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DISCLAIMER

This report was prepared solely for internal purposes. All parties other than
BC Hydro are third parties.

BC Hydro does not represent, guarantee or warrant to any third party, either
expressly or by implication:

(a)

(b)

the accuracy, completeness or usefulness of,

the intellectual or other propert rights of any person or party in, or

(c) the merchantibilty, safety or fitness for purpose of

any information, product or process disclosed, described or recommended in
this report.

BC Hydro does not accept any liabilty of any kind arising in any way out of the
use by a third party of any information, product or process disclosed, described
or recommended in this report, nor does BC Hydro accept any liability arising out
of reliance by a third part upon any information statements or
recommendations contained in this report. Should third parties use or rely on
any information, product or process disclosed , described or recommended in
this report, they do so entirely at their own risk.

COPYRIGHT NOTICE

This report is copyright by Be Hydro in 2005 and may not be reproduced in whole or in
part without the prior written consent of BC Hydro.
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EXECUTIVE SUMMARY

It is recommended that action be taken to address end of life and design deficiencies in

the GMS G1-4 stators. The only technically acceptable course of action for units G3

and G4 is stator replacement. For units G1 and G2 , refurbishment, at a lower cost than

replacement, may be acceptable depending on the condition of the core. However,

compared to stator replacement, refurbishment has higher risk, shorter life, and would

not address all design deficiencies.

The G3 and G4 windings are at imminent risk of failure, so replacement of these stators

should be undertaken as a priority. Based on the partial discharge and high-direct

voltage (HDV) step test results, both windings show signs of advanced dielectric
deterioration. For both units, the most recent high-voltage tests had to be terminated to

avoid impending failure. The 2004 inspections of both G3 and G4 found that the stator

cores are continuing to deteriorate and are now in very bad condition.

The condition and strength of the G1 and G2 windings are not known due to insuffcient

test data, but because of similar age, design, intervention history, and operating
conditions , they are thought to be similar to the G3 and G4 windings. The 2004 G2
inspection showed that the core exhibits the same symptoms as G3 and G4 , but to a
lesser degree (operating circumstances prevented planned electrical tests from

proceeding). The G1 core is thought to be in similar condition as the G2 core. The

relatively better condition of the G1 and G2 cores could be due to their operation as

synchronous condensers resulting in fewer startstop cycles and hence fewer thermal

cycles. But they also have more operating hours which negatively impacts winding life.

The G1-S generators were all designed , manufactured, and installed by Canadian
General Electric (CGE) in 1968 and 1969. When they were designed and installed,

these generators were among the largest generators in terms of capacity and physical

size manufactured by CGE or other manufacturers. Within weeks of putting the first

generator (G1) into service, problems were discovered relating primarily to: stator
winding slot discharge, thermal expansion of the core (including core waves), and frame

design. There were also problems with the circuit ring bus (replaced) and rotor pole
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overheating problems (addressed with addition of interpolar baffes). All the deficiencies

inherent in the original design were addressed to a certain extent through a number of

warranty claims and modifications in 1970s and early 1980s, but the damage already

done to the cores and windings was not corrected. In 1986, BC Hydro accepted a cash

settlement from CGE in lieu of any further warranty claims on these units.

During the course of the corrective actions taken by CGE , epoxy was used extensively

to stabilze the cores of all the units. For units G1-4, in addition to the epoxy,

semi-conductive room temperature vulcanizing epoxy (CRTV) was injected between the

bars and slot wall to reduce the slot discharge and physically stabilze the bars in the

slots. However, prior to CRlV injection, slot discharge caused up to 35% of the winding

groundwall insulation to be eroded. Both the epoxy and CRTV wil make it extremely

diffcult to remove the stator winding and doing so wil likely cause additional damage to

the core.

Unit G5 was rewound in 1975 instead of having CRTV injected (BC Hydro decision)

and, as a result, has a different history than the other units. It was again rewound with

the G1-5 spare winding in 1997 after suffering a severe (phase-to-phase) fault. The
condition of the G5 winding is better than the G1-4 windings and the core has the same

design-related problems as the G1- cores. There is no indication that any
G5 intervention is required at this time; however, regular tests and inspections are

recommended.

For units G1-4, the stator rehabiltation alternatives considered included: Minor

Refurbishment, Major Refurbishment (including a new core), and Replacement. The

present generators are rated at 239 MV A (227 MW) with a 15% overload rating of

275 MVA (261 MW).

For units G3 and G4, either Minor or Major Refurbishment are not considered to be

technically viable alternatives. This is in line with advice from an external generator

specialist (Breton , Banville and Associates) and CGE that recommended that the stator

cores in these units should be replaced when the winding is replaced. Major
Refurbishment (including a new core) wil require extensive modification of the frame

(e.g. replacement of the key bars); which is expensive and time consuming. In addition,
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not all of the design deficiencies could be addressed with this alternative (Le. the frame,

core and winding would all stil basically be the original design). At the overview stage,

it was estimated that the total cost of Major Refurbishment (rewind, new core and

refurbished frame) would be about 20% more expensive than Replacement.

Subsequently, with a high cost for less value, this alternative was not considered

further. Due to the advanced deterioration of the core , Minor Refurbishment alternative

has been determined not to be technically acceptable for G3 and G4.

For units G1 and G2, Major Refurbishment is not considered technically viable for

similar reasons as for G3 and G4. Minor Refurbishment for G1 and G2 may be
technically acceptable. However, the life of a new winding installed in the G1 and G2

existing cores is expected to be about half that of a new winding installed in a good

core. The final acceptabilty of Minor Refurbishment of G1 and G2 cannot be definitively

determined until the Minor Refurbishment is in progress and the complete winding is

removed from the core for a complete core inspection and test. If Minor Refurbishment

is not pursued, the G1 and G2 stators should be replaced in sequence following units

G4 and G3.

The scope of work identified for each of the two options includes:

Minor Refurbishment
Replace winding

Refurbish core at the splits and the
key bars

Replace laminations as required to
eliminate hot spots (about 30%)

Refurbish frame and radial keys
(realign at splits and sole plates)

Re-round core and frame

Instrumentation for winding

Replace coolers

Refurbish fire protection

Stator Replacement
Replace stators including:

winding

core
frame

cooling system

Instrumentation for winding

Refurbish fire protection
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Comparative cost estimates at a feasibility level were prepared for three alternatives:

Minor Refurbishment for four stators

Replacement for four stators

Combination (Minor Refurbishment of two stators and Replacement of two

stators)

The estimated total construction cost for the Replacement alternative is estimated to be

about 5% more than the Combination alternative.

For each alternative the expected winding and core life is:

G1 and G2 Refurbished Stators:

winding: 20 years (a range of 15 to 30 years)

core: also 20 years (a range of 15 to 30 years)

New Stators:

Winding: 35 years with a range of 25 to 50 years

Core: up to 80 years (core is expected to last for 2 rewinds)

The significant risks associated with each alternative are:

Current condition of windings:

the evidence of the G3 and G4 winding dielectric strength deterioration

indicates that the probability of an in-service failure is increasing; failure of

the winding can be considered imminent

Stator refurbishment (G1 and G2 only)

the true condition of the core cannot be determined until the winding is

removed and further testing and inspection can be performed

greater uncertainty of scope, schedule and cost

Stator replacement:

design changes (new or modified)

design, fabrication and installation "type" problems for four generators

abilty of new stator to deliver expected performance
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General Risks:

a G1-4 generator fails prior to refurbishment forcing Minor Refurbishment to

be performed.

a generator fails during the G1-4 refurbishment work and there is limited

room in the powerhouse to disassemble multiple units.

In June 2004 , to obtain a third party independent opinion, of Breton,

Banvile & Associates (BBA) was retained to carry out an inspection of G3, review

documentation, and to provide comments on the refurbishment and potential for

uprating units G1-5 generators. Highlights from the BBA report include the following

comments:

Due to historic slot discharge and resultant insulation damage, the risk of

in-service failure is high with these generators.

A failure of the windings, due to the insulation damage, could cascade with the

first failure causing subsequent failures and possibly even short circuiting the

generator protection leading to extensive damage to the winding and core.

To obtain the full life of a new stator winding, it is essential to either replace or

refurbish the cores. However, refurbishment could be expected to result in

higher costs and longer outages without addressing the design deficiencies.

To minimize outage times and risks, the stators should be replaced rather than

refurbished.

The key conclusions and recommendations from this feasibilty assessment are:

Units G1-4 require urgent intervention to address stator winding condition

because they are at end of life, or wil be by the time intervention can occur.

For units G3 and G4, stator replacement is the only technically viable alternative.

For units G1 and G2 , Minor Refurbishment of the stators may be technically

acceptable, but extensive testing and inspection is required to confirm this.

There wil also be residual risk that during the work new information may indicate

that replacement should have been undertaken.

Only complete stator replacement (winding, core, frame, and cooling system) wil

effectively deal with core and winding problems for all units. It wil also permit a

capacity increase to 321 MV 
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Intervention is required to reduce in-service failure risk based on the relative

condition and risk of failure for each unit and should proceed in the order G4,

G3, G1 , and then G2.

In the interim, prior to stator replacement, it is recommended that action be

taken to mitigate the potential risk of generator failures as follows:

Frequent inspections and tests

Cleaning of the windings as appropriate (G4 is scheduled for cleaning in the

first half of 2005)

For specific units, the use of operating orders to reduce stress on the

windings. This could include a " last on , first off order (G4 is currently under

this order) or a "constant load" order.

In general, more frequent generator inspections and tests (to the standard test

voltages) is recommended because this would make future assessments of

condition more definitive.
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GM SHRUM GENERATING STATION

G1-4 STATOR REPLACEMENT PROJECT

TECHNICAL FEASIBILITY ASSESSMENT

INTRODUCTION

The GMS G1-4 Stator Replacement Project began to be conceived after the

GMS G7 stator winding failed in service in October 2003. It was noted at that

time that G 1-4 windings were also at a high risk of failure.

The GMS Capital Plan included stator rewinds for G1-4 each year beginning in

2006 which corresponded with turbine upgrades that were also in the plan.

However, in the interim there was no spare winding for units G1-4. As a result,

Generation decided to initiate the G1-4 Rewind Project earlier than planned so

that the first replacement winding could be delivered early and serve as a spare.

The G1-4 Rewind Project has been approved for delivery of the first winding only

and this winding is scheduled to be delivered in May 2005.

In April 2004, detailed inspection and

Engineering under the direction of

core was found to be worse than

testing of G3 was carried out by
The condition of the stator

had been assumed, causing the
appropriateness of a simple rewind to be questioned.

To obtain a second opinion a generator specialist of Breton

Banvile, and Associates (BBA), was requested to inspect G3 and provide expert

advice on alternatives for refurbishment of the G1-4 generators. BBA's report

recommended that the stators should be replaced rather than rewound. Refer to

Appendix E for a copy of the report.

As a scope change to the G1-4 Rewind Project, an overview level review of

potential alternatives was carried out. The overview evaluated at a high-level

three main alternatives: Minor Refurbishment, Major Refurbishment, and
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Replacement. The result of the overview review was that the Major
Refurbishment alternative was not recommended for further analysis due to the

cost being higher than Replacement. Replacement was identified as likely to be

preferred over Refurbishment. The technical information that supported the

overview review is available Appendix D.

The GMS G1-4 Stator Replacement Project, Definition Phase was then initiated

to establish technical feasibilty through review of the present condition. historic

problems, and modifications of the generators. The technical feasibilty

assessment considers three alternatives: Minor Refurbishment, Replacement,

and a Combination alternative where two stators are replaced and two are
refurbished. Each of these alternatives is described briefly as follows:

Minor Refurbishment of the core (that includes work up to, but not including,

core restacking).

Stator Replacement (which includes new frame. core. winding, and cooling

system).

Combination of Minor Refurbishment on G1 and G2 and Replacement on G3

and G4.

For each of the alternatives, the following items are considered in the

assessment:

Scope, benefits, and risks of the proposed refurbishment alternatives

considering:

The previous repair history.

The uncertainty of the full refurbishment scope prior to disassembly.

The abilty of the alternative to effectively address the problems and

give reasonable operating reliabilty and life.

Other design and implementation benefis and risks.

Appropriate timing.

Capacity increase and other opportunities and risks.

Implementation methodology.

Other related work that may be performed concurrently:

Rotor field winding reinsulation.

Fire protection system refurbishment.
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PRESENT CONDITION OF EACH GENERATOR

The GMS generators G1-5 are all of the same vintage, manufacturer, and

design. They were designed, manufactured, and installed by the original

equipment manufacturer (OEM) Canadian General Electric (CGE) in 1968 and

1969.

The generators are rated at 239 MV A (227 MW) with a 15% overload rating of

275 MVA (261 MW). Since installation the generators have been operated up to

the higher rating.

Unit G5 was rewound in 1975 and, as a result, has a different history than the

other units. It was again rewound with the G1-5 spare winding in 1997 after

suffering a severe fault. The condition of the G5 winding is better than the G1-4

windings, and the core has the same design-related problems as the

G1.4 cores. There is no indication that any G5 intervention is required at this

time; however, regular tests and inspections are recommended.

This document focuses on refurbishment of the G1-4 stators.

G3 AND G4

The G3 and G4 generators are in the worst condition of the four. Recent

testing and inspection has revealed serious problems with the G3 and G4

stator windings and cores. The Equipment Health Rating (EHR) for both

G3 and G4 is "poor Refer to Appendix C for the EHR Technical

Prescription Reports.

Windina

Based on the high-direct voltage (HDV) step test and partial

discharge test results, both G3 and G4 windings show signs of

dielectric deterioration. (Refer to Appendix B for the stator winding

test results.) For both generators, the most recent HDV step tests

(performed in 2003 for G4 and 2004 for G3) had to be terminated
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because of large increases in leakage current. This indicated
imminent winding failure.

The 2003 and 2004 partial discharge (PD) test results for G4

show significant increases from the previous years. Partial

cleaning of the bottom end-turns in December of 2004 reduced

the PD readings , but the readings are stil considered to be large.

The specific cause of the large readings is not known. The PD

data for G3 shows that there is groundwall insulation

deterioration, and this could be a more significant problem than

the cause of the large PD readings of G4. Compared to the
industry PD levels (obtained from the Iris Power Engineer

database of over 4000 similar generators), G4 exceeds the 90

percentile and G3 exceeds the 75 percentile.

Inspection of G4 in December 2004 showed that the bottom

end-turns were moderately contaminated with brake and brush

dust. Inspection of G3 in 2003 showed that the bottom end-turns

were also moderately contaminated with brake and brush dust

and oil. Both generators have partial discharge damage to the

winding in the area where the winding exits the slot. In both

generators the slot wedges are loose, which indicates that the

winding may not be suffciently supported and this looseness

could contribute to slot discharge.

Core and Frame

The 2004 inspection of G3 and G4 found that the stator cores are

in very bad condition and continue to deteriorate. The cores are

not stable and continue to fret. This fretting is detrimental to the

winding because of mechanical damage and localized heating

from currents flowing between the laminations. The fretting could

even damage laminations enough to compromise the attachment

to the keybar and eventually allow the lamination to migrate into
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the winding. For more explanation of the effects of core problems

refer to section 4.2 "Core Problems

Specifically both G3 and G4 generators suffer from:

Severe lamination fretting at the keybars virtually all

around the stator. This fretting indicates that the back of

the core is loose and that there is excessive lamination

movement. This can cause damage to the inter-laminar

insulation and can lead to localized heating.

Severe lamination fretting at the core splits, including

areas that were repaired previously. This fretting indicates

that the previous repairs had limited success and lifespan

and that the problem is continuing. The fretting can cause

damage to the inter-laminar insulation and can lead to

localized heating.

Severe core waves with amplitudes in excess of 0.5 inch

(especially at the core bottom). Core waves indicate core

instability and can cause damage to the winding insulation

system and core laminations. Core waves may result

from insuffcient or uneven distribution of clamping

pressure, which can introduce gaps between laminations.

The gaps allow vibration of the laminations, eventually

causing damage to both the core and winding insulation.

In G3, lamination fretting of the upper five or six core

packets around virtually the entire stator circumference.

This indicates that the upper part of the core is loose and

unstable, and is a serious warning sign of core and
winding problems. In G4 there is also lamination fretting

in the upper part of the core, but it is less severe , affecting

the upper one or two core packets.

Fretting of the sole plate radial keys. This indicates that

the stator radial expansion is constrained and may not be

symmetric. Non-symmetric radial expansion wil cause

the air gap to be uneven and cause an uneven magnetic
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pull around the rotor that can negatively affect rotor

integrity.

Serious cracks in the grout pockets around most of the

sole plates. In some cases the grout inside the pocket is

fallng out. This indicates that the stator radial expansion

may be constrained and that there are significant radial

forces being applied to the sole plates.

Extensive leaking at various times from the stator

radiators. These leaks can, and have caused, winding
failures when water has sprayed onto the winding while

in-service. The continuing leaks indicate that the design

was marginal andlor that the radiators are reaching end of

life.

Much of the above problems results from deficiencies in the

original design. Many of the deficiencies were addressed during a

number of warranty claims and modifications made in the 

1970s and early 1980s. These modifications did not correct the

damage already done, they only contributed to slowing down the

process. The modifications are discussed in section 3.0 "History

G1 and G2

Although G1 and G2 appear to be in somewhat better condition than G3

and G4, the EHR is also npoor" for both. Refer to Appendix C for the EHR

Technical Prescription Reports.

Both G1 and G2 operate as synchronous condensers to provide voltage

support for transmission during times when GMS generation is low, so

they experience fewer starUstop cycles and thermal cycling but
accumulate more operating hours. The less frequent starts and fewer

thermal cycles wil age the winding and core less , but the larger number

of operating hours wil age the winding more. The net effect is diffcult to

predict.
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Compared to the industry PD levels, G1 exceeds the 25 percentie and

G2 exceeds the 50th percentile. Compared to G3 and G4 , the PD data

trends for both G1 and G2 are more consistent and have lower values

but based on the G3 and G4 data, the G1 and G2 PD data is expected to

increase over the next ten years. This indicates that the G1 and G2

windings are in better condition , but results from other tests are required

to make an accurate assessment of winding condition. Refer to

Appendix B for the stator winding test results.

There have not been recent high-voltage test results for either G1 or G2,

and this data is necessary for condition assessment. The most recent

high-direct-voltage (HDV) step test for G1 was in 1999 and this test was

successfully performed to the Maintenance Standard recommended

voltage of 29 kVdc. For G2 the most recent HDV Step test was
performed in 2002 but only to 25 kVdc and this voltage is too low for

assessment purposes. The most recent test to 29 kVdc was in 1978 and

this test is too old to be of use for condition assessment.

Due to the lack of recent and historic test data, it is not possible to

assess the present condition of the stator windings. However, because

the windings are identical to G3 and G4 , are of similar age, and have

endured similar historical problems, the windings are also thought to be

near end of life.

The 2004 G2 inspection showed that the G2 core exhibits the same

symptoms as the G3 and G4 cores but to a lesser degree. There has not

been a recent inspection Qf G1 , but the historical data indicate that it has

problems similar to G2.

ODeratina Historv

The available actual start and operating hour data for the four generators

was trended. The data begins in 1978 and all data up to the end of 2003
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is included. The total and average values for both starts and operating

hours are shown in the table below and graphs of the yearly and running

total data are also shown. Refer to Appendix A for generator history

summaries.

The data confirms that G1 and G2 are operated very similarly and that

G3 and G4 are operated somewhat similarly.

In terms of starts, G1 and G2 have about the same number of starts.
Compared to G1 and G2, G3 has about two-and-a-quarter times the
number of starts and G4 about three times.

In terms of operating hours, G1 and G2 have very similar totals and

averages, G3 has operated about 7% less than the average of G1 and

G2, and G4 has operated about 14% less than the average of G1 and

G2.

The fact that G1 and G2 operate in synchronous condense mode is

apparent in the data (more operating hours and less starts).

Table 1: Operating Hours and StarUStop Data

Total Actual Average Actual Total Operating Average Operating
Starts Starts per Year Hours Hours per Year
519 206866 7662

556 207795 7696

1214 192759 7139

1595 176260 6528
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HISTORY

Since commissioning, the generators have experienced a number of

design-related problems relating especially to slot discharge and the lack of

provision for radial expansion. These problems include stator winding
groundwall erosion due to slot discharge , sole plate radial key fretting and grout

pocket concrete cracking, core distortion (core waves and chevrons), loose and

misaligned pressure fingers, and loose core laminations.

Despite modifications performed in the 1970s and 1980s, all these problems stil

exist and to some degree cause problems for the generator. Two additional

design-related problems were successfully addressed by modifications and

these are circuit ring bus overheating and rotor pole overheating.

Desion Problems

The GMS G1- generators were among the largest generators (in

capacity and physically size) manufactured by CGE in the late 1960s. As

was typical of the time, the stators were factory-assembled in four

segments. This means that for each segment. the frame was
assembled, the core stacked, and the winding installed in the factory.

The four segments were then shipped to site for assembly. Also typical of

the time , the core and frames were designed without provision for radial

expansion.

Within weeks of putting the first generator (G1) into service , problems

were discovered relating primarily to stator winding slot discharge and to

the lack of radial expansion in the core design. Despite modifications,

these problems are the cause of much of the problems stil experienced

today. There were also circuit ring bus and rotor pole overheating

problems and for completeness these are briefly included.
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Circuit Rina Bus Overheating

The circuit ring buses were initially undersized. This caused

severe overheating, smoke alarms, and in some cases water

deluges. The rings were replaced under warranty in the late

1970' s with larger cross-section rings, and this solved the
problem.

Rotor Pole Overheatinc

Initially, the rotor pole temperature exceeded the temperature

specified in the generator contract. In 1971, inter-polar baffes

were fitted to increase airfow velocity across the pole windings,

and this solved the problem.

Stator Winding Siot Discharge

The GMS G1-5 stator winding bars (coils) were one of the first

instances of an CGE "epoxy-mica" design. At GMS it was

discovered that this design is much more thermally dimensionally

stable than previous designs (i.e. polyester-mica or asphalt mica),

so the bars did not increase in size with temperature as much as

was typical for the previous designs. This caused the bars to be

slightly loose in the slot and caused the bar groundwall insulation

to be insufficiently grounded to the stator slot. (The design of the

slot-packing was a contributing factor. ) The result was a build up

of charge on the bar surface that produced severe partial

discharge (slot discharge), mechanical vibration, and erosion of

the groundwall insulation. The problem was so severe that within

a few years, as much as 35% of the groundwall insulation had

been eroded, causing the dielectric strength of the insulation

system to be compromised.

The slot discharge and bar insulation erosion problems were

mitigated by CRTV injection (discussed later in this document),
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but this cannot be considered a "repair . The lost insulation was

not replaced and the bars have since operated with a voltage

stress in excess of the design stress. This has caused
accelerated ageing of the windings and is thought to be one of the

primary reasons for the windings to show evidence of decreased

dielectric strength during testing. It is also one of the primary

drivers for placing a high priority on winding replacement.

1.4 Core Problems

For the GMS G1- generators, the original design had no
provision for radial expansion. Consequently, as the generator

temperature increased during operation , rather that being allowed

to expand, force built up in the core and frame in the radial and

circumferential direction. This force was primarily concentrated in

the following locations:

Where the frame was connected to the powerhouse
(resulting in cracked concrete at the sole plates).

At the interface between the core segments (resulting in

chevrons at core splits).

Within the core segments (resulting in core waves).

At the core clamping system (resulting in damaged

pressure fingers).

Each of the above problems was discovered very shortly after the

in-service date for each generator, and each is discussed in the

sections that follow. All of the problems continue to some degree

and are one of the primary drivers for major refurbishment or

replacement of the stators.

(a) Sole Plate Radial Kev FrettinQ and Cracked Concrete

As the generator temperature increased, the thermally

developed force in the core and frame exerted pressure

on the sole plates in a radially outward direction. Because
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the stators were designed with no provision for radial

expansion, the force caused cracks in the concrete

grouting. Modification by the installation of radial freedom

keys largely dealt with the problem (discussed later in this

document), but the degree of residual damage to the

concrete and anchor bolt system is unknown. Refer to the

figure below that shows fretting around the radial key and

a crack in the concrete.

Figure 3: Fretting at the Sole Plate Radial Key and Concrete Crack

(b) Distortion of the Core at the SDlits (Chevrons)

In addition to the thermally developed radial expansion

force, a circumferential compressive force is created in the

core from the lack of radial expansion abilty (the core is

constrained by the frame). At the interface between the

core segments (core splits), the compressive force causes

two types of core movement: axial and circumferential.

Axial movement occurs when adjacent core
sections become displaced relative to each other

and no longer align in the axial direction.
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Circumferential movement occurs when the

lamination packets buckle (creating

The bucking can be either in the

downward direction.

chevrons).

upward or

Both the axial movement and chevrons were noticed early

in the life of the four generators. Sole plate modification

appears to have retarded the advancement of the
distortion, but the distortion that developed prior to the

modification still exists and stabilzation efforts have not

been completely successful. The distortion is cause for

concern because it causes mechanical damage to the

stator bar insulation system (cutting and erosion) and

damage to the core itself (fretting)-both of which

accelerate the ageing process. Refer to the figure below

that shows axial displacement, chevrons, and severe
fretting. Also note the dark brown area in figure the where

multiple coats of penetrating epoxy have been applied

over the years to stabilze the laminations. The fretting is

an indication that the laminations are not stable.
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Figure 4: Fretting at a Core Spli

(c) Distortion Between the Core Selits (Core Waves)

The thermally developed circumferential compressive

force also caused the core to buckle within an individual

core-segment. This resulted in sections of the core being

axially displaced for many slots (a "core wave ). Core

waves were noticed early in the life of the generators, and

the sole plate modification appears to have retarded the

advancement of the waves, but the waves that developed

prior to the modification stil exist. Core waves can cause

localized looseness of the core and mechanical damage

to the stator bar insulation system, so this movement is a

cause for concern. . Refer to the figure below that shows

severe core waves. Also note the dark red area in the

figure that is fretting.
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(d)

Figure 5: Core Waves

Loose Pressure Finaers

Pressure fingers are part of the core clamping system and

provide axial clamping pressure to the stator core. In the

original design. the pressure fingers were spot welded to

the end-most lamination and this proved to be ineffective.

The welds broke and the pressure fingers twisted and

migrated into the airgap, causing laminations to break and

stator bar insulation damage.

During the first years of operation. in an attempt to
stabilze the pressure fingers. many days were spent
applying resin and welding the fingers. This problem was

so severe that in 1969. inspections and repairs were
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carried out on a weekly basis in an attempt to find and

correct the problems before winding failure occurred.

The sole plate modification to allow radial freedom and the

welding operation to stabilize the pressure fingers

(discussed later in this document) appear to have mainly

resolved the problem, but the pressure finger location is

still less than ideal. Fingers are misaligned in both the

radial and circumferential direction and this is cause for

concern because the pressure fingers are a key

component of the core clamping system. Successful core

clamping depends on a number of inter-related factors
including the design and location of pressure plates and

fingers, appropriate and sufficient clamping pressure, and

the location and elongation of core studs. Based on the

core waves, chevrons, and lamination fretting at the

keybars, the core appears to be loose and unstable.

Refer to the figure below that shows the epoxy treatment

to a pressure finger. Note the red area that is fretting

indicating that the laminations are loose.

Figure 6: Epoxy Treatment at Pressure Finger
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(e) Loose Core Laminations

Within a week of commercial operation of the first unit

stator laminations began deteriorating due to looseness.

This occurred mainly at the slot ends where pieces broke

off and lodged in the end winding. The problem was

exacerbated by the pressure finger looseness described

above and continued until the pressure fingers were

welded to the pressure plates (discussed later in this

document).

The core looseness at the back (next to the frame) was

discovered early on and continues to this day. It is the

primary cause of the fretting corrosion at the key bars and

splits.

Refer to the figure below that shows an example of fretting

at the keybars. Note the red areas that are fretting and

indicate that the core is loose.
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Figure 7: Lamination Fretting at Keybars

Modifications

In an attempt to address the design-related problems, significant

modifications were performed including CRTV injection, sole plate

modification, and pressure finger welding. These modifications were

reasonably successful, but did not reverse the damage already incurred.

CRTV Injection

CGE developed a semi-conductive room temperature vulcanizing

rubber (CRTV) injection technique to address the slot discharge

problem. Using access via the airducts, CRTV was injected

between the bar and the slot wall to provide the necessary
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electrical connection and mechanical stabilty between the bar

and slot. The procedure was implemented in 1974 and was

improved as each of the G1-4 stators was injected. Note that the

CRTV did not replace the eroded insulation or restore the

insulation integrity to the winding.

Because of commercial requirements, G5 was not injected at the

time. Rather than being CRTV injected. because of reservations

about the unproven nature of the CRTV injection, G5 was

rewound in 1975 with an ASEA winding. In 1997, after a
phase-to-phase fault, G5 was again rewound with the other ASEA

winding that was purchased in 1975. It is because of the rewinds

that G5 is not included in the discussion of the GMS G1-4 stators

(the stator winding is not yet at end of life).

Sole Plate Modifications

In 1980 and 1981 , the sole plates and stator frames of G1-4 were

retrofitted with provision for radial expansion. This modification

appears to have been successful because the rate of progression

of the previously discussed problems (chevrons, core waves,

loose pressure fingers) has slowed. Severe chevrons and core

waves remain but appear to be relatively stable. The loose

pressure fingers also appear to have stabilzed.

However, the cores remain loose and the severe fretting

continues. The damage incurred prior to the modification remains

and continues to prematurely age the stator winding and limit the

future performance of the generator.
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Pressure Finaer ReDair

In an effort to stabilze the pressure fingers and top laminations,

copious amounts of epoxy were applied to the pressure fingers

and end-packet laminations. AU attempts proved unsuccessful. A

procedure was then developed to weld the pressure fingers to the

pressure plates. This proved successful and was implemented

on aU units by 1981. However, because the welding was done in

situ after previous repair attempts and finger and lamination

movement, the pressure finger locations remained less than ideal.
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DISCUSSION OF COMPONENT PROBLEMS

The present problems for the GMS G1-4 generators result primarily from
design-related problems. The fact that the generators are approaching 40 years

of age is a contributing factor. The problems experienced today consist mainly

of winding problems. (slot discharge and reduced dielectric strength of the
winding) due to the design and age and core problems (fretting and erosion
chevrons, and core waves) due to the design problems.

Windina Problems

There are problems with the stator winding that relate to the initial slot

discharge problem. These problems are ongoing slot discharge and
reduced dielectric strength of the winding.

Siot Discharoe

The original slot discharge problem was extremely severe. 
appears to have been mitigated by the CRTV injection , but the
slot discharge activity stil exists to a ' small degree. Based on
industry experience, once slot discharge activity exceeds some

threshold, the activity will quickly progress and cause winding
failure within months or a few years. Slot discharge occurs in the

slots containing bars at a voltage from about 70% to 100% of the

line voltage, so many bars are affected. This means localized

repairs are not possible.

Dielectric Strenath

The dielectric strength of the windings has been reduced due to

the slot discharge problem. As much as 35% of the groundwall

has been eroded and this creates more voltage stress in the
winding than it was designed for. The fact that 37+ years of life

have been achieved with the higher-than-designed-for voltage

stress is remarkable.

Be hgdro 
ENGINEERING

Report No. E335
January 2005

WPR-2222
Not to be reproduced without the perission of BC Hydro



GM Shrum Generating Station
G1-4 Stator Replacement Project - Technical Feasibilty Assessment Page 4-

The recent high-voltage testing on G3 and G4 indicates that the

dielectric strength of the winding is poor and less than industry

standard for continued operation.

Because of limited recent test data for G1 and G2, it is not

possible to determine if these windings are suffering similarly to

the G3 and G4 windings. But, given the similar age and histories,

the condition is expected to be similar.

Further evidence of the ongoing weakening of the insulation

system is the failure history of G4:

1976: Generator failed in-service and 120 bars were

replaced with refurbished ex-G5 bars.

1998: One bar failed at 27 kVdc during test.

2002: High-voltage test terminated early (at 25 kVdc) due

to a large increase in current (indicating imminent failure).

2003 and 2004: Partial discharge test results show

significant increase from the previous years.

Also in 2004 , the G3 high-voltage test was terminated early (at

25 kVdc) due to a large increase in current.

Core Problems

In general, any core movement or overheating wil reduce the capabilty

of the inter-lamination insulation. When the insulation becomes

suffciently deteriorated, currents will flow between laminations causing

electrical shorting and heating. This heating can further deteriorate the

inter- laminar insulation and thermal runaway can occur. The developed

heat can be suffcient to melt the core laminations and can lead to

winding failure. Even if the developed heat is insuffcient to cause
lamination damage, it can be suffcient to cause localized heating of the

winding insulation system and cause winding failure.
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Slot Erosion

Slot discharge erodes not only the winding groundwall insulation

but also the slot wall. This means that even after cleaning, the

slot wall surface may be irregular and may cause problems for a

newly installed winding. Slot discharge problems may result

which may lead to reduced heat transfer from the winding to the

core and cause the generator to run hotter.

Slot wall erosion was observed in the core during the 1997 rewind

of GMS G5 where the damage to the slot wall was severe.
The G1-4 generator slots are expected to be in similar condition

and this may reduce the quality, life expectancy, and capacity of

the stator if only the winding is replaced.

Core-Split Frettina

In varying degrees between generators, there is significant

lamination fretting at the core splits (where the laminations of one

section have abraded against the laminations of the adjacent
section). The fretting has deteriorated the inter- laminar insulation

and caused lamination shorting and localized heating. 
secondary effect is that the fretting reduces the amount of core

material and that the air space between the core sections is

increased. This increases the reluctance of the magnetic circuit

and reduces the generator effciency.

Chevrons

There are significant chevrons at the core splits in the three

recently inspected generators. The chevrons have also caused

the width of some slots (especially at the splits) to be different

than designed. In some cases, the slot has become wider and

caused bar looseness, slot discharge, and mechanical erosion of
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the groundwall insulation. In other cases, the slot has become

narrower and caused the insulation system to be subjected to

compressive forces for which the bar was not designed. Either

can cause winding failure.

2.4 Core Waves

All four cores suffer from severe core waves. If stable, core

waves may not necessarily be detrimental to the winding. There

is no recent information about core wave stabilty for the G1-

generators; however, based on the fretting, the uneven core

movement, and the uneven radial expansion, industry experience

would indicate that the core waves are not stable.

If the core temperature is increased either by inter-laminar

heating or by an increase in generator capacity, the core waves

may become unstable and may negatively impact the winding.

Kevbar Frettina

There is , in varying degrees between the inspected generators,

significant lamination fretting at the connection to the key bars.

The fretting can cause shorts between laminations, localized

heating, and ultimately bar failure.

Frame Problems

There are problems with the stator frames that relate to the design and

initial lack of provision for radial expansion. This radial expansion leads

to the related problems of end plate design , cooling limitations, sole plate

alignment, and grout cracking.
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Radial Expansion (Radial Freedom)

The frames were not originally designed to have provision for

radial expansion to accommodate to thermal expansion effects.

The previously discussed sole plate modifications improved the

performance of the core and frame. However, in addition to the

core split fretting, fretting has also been observed at the sole plate

radial keys and anchor bolts. This indicates that the frame

movement may stil be restricted. Measurements in 2004 of G4

radial expansion indicated that the frame does not expand
symmetrically.

End Plate Desian

Core expansion during thermal cycling is also constrained by the

design of the end plates. The two end plates (one at the stator

top and one at the bottom) are double the thickness of the
intermediary plates. This difference in thickness causes
non-uniform stiffness in the axial direction and causes the core to

be constrained at the top and bottom. Both chevrons and core

waves can result from this type of constriction. It may also

aggravate the loose pressure finger problem.

Coolina Limitations

The frame design also limits the capabilty of the cooling system

due to radiator placement and airflow path. In the existing design,

two radiators are located in each corner of the generator

enclosure, but new generator designs have the radiators directly

mounted onto the back of the stator frame. This arrangement

provides more effcient airfow and thus better cooling effciency.
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3.4 Sole Plate Alianment

The frame modification to allow for radial freedom was
undertaken with the stators in place. It is unknown how
accurately placed and aligned the sole plate radial keys were.

The evidence of fretting at the keys indicates binding is occurring,

and this may be related to misalignment.

Sole Plate Grout Crackina

Prior to the sole plate modifications, the radial thermal expansion

force caused damage to the concrete around the sole plates. The

modification to allow for radial expansion appears to have

reduced the radial force and no further damage should have

occurred. Recent inspections in 2003 and 2004 show concrete

damage, but it is unknown how much of this has occurred since

the modifications. The condition of the anchor bolts and grouting

under the sole plates is unknown, but hidden damage is likely.

Coolina Svstem Problems

Inspection of the radiators has shown that the coolers are in poor
condition and that leaks are not uncommon. The coolers are marginally

sized for the generators and cannot withstand full penstock pressure. 

any capacity increase is desired, the coolers wil have to be replaced with

larger ones.
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FUTURE PERFORMANCE CONSIDERATIONS

The problems with the stator can have an effect on future work performed. The

effect depends on the amount of work contemplated. Increasing the number of

refurbished components wil reduce the risk of problems from the historic

design-related problems, but increase the operating risk exposure due to the

remaining components with problems and implementation risk due to factors that

cannot be known unti disassembly.

Failure Risk with the Existina Stator Windina

The failure risk with the existing stator windings is considered to be high.

The historic and recent evidence of the G3 and G4 winding deterioration

indicates that the probability of an in-service winding failure is increasing.

Failure of the G3 and G4 windings can be considered imminent. It is
impossible to predict when the failure wil occur because the root cause

is usually some external event such as a voltage spike. Because the

problem is widespread, localized repair wil not be effective. The repair

must be made to the entire winding; therefore, winding replacement is

required.

The condition and dielectric strength of the G1 and G2 windings is not

known due to insuffcient test data; however, because they are from the

same manufacturer, are of similar age, and have similar operating
history, the condition is thought to be approaching that of G3 and G4.

Failure is predicted to be imminent by 2009/2010 where refurbishment is

planned for G1 andG2.

Winding failure wil most likely begin as a phase-to-ground fault and
cascade into a phase-to-ground-to-phase fault. Phase-to-phase faults

are very destructive to the winding, core, and rotor, and are expensive to

repair. A recent example is the 2003 GMS G7 repair that cost $6. 1 M and

took seven months to complete.
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Failure Risk with a New Stator Windina

The failure risk with a new stator winding installed in an existing core is

considered to be high , especially for G3 and G4. The risk for G1 and G2

is considered to be less, and more information about the condition is

required to better determine the risk.

The multiple problems with the cores (fretting and movement) all present

risk of core and winding failure due to lamination shorting, localized

heating leading to thermal runaway, core melting, and winding insulation

failure. Additionally, because of the CRTV injection and epoxy

application , the winding wil be very difficult to remove from the cores and

more core damage is expected (this is discussed in more detail later in

this document).

For all four generators, the true condition of the core cannot be
determined until the winding is removed and further testing and
inspection can be performed, but based on the historic and present day

problems, the prognosis is not likely to improve with the additional

information. The only way to sufficiently address the core problems and

achieve the expected life for a new winding is, at a minimum, to restack

the cores.

If a new stator winding were installed in either of the existing G3 and G4

cores, because of the unsatisfactory core condition, the winding would

not achieve the desired life expectancy. Deterioration to the winding wil

occur due to mechanical movement and localized overheating of the
core. The life of the core or winding is impossible to estimate. Failure

could occur within weeks of re-energization or it could take 10 or more

years.

The G2 core appears to be in slightly better condition than the G3 and

G4 cores, so the expected life of a new stator winding in the G2 core may
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be longer. However, winding life is expected to be about half of a new

winding installed in a good core.

The G1 core has not been recently inspected so the condition of it is

unknown. Because G1 and G2 have similar operating histories, the core

condition of G1 is thought to be similar to that of G2. This means that the

life of a new winding installed in the G1 core is also expected to be about

half that of a new winding installed in a good core.

An increase in generator capacity would change the thermal regime of

the core by increasing the maximum operating temperature. Any change

to the thermal regime of the cores would increase core instabilty, reduce

the expected winding life, and increase the failure risk. However, using a

present-day design and winding technology, a new winding may have

additional copper (10-15%), and may provide a small amount of

additional capabilty. Based on the technical data provided by GE, as part

of the spare winding contract, it is estimated that a maximum of 312 MV 

may be possible in the current cores if the cores are in as new condition.

Frame Damaae Risk

In addition to risk posed to a new winding by the existing cores, the

existing frames pose risk to a restacked core.

The extensive lamination fretting at the keybars implies that there may be

damage to the keybars from the fretting laminations. Therefore, some or

all keybars may need to be replaced if the core is to be replaced in the

existing frames.

During construction, the keybars were located using the lamination

dovetails as reference (rather than by dimension a is present day

practice), and therefore keybar location may be less than ideal and could

be a contributing factor to the core waves. An additional benefit of
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keybar replacement would be improved keybar location, and this would

reduce the risk of core waves in a newly stacked core.

The existing frames have non-uniform radial stiffness because they were

designed as separate quadrants. A new core could be continuously

stacked, but the frame was not designed with radial freedom and uniform

radial expansion in mind. This increases the risk of core waves and an

uneven airgap in a new core if installed in existing frame. It also presents

a risk that rebuilding the new core to acceptable tolerances may not be

possible.

Another problem with the frames is the non-uniform axial stiffness due to

the two end plates being of double thickness compared to the
intermediary plates. Present day practice would have the end plates be

similar thickness to the intermediary plates. The non-uniform axial

stiffness increases the risk an uneven airgap and of core waves in a
newly stacked core.

The existing frame also has cooling limitations due to the radiator

placement and inefficient air path. Present practice is to place the
radiators directly onto the back of the stator core to improve the cooling

and minimize the airflow restriction.

ImDact of Modifications on Future Work

Some of the modifications performed to address the winding and core

problems negatively affect possible future work. The degree of diffculty

and effort required to remove the stator winding and unstack the stator

core wil certainly exceed the normal effort (e.g. G7 rewind experience).

. The risk of damage wil also be increased.

5.4. Windina Removal Diffculties

Stator winding removal wil be extremely difficult because of the

CRTV injection and repeated epoxy application. CRTV was
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injected between the bars and core to reduce the slot discharge

and stabilze the bars in the slots. This CRTV had a paste-like

consistency when installed and wil have "glued" the bars into the

slots.

Epoxy was painted onto the bore face, around the end-packets,

between the pressure fingers and laminations, around the
pressure fingers, and on the core back. A significant portion of

this epoxy wil have migrated into the slot where it will have also

glued" the stator bars to the slot wall.

Both the CRTV and epoxy wil make it extremely diffcult to
remove the stator winding and doing so could damage the core.

This is because bar removal wil require large amounts of force to

break the bond between the bar and the slot wall and overcome

the friction force of the CRTV.

Once the bars are removed, cleaning the CRTV from the slots wil

take a long period of time (several weeks with a large crew of

double shifts), and therefore wil extend the duration of the rewind

activity. At the end of the cleaning, because of the slot discharge

(as discussed earlier), the slot wall condition may stil be poor.

Core Unstackina Diffculties

Core unstacking wil be diffcult because of the CRTV injection

and epoxy application. This wil be especially true at the core

ends where a large number of applications of weeping epoxy
have been applied. The purpose of the weeping epoxy is to

consolidate adjacent layers of laminations, so separation wil

obviously be made more diffcult. In general, any unstacking work

wil be more diffcult, take longer, and have an increased risk of

damaging the laminations and other components (which will limit

reuse of old laminations).
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