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Fig. 1 Schematic diagrams of (2) conventional thermal
barrier coating (TBC) and (b) recent practical
applied environmental barrier coating (EBC)
for hot section components in airplane engines
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Fig. 3 SEM micrographs of the surfaces and cross-sections of

the non-doped alumina exposed to Poz(hi)/Poz(lo)= 10°
Pa/1 Pa at 1,650 C for 10 h: (a) the Poq(hi) surface side,
and (b) the Poz(lo) surface side ®
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Fig. 4 Temperature dependence of the oxygen permeability
constants of oxides exposed to Poz(hi)= 10° Pa, Pos(lo)
= Poseq for the oxidation of Si-bond coat; (a) Yb2SiOs,
(b) YhsSizO7,  (c)Mullite (AlsSiz013), and  (d) AlLOs.
Abbreviations; O=oxide ions; M=Yb ions for Yb2SiOs and
YhsSiz07, Al ions for Mullite and Al:Os
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Raman phase
mapping

Fig. 5 Schematic diagram and the corresponding
microstructures of durable EBC under
development. Abbreviations: YMS, Yb:SiOs, YDS,
Yh2Si:O7 SiAION, silicon-aluminum oxynitride
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Fig. 7 Degradation mechanism for EBCs with CMAS deposits
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Fig. 1 A typical example of microstructure of CMC (A),
surface appearance of Ox/Ox (B), polished section
of SiC/SiC (PW fabric) (C), and typical expected
properties of composites (D). E: modulus, o: strength,
o density, I": work of fracture, D: damage tolerance.

3. CMCICR 5N 3IEH-0T HAEEDHRE

CMC (SiC/SICO¥&%RT) O#MYBELGIKRY A
i - 3Bk % 1T 9 & Fig. 213" T I -0 AEE)I %
%Y, Fig. 2IC@~ MY v 2 A2 59 7 OFE (L)
ZAL S MR L7ze ISJI-ONF ARZENIIETE oI
FERTHY, BAM-BRMOBRYELICLE->TH AT
)Y AEEHN V. SOHEIRTIE, 7T v 7 BEE
LBEWEWVn) ZETHHINTWE I LLEHDLDTIHE
BT 5. 779 VPAET DI L 3D D05, Hils
T ZIZELRVEBTH L, TOEBTHO—D2D Y
T v 7R B FENRZEENICE L L, REMHESE) &
V) EEERRRE & LTt T LT,

ELALIY 22 0607 - 09 A AR SR 2 & FERRIE SR R
T3 5HMIEN oo~ 0 oD TIEFig. 3 (AD L H I~
M) w2 A7 5y 72 BC—CD X HIHERE LINEZ B
WY 57 7y 7 BCMCO BRI HEE IR S 55,

RNV T AT Ty 7 ORIPWHEFEOKELINO
WEIWE Y a— b2 5 v 7 (short crack) D#EIFIC %
DRIy 72 2AEMZ 5y 7B ENDILIIEZ< b
Vw2 A7y 7 REWHMAET S, LML, 79y 7K
SO ERITH U CTEAELL MIZ e s 728612k e »
7275 v 27 (long crack) O#MKEIZZR Y, Ci 5 CD IR
RBICRDEONENOMZ BRI NI v 7 AT Ty
JORSIZELT —EDMEICR L7201

Ja
o

DRI D, M) v 72 2ABWYZ Ty 7K END
BOBEMEIIZT NI v 7227 5y 7 ORISR L %
WZ EERLTWD, Fig. 3 B2 D X 9 %CMCOEF
BMEMRLIZDDTH S, M Texldda—rr Ty
Ihoar Ty Iy INERTAY NI VI AT TV
FE&THhD05NTEMET 5, N)OFEM LKy 5 &
CMCOY AR T X 5,

=1 (2)

350 isicisic |

Room temperature lensde test 12
After 100h creep at 1482=C, 69MPa
i 7S -, S - 4 110
250 E
: g
= 200 E-
w 16 [
8 150 ©
F- E
o 14 8
100 S
12
50 £,
74 1 0
O 005 01 015 02 025 03

Strain (%)

Fig. 2 Example of room temperature repeated tensile
loading-unloading curve. SiC/SiC after 100h creep
at 1482C, under 69MPa. Gray broken line indicates
change of crack density.
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Fig. 3 Matrix crack growth process (C1—C2) (A), and
normalized cracking stress, g./00, vs. normalized
matrix crack length, ¢/c« (B).
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Fig. 4 Typical examples of fracture surface of typical CMCs.
SiC/SiC (woven fabric) tested at room temperature (A),
SiC/SiC tested at 1300°C (B), and Al:0s/AlO; (Ox/Ox)
tested at room temperature (C).
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Fig. 5 (A) Schematic drawing of steady state crack growth
behavior in unidirectional fiber-ceramic matrix composite. P:
applied load, ¢: matrix crack length, Ac: fiber bridging zone
length. (B) Details of matrix crack bridging by ceramic fiber.
I':(y): interface debond energy release rate, 7: interface
shear frictional sliding stress, ¢s: interface shear frictional
length (equal to debond length), «: matrix crack opening
displacement, Ry: fiber radius, f: fiber volume fraction. (C)
Crack bridging model.
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(A) B)

90° fiber layer

Matrix crack
(90° layer)

0° fiber layer

Fig. 6 Polished section of SiC/SiC 0°/90° structure
(A) and schematic drawing of transverse
crack growth behavior (B).
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Fig. 7 Virtual test result for matrix cracking process in SiC/
SiC minicomposite. X-ray CT image (A), Image analysis (B),
XFEM mesh (C), and XFEM computation results (D).
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Fig. 8 Effect of applied stress level on the change of
compliance in SiC/SiC (plane woven). Fatigue test
at 1300C in air (A), Creep test at 1300C in air (B),
and a typical example of microfracture behavior in
SiC/SiC under monotonic tensile test (C).
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Fig. 2 Multi-functional/multi-layer coating system: thermal/
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superalloy and (b) SiCf/SiC ceramic-matrix composite
(adapted from Dr. Sanjay Sampath’s work at Stony
Brook University, Shinoda et al (2018)%).
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Fig. 5 Positioning of fine particle spray coating processes:
CVD: chemical vapor deposition, PVD: physical vapor
deposition, ELAMOD: excimer-laser-assisted metal
organic deposition, AD: aerosol deposition, SFJ-PVD:
supersonic free-jet PVD, HAD: hybrid aerosol deposition,
SPS: suspension plasma spray, EB-PVD: electron beam-
PVD, PS-PVD: plasma-spray PVD (modified from Shinoda
(2018)%).
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Fig. 9 X-ray diffraction patterns of HAD alumina coatings®.

Fig. 10 Sealing of porous structure by dense alumina coating
deposited by HAD
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Table 1 List of phase 1 contractors of ARPA-E's ULTIMATE program (DOE).
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Fig. 1 Schematic illustration of aerosol deposition (AD) apparatus.
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Fig. 2 Micrographs of a /2-SiAION coating deposited on reaction-
sintered Silicon Carbide (Si-SiC) substrate: (a) Optical
micrograph showing the entire as-deposited specimen, (b)
SEM micrograph of the surface of as-deposited coating, and

(¢) Cross-section of as-deposited coating.
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Fig. 4 Micrographs of a mullite coating deposited on Si
substrate: (a) Optical micrograph showing the entire as-
deposited specimen ©, (b) SEM micrograph of the surface
of as-deposited coating, (¢) SEM micrograph pf the cross-
section of as-deposited coating, and (d) SEM micrograph in
the vicinity of the interface between the Si substrate and

the mullite coating . ((2&%h) HARSIEF S @A)

Fig. 5 SEM micrographs and EDX maps showing a cross-section
of a mullite coating deposited on a Si substrate. EDX maps
showing the distribution of the Si, Al and O elements.
Measurements of chemical composition were conducted
for the framed areas. The specimens were heat exposed in
air at 1573K for (a), (b) 10, (c), (d) 50, and (e), (f) 100 hours *,
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Fig. 6 Variation of the mole fraction of Al:O3 as a function of the
heat exposure time . ((&fh) HARSE%4  lmllar)

R O R BIR T 2 F 0 L 7= B0 A 7 4 ML, XHinl
NORRDPD, Si0e T4 PO 2HMTHE SN TVS
ZEDIRENT, EHIT, RABBEICLILHILIA
MEIZ B 2 BRI OB & 22 L Z R 572
0, h7A MEEEEEEFOBIZB T, Kil, P
Je B L OSIHEAMFE (Fig. 5 (b), (d), () OHHN) DOHEL
M R ERIICAT Y, fE A OBBEFER BT 5 ALO;
DR % RO 72, Fig. 613454 5 N7z ALOsD A FE R %
ENVFHRIITTOy LR TH bo BBREHNIL A
FA4 MHRAHTH - 7228, 1573 KTD10 B¢ O EMEFE T
1, BEOEIME < TIEALOsD E N7 AT18% L % 1),
(ALOs+A T A4 ) 2HFIE %25, ALOsE A5 A b

Download service for the GTSJ member of ID , via 18.217.168.117, 2025/03/17.



244

I7AVNTRY D a EICLBRBERI— T > ORI

AEAHR 2 —E ¥R

DIFAET B EE S, AT A4 b UM ALOsD25%FE
2HDLRRE o TWAE, —T, BEORIERE X USI
EMAEICBNTIE, wIhd (SiO+a T4 ) 24M
IR TDH Do SIODFAT HEAIL, BHoOhyeifs X O
HEMAHE T, TRh2ENRI116B X 105269 mol%TH - 72,
&, FL S0+ 54 ) 2HEKTH-TD,
AL D F DD IR R TSi0:03%  F 45T %o
EHICHBEEAD0B L 100K &gt &, HoZFNZE
NOFEBIZ BV TALOD ENVSFRPETLTHY, I
DOFEMEB X OIS TlE B BEe1ad5 ~ 55 mol% D
FRTH Y, SiEEMIE LTI, 10 mol%fEE & b,
NEY, WFROHEED (SiO+A T4 ) 2 HHHHI
EHIBITE DA, SiOk AT A4 bOEAX, HEICX
DRZ D, BoREB X O IERAHE TOSi0.0 8 &
i, 65~ 235 mol%DHPATH D, AT 4 FAHSI0z &
DHLLHFLEL TN D, —F, SEEMAHETIE, Si0.0
H 413830 mol%TH 1, SiOF L T4 D 4 1BEHEES
CHIET S0 TRH XY, BBEREIZI->TLTA MED
WTNOFEIRICBWTHSI00E & WmT 52 &, F
7z, Fig. 5ICH &N 2 BB IESI0:2580% L, E& Fh b
(SiO+ 254 b)) 2HIREETH B Z EDW SN E o7z
EIRTICBWT, 554 bRALO;Y = /O ETHIZ
WEESEARIN G S NGE, OV RS E D &l
ORI ~NE BT B 0x LT, Al E O DK
FAHEMD S EEBESEMICILT 5 2 i s h
TWBY, SiHEM EDL T4 MEXRTOKRKZ SRESD
JEF, Si#ebte 254 MEOREEZEKBEIET &
T5&, LG LFROBESAEL S EHES I
bo Thbb, Sk e T4 MEOKREE L 225 AlH
R TEM T H B BEREAIEF L, Al OREIBED
KIMAHTIZBWTHEMT 5 & & S ITHRNE L 2251384
Th, TD72%, 1573 KIZTI0 W o BB 5 % 20k
DWTERT S E, AP A T4 MEEE D> THL
WL, BEoREAETIZALODY v F L% b (AlLOs+
L5 AN 2MIMEE R D, —J, HILER & SiIEEME <
ESi0) v F L % B (Sipptn T4 b)) 2 MHEA & &
BLELEZOND, S5 DLKRABBEFETIE, SO0
HEPETOHEBIZB W THML TWA720, EMH 5
A5 A MERANSIBT L TWEEEZONDL, 2D X
I, AT A MERFDOAIDEDFKIE~DILEL & Sizp 2
SEAOSIOEFIC L W BEREABR L7z EZ 55,
BRI ENASIOUIBEOMREMK T ICD %035 Z &8
MHENTWDRY, Zhd 2, SRR ERECERS
LA MEDMTIZH72oTIX, 554 NNTOLEE
DI & T3 2 AlOBFG ST RE e fs A L o v b
TOMMADPLIEE 25,

-
—

4. ADEICKZTRBERI—T 1 > TORKHEE
AlDftHE 231 e 7% 5 -SIAIONJE 2 %5 & J8 & L TAD#:
(2 TSISIC IR D, 47 4 b 2% LEBC % 1

— 30 —
Download service for the GTSJ member of ID , via 18.217.168.117, 2025/03/17.

L7299 WA S OMEREE XL D, B -SIAIONE 25y
4 ym, 554 MEIFRIS0 L mDIE X TEM EISEE
LCTWwaZedbrd (Fig 7(a), (b)), 1573 KIZTKRA
BUETE 2 100 £ THEMT 5 &, SIAIONJE & A o
FIEERRO—FH TR SR, BIEZEFMOBIMIE D
BWHEET 2 EFTHEIM L7z LA L, HEEOMEWE
FICIZAIDWREN L T4 MgoREMIZBWTIEE L,
SIAIONJE & 254 Mgk O RED 2T 4 IR SIAION
BIZBVWTIREL o TWABIENS, 554 MEOD
AR L T4 MEREAAD - TR L 22 &b h b,

L2LA2S, SiEM EDOLT A MEORIZSHEEIZAL
REDRWHEHBIZBWTELS 2567, ZHBIIBKL %
W (Fig. 7 (c),(d)e SNSOFFEIL, FELRLTA ME
TOBEFIEOHABIZEL Y 2T 4 MNEHDOAID LT A
MERTNOPEDE LT 5 B DD, SiAIONJEH 5 DAl
DUTA PEANOWBIZE 5 TL S A NEhTOLERE
DOIEAIH S 7z & BT & 0.0,

Si-SICHAS & SIAIONJE O Fi T OFBEL, Fic s b
% 9 Si-SiC, SIAION, A4 5 A b @B RAR 1 K
L72BJB I & 5 k& SESICOBILI X B kD 2 ©
OBHENPEZ 5N D, FIAICBVTIE, KEEIEMHICE
VB BT R B U oAE R, P o Z A & SIAION
5, A9 4 MEREMORI %% 52 LWL
e olz, HEROEBCTHEGE XN TV S
DOMEEHIH>TWED, ZThid, ADETIIER
T L TWwA 2o, SMTHISHE»2 53, Fil
THZEWRXLVBISTIDVMbE EEZTVAIZDTH A,
FD7D, FHETLHROIELTA NEONY 7)) VT
I LT A M ESIAIONOHTIZAEL5I1ETTHDB, L
2L, FEBIZIESISICHEM & SIAIONE O fJi ¢4 LT
Wb, SIAIONBOE X34 54 MNEDOE SR TH
<, 574 b ESIAIOND FHSRENZHEA L TV 5 7%
51, SIAIONJE b —H#ICHBET 2 RetkEd 5. —H,

Mullite
~ZII1 SIAION

Si-SiC sub

Fig. 7 SEM micrographs and EDX maps showing a cross-

section of an EBC deposited on a Si-SiC substrate. EDX
maps showing the distribution of the Si, Al, O and N
elements. The distribution of the elements is represented
by shading. The as-deposited EBC specimens (a), (b) were
heat exposed in air at 1573 K for 100 hours (¢), (d) . ((—
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Fig. 8 SEM micrographs and EDX maps showing a cross-
section of an EBC deposited on (2), (b) Si-SiC and (¢), (d)
SiC substrate. EDX maps showing the distribution of the
Si, Al, O and N elements. The distribution of the elements
is represented by shading. The EBC specimens were heat
exposed in air at 1673 K for 10 hours *. ((—#%kL) HAZES
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a MaticAL0, 3%

Healing Agent: SiC

Oxidation Product: SiO,
SiO,(s) + Al,O5 (s) = Supercooled melt
SiO,(s) + Al,05 (s) + M0, (s) = SiO,-Al,05-M,0, melt

_'—b
5 1

Healing activator: M,O, Supercooled melts Crystallization Multiphasic separation

Supercooled melt = SiO,(cry) + Mullite(cry)

SIC (s) + 3120,(g) = SiO4(s) + CO (9) Si0,-Al,O,-M,0, melt = Crystals
XYy

< » time

Inflammation stage Repair stage Remodeling stage
Fig. 1 Self-healing through (2) inflammation, (b) repair and (2) remodeling stage in Al:O3/SiC composites and

effect of 3D network of healing activator.
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Fig. 2 Selection of healing activator via glass transition
temperature T and eutectic point 7. calculated
using FactSage thermodynamic software based
on the composition of SiOz-Al;03-MxOy glass.
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Fig. 3 Design of 3D network of healing activator inspired by human bone structure; (a) compact bone including self-healing and
toughening structure , (b) 3D network of healing activator (MnO) on interface, and (¢) strength recovery behavior at 1000C.
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Fig. 4 Crack propagation in Ti;AlC with bone-like hierarchical toughening structure. (a) Toughening mechanisms in compact bone.
(b) Zig-zag cracking due to deflection by elongated grains, (¢) bridging, interlocking between fracture surfaces, (d) kink band
formation in the virgin Ti:AlC. (e) Zig-zag cracking, bridging, (f) interlocking between fracture surfaces, (€) kink band formation

during re-cracking in the 4th healed Ti;AIC sample.
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Fig. 5 Recovery of mechanical properties by repeatable
cracking and healing in Ti2AlC:(2) Force versus
displacement curves of multiple cracking and healing
cycles. (b) Crack length versus crack mouth opening
displacement CMOD of multiple cracking tests
estimated AE techniques.
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Fig. 6 Full strength and toughness recovery after repeated crack healing: (a) Crack path of crack propagating on chevron
notch estimated by 3D FEM analysis, (b) Extracted local strength and toughness of each healing cycles.
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Tip-to-mouth filling model
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SiC/Al, O interface
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. ! f 3D view e
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Fig. 7 Schematic 111ustrat10ns for crack-gap filling models in self- healmg composites. (2) Macroscopic crack gap ﬁlhng bridging model
for (b) SiC particles composite, (¢) SiC whiskers composite, and (d) monolithic SiC ceramics. (¢) Tip-to-mouth filling model. (f) 3D
structure of remaining cracks in the bridging model.
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Fig. 2 Yb-Silicates coated on SiC fiber by laser CVD
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Fig. 2 Turbine blade with TBC
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Fig. 5 Burner rig test

Fig. 6 (a) TBC sample before burner rig test and (b) TBC
sample after completion of >2000 cycles burner rig
test at a load equivalent to that of actual gas turbine.
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Fig. 7 Isothermal furnace cycling test
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Fig. 8 Comparison between full hoop type and segment panel
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Fig. 9 X-Ray image of CMC sample

KIZ, Z2ILE DR ROMED /20, widm KA
SEB P CREARTERL, REROMEZ TRE
TRMI L 720 ARESRIRSRME, KA & L T0.256
MPa, ZFPHAIMMEE1400C & L CTw 5, Fig. 10IC &R
Bt DREEALRE 2R T, 22T, MNP oBEMIE, KZE
AR BRI ] & FRAT IR SR BIBIER D D B & L7235 0
IEBIERTH %o Z2fLEARIRGT 2 THIWIRE DS 72 5 72
D, 2 TERZNTHOMIAHRE THRKELL T2,

120 )

&
ﬁ 100
5 ‘\E\
g 80 ]
“w
w0 a
s % o improved sample without
] A EBC
a2 40 _
3 " + sample before
] 2 improvement with EBC
o

0

0 100 200 300 400
Exposure time / Hr

Fig. 10 Bending strength after steam exposure test

K obrsl), MEOBELEIT)ZEIZLD,
PERMAEHZEBCZ AT G- LML 0 & Wi A%
"TBIENTE,

3.4 EBCIZ& Z2HECMCOKIZKTER{LEm L

BA%E L 72CMCHEHIH LT, EBCEAf5-95 2 &2
X% 3574 5 RIEFEALTE OB DO WTHGE L7z,

9, MU OEBCHE & LTid s 74 bRBSAS
(Barium Strontium Alumino-Silicate) 25V 5T &
7278, BAEIE, BSAS7Z: SN HERKRZELR BRI TS
HTEIVr— I PEEZRIN TN, AtFHTY
r—MoRTY, SICOMBRRBED< Y F ¥ 7H
HWnYhoSi:07% #5% L7ze fHL, YboSiaOrld 83 % w14
B OEBCH TdH 5 LT 4 MIHREW-0, BHE
MR E & L CTYbSi:O7g ECMCOMIZ A T A g% ik
-2 Ea—5 4 7k L7, EBCOJi LIZAPSTH
i L 720

FI%E L 7-2CMCHMFHZ LFEEBCE i L, KAEEHE
KR AT o 720 KAEXRBESRML, 3.3HORBREF L
RFELITE0.256 MPa, FRPHAIE1400C & L, AEREE
f13400 h& L7, Fig 1LCHFRERE o, WK
BTk 9 5 BRSO MELELFEEZIRT, EBCHEL
DCMCIE 7K 78 &0 82 £ 12U 3 il 0P 5 BE AS R 22% A
L7z —7, YboSiOHIJEEBCA i . L 72:CMCTi%12%,
F 72, YboSiO7/ & T4 b® 2 BEBC% jiti . L 72CMCT
135 WICHRER T REIIZ 5Nz YbeSieOr/ 5T A b
? 2 FMEBC% Jiti T. L 7= CMC D 7K 78 &4 8 £ O Wi 11 SEM
BROBFEO< v ¥y 75 %Fig. 1212777 YbSi:O7kF,

Download service for the GTSJ member of ID , via 18.217.168.117, 2025/03/17.



276 M —F1 > TRNTELVUEI Iy I IEEMERBEDOBN BAHZX 2 —E 255
5 10— - e
£ 100 | wlm g "o s AWFFED — 1L, 20154F B ~ 20194F BE 12 F2 Mt L 72,
5 2 o p:,l - -g- v B ESZAFZE RIS AT = 0 OV ¥ — - SRR A B s bR
> y 3 © [ omeasured value (NEDO) OZHEHEOMAROLNZbDOTHY, ZC
g 60 | ~average IR E L BT, WERET B,
'§ 40 } without ms'lon .
- ':;::: EBC Yb,Si:0; muliite 2 E X
& 20| eposur : (1) Levi, C. G. Hutchinson, J. W., Vidal-Sétif, M. and

6 ’ i it Jonson, C. A., Environmental degradation of thermal

Fig. 11 Bending strength after steam exposure test

COMPO

100 pm

Fig. 12 Cross-section SEM image and EPMA mapping image
of the EBC coated CMC sample after 400h steam
exposure test at 1400C .

LT A FEOWTIIZ SRR S Y, LMo
CMCIHIZE A EMALL TV T EDTER SNz D
0, BA%EL72CMCHAEHE LEEEBC & MlA G b 723
MET 5 LX) RE[BRICIED W EL, SOirA
Wt s PP SN E o7,

4. 8

VMBI B EERAT A Y — € VAT TBCHAN &,
fitze T v VR O CMCH B BIFS 122w TR
L7z

TBCHAKIZT TIZA L EA SN TV B HMTH %25,
SR LMAN BB X OESEREO EATRD 5
NTWb, RFETIEZNITHT L2 MAD—EE LT,
Wk BT 2 B A LBl & ik A EHMBAT 12D v TR
L7

CMCHEHZDWTIE, &7 A ¥ h2S R IVIZIRD RSE
WIAF s =7y e LTHEEZIT, ERAN
ZFOCMCH B Z T 5 LTI Lz —HTHE
Jfbo 70121, #E7a A0S 5057l — b, K
IA MUBREELEEZ OND, T, INLHENZ:E
LIERDOME L3RR D L DIRD SN B WHENED D 5
FERALICHT 5 — Fdi L T id R was, 5l &k
EBRFICY ATV,

barrier coatings by molten deposits, MRS Bulletin, Vol.
37 (2012), pp. 932-941.

(2) DeMasi-Marcin, T. J., Sheffler, D. K. and Bose, J.,
Mechanisms of Degradation and Failure in a Plasma-
Deposited Thermal Barrier Coating, Journal of
Engineering for Gas Turbines and Power, Vol. 112
(1990), pp. 521-526.

(3) Freborg, A. M. Freguson, B. L., Brindley, J. W. and
Petrus, G. J., Modeling oxidation induced stresses
in thermal barrier coating, Materials Science and
Engineering: A, Vol. 245 (1998), pp. 182-190.

(4) F¥BH2006-117975.

(5) Negami, M., Hibino, S, Kawano, A., Nomura, Y., Tanaka,
R, Igashira, K, Development of Highly Durable Thermal
Barrier Coating by Suppression of Thermally Grown
Oxide, Journal of Engineering for Gas Turbines and
Power, Vol. 140, (2018), pp. 082101 (8 pages).

(6) Steibel, J., Ceramic matrix composites taking flight at
GE Aviation, American Ceramic Society Bulletin, Vol.
98, No. 3 (2019), pp. 30-33.

(7) DiCarlo, J. A., Advances in SiC/SiC Composites for
Aero-Propulsion, NASA/TM-2013-217889 (2013).

(8) JFREHE—AB, KMWIRE, PE)RJ6W, SiM(Ti, Zr)-C-0O
fiber/SiC AR F O BIRHBAEIIKIZT 7 T v 7 ¥ —
VORE, HAREEFSEE Vol 66, No. 11 (2002), pp.
1080-1090.

(9) BARHEN, ¥ vk N B, RERMERER, W, B
B a— T 1 ¥ IEAMOBUIR L BT O AEEL K
P, ¥4, Vol. 57, No. 2 (2020), pp. 76-87.

10) Jvha, BREDER I —7 4 v 7 OHIREREY, T
0 &, Vol 58 No. 7 (2019), pp. 387-390.

Download service for the GTSJ member of ID , via 18.217.168.117, 2025/03/17.



277 AAAZXZ—E>ZE5 Vol.49 No.4 2021.7

B0

RERY =y P ¥ T OkRE - B

Performance and Weight Estimation of Next Generation Jet Engines
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ABSTRACT
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NISHIDA Shunsuke

The performance and weight of a next-generation jet engine with a thrust of 20,000 Ibf class are evaluated. The

specifications of a geared turbo fan (GTF) engine as a reference engine are defined, and the high-altitude performance

and weight is estimated, as the first step. In addition, the performance and the weight of parallel hybrid (PH) engine

and turbo-electric (TE) engine using a superconducting motor/generator are compared to that of GTF engine. Using

the results of these studies, the issues when adding electric elements to the jet engine are discussed.
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Key words : Jet Engine, Performance, Superconductivity, Electrification
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Fig. 3 Specific Consumption Map (DANTE-GTF Engine)
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Fig. 4 Assumed Flight Trajectory
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Fig. 6 Fuel Burn (DANTE-GTF)
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Table 4 Comparison of Estimated Weight

Fig. 8 Structure Model of Casing

Engine Type CFMb56 DANTE-GTF
Take-off Thrust 105 kN 70 kN
Fan Diameter 1524 mm 1600 mm
Bypass Ratio 5 13
Estimated |Fan 523 kg 305 kg
Weight  [Gear 0 341 kg
Core 963 kg 363 kg
LPT 415 kg 161 kg
Total 1901 kg 1169 kg
%VSet;Ign;ttidThrus . 181 kg/kN 167 kg/kN
\/?Vi;l;llllt /Thrust 186 kg/kN N

Fig. 9 Temperature Distribution of Casing
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Fig. 11 DANTE-PH (Parallel Hybrid) Model
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Table 5 Specifications of Super-Conducting Generator / Motor

. Rotation . Power
Device Speed Power Weight Density
Assist
Motor 12000rpm 1AMW 70kg 21kW/kg

Core
Generator 12000rpm 12MW 374kg 38kW/kg
Fan Motor | 4000rpm 12MW 707kg 17kW/kg
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100% Hydrogen Dry Low NOx Combustor Developments
for 2MW Class Gas Turbine and Engine Demonstration Test
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ABSTRACT

Kawasaki Heavy Industries, LTD. (KHI) has research and development projects for a future hydrogen society.
These projects comprise the complete hydrogen cycle, including the production of hydrogen gas, the refinement and
liquefaction for transportation and storage, and finally the utilization in a gas turbine for electricity and heat supply.
Within the development of the hydrogen gas turbine, the key technology is stable and low NOx hydrogen combustion,
namely the Dry Low NOx (DLN) hydrogen combustion. KHI, Aachen University of Applied Science, and B&B-
AGEMA have investigated the possibility of low NOx micro-mix hydrogen combustion and its application to an
industrial gas turbine combustor. From 2014 to 2018, KHI developed a DLN hydrogen combustor for a 2MW class
industrial gas turbine with the micro-mix technology. Thereby, the ignition performance, the flame stability for
equivalent rotational speed, and higher load conditions were investigated. NOx emission values were kept about half
of the Air Pollution Control Law in Japan: 70ppm (02-16%). From May 2020, KHI started the engine demonstration
operation by using an M1A-17 gas turbine with a co-generation system located in the hydrogen-fueled power generation
plant in Kobe City, Japan. During the first engine demonstration tests, adjustments of engine starting and load control
with fuel staging were investigated. On 21st May, the electrical power output reached 1,635 kW, which corresponds to
100 % load (ambient temperature 20 °C), and thereby NOx emissions of 55 ppm (02-16%, 60 RH%) were verified. And
finally, power output reached to 1800kW and NOx emissions were 60 ppm (02-16%, 60 RH%) . Here, for the first time,
a DLN hydrogen-fueled gas turbine successfully generated the electricity and heat.
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Fig. 1 Technology developments for Hydrogen Society in
Kawasaki Heavy Industries, Ltd.
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Fig. 2 Micro-mix hydrogen dry low NOx combustion principle
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Fig. 3 Schematic view of the first conceptual design of hydrogen
DLE combustor with micro-mix burner module
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Fig. 4 Schematic view of Kawasaki M1A-17 gas turbine,prototype
hydrogen DLE combustor and micro-mix burner module
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Fig. 5 Hydrogen supply in the engine start-up and power
generation conditions
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Fig. 6 Prototype combustor installed to the high pressure test
facility at RWTH Aachen University, IKDG (left) and
inside MMX combustor at design conditions (right)
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Fig. 8 Schematic view of improved MMX burner geometries;
0.8 MMX (left) and 055 MMX (right)
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Table 1 Evaluation Item and Test Facility

Evaluation ltem Test Facility

KHI Akashi Works
KHI Akashi Works

Ignition Performance

Flame Stability

for Engine Start-up Conditions
NOx Emissions

RWTH Aachen University, IKDG
Combustion Instability RWTH Aachen University, IKDG
Combustor Parts Temperature RWTH Aachen University, IKDG

Combustor Outlet Gas | KHI Akashi Works
Temperature Profile

Flame Stability

in High Load Conditions
Endurance of Combustor Parts

RWTH Aachen University, IKDG

RWTH Aachen University, IKDG
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Fig. 9 Pictures of ignition performance investigation test
(0.55 MMX)
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Fig. 10 Pictures of hydrogen flame for each rotational speed
equivalent conditions. (0.55 MMX)
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Fig. 11 NOx emission (02-16% corrected values) results and
hydrogen flow rate ratio for each hydrogen supply rings
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Fig. 12 Combustion oscillation frequency and pressure
amplitude of 0.8 MMX and 0.55 MMX

v . -

'w‘

| Combustor Liner

T - -

-

MMX Burner Parts

measured
L vales ['C

[ T4 330 |[15-#82 |

L6- 487

Ad- 387 |
[A3-3¢2 ]
[A3-379 ]

Al-3T5

C2-421 | C1- 415
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® Hydrogen DLE - 0.8MMX Combustor
A M1A-17 Diffusion Flame Combustor
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Fig. 15 Gas temperature measurement probe position and
comparison of gas temperature profile
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Fig. 16 Pictures of Boroscope body and Boroscope assembly
together with CCD camera, installed on MMX
pressure casing
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a) Combustor outlet gas temperature

b) Pictures of hydrogen flame

Fig. 17 Time series data of combustor outlet gas temperature
and pictures of hydrogen flame (0.8 MMX)
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Fig. 18 Time series data of the 2 hours 100% load conditions
hold test (0.55MMX)
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Fig. 19 Pictures of combustor parts after the test (0.55 MMX)
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b) Diffusion flame combustor, fuel injector
and image of water injection

Fig. 20 Picture of hydrogen fuelled gas turbine cogeneration
power plant and diffusion flame combustor

Fig. 21 Picture of control monitor at 100% hydrogen operation
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Fig. 22 Pictures of diffusion flame combustor (left) and dry low
NOx combustor (right), and after piping of gas supply
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Fig. 23 Picture of technology verification test with dry low
NOx combustor
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Fig. 24 Time series data of the engine start test on 12" May, 2020
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Fig. 25 Time series data of the engine loading test on 215 May, 2020
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Fig. 26 Pictures of inside combustor parts after 1% engine test
and tip of thermocouple for gas temperature measure-
ment at AGP
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il EIR DI, Pz v D Vil E#%E 2 72,

Table 2 Summary of 1% engine test: from 12 May to 2" June

Test Period 12" May to 2™ June
Operation Day 14 days

Number of Engine Starting 16 times

GT Operation Time 35.9 hours
100%Load Operation Time 10 hours

More than 1000kW Operation Time 14.8 hours
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Fig. 27 Picture of control monitor at 100% hydrogen operation,
heat and power supply with 0.8MMX combustor
technology on 4™ November, 2020
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Fig. 28 Combustion oscillation frequency and pressure
amplitude in the heat and power supply test on 18®
January, 2021
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Fig. 29 08MMX burner module after engine demonstration tests
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&, TR AEIMER (DUFFAA) 25 3 ODFESE,
RET OO @AM % FEW 5 % Type Certificate (L

TTC), #hE Y AT AHTCITH# A L7z B O Rk Y 7%
Wk RAETE 5 Z L #FEF % Production Certificate
(LLTFPC) K OF, RIFGRE TE® 72 HL e T 0B 2 fR5E
9 % Repair Station Certificate (LLFRSC) %, &L
7% { Tlx% 5%, TCIZGE Hondatl: ¢, PCK UFRSC
IEHATTHUS L 720

Production Certificate

Pre-Acceptance of
Manual, Documents

MIDO 1ston
Site Audit

l

Closure of Audit
Findings/OF|

Extension
Request

|

MIDO 2nd on
Site Audit

Closure of Audit
Findings/OF|

Fig.5 PCEADKT (Hn21=7 7 — 2SS EAE)

PCOHU5 L, Hondall & 5 Tlx, b HAAMDTDH
BERCTH LD, FAAILESTH Y2y bV DPC
DEFEARE, 23ERY TH o7z,

PCOFERXTIIME Y AT 2 E0HEHERORK, i
DFAA (7 b5 %) B 1KREREZITV, TTEHKE,
ERDOFAADLHEMENED LN, 2 REEITHNI,

R DGELENR—IN— VAV AT AR L7253, #7
RPHREICHEDL LTV A M, BB Sh, HEE
OEFNCIMECE 2 SN FH2FEI S 1, [ 45 %IZHAL
DYATLEANERDAY VT —=FIZRhBTHAH.] &
DEDFHE L ILIZ, 20154F 3 BIZPCERIUF L 72,

CHIZKY, T VT VEENTREE 2o 72D R,
Mz, WHmOWNHERL, MADOY 7T 4 X —HhEEEH ]
BEE o /ol L OEFIE, REKE W,

RSCOFEET H Mk FAI DN, 20164F IZFAHE S
Nize ST TIBFHORSCOFBIAIIMZ, [F—IEENT,
oLy Y rRimes, Y—ERXIZA>TnbTrY
RIS, WIS, FHINTWEE)S, &
PR RAHH TH - 72

&I, FAAIZHIS S & ICEESSrNTBY, K
R HIXEEMICHK - L2 TEE SNLRE L)
A5, HWIRIZ X o TEVWDAH DL L H KU/ 72, TC
DRBREERIT, Pz A2 =Y =7) ¥ 7EM
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(ECORACO), PCORBEEX LML BT 5HM
(MIDO), RSCFEAEZ & &, W 785 0%l &
TR & B3 %3P (FISDO) 1ZFAANTHI ~ o#l
WTho2, Thehd, Aotz b-oTWwEI L
R, ENOPEER, HEABKTEID LW, K4
DFHEDOTOPO A i < S 5 T & T BREGE
o7z,

Federal Aviation
Administration

The United States of America No. 347CE
Dsparkment of Tranaporiation

Federal Avistion Administration

Washinglon D.C.

Production Certificate

maﬂﬂﬂl issusd to

‘whose butness.

o Tucker Sl
Burington, NG

and whose mantaturing feciiies are located at:

Ead

Surington, NG 27216

authorizes the production, at the fecilies |stad above, of reasonable dupiicates of angines which are.

Tanufacaed b corformity wih auhenicatd dun, includng, wewings. for Which Type Cenificaton
spaciied in

mmmmmmmmmhmumw n Rcord were issued. The facilies,
being adequate for the production

methods. and
umwﬁumdﬂ-ﬂﬂnms 2015,

Duration;

This certificate shall continus in ffect indefinilely, provided, the manufacturer continuously cemplias
with the: requiraments for original issuanoe of cartificate, or until the certificate s canceled. suspended
or revokad.

Dats issued: By dirsction of the Administrator

Fig. 6 Production Certificate

4. Sy NI UDERE

Honda®d ML kX, Y ry b v Y v OAEER
&, 255 3w T, 4 TERLEVERT
HEHEL TV,

ey Y vAETIE, TOMEE ByinEEE
RO SN D, 72, HondallBWT, YVx=v MR
Vv bV ELErIY Yoy —EL
THY, MEIZIIRKOTEEZHL->TETW 5,
ZO—BL LT, Y riBihid200% Quality &
L, F7NVFxvyraftoTwb, MVITHETIE &
0 bV o R/NfSHE R &, TR S LIS EEE T 2§
L, ZNo2E#2mE LT, MO TRIFEICED S O
2= —R—ADTVATFLAEFRHALTEY, ZhiZ
LR E T HEIMICRIECTE 2 LI LTwh, 7
TR =Y EOFHNBR» SO F— 51X, HEIMIZY R
MCHERE &N, AHI AL, ANAMZE: I A Z2MmITRE
L5LTWwW5,

ETOTY Y, WMEEABRZ TV, #), BH,

PRE, A VIHESE, BRI L BEE SRS 5 2
mEERAEL T b HEDEREZL- T, #im
DRAERHIL TEAT o TV DA, Ml B RDY, Th
SOEMRGIZ SR ENDH 5
REMZBIE LT, REBRAD D, FHIZAEEMIIC
&, IREV R R S 2 WIED, xRNz, KE

ZOIRE\BROLGEIE, TAMELVTOI Y Y VT
INTG VAP BATWRRITEETH 555, IR ORE)#E
KOWGEX, ToOWE, oI 2L Tidhs
v, TN ERMAZEL, BAICXkoTiE, F v
A DTN —ICHEEE RIT T, 2 THMZARRIA
e L COBIN/NT Y AWD I A, BERE A 2MA
DINTG v AW FEEFRFIF -2 L LTHZL, B
% m L7z,

TRRAETIE, K7 AT -7 THEHEOT Y Y VN
ERATL720, AR B S OB £ KD &
LD TEbIIED, ba—~< v —5miHiRT
L7z, WMiREAICTF v 2 THYATLAEZRIE L.

IR FETH 5o

Fig. 8 TVVY V5 A Mt

5. Y751V - DERE

HALZT ¥ ¥ Y &ED50% D8 2 A T 7213 8E L
TWAHY, FRERETIIPCEFio T ih o7, GE
KB LTWEHS T I A4 —% G L7z, PCEAHEI
HWAIHBOY T IA X —2HIL TRTVEH, 72
VETHD, ThHDOH T 54 Y=, Fig. 9, KU10
WRTEDIE, —HI—a v XTI TICHELET S
LOD, AL ETAYHIENTH 5,

Hondald HEJHEER TIXZ ML EHELS, 75
AX =T LTENRY)DIGGIZH LD, MBI
FHETIEFHALZENTH Y, VHIEHEHV, EEZREZAH
PT7ITAX =D TR ABBD TR EVIGENE W,
F72, ¥ AV —ORIREN TS0, HALIZIE
HIEDBRINOSKHD R VODVEFTH 5.

BLEDHE L WEBRICBWTIE, ARELRYS, HHF
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TIZ, FRRMERZ T2 L2 S e WS
Mk, 20 X9 2if, &N, MWEH2 5
b, HICZOMMmEARALETLZ L IEHELY, 20
B, fEOMRB (Material Review Board) THRMH®
WhEZHEm L, A AWIWAL, 4 ORELFIL
TV DIFER, HANIZIE, FRI222 5%, #ET
BOUEPLETH b, TCHRLOBRFELEEIL, BH
Lo TR LEICD VN BRLLEND LR E, 2k
DOTHEELNELRLE GRS v, 1T, ¥ 774
Y=l L CRBIR2UGET 7 — AD% 0,

LaL, ¥ 7547 =3 9N RFEOB L SED
THROB/RIIEETH Y, F3I3EFEMAREE D
LI R TER SRV, S E LTIE/ vy 5ttt
Wi, HEFEEEDNDLZEEERL TV,

Ko LEEAIY AT, Kz 20 CIELZ g LR
EPMHICH B E, B 774V =253, THOLEE
FHIZ, MitEUPEZER I NDLEDEL V.

Quality, Cost, Delivery (LFQCD) % [FIFFIZHi 723
ZEIFEEL <, BEEHERET, Bwikoe T, WMULWE, [
UARICHR D R L BECTE B ETH) FHOERES %, &
DTERWS SNz,

Fig. 10 USPAOH T T 1 ¥ — 434

6 . BABERNRL DG

M, HAITR T Y YV Y AEEIZBWT, AITZ T %
ToTHh7D, =Y roQCDREHHEL TWLIZIL,
INELELGLTWSEMOQCDE, Hba» bu—)b
THUENDH L LB L, 20154 X 1 ERA O % B
HL 72,

BT 4 X —=I2BWTQCDDO AT L Wi dh o H
Ph, LYY VOREFNIMEROLIHE % 5 Hme, B

TEPMT &2 NEBICRRIR L 72w 2 3 4eiBin & L CTEA 7S,

BARMICIEFig. 1SR T X 912, BE{tx M- C,
RERMAERIEHEA 2 7L 28K T2 { AFANE
H, EMEOVRERICEELRT A 72— —21a7T
%Gas Generator Case, T3 v ¥ a3 YIMEICKE {8
TAHLT7 12— a RO OMM AL (Fig 12
ZH) ERFOMBESRTH 5o

Ehd, TABERERZTMTHY, NELLZBLES
Fed B FTICHYORM AL 728, et oz v
DT AL, QCDEHSUETE BRI E W,

HFHIHATIPNZDOT, HAAZY V=7 5%
, BEEEZ T AV I HDT, TAVAIANZ Y V=T H%
Vo TR, MPNIREE L FEE, EICIISULDEN DS,
BEPERER O I 2=y =Y a YHEL, Tud s
BN, HWIZT A ML= a3 U 5HED,
JE & Bzl sz,

e LT, WRWENIE-T, HXROBVOE
ML) AMRiL 7w 77 5% H EF, Face to
FaceTifiim L, HEWEHAIBEEEZRITAH I LT, KE
IZRZ PUAE, HEZERT A ENTE

WIETE, RN CHETTA T4 T~Y=2T 77
F ) v B O—FE, 3 WITEIEFEEHAT I b Pk L
TWwb, TOHME, Y=y b2y Iy oo i
o, FHETFEZOLOEEZ T IHMTHY, &
OFEMIE L 7-i%G 2 R L, Bl ez fivwa 292
ET, FREAZTITIT S LEL, HEMLISEIEL Tnd,

Fig. 12 #ABE#RBEDFHL (W)

7. PAUANEDEESH

Honda T3 &M H oM & LC, Honda” 4 1 v
74 —ZBHE NS #H L Twb, HAITH BEkiIciE
Honda® 7 A V) A Btk A2 H AM % H L, Honda3(
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bR EZX>720 LA L, Honda®dhtK B GIZIZME,

MLy Y VIEHEOEMESLELRSTLH), ToOX
I R TCIE, #BEBIC b Hondad /Ny 7 757 v K& by

T2 WAMEER Lz 29 L7274 MEFNRIC,

Honda” 1 B Y 7 4 —OIEZEE %, @M, BARE
Zflio TITV, ELDREEZR > TE 7.

WA U720, ot 30 EBEHITH 5
74074 —=1ZHloTob B30T, BEEHIZ KT

FTETRA)VANT VA4 MCHE@ IR, EH,

HATE T WL RIS, ZOEE2 2% 172,

20204E, COVID-19D 58 CRIERME & 72 ), WH O
RGBSR T RN D o720 ZOR, BHhoETF
TV YIA A5, Honda7 1 0yv 74 —%2EHIC, &
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DOEFMENED 720 & OREDD - 72531, FIRWTH -

720 BRi&aht o RHEE OB L HRAEOME S B
EBTELholh, THERIITHMNIERE L TW,

EFREH~ A7 R 70 —7 2 L EOEBRE-ICHEMN L, H
BUCEBNT 5 2 & AR,

oLy Y4 MZbHonda7 4 1TV
T 4 —IIUEFT, HSE¥ET A 720ICHondax D72 T
VIYIA ML, BOOSHOT7 40y 7 4 =L
72w, t0aRX Y b boREdEL B o7,

8. N—hMF—EDEEE

=P F—=DGEZT AV IDOHFDOT A A EEbh

KHTHY, KREEHES LAM & SE L E R,

Honda& odtiiriix, 553 HMEEET L R4T
HY, R, ThramsosttrsAlEhizdo
THELTHROL L ZH > T b, ZhIZILFETH%
FTHBICIE, FFICKRERFIRZ ST BASPORMELC
B L72RC D, 0B ot %% [Not Invented
Here] EE-THBT A LR L, HWOR S % H5
WZHIE L, HReICMEL RS 5 Z Eh k2,

=, Y774 T E2EZHENBDE),
Hondald¥ 754 ¥ —%EF T, —HihiLw) BRHHE
HOEZTHDHH, GEIEHHMTHY, MEIZBW
T, BUEZ LITHF AT, Wil kb h
3, BB <Y o T, FREZREFEIZGMSFord T % i
W7eHHEH Y, THIEGEEWHI XD T XY I DEED
RO Lz v, ELE00REVBMIE, Bk

LWHETH 525, &I T 5121E, Hondad X
DHIEBDSH B EELTWD,

GEWZIX, #7-%nBTr&w, FIHEIAZAE2VE L
THEIC, ZOHEFENEZEY R ADRIBEBEIZIE LT,
Mea RBEPOFIT 2 2 AT ADBHY), FREDS
o7z,

R=FT T4 Y TIZBVTY, ek ARathe b1k
REEITV, FLIZIE, brobFLWERKL AEHR
BRTH-TH, BBIFHLEE, Z2IHh06H¥550
R E VD BT R WIS SN2,

i cld, 604E DR & BRERAEVWE ATV S,
Mo, WHTRET MM Y T Y DHILDRERR,
ZOHREFLRLTBY, ZNB3FHsETHLHKA
G, L THRLNZWERTH - 7.

WINRRER L7 E L L7 TR 34 %
Bb, Nz I bA7 7 ML TWS, HIZ
i, BA BRI TRES L, BEOWKRT— 7 I8
HENTMIAEEDHR T —F RN=2%EWTEBED,
THED 6 ¥ 7<= &/ MNAZELY TR T 5 &FHI X
H, BERO NS TNV ERABRICHATW A,

GEW, ®WBIICBVTYH, Mottt s,
— L OISy, HEIV AT AL, £DOT T b
Ty NS A Y AT LM LTWS, Ll
ETHRVAT LM ELTVBE LR A, Zhb
DFHIZ O T [ ZIUTFHEAEHG L7205 7 | &2 [
DRI L 7= TH IR, Z07Z] Lwvwoizaxy baH
LZERDHY, RIEY NKAET 2o IVNE L v
ZREFEIE 7201, 0T H e, BLAZEL .

9. SHEDERM

COFEIIBALZZ2004FEEIE, =757 —Lw)
W BEIEON, MMIBJHEDL KWICHET S L
s hs, LHL, V=<v¥avsT, IT7¥7
YRR L, B DBIEHEOTops [204ERTI2RE -
7oo) LB E, HEHBORELEDRAAL, £
D, R RBEEIERICH - 725, COVID-1912 L 1,
MR EROITF OB 728N Twb,

ZFAH, BESBIE, Sy AVAZEDEF Y
TA—OEEMEH SN, WEOREIEINTWwAS, F
AT EHET o Twa Fa—r b wo 287z 5 BE)
TR, HEKEMRALAE E LT izl T —2
=y MOEEEERY, BEORROFIIIEE S b,
HAIOKGHZE ICE > TIE, BHEOMR 2, K& %
FX YATHS )0 &, ROBHID, MrhENIN
SOFILHH~NDBAZ 5> TWBED, ErRAL L,
VR RAET 2 i B PR B IS L H T H B o
% T CTHIITZ OEE R IR % ##E7 L C & 72HAI
&, B2 EIC D, Bk LTI L

B iE

FryIrad rroBETHL, FILKICIE, A
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“Please accept my condolences. What a big loss for
Japan and the global gas turbine community. I remember
him well for he struck me as an impressive person even
upon our first meeting. My thoughts are with his family,
colleagues, and members of GTS].”
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