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Outline

« Parametric Process Integration
« Sensitivity Analysis
* Design Optimization
— Evolutionary Algorithm
— Adaptive Response Surface Method
* Robustness Evaluation
* Outlook
— Random Fields
— Design for Six Sigma (Reliability Analysis)



Motivation

Power Plant 1000 MW
Efficiency 50 %
Increase of 1% +20 MW
=Electricity for 120 000

Inhabitants
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Workbench Platform & optiSLang [ANSYS

/ 2

Y7 2 . ifUGS CAD / PDM %DTC autodesk’

CATIA  SolidWork

ANSYS Workbench

Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetic

A Multi-Physics Design and Analysis System
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Parameterization
. Process & Geometry

_ enS|t|V|ty Analysis
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Parameterization of the Workflow ANSYS
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Parametric Workflow for
Multi Physic Application
« Extended solver support
 Embedded analysis tool

« Automatic user inter
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Parameterization of

the Geometry |ANSYS'

Define Parameter
1. Rotation Angle, Guide Vane
2. Rot. Angle, Shroud Profile
3. Rot Angle, Hub Profile
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Parameterization of the Geometry ANSYS

-|| Details of FElendRotor
Fixed-Radius Blend  |FBlendRotor
D FD1, Radius (=00 |1 mm
Geometry Z Edges

(3)

9 Ready

1. CHT Model: Multi Body Part
2. CSD Model: Single Part
3. Add Blend for CSD, as Parameter
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Parameter Manager
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Workbench Interface to optiSLang [ANSYS
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Workbench Interface to optiSLang [ANSYS
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Parameter Attributes

Input Parameter initial Value

Blade Angels Oevs Aub Ashroud 0°, 0%, 0° deterministic
Rotational Velocity of Rotor Q -2094 [rad/s] deterministic
Rotor Blend Radius MBlend 1 [mm] deterministic
Total Temperature Inlet T intet 1000 [K] deterministic
Total Pressure Inlet Pt intet 400 [kPa] deterministic
Pressure Outlet Pout 187 [kPa] stochastic
All Material Properties stochastic
Total Temperature Ratio O1=T; et/ Tt outlet 1.115

Total Pressure Ratio [1,=Py iniet/ Pt outlet 1.673 -
Torque/Power at Rotor Mg, P -577 [Nm], 1.21 [MW] maximize
Mass Flow Rate m 11.56 [kg/s] -
Isentropic Efficiency n 71.64 [%] maximize

Maximal v. Mises Stress O max 218.6 [MPa] below limit
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Parameter Physics, Mechanic ANSYS
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. Parameterization
S Process & Geometry

;; ensitivity Analysis

T -

Resign Optimization

e~ A
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Sensitivity Analysis

1.Scanning the Design Space with
optimized LHS, variation and
correlation are investigated

2. ldentification of important variables
 Check Variation of Design Space | [ ...
» Check Coefficient of Importance ||

AT

L .:..5 e
.ﬂ: ': '..%‘c te **
ar Te
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Latin Hypercube and Confidences NANSYS

INPUT: myomega vs. INPUT: DS_hub_angle, r = 0.049

1.00 (-0.00 0.00)
0.90 (-0.02 0.02)
0.80 (-0.04 0.03)
0.70 (-0.06 0.05)
0.60 (-0.07 0.06)
0.50 (-0.08 0.07)
0.40 (-0.09 0.08)
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5 @ & | o 0.20(-0.10 0.10)
s | b d o0.10(-0.10 0.10) .
z oo o 0.00(-0.10 0.10) IE'
G o S -0.10{-0.10 0.10) =
- I = -0.20(-0.10 0.10)
k.
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E -0.40 (-0.08 0.09)
0.8 I"_D
B g = -0.60 (-0.06 0.07)

i a2y o T “H | -0.70(-0.05 0.06)
e M ange P08 1700 gt | -0.80 (-0.03 0.04)
| -0.90 (-0.02 0.02)

-0.50 (-0.07 0.08) l
|
|
-1.00 (-0.00 0.00) |
|
|

 n =7 design variables 5 st Rivroct s ibive Peamgle i bls, ™
* N =40 design evaluations (4 failed)

« Confidence levels are qmte acceptable
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Variation of Design Space
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Coefficient of Importance, Col

Col=94%>80%

Coefficient of

portance (lin
full modef: R2 o

2 = Od %

INPUT: DS_FE
0

r. INPUT: ptin

. i} 'En
INPUT: Ttin

0 %%

2

[:F]

S INPUT: DS_shroud_angle

= 0%

=

=

(Y

=

INPUT: D5_hub_angle

0 %

INPUT: myomega
2 %

INPUT: DS qv_mﬁle

40 &0
Col [%] of OUTPUT: myeta

80
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5| Col=91%>80%
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Coefficient of mportance (lingar)
full modef: B2 = 91 %
INPUT: DS_FE
0%
o~ INPUT: Ttin
0%
INPUT: DS_hub_angle
0 %
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£
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a 7 %
=
=
o
=
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INPUT: D5_shroud_angle
13 %
INPUT: D5_gv_angle
19 %

INPUT: myomega
56 %

40 &0
Col [%] of OUTPUT: myPower

80

ANSYS, Inc. Proprietary



Coefficient of Importance, Col NANSYS

Coefficient of Importance (linear Loetficiant of linportande (Naear)
full model: adjus%ed R2 e ( 3 ﬂrg : — e R > 08
I T T I |
IN PUT: D..‘I-I"l UT: Eguivalent_Stress_Mawemum v, INPUT: Ttin, (linear) r = 0.250 ]NPUTH L.EI,‘:: n
- ..
8 = . * INPUT: myomega
INPUT: DS| ~ . o - ySme
of ur:os 7 Deactivation : 0%
=2 .
- E—- - -I
g weds | Of outliers @ | || INPUT: DS_FBjendRotor
2 58 % £
E 5 :
- INPUT: DS 2 | 5 INPUT: Ttin
L ! s =
E INPUT: DY = :: = . INPUT: DS a?hfll?ud angle
= ] 0.5 1 1.5 2T ¢
= QUTPUT: Equivalent_Stress_Maximum [1e9]
~ L INPUT: rﬁ?ugumega ] ,,. INPUT: DS _hub_angle
I INPUT: Ttin . INPUT D"j,:',}_ql.-_anqle
2 % %
0 20 40 60 80 0 20 40 60 80 100
adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum s i i i el e

50% variance of the stress variation can be
explained by the given n =7 design variables
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Meta-Model of Prognhosis, MoP NANSYS

INPUT: D5_gv_angle vs. INPUT: myomega vs. DUTPUT: myPower MLS approximation of myPower
Coefficient of Prognosis 56 O
! 1.33e+006

8 1.306+006 1.30e+06
SRR 1.2Be+06
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T ™ = -4 I:!?" I—
g ]\ TJWJ“?E{% -1700 2 ﬂNi,"xﬁ'ﬂj 1.075 4 ]
\ -2400 ® 10 -12
-2200 B
Linear regression z = a*x + by + ¢ _?1'200'0 ; 4 ';:E
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a T4 L ega 3 D D‘:.ﬁ} 2

Response Surface Meta-Model
Output: Power Output: Power
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Meta-Model of Prognhosis, MoP

INPUT: DS_gv_angle vs, INPUT: myamega vs. OUTPUT: myeta

0.8

D.78

El@AW 1Nd1no

0.7&

0.74

-2300

i

;72100 i
Ny 1900 T .3 ’
Yomegy 1700 2 (Ut

Linear regression z = a*x
coeMficierts:

a= -0.0MHe1IIT

b= 1.31454=-005

c= 0786101

Response Surface
Output: Efficiency

© 2009 ANSYS, Inc. All rights reserved.
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Coefficient of Importance, Col vs.

Coefficient of Prognosis, CoP

NANSYS

INPUT! D5 hub sisgie
0 =

INFUT: D5 _shrodsd snghe
13 %

INPUT: DS_gv_angls
19
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. 0 e - 3 %
g i H
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2
= =
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7

i
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INFUT: DS _hdb_anghe
9

I INPUT: myamiga =)
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? o Cal [ -:-rill-l' CUTPUT I'I::'wlm = L ! Cal |* .-'h.lu CLITPUT !-nL-:.:-..J..-- ] -I':I,ll.—‘-lq::g Col [%] of E.;I::II'I'F‘I.IT !l;.n'.-:‘?nl Ebrewy ‘-‘ﬁzl'unl s
Coefficients of Prognosis [(using MoP) Coefficients of Prognosis (using MoP) Coefficients of Prognosis [usung MoP)
full model: CoP = 99 % full model: CoP = 99 % full madal: CoP = 50 %
MNP . o
w INEUTL BS ?F%!.;"“R‘“"r .,.l INPUT: DS _shrl;cud__angic |
& 7 %
| . 1, ']
. INPUT: rgy&;mgd — |
. . IN Ul?.tt:Ln .
. 2 e 2 INPUT: 35.__£Bﬂlrcnan:utn:u'
E £ E 0
= [ INPUT: DS_shroud_angle g
[} 0 15 % o
5 E s = INPUT: Ttin
= 5 INPUT: DS_gv_angle > 9%
= INPUT: DS_gv_angle e 7y Z .
S0 % |
! T & A
il INPUT: myomega - nacig D_.'fl '.'.-_:; Angka
51 % i
0 20 40 60 80 0 20 40 50 a0 20 40 60 80
CoP [%] of QOUTPUT: myeta CoP [%] of OUTPUT: myPower CoP [%] of QUTPUT: Equivalent_Stress Maximum
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Objective Function

OUTPUT: myeta vs. OBl: myetaQbj, (linear) r_s = -0.961 OUTPUT: myPower vs, OB): myetaObj, (linear) r_s = -0.532
7] Lo 7] ket
Mg . M # %
o o
.y . ® ® . .
= . = . 1
e o=
g . * . o . ® .
m ] B .,
g2 . o .
Eh'}]- ®e = -'t:"'h'r-—\-}' » .
- . - .
E L] L] E L] »
o ., o .
) o " R
o L] o .
* e
'] . -
e *®
0.7% 0.76 0.77 0.78 0.79 0.8 1.1 1.15 1.2 1.25 1.3
OUTPUT: myeta OUTPUT: myPower [1e6&]

Target Function for Optimization:

L 1 | min;, o.. <o

' = ) Limit
4\ 2IMW] Sea

fTarget — (1_ 77) T
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Anthill Plots Objective

OQUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum ; le vs. OUTPUT: myeta, (linear) r = -0.959
1.1 .
o
A 1,125
O\ﬂeﬁ 1.15 .~
6‘*? 1.175 .~
S 1.2 .~ .
& 1.225 | .
o 125 - initial ES| .
= 1275 - | 5 .
2.35. 1] GE: 1 L]
< .. * .
L
™ -
23 . < .
. | ST 0 8 6 4 2 0 2
INPUT: D5_gv_angle
2.25 | ¢ ¢
©

OUTPUT: Eguivalent_Stress_Maximum

€ INPUT: myomega vs. OUTPUT: myPower, (linear) r = -0.738
. - .
. v o
r -
2
. ¢ ] L . . . L
NS ‘ Good Design | 2 :
R B 03 Points - :
7 My 076 7 a
0.75~" -2200 -2000 -1800
INPUT: myomega
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Conclusion Sensitivity Analysis [ ANSYS

Coelficient of Impoartance {lineasr)
Full madel: aojued R 53 W

INPUT: IEllul

i

- Lobeee0d

INPUT: myamega
0%

7
4
§
§
4
i
4
§
Y
4

INPUT: DS_FBlendRobor
L07es08 3%

4

i

s O
L

INPUT: Thin
L]

\

INPUT paramater

INFUT, D% shrgud angle
7

INFUT: DS _hub_angle
o

INPUT: DS v s e
14 8%

20 44 60 A 10
adjusted Col [%] of QUTPUT: Eguivalent_Stress_Masimum

-1

Coefficients of Prognosis (using MaoP)
full model: CoP = 50 %

INPUT: DS_shroud_angle
7 %

* Is Sensitivity reliable, Col?

INPUT: DS FB_If:ndF-'mm.'

ter
3
——

* |s Sensitivity reliable, CoP?

* |s Sensitivity plausible, physics? -
i

20 40 &0 80
CoP [%] of QUTRUT: Equivalent Stress Maximum
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| Parameterization
_Process & Geometry

s enS|t|V|ty Analysis
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hn Optimization

ﬂ)‘ﬁyg., ness Evaluation
N
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Design Optimization

Gradieht'-'Based
Algorithms,/

Evolution ary

Objective Pareto Plot

—Pareto
‘Optimization

a I'_"'{ _'_I-_.
I
o e
Q .
.
) T,
S b 5 T I
%:hbi-.._.” By g
B e L
F i i
<l w 1000 1500 2000 2500 3000
objl

Réépbnse
.. Surface Method

!

g,

Local
-Adaptive R

Global
- Adaptive
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Optimization Strategy

Sensitivity Analysis
 Shows Potential

* Indicates multiple local
optima

* No parameter reduction

Strategy:

» Global search, EA

» Start design(s) from SA

* Local improvement, ARSM

© 2009 ANSYS, Inc. All rights reserved. 33
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Outlook Strategy

Sensitivity Analysis E

* Shows Potential _ : ‘,
- Indicates global optimum = A

- Parameter reduction B

Strategy:

* Pre-optimization in sub space,
ARSM

* Local improvement, EA (full space)
 Start design(s) from ARSM

© 2009 ANSYS, Inc. All rights reserved. 34 ANSYS, Inc. Proprietary




Evolutionary Algorithms (EA)

Optimization in Nature:
- Survival of the fittest
- Evolution due to mutation, recombination and selection

© 2009 ANSYS, Inc. All rights reserved.
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Evolutionary Algorithms (EA) NANSYS

« History of the Evolutionary Algorithm

Objective History Design Number: 257 RESPONSE DATA: (Design Number: 257)
- . - _ .
Ivalent
M DS_FBlendRotor | 2 Equiiaien 'Z%EIEEE*MWM
Al | 1.0383 i
=] : i myMassFlow |
. T 0.1481
| 3.08e+05 i
[ Al s ] { Equivalent Stress_Maximum
q ] 7l 2.11232e+09
o | |
=0 ] L]
- Ttin
T z 1005 | - 3
3 T ‘ E | 2
] | il — %]
= i o
wan La | [H & | DS_gv_anale =
2SIl | g 57| 516802 5
= UM ; ' . 2
° []*8 iy ' ! E DS_;hmu-d_angle 3
i | ! ‘ -0.62859 -
o | s
o . . T L
Ut | r
‘.E ﬂ'“ L‘ i * ' D5_hub_angle
‘.JT-,ut Al |2y ' & 0.54875
L] hw ﬁk‘- ']‘F I r I | e e
:Tl ™ | el
3 gt 1l AR EINE
| b N
L] |} | L] | - LK
""e"":‘!‘Jﬂ Tl |'.l”'..
\ . | PN DAL I : . : . | _ : . : : |
0 50 100 150 200 250 0 20 40 60 80 100 1] 20 40 60 80 100
Optimization Designs Relative Size to Bounds [%] Relative Size to Response Range [%]
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Evolutionary Algorithms (EA)

NANSYS

OUTPUT: myeta vs. OUTPUT: myPower

vs. OUTPUT: Equivalent_Stress_Max

im

um

* Due the non-convex
behavior of the
efficiency and
nonlinear power
function a global
search strategy
using genetic
algorithm is
recommended

1.15
EE:;\ 1.175
A5 1.2
W 1225
Q0 ¢
P 1.25 .
£
W5 1,275
yi
SC13 ¢
1.325 ¢ e start population
RS Y
= 2 initial
5 Ak
r Y 8.5
8
c 1.75
9‘:3, best design 257
m 1.5
=
[Ty 1.25
m
o 1
5 0.75
>
2 05
3
= D25
®
0.81
0.8
0.79
Q0
: "Myee, 0.77 —,
0.76
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Design variable 2

Design variable 2

Adaptive Response Surface

Methods (Local)

1. lteration

objective

@ < S SRR
Design variable 1
B —— —
! | 1! ()
| ! N =
: l ¥ 3!
------------------------ Q--—-9- Q
| : o)
_ ¢ © ¢ ©
e e}
| i ! A
i : i o
| ! " =
I SN T ©
! ' : 2,
< N Q
« » O

Design variable 1
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2300 10, 180
225( 10,5 o e
105, ¥ 22200
L My, 2200 1 59 -
o0 -2150 9 22250 292

-2300

« The ARSM does not provide differentiable and smooth
problems; very efficient for n < 15 design parameters

« Starting solution is based on the best design of the EA

 The design space is reduced to 20% around start solution
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OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum
1.15 -

G 1.175 -

best design ARSM é"} 1.2
ot 1.225 .
sy 1.25

]

1.5 best design EA

QUTPUT: Equivalent_Stress_Maximum [1e9]

1.25
1
0.75
0.5
0.25
0
0.81
0.8 ™~_
\' 0y9:79
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start population

initial
L")

40

Best Design #84

DS FBIendRutur
| 0.9 d
I ptin
| 3.05e+05 .
Ttin !
| 1002.9 .l d

DE :qu angle

[

DS_sh mud___anl;le

| | -0.17857 i

Number ui4F<1rdrnetur

al DS _hub_angle |
™~ _ 033699 —
myomega
-2244.2 '-nd
] 20 40 60 BOD 100

Relative Size to Bounds [%]
OBIECTIVE DATA: (Best Design #84)

INEQUAL: MasStréss (approx.
= 3.647 E?e+ﬂé pR)
o |
INEQUAL: MasStress (original)
3.51475e+08

0B): myetaObj (approx.
- b.acades )
0BJ); myetaObj (original

‘::uaazésg i

TERM{mvet&Dbj&E;;;;ggerﬂbj (approx.)

Fi

TERM({myetaObj); n;yl;wemhj (original)
5

I TERH{mvﬂtaDhj} ﬂ'r.rata[!hj (approx.)
85026
o

Terms|Objective| Constraints

TEnM:mmanmj rnvetnﬂhl (original)

20 m an 80 100
Relative Size to Objective Data Range [%)]
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Initial vs. Optimized Design ANSYS

Input Initial | Optimized
Design

qHUb O '034
Ashroud 0 -0.18
Q [rev/s] -335 -365
UGuide Vane 0 -9.68

initial Design

T, Ratio 1.116 1.151
p, Ratio 1.674 1.848
N [%] 71.65 81.54
Power [MW] 1.208 1.329
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Initial vs. Optimized Design

1,8

1,6

1.4

1,2

0,6

= = = |njtial

e Optimized

=== "nitial

e Optimized

Isentropic Mach Number

Span=0.99 Initial-vs.-Optimized

Span=0.50

0,4
02 +=%
/
)
)
\y
0
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
© 2009 ANSYS, Inc. All rights reserved. 42 ANSYS, Inc. Proprietary



Initial vs. Optimized Design

Isotropic Mach Number

Initial Rotor Optimized

i e, s T S |
' o wF "

Coniour 7

| Ma Iseniropic 2
1

[=N=g=j=J=T= === =
) = [ Cal e TN CXF —f OO G0 X
OO0
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1&1\"&-&%’“
« n =7design variables

N =76+ 257 + 84 =417 design evaluations
(SA + EA + ARSM)

« How robust is the initial design?
« How robust is the optimized design?
 How reliable is the optimized design?

How large is the influence of surface uncertainties?

Objective 1.0766 0.90034 0.86841 0.86259
n [%] 71.65 80.60 81.26 81.54
Power [MW]  1.208 1.304 1.343 1.329
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. Parameterization
SO\ Process & Geometry

; ensitivity Analysis

i -
]
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Robustness Evaluation

OUTPUT: DIST_HEAD_ROOF

1.Scanning the Robust Space with = = = ! L
optimized LHS, variation and A= 1
correlation are investigated J

I_

40 50 60

PDF

20 30

]
2. ldentification of important variables" .. .. ' .. _l
» Check Variation of Robust Space

* Check Histogram, limits, probabllmes
» Check Coefficient of Importance ] e
I R
_. ‘q ,:t ing_colum
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Variation of Robust Space

 n =15 random parameters
« N =50 design evaluations

* Initial vs. optimized design

© 2009 ANSYS, Inc. All rights reserved.
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OUTPUT:

25

1.00 (-0.00
0.90 (-0.02
0.80 (-0.04
{ 0.70 (-0.05

0.60 (-0.06

0.50 (-0.07

0.40 (-0.08

0.30 (-0.09
—  D.20 (-0.09
0.10 (-0.09
0.00 (-0.09
-0.10 (-0.09
-0.20 (-0.09
-0.30 {-0.08
-0.40 (-0.07
-1 -0.50(-0.07
-0.60 (-0.06
-0.70 (-0.04
-0.80 (-0.03
-0.90 (-0.02
-1.00 (-0.00

20

Onse
3

| RE‘SE

ar

t

L |

Parame
10

5
From: Advanced

myeta vs, DUTPUT: myeta, r

0.00)
0.02)
0.03)
0.04)
0.06)
0.07)
0.07)
0.08)
0.09)
0.09)
0.09)
0.09)
0.09)
0.09) | _
0.08)
0.07)

0.06)

0.05}

0.04)

0.02) |

0.00) i)

10
Latin HyperCube

15 20
Samples 45745 (5 failed)

Guide vane angle
vS. mass flow rate
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OUTPUT: myMassFlow
wn
~E 3
—
" -
1 ar E
|
1
f\f, 4
| &
a
wn
~y
‘ I .
| |
. delgtd FO# (=]
ogramh
| Ny
fomotmr — i 1 S {n‘[ﬂﬂw histogram
L M 3 y o [=] I T i 1 I a E I ; : £ :
Ststivtic dadn 9.2 9.4 9.6 9.8 10 10.2 104 106
QUTPUT: myMassFlow
Im } = Spearman ranked data INPUT: DS_gv_angle vs. OUTPUT: myMassFlow, (linear) r_s = 0.
T x B3 %%
© T T L] o
or 7
- L]
<
S . .
= > .
o ~ . * . ®
TN 25 Y o0 0
INPUT: myAIrR O o o
0 % u. . o ete
n .
25 3 ‘o s |
- > .
E L]
£ | ¢ i
i , g7 *
MELITC L shroud _ang
iPL II| oud_ang B .
Qw| . i
NPUT: DS gv_ang @
11 .,
<
INPUT: pti S o
28 @
INPUT: myomega ~ ¢
y T i
ol e L L I I 1 I I 1 |
a0 ] EO -11.5 -11 -10.5 -10 -9.5 -9 -85 -8 -7.5

0 0

“adjusted Col I.. ] of QUTPUT: myPower

INPUT: Dng-vfangIe

941
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Define Objective Limits

 Limit state conditions

= Save State Condition

Save State Condition
Marne W Furiction | active |
LirnitStress _@é 2.§e9-Equivalent_Stress_Maximum | [w]
LitnitEta | @€ myeta-0.795 v
LirnitPower _@é myPower-1.0eb |
Add Limit State Function | Remove Limit State Function | OK || Cancel

« Random parameters

= AxialTurbine _04ROBUSTorg.pro = AxialTurbine_04ROBUST.pro 6
=
| Opti | Robust | Output | Strings | Constraints = Objectives | | Opti | Robust ' Output | Strings | Constraints | Objectives |
# MName Distribution Mean Coy Std... | L Jeedd| | Marme Distribution kMean CoY | Stddev | Lo...|U
1 My ormega Mormal -2094.29 -0.02 41, - |- 1 Myarmega Mormal |-2244.21541...| -0.02 [44.88...| - | - |...|[¥
2 D5_hub_angle Mormal 0.0 Infinity |0.0...] - | —|...[¥ 2| D5_hub_angle Mormal  |-0.32628805...| -0.02 [0.006...| - | - [...|¥
2 D5_shroud_angle Mormal .0 Infinity |[0.0.. ] — | = [...][ 3 | D5_shroud_angle Mormal |-0.17857451... -0.02 [0.003...| - | - ...
4 D5_gv_angle Mormal 0.0 Infinity |0.1...] — | —1...[¥ 4 DS_gv_angle Mormal |-9.68181702...| -0.02 [0.193...] - | - |...|¥
5 Ttin Mormal 10000 0.0z 200 - |- |..¥ 5 Ttin Maormal 1002.853199...| 0.02 |20.05..] - | - |...|¥
) ptin Mormal 300000.0 0.03  |900... - | - |...]¥ 6 ptin Marmal 305000.0 0.03 |9150.0] - | - |...|¥
7 pout Mormal 8/7000.0 0.0z (174, - | - ... 7 pout Marmal 87000.0 0.02 174001 - | - |...|¥
8 myAirCP Mormal 1004.4 0.03  |300..] - | - |...[¥ g myAirCP Mormal 1004.4 0.02 30,13, - | - |..|¥
9 Py AITE, Normal 287.102 Q.03 |86 - |- |.¥ 9 . AdrE. MNormal 287.102 0.03 [B8.613...] - |- [..v
10 mySteel|CP Mormmal 434.0 0.05 (21 - |- |..|¥ 10 rryStee [CP Marmal 434.0 0.05 [21.70...0 - [ - [..[¥
11]  rmy>teelDensity MNormal 7850.0 Q.01 785 - |- |..|¥ 11| mySteelDansity MNormal 7850.0 0.01 [ 785 ™
12| mwySteellambda Mormmal B0.5 0.04 242 - |- |..|¥ 12| mySteellambda Marmal 60.5 0.04 | 2.42 - [ =]l
12 D5_FElendRotor Mormal 1.0 0.02 0.02 ] - | - ]...|¥ 12| D5_FElendRotor Maormal 0.9 0.0z 10,0187 - [ - [..[¥
14| Youngs_Modulus Normal 2.0E11 Q.05 8.0E3] - |- .| 14/ Youngs _Modulus | Morrmal 2.0E11 0.03 | 8.0E9 | - | - |...]¥
15 Poissons_Ratio Mormal 0.3 0.1 0,03 - | —|[...]¥ 15| Poissons_Rafio Mormal 0.3 0.1 0.03 - — ...
Cancel oK Cancel OK
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Evaluation of Histogram

OUTPUT: myeta
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Limit for Variable o )
¥ 4
2 ‘ fitted PDF | 1l m
~ —|'|Tﬂ'n histogra i
Statistic data B l.,ﬁ\
Min: | 0.8049 Max: | 0.8768 \
Mean: | 0.8116 sigma: | 0.002419 N N | o -
CV: 0.00298 h —‘ W H
Skewness: -0.4368 Kurtosis: | 3.28 ’T5 mmaﬂ-él 0.815
Fitted PDF: Logistic fic data
Max: [0.8168
Mean: 0.8116 Sigma: | 0.002419 Sigma: |0.002419
le“ X = ﬂ1?95 Kurtosis: | 3.28
F' rel = [_] P m — 3 B?J?dﬂ?-ﬂﬁ PF: Logistic
- - Sigma: | 0.002419
Limit x = 0.795
P_rel= 0 P_fit= |3.87374e-06
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Evaluation

of Histogram

Fitted PDF

N
;::" |
2 |

1 _UI

0.755

fitted PO

hu\ll

F
0.8 0,505 1
OUTPUT! i

labake data

Figtad POF: Logintic

Lirit & = B.T95
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ficted PO

Iy

Sksimts dasts

Fittedl FOF: Exiremes Typ B (i) Wil

Lt x = LoDl Livrll 0 & 2 Bae G0

w
& i1
fitted POF = | fitbed POF
gl histogram I il histogram
LisTit line: e { ! Lismit line
i
- ; i/l ||
i :,'"1 | |
1 |
| N 1 - {
. :
ot -
-l | - 1l
1.1 115 1.2 1.2% 13 L35 1.4 1.45 F] 2.2 2.4
OUTRUT: myPower [1e6] OUTPUT: Equivalent_Stress_Ma
Salialc data Flatiakc data
Fitted POF- Normal Figad POF: Logintic
Lisnit x = Taédd Limé x = 2 8008
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Non-robust
Initial design

Robust
optimized

design up to a
sigma level of

4.5
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Conclusion Robustness Evaluation ANSYS

QUTPUT: myeta

* Is there a problem?

. Allowed Limit
« Can we explain, Col? & .
1N
 Who is responsible? g fitted POF | 1l
Coefficent of Importance (Jrear) f - I:EII[I:I:I histogram
— — | é Limit line | ]H

100
il

- Col>80%

INPUT: DS_hub_angle - y

0 % u": m i —
5 A
Q
E ;
s INPUT: ptin
Sv 7 DE(\ ‘
- ;
=
= -
= o = - — : .

0.795 0.8 0.805 0.81 0.815
OUTPUT: myeta

INPUT: DS_gv_angle
19 %

INPUT: myomeqga
56

40 60
Col [%] of OUTPUT: myPower

INPUT: D5_shroud_angle
13 %
0

80
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- Parameterization
.\ Process & Geometry

;g, ensitivity Analysis
Nesio

o

n Optimization
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Summary

* Workbench supports full Workflow
— Geometry, Meshing, Simulation, Post-Processing
* Multi Physics support
« Parametric Workflow management
« Automatic and embedded solution procedure
« Sensitivity Analysis
* Design Optimization
* Robustness Evaluation
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