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APPENDIX
W.UB L OWI0 T2 EH
W.U (first version) Ww.l

COMPRESSOR
TipDia, in. 19 19
Tip Width, in. 2 2
Eve ODJID, in 10.75/5.5 10.75/5.5
No. of Blades 30 29
Material Hiduminium RR 56 | Hiduminium RR 59
TURBINE

| Mean Blade Dia., in. 14 14
Blade Length, in, 2.4 2.4
No. of Blades 66 72
Blade chord, in. 0.3 0.8
Material of Blade Stayblade Rex 78
Material of Disc Stayblade Stayblade
Max speed, RPM 17,750 17,750

WA HW2/700% TOWhittlexr » ¥ DHER

ENGINE | Thrust, Lbs. | SFC,Ib/hrlib. | Jetpipe Temp, C
W.1 850 1.37 397
W2/500 1.755 1.3 606
W.2/100 2487 1.0 647

g

1. hory Yy EEHIZ17500pmTH b, TP
ELFLTH A,
2. W2/7000 7 — & 3w O b D THAH (Nimonic 807

L—F, 7TL—F&&3634 v 7, iii&d7.15 b/s)



141 HAH R4 —E 545

Vol.36 No.3 2008.5

B BRICRAFTAY— Y roFETat A

Hans von Ohaint# 112 X 5 55BN 7

ot NV

I B3

—HeS 175 HeS 011 % T

MEHER-HOM]JI, Cylus B.™!

PRISELL, Erik**

Journal of Engineering for Gas Turbines and Power, 122-2 (2000-4) pp. 191-201. Copyright © 2000 by ASME

Keywords : Hans von Ohain, Turbojet

1. EU®IC

BT RWR KA T S 5 HRTD19394E 8 H27H B
B, Rostock!Z 3T \>MarienehelZ & % Heinkel® 7R 47 35
2, 7 A bsS4 1 v bErich Warsitz233 1) 2 A 72 He
1789 — KTz v bV I VEDRAIMRAT 2 RFH 7208
Tolt NEPW, RO Y —K Y2y b v Py
HeS 3B% F% L7/ )V — 7, Ernst Heinkel, %< T
F45dH &SI DHvon Ohain, 4 L TMax Hahn & Wilhelm
Gundermann7Z, B X £ 6 fi 72 WRATIE, ML2EEE
LHEEDER 2 4A 2 /2o von Ohainti ¥R %E, B
W R KEAICTES 2 E bz oy PV U HeS
0112722 £ TORM BN ER 2 I 8o T
AL

1.1 ZAD%EERE

N A4 @Hans von Ohainlf1: & £ ¥ X dFrank
WhittleliZ ¥ — K Y= v b v Vv fimaedizo Ll
48, Whittle & von Ohainid, 3712, & HITFEERAL
2, 3774 =1 (9km) DEEAREHES00~ 1 v (300
km) PLETRITT 2L WX, Ekr sz
YU VEBAtORMEZT TR BEOI YV VR
F%E L 7. BkATH L ¥ @Ovon Ohainlic kb1 ¥ v
PSSO B2 HMR$ 5 7201213, ERTIZvon OhainAsH
A Z—=E LDV TIRE L TW AR & YOI
MWER, S 5CHeinkeltt A3y — KV = v PRSI,
F72) A7 B BoTHD T EPUE,

Efasft 200844 H 70
* 1 Bechtel Corporation, Houston, TX 77252, US
* 2 Defence Materiel Administration (FMV), Stockholm, Sweden
* 3 FUEPRZFEREER TSR 228 THH B
T606-8501  HLAB /L 3K X 7 AT
e-mail: yoshida@mbox.kudpc.kyoto-u.ac.jp

(R W A

YOSHIDA Hideo

1.2 KAVIEHII34—KRY v NEEROBE

N Y THF—KT =y MigZld, Heinkel Airframe
#t & Junkers AirframeftiZ & 0, & HIT VA VHESL
(RLM: Riechluftfahrtministerium) ®#EBh% %20k
TIRE 5720 L THeinkel#t 2483 — V45D T
BN, BABETEHEIICELIEY =y MFRD/ A, F =
TELTEVARZRMT A2 LIRS %

1.2.1 Ermst Heinkel DIBBNIC LD T T RS

von OhainldGottingen KF D LHEBEFZE D L &,
Vv by IYOBEE VG, 19344F F TIIHEIE
FERE 72 SR ETETE CTRES00~ 4 WASTTRE T H B Z L %
L7 RISHFEFFFRM X £4/®, Max Hahn&k EF V-
YIUMENICEFT AL, BBERMEIE LT, KoiRE
HIZFTHAHR W. Pohli, E#ERATIZHY DTz
RO RATHE RS H i & Ernst Heinkeli2 8% 88N9 %,
7 { L T24%F ®von OhaintdHeinkeliZE N 72,

Ernst Heinkelld, % — &k it 5 X ¥ " (ZHansa-
Brandenburgischen Flugzeugwerke® ¥ — 7 ik &1 & &
LTE L DKERITROFIT TERIZ R - 727, 1922
SEWCHD OS2 &L, 19274E 9 HZVenice TH%
7Schneider CupZ R CUE, A¥— VDB o7,
FA Y OMENFFHETOY) — FIZdH»hb 53, Fiat
R EHARTHE R FA YOIV I VI8 L Tz
HeinkeliZ, # v von OhainiZ & 2 KJHZE &5 & D
oD 7z, Heinkeltt THL e 70% BFE L 72
B F O FHi it & Siegfried Guenther & Walter Guenther %
% 7z2von Ohain® AL V. H AV, TORTHAE
L5EERITORALRBHRL, Yoy br I rolg
[ (721 e SN Nl R A

19364F 12 HeinkeltZ A #: L 7zvon OhainidMax Hahn
& & 3 iZHeinkel Marienehe ¥z v bV J VR E
MBEIFEA Y — FTHEDZ, 19374 3 Bl REBR
BEHWzHeS IZ P VvOF A MIEHL, E5%5%
UREENEZER/?-HeS 3B =¥ ¥ VidHe 1784%ICHER S

__.9_.

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.



142 Hans von Ohaint#IC & &R 24— K Y1y MK —HeS 1H5HeS 011 T

AAARZ—E spaik

., 19394 8 H2TH OER L IRATICH I L2 T
Hb. TOWEFE HeinkellERLMIZ 7272 H I8 L7248,
R idi72 <, HeinkellZ¥z v b v YV 0OB%E%IE
DB LI U, LA L, Hainkelld FhiZidftb e
MEEHT, LIESH L THeS AL Y Y v % 2 B
WLV v MBI He 28001 R EFRLMIZZ T AR
EHDOTH S, He 2808 D W FAT %, Heikeld Hirth
Motoren% HIL$ % 2 & #RLMIZE# T L, ven Ohainid
Heinkel-Hirth Company {5 72
1.2.2 Junkers Aeroplane Company T8 & 5 h 7=
2—KRI Ty bI T URE

— JiJunkers Aeroplane Company T i, 19364 H &
19394FE DR, ZEA Y — Y V¥ L 72Herbert Wagner
BFOREDOTCIIV 2y bV YV VHERITTo Tz,
Z DI IEBerlin TR K CTWagnerB 0B F D %o
722 & D H HMax Adolf MuellerAsvs 72 28, 19394 12
HeinkellZ #£% | Wagner™ > 3~ 7' 1 25 A 3} Heinkel
WZRAT L7 COHRICIIEMBOZENRFTOEMEKTH
5Dr. R. Friedrich®d v 72,
1.2.3 RIMOAXLZ2—KRT vy b7OT5 L

LICFAVIZBIFE S —KRI 2y FMEHBEOBMEER
KW LRATHEE & O IZERIEITRT

RLM®Helmut Schelp & Hans Mauch!&19384E 123 = v
b YV VB EIA L7228, Heinkel Airframe®Junkers
Airframe Company TH# 4T L TW 22D Z L i34 5
% % o 7zo SchelpldGottingen ?® Aerodynamic Research
Establishment (AVA) ®Prandtl, Betz, Encke® &k 7%
SEIO BN CIEREREHIRII L, EH D VR
I AREDIT 2,

o #Aro / ME P>

WL USR mEC A/wrr BEme
LEA rix @ﬁéﬁ FLRwnep FOR
i - m fe S oft ENGINE

hAGNER HE33a ARAL.
Fraxa DECTDM

Zaw Yt

m‘{«m
3 e 4 420E

3 30?\ Course

LORE. 214, 41{ Ot

Worwb's FIRST T8
PLIGHT AuG 27, 1939

SN\t Runs oF:

“ges s

N tmancn 17

HERE BTz
He o piws B
Jwre. SPEED ReDRpS

I Avisr of

~
o
\ Aren. 37

h‘”’ Ruse O Lasrer
QIS ON & B Pl

19384EiZSchelp & Mauchix, BMW#, Junkers
Aeroengine Company#t, Daimler Benzfl, Bramott &
"L, FAVDF =KV xvy PEBIEIRLMOXET
L7 A, Junkers Aeroengine Company (Junkers Motoren
& B EIE L TJumo) X Anselm Franz®¥gE DT T
F L 7zJunkers Jumo 004 ¥ X, AvH—T a3y
FMe 26288 1CHEH S, WRMWOBES —F Y = v b
L B9,

2. von OhainM#NHAND L=

von Ohainld Junkers Trimotor aircraft® 4T, 4E
BE)TY oD/ 4 ALRBOTTSITHLIL, EFEit
BRI OV EPRITRIC S SD LW EEKT 5, £
L CT19334EFkiC, BIE “Nernst” #—¥ > 7adx2 b
WCBERR L CEBMENC X L0215, R
BMAEBBHO M TRNIHERH L Z L%, FHaEI
EoTHPITT %, 21T, mOEMEE LRy -
YDOVAT T PAMEEER/IMETE ZMAEDLEL LT
EA 72, von Ohainld Z @ & x BEIZ 8 & HaA% A Hl 1E H
Ba/NSTED L OEEEICRAMSTWDS, 5
DEFIVE LTS LD Bl 2 PR 2 BIRL 720725 72

19344 F Tz, EHK3 - 1Ty —E U AW OR
F£1200~1400°F (650~760C) THFHES00< A IV LA LA
WRETDH A& DERK LHAFTE LRI TV, £LTC
Gottingen M Bartells - Becker BB TH DL X #
= v 7Max Hahn & BREZROLMIEIK 2D L 9 %7 m
N A TeBUET 5. LA LBRBORED /20, Zox
VY VIEVEETE L h o 2 von Ohain® BRI IE
L, ZOMEBICERNERELHLILEHREL TV

e

g €128

| Fumpomed Feaid s m
s Cfﬂ- it
) He 62
PRILIRNG ONE

B oot INAINE

L

Cpeseara, Sucrsar,
freth Frasp pey

mru Fap?
AIHIPP 6‘ EnginE

‘ ‘&' F‘“’ Serawr OF Bore.xp.5IA
¥ \\Atmxmm: {fi ‘.,JJ Loorw SE g Ersonn

GE Boven TexTS T-48 wGma
(‘( Rackives
DetAssmaisD brlirs B
ok gas i w W
Anp K2 B pRANIGE

K1 FAVOTVzy brrYUEARERITRICET AER

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.



Vol.36 No.3 2008.5

Hans von Ohainté LI & 2B 2 —R Y1y MEHE —HeS 17 5HeS 011 T 143

2 BUBKETEZdPo7270 by 4 7EFN (1934)

FREHIZOR. W. Pohl##%Zvon Ohain® iRAME B 125t
LCFBMICTET A7 Tl ¥ AR =Ty
TEED L HIZEID . von Ohainid, AE— FADE
B 27 BwnE b wHeinkel®d &4 % B L #IR
L7z 735V b #EDEF & Z2von OhainiZ ldRostocklZ & %
Heinkel® T3 3 MsF O M TH o 72 2 & AN 7 B
Tho7z,

3. Heinkell& T3 4—KT v hI T U R%

von OhainiZHeinke®°Guenther BB IZ L 5 ¥ = v b
LYV VAT ARBMOA V5 ¥ a2 — 2R TI936% 4
H15H IZHeunkeltt IZJE b 11720,

3.1 HeS1xEFEERAI> >

KA DOMax Hahnd A4k3 2% X 52 E£E L Zzvon
Ohainid, “Sonder-Entwicklung” (4RI ZE) & w9
&T, THEUNEIRYF7 2 MCENET XL, ®ol%
MIhOWEEICTO T 22+ FED 2, von Ohain
EARITRBEE R 2 IRRIIAT VW 2 & B Tz as,
Heinkel2» 5 BR SN ARG 0720, 31388
HIENTKEBRBEZHVAZIEIC L B3R
£ 912, HeS 1= ¥ ¥ Vi DM L BRR S — ¥ ¥
(u—%—BE#&124 v F) 2BHREGbRIZL, §-Y
E RS T O T NS S B E L A e — o B I
W L72KEZHWCIBIROBGE TRE L 720 2 OFER1937
FEFEITE, 10000rpmTHENLIKNZ AL L, F 7 5%
AV EBERMBUETHMERE L ol ZOKIT
von OhaintdHeinkel¥t ® ¥ = v MEEERE L 2D, &
SRR R v 72HeS 27 HHeS 3D B & #ts,

44— GASEOUS H,

e S N\
¢

e A\

.

K3 KREBREERNEEL Y Y HeS 1

3.2 HeS3AtHeS3BI > MEstEH

HeS 10dH &, WEEEDI-MBEIROMERER HICE
BEABI N2, Max HahnidE OE fEFEETJ7 0 K488 A
N2 BRERPRETLZ LIy 7 A X%
INELTHREEIT -7 Z Avon Ohainidv 72 Bl
LR EET S (X4)0,

HeS 3ATL Y ¥ 131938427 A b & N7=7%, R
Ba /RS 7572013 VEREE BESI M EbLI

6 A vFa—H—LELERBENOERINS
HeS 3BT ¥V > ®D ATIER

M7 HeS3BIY YDA (/)
E8 HeS3BLY Y ryoEFERY—Y & (4)

Download service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.



144 Hans von Ohaintd i L 3 KB A 2 — KV 1y MEE —HeS 1#5HeS 011% T

AR X 42 —E L FREE

LBS. KGS. caatns -

200 1000 2

4000 - 295

g :

%

3000+ & ™ 18 2
I 2 - . ©ooeg
L Py =
2 1000 500 - N
& 20004 ZE g 41,0 W&
i € -~ 23
' 2 6
0 1000 { M ol @M 0.3 §n
3 &

§ 1 ]

o < 0 &

w0 400 B0 BOKM/MR i 00 00 400 300 KIA/HR

QO 200 I 400 SOQMPH 9 10 20 00 A0 30 MPH

¥=AR SPEED V=AIR SPEED

9 HeS3BL ¥ roikpEili

77O EDHET 1R 5Nk d o720 % Z Tvon Ohain
@7/ Fy THICEVERBREAZH L, 728
AV Fa—Y—FE2HAWAL I ETAOEELZR/MELT.
(M5mw~8) ZDfERE, 13000rpmTHEE360kg, HilE
HFE0.68m>T, [ 9 IZ/RTHREAE S N7z,

4. Hel78%% - RO = v %

He 178%% ® 3% &1 i3 Heinrich Hertelli+DigED 3 &
Guenther 3B 12 & D #E D S 7z, FE AR EWalter
GuentheriZ £ % & @ 72 5 7225, #A19374 9 H 12
REZHBERRICL > TREOIRE LT 72H & 13,
Heinrich Helmbold & Siegfried Guenther!Z 5] & #2423
72. Hel781% (M10) ZBEBTREDOEIL A /37 2m,
4 R748 mo HeS 3B v ¥V VD ZERIZ ) — X4 ¥ 57—
IhonRAay Fr—FOTFThE@o TEMNZ, BERE
1950k g C M I Che = BE640km/hIZ B EF S 17z,

FLCHEIICRRA X 51219394 8 H27H, 6 45D
B EIRATIR IS T 50 Heinkelid #(= L CRLMIZER
FALOTH A2, BHBICKKEAZEZ CHRO
ZEWXTF—HEZ 5 ZRLMIZE RN IB T 5, £0
%, HeinkellZRLM®Schelp, Milch, Udet® @ HI T 7
EBYAML—=YarETIDOTHEH, BEEY TR
DFrTTNEDZMb- T, RiZYBHEMIZIIZITAN
SNhhole LL, ZORITIEA 2 7 DCaproni-
Campini CC2& D I4EEA L, EE DO WhittledW1T >~
TV ERERL 72Gloster E28/39% 020 » HL LA LTWw
72DOTH b

N

)
e
10 He 78— R0 Y = v MBI

5. HeSex> >
HeS 6L ¥ vid, HeS3L vV VA YRTHI LI &

— 12 —
Download service for the GTSJ member of ID , via 216.73.216.204, 2025/07/04.

D, BREREEIZE LAV 72 % $13300rpm THES)
2860kglC D7D DTH D, TV YHEIELTY
7275, He 1788 & DM AELEIE) T T, A
F5EE gL C S

6. He 2807 1 v NEBIERAO T o L BI%

RIMIZ* L CHe- 173D FE Y A b L —3a v %
115 721f 1%, HeinkeliZHe 2804 & v~ BL5E o> ik B A% B
RBICEYHT, COBDTZOOLY Y LT, 19394
H1ZJunkers Aeroplane Company#* 5 HeinkeliZ# - 7>
Mueller2SF 58 3 % @i Wagner . >~ ¥ > HeS 3045, 4
METESINT V2D, HENEEH L2, 22T, von
Ohainld/Ny 7 7 v 75 & L THeS 8=~ ¥ Y DRFIC
EFTH. TNIIHeS 3BE MO PR TH 5 A%, H
N—=V 74 7 2 —¥— L ERRER MR L I L 5,
%0 Z ARLM®DUdetidHeinkel% T 5 L 9 Ik o
T\, Heinkell IZ AW 22 = > ¥ v 8GRI B4
R & # z 72, & Z CHenkelll, 19414F 4 A £ CiZHe
2808 DSMATIZH T L 72 5, Stuttgart®Hirsh Motoren
Company % HIFF§ % M2 %2 # .5, von Ohainid
HeS 8= > ¥ C19414 3 HICHEZ#MK L, Hirsh®
HINAERS 5,

7. HeS8AT > >

HeS 8 (RLM#F#7109-001) iZHeS 3£ HeS 6% X — A
ELT, DX ZEMRYEREIRREI cEEE /NS L
LTwa (K1),

HeS 8ATZ YV Vi, 7LVIEEHENIATL — FOH
WA v Ry —t— 19— PFHA v RTF—, AF—
WEDIAT LV — FOPFR s — L o olRIns, ¥
ToRBERR L 1 M 8 KD MBS AV &2 168, &3ET128
J AN SRER S 7z,

(11 HeS8xr T

#1 HeS8xr ¥y rOFEEHIT

PARAMETER HESS ENGINE

RPM 13,500

Weight 837 Ibs, (380 ko)

Frontal Area 305 sq. 1. (047 m2)

Specific Thrust. 1.89Lb thrust/Lbs; (18.5 N/kg)
Specific fuel 1.6 Lbs/Lbs thrust hour;(0.163 kg/Nh)
consumption
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Parameter Jumo 004 B HeS-011A
Manufacturer Junkers Engine Heinkel-Hirth
Thrust, Lbs 2000; (8.927 kN 2863 . (12.75kN)
Weight, Lbs 650; (750 kg) 1950; (885 kg)
T/W Ratig 1.21 1.44
Length 1527 (3860 mm) 131.6” (3343 mm)
Frontal dia, 307; (760 mm) 327:.(805 mm)
Air mass flow 46.7; 64; (29 kg/sec)
rate, lb/sec (21.2 kg/sec)

| Pressure Ratio | 3.1:1 4.2:1
RPM 8700 10,205
Compressor 8 stage Diagonal stage +3
configuration axial flow axial stages
Turbine 1 stage turbine 2 stage air cooled
Configuration
Fuel 1.4-1.48 1.35
Consumption
Lb/Lb thrust

T Turbine inlet 1427F;(775C) 1427 ¥ (775C)
temperature, F
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Special Issue : The History of Development of Gas Turbines

History of the gas turbine and development at Rolls-Royce

1. Introduction

The very first Rolls-Royce jet engine, the W2B,
had a thrust level of 1600 1b and a specific fuel
consumption (SFC) of 1.13 Ib/h/lb. About 60 years
later, in 2002 the Rolls-Royce Trent 500 engine
entered service with over 35 times higher thrust and
less than one third the SFC. The Trent 900, which
entered service in 2008, has over 40% more thrust and
more than 3% lower SFC than the Trent 500. This
illustrates the progress that has been made, which
extends also to the application of gas turbines. Their
uses are now very diverse, thanks to their flexibility
and intrinsic power density. As can be seen in Figure
1, gas turbines are now applied in various markets
from civil and defence aerospace to marine propulsion,
energy generation, oil and gas pumping as well as
some less common applications, such as fuel cells and
COz2 sequestration.

B Rolis-Ro

Figure 1 Gas turbine versatility

Gas turbines manufacturers are facing some major
challenges dictated by market mechanisms and new
environmental regulation. These challenges will
require evolutionary and revolutionary technologies
and procedures.

Development of advanced cycles and their

Received 10 March 2008
* 1 Head of Technology Strategy, Rolls-Royce ple PO Box 31,
Moor Lane, Derby DE24 8B]J, England

Dr. CK. (Sam) Beale™!

applications are considered, as a means to improve
efficiency and performance.

In order to maximise the benefit gained from the
successful development of its aero gas turbines,
Rolls-Royce feeds through this technology into its
Marine and Energy gas turbines. The civil and
defence aerospace sectors benefit also from mutual
developments.

2. Gas Turbines in the Past
Rolls-Royce involvement in aero engines started

with the reciprocating “Eagle” engine in 1914,

The reciprocating engines were followed by a large

number of gas turbines, some of which, shown in

Figure 2, marking the history of Rolls-Royce:

e W2B: first British production turbojet.

e Derwent: thrust doubled from 1700 Ibs to about 4000
Ibs in 15 months.

e Dart: first production turbine powered aircraft
(Viscount,).

* Conway: bypass (turbofan) engine.

® Pegasus: Vertical Take-Off and Landing

e RB211: first 3-shaft engine in service.

e Olympus: powered first commercial supersonic flight.

e 535E4: first hollow wide chord fan blade in service.

e Trent 800: first engine to exceed 100,000 lbs thrust
and be certificated at over 90,000 lbs thrust.

¢ Trent 900: swept fan and first for Airbus A380.

History of the Gas Turbine
RB211

Conway

N
RB199

T e P
1830 1840 1850 19690 1970 1480 1990 2000 2010

[@z Rolls-Royce

Figure 2 History of Rolls-Royce gas turbines
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With the emergence of the widebody airliners in
the late 1960s, Rolls-Royce launched the RB211 for the
Lockheed L-1011 Tri-Star. The three-shaft turbofan
concept of the RB211 has now established itself at the
heart of the world-class family of large Rolls-Royce
engines.

Allison (now part of Rolls-Royce) also has a history
of famous engines. In 1937, the V-1710 became
America’s first 1000-horsepower engine. Widely used
in World War II, it powered many famous aircraft
such as the Lockheed P-38 Lightnings, Bell P-39
Aircobras and P-63 Kingcobras. The ubiquitous Model
250 turbo shaft engine powers more than 170 different
helicopter and fixed-wing applications in both civil and
military markets. A more recent engine, the AE 3007
powers the CitationX, the Embraer 145 family and the
Global Hawk unmanned aircraft.

3. Aero Gas Turbines Today

From the end of the 1950’s to today, the power
output of the gas turbine has increased by a factor
of 50 whilst the specific fuel consumption has been
reduced by an impressive 50%, as shown in Figure
3. There are few technologies that have made such
rapid development and had such a significant impact
on society. Those improvements and extensive
applications have been achieved by a range of
advances and a number of critical underlying
technologies.

Aero Engine Evolution

@ Significant performance improvements to date driven by

Parts Count

Reheat, Low Observables, Steaith,
STOVL, Combat Effe

entage Reductions

© Product technology has been the principal driver to gain
competitive advantage

Rolls-Royce

Figure 3 Aero engines evolution

For Rolls-Royce, a key innovation was the three-
shaft engine, shown in Figure 4, which comprises
a low pressure (LP) system and a gas generator
made up of an intermediate (IP) and high pressure
(HP)system®. Each of these systems is designed to
run at its optimum aerodynamic loading, which gives

Multiple Shafts - Trent 95,000 Ibs Thrust

IP System
8 Compressor stages 5
1 Turbine stage
>7,500 rpm

Rolls-Royce

Figure 4 Rolls-Royce three-shaft engine concept

high efficiency and a low number of compressor and
turbine stages. This concept also enables each shaft
to be scaled independently, making it simpler to
build a range of engine sizes based around common
technology.

The latest development of the Rolls-Royce Trent
family of turbofan engines is the Trent 900, which
powers the Airbus A380, the largest and latest
widebody aircraft which entered service in 2008. This
ultra high by-pass ratio engine incorporates significant
new technologies over previous Trent engines as
shown in Figure 5, notably the first fully swept fan
design, 3-D aerodynamics throughout the compressors
and advanced 3-D designs in the turbines, all aimed
at improving efficiency. The swept fan also reduces
noise. The HP system is contra-rotating, further
improving turbine efficiencies (a concept read across
from military applications), and the by-pass ratio is
increased from previous Trent engines in order to
improve specific fuel consumption and further reduce

noise.

# World leading swept fan
experierice - better strength
and efficiency

# Steady development of 3-D
technology throughout the
core

# Low emissions tHed combustor
for improved maintainability

@ Long life advanced turbines «
tatest materialsicoatings

# ETOPS.style development
programmes - service ready
engines

Thrust at EIS of 70,0001k
# - Erigine to be certificated at 81 500ib
¢ Capable of growth to 84,000

Figure 5 The Trent 900 engine
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The latest Rolls-Royce innovation in the defence
aerospace sector is the LiftSystem™, being produced
under sub-contract to Pratt & Whitney. This provides
forward thrust and lift for the Short Take-Off and
Vertical Landing variant of the Joint Strike Fighter
(JSF) multi-role aircraft. This will be the first new
vertical thrust concept in a production aircraft since
the Rolls-Royce Pegasus-powered Harrier family,
originally developed late 1960s.

The LiftSystem™ incorporates innovative
technology in both its aerodynamic and mechanical
design, as shown in Figure 6. Approximately half
of the lift thrust is provided by the three bearing
deflecting nozzle fitted to the main propulsion engine.
The other half of the vertical thrust is provided by
the fan which comprises two stages of contra-rotating,
high flow, low pressure ratio blisked fan rotors. This
is driven by the main propulsion engine through a
multi-plate clutch and gearbox which transmits nearly
30,000 horsepower.

Variable guide
vanes Blisked fan ¢

Clutch

~19,000 I

Roll post

Rolls-Royce

Figure 6 The Rolls-Royce LiftSystem™ for the JSF

As part of the JSF programme, Rolls-Royce has also
teamed up with General Electric in order to create
the F136 - the alternative engine to the baseline
Pratt & Whitney F135. This engine, shown in Figure
7, uses a second-generation hollow SPF/DB (super
plastically formed/diffusion bonded) blisk fan based
on technology developed in the civil sector and also
used in the LiftFan® The combustion system and
HP NGV (nozzle guide vane) are Rolls-Royce design
responsibility and feature unique transpiration cooling
technologies in the form of the Lamilloy® and the
advanced CastBond® process developed under the
United States Integrated High Performance Turbine
Engine Technology (IHPTET) defence programme.

Vaneless
CIRLPT

+ Lamiltoy HPT nozzie

Corrosion resisfant
bearings

Tri-pass

diffuser annular

4
Lamilloy combustor

Rolls-Royce

Figure 7 Engine advanced technologies for the F136

Historically, many of the defence-related
technologies found their way into civil products.

However, the rapid development cycle for civil
engines means they are now lead some areas of
technology development. An example is the hollow
titanium fan blade technology which is now being
applied to the JSF.

As well as transferring technology through common
hardware, technology is transferred through common
design styles, materials, manufacturing technologies,

and analysis methods, as in Figure 8.

Drawing on the successful
technological advances of
aero products

Military

Civit

Dual use aero technologies

olls-Royce

Figure 8 Multiple use of technologies in Rolls-Royce products

Complete cores can be used in different types of
engines, which can then be used in both civil and
military aircraft. One example is the core of the
AE1107 (T46) used to power the V-22 Osprey, as in
Figure 9.
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Engine Architecture

Tarko-Fan

3 sraf el g

Ak 3IET

Tarbu-Prap

Figure 9 Multi-use of engine cores

4. Advanced Marine and Energy Gas Turbines

The advanced Marine gas turbines provide high fuel
efficiency at part loads as well as full load and offer
many additional benefits over large diesel engines,
such as higher power density, better reliability, lower
emissions, noise and vibration for passengers comfort.
The power/weight ratio of a typical medium speed
diesel engine is around 5-10kg/kW, rising to around
30kg/kW for a large slow speed diesel. This compares
with 2kg/kW or less for a gas turbine®.

Diesel engines emit low frequency noise, which is
difficult to dampen out, whereas gas turbines emit
high frequency noise that is readily dampened to
ensure passenger comfort, even in close vicinity to
the engine room. Gas turbines emit no soot or visible
smoke in the exhaust and hence provide a cleaner
environment on the sun decks for the passengers.
Two advanced Rolls-Royce Marine gas turbines are
the Marine Trent and the WR-21.

4.1 The Marine Trent

The Marine Trent is a marinised version of the
Rolls-Royce aero Trent 800 engine, as shown in Figure
10. It is a conventional Brayton cycle engine.

In the 50MW, MT50 version, the Trent 800 fan is
replaced by a two-stage LP compressor, but IP and HP
compressor part commonality is maintained with the
aero engine. This is also the case in the turbines, but
silicon aluminide and chromising coatings are used for
corrosion resistance in the marine environment. The
combustor is as used in the Trent 800, but modified
for diesel fuel.

For the 30MW, MT30 version, no booster is
required and the LP turbine has one less stage. For
both models the output drive from the gas turbine is

New hicod duict MarineTrent

Figure 10 Derivation of Marine Trent from aero Trent

provided through a coupling located at the hot end of
the LP shaft. The intake, enclosure, and exhaust are
supplied as a separate assembly, to reduce the overall
weight and ease transportation.

4.2 The WR-21

The WR-21 engine system is an advanced cycle gas
turbine incorporating both intercooler and recuperator
heat exchangers to provide significant fuel savings
across the entire power range, which is particularly
beneficial for Naval applications where the majority of
operation is at part power. The WR-21 cycle is shown
schematically in Figure 11.

28% power
ihcresse

Figure 11 WR-21 engine cycle

The gas generator turbines share commonality
with the aero RB211 parent with coating changes
to maximise corrosion resistance, while the power
turbine (stages 2 to 5) incorporates 3-D orthogonal
blading design, in common with the latest aero Trent
parent. Ease of maintenance of the engine system was
a key consideration during the design phase.

By maximising recuperator heat recovery at part
powers, by utilising the variable area nozzle in front
of the power turbine, the flat characteristic of the fuel
consumption curve, shown in Figure 12, is obtained.
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Figure 12 WR-21 fuel savings versus simple cycle

4.3 The Industrial Trent

Rolls-Royce’s largest product designed for ground
use is the Industrial Trent, which provides up to
58MW of power, and is also derived from the aero
Trent 800. It is similar to the MT50 Marine engine
but is fitted with a “Dry, Low Emissions (DLE)”
combustion system to satisfy NOx emissions
requirements without the need to inject water at any
point in the cycle. However, Rolls-Royce does produce
a water-injected Trent engine where its power
and low emission performance are better suited to
customer needs. ,

For the DLE version, the aero-engine’s annular
design is replaced by eight cans, each with three
stages of pre-mix combustion - see Figure 13. This is
necessary simultaneously to achieve the emissions goal
and maintain combustion stability at the pressures
and temperatures required for acceptable thermal
efficiencies.

The Industrial Trent and a 3-stage DLE Combustor

Hhz
Eavissaemss
1 e
ComATET

alig-Royee

Figure 13 Industrial Trent combustion

4.4 Wet Cycles

Running as a simple cycle, the Industrial Trent has
a thermal efficiency of over 40%, a level superior to
coal fired power stations or industrial diesel engines.
By the use of combined cycles to utilise the energy
contained in the gas turbine's exhaust, substantial
improvements can be made to this efficiency level.
The heat can either be used directly for processing
plant, where combined heat and power efficiencies of
over 80% can be achieved, or to drive a steam turbine
where an efficiency of over 54% is possible.

5. Conclusions

The gas turbine has advanced dramatically since
the days of Whittle through many innovations.

This paper has described how Rolls-Royce gas
turbines have progressed so far, and what future
products might incorporate in terms of technological
advancements.

Development of advanced cycles and their
applications are considered, as a means to improve
efficiency and performance.

Rolls-Royce gas turbines are utilised in four business
sectors, i.e. civil and military aerospace, marine and
energy, and there is a read through of technologies
between all applications.

Market and regulatory changes, particularly
environmental, are demanding step changes in
future gas turbine performance, and this will be
achieved through a combination of evolutionary and
revolutionary means.
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GE developed the H System gas turbine in the
1990's in response to a growing worldwide need for
clean, efficient energy. The H System gas turbine
burns natural gas, a much cleaner fuel than other
fuel options such as oil or pulverized coal. The use
of natural gas fuel, combined with the use of steam
cooling and the high efficiency of the H System gas
turbine results in reduced CO; and NOx emissions to
produce the same amount of power as less efficient
gas-fired, pulverized coal, or oil-fired plants.

This article describes the process used by GE to
develop the H System gas turbine, including the
laboratory and field validation testing.

H System Gas Turbine Development

GE followed a comprehensive design and technology
validation program that has spanned more than a
decade from concept to commercial operation of the
first H System gas turbine. This validation process
continues as valuable operating data is gathered,
analyzed, and factored into follow-on future GE gas
turbine products.

GE's New Product Introduction (NPI) Process (see
figure 1) used to develop the H System gas turbine is
a proven best practice from the aerospace industry.

The first phase of the H System gas turbine
development process was a thorough assessment

DONOHUE Jim*!

of product options, corresponding design concepts,
and system requirements. A crucial element in this
first phase was the careful selection of materials,
components, and subsystems. These elements
were categorized based on whether the technology
was within existing capabilities or technology
advancements were required. The technical risk of
each element was assessed and a risk abatement plan
developed.

The second phase in the development of the H
System gas turbine consisted of product conceptual
design and preliminary design. In this phase, the
design was refined using Six Sigma tools to validate
product concepts and ensure alignment of the product
features with the characteristics most important to
customers. During this phase, the specifications for
the entire power plant were finalized and driven
down to the lower levels of the system (e.g., gas
turbine, steam turbine, heat recovery steam generator
(HRSG), turbine generator, etc.). The design of the
individual components was also finalized in this phase
and prospective suppliers were engaged to ensure
manufacturability.

The third and final development phase is technology
readiness demonstration. This phase included
execution of the detailed design and validation of
the product through testing. A high degree of

Validat

Design

S

Efsft 20084 4 H18H
* 1 GE Energy, Marketing Program Manager
T107-6111 FREHEXARIKS - 2 -20

Figure 1 OQverview of GE's NPI Process
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confidence was gained during this phase with full-scale
gas turbine testing at the GE factory test stand in
Greenville, South Carolina, USA, followed by complete
power plant testing at the Baglan Bay launch site in
Wales. The comprehensive characterization testing
program at Baglan Bay included more than 3,300 gas
turbine sensors and 7,400 total plant sensors.

H System Gas Turbine Description

The H System gas turbine is an integrated
combined cycle, natural gas fired power plant
system. The system was optimized as a whole
and then the key components of the H System gas
turbine, including the gas turbine, steam turbine,
generator, and HRSG, were each optimized for the
highest level of performance. Advanced materials
and steam cooling of the gas turbine allows higher
firing temperatures, while the Dry Low-NOx
(DLN)combustion system enables very low NOx
emissions. The closed-loop steam cooling system uses
steam from the bottoming cycle to efficiently cool the
critical gas turbine parts and returns the steam to the
bottoming cycle.

The gas turbine drives the generator through the
steam turbine, resulting in full mechanical integration
of the rotating components as a single prime mover
and an increase in power density. Building on the
successful experience of GE's F-class gas turbines, the
H System gas turbines have an 18-stage compressor,
DLN combustion system, and 4-stage turbine with
steam cooling of the first two stages. The gas turbine
is a two bearing machine with a cold end drive, with
the generator and steam turbine on the compressor
end of the turbine. This arrangement allows an axial
exhaust that simplifies the arrangement between the
gas turbine and the HRSG.

The combustors are a can-annular design, following
GE's extensive experience with this technology. The
107H gas turbine uses 12 combustors and the 109H
uses 14 combustors, maintaining the same airflow per
combustor for both machines.

The compressor design is based on GE aircraft
engine and aero-derivative gas turbine designs. The
H System gas turbine compressors employ inlet guide
vanes and multiple stages of variable stator vanes
to modulate airflow. Controlling the compressor
airflow with these components allows efficient power
turndown and optimized operation during variations in
ambient temperature.

The steam cooled hot gas path components

presented the greatest technical challenge in the
design of the H System gas turbine. In an open
loop air cooled gas turbine the air that is used to
cool the first stage nozzle mixes with the main flow
stream, reducing its temperature. In the H System
gas turbine closed loop steam cooled system, steam
does not mix with the main flow stream, and the
flow steam temperature is only reduced by the effect
of the steam flowing across the cooled nozzle. The
lower temperature drop of the steam cooled system
enables the system to maintain the same combustor
exit temperature, and therefore the same NOx levels,
as GE's F class machines, while benefiting from an
increase in firing temperature.

The steam turbine used for the 109H system is
a three admission reheat design consisting of high
pressure and intermediate pressure sections in a
combined casing, and a double flow low pressure
section.

The HRSG is a three pressure reheat design,
commonly found in advanced technology combined
cycle systems. Modifications to accommodate the
cooling system for the H System gas turbines include
the following:

1. The reheater size is reduced because some of
the reheating is performed by the gas turbine
cooling system.

2. Control of the high pressure steam temperature
is accomplished by a steam attemperation
system that bypasses a section of the high
pressure superheater.

3. Steam is extracted from the high pressure
superheater downstream of the first pass for
the start-up cooling steam supply to the gas
turbine and low pressure section of the steam
turbine.

Supply of high purity steam to the gas turbine is an
essential requirement of the system. Various features
are incorporated to accomplish this including full-flow
filtration of condensate and cooling steam, use of alloy
or stainless steel piping and components, and nitrogen
blanketing systems in the cooling system and HRSG.

H System Gas Turbine Installations and
Field Experience

The first 50 Hz 109H plant entered commercial
service in 2003 at the Baglan Bay Power Station in
Wales. First fire of the 109H System gas turbine at
Baglan Bay was accomplished in 2002. Commercial
operation was accomplished in early 2003 after
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an extensive validation and characterization test
period. During the validation test period, the plant
achieved an output of 530MW at 7 degrees C ambient
temperature, which after correction to ISO conditions
significantly exceeded the 480 MW nameplate rating.
Other achievements during the validation testing
include 26 successful starts out of 26 attempts, and a
14 ppm NOx level.

As of April 2008, the 109H at Baglan Bay has
accumulated more than 29,000 operating hours and
is scheduled for maintenance and a major inspection
in mid-2008. The most recent twelve-month rolling
availability has averaged approximately 92%. The
Baglan Bay plant is typically operated in a base load
mode to maximize the impact of its high efficiency.

Construction of three additional 109H plants is
underway at the TEPCO Futtsu 4 Power Station in
Japan. The first TEPCO 109H power train will enter
commercial service in mid-2008, and the follow-on
power trains will enter commercial service in 2009 and
2010.

The first two 60 Hz 107H power trains are under
construction at the Inland Empire Energy Center in
the USA. Both power trains will enter commercial
operation in mid-2008. Extensive field testing will
be performed at the 107H Inland Empire Energy
Center when these H System gas turbines begin

operation. Lessons learned from these field tests and

the extensive operating experience of the Baglan Bay
unit are evaluated as part of GE's NPI process for
application to future GE gas turbine products.

Conclusion

GE’'s H System gas turbine is the result of a
comprehensive program to develop a first combined
cycle power plant system using steam cooling to
increase thermal efficiency. The program was carried
out using Six Sigma tools and GE's NPI process. An
extensive laboratory and field validation process
was used to demonstrate the performance of the H
System gas turbine. This validation process included
component, scale model, full size rig testing, full speed
no load factory tests, field testing at Baglan Bay, and
will continue with field testing at the Inland Empire
Energy Center in California, USA.
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Special Issue : The History of Development of Gas Turbines

History of Russian Industrial Gas Turbines

G.G. Olkhovsky ™'

USSR technical universities had begun development
of Gas Turbines (GT) in the 1920s. Parametric
studies of the GT cycles had shown prospects of
the constant pressure combustion. Also the studies
disclosed necessities of aerodynamic improvements,
heat resistant materials, heat transfer and strength
research.

The low turbo-machinery efficiency of that
period determined the Turbine Entry Temperature
(TET)level as ~1500 K and the water cooling of
turbine vanes and blades.

In 1930 All-Union Thermal Engineering institute
(VTI) had established a “Gas Group” intended to
develop a 1500 hp (1100 KW) turboprop engine.

The group headed by Prof. V.V. Uvarov had
designed, constructed and tested an experimental
facility (1933) and a GT engine (1936). The twin-
shaft GT had a centrifugal compressor, an air cooled
combustor, and water cooled turbine with TET =
1300-1500K. The test results allowed construction and

A.L. Berne™!

V.A. Schurovsky **

test of an experimental engine completed in 1939. In
1940 the group was moved to the Central Institute of
Aviation Engines (TsIAM).

Another group headed by Prof. V.M. Makovsky
worked in Kharkov city, Ukraine. In 1939 this group
had designed and manufactured at Kharkov Turbo-
Generator plant (KhTGZ) a 1000 hp GT firing coal
underground gasification gas. The turbine had two
velocity stages and water cooling of hot components.
Works on this turbine had been terminated with the
World War beginning.

After the War USSR had involved in the GT
activities its powerful design and manufacturing
companies that began from GT license manufacturing.
Later these companies leaded by AM. Lyulka, A.A.
Mikulin, N.D. Kuznetsov and V.Ya. Klimov designed
and developed ingenious GTs (Table 1). The scientific
base for these works had been created by B.S.
Stechkin.

Table 1 includes main data of Soviet design aero

Table 1 Performance of mass production domestic aero GT

Engine An20 | An2d | AM3 | AMS | pro | PR0% ) nase | AR pa fHkass| HKg
Developed by*! “Progress” “Soyuz” dvgzt‘él “Lyulka-Saturn” | SNTK - Kuznetsov
Mass production beginning 1957 1961 1952 1953 1955 1962 1959 1960 1958 1958 1964
Engine type*? TP TP T] T] TJA TJA TSh TJA TJ TP TF
Power, kW 3125 2075 4050 11025

Thrust, kN 85.3 196 324 60.0 99.1 107.8 932
Specific fuel kg/kW*hr 0.33 0.35 0.390 0.286
consumption kg/KkN*hr 1.00 0.93 0.16 022 0.20 0.80 062
Air massflow, kg/s 20.7 144 150 375 44.0 64.5 26 115 187 55.8 2145
Turbine entry temperature, C 1173 1070 1130 1130 1150 1200 1240 1200 1090 1250 1200
Maximal pressure, bar 9.2 6.4 6.2 58 75 9.0 5.6 9.3 112 9.3 10.25
Number | Compressor 10 10 3 8 9 3+3 9 9 9 14 4+6
of stages | Turbine 3 3 2 2 2 1+1 1+2 2 2 5 1+2
Engine mass, kg 1040 600 3100 445 620 1117 1320 2100 2765 3065 2500

*1 Here are given current names of the companies.

*2 TP - turboprop, TJ - turbojet, TJA - afterburning turbojet, TSh - turboshaft, TF - turbofan.

Received 17 March 2008
% 1  All-Russian Thermal Engineering Instituter (VTI)
* 2 VNIIGAZ Ltd.
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GT that entered mass production in 1953-1964. All of
them had classic concepts with axial compressors and
turbines. Many of them had been in world leading
positions. For example, the AM-3 turbojet and the
HK-12 turboprop had been the most powerful, the
P 119 -300 afterburning turbojet had the smallest
mass / thrust ratio and was operated in more than
50 air forces, the [1-25 turboshaft powered the world
heaviest helicopter.

Information circulated between the companies
facilitated improvements of the GT performance and
design. For example the data on the first application
of a transonic compressor stage in the AJI-7 turbojet
helped other companies in development of highly
loaded compressors. Later the accumulated analysis
and experimental data were widely used in creation of
industrial GT.

The initially seeded prospective concepts provided
the GT long-term modification and operating. For
example the HK-12 family engines are still operating:
the P11®-300 derivatives are still built abroad under a
license.

The first industrial GT in USSR were two small
power units imported for the Goodry oil refinement

process. These units were taken for prototypes of the
first domestic 1.2 MWe GT constructed by “Nevsky
Zavod” (NZL) company (St. Petersburg) for its own
power plant.

Table 2 shows main parameters of the domestic
Power GT first of which had been constructed in
1955-56. The GT performance are given at ambient
air conditions of t, = 15C, B, = 1.013bar. Besides the
fuels listed in the table the I"T-12-3 had been tested on
underground gasification coal gas and the I"'T-100 on
natural gas.

The first domestic GTs I" T-600-1,5 and I" T-700-4 by
NZL and I' T-12-3 by LMZ (Leningrad Metal Works)
operated at moderate gas temperatures of 600-700 C
which allowed hot parts manufacturing of austenitic
steels, the GT components’ intensities were also
moderate. The equipment design was free and
included hot pipelines of large areas. Eventually the
efficiencies were some lower than the design values.
During the initial operation the GT components had
been modified. Resulting improvements of the I" T-12M
and I'" T-25 performance are shown in the Table 2 second
columns.

I"' T-25 was the first domestic GT to work successfully

Table 2 Performance of domestic Power GT

GT name [T600-15| I'T-7004 | I'T-35 | I'TI"-1| T T-700-12M I'T-700-25 |T'T-12-3| T TY-50 T'T-100
Manufacturer NZL NZL KhTGZ MP NZL LMZ LMZ KhTGZ LMZ
Construction date 1955 1957 1970 - 1961 | 1967 | 1960 | 1969 1955 1960 1969
Cycle type*! Direct 1C 1C, TH 1C, IH
Heat regeneration Yes No No No Yes Yes Yes No Yes Yes No No
Number of shafts 1 1 1 3 1 1 1 1 2 2 2
Turbine entry temperature*? C 600 700 770 - 700 700 700 700 | 650/650 800 / 770 750 /750
. Design oo 3000 | 3600 | 3600 | 4200
Engme*zshaft
SPeedBIPN | hieved | - - S v N I 3100 | 3170 | 3300 | 3900
Power shaft speed, rpm 5000 3000 3000 3000 3000 | 3000 | 3000 | 3000 3000 3000 | 3000 3000
Design 1.36 41 30 10.0 11.0 110 | 265 | 228 128 54.3 - 90
Power, MWe
Achieved 1.72 39 31 10.0 105 114 | 240 | 230 136 380 | 435 91
. Design 180 - - 225 270 - 280 | 220 - 350 - 270
Total efficiency, % -
Achieved 182 16.0 235 233 245 | 270 | 255 | 220 25.0 315 278 27.1
Air massflow, kg/s 29.2 459 227 - 920 | 920 201 188 915 184 190 427
Maximal pressure, bar 357 492 6.55 - 685 | 6.85 97 9.15 14.6 1535 | 1635 22.3
Work coefficient 0.32 - 0.358 - 032 | 035 | 0265 | 0295 | 0.295 037 | 040 0.351
Reduced Power, k]/kg 589 85.6 136.5 - 1143 | 124 | 1194 | 1223 | 1485 | 2065 | 229 213
Total pressure losses, % 13 58 - - 17 11 145 9 9 15 12 12-13
Regeneration degree, % 61.5 No No No 59 65 79 No 66.5 69 No No
Fuel LF NG NG, LF LF NG NG NG |[NG,LF| LF NG NG LF
Heat production, Geal/hr | - - - 9 - - 15 324 - - 90

*1 IC - compression with inter-cooling, IH - expansion with inter-heating.

*2 HP turbine / LP turbine.
*3 NG - natural gas, LF - liquid fuel.
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in heat supply cycle.

In the '60s new GT of 4, 10 and 12 MWe entered
operating (see column 4 in Table 2). These GT design
was based on marine engines by NPO “Machproject”
(MP). The GT were attractive for self-standing power
production due to their moderate gas temperatures
and sufficient efficiency of 26-30%. A power plant
needed smaller number of units, 2 instead of >10,
smaller building area, less construction labor and
time. A few power plants each with 2 10-12 MWe GT
were mounted in barges and located in the Far North
regions.

In the late '60s domestic companies designed
and manufactured more powerful and efficient GT,
T T-100 by LMZ and I" T-35 by KhTGZ. These units
had easily reached the design performance. The both
GT were thoroughly investigated on natural gas and
liquid fuels and successfully operated for a long time.
Some of them are still in operation.

T"T3-45 by KhGTZ and I" T-150 by LMZ of 50 and
150 MWe respectively designed in the '70s and
manufactured in 1989 were the first domestic GT with
cooled turbine blades.

The I" T 3-45 project is conservative and has large
safety factors. At the TET level of 880-900 C only the
first nozzle turbine vane has air cooling. Four GT of
this type are still operating in Yakutsk CHP and have
accumulated 150,000 hours including heat supply in
winter seasons.

30 years ago the I''T 9-150 performance and power
had been very advanced. It has air cooled airfoils in
the first two nozzle vanes and two rotor blades. The
first compressor stage is transonic.

All these GT were thoroughly tested by
manufacturers and leading research institutes.

Development and operation of various GT gave
a valuable experience and produced a base for
comparison of different concepts and structures.
Every GT was almost unique and had not become a
prototype for serial production. The main efforts were

concentrated on structure development, workability
and reliability improvements. Operating problems did
not attract proper attention.

The main workability problems were usually
concerned with the GT design and manufacturing
technology; scheme and cycle problems were not so
critical.

The number of supplied power GT was not great
but their operation was generally successful.

The operating experience was summarized in the
following:

- Issue of requirements to GT components, mounting
in power plants, controls and auxiliaries quality,
technical measures to fulfill the requirements,

- Evaluation of operating environment influence
upon GT components (air, flue gas, fuel, cooling
and network water). Issue of agents’ quality
requirements,

- Issue of “GT operating regulations” based
on accumulated experience in operating and
maintenance.

USSR and later Russian Gas industry are greater

GT consumers than the Power ones.

The first GT application was the 4 MW pumping
unit by NZL (see Table 3) used in the mid '50s
in the “Northern Caucasus - Center” natural gas
pipeline. The pipe diameters were 720 or 820 mm.
The T"T-700-4 engine had been developed earlier for
mobile power plants and the driven gas compressor
had been developed for chemical industry needs. As
the result the Gas Pumping Unit (GPU) could not
quite satisfy the gas industry needs.

The later pipelines were equipped with specially
developed by NZL and Turbine Motor Works (TMZ)
serial GT of 4 and 6 MW power, I T-700-5, " TK-5,
T"T-750-6 and T T-6-750. In the early '60s performance
of these GT had been quite advanced.

Specific application required the control flexibility
and determined the GT schemes and structures. All
of them had power turbines and direct pump drives

Table 3 Performance of domestic Gas Pumping drive GT
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Engine type T'T-700-5 | I'T-7506 | T T-6-750 | HK-12CT| ' TK-10 | JIP-59 I'TH-16 |HK-16CT| I'TH-25
Manufacturer NZL NZL TMZ SNTK NZL MP TMZ SNTK NZL
Production beginning 1961 1965 1965 1975 1973 1979 1982 1983 1982
Power, MW 425 6 6 6.3 10 10 16 16 25
Efficiency, % 25 27 24 24 29 276 29 275 28.1
Turbine entry temperature, C 700 750 760 674 780 785 920 857 900
Pressure ratio 39 46 5.7 89 44 10.1 115 9.7 125
Power shaft speed, rpm 5500 5300 6150 8200 4800 4800 6500 5300 3700
Heat regeneration Yes Yes No No Yes No No No No
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without gearboxes; the pumping units had block
structures mounted on single frames together with oil
tanks. The open cycle GT T" T-6-750 and the moderate
regeneration (0.6607) ones I' TK-5, I" T-750:6 had similar
efficiencies.

The gas industry development in the mid '70s
required new manufacturing facilities. NZL continued
development of regeneration cycle GT and in 1973
introduced the 10 MW TI" TK-10.

In the early '80s new pipelines of a longer range
had 76 bar pressure and 1420 mm tube diameter. The
pipelines were equipped with new 16 and 256 MW GT,

I'TH-16 by TMZ and I" T H-25 by NZL with higher
TET = 900920 C and pressure ratio 11.5-12.5.

In 1973 and 1977 respectively aviation and marine
engine companies had entered the gas industry
market. The first aero derivative GT of 6 and 16
MW were manufactured out of aircraft engines with
expired in-flight life, reduced performance and thus
had insufficient efficiencies.

Eventually the aero GT companies have set
up advanced development centers for industrial
applications.
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Test Operation of Micro Ceramic Gas Turbine
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A series of operation tests of a ceramic micro gas turbine has been successfully carried out. The
baseline engine is a small turbojet engine with a centrifugal compressor and a radial turbine. The
Inconel turbine rotor, the Inconel turbine nozzle and casing were replaced into the ceramic parts. The

ceramic nozzle and its casing is supported by metal parts.

Through the tests with ceramic nozzle, it is recognized that one of the key technologies to develop
ceramic gas turbines is the design of the interface between the ceramic components and the metallic

components, because the difference between the coefficient of linear thermal expansion of ceramic and
metal produces large thermal stress at their interface at the elevated temperature condition. A metal
ring spring was inserted at the interface between ceramic and metal. This engine operated for 65
minitues at the condition that the turbine inlet temperature was over 1000T .

Key words : Micro Gas Turbine, Jet Engine, Ceramic Component, Test Operation
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temperature

?ul] Throttle Exhaust Gas 750 C (1382°F)
emperature

Irfaw Throttle Exhaust Gas 450 C (842°F)
emperature

Maximum Fuel Consumption 270 cc/min

SN-235 SN-01
Density 325 gem™® | 320 g cm™
Vickers hardness (at 9807 N)| 145 GPa -
Strength (4-point bending test) 921 MPa -
Young's modulus 304 GPa 294 GPa
Poisson's ratio 0.28 0.28
Fracture toughness (SEPB)* | 6.4 MPa m®® -

Ignition Glow ignition

* Single-Edge Precracked Beam method
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Development of DME-fueled Chemically Recuperated Gas Turbine System
—Demonstration tests using The Micro Gas Turbine—

HiE  BERET

NAKAGAKI Takao

1L SR S

YAMANAKA Susumu
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TAKAHASHI Takeo

PN S

OHASHI Yukio
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% e
WATANABE Tsunenori
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SASABE Kazuhiro

ik H—"°

SATOU Jyun-ichi

ABSTRACT

The Chemically Recuperated Gas Turbine (CRGT) system is an advanced GT cycle that converts
the fuel into the hydrogen-rich gas by recovering the exhaust heat from the gas turbine. The principal
reaction of fuel conversion is steam reforming.

This report shows the demonstration of power generation test by the DME-fueled CRGT using
the 30kW micro gas turbine (MGT). The heat recovery system, which mainly consists of the steam
evaporator and the DME steam reformer, was directly installed into the exhaust gas duct.

The power generation test, combining the MGT generator set, all heat recovery equipments and the
supply systems of DME and demineralized water, were conducted. As a result, the power generation
efficiency of CRGT was improved approximately 10% compared to the efficiency of the steam injection
GT cycle which was a proven technology, and 10ppm or less NOx emission from the MGT was attained.

Key words : Chemical Reaction, Heat Recovery, Gas Turbine, Reformer, Combustion, 1bZRIt,
BN, HAY—Yr, wHEE B
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................. T

.......................... i
Heat recovery system
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Methanol:0%,DME:3.9%

1 Block diagram of 30kW-CRGT system fueled by DME
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6 Effect of steam injection to combustion characteristics
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#2 Test data of CRGT and STIG
; [ I I
Operating mode sTIG | CRGT | sTiG CRGT sTIG ORGT
Inlet air flow rate kg/h 970 955 948 942 936 941
Inlet air temp. c 10 10 10 10 10 10
Pilot kg/h 24.7 8.7 24.5 45 24.4 0.0
DME oW ™ \ain | ke/h |0 123 0 180 0 22.1
Main persentage % 0 621 0 80.3 0 100
DME temp. °c 25 416 25 404 25 410
St Flow rate | kg/h 20.0 20.1 25.7 25.2 30.9 30.9
eam
Temp. c 367 416 374 404 371 410
S/DME - — 3.60 - 3.57 — 3.58
Outlet gas temp. c 558 558 558 558 - 558 558
Reformed gas flow rate| kg/h — 34.3 — 432 — 52.0
H, vol% - 435 — 39.0 —_ 33.7
GO vol% - 14.3 — 14.9 — 15.1
Reformed gas H,0 vol% - 31.5 — 36.2 — 41,7
composition 002 vol% — 6.2 — 4.2 — 23
CH, vol% — 39 — 3.6 — 3.3
DME vol% — 0.6 — 2.1 — 39
Inlet ZAH,s | MJ/h| 711 695 706 688 704 679
enthalpy 2 Hg MJ/h -2 17 3 24 7 32
Outlet enthalpy ZHp | MJ/h [ 589 579 583 576 582 582
Inlet—outlet MJ/h 120 133 128 136 129 129
Power genaration
efficient(LHVbase) % 15.16 16.32 15.29 16.65 15.35 16.95
(Efficient(CRGT)/(STIGQ)
n{oRaTy % 77 8.9 10.4
100% @ - % 80
‘%\’\%Mx +o0g974 1000% 105 $
95.4% T 70
80% 84.5% . 1 . .
—&~DME hydrolysis y=-0597x + 13245\4 ;i 00 4 60
~#~ Methanol decomposition 728% e —~
% 60 ~#~ GO shift :g 95 4 50 S
% -~ Methanation i 4 40 ?
O aox é 90 1 30 §
B y=-0sssex+ 04048 2 \®< 62.1%(Main fucl / Total Fuel)
20% T " +6:0% £ 120
MMMMM o 85 D)
15.9%  y=00016x+0.1584  16.0% "”‘;M @ Combustion Efficiency 410
.9%
0% ! O NOx - 80.3%(Ma‘m fuel / Total Fnel)
50% 60% 70% 80% 90% 100% 80 0
0 10 40

DME ratio to reform

7 Estimation of the conversion at 100% DME ratio to reform
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Injection Steam(kg/h)

8 Combustion data with reformed gas
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9 Enthalpy balance around MGT
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