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Outline

Process integration

— Parameterization of the Process and Geometry
Sensitivity Analysis

— Multivariate statistic

— Meta-modeling

Design Optimization

— Evolutionary Algorithm

— Adaptive Response Surface Method
Robustness Evaluation

— Random Variables

— Random Fields

Design for Six Sigma

— Reliability Analysis

— Robust Design Optimization
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Workbench Platform & optiSLang [ANSYS

> .
V24 “ues CAD/PDM S9DprC autodesk

CATEA Sl:lhlfl'

ANSYS Workbench

Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetics

An adaptable multi-physics design and analysis system that
Integrates and coordinates different simulation tasks
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Vorführender
Präsentationsnotizen
… continuation from previous slide:
First: If the input parameters do scatter then we want to know  how large is the scatter of the output parameters. In other words we want to quantify the uncertainty of the output parameters.
Second: If the output parameters are uncertain then we want to know how large the probability is that an output parameter by chance does not meet some design criteria. I. e. we want to know how reliable the component is.
Third: If the output parameters are uncertain then we want to know which parameters on the input side contribute the most to the uncertainty of the output parameter. Knowing this we will be able to tackle the “evil” drivers efficiently and improve the reliability of the component.
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Parameterization of the Workflow [ANSYS

2 W) Geometry o ‘ & 2 &.”} Turbo Mesh

! a4
=3 [pd Paramsters TurboGrid

Geomekry

[ [pd Parameter Set
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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

© 2009 ANSYS, Inc. All rights reserved. 9 ANSYS, Inc. Proprietary




Parameter Manager

A

File  Edit VWizw  Tools

5 opbiFlug. ..
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Help
_IMew [ Open... | save [l save as. .

B

Parameter Name

myomega
DS_hub_angle
DS_shroud_angle
DS_gv_angle
Tkin

ptin

pout

myAirCP

myAirk
mySteelCP
my‘SteE‘IE‘)Ens‘i‘ty
m‘ySteEILambda
DS_FElendRotor
Young's Modulus

Poisson's Ratio

Ttratio

my Torque

myeta

ptratio

myPower

Temperature Maximum
Total Deformation Maximnurm
Equivalent Stress Maximum
Density

Thermal Conductivity
myMassFlow

Equivalent Stress Blend Maximum

Rotational Velocity 7 Component

& Refresh Project

Yalug

-2094.4

| 1000

| 3E+05

[ 87006

| 1004.4

| 287.1

| 434
?.850

[ 60,5

| ZE+11
0.3

1.1158
-576.75
0.71645
1.6736
1.2079E+06
653,26
0.00063589
2.2466E+09
7850

60,5

11,566
2.2466E+09
-2094.4

# Update Project

-
[} -
Unit 1
Il :
radian 51 v:. 3
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i =
Fa v:
Pa -
TkgrLKl v
Tk Lkl v
Tkgrtkt w] R0
kams =il
e L T 1l
3
Fa hd 4
5
]
7
il
W
C
m
Pa
lg m-3
Wi -1 C-1
lg 51
Pa
radian 51

t @@limport... € Return ta Project

A B

&

D E i G

Mame + | PS-myomega ¥ | P15-D5_hub_angle = | P16-DS_shroud_angle + | P17-DS_gv_angle ~ | P20-Thn + | P21 -ptin v P22

radian s™-1

-2094.4

Current

-

1] a 1000

K - Pa -

3E+05 aza

Description

Error Message

Expression Ps

List of Design Points

Walue

Usage i Detived

Quantity Mame | Angular Velocity

Linked Parameter,
by Expressions, for
parameter restrictions or
further output

Input Parameter

=15
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Workbench Interface to optiSLang ANSYS

File Edit ‘Wiew Tools Units Help

I MNew [ Open... |l save &l save as..

2 Refresh Project Lipdate Praject ] Import... @D Compact Mode  © (% optiPlug....

| = Ar;lysis Systems |
{8 Electric (ANSYS)

I Explicit Dynamics (ANSYS)

3 Fluid Flow (CF%) 1 fi 1 B3 id Y
Fluid Flow (FLUENT) 2 | @) Geometry v L #2 ) TuboMesh « -

¥ Harmonic Response (ANSYS)

@ Engineering O
Qi) Geomstry
@ Model

z
3
4
'l’P—J Parameters S ta Setup
&
7
g

@ Setup v 4

2
3 | @ Solution v
B Linear Buckling [ansvs) g f‘\\
B3 Linear Buckling (Sameef) (Beta) Geometry || 4 Results i
S

[0 Magnetostatic (ANSYS)

>3 \’,iﬂl Parameters TurboGrid

F solution
@ Results

[5d Parameters G

CFE

= optiPlug WB 12

Parameters

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 b
[] 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

Project manager

- flowGuide Project Manager

Exit

Cti-E

i} -
Lol f Patametrize_problem
Lo f}-’, Gradient_based

&= ] Genetic_slgorithm_GA

Lo [ﬁ Evolutionary_algorithm_EA
@ (5J Pareto_optimization

Workflow name:

% o
47 Resull_monitoring

Description:

|Result_monforiny

Open and show a result file (resp. Save_xyz.hin

File

& (7 Design_of_experiments_DoE

e B Meta_modeling_META

Lo :’ Adaptive_response_surface_ARSM
Lo ‘H Robusthess_analysis

Lo \‘_);' Reliability_arakysiz

Lo %" Robust_design_optimization_RDC
@ ? Revaluste_resuts

& B Resut_moritaring

Look In: E optiSLang

Ijl bin

Ij logfiles

Ij opti_problems
1 workflows
:‘Slhlend_uptiSLang_ruhust_ROBUST D AxialTurbineF%l
?Slhlend_op‘liSLang_SA2_[IOE

ARSM_ARSM
?Slhlend_uptiSLang_l:Il:le_[lOE
:’-Slhlend_uptiSLang_dsa_l]OE
(Siblend_optiSLang_rob_ROBUST

‘Workflow Parameters
Mode and Files

Mode

~| [ [d] [ Rl =

KRN
File Hame: |Axial TurbineF Slblend fopr

Files of Type: | flowguide project files

Select

Select atask

& Automal Open project
Hew project
Delete project

® Import project

Cusgtomize project

£

Project Manager

Import Project

Project name:

Project directonyn

Sub project of:

Ij Projects
[ ma Y

hef Slblend

Apply Cancel Close

iSLanglaxial Turbine ARSM_ARSMISave AxialTurbineaR_ARSM kin

Start Save Reset

ing_param_090807_172625 : AxialTurbineFSiblend

Result:

optiSLang 3.0.1 powered by flowGuide Sizrted workflow: Resutt_monitoring_instance

© 2009 ANSYS, Inc. All rights reserved.
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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
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Parameter Physics, Mechanic

Contour 2
wy 690
| B85

Temperature

E: Static Structural {ANSYS)

ANSHS
Total Deformation W2
Type: Total Deformation
Unit: m
Time: 1
Bf12{2009 4:20 P
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\ Parameterization
« O\ Process & Geometry

Sign Optimization

gg ness Evaluation

_,._\
\

for SixX Sigma
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Latin Hypercube and Confidences NANSYS

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)

16

w
g
S
o
4 6 14
@-I\\II\\II\\\\I\-

(V]
°

o

'
—_

a|bue”pnoYsSQa LNdNI
10 12
]

L]
o
| Response

N
L
.
[ ]

@
Teo
3 E- -0.40 (-0.08 0.09)
08" ¢ e = 5 -0.50 (-0.07 0.08)
B _ -2300 &
- o 070 (-0.05 0.08)
' Dg 0.20‘4- o '.1900. \'Omeg -0. -0. X
A 0 ang %08 1700 et -0.80 (-0.03 0.04)

0.90 (-0.02 0.02)

+o0cooo oo | [ NI ]

B
i
B

N

¢ n — 7 d eS i g n Vari ab I eS Fron?: Advance% Latin Hy%erCube 10Sample51326/36 (4 f%a‘i‘led) o
* N =40 design evaluations (4 failed)

« Confidence levels are qmte acceptable
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Confidences, Anthill Plots

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

OUTPUT: ptratio vs. OUTPUT: myPower, (linear) r = 0.620

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..
-0.40 (-0.08 0.0..
-0.50 (-0.07 0.0..
-0.60 (-0.06 0.0..
-0.70 (-0.05 0.0.. . I | L I |

-0.80 (-0.03 0.0.. 168 "7 ouTPUT: ptratio he 18
-0.90 (-0.02 0.0..
-1.00 (-0.00 0.0

A

| & -/l N N - B
L

n

16

14

12
1.2
*

®
.

OUTPUT: myPower [1e6]

| Response
16
1.15

1.1

Parameter

6

0.76
T

0.7
.

Ll
1 1 1 1 - 1
9 9.5 10 10.5 11 11.5 12
OUTPUT: myMassFlow
8 10 12

2 4 6 16

14
From: Advanced Latin HyperCube  Samples 36/36 (4 failed)
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Coefficient of Importance, Col NANSYS

Coefficient of Importance (linear)
full model: R2 = 91 %
OUTPUT: myPower vs. OUTPUT: myPower, r = 1.000 . . . .
INPUT: DS_FBlendRotor
0 %
1.00 (-0.00 0.00)
ot 0.90 (-0.02 0.02) _
| 0.80 (-0.04 0.03) © INPUT: gom
-| 0.70 (-0.06 0.05)
< -1 0.60 (-0.07 0.06)
a -| 0.50 (-0.08 0.07) INPUT: DSﬁhnub_angIe
1 0.40 (-0.09 0.08) . o
N - 0.30 (-0.10 0.09) :]Ei
- 7 0.20(-0.10 0.10) S INPUT: ptin _
Y - 0.10 (-0.10 0.10) = 7%
§O = 0.00 (-0.10 0.10) 2
o 7 -0.10(-0.10 0.1.. = INPUT: DS._shroud_angle
© < -0.20(-0.10 0.1.. 13 %
5 - -0.30(-0.09 0.1..
Bep - -0.40 (-0.08 0.0.. INPUT: DS |
g - -0.50 (-0.07 0.0.. ~ BT e
& 7 -0.60 (-0.06 0.0..
© -0.70 (-0.05 0.0..
| - INPUT: myomega
0.80 (-0.03 0.0.. 56"% g
-0.90 (-0.02 0.0..
-1.00 (-0.00 0.0.. 0 2'0 4'0 6|0 8|0
< E] . .. . Col [%] of OUTPUT: myPower
INPUT: myomega
NM 2Y% g
~El
INPUT: DS_gv_angle
] H N LR
2 4 6 8 10 12 14 16
From: Advanced Latin HyperCube  Samples 36/36 (4 failed) L L L L
0 2 40 60 80
Col [%] of OUTPUT: myeta

© 2009 ANSYS, Inc. All rights reserved. 19 ANSYS, Inc. Proprietary



Coefficient of Importance

Quadratic Regression

Coefficient of Importance (linear) Coefficient of Importance (quadratu: [no mlxed terms]) Spearman ranked data
full model: adjusted R2 = 3 % full model: Rz = 72 %
T T T
INPUT- D?l—%/vo_angle (OUTPUT: Equivalent_Stress_Maximum vs. INPUT: Ttin, (linear) r = 0.250 INPU_'(-)' g/){}]n

" AT Deactlvatlon s l]s
o o o ol % o INPUT: DS_FBlendRotor
2 wads Of outliers 1| ||E o
© . = s
< INPUT: DS_shroud_ang| 8| ., - © INPUT: DS_shroud angle |
a 2 o ® g"’ 7 %
= = *

. L] =
- INPUT: DSUhUL/JDb_angle 2l / L : . o]
= o« * e 11 %
— 33 . E

INPUT: myomega .
~ 0% 0% | & < - N INPUT: DS_hyb_angle |
INPUT: Ttin ° OUTPl(J)T5 Equlvale}'lt Stresslrv?axwmum [21e9]
2 % INPUT: DS_gv_angle
| 1 1 13 0/0
0 20 40 60 80 ' ' ‘ I
adjusted Col [%] of OUTPUT: Equivalent_Stress_Maximum 20 40 60 80
Col [%] of OUTPUT: Equivalent_Stress_Maximum

» Filtered parameters vs. all parameters
 Linear vs. nonlinear monotonic and quadratic regression

« Adjusted vs. non-adjusted coefficient of determination

72% variance of the stress variation can be
explained by the given n =7 design variables

© 2009 ANSYS, Inc. All rights reserved. 20 ANSYS, Inc. Proprietary



Coefficient of Importance

Quadratic Regression

Coefficient of Importance (q#eifiratic [lno mixed terms]) - Spearman ranked data INPUT: DS_gv_angle vs. OUTPUT: Equivalent Stress Maximum, (linear) r = 0.447
ull model: R2 = 72 % e~
(] Em -
T B T —mM
INPUT: btin EN
0 /0 £
E"’! .
~
© INPUT: myomega i Z, . . .
2 0/0 ﬁm ™ .. .
[l .
- A :
[ INPUT: DS_FBlendRotor o ° Lt
Q 7 % 5 L]
E 2y L —
M S e
s INPUT: DS_shroud_angle o . * .
g“ 7 % 7 ig . . ¢ o
|_ ) EN [ ]
2 INPUT: Ttin 5 al h ! |
S 11 % o -10 -8 INP-ST D? 2 0 2
— : DS_gv_angle
. INPUT: DS h‘lsjb_angle | Linear regressiony=a*x +b
11 % parameters:
x = INPUT: DS_gv_angle
INPUT: DS_%V_angle y= OUTPUT: Equivalent_Stress_Maximum
13 % -
| | | | coefficients:
20 40 60 80 a= 5.71014e+06
Col [%] of OUTPUT: Equivalent_Stress_Maximum b= 223099e+09

 Most important parameter of the equivalent stress is
guide vane angle according the Coefficient of Importance

« Anthill plot shows slow correlation

« Verification using CoP/MoP

© 2009 ANSYS, Inc. All rights reserved. 21 ANSYS, Inc. Proprietary



Metamodel of Prognosis, MoP NANSYS

INPUT: DS_gv_angle vs. INPUT: myomega vs. OUTPUT: myPower c MI:]:S appro:;ma:lc-n of ﬂv-‘oaf.r_e;
p ~ocfficient of Prognosis = 6 %
. 1.33e+006 - .
1.30c+06
1 1.30e+006 H 1.28e+06
1.28e+006 —  1.260+06
1.26e+006 Tl 1.24e+06
- 1.24e+006 . @ — 1.22e106
. B 1 1.22e+006 I , ] 1-2?"‘*32
- o 1.18e+
3| 1 1.20e+006 1.3 :
1.3 . ¢ 1.16e+06
. ® 1.18e+006 . . iy — 1l.14e+06
e 1 1.16e+006 1.275 4 — = e ( ~  1.12e+06
3 1.25 \ | 1.14e+006 ) e° 1.10e+06
c | L P
S l 1.12e+006 1.25 y e — = —F _ 1.07e+06
3 © .
=z 1.09e+006 .
g 1.2 4 = g J 1.225 e - i e «
H < - O] iz
i 1.2 = _‘______9_---"
= ¢ - - —_r T h
o 1.154 L ©© o
2 “ 1.175 - R
© == —— S _9_— . <
1.15 - v < .
1.1 4 [ . —=—= g
1.125 - -
-2300 ® .10 b s — —
-8 1.1 -
!-2100 i i} 4 \e
Neyy. 1900 ° 52 o 2" 1075 | B 4
—— Yomeg, 17007 2 WUt 0= : -
-2400 e v S [
-2200 " g
Linear regression z = a*x + b*y + ¢ _2000~ Tl T - -4 -6
coefficients: ;hj’();n 1800 A= 0 - N ,aﬂq\
-5740.83 e ©9a 2 059"

a=
b= -191.993

Response Surface Metamodel
Output: Power

Output: Power
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Metamodel of Prognosis, MoP NANSYS

INPUT: DS_gv_angle vs. INPUT: myomega vs. OUTPUT: myeta MLS approximation of myeta
. Coefficient of Prognosis = 99 o4
0.819 |
ki
0.810 T
| 0.805 | =y T
0.800 | e e
—1 0.795 |
—1 0.790 |
—1 0.785 |
= 0.780 |
& 0.775 |
B 0.770 |
=1 0.765
0.8 4 ~—1 0.760 |
B 0.755 |
D |
c 0.750 |
= 0.745 |
c .
= 0.78- L 0.737 |
3 )
o .3: 0.83
¥ o 0.82
L
0.76 al 0.81
0.80
0.79
0.78
0.74 oy
= 0.77
10 0.76
2100 > 8
7 " 4 \e 0.75
/L Neyy. I —7 2 g 209
0 S v - n
Megg -1700 2 (Ut
-12
Linear regression z = a*x + b*y + ¢ o .
: 2 i e ’,.-"".’ -2 Y\Q\e
coefficients: yof‘ne -1800 e 0 g‘J 2
a= -0.00461227 e 9a 2 05~

b= 1.31454e-005

Metamodel

Response Surface
Output: Efficiency

© 2009 ANSYS, Inc. All rights reserved. 23 ANSYS, Inc. Proprietary
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Coefficient of Importance, Col vs.

Coefficient of Prognosis, CoP

NANSYS

Coefficient of Importance (Imear)
fullmede\ Rz = 94

Coefficient of Importance (\lnear)
full model: R2 =

INPUT: DS_FBlendRotor
0 %

INPUT: DS_FBlendRotor
0%

Coefficient of Importance (quadratic [no mixed terms]) - Spearman ranked data

full model: R2 = 72 %

T T
INPUT: ptin
0%

o INPUT: ptin o INPUT: Ttin .
0 % 0% © INPUT: ngyc%mega i
INPU‘B: ‘;]t\n INPUT: Dsﬁh$nb,angle E INPUT: DS FBIendRotor
& 5 9] 7%
: £
‘g« INPUT: DS, sohzzud angle E# mpu'ry: 5:.;-\ ‘;Gq- INPUT: DS_s7hrn%ud_angIe i
5 5 a
2 z =
= INPUT: DS_hub_angle = . INPUT: DS_shroud_angle 2 INPUT: Ttin
B % 13 % % 11 %
NI INPUT: myomega ~ INPUT: DS _g_angle ~ INPUT: Dsl_lh(%’_angle i
: .. INPUT: DS_gv_angle
INPUT: Dasgggz_angle INPUT: gnsyglu s} lig"/( g
| | | |
0 20 40 e 80 0 20 40 60 80 40 60 80
ol [l erQuTPUT: myer ol [%] of OUTPUT: myPower Col [%] of OUTPUT: Equivalent_Stress_Maximum
Coefficients of Prognosis (using MoP) Coefficients of Prognosis (using MoP) Coefficients of Prognosis (using MoP)
full model: CoP = 99 % full model: CoP = 96 % full model: CoP = 75 %
T I I I T T T T T T
< INPUT: DS ghroudiangle 1 - INPUT: DS_ ShFOUd angie |
34 % 0 %
i INPUT: myomega ; J
. >"% . e INPUT: DS_hub_angle |
g S INPUT: ptin g 25 %
v um 50 % ]
: % S :
£ £ S INPUT: DS_gv_angle i
a a a 34 %
E E INPUT: DS _gv angle '
T z" /4%/0 : g INPUT: T
= 1 z Z : Tti i
= INPUT: DS _gv_angle = ) L 35 %Em
90 % ~
- shEL Mt = INPUT{ DS_FBlendRotor j
40 %
r y : |
| | | | L | | | | I
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
CoP [%] of OUTPUT: myeta CoP [%] of QUTPUT: myPower CoP [%] of OUTPUT: Equivalent_Stress_Maximum
25 ANSYS, Inc. Proprietary
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Anthill Plots Objective

OUTPUT: myeta vs. OBJ: myetaObj, (linear) r_s = -0.961 OUTPUT: myPower vs. OBJ: myetaObj, (linear) r_s = -0.532
T I I I
% L.\ v L 4 g Ll v % _
o o
ff-} L . . i (?'., | ~ . i
50 g 5O o
R ] hd
40‘3 ) \'\\o % . .. .
] o . “ A7) \\.. ~ *
=) - . ..O * -
o . R ) o . S .
e \ O . \
. ® g A s @ '--\\
ol . S ol e
\‘\‘ e
« L .
1 1 1 | | | .-J 1 | 1 | hod . | |
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 [1e6]
Linear regressiony=a*x+b Linear regressiony=a*x+b
coefficients: coefficients:
= -1.10658 a= -2.32833e-07
b= 1.18158 b= 0.604105

Target Function for Optimization:

1

P! .

Weighted objective

mainly depends

Target o
on efficiency

== I ow
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Anthill Plots Objective

INPUT: DS_gv_angle vs. OUTPUT: myeta, (linear) r = -0.959 INPUT: myomega vs. OUTPUT: myPower, (linear) r = -0.738
//_l\ o i} _
( L - * . .
.0 g
© i
- 2
g Good Pesign et
JQ_‘J / — » .
R \\. D gr\l e \"'\..
2 RPo|nts 5t :
'5 o0 E J "
a . ee * .. b ¢ . . .
) L ] - Sﬂ | L] [ ] ~ i
OFQ' i \ NG I e . X N
o .o \\\. o 8 . -
™~
A
i} L .\\.\.. : L . i
f\_ C 1 | | 1 1 1 1 \_ | 1 | -
o -10 -8 -6 -4 -2 0 2 -2200 -2000 -1800
INPUT: DS_gv_angle INPUT: myomega
Quadratic regression y = a*x* + b*x + ¢ Quadratic regressiony=a*x? + b*x + ¢
parameters: parameters:
x= [INPUT: DS_gv_angle x=INPUT. myomega
y= OUTPUT. myeta "L - . y= OUTPUT: myPower
e Sensitivity analysis shows = cens
= soues  gptimization potential to = oo
b= -0.00520764 . L. b= -453.209
c= 0759667 Increase efficiency and < sssss
power
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Conclusion Sensitivity Analysis

NANSYS

MLS approximats
Coefficient of Frogn

2400~

on of myPower
055 = 96 %

1.275 — —
1.25 - - =
3 1225 -
R ——
= 1.2 *
i T ————
= 1.175
-] =
9. b _— - _B_
1.15 . .
- —
1.125 -
1.1 .
1.075

1.30210

1.28e+01
1.26c+01

118401
1.16e+01
1.14e+01
L.1Ze+ D!
1.100-+0

1.07e+0

EFELATT)

0.8

n.764"

PPN
ent of Prognos!

Coefficient of Importance (quadratic [no mixed terms]) - Spearman ranked data

6

INPUT pzrameter

full model: R2 = 72 %

T T
INPUT: ptin
o %
INPUT: myomega
Zy% g
INPUT: DS_FBlendRotor
7%
INPUT: DS_shroud_angle
7%
INPUT: Ttin
11 %
INPUT: DS_hub_angle
11 %

INPUT: DS_gv_angle
139

Yo

| | |
40 60 80
Col [%] of OUTPUT: Equivalent_Stress_Maximum
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* Is Sensitivity reliable, Col?
* Is Sensitivity reliable, CoP?

* Is Sensitivity plausible, physics?

29

INPUT parameter
3 4

2

Coefficients of Prognosis (using MoP)

full model: CoP =

75 %

INPUT: DS_shroud_angle i
0 %

INPUT: DS_hub_angle |
25 %

INPUT: DS_gv_angle |
34 %

INPUT: Ttin
35 %

INPUT: DS_FBlendRotor |
40 %

1 | | 1
20 40 60 80
CoP [%] of OUTPUT: Equivalent_Stress_Maximum
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Parameterization

Design of
Experiments

Optimization
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Nonlinear Optimization, Algorithm NANSYS

LS approxi
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Vorführender
Präsentationsnotizen
Limitations and recommendations using the different strategies are given above.

Using gradient algorithms and response surface algorithms, optiSLang provides high end state of the art.
ARSM and the genetic/evolutionary algorithms are worldwide one of the best commercially available algorithms. These algorithms have been continuously developed over the last 5 years and have proven there functionality and robustness several times. They are usually the main reason for the customers decision to use optiSLang.




Optimization Strategy

Sensitivity Analysis

» Shows Potential

* Non convex target

* No parameter reduction

initial
Strategy:

* Global search, EA

» Start population from DoE

* Local improvement, ARSM ||
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Outlook Strategy

Sensitivity Analysis

* Shows Potential

» Convex target
 Parameter reduction

,,,,,,,,,,,
22222222

2000 g
0000000000

Strategy:
* Global search, sub space, ARSM |
» Local improvement, full space, EA [l - .

- Start population from ARSM e
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Evolutionary Algorithms (EA)

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

© 2009 ANSYS, Inc. All rights reserved.

NANSYS
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Evolutionary Algorithms (EA) ANSYS

« History of the Evolutionary Algorithm

Objective History Design Number: 257 RESPONSE DATA: (Design Number: 257)
T T T T L L -
Equivalent_Stress_Blend_Maximum
DS._ FBlendRotor = quivalent Stress Ble e
Q i 1.0383
o myMassFlow
10.1481
ol ptin -
3.05e+05 o Equivalent_Stress_Maximum
- 2.11232e+09
> -
o
. Tti Total_Deformation_Maximum
8 1005 3 0.000613665
w 5 c
3 £ g 0
e 5 g 664.934
Lo i | DS_gv_angle - .
so s -9.6602 o
= ) g 'E 1.33549e+06
[e] £ —
2 DS_shroud_angle 2 -
- -0.62859 1.84266
° T
myeta
|’ T I{"' ol DS_hub_angle 0.813092
h&l 0.54875
™~
2 | | EwmE
o —
1.14987
I 1 1 I 13 13 | |
0 50 100 0 20 40 60 80 100 0 20 40 60 80 100
Optimization Designs Relative Size to Bounds [%)] Relative Size to Response Range [%]
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Evolutionary Algorithms (EA) ANSYS

QUTPUT: myeta vs. QUTPUT: myPower vs. QUTPUT: Equivalent_Stress_Maximum
1.15

S 1175 ‘
{\},e’ 1 2 /?./,r
1, 225 .

@ Wi, « Due the non-convex
oo’\‘” SR TR “behavior of the
we efficlency and

nonlinear power
| function a global
N search strategy

A< using genetic
% c al g A | t h . | s
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best design 257 |

[621] wnwixep ssas3s juaeAnbl :1Nd1NO
[y
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i
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’”yepa 0.7
0.76
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Design variable 1
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Vorführender
Präsentationsnotizen
The favorite RSM method for optimization issue is the local ARSM (because the approximation localizes at the optima). It has a very robust default setting & converges usually within 10 response surface iterations.

The ARSM algorithm in oS is similar to LS-OPT (the pioneer and still the best local ARSM code).


Adaptive Response Surface (ARSM)

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

& 1175 -

best design ARSM (\\’ 1.2 .~
e /
o 1.225 -

)

2
i
= initial
c i ‘l i
=1
E
=
)
=
t.nl
L]
p
& 1.25 gt
"'l ./"/ -
& 1 e
r_g ,/"/ - -
] 0.75 | o )
/,/' [ -
W ogs5 | P —
& 0.25 7 o >
= e -
o o0 L ~
0.81 < S
0.8 — -, ,./ .
0y 0.79 ™ e
7- -
\l U . 0. 78 4 g
r'd J’@f‘a 0 77 ,,.//
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Best Design #84

DS_FBlendRotor
0.9

6

ptin
3.05e+05

Ttin
1002.9

DS_gv_angle
-9.6818

DS_shlsoud_angIe
-&17857

Number of4Parameter

2

1111

DS_hub_angle
-0.33699

myomega
) 222440

2 3 4

Terms|Objective|Constraints

1

20 40 60 80 100
Relative Size to Bounds [%]

OBIJECTIVE DATA: (Best Design #84)
INEQUAL: MasStress (approx.)
3.64767e+08

INEQUAL: Masstress (original)
3.51475e+

OBJ: myetaOb] (approx )
0.8644

OBI: myetaObJ (ongmal)

TERM(myetaObJ} rnyPowerObJ (approx.)
0.335753

El:

TERM(myetaOb]) myPDweerJ (original)

lJ —

TERM(myetaObj): msyg.gaObj (original)

l TERM(myetaOb]] mgetaob] (approx.)
0

20 4'0 60 80 100
Relative Size to Objective Data Range [%]
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Adaptive Response Surface (ARSM)

-2150

) ,. <2200
, My, -2200 o o
[- Yomegs 2150 11 o N 22250 qe%®

<3300

« 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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Initial vs. Optimized Design NANSYS

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

18 = = =« |nitial
—optimized  Snan=0.95 Isentropic Mach Number
16 e nitial : Initial-vs.-Optimized 2=

Span=0.50

e Optimized

1.4

1,2

0,4

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
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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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W o

RS
: Temperature ANSYS
-Gonmurz [C]

n =7 design variables

N =36+ 257 + 84 = 377 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?

Output - Initial DoE. - EA ARSI\/I’;:J'

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
O\ Process & Geometry

- Design of
EXxperiments

Optimization
1ess Evaluation

n for Six Sigma
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Robustness Evaluation

* |[dentification of non-robustness
— Variance of the responses increase
— Moving of the mean values
— Responses exceed the limit states
— Undesired outliers
— System failures (buckling, resonances, recirculation...)

* Benefit of robustness evaluation
— Correlation between parameters and responses

— Find most-relevant random parameters to reduce the
stochastic problem

© 2009 ANSYS, Inc. All rights reserved. 45 ANSYS, Inc. Proprietary


Vorführender
Präsentationsnotizen
What do robustness evaluation means?
Actual, robustness evaluation means
global variance-based sensitivity analysis
of computational design models
according to random parameters
specification of random parameter sensitivities
but in many cases the non-robustness of
computational methods
computational software
computational hardware
...
is involved.

Identification of non-robustness
variance of the responses increase
moving of the mean values
responses exceed the limit states
undesired outliers
system failures (structural buckling, system resonances, etc.)
Benefit of robustness evaluation
identification the correlation between parameters and responses
identification the most-relevant random parameters to
reduce the stochastic problem


Robustness Evaluation

 Limit state conditions

= Save State Condition

Save State Condition
Iairmes
Limitstress
LimitEta
LirnitPosaer

Add Limit State Function

Ao _ Function
| @ & 2.8e9-Equivalent_Stress_Maximum
| @€ myeta-0.795
@é myPower-1.0eb
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

46 ANSYS, Inc. Proprietary

© 2009 ANSYS, Inc. All rights reserved.



Latin Hypercube

 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 ~ ‘
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. | S °
[y e ° ~
=
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o 1 ©
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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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Correlation, Col, Histogram,

Anthill Plot

OUTPUT: myeta vs. OUTPUT: myeta, r = 1.000
Q ||
1.00 (-0.00 0.00) INPUT: DS_gv_angle OUTPUT: myMassFlow
0.90 (-0.02 0.02) | W Re 1
0.80 (-0.04 0.03) ar . |
~  0.70 (-0.05 0.04) 9 - 1
o —  0.60 (-0.06 0.06) : "
0.50 (-0.07 0.07) B B a0 1
0.40 (-0.08 0.07) B .5 Bl |
—  0.30 (-0.09 0.08) [ | & w
w e .
@ 020(0.09 009 | W [ | p gl
gun ~| 0.10 (-0.09 0.09) | | s =
v —
g —~  0.00 (-0.09 0.09) [ ] H B s S|
- ~| -0.10(-0.09 0.09) B g -
% ~| -0.20(-0.09 0.09) . - S |[f il histogram
E = -0.30 (-0.08 0.09) 115 -11 -105 -10 -9.5 -9 -85 -8 -7.5
E INPUT: DS_gv_angle o T X T T . L s 4 L
52 -0.40 (-0.07 0.08) Statistic data 9.2 04 9.6 98 10 102 104 10.6
-0.50 (-0.07 0.07) o | s oa P OUTPUT: myMassFlow
. N . I rtance (linear) - Spearman ranked data INPUT: DS_gv_angle vs. OUTPUT: myMassFlow, (linear) r_s = 0.941]
=| -0.60(-0.06 0.06) odel: adjusted R2 = 83 %
-0.70 (-0.04 0.05) INPUT: mySteD?ILambda ] 27 I I *Te ‘!
-0.80 (-0.03 0.04) 0% | - .
" -0.90 (-0.02 0.02) INPUT: mySOtecE\DenS\ty ; | . |
-1.00 (-0.00 0.00) B B w——— o > .
0 % ~ .
y & n .
v N INPUT: myAirR £S o’ *
0 % u - e o%e
O / .
— : : . Lo . . 4
5 10 15 20 > L
From: Advanced Latin HyperCube  Samples 45/45 (5 failed) INPUT: Ttin E «
o
0/ 50{ L . g i
S INPUT: DS_shroud_angle =
0 % 8w b .
L ] = -
G INPUT: DS_gv_angle e
uige vane angie ..
e <
INPUT: pt 1 &F 1
o 26 5% @
]1NPUT: myomega ~ ¢
u - | 38 % | o ; 1 1 1 L 1 L L 1 \7
0 20 40 60 80 1 -11.5 -11 -10.5 -10 -95 -9 -85 -8 -7.5
adjusted Col [%] of OUTPUT: myPower INPUT: DS_gv_angle
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Histograms

OUTPUT: myeta

Limit for Result o
/A
a fitted PDF ‘ ] "\ M
- il histogram |
— ——line {
Statistic data ""x
Min: 0.8049 Max: | 0.87168 |
Mean: 0.8116 Sigma: | 0.002419 - i N
CV: 0.00298 u h —‘ W H
Skewness: -0.4368 Kurtosis: | 3.28 '?’P%PTS? myetau'al 0815
Fitted PDF: Logistic E |
Max: | 0.8168
Mean: 0.8116 Sigma: | 0.002419 Sigma: | 0.002414
Llrl"l“ X = ﬂ1?95 Kurtosis: | 3.28
FI_TE| =0 F"_ﬁ1 = | 3.87374e-06 pd PDF: Logistic
Sigma: | 0.002419
Limit x = 0.795
Prel= 0 P_fit= |3.87374e-06
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Histograms

OUTPUT: myeta

QUTPUT: myPower

ar 7 T —— T T
~N ~
ok 4
o
=i 1 - ( i
N r fitted PDF
| fitted PDF dilllt histogram
I :
QL 1 Fulins histogram 1 FQ - Limit line
T Limit line @
a L —
a e 4
=]
g d g
| <
y | ) = 4
=3
n | ~N
-H ] °l H | 1_
(=] | ‘J = = ok T |
0.755 0.765 0.775 0.785 0.795 1 1.05 1.1 1.15 1.2 1.25 1.3
OUTPUT: myeta QUTPUT: myPower [1e6]
Statistic data Statistic data
Min: | 0.753 Max: | 0.7665 Min: | 1.096e+06 Max: | 1.341e+06
Mean: | 0.759 Sigma: | 0.002767 Mean: | 1.207e+06 Sigma: | 5.364e+04
CV:|0.003645 CV:|0.04444
Skewness: | -0.1759 Kurtosis: | 3.679 Skewness: | 0.2879 Kurtosis: | 2.766
Fitted PDF: Laplace Fitted PDF: Normal
Mean: | 0.759 Sigma: | 0.002767 Mean: | 1.207e+06 Sigma: | 5.364e+04
Limit x = 0.795 Limit x = 1e+06
P_rel= |1 P_fit=1 P_rel= |0 P_fit= | 5.67009e-05
OUTPUT: myeta OUTPUT: myPower
— T ; ; . ——
o
o
R i |
~ - | m
o 4
=] fitted PDF
1 fitted PDF N dillth histogram
- dlllls histogram o Limit line
@
LQL Limit line . | il ?777 e TN 4
[ \ Lo
=1 a _ |
=1 a m M
~
ol ar 1| 1
o] ). = H1 A
ol : ok - + 1
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
OUTPUT: myeta QUTPUT: myPower [1e6]
Statistic data Statistic data
Min: | 0.8049 Max: |0.8168 Min: | 1.168e+06 Max: | 1.457e+06
Mean: 0.8116 Sigma: | 0.002419 Mean: | 1.326e+06 Sigma: 6.335e+04
CV: 0.00298 CV:|0.04776
Skewness: | -0.4368 Kurlosis: | 3.28 Skewness: | -0.3664 Kurtosis: | 2.825
Fitted PDF: Logistic Fitted PDF: Normal
Mean: | 0.8116 Sigma: | 0.002419 Mean: | 1.326e+06 Sigma: | 6.335e+04
Limit x = 0.795 Limit x = 1e+06
P_rel= 0 P_fit = |3.87374e-06 P_rel= |0 P_fit=|1.3062e-07
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OUTPUT: Equivalent_Stress_Maximum

n T = T
. . O = r O u S
- I I
" I .
I fitted PDF - - - -
ml Jllis histogram
o Limit |
T e IIlI Ia. eSI II
-
e f
o | |
n
- i
n f H
o
ol i
2 2.2 2.4 2.6 2.8
OUTPUT: Equivalent_Stress_Maximum [1e9]
Statistic data
Min: | 1.926+09 Max: | 2.424e+09
Mean: 2.221e+09 Sigma: | 1.086e+08
CV: | 0.04892
Skewness: | -0.2418 Kurtosis: | 2.725
Fitted PDF: Extreme Typ lll (Max) Weibull
Mean: | 2.221e+09 Sigma: | 1.086e+08
Lower cut:| 1.926e+09
Limit x = 2.8e+09 .
P_rel= 1 P_fit=|1
QUTPUT: Equivalent_Stress_Maximum
= 1 L
A ’ fitted PDF .
| ==l aSigma I eve
o L
Ten - Limit line 1l
h F =
w / I\
a / \
7 _ O f I 5
[ ]
-
=) ’ ‘H J 1l
2.8

2 2.2 2.4 2.6
OUTPUT: Equivalent_Stress_Maximum [1e9]

Statistic data
Min: | 1.94e+09 Max: 2.462e+09
Mean:  2.164e+09 Sigma: 1.118e+08
CV: | 0.05165
Skewness: | 0.3229 Kurtosis: | 3.244
Fitted PDF: Logistic
Mean: | 2.164e+09 Sigma: 1.118e+08
Limit x = 2.8e+09
P_rel= |1 P_fit= | 0.999967
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Conclusion Robustness

QUTPUT: myeta

* Is there a problem?

: Allowed Limit
« Can we explain, Col? 8 2
i\
* Who IS I’eSpOnSIb|e7 2 fitted PDF | 1l
Coeficient of Importance (inear) f - dilll histogram
- | | é Limit line . ]H

100
il

- Col>80%

INPUT: DS_hub_angle
0%

50

rameter

INPUT: ptin
7 U

INPUT: D5_shroud_angle
13 %
0

e

0.795 0.8 0.805 0.81 0.815
OUTPUT: myeta

INPUT pa

INPUT: DS_gv_angle
19 %

INPUT: myomeqga
56

40 60
Col [%] of OUTPUT: myPower

80
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Random Fields: Background

What is a Random Field?

® Random variation of a property (geometry, material, load, ...)
over space.

¢ Spatial domain defined by the observed structure.

® A property takes random values at each point on the structure.
Values at different locations may be correlated.

(Example: random realizations of a cylinder)
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Random Fields: Background

Data sources for random field modelling:
 Measurements at discrete points (e.g. geometry scan),

« Simulation (e.g. of a manufacturing process with random
parameters)

Random field discretization:
 Nodes (e.g. imperfect coordinates,...)
Elements (e.g. material, initial strains,...)

By discretization, the random field is defined by:
Mean values vector and

Standard deviations vector and correlation matrix, or
Covariance matrix
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Random Fields: Background

Random field simulation:

« After decomposition of the covariance matrix,
the random field is expanded as a series of
random amplitudes and deterministic shape functions.

.

- U ‘
| 'i_ |
{ g “d

 The series may be truncated to reduce the number of"'"\iriables,

* Quality of truncated series is measured by the variability
fraction

* Post-Processing of shape functions corresponding to most
relevant random variables (in Robustness Analysis) gives
Insight to manufacturing tolerances.

© 2009 ANSYS, Inc. All rights reserved. 55 ANSYS, Inc. Proprietary



Measure Spatial Deviations

Example:

- Using 3D digitizer

- Based on the principle of triangulation, projected fringe patterns are
observed with cameras, 3D coordinates for each camera pixel are
calculated, a polygon mesh of the object’s surface is generated

- Deviations from CAD geometry can be calculated
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Example: Axial Turbine Blade

Scope of analysis:

« Given is the FE model of a turbine blade

* Imperfect geometry is scanned at 1500 points on the surface

« A Random Field is modelled by the statistics of measurements

« Random realizations of the turbine blade are generated by optiSLang and put into CFD
analysis with ANSYS workbench

gRFsupports

(Measurement points on blade surface)
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Example: Axial Turbine Blade

Measurements:
* Geometry can be scanned on the surface of the blade
+ Here, measures in y- and z-direction are taken Standard deviations of Z
(x: longitudinal direction)
* Mean values of imperfections are assumed zero 0.00755
0.00750
Standard deviations of Y 0.00745
0.01005 0.00740
0.01000 0.00735
0.00995 0.00730
0 o oae 0.00725
0.00980
0.00975
0.00970

(Standard deviations of measured imperfections)
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Example: Axial Turbine Blade

Random Field discretization:

Shape 1 of ¥ Object: AMPLITUDES_Y
. . Objectinfo: 22910
 Number of imperfection modes a 0
depends on number of DOF F -0.0256  0.007496567990285

0.0051987752213625
-0.0258 0.003323636789174
0.0027613964023576
-0.0260 0.0019991977189793
0.0018763653566348
-0.0262  0.001647552369793
= 1 0.0013368316745761

¢ Can be reduced using the 1500
measurement points and interpolation ‘
of the finite element mesh

* Further reduction of the imperfection
shape number using an acceptable
variability of modal basis:

— Normed variability of total random
field data = 9.7748e-05

— Normed variability of modal basis
(n=18) = 9.7748e-05

— Normed variability of mode shape
#1= 9.7672e-05 otzissioTo

* Question: which parameters have a 0.00092089226898308
significant influence of the
performance relevant output
parameters?

Object: AMPLITUDES_Z
Objectinfo: 22910

0.28708343060908
0.0054186311280151
0.0036936006781938
0.002228785060336
0.0019874267604701
0.0015294461571268
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Example: Axial Turbine Blade

Robsutness Analysis:
* Including all random variables (n=14) and relevant

AxialTurbine_08ROBUST,

= imperfection modes (n=18)
Opti Robust Output Strings Constraints Objectives . . o
el ostt s Strger [ bjecthes | - Possibility of failed designs

# | Matrie | Distribution | Mean | Co¥ | Stldey | Losver Cut | Uppet Cut | Formym
1 AMP_Y_1 Mortml 00 Infinity | 0.38276414 .. - - 20140/ [v] [ [ « Advanced Optimized latin hypercube sampling
2 AMP_Y_2 Martmsl 00 Infinity | 0.00749656... - - w2014g/ [v] | [
3 AMP_Y_3 Mot 00 Infinity | 0.00519877 .. - - %2014/ [v] | [ . N =47
4 AMP_Y_4 Mot 00 Infinity | 0.00332363... - - %2014/ [v] | [
5 AMP_Y_S Mol 00 Infinity | 0.00276139... - - %20.140| vl | [ . .
5 AMF_Y 6 Normmal 0.0 Infinity | 0.00199518... ; - %2014g| v | [ Norm of Realization
7 AMP_Y 7 Mol 0.0 Infinity | 0.00187636... - - %2014/ [v] | ]
g AMP_Y_8 Mormmal 00 Infinity | 0.00164755._. - - 220140/ [v] [ [
g AMP_Y 9 Martmsl 00 Infinity | 0.00133683... - - w2014g/ [v] | [
10 AP _Z_1 Martmsl 00 Infinity | 0.28708343... . - %2014/ [v] | [
1 AMP_Z 2 Mot 00 Infinity | 0.00541863... . - %2014/ [v] | [
12 AMP_Z 3 Mot 00 Infiity | 0.00369360... - - %2014 [v] | [
13 AMP_Z_4 Mol 00 Infinity | 0.00222878... - - %20.140| vl | [
14 AMP_Z S Mol 0.0 Infinity | 0.00198742... - - %2014/ [v] [ [
15 AMP_Z E Mol 0.0 Infinity | 0.00152944... - - %2014/ [v] | ]
16 AMP_Z T Martmal 00 Infinity | 0.00142139._. - - 20140/ [v] [ [
17 AMP_Z & Martmsl 00 Infinity | 0.00104114 . - - w2014g/ [v] | [
18 AMP_Z 9 Mot 00 Infinity | 9.20892268... . - %2014/ [v] | [
19 myomena Mormal 2244 21541 | 002 [44.8843082. - - %2041 | [v] | ]
20 | DS_hub_shgle Mormsl 033698805  -002 000673976 - - %2041 | [v] | []
21 | Ds_shroud_sngle Mormal  [-D478s74s1..] 002 000357149, - - %2041 | [v] | []
22 | DS_gv_angle Mormal  [-988181702.. -002  [019363634... - - %20.141 | [v] | []
23 Ttin Mormal 100285919, 0.02 20057164 - - 20141 | [v] | []
24 ptin Martmsl 3050000 0.03 1500 - - 220141 | [v] | [_]
25 pout Harmal 870000 0.02 17400 - - %2041 | [v] | [[]
26 iy irCP Mot 1004 4 0.03 301319999 - - %2041 | [v] | ]
27 iy AirR Mol 287102 0.03 B.61305999 .. - - %2041 | [v] | []
28 mySteslCP Mol 4340 0.05 21.7000000... - - %2041 | [v] | []
29 | myStesDengity Mol 7850.0 0.0 785 - - %20.141 | [v] | []
30 | mySteelLambda Morrnsl 0.5 0.04 242 - - %2014t | [w] | [
3 | DS_FElendRotor Martmsl 04 0.02 0.01500000... - - 220141 | [v] | [_]
32 | Youngs_Modulus Formsl 2.0E11 0.03 £.0E9 - - %2044t | [w] | ]
33 | Poissons_Rstio Mol 0.3 0.1 0.03 - - %2041 | [v] | ]

Cancel OK
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Example: Axial Turbine Blade

Parameter | Response
20 25 30 35 40

15

10

INPUT: myomega vs. INPUT:

AMP_Y_5, r = 0.075

N
||
.
|| | ]
|| ||
[ | || N
[ | [ I ]
||
[ | H Bl
||
g 100(-0-00 0.00) --
0.90 (-0.02 0.02) u
- 0.80(-0.04 0.03) |
- 0.70 (-0.05 0.04) H
- 0.60 (-0.06 0.05)
- 0.50 (-0.07 0.06)
- 0.40 (-0.08 0.07)
- 0.30 (-0.08 0.08)
- 0.20 (-0.09 0.09)
< 0.10 (-0.09 0.09)
] - 0.00 (-0.09 0.09)
< -0.10 (-0.09 0.0..
- -0.20 (-0.09 0.0..
- -0.30 (-0.08 0.0..
B | | -0.40(-0.07 0.0..
m - -0.50 (-0.06 0.0..
-- 4 -0.60 (-0.05 0.0..
u = -0.70 (-0.04 0.0..
-0.80 (-0.03 0.0..
-] -0.90 (-0.02 0.0..
| @ [
||
[
5 10 15 20 25 30 35 40

From: Advanced Latin HyperCube
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Example: Axial Turbine Blade

Robsutness Analysis:

* Including all random variables (n=14) and relevant imperfection modes (n=18)
« Smaller values for ,myeta“

* Nearly the same variance of the responses

OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Stress_Maximum
P

.&?p\ 12 & |
ef\ 1'25/"/ T~ qae,‘\ 125
7 | ~. o
. & 1.35
/\Qo’\ 1.35 N |
& o 1.4
_ 1.4 - |
P . . o 1.45 -
[} / (
o Ay . . | %2.5.| . |
|
E 2.4 | Oi E ‘ oea |
% 2.35 | 1 ° % 2.4 °
g ‘ e = e © | i
™ © e g ]
| 2.3 i & 0 .
2 ° o 223 ¢ e %
U 225 « ¢ ° | g < \ . °
] ¢ g Fe n © g ° |
0 4 . | 'Y ® ¢
S 2.2 e e © o
< /// hd g & ¢ < ‘ g 2.2 | % [ L
%’ 2.15 | //“ © e ) g o P
- /4 s o~
3 2.1 < ® . ‘ | = 2.1 ‘ h
o205 3 ¢« ° o o 4
S ‘ . o 5 ‘ [ .
a 2 s ° € e E 2 ,' ¢ ¢ ¢ ¢
5 195 2 o o
3 195 o <
0816 ) 0812 .
0.814 > , 0.81
812~ 0 g
Urs,0.808
\] UTF’UT‘O.BI ~ \] rp(/]; m e
- e 0808~ ' Vetg 0806~
0.806

Only random geometry parameters Including the manufactoring tolerances
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Example: Axial Turbine Blade

OUTPUT: myeta

——— T
o
=3 =
~
- - |
n fitted PDF
=H
ol histogram
w .
o Limit line . \
ag \
=
oL |
w
ol | H h -‘
0.795 0.8 0.805 0.81 0.815
OUTPUT: myeta
Statistic data
Min: | 0.8049 Max: | 0.8168
Mean: |0.8116 Sigma: |0.002419
CV: | 0.00298
Skewness:  -0.4368 Kurtosis: | 3.28
Fitted PDF: Logistic
Mean: 0.8116 Sigma: | 0.002419
Limit x = 0.795
Prel= 0 P_fit= |3.687374e-06
OUTPUT: myeta
5 T —
@
2 i
o~ fitted PDF
dilll histogram L
(=
=i Limit line 1
B
Lo
g%
j=]
S-
ou
)
ol s
0.795 0.8 0.805 0.81
QOUTPUT: myeta
Statistic data
Min: |0.8041 Max: | 0.8124
Mean: | 0.8083 Sigma: | 0.002028
CV: | 0,002509
Skewness: | -0.1842 Kurtosis: | 2.345
Fitted PDF: Normal
Mean: 0.8083 Sigma: | 0.002028
Limit x = 0.795
Prel= |0 P_fit =  3.07755e-011
Probability P(X<x) = 0.95
x_rel = |0.811073 x_fit = | 0.811601
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QUTPUT: myPower

@ T T T —
=
e [l =
0
o fitted PDF
dillh histogram
Ly Limit line
@
oL T [ 4
LLD
fa)
Q -
~
3 | .
)
=]

1e-9
[53]

PDF

OUTPUT: Equivalent_Stress_Maximum

fitted PDF

1 105 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45
QUTPUT: myPower [1e6]

Statistic data
Min: | 1.168e+06 Max: 1.457e+06
Mean: 1.326e+06 Sigma: | 6.335e+04
CV:0.04776
Skewness: -0.3664 Kurtosis: | 2.825
Fitted PDF: Normal
Mean: 1.326e+06 Sigma: 6.335e+04
Limit x = 1e+06
Prel= 0 P_ft=  1.3062e-07

OUTPUT: Equivalent_Stress_Maximum

@ T T T T = ™3
S
© fitted PDF
S|l | gl histogram
- Limit line I
W )
be L
LLO
g
g
N il
o
ol H 1 J 1 ]

. : 1
1 105 11 1.15 1.2 1.25 1.3 1,35 1.4 145
QUTPUT: myPower [1e6]

Statistic data

Min: | 1.183e+006 Max: | 1.467e+006
Mean: | 1.323e+006 Sigma: | 6.246e+004
CV: | 0.04722
Skewness: | -0.03409 Kurtosis: | 2.646
Fitted PDF: Normal
Mean: | 1.323e+006 Sigma: | 6.296e+004
Limit x = 1e+006
Prel= 0 P fit = | 1.19045e-007
Probability P(X<x) = 0.95
x_rel = | 1.43062e+006 x_fit= | 1.425432+006

il dillls histogram
/ Limit line
i | '\--
o~
-l
o ‘ H l u .
2

2 .2 2.4 2.6
OUTPUT: Equivalent_Stress_Maximum [1e9]
Statistic data
Min: | 1.94e+03 Max: | 2.462e+09
Mean: | 2.164e+09 Sigma: | 1.118e+08
CV: 0.05165
Skewness: 0.3229 Kurtosis: | 3.244
Fitted PDF: Logistic
Mean: 2.164e+09 Sigma: | 1.118e+08

P_rel= 1 P_fit="|0.999967
OUTPUT: Equivalent_Stress_Maximum
T —— T
<l H|
wl M fitted PDF i
” A dillit histogram
) r| N M Limit line
/ L
v | {
o™ h\
bl
ek 1
a
S| i
n
e D 1
=)

Limit x = 2.8e+09

2.8

2 2.2 2.4 2.6
QUTPUT: Equivalent_Stress_Maximum [1e9]

Statistic data

2.8

Min: | 1.942e+009 Max: | 2,535¢ +009
Mean: |2.171e+009 Sigma: | 1,2272+008
CV:|0.0565
Skewness: |0.3893 Kurtosis; | 3.235
Fitted PDF: Log-Normal
Mean: |2.171e+009 Sigma: | 1.227e+008
Limit x = 2.8e+009
Porel= |1 P_fit = |0.999997
Probability P(X<x) = 0.95
x_rel = |2.37151e+009 x_fit = |2.37861e+009
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* Histograms
resulting the
random CAD
parameters

* Robust design
up to a sigma
level of 4.5

 including the
manufactoring
tolerances
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Example: Axial Turbine Blade

Meta-model of optimal and coefficient of prognosis

Coefficient of Importance (quadratic) - Spearman ranked data

Coefficients of Prognosis (usmg MoP)
99 %

full model: adjusted R2 = 60 % full model: CoP =
ol ‘ INPUT: mySte&ICP ' ] ! ! ' '
B % .
INPUT: myAirCP o INPUE. ;tln |
0, 0
Yo
ol INPUT(:} g}out i
(]
1 M e
o .
g JNPUT; gt 2., INPUT: pout |
6 %
E,L INPUT: DS_shroud_angle i E
© o @
5 0 % =
o INPUT: DS_hub_angle a
= 0 % = INPUT: i
T myAirR
. - -
Bl INPUT: myomega i g™ 8 %
zZ 0 % Z
INPUT: ptin
7 %
~ INPUT: AMP_Y_8 . i INPUT: ptin J
12 % 86 Y%
INPUT: myAirR
i 26 % i 1 1 1 I
0 20 40 60 80 20 40 60 80
adjusted Col [%] of OUTPUT: myeta CoP [%] of OUTPUT: myPower
S approximation of mvem Polynomial regression of myPower
CmEfﬂ(\ent uf Prognosis = Coefficient of Prognosis = 99 %
, 270 . 308 1
275 . 300 (
o 280 0.81252 205 . 1.382e+00..
285 0.81225 & 200 I
« - 0.81200 oF . 1.375e+00..
290.- 081175 <V 285 1.370e+00.
295 081130 280 - 1.365e-+00..
300.- 0.81125 275 - 5
0.81100 dl 1.360e+00..
305 . 0.81075 270 - 1.355e+00..
0.812 | A\ ] 98150 ¢ 1.350e+00..
‘ \ T NN
j s
| 1.335e+00..
0.81 ¢ = ggggég 1 330:+UU,
-| 0.80875 iy
© | 0.80850 ] 1.3256+00..
2 -| 0.80825 ol 1.320e+00..
£ 0.808 | | BEEE g e 1.315€4+00..
= 0.80750 o 1.310e+00..
| 0.80725 < & 1.305e+00..
| Bk £ 1.300400..
0.806 1 0.80650 1.295e+00..
| 08060 : 12500400,
- 0.80575 1.285e+00..
| = 0.80550 1.280e+00..
o b= <
0.80475 “ 1.270e+00..
0.003 0.80450 960 1.2656+00..
e 0.80400 980
0.001 0.80375 | 1000 1.257e+00..
J Mo 10,001 L Tt 1020
. ~& Py 1040
-0.003
W ZUUY AND T D, 111G, Al IIYIILS TESEIVEU. 66

6

INPUT parameter

2

1

%

Equivalent_Stress_Maximum [1e9]

4

3

%
%

J"_

Coefficients of Prognosis (usmg MoP)
full model CoP= 96¢%9

INPUT: AM P_Z_8
0

%
INPUT: myAirCP
2 %
INPUT: Poissons_Ratio
7 %

INPUT: AMP_Y_4
13 %

INPUT: Youngs_Modulus
24 %

o~

|

.
INPUT: Ttin
46 %

40 60 80

CoP [%] of QUTPUT: Equivalent_Stress_Maximum

0
¥ 1.95

=
Lo

NN NN
Now R

N
He

MLS approximation of Equivalent_Stress_Maximum
Coefficient of Prognosis = 96 %
A 21
\ 2.05 -

2.48e+009
2.46e+009

2

2.52e+009
2.50e+009

2.44e+009
§ 2.42e+009
1 2.40e+009
1 2.38e+009
1 2.36e+009
1 2.34e+009
2.32e+009
2.30e+009
2.28e+009
2.26e+009
2.24e+009
2.22e+009
2.20e+009
2,18e+009
2.16e+009
2.14e+009
2.12e+009
2.10e+009
4 2.08e+009
1 2.06e+009
1 2.04e+009
1 2.02e+009

2.00e+009

1.98e+009

1.96e+009

1.94e+009

1.92e+009

1.90e+009

980

1000 1.87e+009 |

Tti, 1020 1040__-
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Example: Axial Turbine Blade

Most relevant imperfection modes :

Shape 4 of Y Shape 8 of Y
0.04 008
0.02 0.04
0.00 8'8%
-0.02 -0.02
-0.04 '8'83
-0.06 '
For maximum of stresses For efficiency
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Advanced reliability analysis

INPUT: YS vs. INPUT: FO
( 2. Approximation / All samples )
I I I I

Method : Adaptive Sampling on Adaptive
Response Surfaces (ARSM)

Complete iterations : 3/3

6

Selected data : 2. Approximation
All samples

Number of designs : 42 (0 failed)

Number of samples :
Total : 4182 /4182
Safe domain : 2262
Unsafe domain : 1920
Failure strings : 0

INPUT: FO [1e4]
4 5

Probability of failure : 0.0002072 ( 0.0002072
Standard deviation error : 6.272e-06 ( 6.272e-0

| | | |
600 700 800 900 1000
INPUT: YS

Most probable failure point
DO :68.9287850365
DA 755617433774
FO :62284 2219661
¥S 755 303557665

Distance median - design point (beta) : 3.349

Probability of failure (FORM): 0.0004051
Standard deviation error (FORM): 0.2986
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Adaptive Response Surfaces

NANSYS

= Reliability settings (3
Load /Save Presets

reliability algorithm Ldaptive response surface -
Farameters
A5 sunied failure probability J4e-b

Sampling method directional sampling

adaptive sampling
Mumber of directions |directional sampling

Initial DoE schema D-optimial quadratic
Initial axdal mukiplier 1.0

Following DoE schemes D-optimal linear -

Rotate DoE schemes ¥

Maximum number of clusters 3
Max. number of adaptions b
Accuracy of failure probability [>:] S50.0

Limit bound of parameter changes [*:] 2.0

Reset Cancel Ok

© 2009 ANSYS, Inc. All rights reserved. 70

« Sampling methods on the
MLS approximation:

— Adaptive Sampling
(supports more than two
failure domains and

sigma level
independent)

. to detect
number of failure domains
with high failure
probability

. adaptive
designs of experiments to
Improve the approximation
accuracy
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Adaptive design of experiments

NANSYS

INPUT: X vs. INPUT: Y
( 6. Approximation / All samples )
T I I

]
.
L %
[t} . | i . °
.
L ] ® L ] .. .... . ® )i
<+ - ° . o € . L4 ) L * o * .
* 9 ® ) ®
. S % %o. i.\otir ..£ '.‘ ..'. .‘.‘..0 * o .
. b .‘ L3 S o 1] .
.. . * o % » v w‘: .
~ ] .. ® .' T .. . s ®
see 3 NRPRGR IS IS e
° o0’ % ‘o.‘.‘ .'.oo. S e
O .
>'—' . . M ..s .......,.‘ - ‘::.. :.....::
Sol co N 0 ode, « % .'. -.‘.-.:‘ ® ..
% ' . - ‘ P o } o ® ... ®
(= . ... ..$ ‘ ‘ . ® s ®
e ® L L4 .%.. . .~ . . ] 6
N L .. .. N e *
e o b . .
+ ® . ® L . & o
. .. * o.. .
ﬁr_ * [ ] '. .. . L
* b . * ¢
. . .
o *
-3 e
! ®
e
I L] | I
8 -6 4 -2 0 2 4
INPUT: X
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with
D-optimal DOE

to
detect number of
failure domains with
high failure
probability

adaptive
designs of
experiments to
Improve the
approximation
accuracy
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NANSYS

Directional sampling on MLS

200
150

100
| 50

OUTPUT: g_min

‘ -50
| -100

A
- Sampling methods on the MLS approximation:

— Directional Sampling (supports more than two
failure domains and sigma level independent)
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Example: Axial Turbine Blade

[‘opti | Robust | output | Limits | Strings | Constraints | Objectives
[ # [ Mame [ Distribtion | Mean | Cov | Stddev | Lowercut | Uppercut | Format [Act.
1 myomegsa Morrmal -2244 215413, -0.02 44 22430327 ... - -
2 DS _hub_angle Marrmal -0.336955054... -0.02 0.006739761... - - Fo20.141
3 | DS _shroud_sngle Marrmal -0478574512... -0.02 0.003571490... - - %20.141
4 DS _gv_anals Marrmal -9.681817021... -0.02 0.19363563540... - - Fo20.141
3 Ttin Maormal 1002.559199... 002 20.057154 - - W20.141
5} ptin Mormal 30S000.0 0.03 91:50.0 - - Fo20.141
7 pout Mormal g7Y000.0 0.0z 1740.0 - - Fo20.141
8 i CP Mormal 1004 .4 003 3013199999, - - Fe20.141
| 9 rry AirF Mormal 287102 0.03 §.613059999.. - - Fo20.141
| 10 iy SteeiCP Marrnal 434.0 0.0s 21.70000000... - - 2%20.141
| 11 mySteelDensity Morrmal 78500 0.01 785 - - Y201 4f
12 mySteelLambca Morrmal 605 0.04 242 - - 20,141
13 | DS_FBlendRator Marrmal 04 0.0z 0.018000000.... - - Fo20.141
| 14 | Youngs_hodulus Morrmal 2 0E11 0.03 5.OES - - Y201 4f
| 15 Poizzohs_Ratio Marmal 0.3 01 003 - - Yo 20141
| 16 AMP_Y A Mormal 0.0 Infinity 0.382764141 .. - - W2014g
| 17 AbP_Y_2 Mormal 0.0 Infinity 0.007 496567 ... - - 20140
| 18 AMP_Y_3 Mormal 0.0 Infinity 0.005195775.. - - 20140
| 19 AMP_Y_4 Marrnal 0.0 Infiity 0.003323636... - - %2014y
| 20 AMP_Y_S Marrmal 0.0 Infinity 0.002761396... - - 201440
| 21 AMP_Y_6 Marrmal 0.0 Infinity 0.0013931497... - - %2014y
| 22 AMP_Y_F Marrmal 0.0 Infinity 0.001876365... - - 9201440
| 23 AMP_Y G Mormal 0.0 Infinity 0.001647552... - - %2014
| 24 AbiP_Y_9 Mormal 0.0 Infinity 0.001336831... - - 20140
| 25 AMP_T 1 Mormal 0.0 Infinity 0.287083430... - - W2014g
| 26 AMP_Z 2 Morrnal 0.0 Infinity 0005418631 ... - - %2014y
| 27 AMP_T 3 Marrmal 0.0 Infinity 0.003693600... - - 201440
| 28 AMP_Z_4 Marrmal 0.0 Infinity 0.002225785... - - %2014y
| 29 AMP_F S Marrmal 0.0 Infinity 0.001957426.. - - 9201440
| 30 AMP_T G Marmal 0.0 Infinity 0001529445, - - %20.140
| 3 AMP_F 7 Marrmal 0.0 Infinity 0.001421394.. - - 9201440
| 32 AMP_T 8 Mormal 0.0 Infinity 0.001041140... - - %2014
| 33 AMP_F 9 Mormal 0.0 Infinity 9.208922689. . - - 620140
Cancel 0K
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Reliability settings

Load/Save Presets

reliability algorithm Adaptive response surface b

Parameters

Assumed Tailure probabiliby 34e-B

Sampling method directional sampling ™

Humber of directions 10000

Initial DoE schema D-optimal quadratic

Initial axial mukltiplier 1.0

Following DoE schemes D-optimal linear hd

Rotate DoE schemes

Maximuni number of clusters 1]

Max. number of adaptions 5]

Accuracy of failure probability [*a] 10

Limit bound of parameter changes [%] 2.0

Reset Cancel 0K

* n=9relevant random
parameters
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OUTPUT: myeta vs. OUTPUT: myPower vs. OUTPUT: Equivalent_Str«
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QUTPUT: myeta vs. OUTPUT: myPower
( 2. Approximation )
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&2 L Design point
8 Designs on LSF ]
. Safe domain .
Supports
- Unsafe domain
) L
-
! L & T .I 1 1 1
0.785 0.79 0.8 0.805 0.81 0.815 0.82
QUTPUT: myeta
Save State Condition
Save State Condition
Marrie Function |_a_C_ﬂy_§j
LimitStress 2.8e9-Equivalent_Stress_Maximum | [v]
LimitEta myeta-0.795 | v
LimitPorover myPower-1.0eb [v]
Add Limit State Function || Remove Limit State Function || OK | Cancel
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Reliability Analysis

Method : Directional Sampling on Adaptive
Response Surfaces (ARSM-DS)

Selected data : 2. Approximation

* n=9random parameters
« N =141 design evaluations
« Pf=24e-7<3.4e-6 (4.5 sigma)

Six Sigma Design
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Number of designs :

Complete directions :

141 (7 failed)

10000 / 10000

Number of samples :

Total :

Safe domain :
Unsafe domain :
Failure strings :
Unsuccessful :

Probability of failure :
Standard deviation error :

19590
15143
4447
0

0

2.45e-07 ( 2.45e-07 )
4.771e-08 ( 4.771e-08 )

Most probable failure point:

myomega
DS_gv_angle
Ttin

ptin

pout
myAirCP

myAirR :

Youngs_Modulus
Poissons_Ratio

Distance median - design point (beta)

Probability of failure (FORM)

75

:-2217.04008841
:-9.99561718295
:1960.730885684
1266629.901461
190929.4317189
:1023.31803947
279.505216069
1202109405683
:0.285449914136

: 5.623

0 9.372e-09
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Successive Robust Design Optimization ANSYS

Simulation model ~= Model validation}

Robustness Evaluation }

| J

Important parameters]

N e e

Multidisciplinary Optimization

e ARSM (important parameters)

e EA (all parameters)

v

[ Optimal design ]

Robust Design Optimization %

e Variance-based RDO " Stochastic Analysis

e Probability-based RDO e Robustness Evaluation ) ’:ﬂ
e Reliability Analysis /_//-"'//

{Robust & safety design?

Robust optimal design ]
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iterative decoupled loop
approach

In combination with
identification of the most
significant random and
design variables using the
multivariate statistic

first step the robustness
evaluation can be used to
prove the predictive
capability of the
simulation model and to

identify the most
Important parameters to
solve reliability analysis,
efficiently

It IS neccessary to
evaluate robustness and
safety of the design
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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
- Parallel and distributed solver runs
* Process integration within optiSLang

* Robust Design Optimization with respect to 7 design parameters and 15
random geometry parameters, including the manufactoring tolerances
based on measurements

* Optimized robust design

* Optimized Six Sigma design

« N=36+ 257+ 84 +47 + 141 = 565 design evaluations
(SA)(EA)(ARSM)(RE)(RA)

« Calculation time: 48 hours (8 CPUSs)
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