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HWER - FHRBIME R & En, TEEMICHES
NDWURENZLL, ZHETHWNAEZHN - 258120
RPN o TETVE, TOXIBPT, [K
W] & TRRMIC] ROt TEs [ER
WP IR E X2 ea—) X514 v 7 A (meta-
heuristics) AHEARTH Y, EXLDOMIETDH, XD
LW 2 MEICH#EAL 7 V2 X A (Evolutionary
Algorithm: EA) %@ A LT & 72

LT EPIEZETT - HEAE - Rl - I 2 & RSB
RO ET HALEND L2BETEFHOOLED
Thbo MRITRITEERTRAALZEIMEIITL, £
AEICUE S ETREICE T A Mk E B 5700, Thb
DI R A L, FRREALEZ AT 9 %50 B RS AL
(Multi-Disciplinary Optimization: MDO) % 4y @ %) %
B 7% R IR D320 0 B o AR TIEMDOHA T DT & 72
A=) AT 4 v A% V7% HNE#ELR
Surrogate® 7 WVIZ X B BRI 0 PR OBEEIZ D W
TTEZMED 5 LI, FEFEHPMOMATE 2T —<I
DV CHEAHEBOME L FRREIC > TwW A HEERT,
FERWFETIE, ZLOMEGEZRLIIELS, ThE
WH LT =7 5 onT b POz Hnd 5, F
BlE LT, ZHBMEA (Multi-objective EA: MOEA) %
JAWZznA 7Yy Fayry Fi&iEek, Krigingi 2%
3 { SurrogateE 7V % F W 72 JALiT G2 Bk v T o fi 22 Kk 2
NT N ADBLEFREALOZ Y 15,

R 20234E 3 H23H
% 1 BBV KRSV AT A7 A UHFZERLZe = ¥ X 7 A T3
T191-0065 H¥FHEAR6-6

E-mail: kana@tmu.ac.jp

2. ZBERMERET LRI FREEOER
2.1 %HEMERE

% HWakat I8 o HWBEE R & OGEHTETH
D, nRICORFEBRZ I vx=(xy, x2, =, 2) ITH L
Tmff 3 ~ToHWBES (x) 2 fe/MES 5 BREIIERK
THINS,

e !
P8 DA ZE KK Fe g (x) <0 & g 18 D Z5 K o S
h(x)=0 2RI N%E, FTRAOKLETERLS
N5,

minimize f;(x)

subject to g,(x)<0, h(x)=0 (2)

7=l o,m k=1, p =L g

ZHL7LHWMEEZ R 7201, filx)BEERMS
POFETAH S —HBEL, MLIEPBEZLND,
e LCid, EASTBBMEMBEICLVELAS
7 — RO & 5l 2 T ER, RN L— 47
EOEZ X ERICRER RS NEFET RO LT
B PSERIN TR D B o ML EAE TR HEER I &
WCHEAwEHEL, AT —HBF(x)Z2RATHS,

FOO = ) wifi) (3)
L, o

IR F(x) D —HOR/MUBEIZEAE TS 5.
) L7 TFHETIREAE P w2 HIMBEB I L IZREL
ME— 2155 FHOS TR CTldH 4%, HIBERHIZ & it
FE DML BIERA B % 7055 D4R 72 AR 2 15 5 O3 L
Vo F7z, BUBATEANETIEMENL — P2 ROEE
R ZENHMLVE AR INT VD13, BEtED
MRS BREOMHERE CHARLRIEDH D, 29I L
TRREZWRAL N L — FF 7% ETI@I L TW A2,
ME—DIR72T T2 <, HWBEEKH PRI L OMMR%R
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EORBIREREMEST S LT, 29 LzmERED
EPICERTELEHNICHCORTBY, #uiplr
RNA Ty MEDBHERITH %o

BRI TETHH A a—1) ZAF 1 v 7 AIZIZEA,
BT B B 1k : (Particle Swarm Optimization: PSO)
EDVHL, TholF, MEITHAETHERRNICHZ
Br2HEPTELNALOBmAFELEENTVwE, TH L
PRI OAREREL LEE LWz, £
H R BE~NOILIEAZ S C, Fig. LW % 7~ 3 Pareto
rankingik® 7% LIC X W Z HWE GELSH) LTI~
I E NG, COFETIHEE LTES 2k
xf UM 7 (RS RS rBETHH EE, ZD
BERDOFEO T > 7 3l+si kT 5. DT Y 7IZHEDSNT
ZAAC TIRAE S B R % 3B INT %o

AZ 2= AT 4 v 7 A TEIHRIC KIS 7 % 15
LHENTE LD, FHEEAL W ER, BRERTRVE
GEBRBELTEITONG, LYLEAS, RADMH
ISR TE B2 LR, A% H W MED KT
EHAGDLEONLEFIETHY, KELHETHERSHED
ZHI - £ 5B R G REETIEICR LT, bR
Fha At b 2 HCTREHRCIREIMNC R TS
NnNTwnb,
2.2 EHFREEORR

HIETIC BT, IR EET O — M 72 5 & R 7278,

MZETHRZ WD L3 582 OFL T AR LTHIE
DR TE D, —Melc, EMEIZZET) - Htk - B -
EDLZHBHICESLMDO L 2 5%, HWEEANS 5
V2P 2 DM AT Cib R 7% B ol LREI )RS T &
%o MDOTIZ H GBI LA B BER & 7 2 Fihi% <
Z9 L7BfRzE ARk L L, Zimaiz b9 2 & AR
IZfThbhTwb,

Bz, BB E KL O PR Cr e BER W
OiMbE L7 ERBEEMEEZE 258 &, HHLER
PR Werise $I D A9 W 2T &, N2k ok
ZEIT 5,

minimize Cp
minimize W (4)

subject to L-Wepyise=0

Ze)) R B L, BEMNTFEE TS B L K
DLENTE D,

2.3 MRESOFHRLEIA

EAGED AT 2 —Y) AT 14 v 7 ATIEMESH
Koo, ZHWOEEIIFICHELHRES LM%
Paretof# £ 6) %155, &MEMIEHBIEUE, HEHEH
i, BRSO SkA ZRMEEEZ RO 720, %
Bofmice L TEBoBEMEOMm % 1 EICBIgT
LD BHPLETHL, TIT, F—FvL =
VIREERMMTIEEFIML, EEFEVBIZ LR TV
T =7 WL 7295 2 TREDLEEIT ) HVHMT

Hb, TNHLOFHEITIE, HAIKATH (Scatter Matrix
Plot: SMP) % i 47 M £ % /R (Parallel Coordinate
Plot: PCP), HCHlikit~ v 7 (Self-Organizing Map:
SOM), 4o #r (Analysis Of Variance: ANOVA) 7
C\:‘(ZHM, (10)—(14]753‘ &) 7 5

SPMIZ & T ORI D W THiAN S 2 KITD i
Maisns L, EToOHMmKEERTHE LTRT FiE
THY, HENGZEBP LA T =<4 =V 7 FET
Hb, HAIZNZNOEMEMETH D, BARORELT
Flosre 35 L, AR CREmERL % 2 koo
Tay bL7ebDE D, T ARG EIIZATH
L ORGr E T OB A SUfE S 72 [ U o & R
T eEhb, HEEATICHUES (HH) 27F0RE
NBZHFIINETHL T LD, RIRT LHITETICIE
BAROR D D IR EEHOAMEZ LD Z LA TE LM
MR ZEZRL, MR ERETHIEDH 5,

PCPTII Kt E R HWMEESE 0L R % E OLE)E
THIELL, T XTOLROHZ FATICR 5XEHRTD
7% <o GUIZ HWTHEFIIZY — PRV IARDTE B
V7 b T QAT B0, EARMICEILH OIS
7 EHMTESL 7577 MCEXWIERTE S, T
TOEREIIOWT—MHHICERTE S L0 5, HWH
BRI ERII O W Tk EBigETcE b (Fig 3).
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N,
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L,

2.4 SurrogateETILIC K BRhERIE

2. 18 TRWM L XD CEATHRBEEZT) G, 7
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Fig. 12 Tllustration of the hybrid rocket considered in this study.

QUTPUT

Fig. 13 Procedure of the hybrid rocket’s evaluation.

Table 1 Design space.

Unit Lower bound Upper bound
dvl LOX mass flow kg/s 1.0 30.0
dv2 Fuel length m 1.0 10.0
dv3 | Initial radius of fuel port mimn 10.0 200.0
dvd Compustion time 8 15.0 35.0
dvh Chamber pressure MPa 3.0 4.00
dvb Nozzle aperture ratio - 5.0 7.0
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| oerecs Infeasible

0 £ -

0 2000 4000 60!
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Fig. 14 Design exploration result.

(b)

Fig. 15 Visualization of design problem by SPM. (a) All solutions
obtained by MOEA, and (b) Solutions sorted by M (Mot
<1400kg).
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Fig. 16 Engine nacelle and parameters for the chine installation.
(a) Nacelle chine and installation parameters, and  (b)
wing model for a high-lift system examination with
engine nacelle in the wind tunnel.
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(c)

Fig. 17 Surrogate models. (2) CLmax contour predicted from
initial samples, (b) CLmax contour predicted from
initial and additional samples, and (¢) Crmax contour
projected to the CAD model of the engine nacelle.
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Fig. 18 Comparison of lift - angles of attack (AoA) between
the nacelle without chine and that with chine which
was installed at the optimal location.
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Fig. 1 Flowchart of iSA method.
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Fig. 2 Topology optimization of diffuser model CKkA&®, (a) : Fig.
5.1, (b) : Fig. 54 (f)).
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Fig. 3 Topology optimization of fuel atomizer in fuel nozzle
(Yonekura et al. ®, Fig. 6)
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Fig. 4 Predicting peak pressure point in P-Q curve of centrifugal
compressors (7 5", Fig. 4).
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Fig. 5 Architecture of CVAE (Yonekura and Suzuki ", Fig. 1 (c).)
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Fig. 6 Architecture of cGAN (Yonekura et al. , Fig. 3 (b))
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(b) c(WGAN-gp (Yonekura et al. ", Fig. 9 (c))

Fig. 7 Generated airfoil shapes with specified lift coefficient.

Fig. 8 Latent distribution of hyperspherical VAE
(Yonekura et al. ®, Fig. 11 (a), (b)).
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Stage 2: Fine-Tuning with physics guided ¢ WGAN-gp
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Fig. 9 Architecture of PG-GAN®
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Fig. 10 Generated shapes by PG-GAN¥.
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(a) The initial (dashed line) and the optimal (solid line) shapes.
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(b) Mach number distribution of the initial (left) and the
optimal (right) shapes.

Fig. 11 Smoothing of Mach number distribution by DRL
(Yonekura et al. %, Fig. 9 (a), (¢), and (i).)
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Table 1 Specification of E® gas turbine blade

Chord length (mm) 212.1
Turning angle (deg.) 12558

Pitch length (mm) 212.1
Incidence angle (deg.) 0

Blade height (mm) 140
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Fig. 1 Computational domain

Fig. 2 Computational mesh
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Fig. 3 Trajectory of horseshoe vortex, baseline and initial
configuration of film-cooling holes with ID number
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Fig. 4 Divided endwall regions for optimization
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Fig. 5 Comparison of film-cooling effectiveness
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Fig. 6 Design parameters for P1, P2, P3 and S1

Table 2 Control range and optimal value of design parameters

Parameter Control range Optimal value
Pitch angle (deg.) 0~ 60 34.44
Yaw angle (deg.) 40 ~ 120 7852
Position (mm) 0.05 ~ 15 0.8523
Height (mm) 2~4 3953
Pitch angle
Yaw angle
Position
| Height

Fig. 7 Evaluated region for optimization of S1 and sensitivity chart
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Table 3 Control range and optimal value of design parameters

No. | Parameter Control range Optimal value

4 | Position (mm) 85 ~ 102 97.36

15 | Position (mm) 152 ~ 166 152.78

16 | Position (mm) 130 ~ 148 143.74
Interval (mm) 20 ~ 32 26.304
Yaw angle (deg.) -10 ~ -80 -18.172

Fig. 9 Schematic of optimization and sensitivity chart
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Fig. 11 Comparison of film-cooling effectiveness
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Fig. 12 Comparison of film-cooling effectiveness
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Variables Definition
Objectives efficiency Maximized
Constraints Pressure ratio Equivalent to baseline
(Aero) Flow rate Equivalent to baseline
Fillet stress
Gradient constraints
Blade surface stress onmax. principal stress
Constrains Disk bore stress ) ﬂ-‘}‘-‘
(Mechanics) Von-mises stress
- Back plate stress
Fixed number of
Vibration modes number vibration modes in the
operation range
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3D Inverse Design Based Optimization of Axial Compressors and Turbines

1. INTRODUCTION

The aerodynamic design of gas turbine compressors and
turbines has been a complex and multidisciplinary task. As
part of the overall gas turbine design process, it is intertwined
with aerothermodynamics and aeromechanical design. For
example, the increase of turbine inlet temperature brought
benefit to power output and thermal efficiency. However, the
high inlet temperature requires internal cooling of the high-
pressure turbine vanes and blades. The cooling flow will add
to the blade passage flow and has an impact on aerodynamic
performance. Meanwhile, the internal cooling flow structure
also imposes geometry constraints on the three-dimensional
(3D) blade shape. These all lead to additional challenges
to the aerodynamic design of the blade rows. For the low-
pressure stages, the high aspect ratio (span-to-chord) makes
the mechanical integrity a critical issue, especially in the
last stage. The design of the blade rows has to consider both
aerodynamic and structural performance. Design iterations are
required to satisfy both disciplines.

As the pursuit of zero emission becomes prevalent, there
is an ever-growing demand on gas turbine efficiency
improvement. This is the same for both stationary gas turbines
and aero-engine applications. For the latter, higher rotational
speed can make the structure more compact and helps to
reduce the weight. However, the increased Mach number
results in transonic blade flow and higher stress issue. The
aerodynamic design needs to control the shock strength and
the associated loss carefully.

Traditionally, the design of compressor or turbine stages
started with one-dimensional (1D) meanline calculation. Then
some two-dimensional (2D) through flow model was used
to obtain the spanwise flow variation and the corresponding
blade shape. Quasi-3D blade-to-blade calculations were quite
often used to design the detail of blade shape at different
spanwise sections. The 2D sections are then stacked together

kAT 202345 3 A10H
* 1 Advanced Design Technology, London, UK
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to create a 3D blade shape which is then evaluated by 3D
CFD. Then fully three-dimensional (3D) viscous simulation
was carried out to optimize the blade stacking -®. Quite
often some iterations or optimization was needed during the
2D and Quasi-3D design. Loss models or previous design
database were used during this process. Geometry scaling was
also applied when developing machines of different capacities
etc. Incremental changes were made to the previous existing
designs @, In order to achieve a certain spanwise work
distribution a number of iterations between profile sections
and CFD would be required. However, this process generally
relies on a large database of 2D profiles obtained from
similar cases from past designs. However, with the needs to
rapidly retrofit and develop gas turbines for less emission,
the designers face challenges in new design space, where
previous design database or guidelines may not have covered.

In the 3D inverse design approach, the blade is designed
through aerodynamic inputs such as spanwise swirl velocity
at inlet and exit of blade row and streamwise blade loading
distribution. The solver calculates the 3D blade geometry
as well as an accurate 3D inviscid flow prediction. Both the
flow field information and the blade geometry are available
once the solution is converged. The stacking is a design input
and the inverse method automatically matches the target
requirement in terms of spanwise work, streamwise blade
loading and stacking condition. This design process enables
designer to explore the design space without reliance on a
large data base of previous designs.

One approach to overcome the limitations of the direct
design process is to use automatic optimization. But for
many high-speed applications in gas turbines, this requires
a multidisciplinary approach which is computationally very
expensive. So, there has been some reliance on the use of
surrogate modelling by Artificial Neural Network (ANN).
Examples can be found in @-©®. Most of these methods built
a database first to train ANN or generate a response surface
model. Evolutionary algorithms based multi-objective
optimization were then carried out to find the trade-off
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between different objectives. In these multidisciplinary design
optimization strategies, the majority of the computational
time is spent on the evaluation of the objective function,
using CFD and FEA. The accuracy of the ANN prediction
and the response surface model depends on the quality of the
database. The database has to be rebuilt if new design space
is not covered by previous training data set. A considerable
amount of computation effort and time has to be spent
and this limits the number of designs parameters or design
iterations can be investigated within the given time.

With the 3D inverse design method, a fast optimization
workflow can be developed. Since the inverse design method
can generate the blade geometry as well as predict the flow
field information. The aerodynamic performance evaluation
can be done using the loss factors (such as profile loss,
leakage loss and endwall loss) calculated from the blade
surface velocities. The centrifugal and bending stresses can
be related to the blade geometry features. The inviscid inverse
design solver can converge within a few seconds. This makes
it possible to couple it to a multi-objective genetic algorithm
optimizer. Hundreds of design candidates can be evaluated
within a couple of hours on a single core CPU. High fidelity
CFD and FEA analysis are only used for final verification.

When the 3D inverse design method is used in optimization
through a Design of Experiments and surrogate model, there
are also some particular advantages. Firstly, every design
candidate generated by the inverse design method maintains
well the specific work of the blade, as this is an input of the
design. This helps to build accurate surrogate model with
smaller design matrix. Secondly, the way the inverse design
parametrizes the design space (by blade loading) can define a
complex 3D blade geometry with less parameters, comparing
to the methods that parameterize the camber line geometries
with control points etc. This makes it efficient when used
in optimization process, as it can explore a large design
space with less degree of freedom. Finally, the flow field
information can be used to check the design performance and
rule out poor candidates.

In this paper, some examples of breakthrough gas turbine
blade design by 3D inverse design method are provided. The
paper is structured as below. In section 2, the 3D inverse
design method is described. Both the inviscid and the viscous
solver are discussed. In section 3, their applications to both
compressor and turbine blade design are demonstrated. The
transonic blade design is also covered. Section 4 discusses
the optimization workflow based on inverse design method.
A rapid multidisciplinary optimization of a high-speed low
pressure turbine rotor is developed. Finally, a multi-point/
multi-objective optimization of a subsonic compressor stage

is reviewed.

2. 3D INVERSE DESIGN METHOD

The inviscid inverse design method was developed from
Hawthorne et al.’s () approach to represent the blades by
a bound vortex sheet. The strength is determined by the
specified distribution of circumferentially averaged swirl
velocity:

> N

Vg = 2 7" 7 Vo (1)

Where N is the number of blades.
The method was later extended from 2D to 3D design of
incompressible axial machine ®. In the 1990s it was further
developed to account for compressible flow application ©.
Since then, it has been used extensively in compressor and
turbine design and optimization.
2.1 3D Inviscid Inverse Design Method

The 3D inviscid inverse design approach, TURBOdesign1 1,
is generally used for subsonic compressor and turbine blade
design. The work coefficient is imposed by specifying the
spanwise TV_g distribution at the leading edge and trailing edge
of the blade. In TURBOdesign1 the Vy is normalized by the
blade mean radius (RMS of hub and shroud radius) and the
rotational speed. For compressible flow the meridional
derivative of rV_g is related to the enthalpy difference between
the blade pressure surface and suction surface:

ht—h =2y, 20V6) @)

T
N mbl am

If in the boundary layer local compressibility is ignored:
(rve)
am

a(rvg)
om

- 2
P+ — P~ =5 pWop (3)

By prescribing the meridional derivative the pressure
jump across the blade can be controlled. It can be imposed at
two or more spanwise locations between hub and shroud.
Fig. 1 shows the streamwise blade loading (%)
parameterization. For each spanwise section 4 parameters
(NC, ND, SLOPE and DRVTLE) are needed to define a
blade loading curve. The curve consists of 3 segments. A
linear line is used between NC and ND and parabolic curves
are used to connect it to the LE and TE. At the trailing edge
a(;‘::lg) is always zero to satisfy Kutta condition.
At the leading edge the DRVTLE value can be used to

control the blade incidence. This type of parameterization

the value of

can represent a complex 3D blade shape with 8 parameters
minimum.

The following design inputs are generally required by the
program:
= The meridional profile of hub, shroud, leading edge and

trailing edge location

= The normal or tangential blade thickness distribution
= The inlet flow conditions in terms of spanwise distributions

of total temperature and velocity components
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0 Similar to TURBOdesignl, the meridional profile, blade
-2 thickness and stacking condition can be specified as design
4 input. The 3D viscous inverse design method can generate the
:;= -6 blade geometry corresponding to a specified distribution of
|§ 8 the circumferentially averaged swirl velocity (rV_g) or the
g -10 pressure loading (pressure difference across the blade), which is
12 prescribed along the span. It has been applied to the redesign of
14 . ; - transonic compressor (9, fan (17-(09.09 and turbine 19-(9),
Hub “s._  Slopegy /
e S N“és."—'llr----JNDShr
.18 3. EXAMPLES OF BREAKTHROUGH DESIGN BY

Normalized Meridional Distance [-]

Fig. I The blade loading parameters used in TURBOdesign1

= The stacking condition, which can be imposed at a chord-
wise station between leading and trailing edges.

The 3D blade geometry is computed by the inverse design
procedure in an iterative manner. The solver converges
within a few seconds and each design generated will respect
the blade loading prescription. This makes it a good option
as a geometry generator and a fast 3D solver, which can be
coupled to optimizer in automated optimization workflow
(11),(12)’

2.2 3D Viscous Inverse Design Method

For transonic blade rows, shock waves play an important
role in the passage flow. The presence of strong shock is
associated with high loss. It also interacts with the boundary
layer flow and tip clearance flow. The control of shock
strength is critical for the transonic blade design. A viscous
3D inverse design method should be used to capture the
shock wave and take into consideration the viscous behavior.
TURBOdesign2 ¥, a viscous 3D inverse design method can
be used to redesign and optimize the transonic blade rows.
In this method, the Euler equations of motion are solved by
using a cell vertex finite volume formulation and a time-
marching approach which employs a four-stage Runge-Kutta
method. Viscous effects are represented by a body force, and
the wall shear stress is computed by means of wall functions.
The code has two modes. In the ‘analysis mode’, the geometry
is provided and the flow field is computed, the same as with
a conventional CFD analysis. In the ‘design mode’, the blade
loading is specified. The flow field and the corresponding
blade geometry is calculated in an iterative manner until the
calculation converges to give the final blade geometry and
the corresponding steady state flow solution. The complete
description of the method is reported by Tiow and Zangeneh
(9. The methodology was extended to multiple blade rows
and multistage by using a characteristic type mixing plane
by Ray and Zangeneh . The mixing plane model takes
into account the interaction between blade rows and enables

design of one stage or multiple stages.

3D INVERSE DESIGN

In this section, some examples of gas turbine blade design
by the 3D inverse design method (TURBOdesignl and
TURBOdesign2) will be discussed.

3.1 Controlled Stacking for Turbine Blades

The first example is the application of 3D inviscid inverse
design method (TURBOdesignl) on HP/IP turbine nozzle
blade. The work was presented by Watanabe et al. in - The
aim of the work was to reduce the endwall loss through the
use of controlled stacking. The secondary flows are caused by
passage vorticities and can be predominate near the endwalls.
3D blade design through 3D stacking has been investigated to
reduce the secondary flow loss in nozzles and blades ?%-CD,
However, with the traditional methods, the stacking can
change the exit velocity distribution due to the 3D flow
redistribution effect. The designers have to perform iterative
designs of 2D airfoil in order to control the exit velocity
profile. With the 3D inverse design method, the distribution of
TV_g is specified. This determines the work distribution in the
blade, the stage reaction and the twisting of the blade shape.
In this way the stacking effect can be studied more efficiently,
without repeating the effort of adjusting the 2D airfoils along
the span.

Fig. 2 shows the comparison of nozzle blade shape. The
stacking condition was specified at the position of 40% axial
chord distance from the leading edge. The controlled stacking
has reduced wrap angle near both endwalls, which creates
a local blade lean (Fig. 2, right). It is compared to the radial
stacking nozzle where the blade is stacked along the radial
direction (Fig. 2, left).

?— _-‘::II 5 'j’_ o
i Vs |

Fig. 2 Comparison of nozzle shape, left: radial stacking,
right: controlled stacking 1.
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Fig. 3 shows the CFD predicted total pressure loss
coefficient at the nozzle downstream. The controlled stacking
reduces the loss peaks near the endwall without increasing
the losses near midspan. This is because the blade lean near
the endwalls reduces the loading locally, while the midspan
loading is kept almost the same as the radial stacking case.
This helps to suppress the secondary flow (migrating from
pressure to suction surface) near endwall, therefore the losses
are reduced.

0.17
- ——Radial Stacking

a5

----- Controlled Stacking

0.13
0.11
0.09

0.07

0.05

o
o
w

Total Pressure Loss Coefficient

0.01

0 0.2 0.4 0.6 0.8 1

Normalized Span [-]

Fig. 3 Total pressure loss distributions (from CFD prediction) at nozzle

downstream ()

The example shows the 3D inverse design method can
effectively control the secondary flow in the nozzle through
the TV_g distribution and the controlled stacking specification.
It is an efficient approach to generate 3D blade design through
aerodynamics inputs.

3.2 Shock Control on Transonic Compressor Rotor

In the second example 17, the 3D viscous inverse design
method (TURBOdesign2) was applied to the design of first
stage rotor of Siemens SGT100 (Typhoon) compressor. The
rotor has rotational speed of 17384 rpm and design point
pressure ratio of 1.4. The baseline rotor has double circular
arc profiles with inlet Mach number of 1.1. The Mach number
contour near the tip of the baseline (conventional) rotor at
peak efficiency is shown in Fig. 4. The results show a strong
normal shock, with a peak Mach number of 1.44.

The corresponding loading distribution is shown in Fig. 5
for the baseline rotor as computed by TURBOdesign2. The
strong jump in loading corresponds to the suction leg of the
shock and clearly the results shows that the shock extends all
the way to 25% span. For the redesign the blade loading was
smoothed in TURBOdesign2 at 25%, 50%, 75% span and
the tip while maintaining the same loading at the hub. The
resulting loading distribution is shown in Fig. 6.

The resulting blade geometry near the tip and the Mach
number contours are shown in Fig. 7. The blade designed
by the 3D inverse design method has developed a S-shaped
geometry which forms expansion waves that help to reduce

— 47 —
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Fig. 4 Mach number distribution near the tip of baseline

rotor near peak efficiency point 7
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Fig. 5 The loading distribution for the baseline rotor 7
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Fig. 6 The modified blade loading used in inverse design method 7

Fig. 7 Mach number distribution and geometry of
inverse design rotor near the tip 7
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the shock strength. As a result, the pre-shock Mach number
is reduced to 1.29 and the shock has more a bowed structure.
The CFD predictions show improvement of up to 2.5 points in
efficiency at design and significant improvement at off design
conditions.
3.2 Shock Control on Transonic Compressor Stage
The 3D viscous inverse design method (TURBOdesign2) has
also been applied to the redesign of multi-blade row transonic
compressor stage in 4. The single stage Darmstadt Transonic
Compressor (DTC) (a state-of-the-art transonic compressor
design representing the front stage of a high-pressure
compressor in a commercial turbofan) is studied in this work.
This compressor rotor (referred to as DTC Rotor 1) features
high inlet relative Mach number near the rotor tip ?®. There
is also strong interaction between the passage shock wave
and the tip clearance flow ®¥. Fig. 8 shows the computational

domain of the compressor stage.

Fig. 8 DTC Rotor 1 ??

The baseline stage rotor and stator were first analyzed in
TURBOdesign2 analysis mode. The pressure loading of
the rotor at peak efficiency point was then used to redesign
the rotor. The stator geometry was kept unchanged but was
included in the calculation to provide the correct downstream
flow condition for the rotor. Tip clearance was not included
in the inverse design process. But through the control of
the blade loading at the shroud shock wave strength can be
reduced and its interaction with the tip clearance flow can be
alleviated.

Fig. 9 shows the loading distribution of the original DTC
Rotor 1 (obtained from TURBOdesign2 analysis mode
solution) and the loading distribution specified for the
redesigned rotor at 95% span. The target loading (denoted
by Target) is specified in TURBOdesign2 design mode to
produce the new blade design geometry. This geometry is
then analyzed in ‘analysis mode’ for verification. The actual
loading obtained (denoted by Design) by the inverse method
analysis mode is also shown on the same plot for comparison.
The rapid drop in pressure loading observed for DTC Rotorl
is due to the suction surface leg of the shock wave. The
redesign smoothed the shock induced loading jump in order to
reduce the pre-shock Mach number.

Fig. 10 the CFD predicted pressure distribution and the

streamlines on the rotor suction surface. Near the shroud
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Fig. 9 Comparison of the blade loading (static pressure jump) at 95% span
for original DTC Rotor 1 and the redesigned rotor at design point ??

Fig. 10 Pressure distribution and streamlines on the blade suction surface

at design point, left: Darmstadt transonic compressor Rotor 1;
right: redesigned Rotor 2.

there is strong radial flow induced by the shock in the suction
side boundary layer. For the inverse designed rotor, the low-
pressure region near the tip is alleviated. This is due to the
reduced shock strength and a less strong interaction between
the shock wave and the tip clearance vortex.

The isentropic Mach number at 95% span is plotted in Fig.
11. It can be seen that the pre-shock Mach number is reduced
for the inverse designed rotor. This shows that by smoothing
the pressure loading distribution at spanwise location near
the tip, the shock strength can be effectively controlled. The
redesigned rotor the stage has higher total to total pressure
ratio. The efficiency at 90% and 80% design rotational speed

has also been improved.
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Fig. 11 Isentropic Mach number at 95% span ©*?
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4. EXAMPLES OF INVERSE DESIGN BASED
AUTOMATIC OPTIMIZATION

As mentioned previously, the 3D inverse design method has
some advantages when coupling to an optimization algorithm.
The fast solver of TURBOdesignl makes it possible to be
used in direct optimization. Instead of using time consuming
CFD and FEA calculations to evaluate the objective function,
both the aerodynamic performance and the blade stress can be
linked to the solution of the 3D inverse design solver directly.
Previous study on a pump impeller ?¥ compared the inverse
design based direct optimization to the optimization workflow
using DOE database. The results show that if the objectives
and constraints are selected properly from flow physics
the performance of the optimized design has very similar
efficiency and suction performance compared to the optimized
impeller obtained from CFD based optimization. Meanwhile,
the parameterization through inverse design method was
shown to be more effective in a DOE study, in comparison
to the conventional way of blade parametrization which
describes the camber line geometry through control points.
4.1 Rapid Multidisciplinary Optimization of LP Turbine
for High-Speed Rotor

A multidisciplinary optimization was carried out for a high-
speed low-pressure turbine rotor, which had been studied
numerically and experimentally ©. The LP turbine last stage
rotor blade faces high stress issue as the rotational speed is
increased and the number of stages reduced. The average
isentropic Mach number is also increased as a result. The
design optimization had to take into consideration both
aerodynamic performance and mechanical concerns. Fig. 12

shows the baseline last stage stator and rotor.

Fig. 12 Baseline design rotor in the last stage

The baseline design streamwise loading is shown in Fig. 1.
The hub is evenly loaded with a zero Slopehub and the shroud
is a bit aft-loaded. Zero blade incidence was assumed. Fig. 13
shows the optimization workflow. The TURBOdesign1 solver
was coupled with an optimizer (TURBOdesign Optima ?)
and Multi Objective Genetic Algorithms (MOGA) was used

Inverse Design Solver
(Geometry generator)

A

Aerodynamic Parameters

Input Variables
Stress Parameters

A 4

TURBOdesign Optima
(MOGA Optimizer)

Fig. 13 Flowchart of the direct optimization

in the optimization.

During the optimization, the streamwise blade loading at
hub, midspan and shroud was allowed to vary. The range of
variation is listed in Table 1. Meanwhile, the blade thickness
distribution along the span could also be adjusted. The blade
thickness profile for the baseline design is shown in Fig. 14.
It can be varied through a scaling factor. The scaling factor is
defined at hub and shroud section. Linear interpolation is used
along the span. The range of variation for scaling factors is
also listed in Table 1. In total 14 parameters were allowed to

vary in the direct optimization.

Hub_Baseline

-=-=-Midspan_Baseline

= —Shroud_Baseline

P .,
P -_— .,
e ot § b 8

4

0 0.2 0.4 0.6 0.8 1

Normalized Meridional Distance [-]

Fig. 14 Blade thickness profile of the baseline design

Table 2 shows the optimization constraints and objectives.
For the aerodynamic performance, the objectives were set
to minimize the blade profile loss and the endwall loss, both
were calculated from the inverse design flow solution based
on loss correlations %, For the stress control, the objectives
were set to minimize the centrifugal stress and to reduce
the maximum blade lean. Both could be extracted from the
geometry generated by the inverse design solver. Meanwhile,
the blade cross sectional area near the hub (ABladek3) was
constrained to avoid increasing the hub area excessively
to mitigate the stress. The diffusion ratio, maximum Mach
number and throat of the rotor were also constrained. These
were used to avoid flow separation, high Mach number (strong

shock wave) and change of flow capacity.
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Table 1 Optimization Input Variables Range
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Fig. 15 Profile loss against endwall loss (the size of the bubble

represents the magnitude of centrifugal stress)

Blade Loading
NChub 0.05-0.25
NDyup 0.26-0.85
Slopepu -120 - 50
DRV Ty -6—-2
NCia -0.05-04
NDniq 0.41-0.85
Slopenmiq -50 - 50
DRVT 4 -8—-4
NCihe -0.05-0.5
NDyp, 0.51-0.85
Slopegy, -50 -50
DRV Ty, -6--2
Thickness Scaling
ThScaleH 0.8-1.1
ThScaleS 0.6-1.1

Table 2: Optimization Constraints and Objectives

Constraints
Throat +1.5%
ABladek3 -11%
Diffusion Ratio 1.1-1.25
MaxMach 4% lower
Objectives
ProfileLoss Minimize
EndWallLoss Minimize
CentrifugalStress Minimize
MaxLean Minimize

In total, 1600 candidates were evaluated in the direct
optimization, which took several hours on a single core. Fig.
15 shows all the feasible inverse design solutions. A Pareto
front was obtained between the profile loss and the endwall
loss. The size of the bubbles represents the magnitude of
centrifugal stress. A final ‘optimized design’ was selected
from the Pareto front considering also the centrifugal stress
and maximum lean value.

The streamwise loading distribution of the ‘optimized
design’ is shown in Fig. 16. Compared to the baseline
loading, the blade hub section is more aft-loaded. The loading
at midspan and shroud is shifted upstream slightly. The
incidence at the blade LE is also adjusted by the optimization.
Meanwhile the optimized design decreases the blade thickness

at hub and shroud. But the reduction from midspan up to the

0
2 (] 0.2 0.4 0.6 0.8
- A
\\ —— Hub
-4 \ — - =Midspan
Z -6 % - - -Shroud
& \
r‘i -8 \ \\
Sl 0
Snll R # /
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-16
-18

Normalized Meridional Distance [-]

Fig. 16 Streamwise blade loading distribution for the optimized
design

shroud is more prominent.

The performance of the optimized rotor blade was verified
through CFD simulations. Fig. 17 shows the stage efficiency
is improved with the optimized rotor at various pressure
ratio conditions. On the other hand, the massflow rate under
different pressure ratio conditions is almost the same as the

baseline design.

0.95
0.94
0.93

]

o
o
[~

0.91

0.9
0.89
0.88

0.87 ||—e—Baseline Rotor

Stage T-T Eff [-

0.86 --a--DOptimized Rotor
0.85

1 11 12 13 14 15 16 17 18 19
Stage T-T Pr [-]

Fig. 17 Last stage performance with the optimized rotor design
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The isentropic Mach number distribution is also compared
to the baseline design in Fig. 18. The optimized rotor blade
reduced the maximum isentropic Mach number. This helps to

reduce the transonic flow loss and improve the efficiency.

11
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====0ptimized Rotor

0.0 0.2 0.4 0.6 0.8 1.0
Streamwise Location [-]

Fig. 18 Optimized rotor blade surface isentropic Mach number at
50% span

The blade stress level of the optimized rotor was also
compared to the baseline rotor blade. Fig. 19 shows the
average equivalent stress along the span. The optimized
design reduces the stress level along the span. The
improvement in aerodynamic performance didn’t lead to
penalty on the blade stress level.
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Fig. 19 Average equivalent stress along the span

The example shows the direct optimization based on 3D
inverse design method is efficient and effective. When
the constraints and objectives are selected properly, better
aerodynamic/mechanical performance can be achieved from
the blade optimization. It can explore a large design space
rapidly and the requirement on computational resource is
low, in comparison to the optimization strategies based
on CFD and FEA calculations. Furthermore, the optimum
loading obtained have some generality and the experience
learned can be applied to machines of different sizes. This
is because the design approach uses aerodynamic inputs

rather than geometrical parameters. This can help to reduce
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the development time for new products. The inverse design
based direct optimization process generally took 4-8 hours
on a single core. The time and effort spent on CFD and FEA
simulation was greatly reduced. As they were needed only
for the baseline and the optimized design. In contrast the
CFD/FEA based optimization workflow needs hundreds of
simulations to build the training dataset. It requires large
computing cluster and longer computational time. The
results achieved through inverse design based optimization
have similar performance to the designs obtained from the
conventional process ©.
4.2 Multi Point/ Multi Objective Optimization of a
Subsonic Compressor Stage

In some gas turbine applications, it’s important to consider
performance criteria at multiple operating points. By coupling
the 3D inverse design method with a surrogate model based
optimization process it is quite easy to solve these multi-
point/multi-objective problems in a computationally efficient
manner, see ?7. In this example, the well-known HP9
compressor stage (shown in Fig. 20) consisting of rotor and

stator was parametrized with 5 design parameters.

Rotor Stator

Fig. 20 The meridional profile of HP9 stage

The location of NC and ND (as in Fig. 1) were kept fixed at
0.2 and 0.8 respectively and only the Slopehub and SlopeShr
parameters were changed for the stator and rotor as shown in
Fig. 21. In addition to these 4 parameters the interstage rV_g
was also changed as shown in Fig. 22.
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Fig. 21 The slope parameter changes for the hub and shroud and
resulting loading used in optimization 7
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By using these five design parameters a Design of

Experiment was performed to generate total of 28.

Table 3 Performance Parameters Used for Optimization

Variable

Operating Point

Rotor Efficiency

90%,100% and 110% Design flow

Stator loss coef.

90%,100% and 110% Design flow

Stage efficiency

90%,100% and 110% Design flow

Work Coefficient

100% design flow

Slope of the work
Coefficient

Choke Margin

The 28 stage configurations generated by the Design of
Experiment method were then run steady stage CFD to
evaluate all the performance parameters shown in Table 3.
Then a second order quadratic regression was used to create
a surrogate model relating the performance parameters to
the 5 design parameters shown in Fig. 21 and Fig. 22. Once
the surrogate model was generated an optimization was run
on the surrogate model using genetic algorithm looking at
tradeoff between stage efficiency at 110% and 90% flow
rate. Fig. 23 shows the pareto front of the optimization. An
optimized solution half way on the pareto front was selected
as a compromise solution between the efficiency at the
two operating points. The optimized stage had fore-loaded
distribution for both rotor and stator. CFD confirmed that the
new stage gives higher efficiency at all operating points as

compared to the baseline design.

5. CONCLUSIONS

In this paper, the application of 3D inverse design method
to design of gas turbine compressor and turbine have been
reviewed. Both the subsonic and transonic blade designs
were discussed by using 3D inviscid and viscous inverse
design methods. The key advantages of 3D inverse method
in being able to handle the 3D blade design problem directly

Fig. 23 Optimization result of the axial compressor analysis 7

with aerodynamic parameters gives designers direct control
over spanwise work distribution, streamwise loading and
stacking. This would enable them to explore a large design
space quickly without relying on database of 2D profiles and
expensive CFD computations. Furthermore, it was shown that
the accurate 3D inviscid solution obtained from the inviscid
inverse design code in a few seconds on a single CPU core
can be coupled with optimizers to rapidly look at tradeoffs in
efficiency and mechanical constraints without relying on CFD
or FEA. The system was applied to the design of a high speed
LP Turbine for acroengine applications.

Two examples of application of 3D viscous inverse design
to transonic axial compressors were reviewed. The results
show that the direct control of blade loading can help to
rapidly design transonic compressor stages with controlled
shock losses which is major source of loss in these types of
machines.

Finally, an example of application of surrogate model
based optimization was presented, where inverse design
parametrization of an axial compressor stage (rotor+stator)
was used together with Design of Experiment and surrogate
model based on a quadratic regression were used for rapid
multi-point optimization of an axial compressor stage.

3D inverse design method can have a major impact in
speeding up the process of design optimization of axial turbines

and compressors used in gas turbines and aeroengines.
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Prediction of Transient Surge Behavior for Gas Turbine Compressor
-Investigation of transient surge behavior of model compressor
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ABSTRACT

Dynamic simulation model of multistage axial compressor for industrial gas turbine was established. To capture
stage loading distribution change on transient condition, compressor model is divided by each stage. Compressor
map is created by CFD result, stall and reverse flow region is roughly estimated and included in this map. The
model was verified by 8staege compressor test result, transient surge limit happened on shut down operation can be
estimated. Unsteady pressure fluctuation is measured by high response pressure sensors installed casing wall. As for
transient surge condition, rotating stall occurred on 5th rotor just before surge happened, the rotating stall propagated
circumferentially and spread axially, and finally surge happened. On the other hand, steady state surge case, 1D
pressure fluctuation continuously occurred before surge. However rotating stall also occurred on 5 stage just before
surge. Final trigger of surge is rotating stall happened on 5" rotor, regardless of steady or transient surge, the surge
trigger is same.
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Prediction of Dynamic Response of Axial Compressor of Industrial Gas Turbine
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ABSTRACT
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TAKAKI Kazushige
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KISHI Makoto

Owing to the spread of renewable energy, gas turbine engine has a role to compensate grid energy. In such

operation, prediction of dynamic state of gas turbine component is important. This paper investigates the dynamic

behavior of heavy-duty gas turbine engine. Simulation model constitutes of compressor, turbine, combustion chamber,

duct, and bleed component. Especially, compressor model is divided into four parts by bleed port. Start-up and

shutdown simulation are carried out to validate the simulation model. Simulation results show that in rapid shutdown

case the operating line passes through higher pressure point and load of rear stage of compressor grows temporary.
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Key words : Gas Turbine, Compressor, Start up, Load rejection, Dynamic simulation
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Damage-Coupled Inelastic Deformation Analysis and Thermo-mechanical Fatigue Life
Prediction of Thermal Barrier Coatings

ABSTRACT

Ik EAT 2 Rmr
ARAI Masayuki LEE Miri

Increasing the inlet temperature is effective for improving the efficiency of gas turbines (GTs). In order to prevent

to increase the metal temperature of turbine blade, application of a thermal barrier coating (TBC) to those hot parts

is essential. TBC has a double-layer structure of ceramics and MCrAlY alloy, which leads to thermal stress in

addition to mechanical stress. Those cyclic loadings in service bring about cracking and peeling in the TBC, which

is an important problem. In this report, a finite element (FE) analysis incorporating the damage coupled inelastic

constitutive equation developed by our group was conducted to simulate crack initiation and propagation under

thermal fatigue conditions. Therefore, a thermal fatigue life prediction model was proposed based upon FE analysis

results. The validity of the proposed model was verified by comparing with experimental results.

F—7— K 1 TBC, #&57, A REMNT, HEER IR, Bk ararilin:, & 24584
Key words : TBC, Thermal Fatigue, Finite Element Analysis, Damage Coupled Inelastic Constitutive Equation, Thermo-

Mechanical Life Prediction Method, Crack Initiation
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Fig. 7 Thermal loading pattern

Table 1 Thermal loading condition and FE results

Pattern 0 max T min T max ® N.
[MPa] K] (K] [deg] | [cycles]

Iso 150 - 473 - 47
Iso 150 - 973 - 10

Therm 150 473 973 0 55

Therm 150 473 973 45

Therm 150 473 973 90

Therm 100 473 973 0 10

Therm 100 473 973 45 18

Therm 125 473 973 90 15

Therm 200 473 973 45 12
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Fig. 10 Crack initiation and propagation under isothermal fatigue loading condition at 973 K which was simulated by FE
analysis. Contour plot corresponds to damage parameter.
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