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Abstract: A complex system involves a large number of design variables, and its operation is non-linear. To explore
the characteristics in its design space, a Kriging meta-model can be utilized; this model has replaced expensive
computational analysis that was performed in traditional parametric design optimization. In this study, a Kriging
meta-model with a computational orthogonal array for the design of experiments was developed to optimize the
fatigue life of a turbine blade whose behavior under cyclic rotational loads is significantly non-linear. The results
not only show that the maximum fatigue life is improved but also indicate that the accuracy of computational
analysis is achieved. In addition, the robustness of the results obtained by six-sigma optimization can be verified by
comparison with the results obtained by performing Monte Carlo simulations.
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Fig. 1 Configuration of turbine blade and its design
variables

| Definition
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Fig. 2 Load condition of turbine blade

Y Coordinate | 0 mm
= Z Coordinate | -361. mm

1635.6 Min

Fig. 3 Fatigue life distribution at initial design stage

242 Fig. 337 #o] 1,635cycles® # Al Ao
At A=249e] FUE fste] Al AAwSG
A7t Qs olw, xtilt, ytilt 2 filletrad 2]
et Wels 7heAds arEste] 27t 1.35°~1.65°
0.75°~1.05° 2 5.59~7.11lmm= 33T},
3. Mok AeAEH
[e)

ARFA 0 & Taguchi7} AI%FeE 297 2] i)
AdAEH o] AoA AEEY T

3= A(screening)2] 3 HPHOL  ARAIA
(fractional factorial design)©. = & 4= QIU}. Fig. 13}
o] AA QA7) 370Q1 Z$-o| &= TaguchiZ} #|¢+sh



gl

i

gol= 4 HAHLAE 9

oftt

o] wld FolA Ly3%), Li'3) T3 Ze
A e AHgE 5 Aok AT FRasd

we BREH N3 2 £y 33 2
A
A

W

2]
A7 gl Aol AR ARk %

i

>
2o
%0
e

SS9t o e Aud s =
4 e AgEislen, 2 AyelM =
H &ste] F 49819 7 3 <A
AA Lo(7)s BRI 77EE 7}
Al QAAR7E 370QL A AR 34332
o] sNE Aol s WAk
ahl Auddt #99E whhehe 493]0] A
AP 5 vk AAE 498]9] 74E 3904 HaL
A Table 13} 2tk

o
R
Z o oo ot

Table 1 Orthogonal array with 3 factors, 7 levels and

49 rows
No xtoilt yEilt filletrad No xtoilt ytoilt filletrad

() | () | (mm) () [ () | (mm)
1| 1.35 0.8 584 |26 14 0.75 | 6.86
2 1 135 ] 095 | 559 | 27| 145 0.8 6.10
31 1.35 1 6.86 | 28| 145 | 095 | 6.35
4 | 1.35 0.9 6.60 | 29| 1.45 1 7.11
5 135 | 085 | 635 | 30| 145 0.9 5.84
6 | 135 | 075 | 7.11 | 31| 145 | 1.05 | 559
7 | 1.65 0.8 5.59 | 32| 145 | 0.85 | 6.86
8 | 1.65 | 095 | 6.86 | 33| 145 | 0.75 | 6.60
9 | 1.65 1 6.60 | 34| 1.5 0.8 6.35
10| 1.65 0.9 6.10 | 35| 1.5 095 | 7.11
11 1.65 | 1.05 | 635 |36] 1.5 1 5.84
12| 1.65 | 085 | 7.11 | 37| 15 0.9 5.59
13] 1.65 | 075 | 584 |38] 1.5 1.05 | 6.86
141 1.55 0.8 6.86 |39] 1.5 0.85 | 6.60
15) 1.55 | 095 | 6.60 | 40| 1.5 0.75 | 6.10
16| 1.55 1 6.10 | 41| 1.6 0.8 7.11
17| 1.55 0.9 6.35 | 42| 1.6 0.95 | 5.84
18| 1.55 | 1.05 | 7.11 | 43| 1.6 1 5.59
19] 1.55 | 0.85 | 5.84 |44] 1.6 0.9 6.86
20 1.55 | 0.75 | 559 | 45| 1.6 1.05 | 6.60
21 14 0.8 6.60 | 46| 1.6 0.85 | 6.10
22| 14 095 | 6.10 | 47| 1.6 0.75 | 6.35
23] 14 1 6.35 | 48| 1.65 | 1.05 | 5.84
24| 14 0.9 7.11 | 49] 145 | 1.05 | 6.10
25| 14 0.85 | 5.59

gt
2
27
»

W 7l 2 d5 2D A 613

4. T 2Y o 52y

ARigrel] e v24me] nddds 4
EIR RS Hgste] wdetaat Aok A v
BRE2 V& AlEdeA A wsd b
AdExde Tt AlEHIA #@ T =
A7 gk elFahE etk

A ks 2ol He)d Rl g 4
(D7} o] FAHTh

Fig. 4 Kriging's meta model at filletrad=6.35mm
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Fig. 5 Difference between simulation and fitted data
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y=pB+rT@)R"(y— £B) )

21 (HE S filletrad®] #=S 6.35mm=E 3174 5
9ol A2 ylo)E DAMST xtilt?} ytilt A
sto] tis] wletwd® FASH Fig. 49 72U
AMEZo A AFstze], AAIFFANA F=FT
y(z)E 7129 olat takrloz = vk x
ARd2 = xdo] Brhed uarge njAy 5
de Holi Utk

A7 derde] Zgws HES7] 9],
ANSYS Fatigue Tool Al Edo]do =z dojxl 1
@ 29 HERded ot oS ghahe] Ao
£ BTl Fig. 5v o9 A¥EA Huy o
2}7F 2.8234x10"7 0.2 AE]7) wEfR o] AAtd
E2sg gEs vlud Aget dS5siete

o PN
AE Y 4 U

2

stslr] f1gk HAAAIE Slsted, 2 (6 Zol W
thEAJo] sl WHHIZ8H(desirability function)'”
£ A&t HHEAAE sty SR
degrge] Higta Hagke] xeols Aarstatr]
woll, 07} 11}e] 9] ks 7HAH, o5 HujslelH

2] HAoigks 4 drh
Maximize Y Ymin (6)

Ymax ~ Ymin

ding
6682.62

lite_kri

Desirability
0.931239

1.6040054 0.7834414 66294068

ilt it filletrad Desirahility
1.05 —
)
1 y,
RCESY o P
0954 L =gt
e 7 - e
5 - = =
£ 09 - e e -
/ . - N
.55 P64 Rl s J
A i a ,-'I / JII
S— / J / J
e " b o
245 4 N ,1:'9—“'"9(“9 f
0.84 i AR o
S y i /
; ) P ,'
SDES 4 A 7 3
0754 : s B068 .4 / = |
1.38 1.4 1.45 148 1.85 1.6 1.6
il

Fig. 6 Results of optimal solution of design variables

 leb Max
5703885
3 753365
izl
1, 050485
BIIA6Y
34433
19640
1enz
6389.6 Min

Fig. 7 Fatigue life via optimized design variables



gl Edeol= & HHHAE AT A

Fig. 62 WXL 5 F3to] gk AAW
HA st Aot AT xtilte} ytiltol] wE
e TR Ushd Aiolth 9=
Hulslsl= HAse HEEgTE 5
geolate] sl om wEL3o] FHo
09302 7|t Hulgke] 93%E RFAIZIT
L3 E B JAAAY] AdE gzl 2
7F H& AAESY g2 xtilt, ytilt 2 filletrad
7F Z7F 1.5° 0.79° 2 6.60mme HHHE A
o ol IZFHL 6,682cycles®E A FHTE A
27 HEtREERE dojxl AAMST] HA 2
S ANSYS Fatigue ToolZ 7|4} Fig.

2ol 6,389cycles®=A], 7] AA Ao gt
2 1,635cycles Rt} 4¥) 7}7rko]l FUbeRSlTh
filletrad(Z & ¥HE)7}F 6.60mm<] 749, Fig. 69 &
THAoZHE xtilte} ytilte] W3l wE T2
Hol miztkel Hmay oS #e dAd W
sloll tjgh AJZ}AQl EA o] 7hssTh

shAE, el HAS = AAMSQ xtilt, ytilt
2 filletrad®] 3 vt gkol o
2F FAA TR T Y
HAs= ofdrh. A &l A
sAkep A& W

Hel A&

H |
.

ox -y
2B [0 of b

ol
I
o
=
BN rlo WUt ¢ 1o

HoL oM

o

& hu

¥0, N, of
tlo
offf off
-
O~
o
l'U>~
)
o
r
ol
tlo
ko
-
ol
=

Haneh AHEAE Ads) gaAs 54

P4 % ARxde] TEANE AAsleR s

rig
o,
Y
il
td
(o]
2
) ¥
i
o
R TR = A Y

O
o
s
N
=
o
o
do

ol
ol
X
=3
FN
=)

Wi
24
o
)
l-*>v
i
&

" yo
X
2

S
& 7HAaL gl7) el &

rg Mo

S

=2

>

ol

2 o

Z

=<

w2
% (0 oo

2
e
td
e

%7) 9253 1,635cycles® a3l om, 124
o] kS dF3hr] k] AWM xdlt, ytilt 2
filletrad®] TS AA ARG A AA S FAHE

A@ud 79 J25Y g3 2d e 615

70004
BO00~
5000+
4000+

ing

2o
:{IE;‘}
&= 3000
L =
10004
rT rrr T 11T T 1T T 1T T T T TT T T T
LT - B - S L W S T B
< A o £ oaEEE S o <5 <
18 1 6.35
. it wtilt Tilletrad
Random  w Random Random |
Marmal v Mormal | | Mormal v
hean 1.8 Mean 1 Mean B35
j={n) 0.075 5D 0.0395 5D 0.3556
(a) Initial design stage
70004
2
=
xlg
o=

1is nre fal

ilt _ wtilt filletrad
Random| Randorm| Randorm

e ]

Narmal Narmal| | Marmal

Mean 148 Mean 079 Mean in
sD 0.07a 5D 0.0395 gD 0.3556

(b) Six sigma optimization stage

Fig. 8 Design variables at initial design stage and
six sigma optimization stage

No. of Occurrence

1000 2000 3000 4000 5000 6000
Fatigue Life (Cycles)

(a) Initial design stage

No. of Occurrence

il

2000 3000 4000 5000 6000
Fatigue Life (Cycles)

(b) Six sigma optimization stage

Fig. 9 Fatigue life distribution obtained by Monte
Carlo simulation at initial design stage and
six sigma optimization stage

#H3le] 247} 0.075, 0.0395 2 0355605 A 2|3}
ATk
n

re

TFolE FoIR xtilt, ytilt L filletrad®] F



ol
w2

A e 1A e WES 34 B2
Alell Whedsto] k=491 4411wk 48353k

Given :r:l-(ac),al,_(x), 1=1,2...n

Objective functions y;(x), i=1,2...]
Find =z (7

to minimize (,uy,, o, ), i=1,2,...1

y

Subject to constraints p, +ko, <0, j=1,2..m

where zF+ Az, < z; <z — Ax,

Fig. 82 10,0003 #E|7I52 Ho|AdFHo=
T 7 W] XEAEAERE 7] AAG
3k Frgwste] WEA B4 A aAn HA
AAE 433 Aylo|t}, AxAav HHHAAZ
ozl A= 271 AA#GRD xtlt, ytilt 2
filletrad®] 1.5°, 1° % 6.35mmolA 1.5°, 0.79° ¥

7.11mm=  WEITh 5doA b E A & 1)
L SR doxl HA e wlus] B,
xtilte} ytilte] 2}=A vl HH = Wslrh QA
W filletrad A% 7.11lmmE 2Fo]E Holal ¢l
th o] & filletrad®] ®E0] 24l HEo 7}
F 2 dEFs T AAEsEe gvolH,
filletrad & 43l 24yl M5 S 48]
o]

g Adoe S ongitt Fig. 9v 2747

=
FAasf ol Yels v24ge 2
X7F A5 How A= dde] FEEH

25 FgkghLsL)ol
&S Yehdl= 2 EE(defect ratio)
o 7] AAZY A 43.8%°1H, B A3
A9 0.002%% FAHATE Ar FEow
A HE 27] 0.156 AlZLmFol A 4.107 A 1w}
2 FAHAeS oulsith o= Aozl vt 2
A vk H A AN A FoI R 4A] T1mp A ok

o, o rf

g &5 5
S WA AAWSe] WEd dEiAE A
shths S 9w g},
7. &2 &

gyl E#ol=o tigte] 7 5 HAF Aund
7 D24 oS RAS sk, AAWS
ol FHwrak AAMZE, HA Az 2 Fel bk
et g2 HXEAVE FHFATE E=3,
ZF AAAF] WEAdS st 2 vl A
AAE st FHAe e AA8S AR AT

() 59 AA, A4 AAz 2 22w
of tigt F24r 54X 9FS HES] $
sto] AuA s 3PS WS 7 7 F )
A L(7)S TAEH, 25 S dSEr] 93
A9 d5Rde &89tk

(2) Ax Awujd 7w g8 7] dgSmde] v
£ s A8 HHHAE Tt FWUE
AAzE, A Az 2 FE vk o)l H A}
Z+7F 1.5°, 0.79° 2 6.6mm= o] F Tk

Q) HHIIER RIHAIHS HE3 A=A
kA9 Sl oE T AAWNSY gy wdEt
v, g 9ALS 7 1immE HsE ) o= I
g Wtgo] F2eie] WEd 7Y 2 ¢S T

= AASA S ov] i)
@) TH7FER Fddus A8 A=A

0 FARAAE &5

oA 0.002%= AA =] A iAol

FHEFNSS A5

£ 7|
BoeRe olrshal sheelyu] A gle olg)
o ATHEAer, Arsdel Qe T4 B
A o5 =R
e

(1) Guo, Y., 2009, "The General Balance Metric for
Mixed-Level Fractional Factorial Design," Quality
and Reliability Engineering International, Vol. 25,
pp. 335~344.

(2) Kuo, H. C, 2009, "A New Approach With
Orthogonal Array for Global Optimization in Design
of Experiments," J. Glob. Optim., Vol. 44, pp.
563~578



gyl Eool= A4 HAHEAE A% HA
(3) Shin, K. H. and Lee, J. S, 2009, "Global
Function Approximations Using Wavelet Neural

Networks," Transactions of the KSME(A4), Vol. 33,
No. 8, pp. 753~759

(4) Sacks, J., Welch, W. J., Mitchell, T. J. and
Wynn, H. P., 1989,
Computer Experiments," Statistical Science, Vol. 4,
No. 4, pp. 409~423

(5) Lee, K. K., Lee, T. H,, Koo, J. K. and Lee, K.
S., 2000, "Robust Optimization of Automotive Seat
by Using Constraint Response Surface Model,"

Structural Engineering Institute of
Korea, Spring Conference.

(6) Rijpkema, J. J. M., 2001,
Sensitivity Information in Response Surface and

"Design and Analysis of

Computational

"Use of Design

Kriging Metamodels," Optimization and Engineering,
Vol. 2, pp. 469~484

(7) Park, G. J., Lee, K. H., 2005, "A Global Robust
Optimization Using the Kriging Based Approximation

Aud 7 25 4% 2d

ikl 617
Model," Transactions of the KSME(A4), Vol. 29, No.
9, pp. 1243~1252

(8) Lim, Y. B. 1991,
Polynomial Spline Regression," Korean Journal of
Applied Statistics, Vol. 4, No. 2, pp. 171~178

(9) Azevedo, C. R. F., 2009, "Erosion-Fatigue of Steam
Turbine Blades," Engineering Failure Analysis, No.
16, pp. 2290~2303

(10) Morita, A., 2006,
Fatigue Crack Propagation Life at Low-Pressure

"D-optimal Design in

"Evaluation of Corrosion

Steam Turbine Rotor Groove," Engineering Fracture
Mechanics, No. 73, pp. 1615~1628

(11) Owen, A., 1992, "Orthogonal Arrays For Computer
Experiments, Integration, and Visualization," Statistica
Sinica, Vol. 2, pp. 439~452

(12) Myers,
Methodology - Process and Product Optimization

Montgomery, 1995, Response Surface

Using Designed Experiments, John Wiley & Sons



