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CONFIDENTIAL

Mitsubishi Hitachi Power Systems

Duke Energy Bartow ST
40” Upgrade Blade Test in Takasago
Validation Rigor at MHPS
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CONFIDENTIAL

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 / 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 reliability
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40” L-0 upgrade blade for high loading

rm———

Upgraded 40” 40” Old

Upgraded 40” 40” Old
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Verification Testing Plan

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

® Factory Verification Testing
B Harmonic resonance frequency of the upgraded 40” L-0 blade will be measured by air excitation.

B 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
B 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 Verlflcat|on Testlng

To certnfy rehablhty of Upgraded 40” L-O Blade the blade frequency (harmomc resonance frequency) were
measured by the air jet test and the mechanical damping of the high nodal diameter was measured by the

. . . siade Profiie
electromagnetic vnbratlon test. 16Nodal P
500 - : Diameters
TH Suction Power etic Fiu
450
400! 6H Coil (Current Flows)
350
SH Iron Core
- Vibrator (AC) suctions blade by Magnetic Filed
5: ¢ aH The electromagnetic exciter can excite any high nodal diameter mode at the rated
g 250 rotational speed.
g 3 Nodal
. 200/ 3H Diameters
2H
1H
Air Jet Nozzle
of P kb et a4 . 4 /
9 ‘mopomonaf‘;ﬂ’fm ool s e The blade frequencies and responses of harmonic resonance are measured by Air jet test

Sample Campbell Diagram
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Test Facility

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
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Test Rotor with Production Blades.
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Verification Test Procedure

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

1
i

L-0 Blade(RH)
\ \ Telemetry System
|

-

[
{
Electromagnetic Exciter )

4 o .

Electromagnetic Exciter

p=d
"
b
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Installeq ”R,otor m the Vag:uum ”‘Cham‘ber

Electromaghétic
Exciter

Air Jt ozle
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Telemetry Measurement

S

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 Gau
(Tip Gauge) Dynimic Strain Gauge

LOR—

Receiving Antenna

/ t
;

E«s\w\\n Strain Gauge
(Mean Gauge)

Strain Gauge (Tip) Bg
Strain Gauge (Mean)

~  Temperature Gauge

> Transmitter for Strain Gauge

“" Transmitter for Temperature Gauge

Battery
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Telemetry System

Receiving Antenna

Wiring
Transmitter &
Batteries
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Blade Vibration Momtormg (BVM) Measurement

The blade VIbration amphtude was measured by the BVM sensors set close to the tlps of the blades

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

-

Factory Test Field Test
BVM Sensor

/ BVM Sensor

Y
1~ 16mm(0.63in)
]I

T LR

Vibratory Stress of Telemetry

Measured Amplitude of BYM

(Outer Diameter of L-0)

. T

]
e
]
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Air Jet Test Procedure

Resonance pomts of each mode was conflrmed by air excntatlon whlle decreasmg the rotatlonal speed.

Rotational speed of shroud and stub contact was confirmed by the change in the blade vibration characteristic.
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Electromagnetic Test Procedure
' 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. ir L

Blade vibration measurement

4000 : Electromagnetic Exciter

3600rpm Control System (ADS438A-17) ' i)
Control Frequency=10kHz Exclted maode shape
'E‘ 3 ) Control Current -
E. E ! ! ! ll I' DA (i:%g‘?;:) f Amp1 Qutput Excitaer1
;‘ Exciting frequency is set oht
$ due to rotating speed AD o
=3 Control i L } l‘ DA Exciter2
‘m_ 2000 Panel . ch2
g :
=} i =
-] ) ‘b
-~ . R S R T S S = VISR | (NSRRI B - i e S 722 (A S SR———
) 1000 E il l LBA { Amp16 f———— 5 E"C“G”S The phase difference of
@ ch16] the exciting force can
A/D l DIO } be arbitrarily set due to
the mode shape
(400rpm) chis I Datum Point Signal (Digital Signal)
Rotating Speed (Pulse Signal)
0
Time Electromagnetic Exciter Control System
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Test Control Room
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simimaryand fosE ot

® Campbell diagram showed sufficient margins for all vibration modes
® 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

Thompson
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ot
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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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M MHPS

Integral Shroud (Z-Lock)

Generator

TC2F
Vane
3 Mid Span Snubber (Stub)
LP Admissig \"
N

HP/IP Outer

Casing
Front Bearing
Fageas ' = .

HP Inlet 40in L-0

Bartow RCA Summary
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Bartow Blade Operating Summary

Period 1

Period 2

Period 3

Period 4

Period 5

Operating

i‘ﬁm”

2009 - 2012

2012 - 2014

Dec 2014 -
Apr 2016

Jun 2016 —
Oct 2016

Dec 2016 —
Feb 2017

BladeType

Type 1

Type1

HVOF Stellite Mid Span
Type 3

HVOF Stellite Mid Span
+ HVOF Stellite Shroud
Type 3

Type 1

~ Maidr Mmagg -

Mid Span

Integral Shroud

(Z-Lock)
Snubber
Only
Vane
No Significant Damage
Mid Span
Snubber (Stub)

Shroud Only

Vane +

Snubber
(Note 1)

(7.5

Mid Span Snubber Only | M’”

40in L-0

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

CONFIDENTIAL

Systematic RCA Investigation

Evaluation of alternate root causes
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B Bypass Governor Ead No Bypass D-Bypass Generator End

= =
|

Stress and Wear Capability

Bypass Operation

S parn Seas Bans 2 0o £ st

Blade Response Model

Biade Response
88 F of LP End Loading

Ascoaynamic Damping
25 P of LP End Loading

o i h
R i o I i
=" -|

> Blade Response

Biade Response } Biade Kew,
an Fn of Mach # a6 Py of Bypass Operation

i
!
|
|
|
|

At Mscrst = O 8

= Fl'l Dynamic Aerodynamic  Mechanical
toad ' Damping ' Damping

rodynamis Damping
5% P of Vacuum

Mecnanical Damping
45 ¥ af Contact Aren and Vibratory strsss

Dynamic Aero-elastic Modelling

Geometry / Gap Varlatlon

Evaluation of
Operating Data for
each period including
bypass

Determine stress vs
stress capability
during each period

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

= RCA Areas of Investigation — Systematic RCA Implemented

Design Manufacturing

% - Telemetry Test data \ Manufacturing Quality Data
%g Air jet test data Forging and machining process

- Turbine design documentation 1st stage nozzle area

Static / Dynamic Stresses - Blade 3D Geometry /,.
B!;d:\

Nozzle Passing Frequency
Damage

¢ - Shroud and Stub Gap

- Contact area evaluation

- Blade Rocking

- Measure 1%t stage area
Horizontal joint gap

- Differential Expansion

- Operational Data Review
- Turbine Operation

- Dynamic pressure taps in
condenser Fracture/Damaged surface evaluation

- Bypass Operation Evaluation 4 - Blade micro hardness evaluation
- Hood / Curtain Spray §§ - Stub coating evaluation

Assembly Operation Material

- Material Certification

ﬁ&%
)

= LP Loading + Bypass Operation at high load were identified as the primary root causes for the Bartow
40" Blade reliability differences from the global fleet.
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Evaluation of potential Root Causes included :

Stub Contact Variation

Can snubber failure be occurring due to contact occurring at the tip?

o TEAAmAS tof 16 w0 a0 D
D S T N ey e
womr

Material None Conformance

is damage attributable to material deficiencies ?
PP S S S SV P ————— Hozzle Passing Frequency ~ 2880H2 -
+ BCAMEBRIZIN AENSS DTN % R 3 PRSI 1R MSUMIETE = .

Nozzle Passing Frequencies

is damage attributable to nozzle passing stimulus?
» Parc § - P %54 B

- Cr PRI EDOE B 10 O M Bt

+ ASPEE NGSn 1) B QYR SO S0 F KA AUONST W WRG 10 PE
oy vt e ke XPe 2D + ACA M AT SRS 7 SPOT SRS
+ Peging P Cratn o acrined e SN Saton O e S0
i - Gemen coroNnce was e
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» Mozzie Passing Frequency Coult be entified fromthe Telemsiry TestData. but did not
represent a significant source blade stimuius

Sommson sowcies o -
+ Hansacieng o Gae Srecm
Vet

Blade Gap Evaluation

Shroud and Midspan Gap Data Evaluation

Msoutactunng/ Ssmmdy vartion - e

 comeatent wtn I Rt oF (e

=

 pomi sheces e Desn st 15
s anation

om peeod 12458 1

Bypass Operation

Bypass Operaton-Does
forced response on the blade ?

Bypass Configuration

9 Does Bypass Operation Provide Stimulus to the blades?

Drain / Hood Spray Flows

W

e 43 2D Sy Coroens s Busane

|

+ P T e () S o SR Cof O Soms w3 QaTes T Teeee) TS B0k e W
e 3 £or o4 NSy S48 Exmt v Fu
A3 emwwnumwmmarnmwnw Bran gz
wwe

. :mm re crome &
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u!mmwnr&aw h0% 3 Tade resonse

e B 8w wh T a0 D howstes DI Soet o P SrRAl
NG SO MO SRCTES S5 3 1 £ 5T S0me Oorren

Are opie or the
& steam path through aspiration?
'! e P e W SASmAG e w8 PORASS wee |
During B4 seematry 16312 Diend Vel wen Cacturas. Bl o SCoBeOmeNs's wave 0t nstaled unti 8 g oy - CFD sont ey po > o 508 000ErS)
e S e oot o M T 3 T P GFD onfma s anty of st ey s 4 0 st s (o Bt e
SRR i DOALARY DrOGULES § SROCK BVE WRCH €XT0eS The Diates.
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Geometry Variation

is damage attributable to geometry variation?

30 Scans Bave aee ottt $008 2012 28 TIKSSER0 10 URSNTElnY manutRtung vasaon 1seg
congstent fixhanng 308NRg 350 081 [OCESEG MEtNOZS.

212 Geomatry Evanaton - e 3 A Svomogley vl gk 't

-

o
=

« e

T il A s

the worst :
Sade resgoose i the 1wmatry testwas the T m!mwmmmzmwyam
* Type t biade yhows iess distortion fhan the Type 3 Blades.

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

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

Bypass D Blend In Bypass Blend D — Gen End Excitation

o b B End Loading | Fov

Vacuum

Gen End

Temperature
A
3§
1}
4
\
i
)
'8
Relative Blade Response

&7 & =8

Pressure

Gov End
Blade Response

0.0

2300
/21

2315 2330 345 000

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? -
4D g e e

P Pressure distribution Pressure distribution Pressure distribution o rn o 4 Ao

Aressure without bypass operation with IP-A bypass operation with IP-D bypass operation PR o il

Velocity

m Lines

8]
B
a
g B

2]
i
m

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

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

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

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

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

Image from CFD Study Conducted to Evaluate

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

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

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

Dynamic pressure identified associated with Hood Sprays :

'y s = an O ¥gEiE

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

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

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

Geometry Evaluation — Type 3 Geometry Evaluation — Type 1

Period 2 Period 5 Period 5
GovEnd - _ 5 Gov End

Leading
Edge

Variation

from Drg

Nominal

(Blue) Trailing
Edge

R

= The blade response analysis has captured the worst case geometry variation. The baseline geometry for the blade response in
the telemetry test was the Type 3 blade which shows the greatest geometry variation.
= Type 1 blade shows less distortion than the Type 3 Blades.
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Damage Mechanism N Integral Shroud (Z-Lock)

1’3

Blade damage occurs when : Stress > Material Capability

= Stress comes from Dynamic Loads superimposed on the steady

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

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

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

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

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

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

= Blade response is measured during Telemetry . p ™
Testing and analytically predicted at around Aeroc_lvn.amlc Aemdvn_am'c
16th Nodal Diameter of the first mode (approx. Excitation Dampin
200Hz). ‘ ‘
Flow Flow
= The Notable Non-synchronous Vibration is \
caused by aero-dynamic flow and observed
as the Multiple Modes Response (180Hz-
230Hz). X
Upstream -~ S Downstream
“Excitation” g “Damping”
Unsteady axial force Unsteady axial force
directed upstream Unsteady CFD directed downstream
acts to increase motion Velocity Plot acts to counter motion
Similar to .
1 Mode = Alternating component of pressure shown as (Red) at
Shape Nodal Diameters mid point of travel
= Cycles accumulate at 12,000 cycles per = Motion (Blue) at midpoint of vibration cycle
minute at 200 Hz \ J
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How do we know the dominant response is Non-Synchronous Self Excited Vibration?

A Telemetry Test directly measuring the blade response was conducted — Dec 215t to Dec 24t 2014

1000

s LP Flow
7 R

g1
800 AV E\f#ﬂ\/’ “““““““““ 4 - =y e /L\f.f _ e LP Flow

700

h £
5 Il .
3 S 6% (1771 7] 680 »5«
o3 ‘ LP Flow | A £ Load (MW
L g§ 400 ST T | ot A pf \ . e f/ 2L, 660 & e
5 3 B u ! L,J\"\/ Nl : 640 § ~—= Condenser Vacuum

= 200 bl gl N Load (MW) | | | 1

(2] i ra | )\ 620 -~ Bypass Pressure

A A i |4 ) A J il
o e I | R WL i gl - S - 600
12/21 00:00 12/21 12:00 12/22 00:00 12/22 12:00 12/23 00:00 12/23 12:00 12/24 00:00

EB B(On) D(On) \ Bypass Operation ——/ C(Off) D(Off) 740

Q
g N ! - NM: | - 720 Gen End Blade Response
‘% ”\.\f K/h\@um ;\‘L\/*'\,_ ‘ Vacuflm e %"
g L il v 6s0 = " Gov End Blade Response
£ , ; s
E g e%0 § ----- Condenser Vacuum
m it 640 S
g h °
= 620
L
[} i f i 600
o 12/21 00:00 12/2112:00 12/22 00:00 12/22 12:00 12/23 00:00 12/23 12:00 12/24 00:00
Bypass Connection Locations

Range of Operating Conditions During Test : p— - |

4Dmﬁ«~a @— - Low Pressure
* Blade Response was measured up to 455 MW and 5 in.Hg Beicnes = i ~i§ww
= Bypass Operation of 2 Blend In and 2 Blend Out Events were recorded ACranses -1} ' S
= Mach Number Ranged from 0.4 to 0.9 . - L
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How do we know the dominant response is Non-Synchronous Self Excited Vibration?

Frequency Response from Telemetry Test :

Strain Gauge Locations

B Bypass Governor End No Bypass D-Bypass Generator End
2 Gen End Blade Gen End Blade Gen End Blade
5
a
@
@
14
o
©
2
€ : — ; WMWVANJ“)VM«AJ
‘? 120 150 180 210 240
E 120 150 180 210 240 120 150 180 210 240
? Gov End Blade Gov End Blade Gov End Blade
= ) ,
w
> | |
3 ,
c
S |
3 | k
3
2 MM A A M A et st | |
[ hooa ..,AMMM
120 150 120 e 240 i35 55 S5 350 o 120 150 180 210 240
Response Frequency (Hz) Response Frequency (Hz) Response Frequency (Hz)

Recorded Response :

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

= 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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— F n Dynamic

Load )

Aerodynamic Mechanical)
Damping » Damping

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

/ Aerodynamic Damping
as Fn of LP End Loading

g

£

o b 4

2 \

a

v -
-ve

0 5000 10000 15000 20000

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

= Aerodynamic damping
decreases with higher LP

\_ End Loading Y,

\

4 Aerodynamic Damping
as Fn of Vacuum
- «
s ; Mach #
2 0.6
Q 1
E i
(1] .
a !
BT S
v =
-ve '
640 684 722
Vacuum (mm.Hg)
= Minimum aerodynamic
damping at Mach# = 0.6

-

/ Mechanical Damping \
as Fn of Contact Area and Vibratory stress

Vibratory Stress vs Mechanical Logarithmic Damping (16ND)

A

Full Contact

Baseline
Telemetry Test
Period3 (Type3)

Analytical Mechanical Damping for 16™ Nodal
Diameter 1% Mode

Vibratory Stress (16" 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

Pressure Peak Dynamic Pressure on Blade Surface

s BOOOID e 1400010 e 1700010

8000 14000 17000
Ib/hriftr2  Ib/hrifth2 Ib/hriftA2

0.0 Distance Along Blade

Aerodynamic Damping as Fn of LP End Loading

Damping (%)

*

L}
<
o

5000 10000 15000 20000

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

Mach No

Aerodynamic Damping vs Mach No
S

Peak Dynamic Pressure on Blade Surface

7220mHg = 670mmHg

A

0.0 Distance Along Blade 1.0

670 mmHg 722 mmHg

Aerodynamic Damping as Fn of Vacuum

_ Mach #
S % 0.6

[=2] 1

3 i

£ 1

< i

(=] . .

s

-ve !

610 681

Vacuum (mm.Hg)

Transient CFD was Correlated with Telemetry Test Data to understand Aerodynamic Damping
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Geometry Variation - Mechanical Damping is impacted by contact faces on adjacent blades

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

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

2012 Geometry Evaluation — Type 3 Period 3

Varaton
ram Org
Momanel
(e

Period 1/2/5
Full Contact (Type1)

»

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

Period 2 Period § Period §
Gov End

Baseline

Telemetry Test
Period3 (Type3)

Diameter 15t Mode

Leading
Edge

Analytical Mechanical Damping for 16t Nodal

Trailing Vibratory Stress (16" Nodal Diameter)

Fdge Analytical damping results are intended to understand drivers for blade

response, absolute blade response was established from Telemetry Test

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

= Type 3 Blades were found to have lower damping than Type 1 Blades due to smaller contact area
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Blade ReS onse - F n Dynamic Aerodynamic  Mechanical
p Load 7 Damping 7 Damping
Blade Response Aerodynamic Damping Mechanical Damping
as Fn of LP End Loading as Fn of LP End Loading as Fn of Contact Area and Vibratory stress
iE = Response with no Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
3 bypass operation . ; .
s : A
o = Response with = v
& bypass operation gx
£ = ¢ | eicd il |
g : ‘ £ 3 racos || dpen |
a a z T R
2 . & ! o/
< - 9P /
@ s § ! i
> = -ve Vn 5000 10000 15000 20000 ;:z ? f’ Baseiine
] 5000 10000 15000 20000 R #IhrlftA2 %: ! 2}' / ge%e:{;;mges;‘
LP End Loading (#/hr/ftA2) LP End Loading (#/hr/ft"2) £ SR S e enod3 (Type3)
; ; ‘§§ R P
Blade Response Aerodynamic Damping g D
as Fn of Mach No. and Bypass Operation as Fn of Vacuum §
=

c 02 04 06 08

Velotity (Mach Number) Shudown SC.Bypass

CONFIDENTIAL

684
Vacuum (mm.Hg)

Vibratory Stress (16" Nodal Diameter)

*  Loading 12500 - 15008 Without Bypass

* Loading 10.000 - 12.500 Wiowt Bypass Approx. 1.5 times
g HNone Bypass Response
5 " Loading 10000 ~ 12,500 With Bypass Ty &
-9 O\
3 <
= =]
2 £ N - .
E Respomsi tiom ity o ™
: 2 etails in following
(=] Response from Teiemetry ©
P Test Dt winoul Bypass [=] -
2
; | S slides
@ v S—

-ve
640 7
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Blade Response as a Function of LP End Load

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

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

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

A Example : Shroud Fretting Fatigue
4 Response Wlth ne - Unable to test due to
8 bypass operation - e excessive blade response
5 0 e
2 = Response with 2 “ o
@ bypass operation 25
o o |
P - = 680 b
§ 2, o
c o [
> § ° :
= ‘ : 5§ :
[} o i
g 740 :
E 760 - . . A i
® ) 50 85 60 65 70 15 80 85 80 95 100 108 110 118 120 125 130 35 140
0 5000 10000 15000 20000
LP End Loading (#/hr/ft*2) LP Inlet Pressure (psig) , X End Loading
= Qutside of the originally developed design = The avoidance zone established in 2015 was
space, blade response becomes sensitive to developed to prevent operation in the region
operating conditions. which measured high blade response.

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

Telemetry Test Operation without Bypass Blade Response vs Velocity without Bypass
' Ma=0.27 J
500 ¢y v . A
Loading <10,000 Loading <10,000
550 + © i _ |
Loading 10,000 — 12,000 " * Loading 10,000 — 12,000
=y ® Loading 12,000 15,000# . § :
::;‘ oading 1, ' s ® Loading 12,000 15,000#
600 +
£E ¢ Loading >15,000 §
£
3 Ma=0.59 3
® 650 r %
= Evaluated Response
Ma=0.87 _g from Telemetry Test
’ ® Data without Bypass
700 o
©
750 ) e ‘
0 5000 10000 15000 20000 0 - 0.2 ’ 0.4 0.6 0.8 1
End loading [Ib/ft2/hr] Velocity (Mach Number)

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

Bypass Connection Locations

A
® Loading 12,500 - 15,000 Without Bypass R . —
(WEST) | s (EAST)
“  Loading 10,000 — 12,500 Without Bypass Approx. 1.5 times T ey
4 None Bypass Response 4Dm Reheat s—é\, b ’ {J®#— Low Pressure
g - Loading 10,000 — 12,500 With Bypass | i
% / Low Pressure () | k ﬁ-" 4AN@E Reheat
] P | PR e
14 ‘a N Startup Low Pressure ——&( D= 48&* Reheat
2 . i4D-Bypass ~d -
13 L Response from Telemetry * s 40?‘60@ Reheat —+ e 91 1 j@—— Low Pressure
g Test Data with Bypass Bt s bicas X, | W
> .
(a] Response from Telemetry - . . H
_8 Test Data without Bypass ™~ ¥ 7 B 5T Side) GOV} View from
=5 o o
m = Bypass C Operation increases response on
Governor End Blades

= Bypass D Operation increases response on

0 0.2 0.4 0.6 \ 08 1
. k Generator End Blades
Velocity (Mach Number) Shutdown 4C-Bypass

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

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

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

) Stresses at Shroud’ Midspan Stub and Vane Concave Side Convex Side Concave Side Convex Side
A
. . 1
HVOF Capability
Fretting Fatigue Limit
3' [ e e T e Crack Initiation
= Goodman
'S Fatigue Limit
o S W s wEm W
©
] HVOF Capability
a Fretting Fatigue
(Y] Crack Initiation Limit
L || e B e Vane
9 Limit Damage
§ | [semwer oo i during
> Limit Period 4
[a) Wear
= Shroud / Stub Fretting Fatigue Damage based on fretting material testing
/ + Stress Amplitude relative to
0 Shrogd

Contact Pressure impacts
fretting capability

* Application of HVOF
doubles the fretting fatigue
capability

Shroud Midspan Stub Vane Stub

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

Nominal stress amplitude

i No crack growth

Contact pressure
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Stress Summary — Period 1 thru 5

= Period 1 — Mid Span Stub Cracking
High LP Loading but increased mechanical damping
from Type 1 blade over baseline telemetry test

Stresses at Shroud, Midspan Stub and Vane

HVOF Capability

Fretting Fatigue Limit = Period 2 — No Major Damage
- Crack Initiation Reduced LP Loading over Period 1, reduced bypass
Goodman operation loading over period 5, light wear observed on
Fatigue Limit - “ Period 1 shroud

HVOF Capability

®Period2 | = Period 3 — Shroud Cracking

Fretting Fatigue " . : i . .
s Limit ® Period 3 | High LP Loading identified in Telemetry Test. Mid Span
Fretting Fatigue = . s - B ‘ Stub protected by HVOF
g ® Period 4
Heavy Crack Initiation = Period 5 = Period 4 — Vane Cracking

Dynamic Stress Capability

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

Wear Limit - :f :

Shroud

= Period 5 — Mid Span Stub Cracking

‘ Reduced Loading with longer periods of bypass
Midspan Stub Vane 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 ?

Ma=O OB MamO. 08 Mas=0 10 Ma=0 03 Ma=0 OS5 Ma=0 10
500 i 500

rs il ¥ 4
Periodl (2009/06 30127037 1 eriodi (3009/08 3012/03) / 1
Period 2012/04-2013/075 i Sy o 20 3.1 i

Pericaz (2012/04-2013/07) B iod2 (2013.8-2 4.1 )
: D Bypass (GEN Side) Peak =

Periog? (2013/08-2014/11) i MamO 27

|
i
|
= Periodd (Telemetry Test)

C Bypass (GOV Side) Peak

ss0 Period3 (2014/12-2016/04) o 880 4 Pericas (2014/12-2016/043
Periodd (Teiermetry Test 1
Periodd (2016/06~2016/10 = Periodd {2016/06~2016/10 =
Pecioas (2016/12~2017/02 P Periods (2016/12~2017/02) B
Period2 {2013/08-2014/13) Perigg2 (2013/08-2014/11) o
600 4 ¥ + } -~ Ma=0 39

600 } 7
/

Cond. Vacuum[mmHg|
M
N

Cond. Vacuum{mmHg|

650 / / //’ + g5

o 2000 2000 HO00 8000 10000 12000 14000 16000 18000
Loading [ib/ft*/hr}] Loading [1b/ft*/hr] i

Period 2 Gov End - Type 1 Blade Period 2 Gen End - Type 1 Blade

Ma=0 03 Ma=0 08 Me=0 10 Ma=0 03 Mo=0. 0S Ma=0 10 |
s i1 7 0% i 7 |
Perioul (1009/06-2012/03 / 1 Periodl (2008/06-2012/03) /i R 1 i
Perioa2 (2012/04-2013/07) Period5 (2016.12-2017.2) 5 Period? (2012/04-2013/07) ¢ | Period5 (2016.12-2017.2) hamts; 391 |
Period2 (2013/08-2014/315 H N Period? (2013/08-2014/110 % /"
sso Period3 (2014/12-2016/04) e : C Bypass (GOV Side) Peak 550 | . < Period3 (2014/12-2016/04) e : D Bypass (GEN Side) Peak
Periadd (Telemetry Test Period3 (Telemetry Test) i i
Periodd (2016/06~~2016/10 e Pericad (2016/06~ 2016/10
) PeriodS (2016/12~2017/02 // = Perioas (2016/12-~2017/02
£ » PeriodS (2016/12~~2017/02) o~ g __® PeriodS (2018/12~2017/02
E soa : 39 E S00 se
§ g i
] 2 i
E E ;
s b=t {
g 650 56 g 850 f s9
o 90 20
700 700
750 750 4
o 2000 4000 6000 8000 10000 12000 14000 16000 18000 o 2000 4000 6000 8000 10000 12000 14000 16000 18000
Loading [Ib/ft?/hr] Loading [1b/ft/hr]

Period 5 Gov End - Type 1 Blade Period 5 Gen End - Type 1 Blade
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How is the different blade damage between Period 2 and Period 5 Explained ?

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

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

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

Total Time = 64 min, No Damage \

60
a0
N ﬁr

R e |

\ Total Time = 90 min
No Damage

Time (min)

ob¥B3ERIBEE

i S BN TN S0 S S .

2013/8/1 2013/9/20 2013/11/9 2013/12/29 2014/2/17 2014/4/8 2014/5/28 2014/7/17 2018/9/5 2014/10/2% A 201948714 000 2035/33/22 600 20147872 G0 21038/6/10 200 2034/9/38 OO

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

: : ==
E”‘ 100
e Total Time = 22 min, No Damage v \109min before first shaft Total Time = 129min
£~ \ vibration indication on Damage
= . Dec 17th

o —_
2016/12/1 2016/12/11 2016/12/21 2016/12/31 2017/1/10 201 7/1/20 2017/1/30 017/ 2m6/32/1 2016/12/11 2016/12/21 2016/12/31 2017/1/10 2017/1/20 2017/1/30 2017/2/9
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RCA Summary

| Aerodynamic | Mechanical

| RootCause

Period | DPCT2NG | Biage Type |

| Damping _____| Damping |
169 hrs Operation in Operation 169 hrs in avoidance zone
. avoidance zone ~
Period 3 283225116: o ?V(:FBMldpsan Baseline Response Baseline Response Mid Span protected by HVOF
p P High Load Bypass resulting in no Damage from Bypass
Operation (4! GT) Operation
Low mechanical damping from
s 69 min Operation in application of HVOF increased
FNQE Midepan avoidance zone ; HVOF reduces contact magnitude of blade response above
Period 4 Jun 2016~ ig Basslins Rosponss area and reduces telemetry test levels
: Oct 2016 HVOF Shroud Tl oy Assumed i . Y -
Type 3 igh Load Bypass mechanical damping _ : :
Operation (4" GT) No Bypass Operation at high loading /
Mach #
H - . th Ini R
No operation in al:gdmg GT C or D as 4" GT at high
avoidance zone. ‘
. . 4on1 Configuration is creating higher
Period 5 Dec 2016 — Type 1 :_?icr: T_Z:%tgn . :s";h Baseline Response Baseline Response blade loading than fleet experience
Feb 2017 (No HVOF) Oger ation 4{,"GT) Assumed Assumed
P Vibration events from the bypass are
: not showing a blade response. Impact
Ezgra\fs Viele: Hammer 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 %) Rodasigned Geomstny to Reduce Stress

Shroud Stub Vane
Based on Development Material Testing in 2016 :
Old Design Criterial — Fretting Fatigue Limit to prevent crack initiation
New Design Criteria — Fretting Fatigue Limit to prevent crack propagation
" - original
Shroud contact surface
2) Test Facility Upgraded to Excite High Nodal Design changes planned (including Type 5 Blade Shroud Geometry
Diameter Modes Improvement to reduce blade response and induced dynamic stress

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

4) Telemetry Testing + BVM

Application of upgraded blade would include initial telemetry test to

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

High-nodal Low-nodal
diameter mode diameter mode

Magnetic exciter allows stimulus of
high nodal diameter nodes with back to
back testing being conducted on old vs
new design to confirm design Blade Excitation System If required based on Telemetry Test results, operating guidelines for
improvements. bypass can reduce blade response by minimizing operation of C and
D Bypass at a Mach # > 0.55
DCS controls update strategy is in evaluation.

5) Bypass Operating Guidelines
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| “MHPS
" Backup

* Operating Summary Period 1 thru 5

Period 2

=
!
: .

T e

Period 4 ' Period 5
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Period 1 — Stub Cracking
Operation at higher loads than Period 3, but Type 1 Blade has improved damping over Type 3 in Telemetry Test

Max Operating Conditions Dynamic Stress from Damage Aerodynamic Damping (3D Flutter Analysis)
o bl Bont it “:A Stresses at Shroud, Midspan Stub and Vane 7 — B ]
’ .
£ !
—— = |
i. R e £
i £
k4 ) & [~% -
§ £ E
& P = Q
| o S000 10000 15000 20000
¢ 2000 4000 G000 8000 10000 12000 14000 18000 18000 i Shroud Midspan Stub Vane
Loading [Ib/#*/hr) i LP End Loading (#/hri/ft*2)
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
. Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
T S— . »
b ooy B ©) i ™
~ o + Exclusive GY Blending
£ g
5 £
2 H
i z
g § H e
4 slematy Test
E B 48-Bypass e Peniod3 (Type3)
- e S LR AC-Bypass - o
0 5000 10000 15000 20000 0 20000

.LBY 40-Bypass  END loading [1b/f2/hr]

Vibratory Stress (16™ Nodal Diameter)
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Period 2 — No Major Damage, Minor Shroud Chipping

Reduced LP Loading over Period 1, reduced bypass operation loading over period 5, light wear observed on shroud

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
P > Stresses at Shroud, Midspan Stub and Vane - R R
Period2 (2012.4-2013.7)
g- Part 1 -
z
3 £ s
- g S =
& e SRR l %
l i o 5000 10000 15000 20000
e aé LP End Loading (#/hr/ft*2)
Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
RH(GEN) #31M {
- - All Data ‘,
< - Exclusive GT Blendi
£ 7 e i
5 £ i
;{i ; i Ful Contact
g H 2 f
7 S £
z £ ]
% g QE / ’ .4 Tolemetry Test
s g  S— s Parod3 (Type3)
1 i g e w...‘,/’/’
" . b QAL T AC-Bypass - i
0 5000 10000 15000 20000 o 20000 |

LB 4D-Bypass  END ioading [lb/R2/hr] Loading {ib/f2/hr] | Vibratory Stress (16 Nodal Diameter)
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Period 3 — Shroud Cracking - Outside Avoidance Zone

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

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
— “:xg “ Stresses at Shroud, Midspan Stub and Vane DM R ) ;
/
P e
AT z .
i . i L S £
.g - | - g L g HVOF Capabiity i E
3 . = 7 p § L ki | = H
: | i | B 8 -
) + l l o S000 10000 15000 20000
O e | Th W - M- e LP End Loading (#/hr/ft*2)
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
SR - i Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
RH(GEN) 131M
t i
& £ i
g «xmmw-mmmg § %’
£ -
5 £ i
2 g Fuil Contact
5 : g
;:T § E aaumai %
: g 8 )
EEBY 48-Bypass
L_ (. - LB 4CBypacs -
0 5000 10000 15000 20000 o 20000 |

P88 40-8ypass  END loading [ib/ft2/hr] Loading fib/f2/hr] Vibratory Stress (16™ Nodal Diameter)
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Period 3 — Shroud Cracking- Inside avoidance zone
High blade response established in Telemetry Test. Mid Span Stub protected by HVOF. Shroud become limiting location.

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
500 i Mt wislbes Stresses at Shroud, Midspan Stub and Vane e —————
1
550 e i z -
= W 3 —
el 2 e 2
- T & o +
g e " ’/; @ 1 B o E :"‘::‘ -me E
s Hosvywer BT 5
- | o O,
o S000 10000 15000 20000
BOO0 10000 12000 14000 16000 18 Shroud Midspan Stub Vane
Loading (1b/#*/hr] . LP End Loading (#/hrift*2)
Vibratory Stress(POA: Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
RH{GEN) #31M :
; e ©
fg - + Exclusive GT Blending %
= = Full Contact
2 ] % f
g 3 :
- BB 48-Bypass - ;.
&
-— f'ff:’"fff"?';;&{”"”"w’ -
L | e e 1L 85 4C-Bypass — -
0 5000 10000 15000 20000 ) 5000 10000 15000 20000
LB 40-Bypss END loading (Ib/R2/hr] Loadies FH/a/he ) | Vibratory Stress (16 Nodal Diameter)
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Period 4 — Vane + Stub Cracking
Reduced LP Loading. Application of HVOF reduces mechanical damping increasing amplitude of response. With HVOF protecting

the Shroud and Stub, the limiting location becomes the Vane

Max Operating Conditions

s it ki Stresses at Shroud, Midspan Stub and Vane
*
OF Capatility
g —————
3 iy —
4 4 Pigdoseng  FFRS ,:‘2’ .
S = O
8
H 4 1008 capanany = £
L e J (o = .
] - - E
S [eywes L ©
& fwe P g o
G o >
0 5000 10000 15000 20000
° 2000 4000 B00C €000 10000 12000 14000 16000 15000 Shroud Midspen Stub Vane
Loading (1b/n/he] LP End Loading (#hr/ft*2)

Vibratory Stress(POA : Strength Evaluation)

Dynamic Stress Summary (POA)

Vibratory Stress (16ND)

RH(GEN) #31M

Mechanical Damping(High ND Damping Analysis)

€
) - All Data H
£ » Exclusive GT Blending }
E -
= =
= 3 i
< z §
g, ® /LSRR Luacing < 10000 g
:':' B8 a0-omass | :3‘, .
2 i 2
] £
: -]
§ >

BB 48-Byoass

o 5000 10000
LB 4D-Bypess  END loading [Ib/R2/hr]

o LB 4C-Bypass

15000

20000

Loading [ib/ft2/hr]

20000 |

Aerodynamic Damping (3D Flutter Analysis)

Vibratory Stress vs Mechanical Logarithmic Damping (16ND)

o ,:f,: = * 4/;//‘;; : 9
e e :

Vibratory Stress (16™ Nodal Diameter)
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Period 5 — Stub Cracking

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

Max Operating Conditions Dynamic Stress Summary (POA) Aerodynamic Damping (3D Flutter Analysis)
500 i 1 i “:/N; = | Stresses at Shrnud, Midspan Stub and Vane ‘ s S i M - o ’
Periods (2016.12-2017.2) z m’

g Winter prd {E Crock vsacon = |
600 i L a0 39 st mTm==== = |
i % 2 Q
650 z gt =3 . -
! | HFEREAs ‘ £
hoiie | K e n i o 8 | - |
70 - | o 5000 10000 15000 20000
o 2000 4000 6000 8000 10000 12000 14000 16000 18000 | Shroud Midspan Stub Vane i
Loading (1b/f'/hu] j LP End Loading (#/hr/ft*2)
Vibratory Stress(POA:Strength Evaluation) Vibratory Stress (16ND) Mechanical Damping(High ND Damping Analysis)
S B . i Vibratory Stress vs Mechanical Logarithmic Damping (16ND)
RH(GEN) #31M p— :
t ;
g ::r;:- GT Blending ; ¥
z b §
g - -
».33 BB 20man g E
i .
3 E a Partods yped)
R 48-Bypass - .
- g . LB 4C-Bypass - i
2 5000 10000 15000 20000 o 20000 :
LR s0-Bypsss  END foading [Ib/ft2/hr} Loading [ib/ft2/hr]

Vibratory Stress {16 Nodal Diameter)

DEF-19FL-FUEL-013551






