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Agenda 

• Background of L-0 blades
• Analyses performed
• Root cause analysis
• Mitigation plan
• Summary
• Review of previous customer questions
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Background of L-0 Blades 

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

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

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

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

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

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

• X-ray and mold tests were conducted by customer on the
governor end L-0 blades in March 2013. Customer analysis
indicates fretting wear on the contact surface of mid span stub.
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S/N 761 S/N 707 S/N 718 S/N 759 S/N 731 S/N 760 S/N 738 S/N 739 S/N 733 S/N 732 

Failure Blades at Site (Stub) 
#32 #33 #34 #35 #36 #37 #38 #39 #40 #41 

Suc. 

Pres. 

Suction Side 

8mm 

41.51mm 

Stub 

Stub 

Profile 

Fracture plane 

[LH] 

#32 

#33 #37 #38 #40 

#37 

#32 &#33 
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Metallurgical Analysis 
6 

Sliding scars in horizontal 
direction were recognized. 

Cracks were observed. 

Fretting crack was generated on the contact surface. The crack was 
propagated by high cycle fatigue. 

Contact surface 

Clear beach marks were recognized 

Fracture surface 

Cut section 

Contact 
surface 

SEM (Scanning Electron Microscope) observation 
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Analyses performed 
7 

CONFIDENTIAL Docket No. 20190001-EI 
Bartow ST #1 L0 Blade Upgrade to 
Achieve 450 MW, Dated 9/18/13 
Exhibit RAP-6 
Page 7 of 28

Disc Two 000268



MPSA BUSINESS 
CONFIDENTIAL 

This document contains information proprietary to Mitsubishi Power Systems Americas, INC. It is submitted in confidence and is to be used solely for the purpose for which it is furnished and returned upon request. 
This document and such information is not be reproduced, transmitted, disclosed or used otherwise in whole or in part without the written authorization of Mitsubishi Power Systems Americas, INC. 

MITSUBISHI POWER SYSTEMS AMERICAS, INC 

Analyses performed 
8 
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Root Cause Analysis 
9 9 

Fretting and 
high cycle 
fatigue of 

stub 

Sever 
Environment 

High local 
contact surface 

stress 

Contact surface 
stress of stub is 
high 

Large rubbing 
on stub 

High average 
contact surface 

stress 

High vibration 
stress at stub 

High stress due to eroded 
rough surface 

Corrosion fatigue crack 
initiation on stub surface 

High force by high load 

Stub contact area is small 

Flutter vibration 

Deformation or tilt of stub at 
higher load  

Vibratory impact between 
adjacent unlatched stubs 

Latching impact 
on stub 

10:  No sign of corrosion on stub 
surface 

9:  No sever erosion on stub 

8:  Test data shows full latching 
before heat soak. 

Blade twist force is large 

5:  Deformation of blade after 
operation 

1:  These values are within 
design specification 

2:  High static stress may be 
generated by high load 

3: Stub face orientation 

Resonance vibration 

Random vibration 

6: It is only for low load condition 
based on steam load test 

7: Verification test is performed 
except for very high loading  

4: Stub edge shape 

Low possibility 

Not possible 

Possible 
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Root Cause Analysis 
10 10 

Fretting and 
high cycle 
fatigue of 

stub 

High local 
contact surface 

stress 

Contact surface 
stress of stub is 
high 

Large rubbing 
on stub 

High vibration 
stress at stub 

Flutter vibration 

Deformation or tilt of stub at 
higher load  

Vibratory impact between 
adjacent unlatched stubs 

Latching impact 
on stub 8:  Test data shows full latching 

before heat soak. 

3: Stub face orientation 

Resonance vibration 

7: Verification test is performed 
except for very high loading  

4: Stub edge shape 

Low possibility 

Possible 
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Root Cause Analysis 
11 11 

Deformation or tilt of 
stub at higher load 

5:  Deformation of blade after 
operation 

3: Stub face orientation 

4: Stub edge shape 

Local pressure 
increases with tilted 
contact surface.  

Nominal (Design) Tilt case-1 Tilt case-2 
Analysis 
Model 

Contact 
Pressure 

T.E. T.E. T.E.

L.E. L.E.
L.E.

High Local Stress 
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Mitigation 1: Crowning 
12 

High Local Stress Mitigation 

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

• Crowning is applied to the edge of stub contact to avoid the high local
stress.

Before Crowning After Crowning 

Normal Contact 

Contact Pressure Variation 

Assumed Condition 
(stub Tip Contact) 

Assumed Condition 
(stub Lower Contact) 

Section View 

Rounding 

Chamfering 

Mitigated Stress High Local Stress 

~50% reduction in 
local stress 
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13 

Mitigation 2: Improved Gap Control 

: Original measurement (2 point) 

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

: Improved measurement (4 point) 

4-point measurement will be applied to
single piece and assembled row.

Stub Contact Surface 
Box gauge 

Dimension Diagnostics After Machining Jig for Gap Measurement 

Jig  
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Mitigation 3: Stellite Coating 
14 

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

Base material Steel (17-4PH) 
Coating material Stellite 

Method HVOF (High Velocity Oxygen Fuel) 

Test Schedule 
Fracture limit strain test ~ Sep. (in process) 
Bending fatigue strength test Complete 
Fretting wear test ~ Oct. (in process) 
Fretting fatigue test ~ Oct. (in process) 
Destructive test for actual blade ~ Oct. 

Coating Specification 

Additional test for 17-4PH 
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15 

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

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

Raw material (17-4PH) Coating (Stellite) 

6000 cycles, Pure water drop condition 

Mitigation 3: Stellite Coating 
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Mitigation 3: Stellite Coating 
16 

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

• Fretting durability by coating is 10 times
more than raw material.
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Mitigation 3: Stellite Coating 
17 

Bending Test Result 
Coating 

Base metal 

It is confirmed by the bending test that any crack that initiates 
in the coating will not propagate into base material. 
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Coating Experience 
18 

Unit Name No. of 
Flow 

Power (MW) Speed(RPM) Year in 
Operation 

1 1 3600 Jul 2003 
2 1 3600 Oct 2008 
3 1 3600 Jul 2008 
4 1 3600 Jun 2008 
5 1 3600 Apr 2008 
6 1 3600 Apr 2009 
7 1 3600 Jul 2009 
8 1 3600 Oct 2009 
9 1 3600 Apr 2010 
10 1 3600 Sep 2010 

Unit list of 45 inch ISB 
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Root Cause Analysis 
19 

Flutter vibration 

Resonance vibration 
7: Verification test is performed 
except for high load condition   

1st Mode 

2nd Mode 

3rd Mode 

rotation (rpm) 

fre
qu

en
cy

 (H
z)

 

• First three modes are well tuned.

• There is no data or experience above
15000 lb/hr/ft2

Loading of L-0 

Vi
br

at
or

y 
St

re
ss

 

Experienced Uncertain 

15000 17000 

~450MW  
condition 

~420MW  
condition 
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Mitigation 4: Verification Test 
20 

• Mitsubishi verification process requires field test above 15,000 lb/hr/ft2.

• The reasons why this verification is necessary are following;

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

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

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

• Mitsubishi warrants the reliability of mitigation plan with verification test.
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Measuring Blade Vibration 
21 

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

• Strain gauges and transmitters are
mounted on blades and rotor.
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Root Cause Analysis 
22 22 

Vibratory impact between 
adjacent unlatched stubs 

8:  Test data shows full latching 
before heat soak. 

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

• Vibratory impact does not occur with adjacent 
stubs during heat soak (2200 rpm). 
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Mitigation Summary 
23 

Flutter Vibration  

Un-expected High 
Resonance Vibration 

Stub Deformation 
and/or Tilting at 

higher load 

Vibratory Impact by 
Partial Latching 

Mitigation 2  
Improved Gap 

Control  

Mitigation 1 
 Crowning 

Mitigation 3  
 Stellite coating 

N
o 

C
ra

ck
 o

n 
St

ub
 

Mitigation 4 
 Telemetry Test 

Edge of stub surface is 
rounded and 
chamfered. 

4-points measurement 
is performed. 

Stellite coating by 
HVOF is provided on 
stub surface. 

Actual operation 
condition is measured. 

 
 

High Durability 
against Fretting 

 
 
 

Mitigated High Local Stress 

Validation 

Assuming NTP by Oct 1st 2013, this upgrade can be installed in Jan 2014. 
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Duke Energy Questions 

24 
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Duke Energy Questions 

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

 
 

 
 

At the operating speed of 3600 rpm, all 
the modes are detuned. Multiple vibration 
tests performed on the test rotor and 
actual rotors have confirmed this fact. 

1st Mode 

2nd Mode 

3rd Mode 

rotation (rpm) 

fre
qu

en
cy

 (H
z)

 

3600 rpm 

Test Campbell 
Diagram 

1st Mode  2nd Mode  3rd Mode  
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Duke Energy Questions 

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

5. Did you do a cfd/ fea interactive model at 15,000 lbs/hr/ft2 rating?  Did 
the motions compare to measured in 4.? 

 
 

 
 

 40”L0 blade was tested at ~10,000 lb/hr/ft2 last blade loading in test turbine 
located in Takasago factory in Japan. CFD/ FE Analysis were performed at 
10,000 lb/hr/ft2 loading. 
 

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

Question from email from Mark Mattina email  8/24/2012 
 
1. MPSA  was to answer if newly procured blades were compliant with 
the MHI paper on Fretting  -  “Analysis of Fretting Fatigue Strength of 
Integral Shroud Blade for Steam Turbine (Yasutomo Kaneko et, al. 
October 2007). 
 
 

Yes, the new blades are compliant with the methodology. 
This process was developed during the design phase of 40” L0 blade 

but was published at a later date. 
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Duke Energy Additional Questions 

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

correction is performed before final gap measurement at the 
shroud and mid span stub . CMM on final blades is performed after 
gap measurement. 

 
See next slide for  manufacturing process steps sequence. 
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2 

 
Purpose of Meeting :   
 
1. Demonstrate that the Period 3 Blade Failure Root Cause is not impacted by ongoing investigation into 

blending. 
 

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

 
3. Address open question associated with Bartow.  
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MHPS RCA Conclusions 

3 

Time Blade Root Cause Comments 

Period 1 Type 1 Stub fretting fatigue. Operation above design 
limit.  

Impact of bypass operation not yet understood. 

Period 2 Type 1 No RCA – Shroud chipping observed 

Period 3 
 

Type 3 Blade with 
midspan HVOF 

Shroud heavy wear. Operation in the avoidance 
zone. 

Conclusion based on Telemetry Test results and 
communication of operation limits after the test. 
May be additional impact from bypass operation. 

Period 4 
 

Type 3 Blade with 
midspan and 
shroudr HVOF 

RCA Incomplete 
Additional operating data required 
 

Short term operation in avoidance zone  
Evaluation of bypass stimulus requires further review 
HVOF has potential of impacting blade damping 

Period 5 
 

Type 1 Blade 
 
 
 

RCA Incomplete 
Additional operating data required 
Metallurgical analysis required 

No operation in avoidance zone. 
Major water hammer event identified 3.75hrs prior to 
blade damage with 560g’s measured on bypass piping 

Note : Full operating data set is not available over 7.5 yrs.  
• Bypass exhaust pipe accelerometers only available from Sept 2015  
• Telemetry test data only available 12/21/14 to 12/24/14 
• 100 days of operating data not captures in Pi due to data security concerns 
• Data filtering limits resolution. eg. Additional 4 exhaust pressure probes were sampling on the order of hours.  
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Agenda 

4 

1. 40” L-0 Fleet Operating Experience 

2. RCA Overview 

3. Results of Metallurgical Evaluation 

4. Stress Response and Damage Mechanism identified in Telemetry Test 

5. Blade response during GT Blends 

6. Manufacturing and Assembly Variation Review 

7. Actions 
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Reference Presentations 

5 

• Sept 18th, 2013  - Period 1 RC/CA 

• March 18th 2015 –  Results of telemetry test  

• Nov 9th 2016 – Period 3 RCA results of period 

• Nov17th 2016 – Responses to Period 3 RCA questions 

Period Operating Time Blade Type in Operation 

Period 1 2009 - 2012 Type 1 

Period 2 2012-2014 Type 1 

Period 3 Dec 2014 to April 2016 HVOF Midspan Type3 

Period 4 Jun 2016 to Oct 2016 HVOF Midspan + Shroud Type 3 

Period 5 Dec 2016 to Feb 2017 Type 1 

Blade Type Blade Description 

Type 1 Blade Original Design 

Type 3 Blade Type 1* + Stellite Weld Inlay under shroud to prevent 
erosion. 

Type 4 Blade Type 1* + Stellite Shield under shroud to prevent erosion 

* Chamfer added to Shroud and Radius added to Midspan 

Reference Information 
Bartow Cross Section 
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7 

40” L-0 Fleet Operating Experience 

• 55 Rows in Global Fleet 
• 25 Rows in US Fleet 

 
• No units except Bartow with midspan snubber damage 
• Minor shroud chipping observed with no corrective action required 

 
• Bartow has not observed any excessive shroud erosion 

 

 

  
Unit Start 

Date 
Unit 

Name # Flows Type Fuel 

TG
O

 F
le

et
s 

Jul-03 Unit A Single 3 CC 

Aug-03 Unit B Single 3 CC 

Sep-03 Unit C Single 1 CC 

Apr-03 Unit D Double 3 CC 

Jun-03 Unit E Double 3 CC 

Jul-03 Unit F Double 3 CC 

Jul-03 Unit G Double 3 CC 

Jun-09 Bartow Double 3 CC 
        

N
G

A 
Fl

ee
ts

 

Dec-01 Unit H Single 3 CC 

May-01 Unit I Single 3 CC 

Feb-06 Unit J Double 1 Coal 

Jul-06 Unit K Double 3 Coal 

Sep-09 Unit L Double 3 Coal 

Jun-08 Unit M Double 1 CC 

Jun-11 Unit N Double 3 Coal 

US 40in Fleet 

Current design for existing fleet is Type 4 
Note :–  Citrus County applies a redesigned blade developed in 2015 
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Period 3 - Blade Shroud Chipping RCA 

8 

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

1 Open Actions from RCA : 
 
• Characterization of operation from log book 

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

9 

Period 4 HCF Initiation and propagation 
 
 
 
 
 
 
 
 

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

SL3 

Period 3 Shroud Heavy Wear 
 Presented 5/26/16 and 11/9/16 

Period 1 Snubber Fretting Fatigue 
 Presented 9/18/13 

Vane Trailing Edge – HCF Initiation 

Shroud– HCF Initiation 
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T.E. L.E.

腹側

L.E. T.E.

背側

T.E. L.E.

腹側

L.E. T.E.

背側

E.

腹側

L.E.

背側

T.E.

腹側

L.E.

背側

Maximum 

principal 

stress 

Minimum 

principal 

stress 

1st Mode Stress Distribution 

Is the damage consistent with the stress analysis? - Yes 

Mitsubishi Original Design 

Vane Static Stress 

Steady State stress at trailing edge  

Magnitude of blade response (High to Low) 
All stresses are within design criteria and 
experience within operating design space. 
 

1. Snubber Fretting  
 (Protected with HVOF during Period 3 and 4) 
 

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

3. Vane High Cycle Fatigue 

Period 4 
Damage 
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Damage Mechanism 

11 

Blade Response – Design Margin 
Example : Shroud Fretting Fatigue 

SL3 

Snubber fretting fatigue, shroud fretting fatigue and Vane High Cycle 
Fatigue are all calculated from the telemetry test with avoidance zone 
established to address all 3 cases. • Cycles accumulate at 12,000 cycles per minute at 200 Hz 

Unable to test due to 
excessive blade response 

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

Blade response is observed at around 16th Nodal Diameter of 
the first mode (approx. 200Hz). 
The Notable Non-synchronous Vibration is caused by aero-
dynamic flow and observed as the Multiple Modes Response 
(180Hz-220Hz). 
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• During the 2014 telemetry test 
2 GT blends were recorded. 

Vacuum 

End Loading 

Vacuum 

End Loading 

Gen End  
Blade Response 

Gov End  
Blade Response 

Gov End  
Blade Response 

Gen End  
Blade Response 

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

Evaluation of GT blends during 2014 telemetry test 

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

Further investigation : 
• Create complete data set of available  IP 

Bypass exhaust temps, pressures and 
vibration 

• Characterize ‘severity of blends 
• CFD of condenser / exhaust flows 
• Model blade response from blend stimulus  
• Validate model with Telemetry Test data 

Blend in “B” 
Blend in “D” 

Note : Operating Data required. 874 Blend events have identified by Duke’s hand evaluation. 
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4B 4D 

Telemetry Test Spectrum at GT Blending 
4D 

4C 

4A 
4B 

GEN 

GOV 
IP Bypass Configuration 

Blade response during bypass operation is also Non-synchronous 16 Nodal Diameter response around 200 Hz 
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Shroud and Midspan Gap Data Evaluation 

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

been identified. 
• Evaluation completed for Periods 3,4,& 5. 

14 SL3 

• Manufacturing / Assembly variation 
is consistent with the rest of the 
fleet. 
 

• 4 point checks have been used to 
minimize variation.  
 

• Avoidance zone was evaluated 
using scanned blade geometry 
from period 1,2 and 3. 
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Actions 
1) Investigation of bypass operation.  
 
 
 
 
 
 
 
 
 
 
2) Aspiration 
 
• Duke have requested evaluation of reverse 

flow through drain slots due to dynamic 
head pressure reduction from steam flow. 
 

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

 

• Determination of acceptable level of 
temperature and pressure variation during 
blending. Awaiting operating data. 
 

• Analysis of blade response to bypass 
blending events. 
 

• Investigation of bypass valve and 
attemperation operation. 
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Backup - Snubber Orientation – Evaluation of Tip Loading 

Cracked portion 
(probable) 

Cracked portion 
(probable) 

Equivalent stress Bending stress 

Failed stub #54 Blade.  
Crack initiated at close the mid span of contact surface. 
 
Duke raised concern that the crack initiation may be from bending stresses induced from tip contacting on 
the mid span snubber. Analysis was conducted to confirm that snubber cracking did not occur at the 
location of maximum bending stress associated with tip loading.  
 
Fretting Fatigue Crack Initiation is to be confirmed through SEM review of fracture surfaces. 

#53 Blade 
Concave side 

#54 Blade 
Convex side 

1. FEA Analysis does not show crack initiation 
does not match the peak bending stress 
location  

2. Visual Inspection does not support that the 
blade was point loaded 

Location shown in contact prior to cracking 

16 SL3 

CONFIDENTIAL

DEF-19FL-FUEL006849

Docket No. 20190001-EI 
Bartow RCA Review    
Dated March 15, 2017 
Exhibit RAP-7 
Page 16 of 16

Disc Two 000305



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 1 of 12

Disc Two 000306



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 2 of 12

Disc Two 000307



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 3 of 12

Disc Two 000308



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 4 of 12

Disc Two 000309



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 5 of 12

Disc Two 000310



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 6 of 12

Disc Two 000311



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 7 of 12

Disc Two 000312



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 8 of 12

Disc Two 000313



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 9 of 12

Disc Two 000314



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 10 of 12

Disc Two 000315



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 11 of 12

Disc Two 000316



D
ocket N

o. 20190001-EI 
U

pdate on 40" Last Stage B
lade, D

ated  2015 
Exhibit R

A
P-8 

Page 12 of 12

Disc Two 000317



Line Year Month
(a) (b) © (d)

1 2017 4 $166,279 12,080
2 2017 5 $218,202 16,320
3 2017 6 $161,352 14,440
4 2017 7 $259,475 19,560
5 2017 8 $190,655 18,400
6 2017 9 $336,487 18,840
7 2017 10 $238,338 21,040
8 2017 11 $198,637 20,400
9 2017 12 $236,112 20,960

10 2018 1 $301,026 12,080
11 2018 2 $103,196 16,960
12 2018 3 $319,840 24,880
13 2018 4 $209,139 18,360
14 2018 5 $195,795 14,200
15 2018 6 $154,945 13,440
16 2018 7 $235,202 23,240
17 2018 8 $162,273 15,880
18 2018 9 $209,104 20,480
19 2018 10 $262,358 22,520
20 2018 11 $223,721 15,680
21 2018 12 $168,450 15,560
22 2019 1 $119,348 15,920
23 2019 2 $71,018 10,080
24 2019 3 $122,114 17,600
25 2019 4 $183,359 18,080
26 2019 5 $174,136 18,280
27 2019 6 $189,686 17,240
28 2019 7 $143,261 15,200
29 2019 8 $186,630 16,080

30 2017 $2,005,536 162,040
31 2018 $2,545,049 213,280
32 2019 $1,189,552 128,480

33 2017 Outage $11,100,000

34 Total $16,840,136 503,800

Annual Totals

Replacement 
Power Costs

Replacement 
MWh

REPLACEMENT POWER COSTS 
FOR BCC 40 MW DERATE

Docket No. 20190001-EI 
Replacement Power Cost 
Exhibit RAP-9 
Page 1 of 1
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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 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 ("Pl") data historian and operational data from each period and 

retroactively calculated 1 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, dTsH/dt) at LP Turbine Exhaust 

• 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 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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• Loss of Dampening- Hard-Facing on Mid-Span Snubbers and Shroud Z-Lock Contact Surfaces 

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

With regard to the "Hard-Facing on Mid-Span Snubbers" factor, Duke was able to conclude and MHPS 

concurred, that this factor played a part in the blade failure in Periods 3 and 4. With respect to the Zone 

Analysis and Blade Fitment factor, although MHPS made no concession, it is currently re-engineering its 

40" blades and making changes to the blades' geometry as discussed by MHPS Engineering in a 22 

September 2017 presentation made to Duke. 

Based on its observations and study, Duke has been and remains of the opinion that the root cause of 

the failures in the ST L-0 40" blades is the blade design/lack of blade design margin . That is to say, under 

expected operating conditions at Bartow's 4xl Combined Cycle (CC) Unit, the MHPS blades are 

substantially more fragile than similar 40" blades both in Duke's CC fleet and elsewhere in the industry.2 

Duke's conclusion is based on its study of the events and information that includes data supplied by 

MHPS, Pl data from Bartow, information from similar units in Duke's fleet, and industry experience with 

the 40" blades. MHPS did not provide proprietary information concerning engineering and testing of 

the 40" blades but did provide engineering assistance and strain gauge data from a brief period of 

MHPS-led telemetry testing during December 2014. Duke provided all operational information 

requested by MHPS and met with MHPS multiple times to discuss both MHPS' findings and Duke's 

independent research and findings . Th is RCA report is Duke's product and presents its view of the root 

cause based on all inputs received. 

For Bartow, the long-term solution is to replace the L-0 blades with blades of a different design and/or 

to retrofit the LP steam path and/or continue operation with pressure plate . 

With either a redesign of the MHPS 40" blades or replacement with blades of a different make or an LP 

steam path retrofit, telemetry instrumentation and blade vibration monitoring are necessary to ensure 

that all potential upset conditions are resolved . 

Historical Overview 

Bartow is a 4xl 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 3xl 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. 

2 The most com monly 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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Before the ST was purchased by Duke, Duke contracted with MHPS to evaluate the ST design conditions 

and to update heat balances for a 4xl CC configuration . MHPS updated the heat balances for use in a 

4xl 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 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 

fa ils, 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 eithe r 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 - tu rbine end 

(TE) blades on ly - w ith a re-engineered Type 1 blade at the start of Period 2. Period 2 ended with a 

planned shut-down, during which the TE and generator end (GE) blades we re 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(vl) 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 

fo rced 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 cha rt 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 IP exhaust pressure was, and to this day still is, limited when condenser pressure is in a range 

the unit normally must run in . In Period 4, with the discovery of additional damage, MHPS lowered its IP 

exhaust pressure limit and did so again in Period 5. 
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Table A: Bartow L-0 Events Summary 

Period 1 Period 2 Period 3 

Date June 2009 to March 2012 Apri l 2012 to August 2014 
December 2014 to April 

2016 

Service Duration - 34 Months - 28 Months - 17 Months 

L-0 Blade 
Type 1 

Configuration 
Type 1 (re-engineered) Type 3 (vl) 

MHPS Expected ST 
420 MW (Nameplate) 420MW 450 MW 3 

Output 
M H PS IP Exhaust Machine controlled to HP, 

118 psig Limit on IP 126 psig Limit on IP 
Pressu re Operating IP and Condenser design 

Limits limits 
Exhaust Exhaust 

Retroactive 
Ca lculation of 

Avoidance Zone 
"Exceedance" 2,466 hrs. (of 21,734 hrs .) 1 hr. (of 21,284 hrs.) 240 hrs. (of 10,286 hrs.) 

based on the MHPS 
Period 3 Avoidance 

Zone chart ' 

Broken Snubbers STE/OGE DTE/OGE DTE/OGE 

Broken Z-Locks OTE/OGE OTE/OGE 34 TE/ 5 GE 

Moderate Amount of Moderate Amount of 
High Degree of Wear 

Worn Z-Locks Surface Fretting and Surface Fretting and 
Observed 

Galling Observed Gal ling Observed 

Key Notes from Planned outage for valve Planned outage fo r Blade telemetry 
Period work, as well as annua l L- upgrade to "heavy duty" instrumentation insta lled 

O inspections. blades, based on M HPS and testing conducted in 
representat ion that it had Dec 2014 at the beginn ing 

At the start of this period, improved design . of Period 3. 
MHPS approved 4xl 
(unfired) operations at Some blade damage (e.g. During blade te lemetry 
392 MW output, as well chipping at contact testing, the unit was 
as 3xl (duct fired) corners) was observed intentionally run in 
operation at 420 MW, from removed service avoidance zone to set 
supported by MHPS- blades. limits - unit ran in zone 
provided heat balance for <20 hrs. 
documentation. 

Planned outage for valve 
During a plant shut down work, as well as an annua l 
a visua l inspection of the L-0 inspection . 
ST L-0 blades revea led 
damage to the turbine No blade cracking 
end blade snubbers . observed after testing 

(when the test 
instrumentation 
removed ). 

Stell ite ha rd-facing added 
to snubbers only . 

Information Shared Duke provided all Duke provided a II Duke provided all 
with M HPS requested Pl data . requested Pl data. requested Pl data. 

3 Outside of operation in the M HPS Avo idance Zone 

Duke Energy Florida 
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Period 4 Period 5 

May 2016 to Oct 2016 
December 2016 to 

February 2017 

-s Months - 2 Months 

Type 3 (v2) Type 1 

450MW 3 390 MW 

119 psig Limit on IP 111.5 psig Limit on IP 
Exhaust Exhaust 

1.15 hrs. (of 2,942 hrs.) 0 hrs. (of 1,561 hrs .) 

0TE/1 GE 0TEI13 GE 

1 TE/ 2 GE *Z-Lock and 
OTE/8GE 

airfoi ls 

Evidence of Poor Contact High Degree of Wear (for 
Alignment Observed Hours Run) Observed 

Two (2) separate step Jan 2017 "loss of mass" 
changes (decreases) in event - blade fragment 
vibration led to the Duke projecti le trave led 
Engineering through the LP turbine 
recommendation to rupture disk diaphragm. 
remove the ST from 
service for inspection . Denta l mold impression of 

fa ilu re surfaces indicate 
Blade "loss of materia l" -10A7 striations meaning 

observed, as we ll as crack high cycle fatigue (at 200 

initiat ion in high stress Hz giving over 2M cycles 
area of airfoil. in 3+ hrs to fai l snubber) . 

Stell ite hard-facing added L-0 blades removed and 
to the blade Z-Lock. pressure plate installed; 

pressure plate restr icted 
ST output to between 
360-380 MW. MHPS 
maintains operational 
restrictions on ST. 

Duke provided all Duke provided all 
requested Pl data . requ ested Pl data. 

4 For pu rposes of compa rison, t he Duke RCA team looked at hours in the Avoidance Zo ne even for pe riods in w hich that 

concept had not been introduced . 
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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 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 lb/hr-ft2 by many 

hours and that the MHPS 40" L-0 fleet average for back-end loading was closer to 12,000 lb/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 .5 

Then and now, Duke Engineering does not agree that back-end loading above 15,000 lb/hr-ft2 has been 

the failure-driving mechanism for the documented L-0 events. As Table A illustrates, Periods 2, 4 and 5 

saw operating hours in the MHPS defined "Avoidance Zone" of only 1hour,1.15 hours and 0 hours, 

respectively, and still Bartow suffered damaged blades. Period 3 had only 240 hours in the avoidance 

zone, less than 2% of its total operating hours. Furthermore, by a considerable margin, Period 1 had the 

greatest amount of run hours in exceedance of the "avoidance zone" - 2,466 out of 21, 734 total hours 

- but despite the greatest number of hours, blade damage in this Period was limited to five (5) broken 

mid-span snubbers on the TE of the machine and a lesser degree of fretting on the shroud Z-Lock 

contact surfaces for both TE and generator end (GE) of the machine than seen in other Periods. The 

next highest period in the avoidance zone, Period 3, with 240 hours (out of 10,286 total hours - (11 

hours of which were during approved instrumented blade telemetry tests performed by MHPS in 

December 2014), showed significantly greater amounts of blade damage and fretting to the Z-Lock 

contact surfaces on both ends of the machine than Period 1. 

While the amount of Z-Lock wear cannot be quantified for Periods 1 and 3, photographs show the 

difference (See Figure 1 below). 

5 MHPS Engineering extrapolated the December 2014 data to isolate operation in the Avoidance Zone as the root cause for 

blade failures at the mid-span snubber, shroud Z-Lock contact surface and/or the blade airfoil as seen during Periods 1-5. Duke 
Engineering does not agree that this data can be extrapolated over all five Periods, in part, because the data does not include 

normal operating conditions at Bartow and in part, because the information does not explain what occurred in each Period. 

Without telemetry over a sufficiently long period, under a sufficiently normal set of operating conditions after new blades 
and/or other equipment is installed, the December 2014 data yields no reliable RCA conclusions. 
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Figure 1-Photos of Shroud Contact Surface Wear for Periods 1 and 3 
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Sample Shroud Contact Surface 
Photos fr.om Period 1 
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Sample Shroud Contact 
Surface Photos from Period 3 

Based on comparative run times and damage, it is difficult to conclude that the L-0 blade damage in 

each Period or any particular Period is due to unit operation in the avoidance zone. 6 

Thermal Distress (dTsH/dt) at LP Turbine Exhaust- "Blending Operations" 

After the Period 5 failure, which occurred with zero hours in the avoidance zone and with no other 

explanation offered by MHPS, the Duke RCA team began to consider whether other operational aspects 

might impact exhaust conditions of the LP . The Duke team looked for other mechanisms that might 

introduce forces great enough to initiate cracks in snubbers including Low Cycle Fatigue (LCF) and High 

Cycle Fatigue (HCF). The two (2) operational conditions that might conceivably produce forces great 

enough to initiate snubber cracks are blending and the use of hood sprays (especially with low out-of­

spec inlet pressure) . Blending is discussed first . 

6 Even t hough t he L-0 blades are no longer in the ST and a pressure plate has been installed, M HPS Engineering does not have 
enough tech nical dat a to su pport re leasing Duke to operate the machine beyon d the current IP Turbine exhaust press ure 

operati ng limits beca use of "potenti al impacts to upstream blading" - i.e. t he L-1 blade set s. This suggest that MHPS is unsure 

w hat effect if any is created by its "avoidance zone" an d more import ant ly points to a design fla w t hat may affect more than 
the L-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 thermocouples 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 blend operations. 

Using Excel and Pl Data link, 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. 7 While this measure does not necessarily indicate the overall 

severity of any loadings on the L-0 blades, it serves as a proxy for reviewing events which could load the 

blades. 

Operationally, blends are not defined or constrained to strict parameters because of the number of 

variables that can affect blends. High and low enthalpies therefore, are not functions that are typically 

monitored by an alarm or otherwise. This study of blends was done solely with the benefit of hindsight 

for this RCA. In studying blends at Bartow, the Duke team also looked at blends at other stations and 

found similar high and low enthalpies. 

The following are the blend counts for Bartow in each Period based on the above-listed criteria : 

Table B -Number of "Counts" that Meet the Blending Criteria for Periods 1-5 on Bartow Unit 45. 

Number of Operating Hours Number of Blends (or "Counts") 
in Each Period Meeting Criteria 

Period 1 21,734 13 
Period 2 21,284 7 

Period 3 10,286 37* 

Period 4 2,942 3 
Period 5 1,561 5 

* 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 

7 Although Duke could have used smaller temperature changes, selecting small changes (e.g. a three- or five- degree difference) 

wou ld yield too many results, most of which could not cause a LCF or HCF effect. Likewise, at too-high a temperature delta , too 
many data points may have been eliminated . 
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Number of Blends (or "Counts") 
Meeting Criteria 

22 

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 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 contro l 

valve reduces the roughly 500 psig condensate pressure to the spray design pressure of 50 psig. A 

review of the OEM-provided instructions directs use of hood sprays during the following two conditions: 

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

• Hood spray thermocouple reading greater than 160° F 

Although not clear why, the Bartow hood spray data shows that the hood spray had been programmed 

during unit construction to operate any time blending takes place - similar to curtain sprays. Duke is not 

able to determine who programmed the hood spray in this way; MHPS would have had input in the 

control system but the architect/engineer typically designs the plant-wide control system . 

In any case, because of the manner it was programmed, the hood spray operations occurred at greater 

rates than would have normally occurred . Two questions are raised in hood spray operations: (1) are 

the temperatures at the hood spray thermocouples normal or excessive and (2) is the hood spray 

pressure normal? 

Hood spray thermocouple data shows the hood sprays rarely reached 160° F during normal operation 

and never exceeded 165° F. Higher temperatures are sometimes seen after a shutdown or unit trip as 
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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 . 

Figure 2 depicts the pressure decrease in the hood sprays over time. The decline in water pressure at 

the hood spray nozzles, likely caused by debris in the valve trim, results in reduced atomization . 

At the kind of hood spray pressures shown in Figure 2, the atomization of the hood sprays would have 

been poor. Larger water droplets will cause pressure pulses as evaporation occurs, during times when 

the LP exhaust steam temperatures are elevated during blending. 

Figure 2 - Hood Spray Pressure Degradation Over Periods 1-5 
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Control of the hood sprays is automated within the plant-wide control system and not controlled by the 

operators . After a plant is commissioned, the hood sprays are not normally checked for accuracy and 

again, until there had been successive fa ilures, there was no reason to focus on the hood spray system's 

functionality . Although the review that was conducted after the 5 th failure revealed lower pressu re 

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 
0

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. 

Zone Analysis - Shroud Fretting Fatigue 

Based on data from the blade strain gauge telemetry test in December 2014, MHPS identified areas 

(referred to as "zones" )8 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 tu rbine exhaust pressure limit "avoidance zone" designated by 

MHPS, the only other possible reason for the wear is higher dynamic stimulus (Zone Fas identified by 

the telemetry test) . 

8 These zones are not MHPS operati onal constraints and differ from the Avoidance Zone di scussed above. 
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Figure 3 - Data Presented by MHPS During a Presentation Dated 15 March 201 

Damage Mechanism 
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Table D shows the t ime in hours in each of the three (3) zones ident ified du ring the telemetry test for 

each Period. The total time in the th ree (3) zones compared with the total operating t ime is reflected as 

a percentage. 
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able D - Time (in Hours) in Each Zone and Compared with Operating Time 

Time in Zone Total Turbine % Time in 

F1 F2 F3 Total Operating Hours Zone F 

Period 1 901.2 466.2 9.7 1377.0 21734 6.3% 

Period 2 1521.9 10.0 0.2 1532.1 21284 7.2% 

Period 3 513.8 257.5 23.9 795.2 10286 7.7% 

Period 4 1.3 407.8 0.0 409.1 2942 13.9% 

Period 5 419.0 0 .0 0.0 419.0 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 wea r is higher than what one would expect given the relatively low total turbine 

operating hours. Period S'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 Fl and F2. In addition, 

both on a percentage and absolute basis, Period 5 had a significant number of operating hours in this 

higher dynamic stress zone. Because each Period included run times in one or more zones and because 

each Period resulted in differing degrees of damage without direct correlation to the run times in those 

zones, it is difficult to conclude that operation within the zones is the cause of the L-0 blade failures. 

However, if the design margin on the blades is small, the blades may be susceptible to cracking, 

excessive wear, etc., when the unit either runs in or passes through these zones. 

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

contact surfaces were forced to provide all of the dampening for the system via additional motion. 

In Period 4, both the mid-span snubbers and the shroud Z-Lock contact surfaces had hard-face coating. 

Given that both the mid-span and shroud contact surfaces were HVOF-coated, the limiting factor then 

became the blade airfoil high stress location in the trailing edge, which was the observed failure at the 

end of Period 4. In discussions with MHPS, MHPS agreed that its attempt to harden the blade contact 

surfaces likely contributed to the failures in Periods 3 and 4. 

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

To understand this issue, recall that at high speeds the Z-Lock and snubbers act as the mechanism by 

which the 40" blades are prevented from untwisting completely and moving loosely. Thus, the distance 
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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 sma ll) 

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 Decembe 

2014 at the beginning of Period 3, the Type 3(vl) 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(vl/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) .9 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 3rd and 4th 

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. 

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 4xl 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.10 

9 These findings are consistent with an independent analysis of the blades by Duke using third party scanning. 
10 The most commonly reported issue with the 40" L-0 blade design elsewhere is water erosion, which both Duke and MHPS 

agree is not a contributing factor to the Bartow failures. 
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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. 
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~ppendix A: MHPS L-0 Blade Type Matri 

Bartow L-0 Configurations 

Type 1 Type 3 (vl) 

Length 40" 40" 

Count 64 64 

Turb/Gen End Yes Yes 

Snubber No HVOF Chamfer Ra dius & HVOF 

Z-Lock No HVOF No HVOF 

Blade des ign Original Original 

Material 17-4 ph 17-4 ph 

Type 3 (v2) 

40" 

64 

Yes 

Chamfer Radius & HVOF 

45° Corner with HVOF App li ed 

Original 

17-4 ph 

Duke Energy Florida 
Docket No. 20190001-EI 

Witness: Swartz 
Exhibit No.: JS-2 

February 6, 2018 

Citrus L-0 

Type 5 

40" 

64 

Yes 

Different Radial Height Relative ta 

Bartow L-0 (About 1") 

No HVOF 

Attack Angle Change 

17-4 ph 
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ppendix B: Empirical Data Concerning Factors which May Have Affected L-0 Blades 

Em (!irica l SUE!QOrt for Root Cause 

Excessivl!Sll!amFlow 

Pot•nfill 
r.oudanc• 
Houn/llk 

Operating ·~~ Opuninc 

Period Houn) 

21,734 2,466 

21,284 000 

10,286 ''° 2,942 l 0.00 

l,S61 0 0.00 

ThermalOistress dT .. 
Po!1n1lal Counn(:lT>20 CounufUk 

Operating ·~~ IMLF..,/ Op11111nr 

Period Minute) Houn) 

21,734 13 0 .60 

21,284 7 
10,286 37 

2,942 3 1.02 

l ,S61 l .20 

Pressure Pulses 

Operating 
Avc.HoodSprav HounofHGOd 

Period 
Prtnv•e(inoe! SprayOp• r11lon 

21 ,734 lS.2 5,098 

21,2&1 ll.2 7,343 

10,286 10.4 

2,942 ;.s 17' 
1,561 93 

lon afO;impening 
Operat ing 

Period 
Pote ntl.olfactor PrHen1 

21,734 NIA 

21, 284 NIA 

10, 286 NIA 

2,942 x 
1,56 1 NIA 

Slade f itme nt 

Operating Rankine 
Period 

21,734 100 

21,284 1.00 

10,286 100 

2,942 1.00 

1,561 1.00 

Norm1li1ed 

Ranklnt 

100 

000 

0.21 

0.00 

0.00 

Rankine 

0.17 

0.09 

1.00 
0.28 
0.89 

Operat lnc 
lbnkinc 

0.68 

34 l 00 

o.u 
0.17 
0.17 

Period ! Jun200'JtoMar2012 

Period2 /\pr2012toAug2014 

Period) Det:.?Oi 4tol\pr20 16 

Period4 May20161ooc12016 

Periods Oec2016roFeb2017 

"ExceuiveSteamflow" Notes 

AvDld.mcl' loM h(Prd.<nc!' Houl'!t ··Measured numbe r ol operating hours in uceedince ol 15,000lb/hr·ft' limit as lndlc;ated by 1he IP 

e•haustpressure 

'"Eiceedance t touro. /in Op~rat;ng Hours)' .. Number of nceed ance hours per 1000 hours of operation in a given period 

Norm .o li;+'d Rankinr," ·· Data normali1ed against the highest value in the column, "bcee dance Hours I ( l k Opera ting ltours)" 

"Thermal Oistre n ldTwldt!" Notes 

Cou:its [Or~ 20d!'I' F~lt/ 1Jl,;1u1e)' - "Counts" are defined as the number or measurable blends where the re w ;ai a slo pe change ( .. / . J 
greater than {20degrees superhea t / min) at the hood spray the rmocouples .. Data was tlagged on ly when a CT was being blended into {o r 

out o r) the steam cycle ANO the ST output was greater than 50 MW 

Count~/ l lk OpN.1hnr. flow·;)' ··Numbe r of "Cou nu" per lOOOhours of operatio n in a given period 

Norm~li1t>d lbn~inr." ·· Data normaliled against the h ighut value in the column, "Cou nts / ( l k Ope rat ing Hours) " 

"Pressure Pulses"Notes 

Avg ttood Spra~ p,,,. wr~ (p1•r,i .. Calculated from Pl Historian data 

Houri of l!n< <I \p•.•y Op»r,11.on' .. "Hours of Hood Spray Opera tion" is a we ighted va lue . There is a 1.00 mult iplier at 50 ps ig varying 

linear1ytoal.7Smult iplie ratSpsig 

.,., o! Tot.ii Op••1.nin11 lh1ur .. The ''weighted" ho u r.s o f hood spray operat ion d ivided by the total number of operat ing hours ·· 

converted toapertentagevalue 
No,.,.,,,1i>1t'd R.ir,~'ni• ·· Oatanormaliied agai nst the highest percentage val ue in the column,"% of To tal Operating Hours" 

"B!adefilmer,t"Note~ 

lliade f·tmen:' ·· Relerencu the gap mea~uremenu for b<'lth the mid·span s nubbers and the sh roud Z· loc.k contact surfaces 
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Mitsubishi Hitachi Power Systems 

Muhammad Riaz 

Manager Steam Turbine Engineering 

MHPS Americas 
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• The Steam Turbine applied at Duke Bartow was originally designed for 420MW as tandem compound unit 

with a double flow LP section, while the 4 on 1 fired configuration produces steam for 450MW. 

• The original blade loading limit of the 40" L-0 blade did not allow the unit to produce 450MW resulting in 

blade modifications and testing. 

• In the following 3 years, multiple forced outages were experienced due to last stage blade damage 

caused by high load stimulus and high energy blending in the 4 on 1 Configuration which was not fully 

understood until conducting an extensive collaborative RCA. 

• Once the root cause was understood MHPS developed an upgraded 40" L-0 blade specifically to operate 

the conditions present at Bartow. (Note : this is not required across the fleet) 

• To achieve confidence in the capability I reliability of the new blade, extensive testing was conducted. 

• The upgrade blade was tested in Takasago factory and a team of Duke experts joined to witness the 

design validation testing. 

• This presentation shows the extent of testing conducted to ensure component rel iability 

Disc Two 000338



CONFIDENTIAL 

40" L-0 upgrade blade for high loading 

Upgraded 40" 

Upgraded 40" 40" Old 
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40" Old 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Following verification tests are planned for upgraded 40" L-0 blade. 

• Factory Verification Testing 

• Harmonic resonance frequency of the upgraded 40" L-0 blade will be measured by air excitation. 

• Mechanical damping of high nodal diameter will be measured by electromagnetic excitation. 

Measured mechanical damping will certify reliability for non synchronous vibration. 

• BVM (Blade Vibration Monitoring) data will be calibrated using telemetry strain gauge data during 

shop testing . 

• Field Validation Testing 

• Vibratory amplitude during actual operation will be measured by BVM including Bypass Operation. 

Long-Term Monitoring 

• Continuous long-term monitoring long-term BVM. 
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Outline of Factory Verification Testing 
To certify reliability of Upgraded 40" L-0 Blade, the blade frequency (harmonic resonance frequency) were 

measured by the air jet test and the mechanical damping of the high nodal diameter was measured by the 

electromagnetic vibration test. 
500 

450 

400 

3501 

300 
g, 

150 1 

100 

-a 
1000 2000 3000 

Rotational Speed [rpm] 

Sample Campbell Diagram 

7H 

6H 

16Nodal 
Diameters 

'ill'!dr Profilr 

I 

'011 (CL~rr~nt FfOW'i) 

5H Jro·1 C'..lr °" 

/ 

Vibrator (AC) suctions blade by Magnetic Filed 

The electromagnetic exciter can excite any high nodal diameter mode at the rated 
rotational speed. 

3 Nodal Blade 
3H 

:?H 

' 1H 

4000 
The blade frequencies and responses of harmonic resonance are measured by Air jet test 
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Verification test was carried out at HSB (High Speed Balance) test facility in Takasago factory. 

The test rotor was installed in a vacuum chamber to avoid high blade temperature by windage heating, and was 

rotated by a drive motor. 

All measurement equipment for the air jet test and the electromagnetic test were installed inside the vacuum 

chamber. 

Vac uum Room Mac hine room 

ln1ermcdictc shaM Gear T urning dovrce onving motor 
Beemig Pe~ei-tal Beanng P'e<te'ital 

.. 

-- Vair;uum eir 
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Test Rotor with Production Blades 
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Air jet nozzles, electromagnetic exciters, telemetry system and BVM sensors for verification test was installed as 

shown below. 

(Outer Diameter of L-OR) \ 

BVM Sensor _o---r--_ 

• 

• 

Electromagnetic Exciter 
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Installed Rotor in the Vacuum Chamber 
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Electromagnetic 
Exciter 
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Telemetry Measurement 
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The blade vibration stress was measured by the dynamic strain gauge attached to the tip and the mean of blade 

surface. 

The electric signals of the blade vibration stresses were sent from transmitters which were mounted in the 

balancing holes of the rotor to the receiving antenna which was set beside the rotor. 

Strain Gauge 

(Tip Gauge) 

Strain Gauge 

(Mean Gauge) 

e Strain Gauge (Tip) 

• Strain Gauge (Mean) 

• Temperature Gauge 
Transmitter for Strain Gauge 

#l 

#35 

• Transmitter for Temperature Gauge 
Battery 

Transmitter and B~ - _,,--- \ 

( ) 

#30 

tl 
rl 
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Telemetry System 

Wiring 
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Receiving Antenna 

Transmitter & 
Batteries 
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Blade Vibration Monitoring (BVM) Measurement 
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The blade vibration amplitude was measured by the BVM sensors set close to the tips of the blades. 

The specification of BVM system (specification of sensor, specification of analyzing system etc.) is the same as 

field verification testing. 

(Outer Diameter of L-0) 

/BVMSensor 

-==t 16mm(0.63 in) 

...._ 
-- L-OR 

"' E .. 
Ci ,_ 
0 .. .. 

1--i~iliiE-l"H-- ~ 
• 

• 
Muasured Amplitudu of BVM 
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Electromagnetic Exciter 
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BVM Sensor 
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Resonance points of each mode was confirmed by air excitation while decreasing the rotational speed. 

Rotational speed of shroud and stub contact was confirmed by the change in the blade vibration characteristic. 

4000 

'E 3000 0.. 
::::.. 
"O 

~ 
c. 
en 
ii 
i:::: 
0 
;:; 
(13 ...... 
0 
a: 

2000 

1000 

(400rprn) 

(3960rpm) 

3600rpm 

Time 

500 

450 

400 

350 

300 

>-
g 250 
~ 
cr 
Q) 

J::: 
200 

150 

100 

' 0 .5 \ 
' kgf/rnni~ .. 

, 8H 

" 6H 
'· . ' . . , ~ . . 

I '•'' I 

,.'_: ' 
SH 

. · ," ,,.,.; "'-
. _,.fa ... 

.. ---

·--- - lH 

0 ~.~~~~~~~~~~~~~·~~~ 
0 500 1 000 I 500 2000 . 2500 3000 3500 

Rotationa l Speed [rpm] , ., 

Resonance point of 181 

mode 

Example of Measurement Result of Air Jet Testing 
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Electromagnetic Test Procedure 
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The magnitude response of high nodal diameters was confirmed by the electromagnetic test. 

The exciting frequency, phase and power of each electromagnetic exciter were controlled . 

In the electromagnetic test, the exciting frequency was swept around the natural frequency of the high nodal 

diameter while keeping the rotational speed at the rated speed. 

'O 
Cl) 
Cl) 

c.. 

Blade vibration measurement 

4000 

3600rpm 

3000 

en 2000 
iii c:: 
0 

E 
0 
l:t: 1000 

(400rpm) 

0 '----'------------------=--
Time 

Control System (A 05436A -17 1 
Con tro l F requ ency= 10kHz 

Con trol 
Panel 

C ontrol 
S ignal 

(±10V) 
A mp1 

Amp2 

Current 
O utput 

E xci te r 1 

1-----< E xclter2 

A mp16 I Excfter16 I 
Datum Poinl S ignal ( D igi ta l Signal) 

Rotalin S eed P ulse St nel 

Electromagnetic Exciter Control System 

Exci ted m ode shape 

T he phase difference o f 
the e xciting force can 
be arbi tra ril y set d ue to 
the mode s h ape 

Disc Two 000352



CONFIDENTIAL 

Test Control Room 
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Summary and Test Results 

• Campbell diagram showed sufficient margins for all vibration modes 
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• Higher level of mechanical damping observed during the test validated the calculations 

• In-house testing proved that the upgrade blade can operate at higher blade loading that is 

enough to produce desired output for Bartow station 

• New blades will be installed in the steam turbine in Nov 2019 along with Blade Vibration 

Monitoring 
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. Duke Team at MHPS Factory in Takasago 
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Sightseeing Pies 
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Mitsubishi Hitachi Power Systems 

Thank You 
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Mitsubishi Hitachi Power Systems 

* Power for a Brighter Future 
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Generator 

TC2F 
Vane 

IP lnle( 

HPlnll!t 40in L-0 
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Jf- MHPS 

Integral Shroud (Z-Lock) 

Mid Span Snubber (Stub) 

September 22°d, 2017 

SL3 

DEF-19FL-FUEL-000267 
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Agenda 

Ref Subject 

1. Blade Operating Summary 
2. RCA Process Overview 
3. Investigation into alternate root causes 
4. Root Cause Damage Mechanism 
5. Blade Response 
6. Material Capability 
7. Summary of Max Operational Stress 
8. Comparison between Period 2 and Period 5 
9. RCA Conclusions 

.. 10. Blade Upgrade .. . 

Slide(s) 

3 
4-6 
7 -11 
12 -15 
16 - 22 
23 
24 
25-26 
27 
28 

SL3 
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Bartow Blade Operating Summary 

-
Period 1 2009 - 2012 

Period 2 2012-2014 

Type 1 

Type1 

Mid Span 
Snubber 
Only 

No Significant Damage 

Note 1 - Period 4 did not show shroud fretting fatigue I contact wear damage. 

SL3 
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Integral Shroud 
(Z-Lock) 
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RCA Process Overview 
Systematic RCA Investigation 

Evaluation of alternate root causes 

:1-!... ...4 .... ---·-----
Blade Response Measure through 
Telemetry Test 
-"-'-- HI- ~ .. p0., ........ Preuu1••0dConO.n1Jott"PT•••ur• 

·-

Frequency Response Established 
during all modes of operation .... _.°"" __ ,..., •ltrtN<•• 

l 

Stress and Wear Capability 

Blade Response Model 

Ol•U• ,.11• 1><•,.•• 
...... ., . ...... ... l .ol .. ll• >t,1 

Blade Response _,_ .. _ ., __ 
.. , .... 1. ........ l-_"V 

h 
l 

·S--1'1C)Ol') • 1,.n•, --......... ~ ... ,,,.,.._.., .... ""-•.- .. o• 

.. _ __,_ ... _ ........ ........ _ 

. ...... .,., ........... .i.-• • lJ.1' • 1,1.,,, .. ~ ........... ,.,.,..... .... 

Bypass Operation 

........ "'••J>O"•• . .. ,. .. ... ,111.,, .... ... °',.'""'"' 

J 
H 
j ...J 

• 1!!-1< ..... , .... _ ......... .... 
, .... ,...,._ ... _. ............. -. tt,,_,...._...,D.•• 
¢c;...,. ... ~ .. 

-..~--........ ~ ................. -........ ... .... .. 

!, 
fl 
I 

,.._,_, • ., ...... wd l • t •>V I-• t,_P •1 ... l'l• ~.; 1 ,..t;o<I• •00 
• """""*l~OOl.o •,.,. ... . h._ 
·--·~"'"'""""""'M"'",.,. n " E nJ L.-.1'"'>1 

-e\ \_ 

Dynamic Aero-elastic Modelling 

-.... -- ..... -· ·-- -· ---- ..... -.... ·---·-

I I 
Geometry I Gap Variation 

Evaluation of 
Operating Data for 
each period including 
bypass 
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Determine stress vs 
stress capability 
during each period 

Confirm 
metallurgical 
analysis matches 
stress summary 

I 
I 
I -

l .:-.-;: __ _ 
l 
1 ~r r-· 1 

DEF-19FL-FUEL-000270 
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Why is Bartow's experience different from the 40in Fleet ? 

• RCA Areas of Investigation - Systematic RCA Implemented 

Design Manufacturing 
Telemetry Test data 
Air jet test data 
- Turbine design documentation 

- Static I Dynamic Stresses 
- Nozzle Passing Frequency 

Manufacturing Quality Data 
Forging and machining process 

- 1st stage nozzle area 
- Blade 3D Geometry 

- Shroud and Stub Gap - Operational Data Review 
- Contact area evaluation 

- Turbine Operation 

DocketNo.20190001 
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Blade 
Damage 

- Dynamic pressure taps in - Material Certification - Blade Rocking 
- Measure 1st stage area condenser - Fracture/Damaged surface evaluation 

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

- Horizontal joint gap 
- Differential Expansion 

Assembly Operation Material 

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

SL3 
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Evaluation of potential Root Causes included 

Stub Contact Variation 
Can snubber rallUre De occumng due 10 coAtKI occum:10 at the 110? 

J.;:Qt'Q~f'"'°'~""'?OG."(llflll:.2'Sl\.\41n ..... ~~:'ill: 
~~ 'l!!txa'!r:.tr:ir.«N'll 

"T.r.;'«irtCX:.·"'-~:-<WtlWf_':'ll'..._,I~ 

:" ::::::.::"CfLOCOl!f"4.N 
···~· ""·-:0-CM•911 ~--

Bypass Operation 
8yPau Oper•flOo -Don Ml1rqthesau.ntonllne dunng bypnsblerdmgptoOJct:• 
lo1ced response on the blade-. 
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:;•. 5as,.:~C...Ot1t,a...;~<:'~J':.OM:J.~JO'~I•...._~~ ~J"Otol>o :.--t 
..r.~'l'IC". ,..~-~~.:-;...an11•;::iu;.,J.I• U. U~"ltl'OQOl'I 
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- - . - ." ... }~ 

l ::.~ ....____,. 

Material None Conformance Nozzle Passing Frequencies 
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Drain I Hood Spray Flows 
Arewaterdrople1 llr......, back inlosteampath, orcondensatit prevlffitedfronleaving lhe 
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Blade Gap Evaluation 
snrouCI and Midspan Gap Data Evaluation 

•'11Gt'<9 __ .... ,,,,:.a 
• ~qiO~il'(l'l~1J 

· ~••1.t .. "ll! 

--· ..._.... .... -~=-
-· , ....... ..,...;._....,.e-'"""' -·orr-•~,,,_.,.,.,...,.. _ . .....,.. 

·~~nil!IQ<"'-l.•a.• 

Geometry Variation 
ts damage attriDutable to geometry vanation? 

lOS~"S~1t tit:tn~~ll'c:it~'~ 11t~io~stllldtr11"'·'~•1lo"llW\llU'J 
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•r.~~-~) Jtt,~~·f)Pll 
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Cl»t'"por.s.ll"h .... «tyldl•tti....l'p.!Wdllt -~ IJl:MI t'ISS"U!.Hi~Y-tO' 

• '\U1DdltPlMl"1SU.l;tl<Oll~Pit?yotle.,,., 

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

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

Bypass D Blend In Bypass Blend D - Gen End Excitation 

Pressure Time 

• Based on the telemetry test data available for blade response during bypass operation, dropping below the 
saturation temperature line did not show a blade response 
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Does Bypass Operation Provide Stimulus to the blades? 

Pressure 
Pressure distribution I 

without bypass operation 
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Pressure distribution 
with IP-A bypass operation 
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Pressure distribution 
with IP-D bypass operation 
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Bypass Connection LocatJons 

40~·- -
~- . 
llC-- -

• Increased blade response (1 .5X Increase from C or D Bypass) was quantified through Telemetry Testing (Blade response was 
recorded and shown to be Non-Synchronous Self Excited Vibration (Flutter)) 

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

·• Bypass configuration within the condenser is unique to Bartow with C and D bypasses located close to the exhaust. 
• Condenser heat load at 420MW is at the limit of the condenser specification . High velocities during 3 to 4 GT Bypass Operation 

..-.~-l>IMll.r ... i-::.&:;~~ 
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Are water droplet drawn back into steam path, or condensate prevented from leaving the 
steam path through aspiration? 

• CFO confirms no re-entry of water spray I steam into the steam path (No aspiration occurs) 

lmag~ from CFO Study Conducted to Evaluate 

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

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

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

Dynamic pressure identified associated with Hood Sprays : 

•• • a hJ OOU ~Q = J IV At¥ 0 0 = 

-.. 

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

11' 
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• 3D Scans have been conducted since 2012 at Takasago to understand manufacturing variation using consistent fixturing 
scanning and post processing methods. 

• 55 Rows of blade in operation with zero occurrence of midspan snubber damage. (All see same centrifugal loads) 

Geometry Evaluation - Type 3 

Variation 
from Drg 
Nominal 
(Blue) 

/ 

Leading 
Edge 

Trailing 
Edge 

Period 2 
Gov End 

-:'-:-"" 

...... 

Geometry Evaluation - Type 1 
Period 5 Period 5 

>.O 
, Gen End Gov End 30 , .. 

2.5 2.6 

"' 2.0 
0.0 2.0 

•.o 
,,, 

O• fJt' 0.6 o• 
on 0.0 

0.0 

-0.0 .0.6 
.., .. 

.1.0 
_, 0 

-H> .1.6 
.1 .e 

<!O 
.;,o 

"" ·2.5 

"'·" .JO ,,..0 •.o 
o.o 2.6 
2.• 20 
"-0 1.0 
1.5 1 .0 

10 1.0 o.• .. ,. 0 .5 0.0 
0.0 0 .0 .0.6 
-0.5 .. ·10 
.1.0 1.0 .... _,. 1 .5 ·"-0 

0 ., .. 
·25 5 .:J.O 
.3.0 .0 

• The blade response analysis has captured the worst case geometry variation. The basel ine geometry for the blade response in 
the telemetry test was the Type 3 blade which shows the greatest geometry variation. 

• Type 1 blade shows less distortion than the Type 3 Blades. 

SL3 

;. 

DEF-19FL-FUEL-000277 

Disc Two 000369



CONFIDENTIAL 

Damage Mechanism 

Blade damage occurs when : Stress > Material Capability 

• Stress comes from Dynamic Loads superimposed on the steady 
state loads (Centrifugal + Steam Bending Loads). 

• Limiting stress locations for 40" L-0 Blade : 

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

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

Vane 
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Integral Shroud (Z-Lock) 

Mid Span Snubber (Stub) 

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

Note : Non-synchronous 1st Mode Higher Nodal Diameters response was presented March 181h 2015 , prior to Period 3 RCA 
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Non-Synchronous Self Excited Vibration (Flutter) 
• Blade response is measured during Telemetry 

Testing and analytically predicted at around 
15th Nodal Diameter of the first mode (approx. 
200Hz). 

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

Si~nilar to 
I 1 :\lof!c 
ShaIJc 

... 

odnl Oiamrkr' 

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

Aerodynamic 
Excitation 

Flow 

Upstream ' 

"Excitation ·· 
Un teady 'I; 1111 lorce 
directed upstream 
nets to increase mot1011 

Unsteady CFO 
Velocity Plot 

Aerodynamic 
Damping 

+ 

+ 
+ 

Downstream 

"Damping" 
Uns eady axial rorce 
directed downstream 

acts to counter motion 

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

• Motion 91ue at midpoint of vibration cycle 
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How do we know the dominant response is Non-Synchronous Self Excited Vibration? 

A Telemetry Test directly measuring the blade response was conducted - Dec 21st to Dec 24th 2014 
LOOO 

800 

§" 
:: :E 600 
o~ 

u: -g 400 
Q. 0 
...J ...J 

I- 2 00 
(/) 

0 

LP Flow 

Load(MW) 

____ .1 
1L/2 1 00:00 12/22 00:00 12/22 12:00 1 2/2 3 00.00 12/23 1':00 12/24 00:00 

Dfon) ~ Bypass Operation ~ C(off) D(off) Q) 
I/) 
c: 
0 
c. 
I/) 
Q) 

ex: 
Q) 
"C 
Ol 

iii 
Q) 

> 
~ 
Qi 
ex: 12/2 1 00:00 12/2112:00 12/2200:00 12/22 1 2:00 

Range of Operating Conditions During Test : 

12/73 00:00 

• Blade Response was measured up to 455 MW and 5 in.Hg 

12/23 12:00 

• Bypass Operation of 2 Blend In and 2 Blend Out Events were recorded 
• Mach Number Ranged from 0.4 to 0.9 

'12/24 00:00 

SL3 
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How do we know the dominant response is Non-Synchronous Self Excited Vibration? 

Frequency Response from Telemetry Test : 

Q) 
Ill 
c 
0 
a. 
Ill 
Q) 

a: 
Q) 

"O 
:::I ... ·c: 
Cl 
(!! 

:!: 
Ill 
Ill e ... 
(/) 

>. 
(.) 
c 
Q) 
:::I 
C" 
Q) .... 

LI.. 

B Bypass Governor End No Bypass 

Gen End Blade Gen End Blade . I ---------~--------, 

L___...__.A..A..·--J ~ 
120 150 180 210 240 

120 150 180 210 Z40 

Gov End Blade Gov End Blade 

120 150 180 llO l40 
120 150 180 210 240 

Response Frequency (Hz) Response Frequency (Hz) 

Recorded Response : 
• Peeks at 120, 180, 240Hz are per Rev Responses 

D-Bypass Generator End 
Strain Gauge Locations 

Tip 
Gen End Blade 

Mid 

120 150 180 210 240 

Gov End Blade 

Base 
120 150 180 210 240 

Response Frequency (Hz) 

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

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

Cl 
i: ·a. 
E 
111 
0 

Aerodynamic Damping 
as Fn of LP End Loading 

• 

• 

+ 

SOOU 10000 I SOOO 20000 

LP End Loading (#/hr/ft"2) 

• Aerodynamic damping 
decreases with higher LP 
End Loading 

~ 
~ 
Cl 
i: ·a. 
E 
111 
0 

- ve 

Aerodynamic Damping 
as Fn of Vacuum 

• 

640 6S1 

Mach# 
0.6 

Vacuum (mm.Hg) 
722 

• Minimum aerodynamic 
damping at Mach#= 0.6 

a.. - - I 

Mechanical Damping 
as Fn of Contact Area and Vibratory stress 

Vibratory Stress vs Mechanical Logarithmic Damping (16ND) 

Full Contact 
Penod 11215 
(Type1 ) 

I , 

I 
I 

I 

• .,_.., • ., • ..,,. • ..,.,..,. • .... _., __ ..,;}('.,._.I 

, ' , ' , . 
===::?""--.::.,__-

I 
I 

..-­
I 

Vibratory Stress (1 6'" Nodal Diameter) 

• Mechanical damping decreases with 
smaller contact area 
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Aerodynamic Damping Analysis {Vibratory Stress and Logarithmic Damping) 

Aerodynamic Damping vs Load Aerodynamic Damping vs Mach No 

Pressure 
Peak Dynamic Pressure on Blade Surface Mach No ~ 

Flow 
Peak Dynamic Pressure on Blade Surface 

- ROOOID - 140001b 1700010 

8000 14000 17000 
lb/hr/f!A2 lb/hr/ftA2 lb/hr/ftA2 

Distance Along Blade 0 . t) 

Aerodynamic Damping as Fn of LP End Loading 

Cl 
c ·c.. 
E .,, 
0 

-ve 

LP End Loading (#/hr/ft"2) 

1 0 

-ll.J1n111l-l8 - 670111111H8 

670 mmHg 722mmHg 
Distance Along Blade 

Aerodynamic Damping as Fn of Vacuum 

Cl 
c ·c.. 
E .,, 
0 

-ve 

Mach# 
0.6 

.. 

Vacuum (mm.Hg) 

1.CJ 

Transient CFO was Correlated with Telemetry Test Data to understand Aerodynamic Damping 
:.t.tlli..~~·~..v•<E;r.tl-'»>.li:~.~~_..~"f..-n-..t~ 
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Geometry Variation - Mechanical Damping is impacted by contact faces on adjacent blades 

30 Scans conducted on multiple blades for Period 1,2,3 & 5 to 
understand manufacturing variation 

2012 Geometry Evaluation - Type 3 Period 3 

2017 Geometry Evaluation - Type 1, Period 1.2,5 

Leading 
Edge 

Trailing 
Edge 

Period 2 Period 5 
Gen End 

Period 5 
Gov End ,. 

Vibratory Stress vs Mechanical Logarithmic Damping {16ND) 

r 

Full Contact 

Vibratory Stress (161h Nodal Diameter) 

Baseline 
Telemetry Test 
Period3 (Type3) 

Analytical damping results are intended to understand drivers for blade 
response, absolute blade response was established from Telemetry Test 

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

• Type 3 Blades were found to have lower damping than Type 1 Blades due to smaller contact area 
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Mechanical 
Damping ) 

Mechanical Damping 
as Fn of LP End Loading 

Aerodynamic Damping 
as Fn of LP End Loading as Fn of Contact Area and Vibratory stress 
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"' iii 

• Response with no 
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• Response with 
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Vibratory Stress vs Mechanical Logarithmic Damping (16ND) 
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Blade Response as a Function of LP End Load 

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

Q) 
UI 
c: 
0 
0. 
UI 
Q) 

ex: 
-~ 
E 
"' c: 

~ 
Q) 
"C 

"' iil 

0 

Blade Response vs LP End Loading 

• Response with no 
bypass operation 

• Response with 
bypass operation 

I I 
5000 10000 

LP End Loading (#/hr/ftA2) 

• Outside of the originally developed design 
space, blade response becomes sensitive to 
operating conditions. 
Example: At 16,500 #/hr/ft"2 there is a 10X change 
in blade response based on condenser pressure 

Blade Response vs Pressure and Condenser Pressure 

Blade Response - Design Margin (Red High I Blue Low) 
Example : Shroud Fretting Fatigue 

:!! 
:::l "" 
If) 
If) 
Cl> - coo .... Ol 
0.. J: 
~ E S!IO 

~ E '"° Ql ~ 

"C 
c:: ,,. 
0 
u 

"'' ~o :!I~ 60 

Unable to test due to 
excessive blade response 

. 
~ n n w u ~ m ~ ~ 130 '" uo 

LP Inlet Pressure (psig) , oc End Loading 

• The avoidance zone established in 2015 was 
developed to prevent operation in the region 
which measured high blade response. 
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Blade Response as a Function of Mach Number - without Bypass 

Telemetry Test Operation without Bypass 

Ma=0.27 
500 

Loading <10,000 

550 Loading 10,000 - 12,000 

Loading >15.000 

a; 
I 
E 600 
£. 

• Loading 12,000 15,000# 
Ma=0.39 
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Blade Response vs Velocity without Bypass 

0 

Loading <10,000 

Loading 10,000 - 12,000 

• Load ing 12,000 15,000# 

Evaluated Response 
from Telemetry Test 
Data without Bypass 

, ... -----

0.2 0.4 0.6 

Velocity (Mach Number) 
0 .8 

• Below 15,000 lb/hr/ft"2 Blade Response becomes dominated by Mach Number 
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Blade Response as a Function of Bypass Operation 

(I) 
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Loading 10.000 - 12,500 Without Bypass Approx . 1.5 times 
None Bypass Response 

• Loading 10,000 - 12,500 With Bypass I 
""i - - ' ... Startup 

r 

0 

Response from Telemetry 
Test Data with Bypass 

Response from Telemetry 
Test Data without Bypass 

4 1-B 

I 

I 

0.2 0.4 0.6 

Velocity (Mach Number) 

40-Bypass 
' · 

\ 0.8 1 
Shutdown 4C-Bypass 

Bypass Connection Locations 

RflM t 

4C 

• Bypass C Operation increases response on 
Governor End Blades 

• Bypass D Operation increases response on 
Generator End Blades 

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

• Limited Blade Response data during Bypass is available with the operation before and after Dec 2014 Telemetry Testing 
being assumed to have remained the same change in response. 
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• Vane - Goodman Fatigue Limit Based on 1st Mode Stress Distribution 
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Stresses at Shroud, Midspan Stub and Vane 

HVOF capability 
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Crack Initiation 
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Wear 

HVOF capability 
Fretting Fatigue 
Limit 

Crack Initiation 

Crack Initiation 
Goodman 
Fatigue limit ---

Concave Side Convex Side 

Vane 
Damage 
during 
Period 4 

Concave Side Convex Side 

• Shroud I Stub Fretting Fatigue Damage based on fretting material testing 

0 

Shroud Midspan Stub Vane 

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

Contact pressure .. 
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• Stress Amplitude relative to 
Contact Pressure impacts 
fretting capability 

• Application of HVOF 
doubles the fretting fatigue 
capability 
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Stress Summary - Period 1 thru 5 
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• Period 1 - Mid Span Stub Cracking 
High LP Loading but increased mechanical damping 
from Type 1 blade over baseline telemetry test 

• Period 2 - No Major Damage 
Reduced LP Loading over Period 1, reduced bypass 
operation loading over period 5, light wear observed on 
shroud 

• Period 3 - Shroud Cracking 
High LP Loading identified in Telemetry Test. Mid Span 
Stub protected by HVOF 

• Period 4 - Vane Cracking 
Reduced Loading. Application of HVOF reduces 
mechanical damping increasing amplitude of response. 
With HVOF protecting Shroud and Stub, the limiting 
location becomes the Vane 

• Period 5 - Mid Span Stub Cracking 
Reduced Loading with longer periods of bypass 
operation at High Mach Number over Period 2. No 
HVOF Protection 

• Damage observed in all 5 Periods of operation is consistent Blade Response vs Capability Model 
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How is the different operating experience between Period 2 and Period 5 explained ? 
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How is the different blade damage between Period 2 and Period 5 Explained ? 

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

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

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

C I t~ Total Time= 64 min, No Damage 

l01 4/ll/9. .'ln·1/5JJ>!$ .lOJ 4/)/ 1 / lfl l <l/"/":o Jlll4/ 1 r)JJ~1 

Period 5 - C Bypass Accumulated Time - No Stub Damage (Gov) 

Hll.I 

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

\ Total Time= 90 min 
No Damage 

Period 5 - D Bypass Accumulated Time - Stub Damage (Gen) 

Total Time= 22 min, No Damage~ ' 109min before first shaft 
vibration indication on 
Dec 17th 

Total Time= 129min 
Damage 

0 
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RCA Summary 

• ._______. 

~ "· . 
,{Aerodynamic : · 
i • 

?.-Damping ·, · 

169 hrs Operation in 

Dec 2014- HVOF Midpsan 
avoidance zone 

Period 3 Baseline Response 
Apr 2016 Type 3 

High Load Bypass 
Operation (4th GT} 

HVOF Midspan 
69 min Operation in 
avoidance zone 

Period 4 
Jun 2016 - + Baseline Response 
Oct 2016 HVOF Shroud Assumed 

Type 3 
High Load Bypass 
Operation (41h GT} 

No operation in 
avoidance zone. 

Increased time with 
Period 5 

Dec2016- Type 1 
High Load Bypass 

Baseline Response 
Feb 2017 (No HVOF} Assumed 

Operation (41h GT) 

Bypass Water Hammer 
Event 

Baseline Response 

HVOF reduces contact 
area and reduces 
mechanical damping 

Baseline Response 
Assumed 

SL3 · 
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Root Cause 

Operation 169 hrs in avoidance zone 

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

Low mechanical damping from 
application of HVOF increased 
magnitude of blade response above 
telemetry test levels. 

No Bypass Operation at high loading I 
Mach# 

Blending GT C or D as 4th GT at high 
load 

4on1 Configuration is creating higher 
blade loading than fleet experience 

Vibration events from the bypass are 
not showing a blade response. Impact 
of water hammer event on blade is not 
confirmed. 
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Upgraded blade to achieve 450MW available by Oct 2018 
Features: 

1) Updated Design Criteria - For Fretting Fatigue 

Based on Development Material Testing in 2016: 

Old Design Criteria! - Fretting Fatigue Limit to prevent crack initiation 
New Design Criteria - Fretting Fatigue Limit to prevent crack propagation 

2) Test Facility Upgraded to Excite High Nodal 
Diameter Modes 

High-nodal 
diameter mode 

Low-nodal 
diameter mode 

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

Blade Excitation System 

3) Redesigned Geometry to Reduce Stress 
Shroud Stub vane 

I 
(/ 

Shroud contact surface 

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

4) Telemetry Testing + BVM 

Application of upgraded blade would include initial telemetry test to 
validate operating design space for Bartow's plant configuration and 
include BVM Blade Vibration Monitoring System for continuous real 
time monitoring of blade response. 

5) Bypass Operating Guidelines 

If required based on Telemetry Test results, operating guidelines for 
bypass can reduce blade response by minimizing operation of C and 
D Bypass at a Mach#> 0.55 
DCS controls update 'Strategy is in evaluation. 
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Period 1 - Stub Cracking 
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Operation at higher loads than Period 3, but Type 1 Blade has improved damping over Type 3 in Telemetry Test 

Max Operating Conditions 
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Period 2 - No Major Damage, Minor Shroud Chipping 
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Reduced LP Loading over Period 1, reduced bypass operation loading over period 5, light wear observed on shroud 
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Outside of avoidance zone, bypass operation becomes most limiting. With HVOF on Mid Span Stub no cracking is predicted. 

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis) 
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High blade response established in Telemetry Test. Mid Span Stub protected by HVOF. Shroud become limiting location. 
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Reduced LP Loading . Application of HVOF reduces mechanical damping increasing amplitude of response. With HVOF protecting 
the Shroud and Stub, the limiting 'location becomes the Vane 

Max Operating Conditions 
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Reduced LP Loading over Period 2 with longer periods of bypass operation at High Mach Number. No HVOF Protection. 

Max Operating Conditions 
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