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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.

120



CANDU MAINTENANCE CONFERENCE 1995

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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