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par J.T. Dunn et A.H. Jackman*

Replacement of a cracked
pressure tube in
Bruce GS Unit 2

by J.T. Dunn and A.H. Jackman*

Résumé
En février 1982, on a détecté une fuite du
système caloporteur primaire dans le circuit
d'espaces annulaires de gaz à l'aide de l'in-
strumentation en ligne. Il s'est avéré que la
source de la fuite était une petite fissure axiale
dans le tube de force du canal de combustible
X-14. Le personnel d'entretien de la centrale a
remplacé ce canal de combustible et le
réacteur a été remis en service cinq semaines
après l'arrêt.

On a fait parvenir le tube de force fissuré aux
Laboratoires nucléaires de Chalk River pour
examen, ce qui a révélé une fissure très com-
parable à celles détectées dans les réacteurs 3
et 4 de la centrale nucléaire de Pickering en
1974 et 1975. Elle provient d'une fissuration
retardée due à l'hydruration au cours de la
période de contrainte résiduelle élevée située
entre le laminage et le relâchement des con-
traintes précédant l'utilisation.

Abstract

In 1982 February, a primary heat transport
system leak was detected in the annuius gas
system by on-line instrumentation. The source
of the leak was found to be a small axial crack
in the pressure tube of fuel channel X-14. This
fuel channel was removed and replaced by sta-
tion maintenance staff, and the unit was return-
ed to service five weeks after it had been shut
down.

The cracked pressure tube was sent to Chalk
River Nuclear Laboratories for examination,
and the crack was found to be very similar to
those found in Pickering GS units 3 and 4 in
1974-75. It was caused by delayed hydride
cracking during the period of high residual
stress between the time of rolling and the pre-
service stress relief.
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1. INTRODUCTION

During the startup of Bruce G.S. Unit 2 from a two day
hot shutdown, heavy water was detected in the gas an-
nulus system by on-line instrumentation. When an
analysis determined that it was primary system water,
the unit was shutdown February 9,1982 for investiga-
tion and repair.

The problem was traced to a small axial crack in one
of the 480 fuel channel pressure tubes. That fuel chan-
nel was removed and replaced by station maintenance
staff and the reactor was returned to power on March
16,1982, after an outage of 36 days.

The cracked fuel channel was shipped to Chalk River
Nuclear Laboratories for examination and it was
established that the crack initiated and grew by delayed
hydride cracking, in the same location and manner as
the cracks found In Pickering G.S. 'A' in 1974 and 1975
(1) (2).

This report provides a brief overview of the fuel chan-
nel removal and replacement and of the examination of
the cracked tube.

2. FUEL CHANNEL DESIGN

Bruce G.S. Unit 2 is a 750 MW CANDU nuclear reactor
with 480 horizontal fuel channels which contain the
primary system coolant and direct it through and
around the fuel bundles.

The fuel channels are composed of a zirconium alloy
pressure tube connected at each end to steel end fit-
tings (Figure 1). The pressure tubes are approximately
103 mm (4.07 inches) in diameter, 6.1 m (20 feet) long
and have a wall thickness of 4 mm (0.160 inches).
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3. IDENTIFICATION OF THE LEAKING
FUEL CHANNEL

Leakage from the fuel channels is collected in the an-
nulus gas system and is detected quickly by moisture
detectors, but in Bruce Unit 2 the design of this system
does not permit quick identification of which fuel chan-
nel is leaking. Therefore, two independent means were
used to identify the leaking fuel channel.

Since the leaking fuel channel should be cooler than
adjacent fuel channels due to loss of heat to the
moderator through the water filled gas annutus, Infra-
red photographs were taken of both reactor faces. This
technique identified six fuel channels on the X row that
were running cool. A check confirmed that the gas an-
nulii of these six fuel channels were connected together
and therefore one of them must be the leaker.

To identify which fuel channel was leaking, a sensor
was held on each fuel channel in turn, and the noise
due to leakage of the primary coolant was recorded us-
ing acoustic emission equipment. The leaking fuel
channel was identified as fuel channel X-14 (Figure 2).
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Figure 1 Simplified diagram of Bract 'A' reactor
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Figure 2 Acoustic •mltslon results

Fuel channel X-14 was then defuelled and isolated. A
second acoustic emission scan of the whole reactor
confirmed that there were no other leaks.

The leaking fuel channel was then drained and an
eddy current examination of the complete pressure
tube was done to determine the cause of leakage. The
only indication found was a short axial crack in the
pressure tube near the inlet end.

Delayed hydride cracking was suspected to be the
cause of the crack and ten other rolled joints in Unit 2
were inspected by an ultrasonic technique to check for



cracks. These rolled joints were selected from ones
which had not been stress relieved and from ones
which had been stress relieved on the same calibration
cycle as X-14. No crack indications were found.

4. FUEL CHANNEL REMOVAL
AND REPLACEMENT

4.1 Basic Procedure Used

The basic procedure used for the removal of the fuel
channel was the same as that used at Pickering G.S. 'A'
in 1974/75. Three cuts were made in the pressure tube;
one in the center of the tube and one near each end fit-
ting.

The end fittings were then winched into separate
shielded flasks and the two sections of the pressure
tube were pushed into another flask, along with the
garter spring spacers. All these components were then
shipped to the Chalk River Nuclear Laboratories for ex-
amination in their hot cells.

Following cleaning and inspection of the calandria
tube, the fuel channel was replaced in basically the
same manner as the fuel channels were originally in-
stalled. There was no need to replace the calandria tube
with this fuel channel since the sag in it was small
enough to permit a new pressure tube to be easily in-
serted.

4.2 Special Tooling

The equipment used comprisoi many relatively simple
special tools, which had been carefully designed to
facilitate the safe operation of each step: plus several
large shielded flasks to contain the active components.

The more complex tools included the pressure tube
cutter, which is basically an inside-out tube cutter and a
special tool to cut the channel locating weld and reweld
it on both ends of the fuel channel (Figure 3). This latter
tool must pass through the very small clearance bet-
ween the feeder pipes and the end fittings and operate
remotely close to the reactor end shield.

For the replacement of fuel channel X-14 the special
equipment needed was obtained from several sources.
Fuel channel replacement tooling had been supplied to
Bruce G.S. 'A' prior to the fuel channel replacement at
Pickering G.S. in 1974/75 and some of these tools were
used. In addition, some of the tooling and the shielded
flasks made for the Pickering work were shipped to
Bruce G.S. and used on X-14.

The remainder of the tools were of a newer design,
based on the lessons learned from the fuel channel
replacement work at Pickering G.S. in 1974/75. The
redesign of this tooling had just been completed and it
was possible to move quickly to have the new tools
manufactured.

Within two days orders were placed on various
manufacturers for $300,000 worth of tooling and these
tools were all delivered to Bruce G.S. within ten days.
This was only possible because of excellent coopera-
tion from the suppliers and a commitment by them to
work continuously until the tooling was completed.

Fuel Channel X-14 is at the bottom of the reactor,
well removed from the majority of the feeder pipes and
the headers. The radiation fields there were quite low,
and it was possible to do the work without a shielding
cabinet for the personnel. This permitted greater flex-
ibility for the work on the reactor face and all work was
carried out from special platforms mounted on the top
of the fuelling machine bridges.

(a)

(b)

Figure 3 Tool holder drive sleeve (e) and welOIng head (b)

4.3 Procedures and Training

While the equipment was being assembled, the pro-
cedures needed to remove and replace the fuel channel
were prepared. First the basic overall procedure was
defined and then the detailed procedures needed to
carry out each step were carefully planned, written and
approved. This was essential since the work would be
done in a radiation field and involved the movement of
highly radioactive components.

Once the equipment and procedures were prepared,
then training of the work crews began on a full size
mockup of the fuel channel. To ensure that the training
was as realistic as possible, the crews wore all



necessary protective gear, used the proper communica-
tions equipment and worked on two shifts during the
training period.

Training continued until the work crews were con-
vinced that the procedures and tools were fully accep-
table and that every person knew exactly what he had to
do.

4.4 OnReactor Work

The on-reactor work went quite smoothly due to the
careful preparation and training. Some unexpected pro-
blems were encountered with dirt and seizing of com-
ponents but they did not delay the work significantly.

The actual removal of the fuel channel, inspection of
the calandria tube and replacement of the fuel channel
only took five days and led to a total exposure of about
10 man-rem.

5. INVESTIGATION INTO CAUSE
OF CRACKING

The first phase of the examination is now almost
complete and it has revealed the following:

(1) The as-rolled pressure tube had high residual hoop
stresses of about 510-630 MPa (73-90 kpsi).

(2) The stress relief operation was successful and had
reduced the maximum residual hoop stress to
82 MPa (12 kpsi).

(3) The deuterium concentration in the pressure tube
near the rolled joint was higher than in the remainder
of the tube, as was found in the pressure tubes re-
moved from Pickering 'A'. This increased level of
equivalent hydrogen meant that at the time of the
last shutdown, in February 1982, hydrides were
present in the tube at temperatures up to 516°K
(243°C).

(4) Only one crack was found and it was a radial axial
crack 27 mm (1.1 inches) long, originating at the in-
side surface of the tube just inboard of the rolled
area. The origin of the crack was at the axial and
radial position of the maximum residual hoop stress
existing after rolling (Figures 4, 5).

5.1 Delayed Hydride Cracking

A large investigation was carried out to investigate the
pressure tube cracks found in Pickering G.S. 'A' in 1974
and 1975 (3) (4). The cracks were found to have grown by
a process called delayed hydride cracking which in-
volves the repeated growth and fracture of zirconium
hydrides at a stress raiser in the presence of a high ten-
sile stress.

The basic problem was traced to the amount of
clearance used in the rolled joint, which produced high
residual hoop stresses, compounded by incorrect loca-
tion of the rollers during the rolling, which made the
residual stresses even higher.

When this conclusion was reached it was too late to
modify the rolled joint design for Bruce G.S. 'A',
therefore all the rolled joints in Bruce G.S. 'A' were
stress relieved, following rolling, to reduce the residual
stresses.

In all CANDU reactors built since Bruce G.S. 'A', the
rolled joint design has been modified to eliminate the
initial clearance. This has significantly reduced the
residual stresses in the pressure tubes and stress relief
is no longer required.

5.2 Summary of Examination

The fuel channel removed from Bruce G.S. was shipped
to Chalk River Nuclear Laboratories for examination.
The initial phase of the examination has concentrated
on the cracked section of pressure tube, later phases
will make use of the rest of the fuel channel to extend
our knowledge of component condition after reactor
service.

Figure 4 Polar plot of maximum residual stresses In pressure
tube x-14 east following tube rolling

(5) The crack surface had two distinct regions (Figure 5),
a large area of white oxide clearly having long expos-
ure to operating conditions, and a recently exposed
area showing mainly a light blue oxide. The central
area of the white oxide was thick enough to have
existed since reactor startup.

(6) Examination of a non-stress relieved rolled joint
removed from Bruce G.S. Unit 2 In 1975 showed the
presence of some radial hydrides at the surface and
one cracked hydride about 0.20 mm (0.008 inch)
deep. These were all found in the region of peak
residual hoop stress, just inboard of the rolled area.



(a) Relative position of end fitting and pressure tube.
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(b) Picture of X-14 crack.

(c) Residual hoop stress distribution in pressure tuba
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5.3 Causa of Crack

Based on the extensive research done into the
mechanism and nature of delayed hydride cracking
over the past 7 years, and the results of the CRNL ex-
amination, it is possible to explain how the crack found
in fuel channel X-14 initiated and grew.

The Unit 2 fuel channels were installed In late 1972,
were eddy current Inspected in December 1974 and
were stress relieved between February and May 1975.
Therefore, the fuel channels in Unit 2 contained high
residual stresses for over two years prior to stress relief.

The high residual hoop stress would have caused
the gradual formation of a small number of large radial
hydrides at the surface of the tube. One of these
hydrides cracked and in December 1974 when the fuel
channel was eddy current Inspected, the crack had not
grown large enough to detect. By the time of the stress
relief In February 1975, the crack had grown large
enough that the addition of system pressure to the
residual stresses was enough to allow it to grow during

cold, pressurized, reactor shutdowns.
Most of the white oxide is too thick to detect bands,

but three outer bands can still be seen. The size of
these bands has been correlated with the cold shut-
downs in December 1980, January 1981 and September
1981 and the velocity of crack growth across these
bands is consistent with those obtained in laboratory
tests.

The final area of crack growth started during the hot
shutdown in February 1982 when the reactor was held
at 503° K (230°C) for 30 hours. Once the thin web out-
side of the white oxide cracked, the pressure tube leak-
ed and the annulus between the pressure tube and
calandria tube filled with water. The presence of water
in the annulus reduced the temperature of the pressure
tube and the crack grew at a temperature of 453-473°K
(180-200°C) for about 100 hours prior to the final shut-
down.

6. SAFETY CONSIDERATIONS

One of the inherent safety aspects of CANDU reactors
is that cracks in the pressure tubes will grow through
the wall and leak before the pressure tube integrity is
impaired. This has now been demonstrated at both the
Pickering and Bruce reactors.

Leakage from a pressure tube can be readily
detected by on-line instrumentation in the gas annulus
system and the leaking tube can then be identified,
removed and replaced.

Experimental tests have shown that the critical
crack length at operating conditions is so much longer
than the length of the longest leaking cracks that teak-
before-break is assured.

7. SUMMARY

Leaking fuel channels in a CANDU reactor can be readi-
ly identified, removed and replaced by station
maintenance staff using relatively simple tools.

The leaking fuel channel removed from Bruce G.S.
Unit 2 has been examined and the cause of the crack is
delayed hydride cracking, the same phenomenon which
caused the cracks found in Pickering Units 3 and 4 in
1974/75.

Since there was no prior thermal cycle to reorientate
a significant number of hydrides into the radial direc-
tion during the period when the residual stresses were
high, we do not expect there to be a significant number
of ctacked pressure tubes in Bruce 'A'.

In all reactors built since Bruce G.S. 'A', changes
have been made in the rolled Joint design to reduce the
residual stress levels below that at which cracks can in-
itiate by delayed hydride cracking.
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