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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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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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