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Over the past 3 plus years, Duke Energy Florida LLC (Duke), at times working independently and at times
together with Mitsubishi Hitachi Power Systems {MHPS), undertook a root cause analysis {RCA) of the
cause(s) for the Unit 4S L-0 blade cracks and failures that occurred during normal station operations at
Bartow Station. The intervals between failures had become shorter after each failure despite MHPS’s
attempts to improve the blades’ performance and the station’s adherence to the revised OEM operating
instructions received after each successive failure.

Only after the telemetry test was completed and after the onset of Period 3, in approximately March
2015, {as a result of the telemetry test) did MHPS create an “avoidance zone” in which the station was
not to operate except as needed to ramp up or down. Bartow operated in the avoidance zone only 1.15
hours in Period 4 and O hours in Period 5, but suffered two (2) further fallures 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 (“PI”) 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:

« Operations in MHPS Avoidance Zone -- Low Pressure (LP) Turbine “Excessive” Steam Flow

« 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:

1 Because MHPS’s operational constraint called the Avoldance Zone was not provided by MHPS until after the onset of Period 3,
ane could only look at hours In that zone after-the-fact for Feriods 1 and 2
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« Zone Analysis - Shroud Fretting Fatigue
« 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 MBPS
concusred, 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 operaling conditions at Bartow’s 4x1 Combined Cycle {CC) Unit, the MHPS blades are
substantially more fragile than similar 40 blades both in Duke’s CC fleet and elsewhere in the industry ?

Duke’s conclusion is based on its study of the events and information that includes data supplied by
MHPS, PI 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 muitiple 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
10 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 ali potential upset conditions are resotved.

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 2 warehouse In Japan
until Duke purchased the unit in 2006.

? The most commonly reported issue with the 40° L0 blade design elsewhere 1s water erosion, which both Duke and MHPS
agree is not a contributing factor to the Bartow tailures.
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Before the 5T 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 usein a
4x1 CC configuration. CC units blend steam from the combustion turbines (CT) as they start-up and/or
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 2008, there have been five (5) events involving L-0 blade
failures and/or replacements as described, below.

Each 40" MHPS steel blade s 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 biade loss or catastrophic failure, two (2) involved upsets
and each event affected mid-span snubbers, shroud Z-Locks, and airfoil tips.

The five (5) Perlods are summarized in Table A. Each Perlod’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) biades only — with a re-engineered Type 1 blade at the start of Perlod 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 Perlod 3 resufted 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 {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
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MW as the {P 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 Perlod S
y December 2014 to Aprit Decemnber 2016 to
Date | June 2009 to March 2012 | April 2012 to August 2014 2015 May 2016 to Oct 2016 fa 3017
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
E'L‘\;;::: Trpe1 Type 1 (re-engineered) Type3 (v1) Type3(v2) Type 1
e E""“MW 420 MW (Namegtate) 20MW 450 MW" 450 MW 350 MW
rreated m T:f;g“c;m'er‘ﬁ::' 118 psig Limit on 1P 126 psig Limit an IP 119 psig Limit on 1P 1115 psig imit on P
Limits {irmits Exhaust Exhaust Exhaust Exhaust
Retroactive
Calculation of
Avoldance Zone
"Exceedance” | 2,466 hrs. (of 21,734 hrs.) 1 br. (of 21,284 hrs.) 240 hrs. {of 10,286 hrs.) 1,15 hrs. (0f 2,942 hrs.) O hrs. {of 1,561 hrs.}
based on the MHPS
Perlad 3 Avoidance
Zone chart*
Broken Snubbers SYE/OGE OTE/OGE OTE/DGE OTE/1GE OTE/13GE
8roken 2-Locks 0TE/OGE OTE/OGE MTE/5GE ITEIZE‘E;Z;Lodand OTE /8 GE
Maderate Amount of Moderate Amount of High Degres of Wear Evid of Poor High Degree of Wesr {for
Wom Z-Locks Surface Fretting and Surface Fretting and Observed Alignment Obsec mm nct Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | Planned outage for vaive Planned outage for Blade telemetry Two (2) separate step Jan 2017 “loss of mass”
Period | work, aswelt asannuall- | upgrade to “heawy duty” instrumentation instalied | changes (decreases)in event - blade fragment
G Inspections. ades, based on MHPS and testing conducted in vibration led to the Duke projectile traveled
representationthat ithad | Dac 2014 st the beginning | Engineering through the LP turbine
At the start of this period, | improved design of Period 2. recommendstion to rupture disk disphregm.
MHPS approved 4x1 remove the ST from
{unfired) operations st Some biade damage (e.g. During blade tetemetry service for inspection. Dental mold impression of
392 MW output, as well chipping st contact testing, the untt was falure surfaces indicate
s 3xt (duct fired) corners) was chserved intentionafly run in Blade “loss of material” ~1047 strations mesning
operation at 420 MW, from removed service avoidance zone to set observed, as wellas crack | high cycle fatigue (at 200
supported by MHPS- blades limits ~ unit ran in zone Inttiation in high stress Ha giving aver 2M cycles
provided heat balance for <20 hrs. area of airfoll. in 3+ hrs to fall snubber}
documentation
Planned outage for valve | Stellite hard-facing added | L-Oblades removed and
During a plant shut down work, as well sssnannual | to the blade Z-tock. prassure piate instaliad;
8 visual inspection of the -0 Inspection pressure plate restricted
ST L0 blares revealed ST output to between
damege to the turbine No blade cracking 360-380 MW, MHPS
end biade snubbers. observed after testing maintains operationsl
{when the test restrictions on ST,
mstrumentation
removed).
Staflite hard-facing added
to snubbers only.
Information Shared Duke provided all Duke provided al Duke provided all Ouke provided all Duke provided all
with MHPS requested Pl dsta: requested Pi data, requested Pl data. requested P| data. requested P! data.

2 Qutside of operation in the MHPS Avoldance Zone

“ 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.

DECLASSIFIED
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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 1-0 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 ofthe
first three failures.’

Then and now, Duke Engineering does not agree that back-end loading above 15,000 {b/hr-ft2 has been
the failure-driving mechanism for the documented L-0 events. As Table A illustrates, Pericds 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 considerabie 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
fours 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).

¥ 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 plade airfoil as seen during Periods 1-5 Duke
Engineering does not agree that this data can be extrapolated over all five Periods i part, because the data does not include
normal operating conditions at Bartow and i part, because the information does not explain what occurred in each Period.
Without telemetry oves a sufficiently long penod, under a sufficiently rormal 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 Perlods 1 and 3

Based on comparative run times and damage, it is difficult to conclude that the L-0 blade damage in
each Period or any particular Period is due to unit operation in the avoidance zone.*

Thermal Distress (dTs/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 initlate snubber cracks are blending and the use of hood sprays (especially with low cut-of-
spec inlet pressure). Blending is discussed first.

% Even though the 1-0 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 Ouke to operate the machine beyond the current IP Turbine exhaust pressure
operating limits because of “potential impacts to upstream biading” — 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 -0 blades.
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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 thermacouples positioned at the LP exhaust
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 biend operations.

Using Excel and P} 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 necessa rily indicate the overall
severity of any loadings on the 1-0 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 bliends. 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:

Takle B -Number of “Counts” that Meet the Blending Criteria for Pariods 1-5 oa Bartow Unit &8,

Number of Operating Hours Number of Blends {or “Counts")
- __ ___inEachPeriod |  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 S

*Includes 6 biends during straln gauge testing in December 2014

Using the same criteria as used for Bartow, blending operations at the HF tee CC plant and for Hines
Energy Power Block 2, which have 40" and 42° L-0 blades, respectively (but from different OFMs than
MHPS), were used as a basis of comparison to Bartow —see Table C.

Tabie C - Number of “Counts” that Meet the Blending Criteriz an the HF Lee CT %)

" Althaugh 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 HCE effect. Likewlse, at too-high a temperature delta, 100
many data points may have been eliminated.
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Number of Number of Blends {or “Counts”)
Duke Station OmteRange 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

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 torresponds 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 ar unit trip as
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exhaust pressure incieases, 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°
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.

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.

Fisure 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 belleve that any pressure pulses
from the hood spray would have been strong enough to harm blades.

Zone Analysis — Shroud Fretting Fatizue
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 Preseniation Dated 15 March 2017

Damage Mechanism

t'lade Respor se — Desigh Margin U (o le
Examp'e = Shroud Fretling Fatigus -

. Blade resp onse is evalvated through the intey ation of the stress
yesponse all the moides betwees, 180Hz v 120H

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.

DECLASSIFIED
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“zhle D~ Time (in Hours) in £ach Zone and Compared with Operating Time
F o TimeinZone | TotelTusbme % Timein.
_____ _‘, Fi F2 F3 Tota] |OperstingHours, ZoaeF |
|Period1| 9012 | 4662 | 9.7 | 1377.0 | 21738 | 6.3%
Perioz2| 5218 100 | 0.2 | 35321 | 2184 | 7.2%
Pedoc3| 5138 | 2575 | 239 | 7952 | o086 | v
; (Peiods 13 | 4078 | 00 | 4090 | 2842 | 356 |
[Periog3 | 41950 | 00 | 00 | 4106 1561 | 26.8% |

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 s 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-Q blade Z-Laock from Ferfod 5 Showing Contact Surface Wear
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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.

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-tock
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
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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-O blades were used to establish a baseline blade
response to capture “worst case” geometry variations.

MHPS concluded that the dimensional tolerance between the Type 3(v1/v2) blade and the Type 1 blade
may have been as great as +/- 2 mm —i.e. the Type 3 blade (Periods 3 and 4} showed greater distortion
than the Type 1 blade (Periods 1, 2 and 5).° With a greater geometry variation, the Type 3 blade
provided less mechanical dampening (relative to the Type 1 blade) because of the smaller contact area
and misalignment.

While MHPS contends that geometry variation on the Type 3 blade is not significant enough to have
negatively impacted blade stress/response, MHPS also implicitely acknowledges that blade
fitment/geometry is important in its current efforts to redesign the 40" blade following the fifth failure.
In fact, it is is changing the geometry in response to specific Duke suggestions.

In conclusion, Duke Engineering believes that the “as-left” placement of the blades in the 3" and 4™
Periods had some impact on the failures, though again, had the blades been more robust, they may not
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.

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 biade design/lack of blade design margin. That is to say, under
expected operating conditions at Bartow’s 4x1 Combined Cycle (CC) Unit, the MHPS biades are
substantially more fragile than similar 40” blades both in Duke’s CC fleet and elsewhere in the
industry.*®

* These findings are consistent with an independent anslysis of the blades by Duke using third party scanning.
10 The most commenly 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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Duke’s canclusion is based on its study of the failure events and both design and operational

information including data supplied by MHPS, P data from Bartow, information from similar units in
Ouke's fieet, 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.
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Appeadix &: MHPS | -0 Blade Type Matrix

Bartow -0 Configurations
Typel Type 3 [vi) Type3 (v2}
Length a0 & 60"
Coum [T ba 64
Turb/Gen End Yes Yes Tes
Lnubber Na HVOF Chamier Radius & HVOF Chamfer Radius & HVOF
Z-otk No HVOF No HVOF 45" Comer with HVOF Applied
Blade design Original Original Original
Material 17-4ph 17-4ph 174 ph
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Chrus L0
Type 5
a0
&4
Yes

Different Radiol Height Refotive to
Bortow L-0 (About 17)

Na HVOF
Attack Angle Chonge

17-4ph
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Sppendix B: Empirical Diate Concerning Factors which iViay Have Affected L-0 Blades
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BRR 4S L-0 Background rev 10-15-16hmc

The Bartow Comblned Cycle Steam Turbine 4s (COE jnid-2009) last stage blade (L-0) lssues started with 3=— —f_mm )ust.ﬁed

ing visual inspection that lead %o 3 forced outage In 2012 after just 3 years of in service time, Several

Deleted: the

cracks and chips were found on the blade mid-span snubbers and tlp 2-notches of the turbine end row, The
penerator end was undamaged and turbine end L-0’s were replaced. The OEM concluded In a root cause
investigation the cause of the issue was last stage steam flow rates beyond their design limits forcing non
synchronous blade vibrations and subseguent wear and fatigue of the mating blade contact surfaces. ALSIJBI
sime, the OEM requireda lisit o the IP exhaust pressura to limit steam flow fnéo the LP sex s orginel
gesign limit thus restricting output. The unit continued to run at the ariainal desian condi:ions untll a more.
rugged design upgrade yias developed and madepvallable. "

It is important to note that this turbine was originally desinned for ancther project and built by the OEM, but

shi . It was sub: Tth the limitations in furbine o shown
gn the heat balances and ather documentstion provided, Mowever, It was much fess clearabout the exhaust

flow limit the ovtput limif implied singe this pressure and flow fimit is notelesrly stated on the documentstion / /
—

ivern. ,

ngoving 2015 2 planned outage replaced the ariginal design, b!adeugalth plades having several improvements
that included hard facing of the mid-span snubber wear surfaces. [t should d that the orluingl

aenerator end blades, and the 2M ser of fus qﬁwlgs?mméd%mm@;iuw‘% dition ang sultzble for °

continued ration.

Joformation presented by the OEM showrerf test data indlcating an Improvement of wear rat:
by a factor of x10 with the gdditlon of a hard face-coating, as well asa_mggiﬁcant reduction in wntact t stresses .-
the revised design promised, Previous to the §gpjmn of the revised blades the OEM root cause was
questioned and challenged. jwo Japanese executives that made & presentation at site ard thelr openness for
guestions and data presented allowed the Legacy Progress team to conclude that If we had a three year Iife

blade and improvements could give more that x10, the goal a reasonable life { > 15 yrs) was very likely. B

contract for procuring and testlng this revised upgraded blade also added protection and reduced risk with a 6
yr warranty 3 yr full remainder prorated, a significate upgrade from 1 or 2 yr full warranty. This seemed an

adequate choice to Justify the decision to plan and schedule this 2015 outage with the upgraded blade.

The gest plan for the new biades included strain gage testing In the OEM facility, svhizh we witnessed, and In; .~ . Deleted: that
<Shtu straln gage testing 2t site with full lodd steam. All steps reasonable and practical were taken to assure the

design was going to be successful, and the team performed due diligence with the choice to select the

redesigned blade and validate it withput waiting 3_vears for run experience. The testing did reveal an
“avoidance zone” or combination of steam flow and condenser backgressures that was g driver for blade

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

“avoidance zone”, jt was intended that the uolt nof be run with these combinations of Alow snd backoressyres

In early soring 2016, an inspection that was expected to be routine and have no findings reveeled damage ata-

blade tlp z-ngich that rendered the unit at a high risk to return to service by the OEM. The blades were

elife_;’/
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replaced in May 2016 with a second OEM design modification that included adding more hard facingto fhe ti - [ Deleted: additional

—

z-noteh contact surfaces.

The unit restarted in June 2016 and ran urtil july 2016 when a step change in vibration of approximately 0.5 | Delated: s — )

mils at the LP bearings peeurred. The unit continued to run and an additional small step change pecutr din . | Deleted: ranform _}

Aug 2016. The OEM was consulted and they felt the vibration changes were due to changes in bearing ‘“\‘ Deleted: to J

stiffness. The Duke team Iy comforiable with th [ lon and whil that '\ Deleted: happened )

sotor mass loss mzy not be likely, it was possible, and therefore the unit needed to be shut down for a visual * f Deleted: A

inspectlor;. (i:mmercial load demands, two hurricanes and other unit outages postponed this inspection unti! \\\ Deleted: happencd ——e _%

i 2008 — — \ \\\‘ Deleted: foft )

This recent inspection revealed the cause of the vibration changes to be significant mass loss of three separate \\\;\1 Deleted: while _]

1-0 blade tip z-notches — one on the turbine end row, and two on the generator end row, in addition, at lgast ‘:[Ddeted: was J

one mid-span snubber has failed. The data jndicate on of the blades only ran 30 days prior to falling. “\‘\ \ | Deleted: s )|
', | Deleted:

The expected blade life predictions oi the |atest blade configuration compared to the actual field experience i \ [— =y - %

the driver for the study in attachment A of steam turbine outgut and pperating pressures, me, ,Thereis:\, W\ R Deleud: "

one particular fact and clear apparent path forward that can bee seen in this data. The Table below from the \\\\ [;5 - it e vyt n Con Skagn e e 1 ]

attachment presents the fact that the more we modified the blades, the shorter the jime before contact |t \ [ pelgted: and J

3 ) ) i = 1\} W\ and timing
surface failure despite the fact we have gontinued gperate the unit with lower steam flows that Jall mostly 10 [ Deleted: o ]

R s . i M =
within the OEM limits for the original design Deteted: dota wa j
i ] ! | Deleted: Mw's, |
BRR 4s L-0 Life History [ Deleted:, T B
il J
30,000 3,000 }};\\[ Deleted: etc. in detail ]
- LAY —_—
25,000 = fgttlperiog Ve - 2500 { .‘\[ Deleted: ere many obvious }
' poleted: s J
w=MHours > 126 psip exh or » 119 A
20,000 - - 2,000 R Daleteck one )
- | Defeted: fife we got 1
15000 1 N \ =1 >3 {! Deleted: were reducing the )
7 11,544 £ " Deleted: excitat '
10000 -2 N © | 1,000 : = )
K \ \ S I Deleted: was the suspected cause for the failures ]
5,000 ™S 500
\ __,..--"'-34&..,_' ‘\ 3,000
- — 35— -
Time Interval [ Time Interval I Time interval ili Time Interval IV

data reveal that the original deslgn in time intervals 1 and 2 only had the mid-sgan snubber

Inspection of the

failure of the original turbine end (TE} blades — an 2 time interval nearly 2500 hours of operation was
abov 0 imil ime interval 2, no failure: urred and nl rs of operation slightly
bove the limit. This means that the gen r end (GE) blades ran nearly 50 with no failures.
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This Is in contrast to time interval 3 where fallures gecurred after only 11.5 khrs of operation with only 240

hours above the original limit — and interval 4 with on h on and just ever only 1 hour 2 the

original flow #¥mit. The data clearly suggest that raing to the original design, and fimiting the 1P exhaust
r 123 psig inot sure P reading that sight off the gra which will give a; mately 400 to 405

MM with #x3 operation, will give much mo le i k¢ fied desi

SummaryofData =t o

While there are many significant points and facts to be concluded from the data being presented, a glaring fact
that surfaces Is the more we improved the blade design {two modifications, three verslons tested) and

simuttanecusly reduce the time at excessive flows, the shorter the blade service interval higg become, tt was _
" [ Deleted: «

never cbvious earlier in the spring 2016 failure because the time operations exceeded the pressure was the
focus of the second yet incomplete RCA. No one knew the first service run had so many hours above the later

imposed pressure imit.

While in the perlod | there were 33K hrs avallable and 2600 hrs with high pressure operation. There were no
blades found with complete Znotel lug loss and no step changes in vibratlon were encountered.

Compare this to period Jil with 11k hrs and 240 hrs with high pressure. This [s the first design miodification
cormpared to the original design we were trying to improve. The life decreased by x 1/3 rather than increase
by %10 . The high pressure hours did decrease from 9% of thetime period to 2%, But the blade service iffe still
decreased. This is counter to the expected result,

In period IV the unft ran:3k hrs with 1.15 hrs at high pressure. This is the second design modification. The life
decreased to ~ x 1/10 not x10 as advertised. if you consider the unit actually failed a blade 30 days after restart
when the vibration changed ~ 700 hours the decrease in life is even less x 1/10 to approx. x 0.2. Or effectively
the second design modification, with pressure restrictions, gave 2% of the life of the original design with no
pressure restriction.

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

blade design (no hard facing) with reasonable operational restrictions on steam flows and pressure limits.
These restrictions need to be part of the control logic and not an operator or supervision option to interpret.

if this style blade is not quickly available the option of inspecting and installing the blades removed in 2012
should be evaluated agalnst an extended outage waiting for blades. This Is not the first recommendation.
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Opinion

These facts supported by actual experienced field data suggest the proposed OEM root cause may not be
inclusive of all interactions possible. It also suggests the following points need to be investigated for a better
RCA

¢ Quality of coating { workmanship)
o s coating not adhering. Some evidence in visuals to date
o Is process changing fatigue strength of base material
o s coating non uniform allowing higher partial face contact stresses
a other
¢ Quality of blade assembly { worlananship)
o Are the high vibrations we experience on return to service causing additlonal blade stresses.
MH! has low speed field balanced twice now with both attempts resulting in more Low
pressure turbing vibration post outage than pre outage.
- Are the hardened faces being damaged as blades are being hammered in the fan sequence.
Other
¢ Deslgn
Did blade tuning change design modifications and a higher frequency mode get Introduced.
©_Is there some yet to be found driver for the fatigue the design changes are not considering and

life is becoming shorter.
o Has there been changes to other manufacturing p ses, stich as areas of the surface
at are s ars to be an ynpeened area i fill he lug which i
ot rent on the priginal bl ~thisis near e cracki rsi.
o the bl rigl 5 ardness, tensil i
o Other
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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 48 L-0 blades to crack and break
during operation. During 2 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 avoldance 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 trylng 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 -0 events.

o low Pressure {LP} Turbine Back-End Loading (>15,000 |b./hr./ft.%)
Blending Operations

+ Hood Spray Operations

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

« Configuration {e.g. Hard-Facing on Z-Notches)

This tachnical paper will speak briefly of the history of L-0 blade events for Bartow Unit 45 and then
discuss In detall how each gvent was (or was not) affected by the contributing factors listed above.

Historical Perspective

Bartow is 2 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 deliverad 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 vield a A50MW gross output rating.

Sinca 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
airfoll tip fallures. 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 1-0 modifications). To date,
the modifications have not resulted in improved relizbility or performance of the 1-0 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” 1-0 fleet. The most
common reported issue from the MHPS 40" L-0 blade design is water erosion, which both Duke and
IMHPS agree is not a contributing factor for the Bartow failures. Presently, the ST is operating without |-
D rotating/stationary hardware and with an MHPS deslgned and fabricated pressure plate.
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DEF20190001BARTOW LFES-000096
CONFIDENTIAL

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

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-O
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
aperating 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
Tun 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 alf 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 haurs 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-0s currently removed from the machine and with the pressure plate installed, MHPS
Engineering has indicated that back-end loading is not currently an issue of concern.

Blending Operations
{insert text)

Hood Spray Operations

{insert text)
Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
(insert text)

Confizuration {Hard-Facing on the Z-Notches)

{insert text}
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Duke Engineering’s es MUPS’s conclusions represent contributing factors in the failures;
therefore, Duke Is not in concurrence with the mmended RCA conclusion. MHPS and Duke have
been working together, and continue to work together, to collect data and evidence to determine the
drivers behind these L-O blade failures. Data suggests that there are several contributing factors, none
which have been quantified condusively to determine the root cause to any particular foliure event.

There are five periods of interest:

Periad 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-D 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 [ Commented RS1]: | think we shouid add because we

eventually instali what was thought to be the solution to the issue with new design biades | worked with MHPS to design and mstall what was thought
’ | to be the solution to the sssue with new desgn blades

(installed in Fall 2014). | Instaled n 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 pslg during period 2.

Blade telemetry instrumentation was also installed during the Period 2 outage to measure biade
stresses and determine the limits of the avoidance zone in operation (performed by crossing the
avoidance zone (n 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 (vi)
L-O'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 2one. Operations restricted output by limiting |P Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoldance zone {no operating limitations placed around these areas by MHPS).

MHPS Engineering added stellite hard facing to the Z-ock contact faces to the newly installed
biades 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 avoidonce 2one was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for exomple, peak power secsons
in summer. Over the course of ime and subsequent -0 events, MHPS Engineering omended and
restated thelr technical disposition to express that operation within the avoldance zone should
be prohibited altogether.
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Perlod 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 resuit of several L-0 blades with broken Z-lock
interfaces and missing airfoil material. Inspection of the Z-lock area showed less than desirable
contact an 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 accurs in the Avoidance
ng

Period 5: Concluded in the spring of 2017 with approximately 2 months of operation with Type 11-0's in
service. This was a forced outage that was a result of several blades with broken Z-lack
Interfaces and snubbers on the Generator End (GE) L-0 blades.

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

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

Note: “Blending In* steam invalves integrating steam production from a specific CT/HRSG train
Into the ST. “Blending Out” steom involves bypassing steam from the ST to the condenser as a
particular CT/HRSG train tronsfers 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

L Perfod 1 Period 2 Penod 3 Period 4 Penod 5
o Date 2005-2012 2012-2014 | 2024-2016 May 2016 to Oct 2016 Dec 2016 - Fah 2017
Sennce Duration ~34 men ~28 mon ~17 mon ~5 man ~2 mon
L-0 Blado canfig Type 1 Typei Type 8 (vi) Type 8 (v2) Typed.
B ST Rating 450 MW (420 420 MW per MHI BOMW 450 MW 350 MW
QOperating None 118 psig Limiton IPExh | 126 psigltmiton IPExh | 119psiglimiton WExh | 111 psig Limiton IP Exh
” BladeOver spesd Overspeed testing in Over speed tested in No over speed No Overspead
sondition MFG Japan
Avokisnce Zone 2466 hrs. {of 27,552 1hr{of22320hrs) | 240hes{of 13,544 hrs) 1.15 hrs {of 3,000 hrs}) Qhrs
Excpedunce hrs.}
Broken Snubbers 5TE/OGE DTE fOGE 0TE/OGE OTE/1GE OTE/ 18 GE
Broken Z-locks OTE/OGE OTE/OGE 34TE/SGE 17E/ 2 GE *2-lockand OTE/BGE
airfoils
Wom Z-ocks not captured high degres of wear high degras of wear
— observed observed ]
Keynotes from | MHPSA was hired to Nota forced outage. Blada telematry testing; | Blada loss of material, Duke Discovary: JanfFeb
Perfod svents | evaluate ST design Outage ph dto fly ran n track inftiation in high 2017, first ime biending
conditions (original upgrada to "heavy duty™ | avoldanca zone toset strass araa of alrfoll. considerad to bea
design was for Tenaska, | biades. limits, ran in zone for Stellite hard facing had contributing factor in L-0
3x1 heat balance) & Some blsde damage was | <20 hrs). bean slded to the bisde | events,
continue the warranty. ohserved fromremoved  No blade eracking 2-ock, and is Nkaly a
MHPSA was storing for service blades. . obssrved after testing contribueting factor In Jen 2017 "ipss of mass”
Tenaska {purchased grey | 8tacs tai ¥ when test the fallure. event — blade fragment
market, stored by OEM), i Instr projectile travaled
ST drawing modifisd by | Installed (‘Dec 21 - Dec remaved. Two (2} separute step through the LP turbine
MHPSA and spproved 24, 2014) Bizde ted y datz h {cl ) in rupture disk diaphragm.
for 4x1 opseration st 420 2lso shaws higher strazs | vibration led to the Duke
MW output rating (238 aress in i Dental mold npression
mpph LP exhaust flow). outside the avoidance recormmendation to of failure surfaces
2one based on blade remove tha ST from Indicate ~107 striations
strain date (no operating | service for inspection. meaning high eycle
fimitations placed At first, MHPS did not fatigue {at 200 Hz glving
| around these areas by support this over 2M eyclas In 9+ hrs
| MHPS), data Ind & nor 1o fafl snubber),
we operated In these did they support the Corfirmation from the
zones ~X hrs during the idea that “loss of mass” Hurris mat l2b
period. had occurred. evaluztion shoukd help
detarmine cracking
mechanism
Information | MHPS provided al Pi MHPS provided el Pl MHPS provided ali Fi MHPS provided all P MHPS pravided ok P4
shared with MHPS | data they requested. data they data they d data they d data they ]
MHPS learnad through
Duke Engineering
{Intentional) that we
were investigating
blending and s Impact
1o the Candenser/sT
MHPS RCA team for the
first time lsamad what
*blending in® snd
*blending out* meant.
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Configurations Citrus 10

Type 1 Type3{vl) Type 3 (v2) New
Length 40" a0" 40" 40"
Count 64 64 54 - 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF |  Chamfer Radlus& | Helght same as Bartow

HVOF

Z-Lock No HVOF No HVOF HVOF applied ‘No HVOF
Blade design - ong. Orig. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001) Lunit,~5 months | In commissioning (~1yr)
Material 17-aph 17-4ph 17-4 ph 17-4ph

DFECLASSIFIED
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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 presentatian given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 {Dec 2014-Mar 2016) was “operation in the avoidance zone®. While
Duke Engineering would agree that operation in the avoidance zone Is certainly a contributing factor to
the shroud chipping experienced In Period 3, it is not the only contributing factor that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 4S event, or any of the
previous/subsequent events for that matter.

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

o Llow Pressure {LP} Turbine Back-End Loading (>15,000 Ib./hr./ft.%}
¢« Blending Operations

¢ Hood Spray Operations

« Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches
¢ 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 20MW. 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 admisslon system was
modified by MHPS with the intent for 4x1 CC operations to yield a s50MW gross output rating Commented [PYC1]: for penod 2 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 Inciude mid-span snubber failures, shroud Z-Notch failures, and
airfoll tip failures. Over the course of these events, MHPS has performed several design enhancements
to the 40” ST L-0 blade in efforis to address the failures (see Appendix B for L-0 modifications). To date,
the modifications have not resulted in improved reliability or perfonmance 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 fieet, 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 2 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.
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Root Canse 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 —
fearned {and made it known to Duke) that a significant contributing factor toward root cause of the 1-0
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 outfier 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 b./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
“avoldance 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 these periods of operation.

As for Period 3 there were only approximately 240 hours of operation In the svoldance zone, of which
spproximately 31 hours eccurred during the instrumented test by MHPS in December of 2014. Even
with the greatly reduced amount of high flow hours for Period 3 35 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-potch contact surfaces.
ile 2 r 15 not quantified for Pericd 1 and 3, pho ic evidence supgest:

that the amount of swear bs sinitar, 1t therefore giftult Lo conciude that damape to the 1-0 biades in
period 3 is solely due to unit operation abave the exhaust fiow fimit.

with the L-0s currently removed from the machine and with the pressure plate installed, MHPS
£ngineering has indicated that back-end loading is not currently an issue of concern.

Blending Operations
uring the most recent root cause analysis_the team expanded its view of turbine operationstoafl
aspects that might impact the L-0 blades. Since the desipn of the condenser includes spargers or “dump

tubes” for the hot reheat (HRH) and low pressure (LP) bypass steam flows from each of the four CTs. and

ince it has been observed that therrmocougles positioned at the exhaupst of the LP turbing ju:
down: m of th b hood spray thermocouples) can experience a significant change in
temperature during a blend operation, it was decil he Duke team to revi is operational
aspect.

A set of criteria and an automated process using Excel and P Datafink was developed that aliows farge

amounts of data stored in P! to be auickly 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 hoad
ray thermocouples. calculating a rate of change of that value and flagping those values gver 20

DECLASSIFIED

Commentad [FVC2]: T s what ! racall - but we need the
' photos to prove this othersise wa can't say ft.

Commenbd}m]: Howavsr, MHPS has anonc_ a_nyrevlew
u!d n‘lu;-d us to logohghcr tPilnIet prassures/flows.
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degrees F when a C¥ is beins, blended off or on the steam turbine and the steam turbine outgut is
ere selected as these are good indications that the

greater than 50 mw. The limits of 20 F and 50 mw w
blend steam had either hizher or lower enthalpy than intended for the design of t!
While this measure does not necessarily indicate the overail severity of any loadings that mieht be
imposed upon the 1-0 hlades, it does allow a comgparison of the number of higher energ;

paremeters.

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

blends that
occurred in each period, and it allows the team to guickly identify times to look at additional blend

Period 1 ] 1185 davs

| Number of days in Period

Number of blends meeting criteria

33*

includes the time period durlng commissioning from 1/1/2008 to 6/1/2008

**#xcludes b blends that meet criteria during strain gau

Hood Spray Operations

JThe RCA team also reviewed hood spray operations because of the very close groximity of the sprays to
the 10 blades and the function they provide to protect against overpressure. Hood spray opetation is

testing in

Sadsges
Period 2 973 days 2
Period 3 482 days 31oe
| _Pedgdd | 2 i12des 3
Period 5 68 days 5

ber 2014

prozrammed into the Ovation DCS control system and is basically sutomated with no operator

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

reduces the roushly 500 psis condensate pressure to the design pressure for the sprays of 50 gsie.

JReview of MHPS provided instructions reguires use of hood sprays under the following conditions:

e__Speed greater than 600 rpm and load less than 10 mw

o _Hood spray thermocouple reading greater than 160 F

During review of the hocd srray data it became clear that additional operation besides the above had
heen projgrammed inte the DCS since commissioning. In addition fo the above hood sprays were

programmed to tuin on snyiime blending took place (similar to the way the curtain sprays are

rocrammed], NO exd

W is was dong ha!

n found. Based on this finding heod spra
operation time is far preater than had it just been used as originally intended. A review of hood spra
thermocouple data shows they rarely reach 160 F during normal cperation and never over 165 F. Hicher

temperature are sometimes seen after a shutdown or trip when the temperature jn the exhaust

increases, most likeh, 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 issuel

- Deteted: (inserttaxt)
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ful attention was also paid to the hood spray pressure over ti This was found to steadil
decrease over successive Periods. Mainten of the valve in spring 2017 reveaied debris in the vaive
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 hol y pressure over time. The decay in water pressure

at the hood spray fozzles will have reduced atomization as these style of nozzle rely on pressure drop to
create @ vortey 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

[foor & = $000 gph £ ot ~ 50 ey |
pressure pulses. goot
stomizatos Smaler ]

3 y Wook @ D Charge v —

40 pre; rated 35 DS a0 20 pai Very Pt and e ¥ magrdode
kely wood spiertert found In vaive Fim oy cause ety 7 Nozzies DP jess than T 1 ¢t
V172 or prpiey; leak Droppng opes straeer [
pressirs to narzies bound 317

Curtain Spray Operations
{insert text)

Gap Measur Mid-Span Snubbers and Shroud Z-No

DECLASSIFIED
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{insert text)
Cenfiguration (Hard-Facing on the Z-Notches)

{insert text)
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Duke Enginecring's befleves that MHPS’s conclusions represent contrib in the foilures:

th Duke is nat in cancurrence 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 contributinz factors, none
of which have been guantified condlusively to determine the root cause to any particular fallure event,

There are five periods of interest:

Pariod 1; Concluded in 2012 with approximatly 34 months of operation with Type 1 L-0’s in service.
Five turbine end (TE) L-C 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 fonducted as Duke worked with MHPS and was willing to have MHPS provide and [ Gommestted [IRS4]: | think we shoukd sad bacause we worked
eventually install what was thought 1o be the solution to the issue with new design blades h’umsx.dﬂ Jﬂﬁmmmm&:ﬁﬁmJ
{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 limlt ot 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 siresses).

No RCA was reqjuired.

Perlod 3: Concluded in the spring of 2016 with approximately 17 months of cperation 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.
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After commissioning the blades operated in the avoidance zone for ~20 hrs to further refine the
avoidance zone. Operations restricted output by limiting IP Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoidance zone {no operating limitations placed around these areas by MHPS).

MHPS Engineering added stelllte 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 ovoidance zone was allowable under certain operating ranges for
both condenser backpressure and IP exhaust pressure during, for exosmple, peak power seasons
In summer. Over the course of time and subsequent L-0 events, MHPS Engineering mended and
restated their technicol 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-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 fallure 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 hecause 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
1one

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

During this period the 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 contsibuting factor to the
RCA. “Blending steam” Is a common occurance with combined cycle applications. One example
of a suspect blend transient is evidence of measured water hammer event(s) in piping networks
that dump into the condenser. The shock wave developed by a suspect blend transient does
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enter the condenser hotwell, however the impact of these type events on the L-0 blades i<
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 steom production from a specific CT/HRSG train
into the ST. “Blending Out” steam Iavolves bypassing steam from the ST to the condenser as o
particufar CT/HRSG train transfers from combined cycle to simple cycle operations {or offiine).

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

DECLASSIFIED
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Appendix A: Bartow L-0 Event Summary
Parind 2 Period 2 Perod 3 Penod 4 Period 5
Date 2008-2012 20122014 2014-2018 May 2016 to Oct 2026 Dec 2016 - Feb 2017
Service Duration ~34 mon ~2B mon ~17 mon ~5 man ~2 mon
L-0 Blade config Type 1 Typel Type 3 {v1) Type3 (v2) Typel
ST Rating asomMw (420 420 MW per MHI 450 MW i 450 MW 390 MW
Operxting None 118 psig Limit on IF Exh " 126 psig Limiton [P Exh 119 psig Lmit on IP Exh 111 psig Limit on IP Exh
Restrictions
Blade Overspeed Over speed testing in Over speed tasted In No over speed No Over speed
condition MF6 I ___Jmpan b . =
Avoidance Zone | 2466 hrs, {of 27,552 1 hr {of 22,320 bws) 240hrs {of 11,544 hrs) | 1.15 hrs {of 3,000 hrs) ‘1 ohrs
Exceedance hrs) S e [ .
Broken Snubbers STE/OGE OTE/OGE OTEJOGE OTE/3GE OTE/13 GE
Broken Z-ocks OTE/OGE OTE/O0GE o 34TE/5GE 17TE / 2GE *z-lockand DTE/8GE
airfolls
Worn Z-locks not capturad 1 high degree of wear high degree of wear
el s & observed
Keynatas from | MHPSA was hired to Nota forcad cutage. Blada telemetry testing; | Blade loss of material, Duke Discovary: JanfFeb
Period events | eveluate 5T design I dto ty ran in crack initiation In high 2017, first time blending
conditions (origial upgrade to "heavy duty® | avoidance zone to set stress area af alrfoll. considered to be a
design was for Tenaska, blades. {imits, ran in zone for Stellite hard facing had centributing factor in L0
8x1 heat belance) & Some blade damage was | <20 hrs). besn added to the blade | events.
tinue tha Y b d from 4 | No blade cracking 2z4ock, and is [Tkely a
MHPSA was storing for service blades. observed =fter testing contritarting factor In Jan 2017 "loss of mass”
Yenaska (purchased grey | Blade telametry when tast the fallure, event —blada fragment
market, stored by OEM). projectiie traveled
ST drawing modified by Installed ('Dec 21 - Dec removed. Two (2) separate step through the LP turbine
MHPSA and approved 24, 2018) Blade telemetry data changes {(decresses) in rupture disk diaphragm
for 8 operation et 420 ql30 shows higher stress | vibration led ta the Duke
MW output rating (238 aress in cperstion Enginearing Dentzl mold impression
mpph LP exhaust fiow). ‘outside the d; dation to of faflure surfaces
zone based on blade ramove the ST from indicate ~10°7 siriations
straln data (na operating | service for Inspection. meaning high cycle
Vimitations placad At first, MHPS did not fatigue (2t 200 Hz giving
around thase ereas by support this over 2M cycles In 3+ hrs
MHPS), data ind| Jation, ner 1o fall snubber).
| we aperated In these did they support the Confirmation from the
] zones "X hrsduringthe | ide= that foss of mass” | Harris mat lab
| pariod. had d. should help
| determine cracking
i S S mechanism
Information | MHES provided afl Pl MHPS pravided all PI MHPS provided all P MHPS provided all P MHPS provided all Pl
shared with MHPS | data they requested. data they requested, data they requested. datz they requestad. datn they requested,
MHPS learned through
Duke Engineeting
{Intentional) that we
were investigating
blending and fts impact
o the Condenser/ST,
MHPS RCA team for the
first time learned what
"blending In" and
“blanding out™ meant,
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0 Cenfigurations Chrus 10
Type 1 Type 3 (v1) Type 3 {v2) New
tength 40" 50" el 0"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
Saubber No HVOF Chamfer Radlus & HVOF Chamfer Radius & Helght same as Bartow
= HVOF
Z-tock No HVOF No HVOF HVOF applied No HVOF
Blade design Orig. Orig. Orig. Attack Angle change
Experlence 3 units (2003) 12 units {2001) 1 unit, ~5 months In commissioning {~1yr)
| Material 17-4 ph 1744 ph 17-4ph 17-4ph

DECLASSIFIED
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Executive Summary

Duke Energy {Duke) and Mitsubishi Hitachi Power Systems (MHPS} have worked bath 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 falluresisthat the
OEM designed blades were inadequate for the operating conditions with which they were subjected.

Duke Engineering believes the root cause for Perlods 1-5 involves more than one driving mechanism. During2
presentation given at the Duke FRHQ on 22 September 2017, MHPS zl50 indicated that there may have been

more contributing factors for various Periods of failure rather than just excessive steam flow through the LP ( Deteted:

section above the MHPS design limit of 15,000 Ib./hr./ft.2 Excessive steam fiow, or “operation in the avoidance
zone”, had been previously communicated by MHPS as the sole root cause back during 2 presentation made at
Bartow Station on 15 March 2017. Today, there is agreement between both partles 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

Thermai Distress at LP Turbine Exhaust

Pressure Pulses During Hood/Curtain Spray Operstions

Zone Analysis — Shroud Fretting Fatigue

e loss of Dampening {e.g. Hard-Facing on Mid-Span Snubbers and Shroud Z-Lack 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 respanse 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 cambined 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 discussin
detail how each event was (or was not) affected by the contributing factors listed above.
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Executive Summary

Duke and Mitsubishi Hitachi Power Systems (MHPS) have worked bath independently and together over
the past 12 months to determine what has caused the Bartow Unit 45 1-0 biades to crack and break
during operation. During 2 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 4S L-0 events.

¢ Low Pressure {LP) Turbine Excessive Staam Flow
¢ Thermal Distress at LP Turbine Exhaust

¢ Pressure Pulses During Hood/Curtain Spray Operations

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

This technical paper wil speak briefly of the history of -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 Cambined 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 aperate in @ 3x1 CCwith a gross output of 420MW. The ST was never dellvered 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. zl'he STLP g__drpission system was:
modified by MHFS with the intent for 4x3 CC operations to yield 2 450MW . gross output rating’-___ e ]| CommEnted [PVC]: For pericda enty. ]

Since commissioning there have been five {5) events triggered by 1-0 blade failures (see Appendix A for
event details). The types of failures include mid-span snubber failures, shroud Z-Notch faltures, and
airfoll 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 -0 modifications). To date,
the maodifications have not resuited in improved reliabifity or performance of the L-0 blades in service at
Bartow. The number of blade failures and problems with: ST -0 blade performance is not typical —i.e.
these issues are outliers among the Duke CC fleet, as well as in the MHPS 407 1-0 fleet. The most
common reported issue from the MHPS 407 L-0 blade design Is water erosion, which both Duke and
MHPS5 agree Is not a contributing factor for the Bartow fallures. 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 -
leamed (and made it known to Duke) that a significant contributing factor toward root cause of the L-O
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" -0 fleet with several
operating hours above the design limit of 15,000 lb./hr./ft.2 (the MHPS 40" -0 fieet average was closer
to 12,000 ib./hr./ft.3). 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.

Whike Duke Engineering agrees that back-end loading should be considered a significant contributing
factor toward raot 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 lllustrates, Perlods 2, 4 and 5 saw operating hours in the
*avoidance zone” of 1 hour, 115 hours and 0 hours, respectively. This indicates that back-end Ioading
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 accurred 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 tontact surfaces. While the amount of z-notch wear is aot quantified for Period 1and 3,
photographic evidence supgests that the amount of wear is similar{ It Is therefore difficult to conclude | Conmented [PVC2]: fus swhaldtecall- S e et B
that damage to the 1-0 blades In Perlod 3 is solely due to unit operation ahove the exhaust flow limit. Shatos Vs prove thivatheriss we et s J

With the L-0s currently removed fram 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 hes notdone any review J

and refsased us to go to higher LP inlet pressurea/flows.
Blending Operations — Thermal Distress {dTsy/dt] at 1-0 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 1-0 blades (hood spray thermocouples) can experience a significant change in temperature duringa
blend operation, it was decided by the Duke team to review this operational aspect.

A set of criteria and an automated precess using Excel and Pl Datafink was developed that aliows large
amounts of data stored in P1 to be quickly reviewed for each time Period. Blends that meet the criteria
were further analyzed to see how blend operations met or exceeded deslign criteria set by the
condenser OEM. The process relies on extracting Pl data, calculating a value of superheat at the hood
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spray thermocouples, calculating a rate of change of that value, and flagging those values over 20
degrees F when a CT Is being blended off or on the steam turbine and the steam turbine output is
greater than 50 MW, The limits of 20 degrees F and 50 MW were selected as these are good indications
that the blend steam had either higher, or lower, enthalpy than intended for the design of the sparging
system. While this measure does not necessarily indicate the overall severity of any loadings that might
be imposed upon the 1-0 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 Perfod Number of blends meeting criteria
Period 1 1185 days 13¢
Period 2 973 days L VA x
Perlod 3 482 days LTS . S
__Periodd | ao7days [T " T3 T
__PeriodS 68 days 5

*Includes the time period during commissioning from 1/1/2009 to 6/1/2009
**gxcludes 6 blends that meet criterla during strain gauge testing in December 2014

Hood Sprav Operations — Pressure Pylses

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

Review of IViHPS-provided Instructions requires use of hood sprays during the following conditions:

« Rotor speed greater than 600 rpm and steam turbina generator load less than 10 MW
¢ Hood spray thermocouple reading greater than 160 degrees F

During review of the hood spray data, it became clear that additional operation besides that which is
outlined above had been programmed Into the DCS since unit commissioning. In addition to the above
hood spray operating parameters, hood sprays were programmed to turn on anytime blending took
place —similar to the way the curtaln sprays are progremmed. 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 tikely due to the hot LP casings and sorne windage. No temperatures over 201
degrees.F were found {one very brief reading of 1040 degrees F was determined to be an Instrument

issue).

OPCRCAEXH-000041



DEF20180001BARTOW LFE5-000104

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 ‘Commented [JCE4T: Which valve is this ~ The control valve |

passageways. Review of historical records also indicate the strainer ahead of the valve had filled with Lmsptionedinithe R BEAENE i

deBu inpritk yeaes. | Commeted [ICES): same comment as KCE4. j

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
pressute drop to create a vortex inside the nozzle that causes atomfzation 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.

]

19000 5509

P -Tpsrnood sprays down to ~
100-300 gph many more pressure
[pulses and larper 0 magrtade
INGzzies DP isss than 7 1 p!
requined

]

Curtsin Spray Operations

(insert text)

Gap Measurements for Mid-Span Snubbers and Shroud 2. -DECL AS SYEXED

(insert text)
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Configuration (Hard-Facing on the Z-Notches)
(insert text)
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Duke Engineering’s believes that MHPS's conclusions represent contributing factors in the fellures:

been working together, and continue to work together, to collect data and evidence to determine the
drivers behind these 1-0 blade failures. Data suggests that there are several cantributing foctors, none
of which have been guantified conclusively to determine the root cause to any porticulor 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 5T.

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).

Pericd 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 Biade {Type
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: Conciuded in the spring of 2016 with approximately 17 months of operation with Type 3 {vi)
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 1P Exhaust pressure to 126 psig (based
on strain gauge data). Blade strain gage data also shows high stress areas in operation outside
the avoidance zone (no operating limitations placed around these areas by MHPS).

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

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

Note: At the onset of Period 3, per MHPS Engineering, short term operation — i.e. 10-20 minutes
per occurance — within the avoidance zone was allowable under certain operating ranges for
both condenser backpressure and 1P exhaust pressure during, for example, peak power seasons
in summer. Over the course of time ond subsequent 1-0 events, MHPS Engineering omended ond
restated their technicol disposition to express that operation within the avoidance zone should
be prohibited altogether.
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Perlod 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 severai L-0 blades with broken 2-ock
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 zene for 1.15 hours with additional
operating limitations of 119 psig in IP exhaust pressure.

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

MHPS s evaluating if the additional stellite coating on the Z fock promoted a loss of dampening.
Since this fallure mode was significantly different than any in the past or since this period, l.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 fallure. The replacement bfades going into Perlod
5 reverted back to the Type 1 design.

The Station also installed DCS logic to trigger alarms before operation occurs in the Avaidance
Ione

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 resuft of several blades with broken 2-lock
interfaces and snubbers on the Generator End (GE} 1-0 blades.

During this perlod 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 & common occurance with combined cycle applications. One example
of a suspect blend transient is evidence of measured water hammer event(s) In plping 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 -0 blades is
analytically unknown. Work is underway to determine if blend translents 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 Qut” steom involves bypassing stearn from the ST to the condenser as o
particular CT/HRSG train transfers from combined cycle to simple cycle operations (or offline).

The RCA s still underwav with no conclusions developed from data and findings.
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Peniod Period 2 Penod 3 Pariod 4 Period S
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
L0 Blale config Typel Typel Type 8 (v1) Type 3 {v2) Type 1
ST Reting 450 MW {420 T az0nW permsl 450 MW 450 MW ‘/OMW |
Opsmating None 118 psig Umiton IPExh | 126 psig Limiton IP Exh 119 psig Limit on IP Exh 111 psig timit on IP Exh
Blade Over speed Cver speed testing in Overspeed tested in No over spaed No Over speed
condition MFG e Jzpan 1
Avoidance Zone 2,466 hrs. (of 27,552 1 hr {of 22,320 brs) 240 hrs [of 11,545 hrs) 1.15 hrs (of 3,000 hrs) ohrs
Exceedance hrs. 3 n
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE QTE/1GE OTE/13GE
Broken Z-jocks OTE/OGE 0TE/0GE 34TE/SGE 17T€/ 26E *2-lockand i OTE/BGE
alrfofls
Worn ZJocks not captured | ~ | highdegrea cf wear high degren of wear
. _ observed | vhserved
Key notes from | MHPSA was hired to Not a forced outage. Blede talemetry testing; | Blade loss of material, Duke Discovery: Jan/Feb
Panocd events | evaluate ST design Outage pk d to donally ran in erack inftiation in high 2017, first time blending
conditions (original upgrade to “heavy duty” | avoidanca zone to set struss area of alrfoll. considered tobe
design was for Tenaska, | hiades. fimits, ran in 20ne for Stallite hard facing hed contributing factor in 1-0
3x1 heat balance) & Some blade damage was | <20 hrs). bean added to the blade | swents.
centinue the warranty. ohsarved from removed | No biade cracking z-lock, and [s fikaly &
MHPSA was storing for seyvice blades, observed after testing cantributing factor in J1an 2017 *loss of mass”
Tenaska (purchased grey | Blade tel Y when test the failure. wvent-—blada fragment
market, stored by OEM). | iy fnstn projectile treveled
ST drawing modified by | installed {Dec 21 -Dec ramoved. Tweo (Z) separate step theough the LP turbine
MHPSA and approved 24, 2014) Blade telemetry data changes {decreases) in rupture disk dizphragm.
for Ax1 operation at 420 2lso shows higher stress | vibration fed to the Duke
MW output rating (2.38 areas In I 8 L Dental mold impreasion
mpph LP exhaust flow). outsida the d to of failure surfaces
one bated on blede remove the 5T from indlcate ~1077 striations
straln data {no opereting | service for inspection. meaning high cycle
fimitations placed At frst, MHPS did not fatigue {at 200 Hz giving
sround these areas by support this over 2M cycles in 3+ hrs
MHPS), data Indicates recommendation, nor 1o fall stiubber).
we oparated in these ¢lid they support the Confirmation from the
zones X hrsduring the | idea that loss of mass” | Hareis metlab
paeriod. had oecurred. evaluation should help
detsrmine cracking
_ _ | mechantsm
Information | MHPS provided all Pl MHPS provided afl Pi MHPS provided 2¥ P1 MHPS provided all Pl MHPS provided ali Pl
shared with MHPS | data they requested. data they requestad. data they requested. data they requested. data they requested.
MHPS learnad through
Duke Engineering

(intentional) that wa
were Investigating
blending and its Impact
to the Condenser/sT.
MHPS RCA team for the
first time leamed what
"blending in” and
*blending cut® meant.
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s i MDA G

Bartow L-0 Configurations Cltrus L-0
Typel Type 3 {v1) i Type 3 (v2) Jues
Length 40" 40 40" B TH
Count 64 54 64 54 =
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radlus & Height same as Bartow
i HVOF
Z-Lock No HVOF No HVOF HVOF applied No HVOF
| Blade design Orlig. Orig. Orig. Attack Angle chonge
Experfenae 3 units (2003) 12 units {2001) 1 unit, ~5 months in commisstoning {(~1yr)
Material e 17-4 ph 17-4 ph l' 2 17-4ph 174 ph
Period | Fxcessive Steam Pressure Pulsefrom | Thermal Distrass | Loss of Dampening ] Tother @
fiow Fiood Spray 2 -0 EXnaUS Mecranitms |\
{dTamp +{/dtime}
1 X X X -
2 X X X !
3 ]k X X X % X =
4 X X sl
5 = i e X . ;:‘
11
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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 2 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 zane” is certeinly a contributing factor
1o 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 Unlt 4S event, or any of the
previous/subsequent events for that matter.

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

e Low Pressure (LP) Turbine Excessive Steam Flow

e Thermal Distress at LP Turbine Exhaust

o Pressure Pulses During Hood/Curtain Spray Operations

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

o Loss of Dampening {€.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 45 and then
discuss in detait 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 3 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 dellvered 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 halances to represent a 4x1 CC conflguration. The ST LP admission system was

modified by MHPS with the Intent for 4x1 CC operations to yleld a 450MW gross output rating. ,_»,f'[_ Commented [PVC11: For period 3 only

Since commissioning there have been five (5) events triggered by 1-0 blade failures (see Appendix A for
event detalls). 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" 5T 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 fallures and prablems with ST L-0 blade performance is not typical -l.e.
these Issues are outliers among the Duke CC fleet, as well as in the MHPS 40" 1-0 fleet. The most
common reported issue from the MHPS 40" L-0 biade design is water erosion, which both Duke and
MHPS agree is not a contributing factor for the Bartow failures. Presently, the ST is operating without L
0 rotating/stationary hardware and with an MHPS designed and fabricated pressure plate.
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Bartow 45 Root Cause Analysis — Evaluation of Contributing Factors

¢  LP Turbine Back-End Loading (>15,000 b./hr./ft.2)
« Blending Operations

¢ Hood Spray Operations
¢ Gap Measurements for Mid-Span Snubbers and Shroud Z-Notches

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

Executive Summary — written last to summarize...

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

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

LP Turbine Back-End Loading (>15,000 |b./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 biends 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 fack
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 parallef
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.e. Hard-Facing on Z-Notches)

Period 4...

Period 3...

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

DECLASSIFIED
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Bartow L-0 RCA Draft Workidg 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

| ~ DECLASSIFIED

Excessive Steam Flow

1Empirical Support for Root Cause

e
e e ey - ..-.........1.

Dkl Zone  (trsf{ik| Normalized

. |Mechanism ¥

e el I
Pesiod  Hours )
1 2173 X 24356 §.11 1
2 21288 1 o.00

0286 X 240 002 021

3
4. =2 115 | 000 [ 000
5 15 o 0.00

i .

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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Bartow 4S Root Cause Analysis — Evaluation of Contributing Factors

e LP Turbine Back-End Loading (>15,000 Ib./hr./ft.2)

s Blending Operations

¢ Hood Spray Operations

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

Executive Summary — written last to summarize...

Brief History — Copy/Paste and Add to what Ben wrote in his summary to leff 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 paraliel
in the cold setting, whereas the new Type 5 design Is deslgned with a taper such that it goes
paralle! 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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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.
L

 Empirical Support for Root Cause i
f
1
i Pressure Pulses
| Driving | Hood m‘" % of Total
Mechasiem | Spray | (o | Operating| Pl
iOperating] Presevt | Pressure fours
1 | ums 352 | 50084 | 25 088
2 jm X 182 | 73427 | 3
3 " io2m6 X 104 | 4357 4 012
4 | 2B 55 | 1738 6 0.37
5 1561 X 87 | 931 5 0.17

Hours of hood spray operation are weighted - 1.00 multiplier for 50psig linearly varying to 1.75
at S5psig.

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

Normalized against maximum 9%

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

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

The limits of 20 degrees F and 50 MW were selected as these are good indications that the
blend steam had either higher, or lower, enthalpy than intended for the design of the sparging
system.

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

DECLASSIFIED
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EmpiricafSupport for Root Cause

Thermal Distress (d¥sh/dt)

Driving Counts {> | Counts/{1 | Normafized

Mechanism
Operating " | 20Fshymin) | k Op fws.} Ranking

Period  Hours
1 21734 X i3 0.60 2.17
2 21284 X 7 @33 | 0os
3 10286 X 37 360 \
4 2042 X 3 102 028
s 1561 X 5 3.20 089

e Counts are defined as blends where there was a rate of change in superheat temperature
greater than 20 degrees at the hood spray thermocouples.
« 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.

¢ 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 45 L-0 blades to crack and break
during operation. During a presentation given at Bartow Station on 15 March 2017, MHPS suggested
the sole root cause for Period 3 (Dec 2014-Mar 2016) was “operation in the avoidance zone”. While
Duke Engineering would agree that operation in the “avoidance zone” is certainly a contributing factor
to the shroud chipping experienced in Period 3, it is not the only driving mechanism that should be
considered when trying to determine root cause for the Period 3 Bartow Unit 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 451-8 events.

e Low Pressure {LP) Turbine Excessive Steam:Flow

¢ Thermal Distress at LP Turbine Exhaust

e Pressure Pulses During Hood/Curtain Spray Operations

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

This technical paper will speak briefly of the Ristory pf 1-0 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 aSteam Turbine (ST) ma nufactured by MHPS. The ST
was purchased on the “grey.mérket” from Tenaska Power Equipment, LLC (Tenaska). Tenaska originally
purchased the ST o operate in& 3x1 €C with a gress output of 420MW. The ST was never delivered and
was stofed in a MHPS werehouse ir J@pan until Duke purchased the unit.

Prior to the Bactow commissm_nii\g, MHPS was contracted by Duke to evaluate the ST design conditions
and update heat balances to represent a 4x1 CE configuration. The ST LP admission system was
modified by MHPS with the intentifor 4x1 CC operations to yield a 450MW gross output rating.

Since commissioning there-have lieen five (5) events triggered by L-0 blade failures (see Appendix A for
event details). The types of‘f'a‘lﬂur_ss 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-O blade In efforts to address the failures {see Appendix B for L-0 modifications). To date,
the modifications have not resulted in improved reliability or performance of the L-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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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 foctor
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 2 Bartaw Unit 45 event, or any of the

previous/subsequent events for that matter.

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

e Low Pressure (LP) Turbine Excessive Steam Flow

« Thermal Distress at LP Turbine Exhaust

e  Pressure Puises During Hood/Curtain Spray Operations

« Blade Fitment - Gap Measurements for Mid-Span Snubbers and Shroud 2-Lock Cantact 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 Unt 45 and then
discuss In detail how each event was {or was not) affected by the contributing factors fisted ahove.

Historical Perspective

Bartow Is a 4x1 Combined Cycle (CC) Statlon 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 £20MW. 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. |I'he ST LP admission system was
modified by MHPS with the Intent for 4x1 CC operations to yiefd a 430MW geess output rating.

Since commissioning there have been five (5} events triggered by L-0 blade fallures {see Appendix A for
event details). The types of failures include mid-span snubber failures, shroud 2-Lock failures, and airfoll
ip fallures. Over the course of these events, MHPS has performed several design enhancements to the
40" ST L-0 blade in efforts to address the fallures (see Appendix B for 1-0 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 faifures and problems with ST.1-0 blade performance is not typicai ~i.e.
these lssues are outliers among the Duke CC fleet, as well as in the MHPS 40° 1-0 fleet. The most
common reported issue from the MHPS 40 L-0 blade design is water eroslon, which both Duke and
MHPS agree Is not 2 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.

.| Commiented [PVCLY: ForpericdSonty,
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Root Cause Contributing Facters
Low Pressure (LP) Turbine Excessive Steam Flow

Over the taurse of Periods 1, 2 and leading into Periad 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 fast stage blades. Back-end
loading is a function affected by steam flow and operating pressure thraugh a turbine section. MHPS
Engineering indicated that Bartow Unit 45 was an outlier relative to the MHPS 40” -0 fleet with several
operating hours above the design limit of 15,000 Ib./hr.fft.2 (the MHPS 40” L-0 fleet average was closer
to 12,000 tb./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 exteption belng “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 lllustrates, Periods 2, 4 and 5 saw operating hours in the
“avoldance zone” of 1 hour, 1.15 haurs 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.

While the amount of Z-

Lock wear Is not quantified for Perlod 1 and 3, photographic evidence suggests that the amount of wear:
Is simifar) It is therefore difficult to conclude that damage to the L-O blades in Period 31 solelydueto  _—{ Commanted [PVC2Y: This s what  recall but wa need the ]

unit operation above the exhaust flow limit. photos ta prove this otheranse we con't sy It

MWith 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 [PVCS): However, MHPS has natdone any reviaw ]
and relessnd us 0 go to higher LP inlst pressures/flows.

Biending Operations — Thermal Distress {dTy/dt) at LP Turbine Exhaust

During the most recent raot 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

OPCRCAEXH-000061
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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 Perlod 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 overali 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”}
__ s Meeting Criteria
Period 1.
Period2 7
Period3 31%E
__ Perlod 4 3 =
Period 5 5

*Hncludes the time period during commissioning from 1/1/2009 to 6/1/2009%
e*Eycludes 6 blends that meet criteria during strain gauge testing in December 2014

Pressure Pul During Hi Spra

The RCA team also reviewed hood spray operations because of the very close proximity of the sprays to
the 1-0 blades and the function they provide to protect agalnst 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

DECLASSIFIED

Commented [JCEST: Pau, | changea the meddie cokan to

Tha hours | have for Penod 1 (21,734} ~ do they nclude the time
frame you'va included next to the first ©, or are they Period 1

opnnﬁng hours past-CODN?
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¢ Hood spray thermocouple reading greater than 160 degrees F

During review of the hood spray data, it became clear that additional operation besides that which is
outlined above had been programmed into the DTS since unit commissioning. In addition to the above
hood spray operating parameters, hood sprays were programmed to tum 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 an 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 thermocoupie
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

Issug).

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 vaive " Comumented [3CES]: Which vaive o this — The control vaive
passageways. Review of historical records also indicate the strainer zhead of the valve had filled with l mantioned i the above paragraph? ot
debris in prior years. | Commersted [JCEE]: Same comment as JCE4.

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 Aprll 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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Appendix A: Bartow L-0 Event Summary
Period 1 Period 2 Period 3 Period 4 Pencd S
Date 20092012 2012-2014 2014-2016 May 2016 to Ozt 2016 Dec 2016 - Feb 2017
Sefvice Duration ~34 mon ~28 mon ~17 mon ~5 mon ~2 mon
L0 Blade config Type 1 Typal Type3 (v1) Tyoa 3 (v2) Type 1
ST Rating 450 MW (420 420 MW per MHI 450 MW 450 MW 390 MW
Operating None 118 psigilimiton IF Exh | 126psig imiten{PExh | 119psiglimiton!PExh | 111 psigLimitonIP Exh
" Blade Over spead Ovar speed testing in Over spand tested in Na over speed No Over speed
conditon MFG Japan S
Awoidance Zone 2,AS6 hrs. (of 27,552 1hr(cf 22320 hrs) 240 hrs (of 11,544 hrs} 1.15 hrs {of 3,000 hrs) Ohrs
___ Exceedange hrs,)
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE OTE/1GE OTE/I3GE
Broken Z-locks OTE/OGE 0TEJOGE 34TE/SGE 1TE/ 2 GE *z-lock and OTE/BGE
airfolls
Worn ZHocks not captured | bighdegres of wear high dagree of wear
i obaarved observad
Key notes from | MHPSA was hired to Not a forced outage. " Blade telemetry testing; | Biade loss of T, Duke DI y: ienffeb
Period evants | evaluate STdesign Outags planned to Intantionally ran in erack Inftiation in high 2017, first tima blending
conditions (original upgrade to "hesvy duty” | avoidance rone to set streas srea of afrfoll. cansidersd to ban
design was for Tenaska, | blades. limits, ran in zone for Stalilte hard facing had cantributing factor In L-0
3x1 haat balance) & Some blade damage was | <20 hrs), baan added to the blade | events.
continue the warranty. ohserved from removad | No blade cracking z-lock, and Is likaly 2
MHPSA was storing for sarvice blades. observed after testing contributing fector In Jan 2017 “loss of mass”
ka (p i grey | Blade ¥ when test tha faliure. event —blade fragment
market, stored by OEM]. i ' o projectils traveled
ST drawing modifiad by instalbed ('Dec 21 - Dec remaved. Two (2) separate stap through the LP turbine
MHPSA and approved 24, 2014) Blads teletmatry data changes (decreases) in | rupture disk disphragm.
for 4x1 operation at 420 | slso shows higher stress | vibration led to the Duke
MW output rating {238 | areas n op Dentat mold impression
mpph LP exhizust flow). outside tha avaid: dation to of fallure surfaces
zone based on blade remava the ST from Indicate ~1047 striations
straln data (no oparating | service for inspaction. msaning bigh cycis
limitations placed At first, MKPS did not fatigue (xt 200 Hz giving
sround these srexs by support this over 2M cycles In 3+ hrs
MHPS), data Ind| di ner to fall snubber).
vre operated in these did thay suppert the Confirmation from the
2ones*X hrsduring the | kdsa that “loss of mass” | Harrls met lab
period. had occusred. evalumtion shouid help
determina cracking
infarmetion | MHPS provided all Pl WIHPS provided all Pi MEPS pravided a3 Pt MHPS provided aR Pl MHPS provided all Fi
shared with MHPS | data they requestad. data they data theyreq ! data they requested. data they requastad.
MHPS learnad through
Ouke Engineering
(intentiona!) that we
were [nvestigating
blending and [ts Impact
to the CondenserfsT.

MHPS RCA team for the
first time lsamed what
*blending in" and
blending out" meant

DECLASSIFIED
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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) Jvees
Length 40" 40" a0" 20"
Count 64 64 s T 6 R |
Turb/Gen End Yes Yes Yes il 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. orlg. Orig. Attock Angle change
Experience 3 units (2003) 12 units (2001} 1 unit, “5 months In commissloning (“1yr)
Matertal 17-4ph 17-4 ph 17-4 ph 17-4ph
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Executive Suramary
Duke Energy {Duke} and Mitsubishi Hitachi Power Systems (MHPS) have warked 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 (5T) 40" L-Oblade failures is that the
OEM designed blades were inadequate for the operating conditions with which they were subjected.

Duke Engineering belleves the root cause for Periods -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. Excessiva 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 manths 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 Thermal Distress at LP Turbine Exhaust

® Pressure Pulses During Hood/Curtain Spray Operations

e Zone Analysis — Shroud Fretting Fatigue

s Loss of Dampening (e.g. Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces)
o 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
postutations 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 Pericds 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 cambined cyde
operation will be necessary to confirm the contributing factor postulations. In other words, the correciness 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 briefy of the histary 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 3 4x1 Combined Cycle (CC) Station with a Steam Turbine (ST) manufactured by MHPS. The STwas
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 Ina
MHPS warehouse in Japan until Duke purchased the unit.

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

with the intent for 4x1 CC aperations to yield a 450MW gross output rating, — memnnﬁed [PVCLY: For peried 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 airfoll 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-0 modifications). To date, the modifications have not
resulted in improved reffability or performance of the L-0 blades in service at Bartow. The number of blade
failures and problems with ST 1-0 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 407 L-0
blade design is water erosion, which both Duke and MHPS agreeisnot 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 Perlods 1, 2 and leading into Period 3, MHPS Engineering — through data analysis — leamed
{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 biades. Back-end loading is a function affected
by steam flow and operating pressure through a turbine sectlon. MHPS Engineering indicated that Bartow Unit
45 was an outlier relative to the MHPS 407 L-O fleet with several operating hours above the design limit of
15,000 Ib./hr.fft.2 (the MHPS 40" L-0 fieet average was closer to 12,000 ib.fhr.fft.2). Duke was issued an
«3voldance zone” chart with instructions from MHPS not to run to the right side of the curve — the lone
exception being “brief” operation during transient conditions.

While Duke Engineering agrees that back-end loading should be considered a significant contributing factor
toward root cause, one cannot definitively conclude that it has been the root cause of all five (5) of the
documented L-O events. As Appendix A iflustrates, Periods 2, 4 and 5 saw operating hoursin 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 an 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
“avoldance 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. Mhife the amount of Z-Lock wear Is not quantified for
Period 1 and 3, photographic evidence suggests that the amaunt of wear is snmilar It is therefore difficult to
conclude that damage to the -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 concarn!

Blending Opera =Thermal Dk /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 experlence a significant change In temperature during 2 blend
operation, it was decided by the Duke team to review this operational aspect.

Aset of criteria and an automated process using Excel and Pi Datallnk 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 deflned 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 biended into (or out of)
the steam cycle AND the ST output was greater than 50 MW. The limits of 20 degrees F {superheat) and 50 MW
were selected as these are good indications that the blend steam had either higher, or lower, enthalpy than
intended for the design of the sparging system. While this measure does not necessarily Indicate the overall
severity of any loadings that might be imposed upon the L-0 blades, it does allow for a comparison of the
number of higher energy blends that occurred in each Period, and it allows the team to quickly identify specific
points/periods in time to look at additional blend parameters.

Below is a quick comparison of the number “counts” that meet the criteria for Periods 1-5.

" Number of Elends (or “Counts”)
Meeting Criteria
Period 1 13 |
Period 2 7
Pericd 3 31%
____ Period4 T3
[ Pericds o 5 .

1

Commented [PVC2]: This Is what | recall - but we need the
photos to prove this otherwise we can'tsay It,

T

Commented [PYCE]: However, MHPShsnotdonaanvuvhwq

and released us to go o higher LP miet pressures/flows.

J
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“ncludes the time period during commissioning from 1/1/2009 to 6/1/200%
**Exdludes 6 blends that meet criteria during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtain Spray Operation{s)

The Duke RCA team also reviewed hood spray operations because of the very close proximity of the sprays to
the 1-0 blades and the function they provide to protect agalnst overpressure. Hood spray operation is
programmed Into the Ovation DCS control system and is basically automated with no operator interaction
required. The water source is the output from the condensate pumps. A control valve reduces the roughly 500
psig condensate pressure to the design pressure for the sprays of 50 psig.

A review of the OEM-provided instructions requires use of hood sprays during the following conditions:

« Rotor speed greater than 600 rpm and steam turbine generator |oad less than 10 MW
« Hood spray thermocouple reading greater than 160 degrees F

During 2 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 addttion 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-pravided 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
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 effectit
might have on generating dynamic pressures which the L-0 blades might see as large water droplets evaporate
in the exhaust stream.

{ Commentad [ICEA]: Paul, | changed the muidis column to

i hours {from day) to stay consstent with other charts we've created.
The hours | hava for Period 1 (21,734) - do they include the time

él’ramycu'valrﬂudud next to the Frst *, or are they Pened 1

fapemh‘hwrspoﬁ-coo?

Commented [JCES]: Which vaive is this — The control vehe
d in the above p h?
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Zone Analysis— Shroud Fretting Fatizue

{insert text)
Loss of Dampening {e.z. 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 hoth 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.
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Blade Fitment - Gap Measurements for Mid-Soan Snubbers and Shroud Z-Lock Contact Surfaces

During the course of the root cause investigation between Periods 3 and 4, technical questions arose relative 10
435 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 (eg.
flutter).

Per the OEM, the Type 3 L-0 blades were used to establish a baseline blade response from the telemetry and
skrain 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 - 1.e. the Type 3
{Periods 3 and 4) blade shows greater distortion than the Type 1 blade (Periods 1,2 and 5). These findings by
the OEM are consistent with independent analysis of the blades by Duke via 3" party scanning. With a greater
geometry variation, the Type 3 blade provided less mechanical damping {relative to the Type 1 blade) because of
the smaller contact area.

While the OEM contends that geometry variation on the Type 3 blade are not significant enoughto negatively
impact blade stress/response, the OEM has acknowledged blade fitment/gecmetry is important enough to
consider in their ongoing R&D relative to a Type § 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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Appendix A: Bartow L-0 Event Summary

Period 1 Period 2 Period 3 Period 4 Period 5
Dute 2009-2012 2012-2014 N 2014-2016 May 20160 Oct 2016 Dec 2015 - Feb 2017
Service Duration “*3Tmen ~28 mon ~17 mon *5 man ~2mon
1-0 Biade config | - Typel Tvoel Type3 {v1) Type3(v2] " Typa1
ST Rating 450 MW (420 220 MW per MHI 450 MW 1 Ao MW 390 MW
Nameplate) e e e e
Operating Nona 118 psiglimiton (P Exh | 126psigLimtoniPExh | 119 psigtimitonIPExh | 111 psiglimiton P Exh
Restrigtions e | X —— 4
"~ Blide Over speed Overspeed testingin Over speed tested In No over speed No Over speed
candiion WG : o AUPAN, i 2
Avoidence Zone | 2,466 hrs. {of 27,552 1hr{of 22,320 hrs) 240 hrs {of 11584 hrs) | 1.5 hes (673,000 hrs) Dhr
| _Bgeedance | hrs) : o ]
Broken Snubbers STE/OGE OTE/DGE OTE/OGE OTE/1GE 0TE/13GE
Broken Z-locks OTE/OGE 0TEfOGE alTEIEG‘-F—.- 1TE/2 GE*s-fockand OTE/BGE
alrfolls
“Wom Ziocks | | notcoptured high degres of wear e high degree of wear
) observed observed |
ey notes from | MHPSA was hired to Not a forced outage, Bigde telemetry testing; | Blade loss of material, Duke Discovery: Jan/Feb
Perlod events | evaluate ST design Qutage pki d to i forelfy ran in crack Intiation In high 2017, first time bianding
conditions {original upgrade to “heavy duty” | svoldance zone to sat stress arsa of alrfoil. cansidered tobe a
deslgnwas for Tenasks, | blades. limits, ran Inzone for Swiiite hard facing had contributing factor in -0
8x1 heat batence) & Soma blzde damaga was | <20 hns). besnedded tathe blade | avents.
the b d from d | No blade cracking 2-lock, and ks Mkely s
MHPSA was storing for servics blades. observed after tasting cantributing fsctor in Jan 2017 “Ioss of mas™
Teraska {p grey | Blade Y when test the fallure. event - binde fragment
market, stored by OEM). | i instn, k projectile traveled
Stdrewing modffied by | installed {'Dec 21 - Dec removed. Two (2) s2parats step through the LP turbina
MHPSA and approved 24, 2018) Blade telemetry data chanpes (decreases) in rupture disk dlaphragm.
fardx1 oparation at §20 alsa shows higher stress | vibrstion led to the Duke
MW cutput rating {2.38 ereas In opemation Engineering Dental mold impression
mpgh LP exhaust flow). outside the ! d. ta of fallure surfaces
zone based on blade remove the ST from Indicate ~1047 striations
strain data {no operating | service for inspection. raeaning bigh cycle
limitetions placed At first, MHPS did not fatigue (st 200 Hz giving
arourd these aress by support this over 2M tycles in 3+ hrs
MHPS), data indi d nar to fafl snubber).
we aperated in these did thay support the Confirmation fram the
zones X hrsduring the | [dea that “loss of mass” | Harris metlab
pesiod. had ocourred. evalsatisn should help
determine cracking
= mechanism
{nformation | MHPS provided all Pt MHPS provided all Pl MHPS provided all Pt MHPS provided all P{ MHPS provided all Pl
shared with MHPS | data they requertad. data they requested. dats they requasted. data they requsated, data they requested.
MHPS leamed through
Duke Engineering
{intantional) that we
were iovestiguting
blending and ts Impact
to the Condenser/ST.
\ MHPS RCA team for the
first time leamned what
“blending in" and
"tiending out” meant.
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow -0 Configurations Citrus 1-0
Typel Type3 (v1) Type 3 v2) s { Deleted: New
Length 40" 40" 40" 40"
Caunt 64 64 64 64
Turb/Gen End Yes Yes T Yes Yes ]
Snubber No HVOF Chemfer Radius & HVOF Chamfer Radius & Helght same as Bartow |
i HVOF

Z-lock No HVOF No HVOF HVOF applied No HVOF
Blade design orig. orlg. Orig. Attack Angle change
Experience 3 units (2003) 12 units (2001) 1 unit, ~5 months in commissioning (~1yr)
Material 17-4ph 17-4ph 74ph | 174aph
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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 8artow Unit 45 L-0 blades to crack and
break during operation,

Duke’s position is as foliows: The raot cause of the Bartow steam turbine (ST) 40* L-Obiade faillures is that the
OEM designed blades were inadequate for the operating condltions with which they were subjected.

Duke Engineering belleves the root cause for Periods 1-5 Invoives more than prig driving mechanism. Duringa
presentation given ai the Duke FRHQ on 22 September 2017, MHPS 5is2 indicated that there may have been

more contributing factars for various Periods of fallure rather than just excessive steam flow throughthe LP_ - Dalsbadi

section above the MHPS design {imit of 15,000 [b./hr/ft.2. Excessive steam flow, or “eperation in the avoidance
zone”, had been previously communicated by MHPS as the sole root cause back durlng 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.

¢ Llow Pressure (LP) Turbine Excessive Steam Flow

» Thermal Distress at LP Turbine Exhaust

@  Pressure Puises During Hood/Curtaln Spray Operations

« Zone Analysis - Shroud Fretting Fatigue

e loss of Dampening (e.g. Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Susfaces)
= @lade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud 2-Lock Contact Surfaces

Duke helleves that the contributing factors presented in this paper — or during MHPS presentations—are
postulations and may passibly 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 fallures at the mid-span snubber, shroud Z-Lock contact

surface and/or the blade sirfoil itself that were seen during Perlods 1-5.

The long-term solution (e.g. redesigned blades) for the Bartow LP section and subsequent fleld 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 postulstions. 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 4S5 and then discuss in
detail how each event was {or was not) affected by the contributing factors listed above.

Page 10f10+"
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Historical Perspective
Bartow is a 4x1 Combined Cydle (CC) Station with a Steam Turbine (ST} manufactured by MHFPS. The ST was

purchased on the "grey markey” fror 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 5T was never delivered and was stored in a
MHPS warehouse in Japan until Duke purchased the unit.

Prior to the Bartow commissicning, 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. , Commentsd [PVCLY: For patiod 8 only.

Since commissioning there have been five (5) events triggered by L-0 blade fallures (see Appendix A for event
detalls). 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
resuited 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" 1-0
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 Excassive Steamn 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 reot cause of the L-0 blade failures
was extremely high back-end |oading on the LP turbine last stage blades. Back-end loading s a function affected
by steam flow and operating pressure through a turbine section. MHFS 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 lssued an
*avoldance zone” chart with instructions from MHPS not to run to the right side of the curve - the fone
exception being "brief” operation during transtent conditions.

While Duke Engineering agrees that back-end foading should be consldered 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 fllustrates, Periods 2, 4 and 5 saw operating hours In the “avoidance
zone” of 1 hour, 1.15 hours and 0 hours, respectively. Thisindicates that back-end loading was not the cause of
any of the reported blade indications/fallures 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 af 21,734 total hours. However, blade damage was relegated ta
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 generatar ends of the machine.

| Formattad: Right
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Conversely, during Period 3, there were only 240 hours (out of 10,286 total hours) of operation in the
“avoidance zone”, approx. 11 hours of which occurred during the instrumented blade telemetry test performed
by MHPS in December 2034. Even with a significantly fewer number of “avoidance zone” hours for Period 3
relative to Peried 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 2-Lock wear [s not quantified for

Period 1 and 3, photographic evidence suggests that the amount of wear is similar. it is therefore difficult to Commeted [PVC2]: This iswhat 1 recafl- but we need the
conclude that damage to the L-0 biades In Period 3 is salely due to unit operation above the exhaust flow limit. mm;:m;’:;ﬁ" ExUeCE: 1tk

With the (-0s currently removed from the machine and with the pressure plate Instalied, MHPS Engineering has
indicated that back-end loading is not currently an issue of concern. " Commented [PVIC3]: However, MHPS has not done any review

{nd released us togoto higher LP inlet pmsum_s/ﬂows,
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 turblines (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 aliow large amounts
of data {stored in the Pi historian) to be quickly reviewed for each Period 1-5, Blends that met the criteria were
furthér analyzed to sec 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 8 quick comparison of the number “counts” that meet the criteria for Periods 1-5.

Numiber of Blends {or “Counts”) |
___Meeting Criteria

_ Periodl | 13

_Period2 L 7 |
| Period3 1 S .-~ Deleted: 1 e __
| Periodd | 3 B
| Periods [ : 5 h
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‘inclqdes the time period during commissioning from 1/1/2009 to 6,;’1/2005{_
* *irichdes Eblends that meetthe triteria durmg strein gavge testing tn-December 2014

Pressure Pulses During Hood/Curtain Spray Operation(s)

The Duke RCA team also reviewed hood spray operations because of the very dlose 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 S00
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 Rator 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 datz, it bacame clear that additfonal 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 to date. Based
on this finding, hood spray operation time is far greater than had k just been used as originally intended per the
OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F
during normal operation and never reach over 165 degrees F. Higher temperatures are sometimes seen aftera
shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP
casings and some windage. No temperatures over 201 degrees F were found (one very brief reading of 1040
degrees F was determined to be an instrumentation issue).

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

it

Commentad [ICBA]: Paul, | changed the middle column to
hours (froe day) 1o stay consistent with other charts wa've created,
The hours | have for Period 1 (21,734) — do they Include the tima
frame you've included next to the first *, or ere they Period 1

. | operating hours post-LOD?

Deletad: Ex

successive Periods. Maintenance of the balve in Spring 2017 revealed debrls In the valve passageways. Review | Commented [3CES]: Which valve ks this ~ The cantrol vaive

of historical records also indicate the strainer ahead of the valve had filled with debris in prior years’ operatlng._

The chart below demonstrates what happened to hood spray pressure over time. The decay in water pressure
at the hood spray nozzies will yleld reduced atomization as these style of nozzie rely on pressure drop to create
a vortex inside the nozzle that causes atomizatian 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 an generating dynamic pressures which the L-0 blades might see as large water droplets evaporate
in the exhaust stream.

Page 4.0f10¢

mentionad in the above paragraph? Yes.
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Zone Analysls — Shroud Fretting Fatipue

Based on data from the Periad 3 blade strain gauge test in December 2014, MHPS identified areasireferred to .| Formatted: Not Highlight l |
aszones) where blade response was high, but still below their desi limit in the nommal aperation range of the Formatted: Not Highlight ]
LP turbine. The Duke RCA team defined es as Zone F1 thru Zone F3 {sl e red rectangles in the

L low) and based on the Pl historical Iculated the amount of time the turbin nit | 20ne
for each period.
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Damage Mechanism

Blade Response - Design Margin Unabils to tast duo to
Example : Shroud Fretting Fatigue excessive blede Fesponse
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» Blade response is evaluated through the infegration of the stress
response &l the modes between 180Hz to 120Hz

Figure X: Datz ik MHPS froma ation « ——{ Formatted: Centered
Tablgy n of time {n hours in each of the three defined F zongs for each . The fotal
time in the 3 zonss js compar ith the ting timi 3, hat the Periad 5 blades
spent a high percent of time in the operating area defined as Zone Fi,
Time In Zane Total Turbine | %Time | Formatted Centered
F1 £2 F3_ | Towl |Operating Hours|inZone F /
Period1| 29012 257.5 235 1182.6 21734 5.4% B
Period 2 | 15219 300 0.2 1532.1 21284 7.2% <
Perfod3| 5138 2515 238 795.2 10286 7.7%
Period 4 i3 407.8 0.0 409.1 254> 13,9%
Period5| 419.0 0.0 0.0 4190 1561 26.8%

Table ¥: Time In hours spent In each Zone and the total compared with operating time
The maln reason for conducting this analysis stems from the observed amgunt of wear seen on the contact

surfaces for Perfod 5. Perlod 5 did not n lon time in the exclusion zone and the 3| nt ar
for the amount of pparation time seems excessive, A phote showing the amount of wear seen Is shown in [ Pormatted: Right
b
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Figure XX. There was wegr seen on the Peri ot pwever, the r rthan
what one f v relatively low o i

Fifgure 30¢: Photo of Z-notch from Period 5 showing wear of contact surface

Peri did have its share of higher energy blends as d the blend ene th in terms
of pperating hours in blend mode, Period 5 is not exgessive In terms of percentage time blending, The total of

hours of biend time does not appear to justify the wear seen, [ eleted: (insert =)

A

: [Furmﬂadi Kot Highlight
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
HVOE-coated. The Z-Lock contact surfaces were forced to provide all of the dampening for the system via
additional motion.

For Perlod 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
itsetf. 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 tralling 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.

{ 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 conoern 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 (espedally 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 damplng, which is a function of both contact surface area and vibratory stresses {e.g.

flutter).

Per the OEM, the Type 3 -0 blades were used to establish a basellne hlade 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 Typa 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 fess mechanical damping (relative to the Type 1 blade) because of

the smaller contact area caused by greater cantact misalignment.

While the OEM contends that geometry varlation 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
conslder in thelr ongoing R&D relative to a Type 5 blade redesign. Theolanned design changes are intendezdto | Deleted: P

reduce blade response and gynamic stressés that in the past were negatively impacted by decreased contact .~ | Deleted: induced
surface area between the shroud Z-Locks.
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ferfod 1 Period 2 Period 3 Period 4 Period 5
Date 2009-2012 2012-2014 2014-2016 May 2016 {0 Oct 2016 Dac 2016 - Feb 2017
Service Duration | ~24 mon ~28 mon ~17 mon ~5 mon ~2 mon
1-0 Blade config T Typel Type 1 Type 3 {vi) Type 3 (v2} Typel
ST Rating 450 MW (420 420 MW per MHI 450 MW § 450 MW 0MW
Operating None 138 peig Umiton P Exh | 126 psig Umiton P Exh | 139 psig Limiton IR Bxh | 111 psigLimiton P Exh
| Restnctions — — R a— ||
Blade Overspeed | Over speed testingin Over speed tested in No over spaed No Over speed
condition MFG | ke lepany ea— L
Averdance Zone 2,466 hrs. (of 27,552 1hr {of 22,320 hre) 240 hrs {of 11,544 hrs) 1.15 hrs {of 3,000 hrs) ohrs
Exverdance tws.) S | —— B |
Broken Snubbers 5TEJOGE OTE/OGE DTE/OGE 0TE/1GE QTE/13GE
Broken Z-focks OTE/OGE OTE/OGE 34TE/5GE 17TE f 2 GE *z-lockand OTE/BGE
aisfolls
Wom Z-tocks not captured high degree of wear - high degree of wear |
MUY [Sa—— (| folzyeed KIOIE L L < e R
Kay notas from | MHPSA was hired to | Nota forced outage. Blade telemetry testing; | Blade loss of materfal, Duks Discovery: Jan/Feb
Period events | evaluate ST deslign Outage planned to ntentionally ran in crack Initlation in high 2017, first ime blending
vonditions (original upgrade to *heavy duty” | avoldance zone to set stress area of alfoll. considered tobe &
design was for Tenaska, | blades. limits, ran in zone for Stellite hard facdng had contributing factor in L-0
8x1 heat bakence) & Some blade damage was | <20 hrs). heen added to the blade | events.
the Y. k d from d | Noblade cracking 2-fock, and is fkely a
MHPSA was storing for  seavice blades. observed after testing contributing factorin Jan 2017 “loss of mass”
Tenasks (purchased grey = Blade telemetry when test the faflure. event — biade fragment
market, stored by OEM). rti projectile traveled
ST drawing modified by | Installed ('Dec21 - Dec removed. Two {2) separste step through the LP turbine
MHPSA and approved 24, 2014) Blade tal y data ch {d } rupture disk diaphragm.
for 4x1 operaticn st 42D alsp shows higher stress | vibration jed to the Duke
MW outpunt rating [2.38 areas [n operation Engineering Dental mold Impression
mpph LP exheust flow). gutside the dation to of fallure surfaces
zone based on blade remove the ST from | indicate 1047 striations
straln data {no operating | service for high cycle
limitations placed At first, MHPS 8id not fatigue (at 200 Hz giving
around these nreas by support this | over 2M cycles in 3+ hrs
MHPS), data dation, nor to fall snubber].
‘we operated In these did they eupport the | Confirmation from the
20nes~X hrs duringthe | Idea that “loss of mass” | Harrks met lab
period. had cocurred. | evaluation should help
determine cracking
— s e N ¢ A A e on — .-_.“F._imnm
infarmanon | MHPS provided all Pt NIHPS provided all Pl MHPS provided afi Pl MIHPS provided afiFl | MHPS pravided all Pi
shared with MHPS | data they requested. data they requesbed. data they requested. data they requested. data they requested.
MHPS leamed through
Duke Engineering
| (intentional) thet we
were [nvastigating
blending and Tts Impact
to the Condensar/ST.
| MHPS RCA team for the
| first titne loarned what
*blending In™ aml
“Biending out” meant.
Page B of 10
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Appendix B: MHPS L-0 Blade Type Matrix

Bartow -0 Configurations Citrus 1-0
Type 1 Type3 (v1) [ Type3w2) i Dupe s - { Delated: wew

Length 40" 40" 40" 49"

Count 64 64 64 64

Turb/Gen £nd Yes ! Yes Yes Yes

Snubber No HVOF " Chamfer Radius & HVOF Chamfer Radius & Helght same as Bartow

HVOF

Z-Lock No HVOF No HVOF HVOF applied No HVOF

Blade design Orig. Drig. Orig. Attack Angle chonge
Experlence 3 units (2003) 12 unlts (2001) 1unlt, ~5 months In commissloning {~1yr)

Material 17-4ph 174 ph 17-4 ph 17-4ph

,{ Formatted: Right
/
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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 ta 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 (5T) 40" 1-0 blade fallures is that the
OFM 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 fallure rather than just excessive steam flow through the LP
saction above the MHPS design limit of 15,000 Ib./hr.fft.2. Excessive steam flow, or “operation in the avoidance
z0ne”, had been previously communicated by MHPS as the sole root cause back during a presentation made at
Bartow Station an 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 cantributing factors
toward root cause of the history of Bartow Unit 45 L-0 events.

«  Low Pressure {LP) Turbine Excessive Steam Flow

¢ Blending Operations— Thermal Distress (dTsy/dt) at LP Turbine Exhaust

¢ Pressure Pulses During Hood/Curtaln Spray Operation(s)

e Zone Analysls - Shroud Fretting Fatigue

e Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lack 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. Mast 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 fleld 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 1of 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 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 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

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

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

¢ Zone Analysis — Shroud Fretting Fatigue

*  Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lack 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 paossibly 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 Perlods 1-5.

The long-term solution {e.g. redesigned blades) for the Bartow LP section and subsequent field measurements
taken following varlous 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.

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 (Te naska). 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 ina
MHPS warehouse in Japan until Duke purchased the unit.

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

Since 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" 5T L-0 blade in
efforts to address the failures (see Appendix B for L-0 modifications). To date, the modifications have not
resufted in improved reliability or performance of the 1-0 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 407 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 Ib./hr./ft.2). Duke was issued an
#3voidance zone” chart with instructions from MHPS not to run to the right side of the curve —the lone
exception being “brief” operation during transient conditions.

While Duke Engineering agrees that back-end loading should be considered a significant contributing factor
toward root cause, one cannot definitively conclude that it has been the root cause of 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 difficuit to conclude that damage to the L-0 blades in Period 3 is solely due to
unit operation above the exhaust flow limit.

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

| Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 3

With the L-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 supponrt 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 the L-0 biades. 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 P! historian) to be quickly reviewed for each Period 1-5. Blends that met the criteria were
further analyzed to see how blend operations met or exceeded design criteria set by the condenser OEM. This
process involved extracting P! data, calculating a value of superheat at the hood spray thenmocouples,
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 biend parameters.

Table 1 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5.

e Number of Operating Hours | Number of Blends (or “Counts”)
in Each Period Meeting Criteria
| Perlodl 21,734 13
~ Period 2 _ 21,284 T N
Period 3 10,286 iy 37* h
Period 4 2942 _ 3 3
| Period5 1,561 e 5 Ea K

*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
¢ 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. [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’fqund 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 pald 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 Pl historical data, calculated the amount of time the turbine

DECLASSIFIED
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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 £3 Total |Operating Hours|in Zone F
Period1| 9012 257.5 23.9 1182.6 21734 5.4%
Perod 2 | 1521.9 10.0 0.2 1532.1 21284 7.2%
Period3 | 5138 257.5 23.9 755.2 10286 1.75%
Period 4 i3 407.8 0.0 409.1 2942 13.9%
Pariod5 | 4190 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.
T
DECLASSIFIED

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 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
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Periad 1 Period 2 Perlod 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-0Blade } —
Configuration Type 1 Typel Type 3 {v1) Type 3 [v2) Typel
ST Rating 420 MW (Nameplate} 420 MW 450 MW 450 MW 390 MW
Operating ";"fom'ﬁs&'t"‘;'l‘;‘r: 118 pelg Limit on IP 126 psig Limit on 1P 119 psig Limt on IP 111 psig Limit on [P
Restrictions . Exhaust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested In
Condition Overspeed Testing in MFG 8 Japan No Overspeed Testing No Overspeed Testing
AvoldanceZ0ne | 5 466 brs. (of 21734 hrs) | Lhr. (oF 21284 ) 280 hrs. (0F10,286 hrs)) | 115 hrs. {of 2,942 hrs.) 0 hrs. {of 1,561 hrs.}
Broken Snubbers S5TE/OGE 0TE/OGE OTE/OGE OTE/1GE 0TE/13GE
*!
Broken Z-Locks 0TE/OGE OTE/OGE 34TE/SGE lﬁlzgﬁf;:m*and OTE/8GE
Nodpsa An'fount o Madee Aot of High Degree of Wear Evidence of Poor Contact High Degree of Wear (for
Wons- Sk Surface Fretting and Surface Fretting and Observed Alignment Observed Hours Run) Observed
Gailing Observed Galling Observed 4
Key Notes from | MHPSA was hired to Not a forced outage. During blade telemetry Blade “loss of material” Duke Discovery: lan/Feb
Periodevents | evaluete ST design Outage planned to testing, the unit was observed, as well as crack | 2017, first time blending
conditions (original design | upgrade to "heavy duty” intentionally runin initiation In high stress consideredto be a
was for Tenaska, 3x1 heat | blades. avoidance zone to set area of airfoll. contributing factar in 1-0
batance) and to continue limits —unit ran in zone events.
the warranty. Some blade damage {e.g. for <20 hrs. Stellite hard facing had
chipping at contact been added to the blade Jan 2017 *joss of mass”
MHPSA was storing for corners) was observed No blade cracking Z-Lock, and is likely a event — blade fragment
Tenaska {purchased grey from removed service observed after testing contributing factor In the projectife traveled
market, stored by OEM). blades. {when the test fallure. through the LP turbine
Instrumentation rupture disk diaphragm.
ST drawing modified by Blade telemetry removed). Two (2} separate step
MHPSA and approved for | instrumentation instalied changes (decreases) In Dental mold impression of
4x1 operation at 420 MW | and testing conducted in vibration led to the Duke fallure surfaces indicate
output rating (2.38 mpph Dec 2014 at the beginning Engineering ~10/7 striations meaning
LP exhaust flow). of Period 3. recommendation to high cycle fatigue {at 200
remove the ST from Hz giving over 2M cycles
seyvice for Inspection. In 3+ hrs to fail snubber).
Information Shared | MHPS provided all Fldata | MHPS provided ali Pidata | MHPS provided all Pl data MHPS provided all Pl data | MHPS provided all Pl data
withMHPS | they requested.

they requested.

they requesteq

muﬁed-("ﬂ (_" i

Appendix B - MHPS L-0 Blade Type Matrix

SN
LN

LAOVO

{"“’#"F\

Bartow L-0 Configurations Citrus L-0
Type 1 Type 3 (v1) Type 3 (v2} Type 5
Length 40" 40" 40" 40"
Count 64 i 64 &4 | 64
Turb/Gen End Yes Yes Yes Yes
Snubber No HVOF | ChomferRadis GWVOF | Chamfer Radus & HVOF __D”fm;:r’::fﬂ’é’gz‘;’%ﬁ”’ =
Z-lock No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Orig. I o Orig. - Qrig, Attack Angle Change
Experience B 3 units {2003) i 12 umts {2001) __ 1 unit, ~5 mcmh; I commissioning (~1yr} |
Material 174- ph "y 17-4 ph - 17-4 ph 17-4 ph
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Executive Summary
Duke Energy (Duke) and Mitsubishi Hitachl 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 Comblne Cycle Unit.

Duke Engineering believes the root cause for Perlods 1-5 invaives 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 cantributing factors for various Periods of fallure rather than just excessive steam flow through the LP
section abave 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 partles 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-O events.

» Low Pressure (LP) Turbine Excessive Steam Flow
¢ Blending Operations — Thermal Distress (dTs/dt) at LP Turblne Exhaust
Pressure Puises During Hood/Curtaln Spray Operation(s)

Zone Analysis — Shroud Fretting Fatigue
Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces
Blade Atment ~ Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

e ¢ @

Duke belleves 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 biade failures at the mid-span snubber, shroud 2-Lock contact
surface and/or the blade alrfoil 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 4 combined cycle
operation will be necessary to confirm the contributing factor postulations. in other words, the correctness of
the Duke and/for MHPS root cause posttion(s) can only be conflrmed with the successful field operation of the

unit.

This technlcal paper will speak briefly of the history of L-0 blade events for Bartow Unit 4S5 and then discuss in
detail how each event was (or was not) affacted by the contributing factors listed above.

Page 1 of 10
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Historical Perspective

Bartow [s a 4x1 Combined Cyde (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 grass 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 Rartow 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 madified by MHPS
with the intent for 4x1 CC operatlons to yleld a 450MW gross output rating. Commented [PVCL]: For pernd 3 ook,

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 alrfoll tip failures.
Over the course of these events, MHPS has performed several design enhancements to the 40” ST L-0 blade in
efforts to address the failures (see Appendix B for L-0 modifications). To date, the madifications have not
resutted in improved reliability or performance of the L-0 blades In service at Bartow. The number of blade
fallures and problems with ST L-0 blade performance Is not typical — i.e. these issues are outliers among the
Duke CC fleet, as well asin the MHPS 40” L-0 fleet. The most common reported issue from the MHPS 407 1-0
blade design Is water erosion, which both Duke and MHPS agree is not a contributing factar 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 fallures
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” 1-0 fleet with several operating hours above the design limit of
15,000 |b./hr.fft2 (the MHPS 40" L-0 flect average was closer to 12,000 (b./hr./ft.2). Duke was issued an
“avoidance zone" chart with instructions from MHPS nat to run to the right side of the curve — the lone
exception being "brief” operation during transient conditions.

White Duke Engineering agrees that back-end Ioading 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 lllustrates, Periods 2, 4 and 5 saw opersting 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/fallures during those perlods 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 21,724 tatal 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 aperation in the
“3voidance zane®, 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 “avoldance zone” hours for Perlod 3
relative to Period 1~ a factor of 10 fewer hours for Perlod 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
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 {oading 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 1-0 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 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 deslgn 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 indlcate the overall
severity of any loadings that might be imposed upon the L0 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 nuickly identify specific
points/periods in time to look at additional blend parameters.

Page 3of 10
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Table 1 -- Quick Comparison of the Number of “Counts” that Meet the Criteria for Perinds 1-5.

Number of Blends {or “Counts®)
Meeting Criteria
__ Periodl | T
.Perled2 7
Period 3 e U ]
Period 4 Sl gl il T Dt
PerodS | e R b e

*includes the time period during commissloning from 1/1/2009to 6f1/20Q§ L
**Indudes 6 blends that meet the criterla during straln gauge testing In December 2014

_ " Commenbted [ICE4]: Paul, | changed the middls cokimn to
hours (from day} to stay consetent with other charts we've created.
The hours thave for Period 1 (21,734) - do they Include the time
frame you've mciuded next to the first *, or are they Period 1
operating hours post-COD?

Pressure Pulses During Hood/Curtain Spray Operation{s)

The Duke RCA team also reviewed haod spray operations because of the very close proximity of the sprays to
the |-0 blades and the function they provide to protect against overpressure. Hoad 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 Rator speed greater than 600 rpm and steam turbine generator foad less than 10 MW
e Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray dats, it became clear that additlonal operation besides that which is outiined
abowve 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 curtaln sprays are programmed. No explanation for why this was done has been found to date. Based
on this finding, hood spray operatlon 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 |ikely due to the hat 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. Malntenance of the valvein Spring 2017 revealed debris in the valve passageways. Review | Commented [ICEE]: Whuch velve i ths — The control valve _J
of historical records also indicate the strainer ahead of the valve had filled with debris in prior years’ operating. Rz phe

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
& 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 Dagradation 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 identiiied areas (referred to
as “Zones”) where blade response was high, but still below the OEM design fimit 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.

Page 5 of 10

DECLASSIFIED

OPCRCAEXH-000102



DEF20190001BARTOW LFES-000168
CONFIDENTIAL

DECLASSIFIED

Figure 2 — Data Presented by MHPS During a Presentation Dated 15 March 2017

Damage Mechanism
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Table 2 shows the breakdown of time in hours in each of the three {3) defined Zone-F areas for each period. The
total time In the three (3) Zone-F areas is compared with the total operating time as a percentage. Note that the
Period 5 blades spent a high percent of time in the operating area defined as Zone Fi.

Table 2 - Time {in Hours} Spant in Each Zone and the Total Compared with Operating Time

Time In Zone Yotal Turbine | % Time
F1 F2 F3 Total |Operating Hours |in Zone F
Perlodl| 8012 257.5 23.9 1182.6 21734 5.4%
Period2 | 1521% 10.0 0.2 15321 21284 7.2%
Perdod3| S13R8 257.5 2298 795.2 10286 7.7%
Period 4 1.3 407.8 0.0 409.1 2542 13.9%
Period5 | 419.0 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 far Period 5. Period 5 did not have any operation time In the exclusfon zone and the amaunt of wear
for the amaunt 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 1-0 blade Z-Lock fram 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 made, 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.

DECLASSIHED
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Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-1ock Contact Surfa

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 (refative 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
additfonal motion,

For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock cantact surfaces.
With both the mid-span and shroud contact surfaces belng HVOF-coated, the limiting locating becama 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 spezks 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 Pericds 3 and 4, technical questions arose relative to
“as left” hlade-to-blade gap measurements — both at the mid-span snubber interface and at the shroud Z-Lock
contact surfaces. The basls 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
achleve 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 damplng, which is a function of both contact surface area and vibratory stresses (e.g.

flutter).

Per the OEM, the Type 3 L-0 klades 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 biade 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 analysls 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.

Page 8af 10
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Appendix B: MHPS L-0 Blade Type Matrix

R Bartow L-0 Configurations Citrus 1-0
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Length 20" T W w0 T "
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applied
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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:

e Operations in MHPS Avoidance Zone -- Low Pressure (LP) Turbine “Excessive” Steam Flow

e Bartow Blending Operations — Potential Thermal Distress (Rate of Change in Super Heat Over
Time, 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-fisted 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:

o 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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Executive Summary
Duke Energy {Duke) and Mitsublshi 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 Bartow steam turbine (ST) 407 L-0 blade failures are belng driven by a non-

synchronous self-excited vibration (flutter) of the L-0 blades during aperation. In our and MHPS's evalustion of

the root cause nelther bias been successful in conclusivaly identibving the factorfs) that sre causing the
falluras, are a series of contributi en Identified but the correl
redictakill thace contributing factors and the itude of their interactions has been difficult if not

Impassible ta predict without having conducted further instrumented testing of the -0 blades in ooeration. Any
mclus«cns denved fmrn our efforts and dlgssed in this document are based on our best abllity to correlate

: 4 that the OEM designed last stage
blade.s had Iittle or RO deslgn margins for the acmal operatlng condlﬁons tmt exist for the overall Bartow

CombineCycleUnid D il i R

Duke Engineering believes the root cause for Periods 1-5 invelves miore 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 Periads of fallure-rather than just excessive steam fiow through the LP
section above the MHPS design limit of 15,000 4b./hr./ft2. Excessive steam flow, or "operation In the avoldance
zone”, had been previcusly communicated by MHPS as the sole root cause back during a presentation made at
Bartow Station on 15 March 2017. MPHS has since changed its position and today there is agreement between
both parties that there is not just one simple root cause.

After months of study (and with input from MHPS) Duke Engineering believes the following to be the most
significant contributing factors toward root cause of the history of Bartow Unit 4S L-0 events:

Low Pressure {LP) Turbine Excessive Steam Flow

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

Pressure Pulses During Hood/Curtain Spray Operation(s)

Zone Analysis - Shroud Fretting Fatigue

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 présentations — 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 dats 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 zirfoll 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 deslgn. With either scenario, blade telemetry instrumentation and blade vibration

Page1of13
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monitoring will be necessary to conclusively determine and eliminate the magnitude and impact of the

identified contributing factors. | _ " Deleted: and subsequent field me <aven folon
various op fe ros that are integral to
This technical paper will speak briefly of the history of L-0 blade events for Bartow Unit 45 and then discuss in :;';‘,:::':" 1e M?:“ A "‘::':;mw it -
detail how each event was {or was not) affected by the contributing factors listed above. cormectness of the Duke andfor MHPS root cause position(s) can
\‘-‘"Ivbe 'wlthﬂ’\a__ field of the unit.
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 originaily 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 -0 blade failures (see Appendix A far event
details). The types of failures include mid-span snubber failures, shroud Z-L.ack failures, and airfoil tip failures.
Over the course of these events, MHPS has performed several deslgn enhancements to the 40" ST L-0 blade in
effarts 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 1-0 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 outfiers 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
fallures. Presently, the ST Is operating without L-0 ratating/stationary hardware and with an MHPS designed
and fabricated pressure plate,

Root Cause Coniributing Factors
Low Pressure {LP} Turbine Excessive Steam Flow

Over the course of Periods 1, 2 and leading into Period 3, MHPS Engi neering~through data analysis - learmed
{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 3 turbine section. MHPS Engineering indicated that Bartow Unit
45 was an outlier relative to the MHPS 40" 1-0 fleet with several operating hours above the design limit of
15,000 Ib./hr.fft.2 {the MHPS 407 L-0 fleet average was closer to 12,000 ib./hr./it.?). Duke was issued an
“avoidance zone® chart with Instructions from MRPS nat 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 cannat definitively conclude that it has been the root cause of all five (5) of the
documented L-0 events. As Appendix A Mustrates, 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 biade indications/failures during those periods of operation.

Page 20f13
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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 minlmal 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 “avoldance zone” hours for Period 3
relative to Period 1 — a factor of 20 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 Perlod 3 is solely due to
unit operation above the exhaust flow limit.

Figure 1 ~ Comparative Photos of Shroud Contact Surface Wear for Perlods 2and 3

Sample Shroud Contact Surface Sample Shroud Contact
Photoes from Perlod 1 ‘Surface Photos from Peiiod 8

With the L-0s currently removed from the machine and with the pressure plate Installed, MHPS Engineering has
Indlcated 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

Page 3 of 13
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beyond the current LP inlet operating limits due to concerns for impacts to upstream blading —!.e. the L-1 blade

sets.
Blending Operations — Thermal Distress {dTsu Jdt) 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 [arge 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,
caleulating a rate of change of that value, and flagging those values, or "eounts”. "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 tharmocouples. The data was flagged only when a CT was being blended into {or out of)
the steam cyce 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 biend 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 aliows 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.

i Number of Operating Hours |  Number of Blends (or “Counts”} |
| inEachPeriod Meeting Criteria '
| Periodl | 21,734 13
_ Peded2 | @ 21,284 : 7 o
Period 3 10,286 S _—37'l -S|
| Periodd | = 2942 i 3
| Perid5 | 1561 . 2 =25 5

*includes 6 blends thet meet the criterla during strain gauge testing in December 2014

Pressure Pulses During Hood/Curtaln 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

Page 4 of 13

OPCRCAEXH-000112



DEF20190001BARTOW LFE4-000065
CONFIDENTIAL

Duke Energy - Confidential Octeber11, 2017, _,__.( Formatted: Fon: 8pt

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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Areview of the OEM-provided instructions requires use of hood sprays during the following conditions:

o Rotor speed greater than 600 rpm and steam turhine generator load tess 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 cutlined
above had been programmed into the DCS since unit commissioning. In addition to the above hood spray
operating parameters, hood sprays were programmed to tum 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 attentlon was also paid to the hood spray pressure over time. Thiswas found to steadily decrease over
successive Perlods. Malntenance of the hood sprays control valve in Spring 2017 revealed debris in the valve
passageways. Review of historical records also indicate the stralner ehead 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 nozzie 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 6of 13

OPCRCAEXH-000114



DEF20180001BARTOW LFE4-000067
CONFIDENTIAL

DECLASSIFIED

Duke Enargy - Confidential Octobar 11,2017, -———{Fomthd:Fort:Bpt

Figure 2 ~ Hood Spray Pressure Degradation Over Periads 1-5
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Zone Analysis — Shr Fretting Fati

Based on data from the Period 3 blade strain gauge test in December 2014, MHPS identifled areas (referred to
as “Zones”) where blade response was high, but still helow the OEM deslgn limit in the normal operation range
of the LP turbine. The Duke RCA team defined these zones as Zone £1 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.

Page 7 of 13
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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
Perlod 5 blades spent a high percent of ime in the operating area defined as Zone Fi.

Table 2 - Time {in Hours} Spent in Each Zone and the Total Compared with Operating Time

Time In 2one Total Twrbine | % Tume
Fl 2 3 Tota! |Operating Hours|in2one F
Perind 1| 9012 2515 238 11826 pabsn! 5.4%
Pericd2 | 15219 10.0 02 1532.1 21284 7.2%
Period3| 513.8 257.5 239 795.2 10286 7.7%
Pertad 4 13 a07.8 0.0 409.1 2942 13.9%
Period5 | 4190 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 ore would expect given the refatively low operating hours.

Figure 4 -- Photo of an 10 blade Z-Lock from Period 5 Showing Contact Surface Wear

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

f Da ing — Hard-Faj n Mid-Span Snubbers and Shroud Z-lock Contact Surfaces
The loss of dampening phenomena was a contributing factar 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-
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
additicnal 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 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 Periots 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the airfoll trailing edge.

Eurther 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.

Blede 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
“35 left” blade-to-blade gap measurements — both at the mid-span snubber interface and at the shroud Z-Lock
contact surfaces. The basls 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 bagan to “untwist” as the machine came up in temperature and load, adjacent mid-span snubbars 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 1s 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 +/-2mm—i.e.the Type 3
(Periods 3 and 4) blade shows greater distortion than the Type 1 biade (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 graater 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 respanse 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] et -
Pericd 1 Pened 2 Period 3 Pariod 4 Period §
Date 2009-2012 2012-2034 2024-2016 May 2026 to Oct 2035 Dec 2016 - Feb 2017
Service Burstion ~34 Months ~28 Months ~17 Monthe 5 Months 2 Wortths
1+0 Blade ~
Gonfigustion Typel Typel Type3 (v1) Type 8 {v2) Typed
ST Ratng £20 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
+ - -
Opanstng ":‘ Inﬂl:sutﬂahu:‘:‘ 118 psig Limkt on tP 126 psig LUimit on &P 119 psig Limk on IP 111 peig Limiton IF
Restrictions Exhaus Bthaust Exhmrst Bdaust
Diagrams.
Blade Overspe: Overspeed Tested in
e ‘Overspaed Testing In MFG B o Overspead Testing No Overspeed Testing
“"”m 2,466 trs. jof 20,736 hrs) | Lhr. fof 20,284 brs) 240brs. {6£10,285 hre) | L35hrs (oF 2,942 ) Ohrs, (of 1561 hrs.)
Broken Snulibers STE/OGE OTE/OGE O0TE/DGE 0TE/~1EE 0TE/13GE
- ..,..‘ e em—
Broken Z-locks 0TE/OGE DTE/0SE 4TE/5GE ns/z::z:u.na OTE/8GE
ot Moderate Amoirt of High Dagree of Wear Evidence of Poor Contact High Degree of Wear {for
Wom e s ) Sirfaca Fratting Obiarved Algrenent berved Hours Run) Observed
Galling Observed Galling Observed
Key Notes from | MHPSA was hired to Not a forced outage. Duringbisdetelemetry | Bisde “lossof material” | Duke Discovery: kanffeb
Panod svants | evaluate STdasign Outags planned to testing, the unit was obaerved, as well aserack | 2017, first ime biending
conditfons foriginal deslgn | upgrade to "hesvy dity” {ntentionsily run In InRintion in high stress consideredtobe a
was for Tenasks, SxL heat | blades. svoldence Jone to set sres of slrfoil, contributing factor in 1-0
balance) il tu continue fimits —unit ran in zone ovents.
| the warmanty for<20hrs,
|
‘ Some blade damage {e.g. Stefitte hard fachghad
chipping ot contact been added to the blade Jan 2017 "loss of mass”
| MHPSA was storing for coTReTS) was observed Noblade cracking Z-Lodk, and isBkelya avant ~hisde fragment
Tenaska (purchased grey from removed senvice obsarved aftertesting contributing factor in the projectile traveled
market, storet! by OEM). bladas, {when the test fallure. through the LP turbine
Instrumentation rupture disk diaphragm.
removed}.
ST drawing modified by Bladetelemetry Two {2) separate step
MHP5A and approved for | snstrumentstion instatled changes (decreases) In Denital moid impression of
Ax1 apenation at 420 MW | .and testing conducted in wibration lad to the Duke faflure surfeces Indicste
output rating (238 mpph | Dec 2014 at the beginning Enginenting ~10°7 stristions meaning
1P exhaust flow). of Perod 3. retommendation to high cyde fatigue {at 200
ramove the ST from Hzghving over 2M cycies
service for inspection. in 8+ hrsto fail snubber).
“Information Shared | MieS providedall Pidsta | MHPS provided all Pldata | MEHPS provided sliPIGata | MHPS provided ofi Pidsts | MHPS providedafiPidata
with MHPS | theyraquested. they d they o they equested. theyrequested,
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Appendix B: MHPS L-0 Blade Type Matrix
Raraw 1-0 Configurations Quust-H
Type1 Types (vi} Typas fv2} Tyes
Length au 40 [l &
Count [} = B4 (2] (2]
Turh/Gen End T e W | e Yes
Srutbbar No HVOF | coumter podtus svor Chamfer Ratfius & HVOF W‘;‘:ﬂﬂ"&”’:ﬁg""”
Z-odk No HVOF No HVOF 45° Comner with HVOF Applied No HVOF
Blade desgn Orig. iln Orig. ong. Attock Anglz Chanpe
Experimnee 3 Jmis (2003] g n 12 ity 120015 1 unr, =5 moths T ails In comnssioning (~3r)
Materal 174 ph = i 174gh Iy 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 biade telemetry testing.
MHPS’s evaluation Is extensive and has allowed us to determine contributing factors. MHPS's intent was to
draw conclusions based on aciual 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 fallures.

=

e

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 fallures 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 Englneering belleves the blade failures during Periotls 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 “pperation 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 partles that there Is not just one failure mechanism. [ Deleted: simple

™ [ie!md:dﬂvlng ———

After months of study (and with input from MHPS) Duke Engineering believes the following to be the most
significant contributing factors toward blade fallure over the history of Bartow Unit 4S L-0 events:

¢ Low Pressure (LP} Turbine Excessive Steam Flow

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

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

o Zone Analysis — Shroud Fretting Fatigue

o Lloss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

o  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 ract cause for blade failures at
the mid-span snubber, shroud Z-Lock contact surface and/or the blade airfoll 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/rellable 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 coritributing factors during various operating configurations that are integral to unrestricted 4 x 1
combined cycdle operation.

This technlcal paper will speak briefly of the history of L-0 blade events for Bartow Unit 45 and then discuss in
detail how each event was {or was not) affected by the contributing factors listed above. Any conclusions
derived from Duke’s efforts that are discussed in this document are based on the team’s best ability to correlate
data with events in operation and findings with 1-0 blade Inspections/failures.
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Executdve 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 posttion Is as follows: The root cause of the Bartow steam turbine {ST) 40" L-0 biade 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 faiture rather than just excessive steam fiow through the
LP sectlon 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 following to be the most
significant contributing factors toward blade failure over the history of Bartow Unit 45 -0 events:

* Low Pressure (LP) Turbine Excessive Steam Flow

* Blending Operations ~ Thermal Distress (dTs/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

o Blade Fitment — Gap Measurements for Mid-Span Snubbers and Shroud 2-Lock Contact Surfaces

Duke belleves that the contributing factors presented In this paper ~ or during MHPS presentations - are
postulations and may possibly be comrect. 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 extrapolsted 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 airfoll 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-O 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 condlusions
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/ffallures.
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Historical Perspective

Bartow is 2 4x1 Combined Cycle (CC) Station with a Steam Turbine (ST) manufactured by MHPS. The STwas
purchased on the “grey market” from Tenaska Power Equipment, LLC (Tenaska). Tenaska originally purchased
the ST to operate in a 3x1 CCwith a gross output of 420MW. The ST was never defivered and was stored in 2
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
detalls). The types of fallures inciude mid-span snubber fallures, shroud Z-Lock fallures, and alrfoll tip fallures.
Qver the course of these events, MHPS has performed several design erihancements 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 {-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 CCfleet, as well as in the MHPS 40" L-0 fleet. The mest 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
fallures. Presently, the ST Is operating without L-0 rotating/stationary hardware and with an MHPS designed
and fabricated pressure plate.

Root Cause Confributing Factors
Low Pressure {LP) Tusrbine Excessive Steam Flow

Over the course of Perlods 1, 2 and leading into Period 3, MHPS Engineering — through data evaluation —leamned
{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 LPturbineast stage blades. Back-end loading Is a function affected by steam flow
and operating pressure through a turbine section. MHFS Engineering indicated that Bartow Unit 45 was an
outller relative to the MHPS 407 L-0 fleet with several aperating hours above the design limkt of 15,000
Ib./hr.fft.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 jnstructions from MHPS not to rin 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 biade indications/failures during those periods of aperation.

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 comtact 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 inthe
*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 Perfod 3
relative to Period 1-a factor of 10 fewer hours for Perlod 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 s solely due to
unit operation above the exhaust flow limit.

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

Goul } #53

GowfL} ¥32
ronRavER. Gov i) 243
[~= .0 -8
Sample Shroud Contact Surfsce Sample Shroud Contact
Photos from Pariod 1 Surface Photos from Perled 3

With the 1-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 concemns for impacts to upstream blading —i.e. the L-1 blade
sets.

ing C s — Thermal Distrass {dTg/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-O 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
aperatlon, it was decided by the Duke team to review this operational aspect.

Aset 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 criterla were
further analyzed to see how blend operations met or exceeded design triteria set by the condenser OEM. This
process invalved extracting P! 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 siope 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 5T 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, enthaipy than
Intended for the design of the sparging system. While this measure does not necessarlly indicate the overall
severity of any loadings that might be imposedupon the L-0 blades, it does allow for a comparison of the
number of higher energy blends that occurred (n eath Period, and it allows the team to quickly identify specific
polnts/periods in time to look at additional blend parameters.

Table ¥ — Quick Comparison of the Number of “Counts” that Meet the Criteria for Perlods 1-5.

Number of Qperating Hours |  Number of Blends (or “Counts”)
in Each Period Meeting Criteria
Periodl | 2173 | 13
__ Period2 21,284 7
Period 3 10,286 37*
Period4 . VAT VS ] B N
| Period5 1,561 i )

*Includes & blends that meet the criterla during strain gauge testing In December 2014

Pressure Pulses During Hood/Curtaln Soray Operation(s)

The Duke RCA team also reviewed hoad 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 baslcally automated with no operator interaction
required. The water source s the output from the condensate pumps. A control valve reduces the roughly 500
psig condensate pressure to the design pressure for the sprays of 50 psig.
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A review of the OEM-provided instructions requires use of hood sprays during the following conditions:

» Rotor speed greater than 600 rpm and steam turbine generator load less than 10 MW
¢ Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation bestdes that which Is outlined
above had been programmed into the DCS since unit commissioning. In addition to the above hood spray
operating parameters, hood sprays were programmed to turn on anytime biending took place — similar to the
way the curtain sprays are programmed. No explanation for why this was done has been found to date. Based
on this finding, hood spray operation time is far greater than had it just been used as originally Intended per the
OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F
during normal operation and never reach over 165 degrees F. Higher temperatures are sometimes seen 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 vaive 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 Perlods 1-5

Zone Analysis — Shroud Fretting Fatigye

Based on data from the Period 3 bjade 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
rectanglesin Figure 3, below) and based on the Pl historical data, calculated the amount of time the turbine
spert in each zone for each period.
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Figure 3 — Data Presented by MHPS During 8 Presentation Dated 15 March 2017

Damage Mechanism
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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 thatthe
Perlod 5 blades spent a high percent of time in the operating area defined as Zone F1.

Table 2 - Time [in Hours) Spent fn Each Zone and the Total Compared with Operating Time

Time in Zong Total Turdine | ¥ Time
F1 F2 F3 Total |OperatngHours|inZone F
Periodd | 9012 575 229 1182.6 21734 5.4%
Period 2| 15219 100 0.2 15321 21284 7.2%
Period 3| 5138 257.5 239 795.2 10086 7.7%
Perocd 4 L3 407.8 0.0 409.1 2942 138%
Periad5 | 419.0 0.0 0.0 4190 1561 26.8%
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The main reason for conducting this analysls stems from the observed amount of wear seen on the contact
surfaces for Period S. 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

w,

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 Mi n Snubbers and Shroud 2-
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 an the shroud Z-
Lock contact surfaces (relative to other Periods) was due to loss of dampening at the snukbers, which were
HVOF-coated. The Z-Lock contact surfaces were forced to provide all of the dampeaning 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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biade itseff. In addition to mit-span snubber and shroud Z-Lock damage similar to what was encountered during
previous Periods 1-3, one (1) of the TE L-0 biade 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 biade fitment,

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

During the course of the RCA investigation between Perlods 3 and 4, technical questions arase relative o "as
ieft” biade-to-blade gap measurements — both at the mid-span snubber interface and at the shroud 2-Lock
contact surfaces. The basis for these questions was the potential concern that if the blade gaps at both the mid-
span snubber interface and the shroud Z-tock 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 {espedially with the HVOF coating applied) before the shroud Z-lock
contact surfaces could do the same. Cansequently, reduced contact surface at the shroud Z-Lock would yleld
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 Pefiod 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 +/-2mm-—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 biades by Duke via 3" party scanning. With a greater
geometry variation, the Type 3 blade provided less mechanical damping (relative fo the Type 1 biade) 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 negatlvely impacted by decreased contact
surface area between the shroud Z-locks.
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Appendix A:[Bartow L-0 Event Summary . -
Penod 1 Panod 2 fenod 3 Perod 4 Period 5
DAt 20052012 20132014 2004-2016 May 2016 to Od 2016 Dec 201 - Feb 2017
Service Durath ~34 Months ~28 Manths ~17 Months S Manths ~2 Months
1-0 Blade _ =
onfiguration | Type 1 Typel Type 3 {v1) Type3 {v2) Typal
= SThatng | 82D MW (Nameplate) 420 MW 450 MW 450 MW 350 MW
Operating 'm"’“"" '"ms"tm“;“ 118 psig Limit on iP 126 peig Limit on P 119 psig Uimit on [P 111 psig Limk on 1P
Restrictions Exhaust Exhaust Exhaust Exhaust
Disgrams.
Blade Ovarspeed e i) Ovecspeed Tesiedin
Condion | 0Vermeed Testngin MEG - No Overspeed Testing No Overspeed Testing
AvoidancaZone | ooy lofzUT3AN) | Lhr.fof 25,204 bre) 240hre. {of 10,206 hrs) | L35t (of 2992 hre) 0 b [of 1,561 hre)
Broken Smubbers STESOGE T OTE/OGE OTEJOGE | DYEJAGE OTE/ 3 GE
Broken 2-lods OTE/OGE OTE /0 GE MTE/SGE "E’ziff;z:"d‘"’d 0TESBGE
Moderste Amasnito? | Moderate Amgunt of .
Wornziods |  Surface Fremtigand Suréace Fretting and s =/ o, Cridemcn of gy Cowinct e s e
Gafling Observed Salling Obaerved o
! |
oy Nates from | MHPSA was hirsd o Notadorced outaga. | Duingbiadotelometry | Blade “lossof materia® | Duke Discovery: JanfFeb
Pervod events | evaluste ST design Outage plarmed to testing; the unlt was chserved, as wellascrack | 2017, first thne bisnding
conditions foriginal design | upgrade to "Heavy diny” i flyrenin inttiation n high stress considerad to bes
was fos Tensska, X1 heat | blades. swoldence zone to set area of alrfoll. contributing factor In 1-0
balawce)and ta continue limits —umit ran in 2one avents.
the wairanty - for <20 hrs.
| Soma blsds damage (a.g. Stalitte hard facing kad
chipping at contact been added to the blade Jan 2017 *loss of mass”
| MHPSA was storing for comers) was chosnvad Mo bisda cracking 2-Lock, and isfikely s event —blade fragment
Tenwsks [purchased grey | from removed service ohserved after tusting contributing fator inthe | projectfle traveled
market, stored by GEM). blades (when thetest fallure. through the LF turbine
Instrumentation rupture disk diaphragm.
remaved].
5T drawing modifiad by Blade telemetry Two {2} saparate step
MHPSAand for lon installed changes (decreases) in Dental mold impression of
4x] operation at 420 MW | and testing conducted In vibration ledtothe Duke | fallure surfaces indicate
output rating [2.838 mpph Dec 2014 st the beghning Enginsering ~1077 striztions meaning
LP exhaust flow). of Perlod 3. recommendation to high cycle fatigun (st 200
remove the ST from Haz giving over 2M cydes
sarvice for inspection. in 3+ hrs to fail snubber).
Shared | MHPS p SliPidsta | MHPS provided ali Pidata | MHP5 provided all Pidats | MIIPS providedali i dsta | MHPS provided ad Pidata
with MEPS | they requested. they | they req they requested. they requested.
|
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow 10 Configurations Cirus L0
Typel Type3 (v} Type 3(v2) Types
Leagth a" 4w 40" a0
Count o [ 54 64 [

Turb/Gen End “"l;—-. Yes "ol | Yes = (JT - " Yes |
Soubber __mu_\;; Chamfer Radius & HVOF Chomfer Redius & HVOF WW’Ta"mf;"“”
ook No HVOF No HVOF 45° Comer with HVOF Appiied No HVOF

Blode desgn o Orig Orig: Attock Angle Chonge
[T ;unlu {2003} 12 unhts (7003) 1y, ~5months In commissioning (11}
Material L 17-4ph 17-4ph 174_ p-hF 17-4ph
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Appendix C: Reference Materials

Mitsubishi RCA report - 9/22/2017

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

DECLASSIFIED
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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
Perind 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 fallures 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 tb./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 bath parties that there is not just ane failure mechanism.

After months of study (and with input from MHPS) Duke Engineering befieves the following to be the most
significant contributing factors toward blade failure over the history of Bartow Unit 4S5 L-0 events:

o Low Pressure (LP) Turbine Excessive Steam Flow

o Blending Operations — Thermal Distress {dTs«/dt) at LP Turbine Exhaust

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

s Zone Analysis — Shroud Fretting Fatigue

e Loss of Dampening — Hard-Faclng 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 belleves 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 periad 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 alrfoil 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 histary of L-0 blade events for Bartow Unit 45 and then discuss in
detail how each event was {or was riot) affected by the contributing factors listed above. Any conclusions
derived from Duke’s efforts that are discussed In this document are based on the team's best ability to correlate
data with events in operation and findings with L-0 blade inspections/failures.

Page 10f 12

OPCRCAEXH-000136



14

DECLASSIFIED



WM 100247

DEF20190001BARTOW LFE4-000074

DECLASSIFIED

Duke Ensrgy - Confidentlal 11 Qctober 2017

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 fallures during
Perlod 1-5 Is driven by evidence that the OEM designed last stage blades had littie or no design margins for the
actual operating conditions that exist for the overall Bartow 4 x 1 Combined Cycle Unit.

Duke Engineering belleves 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 dhove the MHPS design limit of 15,000 {b./hr./ft.2. Excessive steam tlow, 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 fallure mechanism. i Deletad! imple

7 Deleted: divig

After menths 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:

= Low Pressure {LP) Turbine Excessive Steam Flow

¢ Blending Operatlons — Thermal Distress {dTs:/dt} at LP Turbine Exhaust

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

+ Zone Analysis — Shroud Fretting Fatigue

#  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 dsta was then extrapolated by MHPS Engineering to develop potential roct cause for blade fallures at
the mid-span snubber, shroud Z-Lock contact surface and/or the bfade airfoil itself that were seen during
Periods 1-5.

The long-term solution for the Bartow LP section Is to replace the 1-0 blades or to retrofit the LP steam path with
a more capable/reliable design, With elther 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 varlous 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 biade events for Bartow Unit 45 and then discuss in
detall 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 abllity 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 Cyde (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 commissfoning, MHPS was contracted by Duke to evaluate the ST design conditions and
update heat balances to represent a 4x1 CC configuration.

Since commissloning 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 fallures, shroud Z-Lock failures, and alrfoll tip failures.
Over the course of these events, MHPS has performed several design erihancements to the 40° ST L-O blade in
efforts to address the failures {see Appendix B for L-0 modifications). To date, the modifications have not
resulted in improved reliabllity 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 issués 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 407 L-0
blade design is water erosion, which both Duke and MHPS agree is not a contributing factor for the Bartow
fallures. Presently, the ST Is operating without -0 ratating/statidnary hardware and with an MHPS designed
and fabricated pressure plate.

Raot Cause Contributing Factors
Low Pressure {LP} Turbine Excessive Steam Flow

Over the course of Perlods 1, 2 and leadinginto Period 2, MHPS Engineering — through data evaluation — leamed

(and made it known to Duke) that 2 significant eontributing factor toward the -0 blade failures washigh back- - [ Daleted: axtramsly

end loading an the LP turbine last stage blades. Back-end loading Is a function affected by steam flow and
operating pressure thripugh a turbine section. MHPS Enginegring 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” 1-0 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 agrées that back-end loading should be considered a significant contributing factog, one -1 Deleted:s =

cannot definitively conclude that it hias been the failure driving mechanism of all five (5) of the documented -0~ Deletad: toward the root cause
events. As Appendix A lllustrates, Periods 2, 4 and 5 saw operating hours In the “avoldance 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 aperation.

By a considerable margin, Perfod 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 ganerator 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 zane”, 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 s solely due to
unit operation above the exhaust flow limit.

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

Sample Shroud Contact Surface Sample Shroud Contact
Photos from Pariod 1 Surface Photos from Period 8

With the 1-0s 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 concem 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
SELs.

DECLASSIFIED

Page3cfi2

OPCRCAEXH-000140



DEF20190001BARTOW LFE4-D00077
CONFIDENTIAL

DECLASSIFIED

Duke Energy - Confidential 11 October 2017

(S

Blending Operations ~ Thermal DI - LP Turbine Exha =~~——{ Formatted: Keep wih next

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

all aspects that might impact gxhaust conditions of the LB, Since the design of the condenser includes spargers, _—{ Consmented [MB1J: With a mbust blade the exhsust amditions
or “dump tubes”, for the hot reheat (HRH) and LP bypass steam flows from each of the four combustion turbines | | iroueriPctisbark The dhanetg mbustcondhions it

00t cause

{CT), and since it has been observed that thermocouples positioned at the exhaust of the LP turbine just
downstream of the L-D biades (hood spray thermocouples) can experience a significant change in temperature N | 451 e o base dont i
during a blend operation, it was dedded by the Duke team to review this operational aspect. \| Deleted: the 1.0 blades

.

Aset of criteria and an automated process using Excel and Pl Datalink were developed that aliow large amounts
of data (stored In the P| historlan} 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 désign criteria set by the condenser OEM. This
process [nvalved extracting P data, calculating a value of superheat at thg 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 thHan (20 degrees superheat /
min) at the hood spray thermocouples. The data was flagged only when a CT washelng 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 stearn-had either higher, or lower, enthaipy than
intended far 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 ocourred in each Perjod, and it allows the team to quickly identify specific
Commmented [MB2): We don't raslly conclude snything with

points/periods in time to look at additional blend parameters. | o
s T 1 L this section. Do we need a to add that ontl we stall biades with

telemetry testing we will not understand the totalimpact of this

thermaienergy on the blades. This was raviewed by MHPS during

the previous blade telemetry test and they were not sble to
Table 1 -- Quick Camparison of the Rumber of “Counts” that Meet the Criteria for Perlods 1-5. conclude a result. To be noted: not sl blend conditions and
configurations were exercised disring the telemetty testirg so there

15 ot #nough evidence to prove ot refute this contributing factor.

— Number of Operating Hours | Number of Blends {or "Counts®)
in Each Period Meeting Criteria
Period 1 “ 24734 13 —
Period 2 ) 21,284 i i
Period 3 10,286’ 3r 7]
| Perlodd | 2542 3
Period 5 1,561 5

*Includes 6 blends that meet the criteria during strain gauge testing In December 2014

ressure Pulses During H \

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 Ovatlon DCS contro! system and s 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 load Jess 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 hoad spray
operating parameters, hood sprays were programmed to tumn on anytime blending took place - similar to the
way the curtain sprays are programmed. No explanation for why this was done has been found to date. Based
on this finding, hood spray operation time is far greater than had it just been used as originally intended per the
OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F
during normal operation and never reach over 165 degrees F. Higher temperatures are sometimes seen aftera
shutdown or unit trip event when the temperature in the exhaust increases, most likely due to the hot LP
casings and some windage. No temperatures over 201 degrees F were found {one very brief reading of 1040
degrees F was determined to be an Instrumentation issue}.

Careful attention was also paid to the hood spray pressure over time. This was found to steadlly 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 atomizatlon 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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Analysis — Shroud Fretting Fati

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 dats, calculated the amount of time the turbine

spent in each zone for each period. pAHES did not . any resirletion of operation in Zonas £1 th 3
waly the exclusfon ideritif the datted rad line In 7 & g R - Commented {ME3]: lust want ot make sure 1 Is clear o
snyone reeding this that we were not restricted, we just noted
higher response  Also calling out the exclusion zore thut MMPS
creatad to make that dear {to people who wouldn't know what we
are tatkin gabout)
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Figure 3 - Data Presented by MHPS During 3 Presentation Dated 15 March 2017

Damage Mechanism

Blade Response ~ Design Margin Unabis to tost due 1o
Example : Shroud Fretting Fatigue excesshw blade response
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- Blade responze is evaluated through the integration of the stress
response ail the modes between 180Hz o 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 Titne

Time in Zone Yotz Turbine | % Time
Fl F2 F3 Total |Opersting Mours|in2one ¥
Period 1| 501.2 25%7.5 239 | 186 21733 5.4%
Period 2 | 15219 10.0 0.2 1532.1 21284 7.2%
Period3| 5338 257.5 239 795.2 10286 7.7%
Period4| 13 407.8 0.0 209.1 2942 13.9%
Perigd 5| 419.0 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 Periad 5 Z-notches, however, the wear 1s higher than
what one would expect given the relatively low operating hours.

Figure 8 — Photo of an L-0 blade Z-Lock from Period 5 Showing Contact Surface Wear

hours in blend mode; Perlod 5 is not excesswe in terms of percentage time blending as com@re to time
operated inZone F1. ] e

— Hard-Facing on Mid

Dampen| an Snul Z-1ock Conta ces

The loss of dampening phenomena was a contnbutingfactor during Periods 3 and 4. HYOF hard-facing cen

For Period 3, there was hard-facing on the mid-span snubber ONLY. Additional damage seen on the shroud 2-
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 forcad 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 bath 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 tralling 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 7-Lock Contact Surfaces

During the course of the RCA investigation between Perigds 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 vield
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 conduded 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: [Barbaw L-0 Event Sumuary, T R e
Pervid 1 [ berlod 2 Period 3 Paifod & Perod 5
20092012 2012-2014 2019-2016 May 20160 Oct 2016 Dec 2016 - Feb 2017
“a4 Months ~28 Months ~17 Manths ~5 Months =2 Manths
Typal Typel Type 3 {vi) Typea(v2) Typel
|
20 MW | 420 MW 450 AW 450 MW 390 MW
4!
= ntent 1
e st Wit | 118 peg umiton e 126 peig Uimi on 1P 119 pelg Lenk on IP 111 peig Ukt on Ip
Exhaust Exhaust Exbaust Bhaust
Difagrams.
Overspeed Testing In MFG : .hpa:‘u Ly No Overspeed Testing No Ovarspead Testing
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OTE/DGE (X151 34TESSGE 1TE/ 26E Zdnckand OTE/BGE
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SurfaceFrettingand | Surface Frettingand od Algnment Hours )

Galiing Observed { Galling Observed Obszrved Gbserved
MHPSA was hired 1o Notaforcsdoutage. | Duringbipde telémetry | Disde “loss ofmaterial' | Duke Discovery: JanfFeb
evaluate ST design Owrtage panned to Testing, the unitwas observed, aswellascrack | 2017, first time blending
conditlons {original desyn’ | upgrade to “heavy dity” | ~intentionatly run in Initiation in high stress. considered to bea
wias for Tenaske, 3xihveat | blades. avoldance zone to set area of slrfol. contributing factar in -0
batance) snd to continue Iimita —unit ran in zona avents,

| the vty for <20 brs.
Some blade damage (e.g. Stellfte hard facing had
chipping at contict been added to the blade Jan 2017 “loss of mass™
MHPSA was staring for £otriers) was obs d blad cking ZLock, and s likely a event ~blade fragmant
Tenaska {purchased grey | from removed! service observed after testing contributing factor vthe | profectiie traveled
oerket, tored by GEM). biades {when the test fallure. through the LP trbine
Instrumentaticn nupture disk diaphragm.
removed).
| STdrawing modifiedby | Sfade tefemetry Twa (2) separata step
MHPSAand approved for | Instrismentation installed changes (decreases) in Dental mold kmpression of
4xt operation st 420 MW | and testing conducted in vibration ledtothe Duke | fallure surfaces indicete
oltpan reting (238 mpph | Dac 2018 at the baginning Enginerring ~1047 stetations meaning
P eshaost flow). of Pariad 3, Precomimaendation ta high cyce fatigse (st 200
remave the 5T from H2 ghving over 2M cydies
| service for Inspection. in 3+ hrs to fall snubber).
|
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theyrequested, they requested. they requested. they ] they g,
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Appendix B: MHPS L-0 Blade Type Matrix
Barww 10 Canfigurationy Citrus -0
Type 1 Tyoes vt} Tyne3 (v2) yre | { commented [ME7: You mentioned Type Sabove. tsthe
Length a0 o w0 ot redesign biade for Bartow different than Cltrus? Sounded ke
e . —— . 7l =" e MHPS was “designing® something new for Bartow I it's tha citrus
Count & Lo oA ad biade then there should have béen no siife on the chianges being |
: 2 = e F oy made [in the mHPS root cause). Maybe this st 3 type 5, but the
TurbfGen End ) Yer = | __Yui L Vi e M‘:‘E-—-—.— “latest g b!lge?’ : |
Snukber NoWYOF Chamfer Radius & HVOF Chamfer Radius R Hvo | DUFerest Rock _a";"”l"' "f;"""m == = e =
2-lock No HVOF No HVOF 45" Comer with HVOF Appited No HVOF
Blade design Orig. Orig g Attock Angle Change
[ 3 unity (2003] 12 wns {2001} 1L S morths In comnuss:on:ng (~1yr)
Matenal 174ph 17-4ph 174 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 guring blade telemetry testing. .~—{ Commented fmBaY: Is this right?

L

MHPS's evaluation is extensive and has allowed us to Jdentify and evaluate contributing factors, MHPS'sintent _.{ Delsted: dotermine
was to draw conclusions based on actual data collected. The tefemetry 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 fallures.

Ao

Bartow RCA

it DECLASSIFIFT
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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) 407 L-0 blade faifures during
Period 1-5 Is driven by evidence that the OEM designed fast stage blades had fittle 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 preserntation glven at the Duke FRHQ on 22 September 2017, MHPS also indicated that there may have
been more contributing factors for various Periods of fallure 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 inthe
avoidance zone”, had been previously communicated by MHPS as the sale root cause back during a presentation
rmade at Bartow Station on 15 March 2017. MPHS has since changed its posttion and today there is agreement
between both parties that there Ts not just one simple failure driving mechanism.

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

e Low Pressure {LP} Turbine Excessive Steamn Flow

s Blending Operations - Thermal Distress (dTss/dt} at LP Turbine Exhaust

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

s 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 far Mid-Span Snubbers and Shroud Z-Lock Gontact 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 pastulations are derived from strain gauge data
taken during the brief perlod 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 alrfoll itself that were seen during
Perlods 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 variotis operating configurations that are integral to unrestricted 4 x 1
combined cycle aperation.

This technical paper will speak briefly of the history of L-0 blade events for Bartow Unit 45 and than discuss in
detall 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/fallures.
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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 (5T} 40" L-0 biade 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-S 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 fallure 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 2 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 fallure 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 Unilt 45 L-0 events:

e Low Pressure {LP} Turbine Excessive Steamn Flow

= Blending Operations — Thermal Distress {dTu/dt) at LP Turbine Exhaust

Pressure Pulses During Hood/Curtain Spray Operation(s)

Zone Analysis — Shroud Fretting Fatigue

Loss of Dampening - Hard-Faclng 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 telemstry 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, shraud Z-Lock contact surface and/or the blade alrfoll 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 1o retrofit the LP steam path with
a mora capable/reliable design. With either scenario, blade telemetry Instrumentation 2nd blade vibration
monitoring will be necessary to condusively 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 4$ 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/fallures.
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Historical Perspective

Bartow Is a 4x1 Combined Cyde (CC) Station with a Steam Turbine (ST) manufactured by MHPS. The 5T 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 defivered and was stored in a
MHPS warehouse in Japan unti| Duke purchased the unit.

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

Since commissioning there have been five (S) events triggered by L-0 bladé falfures {see Appendix A for event
details). The types of failures include mid-span snubber faflures, shroud Z-Lock failures, and airfoll tip faitures.
Over the course of these events, MHPS has performed several design.erthancements to the 40" ST L-O blade in
efforts to address the failures (see Appendix B for L-0 modifications). To date, the modifications have not
resulted in improved reliability or performance of the L-0-blades in service at Bartow. The number of blade
failures and problems with ST L-0 blade performances not typical — I.e. these Issues are cutilers among the
Duke CC fleet, as well as in the MHPS 40” L-0 fleet. The miast common reported issue from the MHPS 40” 1-D
blade design is water erosion, which both Duke and MHPS agree Is not a contributing facter for the Bartow
fallures. Presently, the ST Is operating witholst L-0 rotating/stationary hardware and with-an MHPS designed
and fabricated pressure plate.

Root Cause Contribnting Factors
tow Pressure (LP) Turbine Excessivi Steam Flow

Over the course of Periods 1, 2 and leading Into Period 3, MHPS Engineering — through data evaluation - leamed
{and made it known to Duke) that a significant contributing factor toward the L-0 biade fallures was high back-
end loading on the LP turbine last stage-blades. Back-end loading Isa 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 407 18 fleet with several operating hqu'rs above the design limit of 15,000 Ib./hr./ft.2 {the
MHPS 40" L0 fleet average was-claser to 12,000 Ib./hr./ft.2). Duke was issued an "avoldance zone” chart with
Instructions from MHPS not to run to the right side of the curve — the lone exception belng “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 fallure driving mechanism of all five (5) of the documented L-0
events. As Appendix A filustrates, 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 2-Lock contact surfaces for both turbine and generator ends of the machine.
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Conversely, during Pericd 3, there were only 240 hours (out of 10,286 total hours) of operation inthe
“3voidance zone”, apprax. 11 hours of which occurred during the instrumented blade telemetry test performed
by MHPS in December 2014. Even with a significantly fewer number of “avoldance 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
darage 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-D 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

Govfl) 34
FRNGRR.
GoufL) #43
==t
Sample Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Pericd 8

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

DECLASSX‘EXED

Page3 of 12

OPCRCAEXH-000154



DEF20180001BARTOW LFE4-000101
CONFIDENTIAL

DECLASSIFIED

Duke Energy - Confidential 11 October 2017

Blending Oparations ~T| | 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 combustion turbines
(CT), and since it has been observed that thermocouples positioned at the exhaust of the LP turbine just
downstream of the 1-0 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 Iarge amounts

of data (stored In the P historian) to be quickly reviewed for each Period 1-5. Blends that met the criteria were

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

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

calculating a rate of change of that 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 wasflagged only when a CT was being biended into (or out of)

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

were selected as these are good indications that the blend steam.had etther 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 impased 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 ta look-at additional bend parameters. Commented [MBI1: We don't ceally conchude anything wkh
this section. Do we need a to add that until we insta biades with
telemetry tasting we wili not understand the tota! knpact of this

thermal energy on the biades This was reviewed by MHPS dunng.
the previous blsde elemetry test and they were notable to

Table 1 —~ Quick Comparison of the Number of “Counts” that Meet the Criteria for Periods 1-5. eonclude a resuk. To be noted: not afl biend condttions and
configunrtions were sxercicnd dunng the telemaetry tasting so there

£ Number of Operating Hours | Number of Blends (or “Counts”) e D o e e
in Each Period MeetingCriteria
Pericdl 21,73{ = el =
_ Period 2 21,284 7
Period 3 10,286 BES78 o= = 1
Period 4 2,942 il 3
Period 5 1,561 5 TN T

*includes 6 biends that meet the criteria during strain gauge testing in December 2014

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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Areview 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
o Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray dats, it became clear that additional operatian besides that which is outlined
above had been programmed into the DCS since unit commissioning. In addition to the above hood spray
operating parameters, hood sprays were programmed to turn on anytime blending took place — similar to the
way the curtain sprays are programmed. No explanation for why this was done has been found to date. Based
on this finding, hood spray operation time is far greater than had it just been used as originally intended per the
OEM-provided instructions. A review of hood spray thermocouple data shows they rarely reach 160 degrees F
during normal operation and never reach over 165 degrees F. Higher temperatures are sometimes seen aftera
shutdown or unit trip event when the temperature In the exhaust increases, most likely due to the hot LP
casings and some windage. No femperatures 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 historica! 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 prassure
at the hood spray nozzles will vield redisced atomization as these style of nozzle rely on pressure drop to create
avortex Inside the nozzle that causes atomization thru centripetal force. The effect of reduced atomizatlon was
verified during a test just prior to unit restart in April 2017. A key concern of paor atamization 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 Perlods 1-5

Zone Analysis = Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, the OEM identified areas (referred
to as “Zones”) where blade response was high, but still below the OEM design limit in the normal operation
range of the LP turbine. The Duke RCA team defined these zones as Zone F1, Zone F2, and Zone F3 (shown by
the red rectangles in Figure 3, below) and based on the PI historical datz, 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,
Zong F2, and/or Zone F3 — only restrictions relative to “operation in the avaldance zone” identified by the area
of the graph to the right of the detted red line in Figure 3,
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Figura 3 — Data Presented by MHPS During a Presentation Dated 15 March 2017

Damage Mechanism
Blade Response — Design Margis Unable to test due to
Example : Shroud Fretting Fatigue excessive blade response
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Table 2 shows the breakdown of time in hours in each of the three (3) defined Zone-F areas for each period. The
total time in the three {3) Zone-F areas is compared with the total operating time as a percentage. Note that the
period 5 blades spent a high percent of time in the operating area defined as Zone F1.

Tabie 2 -- Time {in Hours} Spent in Each Zone and the Tatal Compared with Operating Time

Time in Zone Total Turbine | % Time
Fi F2 3 Tota! |Operating Mours|in Zone F
Periodi| 5012 2575 239 1182.6 21734 5.4%
Period2| 15219 | 100 0.2 1532.4 21284 7.2%
Period 3| S138 257.5 229 7552 10286 7.7%
Panicd 4 L3 407.8 0.0 408.1 2942 13.9%
Pegods| 3150 0.0 0.0 4190 1561 26.8%
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The maln reason for conducting this analysis stems from the observed amount of wear seeh on the contact
surfaces for Period 5. Period 5 did not have any operation time in the exclusion zone and the amount of wear
far the amount of operation time seems excessive. A photo shewing 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, Pericd 5 Is not excessive In terms of percentage time blending as compared to operating

haurs in Zone F1.

Loss of Dampening — Hard-Facing on Mid-Span Snubbers and Shroud Z-Lack 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 changas 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-caated. The Z-Lock cantact surfaces were forced to provide all of the dampening for the system via
additional motion.
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For Period 4, there was hard-facing on both the mid-span snubbers and the shroud Z-Lock contact surfaces.
With both the mid-span and shroud contact surfaces being HVOF-coated, the limiting stress location became the
blade itself. In addition to mid-span snubber and shroud Z-Lock damage similar to what was encountered during
previous Periods 1-3, one (1) of the TE L-0 blade also exhibited tip liberation at the afrfoll trailing edge.

Further discussion of loss of dampening and Its role as a contributing factor toward potentiat blade fallure will
continue in the next section that speaks to blade fitment.

Fitment — Gap Measure| ¢ Migh-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
hlades began to “untwist” as the machine came up in temperature and load, adjacent mid-span snubbers would
achieve greater surface-to-surface contact (espedially 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 siresses (eg.
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 dimensianal
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 (Perlods 1, 2 and 5). These findings by
the OEM are consistent with independent analysTs 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 1-0 Event Summary _
Period 1 Pariod 2 Parlod 3 Peniod 4 Period 5
Dute 2009-2012 1012-2014 2014-2016 May 2016 to Oct 2016 Dec 2016 -Feb 2017
Service Duration *34 Months “23 Months ~17 Months ~5 Months ~2 Months
-0 Blade : _
Tt Typel Typel Type 3 (vi) Type3 (v} Tyeel
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 3JOMW
Speraimg ";“;h’:"'fﬂ"’:'h"::‘ 138 puig it on P 136 paig UmMt on 4P 119 peig Umit on 1P 111 pelg Limt on 1P
Restrictions Exhaust Exhaust Exhaust Bxhaust
" m anms,
i = .
Bfade Overspeed | Overspand Tested In
Condition Overspeed Testing in MFG Safan No Overspeed Testing No Overspeed Testing
“"‘"m 2468 bre. [of 20,734 hrs) | 2 (of 21,224 frs.) 40hrs fof 10,285 hrs) | L1Shes (012,982 hrs) 0 hrs. fof 1561 brs.)
Broksn Snubbers | STE/OGE OTE/OGE UTE/OGE OTE/16E OTE/23GE
Broken ZLocks oTE/0GE 0TE/0GE B4TE/ 5GE ‘““f:;:"*"‘d 0TE/8GE
Mederate Amaunt of Modmhmrbcf Hgh of of roar High oF Wear ffoe
warn Z-ocks Surfsce Fretting and Sumface Fretting end : Senement OF ] Hours Run) Ok i
Galling Observed Gafling Cbwerved
KeyNotzsfrom | MHPSAwashired to Nota foreed outage, Ouning bisde tlerjetry | Biade “lorsof materP | Duke Discovery: Jaa/Feb
Peniod evants | evajuate ST design Outage plsoned to ‘tegtnng, the unh was observed, as well as crack 2017, first time blending
| conditions {original desgn' |  upgradato “hesvy duty” mtertionally nun in Inltiation in high stress considered ta bea
was for Tenaska, 3x1 heat ‘ Dlacles, avoldance zone to set area of airfoll. contributing factorin 10
balsnce) ¥nd to continue Fimits —unit ran in zone wvents.
the wemsnty Sarse biads demege {5 for<20hrs. Stellfte hard fecing had
chipping at contact been added to the biade lan 2017 “losx of mass"
MHPSA was gtaring for corners} wes observed N blade cracking 2-lock, and s lTkety 2 event —blade fragment
Ténaska (purchased grey from removed service olserved after testing b factor nthe traveled
‘markat, stored by OEM)- blades. {whenthe test fallure, through the LP turbine
Instrumentation rupture disk diaphragm.
ST drawing modified by Blade telemetry removed]. Two (2] separate step
MHPSA sni, d for Hed changes (decreaser] in Dental mold impression of
Ax1 operation st 430 MW | and testing conductad in vibration led to the Duke fallure surfaces indicate
output mting (238 mpph | Dec'2014 st the beginning Engineering ~1047 striations meaning
1P ehaust flow). of Period 3. remmmendstion to high cyde fatigus (at 200
remove the ST from Hz giving aver 2M cydas
service for ingpection, In 3+ hrs tofall snubber).
Information Shared | MHPS provided all Pidata | MHPS provided all Pidata | MHPS provided all Pidata | MHPS providedall Pideta | MHPS provided ali Pl data
With MHPS they they they they they requested.
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Appendix B: MHPS L-0 Blade Type Matrix
Bartow -0 Configuratiens Gitnes 10
Type 1 Type3 {v1} Tyre3{v2 mess._ .
Lemgth o a ar a0
Count & oy i ot &
Turb/Gen End i Yeu I Ve e = Yes g |
Sniibber NoHvDE T ChamferRadus8HVOF | —dm_nhil_mus& wor | w";‘ﬁ:’&%";’””
Z-lock No HVOF No HVOF 45° Comer with HVOF Applied No HYOF
sladedesign  org org. orlg. ‘Actock Angle Chonge
Lapeiear 3 units 120033 2unis {20070 1 unit. ~5 months In comm sswrsng Fyrf
Materal ~174ph 17-45h 1r4gh 17aph
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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
concluslons from this report may not be all encompassing of the drivers and conditions that are causing the

blade fallures.

“x

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-0 events:

o Low Pressure {LP) Turbine Excessive Steam Flow

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

¢ 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

o 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 exirapolated 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 10f 12
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Executive Summary D EC LAS S I PI E D

Duke Energy (Duke) and Mitsubishi Hitachi Power Systems (MHPS) have worked both independently and
together over the past 18 months to determine what has caused the Bartow Unit 4S L-0 blades to crack

and break during operation.

Duke’s position is as follows: The root cause of the Bartow steam turbine {ST) 40" L-0 blade failures
during Period 1-5 is driven by evidence that the OEM designed last stage blades had little or no design
margins for the actual operating conditions that exist for the overall Bartow 4 x 1 Combined Cycle Unit.

Duke Engineering believes the blade failures during Periods 1-5 involve more than one driving
mechanism. During a presentation given at the Duke FRHQ on 22 September 2017, MHPS also indicated
that there may have been more contributing factors for various Periods of fallure 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 biade failure over the history of Bartow Unit 45 L-0 events:

¢ Low Pressure (LP) Turbine Excessive Steam Flow

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

e Pressure Pulses During Hood/Curtain Spray Cperation(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 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 elther 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

Page 1 of 12

OPCRCAEXH-000165



OPCRCAEXH-000166



DECLASSIFIED

16



DEF20190001BARTOW LFE4-000111

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-O blade inspections/failures.

Historical Perspective

Bartow is a 4x1 Combined Cycle (CC) Station with a Steam Turbine (ST} manufactured by MHPS. The ST

was purchased on the “grey market” from Tenaska Power Equipment, LLC (Tenaska). Tenaska originally
purchased the ST to operate in a 3x1 CC with a gross output of $20MW. 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 airfoll
tip failures. Over the course of these events, MHPS has performed several design enhancements to the
40" ST L-0 blade in efforts to address the failures {see Appendix B for L-0 modifications). To date, the
modifications have not resulted in improved reliability or performance of the L-O blades in service at
Bartow. The number of blade failures and problems with ST L-0 blade performance is not typical ~ .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 DEC L AS S I FI E T‘

Low Pressure [LP) Turbine Excessive Steam Flow

Over the course of Périods 1, 2 and leading into Period 3, MHPS Engineering — through data evaluation -
learned {and made it known to Duke) that a significant contributing factor toward the L-0 blade failures
was high back-end loading on the LP turbine last stage blades. Back-end loading is a function affected
by steam flow and operating pressure through a turbine section. MHPS Engineering indicated that
Bartow Unit 45 was an outlier relative to the MHPS 40” L0 fleet with several operating hours above the
design limit of 15,000 lb./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 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 Ioading
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

Sampte Shroud Contact Surface Sample Shroud Contact
Photos from Period 1 Surface Photos from Period 8

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. 'DE-CL AS SXFXE-D
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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
experlence a significant change in température 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 P1 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 necessarlly indicate the overall severity of any
loadings that might be imptsed 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”)m
4 inEachPeriod |  MeetingCriteria
Period 1 W S AR
_ Period2 21,284 7 e
~ Period 3 10,286 37* = s
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

DECLASSIFIED
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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
o Hood spray thermocouple reading greater than 160 degrees F

During a review of the hood spray data, it became clear that additional operation besides that which is
outlined above had been programmed into the DCS since unit commissioning. In addition to the above
hood spray operating parameters, hood sprays were programmed to turn on anytime blending took
place — similar to the way the curtain sprays are programmed. No explanation for why this was done
has been found to date. Based on this finding, hood spray operation time is far greater than had it just
been used as originally intended per the OEM-provided instructions. A review of hood spray
thermocouple data shows they rarely reach 160 degrees F during normal operation and never reach
over 165 degrees F. 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
ta be an instrumentation issue).

Careful attention was also palid to the hood spray pressure over time. This was found to steadily
decrease over successive Periods. Maintenance of the hood sprays control valve in Spring 2017 revealed
debris in the valve passageways. Review of historical records also indicate the strainer ahead of the
same control valve had filled with debris in prior years’ operating.

Figure 2, below, demonstrates what happened to hood spray pressure over time. The decay in water
pressure at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on
pressure drop to create a vortex inside the nozzle that causes atomization through centripetal force.
The effect of reduced atomization was verified during a test just prior to unit restart in April 2017. A key
concern of poor atomization is the effect it might have on generating dynamic pressures which the L-0
blades might see as large water droplets evaporate in the exhaust stream.

Page 5 of 12

OPCRCAEXH-000170



DEF20190001BARTOW LFE4-000115

CONFIDENTIAL
Duke Energy - Confidential 11 October 2017

Figure 2 -- Hood Spray Pressure Degradation Qver Periods 1-5
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Zone Analysis — Shroud Fretting Fatigue DECL AS S I FI ED

Based on data from the Period 3 blade strain gauge test in December 2014, the OEM identified areas
(referred to as “Zones”) where blade response was high, but still below the OEM design limit in the
normal operation range of the LP turbine. The Duke RCA team defined these zones as Zone F1, Zone F2,
and Zone F3 (shown by the red rectangles in Figure 3, below) and based on the Pl historical data,
calculated the amount of time the turbine spent in each zone for each period. The OEM did not provide
any restriction(s) to operation in Zone F1, Zone F2, and/or Zone F3 — only restrictions relative to
“operation in the avoidance zone” identified by the area of the graph to the right of the dotted red line
in Figure 3.
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Figure 3 — Data Presented by MHPS During a Presentation Dated 15 March 2017

Damage Mechanism
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Example : Shroud Fretting Fatigue excessive blade response
oiomA i I ‘
Zorm-8
gre Zorw~C
Zotw-0
Zorw-E
ZorwF
~ w0 o Y
& i
3 !
S = _
1 | i
o ®e i i
| 4 |
)
7 9
i
1
VAL :
1
]
L 1
5% 9% £% Y5
U? Inict Pravsure [Psg)

« 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 tlmeﬁxgg?w' d 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 Yotal |Operating Hours|in Zone ¥
Period1| 5012 257.5 23.9 1182.6 21734 5.4%
Period 2 | 1521.8 10.0 0.2 1532.1 21284 7.2%
Period3| 513.8 257.5 23.8 795.2 10286 7.7%
Period 4 13 407.8 0.0 409.1 2042 13.9%
Period5 | 4190 0.0 0.0 4180 is61 26.8%
Page 7 of 12
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The main reason for conducting this analysis stems from the observed amount of wear seen on the
contact surfaces for Period 5. Period 5 did not have any operation time In the exclusion zone and the
amount of wear for the amount of operation time seems excessive. A photo showing the amount of
wear seen is shown in Figure 4. There was a varying degree of wear seen on the Period 5 Z-notches,
however, the wear is higher than what one would expect given the relatively low operating hours.

Figure 4 ~ Photo of an L-0 blade Z-Lock from Period 5 Showing Contact Surface Wear

Period 5 did have high energy blends as detected by the blend energy method. However, In terms of
operating hours in blend mode, Period 5 is nof 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

HVGOF 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 tralling 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, whichis 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.

Page 9 of 12
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Appendix A: Bartow L-0 Event Summary
‘ Period 1 Peried 2 Peried 3 Period 4 Perlod 5
" Date 20092012 20122014 20142016 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) Type3 (v2) Typel
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 390 MW
Operating ﬁ%“foix,":s;t";eﬁxe‘s 118 psig Limit on (P 126 psig Limit on IP 119 psig Limit on IP 111 psig Limit on 1P
Restrictions Diegrams Exhaust Exhaust Exhaust Exhaust
Blade Overspeed Overspsed Tested in
Condition Overspeed Testing in MFG e No Overspeed Testing No Overspeed Testing
A““‘ga““e Iz:n‘: 2,466 brs. (of 21,734 hrs.) 1 hr, {of 21,284 hrs.) 240 hrs. {of 10,286 firs)) | 115 hrs. (of 2,942 hrs.) 0 hrs. {of 1,561 hrs.)
Broken Snubbers STE/OGE OTE/OGE OTE/OGE DTE/1GE 0TE/13GE
Broken Z-Locks 0TE/OGE OTE/OGE 34TE /5 GE lﬁlzgsle-smckand OTE/BGE
Worn Z-b ';Lmb: Amour;;t;f ';":’der mfm:ﬁf High Degree of Wear Evidence of Poor Contact | High Degree of Wear (for
tocks Galling Oebs:tierve"g d Galling OF . 4o Observed -Alighment Observed ) Hours Run) Observed
Key Netes from | MHPSA was hired to Not a forced outage — During blade telemetry Blade "loss of material” Duke Discovery: lan/Feb
Period events | evaluate ST design Outage planned to testing, the unit was observed, as wellas crack | 2017, first time blending
conditions (original design | upgrade to "heavy duty” Intentionally run in initiation In high stress considered to be a
was for Tenaska, 3x1 heat | blades. avoldance zone to set area of alrfoll. contributing factor In L-0
balance) and to continue fimits - unit ran In zone events,
the warranty. Some blade damage (e.g. for <20 hrs. Stefiite hard facing had
chipping at contact been added to the blade Jen 2017 “loss of mass”
MHPSA was storing for carners) was observed No blade cracking Z-Lock, and Is Rkely a event— blade fragment
Tenaska (purchased grey from removed service ehserved after testing contributing factor in the projectile traveled
market, stored by GEM). blades. {when the test failure. through the LP turbine
instrumentation rupture disk dlephragm,
ST drawing modified by Biade telemetry removed). Two (2) separate step
MHPSA and approved for Instrumentation installed changes {decreases) in Dental mold impression of
4x1 operation at 20 MW | and testing conducted In vibration led to the Duke fallure surfaces Indicate
output rating (2.38 mpph | Dec 2014 at the beginning Engineering ~10°7 striations masning
LP exhaust flow), of Period 3. recommendation to high cycle fatigue (at 200
remove the ST from Hz glving over 2M cycles
N - service for inspection. in3+ hrs to fall snubber).
Information Shared | \HPS provided allPidata | MHPS provided all i data | MHPS providedall Pl data | MHPS provided all Pl data | MHPS provided all P| data
with MHPS they requested. they requested. they requested. they requasted. they requested.
Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-0-Configurations Citrus 1-0
Typel Type 3 {v1) Type3{v2) Type 5
Length a0! 40° a0 a0"
Count 64 64 64 64
Turb/Gen End Yes Yes Yes Yes
e Different Radial Height Relative to
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVOF Bartow 1-0 17
Ztack No HVOF No HVOF 45° Corner with HVOF Applied No HVOF
Blade design Original Original Original Attack Angle Change
Material 17-4 ph 174 ph 17-4 ph 17-4ph
I IED Page 10 of 12
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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 translent
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

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 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” -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 invoive 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 varlous 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 2 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:

¢ Low Pressure {LP) Turbine Excessive Steam Flow

« Blending Operations ~ Thermal Distress {dTsy/dt) at LP Turbine Exhaust

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

¢ Zone Analysis — Shroud Fretting Fatigue

¢ 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-Laock 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

Page1of 12

OPCRCAEXH-000179



DEF20180001BARTOW LFES5-000256

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-O blade inspections/failures.

Historical Perspective

Bartow is a 4x1 Combined Cycle {CC) Station with a Steam Turbine (ST) manufactured by MHPS. The ST
was purchased on the “grey market” from Tenaska Power Equipment, LLC (Tenaska). Tenaska originally
purchased the ST to operate in a 3x1 CC with a gross output of 420MW. The ST was never delivered and
was stored in a MHPS warehouse in Japan until Duke purchased the unit.

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

Since commissioning there have been five {5) events triggered by L-0 blade failures (see Appendix A for
event details). The types of failures include mid-span snubber failures, shroud Z-Lock failures, and airfoil
tip failures. Over the course of these events, MHPS has performed several design enhancements to the
40” ST L-0 blade in efforts to address the failures (see Appendix B for L-0 modifications). To date, the
modifications have not resulted In improved reliability or performance of the L-O blades in service at
Bartow. The number of blade failures and problems with ST L-0 blade performance is not typical -i.e.
these issues are outliers among the Duke CC fleet, as well as in the MHPS 40” -0 fleet. The most
common reported issue from the MHPS 40" L-0 blade design is water erosion, which both Duke and
MHPS agree is not a contributing factor for the Bartow failures. Presently, the ST is operating without L-
0 rotating/stationary hardware and with an MHPS designed and fabricated pressure plate.

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

Over the course of Periods 1, 2 and leading into Period 3, MHPS Engineering ~through data evaluation -
learned (and made it known to Duke) that a significant contributing factor toward the L-0 blade failures
was high back-end loading on the LP turbine last stage blades. Back-end loading is a function affected
by steam flow and operating pressure through a turbine section. MHPS Engineering indicated that
Bartow Unit 45 was an outlier relative to the MHPS 40” L-0 fleet with several operating hours above the
design limit of 15,000 Ib./hr./ft.? (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
“3voidance 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

' 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 (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 aliow 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 Ope}éting Hours Number of Blends (or 7’Eou|;t_s‘;')' _
in Each Period | Meeting Criteria
~ Period 1 21,734 13
~ Period 2 | 21284 ~ 7
Period 3 ’ 10,286 n 37
Period 4 2,942 [l 3
Period 5 1,561 5

*|ncludes 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 commissiening. 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 pregrammed. 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 Perlods. Maiptenance of the hdod sprays control valve in Spring 2017 revealed
debris in the vaive passageways. Review of historical records also indicate the strainer ahead of the

same control valve had filled with debris in prior years’ operating.

Figure 2, below, demonstrates what happened to hood spray pressure over time. The decay in water
pressure at the hood spray nozzles will yield reduced atomization as these style of nozzle rely on
pressure drop to create a vortex inside the nozzle that causes atomization through centripetal force.
The effect of reduced atomization was verified during a test just prior to unit restart in April 2017. A key
concern of poor atomization is the effect it might have on generating dynamic pressures which the L-0
blades might see as large water droplets evaporate in the exhaust stream.

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

~ 1600 gph 1 hood ~ 50 psig
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Zone Analysis — Shroud Fretting Fatigue

Based on data from the Period 3 blade strain gauge test in December 2014, the OEM identified areas
(referred 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 perlod. 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

DECLASSIFIED

Table 2 -- Time {in Hours) Spent in Each Zone and the Total Compared with Operating Time

l gi= Time In Zope Totat Turbine | % Time
F1 F2 F3 Total |Operating Hours |in Zone F

Period 1| 9012 2575 239 1182.6 21734 5.4%

Period2 | 1521.9 10.0 0.2 i1532.1 21284 7.2%

Period3| 513.8 257.5 2325 795.2 10286 7.7%

Period 4 1.3 407.8 0.0 409.1 2842 13.9%

Period5| 419.0 0.0 0.0 415,0 1561 26.8%
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The main reason for conducting this analysis stems from the observed amount of wear seen on the
contact surfaces for Period 5. Period 5 did not have any operation time in the exclusion zone and the
amount of wear for the amount of operation time seems excessive. A photo showing the amount of
wear seen is shown in Figure 4. There was a varying degree of wear seen on the Period 5 Z-notches,
however, the wear is higher than what one would expect given the relatively low operating hours.

Figure 4 — Photo of an L-0 blade Z-Lock from Period 5 Showing Contact Surface Wear

Period 5 did have 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 respionse 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 - L.e. the Type 3 {Perlods 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 misaligriment.

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 Perlod 5
Date 2009-2012 2012-2014 2014-2016 Moy 2016toOct 2016 |  Dec2016-Feb2017 |
Service Duration ~34 Months ~28 Months | ~17 Months ~5 Months ~2 Months
-0 Blade
Configuration Typel Typel N Type 3 (vl) Type 3 (v2) D Typel
ST Rating 420 MW (Nameplate) 420 MW 450 MW 450 MW 380 MW
Operating ";":ojlx'“:ztm;ﬁn":‘ 118 psig Limit on (P 126 psig Limit on IP 119 psig Limit on IP 111 psig Limit on 1P
Restrictlons Exhpust Exhaust Exhaust Exhaust
Diagrams.
Blade Overspeed Overspeed Tested in
Condition Overspeed Testing in MFG T No Overspeed Testing No Overspeed Testing
s “‘e;"; 2,466 hrs. {of 21,738 hrs) | 1hr. (of 21,284 hrs.) 24D hrs, (0f 10286 hrs)) | 1.15 hrs. (0 2,942 hrs.) 0 hrs. (of 1,561 hrs.)
Broken Snubbers 5TE/OGE OTE/OGE OTE/OGE OTE/1GE 0TE/13GE
Broken ZHLocks OTE/OGE OTE/OGE 34TE/S GF 1TE/2(:§*3:'DCkand 0TE/8GE
Moderate Amount of Moderate Amount of High Degree of Wear Evidence of Paor Contact High Degree of Wear {for
Worn Z-locks Surface Fretting and Surface Fretting and Qbserved Alignment OF 4 Hours Run) Observed
_ Galling Observed | Galling Observed s B g
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 Qutage planned to testing, the unit was observed, as well as crack | 2017, first time blending
conditions (original deslgn | upgrade to "heavy duty™ intentionally run in Initiation in high stress consideredto be a
was for Tenaska, 3x1 heat | blades. avoldance zone to set area of airfoll. contributing factor in L-O
balance) and to continue limits —unlt ran in zone events.
the warranty. Some blade damage (e.g. for <20 hrs. Stellite hard facing had
chipping at contact been added to the blade lan 2017 “loss of mass”
MHPSA was storing for corners) was obsefved No blade cracking Z-lock, and s likely a event — blade fragment
Tenaska (purchased grey from removed service ohserved after testing contributing factor in the projectile traveled
market, stored by OEM). blades. {when the test failure. through the LP turbine
instrumentation rupture disk diaphragm.
ST drawing modified by Blade telemetry removed). Two (2) separate step
MHPSA and approved for | Instrumentation installed changes {decreases) in Dental mold impression of
4x1 operation at420 MW | and testing conducted in vibration led to the Duke failure surfaces indicate
output rating (2.38 mpph | Dec 2014 at the beginning Engineering ~10A7 striations meaning
LP exhaust flow}. af Period 3. recommendationto high cycle fatigue (at 200
remove the ST from Hz giving over 2M cycles
I o service for inspection. In 3+ hrs to fall snubber).
Information Shared | wPs provided all P data | MHPS providedall P data | MHPSprovided allPldata | MHPSprovidedallPidata | MHPS provided all PI data
with MHPS thiey requested. they requested. they requested. they requested. they requested.
Appendix B: MHPS L-0 Blade Type Matrix
Bartow L-D Configurations Citrus 1-0
Typel Type 3 (v1) Type 3 (v2) Type 5
Length 40" 40" 40" 40"
Count b4 B4 bd b4
Turb/Gen End Yes Yes Yes Yes
- S RN, Different Radiof Helght Relotive to
Snubber No HVOF Chamfer Radius & HVOF Chamfer Radius & HVQOF 8a 1-0 {About 1)
Z-lock No HVOF No HVOF A5° Corner with HVOF Applied No HVOF
Blade design Original Original Original Attack Angle Change
Material 17-4 ph 17-4 ph 17-4ph 17-4 ph
Page 10 of 12
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Appendix C: Empirical Data Supporting Root Cause
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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.

p

Bartow RCA
Customer 9-22-17.pd

DECLASSIFIED
"X

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

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-O blade cracks and failures that occurred during normal station operations at
Bartow Station. The intervals between failures had becaome 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 fallure, 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 (“PI”) data historian and operational data from each period and
retroactively calculated® whether those factors had any correlfation to the failures. Potential factors in
the operational category included:

e« Operations in MHPS Avoidance Zone -- Low Pressure (LP) Turbine “Excessive” Steam Flow

e Bartow Blending Operations — Potential Thermal Distress (Rate of Change in Super Heat Qver
Time, dTsy/dt) at LP Turbine Exhaust

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

Duke Engineering concluded that there was no correlation between any one of the above-listed factors
and the five (5} failure periods. Notably, Duke was only able to study each factor independently based
on available data. In the absence of (1} blade telemetry, {2) duplication of the factors in various
combinations, and (3) operation in varying but normal conditions, it Is not possible to study how each
factor relates to and interacts with any other factor, if at all.

Duke also studied design factors unique to MHPS 40” steel blades. This aspect of the RCA was fargely
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.

Page 1 of 16
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¢ 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 concesslion, It Is currently re-engineering its
40" blades and making changes to the blades’ geometry as discussed by MHPS Engineering in a 22
September 2017 presentation made to Duke.

Based on its observations and study, Duke has been and remains of the opinion that the root cause of
the failures in the ST L-0 40" blades Is the blade design/lack of blade design margin. That is to say, under
expected operating conditions at Bartow's 4x1 Combined Cycle (CC) Unit, the MHPS blades are
substantially more fragile than similar 40" blades both in Duke’s CC fleet and elsewhere in the industry.?

Duke’s conclusion is based on its study of the events and information that includes data supplied by
MHPS, Pl data from Bartow, information from similar units in Duke’s fleet, and indystry 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 monfitoring 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. CC units blend steam from the combustion turbines (CT) as they start-up and/or

2 The most commonly reported Issue with the 40” L-0 blade design elsewhere is water eroslon, 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 biade at the start of Period 2. Period 2 ended with a
planned shut-down, during which the TE and generator end (GE) blades were replaced with an OEM-
improved design (Type 3) even though the in-service Type 1 L-0 blade condition was such that they
could have run longer. The Type 3(v1) blades had hard-facing on the mid-span snubber contact surfaces
and MHPS ran its brief period of telemetry testing. Damage found at the end of Period 3 resulted in a
forced outage and the installation of new Type 3(v2) blades with hard-facing on the mid-span snubber,
as well as hard-facing now added to the Z-Lock contact surfaces. When these Type 3{v2) blades failed
at the end of Period 4, they were replaced with the original Type 1 blades for Period 5. When these
Type 1 blades failed at the end of Period 5, the L-0 blades were replaced with a pressure plate.

MHPS provided OEM operating parameters in each Period as reflected in Table A under the heading
“MHPS IP Exhaust Pressure Operating Limits.” For Period 1, these limits were the design limits that
accompanied the ST at purchase. After the damage was discovered at the end of Period 1, MHPS
imposed a lower IP exhaust pressure limit. In Period 3, when the Type 3 blades were installed, MHPS
raised the limit, in accordance with the original proposal by MHPS to supply blades for Period 3 that
would allow operation up to 450 MW but also stay within the limits established as a result of the
telemetry test. After the telemetry test, MHPS sent out a chart it called the “Avoidance Zone” and
suggested that blade damage would be avoided if Duke operated as few hours as possible in the zone.
The practical result of the avoidance zone limits meant that the Bartow ST unit could not achieve 450
MW as the IP exhaust pressure was, and to this day still is, limited when condenser pressure is in a range
the unit normally must run in. In Period 4, with the discovery of additional damage, MHPS lowered its IP
exhaust pressure limit and did so again in Period 5.

Page 3 of 16
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Table A: Bartow L-0 Events Summary
Period 1 Period 2 Period 3 Period 4 Perlod 5
Date | June 2009 to March 2012 | April 2012 to August 2014 Dece’"be;gfs“ AR | ey 201610 Oct o | De::bn:ub::y e
Service Duration ~34 Months ~28 Months ~17 Months ~5 Months ~2 Months
o n;;:';g: Typel Type 1 (re-engineered) Type 3 (v1) Type3 (v2) Type i
WIS B“’e‘gﬁfpsu: 420 MW {Nameplate) 20 MW 450 Mwe 450 MWs 350 MW
m"g’:gzz:‘; T:ﬁ?&ﬂ:’gg%ﬁ::' 118 psig Limiton P 126 psig Limiit on IP 119 psig Limit on IP 111.5 psig Limic on {P
Exhaust Exhaust Exhaust Exhaust
Limits limits
Retroactive
Calculation of
Avoidance Zone
“Exceedance® | 2,466 hrs. [of 21,734 hrs.) 1 hr. (of 21,284 hrs.) 240 hrs. (of 10,286 his.) 1.15 hrs. (0f 2,942 hrs.) 0 hrs. {of 1,561 hrs.)
based on the MHPS
Peried 3 Avoldance
Zone chart*
Broken Snubbers STE/OGE 0TE/OGE OTE/OGE OTE/1GE OTE/ 13 GE
Broken Z-Locks OTE/OGE OTE/OGE 34TE/5 GE ITE/ngr'F:ZI:"“"a"" OTE/8GE
NMinderar=Amatiol LR SEm e ok High Degree of Wear Evidence of Poor Contact | High Degree of Wear (for
Worn Z-Locks Surface Fretting and Surface Fretting and 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 "lass of mass®
Peried | work, aswell as annuall- | upgrade to “heavy duty" instrumentation instelled | changes (decreases) in event - blade fragment
0 inspections. blades, based or MHPS and testing conducted in vibration led to the Duke projectile traveled
representationthatithad | Det 2014 atthe beginning | Engineering through the LP turbine
Atthe start of this perlod, | Improved design. of Period 3. recommendation to rupture disk dlaphragm.
MHPS approved 4x1 remove the ST from
{unflred) operatlions at Some blade damage {e.g. During blade telemetry service for Inspection. Dental mold impression of
392 MW output, as well chipping at contact testing, the unit was failure surfaces indicate
as 3x1 {duct fired) corners} was observed intentionally runin Blade “loss of materlal” ~1077 striations meaning
operation at 420 MW, from removed service avoidanoe zone to set observed, as well as crack | high cycle fatigue (at 200
supported by MHPS- blades. Jimits —unit ran in zone initiation in high stress Hz giving over 2M cydles
provided heat balance for <20 hrs. area of eirfolf. in 3+ hrs to fail snubber).
documentation,
Planned outage forvalve | Stellite hard-facing added | 1-0 blades removed and
During a plant shut down waork, as wellas an annual | to the blade Z-Lock, pressure plate installed;
a visual inspection of the t-0 lispection. pressure plate restricted
ST L-0 blades revealed ST output to between
damage to the turbine No blade cracking 360-380 MW. MHPS
end blade snubbers. observed after testing maintains operational
{when the test restrictions on 5T.
instrumentation
g removed).
- Steliite hard-facing added
to snubbers only.
Information Shared Duke provided all Duke provided all Duke provided all Duke provided ali Duke provided afl
with MHPS requested Pi data. requested P data. requested Pl dats. requested Pl data. requested Pi data.

? 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-ft2 by many
hours and that the MHPS 40" L-0 fleet average for back-end loading was closer to 12,000 Ib/hr-ft%,
Although MHPS had not previously imposed a back-end loading limitation, it then created what it called
the “Avoidance Zone” and suggested longer run times in the avoidance zone were the root cause of the
first three failures.

Then and now, Duke Engineering does not agree that back-end loading above 15,000 Ib/hr-ft? has been
the failure-driving mechanism for the documented -0 events. As Table A iliustrates, 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 avoldance
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 an 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).

* 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 conditlions after new blades
and/or other equipment is installed, the December 2014 data yields no reliable RCA conclusions.

Page 5 of 16
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Figure 1 —~Photos of Shroud Contact Surface Wear for Periods 1 and 3

‘Photos from Perlod 1 Surface Photos from Perlod 3

Sample Shroud Contact Surface l Sample Shroud Contact

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 [dTg.][dt) at LP Turbine Exhaust ~ “Blending Operations”

After the Perlod 5 fallure, 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

8 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 Turblne 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 “avcidance zone” and more importantly points to a design flaw that may affect more than

DECLARSIFIED  retes
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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 enthaiples.

The foliowing 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 T !
Period 3 . 10,286 - _____ .. 3 . . |
Period 4 2,942 3 -
Period 5 . L561 S ST

*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

. 5 ~ Number of Number of Blends {or “Counts”)
_ DikejStetion i "E_)_a_)_te Range Operating Hours Meeting Criteria
HF Lee CCST | 01/01/2014 to 01/01/2016 | 15,045 ] 22 ]
Hines PB2 ST | 09/01/2015to 09/01/2017 | 16,123 44

" 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 delts, 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-O 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 pregrammed the hood spray in this way; MHPS would have had Input in the
control systerh.but the architect/engineer typically designs the plant-wide control system.

In any case, becausg of the manner it was programmed, the hood spray operations accurred 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 préssure 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 Fatizue
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 excesslve Z-Lock wear in Perlod 5 that occurred after a short operation time. Excessive
wear at these contact surfaces is a sign of excessive blade movement during operation. Since there was
no operation in Period 5 above the IP turbine exhaust pressure limit “avoidance zone” designated by
MHPS, the only other possible reason for the wear is higher dynamic stimulus (Zone F as identified by

the telemetry test).

DECLASSIFIED

& These zones are not MHPS operatlonal constralnts and differ from the Avoldance 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 3 TJotal |OperatingHours| ZoneF
Period1 | 9012 466.2 9.7 1377.0 21734 6.3%
Period 2 | 15219 10.0 0.2 1532.1 21284 7.2%
Period3 | 513.8 257.5 23.9 795.2 10286 2.7%
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%

Page 11 of 16
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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 fallures.
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.

DECLASSIFIED poge 120 1
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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 aresult, 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 Fitent ~ Gap Measurements for Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces

To understand this issue, recali 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 hlade is not significant enough to have
negatively impacted blade stress/response, MHPS also implicitely acknowledges that blade
fitment/geometry is important in its current efforts to redesign the 40” blade following the fifth failure.
In fact, it is is changing the geometry in response to specific Duke suggestions.

In conclusion, Duke Engineering believes that the “as-left” placement of the blades in the 3" and 4%
Periods had some impact on the failures, though again, had the blades been more robust, they may not

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 biades 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 most commonly reported Issue with the 40 1-0 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-Hock
Blade design

Materfal

Typel

Yes

No HVOF

No HVOF
Original

17-4ph

Bartow L-0 Configurations
Type 3 {v1)
40"
64

Yey

Chamfer Radius & HVOF

No HVOF
QOriginal

17-4ph

Type 3 {v2}
a0
64

Yes

Chamfer Radius & HVOF

45° Corner with HVOF Applied
Originel

17-4ph

February 6, 2018

Citrus 10
Type 5
40"
64

Yes

Different Rodiol Helght Relotive to

Bartow 1-0 (About 1°)
No HVOF
Attack Angle Change

17-4ph

DECLASSIFIED

Page 15 of 16

OPCRCAEXH-000206



DEF20180001BARTOW LFE5-000189

CONFIDENTIAL
Duke Energy - Confidential February 6, 2018

Appendix B: Empirical Data Concerning Factors which May Have Affected L-0 Blades
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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 &n “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 O 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:

« Operations In MHPS Avoidance Zone - Low Pressure (LP) Turbine “Excessive” Steam Flow

s 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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