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Bartow 4S Root Cause Analysis — Evaluation of Contributing Factors

e LP Turbine Back-End Loading (>15,000 |b./hr./ft.?) DECLAS SIFIED

e Blending Operations

* Hood Spray Operations

* Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
e 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.2)

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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Bartow L-0 RCA Draft Working Meeting 08/24/2017

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
Y. Avoidance
Driving ’
Mechanism Zone hes. J{1k | Normatized "

Operating i Exceedance |Op hrs.)| Ranking

Period  Hours Hoors
1 21734 X 2466 0.11 [RNEOONN
2 21284 1 g00 | ]
3 10286 X 24D 0.02 0.21
4 2942 115 0.00 0.00
5 1561 0 000 |INUORN

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

Column E — No. of operating hours above the limit divided by the period operating hours
Column F — Normalized against the highest value.

Pressure Pulses

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.

Over time, hood spray pressure decayed due to apparent valve trim contamination and
upstream filter screen debris.
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e 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 Bupport for Root Cause

Pressure Puises
Avg,
% s Hours of
Dmrm'g fod Hood prod To.tal MNormalized
Mechanism | Spray Operating <
5 Spray Ranking
Operating|] #Present | Pressure Operation Hours
Period  Hours {psig) L

i 21734 35.2 5088.4 23 0.68
2 21284 X 13.2 73427 34
3 10286 X 10.4 433.7 4 0.12
4 2942 5.5 173.8 & 037
5 1561 X 87 83.1 & B.17

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

e % 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)

e (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.

e 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.

e This process of determining blends that were outside of the condenser OEM’s recommended
operating practices for the spargers.

DECLASSIFIED
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Empirica§Support for Root Cause
Thermal Distress {dTshfdt)
Driving .
. Counts {> | Countsf{1 | Normalized
. Mechan s o | .
Operating]  Present 20Fshfmin) | kOp trs.y | Ranking
Period  Hours
1 21734 X i3 0.60 0.17
2 21284 X 7 0.33 D09
3 10286 X 37 3.60
4 2942 X ] 102 D.28
5 1561 X 5 3.20 0.89

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

DECLASSIFIED
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Loss of Dampening

e 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...

DECLASSIFIED
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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 4S5 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 45 1-0 events.

¢ Low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

e Pressure Pulses During Hood/Curtain Spray Operations

» Blade Fitment (Gap Measurements for Mid-Span Snubbers 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 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 Perspéctive

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 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.



Empirical Support for Root Cause

DECLASSIFIED

Excaailve Steam Flow
Ppotential Avoidance Zone |  Exceedanca Normalizad
Operatin) ‘actor Present| HEEYAES Ranking
4 Hours  |Opersting Hours)
Perlod Hours
1 21,734 X 2,466 011
2 21,284 i D.CO
3 10,285 X 240 0.02 o
4 2542 1 0.00 0.00
5 I..E 0.00
Tharmal Distress t
potantiat | S TSI | coumns 1k
- Operating oy coor present M‘- "‘) Operating Hours)
Perl Hours inute]
1 21,734 X 13 D.60
2 21,234 X 7 033
3 10,286 X 37 3.60
4 2,942 X 3 1.02
5 1,561 X 5 3.20
Pressurs Pulses
Potential | Avy. Hood Spray | HoursofHood | % of Total Nonmalized
Operating actor Present] Pressure (pslg) | Spray Operation |Opersting Hours Ranking
Pariod Hours - —
1 28,734 X 35.2 5,098 23
2 21,284 X 132 7,343 34
3 10,286 X 104 440 4
4 2,942 X 5.5 174 & 017
5 1,561 X 8.7 93 & ol
Tomof nnran
Parod Hours Potentlal Factar Prasent
1 21,738 N/A
2 21,284 N/A
3 10,286 N/A
4 2,942 X
5 1,561 N/A
Biads Fitmant
Potential Normalized
FactorPresant]  Ranking
Period Hours
1 21,734 X
2 21,284 X
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Pariod 1 Jun 2009 to Mar 2012

Pariod 2 Apr 2012 to Aug 2C14

Paried 3 Dec 2014 to Apr 2016

Perlod 4 May 2016 to Oct 2016

Parlod 5 Dec 2016 to Feb 2017
ZExcessfve Stes 2 3

Zona Hours™ - numbaer of ng hours In 0f 15,000 [b/hr-ft* limit as indicated by the [P exhaust

preseure

“Excesdanca Hours / (1k Operating Hours)" — Numbar of excaedence hours per 1000 hours of operation In a given pariod
“Normalized Renking” — Data normalized agatnst the highest vafue In the column, "Excaedance Hours / (2k Dparating Hours)"

ZThermal Dlsiress {dT.u/dt)" Notes

“Counms [DT > 20 deg_ FSH / Minuta)® — “Counts” are defined as the numbaer of measurable biends whera there was a siope change {+/-) greater than
(20 degrees suparhast / min) at the hood spray thermocouples — Data was flagged only when n CT was being blended Into {or out of} the steam cycle
AND the ST sutput was graster than 50 MW

“Coums / (1k Operating Hours)" — Number of "Counts™ par 1000 hours of operation In & glven peried

“Normalized Ranking” — Deta normalized sgainst the highest value In the column, “Counts / {1k Operating Hours)™

Sy 5” Notes

“Avg. Hood Spray Pressure (psig)” -~ Calculated from Pl Historlan date

"Hours of Hood Sprary Operation® — “Hours of Hood Spray Operation” is a welghted value — There s & 1.00 multipllar at 5D psig varying linesrlyto s
1.75 mukiplier at 5 psig

=% of Total Opsrating Hours” — The "welghted" hours of hood spray operation divided by the total number of apersting hours — converted to a
percantage value

“Normaiized Ranking” — Date normalized sgainst the highest percantage value In the column, "% of Total Operating Hours®

"Blade Fitmant” Notes

“Biade Fitmant” — References the gap messuremants for both ths mid-span snubbars and tha shroud 2-Lock contact surfaces



Rendered It "Freestanding”.
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3 10,286
4 2,942
5 1,561
Damage Assessment
Period 1 Period 2 Perlod 3 Period 4 Pariod 5
Oprrating Hours 21,734 21,284 10.286 2,842 1,561
Broken Snubbars STE/OGE OTE/OGE OTE/OGE OTE/1GE 0TE/13GE
Broken Z-Locks OTE/OGE OTE/OGE 34TE/5GE 1TE/ 2 GE OTE/8GE
High Degree of Wear
TE and GE Mid-Span Snubbers | Observed on Z-Locks. Z- |One (1) TE L-0 Found with Tip|
High Degree of Wear
Commants Not Captured Found Intact. Minlmal TE and GE|  Lock Damage / Loss of Liberation at Afrfoll of Observed on Z-Locks
Shroud Chipping Observed.  |Materlal on TE Blade No. 41 Tralling Edge .

DECLASSIFIED
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Mt MHPS

Integral Shroud (Z-Lock)
Vane

Mid Span Snubber (Stub)

a4 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
5. 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. Biade Upgrade - 28
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DECLASSIFIED
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Bartow Blade Operating Summary

Period | DPETEHNY  pladedype | MajorDamage

_ Integral Shroud

Mid Span (Z-Lock)
Period1 2009-2012 Type 1 Snubber
Only
Period2 2012-2014  Typei No Significant Damage ‘
Mid Span
Snubber (Stub)
HVOF Stellite Mid Span
: Dec 2014 -
Period 3 Apr 2016 Type 3 Shroud Only
. Jun 2016 ~ HVOF Stellitg Mid Span Vane +
Period 4 Oct 2016 + HVOF Stellite Shroud Snubber
Type 3 (Note 1)
: Dec 2016 - :
Period § Feb 2017 Type 1 Mid Span Snubber Only

40in L-0

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

Blade Response Measure through
Telemetry Test
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Why is Bartow’s experience different from the 40in Fleet ?

= RCA Areas of Investigation — Systematic RCA Implemented

Design Manufacturing
LY
\' Telemelry Test data "‘\1— Manufacturing Quality Data
\ - Airjet tgst datq ) " - Forging and machining process
% - Turbine design documentation . - 1 stage nozzle area
. - Static / Dynamic Stresses %, - Blade 3D Geometry
S, - Nozzle Passing Frequency \
% \ Biade
"\ Damage
- Shroud and Stub Gap - Operational Data Review
v - Contact area evaluation - Turbine Operation
/'_ _M eiau?: i? :gg% area - Dynamic pressure taps in / - Material Certification
" Horizontal joint gap condenser ' - Fracture/Damaged surface evaluation

- Differential Expansion

- Bypass Operation Evaluation - Blade micro hardness evaluation
- Hood / Curtain Spray / - Stub coating evatuation

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.
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Evaluation of potential Root Causes included :

Stub Contact Variation Material None Conformance Nozzle Passing Frequencies Blade Gap Evaluation
Cnmstieminccniy ooty atek? ces? . | Iatemene carotaic b mozte pessing Hvaes? T gt >~ -
m e S T M B B S P S o e T R iz aseng Fraqetne - 280wz . -F;-_—__-;- J = B
e hemnigs s e . :
mm.mwmmnmrrmw « o Ehw—ron i s
L E= R | | !m
e L
] - e 5 2alddmat
Barew g v rvamay renrmaa g Acas es Kede chrafin
———— e e @@
( Drain / Hood Spray Flows Geometry Variation
mr—:—m““' . P et v wrads | bcrvurs Setnsen S48 P thrTagh Sepication Is¥amepe mrmelie lo gromesy wisin?
E:;—-.“l»““ — iy A T - mhmmnwm
= oot L == == pe)
';' rd oG
’ (£ F
W .1 nn
. Sateawton toacston Tak G re] Priv ¢ 106 NoNrse -.w;!"':'\ﬁ;:.j it w!l—mmwﬂ\-l- ]
B = === ] :
% _z

= 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.

DECLASSIFIED
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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

B
ol |
“Fy ]
i
- § Vacuum | \‘
o x .
g . E—— = g
-o‘; ..--""'"-:-_ L T &
T = - =
¢ I - T
<3 E &
g = ]
(] v
- o= == H £
=
[
I H 14
I TR |
w [ I o
e 2 £ 3 w = pe px- 13 2x S o s [ =] «5 Bt
wn
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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N " = Bypass Connectian Locations
Does Bypass Operation Provide Stimulus to the blades? e
ADwnns g . uerren
P Pressure distribution Pressure distribution Pressure distribution o =« 8 ens
“re;ure without bypass operation with IP-A bypass operation with IP-D bypass operation e 1 P |

L A Vv

o
ol
S

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 :

» azx “a . ot va3e nieen ga= Pemaen

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 1

Geometry Evaluation — Type 3
Period 2 Period 5 Period 5

Leading
Edge
- 28
Variation pr
from Drg
Nominal a
(Blue) Trailing =
: Edge -
[ 74 25
I 2

= 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.




Damage Mechanism

Blade damage occurs when : Stress > Material Capability
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- Integral Shroud (Z-Lock)

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.

Plioot Cause Analysis has identified all blade damage from Period 1 thru Period_5 has been identified
as Dynamic Loads from Non-Synchronous Self Excited Vibration (Fiutter)

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

Blade response is measured during Telemetry
Testing and analytically predicted at around
16t Nodal Diameter of the first mode (approx.
200Hz).

The Notable Non-synchronous Vibration is
caused by aero-dynamic flow and observed
as the Multiple Modes Response (180Hz-
230Hz).

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

K Aerodynamic Aerodynamic R
Excitation Damping

Flow

Upstream - 3 Downstream

Unsteady CFD
Velocity Plot

“Excitation”
Unsteady axia! force
directed upstream

acts to increase motion

“Damping”
Unsteady axial force
directed downstream
acts to counter motion

* Alternating component of pressure shown as (Red) at
mid point of travel

= Motion (Blue) at midpoint of vibration cycle
. J
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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 215t to Dec 24t 2014

——yi e o 74D —_—

1608 IR .
- | . [ ! LP Flow
s \’K | | = . T LPFlow
E ] i 700 E
. E 600 - . — | S80 _E_
EE 400 660 ? Load (MW}
E S 640 % — Condenser Vacuum
5 200 e 620 Bypass Pressure
[« o 600
12/2100:00 12/21 12:00 12/2DZ{OD:00) 12/2212:00 12/23 00:00 12/2312:00 C(o 12/24 00:00)
. B B(on). ... . .D(on) - _
2 — 11 ig ) [ ‘HK'*‘- Bypass Operation = { 740
£ I = L\J v _}m ; i Gen End Blade Response
2 il acuum - AcLILr P A i 700 2
5 I.l | TNV h'_;\---h i P E """ GovEnd Blade Response
W : A g
E } 560 % ~——— Condenser Vacuum
= i . 620
% o 1o | i _ s R 500
[ 12/21 00:00 12/21 12:00 12/22 00:00 12/22 12:00 12/23 00:00 12/2312:00 12/2400:00
Bypass Connection Locations
Range of Operating Conditions During Test : e, T T
’ AD v rerex B L ecPmmer
= Blade Response was measured up to 455 MW and 5 in.Hg b -:g»-w
= Bypass Operation of 2 Blend In and 2 Blend Out Events were recorded ACrurme =, -
= Mach Number Ranged from 0.4 to 0.9 faa = -

DECLASSIFIED
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How do we know the dominant response is Non-Synchronous Self Excited Vibration?

Frequency Response from Telemetry Test :

(Strain Gauge Locations |
B Bypass Governor End No Bypass D-Bypass Generator End

_ Gen End Blade Gen End Blade Gen End Blade

120 150 10 10 240

Frequency Stress Magnitude Response

Gov End Blade Gov End Blade : Sgv End Blade
A i :
10 150 10 20 240 1;0 150 - ‘;;o" "1;; T '”o 120 150 180 210 240
Response Frequency (Hz) Response Frequency (Hz) Response Frequency (Hz)

Recorded Response :

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

s 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
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Dynamic Aerodynamic  Mechanical

Blade Response = FN( [gaq s pamping » 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

e Aerodynamic Damping N Aerodynamic Damping ) / Mechanical Damping )
as Fn of LP End Loading as Fn of Vacuum as Fn of Contact Area and Vibratory stress
Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
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= Aerodynamic damping = Minimum aerodynamic Vibratory Strese (167 Nodal Dismeter}
decreases with higher LP damping at Mach# = 0.6 = Mechanical damping decreases with
\_ End Loading smaller contact area
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Aerodynamic Damping Analysis (Vibratory Stress and Logarithmic Damping)

Aerodynamic Damping vs Load
Pressurs l
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Ibihrftr2  IblhrfA2 Ibfhrfftr2

Aerodynamic Damping vs Mach No
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Aerodynamic Damping as Fn of LP End Loading

Aerodynamic Damping as Fn of Vacuum
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Transient CFD was Correlated with Telemetry Test Data to understand Aerodynamic Damping
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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

Leading
Edge )
od

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

2012 Geometry Evaluation — Type 3 Period 3 _
[} [}
3 Joey v
2 .
e
i Period H2/5 | p—
f-a @ A Full Contact (Teyr;ae1) o
RE

2017 Geometry Evaluation - Type 1, Period 1,2,5 a 5

Period 2 Period 5 Period 5 23 Baseline
; Gen End Gov End 5 E Telemetry Test
= A % a Period3 (Type3)

-
g
=)
[
£
<

Trailing Vibratory Stress (16t Nodat Diameter}

Fdge Analytical damping results are intended to understand drivers for blade

response, absolute blade response was established from Telemetry Test

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

= Type 3 Blades were found to have lower damping than Type 1 Blades due to smaller contact area
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—_ Dynamic Aerodynamic  Mechanical
Blade Response = Fn Load ’ Damping ? Damping )

Blade Response Aerodynamic Damping Mechanical Damping
as Fn of LP End Loading as Fn of LP End Loading as Fn of Contact Area and Vibratory stress

-- Response with no y Stressvs L ithmis ing (16ND)
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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 — Design Margin (Red High / Blue Low)

A == S —T | e Example : Shroud Fretting Fatigue
* Response WIth ne Unable to test due to
@ bypass operation o i Crs excessive blade response
5 g :
2 * Response with 3 “
[ . 3 ]
[ 4 bypass operation g5 “
-] ez oo |
.E g g t
< 2 5 ™ ¢
R
3 S .
K]
[+1] w0 . « . 1
. R R
o 5600 10000 LP bnlot Prossurs [Puic}
LP End Loading (#/hr/ft*2) LP Inlet Pressure (psig), o 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
- . Ma=0.27 ———— ——
500 T F f
F )
Loading <10,000 . * Loading <10,000 - -
t
* B (-
550 Loading 10,000 - 12,000 * Loading 10,000 — 12,000 !
= ® |oading 12,000 15,0004 1ae0-3% g A i R
F oading 12, ! 1 § || * Loading 12,000 15,000# |
£ ® Loading >15,000 g ; -
£ i Q
5 Ma=0.59 <] i
3 S B
g - / @ Evaluated Response
- " > from Telemetry Test :
,_,-a-"“MB BiEE s Data without Bypass K G - o
& ; - j .
Ko .'. S T, e
| le =
| / *J
[} 5000 10000 15000 20000 0 0.2 0.4 0.6 a8 kA
End loading [b/ft2/hr] Velocity (Mach Number)

= Below 15,000 Ib/hr/ft*2 Blade Response becomes dominated by Mach Number
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Blade Response as a Function of Bypass Operation

" Bypass Connection Locations
® Loading 12,500 - 15,000 Without Bypass sr, T GEM .
: - WEST) <7 EASTY
Loading 10,000 — 12,500 Without Bypass Approx. 1.5 times { e
o None Bypass Response 4Dﬁolﬂehe3( ‘-On) ! Fa~ - Low Pressice
£ ¥ Loading 10,000 - 12,500 With Bypass
2 / Low Pressure >0 I \f;‘ 4A"°‘ Rehext
Q . oo < e e 0 | ~
o LA Stariup Low Pressure =) H (= 4BH¢¢ Rehen
2 . ~. i4D-Bypass 5 .
1 - -y
E Response from Telemetry /l ° A 4CH:¢Rchea| e - ~ Lo Pressure
i Test Data with Bypass . e
> - )
ja] Response from Telemetry N - .
% Test Data withaut Bypass 3T Side} 1GOVy (View frem
= T i .
o ey y _ * Bypass C Operation increases response on
-, - Govemor End Blades
== = - ' — : '\“ — = Bypass D Operation increases response on
0 0.2 0.4 0.6 N 08 1 yp p P

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
= QOperation 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.

Witsonisin Hitacht Posits Sysicnts Frigt S b it
- 'y
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Material Capability — Material Test Data

= Vane - Goodman Fatigue Limit Based on 1%t Mode Stress Distribution

Stresses at Shroud, Midspan Stub and Vane Concave Side Convex Side Concave Side Convex Side
[y

HVOF Capability

Fretting Fatigue Umit
E |- Crack Initation
- Goodman
% Fatlgue Limit
r-% - = ms am =
8 HVDF Capabiity
3 Fretting Fatigue
v Crack Initiation Umit
“_-‘ Fretting Fatigue - N W s W W
9 Limét
I
E s Initiati
5 | |pewwesr ettig e
E Wear Limit

+ Stress Amplitude relative to

Contact Pressure impacts
fretting capability

» Application of HYOF
doubles the fretting fatigue
capability

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

Vane

Nominal stress amplitude

Contact pressure
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Stress Summary — Period 1 thru 5

. * Period 1 - Mid Span Stub Cracking
Stresses at Shroud, Midspan Stub and Vane High LP Loading but increased mechanical damping

- e e e e e Sl R e e s from Type 1 blade over baseline telemetry test
HVOF Capability

Fretting Fatigue Limit * Period 2-No Major Damage
[ MRS e T Reduced LP Loading over Period 1, reduced bypass
Goodman . operation loading over period 5, light wear observed on
e e PR W Period 1 | shroud

Fretting Fatigue

Crack Initistion “7 7w Period 3 High LP Loading identified in Telemetry Test. Mid Span

HVOF Capabllity W Period2 | « Period 3 — Shroud Cracking
I.Imit
Fretting Fatigue Stub protected by HVOF
umn ® Period 4
eavng Crack Initla m Period5 | ° Period 4—Vane Cracking
e Reduced Loading. Application of HVOF reduces
mechanical damping increasing amplitude of response.
With HVOF protecting Shroud and Stub, the limiting
S— location becomes the Vane
= Period 5 - Mid Span Stub Cracking

Reduced Loading with longer 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 ?
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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 blades.

* 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 4" GT Bypass on C or D + Mach# > 0.55

Period 2 — C Bypass Accumulation — No Stub Damage (Gov) Period 2 — D Bypass Accumulation — No Stub Damage (Gen)
e . A B + Period 1 but no minute data available
’gm Total Time = 64 min, No Damage 2o PR
o . _ =
P E— ° \Total Time = 90 min
E N 41_,!—" = No Damage

IMYN IWNSI  MVIYP  IOANNI9 0T Ifs J0WSIT 0ITT Z01ABf  I0ININIS

L

s amens 2aratia mos v rars o o2 e we s erces 1033 Banree ELETEH

Period & — C Bypass Accumulated Time — No Stub Damage (Gov) __Period 5 — D Bypass Accumulated Time - Stub Damage (Gen)

140

e - !
Er Total Time = 22 min, No Damage ~— - \109min before first shaft ~ Total Time =129min
£~ \ o vibration indication on Damage
e f = = Dec 17th

IUBIUIL'I . w‘l m;l— RO R ) FLIE Y P b/ AT Jﬂl"_ i“l[l w21 _-_IVINIIIII NG HINR M ) lill/ll_ﬂ . __ﬂ"ﬁ?—




Period 3

Period 4

Period 5

Dec 2014 -
Apr 2016

Jun 2016 -
Qct 2018

Dec 2016 —
Feb 2017

HVOF Midpsan
Type 3

HVOF Midspan
+

HVOF Shroud
Type 3

Type 1
{No HVOF)
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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

Baseline Response

Baseline Response
Assumed

Baseline Response
Assumed

Baseline Response

HVOF reduces contact
area and reduces
mechanical damping

Baseline Response
Assumed

DEF20190001BARTOW LFES-000035

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 #

Blending 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

confimed.
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Upgraded blade to achieve 450MW available by Oct 2018

Features :
. o . s 3) Redesigned Geometry to Reduce Stress
1) Updated Design Criteria — For Fretting Fatigue ) . 9 o i o
Based on Development Material Testing in 2016 : ' .
i P
Old Design Criterial — Fretting Fatigue Limit to prevent crack initiation tes ;l ki [ ’
New Design Criteria — Fretting Fatigue Limit to prevent crack propagation s 4
! 2 crighna B
Dﬁﬂi.ul Rew Original  New m ' @
Shroud contact surface

2) Test Facility Upgraded to Excite High Nodal

Design changes planned (including Type 5 Blade Shroud Geometry
Improvement to reduce blade response and induced dynamic stress
by 80%. Resuits can be validated in upgraded test facility.

Diameter Modes

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 Systemn for continuous real
time monitoring of blade response.

High-nodal Low-nodal
diameter mode 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

§5) Bypass Operating Guidelines

v Blade Excitation System If required based on Telemetry Test results, operating guidelines for
improvements. bypass can reduce blade response by minimizing operation of C and
D Bypass at a Mach # > 0.55
DCS controls update strategy is in evaluation.
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Mt MHPS
Backup

Operating Summary Period 1 thru 5
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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

Max Operating Conditions Dynamic Stress from Damage Aeradynamic Damping (3D Flutter Analysis)
e AT l Stresses at Shroud, Midspan Stub and Vane [ e i
I N .
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Vibratory Stress vs Mechanical Logarithmic Damping (16N0D)

| a.uu;su) ux’ul - Dy T oG 3 E ' o
‘: Oﬂr (g f

RARAKLL woxtog 13000 Ty ] - >
"

AACITATL Lt 17580 1500 - Laeheore GToandong

'E AR Lot 16000 120 = g
£ OO Loases < 16900 3
: AT ot 1200 3 i | Py —
2 PRI LOEg DD 1550 e H Fid Comact | VTt F e
é BARRRLE s 30508 H I {
E v g 0 - | Y / |

4 i J . 7 4 |
E E . 4 Beratey

f : a8 ’ F Teemeny Toet |

g I g H R g P Perea} (Typed)




DECLASSIFIED

<

DEF20190001BARTOW LFES-000Q039

CONFIDENTIAL

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) Aerodynamic Damping (3D Flutter Analysis)
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Period 3 — Shroud Cracking - Outside Avoidance Zone

Outside of avoidance zone, bypass operation becomes most limiting. With HYOF on Mid Span Stub no cracking is predicted.

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
i el sy i : Stresses at Shroud, Midspan Stub and Vane ’ i i
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Vibratory Stress(POA : Strength Evaluation) Vlbratory Stress (16ND) Meshanical Damping(High ND Damping Analysis)
P et Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
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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 Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)

w00 & Stresses at Shroud, Midspan Stub and Vane : !
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Period 4 — Vane + Stub Cracking

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 Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
y RS [Meewiee ong e - Stresses at Shroud, Midspan Stub and Vane - = === 71 _i‘
- i > J |
o = ik = i /,-" z b \ |
|- 77 L ; g o |
- H =
1= e P i ‘ % E [
/ o O-m g ® ||
ol - h
U e . ‘
a2 H ane Ll 3oon 10900 14y 20000 |
Pomm T e | LP End Loading {#/hrift*2) f
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
e T el e . ) @. .............. | Vibratory Stress vs Mechanical Logarithmic Damping {16ND)
RH{GEN) PT1M. I - ——
il atome H
1.) m=iEree~ £ g e—— Ol = . '
E RO o 1540 é i Porad 125 |
= TR g - 10000~ 12500 2 ForCanat Treats | ==
4 B g | 7 = -
B o o - 4
; w a b g H IJ / g ‘
3 P [
E i B | | : |
- g R 28 . ! > ) RSP —_—
- s P i w
1] 5000 10000 15000 20000 L] 20000
RN OBman END loadag (io/82/N] L — T | adeglatamg = Vibratory Stisss {16 Hodel Diamatsr)




Period 5§ — Stub Cracking
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Reduced LP Loading over Period 2 with longer periods of bypass operation at High Mach Number. No HVOF Protection.

Max Operating Conditions
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Integral Shroud (Z-Lock)

Vane
— Mid Span Snubber (Stub)
40in L-0
_ October 2nd | 2017
Nick Porteous
Muhammad Riaz, Ph.D.
©201; M::ts'l’li)lél':ll ir-(r;{aghlgov'er E‘.;;teon"‘zg Iri:: Q'PTI’;;I‘»?; I;’(;:el:'\jedm i i SL3
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Duke - Empirical Evaluation of Root Cause DEF20180001BARTOW LFE5-000045
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Duke identified 5 potential root causes. ltems 1,3,2,% were ao’c’ci\#'essed during the 9/22/17 RCA Meeting as
identified below. Item 2 is addressed in this presentation.

1)

2)

3)

4)

5)

Excessive Steam Flow
Reviewed on Slides 17, 20,39 -——>

Thermal Distress
Summary included in this presentation

Pressure Pulses
Reviewed on Slide 10

Loss of Dampening
Reviewed on Slide 40 T

Blade Fitment
Reviewed on Slides 11,34 ————=

Note : Slides Referenced are from presentation : Bartow RCA Summary, Sept 227 2017
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The action was taken on 9/22/17 to evaluate the telemetry test data to confirm whether high rate of change events of superheat
showed any blade response.

Evaluation of the 11 thermal event during the 2014 telemetry test did not show any corresponding increase in blade response.
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Period 1

Period 2

Period 3

Period 4

Period 5

2008 - 2012

2012 -2014

Dec 2014 — Apr
2016

Jun 2016 — Oct
2016

Dec 2016 -~ Feb
2017

Type 1
{No HVOF)

Type 1
(No HVOF)

HVOF Midpsan
Type 3

HVOF Midspan
+

HVOF Shroud
Type 3

Type 1
(No HVOF)

DECLASSIFIED

>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

Aerodynamic
‘Damping

Baseline Response
Assumed

Baseline Response
Assumed

Baseline Response

Baseline Response
Assumed

Baseline Response
Assumed

DEF20190001BARTOW LFE5-000047

| Wechanical

Damping

Baseline Response
Assumed

Baseline Response
Assumed

Baseline Response

HVOF reduces
contact area and
reduces mechanical
damping

Baseline Response
Assumed

Rppt Cause

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 #

Blending 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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CONFIDENTIAL

Bartow Steam Turbine

RCA Review
Nov 9th 2016
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CONFIDENTIAL

Agenda

= Goal of the Meeting

= RCA
= RCA Action ltems
= Fleet History
= Blade Metallurgical Evaluation
= Manufacturing and Assembly Data
= Telemetry Test Data Review
= Operation 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.



RCA Team
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CONFIDENTIAL
Muhammad Riaz RCA Lead MHPSA
Nick Porteous MHPSA RCA Sponsor + Technical Contributor ~ MHPSA
lkushima-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 Duke RCA Lead Duke \!
I David Brown Operations specialist Duke i
: Chris Holland Engineering Duke _:
I John Burney Engineering Duke I
: Additional Resources :
] Harry Carbone Duke Technical Consutant Duke i
¥_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
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Design Manufacturing
\ ‘ ‘o~ Manufacturing Quality Data
& Telemetry Test data N, - Forging and machining process
- Turbine design documentation " '
"\ - Nozzle Passing Frequency Sl:ll'Ol‘Jd
5 - »/ Chipping
"\ /Water

/ - Shroudand StubGap & horational Data Review \Erosion
Y & Contact area evaluation A;' - Turbine Operation / - Material Certification “~____~

- Blade Rocking " . Install Pressure taps V & ChlppeQ area evaluation
© - Blade micro hardness

3 st /
F e WIEERRS U B in condenser at both ends.  /

¢ - Horizontal joint gap ) evaluation
- Differential Expansion 4 - Stub coating evaluation
Assembly Operation Material

Key Areas of Investigation
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Blade Shroud Chipping RCAconripenTiaL

DEF20190001BARTOW LFES-000053

Influence
. - Low
Detailed Actions Tracked (1 of 2) ETT
L] -
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 tésts All synchronous vibration frequencies are within design range.
£} Re-evaluation of the Telemetry Test Data in the light of Bartow Tip Damage Completed by team in MHPS in Japan.
5 4 FEA Review of shroud face movement at high load compared to observed damage FEA Analysis performed by MHPS in Japan.
E 5i Confirm MHPS Mass Flow Calculation Method used in evaluating Telemetry Test Data Mass 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 dasign calculations show le design
8 Research overall exhaust pressure [imits 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 Roter axial position reviewed and ded to use as is original design.
1 Request Forging Material Test Certs for existing installed blades | Certs show correct material used and meet design material properties and chemistry.
2 Request Forging Material Test Certs for replacement blades Mat=rlal Certs show correct material used and meet design material properties and chemistry.
g 3 |Moment Weights for existing installed blades [Row of blades is balanced with acceptable unbalance residual
13 4 Request Moment Weights Test Certs for replacement blades Row of biades is balanced with acceptable unbal 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
§ 6 Request Machining Manufacturing Quality Records {Including Box Gap Data + Single Blade Freq Data) Existing Blades |Uata raviewed and Elades are with in ble iteria
7 Request Record of as Built Area Nozzle Check ﬂItl not loceted by Japan.
8 Field Measurements of LP 1st Stage Nozzle Area (Throat / Base Dia / Nozzle Height @ both ends) 15t stage nozzle area [s within less than 0.5% on both ends.
1 On site review of fracture surfaces and wear Revlew of rotor, blades and casing on site.
d Charactgrize Cracking / Chipping gn Tip JFretiing Fatiguc? 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 Ci ition
g 5 Characterize microstructure throughout tip and wear surface -Microscoplc evaluation
6
7
8

Evaluate Wear on Mid 5pan Snubber

- Hardness evaluation

MHPS TGO Lab Review - Establish blades to be sent

- SEM evaluation
EPMA evatuation

TGO Evaluation




Blade Shroud Chipping RCACONFIDENTIAL
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Assembly

Operation

Influence
Low
s -
Detailed Actions Tracked (2 of 2) Medium
N u 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 3blades {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 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 Srnall rocking was observed on few existing blades. No rocking observed on new blades.
7 Measure Hl 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 reptica and by sectioning and reviewed under microscope.
£l 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 for ail contact surfaces and documented.
11 Record water erosion at leading edge and under the shroud Data recorded and minimum to no erosion observed.,
12  |Stationary blade surface finish review LO Stationary blade surface finish was checked and no issue is cbserved,
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 instailed,
3 Operational Data Review of exhaust pressure taps on return to service Data recelved 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 fram Log Baok Data not received from Bartow
7 Operation review to dete mine expected moisture and sensitivity to flow and exhaust pressure changes Asymmetric condenser circulating water flow at both ends
B Provide details or pictures of April 2015 Blade Inspection Few pictures provided
9 Provide report of Dynamic Pressure Study from ~2012 for evaluation St y provided- No vibratlon rasponse was observed.

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

« 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 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)
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Blade Inspectlon Results e — DEF20190001BARTOW LFE5-000057

Contact

Surface

Leading
Edge

Chipped
Surface

10
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CONFIDENTIAL -

#42 outlet #43 outlet #44 outlet #45 outlet
#43 inlet #44 inlet #45 inlet ——

Outlet
side
contact
surface

Iniet
side
contact
surface

Shroud Chipping is starting at same location for all blades

1



DECLASSIFIED

DEF20190001BARTOW LFES5-000059

Metallurgical Evaluation of Blades ..

#43 outlet side #44 inlet side

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.

12
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#43 outlet side

Microscopic observation was performed on the same
sections in contact condition for each of outlet side of

#44 inlet 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

DECLASSIFIED :
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Metallurgical Evaluation of Bladesra.

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

14



DEF20190001BARTOW LFE5-000062

Metallurgical Evaluation ofBiades - 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
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Images of initial contact conditions

@ Partial local contact at the top and tip of blade

S B [

2 Fretting fatigue crack generated in local area

v

® Local deformation is generated along with the crack

v

stress are applied.

@ Excessive local surface pressure (adhesion) & vibrational

v
l ® HCF crack is generated.

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

Y
@ Worn by wear debris

¥@ & @ progressed at the same time

N

® Partial defect was caused by
fretting fatigue crack which was
generated and propagated in high
surface pressure and sliding area
(black surface).
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Wire EDM cuts on the lines
s 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

17
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Manufacturing and Assembly Data

18
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Shroud Gap Data
2014 Blade LH {Gov. End) Shroud Gap Data /n"l"

: wSmout Orses e
b_"'--‘f'" ‘:‘.' - 1 . :“ 1 . ) l,, ,} . .
74 : } vt L Ly, -
Sl : ; 'f} ¥ y o :_ o
i i N o poe — .
i s I ~o 2014 BIadeRH (Gen. End) ShroudGap Data /"
* 2 T, - = eEod O . )
K I o e Py ' e o
} i > I\ ' “1 - "-;\, - 1 - AI? 2 ,F ’
: 1;«"".‘,“ ll X a I - 'j:‘ f"/', ® \ N e ?‘
1 . e | : T - ‘: ’ ; > ; ‘ x" l A ! ¥
. > s r " :E = x : r” 3 —— 1»
Shroud Gap Data in2014Assembly  Shroud Gap Datain2016Dis-Assemi 7 | -~ = "; A B F -
Row Average Gap =4.2mm - T, M R\ 7 N
r." ,: E I , ”_._, o ﬂ-. a3 [ C_ % -
- -’\‘ r ) e fLA r IR .' .

Row Average Gap = 3.9mm
Criteria: Shroud  1.5mm to 5.1mm Average, withnd singia blade above 8.6mm. y
1 . 4 I\ . :
i - i N .|

l No clear reiatnnshup tmweesi gaps i &ﬁd shroud chﬂppmg

'-%ﬁ E

Shroud Gap Data in 2016 Dis-Assembly

Shroud Gap Data in 2014 Assembly
=39mm Row Average Gap = 4.8mm

Row Average
Criteria: Shroud  1.3mmto 5.1mm Average, with no single blade above 8.0mm.
[ No clear relationship between gaps and shroud chipping ]

& MY R Ssatenr

IR IAT WD

B INE IATEMES HTACH O ," ‘f!'E' 5 “\Y‘:r"i‘i‘ﬁ

WNTIRAER S nSaL A BONER BYSTEMG AN

LH and RH shroud average gaps are nearly same
No clear relationship between gap and shroud chipping

19
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CONFIDENTIAL

2014 Blade RH (Gen. End) gm_gcapbé

s Sl Crigpes | 4 DM

Shroud Gap Datain2014Assembly  Shroud Gap Data in 2016 Dis-Assemb
A =1 Row Ave = 1.9mm p= ":
Criteria: Stub 0.5mm to 3.9mm Avemge, with no single biade above 4.Bmm. i S
[No clear relationship between gaps and shroud chipping | =\

ZLNE WITIUEIST FTAGH: POWER SYSTIME AMERICAS ‘KT AllRiz W Ressrey,

Shroud Gap Data in2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 1.8mm Row Average Gap = 1.9mm

Criteria: Stub D.5mm 1o 3.9mm Average, with no single blade above 4.8mm
[ No clear relationship between gaps and shroud chipping |

SIE VITELESE, STRCS ROUER SYSTEWS ANERITAS. (NG, AlRIDTE Ratenes

LH and RH stub average gaps are nearly same.
No clear relationship between gap and shroud chipping.
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ManUfactu ring Qua"ty Data -(.%%Eﬁ'ﬂyge DEF20150001BARTOW LFES-000068
__,__Box Gauge yyit 40” L0 Blade

DECLASSIFIED 2



DECLASSIFIED

BOX Gauge Measurement R%%H:!B§N'I-'I&O14 bIadeSEF20190001BARTOWLFE5—000069

. va34F AOcAP (i) Shroud Gap Lead'nq Edae
:ﬁ fi13+1s 1 ipunoussnnuna zx..na,t;sn/&_.i,;:‘ﬁ_n_imm R uBtaBouEn oA n s BE Ny RO s @ s | ARE ARR
Y & = AN R 2 2 A =

o nA% -o-rAA
-39 .
< | RH Blades — Leading Edge
-40 — S—
45
- _aibgneediE®)  Shroud Gap Trailing Edge —
40 b
“ RH Blades — Trailing Edge —hRE - RER
30
» 2 = = = £ % o A% o NBA

i = i < ’ N B - T
o 7 N *"w‘m AR
! b -
¥

]L_Qg567B!I10111213141516111!192021222324ﬁ2 ll;unni!ll-'ﬁ)‘353!373&394041‘““16&1?"13&“u!ﬂﬂﬁiﬂﬂﬂi@mﬂﬁlﬁ“

05
& mytAneetEsy  Shroud Gap Leading Edge)
:: v 23 G)s @G @Oq G3)6a) s Ge)im)Ge)fe)bu i tes S 0eidalos 21 p8 g8 30 3 33 30 Beofis vhe) 7 0%s) Gk a2 ) e §3 060047 48 4o 50 51 @3) 53 B4 3 )se 572 58 59 6O 61 62 63 e

LH Blades Leadmg Edge

=45

m — sssrancaettEs)  Shroud Gap Trailing Edge

;:: ‘VS\ . N - +—pAE RER
i 17 LM\J \/uv"{lv“wv’“ 5‘;!.7’*?,»;—4’ M‘“"*’* e

f: — — = — CHRE - ARR
» [ LH Blades - Trailing Edge

I IO OO ORI I P I P R R I C LI A PR N R P e R T Y T

Blade manufacturing data show variation within criteria
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Telemetry Test Data Analysis
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CONFIDENTIAL

Telemetry Test Results

Test Results

Strain Gage Locations ¥
. Six strair?gage were installed on LH fj\ Oymanic o gauge(T) * Analysis of Non-synchronous response show
and RH blades. / frequencies close to 200Hz region and composed of

. Strain gage locations were selected | 1 oresmommess axial mode shape with higher nodal diameter.
> High Response sensitivity for + Fretting at stubs was evaluated with the telemeter test

vibration modes. resuits. AR
» MHPS Experience =t e e e
¥ WS S g
h N OND 1HO
SN2 O

SN } i :o-'\.b"g";n :
N~ e 20
: .‘1‘“&__—/;7

Similar to

1# Mode oo
Shape Nodal Diameters

Telemetry Testing 2014 -
To understand dynamic blade response during operation

24



Shroud Fretting Stress Evaltiation"

+ Evaluation method is the same as stub fretting evaluation.

DEF20190001BARTOW LFES-000072

- Vibrational stress is evaluated, with FEM analysis, primarily for effect of shroud contact
condition (partial contact) based on actual telemeter measurement resuit of 2014.

FEM analysis Vibratory stress evaluated
Vibrational stress conversion magnification with the telemeter test
Shroud contact conditions Pe;
—rr v,measured

Fretting fatigue limit
Oallowable

/

Vibration stress on stub for
fretting fatigue

\ 4

Op

A 4

Safety factor

= Ggjiowable /O

DECLASSIFIED
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Telemetry Test Results — Shroud&retting

Cond Pressurae [mmHg]

600

620

640

660

£80

700

720

740

760

$aSYRIL YT AL SRS O—T AT AY)

_Shroud fretting fatigue evaluation (With coating )

| | i
0Zone-A

Zone~B

©Zone—C
~Zone—D

— Zone—E
& Zone~F
o SF MIN

i

50 55 60 65 70

75 80 8 90 95 100 105 110 115 120 125 130 135 140

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

'Frett_ir'lg _fatigL|e calculations for shroud with coating show

acceptable margins outside avoidance zone
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Telemetry Test Data — Shroud, Fxetting
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2aSIR L YTV T EREE (TG HY)
620 I ] i | I 1
©Zone-A i | I
630 — Zone~B | + -=—
©Zone-G ' ! l
|- ! , o s
640 — Zone—D - = S ! =
Zone~E i"-'-f'- 3 g{
650 Zone—F —_—
'%3 ©SF MIN ,
Lg 660 - ..i. | -
g n
a 670 e
3 1
n- ]
g 680 T
[+
o
690
700 P, s L
| ]
710 —
| |
720 ‘ i ||
115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 1356 136 137 138 139 140
LP Inlet Pressure [Psig]
(Existing IP exit uncalibrated Pressure) '

i S o e e e e L

Fretting fatigue calculations for shroud with coating show
acceptable margins outside avoidance zone

27
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Operation Data Analysis

28



Condenser Circulating Water

leference in CW performance [Gov Gen]

2000

1000 {---

More En from

Gov Side

3 0
More En from

Gen Side

I

”‘”l i
e S INESE )¢ A S

100000

50000

Mure Flow
{ to Gov side
4]
More Flow
1o Gen Side

Z fl ow a n a Iyﬁiﬁgoom BARTOW LFES-D00076

+ Difference in

§.‘ . v i CW Energy
) -1000 T L 1 sompeasd g e sepeeel 50000 ¢ Absorbed
2 L r B & (Gov-Gen)
5 _ : ; : For ~3 months time ~50klbs : + - Difference in
28 il B I | 1 more CW flow to Gov side. I = CWFlaw
E 1 ] AN 3
g g's R More CW flow on :: 71« Relatively more heat removed [ -200000F  (Gov-Gen)
= one end = More I { | .} fromGov End. 1 ‘S = Avoidance
§., heat removed from | . i I'I"I"T""J"T"'"l"l' ].J g  zone
_ m [
% -3000 that end. x| N 4 -150000
ge s g SC— 1 {0 TR CLVE A AR YN RS EES :
& ‘ : i |1+ For~4months, high amount of :
= 1§ :.-.: energy removed from Gen Side. ||
=000 ST T y T 771 * - Nearly uniform CW flow at Y
X - ‘ t |1 bothends. '
i - Y 5 :_ CW temperature sensor error? |
5000 4- L. i 2 e e o L. I UL LY L T 2 LT T LT LT rrrees
8 8888 82888888 g 8888 g 38888¢8&8 8
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Asymmetric circulating water flow may explain difference in water erosion observed
@ shroud damage

Not enough data to ﬁ?)aFl‘ (3{ C?h&“,lg; éE_
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Condenser Vacuum [inHg]

5.5

4.5

-3

w
W

w

i
n

[~]

LP Inlet Pressure Vs. Condenser Vacuum of operation in

Avoidance Zone

@ Telemetry Test Points

@ Operation Data Post Telemgtry Test |
i
» * \.. s
PN . " S
[ . %
a o
110 112 114 116 118 120 122 124 126 128 130 132 134 136 138

LP Inlet Pressure [psig]

170+ hours of operation in avoidance zone with a response
frequency ~200Hz = 1.2E8 Cycles
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RCA Conclusions

DECLASSIFIED
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Blade Shroud Cause and Effect:-Riagram

High average

DEF20190001BARTOW LFE5-000079

—{ Shroud contact area is small

— Blade twist forceis large

These values are within design
specification

e High force by high load

- Tilt of shroud

High static stress may be
generated by high load

Shroud face orientation within
manufacturing tolerance

Shroud edge shape

— Random vibration

Resonance vibration

Deformation of blade after
operation

—l Flutter vibration

i
i

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

rough surface

No sever erosion on shroud
tipping portion

Corrosion fatigue crack

contact surface
Contact surface stress
—{ stress of shroud _
IS ich High local
contact surface
stress
; Operation in
F:at:ng alnd Avoidance Zone
f;ﬁig:z i: high vibration
shroud | | Large rubbing stress at shroud
on shroud
Latching impact
on shroud
Influence
Low Severe
Medium Environment
High

initiation on shroud surface

No sign of corrosion on shroud
surface

| | Rot. & Stat. Blade axial

spacing difference

Asymmetric Circ water flow
resulting different condenser
vacuum at two LP turbine ends

Difference observed in Circ
water flow at two ends

Telemetry test results show small
response at Nozzle Passing Freq.

32
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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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Bartow Steam Turbine
RCA Review
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Purpose of Presentation CONFIDENTIAL

Provide responses to open items / questions during the Nov 9th
RCA Report Out Meeting

Subjects :

1) Demonstrate that operating data from 2009 to 2014 is consistent with the RCA conclusions.
2) Provide hardness results not presented in Nov 9t ,

3) Provide parallelism data not presented in Nov 9t

4) Provide responses to prior questions from Harry Carbone.
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1.1) Operating Time 1 : Jan 2009 ¢oNFebn2012

S aASIRILYTF L ERTE (Q—-T 1 THY)

g me roud fre®tine fati
6280 i ' i I - N Zone |
oZone—A | ‘ 2,358 hr Pl
ke ZogetR-— = L {0min. d_al__n_) | ! | } e . :

630

*Zone-C
£460 ~Zone-D
Zone—E 46
6580 |- Zone-F  EESESNSSSNIINITIY
@SF MIN { i a
5 I . H t
6600 s do b L s
. - Period ) run data jan
it | oe-feb12 Pt

6880

133

Cond Pressure [mmHg]

| |
6980 f—g= R T (e -
4 o' $ d i

T8

| .
HNEEERERREE RN AN L]

115 116 177 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140

%

LP Inlet Pressure [Psig]
{Existing iP exit uncalibrated Pressure)

Inspection Resulis :

e 49! : ; A
Gen End Type 1 3yrs No significant damage  No significant
damage replacement
Gov End Type 1 3yrs & Major Chip 3 minor chips Replace blades as continues midspan chipping

could results in a free standing blade

DECLASSIFIED :



1.2) Operating Time 2 . Apr 2012 RM%%@IQJ_4 DEF20190001BARTOW LFES-000085

$aSHRIL YT T EHRE (-T2 T HY) =TT
- . Bf S o . |_mwmmam |
6202 T 7 T T -
i i
DZone-A IN Zone !
630 [ —-——-Zone~B—- 13hr el 51
<:Zone~C Piila.
640w -~ —Zone™D-- - -
Zone—E 46
65050- ¢Z°ne_F » e fevifminas @ rl:' it
®SF MIN & t o ‘
- . ) z - ! H 4
660m i |
-4 1 »
i 1 i . » Period Il run data
6707 i ! l .

apr 12- novi4 i

Cond Prassure [mmHg]

690 —_ :
28
7000
1
710% = ==t N
; i
7209 - ! u

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

LP Inlet Pressure [Psig]
{Existing iP exit uncalibrated Pressure)

Inspection Results :

Gen End Type 1 S5yrs No significant damage 12 minor chips Scheduled change out to blades with midspan
HVOF
Gov End Type 1 2yrs No significant damage 3 minoer chips Scheduled change out to blades with midspan
HVOF
4

DECLASSIFIED



DECLASSIFIED

DEF20190001BARTOW LFE5-000086

1.3) Operating Time 3 : Dec 2014donApe2(:16
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1.4) Operating Time 4 : Jun 2016 doN2ot 2046
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Conclusions of LP Blade Loading'Review
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» 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.
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2 - Hardness Variation — Presented .

» 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 basemetat)interface and Stellite Coating

Basemetal

1 2 Interface| Stellite
337 343 334 451
313 333 308 405
336 344 301 382

» No significant hardness variation
was observed within the base
metal as a result of stellite
welding.
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3.2) Measurement Results L
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Duke Questions (From 10/26/16 Meetivg)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 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.

a The mw comection factors issue
Conflicting information is being given. 1t 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.

8. Duke requested strain gage data

Resuilts 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 o openly
share information which would normaily 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.

T 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 meetings.

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.
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Summary of Blade Types
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Brazed in Stellite " Welded Stellite Polish off shot Spray Stellite .3mm | Spray Stellite .3mm | Chamfer 1x 0.5mm
. ) . |Spray Stellite underZz, . Carner cut an Z notck
Base material Leading edge erosion ) Under Z notch peening after on snubber contact | on Z notch contact & 2mmradiuson
N notch Leading edge ) " ~3mm x 3mm
strip Leading edge welding faces faces snubber
Type 1 Yes Not Applicable No n/a No No No No
Fype Note : Type 2 is a welded field modifcation provided as a temporary measure while awaiting replacemetn blades. No Type 2 Blades are operating in the flaet.
Type 3 Yes ] Not Applicable | Yes | No No [ No I No | Yes
Newerlyped Note : No hlade type - "Newer Type 3"
Installed 2014 Proprietary Sim to 17-4PH
( .:y.; : :.HVOFD Proprietary HT Yes Not Applicable Yes No Yes Yes Yes Yes
Installed 2016 spri
i ETv:i N HVOS::: ne Yes Not Applicable Yes No Yes Yes Yes Yes
:TIP’TGT:'::J‘.;I Yes Not Applicable No nfa No No Yes Yes
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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 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 4S L-0 events.

o Low Pressure (LP) Turbine Back-End Loading (>15,000 |b./hr./ft.?)
s Blending Operations

o Hood Spray Operations

s  Gap Measurements for Mid-Span Snubbers and Shroud 2-Notches
s 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 untii 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-O0 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-0 blade performance is not typical - i.e.
these issues are outliers among the Duke CC fleet, as well as in the MHPS 40" -0 fleet. The most
cammon 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 [b./hr./ft. (the MHPS 40” L-0 fleet average was closer
to 12,000 |b./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 those periods of operation.

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.

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)
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Duke Engineerina’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-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 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-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 3 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 avoidonce zone was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for example, peok 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 ovoidance zone should
be prohibited altogether.

| 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 falt 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 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 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 on 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-O's in
service. This was a forced outage that was a result of several blades with broken Z-lock
interfaces and snubhers 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 P 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 biades 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 5T, “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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Appendix A: Bartow L-0 Event Summary
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PECLASS 771

Period 1 Period 2 Perlod 3 Period 4 Pericd 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
L-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 390 MW
P
Operating None 118 psig Limit on [P Exh 126 psig Limit on IP Exh 119 psig Limit on IP Exh 111 psig Limit on [P 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 {0f 22,320 hrs) 240 hrs (of 11,544 hrs) 1.15 hrs (of 3,000 hrs) 0 hrs
d hrs.)
8Broken Snubbers STE /0 GE OTE/OGE OTE/OGE OTE/1GE 0TE/13GE
Broken Z-locks OTE/OGE 0TE/QGE 34TE/S5GE 1 TE / 2 GE *z-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: Jan/Feb
Period events | evaluate ST design Outage pl ito i ity 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 2one for stellite hard facing had contributing factor in L-D
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
MHPSA was storing for service blades. observed after testing contributing facter 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 installed {'Dec 21 - Dec removed. 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 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 avoid dation to of failure surfaces
zone based on blade remove the ST from indicate ~10°7 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 ind| jation, 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
tnformation | MHPS provided ail Pl MHPS provided all Pl MHPS provided all PI MHPS provided all PI MHPS provided ali Pl
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

Typel Type 3 (v1) Type 3 (v2) 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

2-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 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.

e Low Pressure (LP) Turbine Excessive Steam Flow

» Thermal Distress at LP Turbine Exhaust

e Pressure Pulses During Hood/Curtain Spray Operations

e 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 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. h’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-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.

[ Commented [PVC1]: For period 3 only.
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Root Cause Contributing Factors
LP Turbine Back-End Loading {>15,000 Ib./br./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.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” 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.

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. !While 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 remaved from the machine and with the pressure plate installed, MHPS

Engineering has indicated that back-end loading is not currently an issue of concermf

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 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 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

Commented [PVC2]: This is what | recall - but we need the
photos to prove this otherwise we can't say it.

|

Commented [PVC3]: However, MHPS has not done any review
and released us to go to higher LP inlet pressures/flows.




DEF20190001BARTOW LFE5-000103

D
ECLASS[F[ED

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 blend
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 commissiening from 1/1/2003 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
e 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. [n 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).
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Careful attention was also paid to the hood spray pressure aver time. This was found to steadily

decrease over successive Periods, Maintenance of the valve in Spring 2017 revealed debris in the }valvej

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

debris in prior years.

The chart below demanstrates what happened to hood spray pressure over time. The decay in water
pressure at the hood spray nozzles wilt 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.

HOOd Spray hustony
ey 1 52417

[Haod Spray fook a step change from ~
50 psi ratad 35 ps: aam 10 20 psi, Very
liely wood splinters found in valve tim
cage 3/177 of pipmg ieak. Drapping
avaiable pressure o nozzles

Curtain Spray Operations

(insert text)

~ 10G0 gph / hood ~ 50 psig
W Dressure puises. good
droplet atomizaton. Smaler
ulses?

1
"eod spray
[eatayed owar time.
[Like’y cause dity /
|coggad strainer

Al ~ 5 psi hood sprays down fo ~
100-300 gph many more pressure
puises and larper n magnitde
Nozzies DP less than 7.1 ps:
required

flound 317

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

(insert text)

f Commented [JCE4]: Which valve is this — The control valve
mentioned In the above paragraph?
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Duke Englineering’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 quantified conclusively to determine the root cause to any particulor 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-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
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)
1-0's inservice. This was a forced outage as a result of several blades 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 alfowable under certain operating ranges for
hoth 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.
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Period 4: Concluded in the fall of 2016 with approximatly S months of operation with Type 3 (v2) L-0's [p.[ED

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 abtain the desired dampening effect during operation.

During this period the bfades 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 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
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-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-O 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 o
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 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
L-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 P Exh 126 psig Limit on IP Exh 119 psig Limit on [P Exh 111 psig Limit on IP Exh
Restrictions
Blade Over speed Dver 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
Exceedance hrs.)
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE OTE/1GE OTE/13GE
8roken Z-locks 0TE/OGE OTE/OGE 34TE/5GE 1TE / 2 GE *z-lock and OTE/BGE
airfoils
Wworn Z-locks not captured high degree of wear high degree of wear
observed abserved
Key nates 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
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}.

Outage planned to
upgrade to "heavy duty”
blades.

Some blade damage was
observed from removed
service blades.

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

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 {n operatlon
outside the avoidance
zone based on blade
strain data {no operating
limitations placed
around these areas by
MHPS), data indi

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.
At first, MHPS did not
support this

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

recor \, nor
did they support the
Idea that “Ioss of mass”
had occurred.

2017, first time blending
considered to 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 ~10~7 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
Inf fon | MHPS provided all PI MHPS provided all Pl MHPS provided all PI MHPS provided all PI MHPS pravided all PI
shared with MHPS | data they requested. data they requested. data they requested. data they requested. data they requested.

MHPS learned thraugh
Duke Engineering
{intentional) that we
were Investigating
blending and its impact
to tha 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
Typel Type 3 (v1) Type 3 (v2) Jypes | Deleted: vew
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 ‘Excess?i:%" - PL‘:::;::::"’"“ TZ:_EHQ’E:S%:? [ Lossof Dampening | Geometry Meg:';'sms L) [ Formatted: Font: 10 pt
(dTempsH/dtima) | Formatted Table
1 X X X s | Formatted: Font: 8 pt
2 X X X 5 | Formatted: Centered S
3 X X X X = | Formatted: Centered
4 X X = | Formatted:_Fc;nt: 8 pt
5 X X X “I' ' [ Formatted: Font: 8 pt

| Formatted: Centered

| Formatted: Centered

|: Formatted: Centered

| Formatted: Centered

[ Formatted: Centered

[ Formatted: Centered
[ Formatted: Centered

| Formatted: Centered

[ Formatted: 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 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 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.

s Low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

e Pressure Pulses During Hood/Curtain Spray Operations

e Blade Fitment~ Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

* 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 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. IThe ST LP admission system was

modified by MHPS with the intent for 4x1 CC operations to yield a 450MW gross output ratingf. 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-Lack failures, and airfoil
tip failures. Over the course of these events, MHPS has performed several design enhancements to the
40" ST -0 blade in efforts to address the failures {(see Appendix B for L-O0 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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Low Pressure [LP) Turbine Excessive Steam Flow

OF;
Root Cause Contributing Factors CLA SS[ F [ ED

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 cantributing factor toward root cause of the L-0
blade failures was extremely high back-end loading on the LP turbine !ast 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 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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Lock wear is not quantified for Period 1 and 3, photographic evidence suggests that the amount of wear
is similarJ_ 1t 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 concernl

Blending Operations — Thermal Distress (dT=u/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

Commented [PVC2]: This is what | recall - but we need the 1
photos to prove this otherwise we can't say it.

Commented [PVC3]: However, MHPS has not done any review
and released us to go to higher LP inlet pressures/flows.
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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.

. 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 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 lj
Period 2 7
Period 3 31
Period 4 3
Period 5 5

*ilncludes the time period during commissioning from 1/1/2009 to 6/1/20051__ g,
**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:

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

Commented [ICE4]: Pau), | changed the middle column to
hours (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 flrst ¢, or are they Period 1
operating hours post-COD?
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e 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
haod 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 jvalve 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 [JCES]: Which valve is this — The control valve
mentioned in the above paragraph?
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Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces
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Loss of Dampening (e.g. Hard-Facing on Mid-span Snubbers and Z-Lock Contact Surfaces)
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Appendix A: Bartow L-0 Event Summary
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Period 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Cct 2016 Dec 2016 - Feb 2017
Service Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2 mon
L-0Blade config Type 1 Type 1l Type 3 [v1} Type 3 (v2} Type 1
ST Rating 450 MW ( 420 420 MW per MHI 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 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) O hrs
Exceedance hrs.)
Broken Shubbers STE/OGE OTE/OGE DTE /0 GE OTE/1GE OTE/13GE
Broken Z-locks OTE/DGE OTE/OGE 34TE/5GE 1TE / 2 GE *z-lockand OTE/BGE
airfoils
Wom Z-locks nat 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 fonally ran in crack inftiation in high 2017, first time blending

conditions {original
design was far 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 avoid

strass 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

ion to

zone based on bfade
strain data (no operating
{imitations placed
around these areas by
MHPS), data indi

T

remove the 57 from
service for inspection.
At first, MHPS did not
support this

T dation, nor

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

did they support the
idea that "loss of mass”
had occurred.

considered to be a
contributing factor in L-D
events.

Jan 2017 “loss of mass™
event — blade fragment
projectite traveled
through the LP turbine
rupture disk diaphragm.

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

Information
shared with MHPS

MHPS provided all Pi
data they requested,

MHPS provided all PI
data they requested.

MHPS provided all Pl
data they requested.

MHPS provided all PI
data they requestad.

MHPS provided ail 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.

f@o
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Type1l Type 3 (v1) Type 3 {v2) Jvpe 5 - |{ Deleted: vew
Length 40" 40" 20" 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

2-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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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 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 gne 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 mast significant contributing factors
toward root cause of the history of Bartow Unit 45 L-0 events.

s Low Pressure (LP) Turbine Excessive Steam Flow

s Thermal Distress at LP Turbine Exhaust

» Pressure Pulses During Hood/Curtain Spray 6perations

# Zone Analysis — Shroud Fretting Fatigue

o 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 45 and then discuss in
detail how each event was (or was not) affected by the contributing factors listed above.

Page 1 of 10+
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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 [ 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 commiissioning, 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 [PVC1]: 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 blade in
efforts to address the failures (see Appendix B for L-0 modifications). To date, the modifications have not
resulted in improved reliability or performance of the L-0 blades in service at Bartow. The number of blade
failures and problems with 5T L-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
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.

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 tota! 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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Canversely, 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.

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 PI histarian} 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 lbadings 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 1*
Period 2 7
Period 3 37+
Period 4 3
Period 5 5

Page 3 of 10+
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‘includes the time period during commissioning from 1/1/2009 to 6/1/2009
**|icludes 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.

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
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 Ivalve: 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.

Page 4 of 10«
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Zone Analysis ~ Shroud Fretting Fatigue

[ Formatted: Not Highlight

uge test in Decem

as zones) 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 ne F1 thru Zone F3 (shown by the red rectangles in th
figure 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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Damage Mechanism

Blade Response — Design Margin
Example : Shroud Fretting Fatigue
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» Blade response is evaluated through the integration of the stress
response all the modes between 180Hz to 120Hz

— | Formatted: Centered

Figure X: Data presented by MHPS from a presentation dated YY/YY/YYYY .

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 | % TIime [ Formatted: Centered
F1l F2 F3 Total |Operating Hours|in Zone £
Period1| 5012 257.5 23.9 1182.6 21734 5.4%
Pariod2 | 1521.8 10.0 0.2 1532.1 21284 7.2% “
Period3 | 513.8 257.5 233 795.2 10286 1.7%
Periodd| 13 407.8 0.0 408.1 2542 13.5%
Perind5| 415.0 0.0 0.0 418.0 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 s higher than
what one would expect given the relatively low operating hours.

[Formatbed: Centered

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 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. , [ Deleted: (nsert text)

[ Formatted: Not Highlight

Loss of Dampening [e.g. Hard-Facing on Mid-span Snubbers and 2-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 2-
Lack 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 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.

Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

{ Formatted: Right
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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 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. The planned design changes are intended to [ Deleted: P )
reduce blade response and dynamic stresses that in the past were negatively impacted by decreased contact [ Deleted: induced

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 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 330 MW
late]
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 Japan
Avoidance Zone 2,466 hrs. (of 27,552 1 hr (of 22,320 hrs) 240 hrs (of 12,544 hrs) 1.15 hrs (of 3,000 hrs) Ohrs
Exceedance hrs.)
Broken Snubbers 5TE/O0GE 0TE/OGE 0TE/ODGE OTE/1GE OTE/13 GE
Broken Z-locks OTE/OGE OTE/OGE 347TE/5GE 1TE/ 2 GE *z-lock and OTE/8 GE
airfoils

Worn Z-locks

not captured

high degree of wear
obsarved

high degree of wear
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 flow).

Not a forced outage.
Outage planned to
upgrade to "heavy duty”
blades.

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
limlts, 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
{imitations placed
around these areas by
MHPS}, data indicates
we operated in these
zones ~X hrs during the
period.

Blade loss of material,
crack initiation in high
stress area of airfail.
Stellite hard facing had
been added to the blade
z-lock, and is likely a
cantributing 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
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 factar in L-0
events.

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

Denta! 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
Informatlon | MHPS provided all Pl MHPS provided al} Pl MHPS provided all Pl MHPS provided all PI MHPS provided all Pl
shared with MHPS | data they requested. data they requested. data they requested. data they requested. data they requested.

MHPS learned through
Duke Englneering
{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 1 Type 3 (v1) Type 3 {v2) Jvpe S [ Deleted: New
Length a0" 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 17-4ph

Page 10 of 10+«
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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 4S5 L-0 blades to crack and
break during operation.

Executive Summary '@]E D

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 inadeguate 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 foilowing 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

e Pressure Pulses During Hood/Curtain Spray Operations

e Zone Analysis —Shroud Fretting Fatigue

e 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 45 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 ariginally purchased
the ST to aperate 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. h’he 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 (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 reperted 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 foading 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-O fleet average was closer to 12,000 |b./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 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 O 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.

[ Commented [PVC1]: For period 3 only.
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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 “aveidance zane” 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
Period 1 and 3, photagraphic 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 instatled, MHPS Engineering has
indicated that back-end loading is not currently an issue of concern)

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 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 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 far 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

Commented [PVC2]: This is what | recall - but we need the
photos to prove this otherwise we can't say it.

| Commented [PVC3]: However, MHPS has not done any review
L and released us to go to higher LP inlet pressures/flows.
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*includes the time period during commissioning from 1/1/2009 to 6/1/2009
**[xcludes 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 spraysto
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:

e Rotor speed greater than 600 rpm 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 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
3 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 [JCE4]: Paul, | changed the mkidie column to

| hours {fram day) to stay conslstent with other charts we've created,
The hours | have for Period 1 (21,734) — do thay include the time
frame you've included next to the first *, or are they Period 1
operating hours post-COD?

| Commented [JCE5]: Which valve is this ~ The cantrol valve
| mentioned in the above paragraph?
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¥ 2 T
50 ps: rated 35 ps: akarm to 20 psi. Very
vedy wood spleters found in vatve trim
cage 17 o pypng leak. Dropping

pressure 10 nozzes

Zone Analysis — Shroud Fretting Fatigue

{insert text)

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 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.
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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 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. Conseguently, 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) biade 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
1-0 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 on IP Exh 119 psig Limit en IP Exh 111 pslig 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) Dhrs
Exceedance hrs.)
Broken Snubbers 5TE/DGE OTE/OGE OTE/OGE OTE/1GE OTE/ 13 GE
Broken Z-locks OTE/DGE QTE/0GE 34TE/SGE 1TE /2 GE *z-lock and OTE/8GE
airfails
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
conditions {original
design was for Tenaska,
3x1 heat balance) &
continue the warranty.
MHPSA was staring 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 was
observed from removed
service blades.

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

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

No blade cracking
observed after testing
when test
instrumentation

crack initiation in high
stress area of airfoil.
Stellite hard facing had
been added to the blade
2-lock, and is likely a
contributing factor in
the failure.

removed. Two {2) separate step
Blade telemetry data changes {decreases) in
also shows higher stress | vibration led to the Duke
areasin op E ing

outside the avoidance recommendation to

zone based on blade
strain data (no operating
limitations placed
around these areas by
MHPS), data indicates
we aperated in these
zones ™X hrs during the
period.

remove the ST from
service for Inspection.
At first, MHPS did not
support this
recommendation, nor
did they support the
Idea that “loss of mass”
had occurred.

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,

Denta) mold impression
of failure surfaces
indicate ~1077 striatlons
meaning high cycle
fatigue {at 200 Hz giving
over 2M cycles in 3+ hrs
to fall snubber).
Confirmation from the
Harris met lab
evaluation should help
determine cracking
mechanism

Information
shared with MHPS

MHPS provided ali Pi
data they requested.

MHPS provided all P}
data they requested.

MHPS provided all Pl
data they requested.

MHPS provided allt P
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.

F[ED
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Type 1 Type 3 {v1) Type 3 (v2) Jypes D d: 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 Crig. 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-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 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. 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 Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

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

e Zone Analysis — Shroud Fretting Fatigue

e [oss 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 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 45 and then discuss in
detail how each event was (or was not) affected by the contributing factors listed above.

Page 1 of 10
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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-O 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.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.

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.

Page 2 of 10
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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

Gov (L) #33 1 y i T *' Gov(L) #42
| concave,

Gov (L) #43
e

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.

DECLASSIFIED
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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 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 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.

Page 4 of 10
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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
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.

DECLASSIFIED
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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 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 P1 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
Fl F2 F3 Total |[Operating Hours |in Zone F
Period1 | 501.2 257.5 23.8 1182.6 21734 5.4%
Period2 [ 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 13 407.8 0.0 409.1 2542 13.5%
PeriodS | 419.0 0.0 0.0 415.0 1561 26.8%

DECLASSIFIED
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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.

CONFIDENTIAL

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-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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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 guestions 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.

DECLASSIFIED
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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 Maonths ~28 Months ~17 Months ~5 Months ~2 Months
L-0 Blade
Cabfraion Type 1 Type 1l Type 3 {vi) Type 3 (v2) Type 1
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
Qperating Nt‘:":t’]onH:z;:;’I‘;xzs 118 psig Limit on IP 126 psig Limit on IP 119 psig Limit on P 111 psig Limit on IP
Restrictions X Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed — Overspeed Tested in . .
Condition Overspeed Testing in MFG Japan No Overspeed Testing No Overspeed Testing
Avoidance Zone |, jee e 0£21,734hrs) | 1 hr. (of 21,284 hrs.) 240 hrs. (0f 10,286 hrs) |  1.15 hrs. (of 2,942 hrs.) 0 hrs. {of 1,561 hrs.)
Exceedance
Broken Snubbers S5TE/OGE OTE/OGE OTE/OGE OTE/1GE OTE/13GE
* -
Broken Z-Lacks OTE/OGE 0TE/OGE 34TE/5 GE ey ZSiE'fOZ"SL"Ck i 0TE/8GE
Moderate Amount of Moderate Amount of . . .
Worn Z-Locks Surface Fretting and Surface Fretting and High l?)s:bgsr::l:;Wear Ev':‘?n:r::: tP gz‘;gx::d H'ﬁ:fr:gési)oén’s:gor
Galling Observed Galling Observed B
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
canditions (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),

Qutage 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

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

2017, first time blending
considered tobe a
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled

(when the test failure. through the LP turbine
instrumentation rupture disk diaphragm.
removed). Two (2} separate step

changes (decreases) in
vibration led to the Duke

Dental mold impression of
failure surfaces indicate

Engineering ~10A7 striations meaning
recommendation to high cycle fatigue {at 200
remove the ST from Hz giving over 2M cycles

service for inspection.

in 3+ hrs to fail snubber).

Information Shared

MHPS provided all Pf data

MHPS provided all Pi data

MHPS provided alt 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 [-0
Typel Type 3 (v1) Type 3 (v2) Type 5
Length 40" 40" 40" 40"
Count 64 64 B4 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Charnfer Radius & HVOF Chamfer Radius & HVOF | CITerert Rodial leigie felive o
Z-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 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 contributing factor that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S5 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.

¢ Low Pressure (LP) Turbine Back-End Loading (>15,000 Ib./hr./ft.2)
* 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-0O 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 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. The ST LP admission system was

modified by MHPS with the intent for 4x1 CC operations to yield a 450MW gross output rating. [ Commented [PVC1: For period a:-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-O fleet. The most
common reported issue from the MHPS 40" L-0 blade design is water erosion, which both Duke and
MHPS agree is not a contributing factor for the Bartow failures. Presently, 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-O fleet average was closer
to 12,000 IB./hr./ft.z). Duke was issued an “avoidance zone” chart with instructions from MHPS not to
run to the right side of the curve — the lone exception being “brief” transient conditions.

While Duke Engineering agrees that back-end foading 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
“svoidance 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 anly 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 fiow 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.

Iv_vhile 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 therefore difficult to conclude that damage to the L-Obladesin

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.

Blending Operations

During the most recent root cause analysis, 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 (HRHI and low pressure (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 -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 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 1o 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

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 otharwise we can't say it.

| Formatted: Hightight

Commented [PVC3]: However, MHPS has not done any review
and released us to go to higher LP inlet pressures/flows.

[_Deleted: (insert text)
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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 period, and it allows the team to guickly identify times to look at additional blend

parameters.

Below is a guick comparison of the number blends that meet the criteria for Periods 1 thru 5.

Number of days in Period Number of blends meeting criteria . [ Formatted: Centered

e Leria during strain gauge testing i = IDVE) sV - [Formatted: Indent: Left: 0.5", Space Before: 6 pt
[ Formatted: Font: 10 pt
{ Formatted: Font: 10 pt

Period 1 1185 days 13+ * [ Formatted Table %
Period 2 973 days z [ Formatted: Centered J
Period 3 482 davs 31** - { Formatted: Centered |
Period 4 127 days 3 [ Formatted Table J
Period 5 68 days 5 2 E:nnatted: Centered i
A @matted: Font: 10 pt ]

J

J

|

Hood Spray Operations

[ Deleted: (insert text) ]

the L-0 blades and the functlon they provide to protect agamst overgressure Hood spray ogeratlon is

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

interaction required. The water source is the gutput from the condensate pumps. A control valve

reduces the roughly 500 psig condensate pressure to the design pressure for the sprays of 50 psig.

eview of MHPS provided instructions requires use of hood sprays under the following conditions: [ Deletea: 1 B j
» Speed greater than 600 rpm and.load less than 10 mw - Formatted: List Paragraph, Bulleted + Level: 1 + Aligned at: }
0.25" + Indent at: 0.5" i

* __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

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. A review of hood spray

thermocounle data shows they rarely reach 160 F during normal operation and never over 165 F. Higher

mperature 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 F were

found [one very brief reading of 1040 F was an instrument issue).
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Carefu! 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 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 stvle 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.

Hood

{ ! . [A~5psihocd sprays down to ~
B Spray 1ok a Siep change from ~ WHXJHV_ ’ 109—3000;*\ mary more pressure
50 psi rated 35 psi aiarm 10 20 psl. Very | yed over time. pu'ses and larger m magnitude.
el wood spiinters found in valve tim Likaty cause drty / Nozzies DP less than7.1 psi
cage 3177 o piping leak. Dropping leiogged strainer
avatiable pressure to nozzies Wsund 317

Curtain Spray Operations

(insert text)

Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
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Configuration (Hard-Facing on the Z-Notches)

D
(insert text) ECLA SS ] F ]. ED

(insert text)

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 ine the root cause to on rticular 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-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 ponducted 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
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 27 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-lock
interfaces on both generator end (GE) and turbine end {TE) L-0's.

Commented [JRS4]: | think we should add bacause we worked
with MHPS to design and install what was thought to be the
solution to the Issue with new design blades instatled In fall 2014.
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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 zane (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, peok 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-O's
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-lack area showed less than desirable
contact on the Z-tock 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 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 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
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 zane 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 examplie
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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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 ¢
particular CT/HRSG train transfers from combined cycle to simple cycle operations (or offiine).

enter the condenser hotwell, however the impact of these type events on the L-0 blades is &@g

The RCA is still underway with no conclusions developed from data and findings.
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Peried 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 {vi} 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 Limft on IP Exh 119 psig Limit on 1P 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 hirs} 0 hrs
d hrs.)
Broken Snubbers 5TE/OGE OTE/OGE OTE/0GE OTE/1GE OTE/13GE
Broken Z-locks OTE/OGE DTE/OGE 34TE/SGE 1TE / 2 GE *2-lockand O0TE/8GE
ajrfoils
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 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).

No blade cracking
observed after testing
when test
instrumentation
removed,

Blade telemstry data
also shows higher stress
areas [n operation
outside the avoid

stress area of airfoil.
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

dation to

zone based on blade
strain data (no operating
limitations placed
around these areas by
MHPS), data indicates
we operated in these
2ones ~X hrs during the
period.

r
remove the ST from
service for inspection.
At first, MHPS did not
support this
recommendation, nor
did they support the
idea that “loss of mass”
had occurred.

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).
Confirmation from the
Harris met lab
evaluation should help
determine cracking

mechanism
Information | MHPS provided all P MHPS provided all P) MHPS provided alt Pi MHPS provided all P} MHPS provided all Pt
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 kS:S}/.p
&y

Bartow L-0 Configurations Cltrus L-0

Type 1 Type 3 {v1) Type 3 {v2) 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
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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 inadeguate for the operating conditions with which they were subjected.

Duke Engineering believes the root cause for Periods 1-5 involves more than gne 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 | Deleted:

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 hoth 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

e Pressure Pulses During Hood/Curtain Spray Operations

s Zone Analysis — Shroud Fretting Fatigue

e 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 above.

[ Formatted: 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” 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 maodified by MHPS
with the intent for 4x1 CC operations to yield a 450MW gross output rating.

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.
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 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-O fleet. The most common reported issue from the MHPS 40” L-0
biade design is water erosion, which both Duke and MHPS agree is nat a contributing factor for the Bartow
failures. Presently, the ST is operating without L-O 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 turhine 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-O 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 root cause, one cannot definitively conclude that it has been the root cause of all five {S) 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.

Page 2 of 10+
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Conversely, during Period 3, there were only 240 hours {out of 10,286 total hours) of operation in the

“3voidance 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

Period 1 and 3, photographic evidence suggests that the amount of wear is similar. It is therefore difficult to Commented [PVC2]: This is what | recall - but we need the

. e q 9 5 . s photos ta prove this otherwise we can't say it. Update: | think we
conclude that damage to the L-0 blades in Period 3 is solely due to unit operation above the exhaust flow limit. now have sufficient photos ta say this.

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. Commented [PVC3]: However, MHPS has not done any review
and released us to go tc higher LP Inlet pressures/flows.

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
aperation, 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 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 1
Period 2 7 -
Period 3 37** (Deleted: 1 _—
Period 4 3 T e —
Period 5 5

[ Formatted: Right
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Hincludes the time period during commissioning from 1/1/2009 to 6/1/2008
**|fcludes 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 aiso 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 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:

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 outfined
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 ta 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.

Page 4 of 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 t _—{ Formatted: Not Highlight

0
= . — e
as zones) where blade response was high, but still below their design limit in the normal operation range of th [ Formatted: Not Highlight

LA}

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 PI historical data, calculated the amount of time the turbine spent in each zone
for each period.

[Formatted: Right
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Figure X: Data presented by MHPS from a presentation dated YY/YY/YYYY

Table Y shows the breakdown of time in hours in each of the three defined F zones for each period. The total
timein 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 Zane Total Turbine | % Time {Fcrmaﬂ:ed: Centered
Fi F2 F3 Total |Operating Hours|in Zone F
Period1| 9012 257.5 23.8 11825 21734 5.4%
Period2 | 1521.% 10.0 0.2 1532.1 21284 7.2% -
Period3| 3138 257.5 238 785.2 10286 7.7%
Period 4 13 407.8 on 4021 2542 13.5%
Period5 | 419.0 0.0 0.0 318.0 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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ieure XX. 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 operatin urs,

[ Formatted: Centered
i

|
|

Figure XX: Photo of Z-notch from Perigd 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 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 wearseen., [ Deleted: (insert text)

[ Formatted: Not Highiight
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 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.

Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

[' Formatted: Right
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During the course of the root cause investigation between Periods 3 and 4, technical questions arose relative to 5.'0

“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 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. Theplanned design changes are intended to [ Deleted: P
reduce blade response and dynamic stresses that in the past were negatively impacted by decreased contact [ Deleted: induced

surface area between the shroud Z-Locks.
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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 ~% mon ~2mon
L-0 Blade config Typel 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
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 Over speed testing in Over speed tested In No over speed No Over speed
candition 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 5TE/QGE OTE/OGE OTE/OGE OTE/1GE 0TE/13 GE
Broken Z-locks DTE/DGE OTE/OGE 34TE/5GE 1TE/ 2 GE *z-lock and O0TE/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 lass 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 (ariginal
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 autput 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
lirnits, ran in zone for
<20 hrs),

No blade cracking
observed after testing
when test

stress area of airfoil.
Stellite hard facing had
been added to the blade
z-lock, and is likely a
contributing factor in
the failure.

instrumentation

removed, Two (2} separate step
Blade telemetry data changes {decreases) in
alsa shows higher stress | vibration led to the Duke
areas in operation Engineering

outside the avoid| recor dation to

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.

remove the ST from
service for inspection.
At first, MHPS did not
support this
recommendation, nor
did they support the
idea that “loss of mass”
had accurred.

considered to be a
contributing factor in L-0
events,

Jan 2017 “loss of mass”
event — blade fregment
projectile traveled
thraugh the LP turbine
rupture disk diaphragm.

Dental mald impression
of failure surfaces
indicate ~10A7 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 all Pi
data they requested.

MHPS provided all PI
data they requested.

MHPS provided ali PI
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/sST.
MHPS RCA team for the
first time learned what
"blending In" and
"biending out" meant.
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Appendix B: MHPS L-0 Blade Type Matrix ASS]F[E
Bartow L-0 Configurations Citrus L-0 D
Type 1 Type 3 (v1) Type 3 (v2) Jype s [&ted: New
Length 40" 40" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No RVOF 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)
Materlal 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 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 4S L-0 events.

« Low Pressure (LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress {dTsu/dt) at LP Turbine Exhaust

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

» 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 telemetry test conducted during December 2014 — biade 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 ong-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-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.
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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, [The ST LP admission systemn was modified by MHPS
with the intent for 4x1 CC operations to yield a 4SOMW 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.
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 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
43 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-O 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 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 snubhers 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.

Page 2 of 10

|‘ Commenhd_[wcl]: For period 3 only.




DEF20190001BARTOW LFE5-000166

CONFIDENTIAL

Conversely, during Period 3, there were anly 240 hours (out of 10,286 total hours) of operation in the
“avoidance zone”, approx. 11 hours of which accurred 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 guantified 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.

Mith 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 — 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 turhine 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 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 Pi 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 slape 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 accurred in each Period, and it allows the team to quickly identify specific
points/periods in time to look at additional blend parameters.
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Table 1 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periads 1-5.

Number of Blends (or “Counts”)
Meeting Criteria
Period 1
Period 2 7
Period 3 37**
Period 4 3
Period 5 5

*Inciudes the time period during commissioning from 1/1/2009 to 6/1/2009
**|ncludes 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.

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 oad 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. Na 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 ariginally 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}valvef 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.

Figure 1, 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
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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.

Figure 1 -- Hood Spray Pressure Degradation Over Periods 1-5

| ‘] (At~ 5 psi hood sprays down fo ~
Hood Spray fook a step change fom ~ 553 soray 100-30C gph miany more pressure
50 psi rated 35 psi atarm to 20 psi. Very baecayed over time. puises and larger in magrilude.
fikely wood spiinters found in valve trim ety cause dirty f INozzies DP jess than 7.1 psi
cage 3/177? or piping leak. DRpping icopged strainer required
availadle p to nozries bound 3017

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 2, 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 2 -- Data Presented by MHPS During a Presentation Dated 15 March 2017
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Damage Mechanism

Blade Response — Design Margin Unable to test due to

Example : Shroud Fretting Fatigue
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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 Turbing | 3 Time
F1 F2 F3 Totai |Operating Hours|in Zone F
Periodl | 9012 257.5 239 1182 8 21734 5.4%
Period 2 | 1521.2 10.0 0.2 1532.1 21284 7.2%
Period3 | 513.8 257.5 23.¢ 7852 10285 7.7%
Period 4 13 407.8 0.0 4pe.1 2942 13.5%
Periods | 415.0 0.0 0.0 418.0 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 XX. 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 3 -- Photo of an L-0 blade 2-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.
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Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud 2-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 -
Lock contact surfaces (relative to ather 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 locating became the blade
itseif. 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 2-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 — bath 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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[ Deleted: 27,552 |

| Commented [PVCS]: This is what { remember. !

Period 1 Perind 2 Period 3 Period 4 Pericd 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
L-0 Biade config Type 1 Type 1 Type 3 (v1) Type 3 {v2} Type 1
STRating |  A20 MW Nameplate 420 MW Nameplate _450 MW O - 30MW | Formatted: Font color: Blue
Operating | None—MHPS intentwas | 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 | to follow heat balances
Blade Over speed QOver speed testing in Over speed tested in No over speed No Over speed
condition MFG Japan
Avoidance Zone 2,466 hrs. (0f 21,734 1hr(of 22,284 hrs) __ 240 hrs (of 10,286 hrs) 1.15 hrs [of 2.242 hrs} 0 hrs (of 1,561 his
Exceedance hrs.)
Broken Snubbers STE/0GE 0TE/OGE 0TE/0GE OTE/1GE OTE/13GE ( Deleted: 22,320
Broken Z-locks 0TE/0GE 0TE/0GE 34TE/ 5 GELmortly 1T€/ 2 GE *z-lock and 0TE/BGE | Deleted: 11,542 -
corner chipping, 1 2- airfoils Deleted: 3,000
notch with close to half ————
.':'.::slg'
Womn Z-locks |  Moderate amount of Moderate amount of high degree of wear Evidence of poor contact | high degree of wearicr S
surface fretting and surface fretting and observed allznment seen. qurs rui observed | Formatted: Font color: Blue

galling observed

galling observed

Key notes from
Period events

MHPSA was hired to
evaluate ST design
conditions {original
design was for Tenaska,
3x1 heat balance) &
cantinue 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).

Not a forced outage.

Blade telemetry testing;

Outage pl

blades.
Some minor blade

dto ranin
upgrade to "heavy duty" | avoidance zone to set
limits, ran in zane for
<20 hrs}.
No blade cracking

damage {chips at
contact corners) was
abserved from removed
service blades.

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

observed after testing
when test
instrumentation
Jemoved.

Blade loss of material,
crack initiation in high
stress area of airfoil.
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 for inspection.

Duke Discovery: Jan/Feb
2017, first time blending
considered ta be a
contributing factor in L-0
events.

Jan 2017 “loss of mass”
event — blade fragment
projectile traveled

_through the LP turbine

rupture disk dlaphragm.

Dental mold impression
of failure surfaces
Indicate ~10°7 striations

meaning highcycle |

fatipue (at 200 Hz giving
over 2M cycles in 3+ hrs
to fail snubber).

Information
shared with MHPS

MHPS provided all Pl
data they requested.

MHPS provided all PI
data they requested.

MHPS provided all PI
data they requested.

MHPS provided 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 40" 40" 40" 40"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Different radial beight | Deleted: Height same as Bartow
HVOF {about 1 in} B
Z-Lock No HVOF No HVOF 45" corner, HVOF No HVOF
applied

Blade design Orig. Orig. Orig. Attack Angle change
Experience 3units (2003) | 12 units (2001) 1 unit, ~5 months In commissioning (~1yr) Commented [PVC7]: Do we have date from a MHPS
Material 17-4 ph 17-4 ph 17-4 ph 17-4 ph presentation or similar? Otherwise, may want to eliminate this line.
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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 45 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:

s 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, dTsu/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 untif after the onset of Period 3,
one could only look at hours in that zone after-the-fact for Periods 1 and 2.
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¢ lLoss 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

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.2

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 L-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

T R Y U DECEASSIFIED

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.

Historical Overview

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. CCunits 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 elsewhere is water erosion, which both Duke and MHPS
agree is not a contributing factor to the Bartow failures.
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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 40” 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 instailation 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-O 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 [P 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.
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Period 1 Period 2 Period 3 Perind 4 Period 5
n December 2014 to April December 2016 to
Date | June 2008 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 :
Configuration Type 1 Type 1 {re-engineered) Type 3 (vi} Type 3 (v2) Type1l
ks Expegzgpi 420 MW (Nameplate) 420 MW 450 MW? 450 MW? 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

119 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 hr. (of 21,284 hrs.) 240 hrs. (of 10,286 hrs.) 1.15 hrs. {of 2,942 hrs.) 0 hrs, (of 1,561 hrs.)

based on the MHPS
Period 3 Avoidance
Zone chart?

Broken Snubbers STE/OGE OTE/OGE O0TE/OGE OTE/1GE OTE/13GE

*7.|
Broken Z-Lacks 0TE/OGE OTE/DGE 34TE/5GE e SiErfoflsL“k 2 0TE/8GE
Moderate Amount of Moderate Amount of

Warn Z-Locks

Surface Fretting and
Galling Observed

Surface Fretting and
Galling Observed

High Degree of Wear
Observed

Evidence of Poor Contact
Alignment Observed

High Degree of Wear {for
Hours Run) Observed

Key Notes from
Period

Planned outage for valve
work, as well as annual L-
0 inspections.

At the start of this perlod,
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
observed 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.

Stellite 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
~10A7 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 instailed;
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 P1 data.

Duke provided all
requested Pl data.

Duke provided all
requested P! data.

Duke provided all
requested Pl data.

3 Qutside of operation in the MHPS Avoidance Zone

DECLASSIFIED

4 For purposes of comparison, the Duke RCA team looked 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 Ib/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-ft2.
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 Ib/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 btade 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.
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Figure 1 -Photos of Shroud Contact Surface Wear for Periods 1 and 3
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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 blending 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 flows 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 more importantly points to a design flaw that may affect more than
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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-0 blades in order to isolate 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 C — Number of “Counts” that Meet the Blending Criteria on the HF Lee CC ST

) Number of Number of Blends (or “Counts”)
DR aEIEl Date Range Operating Hours Meeting Criteria
HF Lee CCST 01/01/2014 to 01/01/2016 15,045 22
Hines PB2 ST 09/01/2015 to 09/01/2017 16,123 44

7 Although Duke could have used smaller temperature changes, selecting smali 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.
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Given the comparison with Lee and Hines CC STs 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 nozzle 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:

® Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW
¢ 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 normal?

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



DEF20190001BARTOW LFE5-000182

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
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Control of the hood sprays is automated within the plant-wide control 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 5t 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.
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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

8 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| ZoneF
Period1 | 901.2 466.2 9.7 1377.0 21734 6.3%
Period 2 | 1521.8 10.0 0.2 1532.1 21284 7.2%
Period 3 | 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%
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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 5 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.
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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 39 and 4™
Periods had some impact on the failures, though again, had the blades been more robust, they may not

9 These findings are consistent with an independent analysis of the blades by Duke using third party scanning.

Page 13 of 16



DEF20190001BARTOW LFE5-000187
CONFIDENTIAL

Duke Energy - Confidential February 6, 2018

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

Type 1l
40"
64

Yes

No HVOF

No HVOF
Original

17-4 ph

Bartow L-0 Configurations
Type 3 (vi) Type 3 (v2)
40" 40"
64 64
Yes Yes
Chamfer Radius & HVOF Chamfer Radius & HVOF
No HVOF 45° Corner with HVOF Applied
Original Original
17-4 ph 17-4 ph

DEF20190001BARTOW LFE5-000188

February 6, 2018

Citrus L-D
Type 5
40"
64
Yes

Different Radial Height Relative to
Bartow L-0 (About 1%)

No HVOF
Attack Angle Change

17-4 ph

DECLASSIFIED

Page 15 of 16



Duke Energy - Confidentiai

DEF20190001BARTOW LFE5-000189

CONFIDENTIAL
February 6, 2018

Appendix B: Empirical Data Concerning Factors which May Have Affected L-0 Blades

Empirical Support for Root Cause Period1 Jun 2005 to Mar 2012
Perod?  Apr2012ta Aug 2014
Enrrasive Steam Flow Period3  Dec 201410 Ap: 2016
Exce edance Periodd  May2D16t0 Oct 2016
Petentisl | Avoldanca 2000 | oy f(ak | Normateed PeriodS  Dec2016toFeb 2017
Factor Exceedance
Opersting | pryypne Hours CLilen

Period  Haurs Hean) Excessive Steam Flow” Notes
1 2,734 X 1466 a1y
2 2,284 1 0.00 9 Zone Hours” — M d number of operating hours In exceedance of 15,000(b/hr-ft! limit as Indicated by the IP
3 10,286 x 20 exhaust pressure
4 2,042 1 Hours / {1k " — Number of dnce hours per 1000 hours of operation in s given period
5 1561 a —Dsts against the hig] In the column, Hours / {1k Opersting Hours)*

Potentlal | Counts {AT>20 Ztherma! Distress (dT../d1)" Notes
Operating Factor deg_Fu/

Period  Hours Frssent Adninz) “Counts (DT > 20deg_FSH [ Minute)” —"Counts" wre defined a5 the number of messurable blends where there was a slope change (4/-)
1 21,734 X 13 grester than superhest / min} at the hood spray Data ly when a CT Into {or
2 21,2 X 7 out of} the steem cycle AND the ST outpit was grester than 50 MW
3 10,286 X 31 “Counts / {1k Operating Hours)" ~ Number of "Counts” per 1000 hours of aperation In s given perlod
4 2,942 X 3 - bighest value In the column, "Counts / |k Operating Hours)"

5 1,561 X 5
Potentl | “Pressure Pulses” Notes
Operatl Factor

ey et | et | BT “Avs. Hood Sprwy Pressiure (Esig)” ~ Calculited from Pl Historien dat
1 2,734 X 352 “Hior. o Hhomd Sgpwy D4 10800” ~ "Hours of Hood Spray Operstion” Is a walghted value -~ There Is 0 1,00 multipller st 50 pslg varying
2 2,284 X 132 linesrly to a 1.75 multpiler at S psig
3 10285 X 104 "% of Total Oparating Hours" — The "welghted" hours of hood spray operstion divided by the total number of aperating haurs —
[ 2942 X 55 converted 1o & percentsge value
5 1,561 3 8.7 Ranking” — Data R highest value in the column, “X of Totsl Dperating Hours"

[ o e
Openating

Perod Houra Potentlal Factor Present
1 2734 NfA
2 2.2m Nia
3 10206
[ 2002
s 1551

“Blade Eltment” Notes
Operating

Parod  Haurs “Blade Fhtment™ the pap for both the mid-span snubbers snd the shroud 2-Lock contect surfices
1 1,738
2 21,284
3 10,285
. 2,542
5 1551
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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 45 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:

o 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, dTsu/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 look at hours in that zone after-the-fact for Periods 1 and 2.
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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.2

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 L-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

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. CCunits 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 elsewhere is water erosion, which both Duke and MHPS
agree is not a contributing factor to the Bartow failures.
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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 40” 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 replacéd —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.
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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 >
Conflguration Type 1 Type 1 {re-engineered) Type 3 {v1) Type 3 {v2) Type 1
MRFS E""egsfpi 420 MW (Nameplate) 420 MW 450 MW3 450 MW? 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

119 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 hr. (of 21,284 hrs.)

240 hrs. (of 10,286 hrs.)

1.15 hrs. {of 2,942 hrs.)

0 hrs. (of 1,561 hrs.)

based on the MHPS
Period 3 Avoidance
Zone chart?
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE 0TE/1GE OTE/13 GE
*7.|
Broken Z-Locks OTE/OGE 0TE/OGE 347TE/5 GE FFE gih‘:‘l:“k e OTE/8GE
ol S Am.ount e e Arrfount o High Degree of Wear Evidence of Poor Contact High Degree of Wear (for
Worn Z-Locks Surface Fretting and Surface Fretting and i
A N Observed Alignment Observed Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | Planned outage for valve Planned outage for Blade telemetry Two (2) separate step Jan 2017 “loss of mass”

Period

work, as well as annual L-
0 inspections.

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.

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.

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-O inspection.

No blade cracking
observed after testing
{when the test
instrumentation
removed).

Stellite hard-facing added
to snubbers only.

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.

Stellite hard-facing added
to the blade Z-Lock.

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).

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 Pi data.

Duke provided all
requested Pl data.

Duke provided all
requested Pl data.

Duke provided all
requested Pl data.

3 Qutside of operation in the MHPS Avoidance Zone

DECLASSIFIED

4 For purposes of comparison, the Duke RCA team looked 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 Ib/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-ft2.
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 Ib/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.
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Figure 1 —Photos of Shroud Contact Surface Wear for Periods 1 and 3
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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 blending 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 flows from each of the four (4) CTs, and since thermocouples positioned at the LP exhaust

5 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 more importantly points to a design flaw that may affect more than
the L-0 blades.

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 Pl Datalink, Duke Engineering determined which operational blending events might have
affected the L-0 blades in order to isolate 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 45.

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

*|ncludes 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 C - Number of “Counts” that Meet the Blending Criteria on the HF Lee CC ST

. Number of Number of Blends (or “Counts”)
DL BT Date Range Operating Hours Meeting Criteria
HF Lee CCST 01/01/2014 to 01/01/2016 15,045 22
Hines PB2 ST 09/01/2015 to 09/01/2017 16,123 44

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.
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Given the comparison with Lee and Hines CC STs 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 nozzle 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
¢ 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 normal?

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.
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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
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Control of the hood sprays is automated within the plant-wide control 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.
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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).

8 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 |% Timein
F1 F2 3 Total |Operating Hours| ZoneF
Period1 | 901.2 466.2 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%
Pericd 4 1.3 407.8 0.0 409.1 2942 13.9%
Period5 | 415.0 0.0 0.0 415.0 1561 26.8%
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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 5 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.
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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 39and 4%
Periods had some impact on the failures, though again, had the blades been more robust, they may not

9 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

1% The mast 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

Bartow L-D Configurations Citrus L-0
Type 1 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 R e =
Bartow L-0 (About 1%)
Z-Lock No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Original Original Original Attack Angle Change
Material 17-4 ph 17-4 ph 17-4ph 17-4ph

DECLASSIFIED
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Appendix B: Empirical Data Concerning Factors which May Have Affected L-0 Blades
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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-0 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. Duringa
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 duringa 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 45 L-0 events:

e 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)

e Zone Analysis — Shroud Fretting Fatigue

e 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, biade 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 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.

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 perfarmed 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-O
blade design is water erosion, which bath Duke and MHPS agree is not a contributing factor for the Bartow
failures. Presently, the ST is operating without L-0 ratating/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
43S 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 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
“3voidance 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
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
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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
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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 — 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 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 invalved 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 altow 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 laok 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.

Page 5 0f 13



DEF20190001BARTOW LFES5-000211
CONFIDENTIAL

DECLASSIPIED

Duke Energy - Confidential Octaber 11, 2017, i.. .Formatted: Font: 8 pt

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, mast 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 fifled
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 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 PI historical data, calculated the amount of time the turbine
spent in each zane 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 Zong Total Turbine | #aTime
=1 F2 F3 Total |Operating Hours |in Zone F
Period1| 8012 257.5 235 1182.6 21734 5.4%
Period 2 | 1521.% 10.0 0.2 1532.1 21284 7.2%
Period3 | 5138 257.5 23.5 7952 10286 7.7%
Period 4 13 407.8 0.0 405.1 2842 13.55
PeriodS | 4120 0.0 0.0 4150 1561 26.85:
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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 ane would expect given the relatively low operating hours.

Figure 4 -- Photo of an L-0 blade 2-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-Facing on Mid-Span Snubbers and Shroud 2-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 ta ather 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 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-Lack 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 bath 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 2013-2014 2014-2016 May 2016 to Ock 2016 Dec 2016 - Feb 2017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
-0 Blade
Type 1 b Type 3 {v2
Configuration ype Typel ype 3 (v} ype 3 (v2} Type 1
5T Rating 420 MW [Nameplate} 420 MW 450 MW 450 MW 390 MW
None — MHPS Intent Was - 5 on f
Operating 118 psig Limit on IP 126 psig Limit on 1P 119 psig Limit on iP 111 psig Limit on IP
i to Follow Heat Balance
Restrictions ) Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested in
A SP Overspeed Testing in MFG pe_ No Overspeed Testing No Overspeed Testing
Condition iapan

Avoldance Zone

2,466 hrs. (of 21,734 hrs.)

1. {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/DGE OTEfOGE OTE/OGE OTE/1GE 0TE/13GE
1TE /2 GE *Z-1ock and
Broken Z-Locks 0TE/0GE OTE/OGE 34TE/SGE g o an OTE/8GE
Moderate Amount of Moderate Amount of
igh Dey of Evid f Poor Contact
Wein 2.Lacks Surface Fretting and Surface Fretting and High Degree of Wear vidence of Poor Conta High Degree of Wear {for

Galling Observed

Galling Observed

Observed

Alignment Observed

Hours Run) Observed

Key Notes fram
Period events

MHPS5A was hired to
evaluate ST design
conditions {original design
was for Tenaska, 3x1 heat
balance) and o continue
the warranty.

MHPSA was staring for
Tenaska (purchased grey
market, stored by OEM).

ST drawing modified by

Not a forced outage.
Outage planned to
upgrade to "heavy duty”
blades.

Some blade damage {e.g.
chipping at contact
corners) was observed
fram removed service
blades.

Blade telemetry

MHPSA and ap d for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow}.

Instr installed
and testing conducted in
Dec 2014 at the beginning
of Period 3.

During blade telemetry
testing, the unit was
intentionally run in
avoidance zone to set
limits — unit ran in zone
for <20 hrs.

No blade cracking
observed after testing
(when the test
Instrumentation
removed).

Blade “loss of material”
observed, as well as crack
initiation in high stress
area of airfoll.

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
remave the ST from
service for inspection.

Duke Discovery: Jan/Feb
2017, first time blending
considered to be a
contributing factor in L-0
events.

Jan 2017 "oss 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 cycte fatigue (at 200
Hz giving over 2M cycles
in 3+ hrs to fail snubber).

Information Shared
with MHPS

MHPS provided all Pl data
they requested.

MHPS provided ali Pi data
they requested.

MHPS provided all Pl data
they requested.

MHPS pravided all Pl data
they requested.

MHPS provided all Pl data
they requested.
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus L-0
Typel Type 3 (v1) Type 3 (v2) Type 5
Length 40" 40" 40" 407
Count B4 64 64 64
Turb/Gen End Yes Yeu Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF 2 We'ea"; :ﬂ’fﬂgﬁﬁﬁ:@"” £
2-Lock No HVOF Na HVOF 45* Comer with HVOF Applied No HVOF
Blade design Orig. Orlg. Orig. Attack Angle Change
Experience 3 units (2C03) 12 units (2001} 1 unit, ~5 months In commissianing (~lyr}
Material 174 ph 174 ph 17-4 ph 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 3 and 4 during blade telemetry testing.
MHPS's evaluation is extensive and has allowed us to determine contributing factors. MHPS's intent was to
draw conclusions based on actual data collected. The telemetry testing window was short not all operating
conditions were witnessed during the testing (steady state and transient events}); because of this the conclusions
from this report may not be all encompassing of the drivers and conditions that are causing the blade failures.

Bartow RCA
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 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 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 failure, mechanism. ( Deteted: 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

s Blending Operations ~ Thermal Distress (dTsu/dt) at LP Turbine Exhaust

e Pressure Puises 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 2-Lock Contact Surfaces

Duke believes that the contributing factors presented in this paper — or during MHPS presentations — are
postulations and may possibly be correct. Mast 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 ta 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 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.
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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 storedina
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-O 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 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-Ofleet. 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 aperating 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 washigh back- I'_' Deleted: extremely
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 (b./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 - |_?eleted: s S
cannot definitively conclude that it has been the failure driving mechanism of all five (5) of the documented L-0 1 ‘I‘_I‘Jeizted: toward the root cause
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

J
!: Govil) #42
., eoneave

Gov (L) #43
Eohyex
Sample Shroud Contact 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.
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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 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 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:

s Rotor speed greater than 600 rpm and steam turbine generator Ioad 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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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 turhine. 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. MHPS did not provide any restriction of operation in Zones F1 through F3,
only the exclusion zone identified by the dottedlred line in Figure 3.
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Unable to test due to
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

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 Zane and the Total Compared with Operating Time

Time in Zone Totai Turbine | 35 Time
F1 F2 £3 Totai  |Operating Hours |in Zone £
Period1| 5012 257.5 235 11828 21734 5.4%
Period 2 | 1521.% 10.0 0.2 1532.1 21284 7.2%
Perind3 | 513.8 257.5 238 755.2 10286 7.7%
Period 4 13 407.8 0.0 406.1 2842 13.5%
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 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 2-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 | Deleted: its share of higher
hours in blend mode, Period 5 is not excessive in terms of percentage time blending as compare to time
opgrated in Zone F1. L = e [ Deleted: The total of 20 hours of blend

= [ Peleted: time does not appear to justify the wear seen.

Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud 2-Lock Contact Surfaces
The loss of dampening phenomena was a contributing factor during Periods 3 and 4. EyOF hard-facing can

reduce jount of base material fretting during operation. The application \VOF is used on man
applications in the industry for blading contact surfaces. When applied the HVOE hard-facing changes the

frictional forces of the contact surface reducing fretting and has an increased hardness to prevent material loss. [ commented [MB5]: Do we need this? To help quantify why

dampening is reduced with hard-facing? Might need to run the

For Period 3, there was hard-facing on the mid-span snubber ONLY. Additional damage seen on the shroud Z- wording by patleiany foraccurecy.

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, ane (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 2-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 |ess mechanical damping (relative to the Type 1 blade} because of
the smaller contact area — a result of greater contact misalignment.

While the DEM contends that geometry variation on the Type 3 blade are not significant enough ta 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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Appendix A: Bartow L-0 Event Summary|
Period 1 Period 2 Period 3 Period 4 Period S
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
Type 1 1 3(v1] Type 3 (v2, T
Configuration ype Type Type 3 (V1) ype 3 (v2) ype 1
ST Rating 420 MW (Nameplate} 420 MW 450 MW 450 MW 350 MW
S None — MHPS Intent Was | N . " . A (1—f:
Operating el Heau balanes 118 psig Limit on IP 126 psig Limit on IP 119 psig Limit on IP 111 psig Limit on IP
Restrictians ) Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested in
d Té d Testh i
Condition Overspeed Testing in MFG - 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.)

0 hrs. {of 1,561 hrs.)

Exceedance
Broken Snubbers S5TE/OGE DYE/OGE OTE/OGE OTE/1GE OTE/13GE
TE/ 2 GE *Z-Lock and
Broken Z-Locks 0TE/DGE 0TE/DGE 34TE/5GE sy Biﬁuﬂs“ = 0TE/8GE
derate Amount of Moderate A t of
Mzperate) .n ° Sl High Degree of Wear Evidence of Poor Contact High Degree of Wear {for
Yorn 2dodc: e tine e Surfacehiettieand Observed Alignment Observed Hours Run) Observed
Galling Observed Galling Observed &
Key Notes from | MHPSA was hired to Not a forced outage. During biade 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 madified 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
instrumentatlon instafled
and testing conducted in
Dec 2014 at the beginning
of Period 3.

testing, the unit was
intentionally run in
avoidance 2one to set
fimits — 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.

Steflite hard facing had
been added to the blade
2-lack, 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 5T 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 striatfons meaning
high cycle fatigue {at 200
Hz giving over 2M cydes
in 3+ hrs to fail snubber).

Infarmation Shared
with MHPS

MHPS provided all Pl data
they requested.

NHPS provided all PI data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided all PI data
they requested.

MHPS provided all Pi data
they requested.
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Ci ted [MB7]: You mentioned Type 5 above. s the

redesign blade for Bartow different than Citrus? Sounded like
MHPS was "designing” something new for Bartow. Ifit's the citrus
blade then there should have been no slide on tha changes being
made (in the mHPS root cause). Maybe this isn't a type 5, but the

Bartow L-0 Configurations Citrus L-0
Type 1 Type 3 {v1} Type 3 [v2) |Typ95
Length 40" ag" &0" 40"
Count 64 64 64 &4
Turb/Gen End Yes Yes Yes : Yes : “latest Gen 40" bladeT?
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF 0 ”‘f‘"‘;’; :::‘:Z’;ﬂ';ﬁi’,‘;“" ]
Z-lock No HVOF No HVOF 45" Corner with BVOF Applied No HVOF
Blade design Orig. Orig. orig. Attack Angle Change
Experience 3 units [2003) 12 units (2001) 1unit, ~5 months Is commissioning (~1yr}
Material 17-4ph 17-4ph 17-4ph 174 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. [ Commented [MBB]: s this right?

MHPS’s evaluation is extensive and has allowed us to Jdentify and evaluate contributing factors. MHPS'sintent - [ peleted: determine

was to draw conclusions based on actual data collected. The telemetry testing window was short not all
operating conditions were witnessed during the testing (steady state and transient events); because of this the
conclusions from this report may not be all encompassing of the drivers and conditions that are causing the
blade failures.

Bartow RCA
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 mare 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 failure driving mechanism.

After months of study (and with input from MHPS) Duke Engineering believes the follawing to be the most
significant contributing factors toward blade failure over the history of Bartow Unit 4S L-O events:

® Low Pressure (LP) Turbine Excessive Steam Flow

s Blending Operations — Thermal Distress (dTsuy/dt) at LP Turbine Exhaust

e 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

+ 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 biade
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 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.
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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 modifications 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 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-O rotating/stationary hardware and with an MHPS designed
and fabricated pressure plate.

Root Cause Contributing Factors
Low Pressure (LP) Turbine Excessive Steam Flow

Qver 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 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” 1-O 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-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

 Gow(L) ¥42
., toncave
Gov L) #43
GOnvEX
Sample Shroud Contact Surfaca Sample Shroud Contact
Phatos 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.

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

A set of criteria and an automated process using Excel and Pi 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.

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 v
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:

e Rotor speed greater than 600 rpm 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 histarical 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 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 | 3 Time
Fl F2 F3 Total |Operating Aours |in Zone F
Periodl| 801.2 257.5 239 1182.56 21734 5.4%
Period2 | 1521% 10.0 0.2 1532.1 21284 7.2%
Perind3 | 5138 257.5 23.5 755.2 10286 7.7%
Perlod 4 13 407.8 0.0 406.1 2542 13.5%
Period5 | 4150 0.0 0.0 419.0 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 stress location became the
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blade itseif. 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 liberaticn 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 — bath 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 2-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 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
3 {v1] Type 3 {v2| 1
Configuration Type 1 Type 1 Type 3{v1) ype 3 {v2} Type
ST Rating 420 MW {Nameglate) 420 MW 450 MW 450 MW 390 MW
None — MHPS Intent W
Operating o ntent Was 128 psig Limit on IP 126 psig Limlt on [P 119 psig Limit on IP 111 psig Limit on IP
g to Follow Heat Balance
Restrictions N Exhaust Exhaust Exhaust Exhaust
Diagrams.
Biade Overspeed Overspeed Testing in MFG Dverspeed Tested I No Overspeed Testin No Overspeed Testin
Condition P esting Japan P 8 P B

Avoldance Zone

2,466 hrs. [of 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 O0TE/OGE 0TE/OGE 0TE/1GE 0TE/13 GE
1TE/ 2 GE *Z-Lock and
Broken Z-Locks OTE/OGE OTE/0GE 34TE/5 GE g amus" i OTE/BGE
Moderate As t of Moderate Al t of
ocerate rn.oun ° e rrtuun ° High Degree of Wear Evidence of Poor Contact High Degree of Wear {for
Worn 2Z-locks Surface Fretting and Surface Fretting and N
o Ohserved Alignment Ohserved Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | MHPSA was hired ta 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).

Outage planned to
upgrade to "heavy duty”
blades.

Some blade damage (e.g-
chipping at contact
comers} was observed
from removed service
blades.

ST drawing modified by Blade telemetry

MHPSA and appi i for inst 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 zone
for <20 hrs,

No blade cracking
observed aftertesting
{when the test
instrumentation
removed).

observed, as well as crack
inktiatlon 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
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
with MHPS

MHPS5 provided all Pl data
they requested,

MHPS provided all P data
they requested.

MHPS provided ail Pl data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided all Pl data
they requested.
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Bartow [-0 Configurations Citrus 10
Type 1 Type 3 {v1} Type 3 {v2] Type S
Length 40" 40" 40" a9
Count 64 64 64 &4
Turb/Gen End Yes Yes Yes Yer
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF DW”:::::’Z’;’ ;ZZ:;’,‘.T’W o
2-Lock No HVOF No HVOF 45" Corner with HVOF Applied Nao HVOF
Blade design Orig. Orig. orig Attack Angle Change
Experience 3 units {2003] 12 units (2001) 1 unit, ~5 menths in commissioning (~1yr)
Material 17-4 ph 174 ph 17-4ph 17-4ph
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Mitsubishi RCA report — 5/22/2017

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.

=%

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 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 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 45 L-O 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)

* Zone Analysis — Shroud Fretting Fatigue

e 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-Lock contact surface and/or the biade 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 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.
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Historical Perspective

Bartow is a2 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 facter 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-O 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-O 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 |b./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 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 amaunts of blade
damage and fretting on both ends of the machine. While the amount of 2-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 Cantact Surface Wear for Periods 1 and 3

‘: Govil) #42
| conpave,

Gov(L) #33

Gov L) #43
GonveEx
Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 3

With the L-0s currently remaved 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 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 Pi 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 lock at additional blend parameters, Commented [MB1]: We don't really conclude anything with
i this section. Do we need a to add that until we install blades with
telemetry testing we will not understand the totalimpact of this
thermal energy on the blades. This was reviewed by MHPS during
the previous blade telametry test and they were not able to

Table 1 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5. conclude a result. To be noted: nat all blend conditions and
configurations were exercised during the telemetry testing so there

Number of Operating Hours | Number of Blends (or “Counts") s not enough evdenceto prove of refutethi contributing factor. |
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 |oad 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, haod 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 atomizatian 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

~ 1000 gph / rooa ~ 50 psig
flew pressige puises. good
[droplet atomizabon. Smater
wiees?

Hood Spray 0ok a SBp change fom ~ r:-xaspr_-aiy

50 ps: rated 35 ps: alam to 20 psi. Very Ipecayed over time.
likely wood spinters found in valve tim L ety cause duty /
cage 3177 or piping teak. Dropping leaspped strainer
avalable pressure to nozles found 317

Zone Analysis — Shroud Fretting Fatigue

Al ~ 5§ psi hood sprays down 1o ~
190-300 gph many maore pressure
puses and farger in magnitude.
Mazzies DP fess than 7.1 ps:

required

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

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 Turkine | % Time
Fl F2 F3 Total [Operating Hours |in Zone F
Period1| 8012 257.5 23.8 1182.6 21734 5.4%
Period2 | 15218 10.0 0.2 i532.1 21284 7.23%
Period3 | 3138 257.5 23.8 785.2 10286 7.7%
Period 4 1.3 407.8 0.0 408.1 2842 13.9%
Pariod5 | 4180 0.0 0.6 4i8.0 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 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 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 2-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 apptied) 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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Appendix A: Bartow L-0 Event Summary| -
Perlod 1 Periad 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 - Feb 2017
Service buration ~34 Months ~28 Months ~17 Manths ~5 Months ~2 Months
-0 Blade
T 1 3 T
Configuration Type 1 ype Type 3 [v1) Type 3 (v2) ype 1
5T Rating 420 MW (Nameplate) 420 MW 450 MVO! 450 MW 390 MW
Operating | '\O" ~MHPS Intent Was 118 psig Limit on IP 126 psig Limit on (P 119 psig Limit on IP 111 psig Limit on IP
pe.ra- gl 1o Follow Heat Balance H psigamiton B b 2D
Restrictions ) Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested i
i Overspeed Testing in MFG D — No Overspeed Testing No Overspeed Testing
Condition Iapan

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 S5TE/OGE OTE/OGE OTE/OGE DTE/1GE OTE/13GE
Broken 2-Locks 0TE/0GE 0TE/OGE 347TE /5 GE 1TE/2(:|Eer|-sLock gd OTE/BGE
Moderate Amaunt of Moderate Amount of N = =
Worn z-Locks Surface Fretting and surface Fretting and High Degree of Wear Evidence of Poor Contact High Degree of Wear (for

Galling Observed

Galling Observed

Observed

Alignment Observed

Hours Run) Observed

Key Notes from
Period events

MHPS5A was hired to
evaluate ST design
canditions (original design
was for Tenaska, 3x1 heat
balance} and to continue
the warranty,

MHPSA was storing for
Tenaska {purchased grey
market, stored by OEM).

5T drawing madified by
MHPSA and appi d for

Not a forced outage.
Outage planned to
upgrade to "heavy duty”
blades.

Some blade damage (e.g.
chipping at contact
comers) was observed
from removed service
blades.

Blade telemetry

instr Nled

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
limits — unit ran in zone
for <20 hrs.

No blade cracking
observed after testing
(when the test
instrumentation
removed).

Blade "loss of material”
observed, as well as crack
initiation in high stress
area of airfoil.

Steliite hard facing had
been added to the blade
Z-Lock, and is likely a
contributing factor in the
failure.

Twe {2} separate step
changes (decreases) in
vibration led to the Duke
Engineering
recommendation to
remove the ST from
service for inspection.

Duke Discavery: Jan/Feb
2017, first time blending
consideredto be a
contributing factorin L-0
events.

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

Dental mold impression of
failure surfaces indicate
~10*7 striations meaning
high cycle fatigue (at 200
Hz giving over 2M cycles
in 3+ hrs 1o fail snubber).

Information Shared
with MHPS

MHPS provided all Pl data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided zll Pl data
they requested.

MHPS provided all Pl data
they requested.

MHPS provided all Pl data
they requested.
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Commented [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 silde on the changes being
made (in the mHPS root cause). Maybe this isn't a type 5, but the
“latest Gen 40" blade??

Bartow 1-0 Configurations Cltrus L-0
Type 1 Type 3 (v1} Type 3 {v2) iType .ﬂ_ = .
Length 40" 40" 40" 40"
Count 64 &4 54 &4
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & Hvoe | DTNt ::;’:g’;i::f‘l’f‘" 2
Z-Lock No HVOF No HVOF 45* Comer with HVOF Applied o HVOF
Blade design Orig. Orig. Orig. Attock Angle Change
Experience 3 units {2003) 12 units {2001) 1 unit, ~5 months In commissioning (~1yr}
Material 17-4 ph 17-4ph 17-4 ph 174 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 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.

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.%.
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

o Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

e 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

¢ 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

Page 1 of 12



DEF20190001BARTOW LFE5-000256

CONFIDENTIAL

Duke Energy - Confidential 11 October 2017

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.

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 lapan 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-O fleet. The most
common reported issue from the MHPS 40" L-0 blade design is water erosion, which both Duke and
MHPS agree is not a contributing factor for the Bartow failures. Presently, the ST is operating without 1-
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 4S was an outlier reiative to the MHPS 40" L-0 fleet with several operating hours above the
design limit of 15,000 [b./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) #42

Gov(l) 243
COonvex

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 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 ¥
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:

e Rotor speed greater than 600 rpm 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 contro! 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

Hood Spray history
rev 1 5724117

~ 1000 gph 7 hood ~ 50 psig
lew pressure puises. good
roplet atamization. Smaller
Ises?

Hood Spray took a step change from ~ hood spray

50 psi rated 35 ps: alarm {o 20 psi. Very ldecayed over time.
likely wood spiinters found in valve trim Likely cause dirty /
cage 3/17? or piping leak. Dropping clogged strainer
available pressure to nozzles found 317

Zone Analysis ~— Shroud Fretting Fatigue

Supply pressure
remained ~ 450-500 pst

At ~ 5 psi hood sprays down 16 ~
100-300 gph many more pressure
puises and larger in magnitude.
Nozzles DP less than 7.1 psi
required

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 PI 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 F
Period 1| 9012 257.5 23.9 11326 21734 5.4%
Period2 | 15219 10.0 0.2 1532.1 21284 7.2%
Period3| 513.8 257.5 23.9 795.2 10286 7.7%
Period 4 13 407.8 0.0 408.1 2542 13.9%
Period5 | 418.0 0.0 0.0 418.0 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 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 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
Configuration Typel Typel Type 3 (v1) Type 3 (v2) Type 1
ST Rating 420 MW {Nameplate} 420 MW 450 MW 450 MW 390 MW
Operating Ntz"Feoﬁva:z a':;’;;‘i’:‘ 118 psig Limit on IP -126 psig Limit on IP 119 psig Limit on IP 111 psig Limit on IP
Restrictions | Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Lo Overspeed Tested in . .
Condition Overspeed Testing in MFG Tt No Overspeed Testing No Overspeed Testing
A"°'g:c":: di‘;:g 2,466 hrs. (of 21,734 hrs.) 1 hr. {of 21,284 hrs.) 240 hrs. (of 10,286 hrs.) 1.15 hrs. (0f 2,942 hrs.) 0 hrs. {of 1,561 hrs.)
Broken Snubbers STE/OGE 0TE/OGE OTE/OGE 0TE/1GE OTE/13GE
*7.
Broken Z-Locks OTE/OGE 0TE/OGE 347E/5 GE 2 Sﬁfoﬁs“’“k and OTE/8GE
Moderate Amount of Moderate Amount of

Worn Z-Locks

Surface Fretting and
Galling Observed

Surface Fretting and
Galling Observed

High Degree of Wear
Observed

Evidence of Poor Contact
Alignment Observed

High Degree of Wear (for
Hours Run} Observed

Key Notes from
Period events

MHPSA was hired to
evaluate ST design
conditions (original design
was for Tenaska, 3x1 heat
balance) and to continue
the warranty.

MHPSA was storing for
Tenaska (purchased grey
market, stored by OEM).

ST drawing modified by
MHPSA and approved for
4x1 operation at 420 MW
output rating (2.38 mpph
LP exhaust flow).

Not a forced outage —
Outage planned to
upgrade to "heavy duty"
blades.

Some blade damage (e.g.
chipping at contact
corners) was observed
from removed service
blades.

Blade telemetry
instrumentation installed
and testing conducted in
Dec 2014 at the beginning
of Period 3.

During blade telemetry
testing, the unit was
intentionally run in
avoidance zone to set
limits — unit ran in zone
for <20 hrs.

No blade cracking
observed after testing
{when the test
instrumentation
removed).

Blade “loss of material”
observed, as well as crack
initiation in high stress
area of airfoil.

Stellite hard facing had
been added to the blade
Z-Lock, and is likely a
contributing factor in the
failure.

Two {2) separate step
changes {decreases) in
vibration led to the Duke
Engineering
recommendation to
remove the ST from
service for inspection.

Duke Discovery: Jan/Feb
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
~10*7 striations meaning
high cycle fatigue (at 200
Hz giving over 2M cycles
in 3+ hrs to fail snubber}.

Information Shared | MHPS provided all P 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 L0
Type1l Type 3 (v1) Type 3 (v2) Type 5
Length 40" 40" 40" 40"
Count B4 64 64 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF | PIFerent rf:z"ff:(ﬁztuﬁl,ﬁ’)ﬁve 0
Z-Lock No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Original Original Original Attack Angle Change
Material 17-4 ph 17-4 ph 17-4 ph 17-4ph
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Appendix C: Empirical Data Supporting Root Cause

Emgirical' Suggnri for Root Cause

Thermal Distress {dVg./dt!
Driving | Counts (AT > |Counts / (1k
Operating | Meckanism | 20deg_Foc / | Oersting | Meronie
Period  Hours | Preseat | Minie) | Howrs]
1 21,734 X 13 0.60
2 21,284 X 7 0.33
3 10,286 X 37 s.60
2+ 2,942 X 3 1.02 038
5 1,561 X 5 3.20
Pressure Pulses
) Driving | Mve.Hood | Howrsof | %ofTowmt [,
Operating | Mechanlsm (Spray Pressure Hood Spray | Operating Renrk
Pariod  Hours Present {nsig} Operation Hours
1 21,734 X 352 5098 23
2 21,284 X 13.2 7.343 34
3 10,266 X 10.4 440 4
4* 2,942 X 5.5 174 5 047
5 1,561 X 8.7 93 5 | o017 |
Operating | Lossof |
Perlod Hours Driving Mechanlsm Present
1 21,734 N/A
2 21,284 N/A
3 10,286 N/ATS
4 2,042 X
5 1,561 N/A

Period1  Jun 2009 to Mar 2012 Seneral Notes

Period2  Apr 2012 to Aug 2014 y )

Perlod3  Dec 2014 to Apr 2016 * For Period 4, the first -0 blade tip was lost on 7/6/16 at about

Perlod4  Jun 2016 to Oct 2016 10:50AM — BEFORE 1st thermal event on 7/16/16 and BEFORE

Petiod 5 Dec 2016 ta Feb 2017 operation sbove "avoidance zone" limit on 08/01 - 8/25/16 (55 min

total).

ZExcessive Stesm Flow" Notes
*Avoldance Zone Exceedance Hours™ — Messured ber of operating hours in i of 15,000 t/he-f2 imit as indlcated by the
W exhoust pressure
“Enceedance Hours / {1k Operating Hours)™ — ber of d hours per 1000 hours of operation in & given period

"Normalized Ranking” — Date normalized sgainst the highest value in Column £

ZThenmal Distress {dVg./dt)" Notes

“Counts {DY > 20 deg_FSH / iﬂmte]" - "Counts" are defined as the number of measurable blends where there was 8 slope change (+/-)
greater than (20 degrees superheat / min) at the hood spray thermocouples — Data was flagged only when a CT was being blended into
{or out of) the stesm cycle AND the ST output was greater than 50 MW

“Counts / {1k Opersting Hours)” — Number of "counts” per 1000 hours of operation in a gver perind

"Normafed Rarding™ — Data normallzed against the highest value in Column F

Y it H

“Avg. Hood Spray Pressure (psig)” — Cakcidated froeo Pl Historlan data (272 — Verify)

“Hours of Hood Spray Operation™ — "Hours of Hood Spray Operation” ks a weighted wiue — There is a 1.00 multiplier 2t 50 psig varying
Enearly to s 1.75 multiplier at 5 psig

"% of Total Operating Hours” — The "weighted” hours of hood spray operation divided by the total number of operating hours —
converted to a percantage value

“Normalized Ranking™ ~ Data normalized ageinst the highest percentage vatue In Column &

" £D g’ N

(¥¥ For ierloa 5,-there was hafd—ﬁd.ngon the Wiid-span Snubber ONLY — Additional damage seen on the shroud Z-Lock contact surfaces

(relathre to other Periods) wes Hkely due to loss of dempening at the snubbers, which were HYOF-coated -- The Z-Lock contact surfaces
were forced to provide all of the dsmpening for the system via additional motion
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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.

Bartow RCA
Customer 9-22-17.pd

58

Bartow RCA
Customer 10-2-17.pd
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Executive Summary

Duke Energy (Duke) and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and
together over the past 18 months to determine what has caused the Bartow Unit 4S L-O blades to crack and
break during operation.

Duke’s position is as follows: The root cause 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 failure mechanism.

After months of study (and with input from MHPS) Duke Engineering believes the following to be the most
significant contributing factors toward blade failure over the history of Bartow Unit 45 L-0 events:

e Low Pressure (LP) Turbine Excessive Steam Flow

e Blending Operations — Thermal Distress (dTsu/dt) at LP Turbine Exhaust

e Pressure 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 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 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-O 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 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 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 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 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 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.

Page 2 of 12



DEF20190001BARTOW LFE5-000269

CONFIDENTIAL
Duke Energy - Confidential 11 October 2017

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 fimit.

Figure 1 -- Comparative Photos of Shroud Contact Surface Wear for Periods 1 and 3

Gov (L) #33 : ' Gov(L) ¥42

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.

DECLASSIFIED
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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 exhaust conditions of the LP. Since the design of the condenser includes spargers,
or “dump tubes”, for the hot reheat (HRH) and LP bypass steam flows from each of the four (4) combustion
turbines (CT), and since it has been observed that thermocouples positioned at the exhaust of the LP turbine just
downstream of the L-0 blades (hood spray thermocouples) can experience a significant change in temperature
during a blend operation, it was decided by the Duke team to review this operational aspect.

A set of criteria and an automated process using Excel and Pl Datalink were developed that allow large amounts
of data (stored in the 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.

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 biade 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

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

o Rotor speed greater than 600 rpm 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.

DECLASSIFIED
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Figure 2 -- Hood Spray Pressure Degradation Over Periods 1-5

Hood Spray history
revi 5724117

Hood Spray took a step change from ~
50 ps: rated 35 psi alarm to 20 psi. Very
likely wood spiinters found in valve tim
cage 3/172 o7 piping jeak. Dropping
avalable pressure o nozzles

Zone Analysis — Shroud Fretting Fatigue

hood spray
decayed over time.
Likety cause dirty /
clogged strainer
ound 317

Supply pressure
remained ~ 450-500 psi
lentire life

At ~ 5 psi hood sprays down to ~
100-300 gph many more pressune
puises and larger in magrvtude.
Nozzles DP less than 7.1 ps¢
required

DECLASSIFIED

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 P! 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
F1 F2 F3 Total |Operating Hours|in Zone F
Period1| 9501.2 257.5 238 1182.6 21734 5.4%
Period 2 | 1521.% 10.0 0.2 1532.1 21284 7.2%
Period3 | 513.8 257.5 23.5 795.2 10286 7.7%
Period 4 1.3 407.8 0.0 40%.1 2842 13.5%
Period5 | 418.0 0.0 0.0 4158.0 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 high energy biends 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 motion, DEC LASSIFIED Page 8 of 12
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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 HYOF-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.

DECLASSIFIED
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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
Configuration el Type 1 Type 3 (v1) Type 3 (v2) Type 1
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
Operating N;“:QTI:CVH:Z:;?::::S 118 psig Limit on [P 126 psig Limit on IP 119 psig Limit on IP 111 psig Limit on IP
Restrictions R Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed L Overspeed Tested in . .
Condition Overspeed Testing in MFG [ No Overspeed Testing No Overspeed Testing
Avoidance Zone | -, 4 ce b, (0F 21,734 hrs.) 1 hr. {of 21,284 hrs.) 240 brs. (of 10,286 hrs) | 1.15 hrs. (of 2,942 hrs.) 0 hrs. {of 1,561 hrs.)
Exceedance
Broken Snubbers 5TE/OGE OTE/OGE OTE/QGE O0TE/1GE OTE/13 GE
*7-|
Broken Z-Locks OTE/OGE OTE/OGE 347E/5 GE BTz (:iffoflsmck and OTE/8GE
Moderate Amount of Moderate Amount of 3 . ;
Worn Z-Locks et EelEemine and S b BT High Degree of Wear Ewd‘_ance of Poor Contact High Degree of Wear {for
; y Observed Alignment QObserved 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).

QOutage 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 instalied
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
~1077 striations meaning
high cycle fatigue {at 200
Hz giving aver 2M cycles
in 3+ hrs to fail snubber).

Information Shared
with MHPS

MHPS provided all Pl data
they requested.

MHPS provided all Pt data
they requested.

MHPS provided all Pi data
they requested.

MHPS provided all P} data
they requested.

MHPS provided all Pl data
they requested.

Appendix B: MHPS L-0 Blade Type Matrix

Bartow L-0 Configurations Citrus L0
Type 1 Type 3 {v1} Type 3 {v2) Type 5
Length 40" 40" 40" 40"
Count G4 B4 &4 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF Dwe’eé’;,f:ziff :Zi%’;;’:‘;’f)ﬁ"e to
Z-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 17-4ph 17-4 ph 174 ph

DECLASSIFIED
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Appendix C: Empirical Data Supporting Root Cause

Empirical Suggnrt for Root Cause y Period1  lun 2009 to Mar 2012 ' Gengral Notes
Period2  Apr2012to Aug 2014 T ——
Excesshve Steam Flow Perlod 3 Dec 2014 to Apr 2016 * For Period 4, the first 1-0 blade tip wes lost on 7/6/16 st about
. Sorcldonce | Exceedance Periodd  fun 201610 Oct 2016 1 BEFORE 15t thermal event on 7/16/16 and BEFORE
D""h.‘ Zone Hours f {1k | Normakized Period 5 Dec 2016 to Feb 2017 operation above "avoldance zone™ limit on 08/01 - 9/25/16 (55 min
Operating | preem Operating | Renking Nawl total).

Period  Hours Hawrs Howrs) -Encessive Steam Flow" Notes

1 21,734 X 2,466 011 )

2 21,284 1 0.00 “Avoldance Zone Exceedance Hours™ — Measured ber of ng hours in o of 15,000 th/he-ft? hmit as indicated by the

3 10,286 X 240 0.02 0zl WP exhaust pressure

4/ 2,942 1 0.00 0o Euoeedmee Hours / {1h Operating Houts) —Number of u.eeedance hours per 1000 houss of operation in laven period

5 1,561 o 0.00 - Faed Ranking™ — Data 5 -pmsuheughesndueht:okmp

Thermal Distress lﬂ‘rﬂl‘h]

Driving | Counts (AT > |Coents [ {1k “Thermal Distress |dTm[df)' Notes
Operating | Mechanism | 20 deg Fy,/ | Operating

Period Hours Present Winute) Hours)

“Counts {07 > 20 deg_FSH / Minute)™ — "Counts” are defined as the number of rmeasursble biends where there was 8 slope change [+/-)

1 21,734 X 13 0.60 greater than (20 degress superheat / min) at the hood spray thermocouples — Duta was flagged only when a CT was being blended inta
2 21,284 X 7 0.3 for out of} the steam cycle AND the ST output was grester than 50 MW
3 10,286 X 37 3.6D I “Counts / {1k Operating tours]” — Number of "counts” per 1000 bours of operation In agiven period
4* 2,942 x 3 "Normalized Ranking™ — Data norm:hzed against the highest value in Column F
3 1,561 X S
Aw. Hood ZPressure Pulses” Notes
Operating | Mechanism (Spray Pressure :
Perfod  Hours Present {psig) Operation vg. Hood Spray Pressure (psig)” — Cllcuhted from P{ Historian dl'h wn —Verify)
1 21,734 X 35.2 5,098 “Hours of Hood Spray Operation™ — "Hours of Hood Spray Dperallon" is a weighted value — There is a 1.00 multiplier at 50 pelg varying
2 2124 x 132 7.343 ‘linesriy to @ 1.75 multinkier ut 5 psie
3 10,286 b3 10.4 440 4 ~% of Total Operating Hours™ — The “weighted" hours of hood spray operation divided by the total number of operating hours —
/* 2,942 X 55 174 [} corwerted to & percentage value
5 1,561 X 87 93 [ | _eiz | "Normakized Renking” - Dota norrmll:.ed agsinst the highest percentage value bn Column G
Operating Loss of . - ]
Period Hours Driving Mechualsm Present : 1055 of Dampening” Notes
1 21,734 N/A 5 s . g . . -
2 21,284 N/A ** For Perlod 3, there was hard-facing on the Mid-span Snubber ONLY — Additional damage seen on the shroud Z-Lock contact surfaces
3 10,286 HN/A®* {relutive ta other Periods) was kikely due to loss of dampening st the snubhers, which were HVOF-coated -- The Z-Lock contact surfaces
4 2,042 X . were forced to provide sl of the dampening for the system wia additional motion

5 41,561 N/A
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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.

5.8

Bartow RCA
Customer 9-22-17.pd

Bartow RCA
Customer 10-2-17.pd
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From: Bgurek, Janes
Tos Sarbone, Hany M.
Subfect; RE: Requested Meeting Documents
Date: Tuesday, December 6, 2016 10:13:50 AM
Attachments: g0 oy

Imapc0i olf

imeoep03 o

‘Bactowy RLA Reoor) Out Ouestions 11-18-16 Side & Paviod

Harry,
Wy apologies. Hera is tha comect slide.
Regards,

Jim

From: Carbone, Harry M. [maiito:Harry.Carbone@duke-energy.com)
Sent Monday, December 05, 2016 3:34 PM

To: Mazurek, James

Ce: Porteous, Nicholas; Toms, C Wayne; English, Jacob; Huls, John N; Warren, David E; Holland, Christopher S
Subjects RE: Requested Meeting Documents

lim the slide below you just sant must be in error. The perind 4 or [V 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 bath rows as existed damage.
caused both rows to be unsuitehie for continued service, Tatal run time on blades was about 2,958 hrs - harry
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From: Mazurek, James .

Sent: Monday, December 05, 2016 11:19 AM

To: Carbone, Harry M.; Toms, C Wayne; English, Jacob
: Porteous, Nicholas

Subject: Requested 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 11/9 RCAreport out meeting and 2} MHPSA's answers to specific questions that Duke requested answers to in that meeting.
Regards,

Jir Mazurek
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Seavice SaLes Manacza
Mitsubishi Hiachi Power Syatems Americas, inc.
James mazerek@imosha com
; (407) 562-D729 (Olfice)
(407) 622-9053 (Caf)

Mitsubishi Hitachi Power Systems Americas, Inc.
www. MHPowerSystems.com

This message from Mitsubishi Hitachi Power Systems Americas, Inc. contains ial or Thei i ined in this e-mail message is intended for the use of the individnal(s) or
entity fo which it is addressed. If you received this transmission in emor, please notify the e-mail sender. T hank you.
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1.4) Operating Time 4 : Jun 2016 to Oct 2016
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LP Inlet Pressure [Psig)
{Existing P exit uncahbrated Pressure)

Inspection Results :

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++

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 disclosed to any third party without first receiving the express written :
authorization of MHPSA., 6 Rev1
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. Ali Rights Reserved.
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From: Mazurek, James
To: Carbone, Harry M.; Toms, C Wavne; Enalish, Jacob
Cc: Porteous, Nicholas
Subject: Requested Meeting Documents
Date: Monday, December 5, 2016 11:32:02 AM
Attachments: image001 .qif

Image002.qif ] .

*** 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 11/9 RCA report out
meeting and 2) MHPSA’s answers to specific questions that Duke requested answers to in that
meeting.

Regards,

v e s DECLASSIFIED

Mitsubishi Hitachi Power Systems Americas, Inc.
james.mazurek@mpshg.com
(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 Steam Turbine

RCA Review
Nov 9th 2016

This document contains Company Confidential and Proprietary Information of Mitsubishl Hitachi Power SL3
Systems Americas, Inc. "MHPSA"). Neither this document, nor any information obtained therefrom is fo
- be reproduced, transmitted or disclosed to any third party without first receiving the express written
= MY S authorization of MHPSA.
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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

» QOperation Data Analysis

= RCA Conclusion

This document contains Company Confidentiat and Proprietary Information of Mitsubishi Hitachi Power SL3
Systems Americas, Inc. "MHPSA"). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitled or disclosed to any third party without first recelving the express written

authorization of MHPSA. 2
© 2016, Mitsubishi Hitachi Power Systemns Americas, inc. All Rights Reserved.
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DEF20180001BARTOW LFE5-000285

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.

TER215 This document contains Company Confidentlal and Proprietary information of Mitsubishi Hitachi Power SL3
B Systems Americas, Inc. "MHPSA”). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitted or disclosed ta any third party without first receiving the express written

authorization of MHPSA. 3
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RCA Team

DEF20190001BARTQW LFE5-000286

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 Duke RCA Lead Duke \!
I David Brown Operations specialist Duke |
: Chris Holland Engineering Duke !
I John Burney Engineering Duke i
: Additional Resources i
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
M M B e o o e e, O
)1."-_ > = :E &i%r::;s:%flﬁggrgxed or disclosed to any third party without first receiving the express written 4
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Blade Shroud Chipping RCA_ FiSh Bone DEF20190001BARTOW LFE5-000287

Design Manufacturing
% - Manufacturing Quality Data
4, - Telemetry Test data % - Forging and machining process
W, - Airjet test data

; . ] W - 1ststage nozzle area
% - Turbine design documentation %

- Nozzle Passing Frequency é\;‘hmlld ]
. Ipplng
/Water

// - Shroud and Stub Gap
4 - Contact area evaluation
4 - Blade Rocking

£’ - Measure 1¢ stage area
Horizontal joint gap

- Differential Expansion

/4’ - Operational Data Review
£ - Turbine Operation
/- Install Pressure taps
in condenser at both ends.

/£’ - Material Certification
4/ - Chipped area evaluation
/4" - Blade micro hardness

4 evaluation

- Stub coating evaluation

Assembly Operation Material

Key Areas of Investigation

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 disclosed to any third party without first receiving the express written

R = authorization of MHPSA. 5
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.




Blade Shroud Chipping RCA

DEF20190001BARTOW LFES-000288

Influence
" . Low
Detailed Actions Tracked (1 of 2) .
.
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 / other air jet tests All synch vibration freq ies are within design range.
3 Re-evaiuation of the Telemetry Test Data in the light of Bartow Tip Damage Completed by team in MHPS in Japan.
c 4 FEA Review of shroud face mavement at high load compared to observed damage FEA Analysis performed by MHPS in Japan.
%D 5 Confirm MHPS Mass Flow Calcutation Method used in evaluating Telemetry Test Data Mass flow measurements are no more used as evaluation parameter
e 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 calculatlons 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
] Review Axial Rotor Position relative to asymmetry from Gen/Gov end Rotor axial position reviewed and recommended to use as is ariginal design.
1 Request Forging Material Test Certs for existing installed blades Material Certs show correct material used and meet design material properties and chamistry.
2 Request Forging Material Test Certs for replacement blades Material Certs show correct material used and meet design material properties and chemistry,
E 3 Moment Weights for existing installed blades Row of blades is balanced with acceptable unbalance residuat
g 4 Request Moment Weights Test Certs for replacement blades Row of blades is balanced with acceptable unbalance residual
'§ 5 Reguest Machining Manufacturing Quality Records (Including Box Gap Data + Single Blade Freq Data) New Blades Data reviewed and blades are with in acceptable criteria
§ [ 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.
1 Field Measurements of LP 1st Stage Nozzle Area {Throat / Base Dia / Nozzle Height @ both ends) 1st stage nozzle area is within {ess 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 /Chipplng on Tip - Fretting Fatigus? 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 |MHPS TGO Lab Review - Establish bfades to be sent fscsayetiol
EPMA evaluation
8 TGO Evaluation

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, fransmitted or disclosed to any third party without first receiving the express written

authorization of MHPSA.
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Blade Shroud Chipping RCA

DEF20190001BARTOW LFE5-000289

Assembly

Operation

Influence
Low
. u
Detailed Actions Tracked (2 of 2) Medium
u » 0
Reviews conducted with RCA Team High
Actions Conclusions
1 On Site 4 Paint Check of Snubber and Shroud (as found +as left} Gap Data recorded and analyzed. Data within toleranca
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 identified.
4 Blue / 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 observed on new blades.
7 Measure HJ Gap at Diffuser Hl 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 8nd reviewed under microscope.
9 Measure shraud contact surface {L,W,Depth at 4 points) Contact surface data callected
10 Wear and Chipping Documented with photos and scale Pictures taken for all contact surfaces and documentsd.
11 Record water erosion at leading edge and under the shroud Usta rded and i to no ion observed.
12 Stationary blade surface finish review L0 Stationary blade surface finish was checked and no [ssue is ocbserved.
1 Map Operating Data to LP Loading and Summarize Oparation data reviewed
2 Install Pressure Taps / and re-evaluate exhaust flow on return to service Additional pressuse taps are installed,
3 Operational 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
[ 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 yiictures 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

This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
Systems Americas, Inc. {MHFSA"). Neither this document, nor any information obtained therefrom is to

be reproduced, transmitted or disclosed to any third party without first recelving the express written

authorization of MHPSA. 7
© 2016, Mitsubishi Hitachi Power Systems Americas, inc. All Rights Reserved.
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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 LO Blade loading amongst the fleet.

V This decument 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
1 . be reproduced, transmitted or disclosed to any third party without first recelving the express written
authorization of MHPSA. 8
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DEF20190001BARTOW LFES-000291

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)

I ki” = 1 1 5 g i This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power
= i = - Systems Americas, Inc. {MHPSA®). Neither this dacument, nor any information obtained therefrom is to
3 be reproduced, transmitted or disclosed to any third party without first recelving the express written
. MHER %S & =" authorization of MHPSA.
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Contact

Surface

Leading
Edge

Chipped
Surface
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Bl ade I ns pecti on Res u Its DEF20190001BARTOW LFE5-000293

#42 outlet | #43 outlet #44 outlet #45 outlet
#43 inlet : #44 inlet #45 inlet

Outlet
side
contact
surface

Inlet
side
contact
surface

SL3

i This document contains Company Confidential and Proprietary information of Mitsubishl Hitachi Power
an Systems Americas, Inc. ("MHPSA"). Naither this document, nor any information obtained therefrom is to
- — be reproduced, transmitted or disclosed 1o any third party without first receiving the express written
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Metallurgical Evaluation of Blades

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.

#44 inlet side

* 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.

V.1 B [ This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
! ‘ AR5 A ' | j 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. 12
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Metallurgical Evaluation of Blades A I i

A5 i ehside aA iseaide Micrpscopic obserVation_ was performed on the same
sections in contact condition for each of outlet side of
#43 blade and inlet side of #44 blade.

» @): Oxide scale was found on black surface of local
deformation area.

- @:Dark brown surface of worn and thinned part is

free of oxide scale and smoother than non-contact
surface of G.

This document Confidential and Proprietary Information of Mitsubishi Hitachi Pawer SL3
Em Americas, nc. l:'MHPSA"] Neither this document, nor any Information obiained therefrom is to
mpmdunad. mm!md or disclosed to any third party mm first receiving the express written
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Metallurgical Evaluation of Blades PO

) J
L]
Mo | s B e o |
X ,_F_ Semi-Qualitative EDS analysis of elements detected ( wt%)
m_ -Ei'-"_ 0 Si Cr Mn Fe Ni Cu Nb
&3 1 | 2507 44 7.67 0.41 61. ) : :

. _1_ | 259 0.4 6 50 | 1.84 | 118 | 0.0
2 0 035 | 1815 | 095 | 7012 | 9.35 0.08 1.00
e o 033 | 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

» This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Pawer SL3
{ i’ b | Systems Americas, Inc. *MHPSA”). Neither this document, nor any information obtained therefrom is to
21 ! be reproduced, transmitted or disclosed to any third party without first receiving the express written
4l ﬂ : = ! authorization of MHPSA. 14
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DEF20190001BARTOW LFE5-000297

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.

i 4 I
‘J E !\.f A B~ . = This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
i ] 0 P L

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
authorization of MHPSA. 1 5
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Damage Mechanism

Iiages olinitiaticoptact condiions @ Partial local contact at the top and tip of blade

. [ Y

@ 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.

Y

(® HCF crack is generated.

\J

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

LN

@ 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).

H(7) & (B) progressed at the same time

| = = This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
ARE~A")"] Systems Americas, Inc. ("MHPSA"). Neither this document, nor any information obtained therefrom is to

_ ' v . be reproduced, transmitted or disclosed to any third party without first receiving the express written

el . authorization of MHPSA.
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DEF20190001BARTOW LFE5-000299

~ Stub Evaluation

Wire EDM cuts on the lines
3] 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

t i ‘ & ; =11 2 1€ | This document contains Company Corffidential and Proprietary information of Mitsubishi Hitachi Power SL3
h it il ISR ) Systems Americas, Inc. "MHPSA"). Neither this document, nor any information obtained therefrom is to
o~ be reproduced, transmitted or disclosed to any third party without first receiving the express written
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Manufacturing and Assembly Data

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
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S h ro u d Gap Data DEF20190001BARTOW LFE5-000301

© 2014BladeRH (Gen. End) Shroudcmﬂ"

ShroudGap Dafain2014 Assembly  Shroud Gap Data in2016 Dis-Assemt
Row Average Gap = 3.9mm Row Average =4.2nm

Criteria: Shoud  1.9mm to 5.1mm Average, with no si biade above 8.0mm.
No clear relationship between gaps and shroud chipping

T awmE

T 2T LTSLEET FTACH ROWTR SYSTENS ANERCAS vD ANRIZTS Resenad

Shroud Gap Datain2014Assembly  Shroud Gap Data in 2016 Dis-Assembly
Row Average Gap = 3.9awn Row Average Gap = 4.0mm

Criteria: Shroud  1.9mm to 5.imm Average, with no single blade above 8.0mm.
| No clear reistionship between gaps and shroud chipping |

PWE WITSLIES RATH. ROUIR SYSTING AN TR CAS NO. AW RIZN: Retzasd

LH and RH shroud average gaps are nearly same
No clear relationship between gap and shroud chipping

il W i This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
4 Systems Americas, Inc. ("MHPSA"). Neither this document, nor any information obtained therefrom is to

- be reproduced, transmiited or disclosed to any third party without first receiving the express written
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St“b Gap Data DEF20190001BARTOW LFE5-000302

2014 Blade LH (Gov. End)StubGapData 771
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Shroud Gap Datain 2014 Assembly  ShroudGap Datain2016 Dis-Assemb: | 2 7 "3 3 N
. : — {=@ 1 w ' -~ 2 \.c
Row Average Gap = 1.9mm Row Ave N— - 1 B: [ ,-'P L
Y \ I ” =3
Criteria: Stsb 0.5mm to 3.3mm Averape, mhmsmuieb!adeahnve4.8mm i 11{{. ' o s ; "\-;-’A . '-\“‘, |
: W/ NI N
H .y - » W 4
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Shroud Gap Datain2014 Assembly  Shroud Gap Data in 2016 Dis-Assembly

Row Average Gap = 1.9mm Row Average Gap = 1.9mm
Criteria: Stub 0.5mm 03 8mm Avemge.mth no single blade above 4.8mm.

l No clear relaton shlp be!ween gaps and shroud duppmg |

= 5}.:;- S WD A

uy

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 DEF20180001BARTOW LFES-000303
Box Gauge with 40” LO Blade

Inlet : Shroud gauga(+4.0),

Outlet : Shroud gauge({+4.0
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Box Gauge Measurement Results - 2014 blade gzrisarrow resonosos
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Blade manufacturing data show variation within criteria
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Telemetry Test Data Analysis
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Telemetry Test Results

Test Results

Strain Gage Locations ,“T\ o e of h N
- Six strain gage were installed on LH | o e » Analysis o Non-synchronous ISSPONSE SADW
and RH blades. .| frequencies close to 200Hz region and composed of
. Strain gage locations were selected /‘ﬂ; Dynericetain gaugeibioan) axualimode shape with higher nod.al diameter.
> High Response sensitivity for ¢ Fretling at stubs was evaluated with the telemeter test
vibration modes. } results. v
» MHPS Experience Jpa] Dot M__:L/ e
shERy ol
—
Similar to R~ t‘é > C"'"f":"
1# h!ude o ) Y
Shape 3 Nodal Diameters
Telemetry Testing 2014 -
To understand dynamic blade response during operation
SL3
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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 ot
Shroud contact conditions o
v,measured

*J
Vibration stress on stub for

fretting fatigue
Op

v

Safety factor ”
= Daliowable Iop ]

SL3
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Telemetry Test Results — Shroud Fretting

Cond Pressure [mmHg]
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Shroud fretting fatigue evaluation (With coating )
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Fretting fatigue calculations for shroud with coating show

acceptable

margins outside avoidance zone
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1T
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Telemetry Test Data — Shroud Fretting
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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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Operation Data Analysis
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Condenser Circulating Water (CW) flow analysissoesow resoms

Difference in CW performance [Gov Gen]
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Asymmetrlc clrculatmg water flow may explam difference in water erosion observed
Not enough data to draw any conclusion on blade shroud damage
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Operation Data Review
Around 170 hours

LP Inlet Pressure Vs. Condenser Vacuum of operation in
- . Avoidance Zone
) ‘ @ Telemetry Test Foints | 1 |
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170+ hours of operation in avoidance zone with a response
frequency ~200Hz = 1.2E8 Cycles
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RCA Conclusions
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Blade Shroud Cause and Effect Diagram

High average
contact surface

DEF20120001BARTOW LFE5-000314

— 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

ey

Rescnance vibration

Deformation of blade after
operation

—‘ Flutter vibration

j
i

Vibraticn 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

rough surface

No sever erosion on shroud
tipping portion

Corrosion fatigue crack

Contact surface stress
stress of shroud
Is high High local
contact surface
stress
; Operation in
F;gtrt:ng alnd Avoidance Zone
fgig:;’c;? high vibration
shroud Large rubbing stress at shroud
on shroud
Latching impact
on shroud
influence
Low Severe
Medium Environment
High

initiation on shroud surface

No sign of carrosion on shroud
surface

| | Rot. & Stat. Blade axial

spacing difference

Asymmetric Circ water flow
resulting different condenser
vacuum at two LP turbine ends

Difference observed in Circ
water flow at two ends
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Telemetry test results show small
response 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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Systams Americas, Inc. ("MHPSA”). Neither this document, nor any information obtained therefrom is to

~ be reproduced, transmitted or disclosed to any third party without first recelving the express written

i authorization of MHPSA. 33

© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.




DEF20190001BARTOW LFES-000316

Bartow Steam Turbine
RCA Review

Addendum Presentation
Nov 17th 2016
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Purpose of Presentation

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 9.

4) Provide responses to prior questions from Harry Carbone.

F, I =] This document centains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
a8 0 ‘. Systems Americas, Inc. (‘MHPSA”). Neither this document, nor any information obtained therefrom is to
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1.1) Operating Time 1 : Jan 2009 to Feb 2012
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LP Inlet Pressure [Psig]
. {Existing 1P exit uncalibrated Pressure)

Inspection Results : :

- byl [ , e LI oL X = =
L ooation :. Sehvice | Mid'S £ 3
Gen End Type 1 3yrs No significant 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
R IT & 112 This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
L 113 e Systams Americas, Inc. (‘"MHPSA"). Neither this document, nor any information obtained therefrom is to
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1.2)  Operating Time 2 : Apr 2012 to Nov 2014 el U

a5y l‘-?b‘:lT»f./‘ﬁ‘ % ﬁé‘ﬂ{ﬁ (a—Fs58/Y)
ns.® 2000 135.00 b0
6202 7 1 1 Do l
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{10 min ta) 1
o Zone-G 3 I ]
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g | H o « Period H run data |
& 670 P C % apri2-novid 2
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LP Inlet Pressure [Psig]
{Existing {P exit uncalibrated Pressure)

Inspection Results :

Gen End Type 1 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
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§ Systems Americas, Inc. ("MHPSA”). Neither this document, ner any information obtained therefrom is to
be reproduced, transmitted or disclosed ta any third party without first receiving the express written
authorization of MHPSA. 4
© 2016, Mitsubishi Hitachi Power Systems Americas, Inc. All Rights Reserved.

Mjl POWER sv E

ek v




DEF20190001BARTOW LFE5-000320

1.3) Operating Time 3 : Dec 2014 to Apr 2016
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Inspection Results :

Blades vice | #Mid Span Snibber  (iShroud | bisposition

Gen End Type3+ 15 Months No significant damage 7 minor chips Fit for continued operation. 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 to Oct 2016
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Inspection Results : LP Inlet Pressure [Psig]

{Existing iP exit uncalibrated Pressure}

WLocation | Blades | | Shroud S Disposition
Type 3+ 4 Months No significant damage 7 minor chips Fit for continued operation. Shroud contact on all
HVOF++ blades.
Gov End Type 3+ 4 Months No significant damage 33 significant Replace row as free shroud contact has bee lost
HVOF++ damage on 1 blade.
This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
- Systems Americas, inc. ("MHPSA"). Neither this document, nor any information abtained therefrom is to
: be reproduced, transmitted or disclosed to any third party without first receiving the express written
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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.

V - This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
i | 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
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2 - Hardness Variation — Presented

|316 315 315 313 319 325!

fuu

298
322
298
272

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

» Adecrease in hardness
was observed on the
contact surface.

9U8|d Juswainsesn
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2- Hardness Variation basemetal, Interface and Stellite Coating

Basemetal
1 2 Interface| Stellite
337 343 334 451
313 333 308 405
336 344 301 382

» No significant hardness variation
was observed within the base
metal as a result of stellite

welding.
v \ A > 5; This document contains Company Confidential and Proprietary information of Mitsubishi Hitachi Power SL3
i . | Systems Americas, Inc. ("MHPSA®). Neither this document, nor any information obtained therefrom is to
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3.1) Measurement Results RH (Gen End) 2014 biad&s™" ="
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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

QOperating 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 P 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 aliowable 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.

7. 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 meetings.

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 Geodman 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.
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Summary of Blade Types

DEF20190001BARTOW LFES5-000328

Brazed in Stellite

Spray Stellite underz

Welded Stellite

Polish off shot

Spray Stellite .3mm

Spray Stellite .3mm

Chamfer 1x 0.5mm

Corner cut on Z notch

Base material Leading edge erosion UnderZ notch peening after onsnubbercontact | on Z notch contact & 2mm radius on
N notch Leading edge 3 1 ~3mm x 3mm
strip Leading edge welding faces faces snubber
Type 1 Yes Not Applicable No n/a No No No No
Fpped Note ; Type 2 is 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 ] Not Applicable I_ Yes | No | No I No ] No Yes
MawesTppe s Note : No blade type - "Newer Type 3"
Installed 2014 Proprietary Sim to 17-4 PH K
{Typ3+ HVOF)} Proprietary HT Yes Not Applicable Yes No Yes Yes Yes Yes
tnstalled 2016 spring .
Ye
{Tyo3 + HVOF) Yes Not Applicable es No Yes Yes Yes Yes
Proposed now
icabl N
Fall “16{ Typ1) Yes Not Applicable o n/a No No Yes Yes
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