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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
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Power Plant 1000 MW
Efficiency 50 %
Increase of 1% +20 MW
=Electricity for 120 000
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Workbench Platform & optiSLang /ANSYS
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ANSYS Workbench

Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetic

A Multi-Physics Design and Analysis System
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Sensitivity Optimization Reliability Robust Design
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Parameterization of the Workflow ANSYS

2 W Geometry €5 Turbo Mesh M v 4 2 & Enginesring Data v
—>3 [pd Parameters TurboGrid \ v T B3 5 Geometry v 4
Geamekry m A% H 4 @ Model v 4
‘—/—05 L‘f& Setup v 4

g & G5 sopffion v 4

7 @ Aesuls v 4

Statjgtructural (ANSYS)

NANSY'S

Parametric Workflow for
Multi Physic Application
« Extended solver support
 Embedded analysis tool

[ ':.}-—.l Parameter Set
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Parameterization of the Geometry NANSYS

Define Parameter
1. Rotation Angle, Guide Vane
2. Rot. Angle, Shroud Profile
3. Rot Angle, Hub Profile

© 2009 ANSYS, Inc. All rights reserved.
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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

[n - [=]%]

File  Edit Wiew Tools  Units  Help

{ & optiPlog. .. Cinew [ open.,. = Save [El5ave fs.. & Refrash Project Update Project gf]Import... €3 Return to Praject
- -
- A B g o] - A E i D E F [}
1 (vl Parameter Mame Yalug Unit 1 Mame + | PS-myomega ¥ | P15-DS_hub_angle + | P16-DS_shroud_angle + | P17-DS_gv_angle ~  P20-Thn + | P21 -ptin v P22
z = Input Parameters 2 radian s~1 - K - Pa -
3 B rs myomega -2094.4 radians™-1 3 Current -2094.4 1} 1} a 1o0a 3E+05 &70
4 P15 DS_hub_angle 1] &
5 P16 DS_shroud_angle 1]
5 P17 D35_gv_angle ]
p P20 Thin 1o0a K hd
p P2 ptin IE+0S Pa -
b Pz pout 7000 Fa -
H "—)P Pz3 iy AirCP 1004.4 Jkgh-1K~1 w
w ?;l P24 myAirR, 257.1 Jkg™-1K~-1 w
" — p Pz mySteslCP 434 Jkg™1K™1 W
J -',’p Pzo mySteelDensity Fasn kg m™-3 -
< il Property Yalue
p P27 mySteellambda 60,5 Wm-1K-1 - 3 =
— b Pz D5_FElendRotor 1 = Description
q) b P Young's Modulus ZE+11 Pa - 4 Error Message
el B P3t Foisson's Ratio 0.3 s Expression s
m f [3 Usage i Detived
E | Output Parameters 7 Quantity Mame | Angular Yelocity
pd F7 Thratio 1.1156
m pd P8 my Torque -576.75 il 0
pd P9 myeta 0.71645
e — Linked Parameter,
cB pd P11 myPower 1.2079E+08 e
pd P12 Temperature Maximum 638,26 C b E 1 f
& pd P13 Total Deformation Maximnurm 0.00063589 m y X p re S S I O n S y O r
pd P14 Equivalent Stress Maximum 2.2466E+09 Pa
pd P29 Density FEE0 lg m-3 t t : t :
pd P32 Thermal Conductivity 60.5 b -1 -1 p a ra m e e r re S rI C I O n S O r
30 pd P33 myMassFlow 11,566 lg 51
31 pd P34 Equivalent Stress Blend Maximum | 2,2466E+09 Pa
32 pd P35 Rotational Velocity 7 Component -2094.4 radian 51 fu rt h e r O u t p u t
* Bl

Input Parameter =15 :
Output Parameter B :

9 Details Progress

Hide Progress H A Show 18 Messages I
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Workbench Interface to optiSLang /ANSYS

File Edit ‘Wiew Tools Units Help

S new [ZFopen... | save (B save ss..
= - x
| B Analysis Systems

2] Electric (ANSYS)

I Explicit Dynamics (ANSYS) A A Sk B

& Fluid Flow (CFx) 0 071 Geometry 1
G Fhuid Flow (FLUENT) W) Geometry v #2 (5 TuwboMesh v ,— z | @ setup v 4 2
(9 Harmonic Response (ANSYS) (53 Parameters | Turbofrid 3 | §l Solution v AT f. =

23 Linear Buckling (ANSYS)
B3 Linear Buckling (Sameef) (Beta) Geometry 4 @ Results v 4 G

s
1) Magnetostatic (ANSYS) ( 5 | [pd Parameters a5
2 ano . p=s 8

= optiPlug WB 12 7@ Resuks ” -

Parameters > 8 Patameters

/& Refresh Project  # Update Praject ] Import... &P Compact Mode

- ({5 optiPlug. ..

&)

Engineering D

v
w

Geometry
Model
Setup

Gk ok AE=TE

Solution

3

4
@
k1

Steady-State Thermal (ANSYS) Static Struckural (ANSYS)

Write optimization project w

Optimization prablerm w

Lower bounds (-] |10 % Upper bounds [+) |20 iz

pdate mode

Dot write files, show a warning message w

[] 5ave results
[] Show W GUI during calculations

B [

[ ] ] [ Cancel Details Pragress

‘ T Wiew Al | Customize. .. |

o Ready (i | Hide Progress I[ A show 31 Messages ]
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Workbench Interface to optiSLang

- optiSLang 3.0.1 powered by flowGuide

flowGuide Edit Tools View Options Help

Start

- flowGuide Project Manager

Project manager
Exit Cirl-E

= File £
4 Result_monitoring
Lo f Patametrize_prablem
& (T, Gradiert_twsed
& ] Genetic_slgorithm_GA Description: [y
- 2 3 pen and show a result file (resp. Save_xyz.hin A
e @ Evalutionary_slgarithm_EA e A
@ (5] Pareto_optimization AT
€ 7 Design_of_experiments_DoE Select a task ! .
O P Meta_modsling_META Workflow Parameters ) )
Lo :’ Adaptive_response_surface_ARSM - Project directony:
Mode and Files
Lo “Q Robusthess_analysis
© (Y Reliabilty_snalysis Llrite
@ 2@ Robust design_optimization_RDC 2 .
= - - - & Automal Open project
Lo Revaluste_results

. Project Manager
Workflow name:  |Resuft_maoniaring_J1ares

Sub project of:

[T Projects
& [ Resut_moritaring Hew project o |j B MeFSiblend

Delete project
® Import project

Cusgtomize project

Look In: | [ optiSLang | = | |=3| |BR| A=

A\RSM_ARSM T bin
‘Siblend_optiSLang_doe_DOE [ logfiles Apply Cancel Close
rSlblend_optiSLang_dsa_DOE (| opti_problems
iSLanglaxial Turbine ARSM_ARSMISave AxialTurbineaR_ARSM kin
rSiblend_optiSLang_rob_ROBUST 1 workflows
fElblend_optiSLang_robust_ROBUST D AxialTurbineF%l .fgpr
rSlblend_optiSLang_SA2_DOE
1]
File Hame: AxialTurbineF Siklend fopr | St S Resey SLoh
Files of Type: |flowguide project files 4 ing_param_080807_172625 ; AxialTurbineFSiblend
Select Cancel
Result:
optiSLang 3.0.1 powered by flowGuide Sizrted workflow: Resutt_monitoring_instance
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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

© 2009 ANSYS, Inc. All rights reserved. 13 ANSYS, Inc. Proprietary



ANSYS

Parameter Physics, Fluid Flow
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Parameter Physics, Mechanic SYS
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Parameterization
Process & Geometry

..;» ensitivity Analysis

k‘ﬂ

%\ n Optimization

._ )3}& tness Evaluation
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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 [:]  «w
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Latin Hypercube and Confidences |[/ANSYS

INPUT: myomega vs. INPUT: DS_hub_angle vs. INPUT: DS_shroud_angle 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)
0.30 (-0.10 0.09)
0.20 (-0.10 0.10)
0.10 (-0.10 0.10)
0.00 (-0.10 0.10)
-0.10 (-0.10 0.10)
-0.20 (-0.10 0.10)
-0.30 (-0.09 0.10)
-0.40 (-0.08 0.09)
-0.50 (-0.07 0.08)
-0.60 (-0.06 0.07)
-0.70 (-0.05 0.06)
-0.80 (-0.03 0.04)
-0.90 (-0.02 0.02)
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n =7 design variables o Asvancth Lt yrCute “Samples 736 (4 )
* N = 40 design evaluations (4 failed)

« Confidence levels are qmte acceptable
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Variation of Design Space

INPUT: DS_gv_angle vs, INPUT: myomega vs, OUTPUT: myeta

232AW 11Nd1NO

Parameter

| Response
10

16

14

12

8

6

OUTPUT:

1.00 (-0.00
0.90 (-0.02
0.80 (-0.04

4 0.70 (-0.06
< 0.60 (-0.07
0.50 (-0.08
< 0.40 (-0.09
0.30 (-0.10
4 0.20(-0.10
< 0.10 (-0.10
4 0.00(-0.10
4 -0.10(-0.10
4 -0.20(-0.10
< -0.30(-0.09
4 -0.40 (-0.08
4 -0.50(-0.07
-0.60 (-0.06
-0.70 (-0.05
-0.80 (-0.03
-0.90 (-0.02
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© 2009 ANSYS, Inc. All rights reserved.

19

ANSYS, Inc. Proprietary



Coefficient of Importance, Col

Col=94%>80%

/—\

12 14 16

Jeter | Response
10

OUTPUT: myPower vs. OUTPUT: myPower, r = 1.000

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)
0.30 (-0.10 0.09)
0.20 (-0.10 0.10)
0.10 (-0.10 0.10) .
0.00 (-0.10 0.10)

-0.10 (-0.10 0.1..
-0.20 (-0.10 0.1..
-0.30 (-0.09 0.1..

i

NANSYS

Col=91%>80%

INPUT parameter
4

Coefficient of Jmportance (lindar)
full modef: R2 = 94 %

T T
INPUT: DW

0 %

INPUT: ptin
0 %

INPUT: Ttin
0 %

INPUT: DS_shroud_angle
0 %

INPUT: DS_hub_angle
0 %

INPUT: myomega
2%

INPUT: DS_gv_angle
89 %

d 6 8 10 12 14
dvanced Latin HyperCube  Samples 36/36 (4 failed|

INPUT parameter
4

20

40 60
Col [%] of OUTPUT: myeta

80

Coefficient of Jmportance (lingar)
full modgl: R2 = 91 %

T T
INPUT: DW

0 %

INPUT: Ttin J

0 %

INPUT: DS_hub_angle
0 %

INPUT: pt
7 %

INPUT: DS_shroud_angle
13 %

INPUT: DS_gv_angle J
19 %

in d

INPUT: myon
56 %

nega

40 60
Col [%] of OUTPUT: myPower

80
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Coefficient of Importance, Col NANSYS

CoeffICIent Of Im por-tance (llnear) Coefficient of Importance (Imear)
full dI djusted R2 = 53 %
full model: ad]usted R2 = 3 % . M e
l INPUT ppuTPuT Equ valent_Stress_Max \mlum vs. INPUT: Ttin, (linear) r = 0.250) INPU-';J' %'n
- T T '.
gl .° INPUT: myomega
of INPUT: DS Deactlvatlon S ot
g o
= c” ; )
5 INPUE, Of outl iers ..-. . I INPUT: DS_FBlendRotor
o For e g
o Pt e * 7]
£ : :
. - = INPUT: Ttin
- INPUT: DS | 2 ‘e h 6 %
E 33 * §
L
E INPUT: DS 5' :: = l INPUT: DS_syzzud_angle
= 0.5 1 1.5 2
= OUTPUT: Equivalent_Stress_Maximum [1e9]
~ INPUT: nayo%mega | ~ INPUT: Dsgh%b,angle
INPUT: Ttin INPUT: DS_gv_angle
2 % 12 %

I I I I ‘
0 20 40 60 80 100
0 20 40 60 80 adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum

adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum

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

INPUT: DS_gv_angle vs. INPUT: myomega vs. OUTPUT: myPower MLS approximation of myPower

Coefficient of Prognosis = 96 %
1.33e+006
1.30e+
1 1.30e+006 F 132‘;‘;00:
1.28e+006 Bl i 5ecroc
1 1.26e+006 1.24e+06
. 1 1.24e+006 Py ] —  1.22e+06
. — 1 1.22e+006 - ~  1.20e+06
1.3 - o 1 1.20e+006 1.3 o n i-igﬂgg
= . +
0 | 1.18e+006 - b/ 5 14:+06
. — ,
e 1 1.16e+006 1.275 4 O e ———— B 1 1%et06
4 1.251 c | 1.14e+006 \ ¢° 1.10e+06
% I 1.12e+006 1.25 A e = s " 1.07e+06
2 ® 1.09¢+006 1.225 _—
§ 2 ¢ S — T ——— 2
-
E‘ 1.2 - © — e
5 . ¢ —_—— e N
& 115 y . s L 175 —
© —_— ®
1.15 © @
1.1 / . P
— 1.125 w
-2300 1 e
1-2100 '
' NPyr. 1900 1.075 e 4
—~ Yomeg, -1700 0734 :
-2400 o — 1o 12
-2200 : -8
Linear regression z = a*x + b¥y + ¢ -2000 T -4 -6
coefficients: myome -1800 0 -2 J ___af\g\e
a= -5740.83 I 9a 2 059
b= -191.993
¢ = 801806

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

NANSYS

INPUT: DS_gv_angle vs. INPUT: myomega vs. OUTPUT: myeta

0.8

0.78

eAw :1NdLNO

0.764

0.74

-10

-8

/72100 W 6 e
NPyr.  -1900 -2 g\u,a“g
n?yOm 0 1.0‘5/
6gg 17007 2 Ut

Linear regression z = a*x + b¥y + ¢
coefficients:
a= -0.00461227
b= 1.31454e-005
c= 0.786101

Response Surface
Output: Efficiency

© 2009 ANSYS, Inc. All rights reserved.
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MLS approximation of myeta
Coefficient of Prognosis =

98 %

0.81{

0.8 -

0.79-
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0.75-
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2200 . ) g

m'zoon‘j"""'"-----\..__.._,_ 2
YOme,, 1800 7 o
Meg, 5

Meta-Model
Output: Efficiency
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Coefficient of Importance, Col

Coefficient of Prognosis, CoP

Coefficient of Importance (Imear)
fullmede\ Rz = 94

Coefficient of Importance Ulnear)
full model: R2 =

INPUT: DS_FBlendRotor
0 %
INPUT: ptin
Q0 %
INPUT: Ttin
D ©,

Yo

INPUT: DS_shroud_angle
0 %

INPUT pa4rameter

INPUT: DS_hub_angle
0 %

INPUT: myomega
2 %

2
]

INPUT: DS_gv_angle
85 %%

INPUT pa4rameter

|
H
ol

INPUT: DS_FBlendRotor
0 %
INPUT: Ttin
0 %
INPUT: DS_hub_angle
0%
INPUT: ptin
7 %
INPUT: DS_shroud_angle
13 %

INPUT: DS_gv_angle
19 %

INPUT: myomega
56 %

40 60
Col [%] of OUTPUT: myeta

(=}

40 60 80
Col [%] of OUTPUT: myPower

INPUT Daqram eter

2
o
.

20 40 60 80
adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum

Coefficient of Importance (Ilnear)
full model adjusted RZ = 53 %

INPUT: ptin
0%
INPUT: myomega
0%
INPUT: DS_FBlendRotor
3%
INPUT: Ttin
6 %
INPUT: DS_shroud_angle
7 %
INPUT: DS_hub_angle
9%

INPUT: DS_gv_angle
12 %

Coefficients of Prognosis (using MoP)
full model: CoP = 99 %

INPUT: myomega
Sy% 9

Coefficients of Prognosis (using MoP)
full model: CoP = 99 %

i | 1 5 qfn

INPUT: DS_FBlendRotor

2%

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

INPUT: DS_shroud_angle |
7 %

<
~
INPUT: ptin

& 7 7 % b
2 = > = INPUT: DS_FBlendRotor |
o ] o 9 o
E £ E (1]
° L INPUT: DS_shroud_angle D

m m
o (=8 (=8
5 B B INPUT: Ttin
s z INPUT: DS_gv_angle = S
S INPUT: DS_gv_angle =N Yy . o

90 % ' ; |
. INPUT: myomega - INPUT: Dfl%:) angle i
51 %
L —— 4
| | | | 1 | | | 1 1
0 20 40 60 80 0 20 40 60 80 20 40 60 80
CoP [%] of OUTPUT: myeta CoP [%] of OUTPUT: myPower CoP [%] of QUTPUT: Equivalent_Stress_Maximum
ANSYS, Inc. Proprietary
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Objective Function

OUTPUT: myeta vs. OBJ: myetaObj, (linear) r_s = -0.961 OUTPUT: myPower vs. OBJ: myetaObj, (linear) r_s = -0.532
O w T T T Ite) L Tw T I I
rv? u.\ L ] _ nr! » ‘ _
S| o
[ ] .\\.\. Y ~ \ . 'Y e ®
r?-? | . . e B f?:] L ‘-.\\ L] |
a0 . =) N
e .
% * N % . - %e ?
[] o - 9] ™ .
L.O . L ] O L ] _‘\
3 « e 3 . I
(@) . . @] . . RN
™M . . ™M . T~
=1 ™ L 7 ol e |
\.“\ ..
. o L .
1 ! 1 1 1 ! S 1 1 ! ! *® .
0.75 0.76 0.77 0.78 0.79 0.8 1.1 1.15 1.2 1.25 1.3
OUTPUT: myeta OUTPUT: myPower [1le6]

Target Function for Optimization:

1

fTarget:(l_n)_I_ 4

© 2009 ANSYS, Inc. All rights reserved.
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Anthill Plots Objective

>

OQUTPUT: myeta vs. QUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum

1.1 .
W& 115
dd'?o 1.175 .~
S 1.2 7
& 1.225 7
o 125
= 1.275
%13 -
£ 2.35.
23
l ]
2.25 | !

OUTPUT: Eguivalent_Stress_Maximum

| o -

initial

INP

¥ os

QUTPUT: m
0.7

0.76

0.74

~_*
BN J
L 4
0. L] \q\ .
\\\. |
.0 \\\' .
N
LA ;\\ .
LA
\ I \ \ \ ! I J
-10 -8 -6 -4 -2 0 2

INPUT: DS_gv_angle

Good Design
~ Points

© 2009 ANSYS, Inc. All rights reserved.
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Conclusion Sensitivity Analysis

MLS approximation of mnta Coefficient of Importance (Imear]
Coefficient of Prognosis % full model: adjusted R? = 53 %
1.30e+06
- Be+ INPUT: ptin
| 9 0%
PUT:
1.3 N 0.81 ot INPU %y‘%mega
L]
1.275 L
- & 0.8 ®
1.25 * ® INPUT: DS_FBlendRotor
0.79 = 5 3%
3 1.225 ]
<
2 . ® E
S 3 0.78 Il .
= 1.2 = & 2z L INPUT: Ttin
: — , 3 8"l
—_ — o
= 1.175 ’___-_// a 0.77 5
& 5 Y
= 115 © x ¢ 0.76 = INPUT: DS_shroud_angle
I il 7 %
1.125 3 0.75
1.1 oo n INPUT: DS_hub_angle
s
1.075 — .
2400 ¢ 10712 2400 10743 INPUT: DS I
-2200 % 8 -2200 o -8 uT: ]2%;; angle
fnun 3 4 e 22000 - - e
Ome,,. -1800 - a U% R - an L L L 1 ' |
- Meg, p 0 e oY ___L On?egé 1800 5 0 o5 gV 0 20 40 60 80 100
adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum

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

INPUT: DS_shroud_angle
7 %

* Is Sensitivity reliable, Col?

INPUT: DS_FBlendRotor
9 %

* Is Sensitivity reliable, CoP?

INPUT: Ttin
S %

I
INPUT: DS_gv_angle
41 %

il

1 1

* Is Sensitivity plausible, physics? -

INPUT parameter
2 3 4

20 40 60 80
CoP [%] of OUTPUT: Equivalent_Stress_Maximum
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Parameterization
Process & Geometry

..’z,h ensitivity Analysis

%}\ n Optimization

._ )3}& tness Evaluation
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Design Optimization

Gradient-Based

2 S0
| .
™ -l i N = - ]
- Algorithm .Optimization
144 @l ‘I - .
1.2 o | el e
g1 E 4%3
gu.a‘ 'r—\lm [ ‘s - |
0.6 7° *{w_ .
0.4 @ o \x‘ .
0.2 g
-0
2.2 .
2.1 3 1.6 o~
e;‘g . - \\1.7 d L
1 S I ! ! 1 I
~ Cup T et 1000 1500 2000 2500 3000
2.1 obj1

Evolutionary

Objective Pareto Plot

f Of

Response
Surface Met

0.08

od

—
MLS approximation of O

Local
-Adaptive R

MLS approximation of

Global
--Adaptive

0.07
0.06 _ e j—
5 B1.5/4 15 4
o 0.05 ] / X =
2 g ‘ 8 ‘
1{ 9 / 1
0.04 o
/
3
0.03 0.5 . 05
0.02
-0
1.6 3.2 16 3.2
2 4.5 1.8 3 1.8 3
25 a 2 2.8 3 2.8
2.2 2.6 55 2.6
é‘_? 35 3 3{5\ 24 EX Y & 2.4 245
l1gy @ (15,26 2.24e% (25,26 2.2ne
L €y a4 25 @V 5% 58 2 a% %% 2% 2 ‘as
2 1.8 1.8
3.21.6 3216
31 ANSYS, Inc. Proprietary
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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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Outliook Strategy

Sensitivity Analysis

- Shows Potential

* Indicates global optimum
- Parameter reduction

o —
N g
Strategy: = ==
* Pre-optimization in sub space, :
ARSM "
- Local improvement, EA (full space) 5 N
- Start design(s) from ARSM !

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



Evolutionary Algorithms (EA)

NANSYS

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) ANSYS

* History of the Evolutionary Algorithm

Objective History Design Number: 257 RESPONSE DATA: (Design Number: 257)
T
Equivalent_Stress_Blend_Maximum
DS_FBlendRotor = : 3.11232e+09
o | 1.0383
e myMassFlow
10.1481
ol ptin
3.05e+05 . Equivalent_Stress_Maximum
- 2.11232e+09
0‘! L 4
o T .
Tti Total_Deformation_Maximum
o Jor 3 0.000613665
g g 5
© I © %o Temperature_Maximum
>y © 2 664.934
Yo 4 & DS_gv_angle -
1= ‘G -9.6602 o
=5 2 o 1.33549e+06
o | E ) E
B DS_shroud_angle = tratio
. = -0.62859 N {84266
ot |
~ DS_hub_angle
0.54875
myTorque
B o -610.005
=
| | | | e L
0 50 100 150 200 250 0 20 40 60 80 100 0 20 40 60 80 10

Optimization Designs Relative Size to Bounds [%] Relative Size to Response Range [%]
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Evolutionary Algorithms (EA) ANSYS

&> :

«\*& ° * Due the non-convex
°° %% e behavior of the
L ) we | efficiency and
2oums|| nonlinear power
function a global
. / " search strategy
2 : Ny using genetic
= oz e algorithm is
T recommended
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3. lteration
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m p— ) aAoalgo ) annoalqo
| ]
a
g g
e _ " N L . '
oo oo - [ g =14
= 1 |iodet w
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[99T7] 1amodAw

1.28 | g .

‘ T J 0.804
"¢ - g S -

20 o . 2150

|\ 306 103 * L <2200
2 % G - ~ N
omege ™ iz 11 ¢ 225% e?
PN
<3300

« The ARSM does not provide dlfferentlable 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

© 2009 ANSYS, Inc. All rights reserved. 39 ANSYS, Inc. Proprietary



Adaptive Response Surface (ARSM)

OUTPUT: myeta vs. OUTPUT:lrréyPower vs. OUTPUT: Equivalent_Stress_Maximum Best Design #84
1.

£ Ds;FBBengdtor
best design ARSM (> 1.2 :
ot 1.225

6

ptin
3.05e+05

Ttin
1002.9

DS_gv_angle
-9.6818

©
1.325 >start population

DS_shlsoud_angIe
initial L7557
¢ J DS_hub_angle

Number of4Parameter
| .

2

-0.33699

myomega
) 222440

0 20 100

1111

1.75

40 60
Relative Size to Bounds [%]
OBJECTIVE DATA: (Best Design #84)

-
w

best design EA

1.25 -

'INEQUAL: MasStress (approx.)
3.64767e+08

4

INEQUAL: MasStress (original)

0.75

OBJ: myetaObj (approx.)
0.864485

o
9]

3

OBJ: myetaObj (original)
0.862588

TERM(myetaObj): myPowerQObj (approx.)
0.335753

0.25

‘

OUTPUT: Equivalent_Stress_Maximum [1e9]

2

o

TERM(myetaObj): myPowerObj (original)
0.33534

Terms|Objective|Constraints

TERM(myetaObj): myetaObj (approx.) )
0.185026

1

TERM(myetaObj): myetaObj (original) .
0.184562

0 20 40 60 80 100
Relative Size to Objective Data Range [%]

000.79

\I "Puy. ,0.78
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Initial | Optimized
Design

qHub

GShroud

0
0

Q [rev/s] -335

aGuide Vane

© 2009 ANSYS, Inc. All rights reserved.

0

-0.34
-0.18

-365
-9.68

m Initial Design | Optimized

T, Ratio
p; Ratio

n [7%]
Power [MW]

1.116
1.674
71.65
1.208

1.151
1.848
81.54
1.329
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Initial vs. Optimized Design

1,8 "
= = = |njtial

e Optimized

1,6 e pitial
e Optimized

1.4

1,2

0,6

Isentropic Mach Number

Span=0.95 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

© 2009 ANSYS, Inc. All rights reserved.

Rotor Optimized

\"\.

TS g

. oF T i
fda Iseniropsc 2
! Contous 7

[=N=g=j=J=T= === =
) = [ Cal e TN CXF —f OO G0 X
OO0
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Initial vs. Optimized Design

Temperature

- “I "\‘L \\\\\iContouﬂ

* n=7 design variables

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

N How robust is the initial design?

§ - How robust is the optimized design?
Gl - 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
Process & Geometry

Sensitivity Analysis

%,\ n Optimization

r')._g};g. tness Evaluation
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Robustness Evaluation

1.Scanning the Robust Space with

optimized LHS, variation and B
correlation are investigated A J% \
—E A

2. Identification of important variables ..

« C

NecC

OUTPUT: DIST_HEAD_ROOF

a ‘-._—L'
iy

60

50
|

welbu

=]

0.235  0.24  0.245
OUTPUT: DIST_HEAD_ROOF

0.25

K Variation of Robust Space

n L} n L] L] n
 Check Histogram, limits, probabilities
J b)
. - ICoefficient of Importance (quadratic) - Spearman ranked datal
full model: adjusted R2 = 81 %
e Lheck Loercient orf importance | | ]
© INPUT: ttf_GKB_niveau_2
1%
n INPUT: load_limit_2_scale
4 %
0.08343 0.11979 3
2
= g 0.10000 B NPUT: scale_force_steering_column
S 0.06250 P o 9 %
5 T 0.07500 H
2 0.05000 2 a
T % = INPUT: massflow_scale
%5-93'5“ 2z Em 15%
= o =
5 0.02500 3 0.02500 ENE
T INPUT: TTF_Airbag
[='4 -
0.01250 000110 o 22 %
0.00083 1.20847E+2 1.40000E+2 1.84104E+2
6.85204E+0 8.00000E+0 0.00000E+0  1.05703E+1 Equivalent Stress Maximum - INPUT: cdex
30 %

© 2009 ANSYS, Inc. All rights reserved.

0 10 20 30 40 50
adjusted Col [%] of OUTPUT: head_cum_3ms_03
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Variation of Robust Space

 n =15 random parameters

* N =50 design evaluations

* Initial vs. optimized design

OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum
S ‘
\\e’ 1.15
o
a
\\QO 1.2 °
K e
QO 1.25. |
—_ 1.3 . ©
T
®
2 24 | o '
5 235 > .
. E |
£ a2 [ |
5 2.3 ] . « ¢
i‘ 2.25 | % J e o
o = . 6, ©
‘U)J‘ 2.2 8000 ©
E 2.15 . e e |
S ~ ‘
& 2.05 | e ¢
. | S °
[y e ° ~
=
2 1.95
o 1 ©
0.766™~
0.764—_
0.762,_
Oy 0.76
7 ™~
\J Ur. 0.758~
e }’era 0.756™~, 7
0.754"

© 2009 ANSYS, Inc. All rights reserved.

OUTPUT: Equivalent_Stress_Maximum [1e9]

L

OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum
A~
1.2 7
o
125 |
A |
& 13 s ‘
&S 135 \
o
1.4
L
1.45 L
2.45 . |
| p e
2.4 \
2.35 i | ®
[
2.3 1 ° e,
[
[ ] [
2.25 . . o o |
2.2 © °
¢ °¢ ¢ ¢ ° ‘
2.15 1 & ¢ @ ©
21 |
| o e e .
2.05 ‘ . ﬁn ®
2 . ° b ®
195 7
0.816__
0.814
812~
e 0,81
Mg 0.808
0.806~
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OUTPUT:

myeta vs. OUTPUT: myeta, r = 1.000

20 25

| ReSfonse
5

Parameter

10

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
— 0.20 (-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
—  -0.50 (-0.07
—  -0.60 (-0.06

-0.70 (-0.04
-0.80 (-0.03
-0.90 (-0.02
-1.00 (-0.00

(v ]

b

Guide vane angle
vS. mass flow rate

0.00) INPUT: DS_gv_angle OUTPUT: myMassFlow
wn
0.02) B ] N ~F T - 1
0.03) - .
n -
0.04) " - )
IS
0.06) - n
H ~NL 4
0.07) B g :
0.07) H uS | |
[=)
0.08) . €y w
= a
0.09) B B n Kl
0.09) ° |
0.09) | m : 2|
0.09) B g n
al,
0.09) . - o | dillit histogram
0.09) 11.5 -11 -105 -10 -95 -9 -85 -8 -7.5
INPUT: DS_gv_angle o B L . : .
0.08) Statistic data 92 04 o6 o8 10 102 104 106
in:l g oo " S : myMassFlow
0.07) I r('jta‘nced(lmea(;) —ESpeaggeLn ranked data INPUT: DS_gv_angle vs. OUTPUT: myMassFlow, (linear) r_s = 0.941]
0.06) odel: adjusted R2 = Yo
T T T L] T
0.05) INPUT: mySteelLambda o ¢ o
0.04) o = .
: INPUT: mySteelDensity
0.02) 0 % pal . |
0.00 =
) HENE — > 40,
? o S e e
\ INPUT: myAirR £S o’
0 % u - e o%e
w L]
. ga L . . il
5 10 15 20 25 > . "
From: Advanced Latin HyperCube  Samples 45/45 (5 failed) INPUT: Ttin Em . .
% = 4
= INPUT: DS_shroud_angl ém * o
S« : DS_ _angle
0 % 8w *
4" . N
INPUT: DS_gv_angle e
11 % -
L]
<
INPUT: ptin S 1
o 28 % @
NPUT: myomega ~ ¢
: ‘ 38 % ‘ o | | | | | | | 1 L]
20 40 60 80 -11.5 -11 -10.5 -10 -95 -9 -85 -8 -7.5
adjusted Col [%] of OUTPUT: myPower INPUT: DS_gv_angle
49 ANSYS, Inc. Proprietary
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Define Objective Limits

* Limit state conditions

= Save State Condition

Save State Condition
Matne Function active
Limitstress @é 2.5e9-Equivalent_Stress_Maximum d
LitnitEta BE myeta-0.795 v
LimnitPower @é myPower-1.0e6 4
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

Limit for Variable o )
2 ‘ fitted PDF | 1l m
~ —|'|Tﬂ'n histogra |
Statistic data » k.ﬁ\
Min: | 0.8049 Max: | 0.8768 \
Mean: | 0.8116 sigma: | 0.002419 . /' | '
it X
Skewness: -0.4368 Kurtosis: | 3.28 ’T5 mmaﬂ-lﬁl 0.815
Fitted PDF: Logistic fic data
Max: [0.8168
Mean: 0.8116 Sigma: | 0.002419 Sigma: | 0.002419
len 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

OUTPUT: myeta

QUTPUT: myPower

OUTPUT: Equivalent_Stress_Maximum

Ar ! T o ! | n T — |
~N ~ | -
[ < —
= 4 ( n A
o ( . fitted PDF ™ fitted PDF
| fitted PDF dflll histogram ol dillls histogram [ ] ] ] ]
I ; — -
ar I s ety 1 F: - it tne P e I n I I a es I n
w s Limit line @ Ani
a L b o
a —g wl i
2 . el 118 H
= l & ol
A o -
e | ) = 4
- i
=y [
. \ ]l | n |
. o it o
il H | H ol J
o + + ok T 2 2.2 2.4 2.6 2.8
0.755 0.765 0.775 0.785 0.795 1 105 1.1 115 1.2 125 1.3 OUTPUT: Equivalent_Stress_Maximum [1e9]
OUTPUT: i H
myeta QUTPUT: myPower [1e6] Siatiztc data
i LD S HEins Min: | 1.926e+09 Max: | 2.424e+09
Min: | 0.753 Max: | 0.7665 Min: | 1.096e+06 Max: | 1.341e+06 Mean: | 2.221e+09 Sigma: | 1,086e+08
Mean: | 0.759 Sigma: | 0.002767 Mean: | 1.207e+06 Sigma: | 5.364e+04 V- 0.04892
CV:|0.003645 CV:|0.04444 Skewness: | -0.2418 Kurosis: | 2.725
Skewness: | -0.1759 Kurtosis:  3.679 Skewness: | 0.2879 Kurtosis: | 2.766 Fitted PDF: Extreme Typ lll (Max) Weibull
Fitted PDF: Laplace Fitted PDF: Normal Mean: | 2.221e+09 Sigma: | 1.086e+08
Mean: | 0.759 Sigma: | 0.002767 Mean: | 1.207e+06 Sigma: | 5.364e+04 Lower cul: | 1.926e+09
Limit x = 0.795 Limit x = 1e+06 Limit x = 2.8¢+09
P_rel= |1 P_fit=1 P_rel= |0 P_fit= | 5.67009e-05 P_rel= 1 P_fit=|1 o u S
OQUTPUT: myeta OUTPUT: myPower QUTPUT: Equivalent_Stress_Maximum
T @ T T T T L= = T
o ] n
o
: ' |
~N - | o
ol . | ) -
) E] fitted PDF A fitted PDF
g fitted PDF bl | dilll histogram 7] \ dlllit histogram .
- 4l histogram \ \n Limit line D \ Limit line es I n u o a
W L L s L) L) [ / L J 1
& Limit line | { anAl ? I i = Nils
= S— \ uw® w 1 A
=1 [=} _ _ | | - a / \
=1 a anl 1l n
~
o] f n BN - - |
ol | ol : ; 1 - ’ ‘H J ! 1l
0.795 0.8 0.805 0.81 0.815 1 105 1.1 1.15 1.2 1.25 1.3 135 1.4 1.45 2 2.2 2.4 2.6 2.8
OUTPUT: myeta OQUTPUT: myPower [1e6] OUTPUT: Equivalent_Stress_Maximum [1e9] u
Statistic data Statistic data Statistic data
Min: ' 0.8049 Manx: | 0.8168 Min: | 1.168e+06 Max: 1.457e+06 Min: | 1.94e+03 Max: 2.462e+09
Mean: 0.8116 Sigma: | 0.002419 Mean: | 1.326e+06 Sigma: 6.335e+04 Mean: 2.164e+09 Sigma: 1.118e+08
CV: 0.00288 CV:|0.04776 CV:|0.05165
Skewness: -0.4368 Kurtosis: | 3.28 Skewness: | -0.3664 Kurtosis: | 2.825 Skewness: | 0.3229 Kurtosis: | 3.244
Fitted PDF: Logistic Fitted PDF: Normal Fitted PDF: Logistic
Mean: | 0.8116 Sigma: | 0.002419 Mean: | 1.326e+06 Sigma: 6.335e+04 Mean: | 2.164e+09 Sigma: 1.118e+08
Limit x = 0.795 Limit x = 1e+06 Limit x = 2.8e+09
P_rel= 0 P_fit = | 3.87374e-06 P_rel= |0 P_fit= | 1.3062e-07 P_rel= |1 P_fit= | 0.999967
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* 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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