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Table 1 H-25 Gas Turbine Specification

Item Specification
Heavy duty design, single shaft,
horizontal split casing, stacking rotor

Gas turbine Type

Shaft speed 7280 min”
Compressor _ Type 17 stages axial flow type
Turbine Type 3 stages impulse type
Cooling Air cooled 1" and 2™ stage nozzles and

buckets
10 cans, reverse flow type
(Conventional / Low NOXx)

Combustor Type
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Fig. 1 H-25 gas turbine upgrade history

2nd Nozzle
*Partial TBC on
airfoil

1st Shroud
*Abradable coating

Turbine Casing
= Covering with lagging material
= Applying casing cooling system

1st Nozzle

*Additional film cooling N
-Endwall contouring [

\ *Modifying profile

s - ‘ E
— vy - \ Improved design
1st Bucket 2nd Bucket Turbme Rotor
*Thicker TBC on airfoil +TBC on airfoil *Applying nickel
*Directionally solidified *Directionally solidified

based alloy
bucket bucket

3rd Nozzle
= -Longer nozzle

3rd Bucket
“Longer bucket
*Modifying profile

Fig. 2 Main design modification item of H-25(42)
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Fig. 3 Structure of the bio-ethanol fueled combustor
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Fig. 4 Cross section of fuel nozzle
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Fig. 5 Panoramic view of Yoshinoura multi GT (cited from
Okinawa Electric Power Company'®)

Table 2 Specification of Yoshinoura Multi GT

Item Specification
H-25 (35) x 1

Simple cycle

35,000 kW @23degC, LNG

Gas turbine
Type of power plant
Power output

DeNOx Water injection
Fuel Gas LNG
Oil Bioethanol, kerosene
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Table 3 Specification of fuel Oil

Item Unit  Bioethanol ~ Kerosene
Higher heating value (HHV) kl/kg 27,100 46,130
Lower heating value (LHV) kl/kg 24,000 43,000
Density @15degC g/cm3 0.814 0.797
Boiling point degC 80 155
Flushing point degC 16 43
Kinematic viscosity(@30degC cst 1.5 1.4
Alcohol content vol% 95 -
Water content mass% 7
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Table 4 Design targets of H-50 gas turbine

Item Description
Simple cycle performance Power output 574 MW
Efficiency 37.8 %(LHV)
Emission NOx< 15 ppm
Combined cycle performance Power output  82.0 MW
Efficiency 54.4 %(LHV)
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Fig. 6 Main design modification item of H-50
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Fig. 8 Comparison of cooling air flow
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Fig.11 Concept of hot start-up of the SSAHAT
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Fig.10 Schematic of the SSAHAT (Simple heat and water
recovery tri-generation Advanced Humid Air Turbine)

Table 5 Expected features of the SSAHAT using the H-50 gas

turbine
Item Description
Performance Power output 70 MW

Efficiency 45 %(LHV)

Operational ~ Start-up time Hot start : 10-20 min
flexibility Cold start : 30 min

Load change rate 10-25 %/min

Turn-down ratio 25%

Ambient characteristics ~ Flat ambient characteristics
owing to variable comb. temp.
and steam flow rate.

Environment NOx emissions <25 ppm (without De-NOx)
Economy Water consumption Low water consumption

owing to water recovery
Longer hot-parts life owing to
lower comb. temp.

M aintenance cost
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Table 1 L30A main specifications

Type Simple open cycle
twin- shaft

Electric output 30.1 MW

Thermal efficiency 40.1 %

Intake mass flow rate 86.5 kg/s

Pressure ratio 249

Exhaust gas temperature 470 deg.C

Compressor Axial flow 14-stage

Combustor 8-can

Gas generator (GG) turbine
Power turbine (PT)
Emission (0=15%)

ISO conditions, Generator end, Natural gas

Axial flow 2-stage

Axial flow 3-stage

NOx<15ppm
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Table 2 Maintenance schedule

EStEAET]
(x8,00081) 123 |4fls|e|7]|8|9]10]11]12
Fig. 9 Transition duct Tovel C e | o e | o ° | o e | o
Level B [ [
8'B Level A ° °
+ (A1) (A2)
I
- (8l 2 EiErsH [
o ] PN 1 Level C BSLARZRI-T =ik (145
& - hd @p Level B HSLEREPRIR iR 348 GGRRar —> > Ik, BHmR
B =) If | JEHEH - PTOBSI
o o =4 i Level A O/H: hL—R—1> AL:65%8E |GG: hL—R->. PT:BSI=H#&
91 ® A2:124% |GG&PT: hL— R~
a1 r©

Bond coat

Base metal

(ii) Microstructure of y’ (iii) Coating
Fig.10 GG turbine Row 1 Blade

> KRB BEAR

AR, BRE T A IR COME R D 72012, T
B CHRAT HEIEKFEETAY —C VR E LTRAL
TZVEV) PR TE TV D, TNHITER L7290
(2, U TIRAKFRPEDLEMRBESG: Z 5 L 720 2huid,
FPRAMRBEZAT) XA Y N—F I A A& L L,
BHEE N —F TREMBES E D &) B H OB T,
KRFEDHREED 0~ 60%& ) L WHIPHCToEH %
FEHLTwb, (M12,13)

Download service for the GTSJ member of ID , via 153.121.55.14, 2024/12/01.



12 KawasakiZi 2 24— > L30ANDE BHERE & EEEA

BARA X2 —E L FR%

o | B .
na WA QLT LD
| ww sapiroen |
s
Fig.12 Hydrogen mix combustor
! : ; : : 100
.| -=DLE combustor (Natural Gas) | 1 90
-e-Hydrogen mix combustor 80
— | | =o-Hydrogen
5 - - — 170
i 160 8
8 =
£ 450 &
& - 40 g
5 3
= 13 I
20
Rated temperature 10
i 0

Combustor Exit Temperature

Fig.13 NOx emissions (Rig testing)

> Xy NX& 281 RIEeR
L30AIXENOx® 4 A% & DLEMABE S & AR AL AR & 5
575, IEFEIIITAIRELC O BRI RER Y F v FA ¥
VNA BHBERE (Dual Liquid Stand-by, DLS) & 54 ~
F v 7E LTIRYFIZTW5D, DLSEABER X HARIRELT
DT, AMEIRZLBAADI L, BT OREI D
BADWEET, HARECOET I —, FAME
WANYy TLTHHABREHC Y Bz s 812k, =
VUV ERELRETIGERE SR TE D EWIIENZ VA
TATH D GEARBELC O BHRRE (XI5 EURBE)

> PEEEREN RS

L30A2MH 7 2 & — € D7D EEMERE ] & LT
AWD ZENRETH 5, BB TIIPTIHIRHEE X
—HETHBDIHF LT, HEMERE) & CTIRIRIL i<
DOERHRD HN B DS, BFERERCILEH#P &Eb
Too TEBEMICHEN 2V L 2L TWw b,

5.2 Y RFLEH

» AP 1xb—2a VAT LA

L30A%2 a2 =+ 7 F ¥ MIEK L7PUC300DD ¥ A
TAETT Y PNTORER % N ENIK4, 1513RT,
Ze SRR A (L BT 22 RS B IRE O JE AR~ O 22 S I
HTH B, BENOLZMENDET—Ab%L, 08
BREAEE LD, IT 2 AMHRIZEIITRTHED T, i3
FI255046.2t/h TH J128MW, #8442 R 31383.1%123E
bo TOYRT ADBIEAT SHTEIIZ8MW % 16 H B IR A
LEAL, ZZE46t/haE RA InoREZIELIDE L
7eMpfr, AER8,0000KE i M FEEHL Tid, COoHI I (X 4F
W1L7J7 b v, BOmRAE 245 %2 v VOB A&

L), AIAREPIEFICEVI AT LATH S, ok
DIKFERBEBRBERE 2 JH W B & E 5123505 b » DCOA
wEns, (1X16)

12,000

rSYAP—E

LA] N AN m
i

|
HAS-EU/RBENR |

50,000
i

] g g

-%\t

Wl

—a

T HAERNR

Fig.15 PUC300D arrangement

Table 3 L30A combined heat and power plant

Model PUC300D

Electric power output 28.4 MW

Steam production 46.2 t/h

Heat rate 9,281 kJ/kWh

Total LHV thermal efficiency 83.1%

Intake air temperature 15 deg.C

Intake / Exhaust loss 0.98 /3.43 kPa

Fuel Natural gas
(LHV=40.6MJ/Nm")

Saturated steam (Pressure:0.83MPaG, Temperature:177deg.C)
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Table 4 PUCS400 arrangement (L30A x1+ST)

Model PUCS400 PUCS800

Number of GT 1XL30A 2 XL30A

Net plant output 36.9 MW 74.7T MW

Heat rate 7,141 kJ/kWh | 7,047 kJ/kWh

Net plant efficiency 50.4 % 51.1 %

Intake air temperature | 15 deg.C

Intake / Exhaust loss 0.98 /3.43 kPa

Fuel Natural gas
(LHV=40.6MJ/Nm®)
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Table 1 Specifications of LM6000 PF

Type Open cycle gas turbine, Two-shaft
Low Pressure 5 stages Axial-flow
Compressor
High Pressure 14 stages Axial-flow
. Low Pressure 2 stages Axial-flow
Turbine
High Pressure 5 stages Axial-flow
Combustor Annular type
Power Output 42.5 MW
NOx Emission 12.5ppm (at 16%0,)
Exhaust Temperature 453°C
Overall Pressure Ratio 30
Low Pressure 3600 min-1
Rotor Speed
High Pressure 10310 min-1
ERSZAT 20154E11H10H
* 1 GRIHI BEEE 7T Y =7 Mgl
T135-8710 VLRX &S 3-1-1
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2016.1

i » ot
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75 v b OFEAEEAT
PRI k!

NOHARA Ryuki

SUTNHA TN, TUNL YA T
LM6000, Gas turbine, Power systems, Simple cycle, Combined cycle

HP Turbine

LP Compressor

HP Compressor |

Fig. 1 Cross sectional image of LM6000 gasturbine
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Engine Length:4915 mm Weight:8635 kg

Fig. 2 Comparison between LM6000 and CF6 Aero engine
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Fig. 3 Effect of overall pressure ratio on cycle efficiency
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Fig. 4 Cycle efficiency versus overall pressure ratio®?
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Fig. 5 Start-up profile of LM6000
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Fig. 6 SAC Combustor
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Fig. 7 DLE Combustor
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Fig. 8 Diagram of DLE control system
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Fig. 9 SPRINT™ System
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Table 2 LM6000 power plant performance

Model LM6000 PC LM6000 PD/PF
Combustor type SAC DLE
Option SPRINT SPRINT
R Power Output MW 434 48.7 4.5 475
Simple cycle

Efficiency % 40.1 403 412 413

Combined cycle Power Output MW 55.3 62.1 55.2 59.8

GT:1 x STl Net Efficienc % 51.0 513 533 527
y

Combined cycle  |Power Output MW 1111 124.8 111.0 1202

GT2x ST Net Efficienc: % 51.3 51.5 53.6 53.0
y

LHYV basis, ISO standard condition, with reduction gear and inlet/exhaust losses
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Fig.12 Efficiency of recent power plant (LHV basis)?
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Fig.13 IHI Package for LM6000
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Fig.14 History of CSI (Control System of THI)
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Symbol Equipment Name
1 Gas turbine generator

Heat recovery steam generator

Steam turbine generator

Electrical room/Control room

Transformer yard

Gas turbine cooling tower

Cooling tower

oo |a|s|w|

Fuel gas compressor

9 Air compressor

10 Water treatment unit and clean water supply unit

11 Deionized water tank

12 Chiller for inlet air cooling

Fig.15 Layout diagram of LM6000 combined cycle
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Fig.16 Process of abnormality Detection System
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Fig.17 IHI Global Monitoring and Technical Service Center®
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Fig.18 LM6000 power plants delivered by ITHI
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Table 3 Specifications of combined cycle plant

Power Output Approximately 100MW

Gas Turbine LM6000PD (DLE) x2 units
Fuel Type City Gas

Heat recovery steam generator 2 units

Steam turbine 24MW x 1 unit

Steam condenser Air cooled type % 1 unit

Refrigerating machine x 2 units

Chiller for inlet air cooling

Fig.19 LM6000 package for Shin-Nakasode power plant
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Gas Turbine, Cogeneration, Combined, High Efficiency
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| Mitsui Gas Turbine Cogeneration System/Combined System |

Mitsui Solar Gas Turbine

5B Series MSC Series MACS Series

Fig. 1 Mitsui Gas Turbine Series
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Table 1 Specification of MSC65 and MSC130

AT A MSC65 MSC130
HARA—EY Taurus65 Titan130
PR AR

Nox T 2 HETEARE

S B 77 (kW) 6,090 14,520
TOERESERSE (ke/h) 14,290 29,130
HEBIWINE (%) 32.2 34.5
AEREIREE (%) 52.8 48 .4
HEME (%) 85.0 82.9

CERRSBEISC, 7Ot R XL FEK0.785MPaG/175°C
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________

Boiler
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@ ’ Feed-Water

Feed-Water Pump
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Fig. 2 MSC System Flow
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Table 2 Specification of Taurus65 and Titan130
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Fig. 3 Titan130 Gas Turbine
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Fig. 4 Titan 130 Air Compressor Evolution
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Fig. 6 MSC65 Performance Characteristic

Fig. 7 Taurus 65 Gas Turbine
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Fig. 9 MSCI130 CGS Plant Outline Drawing
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Fig. 10 MSC130 Package without Enclosure
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Fig. 12 MSC130 Engine Exchange
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Fig. 13 MACS Package

4. MSC130DEfEHIFEN

LA ASENIZAA L 72MSC1300 9 B 2 #4542 RUL D
SR TR THITHA SN TV 20 DUTIZAY
4 P OE-PIEZENT Do HIUH A4 P OFRFIREZ R

Fig. 14 MSC130 Installation

41 ERIEEAEE

SHBH LEREIa -2y —F (EHbAZL) %
JFORHZ, HBREL - LR - TEHTARARYE, %
FECARAMTMZEHEEL TV, KY A b TIREEIC
8 MW#k ®BTG (Boiler Turbine Generator) & 5MW
WMOCCSEHALTEY, LHEROBEIORK S EH % H
REETH > Tz, 20, EMLLZZBTGE i/
BCGSNEHL, AT ANVF— - CO0HlA HIY & L
T, 20064E12 2 RHNOMSCI30%EA L. T2, 1%
FIDBEKRER T —E Y BH LTV D, i ARIZ T
WCHELRBNPEEHAZ S EH1CRY, BiZEh%x LR
LENMMEND Z L9, REGEEIISICTHELT
Who KA MIBRETORRKHBO ARFEER %2
HLTW5b,

4.2 CGSEfEDERK

AHA P TREFERVD 0D, BEHRHZ T 5
T DIZPU)THBE F 7213 P BEC PR F T A HEEPNIC R
BEINTWD, F72, BRI - 72720 4 BT
DOVABEZFRA L TV, FEREE LTI IRICY

Download service for the GTSJ member of ID , via 153.121.55.14, 2024/12/01.



Vol.44 No.1 2016.1

=HV—-F-HZXE2—EMSC65KVMSCI130D B 25

A=Y Uy =T LB AR L= v b, 2 [
WA T 4 vy =, SBICHETARA 7, 4B
MEE I N TS, KISICCCSIDVHKZ RS &
72, HI6ICe — hNT Y A EIRT,

= =

ia

g i e
15 SEH oo !
a5 !

bEd

485 ¢ :
138,630 malNyh, EEIEN

)

1

1

! i
. |
i M '
i KTk — - !
QH e |
i G - THERHERET
1

1

1

1

1

1

1

1

1

13,630 KW
= G000 MP2G)
'HOZ NO2 151 ¢
L GGSEY CosEY 83,000 ky/hy,
0. ._¢ _’[
i
ans g |
i
s

1,715 m3MNh

1

1

1

1

i E1 ] 2

1

! .
i B nym;:ﬁ
i i
i > EEET
| IaseAeE * 2
! i
i

i

i

i

1

1

1

£ [
HtT | €
romemd v ghems 04120 kel

I NO2CGS~
1

a—2 Hab—Ea—irdhle—ianmt—hiiSua

FAF130 HH 134 i 15C

Fig. 16 Heat Balance of MSC130

4.3 HHRFALAZ

P ARA T3 HREBRBERE RO RA 7 2L
TWb, 7 MN—F—%fHTAHILITLD, 155
W72 0 FA AR ®S5t/hfk (1.21MPaG/350C :135t/h &
N09MPaG/ffll:415t/h) DEEIIEAF L TWh,
4.4 BEHXEMmEEIZY b

PRE A AR L = v MIStEREL =y FERAL
TBY, A7) 2—ROF AEHMEIZE o TREA A

% WA J1049MPaG7» & /) 2.75MPaG £ THIE L,

HAY—C 2=y MIEETAEZRBELTnwD, K17
IR A ESEE L= Y P OB E 2R Y,

Fig. 17 Fuel Gas Compressor Unit
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Fig. 2 SGT-800 gas turbine
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Table 1 Technical Specification of current version SGT-800?%

47.5 MW Version 50.5 MW Version 53.0 MW Version

Simple Cycle
Power output 47.5 MW(e) 50.5 MW(e) 53.0 MW(e)
Frequency 50/60 Hz 50/60 Hz 50/60 Hz
Electrical efficiency 37.7% 38.3 % 39.0 %
Heat rate 9,547 kJ/KWh 9,389 kJ/kWh 9,231 kJ/kWh
Turbine speed 6,608 rpm 6,608 rpm 6,608 rpm
Compressor pressure

20.1:1 21.0:1 21.4:1
ratio
Exhaust gas flow 132.8 kg/s 134.2 kg/s 137.2 kgls
Exhaust gas temperature 541°C 553.0°C 551°C
Combined Cycle 2on1 ’
Net Plant Output 135.4 MW (e) 143.6 MW(e) 149.9 MW(e)
Net Plant Efficiency 54.7 % 55.4 % 56.2 %
Net Plant Heat Rate 6,583 kJ/kWh 6,494 kJ/KWh 6,406 kJ/KWh
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Vane 1:

Reduction in total number;
TBC also on airfoil;

MNew coolm g desig

Burners and combustor:

Blade 1:
Reduction in total number;

TBC on wet path;

New ribs:

4 New matrix cooling
e

Vane 3:
Integrated heat shield
Improved profile

Camptumr 1
I
blade profiles

TBC also on airfoil
New cocling insert

Fig. 6 Main design modification from 47.5MW to 50.5MW

Table 2 505MW versus 47.5MW design

Parameter Change
Turbine inlet total temperature 0%
Turbine inlet total pressure 4.4%
Compressor inlet mass flow 1.4%
Coolant mass flow -17.2%
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Fig. 7 Performance Comparison between normal and hot
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Fig. 8 Cross section of SGT-800 annular combustor: 47.5MW design

including main flow paths and recirculation zones (left) and
up-rated 50.5MW design including naming convention (right)
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(A): Fuel transfer section
(C): Mixing tube section

(B):Swirl-generator section
: Pilot gas mjection : Central gas injection
(1): Pilot gas injecti (2): Central gas injecti
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(3): Main gas injecti (4): Pilot liquid injecti
(5): Main liquid injection

Fig. 9 Dual Fuel Burner

SGT-800 emissions on natural gas
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Fig.10 Engine test of measured emissions versus power and
PFR for natural gas (upper) and liquid fuel (lower)
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Table 3 SGT-800 gas fuel capability

Gas Fuel Constituent unit Max | Remarks

CH4 mol% 100

C2H6 mol% 100 Certain conditions,
apply above 30%

C3H8 mol% 100 | Certain conditions,
apply above 30%

Alkines, C4+ mol% 15

H2 + CO mol% 15 With condition, higher
levels may be accepted

Inert gas, N2/CO2 mol% | 50/40
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Fig1ll SGT-800 guide vane 1 of the 475MW (left) and
505MW (right) designs
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Figl2 Recirculation zones on pressure side tip regions of
blade 1 for 475MW (left) and 50.5MW (middle) and
continuous matrix cooling at TE (right)
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Fig13 Vane #1 and blade #1 metal temperature distribution
calibrated by thermo-crystals (crystal positions are shown)
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Fig.14 Main design modification from 50.5MW to 53.0MW
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FT4000 Aero-derivative Features Overview and
Operational Experience

1. The Market’s Newest Aero-Derivative

The FT4000® industrial gas turbine is a 60 to 140 MW
class aero-derivative design, introducted from PW Power
Systems, Inc in 2015. Featuring a two-spool gas generator
with a free power turbine, it can be packaged in a 60-70
MW SWIFTPAC® 60 or 120-140 MW SWIFTPAC® 120
configuration. The gas generator’s high-spool core is a
derivative of Pratt & Whitney® PW4000™ aircraft engine
family while the low-spool is an all-new design.

Performance and emissions are enhanced by application of
the Pratt & Whitney® high-speed compressor and TALON

combustor technologies.

2. Industrial FT4000®; Strong Aero Lineage

The FT4000® 120 MW class aero-derivative industrial gas
turbine from PW Power Systems, Inc., entered commercial
service in July, 2015. Featuring a two-spool gas generator
with a free power turbine, it can be packaged as a single unit
(one gas turbine driving one 60-70 MW generator) or a dual
unit (two gas turbines driving one 120-140 MW generator)
configuration. The gas generator’s high-spool core is derived
from the Pratt & Whitney® PW4000™ aircraft engine family,
which has 32 million hours on more than 850 operating
engines for the Airbus A330 and Boeing 777-series aircraft.
The low-pressure spool is an all-new high speed design
featuring advanced aerodynamics while a new industrial style
free power turbine, is available in configurations optimized
for both 50 and 60 Hz operation.

3. Redesign for Industrial Use

The FT4000® industrial gas turbine maintains the core
from the Pratt & Whitney® PW4000™ aircraft engine
family, with greater than 90% commonality with the high
pressure spool and combustor module. Changes to the core
targeted necessary modifications to meet all industrial power
generation requirements, including development of a new

fuel injector offering dual fuel capability with water injection

Rt 20154E12H17H
* 1 PWPS Vice President,FT4000 Program
* 2 PWPS Program Manager, FT4000 Program

David J. Maher *!
Peter T. Corliss *>

technology for NOx emissions capability. The Power Turbine
architecture of the FT4000® industrial gas turbine leverages
PW Power Systems, Inc. experience from its legacy FT4 and
FT8® industrial gas turbine products. Utilizing a free power
turbine in which there is no mechanical connection between
itself and the gas generator, the FT4000® industrial gas
turbine can be packaged in a SWIFTPAC® 120 configuration,
utilizing 2 gas turbines to drive a common electric generator
from both ends, providing a wider, more flexible range
of power generation capability. Identical power turbine
configurations, differing only in direction of rotation, enable
this unique product capability.

The FT4000® low spool is a new high efficiency design
that operates at twice the speed of its PW4000™ aero
equivalent. A rotating airfoil has an optimum tip speed for
best performance and efficiency. Due to blade tip speed
constraints in the design process, the rotational speed of a
bladed rotor decreases as its outer diameter increases. In
the conventional PW4000™ flight engine, because its fan
diameter is fixed to a much smaller diameter low pressure
compressor module (LPC), the rotational speed must be a
compromise between the two. While the fan speed is faster
than optimal, and the LPC is lower than would be required
for best performance. The latest technology Pratt & Whitney®
geared turbofan engines utilize a gearbox to properly ratio
speed between both the LPC and fan, allowing each to
operate at its optimum design speed. The FT4000® industrial
gas turbine architecture achieves the same effect by having
no mechanical connection between the low pressure spool
drive shaft and electric generator, allowing the low spool to
operate at its optimum speed for maximum efficiency, without
compromise.

The power output and efficiency of the FT4000® industrial
gas turbine can also be augmented with use of inlet fogging
and wet compression systems. Use of these established
technologies involves the introduction of a very fine
controlled mist of water injected into the engine inlet,
resulting in evaporative cooling and corresponding higher

power output at given ambient temperature conditions.
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PW4000

LPT
5 stage

Fig. 1 Aero / Industrial Configuration Diagram

4. Enabling Technology for Industrial Market
4.1. Demonstrated Aero High Compressor Capability

The high pressure compressor (HPC) module is largely
common with the largest variant of the Pratt & Whitney®
PW4000™ aircraft engine, featuring an advanced 3D
aerodynamic design. There are key operational differences
between the flight and industrial requirements necessitating
certain modifications to properly optimize the aero design for
an industrial application. Whereas a flight engine spends just
a few minutes at its maximum power condition, occurring at
take-off, an industrial gas turbine operates continuously at its
maximum power output. While the chosen rated temperature
capability established for the industrial FT4000® is within the
operational experience of its flight equivalent, the extended
time at elevated temperatures necessitated improved solutions
for creep, such as improved material capability within the
high compressor rotor system. In addition, as design weight
is much less a concern in an industrial application, the
compressor outer casings were changed from titanium to
steel, for lower cost. Similarly, the steel casings are stiffer
than titanium, and in the absence of maneuver loads in an
industrial application, facilitate tighter control of blade tip
clearances, providing an added performance enhancement in
the industrial application.
4.2 Advanced Low Compressor Aerodynamics

The low pressure compressor (LPC) module is a new high
efficiency design for the FT4000® industrial gas turbine,
incorporating the latest wide-chord 3D airfoil design
technology from Pratt & Whitney, providing the same low
compressor compression ratio as the PW4000™ flight engine,
with 30% fewer stages. The FT4000® industrial gas turbine
LPC also utilizes 2 variable stages supporting stability while

optimizing performance across the module’s operating range.

The key to this dramatic reduction in both stage and airfoil
count is higher rotational speed, which increases efficiency
and stage loading.

Case and vane material construction in the LPC are made of
steel to help lower cost, while blades are made from titanium
to reduce weight and lower structural loads on the rotor
system at the higher rotational speeds. Rub strips or abradable
outer air seals used in traditional PW4000™ Jow compressor
casing designs, were eliminated and replaced with a hard
wall casing design for the FT4000® industrial gas turbine, in
an effort to maintain performance retention and elimination
of rubstrip erosion during use of wet compression. The steel
“hardwall” cases incorporate horizontal split lines, similar to
the utilized in the HPC, that facilitate in-situ maintenance of
the LPC airfoils.

* [n-situ maintenance

Maintenance accomplished with the gas turbine in-place at

the customer site and not in an overhaul shop environment.

Items typically include things as minor repairs, such as

local blending of airfoils, accomplished in-place in order to

reduce maintenance cost.
4.3 RQL Combustor Design for Low NOx

The FT4000® industrial gas turbine combustor is derived
from the Pratt & Whitney® latest Talon IIB™ low-emissions
combustor used in the PW4170™ Advantage 70™ engine
that powers the Airbus A330. This is a Rich-Quench-Lean
combustor, where fuel air ratio in the forward and aft regions
of the combustor is controlled to suppress NOx formation.

In order to create low NOx in a rich-quench-lean (RQL)
aero-derivative combustor, water injection is used to reduce
the flame temperature and therefore reduce the thermal
NOx. Lowering flame temperature, however, decreases the
CO conversion to CO2 and therefore increasing total CO
emissions. Achieving superior mixing of water and gas
within the quench zone where thermal NOx formation occurs,
without overwatering cooler regions responsible for CO
formation, is paramount in achieving both low NOx and CO.

The FT4000 industrial gas turbine fuel nozzle liquid water
injection is pre-mixed with the liquid fuel, resulting in ideal

Fig. 2 PW4000™ RQL Combustor CFD Mixing Results
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fuel, water, and air mixing. For gas fuel, however, the liquid
water is injected in a different location in the fuel nozzle than
the fuel. In order to obtain the mixing in the high temperature
region of the combustor and not over-water cooler regions,
aerodynamic mixing at the exit of the fuel nozzle is necessary.

For this combustor, the liquid axial momentum is greater
than the axial gas momentum in the swirling air or gas
stream, and therefore the swirl of the liquid water needed to
be increased in order to assure adequate mixing within the
quench zone. Increasing the swirl of the liquid was done
aerodynamically as a mechanical change to the liquid passage
would affect the liquid performance. This was accomplished
by introducing a large swirl on the gas fuel, thereby shearing
the liquid water flow at the nozzle exit. The shearing swirl
allows angular momentum from the gas fuel to be imparted
to the water, enabling mixing to begin very near the nozzle
tip. The amount of swirl imparted was sufficient to bring the
water to the hottest regions in the flame, but not so high to
create a cold zone outside of the hottest fuel-air-ratio (FAR)
mixture, ensuring low CO and low NOx.

The FT4000® industrial gas turbine combustor also utilizes
the Pratt & Whitney® demonstrated Floatwall. technology
for durability, maintainability as well as low emissions. This
two layer combustor construction, consists of a series of inner
liner panels and an outer shell needed to carry the associated
structural loads. The shell supports 144 thermal panels in a
floating manner which permits relative thermal expansion
without incurring high stress. Cooling air passes through
openings in the shell and impinges against the cold side of
the liner panels. The flow then passes both upstream and
downstream behind the panel with respect to the gas flow in
the combustor. A smooth flow exits from the downstream end
of each panel passing smoothly over the gas side surface of

the downstream panel.

Fig. 3 PW4000™ Talon II Floatwall Combustor Design

The upstream passing flow cools the upstream portion of
the panel, turns and mixes with the flow exiting from the
upstream panel. This achieves effective cooling of the liner

panels with the minimum flow.

Low turbulence is desired to minimize the mixing of the
hot gas with the surface cooling flow, which would increase
the temperature of the gas adhering to the panel surface. A
ceramic thermal barrier coating insulates the panel from flame
heat loads for improved durability.

These features combine to minimize wall cooling flow
and greatly increase the gas temperature near the wall. This
reduces the quenching effect where combustion reactions are
truncated at the cold wall, which otherwise would cause high
CO and unburned hydrocarbon emissions. Also, materials for
the thermally stressed floatwall panels and cooler structural
shell can be independently optimized, improving durability.
Maintenance is performed simply by unbolting and replacing
distressed panels.

4.4 Demonstrated Aero High Turbine Capability

The 2-stage high pressure turbine (HPT) module, similar
to its compressor drive, is largely common with the largest
variant of Pratt & Whitney® PW4000™ aircraft engine. All
airfoils utilize high temperature single crystal materials with
advanced coating systems. Airfoil coatings and cooling have
been upgraded to meet the industrial mission requirement
while maintaining base material and casting commonality
with the PW4090.

Abradable coatings applied to the blade outer air seals
are utilized to maintain tight clearances and assure high
turbine efficiency in the FT4000® industrial gas turbine. The
design also takes advantage of the lack of maneuver loads
to further minimize and control clearance, resulting in blade
tip clearances in the FT4000® industrial gas turbine that are
comparable to the PW4000™ aircraft engine, without the
added cost and complexity of an active clearance control
system.

4.5 Advanced Single Stage Low PressureTurbine Design

The low pressure turbine (LPT) module is a new design for
the FT4000® industrial gas turbine, featuring an all nickel
alloy rotor and case construction. To lower part count and
help control cost, a single stage design was required. As a
result, its flow path diameter as well as the work split between
both the high and low turbine had to be carefully optimized to
enable the single stage design to meet its efficiency targets.

To enable the use of counter rotating free turbines as
described above in the SWIFTPAC® 120 configuration, it
was required that the flow angle entering the free turbine inlet
vane be zero, allowing the vanes to turn the flow in either
direction required. This could have been accomplished with
the use of turning vanes incorporated within the transition
duct existing between low turbine and free turbine, the
resultant complexity and associated duct losses with that

approach were neither optimum nor desired.
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4.6 Industrial Free Turbine Design

The FT4000® industrial gas turbine completes the transition
from aero to fully industrial design practices and material
construction with the introduction of this new module. The
heavy-duty casing designs utilize low carbon sand cast steel
structures. The rotor system in turn, made from high carbon
rotor-grade steel forgings, is supported by an aft-mounted
bearing housing assembly incorporating high-capacity journal
bearing construction to handle the associated radial and thrust
loads. Both casings and rotor systems are cooled with engine
provided bleed air, externally cooled through and air-to-air a
heat exchanger. All airfoils are a solid non-cored design made
from an industrial standard nickel alloy. The turbine blades
are a “long neck” design, referring to the distance between
the inner platform and the blade attachment to the rotor. This
distances and insulates the critical disk attachment area from
the hot gas path, providing a cooler environment which helps
enable the use of steel construction in this highly durable,
lower cost design.

Fig. 4 FT4000™ SWIFTPAC® 120W/Catalyst Reduction System

The free turbine module has been optimized for both 60 Hz
and 50 Hz design performance. The 60 Hz design was fully
validated in May 2015 while plans for the 50 Hz validation
are now underway and planned for late 2016.

5. Installation Offering Operational Flexibility
The layout of the FT4000® industrial gas turbine
SWIFTPAC® 120 is illustrated as follows:

Each gas turbine unit is installed at site within its own
enclosure assembly, orientated with the inlet outboard from
the centrally mounted 120 MW electrical generator. The
counter-rotating free turbines are mated to the electric
generator through a drive-shaft/coupling arrangement. Each
engine and free turbine has its own set of ancillary support
skids and is capable of cold start to full load in less than 10

minutes with restriction or penalty.

6. FT4000® ; In Commercial Service Operation

The FT4000® industrial gas turbine entered initial
commercial service at Exelon’s Perryman 6 plant, a
SWIFTPAC® 120 configuration, located in Perryman,
Maryland, USA, in July 2015. As of November 2015, the
plant has accumulated a combined 2,000 hours and 200 cycles
of successful operation on its two installed engines.

A second FT4000® industrial gas turbine installation, also
entered commercial service at Albanesi’s SWIFTPAC® 60

plant in Frias, Argentina in December 2015.

Copyright © 2015 PW Power Systems, Inc. All rights
reserved. Does not contain technical data subject to the EAR
or the ITAR.
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Fig. 2 Frequency spectrum of electromagnetic waves showing
the range of terahertz waves (0.1-10 THz)
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Fig. 3 Schematic diagram of topcoat thickness measurement
using terahertz waves
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Table 1 Measurement result of topcoat thickness of TBC
applied to a rotor blade by terahertz wave and
microsopic observation of the cross section”

position | terahertz wave microscopic relative
measurement observation ™ difference
[pm] [pm]
a 1774 17313 2.3%
b 204+5 195260 4.6%
c 266+6 26010 2.3%
d 254+6 243110 4.5%
e 200+5 189+11 5.8%

* . . .

! Error is standard deviation of 100 measurements
* . . .

2 Error is standard deviation of 10 measurements
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Fig. 7 Schematic diagram of topcoat delamination detection
using active thermography with laser heating
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Fig. 8 Topcoat delamination detection system based on active
thermography: (2) schematic diagram of the system, (b)
photograph of the system
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Fig. 9 Detection result of artificial topcoat delamination using
active thermography with laser heating
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Fig.12 Photoluminescence measurement result of TBC
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Fig.13 Schematic diagram of surface flaw detection by eddy
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Table 2 Specimens with artificial crack on the substrate

surface™
specimen |crack|bondcoat | topcoat
depth|thickness |thicknes
[mm]| [mm] [mm]

(1) 1 0 0.3

(2) 2 0.2 0.3

(3) 3 0 0.3 crack

(4) 3 0.2 0.3 depth

(1) (2) @ @
E
£ i =
[=s
5 i L center
A\ - line
E
E
[==]
13.6 mm i inspection region
— =32 — . —center line

topcoat
bondcoat T
substrate crack

Fig.14 Measurement result of artificial crack on the substrate
surface by eddy current testing™
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inspection technologies"
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Fig. 1 Image of Special Unusual Condition Data Detection
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Fig. 2 Image of unusual condition data detection
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Fig. 3 Trace of the generation trend of special unusual condition data: Circles are selected trouble

condition sign candidates. Gray circles are special unusual condition data and white circles are

regular condition data. Grey triangles are unseen data classifed as special unusual condition

data. White triangles are unseen data classifed as regular condition data.
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Table 1 Generation rate of special unusual condition data in the
parallel condition for "A" hydroelectric power plant

Table 2 Generation rate of special unusual condition data in the
parallel condition for "B" hydroelectric power plant

Month Jun. Jul. Aug. Sep.

No. of generation data 0 7 0 0

No. of data 64250 | 155195 | 79328 | 83496

Generation rate (%) 0.0000 | 0.0045 | 0.0000 | 0.0000

Detection rate (%) 0.0000 | 0.0085 | 0.0034 | 0.0010

Month Oct. Novw. Dec. Jan.

No. of generation data 1 0 0 0

No. of data 74536 | 80453 | 99714 | 61580

Generation rate (%) 0.0013 | 0.0000 | 0.0000 | 0.0000

Detection rate (%) 0.0000 | 0.0000 | 0.0000 | 0.0000
Average

No. of generation data 1.00

No. of data 873919.00

Generation rate (%) 0.0007

Detection rate (%) 0.0016
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Month Apr. May Jun. Jul.
No. of generation data 1 0 1 177
No. of data 86485 | 154839 | 113963 | 168666
Generation rate (%) 0.0012 | 0.0000 | 0.0018 | 0.1168
Detection rate (%) 0.0088 | 0.0000 | 0.0000 | 0.0011
Month Aug. Sep. Oct. Now.
No. of generation data 6 0 1 0
No. of data 168599 | 129222 | 64788 | 47352
Generation rate (%) 0.0030 | 0.0000 | 0.0015 | 0.0000
Detection rate (%) 0.0006 | 0.0006 | 0.0000 | 0.0000
Month Dec. Jan. Average
No. of generation data 0 0 20.50
No. of data 22438 | 51209 100756.10
Generation rate (%) 0.0000 | 0.0000 0.0112
Detection rate (%) 0.0011
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Fig. 4 Vibration of waterwheel on 15th of July in 2007
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Fig. 5 Vibration of waterwheel on 3rd of July in 2007
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