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Abstract: For the turbine multi-discipline optimization (MDQO) design, the important

principle of MDO firstly extended to component autonomy from disciplinary autonomy.

Based on these principles, four kinds of MDO frameworks, which were applied on the tur-

bine design, combining present MDO strategies including BLISS (bi-level integrated system

synthesis) 2000, CO (collaborative optimization) and ATC C(analytical target cascading)

were designed. Both the two-layer including double-subsystem strategy and the two-layer

including triple-subsystem strategy were built by BLISS2000 strategy as the two-layer frame-

work for turbine design., while the three-layer including triple-subsystem strategy gave the

full play to the merits of BLISS2000 and CO strategies. The ATC optimization strategy re-

quired huge extra optimization cost, so it is not qualitatively suitable for triple-layer MDO

strategy on turbine. After testing, the preponderance of the multi-layer optimization strate-
gies including three subsystems is higher efficiency, while complex interactions between lay-

ers always lead to worse optimization accuracy and efficiency on three layers strategy com-

pared with two layers strategy.

Key words: multi-discipline optimization (MDO) design; multi-layer design strategy;

turbine disk and blade; disciplinary autonomy; component autonomy
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Dy,.D, ’ O3 Fig. 6 Parameters of a section
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Dy Dy Cris7e Vs ) 1
s 6. Table 1 Optimization parameters of turbine
1
X, a, /mm 3.5 2.5 4.5
(l‘ b
! b, /mm 2.8 2.1 3.5
J—k }l\ X, Dy 44.5 40 50
Dy, 32.5 30 40
R3.5
Dy, 21.89 20 30
7/ —5.58 —6.58 —4.58
7./ (9 —22.0 —23.0 —21.0
Y5/ (%) —54.6 —55.6 —53.6
3
X R, 2.1 1.5 3
Fig. 3 Parametric model of serrated shroud ’ /mm
R,/mm 2 1.5 2.5
B/ () 53.5 52.5 54.5
X, Dy, /mm 30 25 40
D, /mm 52 40 65
1.2
4 ( N )
Fig. 4 Schematic diagram of mortise 75% 601 s

EI
AN

5
Fig. 5 Schematic diagram of turbine

disk meridian plane
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Table 2 Reliability optimization constraints of turbine 2
/%
dyip /m 0.0055 0.01 2.1
Ganrond / MPa 554. 05 645.5 BLISS2000M! ,
Oschamter / MPa 265. 88 516. 4
Oblae /MPa 419. 96 95 697.0
Omroor / MPa 522.58 95 697.0 BLISS2000 s
Gravve / MPa 649. 99 95 697.0
Omorise / MPa 937.43 95 941.0 ’
owe, /MPa 894.02 95 1003. 3 BLISS2000
Gacenre / MPa 960. 23 95 1043.6
[0) (mean value based single BLISS2000
loop single vector, MV-SLSV) ) ’ I
) BLISS2000
’ . 7
Sys:
' ’ given  X'={X'.X: X}
F(XD) =W, /9(X) +W, « m(X)/m, (X) find  X=X?
J m(X) = m, (X) + m, (X) min  fX)=0.7£403 1,
sk g<0(i=1,--8)
mo (X)) = my, (X)) + my (XD Py o I
7(X) ; where [{(X)=UntX.X), fX)=m*(X.X Vim,
Sub 1—SEh%F} Sub 2—£5 225
W, , 0.7 0.301, , 5
given X given X
X={X.X:.X;.X,}, friid ).(=)(2‘ find  X={X,.X,.X,}
X1 — {a, b} min f(X)=1/n(X) min  £(X)=m(X)/m,
st g=mfe[78.5805] it pROEs]
=Dz Dz Dy 71572575 ) '
= (R Reofu) 7 BLISS2000
= {Dy.Dy} Fig. 7 Two-layer including double-subsystem using
BLISS2000 strategy
find: X
min - F(X) =W, /p(X) + W, « m(X)/my 7, ’
st g =du, —0.01<0 * ; X X
G2 = Gumons — 645.5 < 0 » X3
g5 = Oschamier — 016.4 L0 € ’ 10
Plg, <0} =95% = 4,++,8) 2.2
g1 = Opade — 697.0 <0 ,
g5 = Omroor — 0697.0 <0 s
g6 = OCraber — 697.0<C0
87 = Gmorise — 941.0 <L 0 s
28 = Odeentre — 1043.6 < 0
gy = mf € [78.5,80.5] ’
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s Sys:
given  X'={X] X' X}
’ ’ find X=X
s min  fiX)=0.7 f+0.3 f,
’ st g<0(=1.9)
&= P P S5 Y <e
’ . where £ (X)=1POLX), f{(X)=m*(X.X")im,
: A
X 1‘ lXi X.,X:l TX;,X;J;
A e Sub 1—S g2 F} Sub 3—HEFE/BE 5
i ¥ 3 given X7 given X X7
WS EA ?%?Enf)féﬁﬁﬂt{h ‘(%%ﬁéﬂ@_{t{t find X=X find  X={X,.X,}
(-5 /5 ) (HEFE /5L ) . . .
min  f,(X)=1/1(X) min  f (X)=m(X)/m,
. st &=mf<[78.580.5] st g<0(6,7.8)
Fig. 8 Two-layer including triple-subsystem MDO XX, X, v XL
structure of turbine Sub 2— -5/
given XEZ,X] .X4
’ find X=X,
’ min £ (X)=m(X)/m,
R 5.t g{&ﬂ(i:],“'.S)
9 BLISS2000
" Fig.9 Two-layer including triple-subsystem using
BLISS2000 strat
m=n(n+1)/2. TRy
1 ’ 2.3
n = 10,
55 . 8
/ / )
Xl B XZ ’
, (D,) .
: D, : ,
n =5 ; X, Xy, , / /
n, — 5 s 10
30, 1
10
.+ 8 FEOE 2R AL
[
BLISS2000 . 1
9 ’ 7 B A BHEE AL
s [
v v
9 , a , iwfen R kil REEHEALIL
-5 /1 f
% : X X, (-5 /) (PEEE /805 )
. X} v
For Sub 2 FosFu Sub 3 Fig. 10 Three-layer including triple-subsystem

VER

MDO structure of turbine
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CcO N BLISS2000 ATC . Sys:
BLISS2000  CO . given X'={X[, X, X XL AL
find  X={X.X,,X, X}.€.¢
> min  fiX)=0.7 f,+0.3 f, +€ +&,
, . ATC st g=0(=1.9)
s | Xom 21 |+ 1] <5,
: e R N L B b
| o)<
(123 . BLISS2000 where HEO=1NE), £ H-miXVm,
X X
BLISS2000 Sub 1—S 5= F} Sub 2—Z5H32E R}
given X}, f' given X":{X'I‘.X‘I'.X]". LA
’ find X, f, find X={X.X;.X..X}.
min R =|X,- X;|+]fi- R,=\[x -X"|+|\JZ—JZ“J|+£3
ATC BLISS2000  CO st g=mfe|78580.5] | |lsr. ¢ epce,
11, 12 where f(X,}=1/n(X,) where f,(X)=m(

Sys: Sub 21— -5/ | £ Sub 22— HEHE/ 13
given X'={X] X} X!} given X'={X X2 X}, X7}, £ | [given X=X, X} X2, X)L A
find X=X find X={X,X’}.f, find X={X,. X}, €,
min  fX)=0.7/+03f, min (0=, 21+ prz- x|+ - - x|
il Jr-12] Jrsi]

&= P+ P e st g<0(i=18) st g<0(6,7.8)

X! /

where fJ(X)-_—l_Ir]"(

XX), f{(X)=m (XX Ylm,

L 5

Sub | —Tzl2E R} Sub 2—45#4 2Rt
given Xzz given X;
find X} find  X=1{X,X .X]}
min  f,(X;)=1/n(X}) min  f,(X)=m(X)/m,
st g=mf=[78.5.80.5] st CSE, 6<E,

L il

NG

Sub 21—H-5a/H- L
X, XX, X,
find X’

given

st g<0(=1,38)

min ¢ (X)=| X, - X{

find X X
min X}-”X - X+
L 1%, X]]

Sub 22— /B
given X, X2X, X,

sl g<0(6,7.8)

11

Fig. 11

BLISS2000  CO

Mixture of CO and BLISS2000

strategy of turbine

11,

. & BLISS20

s €19&2

a ,
; Xo X,
s X
00 s €2
u , 1
€3

where f{(X)=m(X)/m, where f(X)=m(X)/m,,

12 ATC
Fig. 12 ATC strategy of turbine

11 12,ATC

BLISS2000  CO ,
BLISS2000 ,
, CO
, . BLISS2000  CO
, BLISS2000
CO ,
ATC . ,
, BLISS2000 CO ATC
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, MV-SLSV
, Kriging
3.1 ’
s BLISS2000 ’
CO  BLISS2000 13, 1415
3
Table 3 Results of reliability-based MDO of turbine
BLISS2000(1) BLISS2000(2) CO-+BLISS2000
a; /mm 3.5 3. 988 4.0 3.983
by /mm 2.8 3.5 3.5 3.439
Dy, 44.5 40 40 40
Dy, 32.5 37.61 37.83 38. 262
Dy; 21. 89 20 20 20.0
71 /(9 —5.58 —5.459 —5.59 —5.552
7./ (%) —22.0 —22.06 —21.93 —21.81
ys/ (%) —54.6 —54.61 —54. 56 —54.13
R, /mm 2.1 1.5 1.5 1.5
R./mm 2.0 2.5 2.5 2.385
B/ (" 53.5 52.5 52.5 53. 27
D, /mm 30 25.9 27.18 30. 24
D,,/mm 52 52.04 52.68 59.96
m 0.9577 0.94115 0.94733 0.99504
7 0.97555 0.98383 0.98348 0.98393
F 1. 004 85 0.99385 0.99596 1.00995
(D 7 ;(2) 9
3.2 s CO
3 ) s
, s s
, BLISS2000
, 4
Sub 4

Table 4 Number of iterations in subsystems

of MDO strategy

2( / ) Sub 3( / )

CO+

BLISS2000(1) BLISS2000(2)
BLISS2000

’ Sys 38 34 33

BLISS2000
274 315 511
902 203/656 1513

BLISS2000 CO
, BLISS2000 Sub 21/Sub 22 16687/68414
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13, 14 15 4
) BLISS2000
CO s Sub 21 Sub 22

(16687/68414)

1) ’ ’

1.006

1.002 BLISS200(1)

0.998 “Cogq
“ =
0.994 }"‘D’mooo.ooooooﬂtwmm&

0.990

1 4 7 1013 16 19 22 25 28 31 34 37
Run counter

13 BLISS2000
Fig. 13 Convergence history curve of two layers
including double subsystems using

BLISS2000 strategy
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Fig. 14 Convergence history curve of two layers
including triple subsystems using

BLISS2000 strategy
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1.010
. 1/
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Fig. 15 Convergence history curve of three layers
using mixture of CO and

BLISS2000 strategy
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