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CONFIDENTIAL

BRR 45 L{ Background rev 10-15-16hmc

The Bartow Combined Cycle Steam Turbine 4s (COE mid-2009) last stage blade (L-0) issues started with a- --
routine visual insoection that lead to a f,qrggd Sq!?Cg_l!,?0_12_ aftefjlst ! y.?!!_gf_i! !erv!!el!4lej yergl_,

cracks and chips were found on the blade mid-soan snubbers . The

eenerator end was undamaqed and turbine end L4's were replaced. The OEM concluded in a root cause

investigation the cause of the issue was last stage steam flow rates beyond their design limits forcing non
synchronous blade vibrations and subsequent wear and fatigue of the mating blade contact surfaces. {1_g!g1g

liEe.3rqql llg!v_@
desisn limit thus restrictinq output. Jle unit!9!!i'!qgq!ol@ Fore
rugged design upgrade;vas dev-elopsq ?!. @jvailable.

It is imoortant to note that this turbine was oririnallv desiqned for another oroiect and built bv the OEM. but
not shipoed. lt was subseouentlv reaoplied to the Bartow oroiect with the limitations in turbine output shown

on the heat balances and other documentation orovided. However. it was much less clear about the exhaust

flow limit the output limit imolied since this pressure and flow limit is not clearlv stated on the documentation

Fiven.

Inig!!@ls3planned outage replaced the original design bladg1@l
that included hard facing gl-the mid-soan snubber wear surfaces. lt shoiJld be noted that the oriqinal
penerator end blades. and the 2d sFt of turbine end bl

continued ooeration.

J4fglGllgg.presented by lhgOEM lhggglltestjalA indicatingan improvement of lyg3Uglegllfatigue tife 7'
by a factor of x10 with the€ddlli@gbbglgl_l@coating; as well as a significant reduction In_ggl]lgct {rlqqql
the revised design promised, Previous to the aoolication of the revised blades.J!_e-OEM root cause was,
questionedAnd challgllgg4luo Japanese executi CU${q
questions and data presentgg[ allowed the Legacy Progress team to conclude that if we had a three year life
blade and improvements could give more that x1Q the goal a reasonable life ( > 15 yrs) was very likely. g
contract for orocurins and testins this revised uoqraded blade also added protection and reduced risk with a 6

yr warranty 3 yr full remainder prorated, a significate upgrade from 1 or 2 yr full warranty. This seemed an

adequate choice to justify the decision to plan and schedule this 2Ql5_g!la_gg Vlt_tr tllg,qpgEdeq qlSde.

rhele$jbtellhe-0s_bEdeijlqlled s!4iag?g€_testins in the olM &Slli!y,J!tisl-, --lrvCw4leJi.9q, 
qqd l!:

€qr$qei! JCEgle$[C at site w!!IqllloldlEilL 4!$epl9xs9!g!!e_qld practical *ere tak
design was going to be successful, and the team performed due diligence with the choice to select the
redesigned blade and validate it withputl4qqq'BlJegIF-f-gt !!nflpglfqqqq, The_tgs1rng_lid lgveqla4
"avoidance zone" or combination of steam flow and condenser baclp199qqq1!h4 wef$frygfLS1blade
stresses above desirable levels. When the unit was returned to service and released for operation with this
"avoidance zone"r.i!was i4lelQedJhat thg, unit not be

ln early !pfj0&2016. an inspection that was expected to be routine and have no findings revealed damage at a
blade tip @Lthat rendered the unit at a high risk to return to service by the OEM. The blades were
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CONFIDENTIAL

replaced in Mav 2015 with a second OEM design modification that included adding more hard facing tolhe'Up -.

4glE[contact surfaces.

rhqlunit @!a!!c!Li!ly!e 2q1! ind&!-sdiully lqqtrylsn_a slgp ghalCej| rllEllon.gf-appfgdmatelygE -
mils at the LP bearinss-occurred. @n addition_9! l@!b!q!,4elgg€$!IId4_
Aug 2016. -The
Slifhe$_llg_Duke team was not comoletelv comfortable with the OEM'S explanation and while we feltJbat.

Jotor lra9tl_ojl4gy-Irelqlllely.it_'re! pg,s!l!te, en{Uetefore thelntt 4eqqgfto q_e-shut down for a viquql

inspection. Commercial load demandt two hurricanes and other unit outages postponed this inspection until '

midpct 2016. - _

This recent inspection revealed the cause of the vibration changes to be significant mass loss of three separate

L-0 blade-gp4lgfgs - one on the turbin l!-et!Cl!19!.!llca9!
one mid-soan snubber has failed. The datajlg!!91q.eq9 gflhe blade.s pdyfen9q dqyggtgf_lq_fgtliry, _\
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Insoection ofthe data reveal that the orisinal desisn in time intervals 1 and 2 onlv had the mid-toan snubber

failure of the orisinal turbine end {TEl blades - and the 18 time interva!ngarlv

above the OEM limit, In time interval 2, no failures occurred and there was onlv t hours of opetation slirhtlv

above the limit. This means that the renerator end (GEl blades ran nearlv 50,000 hours with no failures.
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This is in contrast to time interval 3 where failures occurred after onlv 11.5 khrs of operation with onlv 240

hours above the oriqinal limit - and interval 4 with onlv 3 khrs of ooeration and iust over onlv,1 hour above the

original flow limit. The data clearlv sursest that retumins to the oririnal desiqn. and limitinr the lP exhaust
pressure to 123 psis (not sure I'm readinr that riqht off the qraohl. which will sive aooroximatelv 400 to 405

MW with 4x1 ooeration, will rive much more acceotable life than the modified desicn,

Fg!!tmery_S!_or!!

While there are many significant points and facts to be concluded from the data being presented, a glaring fact

that surfaces is the more we improved the blade design (two modifications, three versions tested) and

simultaneously reduce the time at excessive flows, Jhe shorter the blade service interval-bg! becomq, lt was .-

never obvious earlier in the spring 2016 failure because the time operations exceeded the pressure was the

focus of the second yet incomplete RCA, No one knew the first service run had so many hours above the later

imposed pressure limit.

While in the period I there were 33K hrs available and 2500 hrs with high pressure operation, There were no

blades found with complete @lguug loss and no step changes in vibration were encountered.

Compare this to period lll with 11k hrs and 240 hrs with high pressure. This is the first design modification

compared to the original design we were trying to improve. The life decreased by x 1/3 rather than increase

by x10 . The high pressure hours did decrease from 9% of the time period to 2%, but the blade service life still

decreased. This is counter to the expected result.

In period lV the unit ran 3k hrs with 1.15 hrs at high pressure. This is the second design modification, The life

decreased to " x /10 not x10 as advertised. lf you consider the unit actually failed a blade 30 days after restart

when the vibration changed " 700 hours the decrease in life is even less x V10 to approx. x 0.2. Or effectively

the second design modification, with pressure restrictions, gave 2% of the life of the original design with no

pressure restriction.

For these reasons the recommended direction on the current repair ( fall 2016) js to return to the original _

blade design {no hard facing) with reasonable operational restrictions on steam flows and pressure limits.

These restrictions need to be part of the control logic and not an operator or supervision option to interpret.

lf this style blade is not quickly available the option of inspecting and installing the blades removed in 2012

should be evaluated against an extended outage waiting for blades. This is not the first recommendation.
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9pinion

These facts supported by actual experienced field data suggest the proposed OEM root may not be

for a betterinclusive of all interactions possible. lt also suggests the following points need to be

RCA

Quality of coating (workmanship)

o ls coating not adhering. Some evidence in visuals to date

o ls process changing fatigue strength of base material

o ls coating non uniform allowing higher partial face contact stresses

o other

Quality of blade assembly (workmanship)

o Are the high vibrations we experience on return to service causing additional stresses.
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MHI has low speed field balanced twice now with both attempts resulting

pressure turbine vibration post outage than pre outage.

o Are the hardened faces being damaged as blades are being hammered in the fan

o Other

Design

o Did blade tunlng change design modifications and a higher frequency mode get

Lls there some yet to be found driver for the fatigue the design changes are not

life is becoming shorter,

not aoparent on the orklnal blades - this ls near where the crackinr occursl.

o
o' Other

more Low
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BRR45 L-0 Back8round rev 10-15-16hmc

The Bartow Combined Cycle Steam Turbine 4s (COE 1g!g!;2009) last stage blade (14) issues started with a' - -
routinevisual inspectionthatleadtoaJorcqdoutqgsin_2012afterjust3le,qf ql]n-:gffqqtime.Several.,-'

cracks and chips were found on the blade@-dlhg.lgu!g-@'The
senerator end was undamased and turbine end L{'s were replaced. The OEM concluded in a root cause

investigation the cause of the issue was last stage steam flow rates beyond their design limits forcing non

synchronous blade vibrations and subsequent wear and fatigue of the mating blade contact surfaces. At that .'
time. \he OEll legglredF limit to the !9 !!m!l sLeaqlLqlv into the LP=sect '
desisn limit thus restrictinq outDut. -The u!1! cq!!!!9q!!!1 at the orisinal desl q!!il q !l9lg
rugged design upgradeyr-as developed and 4Sdgavailable.

It is imoortant to note that this turbine was oriqinallv desisned for another proiect and built bv the OEM. but

not shiooed, lt was subseouentlv reaoplied to the Bartow oroiect with the limitations in turbine outDut shown
tl

on the heat balances and other documentation orovided, However. it was much less clear about the exhaust lt,
flow limit the outout limit imolied since this pressure and flow limit is not clearlv stated on the documentation i i/,

,tl

In.Slli!&Sgllaplanned outage rep!?q94t!9 q!g14g! dglgn blaq-SfJ[h bla&S!ill!&several improve Sf
that included hard facing 4the Eld:fruCbbet-wear surfaces, lt should be noted that the orisinal ,

senerator end blades, and the 44 sgt of tqrhine end bl#e i

continued ooeration. ,,

e&EeligJlelglleqbylbgOEM lhgEgLtest-dalaindicatingAn improlegent of @legglfatiguelife l'

by a factor of x1O with the3lllllli@fghlEljagcoating, as well as a significant reduction in corltact stresses

the revised design promised. Previous to the aoolication of the revised blades. lhe qEVIg! r4lsg,W1l

questionedSqd ch4!gl!ggd.Jtvg.Lqpqneg-e=ellelqtlvei-that madeapre,sentatigl e!srlggdJlfe-!!' epgllll$r f-ol

questions and data presentgg[ allowed the Legacy Progress team to conclude that if we had a three year life

blade and improvements could give more that x1O, the goal a reasonable life ( > 15 yrs) was very likely. J
contract for orocurins and testinr this revised uosraded blade also added protection and reduced risk with a 6

yr warranty 3 yr full remainder prorated, a significate upgrade from 1 or 2 yr full warranty. This seemed an

adequate choice to justify the decision to plan and schedule this 2QJ! gljlegg ry{l!!t-e up3raded blade.

rhelcst-danlerlhc-rcw-blace5itsllrled!qqr"! clce lqrliqc !n t!9 oq!!lfscjlilv,g&'.trwqq!!!!e$,9q, alq i!:'r

€lujqe!! JcEglglline elsilgwith full lo4lte!l!4!!g3p-s-I9?!9l!u-e el{ Pralliell!-ere!aLe!-!9-$99le !he- -
design was going to be successful, and the team performed due diligence with the choice to select the

redesigned blade and validate it witfElt iv,ai!!!L3J33!s fq-fq! glqeElle. ,Ibe teltjlg di{ Gye-el4 --
"avoidance zone" or combination of steam flow and condenser baclfples"ggell!4was g-driv-er fo1--blg-d-e

stresses above desirable levels. When the unit was returned to service and released for operation with this

"avoidance zone"rjt wag jplgrylgdlhat the unit not beg

In early Sd!&2016. an inspection that was expected to be routine and have no findings revealed damage at a

blade tip 34gE[that rendered the unit at a high risk to return to service by the oEM. The blades were
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replaced in Mav 2015 with a second OEM design modification that included adding more hard facing tortElip
z-notch contact surfaces.

rhCq!14 GstFrtcd.ts_llefql6 and_e!_s!!U_t4y?q!_Wjgt!l!ep-.clq8g t.!yrbE!!g! of alproxirnelcly-g5 ,
mils at the LP bearinesoccurred. Jhe unit continued additional tmallj!-et c!!!cg.occutGd_L!1.
Aug 2016. -The OEM was consulted and thev felt the vibration changes were due to chanses in bearine 

'

stiffness. The Duke team was not comoletelv comfortable with the OEM'g exolanation and while we feltJlat
Jotg!q3_s! lgls4etllot be likely.-itwas possiQle.gd lferefee_tbe--,Cl4I_e-elgllS.be$C!!gw!&r a fqqa! .
inspection' Commercial load demands, two hurricanes and other unit outages postponed this irspection until I

midpq! fq$l
This recent inspection revealed the cause of the vibration changes to be significant mass loss of three separate
L-0 blade tio z-notche

one mid-soan snubber has failed. The datajndicatq,one of th_e_ blaqes gdyfq! gqdeyfp4of !g f4tnC.

The expected blade life predictions of the latest blade confisuration compared to the actual
the driver for the study in attachment A of
one oarticular factqrd€l9Crlppqfel]!pellloryqtq Ug!Sa!_!ge Ae! llr !!i9 !CLa.Jhe_Ie!!e
attachment presents the fact that the more we modified the blades. the shortqlhg
surface failure despite the fact we haveronltnued ooerate the unit wl !e?q{!g!,/$!al€tg9s{l
within the OEM limits for the orisinal desiqn.

Insoection ofthe data reveal that the orisinal desian in time intervals 1 and 2 onlv had the mid-span snubber
failure of the orisinal turbine end fiEl blades - and the ]r5=tj!le interval neirlv 25OO hojrrs of oog!.ation was
above the OEM limit. ln time interval 2. no failures occurred and there was onlv t hours of ooeration slishtlv
above the limit. This means that the senerator end {GE} blades ran nearlv 50.000 hours with no failures.
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This is in contrast to time interval 3 where failures occurred after onlv 11.5 khrs of ooeration with onlv 240

hours aborve the oriqinal limit - and interval 4 with onlv 3 khrs of oo€ration and iust over onlv t hour above the

orisinal flow limit. The data clearlv surrest that returnins to the orisinal desirn. and limitins the lP exhaust

oressure to 123 psiq {not sure l'm readinr that risht off the sraoh}. which will rive aooroximatelv 400 to 405

MW with 4x1 ooeration. will sive much more acceotable life than the modified desisn.

F,Un!ra_!y_o1q_qti

While there are many significant points and facts to be concluded from the data being presented, a glaring fact

that surfaces is the more we improved the blade design (two modifications, three versions tested) and

simultaneously reduce the time at excessive flows,Jhe shorter the blade service interval-b! becomq'!!!9!-<..'

never obvious earlier in the spring 2016 failure because the time operations exceeded the pressure was the

focus of the second vet incomplete RCA. No one knew the first service run had so many hours above the later

imposed pressure limit.

While in the period I there were 33K hrs available and 2600 hrs with high pressure operation. There were no

blades found with complete 4]!g[lug loss and no step changes in vibration were encountered.

Compare this to period lll with 11k hrs and 240 hrs with high pressure. This is the first design modification

compared to the original design we were trying to improve. The life decreased by x 1/3 rather than increase

by x10 . The high pressure hours did decrease from 9% of the time period to 2%, but the blade service life still

decreased. This is counter to the expected result.

In period lV the unit ran 3k hrs with 1,15 hrs at high pressure. This is the second design modification' The life

decreased to - x 1/10 not x10 as advertised. lf you consider the unit actually failed a blade 30 days after restart

when the vibration changed - 7OO hours the decrease in life is even less x V10 to approx. x 0.2' Or effectively

the second design modification, with pressure restrictionq gave 2% of the life of the original design with no

pressure restriction.

For these reasons the recommended direction on the current repair ( fall 2016)js to return to the oriBinal -.

blade design (no hard facing) with reasonable operational restrictions on steam flows and pressure limits.

These restrictions need to be part of the control logic and not an operator or supervision option to interpret.

lf this style blade is not quickly available the option of inspecting and installing the blades removed in 2012

should be evaluated against an extended outage waiting for blades, This is not the first recommendation.
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CONFIDENTIAL

These facts supported by actual experienced field data suggest the proposed OEM root
inclusive of all interactions possible, lt also suggests the following points need to be

RCA

o Quality of coating ( workmanship)

o ls coating not adhering. Some evidence in visuals to date
o ls process changing fatigue strength of base material

o ls coating non uniform allowing higher partial face contact stresses

o other
o Quality of blade assembly ( workmanship)

MHI has low speed field balanced twice now with both attempts resulting
pressure turbine vibration post outage than pre outage.

o Are the hardened faces being damaged as blades are being hammered in the fan
o Other

o Design

o Did blade tuning change design modifications and a higher frequencl mode get

1ls there some yet to be found driver for the fatigue the design changes are not
life is becoming shorter.

o
not aooarent on the oririnal blades - this ls near where the cEcklnr occursl.
Ooes the blade material meet soec? Hardness. ten$ile/ultimate. etc.

Other

o Are the high vibrations we experience on return to service causing additional streSses.

may not be

for a better

more Low
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Agenda

Goal of the Meeting

RCA
r RCAAction ltems
r Fleet History
r Blade Metallurgical Evaluation
r Manufacturing and Assembly Data
r Telemetry Test Data Review

Operation Data Analysis
RCA Conclusion

Thb dooument contelns company Qonfidentiat and prcprietary Information of Mitsubtshi Hitachi power
sydamr Amcrlcrs, Inc. ('MHPSA'). ,Neither this doilmenr, n;r any infomstion obtained therefrom is to
bc.J€ryod9ed,,banlmltod or disclofed to any thlrd pariy wtthout tiGt re@ivlng lhe express written
al$qlzs{on of MHPSA.
@ 2016, Mltsubishi Hitachi Pow*r Systems Americas, lnc. All Rights Reserved.
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Goal of the Meeting

r Review RCA evaluation of blade damage found in April
2016 and provide root cause of shroud chipping

Note : Blades were Type 3 Blades with mid-span snubber HVOF used in the

telemetry test to understand the blade response and operating capability.
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RCA Team DEF201 90001 BARTOW LFE4-00001 2

Muhammad Riaz RCA Lead MHPSA
Nick Porteous MHPSA RCA Sponsor + Technical Contributor MHPSA
lkushima-san MHPSA Communications Lead MHPSA

Ruban Amirtharaiah Operating Data Review
Balaji Jayaraj Metallurgist

MHPSA

MHPSA

MHPSARyan Paulson lnspection

Mivaiima-san Lead Analvst MHPS

Enomoto-san

Osaki-san

MHPS RCA nsor

MHPS RCA Lead

MHPS

MHPS

Jon Hopkins

Jake

Blades Scan

Duke RCA Lead

MHPSA

Du

David Brown Operations s cialist Duke
Chris Holland Eneineerin Duke

(
I
I
I
I
I
I
I
I

John Burne

Additional Resources

Engi nee ri ng Duke

Harry Carbone Duke Technical Consutant Duke
John Huls Duke ST SME Duke

RCA Team members from Duke Energy,
Multiple working meetings were held

MHPSA USA and MHPS Japan
to work on the RCA Actions

Thls document contains company confidential and Prcprietary information of Mitsubishi Hitachi power
Systems Amerims, Inc. ("MHPSA). Neither this dorument, nor any infomation obtained therefrom is to
be repoduced, transmitted or disclobed to any third party withoui fict receiving the express written
authoriauon of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Ail Rights Reserved.
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Blade Shroud Ghipping RGA - Fish Bone

Design Manufacturing

DEF201 90001 BARTOW LFE4-00001 3

Telemetry Test data
- Air jet test data

- Manufacturing Quality Data
- Forging and machining process

- 1st stage nozzle area- Turbine design documentation
- Nozzle Passing Frequency

- Shroud and Stub Gap
- Contact area evaluation

- Operational Data Review
- Turbine Operation

- MaterialCertificbtion
- Blade Rocking - Chipped area evaluation

- Measure 1st stage area
Horizontaljoint gap

- DifferentialExpansion

Assembly

- Install Pressure taps
in condenser at both ends.

Operation

- Blade micro hardness
evaluation

- Stub coating evaluation

Material

Key Areas of Investigation

THa,do6n6.lt eontdt?3 Comprny Corfidcndal and PEprleitry Information of Mitsublshl Hllachi Power
gyrkna Afidco, lnc CMHPSA). Nolth.r hi! doqlmont nor Nny informa$on obt8ined therefrom is to
!r ngsnrti tmrmurd or dlsdcad to any thlrd party withoul liBt r8ceiving the express written
,ari{itrldon dlt&lPsl.
01$16, filitn$lshi Hitachi Porver Sysbms Americas, Inc. All Rights Reserved.
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Blade Shroud Ghipping RCA

Detailed Actions Tracked (1 of 2l
Reviews conducted with RCA Team

DEF201 90001 BARTOW LFE4-00001 4

Influence

Low

Medium

High

Actions Conclusions
ndependent Review of Bartow 2015 Telemetry Test Stress Analysis and Operating Limits provided elemetry Test Data rcview completed by team in MHPS in Japan.

2 I of frequency margi ns identifled in Air Test Data, compari ng with original design / other airjet tests ill rynchronous vibntion frequencies are within design Engc.
3 le-evaluation ofthe TelemetryTest Data in the light of Bartow Tip Damage :ompleted byteam ln MHPSinJapan.

EA Review of shroud face moveme nt at high load compared to obseryed damage rEAAnalvsis performed bv MHPS inJapan.

5 :onfi rm MHPS Mass Flow Calculation lMethod used i n evaluati ng Telemetry Test Data vla$ flow measurements are no more used as evaluatlon paEmeter

felemetry Test Data Shroud Fretti ng Calculation sim too Snubber Calculations :rettlnt evaluation @mpletcd by MHPS i n Japan.

levisit Bartow /Tenaska design torsional margins loFional deslgn 6lculatlons show a@ptablc desiEn margins

lesearch overal I exhaust pressure li mits for 40" L-0 compared to this unit lartow Exhaust pressurcs limits are standard limits
, Axial Rotor Position relative to asymmetry from Gen/Gov end lotor axial posltion rcvlewed and rc@mmended to use as is orlsinal desisn.

lequest Forging Materlal TestCertsforexisting installed blades vlaterial Certs shil €orect matcrial used and meet design materlal propertles and chemistry.
iequest Forgi ng Material Test Ce rts for replacement blades vlaterial Certs show correcl material used and m.ct design material prcperties and chemistry.

We ights for existi ng i nstal I ed blades low of blades is balanced wlth a@ptable unbalane residual

leq uest lvloment Weights Test Certs for replacement blades low of blades is balancd with a@ptable unbalane rlsidual
lequest l\4achining Manufacturing Quality Records (lncluding Box Gap Data +Single Blade Freq Data) New Blades )ata reviewed and blades are with in a(eotable criteria

tequestMachiningManufacturingQualityRecords (lncludlngBoxGapData+SingleBladeFreqData)ExistingBlades )ata reviewed and blades are with ln afteptable criteria
'1 lequest Record of as Built Area Nozzle Check )alt not lo€ted bviapan.

:ield Measurements of LP lst Stage Nozzle Area (Throat / Base Dia / Nozzle Height @ both ends) stsfagc noale area ls wlthin less than 0,5'6 on both ends.

E

=

! )n site review of fEcture surfaces and wear of rotor, blades and esing on site.

2 Cracking/ Chipping on Tip - Fretting Fatigue?
MetalluritiBl Evalaution of blades performed in U5 and Japan included
-Visual lnsDection
- Mlterial Composition
-Microscopic evaluation

" Hardness evaluation
- SEM evaluation
- EPMA evaluatlon

3 :haracterize Cracking / Chipping on Tip Wear Su rface - Fretting Fatigue?

A :haracterize Hardness throughout tip and wear surface

5 lharacterize microstructure throughout tip and wear surface

6 : Wearon Mid Span Snubber

7 i4HPSTGO Lab Review - Establish blades to be sent

8

Thls document contains Company Confldentlal and Proprietary information of Mitsubishi Hitachi power
Systems Ameri€s, inc. ("MHPSA'). Neither this document, nor any infomation obtained therefrom is to
be reprcduced, transmltted or disclosed to any third party without first receiving the express written
euthoriation of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Atl Rights Reserved.
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Blade Shroud Chipping RGA

Detailed Actions Tracked (2 of 2l
Reviews conducted with RCA Team

DEF201 90001 BARTOW LFE4-00001 5

lnfluence

Low

Medium

High

Actions Conclusions

)n site 4 Point check of Snubber and Shroud (as found + as left) lrp D.ta rocord!d and analyzed. Data within tolcnnce

2 llue / White Light scan for sample of replacement blades 3 blades (Light/Medium/heavy) were scanned and compared with nominal model after HVoF

No differences identified,3 ;eometry overlav and review

llue / White Lieht Scan for sample of existing installed blades I Blades were scanned and comoared with nominal model.
,lo differences ldentif ied.5 ;eometry overlav and Eview

6 :onfirm amouht of rocking on existing blades / and replacement installed blades imrll rocklng was obseryed on few lxisting bladcs. No rockint ob5!rycd on new bladas.

7 e HJ Gap at Diffusef {, sap mcasucd at unlt asmbly end found to br within toleEne.

8 leview wear profile across single tip during early damage

9 Measure shroud contact surface (L,WDepth at 4 points) t surfac. data collected

10 /Vear and Chippine Documented with photos and scale tidur$ trk!n for all contact surfaces and documented.

11 lecofd water erosion at leadlng edge and under the shroud )atr recordcd and minlmumto no eDdon obseryrd.

72 ;tationary blade surface finish review .0 Stationary bladc surFae flnish was chcckcd and no lsue ls obseryed.

1 Map Operating Data to LP Loading 3nd Summarize )peEtiqn dafa rrvicwed

2 nstall Pressure Taps / and re-eval uate exhaust flow on return to service \dditlonal Dre$uE t.ps.rc installed.

3 )perational Data Review of exhaust pressure taps on return to seilice ).ta rceived and rcview!d.

4 )rovide summary of LP Pressure lMeasurement Location and LP Admission Flow r provided to B.rtow

5 tart-Up Review for cold, Warm and Hot Starts )ata not received from Bartow

:haracterization of operation from Log Book )ata not received from Bartow

7 )peration review to determine expected mojsture and sensitivity to flow and exhaust pressure chantes \svmmetric condense r circulatlnr water flow at both ends

)rovide details or pictures of April 2015 Blade Inspection :ew plctuEs prwlded

I rovide reoort of Dvnamic Pressure studv from "2012 for evaluation NovibEtion resoonsr war gbseryed.

Team Meetings focused on methodical execution of actions and
opportunity for questions / discuss of details

Thls document contains Company Confidential and Proprletary information of Mitsubishi Hitachi Power
Systems AmBricas, Inc ("MHPSA"). Neither this doement, nor any infomation obtained therefrom is to
be repbduced, transmitted or disclosed to any thlrd party without first receiving the express written
aulhoriation of MHPSA.

@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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DEF201 90001 BARTOW LFE4-00001 6

40" Fleet Operating Experience

There are 57 rows of 40" L0 blades operating in the world. 9 Single flows, 22
double flow and 1 four flow LP sections.

There are 31 rows of type 3 blades (same blades as Bartow except no HVOF
coating/ chamfer on midspan snubber). 14 double flows and 3 single flow LP
sections.

Type 3 blades have Stellite material welded under the shroud for water erosion
protection.

. Oldest Type 3 blade in operation since 2008.

. Bartow steam turbine have the highest L0 Blade loading amongst the fleet.

Thb documsi contalns Company 0orildentlal and Prcprietary information of Mitsubishi Hitachi Power
Syrbmr Ameaies, hc ('MHPSA'I Nelth€r this doBment, nor any intomation obtained therefrom is to
bc cpoduced, transmitted or dlscl0s6d to any third party without fl6t re@lving the express written
au$odzstlon of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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DEF201 90001 BARTOW LFE4-00001 7

Metallurgical Evaluation of Blades Operating from
December 2014to April 2016

Methods of Investigation :

Visual Evaluation of Blades

Material composition

Microscopic eval uation

Hardness evaluation

SEM evaluation (Scanning Electron Microscope)

a

a

a

a

a

. EPMA evaluation (Electron probe micro analyzer)

thb documant contalns Company Conffdentlal and Poprietary informatlon ot Mltsublshl Hitachi Power

S!!b|||t Am.dcaa, Ina fMHPSA'). Neilfier this doemant, nor Eny infomation obteined therefrcm is to

b! FDtoduc€d, trammltl3d or dlsclosed to any thitd party without fiFt receiving the express written

authodzalon qf MHPSA.
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Blade Inspection Results DEF201 90001 BARTOW LFE4-00001 8

Contact
Surface
Leading

Edge

Chipped
Surface

Thk ditcmqt conblns Comp3ny qonildenual and Prcprletary infomation of Mitsubishl Hitaohi power

Ey|htne Anadcar, hc CMHPSA').] Neithcr this document, nor any infomation obtained therefrom is to
bc tsaodtEd; lransmltted or dlscldsed to any thlrd pafiy without fict reeivlng the express written
ardto&stlofi of MHPSA. i

M16, Mllsublghl Hitachi Pouiler Systems Americas, Inc. Atl Rlghts Reserved.
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Blade Inspection Results DEF2O,I9OOO1 BARTOW LFE+OOOO1 9

Outlet
side

contact
surface

lnlet
side

contact
surface

Shroud Ghipping is starting at same location for all blades

ThE documcnt @ntalns Company Conffdentisl and Pmprletary Infotmation of Milsubishi Hitachl Power

Sy6ffis Arnaricr!, Inc. ('MHPSA'). Neithor this document, nor any infomation obtain€d therefrom is io
!D ]lprcducsd, bansmltted or disclos€d to any lhird party wlthout fi6t recelvlng the express written

adulzrdon of MHPSA.

O 2016, Mltsubishi Hitachl Po\,ver SysEms Americas, Inc. AII Rights Reserved.
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#43 outlet side #zl4 inlet side

Metallurgical Evaluation of Blades DEF201 90001 BARTOW LFE4-000020

Microscopic observation was
performed on the same sections in
contact condition for each of outlet
side of #43 blade and inlet side of
#44 blade.

. Fine cracks, caused by fretting
fatigue, are found near the end of
contact part with local deformation
of inlet side of #44 blade.

' Plasticity is found in
concave part of local
deformation.

Fretting fatigue identified as crack initiation source.

This document contains Company Confdential and Proprietary ioformation of Mitsubishi Hitachi power
Systems Americas, hc. ("MHPSA"). Neither this document, nor any infomation obtained therefrom is to
be reprcdu@d. transmitted or disclosed to any third party without firet receiving the express written
authoriztion of MHPSA.

@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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#44 inlet side

Metallurgical Evaluation of Blades DEF201 90001 BARTOW LFE4-000021

Microscopic observation was performed on the same
sections in contact condition for each of outlet side of
#43 bfade and inlet side of tt44 blade.

O: Oxide scale was found on black surface of local
deformation area.

@:Dark brown surface of worn and thinned part is
free of oxide scale and smoother than non-contact
surface of @.

#43 outlet side

Oxide scale with local deformation observed on black surface

!1

T

This document contalns company confidentjal and Proprietary information of Mitsubishi Hitachi Power

Systems Amsricas, Inc. ("MHPSAI). Neither this document. nor any infomation obtained therefrom is to

be repfoduced, transmitted or disclosed to any third party without first recelvlng the express written

authodation of MHPSA.
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Metallurgical Evaluation of Blades DEF201 90001 BARTOW LFE4-000022

I

jfl.-EF.iqffi F4rrrlusrxrsr

.c
Loca$on

Semi-Qualitative EDS analysis of elements detected ( wt%)

o Si Cr Mn Fe Ni Cu Nb

'[ 25.97 0,44 7.67 0.41 61.59 1.84 1.18 0.00

t 0 0.35 18.15 0.95 70.12 O?A 0.08 1.00

$ 0 0.33 '15.86 0.54 73.65 4.91 3.58 1.14

Material chemistry matched with blade original material

This document contains company confldential and proprietary information of Mitsubishi Hitachi power
systems Americas, lnc. ('MHPsA"). Ne,ther this document, nor any infomation obtained therefrom is to
be reproduced, transmltted or disclosed to any third party without fiEt receiving the express written
authoriation of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Ail Rights Reserved.
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DEF201 90001 BARTOW LFE4-000023

Metallurgical Evaluation of Blades - Hardness

. Hardness measurements are taken at the shroud contact surface, fracture
surface, base material and below the shroud on 8 blades.

. The results show hardness close to original materials (Base Material and

Stellite welding).

Hardness measurements also taken at stub contact area and away from
contact surface on base material.

. The results also show Hardness within criteria at the contact surface and

away from contact surface.

No hardening is transferred to base material due to HVOF,

contact surface rubbing or welding Stellite material.

Thb docunent mntalns company confidentlal and Prcprietary Information of Mltsublshi Hitachi Power

St€tgms Am6ties, Inc. ('MHPSA'). Neither this dorumenl nor any infomation obtained therefrom is to

ba reproduord, transmitted or disclsed to any third party without flGt receiving the express written

authodation of MHPSA.

@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved
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DEF201 90001 BARTOW LFE4-000024

Damage Mechanism

@ Localwear generated by high surface pressure & excessive sliding.
Oxide scale developed by heat generation (black surface).

rO Partiat defect was caused by
fretting fatigue crack which was
generated and propagated in high
surface pressure and sliding area
(black surface).

'Z) Worn by wear debris

O Pa*ial local contact at the top and tip of blade

@ Fretting fatigue crack generated in localarea

@ Locatdeformation is generated along with the crack

@ Excessive local surface'pressure (adhesion ) & vibrational
stress are applied.

@ HCf crack is generated.

Thls document @ntiains Company Conidential and Prcprietary information of Mitsubishi Hitachi power
Systems Ansricas, Inc. ('MHPSA'): Neith€r this do@ment, nor 8ny infomation obtained therefrom is to
be reproduced, transmitted or disclosed to any third party wlthout fFl receiving the express written
authodztion of MHPSA.
@ 2016, Mltsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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DEF201 90001 BARTOW LFE4-000025

Stub Evaluation

F The contact surface coating did not show any cracks, deformation or
wear.

LE and TE snubbers.

G

Wire EDM cuts on lhe lines
marked on the LE and TE
Snubbers

9l

HVOF coating on the stub prevented fretting or any other surface damage

This document contains Company Conlldential and Proprletary information of lilitsubishi Hiiachi Power
Systems Americas, Inc. ("MHPSA"). Neither this document, nor any infomation obtained therefrom is to

be reproduced, transmitted or disclosed to any third party without flFt receiving the express written
authorization of MHPSA.

@ 2016, Mitsubishi Hitachi Power Systems Americas, lnc. All Righls Reserued.
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Manufacturing and embly Data

DEF2O1 9OOO,I BARTOW LFE4.OMO26
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Shroud Gap Data

2014Blade LH (Gov. Endl

Shroud Gap Data in 2014 AssemblY

RourAwrme Gao =3.9mm

DEF2O1 9OOO1 BARTOW LFE+OOOO27

atlFd ClSt a

siroud Gap Dala in20l6Dis.Assoml

R0vAveraoectp =4'2mm

ghroud Gap Daia In 2014 AsseflblY

RowAveraocGao =3,ffitr
Cribrie: Shroug l.gmmto 5.itTfi

Shroud Gap Data ln 2016 Disassemul

RowAveraoecnp =4,0mm

rrth no ihlle bLd! .boYc0.omm

F l,116 l,1fi5l?!'5;: i-rA-ral P .:€; j$,tl?!rls Ati:.Ri-1,qs ii'iD, A{i illjn: Rs::#1

Thtsdnoumcnt conlalns comp.ny conffdenlirl and Pmpd€tary Informauon of Mltsubishi Hiiachi Power

S$tabs Amfiic$, lnc fMHPSA'). Nelthcr this doqrment, not .ny infomalion obtained therefmm is to
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eltrodzdon ot MHPSA.
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LH and RH shroud average gaps are nearly same
No clear relationship between gap and shroud chipping



Stub Gap Data

2014BlathlJl

DEF201 90001 BARTOW LFE/t{00028

Eeffi -l.eilm RmAywrnecm =l.9nnr
$6 o,ltrtr|l b3,g n Ar.ilF. rirh rb rtth bS. &oy! {-8rt||n.

ld Pro||r|ctrry Infonndff of Mitsublshl Hitachl power
r Srla doctmffit nor Iny kdom.tion obtalned th€refrom is to
Jry.htd Ft rdtdrtint rcclvlng tho spross Mtten
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LH and RH stub average gaps
No clear relationship between gap a

nearly same.
shroud chipping.



Manufacturing Quality Data - Box Gauge DEF201 90001 BARTOW LFE4-000029

This document coniains Company Confidential and Pmpdelary information of Milsubishi Hilachi Power
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Box Gauge MgaSuremgnt Results - 2014 bladgslEF2'leooolBARrowLFE4-oooo3o

RH Blades - Leading Edge

+FtE* + 684

n 4E* +4fie

,titt BE@0+Eg) Shroud GaD Trailino Edoe

RH Blades - Trailing Edge

0,5

0.0

-t!

-2.O

-3.0

+a; * +^E F

. rlB Jt +rlE F

LH Blades - Leading Edge

,rttrHE@(tlEr) shroud

LH Blades - Trailing Edge

Blade manufacturing data show variation within criteria

This document oontains Company Confidentlal and Proprietary information of Mitsubishi Hitachi power
Syslems Ameri€s, hc. ("MHPSA'). Neither this document, nor any infomation obtained therefrom is to
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Telemetry Test Data Analysis
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DEF201 90001 BARTOW LFE4-000032

Telemetry Test Results

Strain Gage Locations fn. Six strain gage were installed on LH / l'***-**'o'
and RH blades. l* I. Strain gage locations were selected 

f 

rJ 
'"'n"'-o*'o**'

> High Response sensitivity for I I
vibration modes. I I> MHPS Experience 

4l'*"*nn**""*'
tullr.Csl

i11i1il,;t,r* *:i\1iT'il,?.r, \--
:..::: '- l'- ll' \ . ltt'\llt'lt \

-i .':'a - !': .',,"t..

i.--+ 'r€:l! "i==:1 --- - i:4t;t':-t"','.,, '*''^ ,$,; ,,'" tj\ *** ,.\Si
,i ,lil1... ... 

:.'.''.:' - ,; ' /^1.' \, 
- 1i 

'

,,;ii,rii"'\..t-. '.,:llii"-..-."

results.

Telemetry Testin g 2014 -
To understand dynamic blade response during operation

Test Results
. Analysis of Non-synchronous response show

frequencies close to 200H2 region and composed of
axial mode shape with higher nodal diameter.. Fretting at stubs was evaluated with the telemeter test

Simllerto
ld lllode
S-Lur

rridtfll,r .

.q*Hp? .,- :;:-
U-""".' ti l'..'

do trc

t.a,Arqii 
:.,:,:

..d.,Vq-- -.iF\- ryr.q3+
nllut oiamuter*

Thls documant conlains Comp3ny Confidential and Proprietary information of tvlltsubishi Hitachl Power
Systsms Amed€s, lnc. CMHPSA"), Neither this document, nor any infomation obtained therefrom is to
be reprcduced, lransmttted or disclosed to any thlrd parly wlthout fi6t reelving the express written
authodzauon of MHPSA.
@ 2016, Mitsubishi Hitachl Pou€r Systems Americas, Inc. All Rights Reserved.

sL3

24



DEF201 90001 BARTOW LFE4-000033

Shroud Fretting Stress Evaluation

. Evaluation method is the same as stub fretting evaluation.

. Vibrational stress is evaluated, with FEM analysis, primarily for effect of shroud contact
condition (partial contact) based on actual telemeter measurement result of 2AM.

Fretting fatigue'limit
i oablYde

FEM analysis
Vibrational stress conversion magnification

Shroud contact conditions

Vibratory stress evaluated
with the telemetertest

Vibration stress on.stub for
fretting fqtigue

Safety factor

= O66,nupp /O9

Thh docm6nt contains Company Confidential and Proprietary infomation of Mitsubishl Hitachi Power SL3
Syabmt Amodc$, Inc. CMHPSA'). Nsithsr this doom3nt nor any information obtained therefrom is to
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Telemetry Test Results - Shroud Fretting
DEF201 90001 BARTOW LFE4-000034

') t7O I:2 Vvi < > f ffiHET{ffi (r-i+ > i A q )
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LP Inlet Pressur€ [Psig]
(Existing lP exit uncalibrated Pressure)

Fretting fatigue calculations for shroud with coating show
acceptable margins outside avoidance zone
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Telemetry Test Data - Shroud Fretting DEF201 90001 BARTOW LFE4-000035
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Fretting fatigue calculations for shroud with coating show
acceptable margins outside avoidance zone
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Operation Data A alysis
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Con de nse r C i rcu I ati n g Wate r (CW) flow an alyefoE,ooo,,o*-ow LFE4-oo0o37
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Cilcuiiiing wiierfliiw iiay explain difference in water erosion observed

Not enough data to draw any conclusion on blade shroud damage



Operation Data Review DEF201 90001 BARTOW LFE4-000038
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RCA Gonclusions

DEF201 90001 BARTOW LFE+000039
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Blade Shroud Cause and Effect Diagram DEF2O1 9OOO1 BARTOW LFE+OOOO4O

Influence

Shroud contact area is smallHigh average
contract surface

stressContact surface
stress of shroud

is high

Blade twist force is large
High static stess may be
generated by high load

High forceby high load

Deformation of bhde afier

Mbration stess (wear) increases
fretting damage. Partial contact
rcduces damping at higher ND.

Testdata shows tull latching
before heat soak.

Vibratory impact between
adjacent unlatched stubs

High stress due to eroded

Corrosion fatigue crack
initiation on shroud surface

Difference observed in Circ
water flow at two endsAsymmetric Circ water flow

resulting different condenser
vacuum at two LP turbine endsRot. & Stat. Blade axial

spacing difference
Telemetry test results show small
response at Nozzle Passing Freq.

Low

Medium

High

This document conlains company confidential and proprietary information of Mitsubishi Hitachi power
systems Am€ries, Inc. ("MHPSA',). Neither this document, nor any infomation obtained therefrom is to
be mprodued' transmltted or disclosed to any third party wlthout tiEt receiving the express written
authorization of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.

SL3

32

E,I
u:',a



DEFzO1 9OOO1 BARTOW LFE+OOOO41

RCA Gonclusion

The root cause for start of shroud chipping has been identified as operation in the
avoidance zone.

Within the avoidance zone, high local contact pressure is developed due to partial

contact.

After initial chipping, nearly uniform wear of contact surface indicate progression of
chipping due to operation at resonance (avoidance zone).

Stellite coating on stub has proven its effective at protecting surfaces from fretting

damage.

e{@*ry Co|!0dan0.l and ProprLbry Infotma0on of Mltsublshl Hitachi Power
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1.4) Operating Time 4 : Jun 2016 to Oct 2016
DEF201 9000't BARTOW LFE+000042
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Bartow Steam Turbine
RCA Review

Addendum Presentation
Nov 17th 201 6
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DEF201 90001 BARTOW LFE4-000044

Purpose of Presentation

Provide responses to open
RCA Report Out Meeting

Subjects:

items / questions during the Nov 9th

1) Demonstrate that operating data from 2009 to 2014 is consi
2) Provide hardness results not presented in Nov 9fr .

3) Provide parallelism data not presented in Nov gh.

4) Provide responses to prior questions from Harry Carbone.

with the RCA conclusions.

tnd Proplict ry infumaton of Mitrublshl Hitachl Power
Nailhcr thi! doomoni, nor any infmstion obtained therefrom is to

b any thlrd prrty without first pelving the express written

Sysbms Amedcas, Inc. All Rights Reserued.
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1.1) Operating Time 1 : Jan 2009 to Feb 2012
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Gov End

Type 1

Type 1

3 yrs

3 yrs

No significant damage

5 Major Chip

No significant
damage

3 minor chips

Continue operation until 2014 planned
replacement

Replace blades as continues midspan chipping
could results in a free standing blade

Thh doqmant cor|blns Cmpsny Confidcnd.l and PEprlctary Intomation of Mltsubishl Hltachl Power
St(s|a Ar|lqicas, Ina CMHPSf). Ncllhcr thlg d@mrnl nor eny intormaiion obtained therefrom is to
biFgoA|o.U. tenrmltrd or dlsdoccd to any thltd party wlthout first reelvlng the express written

isoft.ton of lfiPsA.
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Operating Time 2: Apr 2012 to Nov 2014 DEF2Ol 9OOO1 BARTOW LFE+OOOO46
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HVOF

Scheduled change out to blades with midspan
HVOF
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g,rhm. Art;hil, Inc, CMHPStrI Nalthar thls document, nor eny information obtained therelrom is to
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DEF201 90001 BARTOW LFE4-000047

1.3) Operating Time 3: Dec 2014 toApr 2016
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Gov End
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HVOF

Type3+ l5Months
HVOF

No significant damage

No significant damage

7 minor chips

33 chips including
significant damage

Fit for continued operation. Shroud contact on
allblades.

Replace row as free shroud contact has bee
lost on 1 blade.

lFf dtdritrstt aonblns Cotilpany Confdlnilsl and Prcpdltary information of Mltsublshi Hitachi Power
Sl&|a f.nirlc|., Inc. CMHPSN). N.ith.r thit doormst, nor any Intomation obtained therefrcm is to
!*tsgodprd, tensmltcd or dlsdocld to any third p.(y wiltrout tilst Eeiving the €xpr€ss written
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DEF201 90001 BARTOW LFE4-000048

1.4) Operating Time 4 : Jun 2016 to Oct 2016
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4 Months No significant damage

4 Months No significant damage

7 minor chips

33 significant
damage

Fit for continued operation. Shroud contact on all
blades.

Replace row as free shroud contact has bee lost
on 1 blade.
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Conclusions of LP Blade Loading Review

1.1) Operating Time 1 : Jan 2009 to Feb 2012
Significant operation in the avoidance zone.
Significant damage observed on the blades.

DEF201 90001 BARTOW LFE4_OO0o49

Telemetry test results show that once in the avoidance zone, small changes in operating
conditions can produce a large change blade response magnitude.
Damage accumulates at 200H2 (720,000 cycles every hour)

Operating Time 2 : Apr 2012 to Nov 2014
Minimal operation in the avoidance zone.
Minor chipping observed.

1.3) OperatingTime3 : Dec 2014toApr2016
Significant operation in the avoidance zone.
Significant damage observed on the blades.

1.2)

1.4) Operating Time 4 : Jun 2016 to Oct 2016
RCA evaluation has not been completed.
Operating data has not bee provided beyond, only summaries of MW and Lp pressure vs Time.

Thls dgcument contains cffpany confdenuar and proprretary informauon of Mitsubishi Hirachi power

:f,t*: ."r.ltT", Inc, (.MHPSA). Neither this dooment, nor eny infomation obtained therefrom is toB repmouce.r ransmrtted or drscrosed to any third party withoul f6t receivrng the express written
authodzatlon of MHPSA.
@ 2016, Mhsubishi Hitachi power Systems Americas, Inc. Ail Rights Reserved.

sL3

7



2 - Hardness Variation - Presented

'r

DEF201 9oOO1 BARTOW LFE4-000050

From hardness
observation no significant
decrease was observed
where the crack initiated'
A decrease in hardness
was observed on the
contact surface.

This document contains Company Contidential and Proprietary information of Mitsubishi Hitachi Powef

i;;i;;H;;;;" inc. lUlFsA'1. Neither rhis documenr, nor any infomarion obrained thereirom is to

U! reproOuceO, transmitted or disclosed to any third party without first receiving the express written

authorization of MHPSA

O 2016, Mitsubishi Hitachi Power Systems Americas, Inc' All Rights Reserved'
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2- Har dn ess Va ri ati o n base m eta l, I nte rface a n fr 'St'3'fiiiU'E 3'5ii n g

O # *

was observed within the base
metal as a result of stellite
welding.

Thls document contains Company Confldential and Proprietiary informatjon of Mitsubishi Hjtachi power
Systems Americs, hc. ("MHPSA"). Neither this document, nor any infomation obtained therefrom is to
be reproduced, transmitted or disclosed to any third party without fiEt receiving the express written
authoriatlon of MHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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3.1) Measurement Results RH (Gen End) 2014 HleUgSRrowLFE*''''52
Q: sm* "u ma"

Thls docmrf,t contains compsny confdentlal and Prcpielary information of Mltsubishi Hitachi Power

Syrbms Amsie!, Inc. CMHPSA'I). Neither this doument, nor any infometion obtained therefrom is to

bc pDroduced, transmltted or dlsdlosed to sny thltd pady without fiFt reeiving the express written

au'thodzstlon of MHPSA.
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DEF201 90001 BARTOW LFE4-000054

Duke Questions (From 10126116 Meeting):

1 . Current draft of time line of blade outages
2. Updated Vibration change dates To understand the
Operating data from the operatinj from June 201 6 to October 201 6 has been requested on multiple occasions since the change in vibration was brought to the attention of

MHPSA in August 2016.
To understand the operation of the unit, this information is required to provide an objective data driven assessment of the operation.

3. The mw correction factors issue
Conflicting informalion is being given. lt is no longer clear whether during the telemetry test there was an offset MW. The operating data requested is requtred to understand

the relationship between sleam conditions and load.

4. New LP inlet pressure gage 3.7 psi zero offset error
Following the finding that the lP Exhaust Pressure Tap had not been calibrated with its water leg, the same issue has now occurred on the new LP Admission.

Thereisiurrenflyalackof clarity onthecalibrationofthepressuretapswhichiscritical tounderstandingthesteamloadingseenbythebladeswhichcanhopefullybe
addressed by review of the latest operating data.

5. Chart of blade options
An updated chart is attached.

6. Duke requested strain gage data
Results of the telemetry test have been shared during the RCA meetings. Face to face meetings were held in May 2016 specifically for the purpose of being able to openly

share information which would normally not be available to share due to being business confidential information. During these reviews the nature of the none synchronous

response was described identifying that the blade response is not being excited by single modes. A single stresses cannot be evaluated against a single allowable in a

Goodman diagram, but a range of modes is being excited wilhin a frequency range. The magnitude of blade response is integraled over a frequency range to determine an

overall response level compared to successfully validated response levels. This is not data which can be sent directly as a file to Duke Bartow.

7. Confirm material is 17-4
Similar too material designations are provided for reference only and do nol support reverse engineering of the blade design which is subject to multi-year developmenl

programs and continuous improvement by the MHPS-Japan development team.
Hardness was reviewed in detail during the face to face RCA meetings.

The RCA reports are jntended to be presented in person to ensure that they are correctly interpreted due to the complex nature of the RCA investigation.

L Supply Goodman Diagram
OEM Last Siage Blade materiais are not per industry standards, with the material development being critical to achieving competitive designs. The Goodman Diagrams for

MHPS developed materials is proprietary.

Thi6 doguant conldns CompanylConfidsntial and Prcprieiary information of Milsublshi Hitachl Power

Systrms funcdcas, Inc. CMHPSAI). Nsither this document, nor any information obtained therefrom is to

be nood@d, fensmittcd or disdosed to any thlrd pany wlthout first recelving the express written

il$od:a$on ofMHPSA. 
.
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Summ ary of Blade Types DEF201 90001 BARTOW LFE4_OOOOss

Base material
Brazed in Stellite

Leading edge erosior
stri o

SprayStellite underZ
notch Leading edge

Welded Stellite
UnderZ notch

Leadinr edse

Polish offshot
peening after

spEy Stellite .3 mm
on snubber@ntact

faces

Spray Stellite .3mm

on Z notch contact
faes

Chamfer 1x 0.5 mm
& 2 mm radius on

snubber

Cornercut on Z notch

'3mm x 3mmType I
Not Appli@ble

+YPc: No2ls a welded fleld mr )dif@tion provlded as atemponry measucTvpe 3

l{c*{+Fa Yes No No No No
Installed 2014

(Tvp3 + HVoFlt

Proprietary sim to 17-4 PH

Proprietary HT Yes Not Appli@ble Yes

Yes

No Yes Yes Yes YesInstalled 2016spring
ITVD3 + HVOFI Yes Not Appliable No Yes Yes Yes YesProposed now
Fall '161 TvDll Yes NotApplieble No nla No No Yes Yes

Thrs documenr *ntains comoanv confidentiar and prcprietary informaton of Mitsubishi Hitachi powersyst.ms Am€ries. Inc. r'MHFsi1. Neitherthis docum'eni'"6.r"1'i"-ti#"ti- obtained therefrom rs lob6 repmduced' bansmitted or drsctsed to any thira party witiroui iirei rlceiing tne express writtenauthorization of MHpSA,
@ 2016, Mitsubishi Hitachi power Systems Americas, Inc. AIt Rights Reserved.
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DEF201 90001 BARTOW LFE4-000056

CONFIDENTIAL

oct 2016 photo of gen end #22. Three brades faired simirar this GE # 13 and rE#2. Adequate mass

loss to drive recorded Vibration step changes below'

Time HistorY above 118.75t21,5

120.5

120

119.5

I

I = We should have known

i wc wa ebovc 119 [qi1

,: vibr.tbn(h.^Eedlt6

i

Blrslft 9l7ll5 tl|il16

lP Exh Press

i i,.,
i . ;li I
I tri I
I rii I
I tr' I

i !,i
l{:
t.r'til

j'iri i

r-ii:j,j
ll9 

1

:

rrr,s i
5laol16

', 
I

6lLsl16 il2sh6
lolr7lt6 $15/16

6if 26i-s ioutiriii viiiral iru[eiiion to
verify OEM eng. opinion that
vibration changes were NOT causecl

by mass loss. Outage resulted in

replacement of both rows of blades'

Returned to service Dec 2016

June 2016
Blades New

both ends

719 l!6

HMC 1-20-17



DEF201 90001 BARTOW LFE4_000057
CONFIDENTIAL

From Harrts LabwQr* @n End btade
#22 crack Inlthtlon sftes{ In zone 1} - 13
mm in fiom te and 23 mm in from ilp.

Cracks started on pressure side.
Opposlte slde from what ls vhible tn

bbde #22 
'n 

situphqio beliril Oet zgtg

Harris lab work identifies crack as three zones. Initial zone 1 ( sem photo above)
was high cycle fatigue that started at possibly more that on" iit. - 13 mm fromtrailing edge and joined to grow to zone 2. rt was suspected crack started at
trailing edge and grew. Nor true started at 13 mm from edge, on the pressure
side ( opposite side that's shown in photo)and trailing eogJraitea by ductile
overload. Dental molds taken from other two failed bladei TE#z,GE #13 show
consistent failure mechanisms.

Trailing edge

GE#22
Leading edge

HMC 1-20-17



oEF2o1 9000',l BARTOW LFE4-000058

Ftom p.riod lll Fhoto oftiP
Jtnln n3r. lootlon - 18mm

trlrem t rnd 31 mm In

ftomtit.6rtlwtd
i$tlon sldd whlh hiti stEs
Td mcklrnbtlfi ffi on

opp€li. dd. Pnsun slda

The blades at Bartow were standard MHI type 3(welded),_but had design modifications ofthat include

mating surfaces. ur,, ,.ra.o .n ilrri"i u""ion in tn" field (dec 2014) with stnin gages at three locatiol

near the snubber, ana.ttt'e tip s-no*ntbou" n"t'the z lock latch or lock,:l lll,::Ti:'ii:' Il:).v.i:l
limited operation in an identi1eiiione,, from this testing, In fact the testing included > - 10 hours in '

and condenser ba.k pres.ures. ihe original supplied blades, post run, were analyzed for amount of tin

hrs in the ,.zone,, ana naU OtaOe tii 0."..i. Uiri "."., 
. tit"ti.l loss as large as Period lV Jun-Oct 201

chamfers, radius, and HVOF hard face on

s each end. They were at the base, the middle

was a hiSh stress area. They approved

he zone to properly map it with steam flows

in the zone. Period | 2009-2012nn2,466
shown above' HMCl-20-17



DEF20 t 90001 BARTOW LFE4_000059

From Accttech report 2O1Z
peak static stress " 160ksi

trailing edge pressure side -
6 to 15mm from te and - 23
mm in from tip. This view is

backwardsfrom actual
photo of blade #22

Concnve Side

b

From MH|.2O12 Peribd I RCA
presentation. Confi rming

hlgh statJc stress area where
Period tV ciacks initiated.

Ill'^:::::::l1l,jl"I::i"|,'1":201?railureshowedthecrackstartins pointaffiadstressesaboveyietdand

:i:i"^1t:j::l: T*.1!: "y;e.tded down,,. rhis is possibte because ruiLr".t"i* oi;tfi;;;;;;;;ffiilH;
was not a concern with earlier failures, because the air foil was not liberating just contact face wear on mid spansnubber and z lock tip' Partial tip and snubber loss was possible. The 2016 work re confirmed the high stress area andan earlier presentation 2ol2by MHI supports the pressure side of the blade tip below the latch has high stress. Thecrack started at nearly the same spot as the predicted high stress area.
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perlod lll Pboto oftip
f!&tr gaee locatlon- 18mm

:t ihfromteand32mmin
, 
,,. 

.. _lioln tlp, Gage was on

liitiion side while high stress
' 
ind ciack initiation was on

oppoclte side Pressure side

lFIrr

photo montage of period lv trailing edge complete lug loss failure confirm hi stress area as Grack initiation point(s|

r Oct 2016 Generator end Blade slot # 22 Serial 4697Y

. Linear calculated stress was locally most likely above yield, and part yielded back;with compressive surface stress at no speed'

r part saw 2 start cycles to 3600 rpm before first vibration change. overspeed wa$ on new or8 bladed and shop test of period lll blds'

r part never saw overspeed as may have been incorrectly stared earlier. overspetd may allow more yield down and more alt margin

o Part ran between 700 to 1400 hours prior to vibration changes

. Full run cycle on part was - 3000 hrs

. MHI 2012 RcA FEA confirms high stress area, but they stated stress below yield In orange color' lt may be with full heat treat' but its

doubt the min yield for heat affected zones can be significantly above 160ksi. Est yield 110k to 140ksi
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Executive Summary
Duke Energy (Duke) and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and
together over the past 18 months to determine what has caused the Bartow Unit 45 L-0 blades to crack and
break during operation.

Duke's position is as follows: The Bartow steam turbine (sT) 40" L-o blade failures are beine driven bv a non-
svnchronous self'excited vibration (flutterl of the L-o blades durins ooeration. In our and MHps,s evaluation of
the root cause neither oartv has been successful in conclusivelv identifvins the factor(sl that are causinq the
failures' There are a series of contributins factors that have been identified but the correlation and
Dredictabilitv of these contributinr factors and the masnitude of their interactions has been difficult if not
imoossible to oredict without havins conducted further instrumented testinr of the L4 blades in operation. Anv
conclusions derived from our efforts and discussed in this document are based on our best abilitv to correlate
data *ith erents in ooeration and findinns *ilh L-o blade insoections/failures, hhat the oEM designed last stage
blades had little or no design margins for the actual operating conditions that exist for the overall Bartow
Combine Cycle Unid

Duke Engineering believes the root cause for Periods 1-5 involves more than one driving mechanism. During a
presentation given at the Duke FRHQ on 22 september 2017, MHPS also indicated that there may have been
more contributing factors for various Periods of failure rather than just excessive steam flow through the Lp
section above the MHPS design limit of 15,000 lb./hr,/ft.2, Excessive steam flow, or "operation in the avoidance
zone", had been previously communicated by MHPS as the sole root cause back during a presentation made at
Bartow Station on 15 March 2017, MPHS has since changed its position and today there is agreement between
both parties that there is not just one simple root cause.

After months of study (and with input from MHPS) Duke Engineering believes the following to be the most
significant contributing factors toward root cause of the history of Bartow unit 4s L-o even$:

r Low Pressure (LP) Turbine Excessive Steam Flow
o Blending Operations-Thermal Distress (dTsx/dt) at LpTurbine Exhaust
. Pressure Pulses During Hood/Curtain Spray Operation(s)
r Zone Analysis - Shroud Fretting Fatigue
o Loss of Dampening- Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces
e Blade Fitment - Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

Duke believes that the contributing factors presented in this paper - or during MHpS presentations - are
postulations and may possibly be correct. Most ofthe MHPS postulations are derived from strain gauge data
taken during the telemetry test conducted during December 2014 - blade response data that is then
extrapolated to develop potential root cause for blade failures at the mid-span snubber, shroud z-Lock contact
surface and/or the blade airfoil itself that were seen during periods 1-5.

The long-term solution for the Bartow LP section is to replace the L-0 blades or retrofit of the Lp steam path with
a more capable/reliable design. With either scenario, blade telemetry instrumentation and blade vibration

Cornn€nhd [UUI! This tr tmport ntto br srated blt needt to
flnd. dffrnnt phe In thr document,
It should rleo br st.tcd th.t thcE ls m Industry qp€rlene wlth .
4r1 @nffguntlon llke B.rtow.,.whlch brds to MHPS mt fultv
undc6tandlnS the op€ntlrE @ndltbor, thur havln3 r t{ bidc
thrt w! aE nil det mlnlng un-it tor oprrEtton wlth rot Gn@gh

fo r thb strtbn confEuEtlon.
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conclusively determine and eliminate the magnitude and impact of the

This technical paper will speak briefly of the history of L-O blade events for Bartow Unit 45 and then discuss in

detail how each event was (or was not) affected by the contributing factors listed above.

Historical Perspective
Bartowisa4xlCombinedCycle(CC)StationwithaSteamTurbine(STlmanufacturedbyMHPS. TheSTwas

purchased on the "grey market" from Tenaska Power Equipment, LLC (Tenaska)' Tenaska originally purchased

the ST to operate in a 3x1 CC with a gross output of 420MW. The ST was never delivered and was stored in a

MHPS warehouse in Japan until Duke purchased the unit'

prior to the Bartow commissioning, MHPS was contracted by Duke to evaluate the ST desi8n conditions and

update heat balances to represent a 4x1 CC configuration.

Since commissioning there have been five (5) events triggered by L-0 blade failures (see Appendix A for event

details). Thetypesoffailuresincludemid-spansnubberfailures,shroudZ-Lockfailures,andairfoil tipfailures.

Over the course of these events, MHPS has performed several design enhancements to the 40" ST L-0 blade in

efforts to address the failures (see Appendix B for L-O modifications). To date, the modifications have not

resulted in improved reliability or performance of the L-0 blades in service at Bartow. The number of blade

failures and problems with ST L-0 blade performance is not typical - i.e. these issues are outliers among the

Duke cc f leet, as well as in the MHPS 40" L-o fleet. The most common reported issue from the MHPS 40" L-0

blade design is water erosion, which both Duke and MHPS agree is not a contributing factor for the Bartow

failures. presently,theSTisoperatingwithoutL-Orotating/stationaryhardwareandwithanMHPSdesigned

and fabricated pressure Plate'

Root Cause Contributing Factors
Low Pressure lLPl Turbine Excessive Steam Flow

Over the course of periods 1, 2 and leading into Period 3, MHPS Engineering - through data analysis - learned

(and made it known to Duke) that a significant contributing factor toward root cause of the L-0 blade failures

wasextremelyhighback-endloadingontheLPturbinelaststageblades. Back-endloadingisafunctionaffected

bysteamflowandoperatingpressurethroughaturbinesection. MHPSEngineeringindicatedthatBartowUnit

45 was an outlier relative to the MHPS 40" L-0 fleet with several operating hours above the design limit of

15,OOO lb./hr./ft., (the MHPS 40" L-O fleet average was closer to L2,O00lb./hr.lft.2). Duke was issued an

..avoidance zone" chart with instructions from MHPS not to run to the right side of the curve - the lone

exception being "brief" operation during transient conditions.

While Duke Engineering agrees that back-end loading should be considered a significant contributing factor

toward root cause, one cannot definitively conclude that it has been the root cause of all five (5) of the

documented L-O events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the "avoidance

zone,, of t hour, 1.15 hours and O hours, respectively. This indicates that back-end loading was not the cause of

any of the reported blade indicationsfailures during those periods of operation'
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By a considerable margin, Period t had the greatest amount of run hours in exceedance of the %voidance zone,,
relative to total operating hours - 2,466 out of 21,734 total hours. However, blade damage was relegated to
five (5) broken mid-span snubbers on the turbine end of the machine and a minimal degree offretting on the
shroud Z-Lock contact surfaces for both turbine and generator ends of the machine.

Conversely, during Period 3, there were only 240 hours (out of 10,286 total hours) of operation in the
"avoidance zone", approx. 11 hours of which occurred during the instrumented blade telemetry test performed
by MHPS in December 2014, Even with a significantly fewer number of "avoidance zone,, hours for period 3
relative to Period 1 - a factor of 10 fewer hours for Period 3 - there was significantly greater amounts of blade
damage and fretting on both ends of the machine. while the amount of Z-Lock wear is not quantified for
Periods 1 and 3, photographic evidence suggests that the amount of wear is much greater for period 3, as shown
below in Figure 1. lt is therefore difficult to conclude that damage to the L4 blades in period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 - comparatlve photos of shroud contact surface wear for Feriods 1 and 3

ccrujl-) *es
qAftEX

GouIil *az
ccFcilda

eol,.(D 132
E9rJqSe Cor,&) tqe

enaaex

Sample Shroud Contact Surface
Photoc from Perlod I

Semph Shroud Contrct
Sudrc Photorfrom Period 3

with the L-Os currently removed from the machine and with the pressure plate installed, MHps Engineering has
indicated that back-end loading is not currently an issue of concern at the current Lp inlet operating limits.
MHPS Engineering does not have enough technical data to support releasing Duke to operate the machine
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beyond the current LP inlet operating limits due to concerns for impacts to upstream blading - i'e' the L-1 blade

sets.

Blending ooerations - Thermal Distress ldTsu/dtl at LP Turbine Exhaust

During the most recent root cause analysis (RcA), the team expanded its view of turbine operations to include

all aspects that might impact the L-0 blades. Since the design of the condenser includes spargers' or "dump

tubes", for the hot reheat (HRH) and LP bypass steam flows from each of the four combustion turbines (CT)' and

since it has been observed that thermocouples positioned at the exhaust of the LP turbine just downstream of

the L-0 blades (hood spray thermocouples) can experience a significant change in temperature during a blend

operation, it was decided by the Duke team to review this operational aspect'

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large amounts

of data (stored in the Pl historian) to be quickly reviewed for each Period 1-5' Blends that met the criteria were

further analyzed to see how blend operations met or exceeded design criteria set by the condenser oEM' This

process involved extracting Pl data, calculating a value of superheat at the hood spray thermocouples,

calculating a rate of change of that value, and flagSin8 those values, or "counts". "counts" are defined as the

number of measureable blends where there was a slope change (+/-) in greater than (20 degrees superheat /
min) at the hood spray thermocouples. The data was flagged only when a CT was being blended into (or out of)

the steam cycle AND the ST output was greater than 50 MW. The limits of 20 degrees F (superheat) and 50 MW

were selected as these are good indications that the blend steam had either higher, or lower, enthalpy than

intended for the design of the sparging system' While this measure does not necessarily indicate the overall

severity of any loadings that might be imposed upon the L-o blades, it does allow for a comparison of the

number of higher enerSy blends that occurred'in each Period, and it allows the team to quickly identify specific

points/periods in time to look at additional blend parameters'

Table 1 - Qulck comparison of the Number of "counts" that Meet the crlteria for Periods 1'5'

Number of OPerating Hours

in Each Period

Number of Blends (or "Counts")
Meetins Criteria

Period 1 2L.734 13

Period 2 2r,284 7

Period 3 10,286 37*

Period 4 2,942 5

Period 5 1,561 5

*|nctudes6bIendsthatmeetthecriteriaduringstraingautetestinginDecember2014

Pressure Pulses Durine Hood/Curtain Sorav Ooerationlsl

The Duke RcA team also reviewed hood spray operations because of the very close proximity of the sprays to

theL-obladesandthefunctiontheyprovidetoprotectagainstoverpressure. Hoodsprayoperationis
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pogEmmed into the ovation DCS control system and is basically automated with no operator interaction
required. The water source is the output from the condensate pumps. A control valve reduces the roughly 500
psig condensate pressure to the design pressure for the sprays of SO psig,
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A review of the oEM-provided instructions requires use of hood sprays during the followinS conditions:

. Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW

. Hood spray thermocouple reading greaterthan 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is outlined

above had been programmed into the DCS since unit commissioning' In addition to the above hood spray

operating parameters, hood sprays were proSrammed to turn on anytime blending took place - similar to the

way the curtain sprays are programmed. No explanation for why this was done has been found to date' Based

on this finding, hood spray operation time is far greater than had it just been used as originally intended per the

oEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F

duringnormaloperationandneverreachover165degreesF. HiShertemperaturesaresometimesseenaftera

shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP

casings and some windage. No temperatures over 201 degrees F were found (One very brief reading of 1040

degrees F was determined to be an instrumentation issuel'

careful attention was also paid to the hood spray pressure over time. This was found to steadily decrease over

successivePeriods. MaintenanceofthehoodsprayscontrolvalveinsprinS2olTrevealeddebrisinthevalve

passageways. Review of historical records also indicate the strainer ahead of the same control valve had filled

with debris in prior years' operatinS.

Figure 2, below, demonstrates what happened to hood spray pressure over time. The decaY in water pressure

at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on pressure drop to create

a vortex inside the nozzle that causes atomization thru centripetal force. The effect of reduced atomization was

verified during a test just prior to unit restart in April 2017' A key concern of poor atomization is the effect it

might have on generating dynamic pressures which the L-0 blades miEht see as large water droplets evaporate

in the exhaust stream.
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Figure 2 - Hood Spray pressurc Degradation Over periods 1-5
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Zone Analvsis - Shroud Frettinr Fathue

Based on data from the Period 3 blade strain gauge test in Decemb er 2o!4, MHps identified areas (referred to
as ?ones") where blade response was high, but still below the oEM design limit in the normal operation range
of the LP turbine. The Duke RCA team defined these zones as Zone F1 through Zone F3 (shown by the red
rectanSles in Figure 3, below) and based on the Pl historical data, calculated the amount of time the turbine
spent in each zone for each period.

DEF201 90001 BARTOW LFE4_000067

Formatted: Font: 8

Page 7 of 13



6?0

is

I 6[0'
;
g 48o

Q 70O

t20

144

)&
$

Duke Energy - confidential

Fiture3-DataPresentedbyMHPSDuringaPresentationDated15March20lT

ts 0o 6t ?u ,1 & l3 lo ll lm lc6 tlo !|tr rm r"

LP !*r Ptdlu'. lPrql
'l .n! * 1Ji .ril tn{r dtit!6t }\*M!al'

r3O Dt r{

Blade response is evaluated through the integration of the stress
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Table 2 shows the breakdown of time in hours in each of the three (3) defined Zone-F areas for eadl period. The

total time in the three (3) zone-F areas is compared with the total operatinS time as a percentage' Note that the

period 5 blades spent a high percent of time in the operating area defined as Zone F1'

Table 2 -- Time (in Houn) Spent in Each zone and the Total compared with oPerating Time

fime ln Zone Total Turblne

0DeratinE Hours

% Time

in Zone FFI F2 I5 Total

Ferlod 1 901.2 ?,57.5 23.9 1182.6 ?l7v 5.4%

Period 2 1s21.9 10.0 o.2 1s32.1 27Ze/. 7.2%

Perlod 3 513.8 257.5 2t.9 795.2 10285 r.fA

Period 4 1.3 407.8 0.0 409.1 29.2 L3,.96

Feriod 5 419.0 0.0 0.0 419.0 1561 26.5Y.
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The main reason for conducting this analysis stems from the observed amount of wear seen on the contact
surfaces for Period 5' Period 5 did not have any operation time in the exclusion zone and the amount of wear
for the amount of operation time seems excessive. A photo showing the amount of wear seen is shown in
Figure 4' There was a varying degree of wear seen on the Period 5 Z-notches, however, the wear is higher than
what one would expect given the relatively low operating hours.

Flgure 4 - Photo of an L-0 blade Z-lock from period 5 showlng contact surface wear

Period 5 did have its share of higher energy blends as detected by the blend energy method. However, in terms
of operating hours in blend mode, Period 5 is not excessive in terms of percentage time blending. The total of
20 hours of blend time does not appear to justify the wear seen,

Loss of Dampenlns - HardFacine on Mld-span snubbers and shroud z-tock contact surf""es

The loss of dampening phenomena was a contributing factor during periods 3 and 4,

For Period 3, there was hard-facing on the mid-span snubber ONLY. Additional damage seen on the shroud z-
Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snubber' which were
HvoF-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for tne system via
additional motion.

For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock contact surfaces.
with both the mid-span and shroud contact surfaces being HvoF-coated, the limiting factor became the blade
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itself. In addition to mid-span snubber and shroud Z-Lock damage similar to what was encountered during

previous Periods 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the airfoil trailing edge'

Further discussion of loss of dampening and its role as a contributing factor toward root cause will continue in

the next section that speaks to blade fitment'

Blade Fitment - Gap Measurements for Mid-sDan snubbers and shroud z'Lock contact sudaces

DurinB the course of the root cause investigation between Periods 3 and 4, technical questions arose relative to

,,as left" blade-to-blade gap measurements - both at the mid-span snubber interface and at the shroud Z-Lock

contactsurfaces. Thebasisforthesequestionswasthepotentialconcernthatifthebladegapsatboththemid-

span snubber interface and the shroud Z-Lock weren't both taken into consideration together' then as the

blades began to "untwist" as the machine came up in temperature and load, adjacent mid-span snubbers would

achieve greater surface-to-surface contact (especially with the HVOF coating applied) before the shroud Z-Lock

contact surfaces could do the same. Consequently, reduced contact surface at the shroud Z-Lockwould yield

reduced mechanical damping, which is a function of both contact surface area and vibratory stresses (e'g'

flutter).

Per the OEM, the TVpe 3 L-0 blades were used to establish a baseline blade response from the telemetry and

strain gauge testing that was conducted in December 2014 at the beginnin8 of Period 3' The intent of the blade

response analysis was to capture "worst case" geometry variations. The oEM concluded that the dmensional

tolerance between the Type 3 blade and the Type 1 blade may have been as great as +/- 2 mm - i'e' the Type 3

(periods3and4)bladeshowsgreaterdistortionthantheTypelblade(Periods1,2and5)' ThesefindingsbY

the oEM are consistent with independent analysis of the blades by Duke via 3'd party scanning. with a Ereater

geometry variation, the Type 3 blade provided less mechanical damping (relative to the Type 1 blade) because of

the smaller contact area - a result of greater contact misaliSnment'

while the oEM contends that geometry variation on the Type 3 blade are not significant enough to negatively

impact blade stress/response, the OEM has acknowledged blade fitment/geometry is important enough to

consider in their ongoing R&D relative to a Type 5 blade redesign' The planned design changes are intended to

reduce blade response and dynamic stresses that in the past were negatively impacted by decreased contact

surface area between the shroud Z-Locks.
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Commenbd [HB2l: ts your exel 3umn.ry of the better than
thlstable oran lt b€ In addiuon to thlr table?

Pariod I Pcrlod 2 Pcriod 3 Paaiod 4 Plriod 5

Dat! 2009-2012 2072-20L4 2014-2016 May 2016to Oct 2016 D!.2016-F.b 2017

Serulce Duration -34 Months -28 Months -17 Months -5 Months -2 Months

l-{ Bhde
ConfiguBtion Type : Typ. I Type 3 (v1) Typc 3 lv2) Typ! 1

ST R.tln8 420 MW lNameplale) 420 MW 450 MW 450 MW 390 MW

opetrtinS

Rc*rldions

None - MHPS Intant Wes

to Follow Heat Balance

Dlaghm5.

118 psi8 Umit on tp
Exhaun

125 psig Limiton tp

Exhaun
U9 psig Llhit on tP

Erh.u$
Ul pslt Llmit on lp

grh.un

Condltion
OveEpeed Te$ing in MFG Overspred Tased jn

Japan
No OvcEpced Teding No Oveaspecd T€$ing

cidanccZon!

Etcaedancc
2,456 hrs. (of21,734 hrc.) I hr. (ot 21,284 hrs.) 240 hrs, (of10,286 h...) 1.15 hr.. (of 2,942 hB.) 0 hrs. (of 1,561 hrs.)

Bbkan SnubbeE 5TE/OGE OTE/OGE OTE/OGE OTE/ 1GE OTEl 13 G€

Brck.n Z-locks 0T€/0cE OTE/O GE 34 TE,/5 GE
1 TEl 2 cE .Z-Locl and

airfoils OT€/8GE

Wom Z-locks

MdeEte Amount ot
Surfrc. Frcting and

GallinE ObseNed

ModenteAmount ol
Surf.ce Frcftin8 and

GallinS obs!rved

High Degrce ofWear
ObseBed

I Evidenceof PoorConta.t

I AliSnhent Obserued
I

I

I Eiade "losiof materirl"

I 
obserycd, aswellascEck

I 
initiation in hith nress
.rea of.irfoil.

Stellite h.rd ficing had

been.dd€dto the blrd.
Z-tcl,.nd is likelya
contributint fadorin the
failure.

Two (21 separate sep
changes (decreases) in

vibntion led toth! Duke

Engin!ering

re@mm€ndation to
removethc STfrom
seNice foa insp€dion,

MHPS provided all pl data
they req!eied.

High De8ree ofWear (for

HouR Run) Obsetued

Key Noter fbh
Perlod events

I MHPSAwashiredto

I evaluale STdesign

I conditions {oriBinrl design

I wastorTenaska, 3x1 heat

I 
balanc.) end to cohtinue

I 
tn. w.rnnty.

MHPSAwas nodng for
Tenaska (purchased grey

martlt, stored byOEM).

STdrrwlng modilied by

MHPSAand approved for
4xl. opeation at 420 MW
odput Etint {2.38 mpph

LP crhausflow).

I Ndeforedoutagr.

I oulag! planned to

I upgBd.to "heavy dqty',

I 
blad.s.

I

some blade damage {e.g.
chipplng.t contact

comers) was obserued

from r€moved serylca

blades.

Blad!telemetry

hdrumentation in$allcd
.nd tesing conduded in

Dec 2014 ar th. bcginnint
of Period 3.

ounng blade tetendry
tc*ing,ihe unit wai
intrntionally run in
avoidance zone to set

limits- unit En in rone
for<20 hE.

No blade @cking
obseNed afterteiing
(when the ten
Insrumentation

removedl.

Duke Dlscovery: Jan/Feb

2017, fifi time blending

considercdto ba.
contributinS fador in L-{)

evenlS.

Jan 2017 "loss of h.ss"
event - bladefFgmenl
prcjedihtr:veled

throu8h thc LPturbine
rupturc disk diaphcgm.

Dental mold impression of
failure surfac€s indicta
_10^7 driations mcaning
high cycle f.tig0e (at 200
Hr giving over 2M cycles

in 3+ hrstofail shubber).

Informatlon Sh.red

with MHPS

MHPS prcvid.d all pt data

theV requeied.
MHPS provided all pl data

theyrequeSed.
MHPS provided.ll pt data

th!y requcied.
MHPS provlded all pl data
they requci.d.
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HPS L-0 Blade TvPe Matrix
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lrnilL{CcdLmdG Itrul{

Typc 1 Typ.3 lvl) TyPc 3 (v2l fyp.5

t ntth 40' rd 40'

Caunt 51 54 54 a

Turb/Grn End Ya5 Yas Yaa fa

snubb.r No HVOF Ch.mf.r R.dlu. & HVOF ch.mt rR.dl!.&$r'oF
Dlfrqqt B

Bart
ld Hdgll' neleiwb
L4 ltthod 7')
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MHPS's evaluation is based on the data captured between Period 3 and 4 during blade telemetry testing.
MHPS's evaluation is extensive and has allowed us to determine contributing factors. MHps,s intent was to
draw conclusions based on actual data collected. The telemetry testing window was short not all operating
conditions were witnessed during the testing (steady state and transient events); because of this the conclusions
from this report may not be all encompassing of the drivers and conditions that are causing the blade failures,

Bartow RCA
Customr 922-17. pd
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Executive Summary
Duke Energy (Duke) and Mitsubishi Hitachi Power systems (MHPS) have worked both independently and

together over the past 18 months to determine what has caused the Bartow unit 4s L-O blades to crack and

break during oPeration'

Duke,s position is as follows: The root cause ofthe Bartow steam turbine (sT) 40" L-0 blade failures during

period 1-5 is driven by evidence that the oEM designed last stage blades had little or no design margins for the

actua|operatinSconditionsthatexistfortheovera||Bartow4xlCombinedcyc|eUnit,

Duke Engineering believes the blade failures during Periods 1-5 involve more than one driving mechanism'

During a presentation given at the Duke FRHQ on 22 September 2017, MHPS also indicated that there may have

been more contributing factors for various Periods of failure rather than just excessive steam flow throuSh the

Lp section above the MHps design limit of 15,000 lb.lhr.fit.z. Excessive steam flow, or "operation in the

avoidancezone,,,hadbeenprevious|ycommunicatedbyMHPSastheso|erootcausebackduringapresentation
made at Bartow station on 15 March 2017. MpHs has since changed its position and today there is agreement

between both parties that there is not just oneJqrlgq4eqf aqq1.-

After months of study iind with input from MHPS) Duke Engineering believes the following to be the most

significant contributing factors toward blade failure over the history of Bartow unit 4s L-0 events:

o Low Pressure (LP) Turbine Excessive Steam Flow

oBlendingoPerations-Therma|Distress(dTsg/dt)atLPTurbineExhaust

. Pressure Pulses During Hood/Curtain Spray Operation(s)

o Zone Analvsis-Shroud Fretting Fati8ue

r Loss of Dampening - Hard-Facing on Mid-span snubbers and shroud z-Lock contact surfaces

r Blade Fitment - Gap Measurements for Mid-span snubbers and Shroud Z-Lock contact Surfaces

Duke believes that the contributing factors presented in this paper - or during MHPS presentations - are

postulations and may possibly be correct. Most ofthe MHPS postulations are derived from strain gauge data

takenduringthebriefperiodoftimethatthetelemetrytestconductedduringDecember2ol4' 
Thatblade

response data was then extrapolated by MHPS Engineering to develop potential root cause for blade failures at

the mid-span snubber, shroud z-Lock contact surface and/or the blade airfoil itself that were seen during

Periods 1-5.

The long-term solution for the Bartow LP section is to replace the L-0 blades or to retrofit the LP steam path with

a more capable/reliable design. with either scenario, blade telemetry instrumentation and blade vibration

monitoring will be necessary to conclusively determine and eliminate the magnitude and impact of the

identified contributing factors during various operatinS configurations that are integral to unrestricted 4 x 1

combined cycle oPeration.

This technical paper will speak briefly of the history of L-0 blade events for Bartow Unit 45 and then discuss in

detail how each event was (or was not) affected by the contributing factors listed above' Anv conclusions

derived from Duke's efforts that are discussed in this document are based on the team's best ability to correlate

data with events in operation and findings with L-0 blade inspectionsfailures.
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Historical Perspective
Bartow is a 4x1 Combined Cycle (CC) Station with a Steam Turbine (ST) manufactured by MHPS. The ST was
purchased on the "grey market" from Tenaska Power Equipment, LLC (Tenaska). Tenaska originally purchased

the ST to operate in a 3x1 CC with a gross output of 420MW. The ST was never delivered and was stored in a

MHPS warehouse in Japan until Duke purchased the unit.

Prior to the Bartow commissioning, MHPS was contracted by Duke to evaluate the ST design conditions and
update heat balances to represent a 4x1 CC configuration.

Since commissioning there have been five (5) events triggered by L{ blade failures (see Appendix A for event
details). Thetypesoffailuresincludemid-spansnubberfailures,shroudZ-Lockfailures,andairfoiltipfailures.

Over the course of these events, MHPS has performed several design enhancements to the 40" ST L-0 blade in

efforts to address the failures (see Appendix B for L-0 modifications). To date, the modifications have not
resulted in improved reliability or performance of the L-0 blades in service at Bartow. The number of blade
failures and problems with 5T L{ blade performance is not typical - i.e, these issues are outliers among the
Duke CC fleet, as well as in the MHPS 40" L{ fleet, The most common reported issue from the MHPS 40" L-O

blade design is water erosion, which both Duke and MHPS agree is not a contributing factor for the Bartow
failures. Presently, the ST is operating without L4 rotating/stationary hardware and with an MHPS designed

and fabricated pressure plate.

Root Cause Contributing Factors
Low Pressure ([Pl Turbine Excessive Steam Flow

Over the course of Periods 1, 2 and leading into Period 3, MHPS Engineering - through data evaluation - learned
(and made it known to Duke) that a significant contributing factor toward the L-0 blade failures wathigh,b_ack-

end loading on the LP turbine last stage blades. Back-end loading is a function affected by steam flow and

operating pressure through a turbine section. MHPS Engineering indicated that Bartow Unit 45 was an outlier
relative to the MHPS 40" L4 fleet with several operating hours above the design limit of 15,000 lb./hr./ft., (the

MHPS 40" L-0 fleet average was closer to 12,000 lb,/hr./ft.?). Duke was issued an "avoidance zone" chart with
instructions from MHPS not to run to the right side of the curve - the lone exception being "brief' operation
during transient conditions.

While Duke Engineering agreed.lElEgtgq loading sho!ld be considered a significant contributing factoL o_[e_

cannot definitively conclude that it has been the failure driving mechanism of all five (5) of the documented L-O

events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the "avoidance zone" of t hour,

1.15 hours and 0 hours, respectively. This indicates that back-end loading was not the cause of any of the
reported blade indicationsffailures during those periods of operation.

By a considerable margin, Period t had the greatest amount of run hours in exceedance of the "avoidance zone"

relative to total operating hours - 2,466 out of 21,734 total hours. However, blade damage was relegated to
five {5) broken mid-span snubbers on the turbine end of the machine and a minimal degree of fretting on the
shroud Z-Lock contact surfaces for both turbine and generator ends of the machine.

I Deleted: extremely I

Deleted: s

Deleted: toward the root cause
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Conversely, during Period 3, there were only 240 hours (out of 10,285 total hours) of operation

"avoidance zone", approx. 11 hours of which occurred during the instrumented blade telemetry

by MHPS in December 2014. Even with a significantly fewer number of %voidance zone" hours

relative to Period 1 - a factor of 10 fewer hours for Period 3 - there was significantly greater

damage and fretting on both ends of the machine. While the amount of z-Lock wear is not

below in Figure 1, lt is therefore difficult to conclude that damage to the L{ blades in Period 3 is

unit operation above the exhaust flow limit.

Flgure 1 - Compar.tlve Photos of Shroud Contrct Surfece Wear for Perlods I and

With the L-os currently removed from the machine and with the pressure plate installed, MHPS

indicated that back-end loading is not currently an issue of concern at the current LP inlet

MHPS Engineering does not have enough technical data to support releasing Duke to operate

beyond the current LP inlet operating limits due to concerns for impacts to upstream blading -
sets.

performed

Period 3

due to

the L-1 blade
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BlendingOperations-ThermalDistressldTsx/dtlatLPTurbineExhaust .'- -[rorr"tt"a,r*p*i*,n"*t ----------]

During the most recent root cause analysis (RCA), the team expanded its view of turbine operations to include

all aspects that might impact hhdglgdlll$bllhgtP, Since tie design of llqSqlCglqer rnS!.dqs !pqSeI!,
or "dump tubes", for the hot reheat (HRH) and LP bypass steam flows from each of the four combustion turbines

(CD, and since it has been observed that thermocouples positioned at the exhaust of the LP turbine just

downstream of the L-0 blades (hood spray thermocouples) can experience a significant change in temperature
during a blend operation, it was decided by the Duke team to review this operational aspect.

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large amounts

ofdata (stored in the Pl historian) to be quickly reviewed for each Period 1-5. Blends that metthe criteria were

further analyzed to see how blend operations met or exceeded design criteria set by the condenser OEM. This

process involved extracting Pl data, calculating a value of superheat at the hood spray thermocouples,

calculating a rate of chan8e of that value, and flagging those values, or "counts". "Counts" are defined as the

number of measureable blends where there was a slope change (+/-) in greater than (20 degrees superheat /
min) at the hood spray thermocouples. The data was flagged only when a CT was being blended into (or out of)

the steam cycle AND the ST output was greater than 50 MW. The limits of 20 degrees F (superheat) and 50 MW

were selected as these are good indications that the blend steam had either higher, or lower, enthalpy than

intended for the design of the sparging system. While this measure does not necessarily indicate the overall

severity of any loadings that might be imposed upon the L-0 blades, it does allow for a comparison of the

number of higher energy blends that occurred in each Period, and it allows the team to quickly identify specific

points/periods in time to look at additional blend parametersl

Table 1 - Quick Comparlson of the Number of "Counts" that Meet the Criterla for Periods 1-5.

Number of Operating Hours

in Each Period

Number of Blends {or "Counts")
Meetins Criteria

Period 1 2t,734 I5
Period 2 zL.2U 7

Period 3 10,286 37i
Period 4 2,942 3

Period 5 1,551 f

*lncludes 5 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses Durinq Hood/Curtain Sprav Operationlsl

The Duke RCA team also reviewed hood spray operations because of the very close proximity of the sprays to
the L-0 blades and the function they provide to protect against overpressure. Hood spr.ay operation is

programmed into the Ovation DCS control system and is basically automated with no operator interaction

required. The water source is the output from the condensate pumps. A control valve reduces the roughly 500

psig condensate pressure to the design pressure for the sprays of 50 psig.

Cofi'tirbd [Hlf]! wlth . Dbust bbda thc lxh.ust @ndtttont
rhouldf,'t lmpr€tth. p.rt. Th! charying cxh.ust rcndltlons ls

lmprctl|Ethe MHPs bl.da!..,hrdlngto wlvw. thlnlth.t lr th?
root 6u5!.

lf I am off br$ don't chr[e n
Deleted: the t-0 blades

CoilrtCttbd [Ut2I: We don't rc.lly @nclud! anythlng wlth
thls srsgon, Do rc rccd a to rdd that untll ra lnst ll bl.dcs wlth
tlleretry tstlng wa wlll rct undrFbnd tha totrl lmFct of thls
thcmelcrergy onthe blades. Thh wu phwed by MHPS during
thc prwlqc bl.de tebrutry tlst .nd thry werc nqt .bb to
corcfude a rcruh, To b€ notrd: not.ll bllnd ondltions and
@nflguntlonr wer! slrclsed during thc tclemtry tlstitE 50 theE
is rct enough €vldln@ to prm or Efut! ihb @rtrlbutlng frdor.
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o Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW

o Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is outlined

above had been programmed into the DCS since unit commissioning. In addition to the above hood spray

operating parameters, hood sprays were programmed to turn on anytime blending took place - similar to the

way the curtain sprays are programmed. No explanation for why this was done has been found to date. Based

on this finding, hood spray operation time is far greater than had it just been used as originally intended per the

OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F

during normal operation and never reach over 165 degrees F. Highertemperatures are sometimes seen after a

shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP

casings and some windage. No temperatures over 201 degrees F were found (one very brief reading of 1040

degrees F was determined to be an instrumentation issue).

Careful attention was also paid to the hood spray pressure over time, This was found to steadily decrease over

successive Periods. Maintenance of the hood sprays control valve in Spring 2017 revealed debris ln the valve

passageways. Reviewofhistoricalrecordsalsoindicatethestraineraheadofthesamecontrolvalvehadfilled

with debris in prior years' operating.

Figure 2, below, demonstrates what happened to hood spray pressure over time. The decay in water pressure

at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on pressure drop to create

a vortex inside the nozzle that causes atomization thru centrioetal force. The effect of reduced atomization was

verified during a test just prior to unit restart in April 2017. A key concern of poor atomization is the effect it
might have on generating dynamic pressures which the L-0 blades might see as large water droplets evaporate

in the exhaust stream.
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Flgure 2 .. Hood Spray pressur€ Degradation Over periods 1-5

Zone Analvsls - Shroud Frettins Fatisue

Based on data from the Period 3 blade strain gauge test in Decemb er Z0:'4, MHpS identified areas {referred to
as "Zones") where blade response was high, but still below the OEM design limit in the normal operation range
of the LP turbine. The Duke RcA team defined these zones as zone Fl through zone F3 (shown by the red
rectan8les in Figure 3, below) and based on the Pl historical data, calculated the amount of time the turbine
spent in each zone for each period. hrHPS did npt proride anv restriction of operation in zones Fl throuph F3,
onlv the exclusion zone identified bv the dotted lred line in Fisure 3.

DEF201 90001 BARTOW LFE4_000079
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. Blade response is evaluated through the integration of the stress

response allthe modes between 180H2 to t20Hz

Table2showsthebreakdownoftimeinhoursineachofthethree(3) definedZone-Fareasforeachperiod' The

total time in the three (3) Zone-F areas is compared with the total operating time as a percentaBe' Note that the

period 5 blades spent a high percent of time in the operating area defined as zone F1.

Table 2 - Time (in Hours) spent in Each zone and the Total compared with operating Time

Tlme In Zone Total Turblne

)DeratlnE Hours

%'llme
ln Zone FF1 F2 F3 Total

Perlod 1 901.2 z)t.) 23.5 1182.6 2t7a s.4?$

Period 2 t52L9 10.0 o.2 1s32.1 ztz8/. 7.2%

Perlod I sljl.8 257.5 23.9 795.2 10286 7.7

Period 4 1.3 407.8 0.0 4S.1 294:2 13.9%

Period 5 479.0 0.0 0.0 419.0 1561 26.8$6
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The main reason for conducting this analysis stems from the observed amount of wear seen on the contact
surfaces for Period 5' Period 5 did not have any operation time in the exclusion zone and the amount of wear
for the amount of operation time seems excessive. A photo showing the amount of wear seen is shown in
Figure 4' There was a varying degree of wear seen on the Period 5 z-notches, however, the wear is higher than
what one would expect given the relatively low operating hours.

Figure 4 - Photo of an [-0 blade Z-Lock from period s showrng contact surface wear

Period5didhave.hig[energy!!94!gqs!.{eaed!t!!qQ!e!g_e!qry!11e!!9!. 
|lg!|eyq.l!te|!1sqflpgf4itlc

hours in blend mode, Period 5 is not excessive in terms of percentage time blending as comoare to time
operated in Zone F1. I___,
Loss of D"moenin" - H"rd-Facing on Mid-soan snubb"rs and shroud Z-Lock cont"ct srrfa".,

The loss of dampening phenomena was a contributing factor during periods 3 and 4. hllOEhard-facinq can
reduce the amount of bas€ material frettinp durine oo€ration. The apolication of HVoF is used on manv
aoolications in the industrv for bladinr contact surfaces. when aoplied the HVoF hard-facins chanres the

Comm€nhd [UBs]! Dore rced tht5? To hctp quanfry whv
d.mpenlnS ls ruducedwith hard.f.clng? Mbht nccd to M the

for adrecyFor Period 3, there was hard-facing on the mid-span snubber oNLy. Additional damage seen on the shroud z-
Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snubbers, which were
HvoF-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for the system via
additional motion.

Page 8 of 12



CONFIDENTIAL

Duke Energy - Confidential
11 odober 2017

For Period 4, there was hard-facing on both the mid-span snubbers and the shroud z-Lock contact surfaces'

with both the mid-span and shroud contact surfaces being HVoF-coated, the limiting stress location became the

blade itself. In addition to mid-span snubber and shroud z-Lock damage similar to what was encountered during

previous Periods 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the airfoil trailing edge'

Further discussion of loss of dampening and its role as a contributing factor toward potential blade failure will

continue in the next section that speaks to blade fitment'

During the course of the RCA investiSation between Periods 3 and 4, technical questions arose relatlve to "as

|eft,, blade-to-blade gap measurements - both at the mid-span snubber interface and at the shroud Z-Lock

contact surfaces. The basis for these questions was the potential concern that if the blade gaps at both the mid-

span snubber interface and the shroud Z-Lock weren't both taken into consideration together' then as the

blades began to ,,untwist" as the machine came up in temperature and load, adjacent mid-span snubbers would

achieve greater surface-to-surface contact (especially with the HVoF coating applied) before the shroud Z-Lock

contact surfaces could do the same. Consequently, reduced contact surface atthe shroud Z-Lockwould yield

reduced mechanical damping, which is a function of both contact surface area and vibratory stresses (e'g'

flutter).

per the oEM, the Type 3 L-0 blades were used to establish a baseline blade response from the telemetry and

strain gauge testing that was conducted in December 2014 at the beginning of Period 3' The intent of the blade

responseanalysiswastocapture"worstcase"geometryvariations. TheoEMconcludedthatthedimensional

tolerance between the Type 3 blade and the Type 1 blade may have been as great as +/- 2 mm - i'e' the Type 3

(periods3and4)bladeshowsgreaterdistortionthantheTypelblade(Periods1,2and5)' 
Thesefindingsby

theoEMareconsistentwithindependentanalysisofthebladesbyDukevia3dpartyscanning. 
withagreater

geometry variation, the Type 3 blade provided less mechanical damping (relative to the Type 1 blade) because of

the smaller contact area - a result of greater contact misalignment'

while the oEM contends that geometry variation on the Type 3 blade are not significant enough to negatively

impact blade stress/response, the oEM has acknowledged blade fitment/geometry is important enough to

considerintheirongoingR&Drelativetoalewrype5bladeredesign. Theplanneddesignchangesare

intended to reduce blade response and dynamic stresses that in the past were negatively impacted by

decreased contact surface area between the shroud Z-Locks'
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P.riod I Pcriod 2 P.riod 3 Perlod 4 P.rlod s

Dat! 2009-2012 2072-2074 2014-2016 May 20161o Od 2016 D.c 2016 - Fcb 2017

sarylcc Duration -4 Month3 -28 Monthi -17 Months -5 Monthi -2 Months

L{ Blad.

Configuntlon
Type 1 TWe 1 Type 3 (v1) Type 3 (v2) Type 1

5T Ratln8 420 MW (Nam.pl.te) 420 MW 450 MW 450 MW 390 MW

op.Etlng
Rairidlons

Nohe - MHPS lntent Was

to Follow Hert Balance

DiagEm!,

118 psig Limit on lP

Erhaus
126 psi8 l-imit on lP

Erheuf
119 psl8 Uhlt on lP

Exh.un
Ul psi8 Limh on lP

Erheuf

uvtrspceo

Condition
Overspeed Tafiing in MFG

9varsped Teied in

Japan
No Ovetrp€ed Tlning No OveEpeed Tening

Avoldance Zon!

Exaacdanaa
2,466 hrs. {of 21,734 hR,l t hr. {of 21,284 hrs.) 24O hrs. (of 10,286 hrs.) 1..15 hrs. (of2,942 hE) 0 htr. {of 1,561 hrs.)

BEken Shubb!E 5TE/OGE OTE/O GE OIE/OGE 0TE/1GE 0 TE/ 13 Gt

Brokan Z-Locks 0 TE/0 Gt 0TE/0 GE 34TE / s GE
1TEl 2 GE'Z-l-ock and

airfoils
0TE/8GE

Wom Z-Lock.

udente Amount of
Surfa@ Frcning and

Gilling Obseiled

Modlnte Amount of
Surt ce Frcftiry.nd

G.lllng Obeeryed

HiBh Degrlc ofWear

ObseNed

Evidanc! of Poor Contact

Ali8nm.nt Observed

High Dcgree ofWear (for

Hou6 Run) ObseN!d

Kcy Notes fbm
P!riod eventa

MHP5A was hircdto
evrluate STdesi8n

conditioni {origlnel dcsiBn

warforTcMska,3xl hc.t
balance).nd to contanu.

tha warEnty.

MHPSAwasSo.in8 for
Ten:skt (purdlasad trey
n.rkel, Sored by OEM).

STdEwing modificd by

MHPSAand apprcved for
4x1 opention at 420 MW
odput rating {2.38 mpph

LP erh.ud flow).

Nd a forced out.te.
OutaS! plann.d to
uptEdeto "heavy ddy''
bhdes.

some bl.de damage (..9.

chipplng at contad

comcri) was obgaryed

from rcmovcd 5eilicc
bl.des.

Eladetelemctry

indrument.tion insalled
.ndtesinS conduded in

Dcc 2014.tthe b.Slnnlng

of Period 3.

Dunhg bl.deielamdry
te$lng,the unit wes

intehtion.lly run in

arcidancc zonelo sd
limits-unit ran ln rone
for <20 hc.

No blade cr.cking

obserued rttaatedint
(whrn th€ t.*
in*rumantation

rehovcdl.

Bladc "lors of h.terial"
obseNed, aswall as cEck
initialion in high dress

.Ga ofairfoil.

st.llite hrrd facing hed

becn add.dtothe blad!
Z-l,ock, rnd is likely a

contrlbuting f.ctor in the
f.ilure,

Two (2) iep.rate st.p
chanSes (darr..s.5) in

vibntion led tothe Duke

Engineerlng

recomm !ndation to
rehove the STfrom
seNic. lor inipedion.

Duke Djs@vcry: Jan/Fcb

2017, fiddme blendtnt

considercd to be a

contributing f.ctor in l-{

Jan 2017 "loss of m.ss'
event -bladefEtment
prcjediletnveled

through the LPturbine

rupture disk diaphEEm.

Denlal mold impres5ion of
failura surfeces indi6te
-10^7 Srjrtlons ha.ning
hlth cydefatigue (at 200

H2 Sivint over 2M cycl.s

in 3+ hR iofail shubber).

Infoh.tlon Shared

whh MHPS

MHPS provided all Pl data

they requested.

MHPS provided all Pl deta

they requeied.
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Mltsubishi RCA report- 9/2V2017

MHPSs evaluation is based on the data captured between hlrlgd Srld {Furing btade telemetry testing. ...-
MHPS's evaluation is extensive and has allowed ur told"ntifo.nd *lurt" or., MHPS,, int nt _,=was to draw conclusions based on actual data collected. the tet"metry t"rting *indo* ,ras short not all
operating conditions were witnessed during the testing (steady state and transi€nt events); because ofthis the
conclusions from this report may not be all encompasslng of the drivers and conditions that are causing the
blade failures.

Barto{v RCf
Cusbr|tr922-U.pd
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Executive SummarY
Duke Energy (Duke) and Mitsubishi Hitachi Power systems (MHPS) have worked both independently and

together over the past 18 months to determine what has caused the Bartow unit 4s L-0 blades to crack and

break during oPeration'

Duke,spositionisasfollows: TherootcauseoftheBartowsteamturbine(sT)40"1-0bladefailuresduring
period 1-5 is driven by evidence that the oEM designed last stage blades had little or no design margins for the

actualoperatinSconditionsthatexistfortheovera||Bartow4xlCombinedCyc|eUnit.

Duke Engineering believes the blade failures during Periods 1-5 involve more than one driving mechanism'

During a presentation given at the Duke FRHQ on 22 September 2017, MHPS also indicated that there may have

been more contributing factors for various Periods of failure rather than just excessive steam flow through the

Lp section above the MHps design limit of 15,000 lb.lhr./ft.2. Excessive steam flow, or "operation in the

avoidance zone", had been previously communicated by MHPS as the sole root cause back during a presentation

madeatBartowStationon15March2OlT. MPHshassincechangeditspositionandtodaythereisagreement

between both parties that there is not just one simple failure driving mechanism'

After months of study (and with input from MHPS) Duke Engineering believes the followin8 to be the most

significant contributing factors toward blade failure over the history of Bartow unit 4s L-0 events:

. Low Pressure (LP) Turbine Excessive Steam Flow

.B|endingoperations-Therma|Distress(dTsH/dt)atLPTurbineExhaust

. Pressure Pulses During Hood/Curtain Spray Operation(s)

r Zone Analysis - Shroud Fretting Fatigue

r Loss of Dampening - Hard-Facing on Mid-span snubbers and shroud Z-Lock contact surfaces

r Blade Fitment - Gap Measurements for Mid-Span Snubbers and Shroud z-Lock Contact Surfaces

Duke believes that the contributing factors presented in this paper - or during MHPS presentations - are

postulationsandmaypossiblybecorrect. MostoftheMHPSpostulationsarederivedfromstraingaugedata

taken during the brief period of time that the telemetry test conducted during December 2014' That blade

response data was then extrapolated by MHPs Engineering to develop potential root cause for blade failures at

the mid-span snubber, shroud Z-Lock contact surface and/or the blade airfoil itself that were seen during

Periods 1-5.

The long-term solution for the Bartow LP section is to replace the L-0 blades or to retrofit the LP steam path with

a more capable/reliable design. with either scenario, blade telemetry instrumentation and blade vibration

monitoring will be necessary to conclusively determine and eliminate the maSnitude and impact of the

identified contributing factors during various operating configurations that are integral to unrestricted 4 x 1

combined cycle oPeration.

This technical paper will speak briefly of the history of L-o blade events for Bartow unit 4s and then discuss in

detailhoweacheventwas(orwasnot)affectedbythecontributingfactorslistedabove' 
Anyconclusions

derived from Duke,s efforts that are discussed in this document are based on the team's best ability to correlate

data with events in operation and findings with L-0 blade inspections/failures.
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Historical Perspective
Bartow is a 4x1 Combined cycle (cc) station with a steam Turbine (sT) manufactured by MHps. The sT was
purchased on the "grey market" from Tenaska Power Equipmen! LLC (Tenaska), Tenaska originally purchased
the sT to operate in a 3x1 cc with a gross output of 420MW. The sT was never delivered and was stored in a
MHPS warehouse in Japan until Duke purchased the unit.

Prior to the Bartow commissioninS, MHPS was contracted by Duke to evaluate the sT design conditions and
update heat balances to represent a 4x1 CC configuration.

since commissioning there have been five (5) events triggered by L-0 blade failures (see Appendix A for event
details)' The types of failures include mid-span snubber failures, shroud Z-Lock failures, and airfoil tip failures.
over the course of these events, MHPS has performed several design enhancements to the 40,, sT L-0 blade in
efforts to address the failures (see Appendix B for L-0 modifications). To date, the modifications have not
resulted in improved reliability or performance of the L-o blades in service at Bartow, The number of blade
failures and problems with sT L-0 blade performance is not typical - i.e. these isues are outliers among the
Duke cc fleet, as well as in the MHPS 40" L-0 fleet, The most common reported issue from the MHps 40" L-0
blade design is water erosion, which both Duke and MHPS agree is not a contributing factor for the Bartow
failures. Presently,thesTisoperatingwithoutL-orotatin&/stationaryhardwareandwithanMHpsdesigned
and fabricated pressure plate.

Root Cause Conributing Factors
Low Pressure (LPl Turbine Excessive Steam Flow

over the course of Periods 1, 2 and leading into Period 3, MHps Engineering - through data evaluation - learned
(and made it known to Duke) that a significant contributing factor toward the L{ blade fairures was extremely
high back-end loading on the LP turbine last stage blades. Back-end loading is a function affected by steam flow
andoperatingpressurethroughaturbinesection. MHPSEngineeringindicatedthatBartowunit45wasan
outlier relative to the MHPs 40" L-o fleet with several operating hours above the design limit of 15,000
lb./hr'lft.'z(theMHPs40"L{fleetaveragewasclosertorz,ooolb./hr./ft.2). Dukewasissuedan,.avoidance
zone" chart with instructions from MHPS not to run to the right side of the curve - the lone exception being
"brief' operation during transient conditions.

while Duke Engineering agrees that back-end loading should be considered a significant contributing factor
toward the root cause, one cannot definitively conclude that it has been the failure driving mechanism of all five
(5) of the documented L-o events. As Appendix A illustrates, periods 2, 4 and 5 saw operating hours in the
"avoidance zone" of t hour, 1'15 hours and 0 hours, respectively. This indicates that back-end loading was not
the cause of any ofthe reported blade indications/failures during those periods of operation.

By a considerable margin, Period t had the greatest amount of run hours in exceedance of the -avoidance zone,,
ref ative to totaf operating hours - 2,466 out of 2!,734 total hours. However, blade damage was retegated to
five (5) broken mid-span snubbers on the turbine end of the machine and a minimal degree of fretting on the
shroud Z-Lock contact surfaces for both turbine and generator ends of the machine.
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Figurel-comparativePhotosofshroudcont.ctSurfaceWearforPeriodsland3
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With the L-os currentlv removed from the machine and with the pressure plate installed, MHPS ErFineering has

indicated that back-end loading is not currently an issue of concern at the current LP inlet operati4S limits.

MHPS Engineering does not have enough technical data to support releasing Duke to operate the fnachine

u"r*oii. .rrr.l p inl., op"rrting limits due to concerns for impacts to upstream blading - i'e' the L-1 blade

Blending Operations - Thermal Distress ldTsr/dtl at !P Turbine Exhaust i

Pa6e 3 of 12
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conversely, during Period 3, there were only 240 hours (out of 10,286 total hours) of operation in tne

.,avoidance zone,,, approx. 11 hours of which occurred during the instrumented blade telemetry test performed

by MHPS in December 2014. Even with a significantly fewer number of "avoidance zone" hours for Period 3

relative to Period 1 - a factor of 10 fewer hours for Period 3 - there was significantly greater amourits of blade

damage and fretting on both ends of the machine. while the amount of Z-Lock wear is not quantif ed for

Periods 1 and 3, photographic evidence suggests that the amount of wear is much greater for Period 3' as shown

below in Figure 1. lt is therefore difficult to conclude that damage to the L-0 blades in Period 3 is s{ely due to

unit operation above the exhaust flow limit'
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During the most recent root cause analysis (RCA), the team expanded its view of turbine operations to include

all aspects that might impact the L-0 blades. Since the design of the condenser includes spargers, or "dump
tubes", for the hot reheat (HRH) and LP bypass steam flows from each of the four combustion turbines (CT), and

since it has been observed that thermocouples positioned at the exhaust of the LP turbine just downstream of
the L-0 blades (hood spray thermocouples) can experience a significant change in temperature during a blend

operation, it was decided by the Duke team to review this operational aspect.

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large amounts

of data (stored in the Pl historian) to be quickly reviewed for each Period 1-5, Blends that met the criteria were
further analyzed to see how blend operations met or exceeded design criteria set by the condenser OEM. This
process involved extracting Pl data, calculating a value of superheat at the hood spray thermocouples,

calculating a rate of change of that value, and flagging those values, or "counts". "Counts" are defined as the
number of measureable blends where there was a slope change (+/-) in greater than (20 degrees superheat /
min) at the hood spray thermocouples. The data was flagged only when a CT was being blended into (or out of)
the steam cycle AND the ST output was greater than 50 MW. The limits of 20 degrees F (superheat) and 50 MW
were selected as these are good indications that the blend steam had either higher, or lower, enthalpy than

intended for the design of the sparSing system. While this measure does not necessarily indicate the overall

severity of any loadings that might be imposed upon the L-0 blades, it does allow for a comparison of the
number of higher energy blends that occurred in each Period, and it allows the team to quickly identify specific

points/periods in time to look at additional blend parameters.

Table 1 - Quick Comparison of the Number of "Counts" that Meet the Crlterla for Perlods 1-5.

Number of Operating Hours

in Each Period
Number of Blends (or "Counts")

Meetins Criteria
Period 1 2r.734 13

Period 2 2L,284 7

Period 3 10.285 374

Period 4 2,942
Period 5 5

rlncludes 5 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses Durinr Hood/Curtain Sorav Operationls)

The Duke RCA team also reviewed hood spray operations because of the very close proximity of the sprays to
the L-0 blades and the function they provide to protect against overpressure. Hood spray operation is

programmed into the Ovation DCS control system and is basically automated with no operator interaction

required. The water source is the output from the condensate pumps. A control valve reduces the roughly 500
psig condensate pressure to the design pressure for the sprays of 50 psig.
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A review of the OEM-provided instructions requires use of hood sprays during the following conditions:

. Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW

r Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is outlined

above had been programmed into the DCS since unit commissioning. ln addition to the above hood spray

operating parameters, hood sprays were programmed to turn on anytime blending took place - similar to the

way the curtain sprays are programmed. No explanation for why this was done has been found to date. Based

on this finding, hood spray operation time is far greater than had it just been used as originally intended per the

OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F

duringnormaloperationandneverreachover165degreesF. Highertemperaturesaresometimesseenaftera

shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP

casings and some windage. No temperatures over 201 degrees F were found (one very brief reading of 1040

degrees F was determined to be an instrumentation issue).

Careful attention was also paid to the hood spray pressure over time. This was found to steadily decrease over

successive Periods. Maintenance ofthe hood sprays control valve in Spring 2017 revealed debris in the valve

passageways. Reviewofhistoricalrecordsalsoindicatethestraineraheadofthesamecontrolvalvehadfilled

with debris in prior years' operating.

Figure2,below,demonstrateswhathappenedtohoodspraypressureovertime. Thedecayinwaterpressure

at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on pressure drop to create

a vortex inside the nozzle that causes atomization thru centripetal force. The effect of reduced atomization was

verifiedduringatestjustpriortounitrestartinApril2QtT. Akeyconcernofpooratomizationistheeffectit
might have on generating dynamic pressures which the L-0 blades might see as large water droplets evaporate

in the exhaust stream.
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Figure 2 .. Hood Spray pressure Degradation Over periods 1-5
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Zone Analvsis - Shroud Fretting Fatirue

Based on data from the Period 3 blade strain gauge test in Decemb er zo!4, MHps identified areas (referred to
as ?ones") where blade response was high, but still below the oEM design limit in the normat operation range
of the LP turbine. The Duke RCA team defined these zones as Zone F1 through zone F3 (shown by the red
rectangles in Figure 3, below) and based on the Pl historical data, calculated the amount of time the turbine
spent in each zone for each oeriod.
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. Blade response is evaluated through the integration of the stress

response allthe modes between {80H2 to t20Hz

Table2showsthebreakdownof timeinhoursineachofthethree(3) definedzone-Fareasforeachperiod' The

total time in the three (3) zone-F areas is compared with the total operating time as a percentage' Note that the

period 5 blades spent a high percent of time in the operating area defined as zone F1'

Tab|e2-Time(inHours)spentinEachZoneandtheTota|Comparedwithoperatinglime

Tlme In Zone Total Turblne
Soeratinr Hours

%Time
ln Zone F

F1 F2 F3 Total

Perlod 1 901.2 257.5 2?.9 1182.6 2t7A 5.4%

Feriod 2 $249 10.0 0.2 1532.1 2!2U 7.26r$

Perlod 3 513.8 237.5 2!.9 793.2 10285 7.TA

Period 4 1.3 &7.8 0.0 409,1 2*2 13.9%

Period 5 419.0 0.0 419.0 1s61 26.8%
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The main reason for conducting this analysis stems from the observed amount of wear seen on the contact
surfaces for Period 5, Period 5 did not have any operation time in the exclusion zone and the amount of wear
for the amount of operation time seems excessive. A photo showing the amount of wear seen is shown in
Figure 4' There was a varying degree of wear seen on the Period 5 Z-notches, however, the wear is higher than
what one would expect given the relatively low operating hours.

Flgure 4 - Photo of an L-0 blade Z-Lock from period S Showing Contact Surface Wear

Period 5 did have its share of higher energy blends as detected by the blend energy method. However, in terms
of operating hours in blend mode, Period 5 is not excessive in terms of percentage time blending. The total of
20 hours of blend time does not appear to justify the wear seen.

loss of Damoeninr - Hard-Facing on Mid-span snubbers and shroud Z-lock contact surfaces

The loss of dampening phenomena was a contributing factor during periods 3 and 4.

For Period 3, there was hard-facing on the mid-span snubber ONLY, Additional damage seen on the shroud Z-
Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snubbers, which were
HvoF-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for the system via
additional motion.

For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock contact surfaces.
With both the mid-span and shroud contact surfaces being HVOF-coated, the limiting stress location became the
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blade itself. In addition to mid-span snubber and shroud Z-Lock damage similar to what was encountered during

previous periods 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the airfoil trailing edge.

Further discussion of loss of dampening and its role as a contributing factor toward potential blade ftilure will

continue in the next section that speaks to blade fitment.

Blacle Fitment - Gao Measurements for Micl'soan Snubbers and Shroucl Z-Lock Contact Surfaces

During the course of the RCA investigation between Periods 3 and 4, technical questions arose relative to "as

|eft,, blade-to-blade gap measurements - both at the mid-span snubber interface and at the shroud Z-Lock

contact surfaces. The basis for these questions was the potential concern that if the blade gaps at both the mid-

soan snubber interface and the shroud Z-Lock weren't both taken into consideration together, then as the

blades began to "untwist" as the machine came up in temperature and load, adjacent mid-span snubbers would

achieve greater surface-to-surface contact (especially with the HVOF coating applied) before the shroud Z-Lock

contact surfaces could do the same. Consequently, reduced contact surface at the shroud Z-Lock wOuld yield

reduced mechanical damping, which is a function of both contact surface area and vibratory stresseF (e'9.

flutter).

per the oEM, the Type 3 L-0 blades were used to establish a baseline blade response from the telenletry and

straingaugetestingthatwasconductedinDecember2Ol4atthebeginningofPeriod3, TheintentDftheblade

response analysis was to capture "worst case" geometry variations, The OEM concluded that the dlmensional

tolerance between the Type 3 blade and the Type 1 blade may have been as great as +/- 2 mm - i'e, the Type 3

(periods 3 and 4) blade shows greater distortion than the Type 1 blade (Periods 1, 2 and 5). These findings by

the OEM are consistent with independent analysis of the blades by Duke via 3d party scanning. Wilh a greater

geometry variation, the Type 3 blade provided less mechanical damping (relative to the Type 1 bladb) because of

the smaller contact area - a result of greater contact misaliSnment.

while the oEM contends that geometry variation on the Type 3 blade are not significant enouSh to negatively

impact blade stress/response, the OEM has acknowledged blade fitment/8eometry is important en0ugh to

considerintheirongoingR&DrelativetoaType5bladeredesign. Theplanneddesignchangesarelntendedto

reduce blade response and dynamic stresses that in the past were negatively impacted by decreased contact

surface area between the shroud Z-Locks.
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Appendix B: M HPS L-0 Blade Matrix
htt L4

Typ. 1 Typ.3 (v1l Typ.3 (v2) fw.5
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Mitsu bish i RCA repox - 9 l22l 2OIt

MHPs's evaluation is based on the data captured between Period 3 and 4 during blade telemetry testing.
MHPs's evaluation is extensive and has allowed us to determine contributing factors. MHpys intent was to
draw conclusions based on actual data collected. The telemetry testing window was short not all operating
conditions were witnessed during the testing (steady state and transient events); because of this the conclusions
from this report may not be all encompassing of the drivers and conditions that are causing the blade failures.

Bartow RCA
CrrstonEr *22-17,pd
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Executive Summary
Duke Energy (Duke) and Mitsubishi Hitachi Power systems (MHPS) have worked both independently and

together over the past 18 months to determine what has caused the Bartow unit 4s L-o blades to crack and

break during oPeration'

Duke,s oosition is as follows: The root cause of the Bartow steam turbine (sT) 40" L-0 blade failures during

period 1-5 is driven by evidence that the oEM designed last stage blades had little or no desiSn margins for the

actual operating conditions that exist for the overall Bartow 4 x 1 Combined cycle unit.

Duke Engineering believes the blade failures during Periods 1-5 involve more than one driving mechanism'

DurinB a presentation given at the Duke FRHQ on 22 September 2017. MHPS also indicated that there may have

been more contributing factors for various Periods of failure rather than just excessive steam flow through the

LP section above the MHPS desi8n limit of 15,000 lb./hr'/ft.'?' Excessive steam flow, or "operation in the

avoidance zone", had been previously communicated by MHPS as the sole root cause back during a presentation

madeatBartowstationon15March20lT. MpHshassincechangeditspositionandtodaythereisagreement

between both parties that there is not just one failure mechanism'

After months of study (and with input from MHPS) Duke Engineering believes the following to be the most

significant contributing factors toward blade failure over the history of Bartow unit 4s L-0 events:

o Low Pressure (LP) Turbine Excessive steam Flow

oB|endingoPerations-ThermaIDistress(dTsl/dt)atLPTurbineExhaust

. Pressure Pulses During Hood/curtain spray operation(s)

r Zone Analysis - Shroud Fretting Fatigue

o Loss of Dampening - Hard-Facing on Mid-span snubbers and shroud Z-Lock contact surfaces

. Blade Fitment - Gap Measurements for Mid-span snubbers and Shroud Z-Lock contact surfaces

Duke believes that the contributing factors presented in this paper - or d uring M HPS presentations - are

postulations and may possibly be correct. Most ofthe MHPS postulations are derived from strain gauge data

taken during the brief period of time that the telemetry test conducted during December 2014' That blade

response data was then extrapolated by MHPS EnSineering to develop potential root cause for blade failures at

the mid-span snubber, shroud Z-Lock contact surface and/or the blade airfoil itself that were seen during

Periods 1-5.

The long-term solution for the Bartow LP section is to replace the L-0 blades or to retrofit the LP steam path with

a more capable/reliable design. with either scenario, blade telemetry instrumentation and blade vibration

monitoring will be necessary to conclusively determine and eliminate the magnitude and impact of the

identified contributing factors during various operatinB configurations that are integral to unrestricted 4 x 1

combined cycle oPeration.

This technical paper wiil speak briefly ofthe history of L-O blade events for Bartow Unit 45 and then discuss in

detail how each event was (or was not) affected by the contributing factors listed above' Any conclusions

derived from Duke's efforts that are discussed in this document are based on the team's best ability to correlate

data with events in operation and findings with L-0 blade inspectionsfailures.
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Historical Perspective
Bartow is a 4x1 Combined Cycle (cc) station with a steam Turbine (sT) manufactured by MHps. The sT was
purchased on the "grey market" from Tenaska Power Equipment, LLC (Tenaska), Tenaska originally purchased
the sT to operate in a 3x1 CC with a gross output of 420MW. The ST was never delivered and was stored in a
MHPS warehouse in Japan until Duke purchased the unit.

Prior to the Bartow commissioning, MHPS was contracted by Duke to evaluate the sT design conditions and
update heat balances to represent a 4x1 CC configuration,

since commissioning there have been five (5) events triggered by L-0 blade failures (see Appendix A for event
details). Thetypesoffailuresincludemid-spansnubberfailures,shroudZ-Lockfailures,andairfoiltipfailures.
over the course of these events, MHPS has performed several design enhancements to the 40- sT L-o blade in
efforts to address the failures (see Appendix B for L-0 modifications), To date, the modifications have not
resulted in improved reliability or performance of the L{ blades in service at Bartow. The number of blade
failures and problems with sr L-o blade performance is not typical - i,e. these issues are ougiers among the
Duke CC fleet, as well as in the MHPS 40" L-0 fleet. The most common reported issue from the MHps 40" L-o
blade design is water erosion, which both Duke and MHPS agree is not a contributing factor for the Bartow
failures. Presently, the ST is operating without L-0 rotating/stationary hardware and with an MHps designed
and fabricated pressure plate.

Root Cause Contributing Factors
1ow Pressure lLPl Turbine Excessive Steam Flow

over the course of Periods 1, 2 and leading into Period 3, MHPS Engineering - through data evaluation - learned
(and made it known to Duke) that a si8nificant contributinS factor toward the L{ blade failures was high back-
end loading on the LP turbine last stage blades. Back-end loading is a function affected by steam flow and
operating pressure through a turbine section. MHPS Engineering indicated that Bartow Unit 45 was an outlier
relative to the MHPS 40" L-0 fleet with several operating hours above the design limit of 15,000 lb./hr./ft., (the
MHPS 40" L-0 fleet average was closer to 12,000 lb,/hr./ft.':). Duke was issued an ,,avoidance 

zone,, chart with
instructions from MHPS not to run to the right side of the curve - the lone exception being ,,brief, operation
during transient conditions.

while Duke Engineering agreed that back-end loading should be considered a significant contributing factor, one
cannot definitively conclude that it has been the failure driving mechanism of all five (5! of the documented L-0
events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the "avoidance zone,, of t hour,
1.15 hours and 0 hours, respectively. This indicates that back-end loading was not the cause of any of the
reported blade indicationsfailures during those periods of operation.

By a considerable margin, Period t had the greatest amount of run hours in exceedance of the ,.avoidance 
zone,,

relative to totaf operating hours - 2,466 out of 2!,734 total hours, However, blade damage was relegated to
five (5) broken mid-span snubbers on the turbine end of the machine and a minimal degree of fretting on the
shroud z-Lock contact surfaces for both turbine and generator ends of the machine.
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conversely, during Period 3, there were only 240 hours (out of 10,286 total hours) of operation in the

"avoidance zone", approx. 11 hours of which occurred during the instrumented blade telemetry tesl performed

by MHpS in December 2014. Even with a significantly fewer number of "avoidance zone" hours for Period 3

relative to period 1- a factor of 10 fewer hours for Period 3 - there was significantly greater amourlts of blade

damage and fretting on both ends of the machine. While the amount of Z-Lock wear is not quantified for

Periods 1 and 3, photographic evidence suggests that the amount of wear is much greater for Periou 3' as shown

below in Figure 1. tt is therefore difficult to conclude that damage to the L-0 blades in Period 3 is scilely due to

unit operation above the exhaust flow limit.

Flgure 1 - comparatlve Photos of shroud contact surface wear for Perlods I and 3

Govli 138
@ogex

Gov.(Ll *4e
ceo'E!,E

eov{il f32
Farffiff0F Gov{L) t43

f{fftft

Srmplc Shroud fnntac't Surfacr
Photor from Pcrlod I

Sample Shroud Conhct
Sur{rcc Photor from Prriod 3

With the L-Os currengy removed from the machine and with the pressure plate installed, MHPS Erj8ineerin8 has

indicated that back-end loading is not currently an issue of concern at the current LP inlet operatirlg limits'

MHPS Engineering does not have enough technical data to support releasing Duke to operate the inachine

beyond the current Lp intet operating limits due to concerns for impacts to upstream blading - i'ej the L-1 blade

sets.
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Blendlng Ooeratlons -Thermal Distress fdTss/dtl at Lp Turblne Exhaust

During the most recent root cause analysis (RCA), the team expanded its view of turbine operations to include
all aspects that might impact exhaust conditions of the LP. Since the design of the condenser includes spargers,
or "dump tubes", for the hot reheat (HRH) and LP bypass steam flows from each of the four combustion turbines
(CT), and since it has been observed that thermocouples positioned at the exhaust of the Lp turbine just
downstream of the L-0 blades (hood spray thermocouples) can experience a significant change in temperature
during a blend operation, it was decided by the Duke team to review this operational aspect.

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large amounts
of data (stored in the Pl historian) to be quickly reviewed for each Period 1-5. Blends that met the criteria were
further analyzed to see how blend operations met or exceeded design criteria set by the condenser oEM. This
process involved extracting Pl data, calculating a value of superheat at the hood spray thermocouples,
calculating a rate of change of that value, and flagging those values, or 'tounts,,. .,Counts,, 

are defined as the
number of measureable blends where there was a slope change (+/-) in greater than (20 degrees superheat /
min) at the hood spray thermocouples. The data was flagged only when a cT was being blended into (or out of)
the steam cycle AND the ST output was Sreater than 50 MW. The limits of 20 degrees F (superheat) and 50 MW
were selected as these are good indications that the blend steam had either higher, or lower, enthalpy than
intended for the design of the sparging system. While this measure does not necessarily indicate the overall
severity of any loadings that might be imposed upon the L{ blades, it does allow for a comparison of the
number of higher energy blends that occurred in each Period, and it allows the team to quickly identifo specific
points/periods in time to look at additional blend lpanmetersl

Table 1 - Quick Comparison of the Number of "Counts" that Meet the Criteria 6or perlods 1-5.

Number of Operating Hours
in Each Period

Number of Blends (or "Counts")
Meeting Criteria

Period 1 21,734 13
Period 2 2L.2U 7
Period 3 10,286 37|
Period 4 2,942 5
Period 5 1,561 f

*lncludes 5 blends that meet the criteria during strain gau8e testing in December 2014

Pressure Pulses Durins Hood/Curtain Sprav Ooerationlsl

The Duke RcA team also reviewed hood spray operations because of the very close proximity of the sprays to
the L-0 blades and the function they provide to protect against overpressure. Hood spray operation is
programmed into the Ovation DCS control system and is basically automated with no operator interaction
required. The water source is the output from the condensate pumps. A control valve reduces the roughly 500
psig condensate pressure to the design pressure for the sprays of 50 psig.

Got|r|tlttad [}|B1l! WG don r ru.Iy @rctudc .rythtc with
thli sc{on. Do w! mad. to .dd th.t unttl w trsall bbdcs wfth
tlhmrtry tr5tlr|g w. wdl not undcFnnd th! trtrt lmprcl of thb
thcmal rmriy on th. bhd*. Thts wu avhred by MHPS dsrtng
th! ppbur bhda tebmtry tr5t rnd thly wn nqt rbh to
octdr r sult. To bc rut di not.ll bbnd ondftlonr rnd
@nftuEtlos wcrc ulrciscd dudng the tllmctry tesflng s thsE
ir not rrcoah stdc@ to puc or rot ta thls
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A review of the OEM-provided instructions requires use of hood sprays during the following conditions:

o Rotor speed greater than 600 rpm and steam turbine generator load less than 10 Mw

. Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is outlined

above had been programmed into the DCS since unit commissioning. In addition to the above hood spray

operating parameters, hood sprays were programmed to turn on anytime blending took place - similar to the

waythecurtainspraysareprogrammed. Noexplanationforwhythiswasdonehasbeenfoundtodate' Based

on this finding, hood spray operation time is far greater than had it just been used as originally intended per the

OEM-provided instructions. A review of hood spraythermocouple data showsthey rarely reach 160 degrees F

duringnormaloperationandneverreachover165degreesF. Highertemperaturesaresometimesseenaftera

shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP

casings and some windage. No temperatures over 201 degrees F were found (one very brief reading of 1040

degrees F was determined to be an instrumentation issue)'

careful attention was also paid to the hood spray pressure over time. This was found to steadily dQcrease over

successive periods. Maintenance ofthe hood sprays control valve in Spring 2017 revealed debris in the valve

passageways. Reviewofhistoricalrecordsalsoindicatethestraineraheadofthesamecontrolvalvehadfilled

with debris in prior years' operatinS.

Figure 2, below, demonstrates what happened to hood spray pressure over time' The decay in water pressure

at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on pressure drop to create

a vortex inside the nozzle that causes atomization thru centripetal force' The effect of reduced atomization was

verified during a test just prior to unit restart in April 2017. A key concern of poor atomization is the effect it

might have on generating dynamic pressures which the L-0 blades might see as large water droplets evaporate

in the exhaust stream.
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F[urc 2 - ]lood Spray Prcssur€ Degndatlon Over Periods 1-5

Zone Arrrlvsls - Shrcud Frctdnr Fetl:ue

Based on data from the Period 3 blade strain gauge test in December 2014, the OEM identified areas (referred

to as "Zones") where blade response was high, but still below the OEM design limit in the normal operation

range of the LP turbine. The Duke RCA team defined these zones as Zone F1, Zone F2, and Zone F3 (shown by

the red rectangles in Figure 3, below) and based on the Pl historical data, calculated the amount of time the

turbine spent in each zone for each period. The OEM did not provide any restriction(sl to operation in Zone F1,

aoneF2, and/or Zone F3 - only restrictions relative to "operation in the avoidance zone" identified by the area

ofthe graph to the right ofthe dotted red line in Figure 3.
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Unablo lo t€st due to
excessive blade response

t'i t5

Figure 3 * Data Presented by MHPS Durlng a Presentation Dated 15 March 2017
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Damage Mechanism

Blade Response
Example :Shroud

. Blade response is evaluated through the integraiion of the stress
response allthe modes between l80Hz to l20Hz

Table 2 shows the breakdown of time in hours in each of the three (3) defined Zone-F areas for each period. The

total time in the three (3) Zone-F areas is compared with the total operating time as a percentage. Note that the
Period 5 blades spent a high percent of time in the operating area defined as Zone F1.

Table 2 - Time {in Hours) Spent in Each Zone and the Total Compared with Operating Time

Time ln Zone Total Turblne
)pentlng Hours

%Tlme

In Zone FF1 F2 F3 Total
Pedod 1 901.2 257.5 23.9 1182.6 u734 5,AYo

Period 2 1521-9 10.0 o,7 1s12.1 212u 7.2%
Pedod 3 s13.8 257.5 23.9 79s.2 10286 7.714

Pedod 4 1.3 @7.8 0.0 409.1 2942 13.996

Period 5 419.0 0.0 0.0 419.0 1561 26,596
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The main reason for conducting this analysis stems from the observed amount of wear seen on the contact

surfaces for Period 5. Period 5 did not have any operation time in the exclusion zone and the amount of wear

for the amount of operation time seems excessive. A photo showing the amount of wear seen is shown in

Figure 4. There was a varying degree of wear seen on the Period 5 Z-notches, however, the wear is higher than

what one would expect Biven the relatively low operating hours.

Figure 4 - Photo of an L-0 blade Z'lock from Perlod 5 Showlng Contact Surface Wear

period 5 did have high energy blends as detected by the blend energy method. However, in terms of operating

hours in blend mode, Period 5 is not excessive in terms of percentage time blending as compared to operating

hours in Zone F1.

Loss of Dampenins - Har.l-Facinr on Mld-Span Snubbers an.l Shroud Z.Lock Contact Surfaces

HVOF hard-facing can reduce the amount of base material fretting during operation and is used on many

applications across the industry for blading contact surfaces. When applied, the HVOF hard-facing changes the

frictional forces ofthe contact surface reducingfretting and has an increased hardnessto prevent material loss.

The loss of dampening phenomena was a contributing factor during Periods 3 and 4.

For period 3, there was hard-facing on the mid-span snubber ONLY. Additional damage seen on the shroud Z-

Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snubbers, which were

HvoF-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for the system via

additional motion,
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For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock contact surfaces.
With both the mid-span and shroud contact surfaces being HVOF-coated, the limiting stress location became the
blade itself' In addition to mid-span snubber and shroud Z-Lock damage similar to what was encountered during
previous Periods 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the airfoil trailing edge.

Further discussion of loss of dampening and its role as a contributing factor toward potential blade failure will
continue in the next section that speaks to blade fitment.

Blade Fltment - Gao Measurements for Mid-Soan Snubbers and Shroud Z-lock Contact Surfaces

During the course of the RCA investigation between Periods 3 and 4, technical questions arose reletive to "as
leff' blade-to-blade gap measurements - both at the mid-span snubber interface and at the shroud Z-Lock
contact surfaces. The basis for these questions was the potential concern that if the blade gaps at,both the mid-
span snubber interface and the shroud Z-Lock weren't both taken into consideration together, theh as the
blades began to "untwist" as the machine came up in temperature and load, adjacent mid-span slubbers would
achieve greater surface-to-surface contact (especially with the HVOF coating applied) before the shroud Z-Lock
contact surfaces could do the same. Consequently, reduced contact surface at the shroud Z-Lock lvould yield
reduced mechanical damping, which is a function of both contact surface area and vibratory stresies (e.g.

flutter).
i

Per the OEM, the Type 3 L-0 blades were used to establish a baseline blade response from the telemetry and
strain Sauge testing that was conducted in December 2014 at the beginning of period 3. The intent of the blade
response analysis was to capture "worst case" geometry variations. The OEM concluded that the dimensional
tolerance between the Type 3 blade and the Type 1 blade may have been as great as +/- Z mm - i.i. the Type 3
(Periods 3 and 4) blade shows greater distortion than the Type 1 blade (Periods 1, 2 and 5). These findings by
the OEM are consistent with independent analysis of the blades by Duke via 3d party scanning. Wlth a greater
geometry variation, the Type 3 blade provided less mechanical damping (relative to the Type 1 blade) because of
the smaller contact area - a result of greater contact misalignment.

While the OEM contends that geometry variation on the Type 3 blade are not significant enough tO negatively
impact blade stress/response, the OEM has acknowledged blade fitment/geometry is important enough to
consider in their ongoing R&D relative to a lgllType 5 blade redesign, The planned design changes are
intended to reduce blade response and dynamic stresses that in the past were negatively impacted by
decreased contact surface area between the shroud Z-Locks.
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Mitsubishi RCA report- 9/2212017

MHpgs evaluation is based on the data captured between Period 2 and 3 during blade telemetry testing'

MHpS,s evaluation is extensive and has allowed us to identify and evaluate contributing factors' MHPys intent

was to draw conclusions based on actual data collected. The telemetry testin8 window was short not all

operating conditions were witnessed during the testing (steady state and transient events); because of this the

conclusions from this report may not be all encompassing of the driveB and conditions that are causing the

blade failures'

Eartow RCA
CustoflE $22-17.Pd
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Executive Summary
Duke Energy (Duke) and Mitsubishi Hitachi Power Systems (MHPs) have worked both independently and
together over the past L8 months to determine what has caused the Bartow unit 45 L-0 blades to crack
and break during operation.

Duke's position is as follows: The root cause of the Bartow steam turbine (ST) 40" L-O blade failures
during Period 1-5 is driven by evidence that the oEM designed last stage blades had little or no design
margins for the actual operating conditions that exist for the overall Bartow 4 x 1 combined cycle Unit.

Duke Engineering believes the blade failures during Periods 1-5 involve more than one driving
mechanism. During a presentation given at the Duke FRHe on 22 Septemb er 2OI7,MHpS also indicated
that there may have been more contributing factors for various periods of failure rather than
just excessive steam flow through the LP section above the MHps design limit of 15,000 lb./hr./ft.2.
Excessive steam flow, or "operation in the avoidance zone", had been previously communicated by
MHPS as the sole root cause back during a presentation made at Bartow Station on 15 March
2077 ' MPHS has since changed its position and today there is agreement between both parties that
there is not just one failure mechanism.

After months of study (and with input from MHPs) Duke Engineering believes the following to be the
most significant contributing factors toward blade failure over the history of Bartow Unit 45 L-0 events:

r Low Pressure (Lp) Turbine Excessive Steam Flow
. Blending operations - Thermal Distress (dTsH/dt) at Lp rurbine Exhaust
r Pressure pulses During Hood/Curtain Spray Operation(s)
o Zone Analysis - Shroud Fretting Fatigue
o Loss of Dampening - Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaceso Blade Fitment - Gap Measurements for Mid-span Snubbers and Shroud Z-Lock Contact Surfaces

Duke believes that the contributing factors presented in this paper - or during MHps presentations - are
postulations and may possibly be correct. Most of the MHPS postulations are derived from strain gauge
data taken during the brief period of time that the telemetry test conducted during December 2014.
That blade response data was then extrapolated by MHPS Engineering to develop potential root cause
for blade failures at the mid-span snubber, shroud Z-Lock contact surface and/orthe blade airfoil itself
that were seen during periods L-5.

The long-term solution for the Bartow LP section is to replace the L-0 blades or to retrofit the Lp steam
path with a more capable/reliable design. With either scenario, blade telemetry instrumentation and
blade vibration monitoring will be necessary to conclusively determine and eliminate the magnitude and
impact of the identified contributing factors during various operating configurations that are integralto
unrestricted 4 x 1 combined cycle operation.

This technical paper will speak briefly of the history of L-0 blade events for Bartow Unit 4s and then
discuss in detail how each event was (or was not) affected by the contributing factors listed above. Any
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conclusions derived from Duke's efforts that are discussed in this document are based on the team's

best ability to correlate data with events in operation and findings with L-0 blade inspectionsfailures.

Historical Persp ective
Bartow is a 4xl Combined Cycle (CC)Station with a Steam Turbine (ST) manufactured by MHPS. The ST

was purchased on the "grey market" from Tenaska Power Equipment, LLC (Tenaska)' Tenaska originally

purchased the ST to operate in a 3x1 CC with a gross output of 420MW. The ST was never delivered and

was stored in a MHPS warehouse in Japan until Duke purchased the unit.

prior to the Bartow commissioning, MHPS was contracted by Duke to evaluate the ST design conditions

and update heat balances to represent a 4x1 CC configuration'

Since commissioning there have been five (5) events triggered by L-0 blade failures (see Appendix A for

event details). The types of failures include mid-span snubber failures, shroud Z-Lock failures, and airfoil

tip failures. Over the course of these events, MHPS has performed several design enhancements to the

40" ST L-0 blade in efforts to address the failures (see Appendix B for L-0 modifications). To date, the

modifications have not resulted in improved reliability or performance of the L-0 blades in service at

Bartow. The number of blade failures and problems with ST L-0 blade performance is not typical- i.e.

these issues are outliers among the Duke CC fleet, as well as in the MHPS 40" L-0 fleet' The most

common reported issue from the MHPS 40" L-0 blade design is water erosion, which both Duke and

MHpS agree is not a contributing factor for the Bartow failures. Presently, the ST is operating without L-

0 rotating/stationary hardware and with an MHPS designed and fabricated pressure plate'

Root Cause Contributing Factors
Low Pressure (LPl Turbine Ex.cessive Steam Flow

Over the course of Periods L,2 and leading into Period 3, MHPS Engineering -through data evaluation -
learned (and made it known to Duke) that a significant contributing factor toward the L-0 blade failures

was high back-end loading on the LP turbine last stage blades. Back-end loading is a function affected

by steam flow and operating pressure through a turbine section. MHPS Engineering indicated that

Bartow Unit 45 was an outlier relative to the MHPS 40" L-0 fleet with several operating hours above the

design limit of 15,000 lb./hr./ft.z (the MHPS 40" L-0 fleet average was closer to 12,000 lb./hr./ft.z)' Duke

was issued an "avoidance zone" chart with instructions from MHPS not to run to the right side of the

curve - the lone exception being "brief" operation during transient conditions'

While Duke Engineering agreed that back-end loading should be considered a significant contributing

factor, one cannot definitively conclude that it has been the failure driving mechanism of all five (5) of

the documented L-0 events. As Appendix A illustrates, Periods 2,4 and 5 saw operating hours in the

',avoidance zone" of t hour, 1.15 hours and 0 hours, respectively. This indicates that back-end loading

was not the cause of any of the reported blade indications/failures during those periods of operation.

By a considerable margin, Period t had the greatest amount of run hours in exceedance of the

"avoidance zone" relative to total operating hours - 2,466 out of 2t,734 total hours. However, blade

damage was relegated to five (5) broken mid-span snubbers on the turbine end of the machine and a
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minimal degree of fretting on the shroud Z-Lock contact surfaces for Uottr turbine and generator ends of
the machine 

I

I

Conversely, during Period 3, there were only 240 hours (out of 14286 total hours) of operation in the
"avoidance zone", approx. 11 hours of which occurred during thelinstrumented blade telemetry test
performed by MHPS in December 2014. Even with a significantly fiewer number of "avoidance zone,,
hours for Period 3 relative to Period 1- a factor of 10 fewer hour{ for period 3 - there was significantly
greater amounts of blade damage and fretting on both ends of thp machine. While the amount of Z-
Lock wear is not quantified for Periods 1 and 3, photographic evi{ence suggests that the amount of
wear is much greater for Period 3, as shown below in Figure 1. lt 

fs 
therefore difficult to conclude that

damage to the L-0 blades in Period 3 is solely due to unit operatiofr above the exhaust flow timit.
I

i

i

I

Figure 1 - Comparative Photos of Shroud Contact Surf{ce Wear for periods 1 and 3
I

I
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With the [-0s currently removed from the machine and with the prfessure plate installed, MHps
Engineering has indicated that back-end loading is not currently anlissue of concern at the current Lp
inlet operating limits. MHPS Engineering does not have enough tefhnical data to support releasing Duke
to operate the machine beyond the current LP inlet operating limitl due to concerns for impacts to
upstream blading - i.e. the L-1 blade sets.
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Blending operations -Thermal Distress (dTsn/dtl at LP Turbine Exhaust

During the most recent root cause analysis (RCA), the team expanded its view of turbine operations to

include all aspects that might impact exhaust conditions of the LP. Since the design of the condenser

includes spargers, or "dump tubes", for the hot reheat (HRH) and LP bypass steam flows from each of

the four (4) combustion turbines (CT), and since it has been observed that thermocouples positioned at

the exhaust of the LP turbine just downstream of the L-0 blades (hood spray thermocouples) can

experience a significant change in temperature during a blend operation, it was decided by the Duke

team to review this operational aspect.

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large

amounts of data (stored in the Pl historian) to be quickly reviewed for each Period 1-5. Blends that met

the criteria were further analyzed to see how blend operations met or exceeded design criteria set by

the condenser OEM. This process involved extracting Pl data, calculating a value of superheat at the

hood spray thermocouples, calculating a rate of change of that value, and flagging those values, or

"counts". "Counts" are defined as the number of measureable blends where there was a slope change

(+/-) in greater than (20 degrees superheat / min) at the hood spray thermocouples. The data was

flagged only when a CT was being blended into (or out of) the steam cycle AND the ST output was

greater than 50 MW. The limits of 20 degrees F (superheat) and 50 MW were selected as these are

good indications that the blend steam had either higher, or lower, enthalpy than intended for the design

of the sparging system. While this measure does not necessarily indicate the overall severity of any

loadings that might be imposed upon the L-0 blades, it does allow for a comparison of the number of

higher energy blends that occurred in each Period, and it allows the team to quickly identify specific

points/periods in time to look at additional blend parameters.

Table 1 - euick Comparison of the Number of "Counts" that Meet the Criteria for Periods 1-5.

Number of Operating Hours

in Each Period

Number of Blends (or "Counts")
Meetins Criteria

Period 1 2t,734 13

Period 2 2t,284 7

Period 3 10,286 37*

Period 4 2,942 3

Period 5 1,561 5

*lncludes 6 blends that meet the criteria during strain gauge testing in December 2014

Until a long term solution other than the pressure plate is installed into the machine and the turbine is

appropriately equipped with strain gauge and blade vibration monitoring hardware, Duke will not fully

understand the total impact of this thermal energy on the blades. Duke Engineering believes that the

brief telemetry testing period conducted in December 2014 does not - by itself - provide conclusive

enough evidence to support (or refute) this contributing factor of thermal distress, as not all blend

conditions and configurations were exercised during the testing period
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Pressure Pulses During Hood/Curtain Sprav Operation(s)

The Duke RCA team also reviewed hood spray operations because of the very close proximity of the
sprays to the L-0 blades and the function they provide to protect against overpressure. Hood spray
operation is programmed into the Ovation DCS control system and is basically automated with no
operator interaction required. The water source is the output from the condensate pumps. A control
valve reduces the roughly 500 psig condensate pressure to the design pressure for the sprays of 50 psig,

A review of the OEM-provided instructions requires use of hood sprays during the following conditions:

r Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW
o Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is

outlined above had been programmed into the DCS since unit commissioning. In addition to the above
hood spray operating parameters, hood sprays were programmed to turn on anytime blending took
place - similar to the way the curtain sprays are programmed. No explanation for why this was done
has been found to date. Based on this finding, hood spray operation time is far greater than had it just
been used as originally intended per the OEM-provided instructions. A review of hood spray
thermocouple data shows they rarely reach 160 degrees F during normal operation and never reach
over L55 degrees F. Higher temperatures are sometimes seen after a shutdown or unit trip event when
the temperature in the exhaust increases, most likely due to the hot LP casings and some windage. No
temperatures over 201 degrees F were found (one very brief reading of 1040 degrees F was determined
to be an instrumentation issue).

Careful attention was also paid to the hood spray pressure over time. This was found to steadily
decrease over successive Periods. Maintenance of the hood sprays control valve in Spring 2017 revealed
debris in the valve passageways. Review of historical records also indicate the strainer ahead of the
same control valve had filled with debris in prior years' operating.

Figure 2, below, demonstrates what happened to hood spray pressure over time. The decay in water
pressure at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on
pressure drop to create a vortex inside the nozzle that causes atomization through centripetalforce.
The effect of reduced atomization was verified during a test just prior to unit restart in April 2017. A key
concern of poor atomization is the effect it might have on generating dynamic pressures which the L-0

blades might see as large water droplets evaporate in the exhaust stream.
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Figure 2 - Hood Spray Pressure Degradation Over Periods 1-5
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Zone Analvsis - Shroud Frettins Fatisue

Based on data from the period 3 blade strain gauge test in December 2014, the OEM identified areas

(referred to as "Zones") where blade response was high, but still below the OEM design limit in the

normaf operation range of the Lp turbine. The Duke RCAteam defined these zones as Zone FL,ZoneF2,

and Zone F3 (shown by the red rectangles in Figure 3, below) and based on the Pl historical data,

calculated the amount of time the turbine spent in each zone for each period. The OEM did not provide

any restriction(s) to operation in Zone F1, Zone F2, andlor Zone F3 - only restrictions relative to
,,operation in the avoidance zone" identified by the area of the graph to the right of the dotted red line

in Figure 3.
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Figure 3 - Data Presented by MHps During a presentation Dated 15 March 2017
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Table 2 shows the breakdown of time in hours in each of the three (3) defined Zone-F areas for each
period' The total time in the three (3) Zone-F areas is compared with the total operating time as a
percentage. Note that the Period 5 blades spent a high percent of time in the operating area defined as
Zone F1.

Table 2 - Time (in Hours) Spent in Each Zone and the Total Compared with Operating Time

Time in Zone Total Turbine

Operating Hours

%Time

in Zone FF1 F2 F3 Total
Period 1 901.2 257.5 23.9 1182.6 217?'/l 5.4o/o

Feriod 2 1s21.9 10.0 0.2 1s32.1 2128/ 7.2o/o

Period 3 s13.8 257.5 23.9 795.2 10286 7.7%
Period 4 1.3 407.8 0.0 409.1 zgitz t3.g%
Pedod 5 4t9.0 0.0 0.0 419.0 1s61 26.8%
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The main reason for conducting this analysis stems from the observed amount of wear seen on the

contact surfaces for Period 5. Period 5 did not have any operation time in the exclusion zone and the

amount of wear for the amount of operation time seems excessive. A photo showing the amount of

wear seen is shown in Figure 4. There was a varying degree of wear seen on the Period 5 Z-notches,

however, the wear is higher than what one would expect given the relatively low operating hours'

Figure 4 - Photo of an L-0 blade Z-Lock from Period 5 Showing Contact Surface Wear

period 5 did have high energy blends as detected by the blend energy method. However, in terms of

operating hours in blend mode, Period 5 is not excessive in terms of percentage time blending as

compared to operating hours in Zone F1.

Loss of Dampening - Hard-Facing on Mid-Span Snubbers and Shroud Z-lock Contact Surfaces

HVOF hard-facing can reduce the amount of base material fretting during operation and is used on many

applications across the industry for blading contact surfaces. When applied, the HVOF hard-facing

changes the frictional forces of the contact surface reducing fretting and has an increased hardness to

prevent materialloss.

The loss of dampening phenomena was a contributing factor during Periods 3 and 4.

For period 3, there was hard-facing on the mid-span snubber ONLY. Additional damage seen on the

shroud Z-Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snubbers,
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which were HVoF-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for
the system via additional motion.

For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock contact
surfaces. With both the mid-span and shroud contact surfaces being HVOF-coated, the limiting stress
location became the blade itself. In addition to mid-span snubber and shroud Z-Lock damage similar to
what was encountered during previous Periods L-3, one (1) of the TE L-0 blade also exhibited tip
liberation at the airfoil trailing edge.

Further discussion of loss of dampening and its role as a contributing factor toward potential blade
failure will continue in the next section that speaks to blade fitment.

During the course of the RCA investigation between Periods 3 and 4, technical questions arose relative
to "as left" blade-to-blade gap measurements - both at the mid-span snubber interface and at the
shroud Z-Lock contact surfaces. The basis for these questions was the potential concern that if the
blade gaps at both the mid-span snubber interface and the shroud Z-Lock weren't both taken into
consideration together, then as the blades began to "untwist" as the machine came up in temperature
and load, adjacent mid-span snubbers would achieve greater surface-to-surface contact (especially with
the HVOF coating applied) before the shroud Z-Lock contact surfaces could do the same. Consequently,
reduced contact surface at the shroud Z-Lock would yield reduced mechanical damping, which is a
function of both contact surface area and vibratory stresses (e.g. flutter).

Per the oEM, the Type 3 L-0 blades were used to establish a baseline blade response from the telemetry
and strain gauge testing that was conducted in December 2014 at the beginning of period 3. The intent
of the blade response analysis was to capture "worst case" geometry variations. The OEM concluded
that the dimensionaltolerance between the Type 3 blade and the Type 1 blade may have been as great
as +/- 2 mm - i.e. the Type 3 (Periods 3 and 4) blade shows greater distortion than the Type 1 blade
(Periods 1, 2 and 5). These findings by the OEM are consistent with independent analysis of the blades
by Duke via 3'd party scanning. With a greater geometry variation, the Type 3 blade provided less
mechanical damping (relative to the Type 1 blade) because of the smaller contact area - a result of
greater contact misalignment.

While the OEM contends that geometry variation on the Type 3 blade are not significant enough to
negatively impact blade stress/response, the OEM has acknowledged blade fitment/geometry is

important enough to consider in their ongoing R&D relative to a Type 5 blade redesign. The planned
design changes are intended to reduce blade response and dynamic stresses that in the past were
negatively impacted by decreased contact surface area between the shroud Z-Locks.
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Period 1 Period 2 Period 3 Period 4 Period 5

Date 2009-20L2 20t2-20r4 20r4-2016 Mav 2016 to Oct 2015 Dec 2016 - Feb 2017

Service Duration -34 Months -28 Months "17 Months "5 Months -2 Months

L{ Blade
Confizumtlon

Type 1 Type 1 Type 3 (v1) Type 3 (v2) Type 1

ST Ratin8 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW

Operating
Restrictions

None - MHPS lntent Was

to Follow Heat Balance
Diacram<

118 p6ig Limit on lP

Exhaust

126 psig Limit on lP

Exhaust

119 p6ig Limit on lP
Exhaust

11l psit Limit on lP

Exhaust

Blade Oversoeed
Condition

Overspeed Testing in MFG
Overspeed Tested in

lanen
No Overspeed Testing No Overspeed Testing

Avoidance Zone

Exceedance
2,466 hrs. {of 21,734 hrs.) t hr. (of 21,284 hrs.) 240 hrs. (of 1Q285 hrs.) 1.15 hrs. (of 2,942 hrs.) 0 hrs. (of 1,561 hrs.)

Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE oTE/1GE 0TE/13G8

Broken Z-Lock OTE/OGE OTE/OGE 34TE/5GE
1 TE / 2 GE tZ-Lock and

airfoils
0TE/8GE

Worn Z-Lock
Moderate Amount of
Surface Fretting and

Galline Observed

Moderate Amount of
Surface Fretting and

Grllinr Oh<Ftupd

High Degree of Wear
Observed

Evidence of Poor Contact
Alignment Observed

High Degree of Wear (for
Hours Run) Observed

Key Notes from
Period events

MHPSA was hired to
evaluate ST design

conditions (original design

was for Tenaska, 3x1 heat
balance) and to continue
the warranty.

MHPSA was storing for
Tenaska (purchased grey

market, stored bv OEM).

ST drawing modified by
MHPSA and approved for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow).

Not a forced outage -
Outage planned to
upgrade to "heavy duty"
blades.

Some blade damage (e.g.

chipping at contact
corners) was observed
from removed service
blades.

Blade telemetry
instrumentation installed
and testing conducted in

Dec 2014 at the beginning
of Period 3.

During blade telemetry
testing, the unit was

intentionally run in
avoidance zone to set
limits - unit ran in zone

for <20 hrs.

No blade cracking

observed after testing
(when the test
instrumentation
removed).

Blade "loss of material"
observed, as well as crack

initiation in high stress

area of airfoil.

Stellite hard facing had

been added to the blade
Z-Lock, and is likely a

contributing factor in the
failure.

Two (2) separate step
changes (decreases) in
vibration led to the Duke
Engineering

recommendation to
remove the ST from
service for insDection.

Duke Discovery: JanlFeb
2017, first time blending
considered to be a

contributing factor in L{
events.

Jan20t7 "loss of mass"

event - blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold imDression of
failure surfaces indicate
-10^7 striations meaning
high cycle fatigue (at 200

Hz giving over 2M cycles

in 3+ hrs to fail snubber).

lnformation Shared

with MHPS
MHPS provided all Pl data

they requested.
MHPS provided all Pl data

they requested,
MHPS provided all Pl data

they requested.

MHPS provided all Pl data
they requested.

MHPS provided all Pl data
they requested,

Eartow L-O Corfigurations Citrus L4

Type 1 Type 3 (v1) Type 3 (v2) Type 5

Length 40' 40" 40' 40"

Count 64 54 64 64

Turb/Gen End Yes Yes Yes Yes

Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF
Different Rodidl Height Relotive to

Bartow L-0 (About 7")

Z-Lock No HVOF No HVOF 45'Corner with HVOF Applied No HVOF

Blade design Original Original Original Attock Angle Change

Material 17*4 ph r7-4 ph r7-4 ph 774 ph
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Appendix D: Reference Materials
\
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sarfi-ncl
CustonBr 10-2-1

Mitsubishi RCA Presentation(s)- 22 September 2017 and 02 October 2017

MHPS's evaluation is based on the data captured between Period 2 and 3 during blade telemetry

testing. MHPS's evaluation is extensive and has allowed us to identify and evaluate contributing factors.

MHpS's intent was to draw conclusions based on actual data collected. The telemetry testing window

was short, and not all operating conditions were witnessed during the testing (steady state and transient

events). Because of this the conclusions from this report may not be all encompassing of the drivers and

conditions that are causing the blade failures.

Bartow RCA

Custonnr 9-22-17.pd

7'pd

Page t2 of t2
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Torsionul Mode Shnpes

MSF 1sr : 20.3H2

MSFzn,r :31.1H2

EXC lq:86.0H2

.'.''..*.*..

GEN

'l nrsursnr rcrYr trDusrtrrs, rrD.

L4R

::tffitnr

L4R

..,lfrl,iI! :* r l"l I I r: {
L4R L4R

; :[

,,;ihlll.: &:: l.l ''l rr t l::

,- -t

HIP LP
.,,,llLI;:Ir *' 1 lil.lil r, I r,l

LOR 1sr(X) : 92.6H2

L.0R 1st(U}: 103.9H2

GEN X : 134.4H2

,r'lltlilr tk I lll ll! rr:d r ,rr

HIP LP
.n,;lCl'i Ir ,&: t I il :il l' { rrr

GEN















0@ To.Br8i13.05

Descddlon BLADE TS-4382EAFM L-oR 40.01N ISB LH

Ct|3lomer lbm:
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$23,515.$ $1,5o5.ooo.oo



,/rlldrrr',eulldlrlrtrtuPtuioit'g

EarbwST

Eartow ST

Errtow ST

Bartow 5T

EarbwSf

(1) Row LH L-0 Blad6 wi$ locklng hardware *

FleH SeMce 5f OPen/Close

R+blading of Steam Turblne

Subassembly work (2MSV 2 CV,2 KV In shop)

Standbydrne 2 Day:/4Shtu

*J"v, | ,-'r-,
5 Days | 2-1T7

fod Prlc. illh Dlrcornrt n (ft6q'00tt

921,007 i

;,;;r,r;l



Additionel Nofrla & Aseumptiana:
'lncludes transportatlon to customer site, does not include consumables for open/close
'r A sr65,000 drscount willapply if all tf allthe serurces are performed by MSpsA
Excluding taxes, additional fees, or country wlthholdlngs
MPSA to provide power rollers
Subassembly price is not standalone and must be purchased with other servlces, Transporta-
tion is not included.





Subject: Froposai lor iT Engineering St;dV fcr tl"e Prcgress Energy Banou'r Jnit (MP5A$O-11557)

Dear Mr, Mdttlna,

Mlts.lb,shl Power Systenrs Anre"icas iMt'iA) is p;p35p4 t* p'ovlcle tl-e abtr\€ 'eference quotation to

support a l0ll eflgineerFg eval.-j8:icl1 L1n ycLlf 3aqoul *nlt lcr lde'ltl'icat'on of limitatlons' po;slble

u0grAce5, Or enhantemeni:. A: tl'e OE\4, Mitstlcishi Fcwer 5ySie'rl's stearq tL[D]ne ex0erleFce lr'-

Cl;rea5 al! cf the exoe"ilse 3p6l tpq|:psisgles neeclecl tc prav'de oct'mlzec 5OlLlt'ons for yout Unlt' f osts

|ncurrec| ficm ihis enqlnee"ing 5tudy C6n ce apu.ed towa'c5 a futr';te MP5A roto. r'rtlgrade at Ba'Ioyu.



Ecopc of Work
MPSA's Englneertng Study incli;des:

I ldentlflcatlon of operatlonal limlts/areas of improvement in the Hp, lp, and Lp tdrblqes ar
Progress Energy's spectfted ccndlilonsr ldenilftcation of modlftcailons (such as mdtertai or design change) whlch wtll lmprove perfor_
n]ance margins to allow Progress Energy to operate at its speclfled conditionsr Revlew of operatrng lirnrts and recommended alarms/trrps rf neededr Generate englneerlng report

r Recommended opttmizatlon of turbine steam cycle for maxlm1rm reliable output



achleve maximum reilable tur-

cycle wlth turbhe-related

scope ltems belng Progress

blades

steam flow changes to maxh-

models prlor to the start of work'

Addtlionel flow I AerrlmPtion,e
r Study ls llmlted to optlmlzlng steam path and steam ffows

blne output
r Study assurnes maximu'n of four (4) heat balance

. Study assumes Progress Energy has access to slte

r Progress Energy wlll wod<Jolntly wlth MPSA to optimlze

scope iterns belng MPSA's responsibility and comblned

EnergY's resPonslbllltY

. Study does not address redesign or modflcatlon of last

r Study deliverables will Include recommended steam path

ize tr:rblne outPut

. Evaluatlon ofthe HRSG ls beyond the scope ofthts study

r MPSA assumes Progress Energy wlll supply comblned ryc

r Studywlll Include resulB showlng marglns and suggested



Engfrlrlrirrry trlnlcr. Prilcr
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'** Exercise caution' This is an EXTERNAL email. DO NOT open attachments or click tinks from unknown senders or unexpected
email. "**
GenUems.

Plee* fiod a&ched the PDFSthat are 1) the MHPSApresotation from our 11/9 RcArsonoutmeting and 2) MHEAS ansreE b speiffc qudios that Duke r<u€*ed answers b in that metn&
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1.4) Operating Time

ls
62Go'r

630'

640o

65G'

680b

670t0

6AF

6gln

70@

7los

7W'Ir5 t16

Inspection Results :

Jun 2016 to Oct 2016
2 ta1 fz vv+.p rJtE #t+frfr (a4< 2 ft u))

t17 118 119 120 121 1n 123 121 125 126 127 128 129 130 l3l 132

LP Inlet Fressure lPsig]
{Existrng lP etil uncalibrated Pfcasur-c)

fnHrrrM-l

---.-fiF

o
c€
E

C)

139133 '| 34 t35 136 r37 138

Gen End

Gov End

Type3+ 4Months
HVOF++

Type3+ 4Months
HVOF++

1 Liberation

No significant damage

3 Shroud Liberations Replace Row

1 Shroud Liberation Replace Row

. I TlTt doqrncnt contelffi Company Conffdential and PEpriofary Informetlon of Mitsublshl Hitiachi Power SL3
; ' ' S}thn,ta Amcric.t, lnc. CMHPSA'). N€ith* thi. dosrmont, nor any infomation obtained therefrom is to

1'j,.,...,,. hrupFdi&ad, lrammuedtrdlsclosldioanythirdpartywithoutiFtreelvingtheexpresswrilt€n
afndrdonofMHPsA. 6 ReVl
02010, Mlteubishl Hibchi Pourer Systsms Americas, Inc. All Rights Reserved.
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From:
To:
Cc:
Subject:
Datel
Attachmentsr

CONFIDENTIAL

Mazurek. James

Carbone. Harrv M.; Toms. C Wayne; English. lacob
Pofteous. Nicholas

Requested Meeting Documents

Monday, December 5, 2016 11:32:02 AM

imaoe001.oif
imaoe002.oif
Bartow RCA Final Review 11-9-16 Final R2.odf
Bartow RCA Repoft Out Ouestions 11-18-15.pdf

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***
Gentlemen,

Please find attached the PDFs that are 1) the MHPSA presentation from our 1,1,/9 RCA report out
meeting and 2) MHPSA's answers to specific questions that Duke requested answers to in that
meeting.

Regards,

Jim Mazurek

Snnvrcr Slr-rs Mlr,llcnn
Mitsubishi Hitachi Power Systems Amerieas, Inc.

james.mazu ret<Omps

(40715624729 (Office)

(407) 622-9053 (Cell)

Mitsubishi Hitachi Power Systems Americas, Inc.
www.MHPowerSystems. com

This message from Mitsubishi Hitachi Power Systems Americas, Inc. contains confidential or
proprietary information. The information contained in this e-mail message is intended for the
use of the individual(s) or entity to which it is addressed. If you received this transmission in
error, please notifu the e-mail sender. Thank you.
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Bartow Steam Turbine
RCA Review
Nov gth 201 6

Thh docilmsnt contalB compily conffdential and prcprletary Informa0on of Mitsubishi Hltachi power
sFbmr Am8dcas, Inc. ('MHPSA'). Nsith6r this dodment, nor any informalion obtained therefrom is to
ba rrooducod' feNmltt€d or dlsclGed to any thlrd party without f;t receivlng the express written
euthodtat oo of i/HPSA.
O 2016, Mitsublshi Hibchi Power Systems Amsricas, Inc. All Rights Reserved.
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Agenda

Goal of the Meeting

RCA
r RCAAction ltems
r Fleet History
r Blade Metallurgical Evaluation
r Manufacturing and Assembly Data

r Telemetry Test Data Review
r Operation Data Analysis
r RCA Conclusion

Thls dmment conteins companli confidentlal and Ptoprielary informatlon of Mitsubishi Hitachi Power

syEtsms AmrdEs, Inc. CMHPSA'). Neither this dodment, nor any information obtained therefrom is to

b. HDduced. transmltted or disolosed to any third party without lict reelving the express written

authortzauon of litHPSA.

@ 2016. Mitsublshl Hitachi Pdwer Systems Americas, Inc. All Rights Reserved'

sL3
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Goal of the Meeting

sL3

3

r Review RcA evaluation of blade damage found in April

2016 and provide root cause of shroud chipping

Note : Brades were Type 3 Brades with mid-span snubber HvoF used in the

teremetry test to undeistand the brade response and operating capability.

Thls doilment contalns company confidential and proprietary informationd Mitsubishi Hitachl Power

Systems Am€d€s, hc. CMHPSA') ni"iirt"iitiJo"*i*t' nor any infomation obtained therefrom is to

ba reDroduced, transr,*o o, o,"o,o"uJio1iv tiriJprrty 
"ltirort 

fiGt receiving the express written

auhodzaton of MHPSA'

@20l6,Mit.subishiHiiachiPowersystemsAmericas.Inc.A||RightsReseNed.
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Muhammad Riaz RCA Lead
MHPSANick Porteous MHPSA RCA Sponsor + Technical Contributor MHPSAlkushima-san

WISA Communications Lead MHPSARyan Paulson Inspection
Ruban Amirtharajah Operating Data Review

MHPSA

MHPSABalaji Jayaraj lVletallurgist
MHPSAMiyajima-san

Enomoto-san
Lead Anal

MHPS
MHPS RCA Sponsor MHPSOsaki-san MHPS RCA Lead MHPSJon Hopkins Blades Scan

Jake Enefis

David Brown
Duke RCA Lead

MHPSA

u
Operations specialist DukeChris Holland

(
t
I
I
I
I
I
I
t

John Burne

!!!oOal Resources

Engineering

Engineerin
Duke

Duke

Har Carbone Duke Technical Consutant DukeJohn Huls Duke ST SME Duke

SL3J[i"*:fi"i:::l'il:: (g;il8:? ):illg""ti:r 
and proprietary inrormation or Mitsubishi Hitachi power

:ilT[1,"""",",ffi1;Tfllli.:f,,i,::',:":i]'".nflTnh["J,1?lJl';Hi"H;T:ffiffi;;;";;1"
O 2016, Mitsubishi Hitachi power Systems Americas, Inc. All Rights Reserved.

RCA Team members from Duke en"rgy,ffi
Multiple working meetings were herd to work

USA and MHpS Japan
on the RCA Actions



Blade Shroud Chipping RGA - Fish Bone

Manufacturing

DEF201 90001 BARTOW LFE4-0001 55

Design

Telemetry Test data
- Air jet test data

- Manufacturing Quality Data
Forging and machining process
- 1st stage nozzle area

- Turbine design documentation
- Nozzle Passing Frequency

- Blade Rocking
- Measure 1st stage area

- Horizontaljoint gap
- DifferentialExpansion

- Shroud and Stub Gap
Contact area evaluation

- Operational Data Review
- Turbine Operation

- Install Pressure taps
in condenser at both ends.

Operation

- Material Certification
/ - Chipped area evaluation
- Blade micro hardness

evaluation
Stub coating evaluation

Material

sL3

5

Assembly

Key Areas of Investigation

. Tt* dcofrant contain! Comp8ny Confdrn0al and Prcptietary infomatlon of Mitsublshl Hltachi Power

sffit Ahr.icsr, trlc clufiPsA-). Nrlthlr this dodrmsnt nor sny information obtained thereffom is to

ba nsrldiEa4 frnemfttad q dl.dos€d to arry thi.d party wlthod nrst recalving the express Mitten

isiftiwn of iiSlPSA.

O rof e, msuUtrtil Hltachi Pol,ver Systeme Ameticas, Inc. All Rights Reserved.



Blade Shroud Chipping RCA

Detailed Actions Tracked (1 of 2l
Reviews conducted with RCA Team

DEF201 90001 BARTOW LFE4-0001 56

Influence

Low

Medium

High

Actions Conclusions

o

ndependent Review of Ba rtow 2015 Telemetry Test Stress Analysis and Operating Li mits provided felemetry Test Data review completed bv team in MHPS ln

lonfi rmation of frequenry margi ns identified in Ai r Test Data, comparing wlth original design / other air jet tests \ll synchronous vibction frequencies are within deslgn rante,
le"eval uation of the Telemetry Test Data j n the light of Bartow li p Damage :ompleted by team in MHPS in Japan,
:EA Review of shroud face movement at high load compafed to observed damage FEA Analysis performed by MHPS in Japan

:onfirm MHPS Mass Flow Calculation Method used i n eval uati ng Tele metry Test Data Vlass flow measurements are no more u5ed as evaluation Darameter

6 lemetry Test Data Shroud Fretti n8 Calculation sim too Snubber Calculations :retting evaluation completed bV MHPS i n.iapan.

levisit Bartow / Tenaska design torsional margins Iorsional design calculations show acceptable design margins
8 lesearch ove ral I exhaust pressure li mits for 40" L-0 compared to this unit lartow Exhaust pressures limits are standard limits
9 leview Axial Rotor Position relative to asVmmetry from Gen/Gov end lotor axial position reviewed and recommended to use as i5 original design.

=

lequest Forgi ng Material Test Ce rts for exlsti ng i nstal led blades lraterial Cerb show corrcd material used and meet delign material prqperties and chemistry.
2 lequest ForglnB N4aterial Test Certs for replacement blades vlaterial Certs show corect material used and meet design material properties and chemistry.
3 v4oment Weights for existing instal led btades low of blades is balanced with aceptable unbalance residual

4 lequest Moment Weights Test Certs for replacement blades low of blades is balanced with aceptable unbalan@ residual
5 tequest Machi ning Manufacturing Quality Re.ords (lncl uding Box Gap Data + Si ngle Blade Freq Data) New Blades )ata reviewed and blades are with in acceptable criteria

6 lequestMachiningManufacturingeualityRecords (lncludingBoxGapData+SingleBladeFreqData)ExistingBlades )ata reviewed and blades are wlth in acceptable criteria
f lequest Record of as Built Area Nozzle Check )ata not lo€ted bVJapan.

8 ie ld Measurements of LP lst Sta8e Nozzle Area (Throat / Base Dia / Nozzle Height @ both ends) Jt stage nozzle area is within less than 0.5% on both ends,

l )n site review of fracture surfaces and wear of rotor, blades and Fsing on site.

2 :haGderize Cracking / Chipping on ]1p - Fretting Fatigue?
fvletallurigicl Evalaution of blades performed in US and Japan included
- Visual lnspection
- Material Cqmposition
-lvlicroscgpic evaluation

" Hardness evaluation
- SEM evaluation
- EPMA evaluation

3 :haEcterize Cracki ng / Chippi ng on Ti p Wear Surface - Fretti ng Fatisue?

4 :haracterize Hardness throughout tip and wear su rface

5 :haracterize microstructure throughout tip and wear surface

6 valuate Wear on Mid Span Snubber

7 !4HPSTGO Lab Review - Establish blades to be sent

8

This document conlains Company Contidential and Proprietary information of lVitsubishi Hitachi Powef
Systems Americas, Inc. ("[iHPSA"). Neither this document, nor any infomalion obtained therefrom is to
be reproduced, kansmitted or disclosed to any third party without Jlrst .eceiving the express wfitten
auhoriation of IVHPSA.

@ 2016, Mitsubishi Hitachi Power Systems Americas, lnc. Atl Rights Reserved.

SL3
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Blade Shroud Chipping RCA

Detailed Actions Tracked (2 of 2)
Reviews conducted with RCA Team

lnfluence

Low

Medium

High

Actions Conclusions

o

o

1 )n Site 4 Point check of Snubber and Shroud (as found + as left) r-ap Dstr rcorded rnd rnrlkGd. Dat. wlthln tol.nm
2 Blue / White Light Scan for sample of replacement blades 3 blades (Lisht/Medium/heavy) werc scanned and compared with nominal model after HVOF.

No differenEs identified,3 Seometry overlay and review

4 Blue / White Light Scan for sample of existing installed blades I glades werc senned and @mpared with nominal model.

{o differcnccs identifled.5 3eometry overlay and review

:onfirm amount of rocking on existinB blades / and replacement instal led blades imell rccklntwu obscryrd on frw cxisuDi bl.dts. No rccklnt obr.ilrd on n.w bhdts.

ileasure HJ Gap at Diffuser irrFD mcucd !tunhffi.mbly.nd found to b. wlth,n tolanne'

wear profile across sincle tip during earlv damage IVcrrppflb chcckcd with nplla rnd bysr€tlffin!ild nvlow.d undrrmlcrcspc.

/leasure shroud contact surface (L,W,Depth at 4 points) bntrctJurfr4 drt @lleqtad

10 Vearand Chipping Documented with photos and scale tisluEr trkrn for rll mtrct sudrsr and d4uruntcd.

11 lecord watererosion at leading edge and underthe shroud )ri Fod.d md mldmsmto m.Drlon obt.ry!d.

t2 ;tationaru blade surface finlsh review o strionlry bhd. surfrc ffnbh ws chsckrd and no lssua ls ob'!il.d.

1 /ap OpeEtine Data to LP Loading and Summarize )orntlon drll nvfrwtd

2 nstall Pressure Taps / and re-evaluate exhaust flow on return to se ruice lddltionrl orc$un trD3 m Instrll.d.

)oerational Data Review of exhaust pressure taps on return to service ).tr Eclnd .nd nvlcwcd,

summary of LP Pressure lveasurement Location and LP Admission Flow r pdldld to BTtow

;tart-Up Review forCold, Warm and Hot Starts. )ata not received from Bartow

:haracterization of ope ration from Log Book )ata not received from Bartow

)peGtion review to determine expected moisture and sensitivity to flow and exhaust pressure changes \svmmetric condrn5er circulatlng waterflow at both cnds

6 'rovide details or pictures of April 2015 Blade lnspection iw Dictuns ouldad

: reDort of Dvnamic Pressure studv f.om -2012 for evaluation ,umffi Doldrd- Novlbntlon ro59on5. was obs!ryad.

Team Meetings focused on methodical execution of actions and
opportunity for questions / discuss of details

Thls document @ntains Company Confidentlal and Prcprietary informatlon of Mitsubishi Hitachi Power
Systems Amsricas, Inc ('MHPSA'). Neithsr this doamenl, nor any infomation obtained therefmm is to

be rspodued, fansmitted or disclosed to any thlrd party without fiGt re@iving the express written
au$orlEllon of MHPSA.

@ 2016, Mit6ubi6hi Hitachi Power Systems Americas, Inc. All Rights Reserved.

SL3
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40" Fleet Operating Experience
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There are 57 rows of 40" L0 blades operating in the world. 9 Single flows,22
double flow and 1 four flow LP sections.

There are 31 rows of type 3 blades (same blades as Bartow except no HVOF
coating/ chamfer on midspan snubber). 14 double flows and 3 single flow LP
sections.

Type 3 blades have Stellite material welded under the shroud for water erosion
protection.

. Oldest Type 3 blade in operation since 2008.

. Bartow steam turbine have the highest L0 Blade loading amongst the fleet.

Thls document contains Company Confidential and Proprietary information of Mitsubishi Hitachi power
Systems Am€ri€s, Inc. ('MHPSA'). Neither this document, nor any infomation obtained therefrom is to
be Eprcduced, tnnsmltted or disclosed to any third party wlthout fict recelving the express written
tuthodauon of MHPSA.
@ 2016, Mitsublshi Hitachi Power Systems Americas, Inc. Atl Rights Reserved.

sL3
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Metallurgical Evaluation of Blades operating from
December 2014 to April 201G

Methods of Investigation :

. Visual Evaluation of Blades
Material composition

M icroscopic eval uation

Hardness evaluation

SEM evaluation (Scanning Electron Microscope)
EPMA evaluation (Electron probe micro analyzer)

a

a

a

a

a

Thl6 dmumcnt 6nt lns company confidgntial and prcpdetary informauon of Mitsubishl Hitachi power
syrttm8 Am6rica8, Inc. CMHPSN). N€ither thi3 doorment, nor any infomation obtained therefrom is to
ba rlproduced' tansmltled or dlsclosed to Eny thlrd party wilhout fitst recglving the express wriflen
eulhorhation of MHPSA.
6 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Ail Rights Reserved.

sL3
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Blade lnspection Results

Contact
Surface
Leading

Edge

Chipped
Surface

DEF201 9000'l BARTOW LFE4-000160

Thl! dosment @ntatns companylconfidenual and Prcprletary Information of Mitsubishl Hitachi Power

iworr er"rr""r, rnc. CuxirsAi. NEither this dooment, nor any information obtained therefrom is to

# reoroduccd, trsnsmltted or db{osed to any thlrd party wlthout ffEt recelving the express witten

au$orlzeson ofMHPSA. i

@ 2016, Mltsubishl Hitachi Poiver Systems Americas, Inc' All Rights Reserved'

sL3
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Blade InsPection Results

Outlet
side

contact
surface

ffi .o*...-s

lnlet
side

contact
surface

11
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sy!ilrms Am€dcs3, Inc. CMHPSA')' r.[il;;]d;il;;"i'nor anv information obtained therefrom is to
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Microscopic observation was
performed on the same sections in
contact condition for each of ouflet
side of #43 blade and inlet side of
M4 blade.

. Fine cracks, caused by fretting
fatigue, are found near the end ot
contact part with local deformation
of inlet side of M4 blade.

. Plasticity is found in
concave part of local
deformation.

Thrs documenr contains company confidentiar and proprierary information or Mitsubishr Hitachi power
'ystffi-Americas, 

Inc. (,irHpsA). Neither this dum!ni';;r;;;';;;;,"1"" obtarned therefrom js lo
ii,l?1"#,i,,li."it^i;l3[ed 

or discrosed to any tnira party witroui it'rei r#iins the express wriuen

@ 2016, Mitsubishi Hitachi power gystems Americas, Inc. All Rights Reserued.
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#44 inlet side#43 ouUet side

Fretting fatigue identified as crack initiation source.
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Microscopic observation was performed on the same
sections in contact condition for each of ouflet side of
#43 blade and inlet side of #44 blade.

. @: Oxide scale was found on black surface of local
deformation area.

. @: Dark brown surface of worn and thinned part is
free of oxide scale and smoother than non_contact
surface of @.

Thls documcnt mntains Cmpany Confidential and Proprietary Information of Mitsubtshi Hitacht power

ll.ll"jl"jg, lnc- _CMHpsA). Neither this docum;;i 
"6.""v 

ini"-rii"n obtained rherefrom is to
D€ reprodu*d, tsansmit'd or drscrosed b any thkd party wrthout fi,"t re""rvrng the qpress writtenau$slrefon of tvlHpSA.
@ 2018, Mitsubishi Hitachi power Systems Americas, Inc. All Rights Reserved.
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Oxide scale with local deformation observed on black surface
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Metallurgical Evaluation of Blades

.C

A{tgEtg,#'l

Semi-Qualitative EDS analysis of elements detected ( wt%)

o Si Cr Mn Fe Ni Cu Nb

61.59 1.84 1.18 0.00f 25.97 0.44 7.67 0.41

2 0 0.35 1 8.'l 5 0.95 70.12 o?6 0.08 1.00

7t 0 U.JJ 15.86 0.54 73.65 4.91 3.58 1.14

Oxidationicorrosion was observed on the trailing edge contact surface of the tip shroud'

Material removal from wear is from abrasion'

This doc!ment contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power

i;ffi;;;;;;. tnc. (,,unFsA"). Neither rhis documenr, nor any infomation obtained therefrom is to

ii t"p,oOrl"A, transmitt;d or disciosed to any third party without f;rst receiving the express wntten

authorization of MHPSA.

O iotO, tr,titsuUisni Hiiachi Power Systems Americas, Inc' All Rights Reserued'
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Material chemistry matched with blade original material
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. Hardness measurements are taken at the shroud
surface, base material and below the shroud on g

contact surface, fracture
blades.

' The results show hardness close to original materials (Base Material and
Stellite welding).

Hardness measurements also taken at stub contact areaand away from
contact surface on base material.

' The results also show Hardness within criteria at the contact surface and
away from contact surface.

This dodjment contarns c€fipeny confidentiar and prcprietary Information of Mrtsubishi Hitachr power
sl6ltmE Amartcas, hc. CMHPSA'). Neither this dodment, nor any infomation obtained therefrom is toor r€pmo@d, t'ansmited or discrosed to any rhird party without f Ft reeivrng the express written
authorlzallon of MHPSA.
@ 2016, Mitsubishi Hitiachi power Systems Americas, Inc. AII Rights Reserved.
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No hardening is transferred to base material due to HVOF,
contact surface rubbing or werding stellite material.



Damage Mechanism

Th|sdocument@ntainscompanyconfidentialandProprietary|nformationofMitsubishiHitachiPower
i""i"mi fr"ri*", Inc. CMHFSA1, Neither this dodment, nor any infomation obtained therefrom is to

uii"oraroeO. tfansmitGd or disciosed to any third parly without first receiving the express written

authorlullon of MHPSA.
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lmages of initial contact conditions O Partial local contact at the top and tip of blade

O Fretting fatigue crack generated in local area

O Local deformation is generated along with the crack

@ Excessive local surface pressure (adhesion) & vibrational

@ HCF crack is generated.

@ Localwear generated by high sur{ace pressure & excessive sliding.

Oxide scale developed by heat generation (black surface)'

€) Paniat defect was caused bY

fretting fatigue crack which was
generated and ProPagated in high

surface pressure and sliding area
(black surface).

O Wom by wear debris

sL3
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Wire EDM cuts on the lines
marked on the LE and TE
Snubbers

oj

DEF20l 9oOO1 BARTOW LFE4-0001 67

Stub Evaluation

) The contact surface coating did not show any cracks, deformation or

wear.

LE and TE snubbers.
measured on the areas of contact between the

{9

HVOF coating on the stub prevented fretting or ql:th"r surface damage

This document contains Company Coofidential and Proprietary ioformatlon of Mitsubishi Hitachi Power

i;#;;;;;;,'t;.. irr/|npsl'). Neither this document, nor any infomation obtained therefrom is to

i! ,a"aar""o, transmitted or disclosed to any third party without llrst receiving the express written

authorization of N,IHPSA.

O 2016, Mitsubishi Hitachi Power Systems Americas, Inc All Rights Reserved'
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I

I

Manufacturing and As$embly Data
I

I

I

I

ildmdd and PEprietary infometion ot Mitsubishl Hitachi power
qthrr thi! documsnt, nor any informetion obtained theretrom is to
|d to eny thlrd p$ty wtthout fi6t receivlng the express Mitten

Systerns Americas, Inc. All Rlghts Reserved.
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Shroud GaP Data

z014Blade LH (Cov. End)

i"
t' '$ffi 

a;o oaiiin 2o'ln assemuly

Row Avenoecao = 3.9rnm

Shtoud GaP Data In20tO Dis-As$eml

Row Avertoe GtD = it z|rstl

1.9mmto 5.1mm

19

-llltt 
tt-,su;isFi FtAGli 

'lilen 
SrETli$ An'';{itAs ;!ic AlrR!i*'i{*:Ei.

Thb document contatns Compstry Confidsntlal and Prcpriatary infomation-of Mltsubishi Hitachi Power

Syrtom. Amsdcas, lnc. f MHPSA') niiiit"i [iit o*t't'tt' n;r any infomation obtained therefrom is to

b! rgp{o&ccd, t'ansmmeu or olscoseJt'anitfrirO party *ttrout first reeivlng the express written

euthodratlon of MHPSA.
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I ".i

,''lf-'*".-r i

i tot n ehde Rll lGen. Enr[

ShroudGaD Dala In 2014Assemw

RotYAwrloecaD =3'gmrn

ShroudGaP Dala In201g trs{ssemw

RosAwraoecas =+llnxn

Cribrb:shmud 1 gmmto 5 Yjith rs sitlgle bladP $ore 6 omm

.:fiiliis;'l-., -riAii, F ;i-F, 3'6-'et"s At'"=Ri;:ti +{a' Alir':lar aH:w5

sL3

LHandRHshroudaveragegapsarenear|ysame
No clear relationship between gap and shroud chipping



Stub Gap Data

Shroud Gap Data In 2014Assembly

RowAverase Gao = l,gmm

DEF201 90001 BARTOW LFE4_OOOI 70

z}l4BladeRH (Gen. EndlS$bGapDqh 
,

a AFdf Cibd

Shroud Gap Dala In Z0i6 DisiAssemD

RowAveraoeGao = l.hxt
Critariai st'b 0.5mm to 3.9mm

f L ,

F0wAveraoe Gao = l.gmm RowAveraoeGo = t.gfisn
CriGrir: Stub 0. 5mm to 3. gmm Avcrag€, yrhh Fo sinlh bbdr Ebov€.t. gmm

This deummt contaire company cmfidenflal and prcprletary infomalion of Mitsubishi Hitacht power

:t!*:-Ar"lT., Inc, CMHpsA.} mei*rer *is ooJm'eni';;, ;;; ;;;;"ri"" obrained thercfrom is lobe rapodued, rEnsmitted of discroscd to any thhd party wrthout fi'nt reetving ttre express writtenaulhodadon of MHPSA.
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LH and RH stub average gaps are nearly same.
n gap and shroud chipping.
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Thls document contains ComPany conidential and Proprielary information of Mitsubishi Hitachi Power

Systsms Amoricas, Inc' CMHPSA') liitft"ffit oo-tlnt, nor any information oblained lherefrom is to

ba GDoducsd, ransmltted or dtsclot"J io tni tnf ta p"'ty without fiGt reelving the express written

auhoriation of MHPSA.
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0i
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{.5
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n.0
n.5
-3.0
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{.5

RH Blades - Leading Edge :-r---

+AEf + fiEF

. ttE* +rfEa

RH Blades - Trailing Edge
Shroud Gap Trailinq Edoe

+AE* +AEA

o tl,B ft +nE q

0.5

o0

{.5
-1.0

-1.5

-t.0
-2.5

-3.0

-45

LH Blades - Leading Edge 
----- ----=_._=-$ar1

+6,8* +654

' ,|ts f. +tta F

LH Blades - Traiting Edge

Blade manufacturing data show variation within criteria
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Telemetry Test Data Analysis

*|| ggpprr|yf,odld.nud td pFpdr[.ry Infomation of Mltsubtsht Hitachi power

llfm+CSf1. Nrfll.r rtd! dqmtnt, nor any inbrmation oOtained therefrom is to
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Telemetry Test Results

Strain Gage Locations
. Six strain gage were installed on LH

and RH blades.
. Strain gage locations were selected

F High ResPonse sensitivi$ for
vibration modes.

> MHPS ExPerience

oFadc .t h gauFGlPI

trynadc .t.lo FUS(hn)

' Dyn.nic *ab FW.(Bi..)

Test Results
. Analysis of Non-synchronous response show

frequencies close to 200H2 region and composed of

axial mode shape with higher nodal diameter'
. Fretting at stubs was evaluated with the telemeter test

trw
Nodel Diameters

/ri I irti' 'r!tt,
''illtl.

results.

Simllef ro
ld MQde

StDs

*,%:.,: ltfi..i,

sL3

Telemetry Testin g 2014 '
To underltand dynamic blade response during operation

ThtrdocumsicmtdrccompanycorrfidentialandPropr|etaryin'ormationofMiisubishiHitach|Power
iJ*" et"ti."", inc. tMHFS,{). Neither this dodment, nor any infomation obtained therefrom is to
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Shroud Fretting Stress Evaluation

Evaluation method is the same as stub fretting evaluation.
Vibrational stress is evaluated, with FEM analysis, primarily for effect of shroud contact
condition (partial contact) based on actual telemeter measurement result of 2014.

Thb doc{mglt mntains Company Coniidendal and Proprieiary information of Mitsubishi Hitachi power
Sy8tgms Amcdcrs, Inc. rMHPSA). Nsither this documont, nor eny infomation obtained therefrcm is to
be repioduccd, Iransmitt€d or dlsclosed to any third party without flct reeivlng the express written
au$odzatlon of MHPSA.
@ 2016, Mitsubishi Hitachi Po\ryer Systems Americas, Inc. All Rights Reserved.
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FEM analysis
Vibrational stress conversion magnification

Shroud contact conditions

Vibratory stress evaluated
Wth the telemeter test

Fretting fatiguelimit
' 0. al*uble

Mbration stress on stub for
fretting fatigue

oD .,i,

Safety factor

= O45"opp /Op
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Telemetry Test Results - Shroud Fretting
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LP Inlet Pressur€ lPsig]
(Existing lP exit uncalibrated Pressure)

Fretting fatigue calculations for shroud with coating show
acceptable margins outside avoidance zone
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Fretting fatigue calcurations for shroud *iitr"coiting ihow
acceptable margins outside avoidance zone
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Operation Data A alysis

cnidsnd.l tnd PoPrletrry lnfoma$on of Mibubishl Hitachl Power
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Difference in CW performance [Gov - Gen]
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Not enough data to draw any conclusion on blade shroud damage
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LP Inlet Pressure Vs. Condenser Vacuum
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1TO+ hours of opdaii& il avoidanc6 zone with a response
frequen cy -200H2 = 1'2Eg CYcles

Operation Data Review
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RCA Conclusions
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Blade shroud cause and Effect Diagram

lnfluence

Shroud contact area is small

Blade twist force is large
High static stess maY be

generated bY high load
Contact surface
stress of shroud

is high High force bY high load

Operalion in
Avoidance Zone

high vibration
stress at shroud

VibraUon stess (wear) increases

fretting damage. Partial contact

reduces damPing at higher ND'

Testdata shows tul latching

before heat soak.Vibratory imPact between

adiacent unlatched stubs

tto sever erosion on shroud

High stress due to eroded

Corrosion fatigue cracK

initiation on shroud surface
Difference observed in Circ

water flow at two endsAsymmetric Circ water flow

resulting different condenser

vacuum at two LP turbine ends Telemeby test results show small

response at Nozzle Passing Freq.Rot. & Stat. Blade axial

Low

Medium

High

t' 
,;:1-i i,:t'.
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RCA Conclusion

The root cause for start of shroud chipping has been identified as operation in the

avoidance zone.

within the avoidance zone, high local contact pressure is developed due to partial

contact.

After initial chipping, nearly uniform wear of contact surface indicate progression of

chipping due to operation at resonance (avoidance zone).

Stellite coating on stub has proven its effective at protecting surfaces from fretting

damage.

ThF documcnt @ntdns company confidential and prcprlelary |rfomailon of Mitsubishl Hitachi Power sL3
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Bartow Steam Turbine
RCA Review

Addendum Presentation
Nov 17th 2U o

i
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Purpose of Presentation

Provide responses to open items / questions during the Nov 9th

RCA Report Out Meeting

Subjects:

1) Demonstrate that operating data from 2009 to 2014 is consistent with the RCA conclusions.

2) Provide hardness results not presented in Nov 9th .

3) Provide parallelism data not presented in Nov 9th.

4) Provide responses to prior questions from Harry Carbone.

This d@m6nt contains Company Confidential and Prcpri€tiary information of Mitsubishi Hitachi Power

Syatams Am6licas, Inc. fMHPSA'). Neither this d@ment. nor eny infomation obtained therefrom is to

bc rsproducd, transmitod or dlsolosed !c any third party wilhout fiFt reeiving the express written

aulhodation of MHPSA.

@ 2016, Mitsublshi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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1.1) Operating Time 1 : Jan 2009 to Feb 2012
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(Enslrng lP srf uncelbratcdP'lssurc)lnspection Results :

Gen End

Gov End

Type 1

Type 1

3 yrs

3 yrs

No significant damage

5 Major Chip

No significant
damage

3 minor chips

Continue operation until 2014 planned
replacement

Replace blades as continues midspan chipping
could results in a free standing blade
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1.2) Operating Time 2 : Apr 2012 to Nov 2014
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U
r38 r39 t40

Inspection Results :

122 123 124 125 126 127 128 129 130 13.l r32

LP lrrlet Pressure [Psis]
(Existing lP exit unca'librated Fressure)

r' lal Fz V*ti + > i ft.ilttfifr (::'-z <! i * t ))

Gen End

Gov End

Type 1

Type 1

5 yrs

2yrs

No significant damage

No significant damage

12 minorchips

3 minor chips

Scheduled change out to blades with midspan
HVOF

Scheduled change out to blades with midspan
HVOF

lbb saunmt coil.lns company confidenilar and propfletary Informadon of Mirsubrshi Hitachi power
sy.3llFrr Anflc.r, lm cMHpstr). Noithsr this doomst, nor any infomation obtained therefrcm is to
B' $p'u.l,rcrl, ba*hed or disclos.d to sy thlrd party without ffmt pceiving the dpress written
iutrilt i&n dt*tPsA.
02018, Mitgubishl Hitachi Power Systems Americas, Inc. All Rights Reserved.
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1.3)

7r(F

7N
rt5 116

Inspection Results :

t22 123 121 r25 126 121 126 129 130 l3l ltz 133

LP Inlet Pressure [PsigJ
(Ensltt€ lP Bril uncahbratad Pr€E6ur€)

Operating Time 3 : Dec 2014 to Apr 2016

6&F

69(F

7S.

|--iH*sIM IL------do

-d:
€

E
a
o
d
!
o()

> t= tz F z v vi 1 > f t#w lfr (;'-7 < 2 e' ti t) )

Gen End

Gov End

Type 3 + 15 Months No significantdamage
HVOF

Type 3 + 15 Months No significant damage

HVOF

7 minor chips 
i

33 chips including
significant damage

Fit for continued operation. Shroud contact on

allblades.

Replace row as free shroud contact has bee

lost on 1 blade.

sL3
i

I

fin ttOctrmrnt contelnr Companl Confldendal and Pbp1elaty infomatlon of Mitsubishi Hitaohl Power

fi.d;; An;*ttnc fuxitsAl Neither lhis doament, nor any infomation obtained therefrom is to

f, W.pCroO, t 
"n*nia 

or ois{torcO to any lhird party without fiGt rc@iving the express written

authoilz.{onofMHPSA. I
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1.4) Operating Time 4 :
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Jun 2016 to Oct 2016

2 ta I Fz v v7 + > f #.** i5 (J-i < 2 f i t) )

122 l% 12A 125 126't27 128 129 130 131 132

LP lnlet Pressure lPsie]
(Existieg iP exit uncelibraled PrGssure)

M6Zlor

6illo

64Oo

6s('6o

660e

670D

6gF

6g(F

7000

7lo0

720s

Inspection Results :

ils t16 il8

-d-F
F

E

I
I

5()

fRBrslM_-l._fi

lr{)139138r37136135134t33tls

Gen End

Gov End

Type3+ 4Months
HVOF++

Type3+ 4Months
HVOF++

No significant damage

No significant damage

7 minor chips

33 significant
damage

Fit for continued operation. Shroud contact on all

blades.

Replace row as free shroud contact has bee lost
on 1 blade.

Tiltdlgdnrnt conttirB Company Conidentiel and Pmprletary Information of Mltsubishl Hitachi Power

Slf,b|nr Amcdc€t lna CMHPSA"). Nclthor this doalmsni, nor any information obtained therefrom is to

li*irolrrcaO. tansmitcd or dlsctos.d b any thld party without fitst reeivlng lhe spress written

aidBdta0on of MHPSA.
62Ot6, Mitsudehl Hitachi Power Systems Americas, Inc. All Rights Reserved.
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Conclusions of LP Blade Loading Review 

• Telemetry test results show that once in the avoidance zone, small changes in operating
conditions can produce a large change blade response magnitude.

• Damage accumulates at 200Hz (720,000 cycles every hour)

1.1) Operating Time 1 : Jan 2009 to Feb 2012 
Significant operation in the avoidance zone. 

Significant damage observed on the blades. 

1.2) Operating Time 2: Apr 2012 to Nov 2014 

Minimal operation in the avoidance zone. 
Minor chipping observed. 

1.3) Operating Time 3 : Dec 2014 to Apr 2016 
Significant operation in the avoidance zone. 
Significant damage observed on the blades. 

1 .4) Operating Time 4: Jun 2016 to Oct 2016 
RCA evaluation has not been completed. 

Operating data has not bee provided beyond, only summaries of MW and LP Pressure vs Time. 

This document contains Company Confidentlal and Proprietary Information of Mitsubishi Hitachi Power S L3 
Systems Americas, Inc. rMHPSA"). Neither this document, nor any information obtained therefrom is to 
be reproduced, transmitted or disclosed to any third party without first receiving the express written 
authorization of MHPSA. 
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2 - Hardness Variation - presented DEF201 90001 BARTOW LFE4_OOO1 91

From hardness
observation no significant
decrease was observed
where the crack initiated.
A decrease in hardness
was observed on the
contact surface.

Thls document contains company confidenilal and proprietary information of Mitsubishl Hitachi power
systems Americas, Inc. rMHpsA'). N€ither this document, nor any informaton obtained therefrom is to
oe reproouced' trensmified tr drscrosed to any third parry without fi*t re€iving rhe express written
au$orizaton ofMHPSA.
@ 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Alt Rights Reserved.



2- Hard n ess Va ri ati o n base meta l, I nte rface an fr'$il8fiiliLi "6 iifrti n g

was observed within the base
metal as a result of stellite
welding.

f
This document contains Company Conlidential and Proprietary information of Mitsubishi Hitachi Power

Syslems Amerias, Inc. (,,MHpSA,,). Neither thjs document, nor any infomation obtained therefrom is to

be reproduced, transmitted or disclosed to any third party without first receiving the express written

authorization of MHPSA.

O 2016, Mitsubishi Hitachi Power Systems Americas, Inc All Rights Reserved'
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3;1) Measurement Results RH (Gen End) 2014 HH'trgERrowLFE4'.''1e3
Shrcud GAP Q: slIM *u ma

Thh dooumrnt contalns company contdental and pmprletary infomauon of Mttsubisht Hitachi power
sy|bnr Amoricar, Inc. CMHPSA'). N6ither this d@m'nt, n;r any infometion obtained therefrom is to
bc rrproducad' tranemitted or dlsclosed to any thlrd party without liEt receiving the express written
au$odratlon of MHPSA.
@ 2016, Mitsubishi Hitachi Pou/er Systems Americas, Inc. Ail Rights Reserved.
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Duke Questions (From 10t26t16 Meeting): DEF201 90001 BARTOW LFE4-0ool 95
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1 . Current draft of time line of blade outages
?. Updated Vibration change dates To uriderstand theoperating data from the operating from June 2016 to ociober2016 has been requested on multiple occasions srnce the change in vibration was broughtto the attention ofMHPSA in August 2016.
To understand the operation of the unit, this information is required to provide an objeclive data driven assessment of the operation.
3. The mw conection factors issue

fi:'JntiHglJT:,["*: :S:*?fii-,:l'r:"lti]:J 
crear whether durins the teremetry test rhere was an orrser MW. rhe operatins dara requested is required ro undersrand

1. .. New LP inlet pressure gage 3.7 psi zero offset error
Following the finding that the lP Exhau"t e'"tt"" i"p rt"d not been calibrated with its warer reg, the same issue has now occurred on the new Lp Admission.lff::J:#ff::Y:JTi;:i:ily #:5.?ffi1"^ 

oitn" p'"'"u," taps which is criticarto undJistanJinsir'"!"",il".oi"s seen by rhe brades which can hoperury be

5. Chart of blade options
An updated chart is attached.

9. Duke requested strain gage data
Results of the telemetry test have b-een shared during the RcA meetings. Face to face meetjl.oswgre,herd in May 20l6specificallyforthe purpose of being abre to openlyshare information which would normally not be avail;ble to share ou" ri n"ing brliiJIs confioentiar information. ouring tnese reviews the nature or rne none synchronousresponse was described identifying that the blade response is not 

?"i"g "*.iiiJb;.in"g-r" 
roo"r. A singre stresses cannot be evaruated against a singre arowabre in aGoodman diagram' but a range ofhooes is oeing exit"o-utnin a freqJency ;";;. ;; magnitude of b-rade response is integrated over a frequency range ro determine anoverall response level compared to successfully Jalidated response levels. This ii not data which can be sent directly as a file to Duke Bartow.

7. Confirm materialis '12,4

;JilB'J:"Ji::;1ff:flil;tfiHjjruyi^itil,jflS::$illll;ff 1"":il#:". 
reverse ensineerins or the brade desisn which is subjecr to murti-year deveropment

Hardness was reviewed in detail during thl face fo f..u {Cn meetings.
The RCA reports are intended to be presented in pe'son io ensure thit they are correcily interpreted due to the complex nature of the RCA investigation.
8. Supply Goodman Drasram

ffiyat::i:f;:rt#:ilil::#nr;per industrv standards, with the material development beins crfticat ro achievins comperitive desisns. rhe Goodman Diagrams for

Ttb oocr, r"'t srtai* comDsnv confidentier and prconi.iary infomation of Mrtsubishr Hitachr power
3tT:,AttTt!6r, tnc c'HPsui'). re*rroir.aqm!ni;.;;;'#;;'",,"n obrsined thererrom is tofr rcprodrc.'l rrncmruad or drscl*cd to any third party ,ir*"rt n'"i 

"""i"i"g 
the express writtenar4ffo(edo0 of i&tp$d.

62014 Mltaubiehl Hltachl porcrSysbmsAmericas, 
tnc. All Rights Reserved.
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Summ ary of Blade TYPes

Base material

Brazed in stellite

-eadi ng edge eroslon

striP

;pEy stellite underZ

notch Leading edge

welded stellite
UnderZ notch

Leading edge

Polish off shol

peening after
weldinE

SprayStellite 3mm

on snubbercontad
faes

Spray Stellite .3mm

on Z notch contact

fa@s

chamfer 1x0.5mm
& 2 mm radius on

snubber

Cornercut on Z notch

" 3mm x 3mm

Not Appli6ble No nla No

Proprietary Sl m to 17-4 PH

Proprietary HT

measure while awaiting replacemetn blades' No lype

T{F€+ No No No No

lvpe 5
Yes

No blade WPe - "Newer

$#e{qFa
lnstalled 2014

{Tvo3 + HVOF))

Yes No Yes Yes Yes

Yes

Not Appli€ble

Not Appll@ble Yes No Yes Yes Yes

lnstalled 2015sPring
ITVO3+ HVOF)

Yes

Not Applicble No n/a No No Yes
Proposed now

Fall '16{ Typl)

sL3
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