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CONTRACT FOR PURCHASE OF STEAM TURBINE GENERATOR

This amendment (“Agrecment”) entéred into this 3™ day of May, 2006 (the
“Effective Date”), between Progress Energy Florida, Inc., a Florida corporation
(“Buyer™) and Mitsubishi Power Systems, Inc., & Defaware- corporaﬁcn {“Seller’).

Recitals:

Tenaska Power Equipment, LLC (“Tenaska™) and Seller entered into that certain
Coniract For Purchase of Steam Turbine Generator, dated May 10, 2002, for the purchase
of a stezim turbine generator and associated equipment. {the “Equipment™), as-amended on
June 3; 2002, June 25, 2002-and July 29, 2002 (that certain “Contract for Purchase of
Steam Turbine” and only those smendments dated June 25, 2002 and July 29, 2002
hereinafler referred to collectively as the “Contract™);

Pursuant to that certain Asset Sale Apreement between Buyer and Tenaska, dated
May 3, 20086, Tenaska agreed to sell to Buyer all of Tenaska’s right, title and interest in

the Equipment.

Pursuant to that certain Assignment and Assumption Agreement dated May 3,
2006 ’I‘maska agreed to assxgn, grant cenvey and transfer, and Buycr agwed to assume,

whether i ccmtract, tort or otherwise, of Tenaska, that had arisen or would thereaﬁer
arise under or in connection with the Cfont;tfac_t, and

Buyer and Seller now desire to amend the Contract.

NOW, THEREFORE, in consideration of the foregoing premises, the terms and
conditions set forth in this Agreement, Buyer and Selfer, intending fo be legally bound,
agree as follows:

1. The definition of “Delivery Point” is reviséd in its entirety to read as follows:

“Delivery Point means, with respect to Domestically-Sourced Items, the Jocation

designated by Buyer in Tampa, Florida, unless changed by Buyer in accordance
with Section 4.1.7

o

The definition of “Pert of Entry” is revised in ifs entirety to read as follows:

“Port of Entry means the Port of Tampa, Florida, U.S.A., unless changed by
Buyer in accordance with Section 4.1.”

3. The definition of “Final Acceptance” is.revised in its entirety to read as follows:
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“Final Acceptance means that (8) the Steam Turbine Generator has achieved
Substantial Completion, (b} all Liguidated Damage Performarice Guarantees, the
Noise Fmission Guarantee, Demonstration Test Guarantess and the Availability
Test Guaranty are satisfied, or are deamed satisfied in accordance with Section
1.0 of Appendix C, and (¢} all Equipment is delivered and Services perforined,
including detivery of as-built drawings (subject to Section 20.1}, except Punch
List.”

4, The definition of “Scheduled Date of Substantial Completion” is revised in its
entirety to read as follows:

“Seheduled Date of Substantial Completion” means the eatlier of: (A) June 1,
2009, oz (B) fifty-seven (57) days after the earlier of (i) the day of the initial roll
of the Steam Tuzbine Generator or (if) the day such Steam Turbine Generator is
ready for the initial rofl and the cause for such fatlure of the initial rofl to occur is
solely attributable to Seller.”

5. Add a sentence after the first sentence of Section 3.1 of the Contract to read as
follows:

“The Contract Price is increased by the additional amount of FIVE MILLION
ONE HUNDRED FORTY THOUSAND DOLLARS (85,140,000} as itemized
and described in Exhibit B.'

6. Section 4.3 of the Contract is revised in its entirety to read as follows:

“Storage. The Steamn Turbine Generator shall be stored by Seller at the factory
in Takasago, Japan, until Shipment from storage. The scheduled Delivery date
for the Unit is on or abeut October 1, 2007. The scheduled Delivery date may be
changed to an earlier date if Buyer provides written notice to Seller no later than
ten (10} months prior to such earlier Delivery date. Any change 1o the scheduled
Delivery date outside this aforementioned period may only be accomplished
through a mutually agreed upon change order pursuant to Article 9. Buyer shall
have the right to inspect such Steam Turbine Generator at the factory in
Takasago, Japan, upon reasonable notice to Sefler, to verify compliance with the
requitements for special and periodic preservation during storage. Buyer shail
reimburse Seller for the expense of storage theréby incurred. Seller shall be
deemed 1o have accomplished Delivery for the purposes of Sections 3.5, 6.1, and
17.1(2) when the Unit was placed in storage. If refurbishiment is required based
on Seller’s inspection of the Unit, Seller shall perform such refurbishment prior
to Shipment, unless otherwise agreed upon by &e Parties. Upon completion of
the inspection and refurbishment, fo the extent Seiler determines the need for
refurbishment, of the Steam Turbise Generator, then the Liquidated Damage

! Note: The parties will reasonzbly cooperate with each other to detenuine the appropriate declared value
that wi}l be used for customs ciearance.
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Performance Guarantess, Noise Eniission Guarantee, Demonstration Test
Guarantees, the Availability Test Guaranty and the liquidated damage: prtmsmns
under Section 17.1(b} of this Contract felated fo such Unit shall remain in effect,
and Final Acéeptance shall not be degmed. to have occurred, if Substantial
Completion of the Uit ogcurs prior to thisty three (33) Months -after the actual
date of Shipment. If Substantial Completion of the Unit ocours affer thirty threg
(33) Months after the actusl date of Shipment, then the Liguidated Damage
Performance Guarantess, Noise Emission. Guaramtee; Demonstration Test
Guarantees, the Availability Test Guaranty and the liquidated damage provisions
under Section 17.1(b} of this Contract rélated to such Uit shall be considered
voided, Final Aceeptance of such Unit shall be deemed to have ocourred, and
Seller will tiot have any forther liability under this Contyact, except that Seller
shall provide technical advisory services to Buyer in accordance with Section
19.1 regardless of the period that such Unit femains in storage. Any technical
admsary services required following such storage in additica 1o those which are
provided #t 1o additional cost pursuant to Seefion 19.1 shall be charged at the
then current rates charged by Seller for the provision of such technical advisory
services,”

7. Section 8.1 of the Contract is revised in its entirely to read as follows:

“Complisnce with Applicable Laws. Seller warrants that the Eguipment,
Documentstion and ‘Services under this Contract shall comply, at the time of
delivery of the Bquipment into storage on October 1, 2002 and in the case of
Serviees ai the time of performance, with all Applicable Laws. Buyer shall
advige Seller of any local laws,. codes, standards and regulations matenaﬂy
affechng the Equipment. In the svent. of any unreasonable delay by Buyer in
advising the Seller of a bréach of the warranty set forth-in Section 8.1, Seller shall
be relieved of its warranty obligations hepeunder only to the extent of any
additional loss or expense directly resulting from such delay.”

8. Section 10.2 of the Contract is revised in its entirety to read as follows:

“Warranty Period. The warranties for the Equipment as set forth in Section 8.1
and 10,1 shall apply to defects which appear prior fo Substantial Complétion of
the Steam Twbine Generator and during 2 period of either (i) twelve (12) Months
following the date the Steam Turbine Generator achieves Substantial Completion;
or (i) thirty six (36} Months fiom the actual date of delivery of the Steam
Turbine Generafor to Buyer at the Port of Bntry; or (fif} fifiy fhree {53) Months
from the Effective Date of this Apreement, whichever petiod expires first
("Warranty Period™). "Substantial Completion” has the meaning set forth in
8ection 17.1.™

9. Section 20.1 of the Contract is revised in its entirety fo read as follows:

“Documentation. Seller agrees to provide, at no charge to Buyer, a hard copy



10,

11.

12.

13.

14,
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and electronic “4if” file of the existing documentation for the Steam Turbine
Generator in accordance with the.examplé set forth in Appendix G, With respect
to documigntation for the Stearn Turbine Generator in Appendix G that has not
been prepared, inchuding operation and maintepance manuals, Seller will provide
such dosuinentation; and ‘manuals during the hormal course of the engineering
design and construction:pracess. for the Steam Turbine Generator for the Project.
No. changes or revisions shall be made to the existing decumentation or to. the
documentation by virtue of, (a) the change in the Delivery Point from Mobile,
Alabama to Tampa, Florida, or (i) reconfiguration of the Equipment based on the
different site location. However, new documentation shall be provided for
changes to the LP main valve {i.e,, scope includes butterfly type LP stop/eontrol
valves with actuators and. LP inlet pipe from LP stop/control valves to turbine
{cross over pipe)). Subjett to Asticle 9, Buyer may request Tevisions to existing
documentation or othier new drawings for engineering purpeses,”

Section 22.8 of the-Confract shall be amended by adding the following sentences
at the énd of Section 22.8:

“In the event any conflict exists between the provisions of this Agreement and the
provisions of amendments dated June 25, 2602 and July 29, 2002 the provisions
of this Agreement shall control. In the event any conflict exists between the
provisions of this Agreement and any provisions of the Contract, including any
Appendix attached o the Contract, the provisions of this Agreemént shall
control.”

Within sixty (60) days afier the Effective Date of this Agreemant, the parties shall
reasoriably cooperate with each other tw révise Appendix A, including the Net
Stearn Tarbine Electrical Output guatantee vahie in Section 3.2.1.1 of Appendix
A and the Net Steam Turbine Maximum Electrical Output guarantes value in
Section 3.2.1.2 of Appendix A for the specific guarantee condition.

Appendix B of the Contract is emended in its entirety and replaced with Exhibit 1
aftached hereto.

Appendix G of the Contract is amended to include the example for stamping the
documentation as set forth in Exhibit 2 attached hereto.

As amended by this. Agreement, the Contract remains in full force and effect.

[REMAINDER OF PAGE INTENTIONALLY LE¥FY BLANK]
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Exhibic | o FOURTH ANEROMENT TO-CONTRACT FOX PURCHASE OF STEAM TORRINE SENERATORS DE( :LASSIFIED
Appendix B
Paveeot & Eoreinetion
Invoice Dite, i tastone chedule % | Asgrepuie
S=Hiilions
1| &71/2086[E fective of ALh Amsodment 39500
2 2006
3 3150, :
3
$540.000] 1 3540.000
5
S
$200, 0G0 $3, 180; 6D
t200,000] 4%l 3§ 340,000
$208, gous n{ $1, 540,000
/172031 :2"‘“"1; O $200,000{ 4 31, 740, 005
4 6/x/s00pontily Befurbishuent $200,000] 31,940,000
15| 7/u/piog[JUnthly Refirbistaeny sbo,000 48| 32, e, o0ol
J cheduled Shipment Dare f = S
16| ajeaerfy s el Siprent Dase ssoo,000| 1o%| 52,846,
il 67172007
: Scheduled Deilvery Date
B8] W/1/2807 ort of Tahes) £2, 100, (00
I8 1i/172007
30| 127172001 |
21| 1/173008 3100000

$108, 605!

$100, 000
$109, 0301

2 wwawi&w
o

e [SChedulad Date of : _
B/1/2008) i crame §51 Completion $5, 140, 000

$5. 140, 006} |

[8erel A

L. Paywent shall be dwe within 30 days after lavoice Date,

2 Storhpe Fee shall be borne by Progress Pabrgy frow the ¢ffective date of 4th Amenduent umtil zctesi
shipment dete,

[Following is included in this Payment Schedule]
. Izursnce pey Sectics 21 INSURARDE

2. Letter of {redit por Seetion 3.5,
3. Addirions] tomiract administration costs.

4. Bocwmentations (drawinre ond samuals sic) per Arvicle 3 in the 4th Anendment,
5. &ny esealuijon of the orice such as ocdun Treighe and TFh due o the suspension per the dch Anmendment,
6. 4ny reforbisteent work including inspecticns shall be performed to validate the AYTARLY par the 4th

Amerdaunt.
7. Rarrenvy extension, and re-muarantze per Arcicie 8 and 1Y in the 4 Amsndmert.
B. LP eain valve [ Scope includes butrerfiy type LP -stopfeontyol valves itk actuators, and LP imlet pipe
Trom LP stop/Control valves to wurbine {tross over pipe) including cpzinesring. }
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Exhibit 2 to FOURTH ARENDMENT TO CONTRACST FOR FURCHASE OF STEAM TURBINE GENERATOR
EXHIBIT G - Progress Energy Drawing Stamping for Bartow - Sample

The 3 stamps that will be added to the documentalion, they are as aoted below.

KITSUBISHI POWER SYSTEMS, INC.
THIS DRAWING 1S SUBRMITTED TO: PROGRESS ENERGY;
FOR THE BARTOW PROJECT

This document is submitfed FOR. INFORMATION ONLY.
Additional system or equipment configurations changes may otgur
during the evolution and finalization of the project design.  MPS,
Inc. i niot responsible o7 liable for sny impact from such changes.

This document cordams information propristary fo MITSUBISHI HEAVY INDUSTRIES,
LTD. #issubmiffed in confidenes and is to be used solely for the purpose forwhich it is
furnished and returned upon request.  This document and such information s notto be
reproduced, franstitted, disclosed or used Gtherwise in whiole or in-part without the’
written auﬂmrizatlon of MITSUBISHI HEAVY INDUSTRIES, LTD.

Below is an Example of the stamping proposed for the Progress Energy ST and 876 drawings.

Lz e

ESTRIES, b, #amﬁmma»umﬂmm -
for i b5 fosnishint ams Ry rnGesy. YIS Godaiend sod otk Soformésian =
ammummmmmwmmmmmwmm ’ .1
il s WSO sutorlitis of KOTSUTRSH] HEAVY HIDUSTRISS, ¢10. i U
e | | SN, o —
e do iy 41 MLt FOR THE BRRTOW PROJECT :
B £ =
# 8 wmmmmms& T AMERICHS: =
e Hid WEB =5 i 3
7T R ~--:;3}7§r~-g -1 WELDING PROCEDURE FOR  EHAL
18 e HP INLET STEAM PIPING -
.3 (BITE WORK) ey
Sees : 5] 1
/ 04281 |os30| BER| 05310-0032 e
4, MITSUBISHI HEAVY INDUSTRIES, m; i
NAGASAXI SHIFYARD & MACHINERY WORKS e

DRAWH 20/~ 10—~ SSUED ot

Figure 1, Typical Stamped Document

Mitsubishi Power Sysiems (MPS) Page 10of 1
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IN WITNESS WHEREOF, Buyer and Seller have executed this Agreement by
their duly anthorized representatives as of the Effective Date,

SELLER: BUYER:
MITSUBISHI POWER SYSTEMS, INC. PROGRESS ENERGY FLORIDA,
INC.

LW W AT

MName: E. Michael Williams

Title _@ﬁéﬁ 2ol CEO Tifle: Senior Viee President
Power Operations
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Jartow RCA Review 3-15-17

Froprietary and Confidential Information This document o be itted, or disclosed withoul prior written consenl of MHPSA s L3

© 2017 Mitsubishi Hitachi Power Systems Inc. Alt Rights Reserved.
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Purpose of Meeting :

1. Demonstrate that the Period 3 Blade Failure Root Cause is not impacted by ongoing investigation into
blending.

2. Show that geometry variation and design stress margin have been investigated as part of the RCA, and
are not considered the root cause.

3. Address open question associated with Bartow.

SL3
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MHPS RCA Conclusions e
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Time Blade Root Cause Comments
Period 1 Type 1 Stub fretting fatigue. Operation above design Impact of bypass operation not yet understood.
lirnit.

Period 2 Type 1 No RCA - Shroud chipping observed

Period 3 Type 3 Blade with | Shroud heavy wear. Operation in the avoidance | Conclusion based on Telemetry Test results and
midspan HVOF zone. communication of operation limits after the test.

May be additional impact from bypass operation.

Period 4 Type 3 Blade with | RCA Incomplete Short term operation in avoidance zone
midspan and Additional operating data required Evaluation of bypass stimulus requires further review
shroudr HVOF HVOF has potential of impacting blade damping

Period 5 Type 1 Blade RCA Incomplete No operation in avoidance zone.

Additional operating data required
Metallurgical analysis required

Major water hammer event identified 3.75hrs prior to
blade damage with 560g’s measured on bypass piping

Note : Full operating data set is not available over 7.5 yrs.

+ Bypass exhaust pipe accelerometers only available from Sept 2015

«  Telemetry test data only available 12/21/14 to 12/24/14

+ 100 days of operating data not captures in Pi due to data security concerns
- Data filtering limits resolution. eg. Additional 4 exhaust pressure probes were sampling on the order of hours.

SL3
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Agenda CONFIDENTIAL

N o oA N

40" L-0 Fleet Operating Experience

RCA Overview

Results of Metallurgical Evaluation

Stress Response and Damage Mechanism identified in Telemetry Test
Blade response during GT Blends

Manufacturing and Assembly Variation Review

Actions

SL3
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DECLASSIFIED

Reference Information

T

CONFIDENP’IAL J

Period Operatlng Time Blade Type in Operatlon

VPLe_;;d ‘1— i | 2009' 2_01-5 El ' Type 1 o =
}E_;riod 2 20122014 | Type 1
: PenoE%- B Hl;ec 2014 to April 2016 | HVOF Midspan Type3 ]
! Penod 4 T Jun 2016 to Oct 2016 ‘I;;/OF Midspan + Shroud Type 3 i
Er;od 5 | Dec2016toFeb2017 Type 1 i
f—73—l;3de '}y;em . Blade Descnphon S T
I__T_yge ‘I‘TB-IZE; (_D;g;r;al Design el i
| Type 3 Blade ;yg; O‘lr: + Stellite Weld Intay under shroud to prevent

Type l_l_BIe;ie__ ) -J_ Type 1* + Stelhte —S‘I';el_d h;de_rshhlaj-t;;;/e—m erosxo: i

* Chamfer added to Shroud and Radius added to Midspan

Reference Presentations

« Sept 18", 2013 - Period 1 RC/CA

» March 18" 2015 — Results of telemetry test

»  Nov 9th 2016 — Period 3 RCA results of period

» Nov17th 2016 ~ Responses to Period 3 RCA questions

DEF20190001BARTOW LFEG- 000012

Bartow Cross Section

| B

|

' |

L

1‘ / i A I’ P

1| - | ; ’Ml “ ’I/ :

¥ [ Aoyl i y /
7 \gl 1 y

]—\g.fil{\'\ l;’ “ Py //_-

SN

N O :L\l“i LAl < -

%ﬂ‘_— ~ /1 ‘l\' / \ ’é‘.\_ﬂ —_w—'”—‘é.g%i
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Reference - Bartow Blade Operating Summary

DEF20180001BARTOW LFES- 000013

Perlod 1(2008/6-2012/3) 1 {2012/4—2014/8) 1A IV (2016/5—2016/10) V{2016/12~2017/2)
Duraton Approx. 34 monthe Approx. 268 months Approx. 17 monthe Approx. 5 monthe Aporox, 2 months
Type 1 Tyme 1 Typs 3 with Modifled HVOF Type 9 with Modfled HVOF Type 1
o No HVOF No HVOF HVOF only stub HVOF imth stub and shrowd Mo HVOF
Operstion 450 MW st the mssdmum Uimited below 420 MW Introduced the Avoidance Zone 2 Umited below 420 MW
Stb | NoBroken Sub | No Broken Brofen (14D Stub Broken (134
Demage Crigning (371 12/ RO Chipping {S3/LH, 7/RH) Broken (V/RH) Chimping {1/RH)
Shroud Srvoud
Fo | eor i cbaeare) Severn o Brofeen (1ALH 2770
Stub
contact
surface
t
Shroud
contect
aurface
Bisde - = = -
traling edge
Trace of cortact hwiub ¥ not 90 hard in | Loading was imited and stub fallure did not | Severs wear of éhvoud ocoured from the Trece of cantact In stub le reiatively hard I
with tha Paciod V. ceowr, but rumber of chibped shrouds | Perlod T Depth of weer woa 0.5~0.8mm. murhmwmam:wbu
Comments | Shroud wer & rehtively moderate I | Incroesed. Wew of shrax incresses in comparison
comparkon with the Parkod I and V. with the Ferlod 1 evan the stats of cortact
surfsces are same with the pariod 1 and I

"> Shmudweer is obvious efter the Perkad Il Blade vibraton might incrasss.
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40” L-0 Fleet Operating ExperienceconripenTiaL

Unit Start | Unit
R Date Name #Flows | Type Fuel
» 55 Rows in Global Fleet Job03 | unta || smge | 3 «
* 25Rowsin US Fleet Aug-03 | Unit | Single 3 cc
a Sep-03 Unit C Single 1 cC
2 - w .
« No units except Bartow with midspan snubber damage g| Apr03 [ UnitD | Double 3 c«
=} .
«  Minor shroud chipping observed with no corrective action required |&| % | YntE | bowdle | 3 c«
Jul-03 Unit F Double 3 o
Jul-03 Unit G Doubie 3 cC
« Bartow has not observed any excessive shroud erosion Jun-09 | Bartow | Double 3 cc
Dec-01 Unit H Single 3 cC
May-01 Unit1 Single 3 cC
33 Feb-06 UnitJ Double 1 Coal
ui.’ Jul-06 Unit K Double 3 Coal
-4
g Sep-09 Unit L Double 3 Coal
Jun-08 Unit M Double 1 CcC
Note :— Citrus County applies a redesigned blade developed in 2015 Jun-11 j§j UnitN [}ij Double j§ 3 ]

Current design for existing fleet is Type 4

SL3
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Period 3 - Blade Shroud Chippingh\RGCA AL

Design Manufacluring
%
b %~ Manufachuring Quelty Data E s
\ - Telemetry Test date , O i i i x
\ . Akptiesions Fo;gm and rachining process — 1 Open Actions from RCA :

%, - Tutine design documentation
. » Characterization of operation from log book

Recent operational findings on the bypass operation
do not impact the root cause finding, but do impact
the corrective action.

B EIn N ERTATEIANINGA A SIESmIm

RCA working session May to June 2016. RCA presented Nov 9, 2016

SL3
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Results of Metallurgical Evaluations T

Period 1  Snubber Fretting Fatigue Period 3 Shroud Heavy Wear
Presented 9/18/13 Presented 5/26/16 and 11/9/16

18]
Metallurgical Analysls o R
w:_’gﬂﬂ:‘

sxde of #43 biade and injet side of
#d4 biade

+ Fine cracks. ceumed

Shroud- HCF Initiation

HCF Initiation and propagation

Period 5 Blades not yet received for evaluation. Visual inspection matches period 1 investigation.

SL3 9
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Is the damage consistent with the stsass-analysis? - Yes = O R s

Magnitude of blade response (High to Low) 1st Mode Stress Distribution
All stresses are within design criteria and

. PN " . Minineawn \“ !

experience wnthm. operating design space. Ll ] ' B | |

1. Snubber Fretting - . N P l.
(Protected with HVOF during Period 3 and 4) |

2. Shroud Fretting
(Protected with HVOF during Period 4)

3. Vane High Cycle Fatigue Concave Side Convex Side Concave Side Convex Side
! | N ! . I
N | é

Period 4
Damage

Vane Static Stress

Mitsubishi Original Design

b

Steady State stress at trailing edge

(s }

SL3 10



I

DECLASSIFIED

Damage Mechanism R EtaEe]
Blade Response — Design Margin Unable to test due to
Example : Shroud Fretting Fatigue excessive blade response !

e : i , l = % :___l ]
820 EZ'E_:; EWM e »154 E 1 ,i-_ f e " ,l_,lj_-.i - =
s Zone-€ t Lo i i 1 |
= 0:?:4(: ! i | l :
E 960 [ 7 - ;,,;A-,,i . T_T._., RN SR SR | =
§ a0 i % ; : = ! 3 o |
P L e g 5 4
o ; d l i |
o [l o) e | _ |
| P | |
- ERRERRR |
760 L _.i_..,...,.....ui _..J_ | , e ! i —

50 55 60 &5 0 75 80 &5 SO 95 W00 WS 10 ¥

LP Inlet Pressure [Psiz)

DEF20190001BARTOW LFE6- 000018

Blade response is observed at around 16 Nodal Diameter of

. the first mode (approx. 200Hz).

- Blade response is evaluated through the integration of the stress
response all the modes between 180Hz to 120Hz

Snubber fretting fatigue, shroud fretting fatigue and Vane High Cycle
Fatigue are all calculated from the telemetry test with avoidance zone
established to address all 3 cases.

The Notable Non-synchronous Vibration is caused by aero-

stimulusand
blese response

Design Slress

dynamic flow and observed as the Multiple Modes Response
(180Hz-220Hz).
- -}- ‘ig '\
£ ‘%L
Neda] Dineeiers
SN Modified Goodman Diagram
q L
-
-
' ‘I.‘ C;\Q;nlth: Crlnbr‘l: }ﬁh}lﬂ:n it ! ﬂm

. Cycles accumulate at 12,000 cycles per minute at 200 Hz

SL3
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Evaluation of GT blends during 2014 telemetry test

* During the 2014 telemetry test
2 GT blends were recorded.

¢ The GT blends produced a 2x
response in blade stress.

sl KN
Blend in “B
TN G188y Bended
22322014 1150PM CROByautlnded | i
] B
i
H
[ i
1 Gov End Aty
Vacuum Blade Response
—r : =7
b oy
== i — ———————
i 5 —

7 =
S el !
End Loading |
i
Gen End
] ¢

Blade Response

185 1030 1085 100 115

Weaiad
21 & =
z A /‘__;_'Tﬁ——"-..__‘_ =
__Vacuum | \ c.},_,—————’
T ¥

Blend in “D”

DEF20190001BARTOW LFEG- 000019

Further investigation :

» Create complete data set of available IP
Bypass exhaust temps, pressures and
vibration

Characterize 'severity of blends

CFD of condenser / exhaust flows

Model blade response from blend stimulus
Validate model with Telemetry Test data

AT AN 678 Bypss Blended

2312014 11:50PM GT-0Bypass Blended e
H

I
EndLoading | |

i — e lR |

Gov End

Blade Response

3y Gen End p
o Blade Response 3 3t
!

e nis 13 345 L] ns [ =) L3 1

yn

Further investigation is required to understand the impact of GT blends on blade loading

Note : Operating Data required. 874 Blend events have identified by Duke's hand evaluation.

SL3 12
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Telemetry Test Spectrum at GT BIen(gg,[,iF%ENTI AL

e

= o
RH (GEN) #31M 11:08 (11:08 AM) RH {GEN) #31M 22:45 (10:45PM) RH (GEN) #31M 23:50 (11;50PM)
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wd 120 140 O 1= >0 o F [ 12 ue 160 180 0 0 240 o

Blade response during bypass operation is also Non-synchronous 16 Nodal Diameter response around 200 Hz

SL3
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Shroud and Midspan Gap Data EVﬁl‘d@ﬂH&NnAL

2014 BladeLH {Gov.E Deta
+ Manufacturing / Assembly variation adeLH {Gov. End)Shroud Gep

DEF20120001BARTOW LFEB- 000021

,zmmm(m Enc)shrougcepbetn 1"

e T’ . ,.mn-.- e
i i t with the rest of the o =il o=
ﬂse:msnsten st o i /«, e N AN L ( ﬂw\?\ /N’\-fw‘/ﬁ
' P 225 I AN D VL AN A
76N d ={a) § 2 L) i (€ ()%t
» 4 point checks have been used to I 7 X T NS 3 :’//J\\ L7 / £ 22 Nt
minimize variation. 1N AR PP R Vv - J 5 r,., ‘;__-:g_.
RN = NN iel AL S
+ Avoidance zone was evaluated Sihroud Gap Gais 2074 . =l Gap Data in2014 Assor ‘#o,;, S
using scanned blade geometry Fow Aversee 620 = 3.9mm Bow Averace Gap = 4.2rmm Bow Averase Go = 30w Bow Averace 6a0 - 46mm
from period 1,2 and 3. T e i e T o et e
GITET TZOESS ~ - DO EASITECS ALY 36 T P Rp

=2 £ /TE 18 A 2

Evaluation conducted of :
Manufacturing Box Gauge Checks
Vane
Midspan
Shroud
Assembly 4 Point Clearance Checks
Midspan
Shroud
Correlation to damaged blades has not
been identified.

zo14BlndeLH(Gov End)mmnﬂl

Mcapnmmmummy Shioud Gap Dats in 2018 Dis-Assembly

L\ l

e

TS.8% S ATX P IRENETE £aUERIAT I 6 Soasunndt

3
-
|
!
.

- mmcapnmmzouw mmwmmzmmumm

Row Avetsce Gap = 1.90Mn Row Aversge Gop = 1.9cun Bow Averoge Gap = 1.5mm =
+ Evaluation completed for Periods 3,4,& 5. ic'-'- 16 Qb o .5m Avarmge. wih o sigle blace sbove 4. oSl RS o3-S AvIIgR, WEL D 4R DIXR Moy + v
o chou obeiween oo = v |
PONEY SYSTEMS APERTAS L2 A WH st T MTRmE. Mo DTS RISTAVE AeTR 74T WS & MR
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Actions CONFIDENTIAL

et AR N T e e

1) Investigation of bypass operation. = ' .
~ s

-

» Determination of acceptable level of
temperature and pressure variation during | = - At
blending. Awaiting operating data. i g [P

i -

« Analysis of blade response to bypass 4
blending events. - e : - — e g 2 1

+ Investigation of bypass valve and w L T T ] L -
attemperation operation.

c
£
DT I oL R € 6 P TR T

2) Aspiration

= Duke have requested evaluation of reverse
flow through drain slots due to dynamic
head pressure reduction from steam flow.

= Evaluation is in progress, but there is
currently no analysis presented to support
this is an issue. This is a standard design
feature in the MHPS Fleet

ridional Velocity V
300 -4B" LP-E|

SL3
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Backup - Snubber Orientation — Evaluation of Tip Loading  °FeetsarmowLres oz

Failed stub #54 Blade.
Crack initiated at close the mid span of contact surface.

Duke raised concern that the crack initiation may be from bending stresses induced from tip contacting on
the mid span snubber. Analysis was conducted to confirm that snubber cracking did not occur at the
location of maximum bending stress associated with tip loading.

Fretting Fatigue Crack Initiation is to be confirmed through SEM review of fracture surfaces.

Contact Frce 1. FEA Analysis does not show crack initiation 2. Visual Inspection does not support that the
does not match the peak bending stress blade was point loaded
location #53 Blade #54 Blade
Concave side Convex side

s Sextion Sde e Sipckan Siche
e Pregsure Skie mn M ERE SOE
i g
= & Cracked portior]
i Cracked portion | - TR
g " (probable) § (probablo)
;
th \—.._ é t\
D » * E ] ©

Distance from the Lo fmm) ¥
Dismance from the 4 {mem} 4

Equivalent stress Bending stress Location shown in contact prior to cracking

SL3 16
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Duke Energy Bartow
Report of Telemetry Test for 40” L-0

March 18, 2015
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CONFIDENTIAL

Agenda

Meeting Goal
 Background

» Mitigation

* Telemetry Test

* Telemetry Test Results
« Operational Limits

e Conclusion



CONFIDENTIAL

Goal of Meeting

« Provide a technical understanding to Duke
Energy of the telemetry test results and findings.

« Based on the telemetry test results, provide
basis and definition of new guidelines for the
steam turbine operation.
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CONFIDENTIAL

Background

Unit COD was June 2009. From the time of commissioning
until Spring 2012, ST operated up to 450MW.

March 2012: Five governor end L-0 blades had fretting and
cracking at mid-span stub.

All governor end L-0 blades were replaced in March 2012.
Mitsubishi estimated the cause of cracking was overloading

of LP section based on 450MW operation which is over the
design point of 420 MW.



DEF20190001BARTOW LFEG- 000028

Background

Mitsubishi recommended that Duke operate ST at or below 420MW to
ensure proper loading on the L-0 blades.

Mitsubishi evaluated modification of L-0 blades to increase output from
420MW up to 450MW and a proposal was presented to Duke in September
2013.

Modified blades were tested in Air jet test facility in Takasago, Japan in
August 2014 to ensure biade vibration frequencies have not been changed.
Duke representative witnessed the test.

New improved blades were installed on Bartow LP rotor and a telemetry
test was performed in December 2014 to study blade response in actual
steam turbine.



Mitigation Plan
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CONFIDENTIAL

DEF20190001BARTOW LFE6- 000029

Mitigation 1

Crowning

Edge of stub
surface is rounded
and chamfered.

Mitigation 2
Improved Gap
Control

Stob Contecl Surface

4-points
measurement is
performed.

Mitigation 3

Stellite coating

Stellite coating by
HVOF is provided
on stub surface.

Mitigation 4
Telemetry Test

Actual operation
condition is
measured.

Stub Deformation
and/or Tilting at
higher load

)

: Vibratory impact by
Partial Latching

Un-expected High
Resonance
Vibration

Random Vibration

b _g-
Mitigated High Local Stress

L
f

i3 _| = :_.j___._._._

High

Durability | {.

against
Fretting

i

il

Validation

>

No Crack on Stu
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DEF20190001BARTOW LFEG- 000030

CONFIDENTIAL

Shroud Chipping Resolution

« Along with mid span damage, Edge
chipping on the shroud was
observed on Bartow blades.

« As a countermeasure, a chamfer is
applied to reduce stress
concentration cased by blade twist
and contact pressure.
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DEF20180001BARTOW LFE6- 000031

CONFIDENTIAL

Telemetry Test of Last Stage Blades

» Vibratory stress of moving blades are
measured by telemetry system.

Blade Transmitter -

» Strain gauges and transmitters are Strain gauge
mounted on blades and rotor.

Transmitting
antennag

"/

Recelving antenna
Balancing hole

Radio wave
Transmitting antenna

Rotating parts S
Straln gauges # Transmitter
Buttery
Stationary parts
Receiving antenna

Stress wave I | i ;
Transmitter Battery -
receiver [—* —-—«/lr——ﬂﬂr-- : Battery
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CONFIDENTIAL

Purpose of Telemetry Test

- Air jet test performed in Takasago validated the natural frequencies of the
blades.

« The purpose of the telemetry test in Bartow unit is to study blade
response in actual steam environment.

« As the steam turbine operates at various operating conditions, hence
blade response was studied at different combinations of load and
condenser pressure.
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Strain Gage Locations

« Six strain gage were installed on LH and RH
blades.

« Strain gage locations were selected
» High response sensitivity for vibration
modes.
» Based on MHPS Experience

10
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TeSt P I a nm CONFIDENTIAL
|

- i i 8
— Ui e e o R \ )

43SMW
TestA~4 Teletely test of 420MW /
420M% T
2. 5. -
2
& B34

Vacuum [InHg]
i3

4]
2014712721 0:00 2014/12/21 12:00 2014/12/22 0:60 2014/12/22 12:00 2014/12/23 0:00 2014/12/23 12:00 2014/12/24 0:00

—=—-Condenser vacuum ——Qutput ——Speed
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DEF20180001BARTOW LFE6- 000035

CONFIDENTIAL

Telemetry Test Operation Area

Based on the procedure, No.1 and 2 were examined.
However, there is a high response area in orange color.
& ' Test No. 3, © and 5 were executed.

1. Start up, heat soak and loading test at high vac
2.Vacuum change test at over rated output power
3. Vacuum change test at lower output power

- o
e e e

A
5.Vacuum change test over rated power 3 :
///J/

0 1 [ [} 1
0 100 200 300 400 ’ 450MW  5qgq

Output Power [MW] 420MW

w

Vacuum [inHg]

\
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Outline of Telemetry Te

DEF20190001BARTOW LFES- DOD036

Telemetry test High response area
6 ; = check points (every 10sec) ‘
o (black dots)
5 = TR N NP S | S NN T .~ SRS S (PO (N S s S| 1. | SN R
Bartow actual operation data after previous
4 b outage at March-2012*(blue dots)
o : ol i I * s ! ‘: ;., %
E | A R I R I AL
E3 | ; ' : s
3 |-
(] LY
> 2 P‘_‘:_ =
;5.‘ ]
Bartow actual operation data before previous ; :
outage at March-2012(red dots) L ;
0 ; [ S — ] : | i
0 100 200 300 400
Output power [MW] 450MW
420MW

* Stub damage was found at March-2012

13
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CONFIDENTIAL

Telemetry Test Results

Air jet test
500 I IIT I T I T
== =Predictions

7H

» Vibration modes of telemetry test

-—— Air Jet Test Results

are good in agreement with the air "
jet test results. 400

2nd

= 300
Non-synchronous =
vibration §
(Random vibration) 4
U

» There is no abnormal response in the start up process including heat soak.
« Small responses of non-synchronous vibration (random vibration) are observed at rated
speed. Some of them have high response at specific loading and vacuum.

14



Test Results
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DEF20190001BARTOW LFEG- 000038
CONFIDENTIAL

« Analysis of Non-synchronous response show frequencies close to
200Hz region and composed of axial mode shape with higher nodal

diameter.

s, )
gl
gyl
il

[T
#ff;gffdr:
i

Mode Shape
Similar to 15t Mode

Fretting at stubs was evaluated with the telemeter test results.

2ND 3ND

5ND

Nodal Diameters

15
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Procedure for Fretting Fatigue Evaluation

| Stub."contact situation

E52
Y B
! S g
[ b ‘7 ——‘_‘,_f"’ .

Higher local contact stress causes

Vibratory stress
evaluated with the
telemeter test

o

v,measured

Fretting fatigue
limit

Gallowable

Coating affect is

Evaluated
higher local vibration stress =
_____ N , Coating on
| s Vibration stress on stub stub increase
1 . . H
: for fretting fatigue fretting
Mitigation 1 & 2 decrease o5 fatigue limit
local contact stress Mitigation 3
o .
Mitigation 1 | | Mitigation 2 \ EME cotteg
Crowning Improved Gap
Contral _ Safety factor l n
/‘/f l S callowable / o-D |
— - i Stelite coating by
HVOF s provided
Edge of stub 4-points on stub surface.
surface is rounded measurement is
and chamfered. performed.
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CONFIDENTIAL

Test Results

Stub fretting evaluation at all tested region was conducted.
3 key evaluation points are shown :

« PointA : Max loading after 2012 load limitation.

« PointB : Minimum safety factor point during the telemetry test.

« Region C : Unexamined area due to high vibratory response observed during the
telemetry test.

Point B achieved acceptable stress and safety margin after the stub coating.

Region C exceeds the stress limit and safety margin after the stub coating becoming the
avoidance zone.

6 T - Macg

o Before load limitation : ! | i / Region C
s | oafter load limitation Point A High response area
@ Telematry Test (Maximum loading zone (Avoidance Zone)
after load limitation) =

Vacuum [InHg]
w

(Boundary of Avoidance Zone)

| i ! |
)| | I : 1
o 2000 4000 6000 8000 10000 12000 14000 16060 18000 20000
End loading [b/f2/hr] 16,200
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CONFIDENTIAL

Results: Stub Fretting Fatigue Evaluation

» Based on Fretting Fatigue analysis, avoidance zone was created for safe
operation of the LO blades.

- The avoidance zone is defined by actual operation data, telemetry test 7.5

g 0 . . b/hr/f
results and loading limitation by 17,000 Ib/ft?/h. - -
6 _ / |
5 L i i 'g:s.s
E 4
-2 g
T £ 35
Es
g
>

V]

Ll " e r A o
<
J.
iy

.?“ l _~128psig = 131psig

Allowable ogeratjon zong —‘ /(5'200 Ib/hr/it2 7,000 Ib/hr/ft2 i

0 100 200 300 400 500

LP inlet pressure
Output power [MW]
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CONFIDENTIAL

40” LO Blade Limits

« Based on Fretting fatigue and HCF evaluation of the blade below

“Avoidance Zone” is established
5.5

134 psig
17.00(? ib/hrif2

Safe Operation Zone:
5 e e e B, Continuous operation permitted.
--------- I —48inig  Avoidance Zone:

- Above Alarm | 4snng  Operation is not recommended.
Zone

£
Ln
T
T

| Alarm Limit

(a2indg)  Above Alarm Zone:

Short term operation is permitted
_ between 4.5 inHg and 4.8inHg
3.5 BN with LP inlet pressure limit of
b7 131psig during peak power
seasons in summer.

L]

Vacuum [inHg]
ECN

3 - 3.0 inHg
2.5 ¥% — ' Note : Output can be increased through
380 ? 460 €= higher HP Section Loading
131 psig Discussed Later
Output power [MW117,000 bmritz. ( )

126 psig
16.200 Ib/hr/ft2

19
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CONFIDENTIAL

Plan of blade inspection at the next outage

Annual visual inspection of shroud and stub is recommended. This can be
performed by access through man-way.

% / Coating
LT b
9 A

[ Stub ] s’

Inspect the coated surface for any abnormalities.

Bending test have proved that any crack that e R 4
initiates in the coating will not propagate into base : B Base metal
metal. So any cracks observed on the surface Loen LLa% e

should be acceptable.

[ Shroud ]

Confirm the condition of shroud.

20
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Operational Limits — Background

« Bartow Steam turbine was designed to operate at 420MW.

« A Heat Balance diagram providing max operation (420MW) thermal
conditions was provided as a part of the thermal kit.

« During the performance test in 2009, using the 420MW thermal
conditions, the unit was able to reach ~402MW.

« The investigation pointed to larger discrepancy between pressure and
flow measurements.

« [t was concluded that the flow measurements were incorrect by up to 5%.

« As pressure measurement accuracy is much better than flow
measurement, hence pressure data was used and flows were calculated
using design pressure-flow curves.

21



DECLASSIFIED

DEF20180001BARTOW LFEB- 000045

CONFIDENTIAL

Operational Limits— Background

The purpose of the Telemetry Test is to find a safe range of last stage
blade loading.

An experience based limit for 40” last stage blade loading is 15,000
Ib/hr/ft2.

Design limits for the steam turbine interface points are provided to Bartow
via document T4-A6891.

Total output from the steam turbine is the sum of power from HP, IP and
LP sections.

Same power output can be achieved with different loading on HP, IP and
LP sections but interface limits listed in T4-A6891 should be followed to
keep BoP operation within design limits.

22
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CONFIDENTIAL

Operational Limits

Bartow informed MHPSA that following the limits on 420MW HBD, the
unit can not achieve more than ~400MW.

MHPSA re-evaluated the HP, IP and LP steam path against the limits
specified in T4-A6891.

420 MW  Limits per |

HBD T4-A6891
420MW HBD steam conditions are

e Flow [Ib/hr] 2,195,420
|OWGI’ than T4'A6891 IlmItS Temperature {F] 1027.5
Pressure [psig] 2241 2375
Flow [lb/hr] 2,255,203 -
The conclusion of the study was that it Temperature [F] JEERIES 1056
is ok to operate the HP, IP and LP 'F’:e“;‘l':ﬁ[‘p]s'g] - 35812300 28
; - e 0 ow r ,384, -
sections up to the limits specified in T4- Temperature [Fl G e
A6891. Pressure [psig] 112 128

23
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Operational Limits

Based on the study MHPSA relaxed the IP and LP inlet pressure
conditions

HP Admission Pressure 2240 PSIG

IP Admission Pressure 569 PSIG [Was 532 PSIG]

LP Admission Pressure 128 PSIG (Note 1) [Was 118 PSIG]

LP Steam Flow 2690 KPPH (Was 2582 KPPH based on

LP Condensate Flow)

Condenser Backpressure Alarm 4.20 inHgA
Generator Megawatt Output 420 MW

Note 1: LP Admission Pressure shall be measured using ORCAODSE1101, IP Exhaust Pressure

24
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CONFIDENTIAL

Operational Limits

Based on L0 blade review for operation above 3 inHg, maximum allowed load on L0
blade is set at 16,200 Ib/hr/ft2.

Review of test data shows that 16,200 Ib/hr/ft2 can be achieved with LP inlet pressure
of 126psig and unit output as 426.7MW. (12/22 17:30HTrs)

With constant LP inlet pressure, variation of power output is observed. This is largely
related to loading change in HP and IP sections.

If more steam is put through HP section, higher output greater than 426MW can be
achieved by keeping LP inlet pressure under 126psig or LO blade loading under
16,200 Ib/hr/ft2 .

Telemetry Test Data Telemetry Test Data

I | ‘ | |
.| #10Biade Loading - u X | 1

Stanm Tarbina Owtput [MW)
,.
l_'
o
=
-1
"
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CONFIDENTIAL

Operational Limits

5.5 ;
17’33;‘,’;5,@ «  HP Admission Pressure : 2240 psig
5 . IP Admission Pressure : 569 psig
4.8 inHg
. LP Admission : Max 126 psig for
4.5 4:5mity exhaust pressure up to 4.3 inHg
Alarm Limit
(4.2inHg)

LP Admission : Max 131 psig for

exhaust pressure < 3 inHg

(Customer to confirm BOP capability
for 131 psig LP Inlet System.)

Vacuum [inHg]
iCY

. Exhaust Pressure Alarm: 4.2 in.Hg
L 30inHg Max Gen Output : 450MW

Above Alarm Zone:

Short term operation is permitted between 4.5
460 inHg and 4.8inHg with LP inlet pressure limit
of 131 psig during peak power seasons in
summer.

3 "~ 131psig
126 psi
16,200 bz 17.000 Ibfhrif2
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Conclusion

« Duke Energy and MHPSA have successfully completed the telemetry
test to study the 40” LO blade response in actual steam environment.

- High stresses have been observed with blade loading above 16,200
Ib/hr/ft2 combined with condenser pressure between 3 inHg and 4.5
inHg.

« MHPSA has worked to allow steam turbine to produce 450MW at
maximum possible operation ranges and keep the steam turbine
components safe.

« New operation conditions in terms of HP, IP and LP steam turbine inlet
conditions are provided to Bartow for safe operation of the steam
turbine.

« MHPSA is thankful to Bartow Power Plant team for their extraordinary
support during the test.

27
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Bartow 4S Root Cause Analysis — Evaluation of Contributing Factors

e LP Turbine Back-End Loading (>15,000 Ib./hr./ft.%)

e Blending Operations

¢ Hood Spray Operations

* Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
» Configuration (e.g. Hard-Facing on Z-Notches)

Executive Summary — written last to summarize...

Brief History — Copy/Paste and Add to what Ben wrote in his summary to Jeff Swartz/Tony Salvarezza
(03/29)

Briefly address the exhaustive analysis of potential contributing factors (give examples of the ones that
didn’t make the cut) and then lead in to the discussion of the primary 5.

LP Turbine Back-End Loading (>15,000 Ib./hr./ft.)

Talk about how this has had an effect (or not) on the unit across the different periods of
operation.

Blending Operations

We've had bad blends during all 5 periods of operation.

Hood Spray Operations

We've had consistent through the 5 periods with the exception of the operating feed pressure,
which began to decay over time beginning in Period 2 (which was indicative of poor
atomization).

Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches

Based on the quality documentation received from OEM , as well as from our own
measurements, we’'ve noted a wide range of variation contact surface parallelism, or lack
thereof. Observed markings and wear patters, esp. on the Z-notches that would indicate poor
point-to-point contact between adjacent blades. Type 1-3 blades were designed to be parallel
in the cold setting, whereas the new Type 5 design is designed with a taper such that it goes
parallel in the operating condition.

Blade Configuration (e.g. Hard-Facing on Z-Notches)

Period 4...
Period 3...

Maybe discussion on the history of the different types of blades.
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CONFIDENTIAL

Bartow Steam Turbine
L-0 Blade Review
Oct 25th 2016

Nick Porteous
Muhammad Riaz

This documsnt contains COMPANY CONFIDENTIAL and PROPRIETARY information of Mitsubishi Hitachi Power Systerns Americas, Inc. {"MHPSA”). Neither this document, ror an
i ined isto be d, itted or di to any third party without firs{ receiving the express written authorization of MHPSA.
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Goal of the Meeting CONFIDENTIAL

1. Confirm configuration of blades for return to service.

2. Confirm strategy for establishing operation upon return to service.
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CONFIDENTIAL

Options

Positive

Negative

Remove blades and operate
with pressure plate

 No risk of future blade damage

Significant Derate of unit ~10%
Pressure plate lead time is >6 weeks
Root blanking stubs required to prevent rotor dovetail erosion.

Remove blades and operate
without pressure plate

+ No risk of future blade damage
+ Lead time reduced due to no
pressure plate. (Stubs required)

Significant Derate of unit >10% to protect condenser.

Risk of flow stimulus damage to the condenser.

Increased loading on L-1 exceeding design experience.

Root blanking stubs required to prevent rotor dovetail erosion.

Trim blade tips

« Change blade dynamic
response

Blade is designed to be continuously coupled and cannot be
modified in this way.

Multi year development program required to validate a new
design of blade.

Replace blades

« Successful experience in
operation from 2009 to 2014 on
Gen End.

» Blades available from Japan

Derate to ~400MW required to mitigate risk of fretting damage
on mid-span snubber. (LP Inlet Conditions same as original
design)

Recommendations :

« As replacement blades have been confirmed as available pressure plate is not recommended.
« Replacement without HYOF with the unit operating at ~400MW is recommended
« Replacement blades include latest design features to reduce localized stress on the contact surfaces




DECLASSIFIED

DEF20190001BARTOW LFES- 000055
Blade Shroud Chipping RCAProctess
Design Manufacturing
\‘_;\‘ A S N : ; Manufacturing Quality Data

en Forging and machining process
o - Air jet test data . - 1% stage nozzle area
v. - Turbine design documentation 2

f 4
/v~ Shroud and Stub Gap / - Operational Data Review /- . e
— Contact area evaluation - Turbine Operation //' Chrf'aten: l Certlﬁcaltlo?
- Blade Rocking " - Install Pressure taps ‘b Jg;:e g2 ﬁva dua o
Y, -’_IMt?asutre| 1™ sitae area in condenser at both ends. / ~ evamag’o;""’m EBeES
“= Horizontal joint ga ,
s f - Stub coating evaluation
Assembly Operation Material
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RCA Results CONFIDENTIAL

181 11
Damage Mechanism identified ,ﬁ'E"' Capability of HVOF Confirmad /;"' Shroud Gap Data ‘n!r"

fm mmmuﬁnwmm Fiald - Binde to Biodo Gop and poraliciiomdste

e e ._:; W T g B mum—e.““ =
pretmtepatos =g
vney
=
s e
mmum@m i
; |
% kil vk il > The contact surface coating Gidnot show any cracks, deformation of I
N wear, I
_'. v - > Average uniform d0.45~0.48 the areas of a1
i e s . contact bety the LE angTE T —
LH md RH shroud average paps ar nearly same
[+#vOF costing on the stub prevented freting or any ofher surface damage | i"" and shroud ]
QWY I G- - TRI- P2 EESICTECSAENCAL LT & S Emaa 8 QIS TUTELR S wTRI FTOEE faITE T AV ERIAT I8 mymeEIw 7 LT CELR S LTS D SR SGYETENLAVER J65 HERSE AL ¥

« There are 57 rows of 40” L0 blades operating in the world. 9 Single flows, 22 double flow and 1
four flow LP sections. Bartow has the highest loading in the fleet.

il
i 11 Telemetry Test Results - Shroud Fretting —/ji—-
it ]
Operation Data Review ,/1""' Telemetry Test Data - Nozzle Passing Frequency /-'— N o P = e
el LA, AFadan e ey il un-a-m/:num—vum .
‘_" — e mmlnm S oo —, e —_—r] Thme: 20441222 1303 - s T R s ..,
LP Inlet Pressure Vs. Condenser Vacutm ' ofoperefionin ASSMW. 892mmHg | .
P .....,__.m Avnitanee Tese | ' 1| Nozzle Passing Freq~2880Hz w0 i
| oo timmly S R ' e e e . '
i ’ o N k) et
i e o H f ., TR i
! 1 - -
! 1w .N\‘ 1
i - i
| - < | H ]
] {
l . ”nu-uyn-u»nm-ﬂmmmm-»um‘
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RCA Review Intended to Present Findings and Address Questions in July
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Operation Guidelines + Opefétifig'Data Provided

Condenser Pressure Vs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) - Cond. Alarm Limit

5.5

5.0

I_Eg._',ﬂa------—-gh---rn- :-"--'"--'-- ---——-p——q------- o Lt

45 —+4—
Alarrh Limit{(4.2 inH A T | Bl | ] e o T [T [T

4.0

35

3.0

Condenser Pressure [inHg])

2.5

2.0
91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125

LP inLet Pressure [psig]

{(Using New LP Inlet Pressure Tap)

Alarms planned to prevent inadvertent operation iﬁto the avdiaaﬁce zéne, Hit = -4 r;si, Hi2 = -2 p'si, Hi3 = -0 psi
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Blade Inspection — Oct 2016V oenTAL

/@) Gen End Blade #13
jP ;?jh;:_

Gen End Blade #22

(D Gen End

Gov End

Gov End Blade #2

Significant mass loss consistent with vibration observations
Damage started after 5 weeks of operation
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Fretting Fatigue Response conripenTiaL

2aFINILY T4 T RERE(A—T 12 THY)
620 T T T i ‘w
OZone~A
630 — Zone—B i
0 Zone-C
640 — Zone-D
Zone-E B N

650 — Zone-F =
= ©SF MIN | - .
£ 660 o 69 Minutes (to
£ : : be confirmed)of
5 o | ¢ | operation
o0 .
g Ay e X5« T SANTEE e ¢ reported in
T e i e avoidance zone _|
(&

690

700 -

710

720

115 116 117 118 119 120 121 122 123 124 125 126 127 128 120 130 131 132 133 134 135 136 137 138 139 140

LP Inlet Pressure [Psig]
({Existing IP exit uncalibrated Pressure)
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Evaluation of Stress CONFIDENTIAL

S-N Modified Goodman Diagram

g \ Oalt

\ Increased stress
\ with reduced

S damping in the
—— @& <« avoidance zone

@ < Design Stress
. P Outside of
Avoidance Zone

10" 102 10% 10* 10° 10® 107

g ;
Cycles to Crack Initiation static

¢ Loading is HCF
« Magnitude of change in damping from HVOF is not known
« Cycles accumulate at 12,000 cycles per minute at 200 Hz
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Failure at Stub of Original Bladesg="m7A

#32 ._ 33 #34 #35 _~#36 __~-#37 __~-#38 - #39 _#40 o #41
LH IZS S TS TN RS I
[LH] smm smm smm ' e m sm' -” S/N 732 sm7o7

Profile

- Original blade has no
crowning/chamfer at stub. Local
stress is high and crack is initiated at
edge of stub.

N 7/
oy ~a/
~. //\B
~
o { mm

“"-':“ Indicated crack origin
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Effect of Crowning CONFIDENTIAL

If stub surface is tilted in horizontal or vertical direction, high local stress on the stub is

observed.
Crowning was applied to the edge of stub contact to avoid the high local stress.

Contact Stress Variation
Contact Stress— Nominal Design Contact Stress— Horizontal and Vertical Tilt

High Local Stress Mitigation

~B50% reduction in
local stress

Section View

Before Crowning After Crowning
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Effect of Crowning CONFIDENTIAL

Following picture shows stub contact surface of stub coated blade with crowning from November 2014 to April
2016. There was no high stress contact mark at edge of stub and the contact condition was good.
It is recommended to apply crowning without coating, to prevent high local stress.

Blade number

Inlet
side

Outlet
side

Contact area is maintained large enough not to impact damping

12
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Recommendations CONFIDENTIAL

Type 1 Blade :
Bartow does not see excessive moisture so additional erosion protection is not required.
(Gen End Type 1 Blade operated from 2009 to 2014 without any significant erosion damage)

HVOF Contact Surfaces :
HVOF was found to be effective at protecting the surface but not required for reduced load operation.

Chamfering on Shroud :
Standard validated geometry already present on the Type 1 Blades

Chamfering on Mid Span Snubber :

With chamfering — reduced local stress while maintaining damping, but not field validated.
Without chamfering - risk of localized stress initiating damage

MHPSA Recommendation : Type 1 Blade with chamfering on the mid span
snubber and shroud

13



DECLASSI FIED

DEF20190001BARTOW LFE6- 000065

Operating Recommendation cONFPENTIAL

LaSORILYT AT RERE (—TF T EY)
620 i T T i § i % 1 1
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650 — >Zone-F — ,‘ e T_ Sl
'g OSF MIN :
£ o L Note : Operatlng
) | 9
R iD | | recommendations are to
& ! be reviewed in a separate
2 680 -t
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LP Inlet Pressure [Psig]
(Existing IP exit uncalibrated Pressure)

Operating recommendations to maintain LP Admission Pressure to level of original design

Need to work with Bartow to establish max output considering PAG Steam (~400MW+)

14
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DECLASSIFIED  wnon

Bartow L-0 RCA Draft Working Meeting

Excessive Steam Flow

For Periods 1-5, and by a considerable margin, Period 1 had the greatest amount of run hours in

exceedance of the avoidance zone hours relative to total operating hours.

« Damage was relegated to five (5) broken mid-span snubbers on the turbine end of the machine.
All turbine end L-0 blades were replaced. Some degree of fretting was observed on the contact
surfaces of both turbine and generator ends of the machine.

« For Period 3, additional damage seen on the shroud Z-Lock contact surfaces relative to other

Periods, was likely 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 the system via additional

motion.

Empirical Support for Root Cause

Excessive Steam Flow

o Avoidance
DINIE | Jome  |hes{Lk| Normatized
aechami Exceedance [Op hirs.}| Ranking i
Operating| Present Hours
Period  Hours
i 21734 X 2456 011
2 21284 1 0.00
3 10286 X 2450 0.02
4 2942 115 0.00
5 1561 [H] 6.00

e Column D — Captured operating hours above 15,000 Ib/ft2-hr limit as indicated by the IP Exh

pressure
e Column E — No. of operating hours above the limit divided by the period operating hours

e Column F — Normalized against the highest value.

Pressure Pulses

e Hood spray operation — from commissioning — was not programmed to the OEM specifications.
Specifically, the hood sprays come on with the curtain sprays, and this is counter to the MHI
design, which only specifies that sprays come on during start-up, shut-down and high
temperatures in the exhaust.

e Over time, hood spray pressure decayed due to apparent valve trim contamination and
upstream filter screen debris.
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DECLASSIFIED CONFIDENTIAL

¢ Information provided by the hood spray nozzle vendor suggest that low pressures lead to poor
atomization. It is further speculated that larger droplet size can lead to pressure pulses as water
droplet vaporize in the exhaust flow.

Empirical Support for Root Cause

Pressure Pulses
Avg.
Hours of
Driving | Hood % of Total
Mechanism | Spray Hood Opcsating Nurma‘ﬁmd
Operating| Presemt |Pressure [ PV | yours | FOKTE

Perind  Hours {psig)

1 21734 35.2 | 50984 23 |

2 21284 X 132 | 73427 34

3 10286 X 104 | 4397 8 0.12

4 2942 5.5 173.8 3 017

5 1561 X 8.7 93.1 3 0.17

¢ Hours of hood spray operation are weighted — 1.00 multiplier for 50psig linearly varying to 1.75
at Spsig.

¢ % of Total Op Hrs is the weighted hours divided by total operating hours.

e Normalized against maximum %

Thermal Distress at L-0 Exit (dTsh/dt)

* Calculated a value of superheat at the hood spray thermocouples, calculating a rate of change of
that value, and flagging those values over 20 degrees F when a CT is being blended off or on the
steam turbine and the steam turbine output is greater than 50 MW.

¢ The limits of 20 degrees F 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.

¢ This process of determining blends that were outside of the condenser OEM’s recommended
operating practices for the spargers.
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Empirica | Support for Root Cause

Thermat Distress (dTsh/dt}
. edwn‘rsgm Counts (> | Coumtsf{1 | Normalized
Operating . 20Fshfmen) | kOphrs.) | Ranking
Period Hours

1 21734 X 13 0.60 017 |
2 21284 X 7 033 | 008
3 10286 X 37 3.60 [
4 2982 X 3 1.02 0.28
5 1561 X 5 320 | 083

e Counts are defined as blends where there was a rate of change in superheat temperature
greater than 20 degrees at the hood spray thermocouples.
e Continue speaking to the columns definitions...
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DECLASSIFIED

CONFIDENTIAL

Loss of Dampening

¢ For Period 3, additional damage seen on the shroud Z-Lock contact surfaces relative to other
Periods, was likely 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 the system via additional
motion.

Blade Fitment (Contact Surfaces)

Other Mechanisms

e Operation in higher dynamic stimulus zones within the normal operating window — i.e. outside
the avoidance zone - as identified by strain gauge testing in December 2014.
e List others here...
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Executive Summary

Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and together over
the past 12 months to determine what has caused the Bartow Unit 45 L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016) was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the “avoidance zone” is certainly a contributing factor
to the shroud chipping experienced in Period 3, it is not the only driving mechanism that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S event, or any of the
previous/subsequent events for that matter.

After months of study, Duke Engineering believes the following ta be the most significant contributing
factors toward root cause of the history of Bartow Unit 4S‘t¢Q-events._

e Low Pressure (LP) Turbine Excessive Steam tlow

e Thermal Distress at LP Turbine Exhaust

s Pressure Pulses During Hood/Curtain Spray Operations

e Blade Fitment (Gap Measurements for Mid-Span Snu.bbérs and Shroud Z-Notches
¢ Loss of Dampening (e.g. Hard-Facing on Mid-span Snubbers and Z-Notches)

This technical paper will speak briefly of the history.of 1-0 blade events for Bartow Unit 4S and then
discuss in detail how each event was (or was not) affected by the contgibuting factors listed above.

Historical Perspéctive - _

Bartow is a 4x1 Combined Cycie (CC)\'Station with aSteam Turbine (ST) manufactured by MHPS. The ST
was purchased on the ”greVmérket’.‘-"‘from Tenaska IPQWQT Equipment, LLC (Tenaska). Tenaska originally
purchasedthe ST to operate ina‘_3)'<1 CC with a gress ou§put of 420MW. The ST was never delivered and
was stoted in a MHPS 'wa\rehouse i 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. The ST LP admission system was
modified by MHP§ with the intentifor 4x1 CC operations to yield a 450MW gross output rating.

Since commissioning there have been five (5) events triggered by L-0 blade failures (see Appendix A for
event details). The types of\féﬂ'ures include mid-span snubber failures, shroud Z-Notch 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.
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Bartow ST#1 — L0 Blade Upgrade
to Achieve 450MW

"~ Americas, Inc.
September 18", 2013
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Agenda

« Background of L-0 blades

« Analyses performed

* Root cause analysis

« Mitigation plan

« Summary

« Review of previous customer questions
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Background of L-0 Blades

« Unit COD was June 2009. From the time of commissioning until
Spring 2012 ST operated up to 450MW

« March 2012: five governor end L-0 blades had fretting and
cracking at mid-span stub

« All governor end L-0 blades were replaced in March 2012.

« Mitsubishi estimated the cause of cracking was overloading of
LP section based on 450MW which is over the design point of
420 MW.
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Background of L-0 Blades

« Mitsubishi recommended that the Duke ST operate at or below
420MW to ensure proper loading on the LP turbine and L-0
blades

- Mitsubishi evaluated modification of L-0 blades to increase
output from 420MW up to 450MW

« X-ray and mold tests were conducted by customer on the
governor end L-0 blades in March 2013. Customer analysis
indicates fretting wear on the contact surface of mid span stub.
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Failure Blades at Site (Stub)

#32 < #33 #34 #35 #36 e #3T <38 #39 < #40 - #41
[LH] Wb qr",{"v'm L‘r_". v’m % ,,w :

SN T8 SN 761 " SMN 731 " SIN 739 SN SN 732 ”{ SN 707

piane
| N,
Suction Side ST

A \'\\%:mm
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Metallurgical Analysis

Contact
surface

,v;]

Sliding scars in horizontal
,l, direction were recognized.

Cut sectio

Cracks were observed.

Fracture surface




DECLASSIFIED

CONFIDENTIAL

Analyses performed

Category

Study items

DEF20190001BARTOW LFES- 000077

Conclusion L

1. Operation data analysis

Output, vacuum, vibration, steam condition data

No abnormal situation except for high loading. According
to shaft vibration data, the timing of stub failue could not
be estimated.

Accumulation of operation data at each output

Total hours of 420-450MW was 2600 hours. [15%)

2, Original Manufacutring
data review

Material strength Within specification
Blade weight Within specification
Natural frequency Within specification
Clearance control No abnormal dimension

Dimension control

No abnormal dimension

Comparison with other unit

No abnoramlity

3. Blade dimension check

3D CiviM: for Bartow blade with design data
comparison

No abneramlity in sample blade

3D CMM for Bartow and Another unit blade for
manufacturing procedure comparison

No significant difference

4, Static stress evaluation

CFD for 450MW(17000LB/§t2/h)

Steam bending force act on the blade surface for 450MW
condition was generated.

FEA for designed dimension and Bartow blades

No abnormal stress

FEA for influence by snubber titling

There would be high stress

FEA for effect of shroud and snabber clearance

No significant influences on stub contact surface
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Analyses performed

Category

Study items

DEF20190001BARTOW LFE6- 000078

Conclusion

5. Vibratory stress
evaluation

Resonance stress for each mode with nominal,
Bartow blade dimension.

No abnormal vibration stress under 17000 loading.

Spetcial harmonic excitation {Nozzle weak
vibration)

No abnormal vibration stress under 17000 loading.

Stability analysis for Flutter vibration

According to stress distribution of the possible vibration
mode, no abnormal stresses in stub region.

6. Fretting analysis

Design blade based on fretting calculation
method

No abnormal stress

Tilting of stub There would be high stress
M, mi i Fratti High igue i i i
7. Metallulogy analysis #32 and #33 for SEM, micro analysis retting a?d igl ‘cycle fatigue is estimated
EPMA, hardness and efc, No corrosive envirnment no abnormal material

8. Crowning study

Stress reduction calculation

Study for shape of crowning

Approx. 50% reduction is expected.

. Method of coating for actual blade Cémpde‘ted
9. Manufacturing study
Coating test for actual blade Not yet
Fracture limit strain test Two test is completed with satisfactory result
Bending fatigue strength test Complete, Satisfactory resuli
10. Coating study £ : AL gt £ ¥
Fretting wear test Notyet
Fretting fatigue test Not yet
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Root Cause Analysis

Not possible

Low possibility

Possible

Fretting and
high cycle
fatigue of

stub

DEF20190001BARTOW LFE6- 000072

Contact surface
stress of stub is
high

High average

Stub contact area is small

1: These values are within
design specification

d

2: High siatic stress may be
generated by high ioad

r 3: Stub face orientation

4: Stub edge shape

Large rubbing

| onstub

5: Deformation of blade after
operation

contact surface

stress Blade twist force is large

High local — High force by high load

contact surface [~

stress Deformation or tilt of stub at

higher load
,— Random vibration

High vibration = brat
e SRR esonance vibration

6: I is only for low ioad condition
based on steam ioad test

_I

Flutter vibration

L T T T 1

Latching impact
on stub

Vibratory impact between
adjacent unlaiched stubs

7: Verification test is performed
except for very high loading

Sever
Environment

8: Test data shows full latching
before heat soak.

High stress due to eroded
rough surface

9. No sever erosion on stub

Corrosion fatigue crack
initiation on stub surface

10: No sign of corrosion on stub
surface
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Root Cause Analysis

Low possibility
Possible

Contact surface

—| stress of stub is
high High local
ign loca - 3: Stub face orientation
contact surface —l_ "
ress i i
Eretting and st Deformation or tilt of stub at 4 Stub edge shapé
. 9 higher load
high cycle
fatigue of
stub
High vibration T
T Resonance vibration
stress at stub I—{
Large rubbing el
on stub Flutter vibration 7: Verification test is performed
except for very high loading
Latching impact Vibratory impact between
on stub adjacent unlatched stubs | 8: Test data shows full latching
before heat soak.
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Root Cause Analysis

CONFIDENTIAL

3: Stub face orientation

Local pressure

Deformation or tilt of
stub at higher load

4: Stub edge shape

contact surface.

5. Deformation of blade after

operation

increases with tilted

DEF20190001BARTOW LFEB- 000081

Nominal (Design)

Tilt case-1

Analysis
Model A

Contact
Pressure
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Mitigation 1: Crowning
« |f stub surface is tilted in horizontal or vertical direction, high local stress
on the stub is observed.
« Crowning is applied to the edge of stub contact to avoid the high local
stress.
Contact Pressure Variation I’
Normal Contact Assumed Condition Assumed Condition
(stub Tip Contact) (stub Lower Contact)

High Local Stress Mitigation

~50% reduction in
local stress

Section View

Before Crowning After Crowning
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Mitigation 2: Improved Gap Control

To avoid high local stress occurrence, improved gap control will be
applied to ensure contact surface parallelism.

Stub Contact Surface
Box gauge

(O : Original measurement (2 point)

Dimension Diagnostics After Machining Jig for Gap Measurement

O : Improved measurement (4 point)

4-point measurement will be applied to
single piece and assembled row.
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Mitigation 3: Stellite Coafing

« To enhance fretting durability, Stellite coating on the stub surface will be applied.
« Mitsubishi has successful experience with this coating on Titanium blade (45in).
« Verification test for 40in (17-4PH steel) will be completed by October.

Coating Specification

Base material

Steel (17-4PH)

Coating material

Stellite

Method

HVOF (High Velocity Oxygen Fuel)

Additional test for 17-4PH

Test _____|Schedule

Fracture limit strain test ~ Sep. (in process)
Bending fatigue strength test Complete

Fretting wear test
Fretting fatigue test

~ Oct. (in process)

~ Qct. (in process)

Destructive test for actual blade ~ Oct.
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Mitigation 3: Stellite Coating

* Wear test with large slip is conducted using coated
and uncoated blade material (17-4PH).

« Wearing characteristics of coating is much better
than raw material.

Raw material (17-4PH) Coati

13

ng

Wiy

(Stellite)

4!1 Al

6000 cycles, Pure water drop condition
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Mitigation 3: Stellite Coating

* Fretting fatigue test with micro slip
representing blade vibration is conducted
using coated and uncoated blade material
(17-4PH).

* Fretting durability by coating is 10 times
more than raw material.

oss |16
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Mitigation 3: Stellite Coating

Bending Test Result

Coating

bl

T
=T e
) . e

A w - .
i BT
AR

(g imriyC Lo

C e N
4

4 =
S .

3

Base metal

It is confirmed by the bending test that any crack that initiates

in the coating will not propagate into base material.
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Coating Experience

Unit list of 45 inch ISB

Power (MW) | Speed(RPM) Year in
Operation

© 00 N O ok~ WO N =

-
o

CONFIDENTIAL

Ly BN . BEESE 0 BSSl RN MRS [ SSEN

3600
3600
3600
3600
3600
3600
3600
3600
3600
3600

DEF20190001BARTOW LFES&- 000088

Jul 2003
Oct 2008
Jul 2008
Jun 2008
Apr 2008
Apr 2009
Jul 2009
Oct 2009
Apr 2010
Sep 2010

18




DECLASSIFIED

Root Cause Analysis

CONFIDENTIAL

Resonance vibration ] .
gl | 7: Verification test is performed

Flutter vibration

except for high load condition

frequency (Hz)
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DEF20190001BARTOW LFE6-000088 |10

First three modes are well tuned.

» There is no data or experience above
15000 Ib/hr/ft2

Vibratory Stress

Experienced Uncertain

~420MW

b oA}

®
i
1
1
[
1
[
condition 1
1

~450MW

1
: condition
1
i

15000 1 7000r
Loading of L-0



DECLASSIFIED

DEF20190001BARTOW LFEG- 000090
CONFIDENTIAL

Mitigation 4: Verification Test

« Mitsubishi verification process requires field test above 15,000 Ib/hr/ft2.
« The reasons why this verification is necessary are following;

- Mitsubishi’s test facility does not have enough capability to test at
high back end loadings.

- Operating condition for 450MW at Bartow exceeds Mitsubishi’s
experience.

« Required schedule in Jan 2014 or July 2014:
1 week for wiring on rotor
3 days for Telemetry Test (Measurement)
3 days for Equipment Removal

« Mitsubishi warrants the reliability of mitigation plan with verification test.

20
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Measuring Blade Vibration

« Vibratory stress of moving blades are
measured by telemetry system. Blade

Transmitter .

Transmitiing

Strain gauge
gaug antenna

» Strain gauges and transmitters are
mounted on blades and rotor. S

Receiving antenna
Balancing hole

A/ Radlio wave
Transmitting antenna

Rotating parts
Straln gauges Transmitter
-, "‘ .
Stationary parts
} E2 . :
Receiving antenna Transmitter Battery - Battery
Stress wave

I receiver [——= —'\’lr-“"ﬂr“
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Root Cause Analysis

Vibratory impact between

adjacent unlatched stubs
8: Test data shows full latching

before heat soak.

« According to test data, stub latching is completed
around 1800rpm -2000rpm.

« Vibratory impact does not occur with adjacent
stubs during heat soak (2200 rpm).

22
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Mitigation Summary
Mitigation 1 Mitigation 2 Mitigation 3 Mitigation 4
Crowning Improved Gap Stellite coating Telemetry Test
Control

Edge of stub surface is
rounded and
chamfered.

4-points measurement
is performed.

Stellite coating by
HVOF is provided on
stub surface.

Actual operation
condition is measured.

Stub Deformation
and/or Tilting at
higher load

Vibratory Impact by
Partial Latching

Un-expected High
Re_sgng_nc_e Vibration

Flutter Vibration

8]
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Duke Energy Questions

LFEB- 000094

24
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Duke Energy Questions

2. Do you have the normalized stresses for dynamic nominal motion of
the blade for mode 1, mode 2, and mode 3?

At the operating speed of 3600 rpm, all ~ Ao Ca'r:l;ge" 7 V / oy
the modes are detuned. Multiple vibration -|  Diagram / /// N/ ¥ 1.,

tests performed on the test rotor and w5 : / 777 // //f
actual rotors have confirmed this fact. 3 / // f/j "
- / / A R 7 -
§ - V% 7// / 19"
£ Pl PP

]
20 z%//?/ .

| i

. 44/ ';/“ﬁﬂw :

éii-—e'-"""'_*ﬂ

3600 rpm
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Duke Energy Questions

4. What f1, f2, f3 stresses or motion did you get from test data in test unit
or 1 instrumented unit at 15,000 Ibs/hr/ft2 rating?

5. Did you do a cfd/ fea interactive model at 15,000 Ibs/hr/ft2 rating? Did
the motions compare to measured in 4.7

> 40°L0 blade was tested at ~10,000 Ib/hr/ft? last blade loading in test turbine
located in Takasago factory in Japan. CFD/ FE Analysis were performed at

10,000 Ib/hr/ft? loading.

> Comparison of test results and CFD/FEA predictions showed good correlation
between the two.
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Duke Energy Additional Questions

Question from email from Mark Mattina email 8/24/2012

1. MPSA was to answer if newly procured blades were compliant with
the MHI paper on Fretting - “Analysis of Fretting Fatigue Strength of
Integral Shroud Blade for Steam Turbine (Yasutomo Kaneko et, al.

October 2007).

Yes, the new blades are compliant with the methodology.
This process was developed during the design phase of 40” LO blade
but was published at a later date.
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Duke Energy Additional Questions

DEF20190001BARTOW LFE6- D00098

4. MPSA will review the MHI manufacture sequences with PEF as far
as grinding/shot peening and furnace brazing sequences effecting
dimensional tolerances.

Grinding , shot peening, Stellite shield brazing and distortion
correction is performed before final gap measurement at the
shroud and mid span stub . CMM on final blades is performed after
gap measurement.

See next slide for manufacturing process steps sequence.

28
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Bartow Steam Turbine

Turbine Operation Limits
Oct 26t 2016

This document conta ns COMPANV CONFIDENTIAL and PROPRIETARY mformah af Mrl ubishi Hitachi Power Systems Americas, Inc. (7 MHF'SA) Neﬂherthls doct ume t, nor any
infori any third party without first receiving the exprsss written of MHI
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Section 1:
Next 5 slides provide details of how 115 psig LP inlet
pressure limit is established.

® 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. Al Rights Reserved. )
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Preliminary Updated Operation Guidelines until RCAcomp[m n

- s 5 i

!llt:rut

110 112 114 116 118 120 122 12{125 126 128

1
LP Inlet Pressurg fpslg]
(Using IP Exit Pressure Tap)

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP

Inlet pressure transducer will be used for turbine control, above limits will change
based on pressure drop between existing IP exit pressure and new LP inlet pressure.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All nghts Reserved 3
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Preliminary Updated Operation Guidelines

DEF20190001BARTOW LFES- 000102

LP Inlet pressure limits adjusted after
Calibrating IP exit pressure transducer

Condenser Pressure Vs. LP Inlet Pressure
(Operational Data June 12 to June 26 2016)

6.0 -

5.5

50 |—t—"A—
a5 |

40 |

Condenser Pressure [inHg]

PR T S | R |

5
* |

i

aREE

[
|
1
[

e s —

i
I

PR

St

91 93 95 97 99 101 103 105 107 109 1il 113 115 117 119 121 123 125 127 129 131

LP inLet Pressure [psig]

119 psi
(Using IP Exit Pressure Tap) e

125 psig

IP exit pressure transducer callbratlon was off by ~6 p5|g

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC All nghts Reserved
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Data Review of New LP Pressure Transducers

* Anew LP Inlet pressure transducer has been installed and based on operational data
provided, a pressure drop of ~3.2% between existing IP exit pressure tap and new
LP inlet pressure tap is observed.

: Pressure drop between

D osewoo. oo, IPEsiPress&lPinletres
l m o :_ . 4 : l ‘
[ S !
: £ 2o : Ly 2 ¢ 3

i A o4,  --

1. \AiYag

ot ST

] g 2608 b i - |
Y i i
e ]
i H
Y & ]
E H 3 3 3 s 3 s o3
T DA T T B R N
; S E & i i F: ] 3

» To establish limits for new LP inlet pressure transducer, a pressure drop of 3.2% is
suggested to be applied to |P exit pressure.

* For condenser pressure, it is recommended to use 4 new condenser pressure taps.
Operation data shows a variation of up to 0.5inHg between 4 tap readings. It is
recommended to use “Max of 4 pressures taps” as control for condenser pressure.

Recommended to use new pressure transducers installed around LP Sectlon

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC. All nghts Reserved 5
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LP Turbine Operation Limits )”)——-—

» Limits on current (Calibrated) |P exit pressure tap are
« Below 3 inHg = Less than 125 psig
« Between 3 inHg and 4.5 inHg = Less than 119 psig
» Between 4.5 inHg and 4.8 inHg = Less than 125 psig

«  With 3.2% pressure drop, the limits for new LP inlet pressure tap will be
+ Below 3 inHg = Less than 121 psig
+ Between 3 inHg and 4.5 inHg = Less than 115 psig
- Between 4.5 inHg and 4.8 inHg = Less than 121 psig

LP inlet pressure limits are same as before but adjusted due to
transducers calibration and location change.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 6
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LP Turbine Operation Guidelines &
Current Turbine Operation -

Condenser Pressure Vs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) -~ Cond. Alarm Limit

5.5

5.0

4.5

4.0

3.5

3.0

Condenser Pressure [inHg]

25

91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125
LP inLet Pressure [psig]
(Using New LP Inlet Pressure Tap)

2.0

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 7




DECLASSIFIED

DEF20190001BARTOW LFES- 000106

CONFIDENTIAL

Section 2:
Next 3 slides provide details of operating limits for Original
Blades applied in October 2016.

——rrr—— = == — e ety e R T B e

© 2016 MITSUBISHI HITACH! POWER SYSTEMS AMERICAS, INC. Ali Rights Reserved. 8
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Original Design Heat Balance Diagram e

L e E ¥
546,80 LEAK FLOW
1
lS!l.g @ e
2255, 8P 21559026 1855
11 3 16676
§47. 4P 1484. 54 1386, 24 1935
691,97 21954200 959166 8 L6
1340, 84 1438C
] 21002636 [ ®
REI4DG 5
/ GENERATOR QUTPUT  ¢.F
420200kW 0.349
w 113 Lp
133386
= GER
P opsls (CENERATOR GUTPUT) = Pex - Puuc CONDENSATE PUMP
T:F Po : GENERATOR TERMINAL OUTPUT GLAND| CONDENSER 178, & (OUT OF M1 $GOPE)
W m%u Pexc : EXCITATION POWER 18276
G : ib/hr
L % Progress Enevgy / Bartow
HOTE . 2ond BALANGE DIAGRA
1. ALL PERFORMANGE VALUES INDICATED ON THIS DIAGRAM ARE ESTIMATED, = 7 HEAT o .
2 PERFORMANCE VALISES ARE FOR HEW AND GLEAN EQUIPMENT. bt 2 4202000 | (3, | Fired Nat. Gos
3 CALCULATIONS ARE BASED OM IAPWS-1F47 STEAM TABLE. (e : Amblont Terop. 746)
2006A WG KA3-0066-2 g
A BEAVY me,

IP Exit Pressure = 126.2 psia or 111.5 psig - LP inlet pressure = 108 psig (3.2% drop)

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 9
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Operational Limits- 26" Oct 2016 :..-H—jr_‘;i,;-g_

Condenser Pressure Vs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) - Cond. Alarm Limit

5.5

5.0

4.5

4.0

35

3.0 |

Condenser Pressure {inHg]

2.5

2.0 ; ]
91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125

LP inLet Pressure [psig]
(Using New LP Inlet Pressure Tap)

» LP Inlet pressure (same as original design): 108 psig
« Operation data indicate 400MW+ output with LP inlet pressure of 108psig

® 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 10
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Summary of ST Operation Limits

Maximum Inlet Pressure Limits

. HP Admission Pressure : 2375 psig (Upstream of Valves)

IP Admission Pressure : 569 psig (Upstream of Valves)

. LP Inlet Pressure (using new LP Inlet pressure transducer): 108 psig

. Condenser Pressure Alarm: 4.2 inHg
. Monitor Condenser Pressure using “Max of 4 pressure transducers”

. An official letter will be sent to Duke with agreed limits.

. It is recommended to put Hi1, Hi2 and Hi3 alarms as discussed earlier.

Review Date: 10/26/2016

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 1



Empirical Support for Root Cause

Excessive Steam Flow

potontiay | AvoMfsnce2one | Excescance | L
Hours / {1k
Operating | [FRcforPresent)  pours Houry|  Bankine
Pariod Hours
1 21,738 ¥ 2,466 011
2 21,284 T 0.00
3 10,286 i 240 0.02
4 2942 3 0.00
5 1,561 0 G.00
Therma) Distress (7,740
porential | SPSAT>20 0 b/t | Normaiized
Operating |eactorpresem| %P/ |opaating Hours)|  Ranking
Perivd Hours Minute)
1 21,734 X 13 0.60 ="giE —
2 21,284 X 7 033
3 10,286 % 37 3.60
4 2,942 % 3 1.02 038
H 1,561 X B 320
Fressure Pulses
Potentlal | Avg. Hood Spray | Hours ofHood |  %of Tomal Normalized
Operating e vor prosem| Pressuro (psiz) | Spray Operation |Operating Hours|  Ranking
Period Hours =
1 21,734 % 352 5,098 FE) THER
2 21,288 % 13.2 7343 34
3 10,286 ¥ 104 240 [
4 2,982 % 55 174 & D17
5 1,561 3 8.7 93 3 (X |
loss of Dampening
Pariod Hours Pt Eactoy Preaant
1 21,734 N/A
2 21,284 N/A
El 10,286 N/A
4 2,942 X
H 1,561 N/A
isde Flimant
Potentlal |  Normakzad
Opereting oo cior prsen Ranking
Parlod Hours
1 21,734 x
2 21,284 [
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Period 1 Jun 2009 to Mar 2012
Period 2 Apr 2012 10 Aug 2014
Period 3 Dec 2014 to Apr 2016
Period 4 May 2016 to Oct 2016
Period 5 Dec 2016 to Feb 2017

“Excesslve Steam Flow" Notes

Zane Hours® ~ number of hours In

of 15,000 Ib/hr-£" limkt us indicatad by the iP exhaust
pressurs

“Excesdance Hours / {1k Opersting Hours)" — Number of exceedance hours per 1000 hours of aperation in a given period

“Normalized Ranking” — Data normalized ageinst the highest value in the column, "Exceedance Hours / (1k Operating Hours)”

ermal 5 dt]" Notes

“Caunts [DT > 20 dag_ FSH / Minute)" — "Counts® are defined s the number of measurabla blands whara there was a slupe change {+/-) greater than
{20 degrees superheat / min) et the hood spray thermacouplas — Data was flagged only when a CT wes being biended Into (or out of] the steam cycle
AND the ST output was grentar than 50 MW

"Counts / (1k Operating Hours)” — Numbar of “Counts” per 1000 hours of operation In & glven pariod

“Normalized Ranking” ~ Data normalized agalnst the highest value In the column, "Counts { (1k Operating Hours)*

Prassure Pulses” Notes

“Avg. Hood Spray Pressure (psig)” ~ Calculated from Pl Historian data

“Hours of Hood Spray Operstion™ ~ “Hours of Hood Spray Oparatian® is a welghted value — There is 2 1.00 multipller at 50 psig varylng linearly to s
1.75 multiplier at 5 psig

“% of Total Operating Hours” — The “welghted” hours of hood spray operation divided by the total numbar of operating hours — converted to a
percantage value

“Normalized Ranking” — Date normaiized against the highest percentage value In the column, "% of Total Opereting Hours®

ZBlade Fitment” Notes

“Blade Fitmeni” — Referances tha gep measurements for both the mid-span snubhars and tha shroud Z-Lock contact surfaces
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Shroud Chipping Qbserved.

Material on TE Blade No. 41
Rendered it “Freestanding”,

Tralling Edge

CONFIDENTIAL
E ] 10,286 X
4 2,942 X
5 1,561 X
E_l:nlnm-m
Pariod 1 PQr_bd 2 Pariod 3 Period & Period &
Operating Hours 21.734 21284 10,286 2,842 1,561
Broken 5TE/DGE OTE/OGE OTE)'OQE_ OTE/1GE QTE/13GE
Broken 2-Locks OTE/OGE OTE/OGE SATE/SGE 1TE/2GE OTE/BGE
High Degrae of Wear
TE 2nd GE Mid-Span Snubbers | Observed on Z-Locks. Z- |One (1) TE L-0 Found with Ti High Degree of Wear
Comments Not Captured Found Intact. Minimal TE and GE|  Lock Damage / Loss of Liberation at Alrfoil of ol
Observed on Z-Locks.

DEF20100001BARTOW LFES- 000111
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Mt MHPS

Integral Shroud (Z-Lock)

Vane

~ 4 Mid Span Snubber (Stub})

HP Exhauet o 40in L-0

Bartow RCA Summary
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Agenda
Ref Subject Slide(s)
1. Blade Operating Summary - 3
2, RCA Process Overview - 4-6
3. Investigation into alternate root causes - 7-11
4. Root Cause Damage Mechanism - 12-15
(T Blade Response - 16 - 22
6. Material Capability - 23
7. Summary of Max Operational Stress - 24
8. Comparison between Period 2 and Period 5 - 25-26
9. RCA Conclusions - 27
10. Blade Upgrade - 28
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Bartow Blade Operating Summary

=3 il f T
L radio)y l VA CRUIAT G S

"M

L Sl

Eam—

Mid Span

Period1  2009-2012 Type 1 Snubber -
Only

Period2  2012-2014  Typei No Significant Damage i

HVOF Stellite Mid Span

. Dec 2014 -
Period 3 Apr 2016 Type 3 Shroud Only
Jun 2016 — HVOF Stellite Mid Span Vane +
Period 4 + HVOF Stellite Shroud Snubber
Oct 2016 i
Type 3 {Note 1)
. Dec 2016 — : ‘7
Period 5 Feb 2017 Type 1 Mid Span Snubber Only I e

Note 1 — Period 4 did not show shroud fretting fatigue / contact wear damage.

Vane

DEF20180001BARTOW LFES- 000114

Integral Shroud
(Z-Lock)

_ Mid Span
Snubber (Stub)
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RCA Process Overview

DEF20190001BARTOW LFE6- 000115

Evaluation of
Operating Data for
each period Including
bypass

Bypass Operation

=t i e

Systematic RCA Investigation Stress and Wear Capability
A oad e d i -

amon eyt '
= P o Biypoma Operation

e :51 =.-_ __,,.-!b-s‘» E

e

i
| meecadem !
- A—

+ B £3 000 =1
i ey
T Wm0 8

Blade Response Measure through

Telemetry Test
. e ingatas L e ot . Wb I

Blade Response = Fn ( PI™e, Mewimenc, Meouscu

I = ==

i R e R L Do

s ] b 3

5 g g

i ii- i i N ey

8" B oasc tm i —
- ._ LT, e | Fe

- iy ., NI [ e ¥4 Bade 1

T o R R T

durljng alllmoders of operation
PSR, [rrR—

_______ L ey 2
“““ e S Dynamic Aero-elastic Modelling Geometry / Gap Varlation

Determine stress vs
stress capabliity
during each period

Confimm
metallurgical
analysls matches
stress summary
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Why is Bartow’s experience different from the 40in Fleet ?

* RCA Areas of Investigation — Systematic RCA Implemented

Design Manufacturing
(*}\\' Telemetry Test data .- Manufacturing Quality Data
N Air jet test data ) \\ - Forging and machining process
N Turblr_le design QOcumentation \.'5__\ - 1%t stage nozzle area
W - Static / Dynamic Stresses . Blade 3D Geometry
. - Nozzle Passing Frequency
. h, § Blade
/"'7 Shroud and Stub Gap / : ! R ge /
I .". - 7 - 1, 4
4 - Contactarea evaluation /7 Tﬁ)r‘l))?rzztg::lr::g: et / =
Vi ™ Elade ?s? c;(mg /- - Dynamic pressure taps in /' - Material Certification
£ Hegsurf, li .s?ge area / condenser /- Fracture/Damaged surface evaluation
£ —D'fr onz?.nlanom gap // - Bypass Operation Evaluation /" - Blade micro hardness evaluation
/"' - “EleEnIR S pan=on /' - Hood / Curtain Spray /- Stub coating evaluation
Assembly Operation Material

» LP Loading + Bypass Operation at high load were identified as the primary root causes for the Bartow
40" Blade reliability differences from the global fleet.

SL3
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Evaluation of potential Root Causes included :

Stub Contact Variation Material None Conformance Nozzle Passing Frequencies Blade Gap Evaluation

Con asetir ke e ccrurring e 10 conactecearing MUY v 12 Samagn sttibusabie © peciie puvcing wiawuies? | [Sh se Widopen Co0, Bota Eiueatine e
R " e s e e i ey o oo v | ’ pr——ir—ety - |
Tl X i S ]
- Py X P WP AP EVEMAP Fw W L o i ) |
'y ’a:'-'.:;%-:' & ———— = : ‘=.*_"'!ﬂ = = . A e I
i - A= W 5 5 S 3 [e— . —
f Nazr ! N a ; S | AL i e { * - I

- == e e _————aa : =
=

( Bypass Operation

TR WraePd I 66 0 200 2 Vate myarel

= Pressure pulses from bypass operation, drain / hood spray flows, and blade geometry variation and gaps were not
found to impact on blade loading. During bypass operation increased blade response was still shown as flutter.
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Bypass Operation - Does hitting the saturation line during bypass blending produce a
forced response on the blade ?

During the telemetry test 2 blend in event were captured, but pipe accelerometers were not installed until Mid
2015. Based on Duke’s evaluation of blends after installation of the accelerometers, dropping below the
saturation line potentially produces a shock wave which excites the blades.

Bypass D Blend In Bypass Blend D — Gen End Excitation
Y Y | [ End Losding | I -
- E Vacuum fL__,'I_:__':—-"_’_’ — =
e = — —
e : =
2" — 1 @ ] =
E '-_H——.t -p x 5 g Gen End -
o =¥ ] Blade Response -
E— - = K] Y 3 - P
" F T A ke,
3 T g s st 5 B n) o S8 &
5 =
~ a & I Gov End |
T T g Blade Response
'y | S 1 I I
&~ - = ] =R = 2300 ms k2= ks L] [-5] L: L5 1w
an
Pressure Time

» Based on the telemetry test data available for blade response during bypass operation, dropping below the
saturation temperature line did not show a blade response
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» » - Bypass Conntclion Locations
Does Bypass Operation Provide Stimulus to the blades? LI T
ADmara gey . e —
Pressure distribution Pressure distribution Pressure distribution i s e
Tr"ﬁ”re without bypass operation |  with IP-A bypass operation with IP-D bypass operation | 770 . W,

r
-

B

* Increased blade response (1.5X Increase from C or D Bypass) was quantified through Telemetry Testing (Blade response was
recorded and shown to be Non-Synchronous Self Excited Vibration (Flutter))

* Aand B Bypass operation do not show increased blade response which is consistent with other 2on1 bypass configuration
telemetry Tests.

*  Bypass configuration within the condenser is unique to Bartow with C and D bypasses located close to the exhaust.

*  Condenser heat load at 420MW is at the limit of the condenser specification. High velocities during 3 to 4 GT Bypass Operation
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Are water droplet drawn back into steam path, or condensate prevented from leaving the
steam path through aspiration?

= CFD confirms no re-entry of water spray / steam into the steam path (No aspiration occurs)

Image from CFD Study Conducted to Evaluate

Ma Number and Meridional Velocity Vector
( 3000rpm-48” LP-END )
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Does flashing of water droplets from hood sprays or curtain sprays within the steam
path or exhaust produce a forced response on the blades? '

*  Telemetry Test does not show evidence of forced vibration. Blade response is self excited vibration

=  Vaporization of attemperation steam droplets has not been identified as a potential source of pressure
stimulus to the blades as flashing only occurs when spray water temperature is above saturation
temperature (108F @ 2.4in Hg) . Larger droplet evaporate more slowly due to lower surface area to
volume ratio.
Dynamic pressure identified associated with Hood Sprays :

sfos = a8 A w s g gar = “isom Ba= I~ maesE

Pressure fluctuations did not have high frequency content, and identified pressure rising from 2.5" Hg to
atmospheric pressure. No corresponding blade response identified during telemetry test.
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Is damage attributable to geometry variation?

= 3D Scans have been conducted since 2012 at Takasago to understand manufacturing variation using consistent fixturing

scanning and post processing methods.
+ 55 Rows of blade in operation with zero occurrence of midspan snubber damage. (All see same centrifugal loads)

Geometry Evaluation — Type 3 Geometry Evaluation - Type 1
Period 2 Period 5 Period §
. Q:ov qu 20

—

A+2mm

Gov End Gen End

Leading
Edge

- Vartation

2

| from Drg o
: Nominal g
{Blue) Tralling b
Edge )

L.

The blade response analysis has captured the worst case geometry variation. The baseline geometry for the blade response in

the telemetry test was the Type 3 blade which shows the greatest geometry variation.
= Type 1 blade shows less distortion than the Type 3 Blades.
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o«
4

Damage Mechanism i Integal Shrous (Z-Lock)

Blade damage occurs when : Stress > Material Capability vane &

* Stress comes from Dynamic Loads superimposed on the steady

state loads (Centrifugal + Steam Bending Loads). : > Mid Span Snubber (Stub)

= Limiting stress locations for 40” L-0 Blade :

1) Mid Span Snubber
2) Integral Shroud
3) Vane HCF

= Dynamic Stresses are controlled by avoiding resonant operating
conditions where the blade response frequency matches frequency
of the stimulus, and ensuring adequate damping.

Root Cause Analysis has identified all blade damage from Period 1 thru Period 5 has _been ider;tified
as Dynamic Loads from Non-Synchronous Self Excited Vibration (Flutter)

Note : Non-synchronous 15t Mode Higher Nodal Diameters response was presented March 18t 2015 , prior to Period 3 RCA
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Non-Synchronous Self Excited Vibration (Flutter)

= Blade response is measured during Telemetry

- - RN
Testing and analytically predicted at around Aﬂo_c!yn-a_mlc Aeroglvn_amlc

16t Nodal Diameter of the first mode (approx. Excitation Damping

200Hz).

o, \

* The Notable Non-synchronous Vibration is

caused by aero-dynamic flow and observed ':_ )
as the Multiple Modes Response (180Hz- .
230Hz). x )
N Upstream " 2 Downstream
d “Excitation” 44 “Damping”
L Unsteady axial force Unsieady axial foroe
'_:;> g directed upstream Unsteady CFD directed downstream
acts to increase motion Velocity Plot acts 1o counter motion

Similar to -:-' ~ g%ﬁ
1" Mode ' = Alternating component of pressure shown as (Red) at
mid point of travel

= Cycles accumulate at 12,000 cycles per
minute at 200 Hz

L *  Motion (Blue) at midpoint of vibration cycle
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How do we know the dominant response is Non-Synchronous Self Excited Vibration?
A Telemetry Test directly measuring the blade response was conducted — Dec 21st to Dec 24t 2014

1000 - = L E T T

LP Flow
ST Load (WW)

=L —— =

12/22 12:00 12/23 00.00

12/2312:00

‘ Bypass Operation -

Vncuﬂm I |

= — \-—‘r \f

. AH Regponse

) HRespo' T

Relative Blade Response

12/21 00‘(!) 12.’21 12:00 12/22 00:00 12/22 12:00 12/23 00:00 12/23 12:00

Range of Operating Conditions During Test :

* Blade Response was measured up to 455 MW and 5 in.Hg
= Bypass Operation of 2 Blend in and 2 Blend Out Events were recorded
= Mach Number Ranged from 0.4 {0 0.9

C(om Dz’a#)

12/24

COND PRESS {mmHg)

COND PRESS |mmhg)

Load {MW)

Condenser Vacuum

~=——~ Bypass Pressure

Gen End Blade Response

Gov End Blade Response

——  Condenser Vacuum
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How do we know the dominant response is Non-Synchronous Self Excited Vibration?

Frequency Response from Telemetry Test :

- SIPS R
! strain Gauge Locations
B Bypass Governor End No Bypass D-Bypass Generator End ! e
Tip __ﬁ
& Gen End Blade Gen End Blade Gen End Blade !
g i e ; e - | :
% | 1
@ | 1
+4 | . i l
o | : i
3
:E i o ] l
g’ 120 150 m m 240 =
E 1o 150 10 210 0 i
§  _ covEndBlade __Gov End Blade Sl i
& \ :
> s 1
o i n 0 |
£ i
] § H
] :
g | ”]‘ |
<4 At - ¢ : | i
1220 150 1. m 240 120 1 pres 10 20 120 150 180 230 280 |
Response Frequency (Hz) Response Frequency (Hz) Response Frequency (Hz) i
\

Recorded Response :

= Peeks at 120, 180, 240Hz are per Rev Responses

* Peeks between 180 to 230Hz are High Nodal Diameter responses of the First Cantilever Mode. These
frequencies are associated with Non-Synchronous Self Excited Vibration

SL3
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- Dynamic Aerodynamic  Mechanical
Blade Response Fn Load » Damping ’  Damping

Analytical results of damping below show trends, but the magnitude of blade response is established
empirically from the telemetry test conducted at the start of period 3

( Aerodynamic Damping N Aerodynamic Damping N Mechanical Damping ™\
as Fn of LP End Loading as Fn of Vacuum as Fn of Contact Area and Vibratory stress
/it Y Stress vs hanical Logarithmic Damping (16ND)
— A i =
L =]
g N\ - o &
2 2 \ Mach # 3 : s
g N 2 ¢ 06 s e
s \ g i
' Bzsaine
[ 5000 10000 15000 20000 ve - _mn = -
LP End Loading (#hr/ft*2) 640 684 e %
Vacuum (mm.Hg) i
= Aerodynamic damping = Minimum aerodynamic Vibratory Strexs (46% Hods) Diameter]
decreases with higher LP damping at Mach# = 0.6 = Mechanical damping decreases with
End Loadin smaller contact area
N 9 AR IS /
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Aerodynamic Damping Analysis (Vibratory Stress and Logarithmic Damping)

Aerodynamic Damping vs Load Aerodynamic Damping vs Mach No
Pressure | Peak Dynamic Pressure on Blade Surface Mach No s | Peak Dy P on Blade |
F l e 2000 1400016 <. 1 TOOOHD i ——723mrently & TOMMHE
I i
it i z
\ i
[
| H - 5,3 i
| C\\ & dp \] i
8000 44000 !
ez 2 btz A Distance Along Blade 20 clommbg: 73 mmi : a0 Distance Alang Blade 10
Aerodynamic Damping as Fn of LP End Loading Aerodynamic Damping as Fn of Vacuum
r I — D
s . Mach #
g . £ 0.6
g’ \\ ; \ 1
= ~, £ H
a " B 5, !
£ g \ .
a 8 i
[=] ..
-ve -ve i
° $o00 20000 1500 20000 o - - w
LP End Loading (#/hrit*2) Vacuum (mm.Hg)

Transient CFD was Correlated with Telemetry Test Data to understand Aerodynamic Damping




DECLASSIFIED

DEF20190001BARTOW LFE6- 000129

CONFIDENTIAL

Geometry Variation - Mechanical Damping is impacted by contact faces on adjacent blades

3D Scans conducted on multiple blades for Period 1,2,3 & 5 to

understand manufacturing variation Vibratory Stress vs Mechanical Logarithmic Damping (16ND)

A;J:- ‘ *
]
4 <

Period 1/2/5
(Type1)

2012 Geometry Evaluation ~ Type 3 Period 3

4

2017 Geometry Evaluation ~ Type 1, Period 1,2,5

Period 2 Period 5 Period 5
Gov End Gen End Gov End

X o) E
i v q o
e - -

o -

Edge R i

[}
-3 ]
F ®
Trailing
Edge
1 Y

* Type 3 Blades established the baseline blade response from the telemetry test.

Leading

Analytical Mechanical Damping for 16t Nodal
Diameter 1%t Mode

Vibratory S (16t Nodal Di )
2 Analytical damping results are intended to understand drivers for biade
response, absolute blade response was established from Telemetry Test

= Type 3 Blades were found to have lower damping than Type 1 Blades due to smaller contact area




Biade Dynamic Respotise

Blade Dynamic Responss
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Blade Response

Blade Response

as Fn of LP End Loading

T Rewomawhim | 1.
bypass operetion |

= Response with .
bypass operation

10000
LP End Loading {WhriftA2)

Blade Response
as Fn of Mach No. and Bypass Operation

, * Loeduag 12,500 - 15008 Wehod Broass.

|7 Losaep 10:000 - 12 500 Yo Brovss Appr. 1.5 Smes.
‘Nona Bypisy

[ ® Loy 10,000 12500 With Bass

Damping (%)

<
o

&  Dampling (%)
1]

(] 5000

CONFIDENTIAL

Dynamic
Load I

Fn

Aerodynamic Damping
as Fn of LP End Loading

1000 15000 20000

LP End Loading (#hr/ftA2)

Aerodynamic Damping
as Fn of Vacuum

60 m

L
Vacuum (mm.Hg)

DEF20190001BARTOW LFE6- 000130

Mechanical
Damping

Aerodynamic
Damping !

Mechanical Damping
as Fn of Contact Area and Vibratory stress

vibratory Stress vs Mechanical Logarithmlic Damping {16ND)

— |
o~
Pasod 125 i —

{Typat) 28
i ; .
1 |
I 4

{ /

JI ’ 4 !/

Baselne
Telemelry Test
Pudod3 {Typed)

WMechanicsl Damping for 16™ Nodat
Dismaeter 1* Mode
\

Vibrmtory Btress {16 Nodal Diemeter}

= Details in following
slides
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Blade Response as a Function of LP End Load

The telemetry test provided direct blade magnitude of the blade response from strain gauges

Blade Response vs LP End Loading Blade Response vs Pressure and Condenser Pressure

Blade Response — Dasign Margin (Red High / Blue Low)

A ) B Example : Shroud Fretting Fatigue
B Response Wltf] no 54— > N Unable to test due to
g bypass operation | - z - i p [ excessive blade response
g , g o = A ;
{7 = Response with H b !
& bypass operation gg = T !
1) ox i 1 :
2 ; 5g "™ i '
§ ! §§_ m! : i
H . g i . :
& E l g mi '
3 i o Ll i ;
L | 43 :
m i P I e = Fpps- I .
- . | S0 53 W L3 » s o B ® 5 KD 18 it 118 10 123 10 138 Tes
@ S0 10000 159200 2900 Fonmnn....
LP End Loading (#hri/ft*2) LP Inlet Pressure (psig) , < End Loading
= Qutside of the originally developed design = The avoidance zone established in 2015 was

space, blade response becomes sensitive to developed to prevent operation in the region
operating conditions. which measured high blade response.

Example : At 16,500 #/hr/ft"2 there is a 10X change
in blade response based on condenser pressure
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Blade Response as a Function of Mach Number — without Bypass

Telemetry Test Operation without Bypass Blade Response vs Velocity without Bypass
i ) S T Ma=0.27 ! e S
500 , 2 ] ! A ; 1
| Loading <10,000 ®  Loading 10,000
550 Loading 10,000 — 12,000 * Loading 10,000 - 12,000
_ . ing 12,000 " Ma=0.39} § ' '
g Loading 12,000 15,000 | | § || * voading 12,000 15,000#
E ® Loading >15,000 || g
£ ©
s Ma=0.58l | 3
3 = )
s - / 1 E Evaluated Response |
- = from Telemetry Test |
. ] 4==0.67 l - Data without Bypass ™« y 5,
#=3 : 4
i P
| 3
— L . — | = s P v
] 5000 10000 15000 20000 | 1} 0.2 0.4 06 0.B 1
£nd loading {Ib/ft2/hr] ! Velocity (Mach Number)

= Below 15,000 Ib/hr/ft*2 Blade Response becomes dominated by Mach Number




DECLASSIFIED

DEF20180001BARTOW LFES- 000133
CONFIDENTIAL

Blade Response as a Function of Bypass Operation

. i Bypass Connection Locations
®  Loading 12,500 - 15,000 Without Bypass ! on T (GEN}
OWEST) | .,
*  Loading 10,000 — 12,500 Without Bypass Approx. 1.5 times I errrerret
g None Bypass Response 4D ot renast 4@*0
g % Loading 10,000 — 12,500 With Bypass I
a0 / Low Pressure TO i
2 . TR
m ” I 3 kel ~ w LO f D o
L et — — e el s N D-Bypass
£ ' Respanse from Talemetry ,L' | - s 4CH°‘ Reheat _?' —"Q .........
e ! Test Data with Bypass | | Sl {
[=] Response fram Telemstry Nt L
% Test Data without Bypass \‘\" ?‘ o 3T Sidey
- . i r
o i ANy
Fuc Start o
m 4B-Byapa:Z s % i = Bypass C Operation increases response on
Ay ! Govemor End Blades
=
= = = ] A% 0B o = Bypass D Operation increases response on
) i : ¥ Generator End Blades
Velocity (Mach Number) Shutdown 4C-Bypass

* Operation with Bypass D and C Produce a 1.5X Increase in blade response on the blades closest to the bypass
= Operation with Bypass A and B did not show an increase in blade response over none Bypass Operation

* Limited Blade Response data during Bypass is available with the operation before and after Dec 2014 Telemetry Testing
being assumed to have remained the same change in response.
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Material Capability — Material Test Data

= Vane - Goodman Fatigue Limit Based on 15t Mode Stress Distribution

\ Stresses at Shroud, Midspan Stub and Vane Concave Side Convex Side Concave Side Couvex Side
f ' l u
eropsan | O E
fretting Fatigue Limit Y
|- Crack nfition W
= Goodman |
2 Fatigue Limit I
a -_ e e am o e
8 HVOF Capabliity
4 . Fretting Fatigee
5 | | e L - Vane
| - Damage
E | [henpwon— i e during
E‘ wear L t Period 4
:b-q__— - e - )
= Shroud / Stub Fretting Fatigue Damage based on fretting material testing
S dhroud « Stress Amplitude relative to
’ o e o Contact Pressure impacts
Shroud Midspan Stub Vane ~— g

fretting capability

» Application of HYOF
doubles the fretting fatigue
capability

J
w
. =
kS
&

* Estimated Blade Response can be evaluated against
Material Capability for Shroud, Mid Span Stub, and
Vane

Nominal stress Jt'mﬁlitude

Contact pressure
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Stress Summary — Period 1 thru 5

I

q = Period 1 - Mid Span Stub Cracking
Stresses, at ShrDUd’ M'dSPan Stub and Vane High LP Loading but increased mechanical damping
T DSl e s e e — from Type 1 blade over baseline telemetry test

?ﬁﬁmﬁ?mn = Period 2 = No Major Damage

i e c;;,‘[""',' o Reduced LP Loading over Perioq 1, reduced bypass

operation loading over period 5, light wear observed on
Lo I ) Fatlguel‘mit s | Period 1 shroud
== L )
HVOF Capability B Period2 | = Period 3 - Shroud Cracking
e ORI 4 sk ¥ Period 3 High LP Loading identified in Telemetry Test. Mid Span
N .- - e
Frettln;Fatl;ue Stub protected by HVOF
Ey D ... . ®Period4
m‘ W Periods | * Period4— Yane Cr.aclfing
umn Reduced Loading. Application of HYOF reduces
— - - : mechanical damping increasing amplitude of response.
With HVOF protecting Shroud and Stub, the limiting
{ir— ) location becomes the Vane
= Period 5 - Mid Span Stub Cracking

Reduced Loading with fonger periods of bypass
Shroud Midspan Stub Vane operation at High Mach Number over Period 2. No
HVOF Protection

Dynamic Stress Capability

= Damage observed in all 5 Periods of operation is consistent Blade Response vs Capability Model
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How is the different operating experience between Period 2 and Period 5 explained 7

Mama 10

T 1/ Period? (2015.8 21411} {nemo 32
ss0 | Parise, (30a/13a0hcy « : C Bypass (GOV Side} Peak = iv]
o Lopp . "
doaz (201 2 |
i

Cond. Vaconimwatig]
]

{ Maw=o To
Maws w0
700 gE
70 3 - " ‘ 3 l
° 2000 aoca €000 o000 10000 12000 14000 15000 38000

~ ariosa nmuus-m:mcn

p— =
s00 n RS B e e e

{ V' [ Periods (2016.12-2017.2) L. ..
o é S B ] | : C Bypass (GOV Side) Peak _ &

Period 5 Gov End - Type 1 Blade

V - = i
Period?2 {2013.8-2014.11) faemo 27
oo lis | e: D Bypass (GEN slde) Peak |

: |
600 ot = MomD 2O

gsso

° 2000 000 €000 2000 10000 12000 14000 36000
Lowding (/i)

Period 2 Gen End - Type 1 Blade

u‘--u o2 m-o o5 i~ 10
B P |"L == i
H Penod5 {2016. 12 2017, 2)

Period? (2012/04-2030/07)

Pered £2013/08-2014/111
Perind) (2018712-2016/040

Moo 27
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How is the different blade damage between Period 2 and Period 5 Explained ?

The following evaluation is intended to highlight difference in Period 2 to 5. It is not intended to be an
absolute methodology to predict damage accumulation on the biades.

= Damage accumulates with High Load Bypass Operation of 4 GT Blending In or Out at 4C or 4D , High Mach #
= Accumulated damage below is based on time spent conducting 4t GT Bypass on C or D + Mach# > 0.55

Period 2 — C Bypass Accumulation — No Stub Damage (Gov)

o e —

Period 2 — D Bypass Accumulation — No Stub Damage (Gen)
+ Period 1 but no minute data available

.’g-mg Total Time = 64 min, No Damage =i : -
E=l- - et 31 = .78 : = (
. = po- t -Total Time = 90:min i
iz — =i * "~ No Damage
- r :: X '

::l’u_l 21300 ft_sn_us M1 WY yNE 20 oy s wenaes o) =

e rae aen wunRIe 0

H
g
3
s
H
g

203ar12.

100

140 -

Period 5 — C Bypass Accumulated Time — No Stub Damage (Gov) Period 5 — D Bypass Accumulated Time — Stub Damagg _(Gen)

§

{ < ama

Em k i \ : 3 \\ (
= Total Time = 22 min, No Damage L = 109min before first shaft ~ Total Time =129min
o1 T \ - vibration indication on Damage , |
== i I i b : Dec 17th i
Z:IUIZII 201412191 mi}lﬂll 208631 a0 012/1/20 207/3/30 Eastd Z:I‘Illll rmefiyn F01&12/21 _ ﬂli{_ﬂ 01110 0V N0 ?0'1"/1’9
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RCA Summary

| Mttt aiierl

'{ i} g}:;mjaif_mg‘__;

. .
l Pariod BadeType  oading
" == el

S5 S e Damping. . 3 =i
169 hrs Operation in Operation 169 hrs in avoidance zone
' avoidance zone
Period 3 POCROnES ?VOF Midpsan Baseline Response Baseline Response Mid Span protected by HVOF
G200 ype 3 High Load Bypass resulting in no Damage from Bypass
Operation (4 GT) Operation
Low mechanical damping from
HVOF Mid 69 min Operation in application of HVOF increased
fdspan avoidance zone . HVOF reduces contact ~ magnitude of blade response above
. Jun 2016 - + Baseline Response
Period 4 Oct 2016 HVOF Shroud Assumed area and reduces telemetry test levels.
< T High Load Bypass mechanical damping
ype 3 Operation (4t GT) No Bypass Operation at high loading /
Mach #
) Blending GT C or D as 4% GT at high
No operation in load
avoidance zone,
I d i ith 4on1 Configuration is creating higher
n Dec 2016 - Type 1 ,_r;c r;ala_se d Bme W Baseline Response Baseline Response blade loading than fleet experience
jeeniod'S & L iep onA7 (No HVOF) il eadiBypess Assumed Assumed

Operation (4" GT) Vibration events from the bypass are

not showing a blade response. impact
of water hammer event on blade is not
confirmed.

Bypass Water Hammer
Event
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Upgraded blade to achieve 450MW available by Oct 2018
Features :

1) Updated Design Criteria — For Fretting Fatigue 3) Redesigned Geometry to Reduce Stress

Shrouvd Stud
Based on Development Material Testing in 2016 :

)

] i
Ly [ i y : [
Old Design Criterial — Fretting Fatigue Limit to prevent crack initiation ¥ ! ! N
New Design Criteria — Fretting Fatigue Limit to prevent crack propagation [',‘ 1 i
L Fog =

¢ 7 - ognat
Onginat New Ociginal  Naw our,
Shroud contact surface
2) Test Facility Upgraded to Excite High Nodal Design changes planned (including Type 5 Blade Shroud Geometry
Diameter Modes Improvement to reduce blade response and induced dynamic stress

by 80%. Results can be validated in upgraded test facility.

4) Telemetry Testing + BVM

Application of upgraded blade would include initial telemetry test to

validate operating design space for Bartow's plant configuration and
include BVM Blade Vibration Monitoring System for continuous real
time monitoring of blade respanse.

High-nodat Low-nodal
diameter made diameter mode

Magnetic exciter allows stimulus of
high nodal diameter nodes with back to
back testing being conducted on old vs
new design to confirm design
improvements.

5) Bypass Operating Guidelines

If required based on Telemetry Test resulits, operating guidelines for
bypass can reduce blade response by minimizing operation of C and
D Bypass at a Mach # > 0.55

DCS controls update strategy is in evaiuation.

SL3
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Period 1 — Stub Cracking
Operation at higher loads than Period 3, but Type 1 Blade has improved damping over Type 3 in Telemetry Test

ax Operating Conditions Dynamic Stress from Damage Aerodynamic Damping (3D Flutter Analysis)
o ' Stresses at Shmud, Midspan Stub and Vane I_ |
' Ot i = | . R
- Jo #l00 e g !
I |- g '
= —
; ot o . o
- ' f C?- S}
o | = i ; k L : §
7 : ’ ° 5000 10000 15000 20000
- T = . LP End Loading (¥hrift~2)
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
RH{GEN) p:m] - Z? 1 I - monn ni : Y Stress vs : . = wping (16ND)
o2 1©) : C o : :
RANXEN: Lesceg - 3000047V t * Extenive T Rty :
AR g 10500 i
L S RARIARGRS Lo - 1600 11300 |

@ TAREERD LG - 10900
e

1 -
| L

R ieae - B B

{ Pr

[ s g
5000 1

Damping

Vibratory stress (POA) figf/mm2]

4
S IR A b a
0000 15000 20000

L LT END foading /211
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Period 2 — No Major Damage, Minor Shroud Chipping
Reduced LP Loading over Period 1, reduced bypass operation loading over period 5, light wear observed on shroud

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamlc Damping (3D Flutter Analyas)

v PeﬂodZ(ZM?_l- 20131], L Stresses at Shroud, Midspan Stub and Vane | =a—— 3 _|
i Pan1 ; 1 - l 3:_“.." I N
., b, T Z L _ \\
o | e £ |
CN Ok . g v
r 2::a2d]*z |zo1i:s 8- 211,14 111I )é-}_ ;:T-‘.' I = l & \. 1
I I ° 10000 15000 20000
'| - M Ve | LP EndLoading (#hrif"2)
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechamcal Damplng(Hugh ND Damping Analysls)
- S —— | ISND)
| waan mm | i
KVKNLW‘- 13000 1 ot s § |
| mmmTIE -t | v
] | e i ;
z AL o 12500 | B i g
14 © AR Laariig < 10000 g | | |
g [ E i 2 |
= i |
i ! i e
t
i

= L memettmpen s e a ks
o 5000 10000 15000 20000 °

LW 0-3mens ENMD loading (loM2/ir)
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Period 3 -~ Shroud Cracking - Qutside Avoidance Zone

Outside of avoidance zone, bypass operation becomes most limiting. With HVOF on Mid Span Stub no cracking is predicted.
Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)

b Lo E * Stresses at Shroud, Midspan Stub and Vane I r‘—‘ T
i ) .E&’! . |' .
= : % p— g
5 g/-',m—os. , ar - TTT==c ™
L e g
‘ 7= E e . - 5
v Sl — Y
7oA i :
750 ,‘,,,.ZJ_""‘H}T { E : : ! % I l I 0 3000 10000 18000 20000
o g e, pmejy e oy e 1o e ] s Ay e e LP End Loading (#/hrift*2)
Vibratory Stress(POA :Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
Toamamn] T ; ey ' | Ll e
[ r=———— i | i ; | -
- § AARRRN, L $2300- 23008 i i R ¥
E ; SRR madena- 10000 1260 i E ] Encuive G Sloruding ,
I e e = ! : |
S| evmmm i e {3 g i i o
B ] ey o0 : : s I .
P L1
| B : Bestioa
i i f ; s, |
; | i 3
{ = [ .
[ 20000 { L] o000

LI ADBwee  ENRD boading [Ib/R2/he) .
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Period 3 — Shroud Cracking— Inside avoidance zone
High blade response established in Telemetry Test. Mid Span Stub protected by HVOF. Shroud become limiting location.

Max Operating Conditions

Mecy 03 Mawo 6o

Vibratory Stress(POA: Strength Evaluation)

WVibratoey tress (POA) fkgffmen2)

§| RH{GEN) #31M ‘
RO Lo + 15000 @
FARABR Lo 17950 - 1300
ROCAPL Lowdrg ~ 10060 - DO
ROXABESL Loatng < 10000

B ]

= AR Loating - 10000~ 11509

A kg < 10000

Dynamic Stress Summary (POA)

eRyrtion strews (JEND) Rt/ mma]

Stresses at Shroud, Midspan Stub and Vane

I %
§
o
' |
‘Widspan Stub Vane ‘
Vibratory Stress (16ND)

1 Esirive 6T Mendiag
i

i
i
{
!
|
i
i
{
i
[

Oamping

Aerodynamlc Damplng (3D Flutter Analysis)

DEF20190001BARTOW LFE6- 000144

N
AN
\\
A
[ Q‘
II) 5000 10000 OO0 o000
LP End l.oading (#ihritr2)

Mechanlcal Dampmg(ngh ND Damplng Anzlysis}

ping (16ND)

Toloreary Yout
Padd{Typed) |

Vibretory Stress (16 Hods) Dismeser)

A
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Reduced LP Loading. Application of HVOF reduces mechanical damping increasing amplitude of response. With HVOF protecting
the Shroud and Stub, the limiting location becomes the Vane

Max Operating Conditions
e O |

ouidor)
Puead $2012008 204eT)

o '/ \Per$4 (2016 6 2o1d 10t
o e |
[Py e—— er i

CZAWOR 0y
a0tk ~mr0d |

Vlbratory Stress(POA Strength Evaluatlon)

ll RH(GEM) #31M U

{

RARREET-. Lowng ™ 15000 | I
RIS | g < 1250~ 5000

NARENG 5§ oaing ~ LIGOG- - 12500 O |

PRI Long < 10000 i

@ RAAREGAS Lowdrg > LTHO

RIS Lerdng < DD 12500 |

W RATCIPNT b < 100D I

i

|

|

}

Vibratory stress. (POAS {kf/mm2)

!

3

+

i

t

!

)

l I
} -~

I

[ -— maoo..—- e i
o

m.u..... ENDM\Q(I:M]

) Rlynamic Strejs Summary (PO_{\)

Stresses at Sheoud, Midspan Stub and Vanse

Virolles rires (1440} [kgtivwn2]

Vibratory Stress (16ND}

TMIGEN) FIIM
: 1
-« Mt M

e o Ol

Aerodynamic Damping (3D Flutter Analysis)

l

i
£
E | j
g Q|
| 2.4
o SO0 10000 15000 20000
LP End Loading (#Ihrm"Z)

Mechamcal Dampmg(ngh ND Damping Analysis)

Y Stressvs ing {16ND)

¥
‘-'
Bonetne
Tekernetry Tost
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Period 5 — Stub Cracking
Reduced LP Loading over Period 2 with longer periods of bypass operation at High Mach Number. No HVOF Protection.

Max Operating Conditions Dynamic Stress Summary (POA} Aerodynamic Damping {3D Flutter Analysis)
; l,f;&;‘.‘:},’:ﬁg‘;;;;l ;;; h i s v»‘“ ) ! Stresses ot Shroud, Midspan Stub and Vane ” o e = - ul_
et Patiads @olsAz-017 2k | | | *s
: 1] - hoca ShbiZess | winted | 7 | i . = .
R L L i [ g U L g Q
_z;/f 3 I ‘ N
Ao 'E = —-—- | "
U £ - o | Y
| l I |
, 1’ | 3 5000 10000 15000 20000
; J e s - | | LP End Loading ($mem=2)
Vibratory Stress(POA Strength Evaluatlon) Vlbratory Stress (1 GND) Mechanical Damping(High ND Damping Analysis)
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Integral Shroud (Z-Lock)

Vane

> Mid Span Snubber (Stub)
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Duke - Empirical Evaluation of Root Cause DEF20190001BARTOW LFES- 000148
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Duke identified 5 potential root causes. ltems 1,3,2,% were adlé‘rl'essed during the 9/22/17 RCA Meeting as
identified below. ltem 2 is addressed in this presentation.

1) Excessive Steam Flow

2)

3)

4)

Note : Slides Referenced are from presentation :

Reviewed on Slides 17, 20,38 ——>

Thermal Distress

Summary included in this presentation

Pressure Pulses
Reviewed on Slide 10

Loss of Dampening
Reviewed on Slide 40

Blade Fitment

Reviewed on Slides 11,34 ————=>
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Evenit 8 — 122322014 15:50:44

firm whether high rate of change events of superheat
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Eveont 1 - 1222172014 04:23:3¢
Event 2~ 1272172014 10.29-49

Evaluation of the 11 thermal event during the 2014 telemetry test did not show any corresponding increase in blade response.

The action was taken on 9/22/17 to evaluate the telemetry test data to con

showed any blade response.

Thermal Distress Evaluation
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PETIO

Period 1

Period 2

Period 3

Period 4

Period 5

| Cfusgezidiete)

BIE

2009 - 2012

2012 - 2014

Dec 2014 — Apr
2016

Jun 2016 — Oct
2016

Dec 2016 ~ Feb
2017

DECLASSIFIED

e

W pEe
Type 1

{No HVQOF)

Type 1
{No HVOF)

HVOF Midpsan
Type 3

HVOF Midspan
+

HVOF Shroud
Type 3

Type 1
(No HVOF)

Lerlafirls

»2400 hrs with high loading

High Load Bypass Operation (4%
GT)

~1hr with high loading

High Load Bypass Operation (4%
GT)

169 hrs Operation in avoidance
zone

High Load Bypass Operation (4"
GT)

69 min Operation in avoidance
zone

High Load Bypass Operation (4"
GT)
No operation in avoidance zone.

Increased time with High Load
Bypass Operation (4% GT)

Bypass Water Hammer Event

RCA Summary (Updated with period 1 a&gl\?F)lDENTI AL

L A\arerahvnizlaie

Er=Npple

Baseline Response
Assumed

Baseline Response
Assumed

Baseline Response

Baseline Response
Assumed

Baseline Response
Assumed

Mecianical

Fatipis g

Baseline Response
Assumed

Baseline Response
Assumed -

Baseline Response

HVOF reduces
contact area and
reduces mechanical
damping

Baseline Response
Assumed

DEF20190001BARTOW LFE&- 000150

RODLLANSE

Operation beyond design limit of
15,000#/hr/ft*2. Mechanical damping
improves with contact surface wear over time
reducing rate of damage.

No significant damage observed

Operation 169 hrs in avoidance zone

Mid Span protected by HVOF resulting in no
Damage from Bypass Operation

‘Low mechanical damping from application of

HVOF increased magnitude of blade
response above telemetry test levels.

No Bypass Operation at high loading / Mach #

Biending GT C or D as 4" GT at high load

4on1 Configuration is creating higher blade
loading than fleet experience

Vibration events from the bypass are not
showing a blade response. Impact of water
hammer event on blade is not confirmed.
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Barto Steam Turbine

RCA Review
Nov 9th 2016
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Agenda

= (Goal of the Meeting

= RCA
= RCA Action Items
* Fleet History
= Blade Metallurgical Evaluation
= Manufacturing and Assembly Data
= Telemetry Test Data Review
= QOperation Data Analysis
* RCA Conclusion
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Goal of the Meeting CONFIDENTIAL

* 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 ¥ CONFIDENTIAL DEF20190001BARTOW LFE6- 000154
Muhammad Riaz RCA Lead 1 MHPSA
Nick Porteous MHPSA RCA Sponsor + Technical Contributor  MHPSA
Ikushima-san MHPSA Communications Lead MHPSA
Ryan Paulson Inspection MHPSA
Ruban Amirtharajah Operating Data Review MHPSA
Balaji Jayaraj Metallurgist MHPSA
Miyajima-san Lead Analyst MHPS
Enomoto-san MHPS RCA Sponsor MHPS
Osaki-san MHPS RCA Lead MHPS
Jon Hopkins Blades Scan MHPSA

[WEnglish Duke RCA Lead Duke \|
I David Brown Operations specialist Duke i
: Chris Holland Engineering Duke :
I John Burney Engineering Duke I
: Additional Resources 1
§ Harry Carbone Duke Technical Consutant Duke :
¥ _John Huls Duke ST SME Duke !

e Py — p——

RCA Team members from Duke Energy, MHPSA USA and MHPS Japan
Multiple working meetings were held to work on the RCA Actions
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Design Manufacturing

L 0

1 % Manufacturing Quality Data

\; Tz'_ef'n?tt"y IZSttdata . - Forging and machining process
- Alrjetiest data . - 1ststage nozzie area ' '
“. - Turbine design documentation Y g Shroud :
\ - Nozzle Passing Frequency h

. Y PR Chipping
4 [Water
- Shroud and Stub Gap " . : y. Erosion
- - Contact area evaluation Opc?ratlonal D.a g /- Material Certification Cilos
‘ - Turbine Operation y . :
- Blade Rocking / - Chipped area evaluation

Install Pressure taps

in condenser at both ends. / Blade micro hardness

/ - Measure 1t stage area

- Horizontal joint gap 4 y. evaluation
- Differential Expansion 4 - Stub coating evaluation
Assembly Operation Material

Key Areas of Investigation
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Blade Shroud Chipping RCAconripenTiaL

DEF20190001BARTOW LFEG- 000156

Influence
; . Low
Detailed Actions Tracked (1 of 2) T
- »
Reviews conducted with RCA Team High
Actions Conclusions
1 Independent Review of Bartow 2015 Telemetry Test Stress Analysis and Operating Limits Provided Telemetry Test Data review completed by team in MHPS in Japan.
2 Confirmation of frequency margins identified in Air Test Data, comparing with original design / otherair jet tests Al synchronous vibration frequencies are within design range.
3 Re-evaluation of the Telemetry Test Data in the light of Bartow Tip Damage (Compieted by team in MHPS in Japan.
3 4 FEA Review of shroud face movement at high load compared to observed damage FEA Analysis perfarmed by MHPS in {apan.
E 5 confirm MHPS Mass Flow Calculation Method used in evaluating Telemetry Test Data iass flow measurements are no more used as evaluation parameter
6 Telemetry Test Data Shroud Fretting Calculation sim too Snubber Calculations Fretting evaluation completed by MHPS in Japan.
7 Revisit Bartow / Tenaska design torsional margins [ Torsional design calculations show acceptabie design margins
8 Research overall exhaust pressure limits for 40" L-0 compared to this unit '_ﬁartow exhaust pressures [Imits are standard limits
& Review Axial Rotor Position relative to asymmetry from Gen/Gov end Rotor axlal position reviewed and recommended to use as is original design,
1 Request Forging Material Test Certs for existing installed blades Material Certs show correct material used and meet design matertal properties and chemistry.
2 Request Forging Material Test Certs for replacement blades Viateriat Certs show correct materiat used and meet design material properties and chemistry.
E 3 Moment Weights for existing installed blades How of blades is balanced with acceptable unbatance residual
§ 4 Reguest Moment Weights Test Certs for replacernent blades fiow of blades is balanced with acceptable unbalance residual
E 5 Request Machining Manufacturing Quality Records {Including Box Gap Data + Single Blade Freq Data} New Blades Data reviewed and blades are with in acceptable criteria
E 6 Request Machining Manufacturing Quality Records {Including Box Gap Data +Single Blade Freq Data) Existing Blades |Data reviewed and blades are with in acceptable criteria
7 Request Record of as Built Area Nozzle Check Data not located by Japan.
8 Field Measurements of LP 1st Stage Nozzle Area (Throat / Base Dia / Nozzle Height @ both ends) 1st stage nozzle area is within less than 0.5% on both ends.
i On site review of fracture surfaces and wear Review of rotor, blades and casing on site.
2 Characterize Cracking / Chipping on Tip - Fretting Fatigue? Metallurigical Evalaution of blades performed in US and japan included
= 3 Characterize Cracking / Chipping on Tip Wear Surface - Fretting Fatigue? . visual Inspection
g 4 Characterize Hardness throughout tip and wear surface - Material Composition
g 5 Characterize microstructure throughout tip and wear surface -Microscopic evaluation
6 Evaluate Wear on Mid Span Snubber - Hardness evaluation
7  |MHPSTGO Lab Review - Establish blades to be sent . SEMevaluatio.n
EPMA evaluation
8 TGO Evaluation
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Blade Shroud Chipping RCACcONFIDENTIAL

DEF20190001BARTOW LFES- 000157

Assembly

Operation

Influence
Low
u =
Detailed Actions Tracked (2 of 2) Medium
Reviews conducted with RCA Team High
Actions Conclusions
il On Site 4 Point Check of Snubber and Shroud (as found + as left) Gzp Data recorded and anatyzed. Data within tolerance
2 Blue / White Light Scan for sample of replacement blades 3 blades (Light/Medium/heavy) were scanned and compared with nominal model after HVOF.
3 Geometry overlay and review No differences identifled.
4 Biue / White Light Scan for sample of existing installed blades 7 Blades were scanned and compared with nominal model.
5 Geometry overlay and review No differences identified.
6 Confirm amount of rocking on existing blades / and replacement installed blades Small rocking was observed on few existing blades. No rocking ooserved on new blades.
7 Measure HI Gap at Diffuser Hl gap measurad at unit assembly and found to be within toferance.
8 Review wear profile across single tip during early damage Wear profite checked with replica and by sectioning and reviewed under microscope.
-] Measure shroud contact surface {L,W,Depth at 4 points) Contact surface data collected
10 Wear and Chipping Documented with photos and scale Pictures taken forall contact surfacesand d d
11 Record water erosion at leading edge and under the shroud Dsts recorded and minj e ne ercsion obsarved.
12 Stationary blade surface finish review L0 Stationary biade surface finist was checked and no issue is chsz rved.
1 Map Operating Data to LP Loading and Summarize Operation data reviewed
2 Install Pressure Taps / and re-evaluate exhaust flow on return to service | Additional pressure taps are instalied.
3 (Qperational Data Review of exhaust pressure taps on return to service Data received and reviewed.
4 Provide summary of LP Pressure Measurement Location and LP Admission Flow Locations provided to Bartow
5 Start-Up Review for Cold, Warm and Hot Starts. Data not received from Bartow
6 Characterization of operation from Log Book Data not received from Bartow
7 Operation review to determine expected moisture and sensitivity to flow and exhaust pressure changes Asymmetric condenser circulating water flow at both ends
8 Provide details or pictures of April 2015 Blade Inspection Few pictures provided
9 |Provide report of Dynamic Pressure Study from ~2012 for evaluation Summary provided- No vibration response was observed.

Team Meetings focused on methodical execution of actions and
opportunity for questions / discuss of details
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40” Fleet Operating ExperiemeesntAL

« There are 57 rows of 40” LO 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 LO Blade loading amongst the fleet.
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Metallurgical Evaluation of Bladés Operating from
December 2014 to April 2016

Methods of Investigation :

» \Visual Evaluation of Blades

» Material composition

» Microscopic evaluation

* Hardness evaluation

« SEM evaluation (Scanning Electron Microscope)
« EPMA evaluation (Electron probe micro analyzer)
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Blade |nspect|0n Results N B DEF20190001BARTOW LFE6- 000160

| #39 | #40 | #41 | #472

Contact

Surface

Leading
Edge

Chipped
Surface

10
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CONFIDENTIAL - —— - g
#42 outlet #43 outlet #44 outlet #45 outlet

Outlet
side
contact
surface

inlet

side
contact
surface

#43 inlet #44 inlet #45 inlet

Shroud Chipping is starting at same location for all blades

1
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Metallu rg ical Evaluation Of B'IM%'HAL DEF20190001BARTOW LFES- 000162

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.

#43 outlet side #44 inlet side

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

- Plasticity is found in
concave part of local
deformation.

Fretting fatigue identified as crack initiation source.

12
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Metallurgical Evaluation of Blades: ..

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.

#44 inlet side

#43 outlet side

« @: 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 &).

Oxide scale with local deformation observed on black surface

13
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Metallurgical Evaluation of Bladesa.

s Bhmsmme

Bt |

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

~ i 0 Si Cr Mn Fe Ni Cu Nb

.@ p/ - | 2597 | 044 7.67 0.41 61.59 1.84 1.18 0.00
R 0 0.35 1815 | 095 | 7012 | 9.35 0.08 1.00

5 0.33 1586 | 054 | 7365 | 4.91 3.58 1.14

» Oxidation/corrosion was observed on the trailing edge contact surface of the tip shroud.
» Material removal from wear is from abrasion.

Material chemistry matched with blade original material

14
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Metallurgical Evaluation of@Biades - 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.

15
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Damage Mechanism CONFIDENTIAL

images of initial costact conciions @ Partial local contact at the top and tip of blade
S 1 i

@ Fretting fatigue crack generated in local area

Y

® Local deformation is generated along with the crack

Y

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

v

® HCF crack is generated.

Y

® Local wear generated by high surface pressure & excessive sliding.
Oxide scale developed by heat generation (black surface).

Y N

[ @ Worn by wear debris ‘ Partial defect was caused by

fretting fatigue crack which was
generated and propagated in high
surface pressure and sliding area
(black surface).

(@) & (8 progressed at the same time |

16



DECLASSIFIED

S tu b Eval ua tion DEF20190001BARTOW LFE6- 000167
CONFIDENTIAL

Wire EDM cuts on the lines
= marked on the LE and TE
Y Snubbers

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

> Uniform thickness was measured on the areas of contact between the
LE and TE snubbers.

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

17
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Manufacturing and Assembly Data

18
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Shroud Gap Data : C_ONF'DENT'AL

X S AN p B P
O m-_,,\ ! N r
1 ST NN
SmoudGapDatam2014Assembly smoud(;apna:a |n2016ms.Asseml 17_‘.‘ :
1
Row Average Gap = 3.9mm Row Average Gap = 4.2mm \&!’ K

Criteria: Shoud  1.9mm to 5.1mm Average, with no singie blade above 6.0mm.
] Ne dearre!ahon&hpbetweengapsmdsmwdd\ppmg I

[-e-a s "....:"" 1‘ TAGr 93’\“ ‘Ve"E"S AR =§ CAB WO AN RigS Eﬁ“sif\ﬁ’d

Shroud Gap Data in2014Assembly  Shroud Gap Datain 2016 Dis Assembly
= A =
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LH and RH shroud average gaps are nearly same
No clear relationship between gap and shroud chipping
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Stub Gap Data CONFIDENTIAL

2014 Blade LH (Gov. End) Stub Gap Data AT !
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- i ) “ Ry Al Ve | ("J\/J
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ShroudGap Data in2014Assembly Shroud Gap Data in 2016 Dis-Assemh | - i N y
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Criteria: Stub 0.5mm 10 3.9mm Average, with no single blade above 4.8mm 4 gl | Ia
[No cbarfela‘bonshmbeﬁweengapsandshm:ddmpmg] ‘ N\ fe | l v
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o Ehmud Gap Data in2014 Avsembly  Shroud Gap Data In 2016 Dis-Assembiy
Row Average Gap = 1.9mm A = 1.9mm
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LH and RH stub average gaps are nearly same.
No clear relationship between gap and shroud chipping.
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Box Gauge with 40” LO Blade
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Box Gauge Measurement Results - 2014 blades ssrmmesronises ooz
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Blade manufacturing data show variation within criteria
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Telemetry Test Data Analysis

01BARTOW LFE6- 000173
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Telemetry Test Results

Strain Gage Locations Test Results

« Six strain gage were installedonLH | 1T 0 Gl = e L Lefpeliise S
_ frequencies close to 200Hz region and composed of
and RH blades. o i = )
A axial mode shape with higher nodal diameter.
» Fretting at stubs was evaluated with the telemeter test
results.

» Strain gage locations were selected
» High Response sensitivity for
vibration modes.
» MHPS Experience

Nodal Dismeters

Telemetry Testing 2014 -
To understand dynamic blade response during operation

24
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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.

FEM analysis Vibratory stress evaiuated Fretting fatigue limit
Vibrational stress conversion magnification with the telemeter test o FONN
Shroud contact conditions a
v measured

!

Vibration stress on stub for
I8 o fretting fatigue
Op

v
Safety factor

= Oapowable /0D




Telemetry Test Results — Shrouddretting
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Cond Pressure [mmHg]

2SR IL YT 4T BB FEH(Q—T1TEY)

- Shroud fretting fatigue avaluation (With coﬂlg )

RH#31M

600

620

640 —

I ] ]
©Zone~A

Zone-B

2 Zone-C
Zone-D
Zone-E

Zone—F
©SF MIN

660

680 |

720

740

760

- —
=

75 80 85 9 85 100 105 110 115 120 125 130 135 140

LP Inlet Pressure [Psig]
(Existing IP exit uncalibrated Pressure)

acceptable margins outside avoidance zone
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Telemetry Test Data - Shrou&mtﬂng DEF20190001BARTOW LFES- 000177

ARy T T EFFE QT4 RY)
T — Shrou l
oZone—A l !
630 | Zone-B i
©Zone=C z
640 — Zone—D .
Zone—E
650 — Zone—F
B ©SF MIN | Lt
E 660 11— Z
; I
@ 670
& e e -r:-.rm-::h*m.
° 1
c 630 - T
8 3 - m— 1
690
700 i : i
!
710 i
i
| |
720 Ve —de b o AL ik
115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140
LP Inlet Pressure [Psig]
{Existing IP exit uncalibrated Pressure)

F ons for shroud with coating show
acceptable margins outside avoidance zone
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Operation Data Analysis
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Operation Data Review conripential
Around 170 hours

LP Inlet Pressure Vs. Condenser Vacuum of operation in
A . I :  Avoidance Zone
T ‘ @ Telemetry Test Foints ’ ‘r

| @ Operption Data fost Telemetry Test

Condenser Vacuum [inHg]

110 112 114 116 118 120 122 124 126 128
LP Inlet Pressure [psig]

e e

s of operatin i avoidanc zone ith L ponse
frequency ~200Hz = 1.2E8 Cycles
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Blade Shroud Cause and EffectRiagram

High average
contact surface
stress

High local
contact surface
stress

Frrs

Operation in
Avoidance Zone
high vibration
stress at shroud

ik

DEF20190001BARTOW LFE6- 000182

Shroud contact area is small

Blade twist forceis large

These values are within design
specification

— High force by high load

High static stress may be
generated by high load

— Tilt of shroud

Shroud face orientation within
manufacturing tolerance

Shroud edge shape

Random vibration

Deformation of blade after
operation

} Resonance vibration

Latching impact
on shroud

— Flutter vibration

Vibration stress (wear) increases
fretting damage. Partial contact
reduces damping at higher ND.

Vibratory impact between

adjacent unlatched stubs

Test data shows full latching
before heat soak.

High stress due to eroded

Contact surface
— stress of shroud
is high
Fretting and
high cycle
fatigue of -
shroud | Large rubbing
on shroud
influence
Low Severe
Medium Environment
High

rough surface

No sever erosion on shroud
tipping portion

Corrosion fatigue crack

initiation on shroud surface

No sign of corrosion on shroud
surface

Asymmetric Circ water flow

| | Rot. & Stat. Blade axial
spacing difference

resuiting different condenser
vacuum at two LP turbine ends

Difference observed in Circ
water flow at two ends

Telemetry test resufts show small
response at Nozzle Passing Freq.
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RCA Conclusion CONFIDENTIAL

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.
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M

Bartow Steam Turbine

Pre Startup Review
June 3 2016

B — = = St e —
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CONFIDENTIAL

Agenda }r—-
» Goal of the Meeting

» Rotor Cold Setting

« Shroud and Stub Gaps

Operation Data Review

Updated Turbine Operation Guidelines

Unit Operation Recommendations

Future Steps

© 2016 MITSUBISH!I HITACHI POWER SYSTEMS AMERICAS, INC. Afl Rights Reserved. 2 .
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CONFIDENTIAL

Goal of the Meeting )——

» Based on initial review of the available data, provide
guidelines for unit operation before startup.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 3
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CONFIDENTIAL

Rotor Cold Setting

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 4
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CONFIDENTIAL

Differential Expansion — why HiP Rotor Growth is not greater than stationary component

. S e =
U\H)‘ i | (L B —“::; ) II ‘ i ) - 4[‘6)“!
™ % .
PE S 9
o o N S
i1 Fowwe T A
g o g et tmm K \{/‘\ a \: e “yann
3, o ‘i = R
Coe=man] A Y R ehort B et
3 kS - I /\ Rotor short bias {4~ é
o= = o~ \\/ .-\ --at-center-of LP- - s
- ) 0 T IRA T e i %
vama "." | ___cym
RNl Y
Ry - - bl o
— D L [ 1B S s A ¢
-
o ' . Gland 2 - el 12Cr Rotor Gland
(-&)“ B o T T o T - I A Steam 7 /) Effect Steam
-, Coolingon ~ Cooling on
e e e e = oo - - # ‘theRotor A Even though ata the Rotor
ks & higher temperature
) the rotor grows less
L] R ) k] xN
LA ; } in this section
i 1
\ ==

(e TEGE]

1 Wiad, ¢/5OOLAL. tANaTIR. Ky s sRat.
FHEREING DRKATED VI MEDMASTSL 0L M e,
3 | THC DTHER BRONSIDS WE SOV ‘e
A2,

12 Cr Rotor in HP/IP section results in the center LP steady state DE biased towards rotor-short

© 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.
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CONFIDENTIAL

Differential Expansion — Basis for Zero Offset

MHPS Design System includes establishing a clearance
offset for the LP. Seal Position for L-0 Blades

Operating data shows +2mm Rotor Long to Design
Operating DE at Gen End (RH) L-0 = +0.8mm Rotor Long

Operating DE at Gen End (RH) L-0 = -0.4mm Rotor Short

S

Note : As distance between nozzle and blade changes ‘
there is no change in angle of incidence

e /_T s S S
S VI =4 Yo

For Bartow the optlmum offset from end to end on the LP was <0.5mm and set to zero.

©2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC AII Rights Reserved 6
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s

CONFIDENTIAL

Shroud & Stub Gap

———— S — s ———— = —— =

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 7
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2014 Blade LH (Gov. End) Shroud Gap Data

CONFIDENTIAL

DEF20190001BARTOW LFE6- 000191

!
i

25T

@ Shroud Chipped _  © %o - ? 2 4

550 oy 3
- 3 7
sar%—:'-:s\.%,; )

450 |

'
{
E.

3 3

Shroud Gap Data in 2014 Assembly

Row Average Gap = 3.9mm

Criteria: Shroud

Shroud Gap Data in 2016 Dis-Assembly

Row Average Gap = 4.2mm

1.9mm to 5.1mm Average, with no single blade above 6.0mm.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. Ali Rights Reserved.

No clear relationship between gaps and shroud chipping
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CONFIDENTIAL

2014 Blade RH (Gen. End) Shroud Gap Data

| @Shroud Chipped , & Sy .2 3 ,
61 - T S

Shroud Gap Data in 2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 3.9mm Row Average Gap = 4.0mm

Criteria; Shroud 1.9mm to 5.1mm Average, with no single blade above 6.0mm.

No clear relationship between gaps and shroud chipping

== = = Sl S e e = =————e——— e —— e T T —— e —

® 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.



DECLASSIFIRL

2014 Blade LH (Gov. End) Stub Gap Data

DEF20190001BARTOW LFE6- 000193

CONFIDENTIAL

s &
hgﬁ"’"’gﬂ
w

o o
PEES L DL Lol ST
Smp

L
A

o
o L
[
S

-
-
B @

A
-
Y

~
B SO
~ e - - A =
< -t
~

i
Sal
bodol

36 35 34 TEIS T
33

Shroud Gap Data in 2014 Assembly

Shroud Gap Data in 2016 Dis-Assembly

Row Average Gap = 1.9mm Row Average Gap = 1.9mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.

No clear relatlonshlp between gaps and shroud chlppmg

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC All nghts Reserved
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2014 Blade RH (Gen End) Stub Gap Data A

® Shroud Chipped & ﬁ{_ﬁ__fﬂl =
,,,’ N ,,350

Shroud Gap Data in 2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 1.9mm Row Average Gap = 1.9mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.

No clear relationship between gaps and shroud chipping

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved
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~ 2016 Blade LH & RH Shroud Gap Data

64 2 3

8, 6 =y

35

R
=
-

19

~a
~ g
o

bl
~

64
62 8 Boo; - 3

- - ; 5

Wl ' T’
40 F“-_T‘.;’._‘j* i ,,‘a‘,'i.-"'s‘ 26

FT A A s s 27
R R A S O »
AR .
% 3 5, o on ¥
33

Shroud Gap Data in 2016 Assembly

LH - Gov. End
Row Average Gap = 3.1 mm

Shroud Gap Data in 2016 Assembly

RH - Gen. End
Row Average Gap = 3.1 mm

Criteria: Shroud 1.9mm to 5.1mm Average, with no single blade above 6.0mm.

Shroud gaps are with in criteria at both Governor and Generator ends.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Rese

rved.
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CONFIDENTIAL

2016 Blade LH & RH Stub Gap Data

/
“

i
b
\
SA
It l‘*
A

e

4

e

DEF20120001BARTOW LFEG- 000196

Stub Gap Data in 2016 Assembly
LH — Gov. End

Stub Gap Data in 2016 Assembly

RH - Gen. End
Row Average Gap = 1.7 mm

Row Average Gap = 2.0 mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.

Stub gaps are with in criteria at both Governor and Generator ends.

O e T e e e e e e s SSa e
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' 1B
Turbine Operation Guidelines k'{_ | '-

CONFIDENTIAL

Operation Guidelines Provided in March 2015

Bartow Steam Turbine Operational Limits

«  HP Admission Pressure ; 2240 psig
- 1P Admission Pressure : 569 psig

= LPAdmission : Max 126 psig for
exhaust pressure up to 4.5 InHg

LP Admission : Max 131 pslig for

exhaust pressure < 3 inHg

{Customer 10 confirm BOP capabiiity
for 131 psig LP Inlet System.)

Vacuum [inHg]

+  Exhaust Pressure Alam: 4.2 in.Hg
»  Max Gen Output : 450MW

Above Alarm Zone:
Short term operation is permitied betwesn 4.5

380 400 420 440 | 480 inHg and 4.8inHg with LP infet pressure fimit
of 131 psig during peak power seasons in
Output power [Mw] summer.

w
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o
QN
L
O
-
©
=
=
ge]
(&}
ot
&=
o]
w
©
_
Q.
()]
5S)
w
e
o
)]
(®)]
©
=

1,.2&: ”r,@g 17.000 ByheR2

frMmsusismnmac  x  EEESEESGGGES S
. POWER SYSTEMS
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CONFIDENTIAL

Operational Data Review

=
LP Inlet Pressure Vs. Condenser Vacuum
55 = - ; e e S — . B W
@ Telémetry Test Points 3 ] _
@ Opdraion s Post ey Tey | et 0 - ‘ | ! |
. | |
. .
|
— |
¥
&
E
| -1 1
3
>
g LA
=
< !
i
140 150
LP Inlet Pressure [psig]

Note: LP inlet pressure is monitored using IP exhaust pressure transducer.

e e e e e Tl T T T e

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 15
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Operational Data Review

|
|
‘ 5.5 oz - R e o AL
| [ @ Telemetry Test Points i ! { N B R o
5 @ Operstion Data Fost Telemetry Test | i ' s
| 5 f N [N it 88 & E
! R
45 e e ®Rr e
= ¢ 2 nu;» #m
£ 4 i
=
B . b EEe i e
235 et S i%#-ﬂ-&-
E 1 H i .
= 3 ' - JL
g 1“
_§ 4
' o .
5 25 T
2 == ...IF 4 ;.% k 1'
: | ; ; - T T I
{ i 1 i
Bartow Steam Turbios Operational Limits S SRR IR SN SN N ]4_-______._. . S ENRBEFHTE
[ | i i B LR g- e
gmwoepie | 4 1 Lo lmsemsbensen |
AP ASEIGION | MK 128 PEID 3t
o e 118 120 122 124 126 128 130 132 134 136 138
" 1P Agwniesion : Max 121 peig dov
I LP inlet Pressure [psig]
S TH1 podg LIP Bbint Sytonns
+ Estumst Frvnem Ao 4 2 mbg
=+ N Gan Output - S50V

Aluren Jutw: e n . . °
Twom o e  mmsemSmemee’ | Around 170 hours of operation in Avoidance Zone with a resonance
owtrorion
= of ~200Hz can accumulate significant fatigue cycles

e = —— _— —_—— e e c— e b B E—————
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Operation Data Review

Reference information only. HP Admission Pressure > 2240psia & Temp > 1027.5F
No recommendations identified at 00 7o s | : e 1050
. g ; | * HP ADM P5I I
this time. 350 1 » o ‘ | Seantas | 108
} - | | | l 16
2380 | - ! i :
= i | | 1,044
i 3'za.ao i ' 1002
i 320 E' e
s — S I - 1,038
HP Admission Pressure > 2240psia 1036
2800 - ) . - . I T - '. .'. 3¢ . 1034
i i ® HP ADM PSI 1 ?'
2380 4o - 1,032
i 3 1030
2360 - -
E 1028
8
=3
g
g

::';-'»-‘0:'- 1

HPAdmisston Prassure [psig]
~ ~ p P
g 8 E £
L ]
k " e » H
5/26/150:00 5 - : .
s sttanaiiit
P_s et o ‘AR
N A Sl
|
»
9/3/15 D00 “ iy : k. a 5
| i
e -
! t
'
'
{
i
!
7/15/15 0:00
3
®  9/3/15000
10/23/15 0:00
12/12/150:00
3/21/16 0:00
5/10/16 0:00 ~ -

|
| 220

7/15/15 0:00
10/23/150:00
12/12/150:00

1/31/16 0:00 -

3/21/16 0:00

5/10/16 0:00

11/7/14 6:00
12/27/14 000 |
2/15/150:00
4/6/150.00

i

HP Admission conditions higher than allowable limit.

B e e e e s e,

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 17
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Operation Data Review
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CONFIDENTIAL

41/160:00
3/1/160:00
2416000
1/1/16000

12/1/15 0:00

1/1/150:00

10/1/15 0:00

i 9/1/150:00

8/1/150:00

7/1/150:00
6/1/150:00

5/4/15000

; 4115000

. 3/1/15000

; 2/3/15000

1/1/15000

s -

Cond1-GovEnd en Ei

Cir Water: (Outlet - Inlet) Temperature . -

#DELTA CW COND 1 (QUTLET-INLET) % DELTA CW COND 2 {OUTLETNLET)

Operation of each CWP

CLE
e

SWmE2,4880C AP IID.ERF

" Cond 2-Gen End | GEN END GOV END

Heat is removed asymmetrically between the Gen and Gov End

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 18
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i LP Inlet Pressure Vs. Condenser Vacuum

- . , . . .
@ Telemetry Test ioints | | ‘
@ Opergtion Data Post Telemétry Test
- ok |

Condenser Vacuum [inHg}]

iR As S

|

:

} n B0iem nl
1

|

15 ...__,_1_ ‘| B _ b E £ . - !
| . ST ]
{ I L J___ _J ] _____.,I_._ E B EBESR
110 112 114 116 118 120 122 124 " 126 128 130 ' 132 134 136 138
125 psng‘ 131 psig
LP Inlet Pressure [psig]

During Telemetry Test with a LP inlet pressure of 125 psig, an output of 420MW was achieved.

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP
___ Inlet pressure transducer will be used for turbine control, above limits will change
based on pressure drop between existing IP exit pressure and new LP inlet pressure.

=
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CONFIDENTIAL

E=

Unit Operation Recommendations )*‘/r-

* New LP Inlet pressure limits should be set after measuring pressure drop
across the existing pressure gage (IP exit) and new pressure gage (at LP
turbine inlet). Old LP turbine inlet allowable pressure limits were based on
existing pressure gage located at IP exit.

« All circulating water pumps should be operating at all times to ensure similar
vacuum level at both Gen End and Gov End.

« Condenser exhaust pressure should be the highest reading observed in any of
the 6 pressure transducers (4 close to turbine exhaust and 2 down in
condenser).

= After unit startup, please provide turbine operation data for 2 weeks.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 20
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Future Steps /l’/""

« The RCA team is working to understand the root cause of shroud chipping. RCA
Team consists of members from Mitsubishi (USA & Japan) and Duke Energy.

« First RCA working meeting occurred on May 26" 2016 consisting of members
from Duke Energy and Mitsubishi to review RCA actions items.

« Next meeting is planned for June 215t 2016 with target to finish RCA by
beginning of July 2016.

« Multiple RCA activities such as blade metallurgical evaluation, telemetry test
data review, blade quality data review, turbine operation data review,
manufacturing and assembly data review etc. are in process to support RCA
actions.

© 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 21
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1.4) Operating Time 4 : Jun 2016 ¢oNBot2046

PaFIRILYTAL T EFHE (A—FTHY) [ s |
6205 o R e = ——y
LZone=A ' iN zone wi correction | \ | |
e Zore~B ! 33hr (10min data) | = | :
00 b - Zone~ e —- v——T— : — iy
- Zone—C e _ [ |
6401 ZomeD aeca? — : —’ 4 A2
Zone~E i : H ¥ L i i | ke
65Q2 aZonmaE—:u_ - 3 i : : ' %
S OSF MIN t e i CPeviod Wrundata 4
£ comsi g | T T mweedtams
@ I !
14 [ , ) - = 3 d | i
% 67010 | R A H—— —1-—"‘——*———?-- e . S e e [
E Gage 1N L. (i | - ' [
8 1] : = —F-- ——— - ' | L]
690 +——1 1 — -
)] i
200% ; ! 2 N | |
| ' ! ! i | i
| | . . ] i . =-
T‘w - T_ - — - e - — -t - ' . -— . . ' .
. 1
L labgedetdad 8 balsds b I il ol L

115 116 $17 118 119 120 121 122 127 124 126 126 57 128 129 130 131 137 133 134 135 135 137 138 139 140

LP Inlet Pressure [Psigl
(= usting |P el yncaibrated Prassure )

inspection Restilts :

Gen End Type 3+ 4 Months 1 Liberation 3 Shroud Liberations  Replace Row
HVOF++ _ .

Gov End Type 3+ 4 Months No significant damage 1 Shroud Liberation Replace Row
HVOF++

6 Rev1
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Purpose of Presentation CONFIDENTIAL

Provide responses to open items / questions during the Nov 9t
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 9t .

3) Provide parallelism data not presented in Nov 9th,

4) Provide responses to prior questions from Harry Carbone.
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Cond Prassure [mmg]

Operating Time 1 : Jan 2009 doNFebn2012

SaSHRIL J'r-f/’}'ﬁ%‘ﬁﬂﬁ (:l—"rar.zﬁ'?-'f )
oo _Shroud frettine

DEF20190001BARTOW LFE&- 000208

AHA31IM
18500 then

1500
6280 T T}
oZone=A
6380 [— Zone~B—
‘Zone—C

8480 | —— - Zone D

Zone~E
6580 |-~ Zone=F .
®SF MIN

N Zone
2,358 hr
| {10 min, data)

[T

3

a1

| . Period I run data jan
Tl 09-feb12

—
-

31

5

2

71&1[

T

260
115 116 117 118 118 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 |40

Inspection Results :

ll-.ex@x_n.:ertsm [ﬂma« | Sanies

Gen End

Gov End

L

Type 1 3yrs

Type 1 3yrs

LP Inlet Pressure [Psig]
{L:xisting P exi! uncalibrated Prassure)

\\ﬂi.l ajnr]m v:'ﬂ_‘ I‘_*j’m; l ”'éjhlﬂo)ls:ggl
L] - - 5 i

No significant damage  No significant
damage

5 Major Chip 3 minor chips

-'f')‘h;_g.xi);:ﬁ e

Continue operation until 2014 planned
replacement

Replace blades as continues midspan chipping
could resuits in a free standing blade
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Cond Pressure [mmHg]

Operating Time 2 : Apr 2012 to Ney 2014

DEF20190001BARTOW LFE6- 000209

L aT IR I YT T EEREA (2T FH/Y)
1 RHE31M
. e T : . T
62057 W l
oZone-A : TN zZone ! l P ;
630% -~ Zone~B--- : - 7 . -
‘Zone~C ]_
640w 1 -Zone~=D Q.
Zone~E **
650 — Zono—F .
©SF MIN 2 : e
660 2
5 i i « Period il run data H
670~ | — i 7 apriznovia g
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| ] i i i j Sk !
680w i L —IL- -L-av ! II It
- 2 ]
690= o | :
s : i n
70002 * +
i i H
i Lo |
: ! ! | [ 21
7100 —4 . : —
’ i t i
; i . i l

20= = o 1
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Inspection Results :

Gen End

Gov End

Type 1

Type 1

5yrs

2yrs

LP Inlet Pressure [Psig)
(Existing (P exit uncailibrated Pressure)

No significant damage

No significant damage

1l 1 S (el £ |
o Lof ) -_" - g

12 minor chips

3 minor chips

Scheduled change out to blades with midspan
HVOF

Scheduled change out to blades with midspan
HVOF

— —— — oo =



DECLASSIFIED

DEF20190001BARTOW LFE6- 000210

1.3) Operating Time 3 : Dec 2014donvApen20:16
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£ 660 Period lii run data
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-4 670~ 1
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s 6800 il B 51
o
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" e 2
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N ! i 1 |
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72090
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k . LP et Pressura [Paig)
Inspection Results : {Existing IP exit uncalibrated Pressure)

o W et F SERITS [wwaﬂﬂ SR S

-n\..'

Gen End Type 3+ 15Months No significant damage 7 minor chips Fit for continued operatlon Shroud contact on
HVOF all blades.

Gov End Type 3+ 15Months No significant damage 33 chips including Replace row as free shroud contact has bee
HVOF significant damage lost on 1 blade.
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1.4) Operating Time 4 : Jun 2016 ¢oNDot 2046
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LP Inlet Pressure [Psig]

InsPeCtlon Results : {Existing 1P axit uncaiibrated Prassure)

[ Lacation l Blades i BEVioe ﬁ Nt Span Snlbyer [ Shroud [ Disposition. ¢
Gen End Type 3+ 4 Months No significant damage 7 minor chips Fit for continued operation. Shroud contact on alf
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Conclusions of LP Blade Loading Review

+ Telemetry test resuits 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.
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2 - Hardness Variation — Presented .

figp b
N 1;/
313 __

11 | 323 | 318
Average

» From hardness
observation no significant
decrease was observed
where the crack initiated.

» Adecrease in hardness
was observed on the
contact surface.
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2- Hardness Variation basentetaiyinterface and Stellite Coating

Basemetal

1 2 interface| Stellite |/

337 343 334 451
333 308 405

344 301 382

» No significant hardness variation
was observed within the base
metal as a result of stellite
welding.
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‘Shrouds with Damags

3.1) Measurement Results RH.(Gen End) 2014 bladgg ™" ===
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3.2) Measurement Results LH (Gov.
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Duke Questions (From 10/26/16 Meetimg)nTiaL

1. Current draft of time line of blade outages

2. Updated Vibration change dates To understand the

Operating data from the operating from June 2016 to October 2016 has been requesled on multiple occasions since the change in vibration was brought to the atiention of
MHPSA in August 2016.

To undersiand the operation of the unit, this information is required to provide an objective data driven assessmenti of the operation.

3. The mw correction factors issue
Contflicting information is being given. It is no longer clear whether during the telemetry test there was an offset MW. The operating data requested is required to understand

the relationship between steam conditions and load.

4. New LP inlet pressure gage 3.7 psi zero offset error

Following the finding that the IP Exhaust Pressure Tap had not been calibrated with its water leg, the same issue has now occurred on the new L.P Admission.

There is currently a lack of clarity on the calibration of the pressure taps which is critical to understanding the steam loading seen by the blades which can hopefully be
addressed by review of the latest operating data.

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

6. Duke requested strain gage data

Resuits of the telemelry 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 openty
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 within a frequency range. The magnitude of blade response is integrated 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.

iz Confirm material is 17-4

Similar too material designations are provided for reference only and do not support reverse engineering of the blade design which is subject to multi-year development
programs and continuous improvement by the MHPS-Japan development team.

Hardness was reviewed in detail during the face to face RCA meelings.

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

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

MHPS developed materials is proprietary.

12
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Summary of Blade Types
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Brazed In Stellite . Welded Stellite Palish off shot Spray Stellite .3mm | Spray Stellite .3mm | Chamfer 1x0.5mm
R ) ) Spray Stellite underZ N : Corner cut on Z notch
Base material Leading edge erosion . UnderZ notch peening after on snitbber contact | onZ notch contact & 2mmradius on
N notch Leading edge ) " ~3mmx 3mm
strip Leading edge welding faces faces snubber
Type 1 Yes Not Applicable No nfa Na No No No
Frpe2 Note : Type 2is a welded field modifcation provided as a temporary measure while awaiting replacemetn blades. No Type 2 Blades are operating in the fleet.
Type 3 Yes | NotApplicable | Yes ] No ! No | No ] No Yes
HowerTyped Note : No blade type - "Newer Type 3"
Installed 2014 Proprietary Sim to 17-4 PH ]
(Typ3-+ HVOF]} Proprietary HT Yes Not Applicable Yes No Yes Yes Yes Yes
talled 2016 spri
fstzlle Spring Yes Not Applicable Yes No Yes Yes Yes Yes
{Typ3 + HVOF)
P d
mp’ose now Yes Not Applicable No nfa No No Yes Yes
Fall “16{ Typ1)

13
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Bartow RCA Report Out

Wednesday, November (S, 2016
9:07 AM

Attendees: Chris Holland, Jake English, Harry Carbone, David Warren, Carey Frost, Al Seitz
MHPSA: Nick Porteous, Todd Baker , Jim Mazurek

¢ Todd statement that this going to be confined to the RCA results from May 2016 L-0 Failure
* Focus on the root cause of shroud chipping / Type 3 Blades with mid-span snubber chamfer and HVOF coating and verified by telemetry test
¢ Discussed the RCA process
¢ Fleet Operating Experience
o 57 rows globally (22 double flow)
o 31 rows of Type 3 (14 double flow) Harry wants to know the LP iniet pressure for all 14 of these units
o Oldest Type 3 in operation since 2008
o Bartow has highest blade ioading in fleet
* No erosion Issues at Bartow (Type 3 is additional stellite for water erosion resistance)
¢ Duke would like a table that shows the differences between the types of L-0 Blades and the ones that were installed in Bartow (CHEAT SHEET)
o Were changes improvements on past design, or were they for different applications? (Jake) ; Answer: Type 3 was specifically for erosion.
o NEW UNITS (i.e. Citrus) would get a newer design L0 blade. Not available as a retrofit.
o Confirm if the Turbine End installed in 2012 was Type 1 or Type 3.

Material Evaluation

« Talked about Metallurgical Evaluations both Domestic and in Japan.

¢ Blade Inspection results. How did chipping progress from #39 to #41
o Chipping has been seen before but it has been isolated DEC LAS S I FI ED
o Progression of chipping. Multiple events occurred.
o Shroud chipping starting at same location for all blades
o Fretting fatigue identified as crack initiation sourced
o Oxidation/Carrosion observed on trailing edge contact surface of tip shroud

¢ Also checked hardness
o Hardness measurements taken at shroud contact surfaces, fracture surface, base material and below the shroud on 8 blades
o Hardness close to original
o Duke wants to see the hardness data on these tests.

e Damage Mechanism
o Fretting fatigue identified as crack initiation source

Manufacturing and Assembly Data
¢ Shroud gap data. Relationship between what shrouds were damaged.... NO CLEAR RELATIONSHIP

* Box Gauge Measurement - variation within criteria
¢ Duke would like MHPSA to address if there is any correlation between face parailelism
¢ Presentation Graphs seem to indicate differently than MHPSA concluded

Telemetry Test Results
* Purpose of Telemetry Testing: Needed because 2014 blades were going beyond original design spec and needed to understand dynamic blade response during

operation.
* Results: high nodal diameter, exciting many modes at same time. Very low response less than 0.5 ksi abserved at Nozzle Passing Frequency
* Harry wants a better explanation of why the TE doesn't have more stress than GE at nozzle passing based on the damage
o Nick doesn't have the answer on this question yet.
* Shroud Fretting chart - not a clear story. Levels of excitation occur and drop down again.
¢ Avoidance zane criteria wasn't given as MW but as pressure. Presented to Duke in March 2015

Operational Data Analysis

¢ Not enough data to draw conclusion around CW flow

¢ Had to leave to talk Lauderdale with Gary

¢ Data showed 170 hours in Avoidance Zone

¢ Harry mentioned that we have an initial limit of 128. Walked back to 126 in March 2015 after further evaluation.

* Harry wants us to consider the 1st period of operation (2009 - 2012). MOST of the operation then was in the avoidance zone (although it had not been established
at that time. Why did those blades run so long with minimal issues?

* Unit ran frequently above 440MW with original biades. Duke found an error in the head correction pressure gauge that contributed to additional 4% flow so the
unit may have output as much as 473MW for a period of time.

Questions from Duke

* Dave Warren - This exclusion zone was only established for Bartow because it was the only unit to overfoad the LPs.
* Dave Brown - Agrees that time was spent in the exclusion zone but a minute amount of time. Seems that there has to be something else besides exceeding one.
parameter out of 7 by 0.1%.
o Nick - Avoidance zone was designed to keep Bartow out of the sensitive area.
= 15 continuous hours in the avoidance zone is different than traversing through it due to weather changes, transients.

Customer Meeting Notes Page 1
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« Jake - Is it possible that this failure could have happened outside the avoidance zone?

« Jake - was there any margin put onto MHPSA’s avoidance zone?

« Duke claims that they were unable to attain 450MW operations except during telemetry testing. ST engineering made at least one trip to Bartow to discuss with
Operations team and help to achieve the desired output.

New L-0 Failure
» Duke believes the first blade tip was lost at 700 hours of operation

o More time we spend on blades, the less time before failure, less time in avoidance zone

« Harry is questioning the design. "Time in the zone" can't be the reason for this. Everytime a change gets made, we run less hours with more damage”

« Harry asking if the (theoretical) Avoidance zone would be the same for the original type 1 blades. Telemetry and avoidance zone only done on medified Type 3.

+ Damage not a function of time, but a function of being at wrong place at wrong time

« Duke is asking that MHPSA provide one of the broken blades so Duke may conduct metallurgical analysis. Looking for one with missing z-lock material and
potentially the blade in front and behind if possible

» Harry says there is a lot of chipping/fretting on the mid-spans

o Dave Brown - They were never able to replicate 4S0MW after telemetry testing. Avoidance zone is right where the unit typically operates.

MHPSA still waiting on the complete data set requested on 10/21/16 to be provided.

Future
o Jake English - Duke needs to figure out what they really need in terms of output
« 2019 MAJORS for entire powerblock - need to have an idea of upgrade solutions (blading, section replacement, etc.)
» PSC expecting a certain return based on capital expenditure; needs to be paid back by Duke Shareholders if the unit can't deliver
« Duke to provide MHPSA with the operational details that they must achieve to meet their operating PPA. MHPSA would use this info as a reference to
help determine if the latest operational guidelines/avoidance chart s accepta ble.
« What does MHPSA need from Duke to design a LP section? Provide information back to Duke (David Warren)
» Duke wants to see all the presentations for prior failures. | think these were for the most part sent already with the exception of today's presentation.

Customer Meeting Notes Page 2
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Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and together over
the past 12 months to determine what has caused the Bartow Unit 4S L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016) was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the avoidance zone is certainly a contributing factor to
the shroud chipping experienced in Period 3, it is not the only contributing factor that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 45 event, or any of the
previous/subsequent events for that matter.

After months of study, Duke Engineering believes the following to be the most significant contributing
factors toward root cause of the history of Bartow Unit 45 L-0 events.

e Low Pressure (LP) Turbine Back-End Loading (>15,000 Ib./hr./ft.?}
s Blending Operations

e Hood Spray Operations

¢  Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
e Configuration (e.g. Hard-Facing on Z-Notches)

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.

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. The ST LP admission system was
modified by MHPS with the intent for 4x1 CC operations to yield a 450MW gross output rating.

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-Notch 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 resuited 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.
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Root Cause Contributing Facters
LP Turbine Back-End Loading (>15,000 Ib./hr./ft.3)

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 was extremely 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 4S was an outlier relative to the MHPS 40" L-0 fleet with several
operating hours above the design limit of 15,000 1b./hr./ft.2 (the MHPS 40” L-0 fleet average was closer
to 12,000 Ib./hr./ft.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” 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the
“avoidance zone” of 1 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 thase periods of operation.

With the L-0s 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.

Blending Operations
(insert text)

Hood Spray Operations

(insert text)

Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches

(insert text}

Configuration (Hard-Facing on the Z-Notches)

(insert text)

DEF20190001BARTOW LFE6- 000222



CONFIDENTIAL

DECLASSIFIED

Duke Engineering’s belleves that MHPS’s conclusions represent contributing factors in the failures;
therefore, Duke is not in concurrence with the recommended RCA conclusion. MHPS and Duke have
been working together, and continue to work together, to collect data and evidence to determine the
drivers behind these L-O blade failures. Data suggests that there are several contributing factors, none
of which have been guantified conclusively to determine the root cause to any particular failure event.

There are five periods of interest:

Period 1: Concluded in 2012 with approximatly 34 months of operation with Type 1 L-0’s in service.

Five turbine end (TE) L-O blades were found to have broken snubbers, the L-O blades were
replaced.

During this period the blades operated in {(what MHPS would define during the transition from
Period 2 into Period 3 as) the avoidance zone for 2,466 hours with no operating restrictions
placed on the ST.

No RCA was conducted as Duke worked with MHPS and was wilfing to have MHPS provide and
eventually install what was thought to be the solution to the issue with new design blades
(installed in Fall 2014).

Period 2: Concluded in 2014 with approximatly 28 months of operation with Type 1 L-0’s in service. This
was a planned outage to replace the L-0 blades with an Enhanced/More Robust Blade (Type 3
vi).

The IP Exhaust Pressure operated at a limit of 118 psig during period 2.

Blade telemetry instrumentation was also installed during the Period 2 outage to measure blade
stresses and determine the limits of the avoidance zone in operation (performed by crossing the
avoidance zone in operation and measuring blade stresses).

No RCA was required.

Period 3: Concluded in the spring of 2016 with approximately 17 months of operation with Type 3 (v1)
L-0’s inservice. This was a forced outage as a resuit of several biades with broken Z-lock
interfaces on both generator end (GE) and turbine end (TE} L-0’s.

After commissioning the blades operated in the avoidance zone for ~20 hrs to further refine the
avoidance zone. Operations restricted output by limiting IP Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoidance zone (no operating limitations placed around these areas by MHPS).

MHPS Engineering added stellite hard facing to the Z-lock contact faces to the newly installed
blades as a measure to prevent wear and breakage.

The RCA is currently inconclusive from data and findings, but several contributing factors have
been determined.

Note: At the onset of Period 3, per MHPS Engineering, short term operation — i.e. 10-20 minutes
per occurance — within the avoidance zone was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for example, peak power seasons
in summer. Over the course of time and subsequent -0 events, MHPS Engineering amended and
restated their technical disposition to express that operation within the avoidance zone should
be prohibited altogether.

DEF20190001BARTOW LFE6- 000223

Commented [JRS1]: | think we should add because we
worked with MHPS to design and install what was thought
to be the solution to the issue with new design blades
installed in fall 2014.
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Period 4: Concluded in the fall of 2016 with approximatly 5 months of operation with Type 3 (v2) L-0's
inservice. This was an forced outage as a result of several L-0 blades with broken Z-lock
interfaces and missing airfoll material. Inspection of the Z-lock area showed less than desirable
contact on the Z-lock surface (~10% contact vs ~60% contact). The Z-lock surface needs to
properly contact to obtain the desired dampening effect during operation.

During this period the blades operated in the avoidance zone for 1.15 hours with additional
operating limitations of 119 psig in IP exhaust pressure.

Several L-0 blades from Period 1, 3, and 4 were measured to compare geometry. Scans show
wide range of geometry from manufacturing; it is unknown if these deviations are within design
expectancy or not (MHPS has requested blades for scanning to compare — in process).

MHPS is evaluating if the additional stellite coating on the Z lock promoted a loss of dampening.
Since this failure mode was significantly different than any in the past or since this periad, i.e.
complete loss of a Z-lock tip and air foil section, and the crack started at the biades high point
for stress the design may have been compromised because of hard facing on all mating surfaces.
The RCA is currently inconclusive, the application of the HVOF coating on the Z-lock surface
appear to be one of the leading factors in the failure. The replacement blades going into Period
S reverted back to the Type 1 design.

The Station also installed DCS logic to trigger alarms before operation occurs in the Avoidance
zane.

Period 5: Concluded in the spring of 2017 with approximately 2 months of operation with Type 1 L-0's in
service. This was a forced outage that was a result of several blades with broken Z-tock
interfaces and snubbers on the Generator End (GE) L-0 blades.

During this period the blades operated in the avoidance zone for 0 hours with additional
operating limitations of 111.1 psig in IP exhaust pressure.

For the first time, Duke Engineering identified blending as a possible contributing factor to the
RCA. “Blending steam” is a common occurance with combined cycle applications. One example
of a suspect blend transient is evidence of measured water hammer event(s) in piping networks
that dump into the condenser. The shock wave developed by a suspect blend transient does
enter the condenser hotwell, however the impact of these type events on the L-0 blades is
analytically unknown. Work is underway to determine if blend transients can be correlated to
blade telemetry data from 2014/15.

Note: “Blending in” steam involves integrating steam production from a specific CT/HRSG train
into the ST. “Blending Out” steam involves bypassing steam from the ST to the condenser as a
particular CT/HRSG train transfers from combined cycle to simple cycle operations (or offiine).

The RCA is still underway with no conclusions developed from data and findings.



CONFIDENTIAL

DECLASSIFIED

Appendix A: Bartow L-0 Event Summary

DEF20190001BARTOW LFEB- 000225

Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2 mon
-0 Bfade config Type 1 Type 1 Type 3 {v1} Type 3 {v2) Type 1l
ST Rating 450 MW (420 420 MW per MHI 450 MW 450 MW 390 MW
Nameplate)
Operating None 118 psig Limit on IP Exh 126 psig Limit on IP Exh 119 psig Limit on IP Exh 111 psig Limit on IP Exh
Restrictions
Blade Over speed Qver speed testing in Over speed tested in No over speed No Over speed
condition MFG Japan
Avoidance Zone 2,466 hrs. {of 27,552 1 hr (of 22,320 hrs) 240 hrs {of 11,544 hrs) 1.15 hrs {of 3,000 hrs) Chrs
Exceedance hrs.)
Broken Snubbers S5TE/OGE OTE/OGE OTE/CGE OTE/2GE OTE/ 13 GE
Broken Z-locks OTE/OGE OTE/OGE 34TE/5GE 1TE/ 2 GE *z-lock and OTE/8GE
airfoils
Worn Z-locks not captured high degree of wear high degree of wear
observed observed
Key notes from | MHPSA was hired to Not a forced outage. Blade telemetry testing; Blade loss of material, Duke Discovery: Jan/Feb
Pericd events | evaluate ST design Outage pl dto i lly ran in crack initiation in high 2017, first time blending

conditions (original
design was for Tenaska,
3x1 heat balance) &
continue the warranty.
MHPSA was storing for
Tenaska (purchased grey
market, stored by OEM}.
ST drawing modified by
MHPSA and approved
for 4x1 operation at 420
MW output rating (2.38
mpph LP exhaust flow).

upgrade to "heavy duty”
blades.

Some blade damage was
observed from removed
service blades.

Blade telemetry
instrumentation
installed ('Dec 21 - Dec
24', 2014)

avoidance zone to set
limits, ran in zone for
<20 hrs).

No blade cracking
observed after testing
when test
instrumentation
removed,

Blade telemetry data
also shows higher stress
areas in operation
outside the avoidance
zone based on blade
strain data {no operating
limitations placed
around these areas by

stress area of airfoil.
Stellite hard facing had
been added to the hlade
2-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 inspection.
At first, MHPS did not
support this

MHPS), data indi

we operated in these
zones ~X hrs during the
period.

recom ion, nor
did they support the
idea that “loss of mass”
had occurred.

considered tobe a
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event - blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression
of failure surfaces
indicate 1047 striations
meaning high cycle
fatigue (at 200 Hz giving
over 2M cycles in 3+ hrs
to fait snubber).
Confirmation from the
Harris met lab
evaluation should help
determine cracking

mechanism
Information | MHPS pravided all Pi MRPS pravided all P MHPS provided ail PI MHPS provided all Pl MHPS provided all PI
shared with MHP5S | data they requested. data they requested. data they requested. data they requested. data they requested.

MHPS learned through
Duke Engineering
{intentional) that we
were investigating
blending and its impact
to the Condenser/ST.
MHPS RCA team for the
first time learned what
"blending in" and
“"blending out" maant.
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Bartow 1-0 Configurations Citrus L-0

Type 1 Type 3 (v1) Type 3 (v2) New
Length 40" 40" 10" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow

HVOF

Z-Lock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Qrig. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001) 1 unit, ~5 months In commissioning (~1yr)
Material 17-4ph 17-4 ph 17-4 ph 17-4 ph
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Executive Summary

Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and together over
the past 12 months to determine what has caused the Bartow Unit 4S L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016) was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the “avoidance zone” is certainly a contributing factor
to the shroud chipping experienced in Period 3, it is not the only driving mechanism that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S event, or any of the
previous/subsequent events for that matter.

After months of study, Duke Engineering believes the following to be the most significant contributing
factors toward root cause of the history of Bartow Unit 4S L-0 events.

s Low Pressure (LP) Turbine Excessive Steam Flow

¢ Thermal Distress at LP Turbine Exhaust

¢ Pressure Pulses During Hood/Curtain Spray Operations

¢ Blade Fitment (Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
e Loss of Dampening (e.g. Hard-Facing on Mid-span Snubbers and Z-Notches)

This technical paper will speak briefly of the history of 1-0 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.

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. [The ST LP admission system was

modified by MHPS with the intent for 4x1 CC operations to yield a 4S0MW gross output ratiné.‘ I » IE_on[memd [PVCL]: For period 3 only.

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-Notch 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.
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Root Cause Contributing Factors
LP Turbine Back-End Loading (>15,000 Ib./hr./ft.2)

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 was extremely 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 Ib./hr./ft.2 (the MHPS 40” L-0 fleet average was closer
to 12,000 Ib./hr./ft.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” 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the
“3voidance zone” of 1 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.

As for Period 3, there were only approximately 240 hours of operation in the “avoidance zone”, of which
approximately 11 hours occurred during the instrumented blade telemetry test performed by MHPS in
December 2014. Even with the greatly reduced amount of high flow hours for Period 3 as compared to
Period 1 — a factor of 10 fewer hours for Period 3 — a high amount of wear and distress was seen on the
z-notch contact surfaces. Mhile the amount of z-notch wear is not quantified for Period 1 and 3,
photographic evidence suggests that the amount of wear is similar! It is therefore difficult to conclude
that damage to the L-0 blades in Period 3 is solely due to unit operation above the exhaust flow limit.

\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,I

Blending Operations — Thermal Distress (dTsy/dt) at L-0 Exit

During the most recent root cause analysis (RCA}, the team expanded its view of turbine operations to
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 CTs, 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 duringa
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 Pi Datalink was developed that allows large
amounts of data stored in Pl to be quickly reviewed for each time Period. Blends that meet the criteria
were further analyzed to see how blend operations met or exceeded design criteria set by the
condenser OEM. The process relies on extracting Pl data, calculating a value of superheat at the hood
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spray thermocouples, calculating a rate of change of that value, and flagging those values over 20
degrees F when a CT is being blended off or on the steam turbine and the steam turbine output is
greater than 50 MW. The limits of 20 degrees F 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 a comparison of the number of higher energy blends that
occurred in each period, and it allows the team to quickly identify times to look at additional biend
parameters.

Below is a quick comparison of the number blends that meet the criteria for Periods 1 thru 5.

Number of days in Period Number of blends meeting criteria
Period 1 1185 days 13*
Period 2 973 days 7
Period 3 482 days 31¥*
Period 4 127 days 3
Period 5 68 days 5

*Includes the time period during commissioning from 1/1/2009 to 6/1/2009
**Excludes 6 blends that meet criteria during strain gauge testing in December 2014

Hood Spray Operations — Pressure Pulses

The 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.

Review of MHPS-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
» Hood spray thermocouple reading greater than 160 degrees F

During 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. 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. Higher temperatures are sometimes seen after a shutdown or trip 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 instrument
issue).

DEF20190001BARTOW LFE6- 000229
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Careful attention was also paid to the hood spray pressure over time. This was found to steadily

decrease over successive Periods. Maintenance of the valve in Spring 2017 revealed debris in the valvel FomnTenEd [ICE4}: Which valve Is this ~ The control valve
passageways. Review of historical records also indicate the strainer ahead of the valve had filled with ___ | Siectioneslin e afore Soalnn:

debris in prior years. | Commented [JCES]: Same comment as JICE4.

The chart below demonstrates what happened to hood spray pressure over time. The decay in water
pressure at the hood spray nozzles wili 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.

Al ~ 5 psi hood sprays down to ~
iy 00k 2 cl Py 100-300 gph many mare pressure
50 psi rated 35 psi atarm to 20 psi Very dacayed over tme. puises and tanges In magnitude.
ikaty woot spnters found in vahve trim L ety caume dirty | Nozzies DP less than 7.1 pst
cage 3177 o7 piping lesk, Dropping Ciogoed strainer requirad
vaiable 1o nozles tound Y17

Curtain Spray Operations
(insert text)

Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches

{insert text)






CONFIDENTIAL

Duke Engineering’s believes that MHPS’s conclusions represent contributing factors in the failures;
therefore, Duke is not in concurrence with the recommended RCA conclusion. MHPS and Duke have
been working together, and continue to work together, to collect data and evidence to determine the
drivers behind these L-0 blade failures. Data suggests that there are several contributing factors, none

of which have been guantified conclusively to determine the root cause to any particular failure event.

There are five periods of interest:

Period 1: Concluded in 2012 with approximatly 34 months of operation with Type 1 L-0s in service.

Five turbine end {TE) L-0 blades were found to have broken snubbers, the L-0 blades were
replaced.

During this period the blades operated in (what MHPS would define during the transition from
Period 2 into Period 3 as) the avoidance zone for 2,466 hours with no operating restrictions
placed on the ST.

No RCA was conducted as Duke worked with MHPS and was willing to have MHPS provide and
eventually install what was thought to be the solution to the issue with new design blades
(installed in Fall 2014).

Period 2: Concluded in 2014 with approximatly 28 months of operation with Type 1 L-0’s in service. This
was a planned outage to replace the L-0 blades with an Enhanced/More Robust Blade (Type 3
vl).

The IP Exhaust Pressure operated at a limit of 118 psig during period 2.

Blade telemetry instrumentation was also installed during the Period 2 outage to measure blade
stresses and determine the limits of the avoidance zone in operation (performed by crossing the
avoidance zone in operation and measuring blade stresses).

No RCA was required.

Period 3: Concluded in the spring of 2016 with approximately 17 months of operation with Type 3 (v1}
L-0's inservice. This was a forced outage as a result of several blades with broken Z-lack
interfaces on both generator end (GE) and turbine end (TE) L-0's.

After commissioning the blades operated in the avoidance zone for ~20 hrs to further refine the
avoidance zone. Operations restricted output by limiting IP Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoidance zone (no operating limitations placed around these areas by MHPS).

MHPS Engineering added stellite hard facing to the Z-lock contact faces to the newly installed
blades as a measure to prevent wear and breakage.

The RCA is currently inconclusive from data and findings, but several contributing factors have
been determined.

Note: At the onset of Period 3, per MHPS Engineering, short term operation — i.e. 10-20 minutes
per occurance — within the avoidance zone was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for example, peak power seasons
in summer. Over the course of time and subsequent L-0 events, MHPS Engineering amended and
restated their technical disposition to express that operation within the avoidance zone should
be prohibited altogether.

DEF20190001BARTOW LFEG- 000232
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Period 4: Concluded in the fall of 2016 with approximatly 5 months of operation with Type 3 (v2) L-0’s D
inservice. This was an forced outage as a resuit of several L-0 blades with broken Z-lock
interfaces and missing airfoil material. Inspection of the Z-lock area showed less than desirable
contact on the Z-lock surface (~10% contact vs ~60% contact). The Z-lock surface neads to
properly contact to obtain the desired dampening effect during operation.

During this period the blades operated in the avoidance zone for 1.15 hours with additional
operating limitations of 119 psig in IP exhaust pressure.

Several L-0 blades from Period 1, 3, and 4 were measured to compare geometry. Scans show
wide range of geometry from manufacturing; it is unknown if these deviations are within design
expectancy or not (MHPS has requested blades for scanning to compare — in process).

MHPS is evaluating if the additional stellite coating on the Z lock promoted a loss of dampening.
Since this failure mode was significantly different than any in the past or since this period, i.e.
complete loss of a Z-lock tip and air foil section, and the crack started at the blades high point
for stress the design may have been compromised because of hard facing on all mating surfaces.
The RCA is currently inconclusive, the application of the HVOF coating an the Z-lock surface
appear to be one of the leading factors in the failure. The replacement blades going into Period
5 reverted back to the Type 1 design.

The Station also installed DCS logic to trigger alarms before operation occurs in the Avoidance
zone.

Period 5: Concluded in the spring of 2017 with approximately 2 months of operation with Type 1 L-0’s in
service. This was a forced outage that was a result of several blades with broken Z-lock
interfaces and snubbers on the Generator End (GE) L-O blades.

During this period the biades operated in the avoidance zone for 0 hours with additional
operating limitations of 111.1 psig in IP exhaust pressure.

For the first time, Duke Engineering identified blending as a possible contributing factor to the
RCA. “Blending steam” is a common occurance with combined cycle applications. One example
of a suspect blend transient is evidence of measured water hammer event(s) in piping networks
that dump into the condenser. The shock wave developed by a suspect blend transient does
enter the condenser hotwell, however the impact of these type events on the L-0 blades is
analytically unknown. Work is underway to determine if blend transients can be correlated to
blade telemetry data from 2014/15.

Note: “Blending In” steam involves integrating steam production from a specific CT/HRSG train
into the ST. "Blending Out” steam involves bypassing steam from the ST to the condenser as a
particular CT/HRSG train transfers from combined cycle to simple cycle operations (or offiine).

The RCA is still underway with no conclusions developed from data and findings.
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Appendix A: Bartow L-0 Event Summary

DEF20190001BARTOW LFEG- 000234

D

Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 man ~2 mon
L-0 Blade config Type 1 Type 1 Type 3 {v1) Type 3 (v2) Type 1
ST Rating 450 MW (420 420 MW per MHI 450 MW 450 MW 390 MW
late)
Operating None 118 psig Limit on IP Exh 126 psig Limit on IP Exh 119 psig Limit on IP £xh 111 psig Limit on 1P Exh
Restrictions
Blade Over speed Over speed testing in Over speed tested in No over speed No Over speed
condition MFG Japan
Avoidance Zone 2,466 hrs. (of 27,552 1 hr {of 22,320 hrs} 240 hrs (of 11,544 hrs) 1.15 hrs {of 3,000 hrs) Ohrs
di hrs.)
Broken Snubbers STE/OGE OTE/OGE OTE/OGE OTE/1GE OTE/13GE
Broken Z-locks O TE /0 GE OTE/OGE 34TE/5GE 1TE / 2 GE *2-lockand OTE/8GE
airfoils
Worn Z-locks not captured high degree of wear high degree of wear
observed observed
Key notes from | MHPSA was hired to Not a forced outage. Blade telemetry testing; Blade loss of material, Duke Discovery: Jan/Feb
Period events | evaluate ST design Outage pl d to i liy ran in erack initiation in high 2017, first time blending
conditions {original upgrade to "heavy duty” | avoidance zone to set stress area of airfoil. considered to bea

design was for Tenaska,
3x1 heat balance) &
continue the warranty.
MHPSA was storing for
Tenaska (purchased grey
market, stored by OEM}.
ST drawing modified by
MHPSA and approved
for 4x1 aperation at 420
MW output rating (238
mpph LP exhaust flow).

blades.

Some blade damage was
observed from removed
service blades.

Blade telemetry

limits, ran in zone for
<20 hrs).

No blade cracking
observed after testing
when test

instr
installed ('Dec 21 - Dec
24', 2014)

instr ion
removed.

Blade telemetry data
also shows higher stress
areas in operation
outside the avoidance
zone based on blade
strain data {(no operating
limitations placed
around these areas by
MHPS), data indicates
we operated in these
20nes ~X hrs during the
period.

Stellite hard facing had
been added to the blade
2-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 far inspection.
At first, MHPS did not
support this
recommendation, nor
did they support the
idea that “loss of mass”
had occurred.

contributing factor in L-0
events.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression
of failure surfaces
indicate ~10/7 striations
meaning high cycle
fatigue {at 200 Hz giving
aver 2M cycles in 3+ hrs
to fail snubber).
Confirmation from the
Harris met lab
evaluation should help
determine cracking

tnformation
shared with MHPS

MHPS provided all P}
data they requested.

MHPS provided all PI
data they requested.

MHPS provided all P}
data they requested.

MHPS provided all PI
data they requested.

MHPS provided all PI
data they requested.
MHPS learned through
Duke Engineering
(intentional) that we
were investigating
blending and its impact
to the Condenser/ST.
MHPS RCA team for the
first time learned what
*blending in"” and
"blending out” meant.
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Appendix B: MHPS L-0 Blade Type Matrix (4KSZS\' f p
Bartow L-0 Configurations Citrus L-0 f€0
Type 1 Type 3 (v1) Type 3 {v2) Jype 5 | Deleted: New
Length 40" 40" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow
HVOF
Z-Lock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001) 1 unit, ~5 months In commissioning (~1yr)
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
Period [Excessive Steam Pressure Pulse from Thermal Distress | Lossof Dampening | Geometry Qther | Formatted: Font: 10 pt
Flow Heod Spray at L-0 Exhaust Mechanisms - —
(dTemp:ti/dtime) Formatted Table

1 X X X b IFouTnalted: Font: 8 pt

2 Xz X X 3 Fon_ma_tted: Centered o

3 X X X X % __Form_at_l:eT_CeIred

4 X X 5 Formatted: Font: 8 pt

5 X X X . e

| Formatted: Font: 8 pt
.F;mlatted: Centered
Formated: Centered

' Fonn;t;led: ngjie_r:d I

| Formatted: Centered
Formatted: Cent_ae_d
E-ﬂggheg: Centered
Formatted: Centered

| Formatted: Centered
Eormatt:ed: Centered

| Formatted: Centered
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Executive Summary

Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and together over
the past 12 months to determine what has caused the Bartow Unit 45 L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016) was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the “avoidance zone” is certainly a contributing factor
to the shroud chipping experienced in Period 3, it is not the only driving mechanism that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S event, or any of the
previous/subsequent events for that matter.

After months of study, Duke Engineering believes the following to be the most significant contributing
factors toward root cause of the history of Bartow Unit 4S L-0 events.

s Low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

e Pressure Pulses During Hood/Curtain Spray Operations

o Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

s Loss of Dampening (e.g. Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact
Surfaces}

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.

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. [The ST LP admission system was
modified by MHPS with the intent for 4x1 CC operations to yield a 450MW gross output ratiné

Since commissioning there have been five (S) 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.

DEF20190001BARTOW LFE6- 000236
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Root Cause Contributing Factors

Low Pressure (LP) 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 was extremely 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 4S was an outlier relative to the MHPS 40” L-0 fleet with several
operating hours above the design limit of 15,000 Ib./hr./ft.? (the MHPS 40” L-0 fleet average was closer
to 12,000 Ib./hr./ft.2). Duke was issued an “avoidance zone” chart with instructions from MHPS not to
run to the right side of the curve — the fone 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the
“avoidance zone” of 1 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.

Lock wear is not quantified for Period 1 and 3, photographic evidence suggests that the amount of wear
is similar.l It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to _
unit operation above the exhaust flow limit.

Mith 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

Blending Operations — Thermal Distress (dTVs./dt] 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
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combustion turbines (CT), and since it has been abserved 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 PI 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.

. 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 a comparison of the number of higher
energy blends that occurred in each Period, and it altows the team to quickly identify times to look at
additional blend parameters.

Below is a quick comparison of the number “counts” that meet the criteria for Periods 1-5.

Number of Blends {or “Counts”}
Meeting Criteria
Period 1 1
Period 2 7
Period 3 gplt
Period 4 3
Period 5 5

*includes the time period during commissioning from 1/1/2009 to 6/1/2009
**+Excludes 6 blends that meet criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray Operation(s)

The 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.

Review of MHPS-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

{ Commented [JCE4]: Paul, | changed the middie column to
haurs (fram day) to stay consistent with other charts we've created,
The hours | have for Period 1 (21,734} -- do they include the time
frame you've included next to the first *, or are they Pericd 1

| operating hours post-COD?
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* Hood spray thermocouple reading greater than 160 degrees F

During 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. 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. Higher temperatures are sometimes seen after a shutdown or trip 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 instrument
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 valve in Spring 2017 revealed debris in the valve
passageways. Review of historical records also indicate the strainer ahead of the valve had filled with
debris in prior years.

The chart 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.

| Commented [ICE5]: Which valve is this - The control valve
mentioned in the above paragraph?
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~ 1000 gph / hood ~ 50 psig
lew pressure putees. ood
?

Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces
(insert text)
Loss of Dampening (e.g. Hard-Facing on Mid-span Snubbers and Z-Lock Contact Surfaces

(insert text)
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Appendix A: Bartow L-0 Event Summary

PECLASSIFIET

Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2 mon
1-0 Blade config Type 1 Type 1 Type 3 (v1) Type 3 (v2} Type 1
ST Rating 450 MW { 420 420 MW per MH! 450 MW 450 MW 350 MW
Nameplate)
Operating None 118 psig Limit on IP Exh 126 psig Limit on IP Exh 119 psig Limit on IP Exh 111 psig Limit on IPF Exh
Restrictions
Blade Over speed Over speed testing in Over speed tested in No over speed No Over speed
congition MFG Japan
Avoidance Zone 2,466 hrs. {of 27,552 1 hr {of 22,320 hrs) 240 hrs (of 11,544 hrs) 1.15 hrs {of 3,000 hrs) Ohrs
Exceedance hrs.}
Broken Snubbers S5TE/OGE OTE /OGE OTE/OGE OTE/1GE DTE/13 GE
Broken Z-locks OTE/OGE OTE /0GE 34TE/5GE 1 TE/ 2 GE *z-lock and OTE/8GE
airfoils
- Warn Z-locks not captured high degree of wear high degree of wear
observed observed
Key notes from | MHPSA was hired to Not a forced outage. Blade telemetry testing; Blade loss of material, Duke Discovery: Jan/Feb
Period events | evaluate ST design Outage pianned to intentionally ran in crack initiation in high 2017, first time blending
conditions (original upgrade to "heavy duty” | avoidance zone to set stress area of airfoil. considered to be a
design was for Tenaska, blades. limits, ran in zone for Stellite hard facing had contributing factor in L-0
3x1 heat balance) & Some blade damage was | <20 hrs). been added to the blade | events.
continue the warranty. observed from removed | No blade cracking z-lock, and is likely a
IMHPSA was storing for service blades. observed after testing contributing factor in Jan 2017 “loss of mass”
Tenaska {purchased grey | Blade telemetry when test the failure, event — blade fragment
market, stored by OEM). | instrumentation instrumentation projectile traveled
ST drawing modified by instalied {'Dec 21 - Dec removed. Two {2) separate step through the LP turbine
MHPSA and approved 24', 2p14) Blade telemetry data changes (decreases) in rupture disk diaphragm.
for 4x1 operation at 420 also shows higher stress | vibration led to the Duke
MW output rating (2.38 areas in operation Engineering Dental mold impression
mpph LP exhaust flow). outside the avoidance recommendation to of failure surfaces
zone based on blade remove the ST fram indicate ~1047 striations
strain data (no operating | service for inspection. meaning high cycle
limitations placed At first, MHPS did not fatigue {at 200 Hz giving
around these areas by support this over 2M cycles in 3+ hrs
MHPS), data indicates recommendation, nor to fail snubber).
we operated in these did they support the Confirmation from the
zones ~X hrs during the idea that “loss of mass” Harris met lab
period. had occurred. evaluation should help
determine cracking
mechanism
information | MHPS provided alt PI MHPS provided all P1 MHPS provided all P} MHPS provided all Pl MHPS provided all PI
shared with MHPS | data they requested. data they requested. data they requested. data they requested. data they requested.

MHPS learned through
Duke Engineering
(intentianal) that we
were investigating
blending and its impact
to the Condenser/ST.
MHPS RCA team for the
first time learned what
"blending in" and
"blending out" meant.
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Deleted: New

Bartow L-0 Configurations Citrus L-0

Type 1 Type 3 (v1) Type 3 (v2} Jvpes
Length 40" 40" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow

HVOF

Z-Lock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001} 1 unit, ~5 months In commissioning (~1yr)
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
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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’s position is as follows: The root cause of the Bartow steam turbine (ST) 40” L-Oblade failures is that the
OEM designed blades were inadequate for the operating conditions with which they were subjected.

Duke Engineering believes the root cause for Periods 1-5 involves more than cne driving mechanism. During a

presentation given at the Duke FRHQ on 22 September 2017, MHPS zlso indicated that there may have been

more contributing factors for various Periods of failure rather than just excessive steam flow through the LP . | Deleted:
section above the MHPS design limit of 15,000 Ib./hr./ft.2. Excessive steam flow, or “cperation 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. Today, there is agreement between both parties that there is not just one

simple root cause.

After months of study, Duke Engineering believes the following to be the most significant contributing factors
toward root cause of the history of Bartow Unit 45 L-0 events.

e low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

» Pressure Pulses During Hood/Curtain Spray Operations )
* Zone Analysis — Shroud Fretting Fatigue

» Loss of Dampening (e.g. 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 of the 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 theorize potential root cause for blade failures at the mid-span snubber, shroud Z-Lack contact
surface and/or the biade airfoil itseif that were seen during Periods 1-5.

The long-term solution {e.g. redesigned blades) for the Bartow LP section and subsequent field measurements
taken following various operating configurations/scenarios that are integral to unrestricted 4 x 1 combined cycle
operation will be necessary to canfirm the contributing factor postulations. In other words, the correctness of
the Duke and/or MHPS root cause position(s) can only be confirmed with the successful field operation of the
unit.

This technical paper will speak briefty 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.

| Forl-na_twd: Right
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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 Tenaska Power Equipment, LLC (Tenaska). Tenaska originally purchased Deleted: * from
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. The ST LP admission system was modified by MHPS
with the intent for 4x1 CC operations to yield a 450MW gross output rating. Commented [PVCL]: For period 3 only.

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 bfade in
efforts to address the failures (see Appendix B for L-0 madifications). 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 (LP) Turbine Excessive Steam Flow

Over the course of Periods 1, 2 and leading inta 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
was extremely 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 Ib./hr./ft.2 {the MHPS 40" L-0 fleet average was closer to 12,000 Ib./hr./ft.2). Duke was issued an
“3voidance 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 ail five {5) of the
documented L-0 events. As Appendix A iflustrates, Periods 2, 4 and 5 saw operating hours in the “avoidance
zone” of 1 hour, 1.15 hours and 0 hours, respectively. Thisindicates 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 1 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.
Formatted: Right
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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 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-Lack wear is not quantified for
Period 1 and 3, photographic evidence suggests that the amount of wear is similar, It is therefore difficult to
conclude that damage to the L-0 blades in Period 3 is solely due to unit operation above the exhaust flow limit.

With the L-0s 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.

Biending Operations — Thermal Distress (dTsu/dt) 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 farge amounts
of data (stored in the Pt 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 thermacouples. 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.

Below is a quick comparison of the number “counts” that meet the criteria for Periods 1-5.

Number of Blends (or “Counts”)
Meeting Criteria
Period 1 13f
Period 2 7
Period 3 IZE*
Period 4 3
Period 5 5

Page 3 of 10+
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*'ﬂncludes the time period during commissioning from 1/1/2009 to 6/1/2009?
**|rfcludes 6 blends that meet-the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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 basicaily automated with no operatar 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:

e 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 biending 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. Higher temperatures are sometimes seen aftera
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 [valvd. in Spring 2017 revealed debris in the valve passageways. Review
of historical records also indicate the strainer ahead of the valve had filled with debris in prior years’ operating.

The chart beiow demonstrates what happened to hood spray pressure over time. The decay in water pressure
at the hood spray nozzies 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 -0 blades might see as large water droplets evaporate
in the exhaust stream.

Page 4.0f 10+
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Zone Analysis = Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, MHPS identified areas (referred to . | Formatted: Not Highlight

aszo where blade response was high, but still below their design limit in the normal operation range of the | Formatted: Not Highlight

LP turbine. The Duke RCA team defined these zones as Zone F1 thru Zone F3 {[shown by the red rectangles in the

figure below) and based on the P historical data, calculated the amount of time the turbine spent in each zone
for each period.

[ Formatted: Right
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Damage Mechanism

Blade Response — Design Margin Unable to test due to
Example : Shroud Fretling Fatigue excessive blade response
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+ Blade response is evaluated through the integration of the stress
response all the modes between 180Hz to 120Hz

Figure X; Data presented by MHPS from a presentation dated YY/YY/YYYY “ | Formatted: Centered

Table Y shows the breakdown of time in hours in each of the three defined F zones for each period. The total

time in the 3 zones 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.

Time In Zone Total Turbine | % Time | Formatted: Centered
Fl F2 £3 Total |Operating Hours|in Zone F
Period1| 901.2 257.5 239 1182.6 21734 5.4%
Perind 2 | 1521.% 10.0 0.2 1532.1 21284 7.2% «
Period3| S513.8 2572.5 23.9 795.2 10286 7.7%
Period 4 13 407.8 0.0 A09.1 2542 13.9%
Pericd5| 415.0 0.0 0.0 419.0 1561 26.8%

Table Y: Time in hours spent in each Zone and the total compared with operating time

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 | Formatted: Right
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Figure XX. There was a varying degree of wear seen on the Period 5 Z-notches, however, the wear is higher than £4 SS'

what one would expect given the relatively low operating hours. [p
{Format'md: Centered __]_E. E j .

Figure XX: Photo of Z-notch from Period 5 showing wear of contact surface

Period 5 did have its share of higher energy blends as detected by the blend energy method. However, in terms
of operating hours jn 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 Dampening (e.g. Hard-Facing on Mid-span Snubbers and Z-Lock Contact Surfaces)

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

[ Deleted: (;nsert text)
| Formatted: Not Highlight

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 HYOF-coated, the limiting locating 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 root cause will continue in
the next section that speaks to blade fitment.

e Fitment — Gap Measurements for Mid-Span Snubbers and Sh Z- Contact Su
( F_orr_naned Right
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During the course of the root cause investigation between Periods 3 and 4, technical questions arose relative to
“35 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 appiied) 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 dimensional
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 3" 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 caused by 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. lanned design changes are intended to Deleted: P
reduce blade response and dynamic stresscs that in the past were negatively impacted by decreased contact Deleted: induced
surface area between the shroud Z-Locks.

Formatted: Right
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Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2mon
L-0 Biade config Type 1 Type 1 Type 3 (v1} Type 3 (v2) Type 1
ST Rating 450 MW (420 420 MW per MH} 450 MW 450 MW 390 MW
Nameplate)
Operating None 118 psig Limit on P Exh 126 psig Limit on IP Exh 119 psig Limit on IP Exh 111 psig Limit on IP Exh
Restrictions
Blade Over speed Over speed testing in Over speed tested in No over speed No Over speed
condition MFG lapan
Avoidance Zone 2,466 hrs. [of 27,552 1 hr (of 22,320 hrs) 240 hrs (of 11,544 hrs} 1.15 hrs {of 3,000 hrs) Ohrs
Exceedance hrs.)
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE OTE/1GE 0TE/ 13 GE
Broken Z-locks OTE/DGE OTE/OGE 3ATE/SGE 1TE f 2 GE *z-lock and 0TE/8GE
airfoils
Wam Z-locks not captured high degree of wear high degree of wear

observed

observed

Key notes from
Period events

MHPSA was hired to
evaluate ST design
conditions {original
design was for Tenaska,
3x1 heat balance) &
continue the warranty.
MHPSA was storing for
Tenaska [purchased grey
market, stored by OEM}.
ST drawing modified by
MHPSA and approved
for 4x1 operation at 420
MW output rating {2.38
mpph LP exhaust flaw).

Not a farced outage.
QOutage planned to
upgrade to "heavy duty"
hlades.

Some blade damage was
observed from removed
service blades.

Blade telemetry
instrumentation
installed {'Dec 21 - Dec
24',2014)

Blade telemetry testing;
Intentionally ran in
avoidance zone to set
limits, ran in zone for
<20 hrs).

No blade cracking
observed after testing
when test
instrumentation
removed,

Blade telemetry data
also shows higher stress
areas in operation
outside the avoidance
zone based on blade
strain data (no operating
limitations placed
around these areas by
MHPS), data indicates
we operated in these
zones X hrs during the
period,

Blade loss of materia!,
crack initiation in high
stress area of airfoil.
Stellite hard facing had
been added to the blade
z-tock, and is likely a
contributing factor in
the fatture.

Two (2) separate step
changes (decreases) in
vibration led to the Duke
Engineering
recommendation to
remove the 5T from
service for inspection.
At first, MHPS did not
support this .
recommendation, nor
did they support the
idea that “loss of mass”
had occurred.

Duke Discovery: Jan/Feb
2017, first time blending
considered to be a
contributing factor in L-0
avents.

Jan 2017 “loss of mass”
event— blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression
of failure surfaces
indicate ~1077 striations
meaning high cycle
fatigue {at 200 Hz giving
over 2M cycles in 3+ hrs.
to fail snubber}
Confirmation from the
Harris met lab
evaluation should help
determine cracking
mechanism

Information
shared with MHPS

MHPS provided ali P)
data they requested.

MHPS provided all Pl
data they requested.

MBPS provided alt Pl
data they requested.

MHPS provided ali Pl
data they requested.

MHPS provided ali PI
data they requested.
MHPS learned through
Duke Englneering
{intentional} that we
were Investigating
blending and its impact
ta the Condenser/ST,
MHPS RCA team for the
first time learned what
"blending in" and
“blending out”" meant.

| Formatted: Right
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Bartow L-0 Configurations Citrus -0
Type 1 Type 3 (v1) Type 3 {v2} Jvpes - | Deleated: new
Length 40" 40" 40" 20" -
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow
HVOF

Z-Lock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experience 3 units {2003) 12 units (2001} 1 unit, ~5 months In commissioning {~1yr)
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
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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’s position is as follows: The root cause of the Bartow steam turbine (ST) 40” L-Oblade failures is that the
OEM designed blades were inadequate for the operating conditions with which they were subjected.

Duke Engineering believes the root cause for Periods 1-5 involves more than driving mechanism. During a
presentation given at the Duke FRHQ on 22 September 2017, MHPS 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 Ib./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. Today, there is agreement between both parties that there is not just one simple
root cause.

After months of study, Duke Engineering believes the following to be the most significant contributing factors
toward root cause of the history of Bartow Unit 4S L-0 events.

e low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

# Pressure Pulses During Hood/Curtain Spray Operations

o Zone Analysis — Shroud Fretting Fatigue

¢ Loss of Dampening (e.g. 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 during MHPS presentations — are
postulations and may possibly be correct. Most of the 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 theorize 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 {e.g. redesigned blades) for the Bartow LP section and subsequent field measurements
taken following various operating configurations/scenarios that are integral to unrestricted 4 x 1 combined cycle
operation will be necessary to confirm the contributing factor postulations. In other words, the correctness of
the Duke and/or MHPS root cause position(s) can only be confirmed with the successful field operation of the
unit.

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 abave.

DEF20190001BARTOW LFE6- 000253
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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. 'T he ST LP admission system was modified by MHPS
with the intent for 4x1 CC operations to yield a 450MW gross output rating.

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 Coniributing Factors
Low Pressure (LP) 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
was extremely 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 tb./hr./ft2 (the MHPS 40” L-0 fleet average was closer to 12,000 Ib./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 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the “avoidance
zone” of 1 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 1 had the greatest amount of run hours in exceedance of the “avoidance zong”
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.
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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 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. Iwhile the amount of Z-Lock wear is not guantified for

Period 1 and 3, photographic evidence suggests that the amount of wear is simitar] It is therefore difficultto

conclude that damage to the L-0 blades in Period 3 is solely due to unit operation above the exhaust flow limit.

Mith the L-Os currently removed from the machine and with the pressure plate instailed, MHPS Engineering has
indicated that back-end loading is not currently an issue of concerny

Blending Operations — Thermal Distress (dTsy/dt) 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 P| Datalink were developed that allow large amounts
of data (stored in the P! 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.

Below is a quick comparison of the number “counts” that meet the criteria for Periods 1-5.

Number of Blends (or “Counts”}
Meeting Criteria
Period 1 13
Period 2 7
Period 3 31%*
Period 4 3
Period 5 5

(Commelted [PVC2]: This is what | recall - but we need the

photos_tu prove this otherwise we ca_n't sayit. =

|r Commented [PVC3]: However, MHPS has not done any review

I and released us to go to higher LP Inlet pressures/fiows.
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*ncludes the time period during commissioning from 1/1/2009 to 6/1j2009

**Excludes 6 blends that meet criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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 contral 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:

« Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW
s 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. Higher temperatures are sometimes seen aftera
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 valve in Spring 2017 revealed debris in the valve passageways. Review
of historical records also indicate the strainer ahead of the valve had filled with debris in prior years’ operating.

The chart 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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Loss of Dampening (e.g. Hard-Facing on Mid-span Snubbers and 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 focating 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-O 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.
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Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

During the course of the root cause investigation between Periods 3 and 4, technical questions arose relative to
“3s |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 Z2-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 dimensional
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 3" 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.

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. Planned design changes intend to reduce
blade response and induced dynamic stress 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 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2mon
L-0 Blade config Type 1 Type 1 Type 3 (v1) Type 3 (v2) Type 1
ST Rating 450 MW (420 420 MW per MHI 450 MW 450 MW 390 MW
Nameplate]
Operating None 118 psig Limit on IP Exh 126 psig Limit o IP Exh 118 psig Limit on IP Exh 111 psig Limit on IP Exh
Restrictions
Blade Over speed Over speed testing in Over speed tested in No over speed No Over speed
condition MFG Japan
Avoidance Zone 2,466 hrs. (of 27,552 1 hr (of 22,320 hrs) 240 hrs (of 11,544 hrs) 1.15 hrs {of 3,000 hrs) 0 hres
E d hrs.)
Broken Snubbers 5TE/OGE DTE/OGE OTE/OGE 0TE/1GE 0TE/13 GE
Broken Z-locks OTE/OGE OTE/OGE 34TE/S5GE 1TE/ 2 GE *z-lockand OTE/8GE
airfoils
Waorn Z-locks not captured high degree of wear high degree of wear
observed observed
Key notes from | MHPSA was hired to Not a forced outage. Blade telemetry testing; | Blade loss of material, Duke Discovery: Jan/feb
Period events | evaluate ST design Outage pk dto i ly ran in crack initiation in high 2017, first time blending
conditions (original upgrade to "heavy duty" | avoidance zone to set stress area of airfoil. considered to be a
design was for Tenaska, blades. limits, ran in zone for Stellite hard facing had contributing factor in L-0
3x1 heat balance) & Some blade damage was | <20 hrs). been added to the blade | events.
continue the warranty, observed from removed | No blade cracking 2-lock, and is likely a
MHPSA was storing for service blades. abserved after testing contributing factor in Jan 2017 “loss of mass”
Tenaska (purchased grey | Blade telemetry when test the failure. event — blade fragment
market, stored by OEM). | instr ion instr ion projectile traveled
ST drawing modified by installed (‘Dec 21 - Dec remaved. Two (2) separate step through the LP turbine
MHPSA and approved 24',2014) Blade telemetry data changes {decreases) in rupture disk diaphragm.
for 4x1 operation at 420 also shaws higher stress | vibration led to the Duke
MW output rating {(2.38 areas in Engil il Dental mold impression
mpph LP exhaust flow). outside the avoidance rec dation to of failure surfaces
zone based on blade remove the ST from indicate ~10A7 striations
strain data (no operating | service for inspection. meaning high cycle
limitations placed At first, MHPS did not fatigue (at 200 Hz giving
around these areas by support this over 2M cycles in 3+ hrs
MHPS), data indi T dation, nor to fail snubber).
we operated in these did they support the Confirmation from the
zones ~X hrs during the idea that “loss of mass” Harris met lab
period, had occurred. evaluation shoutd help
determine cracking
mechanism
Information | MHPS provided ali PI MHPS provided alf Pt MHPS provided ali P! MHPS provided all Pt MHPS provided all P}
shared with MHPS | data they requested, data they requested. data they requested. data they requested. data they requested.

MHPS learned through
Duke Engineering
(intentional} that we
were investigating
blending and its impact
to the Condenser/ST.
MHPS RCA team for the
first time learned what
"blending in" and
“blending out” meant.
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Type 1l Type 3 {v1) Type 3 {v2) Jype s Deleted: New
Length 40" 40" 40" 20"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow
HVOF

Z-tock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001} 1 unit, ~¥5 months In commissioning {~1yr})
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
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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 root cause of the Bartow steam turbine (ST) 40” L-0 blade failures is that 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 Unit.

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 Ib./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. Today, there is agreement between both parties that there is not just one
simple root cause.

After months of study, Duke Engineering believes the following to be the most significant contributing factors
toward root cause of the history of Bartow Unit 45 L-0 events.

e Low Pressure (LP) Turbine Excessive Steam Flow

¢ Blending Operations — Thermal Distress (dTsy/dt) at LP Turbine Exhaust

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

¢ Zone Analysis — Shroud Fretting Fatigue

e Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

s 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 telemetry test conducted during December 2014 — blade response data that is then
extrapolated to theorize potential roat 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 (e.g. redesigned blades) for the Bartow LP section and subsequent field measurements
taken following various operating configurations/scenarios that are integral to unrestricted 4 x 1 combined cycle
operation will be necessary to confirm the contributing factor postulations. In other words, the correctness of
the Duke and/or MHPS root cause position(s) can only be confirmed with the successful field operation of the

unit.

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.
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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 4220MW. 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 (LP) 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
was extremely 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 Ib./hr./ft.2 (the MHPS 40” L-0 fleet average was closer to 12,000 Ib./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 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the “avoidance
zone” of 1 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 1 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.
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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 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. It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

| Rl
Gov(L) #33 211 + GowiL) 242
convex .| concave

Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 3

With the L-Os currently removed from the machine and with the pressure plate instailed, 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
beyond the current LP inlet operating limits due to concerns for impacts to upstream blading —i.e. the L-1 blade
sets.
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Blending Operations — Thermal Distress (dTsy/dt) 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 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 - Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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.
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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
¢ 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. 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 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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Figure 2 - Hood Spray Pressure Degradation Over Periods 1-5

Hood Spray history ~ 1000 gph / hood ~ 50 psig Gpply pressure
revt 5124117 pressure puises. good remained ~ 450-500 psi
el atomization. Smatler niire lfe
fses?

AT ~ 5 psi hood Sprays 0OWD 60 ~
Hood Spray took a step change from ~ 100-300 gph many more pressune
50 psi rated 35 psi alarm to 20 psi. Very puises and larger in magnitude.
Hikely wood splinters found in valve trim NuZZ_lGSDPWﬁm'IJ ps

cage 31772 or piping leak. Dropping required

available pressure to nozzles

Zone Analysis — Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, 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 F1 through Zone F3 (shown by the red

rectangles in Figure 3, below) and based on the P! historical data, calculated the amount of time the turbine
spent in each zone for each period.
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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 | % Time
F1 F2 F3 Total |Operating Hours|ir Zone F
Period1| 901.2 257.5 23.5 11826 21734 3.4%
Period 2 | 1521.9 10.0 0.2 1532.1 21284 7.2%
Period3| 513.8 257.5 23.5 795.2 10286 7.7%
Period 4 13 407.8 0.0 409.1 2542 13.5%
Period5| 419.0 0.0 0.0 415.0 1561 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 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 biend time does not appear to justify the wear seen.

Loss of Dampening — 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 location became the blade
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itseff. 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-Span Snubbers and Shroud Z-Lock Contact Surfaces

During 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
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 dimensional
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 3" 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 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
Confeutatian Type 1 Type 1 Type 3 {v1) Type 3 (v2) Type 1
ST Rating 420 MW (Nameplate} 420 MW 450 MW 450 MW 390 MW
Operating Nt‘;"foixv'*::;‘:l‘: r\:\::S 118 psig Limit on IP 126 psig Limit on IP 119 psig Limit on 1P 111 psig Limit on IP
Restrictions . Exhaust Exhaust Exhaust Exhaust
Diagrams.
L Overs?e.ed Overspeed Testing in MFG O pesc e<tediin No Overspeed Testing No Overspeed Testing
Condition Japan
Avoidance 2one | 2,466 rs. (of 21,734 hrs) | 1hr. (0f 21,284 hrs) 240 hrs. (0F 10,286 hrs.) | 115 hrs. (0f 2,942 hrs.) 0 hrs. (of 1,561 hrs.)
Broken Snubbers S5TE/OGE OTE/OGE O0TE/OGE OTE/1GE 0TE/13GE
*7_|
Broken Z-Locks 0TE/OGE OTE/OGE 34TE/5 GE R c:iffofl:‘xk = OTE/8GE
Moderate Amount of Moderate Amount of ) ' "
Worn Z-Locks Surface Fretting and A A A e High Degree of Wear Ewde.ence of Poor Contact High Degree of Wear (for
, ; Observed Alignment Observed Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | MHPSA was hired to Not a forced outage. During blade telemetry Bfade “loss of material” Duke Discovery: Jan/Feb

Period events

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 by OEM).

ST drawing modified by
MHPSA and approved for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow).

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 instailed
and testing conducted in
Dec 2014 at the beginning
of Period 3.

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).

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 far inspection.

2017, first time blending
considered to be a
contributing factor in L-0
events,

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~1077 striations meaning
high cycle fatigue (at 200
Hz giving over 2M cycles

in 3+ hrs to fail snubber).

Information Shared

MHPS provided all Pl data

MHPS provided all Pl data

MHPS provided all Pl data

MHPS provided all Pl data

MHPS provided all Pl data

with MHPS | they requested. they requested. they requested. they requested. they requested.
Appendix B - MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-O
Typel Type 3 (v1) Type 3 (v2) Type 5
Length 40" 40" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HvOF | PIferent Radial s
2-lock No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle Change
Experience 3 units (2003) 12 units {2001) 1 unit, ~5 months In commissioning (~1yr)
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
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Executive Summary

Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and together over
the past 12 months to determine what has caused the Bartow Unit 4S L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016} was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the avoidance zone is certainly a contributing factor to
the shroud chipping experienced in Period 3, it is not the only contributing factor that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S event, or any of the
previous/subsequent events for that matter.

After months of study, Duke Engineering believes the following to be the most significant contributing
factors toward root cause of the history of Bartow Unit 45 L-0 events.

e Low Pressure (LP) Turbine Back-End Loading (>15,000 Ib./hr./ft.?)
e Blending Operations

¢ Hood Spray Operations

e Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
e Configuration (e.g. Hard-Facing on Z-Notches)

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.

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. The ST LP admission system was
modified by MHPS with the intent for 4x1 CC operations to yield a 450MW gross output rating.

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-Notch 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-O madifications). 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 fieet. The most
common reported issue from the MHPS 40” L-0 biade 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.

DEF20190001BARTOW LFEB- 000271
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Root Cause Contributing Factors
LP Turbine Back-End Loading (>15.000 Ib./hr./ft.2)

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 was extremely 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 4S was an outlier relative to the MHPS 40” L-0 fleet with several
operating hours above the design limit of 15,000 Ib./hr./ft. (the MHPS 40" L-0 fleet average was closer
to 12,000 Ib./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” transient conditions.

While Duke Engineering agrees that back-end oading 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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the
“avoidance zone” of 1 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.

As for Period 3, there were only approximately 240 hours of operation in the avoidance zone, of which
approximately 11 hours occurred during the instrumented test by MHPS in December of 2014. Even
with the greatly reduced amount of high flow hours for Period 3 as compared to Period 1 (a factor of 10
fewer hours for Period 3], a hich amount of wear and distress was seen on the z-notch contact surfaces.
While the amount of z-notch wear is not guantified for Period 1 and 3, photographic evidence suggests
that the amount of wear is similar.| it therefore difficult to conclude that damage to the L-0 blades in

Period 3 is solely due to unit operation above the exhaust flow limit.

With the L-0s 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.}

Blending Operations

During the most recent root cause analysis, the team expanded its view of turbine operations to all

aspects that might impact the |-0 biades, Since the design of the condenser includes spargers or “dump
tubes” for the hot reheat (HRH] and low pressure [LP) bypass steam flows from each of the four CTs, and

since it has been cbserved 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 fo review this cperational
aspect,

A set of criteria and an automated process using Excel and Pl Datalink was developed that allows larze
amounts of data stored in Pl to be quickly reviewed for each time Period. Blends that meet the criteria
were further analyzed to see how blend operations met or exceeded design criteria set by the

condenser QEM. The process relies on 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 over 20

| Commented [PVC2]: This is what | recall - but we need the
photos to prove this otherwise we can't say it.

| Formatted: Highlight

| Commented [PVC3]: However, MHPS has not done any review
and released us to go 1o higher LP inlet pressures/flows.
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degrees F when a CT is being blended off or on the steam turbine and the steam turbine output is

greater than 50 mw. The limits of 20 F 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 a comparison of the number of higher energy blends that

occurred in each geriod, and it allows the team to quickly identify times to look at additiona!l blend

parameters.

Below is a guick comparison of the number biends that meet the criteria for Periods 1 thru 5.

Number of days in Period Number of blends meeting criteria
Period 1 1185 days 13*
Period 2 973 days 7
Peripd 3 482 days Sq¥*
Period 4 127 days 3
Period 5 68 days 5

>includes the time period during commissioning from 1/1/2009 to 6/1/2009

**Excludes 6 blends that meet criteria during strain gauge testing in D

Hood Spray Operations

the L-0 blades and the function they provide to protect against overgressure. 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 controf valve

reduces the roughly 500 psig condensate pressure to the design pressure for the sprays of 50 gsig.

eview of MHPS provided instructions requires use of hood si

* Speed greater than 600 rom and load less than 10 mw

» Hood spray thermocouple reading greater than 160 F

During review of the hood spray data, it became clear that additional operation besides the above had

been programmed into the DCS since commissioning. In addition to the above, hood sprays were

rays under the following conditions:

programmed to turn on anytime blending took place (similar to the way the curtain sprays are

programmed}. No exglanation for why this was done has been found. Based on this finding. hood spray
operation time is far greater than had it just been used as originally intended. A review of hood spray

thermocouple data shows they rarely reach 160 F during normal operation and never over 165 F. Higher

temperature are sometimes seen after a shutdown or trig when the temperature in the exhaust

increases, most likely due to the hot LP casings and some windage. No temperatures over 201 F were

found [one very brief reading of 1040 F was an instrument issue).

DEF20190001BARTOW LFE6- 000273
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Careful attention was also paid to the hood spray pressure over time. This was found to steadily

decrease over successive Periods. Maintenance of the valve in spring 2017 revealed debris in the valve
passapeways. Review of historical records also indicaie the strainer ahead of the valve had filled with

debris in prior years.

The chart below shows what happened to hood spray pressure over time. The decay in water pressure
at the hood spray nozzles will have reduced atomization as these siyle of nozzle rely on pressure drogp to

create a voriex inside the nozzle that causes atomization thru centripetal force. The effeci 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 dyvnamic pressures which the £-0 blades mizht see
as large water droplets evaporate in the exhaust stream.

RiGY ~ 700G goh 1 hood ~ 50 psig
1 5p0Y7
%)

Al ~ 5 psi hood sprays down 0 ~
100-300 gph many mone pressure

y a
50 psi rated 35 psi atarm 10 20 psi. Very puisas and iarger in magnitude.
ely wood spaniers Jound in valve trim NozZes DF jess than 7.1 ps

Curtain Spray Operations

(insert text)

Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
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{insert text)

Configuration (Hard-Facing on the Z-Notches)

(insert text)

Duke Engineering’s believes that MHPS’s conclusions represent contributing factors in the fallures;
therefore, Duke Is not in concurrence with the recommended RCA conclusion. MHPS and Duke have
been working together, and continue to work together, to collect data and evidence to determine the
drivers behind these L-O blade failures. Data suggests that there are several contributing factors, none
of which have been guantified conclusively to determine the root cause to any porticular fallure event.

There are five periods of interest:

Period 1: Concluded in 2012 with approximatly 34 months of operation with Type 1 L-0’s in service.
Five turbine end (TE) L-0 blades were found to have broken snubbers, the L-0 blades were
replaced.
During this period the blades operated in (what MHPS would define during the transition from
Period 2 into Period 3 as) the avoidance zone for 2,466 hours with no operating restrictions
placed on the ST.
No RCA was Iconducted} as Duke worked with MHPS and was witling to have MHPS provide and [ Commented [IRS4]: | think we should add because we worked |
eventually install what was thought to be the solution to the issue with new design blades l:gf:h"::f::::;sf:x: i::::g‘e”s:.‘;:H"”:Z;:‘i’:f;::'i’::lfzm 4‘
(installed in Fall 2014). =
Period 2: Concluded in 2014 with approximatly 28 months of operation with Type 1 L-0's in service. This
was a planned outage to replace the L-0 blades with an Enhanced/More Robust Blade (Type 3
vi).
The IP Exhaust Pressure operated at a limit of 118 psig during period 2.
Blade telemetry instrumentation was also installed during the Period 2 outage to measure blade
stresses and determine the limits of the avoidance zone in operation (performed by crossing the
avoidance zone in operation and measuring blade stresses).
No RCA was required.
Period 3: Concluded in the spring of 2016 with approximately 17 months of operation with Type 3 (v1)
L-0’s inservice. This was a forced outage as a result of several biades with broken 2-lock
interfaces on both generator end (GE) and turbine end (TE} L-0's.
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After commissioning the blades operated in the avoidance zone for ~20 hrs to further refine the
avoidance zone. Operations restricted output by limiting IP Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoidance zone (no operating limitations placed around these areas by MHPS).

MHPS Engineering added stellite hard facing to the Z-lock contact faces to the newly installed
blades as a measure to prevent wear and breakage.

The RCA is currently inconclusive from data and findings, but several contributing factors have
been determined.

Note: At the onset of Period 3, per MHPS Engineering, short term operation — i.e. 10-20 minutes
per occurance — within the avoidance zone was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for example, peak power seasons
in summer. Over the course of time and subsequent L-0 events, MHPS Engineering amended and
restated their technical disposition to express that operation within the avoidance zone should
be prohibited altogether.

Period 4: Concluded in the fall of 2016 with approximatly 5 months of operation with Type 3 (v2) L-0s
inservice. This was an forced outage as a result of several L-0 blades with broken Z-lock
interfaces and missing airfoil material. inspection of the Z-lock area showed less than desirable
contact on the Z-lock surface (~10% contact vs ~60% contact). The Z-lock surface needs to
properly contact to obtain the desired dampening effect during operation.

During this period the blades operated in the avoidance zone for 1.15 hours with additional
operating limitations of 119 psig in IP exhaust pressure.

Several L-0 blades from Period 1, 3, and 4 were measured to compare geometry. Scans show
wide range of geometry from manufacturing; it is unknown if these deviations are within design
expectancy or not (MHPS has requested biades for scanning to compare — in process).

MHPS is evaluating if the additional stellite coating on the Z lock promoted a loss of dampening.
Since this failure mode was significantly different than any in the past or since this period, i.e.
complete loss of a Z-lock tip and air foil section, and the crack started at the blades high point
for stress the design may have been compromised because of hard facing on all mating surfaces.
The RCA is currently inconclusive, the application of the HVOF coating on the Z-lock surface
appear to be one of the leading factors in the faillure. The replacement blades going into Period
5 reverted back to the Type 1 design.

The Station also installed DCS logic to trigger alarms before operation occurs in the Avoidance
zone.

Period 5: Concluded in the spring of 2017 with approximately 2 months of operation with Type 1 L-O’s in
service. This was a forced outage that was a result of several blades with broken Z-lock
interfaces and snubbers on the Generator End (GE) L-0 blades.

During this period the blades operated in the avoidance zone for 0 hours with additional
operating limitations of 111.1 psig in IP exhaust pressure.

For the first time, Duke Engineering identified blending as a possible contributing factor to the
RCA. “Blending steam” is a common occurance with combined cycle applications. One example
of a suspect blend transient is evidence of measured water hammer event(s) in piping networks
that dump into the condenser. The shock wave developed by a suspect blend transient does
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enter the condenser hotwell, however the impact of these type events on the L-0 blades is
analytically unknown. Work is underway to determine if biend transients can be correlated to
blade telemetry data from 2014/15.

Note: “Blending In” steam involves integrating steam production from a specific CT/HRSG train
into the ST. “Blending Out” steam involves bypassing steam from the ST to the condenser as a
particular CT/HRSG train transfers from combined cycle to simple cycle operations (or offline).

The RCA is still underway with no conclusions developed from data and findings.
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Period 1 Period 2 Period 3 Period 4 Period 5
Date 2008-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 man ~2 mon
L-0 Blade config Type 1 Type 1 Type 3 {v1) Type 3 (v2) Type 1
5T Rating 450 MW (420 420 MW per MHI 450 MW 450 MW 390 MW
Nameplate}
Operating None 118 psig Limit on IP Exh 126 psig Limit an IP Exh 119 psig Limit on IP Exh 111 psig Limit on iP Exh
Restrictions
Blade Over speed Over speed testing in Over speed tested in No over speed No Over speed
condition MFG Japan
Avoidance Zone 2,466 hrs. (of 27,552 1 hr (of 22,320 hrs}) 240 hrs (of 11,544 hrs) 1.15 hrs (of 3,000 hrs) 0 hrs
| hrs.)
Broken Snubbers 5TE/OGE OTE/OGE O0TE /OGE OTE/1GE OTE/13GE
Broken Z-locks OTE /0GE OTE/OGE 34TE/5GE 1TE / 2 GE *2-lock and OTE/BGE
airfoils
Worn Z-locks not captured high degree of wear high degree of wear
observed observed
Key notes from | MHPSA was hired to Not a forced outage. Blade telemetry testing; | Blade loss of material, Duke Discovery: lan/Feb
Period events | evaluate ST design QOutage planned to intentionally ran in crack initiation in high 2017, first time blending

conditions (original
design was for Tenaska,
3x1 heat balance) &
continue the warranty.
MHPSA was storing for
Tenaska (purchased grey
market, stored by OEM).
ST drawing modified by
MHPSA and approved
for 4x1 operation at 420
MW output rating (2.38
mpph LP exhaust flow).

upgrade to "heavy duty”
blades.

Some blade damage was
observed from removed
service blades.

Blade telemetry
instrumentation
installed ('Dec 21 - Dec
24", 2014)

avoidance zone to set
limits, ran in zone for
<20 hrs).

Na blade cracking
observed after testing
when test
instrumentation
removed.

Blade telemetry data
also shows higher stress
areas in operation
outside the avoidance
zone based on blade
strain data (no operating
limitations placed

stress area of airfoil.
Stellite hard facing had
been added to the blade
z-lock, and s likely a
contributing factor in
the failure.

Two {2) separate step
changes (decreases) in
vibration fed to the Duke
Engineering
recommendation to
remove the ST from
service for inspection.
At first, MHPS did not

considered to be a
contributing factor in L-0
events.

lan 2017 “loss of mass”
event ~ blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression
of failure surfaces
indicate ~1047 striations
meaning high cycle
fatigue {at 200 Hz giving

around these areas by support this over 2M cycles in 3+ lirs
MHPS), data indi recom dation, nor to fail snubber).
we operated in these did they support the Confirmation from the
zones ~X hrs during the idea that “Joss of mass” Harris met lab
period. had occurred. evaluation should help
determine cracking
mechanism
Information | MHPS provided all Pl MHPS provided afl Pl MHPS provided all Pl MHPS provided all £I MHPS provided all PI
shared with MHPS | data they requested. data they requested. data they requested. data they requested. data they requested.
MHPS learmed through
Duke Engineering

{intentional) that we
were investigating
blending and its impact
to the Condenser/ST.
MHPS RCA team for the
first time learned what
"blending in” and
"blending out" meant.




Appendix B: MHPS L-0 Blade Type Matrix

CONFIDENTIAL

DEF20190001BARTOW LFE6- 000279

DECLASSIFI ED

Bartow L-0 Configurations Citrus L-0

Typel Type 3 (v1) Type 3 (v2) New
Length 40" a0" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Height same as Bartow

HVOF

Z-lock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experience 3 units {2003} 12 units (2001} 1 unit, ~5 months In commissioning (~1yr)
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph
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Executive Summary

Over the past 3 plus years, Duke Energy Florida LLC (Duke)}, at times working independently and at times
together with Mitsubishi Hitachi Power Systems (MHPS), undertook a root cause analysis (RCA) of the
cause(s) for the Unit 4S L-0 blade cracks and failures that occurred during normal station operations at
Bartow Station. The intervals between failures had become shorter after each failure despite MHPS's
attempts to improve the blades’ performance and the station’s adherence to the revised OEM operating
instructions received after each successive failure.

Only after the telemetry test was completed and after the onset of Period 3, in approximately March
2015, (as a result of the telemetry test) did MHPS create an “avoidance zone” in which the station was
not to operate except as needed to ramp up or down. Bartow operated in the avoidance zone only 1.15
hours in Period 4 and 0 hours in Period 5, but suffered two (2) further failures in successively shorter
periods. Thus, after the fifth failure, Duke concluded that operation in MHPS’ designated avoidance
zone did not explain the failures and looked at whether other factors potentially were related or
contributed to the failures.

Duke considered both operational and design aspects. With respect to operational factors, the Duke
team used the Plant Information (“P1”) data historian and operational data from each period and
retroactively calculated® whether those factors had any correlation to the failures. Potential factors in
the operational category included:

e Operations in MHPS Avoidance Zone -- Low Pressure (LP) Turbine “Excessive” Steam Flow

e Bartow Blending Operations — Potential Thermal Distress (Rate of Change in Super Heat Over
Time, dTsy/dt) at LP Turbine Exhaust

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

Duke Engineering concluded that there was no correlation between any one of the above-listed factors
and the five (5) failure periods. Notably, Duke was only able to study each factor independently based
on available data. In the absence of (1) blade telemetry, (2) duplication of the factors in various
combinations, and (3) operation in varying but normal conditions, it is not possible to study how each
factor relates to and interacts with any other factor, if at all.

Duke also studied design factors unique to MHPS 40" steel blades. This aspect of the RCA was largely
deductive because MHPS controls design data, although MHPS did provide FEA stress and frequency
analyses, material properties, and some dimensional information. The following factors were included
in this portion of the study:

e Zone Analysis — Shroud Fretting Fatigue

1 Because MHPS's operational constraint called the Avoidance Zone was not provided by MHPS until after the onset of Period 3,
one could only loak at hours in that zone after-the-fact for Periods 1 and 2.

Page 1 of 16
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e 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

With regard to the “Hard-Facing on Mid-Span Snubbers” factor, Duke was able to conclude and MHPS
concurred, that this factor played a part in the blade failure in Periods 3 and 4. With respect to the Zone
Analysis and Blade Fitment factor, although MHPS made no concession, it is currently re-engineering its
40” blades and making changes to the blades’ geometry as discussed by MHPS Engineering in a 22
September 2017 presentation made to Duke.

Based on its observations and study, Duke has been and remains of the opinion that the root cause of
the failures in the ST L-0 40” blades is the blade design/lack of blade design margin. That is to say, under
expected operating conditions at Bartow’s 4x1 Combined Cycle (CC) Unit, the MHPS blades are
substantially more fragile than similar 40” blades both in Duke’s CC fleet and elsewhere in the industry.?

Duke’s conclusion is based on its study of the events and information that includes data supplied by
MHPS, Pl data from Bartow, information from similar units in Duke’s fleet, and industry experience with
the 40” blades. MHPS did not provide proprietary information concerning engineering and testing of
the 40" blades but did provide engineering assistance and strain gauge data from a brief period of
MHPS-led telemetry testing during December 2014. Duke provided all operational information
requested by MHPS and met with MHPS multiple times to discuss both MHPS’ findings and Duke’s
independent research and findings. This RCA report is Duke’s product and presents its view of the root
cause based on all inputs received.

For Bartow, the long-term solution is to replace the 1-0 blades with blades of a different design and/or
to retrofit the LP steam path and/or continue operation with pressure plate.

With either a redesign of the MHPS 40” blades or replacement with blades of a different make or an LP
steam path retrofit, telemetry instrumentation and blade vibration monitoring are necessary to ensure
that all potential upset conditions are resolved.

Historical Overview DECLASSIFIED

Bartow is a 4x1 CC Station with a steam turbine (ST) manufactured by MHPS. The ST was purchased
from Tenaska Power Equipment, LLC (Tenaska) which intended to use it for a 3x1 CC with a gross output
of 420MW. The ST was never delivered to Tenaska and remained with MHPS in a warehouse in Japan
until Duke purchased the unit in 2006.

Before the ST was purchased by Duke, Duke contracted with MHPS to evaluate the ST design conditions
and to update heat balances for a 4x1 CC configuration. MHPS updated the heat balances for use in a
4x1 CC configuration. CC units blend steam from the combustion turbines (CT) as they start-up and/or

2 The most commonly reported issue with the 40” L-0 blade design eisewhere is water erosion, which both Duke and MHPS
agree is not a contributing factor to the Bartow failures.

Page 2 of 16
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shut-down with steam to the ST. These blending events, which are a common occurrence for CC units,
result in brief periods of higher steam temperatures and flows into the condenser near the ST L-0
blades.

Since commissioning of the Bartow ST in 2009, there have been five (5) events involving L-0 blade
failures and/or replacements as described, below.

Each 407 MHPS steel blade is twisted with a “root end” that connects it to the hub, a snubber at the
mid-point or mid-span, and a shroud with airfoil tips at the top. While the ST spins up to its operating
speed of 3600rpm, each blade elongates and starts to untwist. The snubbers and airfoil tips are
designed to contact each other and create a stabilizing central and outer ring. If a snubber or airfoil tip
fails, the blades can vibrate excessively and can cause sudden catastrophic failure. Although none of the
five (5) Periods at Bartow involved a complete blade loss or catastrophic failure, two (2) involved upsets
and each event affected mid-span snubbers, shroud Z-Locks, and airfoil tips.

The five (5) Periods are summarized in Table A. Each Period’s start date is when the ST was put into
service and each end date reflects either when the ST was taken off-line or suffered an unplanned
outage. The blades for each period are described by “Type.” The ST was sold and during Period 1 was
operated with Type 1 blades, which at MHPS’ recommendation and urging were replaced —turbine end
(TE) blades only — with a re-engineered Type 1 blade at the start of Period 2. Period 2 ended with a
planned shut-down, during which the TE and generator end (GE) blades were replaced with an OEM-
improved design (Type 3) even though the in-service Type 1 L-0 blade condition was such that they
could have run longer. The Type 3(v1) blades had hard-facing on the mid-span snubber contact surfaces
and MHPS ran its brief period of telemetry testing. Damage found at the end of Period 3 resulted in a
forced outage and the installation of new Type 3(v2) blades with hard-facing on the mid-span snubber,
as well as hard-facing now added to the Z-Lock contact surfaces. When these Type 3(v2) blades failed
at the end of Period 4, they were replaced with the original Type 1 blades for Period 5. When these
Type 1 blades failed at the end of Period 5, the L-0 blades were replaced with a pressure plate.

MHPS provided OEM operating parameters in each Period as reflected in Table A under the heading
“MHPS IP Exhaust Pressure Operating Limits.” For Period 1, these limits were the design limits that
accompanied the ST at purchase. After the damage was discovered at the end of Period 1, MHPS
imposed a lower IP exhaust pressure limit. In Period 3, when the Type 3 blades were installed, MHPS
raised the limit, in accordance with the original proposal by MHPS to supply blades for Period 3 that
would allow operation up to 450 MW but also stay within the limits established as a result of the
telemetry test. After the telemetry test, MHPS sent out a chart it called the “Avoidance Zone” and
suggested that blade damage would be avoided if Duke operated as few hours as possible in the zone.
The practical result of the avoidance zone limits meant that the Bartow ST unit could not achieve 450
MW as the IP exhaust pressure was, and to this day still is, limited when condenser pressure is in a range
the unit normally must run in. In Period 4, with the discovery of additional damage, MHPS lowered its IP
exhaust pressure limit and did so again in Period 5.

Page 3 of 16
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Table A: Bartow L-0 Events Summary
Period 1 Period 2 Period 3 Period 4 Period 5
: December 2014 to April December 2016 to
Date | June 2009 to March 2012 April 2012 to August 2014 2016 May 2016 to Oct 2016 February 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade h
CRnTaGen Type 1 Type 1 (re-engineered) Type 3 (v1) Type 3 {v2) Type 1
WIFE E"pegsspﬂ 420 MW (Nameplate) 420 MW 450 MW?3 450 Mw3 390 MW

MHPS IP Exhaust
Pressure Operating
Limits

Machine controlled to HP,
IP and Condenser design
limits

118 psig Limit on IP
Exhaust

126 psig Limit on IP
Exhaust

1189 psig Limit on IP
Exhaust

111.5 psig Limit on IP
Exhaust

Retroactive
Calculation of
Avoidance Zone

“Exceedance” | 2,466 hrs. {of 21,734 hrs.) 1 br. (of 21,284 hrs.) 240 hrs. {of 10,286 hrs.) 1.15 hrs. (0f 2,942 hrs.) 0 hrs. (of 1,561 hrs.)
based on the MHPS
Period 3 Avoidance
Zone chart?
Broken Snubbers 5TE/OGE 0TE/OGE OTE/OGE OTE/1GE 0TE/13 GE
*7.
Broken Z-Locks OTE/OGE 0TE/OGE 347TE/5 GE A, - gﬁfji:‘xk T OTE/8GE
Moderate Amount of Moderate Amount of ,
: " High Degree of Wear Evidence of Poor Contact High Degree of Wear (for
Worn Z-Locks Surface Fretting and Surface Fretting and Observed Allgnment Obiserved Hours Run) Observed

Galling Observed

Galling Observed

Key Notes from
Period

Planned outage for valve
work, as well as annual L-
Qinspections.

At the start of this period,
MHPS approved 4x1
{unfired) operations at
392 MW output, as well
as 3x1 (duct fired)
operation at 420 MW,
supported by MHPS-
provided heat balance
documentation.

During a plant shut down
a visual inspection of the
ST L-0 blades revealed
damage to the turbine
end blade snubbers,

Planned outage for
upgrade to "heavy duty”
blades, based on MHPS
representation that it had
improved design.

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.

Planned outage for valve
work, as well as an annual
L-0 inspection.

No blade cracking
ohserved after testing
{when the test
instrumentation
removed).

Stellite hard-facing added
to snubbers only.

Two (2) separate step
changes (decreases) in
vibration led to the Duke
Engineering
recommendation to
remove the ST from
service for inspection.

Blade “loss of material”
observed, as well as crack
initiation in high stress
area of airfoil,

Steliite hard-facing added
to the blade Z-Lock.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~1077 striations meaning
high cycle fatigue (at 200
Hz giving over 2M cycles
in 3+ hrs to fail snubber).

L-0 blades removed and
pressure plate installed;
pressure plate restricted
ST output to between
360-380 MW. MHPS
maintains operational
restrictions on ST.

Information Shared
with MHPS

Duke provided all
requested Pl data.

Duke provided all
requested Pl data.

Duke provided all
requested P| data.

Duke provided all
requested Pl data.

Duke provided all
requested P| data.

3 Qutside of operation in the MHPS Avoidance Zone

DECLASSIFIED

4 For purposes of comparison, the Duke RCA team Iooked at hours in the Avoidance Zone even for periods in which that
concept had not been introduced.
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Operational Factors Potentially Impacting MHPS Blades

Low Pressure (LP) Turbine Excessive Steam Flow — “Running in the Avoidance Zone”

After the Period 3 outage was concluded and the ST was back in service, MHPS offered a view that high
back-end loading on the LP turbine last stage blades must have been a significant contributing factor to
the past L-0 blade damage/failures. Back-end loading is created by steam flow and operating pressure
through a turbine section. Based on hindsight, MHPS Engineering claimed that at the time of the first
failure (Period 1), Bartow Unit 4S exceeded the back-end loading limitation of 15,000 tb/hr-ft* by many
hours and that the MHPS 40” L-0 fleet average for back-end loading was closer to 12,000 Ib/hr-ft>.
Although MHPS had not previously imposed a back-end loading limitation, it then created what it called
the “Avoidance Zone” and suggested longer run times in the avoidance zone were the root cause of the
first three failures.®

Then and now, Duke Engineering does not agree that back-end loading above 15,000 lb/hr-ft* has been
the failure-driving mechanism for the documented L-0 events. As Table A illustrates, Periods 2, 4 and 5
saw operating hours in the MHPS defined “Avoidance Zone” of only 1 hour, 1.15 hours and 0 hours,
respectively, and still Bartow suffered damaged blades. Period 3 had only 240 hours in the avoidance
zone, less than 2% of its total operating hours. Furthermore, by a considerable margin, Period 1 had the
greatest amount of run hours in exceedance of the “avoidance zone” —2,466 out of 21,734 total hours
— but despite the greatest number of hours, blade damage in this Period was limited to five (5) broken
mid-span snubbers on the TE of the machine and a lesser degree of fretting on the shroud Z-Lock
contact surfaces for both TE and generator end (GE) of the machine than seen in other Periods. The
next highest period in the avoidance zone, Period 3, with 240 hours (out of 10,286 total hours — (11
hours of which were during approved instrumented blade telemetry tests performed by MHPS in
December 2014), showed significantly greater amounts of blade damage and fretting to the Z-Lock
contact surfaces on both ends of the machine than Period 1.

While the amount of Z-Lock wear cannot be quantified for Periods 1 and 3, photographs show the
difference (See Figure 1 below).

5 MHPS Engineering extrapolated the December 2014 data to isolate operation in the Avoidance Zone as the root cause for
blade failures at the mid-span snubber, shroud Z-Lock contact surface and/or the blade airfoil as seen during Periods 1-5. Duke
Engineering does not agree that this data can be extrapolated over all five Periods, in part, because the data does not include
normal operating conditions at Bartow and in part, because the information does not explain what occurred in each Period.
Without telemetry over a sufficiently long period, under a sufficiently normal set of operating conditions after new blades
and/or other equipment is installed, the December 2014 data yields no reliable RCA conclusions.

Page 5 of 16
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Figure 1 —Photos of Shroud Contact Surface Wear for Periods 1 and 3

i GoviL) #42
concave.

Gov (L) #43
- Lonvex

Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 3

Based on comparative run times and damage, it is difficult to conclude that the L-0 blade damage in
each Period or any particular Period is due to unit operation in the avoidance zone.®

Thermal Distress (dTsu/dt) at LP Turbine Exhaust — “Blending Operations”

After the Period 5 failure, which occurred with zero hours in the avoidance zone and with no other
explanation offered by MHPS, the Duke RCA team began to consider whether other operational aspects
might impact exhaust conditions of the LP. The Duke team looked for other mechanisms that might
introduce forces great enough to initiate cracks in snubbers including Low Cycle Fatigue (LCF) and High
Cycle Fatigue (HCF). The two (2) operational conditions that might conceivably produce forces great
enough to initiate snubber cracks are biending and the use of hood sprays (especially with low out-of-
spec inlet pressure). Blending is discussed first.

Since the design of the condenser includes spargers (or “dump tubes”) for the hot reheat (HRH) and LP
bypass steam fiows from each of the four (4) CTs, and since thermocouples positioned at the LP exhaust

& Even though the L-0 blades are no longer in the ST and a pressure plate has been installed, MHPS Engineering does not have
enough technical data to support releasing Duke to operate the machine beyond the current IP Turbine exhaust pressure

operating limits because of “potential impacts to upstream blading” —i.e. the L-1 blade sets. This suggest that MHPS is unsure
what effect if any is created by its “avoidance zone” and mare importantly points to a design flaw that may affect more than

DECLASSIFIED Page 6 of 16
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just downstream of the L-0 blades (i.e. hood spray thermocouples) have experienced significant changes
in temperature during a blend operation, Duke reviewed these blend operations.

Using Excel and PI Datalink, Duke Engineering determined which operational blending events might have
affected the L-O blades in order to isclate those higher risk events from the large quantity of blending
operation of data for Periods 1-5. Duke identified blends with a slope change greater than 20°
superheat/minute at the hood spray thermocouples and with an ST output greater than 50 MW. Duke
Engineering selected the 20° F change in superheat and 50 MW minimum output as proxies for
conditions when blend steam had high or low enthalpy (LCF and HCF) as reflected by high thermocouple
temperature/superheat rate of change.” While this measure does not necessarily indicate the overall
severity of any loadings on the L-0 blades, it serves as a proxy for reviewing events which could load the
blades.

Operationally, blends are not defined or constrained to strict parameters because of the number of
variables that can affect blends. High and low enthalpies therefore, are not functions that are typically
monitored by an alarm or otherwise. This study of blends was done solely with the benefit of hindsight
for this RCA. In studying blends at Bartow, the Duke team also looked at blends at other stations and
found similar high and low enthalpies.

The following are the blend counts for Bartow in each Period based on the above-listed criteria:

Table B -Number of “Counts” that Meet the Blending Criteria for Periods 1-5 on Bartow Unit 4S.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends during strain gauge testing in December 2014

Using the same criteria as used for Bartow, blending operations at the HF Lee CC plant and for Hines
Energy Power Block 2, which have 40” and 42" L-0 blades, respectively (but from different OEMs than
MHPS), were used as a basis of comparison to Bartow —see Table C.

Table € — Number of “Counts” that Meet the Blending Criteria on the HF Lee CC ST

. Number of Number of Blends (or “Counts”)
Bukerstalign Date,Range Operating Hours Meeting Criteria
HF Lee CC ST 01/01/2014 to 01/01/2016 15,045 22
Hines PB2 ST 09/01/2015 to 09/01/2017 16,123 14

7 Although Duke could have used smaller temperature changes, selecting small changes (e.g. a three- or five- degree difference)
would yield too many results, most of which could not cause a LCF or HCF effect. Likewise, at too-high a temperature delta, too
many data points may have been eliminated.

DECLASSIFIED
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Given the comparison with Lee and Hines CC S$Ts and the variability in blending events in the Bartow
Periods, Duke was unable to draw any correlation between blending and the impacts on the MHPS
blades. Bartow, Hines and Lee are similar in their blending rates and blending counts and yet, Lee’s and
Hines’ blades have never been impacted like what has been seen at Bartow. This reinforces the Duke
team’s conclusion that the Bartow failures are attributable to the design or slim design margins in the
MHPS 40" blades.

Pressure Pulses During Hood/Curtain Spray Operation(s)

The Duke team also studied whether hood spray operations were a possible cause of high and low
energy forces on the L-0 blades because of the proximity of the sprays to the L-0 blades. The hood spray
nozzles rely on pressure drop across the nozzie to create a vortex inside the nozzle that causes
atomization of the water through centripetal force. Reduced pressure drop corresponds with a
reduction in atomization and lower hood spray atomization may create dynamic pressures affecting the
L-0 blades, as large water droplets evaporate/flash-off in the exhaust stream creating pressure pulses.

The hood spray operation is programmed into the Ovation DCS control system and is automated with no
operator interaction. The condensate pump output acts as a source of water for the spray. A control
valve reduces the roughly 500 psig condensate pressure to the spray design pressure of 50 psig. A
review of the OEM-provided instructions directs use of hood sprays during the following two conditions:

e Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW
e Hood spray thermocouple reading greater than 160° F

Although not clear why, the Bartow hood spray data shows that the hood spray had been programmed
during unit construction to operate any time blending takes place — similar to curtain sprays. Duke is not
able to determine who programmed the hood spray in this way; MHPS would have had input in the
control system but the architect/engineer typically designs the plant-wide control system.

In any case, because of the manner it was programmed, the hood spray operations occurred at greater
rates than would have normally occurred. Two questions are raised in hood spray operations: (1) are
the temperatures at the hood spray thermocouples normal or excessive and {2) is the hood spray
pressure normai?

Hood spray thermocouple data shows the hood sprays rarely reached 160° F during normal operation
and never exceeded 165° F. Higher temperatures are sometimes seen after a shutdown or unit trip as
exhaust pressure increases, most likely due to the hot LP casings and some windage. During shutdowns
and/or unit trips, there were no temperature readings above 201° F (one very brief reading of 1040° F
was the result of an instrumentation issue).

Having eliminated excessive LP exhaust temperature as a concern, the team looked at hood spray

pressure and found it had steadily decreased over successive Periods likely due to clogged sprays.

Page 8 of 16

DECLASSIFIED



DEF20190001BARTOW LFEG- 000288

CONFIDENTIAL
Duke Energy - Confidential February 6, 2018

Figure 2 depicts the pressure decrease in the hood sprays over time. The decline in water pressure at
the hood spray nozzles, likely caused by debris in the valve trim, results in reduced atomization.

At the kind of hood spray pressures shown in Figure 2, the atomization of the hood sprays would have
been poor. Larger water droplets will cause pressure pulses as evaporation occurs, during times when
the LP exhaust steam temperatures are elevated during blending.

Figure 2 — Hood Spray Pressure Degradation Over Periods 1-5

~ 1000 gph / hood ~ 50 paip

& PIESSUTE purses GO0
ropeet RomZaton, Sralier
L

pemauned ~ 450-500 pw

r;}j Spiay hestory
rre We

uBfty pressure
v 1 5ANT

[AT < ps hood sprays down ko -

viood Spray took a step change brom w}l—

100-300 goh many more presswe
50 ps rated 35 py aarm to 20 pu. Very Secayed ove time oy and langer I magraiuge
ety wood sphntery found v valve tnm Likety cause oty | " rzies DF jesa an 7.1 ps
jcape 3T o piping leak. Drogiping e ooped stranel prequinec
Lrviiable pressure W NGXes ound V17

Control of the hood sprays is automated within the plant-wide contro! system and not controlled by the
operators. After a plant is commissioned, the hood sprays are not normally checked for accuracy and
again, until there had been successive failures, there was no reason to focus on the hood spray system’s
functionality. Although the review that was conducted after the 5% failure revealed lower pressure
which may have contributed to some additional wear of the blades, the Duke team does not believe this
is the root cause of the failures as the design of the blades should have been robust enough to
withstand some increased pressure pulses. Further, MHPS does not believe that any pressure pulses
from the hood spray would have been strong enough to harm blades.

DECLASSIFIED Page 9 of 1
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Zone Analysis — Shroud Fretting Fatigue

Based on data from the blade strain gauge telemetry test in December 2014, MHPS identified areas
(referred to as “zones”)® where blade response was high, but still below the OEM design limit, occurring
during the normal operation range of the LP turbine (See Figure 3). These zones were neither
something Duke was told about nor the result of any operational factors. They simply reflect how
MHPS’ 40” blades function at certain operating conditions. Notably, MHPS never issued an operational
restriction associated with these zones.

As part of its RCA after the fifth and most recent failure, the Duke Engineering team reviewed the time
of operation in these MHPS-identified zones in an effort to determine whether there might be some
correlation between the zone time and failure. Duke Engineering was interested in this issue because of
the observed excessive Z-Lock wear in Period 5 that occurred after a short operation time. Excessive
wear at these contact surfaces is a sign of excessive blade movement during operation. Since there was
no operation in Period 5 above the IP turbine exhaust pressure limit “avoidance zone” designated by
MHPS, the only other possible reason for the wear is higher dynamic stimulus (Zone F as identified by
the telemetry test).

DECLASSIFIED

® These zones are not MHPS operational constraints and differ from the Avoidance Zone discussed above.
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Figure 3 — Data Presented by MHPS During a Presentation Dated 15 March 2017
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Table D shows the time in hours in each of the three (3) zones identified during the telemetry test for
each Period. The total time in the three (3) zones compared with the total operating time is reflected as
a percentage.

Table D — Time (in Hours) in Each Zone and Compared with Operating Time

Time in Zone Total Turbine |% Time in

F1 F2 F3 Total |Operating Hours| Zone F
Period1 | 9501.2 466.2 9.7 1377.0 21734 6.3%
Period 2 | 1521.9 10.0 0.2 1532.1 21284 7.2%
Period3 | 513.8 257.5 23.9 795.2 10286 7.7%
Period 4 1.3 407.8 0.0 409.1 2942 13.9%
Period5 | 419.0 0.0 0.0 419.0 1561 26.8%

DECLASSIFIED e
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Figure 4 shows the wear on one of the Period 5 Z-Locks. While varying degrees of wear are seen on the
Period 5 Z-Locks, the wear is higher than what one would expect given the relatively low total turbine
operating hours. Period 5's time in blend mode was consistent with those in other Periods and does not
explain the amount of wear.

While the findings are not completely conclusive, there is good reason to believe that MHPS’ design may
be susceptible to damage when run in these zones. All Periods had hours in Zone F1 and F2. In addition,
both on a percentage and absolute basis, Period 5 had a significant number of operating hours in this
higher dynamic stress zone. Because each Period included run times in one or more zones and because
each Period resulted in differing degrees of damage without direct correlation to the run times in those
zones, it is difficult to conclude that operation within the zones is the cause of the L-0 blade failures.
However, if the design margin on the blades is small, the blades may be susceptible to cracking,
excessive wear, etc., when the unit either runs in or passes through these zones.

Figure 4 — Photo of an L-0 blade Z-Lock from Period S Showing Contact Surface Wear

Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

High Velocity Oxygen Fuel (HVOF) hard-facing can reduce the amount of base material fretting (wear)
during operations and has many applications for blading contact surfaces in the industry. HVOF hard-
facing can also change the frictional forces of the contact surface by reducing the coefficient of friction.
However, as frictional forces are reduced, so are the dampening forces derived from them. A reduction
in dampening, in most cases, means an increase in dynamic forces and motion.

DECLASSIFIED Page 12 of 16



DEF20190001BARTOW LFES- 000292

Duke Energy - Confidential February 6, 2018

Duke Engineering considered whether dampening loss may have been a contributing factor during
Periods 3 and 4, when MHPS provided HVOC hard-faced coating on certain parts of the blades. In Period
3, only the mid-span snubbers had hard-facing. As a result, the shroud Z-Lock contact surfaces had
more damage relative to other Periods, likely due to a loss of dampening at the snubbers. The Z-Lock
contact surfaces were forced to provide all of the dampening for the system via additional motion.

In Period 4, both the mid-span snubbers and the shroud Z-Lock contact surfaces had hard-face coating.
Given that both the mid-span and shroud contact surfaces were HVOF-coated, the limiting factor then

became the blade airfoil high stress location in the trailing edge, which was the observed failure at the
end of Period 4. In discussions with MHPS, MHPS agreed that its attempt to harden the blade contact

surfaces likely contributed to the failures in Periods 3 and 4.

Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

To understand this issue, recall that at high speeds the Z-Lock and snubbers act as the mechanism by
which the 40” blades are prevented from untwisting completely and moving loosely. Thus, the distance
between Z-Locks and between snubbers must be precisely engineered to account for expansion and
movement between the blades during operation. if the blades are too tight, (initial clearances too small)
there will be too much force at the contact surface raising stresses and make breakage more likely, and
if too loose (initial clearances too large), there will be too little force to provide proper dampening or
allow blade vibration frequency and modes to change, potentially leading to failure.

Between Periods 3 and 4, Duke raised technical questions relative to “as left” blade-to-blade gap
measurements — both at the mid-span snubber interface and at the shroud Z-Lock contact surfaces.
These questions were concerned with whether blade gaps at both points should be viewed together.

Because MHPS installed telemetry and conducted strain gauge testing for a short period in December
2014 at the beginning of Period 3, the Type 3(v1) L-0 blades were used to establish a baseline blade
response to capture “worst case” geometry variations.

MHPS concluded that the dimensional tolerance between the Type 3(v1/v2) blade and the Type 1 blade
may have been as great as +/- 2 mm — i.e. the Type 3 blade (Periods 3 and 4) showed greater distortion
than the Type 1 blade (Periods 1, 2 and 5).° With a greater geometry variation, the Type 3 blade
provided less mechanical dampening (relative to the Type 1 blade) because of the smaller contact area
and misalignment.

While MHPS contends that geometry variation on the Type 3 blade is not significant enough to have
negatively impacted blade stress/response, MHPS also implicitely acknowledges that blade
fitment/geometry is important in its current efforts to redesign the 40” blade following the fifth failure.
In fact, it is is changing the geometry in response to specific Duke suggestions.

In conclusion, Duke Engineering believes that the “as-left” placement of the blades in the 3" and 4%
Periods had some impact on the failures, though again, had the blades been more robust, they may not

® These findings are consistent with an independent analysis of the blades by Duke using third party scanning.
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have failed to the extent seen in those Periods. MHPS bears the responsibility for this cause as the
replacement Services were entirely in its control.

CONCLUSION:

Based on its observations and study, Duke has been and remains of the opinion that the root cause of
the failures in the ST L-0 40” blades is the blade design/lack of blade design margin. That is to say, under
expected operating conditions at Bartow’s 4x1 Combined Cycle (CC) Unit, the MHPS blades are
substantially more fragile than similar 40" blades both in Duke’s CC fleet and elsewhere in the
industry.

Duke’s conclusion is based on its study of the failure events and both design and operational
information including data supplied by MHPS, Pl data from Bartow, information from similar units in
Duke’s fleet, and industry experience with the 40” blades. MHPS did not provide proprietary
information concerning engineering and testing of the 40” blades but did provide engineering assistance
and strain gauge data from a brief period of MHPS-led telemetry testing during December 2014. Duke
provided all operational information requested by MHPS and met with MHPS multiple times to discuss
both MHPS' findings and Duke’s independent research and findings. This RCA report is Duke’s product
and presents its view of the root cause based on all inputs received.

DECLASSIFIED

10 The most commonly reported issue with the 40” L-0 blade design elsewhere is water erosion, which both Duke and MHPS
agree is not a contributing factor to the Bartow failures.
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Appendix A: MHPS L-0 Blade Type Matrix

Length
Count

Turb/Gen End

Snubber

Z-lock
Blade design

Material

Typel

64

Yes

No HVOF

No HVOF
Original

17-4 ph

Bartow 1-0 Configurations
Type 3 (v1)
40"
64

Yes

Chamfer Radius & HVOF

No HVOF
QOriginal

17-4 ph

DEF20190001BARTOW LFE6- 000294

February 6, 2018
Citrus L-0
Type 3 (v2) Type 5
4p" 40"
64 64
Yes Yes
Chamfer Radius & HVOF Different Radial Height Relative to
Bartow L-0 (About 17)

45° Corner with HVOF Applied
Original

17-4 ph

No HVOF
Attack Angle Change

17-4 ph
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Appendix B: Empirical Data Concerning Factors which May Have Affected L-0 Blades

Suj for Root Perlod 1 Jun 2009 to Mar 2012
Pariod 2 Apr2012ta Aug 2014

Period 3 Dec 2014to Apr 2016
Pariod4  May 201610 Oct 2016
Pariod 5 Dec2016t0 Feb 2017
Openating
Period  Hours "Excassjve Stear Flow” Not;
1 734
2 2288 *Avoldance Zone Hours” of operating b of # bythe IP
3 10,285 exhaust pressure
4 2,942 Hours f [1k - Number of hours per 1000 Inagh
5 551 - "~ Data highest valise In the column, "Exceedance Hours / {1k Operating Hours)"
Thermal Dist
Potential | Counts {AT>20 “Thay stress " Notes
Operating Factor deg_Fu/

Pedod  Hours Pregent Minute) “Counts (DT > 20 deg_FSH / Minute ) — “Counts” pre defined o the number of blends where change (4-)
1 21,734 X 13 grester than (204 theat / min) at the hood Data was flagged only when 8 CT was being biendad Inta or
2 2,84 X 7 out of) the steam cycle AND the ST outpirt was grester then SOMW.

3 10,286 X 37 *Counts / {1k Hours)” - Number of "Counts” per- aperation ina g rod
‘ 2992 X 3 “Normalized Rarking” -- Data normalized agalnst the highest value In the column, "Courts / {1k Dperating Hours}™
3 15 X S
Preasure Fulsey
Potental | Hoursoftiood | XOETER | s “Pressure Pulses® Notes
Opermting | Fater | presuure {peig) [Spray Op PTG | Panking

Period Hours Prasant Hours “Avg. Hood Spray Pressure (psig)” — Calculatad fram Pl Historfan data
1 2,734 X 352 5058 23 : "Hours of Hood —"Hours of s a welghtad value — There is a 1.00 multipller at 50psig varying
2 n788 X 132 7.343 34 linearly to s L7Smultipller at S pslg
3 10,286 X 104 240 "% of Total Operating Hours™ ~ The "welghted™ hours of hood spray operstion divided by the total number of opersting hours ~
4 2042 X 55 174 t 17 converted toa percentepe value
5 1,501 X 87 93 017 & —Data gainst the value In the column, "% of Total Operating Hours*

Lowt of Dumpening
Operating

Period Hours Potential Fector Present
1 2,738 NIA
2 21,288 NJA
1 10,286 N/A
‘4 2,942 X
5 1561 NJA

“Blade Fitment" Notes
"Blacle Fitment” — th for both the mid: and the shroud Z-Lack e
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Original Manfacturer/Model
ST Configuration

L-0 Blade length

Design Rotating Speed
HP/1P Rotor Weight

LP Rotor Weight

Generator Rotor Weight
Direction of Rotation

CONFIDENTIAL

MHPS / TC2F-40
HP/IP + DFLP
40 inch.
3600 rpm

Clockwise (looking from ST toward Generator)

DEF201S0001BARTOW LFEG- 000299

Condenser Exhaust Configuration Vertical
Condenser Back Pressure limits - All Conditions M'm.mum Ma)flmum

1.4inHg ?inHg

Steam Max Load Conditions - SUMMER Steam Max Load Conditions - WINTER
Combined Cycie Configuration 3x1 4x1 3x1 4x1 Units
Pressure Entering LP 118 132 psia 121 137 psia
Temperature Entering LP 661 674 °F 630 649 °F
Flow Entering LP (IP Exhaust + LP Induction) 2,302 2,557 1000 Ib/hr 2,392 2,691 1000 ib/hr
Condenser Backpressure 3.4 3.7 in Hg 14 1.6 in Hg
MW Output 415 441 MW 419 449 MW
Ambient Temperature a5 95 °F 35 35 'F
Ambient Humidity 90 90 % RH 60 60 % RH
Barometric Pressure 14.7 14.7 psia 14.7 14.7 psia
Circulating Water Inlet Temperature 90 90 °F =E 53 °F
Pressure Entering HP 2,270 2,270 psia 2,270 2,270 psia
Duct Firing Flow 43,350 21,100 Ib/hr 42,690 19,560 Ib/hr

Yes, 12 °Finlet
Evap. Coolers in Service temp. No No No
depression
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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-0 blade failures are being driven by a non-
synchronous self-excited vibration [flutter) of the L-O blades during operation. In our and MHPS's evaluation of
the root cause neither party has been successful in conclusively identifying the factor{s] that are causing the
failures. There are a series of contributing factors that have been identified but the correlation and
predictability of these contributing factors and the magnitude of their interactions has been difficult if not
impossible to predict without having conducted further instrumented testing of the L-0 blades in operation. Any
conclusions derived from our efforts and discussed in this document are based on our best ability to correlate
data with events in operation and findings with L-0 blade inspections/failures. that 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 Unit.

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 Ib./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-0 events:

e Low Pressure (LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

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

e 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 of the 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
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monitoring will be necessary to conclusively determine and eliminate the magnitude and impact of the
identified contributing factors. _

This technical paper will speak briefly of the history of £-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.

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). 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 madifications 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-O 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 (LP) 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
was extremely 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
4S was an outlier relative to the MHPS 40” L-0 fleet with several operating hours above the design limit of
15,000 Ib./hr./ft.2 (the MHPS 40” L-0 fleet average was closer to 12,000 lb./hr./ft.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-0 events. As Appendix A illustrates, Periods 2, 4 and 5 saw operating hours in the “avoidance
zone” of 1 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.
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By a considerable margin, Period 1 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.

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. It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

Gov() £33
== =13
Govfl) #32
GRNGRNE Govf]) 243
CRIMEX
Sample Shroud Contact Surface Sample Shroud Contect
Photos from Period 1 Surface Photos from Period 3

With the £-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 concem 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 Operations = Thermat Distress (dTsu/dt) 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 abserved that thermocouples positioned at the exhaust of the LP turbine just downstream of
the L-0 biades (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 PI Datalink were developed that allow large amounts
of data (stored in the Pt 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 invalved extracting Pl data, calcutating 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 fime to look at additional blend parameters.

Table 1 - Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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
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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
¢ 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. 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 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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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5
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Zone Analysis — Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, MHPS identified areas (referred to
as “Zones”) where blade response was high, but stili 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
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.
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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.

Tabile 2 -- Time {in Hours} Spent in Each Zone and the Total Compared with Operating Time

Time in Zone Total Turbine | % Time
Fl F2 £3 Total |[Operating Mours|in Zone F
Periodi| 9012 257.5 235 1182.6 21734 5.4%
Period 2 | 1521.9 10.0 0.2 15321 21284 7.2%
Period3| 513.8 257.5 23.9 795.2 10286 1.7%
Perod 4 13 407.8 0.0 408.1 2842 13.9%
PeriodS | 415.0 0.0 0.0 416.0 1561 26.8%
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The main reason for conducting this analysis stems from the observed amount of wear seen an 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 Periad 5 Z-notches, however, the wear is higher than
what one would expect given the relatively low operating hours.

Figure 4 - Phato of an L-0 blade Z-Lock from Period 5 Showing Contact Surface Wear

Period S did have its share of higher energy blends as detected by the blend energy method. However, in terms
of operating hours in biend 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 Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces
The ioss 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 farced 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 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-Span Snubbers and Shroud Z-Lock Contact Surfaces

During 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
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 woutd
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 dimensional
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 3™ 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 hetween the shroud Z-Locks.
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Appendix A:[Bartow L-0 Event Summary]

October 11, 2017,

Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Manths ~17 Months ~5 Months ~2 Months
L-0 Blade
Type 1 Type 1 Type 3 (vi] Type 3 (v2| Type 1
Configuration ype ype ype 3 (v1) ype 3 (v2) ype
ST Rating 420 MW (Namepiate} 420 MW 450 MW 450 MW 380 MW
i None -- MHPS Intent Was A - = X -
Operating N e e e 118 psig Limit on IP 126 psig Limit on [P 119 psig Limit on P 111 psig Limit on IP
flestrictions E Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested in
ers;? _E Overspeed Testing in MFG L No Overspeed Testing No Overspeed Testing
Condition Japan

Avoidance Zone

2,466 hrs. {of 21,734 hrs.)

1 hr. {of 21,284 hrs.}

240 hrs. {of 10,286 hrs.}

1.15 hrs. (of 2,342 hrs.)

0 hrs. (of 1,561 hrs.}

Exceedance
Broken Snubbers STE/OGE OTE/OGE OTE/OGE 0TE/1GE OTE/13GE
17TE /2 GE *Z-Lock and
Broken Z-tocks 0TE/0GE 0TE/0GE 347E /5 GE 7 = an OTE/8GE
Moderate Amount of oderate Amount of
N " b .o e High Degree of Wear Evidence of Poor Contact High Degree of Wear {for
Wom Z-Lacks Surface Fretting and Surface Fretting and ¥
) : Observed Alignment Observed Hours Run) Observed
Galling Observed Galling Observed

Key Notes from | MHPSA was hired to Not a farced outage. During blade telemetry Blade “loss of material” Duke Discovery: Jan/Feb

Perlod events

evaluate ST design
conditions [original design
was for Tenaska, 3x1 heat
balance) and to continue

Outage planned to
upgrade to "heavy duty"
hlades.

the warranty.
Some blade damage (e.g.
chipping at cantact
MHPSA was storing for comers) was observed
Tenaska (purchased grey from removed service
market, stored by OEM). blades.
ST drawing modified by Blade telemetry
MHPSA and appi ifor | i ion installed
4x1 operation at 420 MW | and testing conducted in
output rating {2.38 mpph Dec 2014 at the beginning
LP exhaust flow). of Period 3.

testing, the unit was
intentionally run in
avoidance zone to set
limits - unit ran in zane
for <20 hrs.

No blade cracking
observed after testing
{when the test
instrumentation
removed).

observed, as well as crack
initiation in high stress
area of airfoil.

Stellite hard facing had
been added to the blade
2Z-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
remave the ST from
service for inspection.

2017, first time blending
considered to be a
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~1047 striations meaning
high cyde fatigue (at 200
Hz giving over 2M cydles
in 3+ hrs to fail snubber]}.

Information Shared
with MHPS

MHPS provided all Pl data
they requested.

MHPS provided ail Pl data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided all P data
they requested.
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Appendix B: MHPS L-0 Blade Type Matrix

Bartow L-0 Configurations Citrus L-0
Type1 Type 3 (v1) Type 3 {v2) Type 5
Length an! 40" 40* 40"
Count &4 64 64 &4
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF DW”Z";:::"‘L’:’;%’ "f‘l",,';“"’e to
Z-Lock No HVOF No HVOF 45° Comer with HVOF Applied No RVOF
Biade design Orig. Orig; Orig. Attack Angle Change
Experience 3 units {2003) 12 units (2001} 1 unit, ~5 months In commisstoning (~1yr)
Material 17-4 ph 17-4ph 17-4 ph 17-4ph

Page 12 of 13



DEF20190001BARTOW LFE6- 000312
CONFIDENTIAL

DECLASSIFIED

Duke Energy - Confidential October 11, 2017, Formatted: Font: 8 pt
Appendix C: Reference Materials

Mitsubishi RCA report — 9/22/2017

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.

p

Bartow RCA
Customer 9-22-17.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-0 blades to crack and
break during operation.

Duke’s pasition 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 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 failure,mechanism. - | Deleted: simple

" | Deleted: driving
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:

e Low Pressure (LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

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

e Zone Analysis — Shroud Fretting Fatigue

s 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 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-Lack contact surface and/or the blade airfoil itseif 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 biade 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 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. 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 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 Equipment, LLC (Tenaska). Tenaska originally purchased
the ST to operate in a 3x1 CC with a gross output of 220MW. The ST was never delivered and was stored ina
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 commiissioning 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 8 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 (LP) 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 -0 blade failures washigh 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 Ib./hr./ft.? (the
MHPS 40” L-0 fleet average was closer to 12,000 Ib./hr./ft.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 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 1 hour,
1.15 hours and 0 hours, respectively. This indicates that back-end loading was not the cause of any of the
reparted blade indications/failures during those periods of operation.

By a considerable margin, Period 1 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.
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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 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. It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

;: Govi{L) 42
, Goncave

Gov (L) #33
conuex

Gov /L) #32

Sample Shroud Contact Surface Ssmple Shroud Contact
Photos from Period 1 Surface Photos from Period 3

With the L-0s 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
beyond the current LP inlet operating limits due to concerns for impacts to upstream blading —i.e. the L-1 blade
sets.
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Blending Operations — Thermal Distress (dTsy

During the most recent roct 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

11 October 2017

dt) at LP Turbine Exhaust

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 PI 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 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 3z
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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.
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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 [oad 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
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. 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 contral 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 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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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5

AL ~ 5 pal hood Sprays oown fo ~
1 100-300 gph many mone pressure
50 psi rated 35 ps? alarm 0 20 psi. Vi decayed ovar ime. ises and farger in magnitude,
ikcely wood spinkers found in vaive trim Likedy cause disty / [Nozziea DP less than 7.1 pst
cage 31177 of piping leah. Dropping clogged staier pequred
jlable preseure 16 Nozzies boumd 317

Zone Analysis — Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, MHPS identified areas (referred to
as “Zones”) where blade respanse 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
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. IMHPS did not provide any restriction of operation in Zones F1 through F3,

only the exclusion zone identified by the dottedkred line in Figure 3.

Commented [MB3]: Just want ot make sure it is clear to
anyone reading this that we were not restricted, we just noted
higher response. Alsa calling out the exclusion zone that MHPS
created to make that clear {ta people who wouldnt know what we
are talkin gabout)
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Figure 3 -- Data Presented by MHPS During a Presentation Dated 15 March 2017
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+ Blade response is evaluated through the integration of the stress
response all the modes between 180Hz to 120Kz

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 | % Time
F1 F2 F3 Total |Operating Hours |in Zone F
Period1| 9012 257.5 23.9 1182.6 21734 5.4%
Period 2 | 1521.9 10.0 0.2 1532.1 21284 7.2%
Period3 | 513.8 257.5 23.9 795.2 10286 7.7%
Period 4 ) 407.8 0.0 405.1 2542 13.9%
Period5 | 413.0 0.0 0.0 415.0 1561 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

| Deleted: its share of higher

hours in blend mode, Period 5 is not excessive in terms of percentage time blending as compare to time
operated in Zone F1., | Deleted: The total of 20 hours of blend

| Deleted: time does not appear to justify the wear seen.

Loss of Dampening — 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. BVOF hard-facing can
reduce the amount of base material fretting during operation. The application of HVOF is used on many
applications in the industry for blading contact surfaces. When applied the HYOF hard-facing changes the

frictional forces of the contact surface reducing fretting and has an increased hardness to prevent materialloss. | Commented [MBS]: Do we need this? To help quantify why
dampening is reduced with hard-facing? Might need to run the
wording by Paut?Harry for accuracy.

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 Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

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
biades 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 1o 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 +/- 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™ 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 new Type 5 biade 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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Pariod 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2018 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
. " Type 1 Type 1 Type 3 (vi) Type 3 {v2) Type 1
Configuration
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
z None — MHPS Intent Was T = e e A
Operating 118 pslg Limit on P 126 psig Limit on P 119 psig Limit on {P 111 psig Limit on IP
] to Follow Heat Balance
Restrictions - Exhaust Exhaust Exhaust Exhaust
Diagrams
Blade Overspeed Overspeed Tested in
Cor:':tlon Overspeed Testing in MFG pjapa" No Overspeed Testing No Overspeed Testing

Avoidance Zone

2,466 hrs. (of 21,734 hrs.)

1 hr. {of 21,284 hrs.)

240 hrs. (of 10,286 hrs.}

1.15 hrs. (of 2,942 hrs.)

0hrs. (of 1,561 hrs.}

Exceedance
Broken Snubbers 5TE/OGE 0TE/OGE OTE/OGE 0TE/1GE 0TE/13GE
E /2 GE *Z-Lock and
Broken Z-Locks 0TE/GGE OTE/0GE 34TE/5GE =7 iirfons"c oL 0TE/BGE
Moderate Amount of Moderate Amount of
Worn Z-Locks S Fretti:m;n; Surface Fretting and High Degree of Wear Evidence of Poor Contact High Degree of Wear {for
g £ Observed Alignment Observed Hours Run) Observed

Galling Observed

Galling Observed

Key Notes from
Period events

MHPSA was hired to
evaluate 5T design
conditions {original design
was for Tenaska, 3x1 heat
balance} and to cantinue
the warranty.

MHPSA was storing for
Tenaska {purchased grey
market, stared by OEM).

ST drawing modified by

Not a forced outage.
Qutage planned to
upgrade to "heavy duty"
blades.

Some blade damage {e.g.
chipping at contact
comers) was observed
from removed service
blades.

Blade telemetry

lad

MHPSA and appi d for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow).

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
Timits — 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
2Z-tock, andis 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 inspection.

Duke Discovery: fan/Feb
2017, first time blending
considered to be a
contributing factorin L-0
events.

Jan 2017 “loss of mass”
event —blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~10/7 striations meaning
high cydle fatigue (at 200
Hz giving over 2M cycdles
in 3+ hrs to fail snubber).

Information 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 alt Pt data
they requested.

MHPS provided ali Pl data
they requested.
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11 October 2017
Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Type 1 Type 3 (v1) Type 3 (v2) Typed G
Length 40" 40" 40" 4o
Count 64 64 64 [~
Turb/Gen End Yes Yes Yes ' Yes i . e S
Snubber No HVOF Chamfer Radius & HVOF Charnfer Radius & HVOF Dﬂe’;’::::’::’;g?ufizave 2 : g —
Z-Lock No HVOF No HVOF 45° Comner with HVOF Applied No HVOF
Blade design Orig. Orig Qrig. Attack Angle Change
Experiencs 3 units (2003) 12 units (2001) 1 unit, ~5 months In commissioning (~1yr}
Materiat 17-4ph 17-4ph 17-4 ph 17-4ph
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Appendix C: Reference Materials

Mitsubishi RCA report — 9/22/2017

MHPS’s evaluation is based on the data captured between Period 3 and 4 during blade telemetry testing. Commented [MBS8]: Is this right? | e
MHPS’s evaluation is extensive and has allowed us to jdentify and evaluate contributing factors. MHPS's intent Deleted: determine

was to draw conclusions based on actual data collected. The telemetry testing window was short not afl
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
Customer 9-22-17.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-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-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
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 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 Ib./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
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 failure driving 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-O events:

® Low Pressure {LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress (dTs+/dt) at LP Turbine Exhaust

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

» Zone Analysis — Shroud Fretting Fatigue

e Lass 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 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/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, biade 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 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 4S 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 inspections/failures.

Page 1 of 12



CONFIDENTIAL

Duke Energy - Confidential 11 October 2017

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). The types of failures include mid-span snubber failures, shroud Z-Lack failures, and airfoil tip failures.
Qver 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 madifications have not
resulted in improved reliability or performance of the L-0 blades in service at Bartow. The number of blade
faitures 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 (LP) 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 -0 blade failures was extremely
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
Ib./hr./ft.2 (the MHPS 40” L-0 fleet average was closer to 12,000 Ib./hr./ft.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 the root cause, 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 1 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 1 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-Lack contact surfaces for hoth 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 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. It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

Sample Shroud Contuct Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 3

With the L-0s 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
beyond the current LP inlet operating limits due to concerns for impacts to upstream blading - i.e. the L-1 blade
sets.

Blending Operations ~ Thermal Distress (dTs./dt) at LP Yurbine Exhaust
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During the most recent root cause analysis (RCA), the team expanded its view of turbine operations toinclude
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 Pi 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 thermacouples. The data was flagged only when a CT was being biended 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 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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 Qvation DCS control syster and is basically automated with no aperator interaction
required. The water source is the output from the condensate pumps. A control vaive 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:

e Rotor speed greater than 600 rom and steam turbine generator load less than 10 MW
e 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. 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 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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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5
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Zone Analysis — Shroud Fretting Fatigue

Based on data from the Pericd 3 blade strain gauge test in December 2014, MHPS identified areas (referred to
as “Zones”) where blade response was high, but stilf 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
rectangles in Figure 3, below) and based on the P! historical data, calculated the amount of time the turbine
spent in each zone for each period.
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Figure 3 -- Data Presented by MHPS During a Presentation Dated 15 March 2017

Damage Mechanism

Blade Response — Design Margin Unable to test due to
Example : Shroud Fretting Fatigue excessive blade response
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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 Fi.

Table 2 -- Time (in Hours) Spent in Each Zone and the Total Compared with Operating Time

Time in Zone Total Turbine | % Time
Fl F2 F3 Total [Operating Hours |in Zone F
Period1| 9012 257.5 239 1182.6 21734 S.4%
Period 2| 1521.9 00 | 02 i532.1 21284 7.2%
Period3| 513.8 257.5 23.9 795.2 10286 71.7%
Period 4 13 407.8 0.0 409.1 2942 13.9%
PeriodS| 415.0 0.0 0.0 415.0 1561 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 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 Dampening — Hard-Faci n Mid-Span Snubbers and Shroud Z-Lock Con 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-O 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 Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

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 2-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 dimensional
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 3™ 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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Appendix A:Bartow L-0 Event Summary o N
Period 1 Period 2 Period 3 Period 4 Period 5
Date 2008-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
Type 1 Type 1 Type 3 (vl Type 3 (v2] Type 1
Configuration ype yp ype 3 {v1) ype 3 (v2) ype
5T Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
E None — MHPS Intent Was .. P o N PN
Operating 118 psig Limit on IP 126 psig Limit on IP 118 psig Limit on IP 111 psig Limit on IP
v, o Follow Heat Balance
Restrictions . Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Over: d Overspeed Tested i
s ser.je Overspeed Testing in MFG = ey No Overspeed Testing No Overspeed Testing
Condition Japan

Avoidance Zone

2,466 hrs. (of 21,734 hrs.)

1 hr. {of 21,284 hrs.)

240 hrs. (of 10,286 hrs.)

1.15 hrs. (of 2,942 hrs.)

0 hrs. (of 1,561 hrs.}

Exceedance
Broken Snubbers STE/OGE OTE/OGE OTE/OGE 0TE/1GE OTE/13GE
Broken Z-Locks 0TE/0GE 0TE/OGE 347TE /S GE ITEIZGBJZ?:M“d OTE/8GE
- Arrfoun! = D Arn'nunt o High Degree of Wear Evidence of Poor Contact High Degree of Wear (for
Wom Z-tocks Surface Fretting and Surface Fretting and 2
- ) Observed Alignment Observed Hours Run} Observed
Galling Observed Galling Observed
Key Notes from | MHPSA was hired to Not a forced outage. During blade telemetry Blade “foss of material” Duke Discovery: Jan/Feb
Period events | evaluate ST design Outage planned to testing, the unit was observed, as well as crack | 2017, first time blending
conditions {original design | upgrade to "heavy duty” intentionally run in initiation in high stress considered to be a
was for Tenaska, 3x1 heat | blades. avaidance zone to set area of airfoil. contributing factor in L-0
balance) and to continue limits — unit ran in zone vents
the warranty. for<20 hrs,
Some blade damage (e.g. Stellite hard facing had
chipping at cantact been added to the blade Jan 2017 “Joss of mass”
MHPSA was storing for comers) was observed No blade cracking 2-lack, and is likely a event —blade frapment
Tenaska {purchased grey from removed service observed after testing contributing factor in the projectile traveled
market, stored by OEM). biades. {when the test failure. through the LP turbine
instrumentation rupture disk diaphragm.
removed).
5T drawing modified by Blade telemetry Two (2] separate step
MHPSA and app i for instr installed changes (decreases) in Dental mald impression of
4x1 operation at 420 MW | and testing conducted in vibration led to the Duke fallure surfaces indicate
output rating (2.38 mpph Dec 2014 at the beginning Engineering ~1047 striations meaning
LP exhaust flow). of Period 3. recommendation to high cydle fatigue (at 200
remove the ST from Hz giving over 2M cycles

service for inspection

in 3+ hrs to fail snubber).

Information 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 pravided all Pl data
they requested.

MHPS provided all Pi data
they requested.
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Bartow L-0 Configurations Citrus 1-0
Type 1 Type 3 (v1} Type 3 (v2} Type 5
Length an* 40" " 40"
Count &4 64 64 54
Turb/Gen End Yes Yes et Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF Difﬁ';’";::jz;“ﬂi’;:iglﬁw 2
Z-Lock No HVOF No HVOF 45" Corner with HVOF Applied No HVOF
Blade design Orig Orig. Orig. Attack Angle Chonge
Exparisnce 3 units {2003) 12 units (2001) 1 unit, ~5 manths in commissioning {~1yr}
Material 17-4ph 17-4ph 17-4 ph 179 ph
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Appendix C: Reference Materials

Mitsubishi RCA report — 9/22/2017

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 repart may not be all encompassing of the drivers and conditions that are causing the biade failures.

Bartow RCA
Customer 9-22-17.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 (-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-0 blade failures during
Period 1-5 is driven by evidence that the OEM designed fast 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 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 Ib./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 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:

e Low Pressure (LP) Turbine Excessive Steam Flow

¢ Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

+ Prassure Pulses During Hood/Curtain Spray Operation(s}

e Zone Analysis — Shroud Fretting Fatigue

* 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 of the MHPS postulations are derived from strain gauge data
taken during the brief period of fime 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-O biades 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 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 4S5 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 inspections/faitures.
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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). 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 madifications have not
resulted in improved reliability or performance of the L-0 biades 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 reparted issue from the MHPS 40” L-0
biade 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 (LP) 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 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
refative to the MHPS 40" L-0 fleet with several operating hours above the design limit of 15,000 Ib./hr./ft.2 (the
MHPS 40” L-0 fleet average was closer to 12,000 Ib./hr./ft.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 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 1 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 considerabie margin, Period 1 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.
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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 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. It is therefore difficult to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from 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
beyond the current LP inlet operating limits due to concerns for impacts to upstream blading —i.e. the L-1 blade
sets.
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Blending Operations — Thermal Distress {dTs./dt) 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 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 biades (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 P! 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 P! data, calculating a value of superheat at the hood spray thermocouples,
calculating a rate of change of that vaiue, 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 btades, 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 Criterla for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray 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.
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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
* 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. 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 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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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5
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Zone Analysis — Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, the OEM identified areas (referred
1o 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(s) to operation in Zone F1,
Zone F2, and/or 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 | % Time
21 F2 £3 Total |Operating Hours |in Zone F
Periodl | 201.2 257.5 23.9 1182.6 21734 5.4%
Period2 | 1521.9 100 0.2 | 15321 21284 7.2%
Period3 | 513.8 257.5 239 795.2 10286 7.7%
Period 4 i3 407.8 0.0 409.1 2942 13.9%
Period5| 419.0 0.0 0.0 4190 1561 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 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 mation.
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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 bilade 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 Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

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 dimensional
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 3™ 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 new 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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DEF20190001BARTOW LFE6- 000345



CONFIDENTIAL

DECLASSIFIED

Duke Energy - Confidential 11 October 2017
Appendix A: IBartow L-0 Event Summary| o
Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
Typel Type 1 Type 3 (vl Type 3 (v2| Typel
Configuration ks ¥ ype 3 (v1} ype 3 (v2) ype
ST Rating 420 MW {Nameplate) 220 MW 450 MW 450 MW 330 MW
None — MHPS Intent Was
QOperating . e 118 psig Limit on P 126 psig Limit on IP 119 psig Limit on P 111 psig Limit an P
) to Follow Heat Balance
Restrictions i Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade OvEtapeed Iy d Testing in MFG Cverspeenicsredin No Overspeed Testi No Overspeed Testi
e ng in o in estinj
Condition P E Japan P E RS L

Avoidance Zone

2,466 hrs. (of 21,734 hrs.)

1 hr. {of 21,284 hrs.)

240 hrs. {of 10,286 hrs.)

1.15 hrs. {of 2,942 hrs.)

0 hrs. {of 1,561 hrs.}

Exceedance
Broken Snubbers. 5TE/QGE O0TE/OGE 0TE/OGE OTE/1GE OTE/13GE
1TE/2GE*Z-lock and
Broken z-Locks 0TE/0GE 0TE/0GE 347 /S GE [T OTE/8GE
airfails
Moderate Amount of Moderate Amount of
g N High Degree of Wear Evidence of Poor Contact High Degree of Wear (for

Worn Z-Locks

Surface Fretting and
Galling Observed

Surface Fretting and
Galiing Observed

Observed

Alignment Observed

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.

Not a forced outage.
Qutage planned to
upgrade to "heavy duty”
blades.

Some blade damage (e.g.
chipping at contact

MHPSA was storing for comers) was observed
Tenaska {purchased grey from removed service
market, stored by OEM). blades.

ST drawing modified by Blade telemetry
MHPSA and approved for installed
4x1 operation at 4220 MW |  and testing conducted in
output rating (2.38 mpph | Dec 2014 at the beginning

P exhaust flow). of Period 3.

During blade telemetry
testing, the unit was
intentionally run in
avoidance zone to set
{imits — 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 &
contributing factor in the
failure.

Twa (2) separate step
changes (decreases) in
vibration led to the Duke
Engineering
recommendation to
remove the ST from
service for inspection.

Duke Discovery: Jan/Feb
2017, first time blending
consideredto bea
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event —blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~10A7 striations meaning
high cycle fatigue {at 200
Hz giving over 2M cydles
n 3+ hrs to fail snubber).

Information Shared
with MHPS

MHPS provided ali Pl data
they requested.

MHPS provided all Pt data
they requested.

MHPS provided alt Pl data
they requested

MHPS provided all Pl data
they requested.

MHPS provided ail Pt data
they requested.
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d [MB3]: You mentioned Type 5 above. Is the
redesign blade for Bartow different than Citrus? Sounded like
MHPS was “designing” something new for Bartow. If it’s the citrus
blade then there should have been no slide on the changes being
made (in the mHPS root cause). Maybe this isn't a type 5, but the

11 October 2017
Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus 1-0
Type 1 Type 3 (v1) Type 3 (v2) Type 5 _r =
Length 40" 4" 40" 40"
Count 64 64 64 &4
Turb/Gen End Yes Yes Yes i Yes- : “latest Gen 40" blade??
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF DW“;"::::’:’Tm‘;’;““ I T v
Z-Lock No HVOF No HVOF 45° Corner with HVOF Appfied No HVOF
Blade design Orls. Orig. ang. Attack Angle Change
Experience 3 units (2003) 12 units {2001) 1 unit, ~5 months In commisstoning (~1yr)
Material 17-4 ph 17-4ph 17-4ph 174ph
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Appendix C: Reference Materials

Mitsubishi RCA report — 9/22/2017

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 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.

5 8

Bartow RCA
Customer 9-22-17.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-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 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 Ib./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 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:

e Low Pressure (LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress (dTsy/dt) at LP Turbine Exhaust

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

e Zone Analysis —~ Shroud Fretting Fatigue

¢ lLoss 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 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/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 operating 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. 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-O blade inspections/failures.

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). 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 (LP) 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
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 ib./hr./ft.2 (the MHPS 40” L-0 fleet average was closer to 12,000 Ib./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 1 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 1 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
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minimal degree of fretting 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. It is therefore difficult to conclude that
damage to the L-0 blades in Period 3 is solely due to unit operation above the exhaust flow limit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

Gov(L) #33

Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from 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 beyond the current LP inlet operating limits due to concerns for impacts to
upstream blading —i.e. the L-1 blade sets.
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Blending Operations — Thermal Distress (dTsu/dt) 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 P 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 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

Number of Operating Hours Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Period 1 21,734 13
Period 2 21,284 7
Period 3 10,286 37*
Period 4 2,942 3
Period 5 1,561 5

*Includes 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 Spray 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:

¢ 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 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. 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 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.

DECLASSIFIED
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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5

iHood Spray history 1000 gph / hood ~ 50 psig Supply pressure
ev 1 52407 pressure pulses. good remamed ~ 450-500 ps
ropiel atomization. Smaler ntire life
lses?

At ~ 5 psi hood sprays down 0 ~
100-300 gph many more pressung
puises and larger in magnitude.
Nozzies DP jess than 7.1 ps
required

|
Hood Spray took a step change from ~
50 psf rated 35 psi alarm to 20 pai. Very
likely wood splinters found in valve trim
cage 3172 or piping teak. Dropping
available pressure to nozzles

Zone Analysis — Shroud Fretting Fatigue

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(s) to operation in Zone F1, Zone F2, and/or 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 | % Time
Fl F2 F3 Total |Operating Hours|in Zone £
Period1| 9012 257.5 23.5 1182.6 21734 5.4%
Period2 | 15219 10.0 Q.2 1532.1 21284 7.2%
Period3| 5138 257.5 239 795.2 10286 7.7%
Period 4 13 407.8 0.0 405.1 2042 13.9%
Period5 | 418.0 0.0 0.0 418.0 1561 26.8%
Page 7 of 12
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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 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,
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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 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 Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

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 dimensional 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 3™ 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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Appendix A: Bartow L-0 Event Summary
Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
Conhgutabion Type 1 Type 1 Type 3 (v1) Type 3 (v2) Type 1
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
Operating Nt‘;"[foﬁxv'ﬁ:;‘;?::"::s 118 psig Limit on IP 126 psig Limit on IP 119 psig Limit on [P 111 psig Limit on 1P
Restrictions . Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed i Overspeed Tested in . i
Condition Overspeed Testing in MFG e No Overspeed Testing No Overspeed Testing
Avoidance Zone |, jee e (0f 21,734 hrs.) 1hr. (of 21,284 hrs.) 240 hrs. (of 10,286 hrs.) |  1.15 hrs. (of 2,942 hrs.) 0 hrs. (of 1,561 hrs.)
Exceedance
Broken Snubbers STE/OGE OTE/OGE 0TE/OGE OTE/1GE 0TE/13GE
*7_
Broken Z-Locks OTE/OGE OTE/OGE 34TE/5 GE LIEf2 gsfoznsmck B OTE/8GE
Moderate Amount of Moderate Amount of 3 + .
Worn Z-Locks Surface Fretting and Surface Fretting and High Degree of Wear Evnd_ence of Poor Contact High Degree of Wear (for
X X Observed Alignment Observed Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | MHPSA was hired to Not a forced outage — During blade telemetry Blade “loss of material” Duke Discovery: Jan/Feb

Period events

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 by OEM).

ST drawing modified by
MHPSA and approved for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow).

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.

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).

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 inspection.

2017, first time blending
considered to be a
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled
through the LP turbine
rupture disk diaphragm.

Dental mold impression of
failure surfaces indicate
~10A7 striations meaning
high cycle fatigue (at 200
Hz giving over 2M cycles
in 3+ hrs to fail snubber).

Information Shared | \MHPS provided all Pidata | MHPS provided all Pi data | MHPS provided all Pl data | MHPS provided all Pldata | MHPS provided all Pl data
with MHPS they requested. they requested. they requested. they requested. they requested.
Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Type 1 Type 3 (v1) Type 3 {(v2) Type 5
Length ap" 40" 40" 40"
Count 64 64 b b4
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF Differ eB"atrfgz"‘L’f ::%Zx‘;/f)”"e to
Z-lock No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Original Qriginal Qriginal Attack Angle Change
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph

DECLASSIFIED
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Appendix C: Empirical Data Supporting Root Cause

Operating
Perjod Houss
1 21,738
2 21,284
s e
o e
5 1,561

Driving
Operating | Mechanism

Period Hours Fresemt
1 21,738 X
2 21,284 X
3 10,286 X
8" 2,942 X
5 1,561 X

Period Hours | Driviag Mechanlsm Fresent
1 21,734 N/A
2 21,288 NA
3 10,286 NJA®S
47 2,942 X
s ises A

Period 1 Jun 2009 to Mar 2012 Seneral Notes
Period2  Apr2012to Aug 2014
Peffod3  Dec 2014 to Apr 2016
Period4  Jun 2016t Oct 2016
Perlod5  Dec 2016 to Feh 2017

* For Period 4, the first L-0 biade tip wes lost on 7/6/16 at sbout
10:50AM — BEFORE 15t thermal event on 7/16/16 and BEFORE
operation sbove "svoidance 2one”™ mit on 08/01 - 9/25/16 (55 min

total).
“Awold: Zone d Hours" — M J ber of ing bours in dance of 15,000 I /hw-5t* Bt ss indicated by the
P exhaust pressure
“Excecd Rours / {1k Operating Hows)™ — ber of hours per 1000 hours of operation in a given period
* lized ng” ~ Data d ageinst the highest value in Coluran ¢
n i Distress [dTou/dt)" Nt
“Counts (DT > 20 deg_ FSH / Wk ~ "Counts” are defined s the ber of blends where there was a siope change (/-

greater than {20 degrees superhest / min) at the hood spray thermocouples -- Data wes flagged only when o €T was being blended into
{or out of} the steam cyde AND the ST output wos grester than 50 MW

“Counts / {1k Operating Hours)”™ — Number of "counts” per 1000 hours of operation in a given period

“Normalized Ranking™ — Date normekzed against the highest value in Colurmn F

Zeressyre Pulses” Notes

"Avg. Hood Sprey Pressure (peig)” — Calculated from P1 Historian data {277 - Verify)

"Howrs of Hood Spray Operation™ — “Hours of Hood Spray Operation” i 2 weighted value — There Is a 1.00 multiphier at 50 psig vorying
lincarly to 8 1.75 multiplier ot 5 psig

% of Totsl Operating Howrs™ — The "weighted™ hours of hood spray operation divided by the total number of operating hours —
cornwerted to a percentage volue

“Normelized Sanking™ — Dats normatized sgsinst the highest percentage value in Column G

“Lox of Dampening” Notes

** For Period 3, there was hard-facing on the Mid-spen Snubber ONLY — Additionsl darmage seen on the shroud Z-Lock contact surfaces
{relative to other Periods) was Riely due to loss of dempening st the snubbers, which were HVORcosted —The Z-Lock contact surfaces
were forced to provide all of the dampening for the system vis additionst motion

DECLASSIFIED
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Appendix D: Reference Materials

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.

= DECLASSIFIED

Customer 9-22-17.pd

op 8

Bartow RCA
Customer 10-2-17.pd
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From: zurek, Jam
To: Toms, C Wayne; Holland, Christopher S; Brown, David E; English, Jacob
Cc: Porteoys, Nicholas
Subject: Emailing - Letter - Bartow Operating Recommendations 6-8-16.pdf
Date: Tuesday, June 7, 2016 6:19:30 PM
Attachments: image001.qif

Letter - Bartow i ndations 6-8-

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***

Gentlemen,

Please see the updated letter from ST Engineering with the updated parameters for startup. Scott
Nielsen is reviewing these as well so he will be ready to support startup preparations upon his arrival
to site.

If you have any questions, please let me know.

Regards,

DECLASSIFIED

Jim Mazurek

SERVICE SALES MANAGER

Mitsubishi Hitachi Power Systems Americas, Inc.
:+ + james mazurek@mpshg.com
* " (407) 562-0729 (Office)
! (407) 622-9053 (Cel)

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 notify the e-mail sender. Thank you.
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MITSUBISHI HITACHI
7! POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32808, USA | Tel 407.688.6800 | Fax 407.688.6990 | i wdvetanane

June 8th, 2016
Wayne Toms
Bartow Plant—Duke Energy,
1601 Weeden Island Drive,
St Petersburg,
FL 33702

Subject: Duke Bartow, Recommended ST Operating Conditions
Wayne,

Please find the following recommendations to support initial operation of the Bartow Steam Turbine
while RCA activities are being completed.

2 Operating parameters are used to establish the avoidance zone for the L-OBlades :

1) IP Exhaust Pressure
2) Condenser Vacuum

One new LP admission pressure tap and 5 new exhaust pressures taps have been installed during this
outage. The operating data from these new locations will be evaluated over the first 2 weeks of
operation as part of the RCA to determine how this data will be used moving forward. At this time itis
recommended to continue to evaluate operation relative to the LP avoidance zone using the 2 existing
instrumentation points above that have been used since the 2014 telemetry test.

LP Avoidance zone :

For Condenser Vacuum <3” Hg, IP Exhaust Pressure should be maintained below 131 psig

For CondenserVacuum >3” Hg and <4.5” Hg, IP Exhaust Pressure should be maintained below 125 psig
For Condenser Vacuum > 4.5” Hg, IP Exhaust Pressure should be maintained below 131 psig

Any individual excursion into the avoidance zone should not exceed 10 minutes in duration.

This avoidance zone has been established based on the RCAs re-evaluation of the shroud stresses in
order to maintain sufficient design margin to achieve long term operation of the blades without
reoccurrence of damage.

Based on evaluating the amount of drift observed in the operating data of the IP Exhaust Pressure and
Vacuum when maintaining a constant load, it is recommended to highlight that the avoidance zone is
being approached when IP Exhaust Pressure comes within 1 psi of the avoidance zone and Vacuum
comes within 0.1inHg. This area is not considered within the avoidance zone.

in addition to the guidelines for the LP the following recommendation are provided for HP and IP
Admissions as identified in March 2015 :

HP Admission < 2240 psig

IP Admission < 569 psig
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. _MITSUBISHI HITACHI
.t POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Oriando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6900 | = o171 svoiigsii .6

This recommendation is shown pictorially in the figure below as presented on Friday June 3rd :

Preliminary Updated Operation Guidelines until RCA Completion

LP Inlet Pressure Vs. Condenser Vacuum

& T ! i
@ Operkdon Data Post Talormshy Tast |

45 -

&

w

Condenser Yacuum [InHg]
w
i

— L s - - - S i —— H -
110 112 114 116 118 120 122 1 _ 126 128 1? : 132 134 136 138
31 paig
; LP Inlet Pressure

During Telemetry Test with a LP inlet pressure of 125 psig, an output of 420MW was achieved.

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP
.. Intet pressure transducer will be used for turbine control, above limits will change
based on pressure drop between existing IP exit pressure and new LP inlet pressure.

Regards,

NN B DECLASSIFIED

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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From: Mazurek, James

To: English, Jacob; Huls, John IN; Warren, David E; Mattina, Mark; Carbone, Harry M,; Holland, Christopher S; Brown,
David E )

Subject: Emailing - Letter - Bartow Recommended Operation 11-22-16.pdf

Date: Tuesday, November 29, 2016 11:57:57 AM

Attachments: Letter - Bartow Recommended Operation 11-22-16 pdf

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown

senders or unexpected email. ***
FYl,

Apologies for the delay in sending.

DECLASSIFIED

Regards,

Jim

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 notify the e-mail sender. Thank you.
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MITSUBISHI HITACHI
/,,, POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6990 | -

November 22nd, 2016
Wayne Toms
Bartow Plant — Duke Energy,
1601 Weeden Island Drive,

s DECLASSIFT ED

Subject: Duke Bartow, Recommended Steam Turbine Operating Conditions
Wayne,

As requested, please find the following written confirmation of the operating recommendations
presented by Muhammad Riaz on 26" October 2016.

These operating recommendations are being made prior to an RCA being completed for the blades
removed in November 2016. Based on prior test data and the unit’s operating history the goal is to
provide an operating limit at which damage to the blades will be prevented.

The recommendations are based on the IP Exhaust Pressure Tap only, and is not a function of
condenser pressure. IP Exhaust Pressure (ORCAODSE1101) should be maintained below 111.5 psig
(126.2 psia). This is based on limiting the loading of the LP Turbine Section to the original design.

It is recommended that 2 alarms are set below the avoidance zone limit to prevent any unplanned
excursions into the avoidance zone.

Regards,

e oS D,,er’:%

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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From:

Follow up from 10/26/16.
Friday, October 28, 2016 3:12:51 MM

Muhammad,
To follow up on some action items from our data exchange RCA discussion meeting on Friday I have some answers and some additional data.
The SharePoint folder or 3 large data exchange falder is not set up yet so | will also include files for some of the data we exchanged. Don’t hesitate to cali or ask for anything else you feef you need. - hamy

1. Current draft of time line of blade outages- This is a pdf of the printed copy | gave you and has been updated and will continue to be updated as we discover items. Please feel to carrect or amend any item
you feel incomplete or not factual. The Excel sheet that calculated the zone times is being, updated ta calcutate time in the defined zone as well as time above the restriction limits as defined by MHY. Thereisa
difference. The key item this page presents is despite the Improvements we have made in blade design and the reduction in “in Zone haurs” blade life is decreasing.

2. Updated Vibration change dates plotted against 119 psi limit and 126-5.7= 120.3 psi avoidance zone edge. | did not include condenser back pressure but will work an that. A significant point being both
vibration changes happened with being above the 119 fimit but without ing the 120.3 avoid zone thr Being in the zone can’t be the root cause for either mass loss event, because the unit had
not yet been in the zone, Also later when it was ih the zone there were no other observed vibration changes. This is also supported by 2500 hrs in the zone in period |, with no vibration changes and failure
similar to period IV. Additionally as you will see with 1 min data attached there were only 6 events or 6 minutes above 119 psig prior to the first vibration change event that was most like a complete trailing
edge tip - lock liberation. The data suggest higher pressures could be contributors, but natfkely causes.

VU P |

3. The mw correction factors issue- | did an independent study and comparison of the mw data and concluded that there is about 3 3.5 to 4% low error during the period when the substitute spare transformer from cur
Richmond county site was in place from Dec 2014 to March 2015. This means the strain gage testing mws were effected on the ORCAODSEQ202 Mw tag.

The transformer was changed to the new replacement and from Agril 2015 to April 2016 the same tag was low by ~ 7 1o 8%. Ina spread sheet | took the average amps, average volts and power factor and caloulated the
Mwatts to compare to Mw tag reading. The data plot is below. This is an independent effort from the previous work or M&D group and Mr. Ninaltowski did based on MwHr readings but similar results.

1alsoincluded a smafl time interval before and after these dates to validate the correctness of the calcutations. ! have not seen 21t of the data you pointed out on wed, but if those dates coincide with the above this issue is

confirmed. Please agree? Or develop a list of items you desice to help you. I suspect this may need review against the strein gage test data, but would not change the 126 psi line that defined that zone?

i
i
i
3
'
'
!
1
'

4. New LP injet pressure gage 3.7 psi zero offset errar. The gage 40-pt-44306 at the LP inlet newly installed spring 2016 was calibration checked during the current outage and that led to draining the water leg. it was not
refilled so when open to atmosphere it reads low {- 3.75 psi ) This leg will be refilled and the read should return to being similar to the IP exh pressure. When it does this item should be considered resolved and ) will send
__comelation running data from June 16 to Oct 16, '

. DECLASSIFIED
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6/10/2016 BRR04_ORCAODSE1101
10/15/2016 IP EXH > 118,75 On or Above 119
im #NAME? #NAME? #NAME? #NAME? min Total #NAME? 118 1203
#NAME? #NAME? #NAME? #NAME? 118 120.3
#NAME? #NAME? #NAME?
1205 h .- . ) = o
o Time History above 118.75 IP Exh Press At dhange dete:
0 . 7y —s—Aboyve avoidance zone !
120.1 4 ,' Ay L .. L. H
<4 ] [ B o ’
guss . il
£1197 - - SN [ no N
B1os 7 - L
£ ' N [ = above 119 fimit
21193 : “3 o Loy
] - ’ 1 1
21191 ) ! b
s v YA
1189 - ‘s WA
118.7 .
1185 — - 5! S
1/0/00 9/8/13 5/18/27 1/24/41 10/3/54 6/11/68 2/18/82 10/28/95 7/6/09 3/15/23
#NAME? #NAME? #NAME? 7/612016 ]
#NAME? #NAME? #NAME? 7/6/2016 120
#NAME? #NAME? #HNAME? 71712016 0
#NAME? #NAME? #NAME? Bf3/2016 0
#NAME? #NAME? #NAME? B/4/2016 120
#NAME? #NAME? #NAME? 8/5/2016 0
#NAME? #NAME? #NAME?

#NAME? #NAME? #NAME? vibration change dates



1m

42531
42658

6/10/16 12:00 AM
6/21/16 12:34 PM
6/21/16 12:35 PM
6/21/16 12:36 PM
6/21/16 12:37 PM
6/21/16 12:38 PM
6/21/16 12:39 PM
6/21/16 12:40 PM
6/21/16 12:41 PM
6/21/16 12:42 PM
6/21/16 12:43 PM
6/21/16 12:44 PM
6/21/16 12:45 PM

DECLASSIFIED

BRR04_ORCAODSE 1101

IP EXH > 118.75
Filtered
118.7537
118.7941
118.8345
118.8554
118.8425
118.8297
118.8168
118.8039
118.791
118.7782
118.7653
118.7524

6/21/16 12:46 PM Filtered

6/30/16 4:38 PM
6/30/16 4:39 PM
6/30/16 4:40 PM
6/30/16 4:41 PM
6/30/16 4:42 PM
6/30/16 4:43 PM
6/30/16 4:44 PM
6/30/16 4:45 PM
6/30/16 4:46 PM
6/30/16 4:47 PM
6/30/16 4:48 PM
6/30/16 4:49 PM
6/30/16 4:50 PM
6/30/16 4:51 PM
6/30/16 4:52 PM
6/30/16 4:53 PM
6/30/16 4:54 PM
6/30/16 4:55 PM
6/30/16 4:56 PM
6/30/16 4:57 PM

118.7665
118.7962
118.8258
118.8554
118.885
118.8147
118.9443
118.89739
1198.0036
119.0332
119.0546
119.0397
119.0248
119.0099
118.9949
118.98
118.9651
118.9501
118.9352
118.9203

On or Aboy

_ A A

119
69 min Total

DEF20190001BARTOW LFE6- 000369



6/30/16 4:58 PM
6/30/16 4:59 PM
6/30/16 5:00 PM
6/30/16 5:01 PM
6/30/16 5:02 PM
6/30/16 5.03 PM
6/30/16 5:04 PM
6/30/16 5:05 PM
6/30/16 5:06 PM
6/30/16 5:07 PM
6/30/16 5:08 PM

118.9054
118.8904
118.8755
118.8606
118.8456
118.8307
118.8158
118.8009
118.7859

118.771
118.7561

6/30/16 5:02 PM Filtered

7/19/16 12:24 PM
7/19/16 12:25 PM
7/19/16 12:26 PM
7/19/16 12:27 PM
7/19/16 12:28 PM
7/19/16 12:29 PM
7/19/16 12:30 PM
7/19/16 12:31 PM
7/19/M16 12:32 PM
7/19/16 12:33 PM
7/19/16 12:34 PM
7/19/16 12:35 PM

118.7983
118.7941
118.7898
118.7856
118.7813
118.7771
118.7729
118.7686
118.7644
118.7601
118.7559
118.7516

7/19/16 12:36 PM Filtered

7/21/16 10:28 AM
7/21/16 10:28 AM
7/21/16 10:30 AM
7/21/16 10:31 AM
7/21/16 10:32 AM
7121116 10:33 AM
7/21/16 10:34 AM
7/21/16 10:35 AM
7/21/16 10:36 AM
7/21/16 10:37 AM
7/21/16 10:38 AM

118.7982
118.8404
118.8398
118.8393
118.8387
118.8382
118.8376
118.8371
118.8365

118.836
118.8355

DECLASSIFIED

DEF20180001BARTOW LFES- 000370



7/21/16 10:39 AM
7/21/16 10:40 AM
7/21/16 10:41 AM
7/21/16 10:42 AM
7/21/16 10:43 AM
7/21/16 10:44 AM
7121716 10:45 AM
7/21/16 10:46 AM
7/21116 10:47 AM
7/21/16 10:48 AM
7/21/16 10:49 AM
7/21/16 10:50 AM
7/21/16 10:51 AM
7/21/16 10:52 AM
7121716 10:53 AM
7121716 10:54 AM
7/21/16 10:55 AM
7/21/16 10:56 AM
7/21/16 10:57 AM
7/21/16 10:58 AM
7/21/16 10:59 AM
7/21/16 11:00 AM
7/21/16 11:01 AM
7/21/16 11:02 AM
7/21/16 11:03 AM
7/21/16 11:04 AM
7/21/16 11:05 AM
7/21/16 11:06 AM
7/21/16 11:07 AM
7/21/16 11:08 AM
7/21/16 11:09 AM
7/21/16 11:10 AM
7/21/16 11:11 AM
7/21/16 11:12 AM
7/21/16 11:13 AM
7/21/16 11:14 AM

118.8349
118.8344
118.8338
118.8333
118.8327
118.8322
118.8316
118.8311
118.8306
118.83
118.8205
118.8289
118.8284
118.8278
118.8273
118.8268
118.8262
118.8257
118.8251
118.8246
118.824
118.8235
118.8229
118.8224
118.8219
118.8213
118.8208
118.8202
118.8197
118.8191
118.8186
118.818
118.8175
118.817
118.8164
118.8159

DECLASSIFIED
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7/2116 11:15 AM
7/21/16 11:16 AM
7/21116 11:17 AM
7/21/16 11:18 AM
7/21/16 11:19 AM
7/21/16 11:20 AM
7/2116 11:21 AM
7/2116 11:22 AM
7/21116 11:23 AM
7/21/16 11:24 AM
7/21/16 11:256 AM
7/21/16 11:26 AM
7/21116 11:27 AM
7/21/16 11:28 AM
7/21/16 11:22 AM
7/21/16 11:30 AM
7/21/16 11:31 AM
7/21/16 11:32 AM
7/21116 11:33 AM
7/21/16 11:34 AM
7/21/116 11:35 AM
7/21/16 11:36 AM
7/21/16 11:37 AM
7/21/16 11:38 AM
7/21/16 11:39 AM
7/21/16 11:40 AM
7/21/16 11:41 AM
7/21/16 11:42 AM
7/21/16 11:43 AM
7/21116 11:44 AM
7/21/16 11:45 AM
7/21/16 11:46 AM
7/21/16 11:47 AM
7/21116 11:48 AM
721116 11:49 AM
7/21/16 11:50 AM

118.8153
118.8148
118.8142
118.8137
118.8131
118.8126
118.8121
118.8115

118.811
118.8104
118.8099
118.8093
118.8088
118.8082
118.8077
118.8072
118.8066
118.8061
118.8055

118.805
118.8044
118.8039
118.8033
118.8028
118.8023
118.8017
118.8012
118.8006
118.8001
118.7985

118.799
118.7984
118.7979
118.7974
118.7868
118.7963

DECLASSIFIED
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7121116 11:51 AM
7/21/16 11:52 AM
7/21/16 11:53 AM
7/21/16 11:54 AM
7/21/16 11:55 AM
7/21/16 11:56 AM
7/21/16 11:57 AM
7/21/16 11:58 AM
7/21/16 11:59 AM
7/21/16 12:00 PM
7121116 12:01 PM
7121116 12:02 PM
7/21/16 12:03 PM
7/21/16 12:04 PM
7/21/16 12:05 PM
7/21/16 12:06 PM
7/21/16 12:07 PM
7/21/16 12:08 PM
7/21/16 12:09 PM
7/21/16 12:10 PM
7/21/16 12:11 PM
7121116 12:12 PM
7/21/16 12:13 PM
7/2116 12:14 PM
7/21/16 12:15 PM
7/21/16 12:16 PM
7/21116 12:17 PM
7/21/16 12:18 PM
7/21/16 12:19 PM
7/21/16 12:20 PM
7/21116 12:21 PM
7/21/16 12:22 PM
7/21116 12:23 PM
7/21/16 12:24 PM
7/21/16 12:25 PM
7/21/16 12:26 PM

DECLASSIFIED

118.7957
118.7952
118.7946
118.7941
118.7935

118.793
118.7925
118.7919
118.7914
118.7908
118.7903
118.7897
118.7892
118.7887
118.7881
118.7876

118.787
118.7865
118.7859
118.7854
118.7848
118.7843
118.7838
118.7832
118.7827
118.7821
118.7816

118.781
118.7805
118.7799
118.7794
118.7789
118.7783
118.7778
118.7772
118.7767
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7121116 12:27 PM
7/21/16 12:28 PM
7/21/16 12:29 PM
7121116 12:30 PM
7/21/16 12:31 PM
7/21/16 12:32 PM
7/21/16 12:33 PM
7/21/16 12:34 PM
7/21/16 12:35 PM
7/21/16 12:36 PM
7/21/16 12:37 PM
7/21/16 12:38 PM
7/21/16 12:39 PM
7/21116 12:40 PM
7/21/16 12:41 PM
7/21/16 12:42 PM
7/21/16 12:43 PM
7121116 12:44 PM
7/21/16 12:45 PM
7/21/16 12:46 PM
7/21/16 12:47 PM
7/21/16 12:48 PM
7/21/16 12:49 PM
7/21/16 12:50 PM
7/21/16 12:51 PM
7/21/16 12:52 PM
7/21/16 12:53 PM
7/21116 12:54 PM
7/21/16 12:55 PM
7/21/16 12:56 PM
7/21/16 12:57 PM
7/21/16 12:58 PM
7/21/16 12:59 PM

7121/16 1:00 PM

7/21/16 1:01 PM

7/21/16 1:02 PM

118.7761
118.7756

118.775
118.7745

118.774
118.7734
118.7729
118.7723
118.7718
118.7712
118.7707
118.7701
118.7696
118.7691
118.7685

118.768
118.7674
118.7669
118.7663
118.7658
118.7653
118.7647
118.7642
118.7636
118.7631
118.7625

118.762
118.7614
118.7609
118.7604
118.7598
118.7593
118.7687
118.7582
118.75676
118.7571

DECLASSIFIED
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DECLASSIFIED

7/21/16 1:03 PM
7/21/16 1:04 PM
7/21/16 1:05 PM
7/21/16 1:06 PM
7/21/16 1:07 PM
7/21116 1:08 PM
7/21/16 1:08 PM
7/21/16 1:10 PM
7/21/16 1:11 PM
7/21/16 1:12 PM
7/21/16 1:13 PM
7/21/16 1:14 PM
7/21/16 1:15 PM

118.7565
118.756
118.7555
118.7549
118.7544
118.7538
118.7533
118.7527
118.7522
118.7516
118.7511
118.7506
118.75

7121/16 1:16 PM Filtered

8/1/16 8:31 AM
8/1/16 8:32 AM
8/1/16 8:33 AM
8/1/16 8:34 AM
8/1/16 8:35 AM
8/1/16 8:36 AM

119.0565
119.2634

119.361
119.4586
119.5562
119.0916

8/1/16 8:37 AM Filtered

8/3/16 9:156 AM
8/3/16 8:16 AM
8/3/16 9:17 AM
8/3/16 9:18 AM
8/3/16 9:19 AM
8/3/16 9:20 AM
8/3/16 9:21 AM

118.8963
119.3859
119.4866
119.3281
119.1695
119.0108
118.8523

8/3/16 9:22 AM Filtered

8/7/16 10:47 AM
8/7/16 10:48 AM
8/7116 10:49 AM
8/7116 10:50 AM
8/7116 10:51 AM
8/7116 10:52 AM
8/7/16 10:53 AM

118.9329
119.5076
119.8303
119.6545
119.3787
119.1029
118.8272

—_ A e e O P (. Nt G |

G N Q. G Y
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8/7/16 10:54 AM Filtered

8/15/16 9:01 AM

118.8934

8/15/16 9:02 AM Filtered

8/21/16 9:52 AM
8/21/16 9:53 AM
8/21/16 9:54 AM
8/21/16 9:55 AM
8/21/16 9:56 AM
8/21/16 9:57 AM
8/21/16 9:58 AM
8/21/16 9:59 AM
8/21/16 10:00 AM
8/21/16 10:01 AM

118.8117

118.805
118.7984
118.7917

118.785
118.7783
118.7716
118.7649
118.7582
118.7515

8/21/16 10:02 AM Filtered

8/26/16 4:47 PM
8/26/16 4:48 PM
8/26/16 4:49 PM
8/26/16 4:50 PM
8/26/16 4:51 PM
8/26/16 4.52 PM
8/26/16 4:53 PM
8/26/16 4:54 PM
8/26/16 4:55 PM
8/26/16 4.56 PM

118.7611
118.7913
118.8215
118.8517
118.8819
118.9121
118.9423
118.9725
119.0028
118.8521

8/26/16 4:57 PM Filtered

9/17/16 10:56 AM
9/17/16 10:57 AM
9/17/16 10:58 AM
9/17/16 10:59 AM
9/17/16 11:00 AM
9/17/16 11:01 AM
917116 11:02 AM
9/17/16 11:03 AM
9/17/16 11:04 AM
9/17/16 11:05 AM
9/17/16 11:06 AM

118.7504
118.7516
118.7528
118.754
118.7552
118.7564
118.7576
118.7588
118.76
118.7612
118.7624

DECLASSIFIED
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9/17/16 11:07 AM
9/17/16 11:08 AM
9/17/16 11:09 AM
9/17/16 11:10 AM
9/17/16 11:11 AM
9/17/16 11:12 AM

DF.CI__,ASSIFIED

118.7636
118.7649
118.7661
118.7673
118.7685
118.7697

9/17/16 11:13 AM Filtered

9/21/16 11:44 AM
9/21/16 11:45 AM
9/21/16 11:46 AM
9/21/16 11:47 AM
9/21/16'11:48 AM
9/21/16 11:49 AM
9/21/16 11:50 AM
9/21/16 11:51 AM
9/21/16 11:52 AM
9/21/16 11:53 AM
9/21/16 11:54 AM
9/21/16 11:55 AM
9/21/16 11:56 AM
9/21/16 11:57 AM
9/21/16 11:58 AM

1190.0869
120.0765
120.5421
121.0077
120.9048
120.7268
120.5488
120.3708
120.1928
120.0148
119.8279
119.5832
119.3385
119.0938

118.849

9/21/16 11:59 AM Filtered

9/25/16 911 PM
9/25/16 9:12 PM
9/25/16 9:13 PM
9/25/16 9:14 PM
9/25/16 9:15 PM
9/25/16 9:16 PM
9/25/16 9:17 PM
9/25/16 9:18 PM
9/25/16 9:19 PM
9/25/16 9:20 PM
9/25/16 9:21 PM
9/25/16 9:22 PM
9/25/16 9:23 PM

119.1612
119.7689
120.3767
120.5567
120.4708

120.385
120.2991
120.2133
120.0549
119.7133
119.6061
119.7041
119.8021

JEIE NE W G L I S U P QI U G G QY
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9/25/16 9:24 PM
9/25/16 9:25 PM
9/25/16 9:26 PM
9/25/16 9:27 PM
9/25/16 9:28 PM
9/25/16 9:29 PM
9/25/16 9:30 PM
9/25/16 9:31 PM
9/25/16 9:32 PM
9/25/16 9:33 PM
9/25/16 9:34 PM
9/25/16 9:35 PM
9/25/16 9:36 PM
9/25/16 9:37 PM
9/25/16 9:38 PM
9/25/16 9:39 PM
9/25/16 9:40 PM
9/25/16 9:41 PM
9/25/16 9:42 PM

DECLASSIFIED

119.9001
119.9981
120.0861
120.1941
120.2922
120.3902
120.4882
120.5862
120.6446
120.5447
120.4448
120.3448
120.2449

120.145
120.0451
119.9452
119.7945
119.4405
119.0865

9/25/16 9:43 PM Filtered

10/4/16 11:54 AM
10/4/16 11:55 AM
10/4/16 11:56 AM
10/4/16 11:57 AM
10/4/16 11:58 AM
10/4/16 11:59 AM
10/4/16 12:00 PM

118.7504
118.7654
118.7624
118.7594
118.7564
118.7534
118.7504

10/4/16 12:01 PM Filtered

[ T (U G ST (IR W I I N T T (T QI QT I Qe Qe

DEF20190001BARTOW LFEG- 000378



DEF20190001BARTOW LFE6- 000379
CONFIDENTIAL

5. Chart of blade options.- | did slready send the table of what we believe the blade configurations have been and requested that MHI confirm or correct the table. | will repeat it so everything is in one email,

Base material | Brazed in Spray Stellite ‘Welded Stellite | Polish off shot Spray stellite .3 Spray stellite .3mm | Chamfer 1x0.5 CornercutonZ

Stellite Leading | under Z notch Under Z notch | peening after mm on snubber | onZ notch contact | mm & 2mm notch ~ 3Imm x
edge erosion Leading edge Leading edge welding contact faces faces radius on snubber | 3mm
strip

Type 1 17-4 HT? Yes

Type 2 17-4 HT? Yes Yes

Type 3 17-4 HT? Yes Yes Yes

Newer Type 3 17-4 HT? Yes Yes Yes Yes

Installed 2014 17-4 H7? Yes Yes Yes Yes Yes Yes

(Typ3)

Instalied 2016 17-4 HT? Yes Yes Yes Yes Yes Yes Yes

spring (Typ3)

Proposed now 17-4 HT? Yes {NO) {NO) {ND} Yes Yes

Fall 16( Typl)

6. Duke requested strain gage data.- The presentation made had scales that were un readable. The data does confirm MH! did go in frequency above vane passing and that good, but we need to see the scale factors, gage
factors etc and no difference between (.5 ksi??) turbine end and generator end during the testing. You did say Orlando doesn’t have this data and tapan may be reluctant to supply it. During an earlier meeting when
Progress was considering purchasing the uprated blading a Mr. Yoshinori Tanaka and Mr. Yuki Enomoto visted the Bartow site and opened their books on ali the work Japan had done. This included FEA, stresses, CFD
predictions, and tests of fatigue life extension from hard facing. They also expressed the point that if we needed something they would try to supply it. Perhaps we don’t need to have hard copy or electronic copy, but we
would like to see the data and take notes. If it would help you get approval or to get this data, | wouldn’t mind copying these very and helpful indivi What they p ) their , and positive
attitudes as well as the openness expressed was certainly influential in rmaking the decision to purchase the upgraded designs from MHI.

7. Confirm materiat is 17-4 and hardness —heat treat conditions, or closest US alloy equal. | did incorrectly believe it was 17-7, but if its 17-4 PH the condition may be HI00 or H 10757 Piease provide information.

8. Supply Goodman Diagram. You stated MH! had a factor of 10x to the Goodman failure line. 1 would like to see that on 3 graph. At this point the material data we have, the biade life, and the experience may be indicating
sometime different.

Harry M. Carbane P.E.

Duke Energy Central Engineering
Discipline Engineering Principal Eng
St Petersburg FL 33701

Phone 727-820-5849

Cell  727-409-3791

DECLASSIFIED



DEF20190001BARTOW LFE6- 000380
CONFIDENTIAL

From: Toms, C Wayne

To: English, Jacob

Subject: FW: MHPSA L-0 Blade Presentation 10-25-16
Date: Wednesday, October 26, 2016 7:51:10 AM

Attachments: Bartow Customer Review 10-25-16.pdf

From: Porteous, Nicholas [mailto:Nicholas.Porteous@mpshq.com]

Sent: Tuesday, October 25, 2016 8:22 PM

To: Toms, C Wayne; Swartz, Jeffrey; Salvarezza, Anthony; Mattina, Mark; Carbone, Harry M.; Retter,
Andrew S; Pigeon, Todd; Warren, David E; Peet, Jeffrey; Burney, David F; Brown, David E; Mattina,
Mark; Long, Vic; Evans, Clifford David; Baker, Wayne

Cc: Baker, Todd; Riaz, Muhammad; Mazurek, James

Subject: MHPSA L-0 Blade Presentation 10-25-16

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***

Please find attached the presentation material from today’'s meeting.

Regards,

DECLASSIFIED

Nick Porteous

Director, Steam Turbine Engineering

Mitsubishi Hitachi Power Systems Americas, Inc.
Office: (407) 688-6244

From: Toms, C Wayne [mailto:C. Toms@duke-energy.com]

Sent: Tuesday, October 25, 2016 4:39 PM

To: Swartz, Jeffrey; Salvarezza, Anthony; Mattina, Mark; Carbone, Harry M.; Retter, Andrew S; Pigeon,
Todd; Warren, David E; Peet, Jeffrey; Burney, David F; Brown, David E; Mattina, Mark; Long, Vic; Evans,
Clifford David; Baker, Wayne

Cc: Porteous, Nicholas; Baker, Todd

Subject: presentation

All,

Nick Porteous, MHPSA Engineer, and the person who delivered the presentation will reply to all with
his presentation when he gets back to the office.

Wayne

Mitsubishi Hitachi Power Systems Americas, Inc.



DEF20190001BARTOW LFE6- 000381
CONFIDENTIAL

WWW P

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 notify the e-mail sender. Thank you.

DECLASSIFIED
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DEF20190001BARTOW LFE6 000382

Bartow Steam Turbine

L-0 Blade Review
Oct 25th 2016

Nick Porteous
Muhammad Riaz

This docurment contains COMPANY GONFlDENTIAL nd PROPRIETARY information fM\s bishi Hitachi Power Systems Americas, Inc. ("MHPSA') Neither this document, nor any
il transmitted or any third party without first receiving the expresswntt rization fM-l SA.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC AII nghts Reserved 1



- DEF20190001BARTOW.LF-§__B- Wﬂ%a }
Goal of the Meeting /4""

1. Confirm configuration of blades for return to service.

2. Confirm strategy for establishing operation upon return to service.

DECLASSIFIED

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. | 2
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DEF20190001BARTOW LFES« 0(10$84 |
|

Bartow —Options /’

Options Positive Negative

Remove hlades and operate No risk of future blade damage + Significant Derate of unit ~10%
with pressure plate « Pressure plate lead time is >6 weeks
+ Root blanking stubs required to prevent rotor dovetail erosion.

Significant Derate of unit >10% to protect condenser.

Risk of flow stimulus damage to the condenser.

Increased loading on L-1 exceeding design experience.

Root blanking stubs required to prevent rotor dovetail erosion.

Remove blades and operate « No risk of future blade damage
without pressure plate « Lead time reduced due to no
pressure plate. (Stubs required)

Trim blade tips « Change blade dynamic + Blade is designed to be continuously coupled and cannot be

response modified in this way.

< Multi year development program required to validate a new
design of blade.

Replace blades » Successful experience in + Derate to ~400MW required to mitigate risk of fretting damage
operation from 2009 to 2014 on on mid-span snubber. (LP Inlet Conditions same as original
Gen End. design)

« Blades available from Japan

Recommendations :

« As replacement blades have been confirmed as available pressure plate is not recommended.

« Replacement without HVOF with the unit operating at ~400MW is recommended

» Replacement blades include latest design features to reduce localized stress on the contact surfaces

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 3



Blade Shroud Chipping RCA Process

Design Manufacturing
"ﬁi;\.\ - Manufacturing Quality Data
(- Telemetry Test data Forging and machining process
y - Airjettestdata ) o - 1% stage nozzle area
. - Turbine design documentation

o

2 b i
f - Shroud and Stub Gap //: Operational Data Review / i -
f"— Contact area evaluation - Turbine Operation j"”/'- Material Certification
- Blade Rocking - Install Pressure taps 7 'Bg;?:.edr;geg ﬁ\;atljuatlon
- Measure 1+ stage aréa in condenser at both ends. /£~ T SAIIIESR
- Horizontal joint gap

evaluation
{ - Stub coating evaluation
Assembly Operation Material
Blade Shroud Chipping RCA y 1[ r E
R =

Areas of investigation and action reviewed by RCA Team

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.



DECLASSIFIED

RCA Results

i kR
Damage Mechanism Identified 'ﬁfl_ Capabliity of HVOF Confirmed )1"‘ Shroud Gap Data Aﬁ*-
r um Bun Gouge Wit 45" LoBiads (it - Blesks to Bacrs Gop end parsheiiam i

s Pt et b
< rrty T W

s o

e g
o, el e ‘_.3..., e = -

o !
! mcwwwhgl{-wwm) 2 » The contact surface coating did nod show any cracks, defermation or
v wear.

" » Aversge uniform thicknesswas around 0.45~0.46 mmonihe areas of
conact the LE andTE i ——

14 ard RH nmdwmoomlmm SWhe
[#vor coating on the stuh prevented fratting or any other surface dawnage | Ho clear and shroud ud

R TE_MSS ~TAT- PUCSMTYITEUTANEN IAT 4T A A3TTAIEMC 5 CEWSTEE P CTAT- FRUER ICEME AESITAT | T & MpTs SR

« There are 57 rows of 40” LO blades operating in the world. 9 Single flows, 22 double flow and 1
four flow LP sections. Bartow has the highest loading in the fleet.

1 CIUE TERE- AT~ DIUES E/STEUSAVERTAS D A My TR ommnt 3

@ TV, Sen =

1
_ Telemetry Test Results — Shroud Frolﬂng k’Lh
Qperation Data Review /...-. Telametry Test Data - Nozzle Passing Frequency ,rﬁ-,‘- o= A
AN >iaya | &u%ﬁvﬁ RN ST TR EE-'E!
Azt 170 neers Time: 20141222 1303 ey BRGSO BRI g
Prassure Vacuum A55MN, i
. et b Arvedasco une Huzzie Passingfroq~2850H2 ,

Hit it

ot Prwrnann Tt

SRR

i
|
1

4
A 1 I <
PECIE RGO R I R IR R e I T

|
]
i w "w m Ll " » w ™™ w“w e i w m (] . P it Pssame g}
W et newre Lkl . \Passs
= NO— e .
170+ houre of ) T0mR With 0 |""‘ﬁ"“ o or 3t
of ~2004z caa accumulita significant fatigue cycles J
ComETTAET ~TADe UD ERSYSTENSASERIM I A RPTERNSS 7 LIVEVTE IT= = ThI= TDEN IVSTEVS AVENCAS ST ARG Sraes "

RCA Review Intended to Present Findings and Address Questlons in July

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC AII nghts Reserved



Condenser PressureVs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) - Cond. Alarm Limit

Condenser Pressure [inHg]

91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125
LP inLet Pressure [psig]
(Using New LP Inlet Pressure Tap)

Alarms planned to prevent inadvertent operation into the avoidance zone, Hi1 = -4 psi, Hi2 = -2 psi, Hi3 = -0 psi

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 6
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Blade Inspection — Oct 2016
/@ Ge End Blade #13

(b Gen End
Gov End

Gov End Blade #2

Significant mass loss consistent with vibration observations — Jy R SR
Damage started after 5 weeks of operation |

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 7
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Fretting Fatigue Response ?E"?@:?P‘@@Q-?Ag‘liﬂ_l,f@ao?oie

-~ _— - Iy . ~ e -~ L
/17¢h7v/j4{5ﬁ%‘§¢@(= -r»r/"fﬁ})
620 T Shroud
©Zone~A
630 — Zone-B :
©Zone~C
640 — Zone-D “_
Zone-E I"' I
650 — ©Zone~F =
= ©SF MIN Lol | :
x o) - 69 Minutes (to
£ be confirmed)of
5 670 e = T operation |
o »
£ reported in
-g 680 . avoidance zone _|
o - - - 1 ]
690
700 » g
710
720
115 116 117 118 118 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140
LP Inist Pressure [Psig]
{Existing IP exit uncatibrated Pressure)

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. Al Rights Reserved. o
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. DEF20190001BARTOWLFE&dOlﬂogQ ¢
Evaluation of Stress /L"

S-N Modified Goodman Diagram

o \ O ait

\ Increased stress

\ with reduced
S damping in the
S— @ <« avoidance zone

._& Design Stress
. . Outside of
Avoidance Zone

|
101 102 108 10% 105 10% 107

Is S
Cycles to Crack Initiation static

» Loading is HCF
« Magnitude of change in damping from HVOF is not known
» Cycles accumulate at 12,000 cycles per minute at 200 Hz

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 9



DECLASSIFIED

Failure at Stub of Original Blades

#32 o #33 _AH#M o H#IE  _HIE  _HIT < H3E
TRl §Z il b i G
[ ] /-.-'- SIN?‘IB f SIN 761 BIN EEY / 50 ,”J‘!"f

- Original blade has no
crowning/chamfer at stub. Local
stress is high and crack is initiated at
edge of stub.

| Fracture Direction I
v \ \'\41\.51mm
et | N . | }
s \ 5 N
" B .
& T \'\ 5
:‘ld Indicated crack origin } ~ 8mm

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.
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DEF20190001BARTOW LFES- 003

Effect of Crowning s

If stub surface is tilted in horizontal or vertical direction, high local stress on the stub is

observed.
Crowning was applied to the edge of stub contact to avoid the high local stress.

Contact Stress Variation

w7 S

Contact Stress— Nominal Design Contact Stress— Horizontal and Vertical Tilt

High Local Stress Mitigation

~50% reduction in
local stress Section View

Before Crowning After Crowning

——e—— e e S R PR Bt = m oy -= e e e e e e e S ke —

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS INC. All nghts Reserved.
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DEF20190001BARTOW LFES-0q03¢

Effect of Crowning

Following picture shows stub contact surface of stub coated blade with crowning from November 2014 to April
2016. There was no high stress contact mark at edge of stub and the contact condition was good.
It is recommended to apply crowning without coating, to prevent high local stress.

Blade number

Inlet
side

Outlet
side

Contact area is maintained large enough not to impact damping

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 12



DEF20190001BARTOW LFEG- 01103911
L g

Recommendations

Type 1 Blade :
Bartow does not see excessive moisture so additional erosion protection is not required.
(Gen End Type 1 Blade operated from 2009 to 2014 without any significant erosion damage)

HVOF Contact Surfaces :
HVOF was found to be effective at protecting the surface but not required for reduced load operation.

Chamfering on Shroud :
Standard validated geometry already present on the Type 1 Blades

Chamfering on Mid Span Snubber :
With chamfering — reduced local stress while maintaining damping, but not field validated.
Without chamfering - risk of localized stress initiating damage

MHPSA Recommendation : Type 1 Blade with chamfering on the mid span
snubber and shroud

© 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.

13



DECLASSIFIED

Operating Recommendation

L aSHRILYF 4 BHERE (=TT BY)
620 =11 1 ] R i B —F G
oZone~A i | t ; i ! ‘{ I i ] —l ' i i
t i i ! 1
630 Zone-B 1= — o O (e PR, L—— — -t i b o i - 1[ -~
Zone~C | ! ! l ! B8 . | '
640 — Zone-D Wgganl " PR T} = P ~-:..._,..ii._ iy
Zone-E I : | : i i | r
650 — Zone—F ; -———-—<i--—~—-— —t —--i———zf~ .
o ©SF MIN - ' ' .
E e { Note : Operating
o recommendations are to
& - | be reviewed in a separate
3 ' meeting 10-26-16
690 T e i i s e e
o i : l i
700 & _= ,‘ : I_ : - == ; -- = .-f = , > =Af0) L= % = .‘ S A1 ,i” x ._;.
0 3 f Gl e B
it . ; S AR
b AR O B0 o s i i L4

115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140

LP Inlet Pressure [Psig]
{Existing IP exit uncalibrated Pressure)

Operating recommendations to maintain LP Admission Pressure to level of original design
Need to work with Bartow to establish max output considering PAG Steam (~400MW+)

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 14



DEF20190001BARTOW LFE6- 000396
CONFIDENTIAL

From: Carbone, Harry M.

To: McClintock, Rebecca

Cc: Toms. C Wayne; Salvarezza, Anthony; English, Jacob; Crimi, Paul V
Subject: FW: MHPSA Steam Turbine Operation Limits Meeting 10-26-2016
Date: Thursday, October 27, 2016 1:43:27 PM

Attachments: Bartow Qperational Limits.pdf

Becky

MHI is proposing a new inlet pressure limit of 108 psig on LP inlet transmitter {*-44306 the new
ones at the Ip inlet).

They are saying we will still get 400 + Mw.

| don’t get that high a Mw from the data | have can you see what Eta Pro would predict. | think the IP
exh pressure would be about 111.15 psig and the mw ~ 350- 396
Eta pro should be able to give a much better prediction? - harry

From: Riaz, Muhammad [mailto:Muhammad.Riaz@mpshg.com]

Sent: Thursday, October 27, 2016 12:23 PM

To: Toms, C Wayne; Swartz, Jeffrey; Salvarezza, Anthony; Mattina, Mark; Carbone, Harry M.; Retter,
Andrew S; Pigeon, Todd; Warren, David E; Peet, Jeffrey; Burney, David F; Brown, David E; Mattina,
Mark; Long, Vic; Evans, Clifford David; Baker, Wayne

Cc: Baker, Todd; Mazurek, James; Porteous, Nicholas

Subject: MHPSA Steam Turbine Operation Limits Meeting 10-26-2016

** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***

Attached please find the presentation material from yesterday’s meeting.

Best regards,

Ay R )T R ECLASSXFXED
Muhammad Riaz, Ph.D. D

Manager ST Steam Path Design Engineering

Mitsubishi Hitachi Power Systems Americas, Inc.

407-562-0522 (Work)

407-731-9055 (Mobile)

407-240-0842 (Fax)

From: Toms, C Wayne [mailto:C. Toms@duke-energy.com]

Sent: Tuesday, October 25, 2016 4:39 PM

To: Swartz, Jeffrey; Salvarezza, Anthony; Mattina, Mark; Carbone, Harry M.; Retter, Andrew S; Pigeon,
Todd; Warren, David E; Peet, Jeffrey; Burney, David F; Brown, David E; Mattina, Mark; Long, Vic; Evans,
Clifford David; Baker, Wayne

Cc: Porteous, Nicholas; Baker, Todd

Subject: presentation
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CONFIDENTIAL

All,

Nick Porteous, MHPSA Engineer, and the person who delivered the presentation will reply to all with
his presentation when he gets back to the office.

Wayne

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 notify the e-mail
sender. Thank you. OO
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Bartow Steam Turbine

Turbine Operation Limits
Oct 26t 2016

This doc! cument tcom,alns COMPANY CONFIDEN‘NAL dPROPRIETARY |n1‘ormau oansubq hi Hitachi Power Systems Americas, Inc. ('MHPSA) Neither this document, nar any
any third party withot utﬁra( racaiving the express written authorization of MHPSA.
e T e T S T e e T e T e R e e P e o e e e e S R
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Section 1:

Next 5 slides provide details of how 115 psig LP inlet
pressure limit is established.

© 2016 MITSUBISH! HITACH! POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 2
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Preliminary Updated Operation Guidelines until RCA Completion . |

XS nlet Pressure Vs. Condenser Vacuum
\\6\\ )

N Q . | ' " I F SRR R EE® |
\0 "L | | h B > k W
0‘\0 q,(é E#;#_T’-}L-'.lf_'r.t&‘__ el i — - ._1 Lo
' . | : BEUNE RS NN R

1 " yREF i T EEE

. o.i,'\;-bs}:-!'l .

- T e s o AR R A S R IR
Afls .‘“h;‘ . 2 r ) - 4 p o . . 1 " 4 l ::_ l i .
. FeRF RS

HE IR U NS

i-rq»-’d-;;-—&'-i-—

EahpEREl

: ] i i

: | |

| . !

15 g e ST 1 - B e
] ] 1

1 1 1 J o l_’ | E— : =S R
110 112 114 116 118 120 122 124 ' 126 128

125 psig
1P Inlet Pressurgfpsigi
(Using IP Exit Pressure Tap)

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP

Inlet pressure transducer will be used for turbine control, above limits will change
based on pressure drop between existing IP exit pressure and new LP inlet pressure.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 3
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Preliminary Updated Operation Guidelines

LP Inlet pressure limits adjusted after
Calibrating IP exit pressure transducer

Condenser Pressure Vs. LP Inlet Pressure
{Operational Data June 12 to June 26 2016)

S U SRRt g 5y S
] 1]
| S SN YU, O U B i
| 1 i i ] i
= N i
= LI S _———— |
E | Py J !
i X | !
g s t oyl - 1 |
" H i :
a i
g N @4
: dE P —
] - I SO
s B s s e | 4 H L -3 +
i 1 s — Lo d + .
3.0 i . i Y n i
H § ! | i | 1 |
H | i | i {
25 }--+ —i~ =t —1——1 , S
i S i | :
i | i
i MR N S I SN 5 Al And | o i i ..
91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125 127 129 131
LP inLet Pressure [psig} 119 psi
{Using 1P Exit Pressure Tap) L 125 psig

IP exit pressure transducer calibration was off by ~6 pS|g

—_—— = — —— —— ———— e ———
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Data Review of New LP Pressure Transducers /{')———

A new LP Inlet pressure transducer has been installed and based on operational data
provided, a pressure drop of ~3.2% between existing |P exit pressure tap and new
LP inlet pressure tap is observed.

Pressure drop between
s oo . . |PExhPressBiPinletPress
i H i i H 1
| 1
e T B |
3 -\ o] 1; '& ----- : “"‘-‘;‘:w“'f‘"'-”‘ ----- =
FART3 » - o o e
3 0 $ ] .\ L)
0% 5 Fi R
: Y o AR SR
E 260% » ; » . )
2%
120%
o e mlie S ol S
I R T T T A
I ] & a t] b 3 A H] )

To establish limits for new LP inlet pressure transducer, a pressure drop of 3.2% is
suggested to be applied to IP exit pressure.

For condenser pressure, it is recommended to use 4 new condenser pressure taps.
Operation data shows a variation of up to 0.5inHg between 4 tap readings. It is
recommended to use “Max of 4 pressures taps” as control for condenser pressure.

Recommended to use new pressure transducers installed around LP Section

® 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 5
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LP Turbine Operation Limits

L

i
|
I
l

+ Limits on current (Calibrated) |P_exit pressure tap are
* Below 3 inHg = Less than 125 psig
+ Between 3 inHg and 4.5 inHg = Less than 119 psig
+ Between 4.5 inHg and 4.8 inHg = Less than 125 psig

= With 3.2% pressure drop, the limits for new LP inlet pressure tap will be
+ Below 3 inHg = Less than 121 psig
« Between 3 inHg and 4.5 inHg = Less than 115 psig
+ Between 4.5 inHg and 4.8 inHg = Less than 121 psig

LP inlet pressure limits are same as before but adjusted due to
transducers calibration and location change.

©® 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 6
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N

LP Turbine Operation Guidelines &
Current Turbine Operation Pt

Condenser Pressure Vs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) Cond. Alarm Limit

55

5.0

.ﬁ‘é,‘{'ﬁ%}-_,-ﬂ,--.ﬂ_,- R R R s T i S h G

4.5

Alarm Limit{4.2
4.0

3.5

3.0

Condenser Pressure [inHg]

2.5

2.0
91 93 95 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125

LP inLet Pressure [psig]
(Using New LP inlet Pressure Tap)

© 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 7
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¥ OF B

Section 2:

Next 3 slides provide details of operating limits for Original
Blades applied in October 2016.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 8
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V.
L c - i .
Original Design Heat Balance Diagram }r——-
546.8P LEAK £LOM
of
255. 6 1ssions 176.26 | § e
2855, 6P 1956
ce Tk §
§47.60 p 1366. 24 135
£91. 91 219654200 smc] % 0816
P! ()55 L = e
31602616 ®
B48406 13
SENERATOR OUTPUT  P.F
4200008 0.845
L
inigie . -
] 1048, 64
20843000
.
Cf) REGULATER .
oF 80 $grE)
L
1346, 8
P :psia {GENERATOR DUTPUT) = Peoy = P CORDERSATE PUMP
T:F Pum : QEHERATOR TERMINAL SUTPUT GLAMD] EONDEKSER 178, 48 (0UT OF W) SCDPE)
B § Bruflb Pexc ¢ EXCITATION POEER 0176
G : Ib/hr
u&m Progrees Energy 7 Bartow
HOTE . ALANOE DAGRAM
1, ALL PERFORMANGE VALUES INDIGATED ON THIS DIAGRAM ARE ESTIMATED, o Ll por ] A o
2, PERFORMANCE YALUES ARE FOR NEW AND CLEAN EQUIPMENT. o e ahetsn 17 | 420200KW | ¢35 4 Fires Nat. Qos
% CALGULATIONS ARE BASED DN IAPWS-IF87 STEAM TABLE. P Ashiont Temp )
2006A DG KA3-0088-2 s

& SAYEUBIR HEAVY INDUSTHIES AMIRICA INC,

IP Exit Pressure = 126.2 psia or 111.5 psig = LP inlet pressure = 108 psig (3.2% drop)

e L — S —— ——————— E— _—
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Operational Limits- 26t Oct Zﬁﬁﬁﬂgi %

Condenser Pressure Vs. LP Inlet Pressure + Condenser Pressure
(Operational Data June 22 to June 26 2016) -~ Cond. Alarm Limit

5.5

5.0

4.5

4.0

3.5

3.0

Condenser Pressure [inHg]

2.5

2.0
91 93 9 97 99 101 103 105 107 109 111 113 115 117 119 121 123 125

LP inLet Pressure [psig]
(Using New LP Inlet Pressure Tap)

« LP Inlet pressure (same as original design): 108 psig
+ Operation data indicate 400MW+ output with LP inlet pressure of 108psig

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 10
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- SEUSE |
Summary of ST Operation Limits k‘

Maximum Inlet Pressure Limits

. HP Admission Pressure : 2375 psig (Upstream of Valves)

IP Admission Pressure : 569 psig (Upstream of Valves)

. LP Inlet Pressure (using new LP Inlet pressure transducer): 108 psig

. Condenser Pressure Alarm: 4.2 inHg
. Monitor Condenser Pressure using “Max of 4 pressure transducers”

. An official letter will be sent to Duke with agreed limits.

. It is recommended to put Hi1, Hi2 and Hi3 alarms as discussed earlier.

Review Date: 10/26/2016

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 11
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From: Toms, C Wayne

To: Holland, Christopher S; English, Jacob; Carbone, Harry M.; Mateo Jr., John A; Brown, David F; Bumey, John:
King, Theodore R

Cc: Valenti, Donald; Odom, Robby A; Bell, Robert; Spainhour, Brian W; Christian, Kathryn Harrigan

Subject: FW: Presentation from Friday Meeting '

Date: Monday, June 6, 2016 2:27:00 PM

Attachments: Bartow RCA Pre Startup Review, pdf
imageQ01.gif
- 002 qif

Here is the presentation from last week.

I’'m not sure if | included everyone who needs to be sent this, if there are others — please pass it
along.
Wayne

From: Mazurek, James [mailto:James.Mazurek@mpshg.com]
Sent: Monday, June 06, 2016 2:13 PM

To: Toms, C Wayne

Subject: Presentation from Friday Meeting

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***

Wayne,

Please see the presentation from last week attached. | will call you shortly.

Regards,

Jim Mazurek

SERVICE SALES MANAGER
Mitsubishi Hitachi Power Systems Americas, Inc.

james.mazurek@mpsha.com
. (407) 562-0729 (Office)

"' (407) B22-9053 (Cell)
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Bartow Steam Turbine

Pre Startup Review
June 392016

e T ey - i TR Sy e v

© 2016 MITSUBISHI H|TACHI POWER SYSTEMS AMERICAS INC AII Rights Reserved. 1
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Agenda

» Goal of the Meeting

Rotor Cold Setting

Shroud and Stub Gaps

Operation Data Review

Updated Turbine Operation Guidelines
Unit Operation Recommendations
Future Steps

© 2016 MITSUBISHI RITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.
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Goal of the Meeting )‘,ﬁ.——

« Based on initial review of the available data, provide
guidelines for unit operation before startup.

©® 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.



Rotor Cold Setting
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Differential Expansion — Basis for Zero Offset /'rlr

MHPS Design System includes establishing a clearance
offset for the LP. Seal Position for L-0 Blades

Operating data shows +2mm Rotor Long to Design
Operating DE at Gen End (RH) L-0 = +0.8mm Rotor Long

Operating DE at Gen End (RH) L-0 = -0.4mm Rotor Short

Note : As distance between nozzle and blade changes
there is no change in angle of incidence

5;'::"9///// T?._Z‘:f“/////
== e S S S

For Bartow the optlmum offset from end to end on the LP was <0.5mm and set to zero.

e S e -

A'

= T —
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Shroud & Stub Gap

© 2016 MITSUBISHI HITACH! POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 7
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2014 Blade LH (Gov. End) Shroud Gap Data

@ Shroud Chlpped o @ 2 5 . i

;
;
i
!
i
i
I
i
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i
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H
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i
]
i
|
|
!
i
;
H
;

Shroud Gap Data in 2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly

Row Average Gap = 3.9mm Row Average Gap = 4.2mm

Criteria: Shroud 1.9mm to 5.1mm Average, with no single blade above 6.0mm.

No clear relationship between gaps and shroud chipping

= —— e ——— e = =t — e e
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Shroud Gap Data in 2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 3.9mm Row Average Gap = 4.0mm

Criteria: Shroud 1.9mm to 5.1mm Average, with no single blade above 6.0mm.

No clear relationship between gaps and shroud chipping

m——— = S e

e T e T e
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2014 Blade LH (Gov. End) Stub Gap Data
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~

DEF20190001BARTOW LFES- 000419

. ® Shroud Chipped 62 63 % 3
 ® /.:——r“‘?"':" s

Shroud Gap Data in 2014 Assembly Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 1.9mm Row Average Gap = 1.9mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.

No clear relationship between gaps and shroud chlpplng

— e - e A e — -
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2014 Blade RH (Gen. End) Stub Gap Data

6 % »64?32.0. ::::;.J s @ Shroud Chipped o &2 _ﬁ«?.;!’: :‘.1:7%\4 "

33 i

Shroud Gap Data in 2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly

Row Average Gap = 1.9mm Row Average Gap = 1.9mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.

No clear relationship between gaps and shroud chipping

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved.
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2016 Blade LH & RH Shroud Gap Data

(-
-
~

- i)
3B o34 [ xp AN
33

Shroud Gap Data in 2016 Assembly  Shroud Gap Data in 2016 Assembly
LH - Gov. End RH - Gen. End
Row Average Gap = 3.1 mm Row Average Gap = 3.1 mm

Criteria: Shroud 1.9mm to 5.1mm Average, with no single blade above 6.0mm
Shroud gaps are with in criteria at both Governor and Generator ends

E————
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12016 Blade LH & RH Stub Gap Data
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Stub Gap Data in 2016 Assembly Stub Gap Data in 2016 Assembly
LH - Gov. End RH - Gen. End
Row Average Gap = 2.0 mm Row Average Gap = 1.7 mm

Criteria: Stub 0.5mm to 3.9mm Average, with no single blade above 4.8mm.
Stub gaps are with in criteria at both Governor and Generator ends.

A e = e T e = =
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Turbine Operation Guidelines L

Operation Guidelines Provided in March 2015

Bartow Steam Turbine Operational Limits

= HP Admission Pressure : 2240 psig
»  IP Admission Pressure : 569 psig

»  LP Admission : Max 126 pslg for
exhaust pressure up to 4.5 inHg

famie. P Admission : Max 131 psig for

exhaust pressure < 3 inHg

{Customer 10 confirm BOP capabliity
for 131 psig LP inket System.)

Vacuum [inHg]

«  Exhaust Pressure Alarm: 4.2 in.Hg
«  Max Gen Output : 450MW

Above Alarm Zone:

Short term operation is permitted belwesn 4.5

of 131 psig during peak power seasons in
Output powei' [MW] SUMMG.
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Operational Data Review

LP Inlet Pressure Vs. Condenser Vacuum
33 ® Telé'_metry Test Poinis_i—— - —Ww““-Aﬁ_{‘ T T
5 ‘ |,.. @ Opdration Datp Post Telgmetry Tes | l ; - |
| | | |
' ‘ ’ i | ’ ‘ i | 3 [
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> N | | i
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LP Inlet Pressure [psig]

Note: LP inlet pressure is monitored using IP exhaust pressure transducer.
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Operational Data Review

‘ LP Inlet Pressure Vs. Condenser Vacuum

55 7@ Telfory Tost Ao

|
‘ - | @ Opergtion Data Post Telemétry Test ‘ | i
SO O Pl g
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DECLASSIFIED
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HP Admission conditions higher than allowable limit.
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Operation Data Review

Cir Water: (Outlet - Inlet) Temperature o e
W DELTA CW COND 1 {OUTLET-INLET) M DELTA CW COND 2 {OUTLET-INLET) ’
4/1/160:00 : = ! ! ;
3/1/160:00 — " | ]
2116000 S — _ = | <
1/1/16000 : i a5l |
12/1/15 0:00 — = i ; i " 1 L
11/1/15 G:00 e i :
AVAf35 63 Operation of each CWP
9/1/150:00 o e S - o
8/1/15000 iro i
7/1/150:00 e :::;
6/1/15 0:00 % '
fol
5/1/150:00 :
]
4/1/150:00
0
3f1/150:00 %
2/1/150:00 5"‘
1/1/150:00 ;,a
0
PR . e e | ’ oWRA2AREC wmELDERF
Cond 1 -Gov End Cond 2 Gen End GEN END GOV END

Heat is removed asymmetrically between the Gen and Gov End
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Preliminary Updated Operation Guidelines until RCA Completion

LP Inlet Pressure Vs. Condenser Vacuum
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During Telemetry Test with a LP inlet pressure of 125 psig, an output of 420MW was achieved.

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP
___ Inlet pressure transducer will be used for turbine control, above limits will change
" based on pressure drop between existing IP exit pressure and new LP inlet pressure.
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Unit Operation Recommendations -

* New LP Inlet pressure limits should be set after measuring pressure drop
across the existing pressure gage (IP exit) and new pressure gage (at LP
turbine inlet). Old LP turbine inlet allowable pressure limits were based on
existing pressure gage located at IP exit.

 All circulating water pumps should be operating at all times to ensure similar
vacuum level at both Gen End and Gov End.

« Condenser exhaust pressure should be the highest reading observed in any of
the 6 pressure transducers (4 close to turbine exhaust and 2 down in
condenser).

+ After unit startup, please provide turbine operation data for 2 weeks.

© 2016 MITSUBISHI HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 20
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Future Steps | V/""

» The RCA team is working to understand the root cause of shroud chipping. RCA
Team consists of members from Mitsubishi (USA & Japan) and Duke Energy.

- First RCA working meeting occurred on May 26" 2016 consisting of members
from Duke Energy and Mitsubishi to review RCA actions items.

« Next meeting is planned for June 21st 2016 with target to finish RCA by
beginning of July 2016.

« Multiple RCA activities such as blade metallurgical evaluation, telemetry test
data review, blade quality data review, turbine operation data review,
manufacturing and assembly data review etc. are in process to support RCA
actions.

© 2016 MITSUBISH! HITACHI POWER SYSTEMS AMERICAS, INC. All Rights Reserved. 21
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_MITSUBISHI HITACHI
47l POWER SYSTEMS

Mitsubishi Hitachi Power Systers Americas, Inc. | 2287 Premier Row, Ortando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.68990 | « . Jirived siem iz co.s

CONFIDENTIAL

June 8th, 2016
Wayne Toms DE
Bartow Plant—Duke Energy, CLASSIFI
1601 Weeden Island Drive, ED
St Petersburg,
FL 33702

Subject: Duke Bartow, Recommended ST Operating Conditions
Wayne,

Please find the following recommendations to support initial operation of the Bartow Steam Turbine
while RCA activities are being completed.

2 Operating parameters are used to establish the avoidance zone for the L-0 Blades :

1) [P Exhaust Pressure
2) CondenserVacuum

One new LP admission pressure tap and 5 new exhaust pressures taps have been installed during this
outage. The operating data from these new locations will be evaluated over the first 2 weeks of
operation as part of the RCA to determine how this data will be used moving forward. At this time itis
recommended to continue to evaluate operation relative to the LP avoidance zone using the 2 existing
instrumentation points above that have been used since the 2014 telemetry test.

LP Avoidance zone :

For Condenser Vacuum <3” Hg, IP Exhaust Pressure should be maintained below 131 psig

For CondenserVacuum >3” Hg and < 4.5” Hg, IP Exhaust Pressure should be maintained below 125 psig
For Condenser Vacuum > 4.5” Hg, IP Exhaust Pressure should be maintained below 131 psig

Any individual excursion into the avoidance zone should not exceed 10 minutes in duration.

This avoidance zone has been established based on the RCAs re-evaluation of the shroud stresses in
order to maintain sufficient design margin to achieve long term operation of the blades without
reoccurrence of damage.

Based on evaluating the amount of drift observed in the operating data of the IP Exhaust Pressure and
Vacuum when maintaining a constant load, it is recommended to highlight that the avoidance zone is
being approached when IP Exhaust Pressure comes within 1 psi of the avoidance zone and Vacuum
comes within 0.1 inHg. This area is not considered within the avoidance zone.

In addition to the guidelines for the LP the following recommendation are provided for HP and IP
Admissions as identified in March 2015 :

HP Admission < 2240 psig

IP Admission < 569 psig
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| '___MITSUBISHI HITACHI

47!l POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6990 | weaslEPo rSystens. ol

CONFIDENTIAL

This recommendation is shown pictorially in the figure below as presented on Friday June 3rd :

-
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During Telemetry Test with a LP inlet pressure of 125 psig, an output of 420MW was achieved.

Above LP Inlet pressure limits are based on IP exhaust pressure transducer. If new LP
Inlet pressure transducer will be used for turbine control, above limits will change
based on pressure drop between existing IP exit pressure and new LP inlet pressure.

Regards,

N N DECLASSIFIED

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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CONFIDENTIAL L ) MITSUBISHI HITACHI
47| POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Oriando, FL 32809, USA | Tef 407.688.6800 | Fax 407.688.6990 | »+~ @ wltraif ol s

June 9th, 2016
Wayne Toms
Bartow Plant~Duke Energy,
1601 WeedenIsland Drive,

e PECLASSIFIED

Subject: Duke Bartow, Revised recommendations for ST Operating Conditions

Wayne,

Please find the requested confirmation of the impact to the LP avoidance zone based on the IP Exhaust
Pressure Transducer offset that was identified today.

Following the identification of a 5.8 psi offset existing on the IP exhaust pressure transducer, it was
confirmed that this offset was present during the 2014 telemetry test. Based on this, the avoidance zone
recommendations provided on June 8" are also offset by 5.8 psi, as this was established based directly
on the blade vibrational response relative the IP exhaust pressure during the telemetry test.

Revised LP Avoidance zone :

For Condenser Vacuum <3” Hg, IP Exhaust Pressure should be maintained below 125 psig

For CondenserVacuum >3” Hg and < 4.5” Hg, IP Exhaust Pressure should be maintained below 119 psig
For Condenser Vacuum >4.5” Hg, IP Exhaust Pressure should be maintained below 125 psig

Any individual excursion into the avoidance zone should not exceed 10 minutes in duration.

It should be noted that this does not representan additionalrestriction in operation of the unit fromthe
June 8" avoidance zone provided, but an update to match the re-calibration of the IP Exhaust Pressure
transducer.

Regards,

R T DJ’"’%

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi PowerSystems Americas, Inc.
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POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6990 | vevevsmibSanerSysisneoom

CONFIDENTIAL

November 22nd, 2016
Wayne Toms
Bartow Plant — Duke Energy,
1601 Weeden island Drive,
St Petersburg,
FL 33702

Subject: Duke Bartow, Recommended Steam Turbine Operating Conditions
Wayne,

As requested, please find the following written confirmation of the operating recommendations
presented by Muhammad Riaz on 26" October 2016.

These operating recommendations are being made prior to an RCA being completed for the blades
removed in November 2016. Based on prior test data and the unit’s operating history the goal is to
provide an operating limit at which damage to the blades will be prevented.

The recommendations are based on the IP Exhaust Pressure Tap only, and is not a function of
condenser pressure. |P Exhaust Pressure (ORCAODSE1101) should be maintained below 111.5 psig
(126.2 psia). This is based on limiting the loading of the LP Turbine Section to the original design.

It is recommended that 2 alarms are set below the avoidance zone limit to prevent any unplanned
excursions into the avoidance zone.

Regards,

Iava

t

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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L MITSUBISHI HITACHI
‘! POWER SYSTEMS

Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6990 | - FFewniEyelems.com

CONFIDENTIAL

November 29", 2016
Wayne Toms
Bartow Plant —Duke Energy,
1601 Weeden island Drive,

DECLASSIFIED

FL 33702

Subject: Duke Bartow, Confirmation of draft Operating Standing Order BR-0SO-11 r8

Wayne,

Please find the following confirmation that MHPSA is in agreement with the draft Operating Standing
Order BR-OSO-11 r8 provided following our meeting 11/29/16.

MHPSA’s recommendation for IP Exhaust Pressure from my letter dated 11/22/16 identifies 111.5 psig
maximum IP Exhaust pressure. Duke Bartow have identified 110 psig in the Operating Standing Order
which provides 1.5 psi margin for operational drift or upsets.

Duke Bartow Operating Standing Order identifies the following limits:
Condenser Back Pressure 4.2” HgA (Alarm Limit)

HP Pressure 2375 psig

IP Admission Pressure 569 psig

IP Exhaust Pressure 110 psig (Note : to ensure no operation above 111.5 psig)
LP Steam Flow — No limits. Flow is controlled through inlet pressures.
Generator to be operated within generator capability curve.

Regards,

D 2=

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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CONFIDENTIAL

From: Mazurek, James

To: English, Jacob; Toms, C Wayne; Carbone, Harry M.; Warren, David E; Erost, Carey F; Seitz, Albert C; Holland,
Christopher S ‘

Cc: Porteous, Nicholas; Baker, Todd

Subject: Meeting Notes from MHPSA RCA Report Out - 11/9/16

Date: Thursday, November 10, 2016 5:20:51 PM

Attachments: im 1.0i
image002.gif

Bartow RCA Report Out meeting notes.pdf

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***

Gents, :

Thank you for participating in yesterday’s RCA report out. Please see my meeting notes attached. |
have noted items for follow up or action items with a star.

Regards, DECLAS SIFIED

Jim Mazurek

SERVICE SALES MANAGER
Mitsubishi Hitachi Power Systems Americas, Inc.

L7 jamesmazurek@mpshg.com
{1 (407) 562-0729 (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 notify the e-mail sender. Thank you.
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Bartow RCA Report Out

Wednesday, November 09, 2016
9:07 AM

Attendees: Chris Holland, Jake English, Harry Carbone, David Warren, Carey Frost, Al Seitz
MHPSA: Nick Porteous, Todd Baker , Jim Mazurek

* Todd statement that this going to be confined to the RCA results from May 2016 L-0 Failure
* Focus on the root cause of shroud chipping / Type 3 Blades with mid-span snubber chamfer and HVOF coating and verified by telemetry test
» Discussed the RCA process
s Fleet Operating Experience
o 57 rows globally (22 double flow)
o 31 rows of Type 3 (14 double flow) Harry wants to know the LP inlet pressure for all 14 of these units
o Oldest Type 3 in operation since 2008
o Bartow has highest blade loading in fleet
* No erosion issues at Bartow {Type 3 is additional stellite for water erosion resistance)
.* Duke would like a table that shows the differences between the types of L-O Blades and the ones that were installed in Bartow (CHEAT SHEET)
o Were changes improvements on past design, or were they for different applications? (Jake) ; Answer: Type 3 was specifically for erosion.
o NEW UNITS (i.e. Citrus) would get a newer design LO blade. Not available as a retrofit.
. © Confirm if the Turbine End installed in 2012 was Type 1 or Type 3.

Material Evaluation

¢ Talked about Metallurgical Evaluations both Domestic and in Japan.

¢ Blade Inspection results. How did chipping progress from #39 to #41 DECL
o Chipping has been seen befare but it has been isolated SSIFI
o Progression of chipping. Multiple events occurred.
o Shroud chipping starting at same location for all blades
o Fretting fatigue identified as crack initiation sourced
o Oxidation/Corrosion observed on trailing edge contact surface of tip shroud

e Also checked hardness
o Hardness measurements taken at shroud contact surfaces, fracture surface, base material and below the shroud on 8 blades
o Hardness close to original
o Duke wants to see the hardness data on these tests.

s Damage Mechanism
o Fretting fatigue identified as crack initiation source

Manufacturing and Assembly Data
e Shroud gap data. Relationship between what shrouds were damaged.... NO CLEAR RELATIONSHIP

e Box Gauge Measurement - variation within criteria
¢ Duke would like MHPSA to address if there is any correlation between face parallelism
» Presentation Graphs seem to indicate differently than MHPSA concluded

Telemetry Test Resuits
* Purpose of Telemetry Testing: Needed because 2014 blades were going beyond original design spec and needed to understand dynamic blade response during

aperation.
¢ Results: high nodal diameter, exciting many modes at same time. Very low response less than 0.5 ksi observed at Nozzle Passing Frequency
* Harry wants a better explanation of why the TE doesn't have more stress than GE at nozzle passing based on the damage
o Nick doesn't have the answer on this question yet.
« Shroud Fretting chart - not a clear story. Levels of excitation occur and drop down again.
* Avoidance zone criteria wasn't given as MW but as pressure. Presented to Duke in March 2015

Operational Data Analysis

¢ Not enough data to draw conclusion around CW flow

¢ Had to leave to talk Lauderdale with Gary

¢ Data showed 170 hours in Avoidance Zone

¢ Harry mentioned that we have an initial limit of 128. Walked back to 126 in March 2015 after further evaluation.

* Harry wants us to consider the 1st period of operation (2009 - 2012). MOST of the operation then was in the avoidance zone (although it had not been established
at that time. Why did those blades run so long with minimal issues?

* Unit ran frequently above 440MW with original blades. Duke found an error in the head correction pressure gauge that contributed to additional 4% flow so the
unit may have output as much as 473MW for a period of time.

Questions from Duke

* Dave Warren - This exclusion zone was only established for Bartow because it was the only unit to overioad the LPs.
* Dave Brown - Agrees that time was spent in the exclusion zone but a minute amount of time. Seems that there has to be something else besides exceeding one
parameter out of 7 by 0.1%.
o Nick - Avoidance zone was designed to keep Bartow out of the sensitive area.
= 15 continuous hours in the avoidance zone is different than traversing through it due to weather changes, transients.

Customer Meeting Notes Page 1
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Jake - Is it possible that this failure could have happened outside the avoidance zone?

Jake - was there any margin put onto MHPSA's avoidance zone?

Duke claims that they were unable to attain 450MW operations except during telemetry testing. ST engineering made at least one trip to Bartow to discuss with
Operations team and help to achieve the desired output.

New L-0 Failure

Duke believes the first blade tip was lost at 700 hours of operation

More time we spend on blades, the less time before failure, less time in avoidance zone

Harry is questioning the design. "Time in the zone" can't be the reason for this. Every timea change gets made, we run less hours with more damage”

Harry asking if the (theoretical) Avoidance zone would be the same for the originat type 1 blades. Telemetry and avoidance zone only done on modified Type 3.
Damage not a function of time, but a function of being at wrong place at wrong time

Duke is asking that MHPSA provide one of the broken biades so Duke may conduct metallurgical analysis. Looking for one with missing z-lock material and
potentially the blade in front and behind if possible

Harry says there is a lot of chipping/fretting on the mid-spans

Dave Brown - They were never able to replicate 450MW after telemetry testing. Avoidance zone is right where the unit typically operates.

MHPSA still waiting on the complete data set requested on 10/21/16 to be provided.

Future

.

Jake English - Duke needs to figure out what they really need in terms of output

2019 MAJORS for entire powerblock - need to have an idea of upgrade solutions (blading, section replacement, etc.)

PSC expecting a certain return based on capital expenditure; needs to be paid back by Duke Shareholders if the unit can't deliver

Duke to provide MHPSA with the operational details that they must achieve to meet their operating PPA. MHPSA would use this info as a reference to
help determine if the latest operational guidelines/avoidance chart is acceptabte.

What does MHPSA need from Duke to design a LP section? Provide information back to Duke (David Warren)

Duke wants to see all the presentations for prior failures. | think these were for the most part sent already with the exception of today's presentation.

Customer Meeting Notes Page 2
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CONFIDENTIAL

From: Mazurek, James

To: Brown, David E; Toms, C Wayne

Cc: English, Jacob; Porteous, Nicholas; Riaz, Muhammad -mpshg

Subject: Operating Letter

Date: Wednesday, November 30, 2016 11:39:09 AM

Attachments: Letter - Bartow Recommended Operation 11-29-16.pdf
ATT00001.txt

*** Exercise caution. This is an EXTERNAL email. DO NOT open attachments or click links from unknown
senders or unexpected email. ***

Gents,
Please see attached from Nick.
Regards,

Mitsubishi Hitachi Power Systems Americas, Inc. CLA S S IFIED

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 notify the e-mail sender. Thank you.
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Mitsubishi Hitachi Power Systems Americas, Inc. | 2287 Premier Row, Orlando, FL 32809, USA | Tel 407.688.6800 | Fax 407.688.6990 |

November 29", 2016
Wayne Toms
Bartow Plant — Duke Energy,

1601 Weeden sland D, DECLASSIFIED

FL 33702

Subject: Duke Bartow, Confirmation of draft Operating Standing Order BR-OSO-11 r8

Wayne,

Please find the following confirmation that MHPSA is in agreement with the draft Operating Standing
Order BR-0SO-11 r8 provided following our meeting 11/29/16.

MHPSA’s recommendation for IP Exhaust Pressure from my letter dated 11/22/16 identifies 111.5 psig
maximum IP Exhaust pressure. Duke Bartow have identified 110 psig in the Operating Standing Order
which provides 1.5 psi margin for operational drift or upsets.

Duke Bartow Operating Standing Order identifies the following limits:
Condenser Back Pressure 4.2” HgA (Alarm Limit)

HP Pressure 2375 psig

IP Admission Pressure 569 psig

IP Exhaust Pressure 110 psig (Note : to ensure no operation above 111.5 psig)
LP Steam Flow — No limits. Flow is controlled through inlet pressures.
Generator to be operated within generator capability curve.

Regards,

~ D‘J”"‘"ES

Nick Porteous
Director, Steam Turbine Engineering
Mitsubishi Hitachi Power Systems Americas, Inc.
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From: Mazurek, James
To: Engligh, Jacob
Cc: Toms, C Wavne; Carbone, Harry M.; Frost, Carey F; Porteous, Nicholas
Subject: RE: Bartow Unit 4S -- L-0 Design Audit Study
Date: Tuesday, October 18, 2016 3:24:50 PM
Attachments: image001 aif
Bartow - Telemetry Test Results Presentation_Customer.pdf
Bartow main 18 Sep 2013.pdf
lake,

Here are presentations that engineering gave over the past couple of events.

As far as the RCA, can you please provide me an attendee list for the meeting? It will drive to an
extent who is going to come from the MHPSA side.

Regards,

Jim Mazurek ]_‘E]_ED
SERVICE SALES MANAGER DECLASS
Mitsubishi Hitachi Power Systems Americas, Inc.
T james.mazurek@mpshg.com
(407) 562-0729 (Office)
. (407) 622-9053 (Cell)

From: English, Jacob [mailto:Jacob.English@duke-energy.com]

Sent: Tuesday, October 18, 2016 10:54 AM

To: Mazurek, James

Cc: Toms, C Wayne; Carbone, Harry M.; Frost, Carey F; Porteous, Nicholas
Subject: RE: Bartow Unit 4S -- L-0 Design Audit Study

Jim,

Any progress on the request (see, below) for past presentations re: L-0 upgrades?

Also, has there been any further discussion at Mitsubishi about when your management and
engineering team(s) will be available for an RCA closeout meeting. I'd like to make sure that Duke

folks are available on the same date, as well. Maybe throw out a few potential dates, and we'll see
which one works best for all involved.

Thanks, and take care.
lake
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Jacob English
Duke Energy — Turbine Generator Services
Steam Turbine Program Manager

727.820.4671 (Office) D E CLAS SI F IED

813.695.7209 (Cell)

From: English, Jacob

Sent: Wednesday, September 28, 2016 2:21 PM

To: 'Mazurek, James'

Cc: Toms, C Wayne; Carbone, Harry M.; Frost, Carey F; Porteous, Nicholas
Subject: RE: Bartow Unit 4S -- L-0 Design Audit Study

Jim,
Understood re: dimensions...

Would you mind providing all of the past presentations re: L-0 upgrades performed on this unit —
specifically, as it pertains to the redesigned blades of the past two iterations (i.e. 2013/14 and
2016)? | have had requests for these from folks who are interested in reviewing how we got to
where we're at prior to next week’s meeting. I'm sure we have them saved somewhere one (or
many) of our Duke shared drives, but unfortunately they are not readily accessible to the folks
interested.

Please call me if you have any questions.

Thanks, take care and see you Monday.
lake

Jacob English

Duke Energy — Turbine Generator Services
Steam Turbine Program Manager
727.820.4671 (Office)

813.695.7209 (Cell)

From: Mazurek, James [mailto:James.Mazurek@mpsha.com]

Sent: Monday, September 26, 2016 11:03 AM

To: English, Jacob

Cc: Toms, C Wayne; Carbone, Harry M.; Frost, Carey F; Porteous, Nicholas
Subject: RE: Bartow Unit 4S -- L-0 Design Audit Study

=** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown
senders or unexpected email. ***
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Good morning lake,

Unfortunately we will not be able to provide this type of information to Gil or to Duke. | hope that
you will appreciate the proprietary nature of this information and why MHPSA is unable to share it
with you.

On a separate but related note, when are you all available for the RCA meeting?

Regards,

Jim Mazurek

SERVICE SALES MANAGER CLASS
Mitsubishi Hitachi Power Systems Americas, Inc. ] F ]'

jam r hg. ED
{407) 562-0729 (Office)

. (407) 622-9053 (Cell)

From: English, Jacob [mailto:Jacob.English@duke-energy.com]
Sent: Monday, September 26, 2016 10:33 AM

To: Mazurek, James

Cc: Toms, C Wayne; Carbone, Harry M.; Frost, Carey F
Subject: RE: Bartow Unit 4S -- L-0 Design Audit Study

lim,
Any word back from Mitsubishi Engineering re: this request?

Thanks,
Jake

Jacob English

Duke Energy — Turbine Generator Services
Steam Turbine Program Manager
727.820.4671 {Office)

813.695.72089 (Cell)

From: English, Jacob

Sent: Wednesday, September 14, 2016 10:40 AM

To: 'Mazurek, James'

Cc: Toms, C Wayne; Carbone, Harry M.; Frost, Carey F
Subject: Bartow Unit 4S -- L-0 Design Audit Study
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CONFIDENTIAL

Jim

As we discussed during our phone call the other day, Duke is interested in learning more about
design changes made to the Bartow L-Os. Also, we want to gain a better, more complete
understanding of why we are seeing ill-effects during operation, especially on one side of the
machine (TE) versus the other (GE). '

Currently, as you know, Duke has contracted the services of a reputable non-OEM third party — Gil
Dean — to perform the design audit. The blades he has to evaluate are a sample from the original
design blades — those that were removed from the machine back in 2014. In order for him to
perform a complete audit, we need to better understand the exact design changes {dimensionally)
that have been made to the blade model up to now.

Would Mitsubishi be willing to provide this information to Duke for the benefit of helping Gil
complete his design audit? Understandably, this is a request for information that is sensitive to
Mitsubishi, however please understand that Duke would treat this information with respect to its
confidentiality and proprietary nature, and any information gained from Gil’s audit would be shared
with Mitsubishi for the benefit of the current RCA (and beyond).

Please let me know if you have any questions.

Thanks, and take care.
Jake

Jocol Engs DECLASSIFIED

Duke Energy — Turbine Generator Services
Steam Turbine Program Manager
727.820.4671 (Office)

813.695.7209 (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 notify the e-mail sender. Thank you.
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Bartow ST#1 — L0 Blade Upgrade
to Achieve 450MW

" Americas, Inc.
September 18", 2013

contains infc i i to Mi ishi Power A i INC. Itis it in confidence and is 1o be used solely for the purpose for which it is furnished and redumed upon request. [
i i i i Syst Americas, INC.

is
This document and such information ig not be duced, transmi isch or used ise in whole or in part without the written authorization of Power Sy MPSA BUSINESS
MITSUBISHI POWER SYSTEMS AMERICAS, INC CONFIDENTIAL
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DEF20190001BARTOW LFEG- 000446 2

Agenda o MITSUBISHS

« Background of L-0 blades

« Analyses performed

* Root cause analysis

« Mitigation plan

« Summary

« Review of previous customer questions

is contains i ion proprietary to ishi Power Sy Ameti INC. itis i and is to be used solely for the prpn fowhlchil fumished and retumed upon request.
This and such infe ion is not be 1, itted, disclosed or used G I whole or in part without the written of i Power Sy Americas, INC. * MPSA BUSINESS
MITSUBISHI POWER SYSTEMS AMERICAS, ING CONFIDENTIAL
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Background of L-0 Blades POWER vaTEme

DEF20190001BARTOW LFES- 000447 3

* Unit COD was June 2009. From the time of commissioning until
Spring 2012 ST operated up to 450MW

« March 2012: five governor end L-0 blades had fretting and
cracking at mid-span stub

« All governor end L-0 blades were replaced in March 2012.

« Mitsubishi estimated the cause of cracking was overloading of
LP section based on 450MW which is over the design point of
420 MW,
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Background of L-0 Blades POwER svaTEme

« Mitsubishi recommended that the Duke ST operate at or below
420MW to ensure proper loading on the LP turbine and L-0
blades

« Mitsubishi evaluated modification of L-0 blades to increase
output from 420MW up to 450MW

« X-ray and mold tests were conducted by customer on the
governor end L-0 blades in March 2013. Customer analysis
indicates fretting wear on the contact surface of mid span stub.
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Failure Blades at Site (Stub) 2 MiTSUBISH

#32 #33 #34 #35 #36 #37
=

[LH] "’Jﬁ 4!"‘71‘1‘":72- LQ"A‘ w':.nnv';sc""v‘
'-ﬁ SN 718 SIN761 £ SNT73 £ ” ‘ SIN739 £ ” SN732 &7 sINTOT

Suc.

Pres.

S 41.51mm
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6

Metallurgical Analysis o MizSUBISI

Contact
surface

Afin {topa WiE?

Sliding scars in horizontal
direction were recognized.

Cracks were observed.
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Analyses performed MITSUBISHI
Category Study items Conclusion

1. Operation data analysis

Output, vacuum, vibration, steam condition data

No abnormal situation except for high loading. According
to shaft vibration data, the timing of stub failue could not
be estimated.

Accumulation of operation data at each output

Total hours of 420-450MW was 2600 hours. {15%)

2. Original Manufacutring
data review

Material strength

Within specification

Blade weight

Within specification

Natural frequency

Within specification

Clearance contro!

No abnormal dimension

Dimension control

No abnormal dimension

Comparison with other unit

No abnoramlity

3. Blade dimension check

3D CMM for Bartow blade with design data
comparison

No abnoramlity in sample blade

3D CMM for Bartow and Another unit blade for
manufacturing procedure comparison

No significant difference

4, Static stress evaluation

CFD for 450MW(17000LB/ft2/h)

Steam bending force act on the blade surface for 450MW
condition was generated.

FEA for designed dimension and Bartow blades

No abnormal stress

FEA for influence by snubber titling

There would be high stress

FEA for effect of shroud and snabber clearance

No significant influences on stub contact surface
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Analyses performed
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¢
S Muzsueist

Category

Study items

Conclusion

5. Vibratory stress
evaluation

Bartow blade dimension.

Resonance stress for each mode with nominal,

o abnormal vibration stress under 17000 loading.

Special harmonic excitation [Nozzle weak
vibration}

No abnormal vibration stress under 17000 loading.

Stability analysis for Flutter vibration

According to stress distribution of the possible vibration
mode, no abnormal stresses in stub region.

6. Fretting analysis

Design blade based on fretting calculation
method

No abnormal stress

Tilti ng of stub

There would be high_stress

7. Metallulogy analysis

#32 and #33 for SEM, micro analysis

Fretting and High cycle fatigue is estimated.

EPMA, hardness and etc,

No corrosive envirnment no abnormal material

8. Crowning study

Stress reduction calculation

Study for shape of crowning

Approx. 50% reduction is expected.

Completed

i Method of coating for actual blade
9. Manufacturing study
Coating test for actual blade Not yet
Fracture limit strain test Two test is completed with satisfactory result
; v Bending fatigue strength test Complete, Satisfactory result
10. Coating study E £ gt 7 2
Fretting wear test Notyet
Fretting fatigue test Not yet
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B
I

S MIEyRIst

Not possible

Low possibility

High average

Stub contact area is small

1: These values are within
design specification

Possible contact surface —[ J
Contact surface stress Blade twist force is large 2: High static stress may be
! stress of stub is I generated by Vhigh load
high 5 —  High force by high load
High local e L 3: Stub face orientation
contact surface [
stress Deformation or tilt of stub at
Fretting and == 1 4: Stub edge shape
. higher load
high cycle -
fatigue of _]] Random vibration 5: Dei.ormatlon of blade after
stub operation
High vibration e , 7
St atiatb Resonance vibration 6: It is only for low load condition
based on steam load test
Large rubbing T
=1 on stub _I Flutter vibration 7: Verification test is performed
except for very high loading
Latching impact Vibratory impact between
on stub adjacent unlatched stubs | || 8: Testdata shows full latching
before heat soak.
High stress due to eroded 9. No sever erosion on stub
rough surface
| | Sever
Environment Corrosion fatigue crack 10: No sign of corrosion on stub
initiation on stub surface surface
Thie ot sert o Morvoton roprotery foUwat Beedsy i o clrarwion i whole o 1 par wio the vt suher ot of MiSUbEMIFower Sy rmrons % MPSA BUSINESS
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Root Cause Analysis o MiTSUBISHI

Low possibility

Possible
Contact surface
—{ stress of stub is
high :
| High local L 3: Stub face orientation
contact surface |-
stress I i i
Fretting and Defonna:?r;]:: 't:;gf S 4: Stub edge shape
high cycle :
fatigue of
stub
High vibration R brati
stress at stub esonance vibration
Large rubbin
arg g Fiutter vibratiori

~| on stub 7: Verification test is performed
except for very high loading

Latching impact Vibratory impact between

on stub adjacent unlatched stubs 8: Test data shows full latching
before heat soak.
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Root Cause Analysis
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puTSueISH

3: Stub face orientation

Local pressure

Deformation or tilt of
stub at higher load

increases with tilted

-

4: Stub edge shape

contact surface.

il

5: Deformation of blade after 1:
operation G
Nominal (Design) Tilt case-1 Tilt case-2
Analysis
Model
Contact
Pressure
L.E.
Tl ociorom s B et it s o e e b ot L i rmio b fchumad Lol redles. MPSA BUSINESS
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Mitigation 1. Crowning PONeR SVa Tems

« |If stub surface is tilted in horizontal or vertical direction, high local stress

on the stub is observed.
« Crowning is applied to the edge of stub contact to avoid the high local

stress.

Normal Contact Assumed Condition Assumed Condition
(stub Tip Contact) (stub Lower Contact)

Contact Pressure Varlatlon

High Local Stress Mitigation

~50% reduction in

local stress
Chamfering

ection View

Before Crowning After Crowning
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Mitigation 2: Improved Gap Control oo MITSUBISH

To avoid high local stress occurrence, improved gap control will be
applied to ensure contact surface parallelism.

Stub Contact Surface
Box gauge

O : Original measurement (2 point)

. Dimension Diagnostics After Machining Jig for Gap Measurement
O : Improved measurement (4 point)

4-point measurement will be applied to
single piece and assembled row.
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Mitigation 3: Stellite Coating POWER avaTems

» To enhance fretting durability, Stellite coating on the stub surface will be applied.
. Mitsubishi has successful experience with this coating on Titanium blade (45in).
- Verification test for 40in (17-4PH steel) will be completed by October.

Coating Specification

Base material Steel (17-4PH)
Coating material Stellite
Method HVOF (High Velocity Oxygen Fuel)

Additional test for 17-4PH

Test ____[Schedule ____

Fracture limit strain test ~ Sep. (in process)
Bending fatigue strength test Complete

Fretting wear test ~ Oct. (in process)
Fretting fatigue test ~ Oct. (in process)
Destructive test for actual blade ~ Oct.

This d nt and such i ion is not be rap L i orused ctherwise in whole or in part without the written of i Power Sy
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Mitigation 3: Stellite Coating A puzsumis

« Wear test with large slip is conducted using coated
and uncoated blade material (17-4PH).

« Wearing characteristics of coating is much better
than raw material.

Raw material (17-4PH) Coating (Stellite)

£ Vil si.“_ﬁ - o

6000 cycles, Pure water drop condition

nd is to ba used solely for tha purpase for which it is furnished and
instion of Mi
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Mitigation 3: Stellite Coating PN aNTIRN

« Fretting fatigue test with micro slip
representing blade vibration is conducted
using coated and uncoated blade material

(17-4PH).

« Fretting durability by coating is 10 times
more than raw material.
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Mitigation 3: Stellite Coating o MIISUBISHI

Bending Test Result
Coating

. -
el ¢ .,
. vl 3
LY »
0.. ., Cd
3 L1
; L ;
> ‘s e
- Ay
Wps

Base metal

It is confirmed by the bending test that any crack that initiates
in the coating will not propagate into base material.
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Coating Experience
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¢
S MuTSyBISH

Unit list of 45 inch 1SB

No. of Power (MW) | Speed(RPM) Year in
Flow Operation

© N O A WwWN =

3600 Jul 2003
1 3600 Oct 2008
1 3600 Jul 2008
1 3600 Jun 2008
1 3600 Apr 2008
1 3600 Apr 2009
1 3600 Jul 2009
1 3600 Oct 2009
1 3600 Apr 2010
1 3600 Sep 2010
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Root Cause Analysis
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IE

"‘ MITSUBISHI
POWER SYSTEMS

Resonance vibration

7: Verification test is performed
except for high load condition

I Flutter vibration

B T T T T T T

_ W
o | //// i

S
R
ke o B

- / / a 1.
AN //7%5)
L /’// e
b /:% i 1 ]

4
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= :
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15l

188
- / -
] ==
.—--'-"'-'_-—'_—— T
) Ll pie s i1l 0 O A T T 1L
a se. 1eco 13500 2008 2508 3cee 3508 e
rotation (rpm)
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First three modes are well tuned.

There is no data or experience above
15000 Ib/hr/ft2

. P Experienced Uﬂcezlarin
\U . —yl'r -4 A
| |
I 1
| |
@ | i
g I 1
b ~420MW . |
> condition 1
5] 1
IS '
S ]
= | L ~450MW
: : condition
! I
I I
16000 17000
Loading of L-0
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Mitigation 4: Verification Test o MIZSUBISH

. Mitsubishi verification process requires field test above 15,000 Ib/hr/ft2,
« The reasons why this verification is necessary are following;

- Mitsubishi’s test facility does not have enough capability to test at
high back end loadings.

- Operating condition for 450MW at Bartow exceeds Mitsubishi’'s
experience.

« Required schedule in Jan 2014 or July 2014:
1 week for wiring on rotor
3 days for Telemetry Test (Measurement)
3 days for Equipment Removal

« Mitsubishi warrants the reliability of mitigation plan with verification test.

MITSUBISHI POWER SYSTEMS AMERICAS, ING CONFIDENTIAL
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Measuring Blade Vibration
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puzsuBIE

» \Vibratory stress of moving blades are
measured by telemetry system.

« Strain gauges and transmitters are
mounted on blades and rotor.

A/

Radio wave
Transmitting antenna

Retaling parts

Siraln gauges -+ Transmitter
Stationary paris

Receiving antenna Transmitter
Stress wave
receiver |——s  —of Mpes
This y to Mitsubishi Pawer Sy T : A" INC. ttis
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Transmitting

Straln gouge
aih gavg antenna

Receiving antenna
Balancing hole

Battery Battery
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Root Cause Analysis ol MITSUBISHI

Vibratory impact between

adjacent unlatched stubs
8: Test data shows full latching

before heat soak.

- According to test data, stub latching is completed
around 1800rpm -2000rpm.

« Vibratory impact does not occur with adjacent
stubs during heat soak (2200 rpm).
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Mitigation Summary S MiTSUBISH
Mitigation 1 Mitigation 2 Mitigation 3 Mitigation 4
Crowning Improved Gap Stellite coating Telemetry Test

Edge of stub surface is
rounded and
chamfered.

Control

Stub Cantact Surface

4-points measurement
is performed.

Stellite coating by
HVOF is provided on
stub surface.

Actual operation
condition is measured.

: étub Deformation
and/or Tilting at
h-ighe'r load

Vibratory Impact by
Partial Latching

Un-expected High
Resonance Vibration

Flutter Vibration

| MTP by Oct 1st 2013, this upgrade can be installed in Jan 2014.

4 R R
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MITSUBISHI

POWER SYETEMS
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Duke Energy Questions e

2. Do you have the normalized stresses for dynamic nominal motion of
the blade for mode 1, mode 2, and mode 3?

EEEEE & z §

At the operating speed of 3600 rpm, all = [T / A Ay ks s
the modes are detuned. Multiple vibration T‘*SSESIQE“" // /// // V1.
tests performed on the test rotor and - : / /7 4 /f
actual rotors have confirmed this fact. C / / / / ( v »
@ |- / / A ) =
A / y // 7 4
[ = %é 7// Z <
E L el .
- e
-l 7/ il 1
- V///é L~
NW Atk
e 3600 rpm
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Duke Energy Questions 2 MiTsUBISH

4. What f1, f2, f3 stresses or motion did you get from test data in test unit
or 1 instrumented unit at 15,000 Ibs/hr/ft2 rating?

5. Did you do a cfd/ fea interactive model at 15,000 Ibs/hr/ft2 rating? Did
the motions compare to measured in 4.7

> 40’L0 blade was tested at ~10,000 Ib/hr/ft2 last blade loading in test turbine
located in Takasago factory in Japan. CFD/ FE Analysis were performed at
10,000 Ib/hr/ft? loading.

> Comparison of test results and CFD/FEA predictions showed good correlation
between the two.
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Duke Energy Additional Questions MITSUBISHI

Question from email from Mark Mattina email 8/24/2012

1. MPSA was to answer if newly procured blades were compliant with
the MHI paper on Fretting - “Analysis of Fretting Fatigue Strength of
Integral Shroud Blade for Steam Turbine (Yasutomo Kaneko et, al.
October 2007).

Yes, the new blades are compliant with the methodology.
This process was developed during the design phase of 40” LO blade
but was published at a later date.
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Duke Energy Additional Questions S MiTSUBISHS

4. MPSA will review the MHI manufacture sequences with PEF as far
as grinding/shot peening and furnace brazing sequences effecting
dimensional tolerances.

Grinding , shot peening, Stellite shield brazing and distortion
correction is performed before final gap measurement at the
shroud and mid span stub . CMM on fmal blades is performed after
gap measurement.

See next slide for manufacturing process steps sequence.
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From: Riaz, Mubammad

To: Mateo Jr,, John A; English, Jacob; Porteous, Nicholas

Cc: Mazurek, James; Carbone, Harry M.; Toms, C Wayne; Burney, John; Brown, David E; Alix, Amy; Holland, Chri ristopher S; Huls,
John N; Mattina, Mark; Warren, David E; Lvle, Tick; Meissner, Ben; Inaraham, Jeffrey E; Frost, Carey F; Bell, Robert; Chow
Gary

Subject: RE: Bartow Unit 4S L-0 Questions/Comments from Duke

Date: Saturday, May 28, 2016 3:18:31 PM

Attachments: i

s DECIASSIEIED

*** Exercise caution. This is an EXTERNAL email. DO NOT
open attachments or click links from unknown senders or

unexpected email. ***
All,

We have revisited the design calculations and Pl system data provided in below email and our
recommendation is to keep original design axial clearances and rotor off-set. Thank you and have a good
memorial day.

Regards,
=R UTX

Muhammad Riaz

Mitsubishi Hitachi Power Systems Americas, Inc.

From: Mateo Jr., John A [mailto:John.Mateo@duke-energy.com]

Sent: Saturday, May 28, 2016 7:27 AM

To: English, Jacob; Porteous, Nicholas; Riaz, Muhammad

Cc: Mazurek, James; Carbone, Harry M.; Toms, C Wayne; Burney, John; Brown, David E; Alix, Amy; Holland,
Christopher S; Huis, John N; Mattina, Mark; Warren, David E; Lyle, Tick; Meissner, Ben; Ingraham, Jeffrey E; Frost,
Carey F; Bell, Robert

Subject: RE: Bartow Unit 4S L-0 Questions/Comments from Duke

To All,

The LP rotor balancing is complete. The rotor is scheduled to go into the machine this morning. After the cold
set clearances are recorded it will be time to start loading the upper half compcenents, If we want to change
the cold set it will be done by adjusting coupling spacers. The actual cold set numbers will be calculated by the
new spacer thickness. If anyone has a problem with this we need to know now. As | said the upper
components will be going on tonight.

John A. Mateo
Turbine/Gen Specialist
FGD South Region

Cell Ph 352 464-4520

e-mail john.mateo@duke-energy.com
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From: English, Jacob

Sent: Friday, May 27, 2016 5:07 PM

To: Porteous, Nicholas; Riaz, Muhammad

Cc: Mazurek, James; Carbone, Harry M.; Toms, C Wayne; Burney, John; Brown, David E; Alix, Amy; Holland,
Christopher S; Mateo Jr., John A; Huls, John N; Mattina, Mark; Warren, David E; Lyle, Tick; Meissner, Ben;
Ingraham, Jeffrey E; Frost, Carey F; Bell, Robert

Subject: Bartow Unit 4S L-0 Questions/Comments from Duke

Nick and Muhammad,

Below, please find a series of questions and comments that Duke believes should be addressed during the on-
going restoration effort, as well as by the RCA effort. Especially with regard to questions relating to the soon-
to-occur reassembly of the machine, please provide answers/commentary as soon as possible remembering
to include the on-site MHI field engineers, as necessary, in your response.

e Contact pressure (at speed) at the mid-span snubber is inversely dependent on the gap at the
snubber while the contact pressure (at speed) at the shroud tip is inversely dependent on the gap at
the tip BUT also highly dependent on the gap at the snubber. AGREE, or NO?

e See attached MHI drawing which suggests that the relative steady state expansion is supposed to be
1.5mm (~0.06”). Pl data shows expansion to be 5Smm (~0.2"} at 200MW and 3.8mm (~0.15") at
400MW. If desien is supnosed to be 0.06”, how can 0.2” {3.3x greater) be OK? We agree we are not

oy 5 = .. . TR - incident angle

? That would directly impct stag effiincv -
end for end — and impact flow values per end.

o Asecondary question: i iv jono -
full load — 5mm (~0.2”) at 200MW versus 3.8mm (~0.15") at 400MW?

e Duke has found that per the clearance setting drawing, the cold set clearances on the LP are equal on
the turbine end (TE) and the generator end (GE) — ~0.74". The rotor will grow first and from the
thrust bearing, which would close clearances on the TE and open clearances on the GE. Shouldn’t the
cold set TE clearances be a bit larger such that hot clearances are more balanced (TE vs. GE}? This

i w ? Duke believes Mitsubishi should address this prior to
reassembly (soon to take place). and either show why equal cold set clearances are correct, or adjust

the cold set point.
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Above, please find a summary table of all blade clearance readings we have been able to
accumulate. Please fill in gaps where you may have additional data available, and also, if corrections
are in order, please share them with us.

o The data suggests that the 2012 assembly was a bit more “loose” than nominal, while 2014 was
more “tight” than nominal — this would support the idea of more pressure at the mid-span.

o Together with an independent third-party study Duke had performed a few years back, the
data also suggests that if the mid-span snubber clearance was 3.9mm, the lock-up speed
(2324 rpm) may be above a warming hold point (2200 rpm). We don’t know this to be true
{in-service), and Mitsubishi contends that lock-up speed is 1800 rpm, but we at least wanted
to make it known that independent analysis found otherwise.

The L-0 stator stage is “hollow” and does seem to have slots for water removal (see below). This is
contrary to what was told to us during a previously held conference call. Would Mitsubishi please
confirm that their drawings agree with the supplied materials at site?
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If there are folks on the distribution list who wish to add question/comment, please feel free to “reply all” —|
will add those responses to the master Iis\t for our records.

Thanks, and take care.
Jake

Jacob English

Duke Energy — Turbine Generator Services
Steam Turbine Program Manager
727.820.4671 (Office)

813.695.7209 (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 notify
the e-mail sender. Thank you.
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From: Mazurek, James
To: Baker, Todd; Riaz, Muhammad; Warren, David E; Abdalnabi. Sam; Toms, C Wayne; Bumey, John; Carbone,
Harry M.; English, Jacob; Lyle, Tick; Porteous, Nicholas; Brown, David E
Cc: Barnard, Grandy
Subject: RE: Preliminary Discussion of Bartow Vibration Concerns
Date: Monday, August 22, 2016 9:15:15 AM
Attachments: Pictur ice In nt Bi 1j

DECLASSIFIED

*** Exercise caution. This is an EXTERNAL email. DO
NOT open attachments or click links from unknown

senders or unexpected email. ***
All,

| wanted to provide everyone with some notes captured from last Friday’s discussion.

MHPSA understands that Bartow plant and Duke Engineering are concerned over 2 downward step
changes observed on #4 bearing vibration roughly 30 days apart. Purpose of the meeting was for
MHPSA to provide OEM recommendation on whether this development warranted immediate
shutdown for troubleshooting and to prevent damage to the turbine.

Based on the limited data provided by Duke Bartow site, MHPSA ST Engineering, while unable to
pinpoint the cause of the decreased vibration, are confident that several potential causes listed
below can be ruled out. | have notes in parentheses the reason(s) that Nick Portecus mentioned. Be
advised however | was driving during this call so my notes may be incomplete.
Nick/Muhammad/Grandy please feel free to reply all and expand.

s Electrical issues

¢ Rubbing

» loss of Mass (Bartow site team checked condensate pumps and only found mulch, no
metal)

e Alignment Change (would have expected to see change in bearing metal temperature)

e Major Rotating component cracking (would have expected to see a ramping effect rather
than a step change)

Overall preliminary conclusion from ST Engineering was that Duke may continue to operate the

Bartow ST as MHPSA does not believe that doing so will risk the unit based on the trends and
discussion. MHPSA asked Duke to provide higher resolution data if available.

Regards,
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Jim Mazurek

SERVICE SALES MANAGER
Mitsubishi Hitachi Power Systems Americas, Inc.

B8 407) 5620720 (Office)
B8 (407 6229053 (Cel)

DECLASSIFIED

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 notify the e-mail sender. Thank you.
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From: Mazuredh, hames
Yot Larhooe, Hary M.
Ce: Prxtecess, Neholas; Tome, C Wayna; Engitsh, lacaby Huk, John ¥; Wares, Davud E; Holland, Christoter §
Sabject: RE: Requested Meeting Documents
Date; Tuesday, Dectmber 6, 2016 10:13:50 M
Attachments: menelpug
Imege002 gif
maoelD ot

Barion RCA Reoort Out Oueslions 21-18:16 Siie 6 Revlod

Harry,

My apologies. Here is the correct slide.

Regards,

Jim

From: Carbone, Harry M. [mallto:Harry.Carbone@duke-energy.com}

Sant: Monday, December 05, 2016 3;34 PM

To: Mazurek, James

Cc: Porteous, Nicholas; Toms, C Wavne, English, Jacob; Huls, John N; Warren, David E; Holland, Christopher S
Subject: RE: Requested Meeting Documents

Jim the slide below you just sent must be in emror, The period 4 of IV blades had 3 complete loss of trailing edge z lock lugs. 1 on turbine end and 2 on Gen end, This condition drove replacement of both rows as existed damage
caused both rows to be unsuitable for continued service. Total run time on blades was about 2,958 hrs- hamy

DECLASSIFIED

From: Mazurek, James [rualiolames Mazurek@mpsha, com]
Sent: Monday, December 05, 2016 £1:19 AM

To: Carbone, Harry M Toms, C Wayne; English, Jacob

Cc: Porteous, Nichol

Subject: Requstad Meeting Documents

*** 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 11/ RCA report out meeting and 2} MHPSA's answers to specific questions that Duke requested answers to in that meeting,
Regards,

Jim Mazurek



DEF20190001BARTOW LFES- 000480
CONFIDENTIAL

Szavics Saune Manactn
sh! Hitechl Powsr Systems Amerlcas, Inc,
james mazurek@:mpsh.com
11 (407) 552-0722 (Qffice)
1.} (407) 6228053 (Cely

Mitsubishi Hitachi Power Systems Americas, Inc.
www. MHPowerSysiems.com

This message from Mitsubishi Hitachi Power Systems Americas, Inc. contains l o) ion. Thei i ined in this ¢-mail message is intended for the use of the individual(s} or
entity to which it is addressed. If you received this transmission in eror, please notify the e- mml sender. Thank you.
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1.4) Operating Time 4 : Jun 2016 to Oct 2016
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Inspection Results : {Existing IP exit uncalibrated Pressure)
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Gen End Type 3+ 4 Months 1 Liberation 3 Shroud Liberations  Replace Row
HVOF++
Gov End Type3+ 4 Months  No significant damage 1 Shroud Liberation Replace Row
HVOF++
- 3 l i R This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3

wH IR RN Systems Americas, Inc. (“MHPSA”). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitted or disclosed fo any third party without first receiving the express written

authorization of MHPSA. 6 ReV1
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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From: Mazure a
To: Carbone, Harry M.; Toms, C Wayne; English, Jacob
Cc: Porteous, Nicholas
Subject: Requested Meeting Documents
Date: Monday, December 5, 2016 11:32:02 AM
Attachments: imaqe001.gif

i 002.gif

Bartow RCA Final Review 11-8-16 Final R2.pdf

=+ Exarcise 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 11/9 RCA report out
meeting and 2) MHPSA’s answers to specific questions that Duke requested answers to in that
meeting.

Regards,

Jim Mazurek DECLASSIFIED

SERVICE SALES MANAGER
Mitsubishi Hitachi Power Systems Americas, Inc.

1 james.mazurek@mpshg.com
"1 (407) 562-0728 (Office)
1 (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 notify the e-mail sender. Thank you.
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From: Mazurek, James
To: Toms, C Wayne; Holland. Christopher S; Brown, David E; English, Jacob
Subject: Updated Avoidance zone letter
Date: Friday, June 10, 2016 7:53:56 AM
Attachments: Letter - Bartow Operating Recommendations 6-9-16.pdf
ATT00001.1x¢

*** Exercise caution. This is an EXTERNAL email. DO NOT open attachments or click links from unknown
senders or unexpected email. ***

Gentlemen,

Please see attached.

Mitsubishi Hitachi Power Systems Americas, Inc.

DECLASSIFIED

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 etror, please notify the e-mail sender. Thank you.
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Bartow Steam Turbine

RCA Review
Nov 9th 2016

| | e This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
1 1 Systems Americas, Inc. {("MHPSA"). Neither this document, nor any infarmation obtained therefrom is to
be reproduced, transmitted or disclosed to any third party without first receiving the express written
I authorization of MHPSA.

© 2016, Mitsubishi Hitachi Power Systems Americas, inc. All Rights Reserved. 1
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Agenda

= Goal of the Meeting

= RCA
= RCAAction ltems
= Fleet History
= Blade Metallurgical Evaluation
= Manufacturing and Assembly Data
= Telemetry Test Data Review
= Operation Data Analysis
= RCA Conclusion

v Wy This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
! { . 4 . , | I Systems Americas, Inc. ("MHPSA”). Neither this document, nor any information obtained therefrom is to
| T 4 . e - ; be reproduced, transmitted or disclosed to any third party without first recelving the express writien
| ARV 5% - authorization of MHPSA. 2

© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.



Goal of the Meeting

= 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.

V v v J = 1 This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power
] P\ /ﬁ i L Systems Americas, Inc. (‘"MHPSA”). Neither this document, nor any information obtained therefrom is to

g - . be reproduced, transmitted or disclosed to any third party without first receiving the express written
1 ﬂ BN~ S 3 authorization of MHPSA.

© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.
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RC A Te am . DEF20190001BARTOW LFES- 000487
Muhammad Riaz RCA Lead MHPSA
Nick Porteous MHPSA RCA Sponsor + Technical Contributor  MHPSA
Ikushima-san MHPSA Communications Lead MHPSA
Ryan Paulson Inspection MHPSA
Ruban Amirtharajah Operating Data Review MHPSA
Balaji Jayaraj Metallurgist MHPSA
Miyajima-san Lead Analyst MHPS
Enomoto-san MHPS RCA Sponsor MHPS
Osaki-san MHPS RCA Lead MHPS
Jon Hopkins Blades Scan MHPSA

(Jake English _ DukeRCAlead . . . Dbuke
I David Brown Operations specialist Duke |
: Chris Holland Engineering Duke :
I John Burney Engineering Duke I
: Additional Resources 1
| Harry Carbone Duke Technical Consutant Duke :
¥ _John Huls Duke ST SME Duke

RCA Team members from Duke Energy, MHPSA USA and MHPS Japan

Multiple working meetings were held to work on the RCA Actions

¥ | ] Y T e 1E 4 Y;'_q LV ¢ This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
o= ' f AU AR P } Systems Americas, Inc. (‘MHPSA®). Neither this document, rior any information obtained therefrom is to

] B i ] - - - g be reproduced, transmitted or disclosed to any third party without first receiving the express written

i - ¥1'i'} 5 ed | authorization of MHPSA. 4

© 2016, Mitsubishi Hitachi Power Systems Americas, inc. All Rights Reserved.
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Blade ShrOUdl Chipping RCA - Fish Bone DEF20190001BARTOW LFES- 000488

Design Manufacturing
<\ \ - Manufacturing Quality Data
- Telemetry Test data N\ - Forging and machining process
- Alr jet test data > - 1% stage nozzle area P i
- - Turbine design documentation Y Shroud >

\. - Nozzle Passing Frequency \

, .. - . Chipping
V. Vi / /Water
£ £ f .
/4 - Shroud and Stub Gap // - Operational Data Review /£ : N\ _Erosion
/7 - Contact area evaluation /.~ . ) /7- Material Certification sl
Y o . /+ - Turbine Operation d . .
/. - Blade Rocking A /- Chipped area evaluation
Y g /7 - Install Pressure taps £ Blade micro hardn
// - Measure 1¢ stage area / in condenser at both ends. /r e micro hardness
£ - Horizontal joint gap : y. evaluation
- Differential Expansion { - Stub coating evaluation
Assembly Operation Material
Key Areas of Investigation
\i N7 =kl ; {l = This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
Fill 1 Systems Americas, Inc. (‘MHPSA"). Neither this document, nor any information abtained therefrom is to
M - - be reproduced, transmitted or disclosed to any third party without first receiving the express written
i ﬁ b =8 % < ¥ L7 authorization of MHPSA.

© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved. S
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Blade Shroud Chipping RCA

Influence
. . Low
Detailed Actions Tracked (1 of 2) e
" u
Reviews conducted with RCA Team High
Actions Conclusions
1 Independent Review of Bartow 2015 Telemetry Test Stress Analysis and Operating Limits Provided Telemetry Te st Data review completed by team in MHPS in japan.
2 Confirmation of frequency margins identified in Air Test Data, comparing with original design / other air jet tests Al synchronous vibration frequencies are within design range.
3 Re-evaluation of the Telemetry Test Data in the light of Bartow Tip Damage Completed by team in MHPS in Japan.
e 4 FEA Review of shroud face movement at high load compared to observed damage FEA Analysis performed by MHPS in Japan.
5 5 Confirm MHPS Mass Flow Calculation Method used in evaluating Telemetry Test Data fMass flow measurements are no more used as evaluation parameter
8 [3 Telemetry Test Data Shroud Fretting Calculation sim too Snubber Calculations Fretting evaluation completed by MHPS in Japan.
7 Revisit Bartow / Tenaska design torsional margins Torsional design calculations show acceptable design margins
8 Research overall exhaust pressure limits for 40" L-0 compared to this unit Bartow Exhaust pressures limits are standard limits
9 Review Axial Rotor Position relative to asymmetry from Gen/Gov end Rotor axial positioh reviewed and recommended to use as is original design.
1 Request Forging Material Test Certs for existing installed blades tvaterial Certs show correct material used and meet design material properties and chemistry.
2 Request Forging Material Test Certs for replacement blades Metenal Certs show correct material used and meet design material properties and chemistry.
_én 3 Moment Weights for existing installed blades Row of blades is balanced with acceptable unbalance residual
g 4 Request Moment Weights Test Certs for replacement blades Row of blades is balanced with acceptable unbalance residual
% 5 Request Machining Manufacturing Quality Records (Including Box Gap Data + Single Blade Freq Data) New Blades Data reviewed and blades are with in acceptable criteria
E [ Request Machining Manufacturing Quality Records (Including Box Gap Data +Single Blade Freq Data) Existing Blades |[Data reviewed and biades are with in acceptable criteria
7 Request Record of as Built Area Nozzle Check Data not located by Japari.
8 Field Measurements of LP 1st Stage Nozzle Area (Throat / Base Dia / Nozzle Height @ both ends) 4ist stage nozzie area is within less than 0.5% on both ends.
1 On site review of fracture surfaces and wear Review of rotor, blades and casing on site.
2 (Characterize Cracking / Chipping on Tip - Fretting Fatigue? Metallurigical Evalaution of blades performed m US and Japan included
- 3 Characterize Cracking / Chipping on Tip Wear Surface - Fretting Fatigue? _ Visual inspection
?, 4 Characterize Hardness throughout tip and wear surface - Material Compositian
g 5 Characterize microstructure throughout tip and wear surface -Microscopic evalu.ation
6 Evaluate Wear on Mid Span Snubber - Hardness evaluation
7 MHPS TGO Lab Review - Establish blades to be sent il avaluati?n
EPMA evaluation
8 TGO Evaluation

SL3

e IL= This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power
Systems Americas, Inc. (‘MHPSA"). 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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Blade Shroud Chipping RCA
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Influence
Low
. u
Detailed Actions Tracked (2 of 2) Medium
" - q
Reviews conducted with RCA Team High
Actions Conclusions
1 On Site 4 Point Check of Snubber and Shroud (as found + as left) Gap Data recorded and analyzed. Data within tolerance
2 Blue / White Light Scan for sample of replacement blades 3 blades (Light/Medium/heavy} were scanned and compared with nominal mode! after HVOF
3 |Geometry overlay and review No differences identified.
4 Blue / White Light Scan for sample of existing instailed blades 7 Blades were scanned and compared with nominal model.
- 5 Geometry overlay and review No differences identified.
‘g 6 Confirm amount of rocking on existing blades / and replacement installed blades Small rocking was observed on few existing blades. No rocking observed on new blades.
g 7 |Measure H) Gap at Diffuser HI gap measured at unit assembly and found to be within tolerance.
8 Review wear profile across single tip during early damage Wear profile checked with replica and by sectioning and reviewed under microscope.
9  |Measure shroud contact surface {L,W,Depth at 4 points) Contact surface data cotlected
10 Wear and Chipping Documented with photos and scale Pictures taken for all contact surfaces and documented.
11 Record water erosion at leading edge and under the shroud [ata recorded and minimum to no erosion observed.
12 Stationary blade surface finish review o Stationary blade surface finish was checked and no issue is observed.
1 Map Operating Data to LP Loading and Summarize Operation data reviewed
2 Install Pressure Taps / and re-evaluate exhaust flow an return to service Additional pressure taps are installed.
3 Operational Data Review of exhaust pressure taps on return to service Data received and reviewed.
5 4 Provide summary of LP Pressure Measurement Location and LP Admission Flow Locations pravided to Bartow
E 5 Start-Up Review for Cold, Warm and Hot Starts. Data not received from Bartow
3' 6 Characte rization of operation from Log Book Data not received from Bartow
7 Operation review to determine expected moisture and sensitivity to flow and exhaust pressure changes Asymmetric condenser circulating water flow at both ends
8 Provide details or pictures of April 2015 Blade inspection Few pictures provided
9 Provide report of Dynamic Pressure Study from ~2012 for evaluation Summary provided- No vibration response was observed.
Team Meetings focused on methodical execution of actions and
opportunity for questions / discuss of details
v \J] I| < I : pi= ) This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3

Systems Americas, Inc. (‘MHPSA"). Neither this document, nor any information obtained therefrom is to
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40” Fleet Operating Experience

* There are 57 rows of 40" LO 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.

I Y.l = L i This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power
Y - _J }\'A = LS ke g | Systems Americas, Inc. (*MHPSA"). Neither this document, nor any information obtained therefrom is to
| i e P be reproduced, transmitted or disclosed to any third party without first receiving the express written
¥ 23U o ' A\ authorization of MHPSA.
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SL3



DEF20190001BARTOW LFE6- 000492

Metallurgical Evaluation of Blades Operating from
December 2014 to April 2016

Methods of Investigation :

+ Visual Evaluation of Blades

» Material composition

» Microscopic evaluation

» Hardness evaluation

« SEM evaluation (Scanning Electron Microscope)
« EPMA evaluation (Electron probe micro analyzer)

V N ﬂ “ B k=4 _ . This document contains Company Confidential and Praprietary information of Mitsubishi Hitachi Power
l Systems Americas, Inc. (MHPSA"). Neither this document, nor any information obtained therefrom is to
; RET~ T - be reproduced, transmitted or disclosed to any third party without first receiving the express written
" L AT : b authorization of MHPSA.
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Contact

Surface

Leading
Edge

R Py 0t Bl

Chipped
Surface

This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
Systems Americas, Inc. ("MHPSA”). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitted or disclased to any third party without first receiving the express written
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B Iade l ns pecti on Res u |ts DEF20190001BARTOW LFE6- 000494

#42 outlet #43 outlet #44 outlet #45 outlet
#43 inlet #44 inlet | #45 inlet —

Outlet
side
contact
surface

Inlet
side
contact
surface

Shroud Chipping is starting at same location for all blades
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Metallurgical Evaluation of Blades S L

- s 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.

N7 il _-H‘)_ :rl Py | af & | AITATCTCLE This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
&:‘jd g J_ pChed =]y ‘ g )| P ) Systems Americas, Inc. ("MHPSA”), Neither this document, nor any information obtained therefrom is to
I e | e O -~ o - be reproduced, transmitted or disclosed to any third party without first receiving the express written
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Metallurgical Evaluation of Blades W e

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.

#43 outlet side

#44 inlet side

. 3
L= NS
feeir Ao e e |
@':‘-__ o AR
. 8 3 i 'S
Y x

. 3): 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 ®).

Oxide scale with local deformation observed on black surface

V v [( .i g = | t el = | ! I This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
i 8 r‘ 11 an IR EN BN | Systems Americas, Inc. (‘MHPSA”). Neither this document, nor any information obtained therefrom is to
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Metallurgical Evaluation of Blades LI ik

; J
e wom e

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

Si Cr Mn Fe Ni Cu Nb
0.44 7.67 0.41 61.59 1.84 1.18 0.00
0.35 18.15 0.95 70.12 9.35 0.08 1.00
0.33 15.86 0.54 73.65 4.91 3.58 1.14

» Oxidation/corrosion was observed on the trailing edge contact surface of the tip shroud.
> Material removal from wear is from abrasion.

Material chemistry matched with blade original material

| - - This document contains Company Cenfidential and Proprietary information of Mitsubishi Hitachi Power SL3
PN ] . Systems Americas, Inc. (“MHPSA"). Neither this document, nor any information obtained therefrom is to
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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.

V b A li - ] 0 iy This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
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Damage Mechanism

@ Partial local contact at the top and tip of blade
Y

@ Fretting fatigue crack generated in local area

Y

3 Local deformation is generated along with the crack

Y

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

'

® HCF crack is generated.

Images of initial contact conditions

Y
Local wear generated by high surface pressure & excessive sliding.
Oxide scale developed by heat generation (black surface).

Y \

(@ Wom by wear debris Partial defect was caused by
fretting fatigue crack which was
generated and propagated in high
surface pressure and sliding area

(black surface).
(@) & B progressed at the same time
1 5\1“” [{ ﬂ .‘:";r .; ui I ‘ ITACHI ;mmamﬁéa.ﬁamnﬂsmrnmw:zdr ok n;r.u;ly hmprosiicoisbiserdl o=
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Stub Evaluation

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

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

» Uniform thickness was measured on the areas of contact between the
LE and TE snubbers.

HVOF coating on the stub prevented fretting or any other surface damage
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Manufacturing and Assembly Data
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Shroud Gap Data
2014 Blade LH (Gov. End) Shroud Gap Data /’
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LH and RH shroud average gaps are nearly same
No clear relationship between gap and shroud chipping
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stu b Ga p Data DEF20190001BARTOW LFE6- 000503
201 4 Blade LH (Gov. End) Stub Gap| M
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LH and RH stub average gaps are nearly same.
No clear relationship between gap and shroud chipping.
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Manufacturing Quality Data - Box Gauge DEF2019000{BARTOW LFEe- 000504
Box Gauge with 40” LO Blade

Infet : Shroud gauge(+4.0

Oe
(o]

QOutlet : Shroud gauge{+4.0

This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
Systems Americas, Inc. ("MHPSA"). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitted ar disclosed to any third party without first receiving the express written

authorization of MHPSA. 21
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.



DECLASSIFIED

Box Gauge Measurement Results - 2014 blades  oxroswoarrowtres ooesos
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Telemetry Test Data Analysis

n1 < I =i . \ » This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
)\ 418 . 5 Systems Americas, Inc. (‘MHPSA”). Neither this document, nor any information obtained therefrom isto
. 3 Tl = -y . be repraduced, transmitted or disclosed to any third party without first receiving the express written

LA =5 e | authorization of MHPSA.

23
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.



DECLASSIFIED

DEF20190001BARTOW LFE6- 000507

Telemetry Test Results

Test Results

Strain Gage Locations
. Six strair?gage were installed on LH ﬁ‘\ Dy st euge(Th) * Analysis of Non-synchronous response show
and RH blades. . frequencies close to 200Hz region and composed of
- Strain gage locations were selected O — axial mode shape with higher nodal diameter.
» High Response sensitivity for | + Fretting at stubs was evaluated with the telemeter test
vibration modes. | results.

Dynammic strain gauge(Baze}

» MHPS Experience

Telemetry Testing 2014 -
To understand dynamic blade response during operation
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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.

FEM analysis Vibratory stress evaluated Fretting fatigue limit
Vibrational stress conversion magnification with the telemeter test Goaialt
Shroud contact conditions o
v, measured

N
/

Vibration stress on stub for
> fretting fatigue
Op
v
Safety factor
«—
= Oaiowable /T
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Telemetry Test Results — Shroud Fretting
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500 : ! : i Shroud fretting fatigus evaluation (With coating ) |
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(Existing IP 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 PEFECIS0NIBARTOWLTER 000010

L aSYRILY T T EETE(Q—T4 T R/Y)
620 T T T T %
OZone—A 1
630 Zone—B —+— + —
oZone-C
640 [~  +ZoneD - - - Fymde -
Zone-E F:-’ o
650 L Zone_F L T ,_r_ |
. ©SF MIN 5
E 660 | 3 g =" , 5 1 /S
; {
2 670 ! . |
&" %F I 1 I -T lf“h—r F ‘
‘g 680 L :
3 |1 ! i - - - i
690 1 | —~ 2 - |
L AT "i‘h.‘“lu _— | |
700 I T : :
710 1 T
{
720 J ?
115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140
LP Iniet Pressure [Psig]
{Existing IP exit uncalibrated Pressure)
5 Fretting fatigue calculations for shroud with coating show
acceptable margins outside avoidance zone
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Operation Data Analysis
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Condenser Circulating Water (CW) flow analysiSocrosoissrowtees.oostz

leference in CW performance [Gov - Gen]
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Asymmetric circulating water flow may explain difference in water erosion observed
Not enough data to draw any conclusion on blade shroud damage
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Operation Data Review

LP Inlet Pressure Vs. Condenser Vacuum
. @ Telemetry Test Foints ;
S @ Operjition Data F fost Iele_m fry Test
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170+ hours of operation in avoidance zone W|th aresponse
frequency ~200Hz = 1.2E8 Cycles
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DEF20190001BARTOW LFE6- 000514

RCA Conclusions -
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Blade Shroud Cause and Effect Diagram

DEF20190001BARTOW LFE6- 000515

High average

— Shroud contact area is small

These values are within Vdesign

contact surface [ specification
st —1 Blade iwist forceis large
Ctontac; fsu: 2:2 ross High static stress may be
S generated by high load
is high High local ! High force by high load — —
Shroud face orientation within
contact surface — :
r manufacturing tolerance
Srees — Tikt of shroud
Shroud edge shape
o Ty Random vibration Deformation of blade after
ration in -
Fretting and pe operation
N Avoidance Zone [ ——
high cycle 3 0 l Resonance vibration - -
i : high vibration Vibration stress (wear) increases
afligue o Large rubbing stress at shroud = fretting damage. Partial contact
shroud - _{ Flutter vibration reduces damping at higher ND.
Latching impact Vibratory impact between Test data shows full latching
on shroud adjacent unlatched stubs before heat scak.
No sever erosion on shroud
Influence High stress due to eroded tipping portion
S rough surface
Low ALl No sign of corrosion on shroud
Medium Environment Corrosion fatigue crack surface
High initiation on shroud surface
Difference observed in Circ
Asymmetric Circ water flow water flow at two ends
resulting different condenser
| | Rot. & Stat. Blade axial vacuum at two LP turbine ends Telemetry test resuits show small
spacing difference respense at Nozzle Passing Freq.
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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.
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Bartow Steam Turbine
RCA Review

Addendum Presentation
Nov 17th 2016
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Purpose of Presentation

DEF20190001BARTOW LFEE- 000518

Provide responses to open items / questions during the Nov gth
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 oth

3) Provide parallelism data not presented in Nov oth,

4) Provide responses to prior questions from Harry Carbone.

“VH :

gl

*
n
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1.1) Operating Time 1 : Jan 2009 to Feb 2012
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6680

* Period | run data jan
09- feb 12 B e

o ] d ¢

Cond Pressure [mmHg]

115 116 117 118 119 129 121 122 123 124 125 126 127 128 128 130 131 132 153 134 135 136 137 138 139 140

LP Inlet Pressure [Psig)

. {Lusting 1P exit uncahbrated Pressure)
Inspection Results : i

Lerdtion | SSerices :Nsﬂﬁpan Snubber A shroun
LS b 4 T ]

Gen End Type 1 3yrs No S|gn|ﬁcant damage No significant Continue operation until 2014 planned

damage replacement
Gov End Type 1 3yrs 5 Major Chip 3 minor chips Replace blades as continues midspan chipping

could results in a free standing blade

i | “This document conts i Confidential and P prie ylr\funnaﬂmafmtsubszHllamIPm SL3
S B | Wmmcmmlmwu‘ , nor any inf ) obtained th is to
btw mm&u ‘or disclosed to any third party without first recaiving the express written
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1.2) Operating Time 2 : Apr 2012 to Nov 2014 DEF20156001BARTOWIL FES- 81520
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690 e fE ron e :
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1 1
. ! N L ' "

20>
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LP Inlet Prassure [Psigl

Inspection Results : {Existing {P sxit uncalibrated Pressure)

Leemiiron) t Henfas | sanos [ ek ool SHrsrnes Shrolds [ Saeaifen)
Gen End Type 1 5yrs No significant damage 12 minor chips Scheduled change out to blades with midspan
HVOF
Gov End Type 1 2yrs No significant damage 3 minor chips Scheduled change out to blades with midspan
HVOF
-‘V ibg = | } vl L= Py This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
t‘ A || I =} E}w) =) | Systems Americas, Inc. ("MHPSA”). Neither this document, nor any information obtained therefrom is to
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1.3)

Cond Pressure [mmHg]
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Operating Time 3 : Dec 2014 to Apr 2016

2aSIR2LYT T REEE (a—TF T EY)

DEF20190001

US.0 12000 10
6200 —— _ = - i
©Zone=A "IN Zone b i !
683G | - ZoneB - - - 185hr e T iy e -i e e B e et I
Zone—C ‘ 10 min. data) ‘ f ! ' ! !
8405 [~ - - —-Zore=D e e = .- T S A A (-
- o -
Zone-E b ; (s i 49
6500~ 1Zone~F . : 1
OSFMIN 2 } ; | i
660w Tl o SR N
K g » Period lit run data
% O R £ dec 14- apr 16
oo - | - FEEHLERE is bl ol
o[ 2 1 " H 3
s o 4 { l i,
e0= e B s i "
l‘ : ".." .’: i
690m o !
f 1 i s e i’ H
700w - s :
: | | 1 ‘
H . i 21
710 : § 4 i
; 1 i
5 P i ,,

20
115 116 117 118 119 120 121 122 123 124 125 126 127 128 120 130 131 132 133 134 135 136 137 138 133 140

Inspection Results :

Ton 0| lates
i 4 B

Gen End

Gov End

Type 3 +
HVOF

Type 3 +
HVOF

T

I

15 Months

15 Months

e | Vid sy

LP Infet Pressure [Psig]
{Existing IP exit uncalibratad Pressure)

e

No significant damage

No significant damage

anEnubher

7 minor chips

33 chips including
significant damage

This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power

all blades.
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o e

Fit for continued operation. Shroud contact on

Replace row as free shroud contact has bee

lost on 1 biade.

SL3
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1.4) Operating Time 4 : Jun 2016 to Oct 2016
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Cond Prassure [mmMg]

690

26

700% bl
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LP Inlet Pressure [Psig]

InsFeCtlon Results : {Existing IP axit uncafibrated Prassure)

iLocation I Hedon | Sapias ; Bl SerprSemans | S DiSposition
3 - I I = . 2 = - > - - s T - ol v
Gen End Type 3+ 4 Months  No significant damage 7 minor chips Fit for continued operation. Shroud contact on all
HVOF++ blades.
Gov End Type3+ 4Months  No significant damage 33 significant Replace row as free shroud contact has bee lost
HVOF++ damage on 1 blade.

k'v |] 1 ) < =< L= k This document contains Company Confidentiat and Proprietary information of Mitsubishi Hitachi Power SL3
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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.

;{‘ ] “A i =1 TRIS | This decument contains Company Confidential and Proprietary information of Mitsublshl Hitachi Power SL3
I Lia g y . J Systems Americas, Inc ("MHPSA®). Neither this documeant, nor-any information obtained therefrom is to
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2 - Hardness Variation — Presented

PR e § SSeRE s e
316 815 315 2313 319 7325

298
S02
298
272

300

315
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313
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320

307

Avg
305

Average

» From hardness
observation no significant
decrease was observed
where the crack initiated.

» A decrease in hardness
was observed on the
contact surface.

\ aue|d JuswaINsea
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2- Hardness Variation basemetal, Interface and Stellite Coating

Basemetal
1 2 Interface| Stellite |/
i 337 | 343 | 334 | 451
e . \ 313 333 308 405
b 336 344 301 382
2
&
'Ii (6@(()?
\ &
40, » No significant hardness variation
was observed within the base
metal as a result of stellite
welding.
\
i 5 mm
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3.2) Measurement Results LH (Gov End) 2014 blades:wesrmowtres osr
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Duke Questions (From 10/26/16 Meeting):

1. Current draft of time line of blade outages

2. Updated Vibration change dates To understand the

Operating data from the operating from June 2016 to October 2016 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 information is being given. It is no longer clear whether during the telemetry test there was an offset MW. The operating data requested is required to understand
the relationship between steam conditions and load.

4. New LP inlet pressure gage 3.7 psi zero offset error

Following the finding that the IP Exhaust Pressure Tap had not been calibrated with its water leg, the same issue has now occurred on the new LP Admission.

There is currently a lack of clarity on the calibration of the pressure taps which is critical to understanding the steam loading seen by the blades which can hopefully be
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 within a frequency range. The magnitude of blade response is integrated 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.

- Confirm material is 17-4 :

Similar too material designations are provided for reference only and do not support reverse engineering of the blade design which is subject to multi-year development
programs and continuous improvement by the MHPS-Japan development team.

Hardness was reviewed in detail during the face to face RCA meelings.

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

8. Supply Goodman Diagram
OEM Last Stage Blade materials are not per industry standards, with the material development being critical to achieving competitive designs. The Goodman Diagrams for
MHPS devetoped materials is proprietary.
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Summary of Blade Types

DEF20190001BARTOW LFE6- 000529

Brazed in Stellite

Welded stellite

Polish off shot

Spray Stellite .3mm

Spray Stellite .3mm

Chamfer 1x0.5mm

H Stellite underZ
Base material Leading edge erosion P 'e . Under Z notch peening after on snubbercontact | on Z notch contact & 2mmradiuson Comer cuton Z note
3 notch Leading edge ) ~3mm x 3mm
strip Leading edge welding faces faces snubber
Type 1 Yes Not Appiicable No n/a No No No No
FrEe Note : Type 2is a welded field modifcation provided as a temporary measure while awaiting replacemetn blades. No Type 2 Blades are operatingin the fleet.
Type 3 Yes | Not Applicable ] Yes No [ No | Na | No I Yes
NewerFype-3 Note : No blade type - "Newer Type 3"
Installed 2014 Proprietary Sim to 17-4 PH ]
(Typ3 + HVOF)} Proprietary HT Yes Not Applicable Yes No Yes Yes Yes Yes
Installed 2016 spring .
Yi Not Applicable Yes No Yes Yi A { Yo
(Typ3 + HVOF) es ot Appl (3 es as
Proposed now !
Yes Not Applicable No n/a No No Yi Y
Fall “16{ Typ1} PP / es es
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