The project to isolate the vault by the installation of
containment bulkheads will proceed because it is
required whether the reactor is retubed or decom-
missioned. Completing the project during lay-up will
provide the necessary shielding to allow personnel
access even during fuelling machine movement
under the unit 2 vault, however access control will
remain in place. The unit 2 vault will also remain a
zone 3 rubber area.

The vault will be isolated from containment at the
duct openings below the east and west reactor
faces. The following additional isolations will be
completed :
- vault cooling fan penetrations,
- booster pit drain to the duct,
- fan room drain to the duct, and
- duct sump to D2O recovery tank.

Containment integrity testing and periodic inspection
requirements for the bulkheads will be identified and
performed.

The air locks and transfer chambers will not be
required for vault pressure concerns and it is antici-
pated that all inflatable door seals will be deflated.
This will allow for a continual positive air flow into
the vault and out through the contaminated exhaust
stack via the vault vapour recovery system. The
vault vapour recovery system must remain in-ser-
vice to control residual tritium levels caused by dif-
fusion from the concrete and other equipment. All
currently credited button-up dampers will be left
open. The hydrogen igniters and vault coolers will
not be in-service.

3.4 REGULATORY ISSUES

AECB Submissions

Unit 2 will remain under a low power operating
licence until a decision is made to either decommis-
sion or rehabilitate the unit. The E/A group will co-
ordinate the preparation of several submissions to
the AECB to detail the lay-up plans and status. These
submissions will become attachments to the station
operating licence. Submissions for containment bulk-
head installation, defuelling, special safety systems
and testing program, operating policies and princi-
ples, the DEL document, and other projects and
issues are in progress.

One of the other issues is the periodic inspection (PI)
program which must be revised. Unit 2 has been
reclassified from lead unit to special status during
lay-up. PI requirements will continue but will be
restricted only to those required by the low power
license. Some inspections on the main HT pumps,
the maintenance cooling pumps, reactor feeder
pipes and headers may be scheduled during the lay-
up to provide data to support other unit operation
and/or meet the 1994 revision to CSA N285.4.
Further evaluation is on-going. The AECB submission
to revise the PI program to reflect a three-unit station
designates unit 3 as the lead unit, unit 1 as second
unit, and unit 4 as third unit based on operational sta-
tistics up to the end of July 1995.
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Life extension inspections in unit 2 have been
deferred. If unit 2 is rehabilitated, its periodic inspec-
tion requirements will be reviewed and a new
inspection program forwarded to the AECB for con-
currence.

MOEE

A submission describing the impact of lay-up on the
station environmental emissions was prepared.
Emissions are anticipated to be lower than usual and
no new emission pathways have been identified dur-
ing the lay-up. As such, no changes to the existing
Certificates of Approval are expected.

MCCR

The pressure vessel specification has been sent to
the MCCR. All relief valve call-ups and pressure ves-
sel certificates will be maintained.

3.5 IMPLEMENTATION and MONITORING
Field implementation of the specifications through
work packages issued by E/A staff will be performed
by Operations or Projects & Modifications employ-
ees depending on the scope of the work. Field
devices will be tagged using the caution tag certifi-
cate procedure to identify the lay-up end state. It will
be necessary to temporarily alter or "jumper" some
equipment. This could include changing the physical
arrangement, control circuitry or computer control
programs. It may involve taking systems or a portion
of a system out of service, draining, drying and
establishing an air purge or changing the way in
which the system operates. The jumper record
process will be used to maintain configuration man-
agement control. Since there will be many jumpers
created during the lay-up program, these jumpers
will be categorized separately and not included in the
station totals for jumper performance indication.

Over 2000 call-ups have been reviewed. Most will
be put on hold during the lay-up period. The
Reliability Centred Maintenance group has managed
the call-up system. They have revised existing call-
ups, created new call-ups, and modified unit condi-
tion categories as required by the specifications.
Operator routines, rounds and readings will also be
modified and revised to reflect the condition of the
unit during lay-up.

When system operating instructions are required
that vary from those issued in the shut down section
of the various operating manuals, timely revisions to
the appropriate operating manuals will be issued to
maintain a fully documented status of unit system
and equipment configuration.

Any new equipment specific procedures will be doc-
umented in the appropriate work group procedures.

4.0 OUTAGE STATUS
The first shut down began on August 29 in order that
the over poisoned guaranteed shut down state
would be in effect prior to 23:59 August 31, as per
the operating licence. The forced outage ended a
successful 311 day run on the unit. Unit 2 was the
most reliable Bruce A unit over the 18 month period
preceding the shut down, achieving a 1995 year-to-
date capacity factor of 73.4%. This is excellent con-
sidering that the unit was restricted to 75% full
power operation since March 1995 due to the fuel
gap problem.

A partial discharge test on the generator was per-
formed during the run down. Only essential mainte-
nance and boiler wet lay-up were performed during
the shut down as the equipment and systems were
left in a state of readiness in anticipation of start up
for about an additional 20 days. The forced outage
continued until the AECB granted approval for the
extra operating period. The unit went critical on
September 17 and operated until the lay-up outage
began on October 8.

5.0 CONCLUSIONS
The E/A process is very extensive. Dedicating a team
of technical and support staff to the E/A program pro-
vides focus and profile however additional resources
and station priority are required to improve team effi-
ciency. The co-operation of system engineers and
integration of the various other level 2 programs such
as nuclear safety with E/A are key to a successful
program.

Effective specification, implementation and control
of the lay-up program is critical to the future of unit 2.
The recent performance record of the unit strength-
ens the case for an eventual start up, and supports
the station's claim that with refurbishing, the unit can
again deliver reliable power at higher capacity fac-
tors. Note that the life-time capacity factor since first
critical on July 27, 1976 is 60.2 %.

The experience gained during unit 2 lay-up will be
integrated into the station outage chemistry control
program to benefit the other three operating units.

6.0 ACKNOWLEDGEMENTS
Input to the information presented in this paper from
my E/A colleagues (B. Dicks, M. Langridge, S.
Ramghadia, J. Longhurst, P. Vaughn, R. Knudson,
and S. Wilkie) and others is appreciated.

437



CANDU MAINTENANCE CONFERENCE 1995

7.0 REFERENCES
1 B. McGee and R. Nixon, "Unit 1 Layup Program;

Level 1 Program Plan", BAND file NK-21-00775,
January 1995.

2 R. Knudson and B. Dicks, "Bruce A Unit 2 Lay-up
Engineering Assessment Program Level 2
Program Execution Plan", Internal report, BAND
file NK-21-00775, April 1995.

3 D. Hey et al, "Guideline for the Preparation of Lay-
Up Specifications", Station Procedure BAND-STPR
2.2.010, April 1995.

4 K.H. Talbot and J.T. Wieckowski, "Equipment
Preservation for a 4-Year outage of Pickering NGS
Units 1 and 2", CANDU Maintenance Conference,
1987.

5 "Sourcebook for Plant Layup and Equipment
Preservation (Revision 1)", EPRI NP-5106 Final
Report, May 1992.

6 Z. Lovasic, T. Dobson, and P. Spekkens, "Layup
Chemistry Technical Recommendation for Ontario
Hydro Nuclear Generating Stations", Internal draft
report, N-TR-01806-5000P, August 1995.

438



I
CA9800536

CANDU MAINTENANCE CONFERENCE 1995

EFFECTIVE UTILIZATION OF MAINTENANCE STAFF IN
DESIGN AND IMPLEMENTATION OF MAJOR PROJECT WORK

Prepared By:
David Wyman

Maintenance Supervisor
Reactor Projects
Project and Mods

Pickering Nuclear Division

Contributing Authors:
Jim Dingle

Operations Technical Supervisor
Shutdown System Enhancement {SDSE) Project

Projects and Mods

Roy Brown
Project Leader

Ring Thermal Shield Modifications
Projects and Mods

OVERVIEW
The reorganization of Pickering Nuclear Division
some 2 years ago resulted in the formation of the
Projects and Modifications department. This depart-
ment takes an integrated approach to manage all
aspects of large projects at Pickering. The integration
of Design, Drafting, Procurement, Construction and
Operations functions into project teams represents a
fundamental change to project management at
Pickering.

The development of integrated teams has great
potential for reducing both the time and cost associ-
ated with project implementation, while at the same
time improving the quality, and maintainability of the
commissioned in service project.

The Pickering Rehab organization 1989-1993, estab-
lished to perform the rehab / retube of Units 3 and 4
had proven that a team environment will produce
effective results. The outcome was astounding, criti-
cal categories such as Safety, Quality of Work, and
Timeliness, had proven the team's effectiveness.

The integration of operations maintenance staff into
the project work activities is still evolving, and has
probably required the most adaptation to change for
both the former Construction and Operations organi-
zations. Maximizing the utilization of the mainte-
nance staff in the design and implementation of
major project work will prove to be a key to a long
term operating success of these projects.

This paper will focus in on the effective usage of
Maintenance staff in the design and implementation
phases of major project work at Pickering, and on the
benefits realized using this approach. It will be divid-
ed into 5 sections as indicated.

1. Past Project Shortfalls.
2. Benefits of the inclusion of Maintenance staff in

the Calandria Vault Rehab Project.
3. Maintenance involvement in the Pickering 'A'

Shutdown System Enhancement (SDSE) Project.
4. Challenges resulting from the inclusion of

Maintenance staff project teams.
5. Summary

PAST PROJECT SHORTFALLS
In the past, installation and commissioning activities
had notable delays. This some what due to the mini-
mal maintenance involvement associated with the
design, and implementation of the project work.
With the majority of Commissioning activities occur-
ring during scheduled Maintenance outages, the
focus often was on getting it to work on time.

Design

Design rework was well beyond what would be
deemed as 'acceptable'. In 1991, a review of the
Instrumentation and Control wiring and drawings
indicated that it was not unusual to have 20% of the
wiring and drawings requiring rework, translating into
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30% delay time to the preparation of the installation
wiring packages. Though this affected the timing of
receiving the wiring packages, the long term affects
were that upon placing the project in service, main-
tenance staff were required to rely on a 'flag' based
drawing system.

Installation and Commissioning
Within a large functional maintenance organization
there is ever changing assigned priorities, often specif-
ic project staffing would be dictated by the happenings
of other non related work activities. Due to the size of
the major projects at Pickering, this would translate
into potential outage delays and cost over runs.

Installation and commissioning Workplans were
often prepared without maintenance input. This
resulted in the receipt of improperly reviewed work
activities, and major delays during the critical outage
window. Problems would arise during the execution
of the work, and maintenance staff often in frustra-
tion would be placing jobs on hold, or according to
their discretion would make interpretations and deci-
sions in order to progress the work. In an environ-
ment where Procedural Compliance is a must, fol-
lowing the procedure would lend itself to workplan
revisions, massive delays, or inappropriate mainte-
nance non compliance.

Post Installation and
Station Documentation Issues
Though the project was installed, commissioned,
and placed in service, there was still a tremendous
post installation work process. Due to pressing new
assignments, and the lack of staff solely dedicated to
the project, post installation work would often be
lower on the priority scale. Budgets for design
rework would be closed, maintenance procedures
backlogged, design and operating manuals not
updated. Ultimately a shift maintenance organization
would be required to operate the system with inade-
quate training and documentation support.

BENEFITS OF THE INCLUSION
OF MAINTENANCE STAFF IN THE
CALANDRIA VAULT REHAB PROJECT
During the 1994 Unit 1 maintenance outage it
became apparent that inspections and repairs on the
Bio Shield Cooling and Ring Thermal Shield systems
were required. Two Teams were setup. One team
was assigned to the inspection project, A second
team was established to perform the repairs. At the
beginning of the outage it wasn't clear as to the
extent of the repairs, however as inspections were
completed it became quickly known that major repair
was necessary.

As with all projects, a Work Assignment review was
completed. The Construction Trades were assigned
the fabrication of the tooling, and the station mainte-
nance work groups were assigned the field execu-
tion. To be successful it required dedicated
Mechanical Maintenance staff working within the
former Construction project organization. This sup-
port began in the initial design stage and followed
through to the completion of the work activities.

Tooling Development

Due to outage related time constraints, the tooling
design, fabrication, tool proving and mock-up training
processes were required to proceed within a very
tight time schedule. To the credit of the Project and
Design Engineers, Trades and Maintenance staff, a
solid team approach was put forth. Maintenance
input into changes resulting from the tool proving
and mock-ups were incorporated by design and fab-
ricated by the trades. This sequence of activities car-
ried on until it was clear the tooling that had been
developed would perform the tasks required.

Outage Execution

The execution of the field work activities had been
assigned to the station maintenance groups.
However due to staffing constraints, the Purchase
Services Agreement was utilized and, Construction
Trades staff made up the staff shortfall. The team
work approach that was established in the tool
design and fabrication, carried right on into the exe-
cution of the work.

Now with 2 units repaired, all projected completion
dates for the inspections and repairs were met, with
most targets completed earlier, and on budget. The
early assignment of dedicated maintenance staff, and
development of an integrated team was one of the
major contributing factors to this project's success.

It is clear that this project set a new standard by
which integrated engineering, maintenance, and
trades groups, should follow. It proved to be one of
the major success stories at Pickering in 1994 and 95.

MAINTENANCE INVOLVEMENT
IN THE PICKERING 'A' SHUTDOWN
SYSTEM ENHANCEMENT (SDSE) PROJECT
The Shutdown System Enhancement (SDSE) pro-
ject, is a 107 M$ Project, that will improve the shut-
down system reliability of Pickering NGS A. The pro-
ject organization is made up of 7 project teams, the
effectiveness of the SDSE teams will dramatically
impact on the 1995 through 1998 Maintenance out-
age schedules, and ultimate licensing of the units.
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A Maintenance Supervisor has been assigned to the
project to ensure that maximum input is received at
each of the design, installation, commissioning, oper-
ational stages. Below is a list of some initiatives that
have been put in place, that will clearly improve the
product to which will be maintained.

1. Each project team conducts both a design and
constructability review meeting prior to the
issuance of the initial ECN drawing package
release. Through these meetings design issues
are being discussed which leads to a reduction of
design rework.

2. There will be direct involvement by the functional
maintenance organization on the writing / review
of procedures and manuals, and the training of
station staff. This will be occurring in advance of
the start up of the first commissioned unit. The
intent being that once commissioned, station
operating staff will have the training, procedures,
and parts available to maintain the systems.

3. All maintenance related installation / commission-
ing workplans will be reviewed by the work group
prior. The work will not commence unless prior
review and assessment has been completed.

4. A tracking system has been established to ensure
that all associated documents and procedures
required to complete the work are available and
returned upon completion for processing. This
tracking process also will cover maintenance pro-
cedure production, release of drawings and
wiring to the maintenance staff.

5. The maintenance work activities will be listed on
a separate work program schedule than that of
the functional group, work will be performed by a
dedicated trained crew of maintenance staff
assigned to the SDSE project. This will provide for
control over the execution of the work. All Safety,
Quality Assurance, and Work Quality issues will
be followed to the standards set by the project.

6. Though the tie-ins and commissioning will be com-
pleted by a specialty crew, it is imperative that the
crew include persons from the shift maintenance
organization. The commissioning experience will
aid them when they return to their respective shift
crews, and are required to perform maintenance
functions on the in service equipment.

CHALLENGES RESULTING FROM THE
ADDITION OF MAINTENANCE STAFF IN
PROJECT TEAMS
As with each new initiative, some aspects of imple-
mentation can easily and directly be accomplished,

while yet others have difficulties that require exten-
sive longer term efforts to implement.

Maintenance Staffing

Determining and obtaining maintenance project
staffing requirements has been a laborious process.
It is much easier with construction trades staff based
on the hiring of external persons. With maintenance
staff however, rapid deployment / redeployment is
very difficult. Tremendous efforts by the functional
organization has been required to accommodate pre
approved vacation and training schedules, and in
obtaining staff from other business units. Through
this process it is difficult to develop a dedicated and
motivated team environment.

To Address this issue, the projects are required to set
forth clear quarterly and yearly staffing requirements.
The functional maintenance organization in turn will
be committed to having the persons assigned.
Similar to a contract basis. Reactor projects has taken
it a step further by identifying a base of full time
assigned persons and peak short term requirements.

Functional Versus Project Supervision

There are clear safety and performance targets built
into each project, however there is still a 'grey' area
over whom from a supervision area is ultimately
responsible. The Team leader or the functional super-
visor. There has be frustration felt by both groups on
this issue. The project team has noted that it has not
had the specific empowerment needed to execute
the work, while the functional supervision's concern
is on loosing control of the happenings of their staff.
Presently a clear definition of project versus func-
tional roles and responsibilities is being mutually
drawn up. Some responsibilities are undoubtedly
specific, while others are shared. The specific roles
and responsibilities in all aspects must be clearly
defined and agreed to by both sections.

Inclusion of Maintenance staff into a
Construction Project Environment

There has been growing pains with both the
Construction trades and Maintenance sections, with
the physical integration on teams. For the trades, it is
very different having maintenance staff set up and
utilizing their shop areas. For the maintenance staff
much concern is expressed on being removed from
the main station maintenance organization.

Strides in developing the team environment have
proven to be successful. Management being sensi-
tive to this issue, has involved and utilized the stew-
ards to address membership concerns.
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SUMMARY
"World industrial and Hydro experience has demon-
strated that motivated teams committed to a com-
mon objective deliver the highest quality products in
the safest, most cost effective and efficient fashion.
Projects and Mods will foster and utilize the team
concept where appropriate to the greatest extent
possible." 1

Projects and Mods responsibility cannot be limited to
just the design, installation and commissioning of
projects. To provide an effective Turnkey' environ-
ment to the persons who will be operating the sys-

tems, it is crucial to have operating maintenance
involvement right from the design stage through to
the operating mode. One of the project indicators of
success will be the:

Customer Confidence on Maintainability of
Equipment and Systems.

Providing quality of design, workmanship, proce-
dures, and training will build the necessary confi-
dence in our customer, the operating station.
Effectively utilizing maintenance staff will be a major
step in achieving this.

1 Operating Policy of Projects and Mods Department Organization P-SRP 3.27.
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CURRENT EXPERIENCE IN SUPPORTING COMMERCIAL
NUCLEAR POWER PLANT MAINTENANCE

Prepared by J.M. Jenco, K.F. Barry, W.E. Johnson, J.P. Sharkey, R.I. Wolfgang

Nuclear Maintenance Applications Center (NMAC)
Operated by Electric Power Research Institute (FPRn
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BACKGROUND
The Nuclear Maintenance Applications Center
(NMAC), Charlotte, North Carolina, is operated by the
Electric Power Research Institute (EPRI), Palo Alto,
California. NMAC was organized by EPRI in 1988, in
response to member utility requests for specific
assistance with performance improvement and cost
control in the area of nuclear powerplant mainte-
nance. The NMAC mission was to work with member
utilities to identify both ongoing and emergent main-
tenance issues within the industry, and to distill indus-
try experience from both the plants and the vendor
community in successfully addressing these issues
into practical, proven maintenance guidance for sub-
sequent dissemination to member utilities. NMAC
continues to focus on fulfilling this mission on behalf
of its membership, and has expanded its services to
include not only the preparation of topical mainte-
nance guides, but also informative newsletters, tech-
nical notes, and hands-on workshops, as well as an
annual international maintenance conference.

This intent of this paper is to provide staff from
CANDU utilities who are members of NMAC with
general information on the means by which NMAC
functions in providing technical support, and to identi-
fy current industry maintenance issues of interest to
NMAC members and the related NMAC activities
which address those issues. Non-NMAC member util-
ity representatives may also find the latter information
on current maintenance issues to be of interest.

ANNUAL ISSUES REVIEW PROCESS
The principal effort in support of the NMAC mission
is the annual issues review process. This process,
which continues to be refined each year, enables
NMAC to both understand and anticipate the near-
term maintenance issue support requirements of its

member utilities; thereby improving NMAC's ability
to be responsive in providing valuable and timely
information that member utilities can utilize to
improve their existing maintenance practices, reduce
associated costs, or both.

Throughout each year, NMAC staff constantly accu-
mulate various bits of information about the ongoing
or emergent maintenance issues of interest to plant
personnel at its member utilities. To accomplish this
task, NMAC gathers information from a variety of
sources. Principally, NMAC staff interact directly with
working level plant staff from each of its member
utilities' powerplants. This interaction can take place
during the course of site visits to each powerplant
site, where NMAC not only provides a status briefing
on current and planned NMAC activities, but also
solicits responses from plant staff on problems or
maintenance issues of particular interest to them.
NMAC staff solicit similar input from plant personnel
attending topical workshops hosted by NMAC during
the course of each year, as well as from attendees of
the NMAC Annual Plant Maintenance Conference.

NMAC also monitors a number of industry informa-
tion database relating to powerplant maintenance.
These include the Nuclear Plant Reliability Database
System (NPRDS) and Nuclear Network (NN) elec-
tronic bulletin board system, both operated by the
Institute for Nuclear Power Operations (INPO),
Atlanta, Georgia, and the OPEC-3 database main-
tained by the RCG/Haigler-Bally group, Denver,
Colorado. NMAC also coordinates and shares infor-
mation with technical personnel from both the
Nuclear Energy Institute (NEI), Washington, D.C.,
and INPO. Recently, NMAC has also begun to coor-
dinate with the World Association of Nuclear
Operations (WANO), a sister-organization to INPO,
also located in Atlanta, Georgia.

Another key element upon which NMAC relies to
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gather industry information is its NMAC Site
Coordinator program. Under this program, NMAC
has established a technical point-of-contact within
the engineering and maintenance departments at
each of its domestic member utility sites, and in the
central maintenance and engineering organizations
at each of its international member utilities. In some
cases, where a utility desires to be a particularly
active member, NMAC will also work with the utility
to establish Coordinators in both its central office
organization and its plant sites. These Coordinators
provide an important communications link between
NMAC and its members, disseminating information
on NMAC products and services throughout the site,
as well as routing requests for technical input to
NMAC to the appropriate individuals at each site.

Each August, NMAC begins to compile all of the
information gathered throughout the year into its
annual issues survey. This survey is distributed to all
NMAC Site Coordinators at member utility plant
sites. The issues survey asks recipients to rank the
issues identified during the past year in terms of how
important that particular issue is to them in perfor-
mance of their individual job, to their plant or utility,
and to the industry as a whole.

Recipients are asked to fax their responses to NMAC
no later than September 1st, after which NMAC
compiles the responses into a ranked list and applies
the first of two sets of filters to the list. The first fil-
ter is to prioritize the ranked listing. To do so, NMAC
first considers the safety significance of the item rel-
ative to the other items on the list. NMAC then looks
at each item relative to its potential to detract from
the plants' overall capacity factor in the previous
year, and its relative potential impact on plant main-
tenance budgets. Subsequently, NMAC applies the
second filter to assure that the scope of the effort is
appropriate for NMAC to address. The criteria for this
filter are that each item must be of a generic techni-
cal nature to the industry as a whole. Each item must
be a new issue and not one previously or concur-
rently being addressed by NMAC or others, it must
be of a proper scale, that is, it must be capable of
being addressed within the nominal one-year pro-
duction cycle that is associated with most NMAC
products. Finally, it is desirable that some synergy
exists with respect to other ongoing or planned
NMAC activities.

From these efforts, a final ranked and prioritized list
of prospective projects are developed for presenta-
tion to utility members of the NMAC Steering
Committee. The Committee meets each October to
consider the NMAC budget for the coming calendar

year, as well as the proposed workscopes developed
from the recently completed annual issues review.
These issues, along with cost estimates for their
completion, are considered and approved with
respect to the budget.

Subsequently, NMAC enters into a "scoping phase"
in which a technical advisory group (TAG) for each
project is formed. Each TAG is comprised of knowl-
edgeable technical staff volunteers from member
utilities, as well as other industry experts in the topi-
cal area. The TAG assists NMAC in determining both
the proper scope and focus of each new mainte-
nance guide, as well as indicating specific informa-
tion that each guide should include. With TAG input,
NMAC then embarks upon the preparation process
which may take anywhere from 6-9 months to com-
plete. During this time, the TAG continues to serve
as a draft review committee, providing important
guidance with respect to the organization and tech-
nical content of each NMAC product. Upon complet-
ing the draft preparation process, final comments
from the TAG are incorporated into the final draft
report, which is then sent to the NMAC publications
group for final layout and printing. NMAC final reports
are then delivered to the NMAC Coordinators at
member utilities for subsequent distribution within
their utilities; all usually within the one-year produc-
tion timeframe from inception to distribution.

NMAC usually follows up each newly distributed
product with a "hands-on" technical workshop. The
workshop is based upon the premise that each new
NMAC product represents a "distillation of practical,
proven industry experience" for improved power-
plant maintenance. Therefore, the purpose of each
NMAC workshop is to assist utilities in speeding
implementation of this "distilled...experience" into
its own maintenance practices and procedures by
providing actual hands-on training to those plant per-
sonnel responsible for maintenance of the specific
component or system covered by the NMAC guide.

NMAC PRODUCTS
Over the years, NMAC has published more than fifty
(50) topical maintenance guides on a variety of sub-
jects. An example of a new NMAC guide providing
both useful and timely information is in the area of
small steam turbine maintenance used for auxiliary
feedwater (AFW), high-pressure coolant injection
(HPCI) and reactor core isolation cooling (RCIC) appli-
cations, as in the Terry® Turbine Maintenance and
Troubleshooting Guide. Recent USNRC attention has
become focused on this system, significantly elevat-
ing its operations and maintenance importance to
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member utilities. Another recent example of a partic-
ularly useful guide providing access to otherwise
unavailable information would be for the manage-
ment and prevention of primary system borated-
water leakage in PWR powerplants, as in the Boric
Acid Corrosion Guidebook. Despite industry respons-
es to USNRC Generic Letter 88-05, requiring imple-
mentation of a management plan for dealing with
instances of primary system borated water leakage
and corrosion, most operators of PWR powerplants
continue to struggle with these problems. Likewise,
NMAC continues to produce guides which meet
immediate member needs.

With the participation of its international members,
NMAC has recently begun translating selected
guides into other languages. To date, NMAC has pub-
lished a number of guides in either French or
Spanish, and hopes to expand this translation pro-
gram in coming years with the continued cooperation
of its international membership.

While NMAC is perhaps best known for its principal
product, NMAC maintenance guides, NMAC has
developed a variety of products. These products also
include topical workshops, technical notes, and
newsletters. Technical notes, or "Tech Notes" as
they are titled, represent an important new addition
to the list of NMAC products and services. While
NMAC maintenance guides usually present informa-
tion on specific components or systems, Tech Notes
are aimed more at providing utility members with
information and solutions to emergent issues.
Examples of recent Tech Note titles include "Field
Testing of Overcurrent Trip Units for Low Voltage
Circuit Breakers (LVCD) Used in DC Applications",
"Introduction to Nuclear Plant Steam Turbine Control
Systems" and "Winterizing Diesel Fuel Oil".

As previously described, NMAC topical workshops
usually occur as follow-on activities associated with
NMAC guides. In addition, NMAC repeats selected
popular workshops periodically, such as Lubrication,
Terry Turbine maintenance, and Electric Motor main-
tenance. This year, in response to member requests
for improved guidance and assistance in reducing
leakage from bolted piping joints, NMAC developed
a completely new Plant Leak Reduction Workshop
which it conducts onsite upon request at member
powerplants. To date, more than 100 personnel from
two member plants have completed the one-day
course, with several additional plants now working to
schedule future workshops at their sites.
Recognizing that both plant management and opera-
tions personnel have important responsibilities
which contribute to an effective plant leak reduction

program, the workshop commences with a 3-hour
management session, followed by a series of 1-day
technical sessions. Each management session is
presented to selected site maintenance and engi-
neering personnel, as well as representatives of
work planning, quality assurance and other appropri-
ate department representatives as determined by
each site's workshop sponsor. The management ses-
sion presents highlights of the technical session con-
tent, but focuses upon those specific actions which
management must take to improve its present plant
leak reduction program. The hands-on technical ses-
sions can each accommodate up to fifteen (15) per-
sonnel, and represent a mix of traditional classroom
instruction and hands-on training using custom
designed equipment. This equipment enables partic-
ipants to not only measure the relative effectiveness
of various lubricants in use at their individual site, but
also the importance and relative effectiveness of dif-
ferent lubricant application techniques. The equip-
ment also allows participants to compare the effec-
tiveness of different bolting techniques, graphically
illustrating not only the actual relationship between
applied torque and resultant preload, but also the
effects of gasket creep, flange rotation and elastic
interaction within the bolt circle. Even the most criti-
cal mechanics have indicated that they found signifi-
cant value in the material and presentations during
the workshop, particularly with respect to proper
lubricant application techniques, use of hardened
steel washers, and the relative effectiveness of vari-
ous bolt tensioning methods.

NMAC also publishes two newsletters, the NMAC
Memo and Lube Notes, which it distributes periodi-
cally to members throughout the year. The NMAC
Memo is published quarterly, and presents updated
information on NMAC activities, as well as timely
articles addressing current maintenance issues. For
example, diesel engine maintenance continues to
rank as a significant issue. To keep abreast of diesel
issues and maintenance, NMAC participates in vari-
ous diesel owners group meetings. Through this
type of ongoing participation, NMAC perceived earli-
er this year that use of diesel engine analysis is on
the increase. Diesel engine analysis is a non-intrusive
process of gathering engine pressure, vibration, and
ultrasonic data and evaluating it to assess the
engine's performance and mechanical condition. In
addition, NMAC found that many utility personnel
were unfamiliar with this technology and had ques-
tions regarding both the technology and the implica-
tions of its use. To address these issues, NMAC pub-
lished a detailed article on this topic in its most
recent NMAC Memo. The article provides insight
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into the technology itself, questions regarding its
use, and the viewpoint from the USNRC as it relates
to this technology. The article also discusses the pos-
sibility of using this technology to eventually
decrease intrusive maintenance and its associated
maintenance cost.

Lube Notes, the other NMAC newsletter, is pub-
lished semi-annually. Its easy, question-and-answer
format provides readers with information on solu-
tions to actual plant issues posed by NMAC-member
utility staff. Lube Notes is edited by a noted expert in
the area of lubricants and lubrication. This expert, Dr.
Bob Bolt, is retained by NMAC to answer questions
in the topical area, at no charge to member utilities.
It is the results of this service that are compiled into
subsequent issues of Lube Notes, for dissemination
to all NMAC-member utilities.

EMERGENT MAINTENANCE ISSUES
As previously mentioned, having recently completed
the annual issues review process for 1995-96, the
following information characterizes the top plant
maintenance issues in descending order. The priority
of these issues, as compared with the results of the
1994-95 annual NMAC issues review, illustrates the
changing focus of significant concerns to the indus-
try and new opportunities for NMAC to be of contin-
ued service to its membership.

Valve Maintenance. Valve maintenance rose from
the number 3 issue last year to the number 1 posi-
tion this year. Preliminary indications are that valve
packing installation, maintenance leading to proper
safety relief valve operation, and maintenance to
reduce seat and bonnet leakage represent the pri-
mary scope for subsequent maintenance guide.
NMAC is responding by updating an existing EPRI
report, NP-6516, Guide for the Application and Use of
Valves, to address these areas. The resulting NMAC
guide should be available later in 1996.

Predictive Maintenance. Over the last year, predic-
tive maintenance has risen from number 13 on the
issues survey to number 2 this year. Preliminary indi-
cations are that utilities are becoming more con-
cerned with the need to sustain the quality of future
maintenance activities with reduced resources.
Hence the desire to optimize plant maintenance
activities through the application of proven predictive
maintenance technologies. NMAC is encouraging
utilities to begin by developing sound vibration, oil
analysis, and infrared thermography programs as the
basis for their suite of predictive tools, beginning
with its report NP-6973R2, Infrared Thermography

Guide. NMAC is also working on developing new
condition monitoring information for use as a basis
for determining the most cost-effective application of
these technologies. This new report will be available
later in 1996. Subsequent work in the area of predic-
tive technologies will be addressed on an as-needed
basis through the publication of individual NMAC
Tech Notes in each topical area.

Instrumentation & Control. General I&C issues
have risen from the number 11 position last year to
the number 3 position this year. Preliminary indica-
tions are that a wide variety of I&C issues are respon-
sible for increased attention in the area, including reli-
ability of power supplies, radiation monitoring equip-
ment, turbine controls, feedwater controls, and
relays. Also of interest are digital I&C upgrades and
optimization of calibration and surveillance frequen-
cies. Presently, NMAC is presently preparing a
Feedwater I&C Maintenance Guide, a Radiation
Monitoring Maintenance Guide, and a Turbine
Control System Hydraulic Components Guide.
Subsequent work planned includes a Turbine Control
System Electronic Components Guide, a Power
Supply Tech Note, and a Capacitors Tech Note.
NMAC is also following ongoing EPRI work in the
areas of digital I&C upgrades, and l&C calibration and
surveillance frequencies, and will incorporate main-
tenance information in our guides as appropriate.

Pumps. General pump issues remain at the number
4 position in both the 1994-95 and 95-96 issues sur-
veys. Preliminary indications are that dynamic seals,
hydraulic issues, and proper maintenance of feedwa-
ter-, reactor coolant- and charging-type pumps are
the areas requiring increased maintenance attention
this year. NMAC is planning a Tech Note to address
a variety of dynamic seals, including mechanical
seals used in pumps for 1996 delivery. In addition to
the recently completed report TR-100855, Main
Coolant Pump Seal Maintenance and
Troubleshooting Guide, NMAC is presently develop-
ing feedwater pump and charging pump guides to
address issues specific to those pump types.

Air-Operated Valves. Due possibly to the conclu-
sion of the industry's attention to the USNRC
Generic Letter 89-10, addressing maintenance
requirements for motor-operated valves, industry
attention now seems to be turning to preparations to
proactively address AOV maintenance in a similar
manner. This increased attention has raised AOV
issues from the number 9 position last year, to the
number 5 position this year. Industry interest seems
to be centering on increasing diagnostic capabilities
for plant maintenance staff, minimization of stem
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leakages, and predictive maintenance for elastomer-
ic diaphragms. NMAC is presently revising its report
NP-7412, Air-Operated Valve Maintenance Guide, to
incorporate updated AOV diagnostic information,
expanded information on proper valve packing tech-
niques, and a section on degradation of elastomeric
compounds, specifically diaphragms. The revision
should be available in mid-1996.

Emergency Diesel Generators. Emergency diesel
generator maintenance remains a significant plant
maintenance issue, dropping only slightly from its
number 5 position in 1994-95, to number 6 position
this year. Preliminary indications are that accelerated
aging degradation resulting from increased testing
requirements may be a major contributing factor to
its continuance as an important plant maintenance
issue. NMAC is presently preparing both a diesel
engine analysis guide and a diesel generator bearing
analysis tech note for distribution later this year.
NMAC is also planning to present a comprehensive
Diesel Engine Analysis workshop for NMAC-member
utilities in Orlando, Florida this December.

Motor-Operated Valves. Industry interest in motor-
operated valve maintenance has remained at the
number 7 position. It appears that plant staff are pri-
marily interested in information resulting from EPRI's
Motor-Operated Valve Performance Prediction
Program (MOV/PPP) in the area of proper stem/stem
nut lubrication. NMAC is working with the MOV/PPP
team to extract pertinent data in this interest area
from the program information and revise its report
NP-6660, Application Guide for Motor-Operated
Valves, to include such information. The revision is
planned for release in mid-1996.
Motors. Increasing industry interest in electric
motors, particularly with respect to medium-to-large
electrical motors such as for feedwater or reactor
coolant pumps, has elevated electric motor issues
from number 14 last year to the number 8 position
this year. Preliminary indications are that aging-relat-
ed degradation may be the root cause for many of
the reported concerns. In response to this significant

increase, NMAC is preparing to revise its existing
report NP-7502, Electric Motor Predictive and
Preventive Maintenance Guide, using information
from EPRI ongoing projects on electric motor predic-
tive maintenance and mild and harsh environment
specifications for motor rewinding, and from other
industry sources to address this issue.

Safety Relief Valves. Safety relief valves (SRVs) did
not appear on the past issues review, but jumped to
the number 9 position in this years analysis. No
explanation is immediately apparent for this sudden
increase in interest. Preliminary indications are that
the principal maintenance issues associated with
SRVs are set point drift and proper in-house calibra-
tion techniques. NMAC is in the process of preparing
a maintenance guide targeted at SRVs and specifi-
cally addressing these areas of interest. The guide
should be available in mid-1996.

CONCLUSION
As you can observe, over the years NMAC has devel-
oped a refined methodology for identifying and
responding to the emergent plant maintenance
issues of its member utilities. Current activities as
they relate to the results of the most recently com-
pleted annual issues review indicate that in most
instances, NMAC either remains ahead of the curve
in developing needed technical information to
address member issues, or has been able to initiate
required technical activities in rapid fashion. For utili-
ty-specific concerns which do not address generic
industry issues, NMAC has also been successful in
arranging co-funded technical activities to meet
member needs on a more individualized basis.
Finally, NMAC is looking forward a new ways of pro-
viding increased value to its members, through elec-
tronic document delivery, Internet/World Wide Web
connectivity, and perhaps through future develop-
ment of individual Offshore Maintenance Centers to
better support NMAC's growing list of international
member utilities.

447



CANDU MAINTENANCE CONFERENCE 1995

RESEARCH ON NONDESTRUCTIVE EXAMINATION METHODS
FOR CANDU FUEL CHANNEL INSPECTION

M. Soare, F. Petriu, V. Toma, V. Revenco, A. Calinescu,
R. Ciocan, C. lordache, L. Popescu, M. Mihalache, C. Murgescu
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ABSTRACT
The requirements of the 1994 edition of CAN/CSA-
N285.4 Periodic inspection Standard, which address
all known and postulated degradation mechanisms
and introduce material surveillance demands, involve
a growing need for improved nondestructive exami-
nation (NDE) methods and technologies.

In order to have a proper technical support in its deci-
sions concerning fuel channel inspections at
Cernavoda NPP, the Romanian Power Authority
(RENEL) initiated a Research Program regarding the
nondestructive characterization of the fuel channels
structural integrity.
The paper presents the most significant results
obtained on this Research Program: the ENDUS
experimental system for Laboratory simulation of the
fuel channel inspection, ultrasonic Rayieigh-Lamb
waves technique for pressure tubes examination,
phase analysis technique for near-surface flaws,
influence of the metallurgical state of the pressure
tube material on the eddy current defectoscopic sig-
nals, characterization of plastic deformation and frac-
ture of zirconium alloys by acoustic emission.

1. INTRODUCTION
For the safe and efficient operation of CANDU reac-
tors, the structural integrity of some critical compo-
nents, mainly fuel channels, is essential.

Zr-2.5%Nb of the pressure tubes is not particularly
damage-tolerant, even in normal operational condi-
tions. Both manufacturing (e.g., lap-type flaws) and
in-service defects (e.g., debris and bearing pad fret-
ting, delayed hydride cracking, hydride blisters) have
occurred. For detection and characterization of such
defects, a number of nondestructive examination
(NDE) methods and inspection tools have been
developed.

However, the requirements of the new edition of
CAN/CSA-N285.4 Periodic Inspection Standard,

which address all known and postulated degradation
mechanisms and introduce material surveillance
demands, involve a growing need for improved NDE
methods and technologies.

Some years ago, The Romanian Power Authority
(RENEL) initiate a Research Program [1] concerning
experimental and theoretical studies
on NDE methods for characterization of the fuel
channels structural integrity. The main output of this
Program are:

(1) To ensure technical support for RENEL decisions
concerning inaugural, base-line and periodic inspec-
tions for Cernavoda NPP.

(2) To provide technical assistance for equipments
procurement and personnel training for inspection
activities at Cernavoda NPP.

(3) To develop the necessary knowledge infrastruc-
ture for inspection data interpretation/evaluation.

The paper presents the most significant results
obtained on this Research Program: the ENDUS
experimental systems for laboratory simulation of
the fuel channels inspection, Rayleigh-Lamb waves
technique for ultrasonic examination of the pressure
tubes, phase analysis technique for depth determi-
nation of the near-surface flaws, effects of the pres-
sure tubes metallurgical microstructure on the eddy
current flaw signals, characterization of plastic defor-
mation and fracture of zirconium alloys by acoustic
emission.

2. ENDUS EXPERIMENTAL SYSTEM
ENDUS is a laboratory system for experimental stud-
ies on the NDE of the pressure tubes, by ultrasonics
and eddy current techniques. It was developed as
experimental basis for our Research Program. Also, it
will be used for laboratory simulation of various com-
plex situations encountered during the real inspec-
tions at Cernavoda NPP.
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The block-diagram of this very flexible and perfor-
mant system is presented in fig. 1. It consist of tree
major parts [10]:

(1) Automatic Scanning Device (ASD)

It perform the controlled movement of the Modular
Examination Head (MEH) inside the Pressure Tube
Sample (PTS). The main characteristics of MSD are:

- Maximum scanning resolution on the axial direction
(vertical): 0.002 mm/step
- Maximum scanning resolution on the circumferen-
tial direction: 0.2 mm/step
- Length of the PTS: 885 mm
- Scanning range on the axial direction:650 mm

The mechanical scanning is made by the indepen-
dent (but synchronous) action of two stepping
motors (type SLO-SYN with 1.87step).

(2) Real-time Control and Data Acquisition
/Processing Unit (RCD)

It ensures the real-time command and control of
MSD, the ANALOG to DIGITAL conversion of the
defectoscopic signals, synchronization of the entire
system, the data storage and processing facilities.

The hardware support of the RCD Unit consist of the
VME DEVSYS process computer with VM20 proces-
sor and specialized interfaces for linking with the
NDE devices. The basic software support is devel-
oped on the OS-9 operating system using C + + lan-
guage as programming medium; this configuration
provide for a unique combination of high perfor-
mance multitasking facilities with high-speed real
time control and processing [13].

In order to have a powerful but still easy to use oper-
ator interface, an IBM PC AT486 DX computer is
included in the hardware configuration of the RCD
Unit, which run various user interfaces as Windows
applications. The AT486 DX computer ensure, also,
others NDE Functions of the system like, for exam-
ple, the frequency analysis of the ultrasonic signals.

(3) Multichannels defectoscopic unit (MDU)

Consist of analogic ultrasonic and eddy current
instruments specific to each NDE function/channel..

The basic configuration of the MDU is presented in
fig. 1. Depending on the NDE method or technique
under study, specially designed modular examination
heads are used, with various transducers/ probes
instrumentations or different geometries, etc.

Also, on the ENDUS system, it is possible to work
with different Pressure Tube Samples having specif-
ic reference defects, or artificial defects or even nat-
ural defects (e.g., samples with various manufactur-
ing defects).

Specialized techniques and devices were developed
for machining artificial defects with different shapes
and dimensions. Replica method and high-frequency
ultrasonic images techniques are used for character-
ization of the machined defects ([2],[5]).

3 . ULTRASONIC METHODS
In this field, our Research Program is focused on
three main objectives:

(1) Development of new techniques complementary
to the usually ultrasonic techniques currently applied
in the wet technologies for pressure tube inspection,
in order to improve their performance in some limit
cases. A number of studies are now in progress
related to:

- excitation and propagation of the Rayleigh-Lamb
waves in the pressure tube wall; applications to
detection of surface-breaking-cracks and of hydride
blisters

- time of flight diffraction (TOFD), phase and fre-
quency analysis techniques for detection and charac-
terization of the near-surface flaws and of the unfa-
vorable oriented flaws

(2) Development of NDE methods for acousto-elastic
characterization of the pressure tube, in order to
answer to the material surveillance requirements of
the 1994 edition of the CAN/CSA-N285.4 Standard.
Here, our works are related to:

- determination of the hydrogen (deuterium) distrib-
ution on the pressure tube

- evaluation of the fracture toughness

(3) Development of an Ultrasonic Goniometry tech-
nique for measurement of the residual stresses pro-
file in the rolled-joint zones of the pressure tubes.
Ultrasonic Goniometry is a powerful method, based
on ultrasonic reflectivity near the critical angles,
which was developed in our Laboratory, for the
acousto-elastic characterization of materials [17]. It
was applied for characterization of the elasto-plastic
properties of zircaloy-4 thin wall tubes and now, our
goal is to use a special designed ultrasonic goniome-
ter as a tool for post-installation verification of the
pressure tube rolled joints.

In the following, we shall summarize some of our
results concerning ultrasonic examination and char-
acterization of the pressure tubes.

Pressure tubes examination with Rayleigh-Lamb
waves {[3],[6]).

Usually, Rayleigh-Lamb oscillation modes are lightly
excited and are extensively used for NDE in the case
of the thin-wall components.
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However, at sufficient low frequencies, it is possible
to excite Rayleigh-Lamb waves in moderate thick-
ness plates or tubes.

In fig.2, it can be seen the calculated Rayleigh-Lamb
dispersion relations for Zr-2.5%Nb pressure tubes
[3], experimentally verified by ultrasonic goniometry.
The symmetric and asymmetric branches which cor-
respond to different oscillation modes are expressed
as frequency dependencies of the incidence angle at
the water/pressure tube interface. It is obvious that
for frequency values around 2 MHz, a significant dis-
persion effect is manifest.

The measurements performed with a specially
designed examination head (fig.3) have demonstrat-
ed a linear dependence of the reflected and, also, of
the transmitted amplitude of the A-| and S-| oscilla-
tion modes on the defect de pth, up to approximate-
ly 0.1 * (wall thickness) = 0.4 mm, from both inside
or outside pressure tube surfaces. For a high depth,
this dependence is rapidly saturated [6].

Therefore, examination with Rayleigh-Lamb waves is
very useful for detection of surface-breaking-cracks
type of flaws or for detection of hydride blisters, despite
of the disadvantage of a poor localization resolution.

An other interesting application of the Rayleigh-Lamb
waves excited in the pressure tube wall is the possi-
bility of the hydrogen content measurement by a
modified velocity ratio method [16].

Depth determination of the near-surface flaws by
phase analysis of ultrasonic composite signals
The standard procedure of evaluation of the flaws
size and position from the amplitude and time of
flight corresponding to the echo signals, cannot be
applied in the case of the near-surface flaws for
which an overlap exist between the surface echo and
the flaw echo.

A number of deconvolution algorithms are described
in literature ([20],[21]) for reconstruction of the flaw
echo signal.

The technique developed and experimentally verified
in our works ([4],[9]) concerning the pressure tube
examination with longitudinal waves on the radial
direction, is based on the linear frequency depen-
dence of the phase function

W(f) = (1/2JI) arctg [-Im Z(f)/Re Z(f)]

where Z(f) = X(f)/Y(f), X(f) being the complex Fourier
Transform of the surface echo, and Y(f) the complex
Fourier Transform of the composite echo (overlap of
surface and flaw echoes). The slope of the linear
dependence W = W(f) is proportional with the flaw
depth.

Figure 4 illustrate the surface echo the composite
echo and the frequency dependence of the phase
function W = W(f) in the case of a rectangular flaw
machined from the outside surface up to 1 mm
depth from the internal (incidence) surface. The
phase function W(f) was constructed by real-time
digital processing using the Fast Fourier Transform
routine of the ASYSTANT software package.

In order to obtain a good signal to noise ratio, broad-
band high frequency ultrasonic transducers must be
used.

Acousto-elastic characterization of the pressure-
tube material
Three types of high accuracy methods for the mea-
surement of the ultrasonic phase velocity and atten-
uation were developed and currently used in our
Laboratory {[7],[16]):

(1) Sing-Around Method for measurement of very
small sound velocity changes [22]. Our home-
designed and constructed MPUS-01 system can
measure variations of the order of 8V/V - 1Q~7 and is
used for experimental studies on acousto-magnetic
effects, temperature effects, non-linear elastic
effects in different materials, specially in zirconium
alloys [8]; in certain conditions, the MPUS-01 system
permits, also, the simultaneous velocity and attenua-
tion measurements, under the influence of some
controllers external parameters of the sample state.

(2) Ultrasonic Goniometry for experimental deter-
mination of the Rayleigh-Lamb dispersion relations.
This is a new technique developed in our Laboratory,
based on the frequency-angle double scanning [23];
using powerful mathematical methods, this tech-
nique lead to complete characterization, in a certain
spectral range, of the acousto-elastic properties of
the investigated sample.

(3) Acoustic Microscopy Method for obtaining high-
resolution B-scan and C-scan ultrasonic images of
the acousto-elastic discontinuities in metallic and
ceramic materials. The MICROSCAN-03 equipment,
designed and constructed in our Laboratory are used
for obtaining 3-dimensional acoustic images of
microstructure details at magnification factors com-
parable with the usual metallography ( x 50 and, in
special conditions, up to x 100).

All these methods are extensively used for the
understanding of the complex microstructure proper-
ties of Zr-2.5%Nb pressure tube material.

In fig.5, we present the texture dependence of the
ultrasonic longitudinal wave velocity in Zr-2.5%Nb
pressure tube. Calculus of the longitudinal phase
velocity on different propagation directions in
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monocrystaline zirconium, demonstrate that the
maximum value correspond to the propagation in the
- axis direction the minimum value correspond to

the propagation in an arbitrary direction in the basal
plane Therefore, in polycrystalline zirconium the
phase velocity V|_ will be dependent on the effective
fraction of elementary cells aligned with the - axis
(the f - factor).

Our ultrasonic velocity measurements have con-
firmed that, in the metallurgical state specific for the
CANDU pressure tube, the most great fraction of the
alpha grains are orientated with the - axis around the
circumferential axis. The acousto-elastic anisotropy
is very pronounced and is described by the function:

where p is the propagation direction in the axial-cir-
cumferential plane (p=0 is the axial direction) and:

a = 4.6805 c = 0.005283

b = 0.042448 d = 0.072768

In order to elaborate an ultrasonic NDE method for
measurement of hydride concentration in the pres-
sure tube, detailed experimental and theoretical
studies are in progress in order to establish the
acousto-elastic effects of the hydrogen ingress.

It is interesting to note that the influence of the
hydride precipitation on the ultrasonic phase veloci-
ties is determinated not only by the hydrogen con-
tent but, also, by the internal stresses developed dur-
ing the precipitation process.

This significant effect can be seen in the fig.6 in
which the dependencies of the longitudinal phase
velocity on the hydrogen concentration are shown
for two different hydriding method:

- slow hydriding method by gas-solid equilibrium
reaction; in this case, the ultrasonic longitudinal
velocity is slightly increased, in accord with others
experimental studies [19];

- fast hydriding method by non-equilibrium hydro-
gen plasma-metal interaction process; in this case,
the dominant effect is the longitudinal velocity
decrease under the influence of the high-level inter-
nal stresses developed by the fast hydrogen precipi-
tation [16].

The ultrasonic 3-dimensional images of pressure
tube samples with different hydrogen contents,
prove that the hydrogen distribution is relatively
nonuniform, even in the case of slow hydrided sam-
ples [16]. This can be seen in fig.7: the 8 hydride pel-
lets form long "filaments" parallel with the axial-cir-
cumferential plane (the XY plan, in the specified fig-
ure); in accord with the known fact that the basal
plane is the habit plane for this type of hydrides.

The Acoustic Microscopy studies on zirconium-
hydrogen system are very recent, but they already
demonstrate the remarkable utility of this method in
understanding the complex phenomenon of hydro-
gen ingress and precipitation in metallic materials.

High frequency ultrasonic imaging techniques, simi-
lar to the Acoustic Microscopy techniques, will be,
also, applied for examination of the

offcuts samples of the pressure tubes at Cernavoda
NPP/Unit 1, in order to establish if the rolled-joints
are free of lap-type manufacturing flaws [25].

4. EDDY CURRENT METHODS
Three main problems are under work in this field:

(1) Determination of the influence of the metallurgi-
cal state of the pressure tube material on the defec-
toscopic signals. It is known the effect of the local-
ized resistivity bands created by an enriched oxygen
content [24]. Defect-like signals due to this effect
was observed during the eddy current measure-
ments for garter spring location at Cernavoda
NPP/Unit 1. Also, others two topics are of interest
here:

- determination of the effect of the hydride concen-
tration on the defectoscopic signals, in order to eval-
uate the possibility to estimate the hydrogen (deu-
terium) concentration by eddy current techniques;

- determination of effect of the texture variations on
the electrical resistivity of the pressure tube material
and, therefore, on the eddy current defectoscopic
signals.

Study of the influence of the metallurgical state is
important, also, for a proper background of the eddy
current NDE acceptance criteria.

(2) Development of methods, procedures and equip-
ments for eddy current examination of the offcuts
samples of the pressure tubes installed at Cernavoda
NPP/Unit 1 and of the pressure tubes for Cernavoda
NPP/Unit 2. The pressure tubes for this CANDU
Units were not inspected by eddy current in the man-
ufacturing stage [25]. Because of the limitations of
the ultrasonic testing in detecting B2N06 lap-type
flaws (long axial defects at internal tube surface,
making a small angle with the surface), eddy current
testing is a necessary complement of the ultrasonic
manufacturing inspection.

(3) Improved eddy current techniques for the pres-
sure tube-calandria tube gap measurement. The
garter springs for Cernavoda NPP/Unit 1 are of the
snug type (non welded girdle wire). It is known that
this type of garter springs is, practically, not
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detectable by the usual eddy current technique [18],
because the surface of the girdle wire oxidize and
prevent the electrical conduction around the wire.
For this reason, the direct measurement, with high
accuracy, of the pressure tube-calandria tube gap is
compulsory in order to satisfy the requirements of
the 1994 edition of CAN/CSA-N285.4 Standard.

In all our studies related on eddy current methods,
numerical simulation is an important part of the
experimental data evaluation process. For this, a
number of phenomenological models, based on elec-
trical equivalent circuits of the physical systems
under study, were elaborated. Parametric analysis on
this models are usually made with specialized elec-
tric network analysis software [15].

Detailed studies are now in progress concerning the
effect of the pressure tube metallurgical state on the
defectoscopic signals. In fig.8, it can be seen the hor-
izontal component, the vertical component and the
impedance plane representation of the eddy current
signals corresponding to an artificial defect with
h=0,2 mm depth, machined in a Zr-2.5%Nb pressure
tube sample. The measurements, made before and
after a slow rate hydriding process, show a signifi-
cant influence of hydrogen, even at relatively low
level concentrations ([14],[15]).

The parametric analysis performed on the appropri-
ate phenomenological model have demonstrated
that the most important contribution of the metallur-
gical state changes on the eddy current defecto-
scopic signals is due to the corresponding electrical
resistivity variations. The amplitude variations of the
horizontal component versus frequency for different
values of resistivity variation are plotted in fig.9, in
the case of an artificial flaw with h=0.2 mm depth.

5. CHARACTERIZATION OF THE
PLASTIC DEFORMATION AND FRACTURE
OF ZIRCONIUM ALLOYS BY ACOUSTIC
EMISSION ([11],[12])
Zirconium alloys have a low solubility for hydrogen.
For this reason, when solubility limits are exceeded,
a brittle second phase (hydrides) appear which, even
in small concentrations, can potentially have an dra-
matic effect on the structural integrity of zirconium
alloys nuclear components.

In this conditions, complementary to NDE at period-
ic or as-request inspections, continuous monitoring
of crack growth in pressure tubes is of a great inter-
est. Acoustic emission (AE) is the most promising
method for continuous structural integrity monitoring
of the CANDU fuel channels.

The first step for a proper evaluation of the feasibili-
ty of the on-line structural integrity monitoring of the
pressure tubes by this method, is to detect and ana-
lyze the specific acoustic emission signal generated
by the hydride fracture in a zirconium alloy matrix.

For this, we have designed and constructed an
experimental system (named CARD) for accurate
reception of acoustic emission signals from the elas-
tic energy release during the controlled mechanical
deformation of specially designed samples. This sys-
tem (see fig.10) has two channels and permits rejec-
tion of all acoustic emission events which are not
localized in the deformed sample zone.

In this way, very accurate correlations was obtained
between evolution of the deformation process and
the corresponding acoustic emission activity, as it
can be seen in fig.11, for a zircalloy-4 sample.

Also, both time domain and frequency domain of the
acoustic emission signals can be analyzed by numer-
ical processing. A very "quiet" mechanical system,
set in motion by a stepper motor, permits a rigorous
control of the deformation rate.

Figures 12 and 13 are time and frequency represen-
tation of a typical AE signal. The 3D plot in figure 14
illustrate the spectral evolution of the AE activity dur-
ing the mechanical deformation and fracture of the
zircalloy-4 sample.

6. CONCLUSIONS
Extensive efforts have been made to develop a com-
plete experimental basis for the Research Program
concerning NDE methods and techniques for charac-
terization of the fuel channels structural integrity.

Now, our experimental basis consist of:

(1) ENDUS laboratory system for ultrasonic and eddy
current measurements and testing on pressure tube
samples

(2) MPUS-01 system for measurement of very small
sound velocities changes and of ultrasonic attenua-
tion variations under the influence of some controlled
external parameters of the sample state (magnetic
field, temperature, uniaxial stress)

(3) USG-MA Ultrasonic Goniometer for experimental
determination of the Rayleigh-Lamb dispersion rela-
tions

(4) MICROSCAN-03 Acoustic Microscopy equipment

(5) MICROSCAN-01/CT Eddy Current Imaging System

(6) CARD system for characterization of plastic defor-
mation and fracture behavior of metallic materials by
acoustic emission
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A series of useful and interesting results have been
obtained in the framework of our Research Program:

- method for ultrasonic examination of pressure
tubes with Rayleigh-Lamb waves

- method for phase analysis of ultrasonic signals by
digital processing

- acousto-elastic characterization of Zr-2.5%Nb pres-
sure tube anisotropy and hydrogen effects

- effect of the pressure tube metallurgical state on
the eddy current defectoscopic signals

-analysis of acoustic emission signals generated during
plastic deformation and fracture of zirconium alloys.

Many of this results will be applied, in the near
future, to solve a number of NDE problems for
Cemavoda NPP:

- examination of the offcuts samples of the pressure
tubes from the Unit 1, by high frequency ultrasonic
and eddy current imaging techniques;

- eddy current examination of the pressure tubes for
the Unit 2.

Also, our experimental basis and the developed
investigation techniques can be extremely useful for
salving NDE problems for others CANDU Nuclear
Power Plants. In respect to this, our objective is to
integrate the research activity of our Laboratory in
the framework of Research Programs of CANDU
Community.
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Fig.2. Rayleigh-Lamb dispersion relations for Zr-2.5%Nb pressure tubes
expressed as incidence angles versus frequency (water/pressure tubes interface)
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Fig. 3. Modular examination head for ultrasonic examination with
Rayleigh-Lamb waves on the axial and circumferential directions
and with high frequency longitudinal waves on the radial direction
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Fig. 4. Frequency dependence of the phase W(f) for a rectangular flaw, with h=lmm depth, in a pressure
tube sample. Transducer used : PANAMETRICS A312R, 10 Mhz / 0.25".
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Fig. 5. Texture dependence of the ultrasonic longitudinal waves velocity
in Zr-2.5%Nb pressure tube; p is the direction of propagation in
the axial-circumferential plane (P = 0 is the axial direction)
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Fig. 6. Hydrogen effect of the longitudinal wave velocity (axial propagation
direction) in Zr-2.5%Nb pressure tube samples, for:
- fast hydriding (non equilibrium plasma process);
- slow hydriding (gas-solid equilibrium reaction).
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Amplitudine[%]

Amplitudine[%]

Fig.7. Ultrasonic 3-dimensional image of the acousto-elastic discontinuities in a
Zr-2.5%Nb pressure tube sample with C H = 110 ppm hydrogen content

Equipment
Flaw Detector
Transducer
Gain
Threshold
Gate start
Resolution

MEASUREMENT PARAMETERS
MICROSCAN-03 {INR-Ultraacoustics R&D Lab)
USIP 12 / KRAUTKRAMER
H10MP15 / KRAUTKRAMER
98 dB (25 MHz/BB)
8% FuU Scale
2.3 mm on the radial direction G

4 6 0
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Jit & ^ î  -'v* ^

0 X ':,

J \ CH-73 ppm

•\^_) CH- 9 ppra

=SOC k>lz IMPEDANCE PLANE

Fig. 8. Eddy current signals for an artificial flaw with h=0.2 mm depth, machined in a Zr-2.5%Nb pressure tube
sample.before and after a slow rate hydriding process. The hydrogen content of Cif=9 ppm corespoad to
the "as recived" state.

400 -r

FREQUENCY {kHz]

Fig. 9. Calculated influence of electrical resistivity \'ariations Ap on the edd)' current amplitude
for an artificial flaw with h= 0.2 mm depth in Zr-2.5%Nb pressure tube .
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Fig. 11. Uniaxial stress and total AE count versus time (constant deformation
rate) during the mechanical deformation and fracture of a Zyrcaloy-4
sample.

25

Fig.l2.Tipical acoustic emission signal in time domain for the plastic deformation zone.
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Fig. 13. Frequency spectrum of the AE signal from fig. 12, obtained by real-time
Fast Fourier Transform.
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Fig. 14. Evolution of the frequency spectrum of the AE signals during tlie mechanical
deformation and fracture of a Zircaloy-4 sample.
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Table 2. CANDU-6 FUEL CHANNEL INSPECTION HISTORY ( reference [8])

INSPECTION
PURPOSE

To verify absence
of significant defects

To detect defects that could
be missed by UT

To detect defects that could
be missed by UT

Reinspection of suspect regions
identified by ET

Verify presence and location
all garter springs

Verify presence of Lap-type Flaws

Compliance with
CAN/CSA-N28S.4-M78
and provide baseline information
for future inspections
Compliance with
CAN/CSA-N285.4-M83
to verify there is no generic degradation

In-service
Inspection

TYPE OF
INSPECTION

Manufacturing

Manufacturing

Preservice

Preservice

GS Installation

Post-Installation

Inaugural

First Periodic
Inspection

1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1394

TECHNIQUE/
METHOD

Full length UT

Full length ET
onOD&ID

Full length ET
on ID

Selected area UT

ET

Mettallography

rolled joint ET
full length ET

surface roughness
Raui?ing(l)

CIGAR
"Dry Channel"

GS Location by ET

CIGAR

UT&ET

LEPREAU

380

380

2

14
14
14
14
5

2

9

1
3 (CIGAR)

GENTILLY2

380

380

'14

14
14
5

6 (CIGAR)

27 (CIGAR)

4 (CIGAR)

WOLSONG 1

380

380

1

14

14
14
5

6 (CIGAR)

19 (CIGAR)

14 (CIGAR)

EMBALSE

380

380

2

14
14
14
14

11

CERNAVODA

380

380

28 [10]
(top & bottom

of ingots)

WOLSONG 2

380

380

380


