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Motivation

Power Plant 1000 MW

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

Inhabitants
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Outline

« Workbench Platform
« Parameterization of the Geometry
« Parameterization of the CFD Simulation

« Parametric Process Integration
« Sensitivity Analysis

* Design Optimization

* Robustness Evaluation
 Random Fields

* Robust Design Optimization

* Reliability Analysis
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Workbench Platform & optiSLang NANSYS
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55 R CAD/PDM S)PTC autodesk

CATIA  SolidVorks

ANSYS Workbench

Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetic

A Multi-Physics Design and Analysis System
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Conformal Mapping
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BladeModeler

¥ ANSYS Workbench

 Blade Design
abilities In
DesignModeler

* Angle/Thickness

modifications In
BladeEditor

* Multi-Stage
Machines
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Meridian Contour

G71 A: Compressor Example - DesignModeler
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Impeller Hub, CamThk
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Impeller Shroud, CamThk

M
B71 Az Compressor, Example - DesignModeler
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B71 Az Compressor, Example - DesignModeler
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Return Vane Shroud, CamThk
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Geometry Export, TurboGrid ANSYS
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3D Blade Design

¥ ANSYS Workbench
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Geometry of Impeller

One sector

Model:
A, no blend
B, blend 1 mm
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Vista CCD, Overview

* Preliminary Design
— Mean line, or “1D”

— Velocity triangles
» Defines the geometrical envelope
within the larger picture
* Determines the performance potential
* Errors very expensive to recover later

— Semi-empirical approach
« Many calculations, needs to be rapid and robust
« Can be amenable to optimization

© 2010 ANSYS, Inc. All rights reserved. 22 ANSYS, Inc. Proprietary



Vista TF, Overview

» Expand into 2D
— S2 or ‘through flow’ approach

« Solution of the circumferentially ///
averaged equations of motion

« Take account of the span wise varlatlon
In design parameters

* First estimates of 3D geometry cand
made, both aero and mechamc '
aspects a

 Refine in 3D

« Accept longer run times
» Absolute accuracy important

© 2010 ANSYS, Inc. Allrights reserved. 23 ANSYS, Inc. Proprietary



Vista TF, Solution Procedure NANSYS

« Approximate meridional streamlines by splitting the flow into regions
of equal area and make a first guess of all parameters

— s from loss correlations
— h, from Euler equation
— pfromh,and s

» Determine the distribution of c,,

— Gradient of the meridional velocity
from general radial equilibrium

— Level of the meridional velocity
from the continuity equation

— Adjust ¢, on mean streamline until both gradlent and mass flow
satlsfled

* Improve estimate of the streamline positions and recalculate
* [terate until c,, and all other parameters are converged

© 2010 ANSYS, Inc. All rights reserved. 24 ANSYS, Inc. Proprietary



Vista TF Simulation Result

NANSYS

AUNaNCo
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TurboGrid Mesh, Return Vane
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CFX Preprocessing
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CFX Solver
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CFX Postprocessing
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CFX, Best Practice
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Boundary Conditions and Loads NANSYS

AUNONCo

Boundary Conditions
. Axial Support

. Cyclic Symmetry

ok WPk
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B: Static Structural (ANSYS)
Total Deformation

Type: Tokal Deformation
Unit: m

Time: 1
25-Apr-10 14:05

0.00066025
000044237
0.00022445
6.5992e-6 Min

Model Blend

B: Static Structural (ANSYS)
Total Deformation

Type: Total Deformation
Unit: m

Time: 1
25-Apr-1014:05

0.0019328
0.0017187
0.0015046
0.0012505
0.0010764
0.00086235
000064827
0.0004341&
000022009
6.0037e-6 Min

No Blend
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Mechanical, Stress

O
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Mechanical, Modal Analysis

NANSYS

Graph
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Mode Tracking
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Parametric Process
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Parametric Process
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Vista TF vs. CFX, Characteristic NANSYS

AUNaNCo
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Vista TF vs. CFX, Characteristic NANSYS

AUNONCo
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Vista TF vs. CFX, Characteristic C{\NSYS®
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Vista TF vs. CFX, Choke
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Vista TF vs. CFX, Stall

_ |VistaTF [CFX

mlkg/s] .-~ 5893 |
Mot [-] 1.3911 1.3654 ] il
n [%] 82.34 78.30 Sl

Q [rev/imin]

;;] -
N
0.100 (m) > —
—
' ~ " W Meridian Velocity
8.000e+001 P
B4 1740% +001 X
f S
P y
]
‘

Mach Number in Stn Fraa
Contour. 2

oo O o o,
D & ifo s <0 P

6.800e+001

‘" 6.200e+001

5.000e+001

[ 5.600e+001
‘ 4.400e+001

— - | 3:8008+001
. o

\ i "

L L

3.200e+001 gL

: J 2.600e+001 i

1l |

. 2.000e+001 il

v N S i

- ity

e

I

. .y e - i ..
\_

0.100 (m)

© 2010 ANSYS, Inc. All rights reserved. 48 ANSYS, Inc. Proprietary



Campbell Diagram

Camptiall Diagram
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Campbell Diagram

10.000 16.390
- Mode 1 w3 Mode 3
9.980 16.370
so  Harm. Index O s | Harm. lndex O
9.960 16.350
9950 16.340
0 540 16.330
16.320
9.930
16.310
9.920
16.300
9.910
16.290
9.500 16.280
095  1.00 060 065 070 075 080 085 090 095  1.00
18.490 10.000
=0 Mode 1
18.470 9.980
s - Harm. Index 1
18.450 9.960
18.440 9.950
18.430 9.940
18.420 9.930
18.410 9.920
18.400 9.910
18.390 9.900
060 065 070 075 08 085 090 095  1.00 060 065 070 075 080 085 090 095  1.00

© 2010 ANSYS, Inc. All rights reserved.

50

ANSYS, Inc. Proprietary




Optimization Objective

/

y v
Defined Operating Point:
Mass Flow Rate 72.6 kg/s
Rotational Velocity Q=6644 rev/min
Total Pressure Ratio m=1.35+£0.01, Objective
Maximal Efficiency n=max, Objective

No Resonance: Q#w,
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Parameter Manager

B Output Parameters E  Input Parameters
pd P33 nEladesk1 21 -'.T:u Fi Inlet'Width 53.1
pd P34 nBladess1 23 M b P Exitwidth 26,2
pd P36 Ttratio 1.1034 | b po RImpeller 305.3
pd P37 miyMassFlow 726 kg 571 b PIO HubBetal 45,4
pd P3g myeta 0.86738 : b P11 HubBetaz -25.5
pd P39 pratio 1,3503 1 b P12 HubBeta3 -25.6
pd P40 myPower -2, 2634E+06 iy b P13 shdBetal E5.7
pd P41 myTargque -3234.5 b | b P14 ShdBetaz 45.7
pd P4z myDeltas 0,012506 p P15 ShdBetas -30.7
pd P43 myalphafs B2.32 degree b Pl HubThi1 1.1
pd P44 myalphaf.1 1.4539 degree b P17 HubThkz 6.2
pd P45 myalphasi 19,598 deares b Fis shdThlk1 1.1
16 [F RVHUBThKL 45.5 -'T:I P19 ShdThkz 6.1
17 b pez RyHubBEtal 60.5 Y
18 b Pz R¥ShdBetal 60.5 lp P21 RYHUbTHEL 45.5
19 ',f. Pz4 RwShdThkt 45.5 "
20 b P25 ImpelerBlades | 21 tp P22 RYHubBetal 60,5
2] G e Ribotes |23 b P23 R¥ShdBetal £0.5
Zz bp pPz7 Ttin 313 E A d
23 [ myAirCP 10044 Jkg-1Km1 w 'T:. P24 RYshdThi1 45.5
24 [P AR, 2871 Jkg-1Km-1 w
25 [ Tymassin 726 kas~1  w P P25 II‘l‘lpE"EI’E'EdES 21
26 [ myamega £99.76 radans-1 W, Y
27 0 P35 ptin 1.724E+06 Pa - Lp Pza RYBlades 23
I t P t _ 2 6 p Pe7 TEin 313 K
npu arameiter — b pza myAirCP 10044 Tkg-1 K1
Output Parameter =43 b e e
-'.T:. P30 MY Massin TZ.6 kg s™-1
CO N Stral ntS — 68 b P3t myomega 699,76 radian -1
b P35 pin 1.724E406 Pa
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Workbench Interface to optiSLang NANSYS

AYNaNCO

Ql)ﬂ IStageFSIblen 'orkbench
File  Edit View Tools Units  Help

_]New |5 Open... &l save (&l save as..
T
| Bl Analysis Systems |
18] Electric (ANSYS)
¥ Explicit Dynamics (ANSYS) 7 A > B 4
3 Fluid Flow (CF0) W [ Geometry I & Turbocrid 1
(& Fiuid Flow (FLUENT) 2 W Geometry v 4 #2 & TuboMesh - 2| @
165 Harmnic Response (ANSYS) >3 | [pd Parameters \ﬁ\ Turbogrid 3§ solaion v
23 Linear Buckling (AMSYS)
4 @ Results v 4
\ 5

& Refresh Project - Update Project 'zijlmpurt‘.. ﬁCDmpact Mode

(& optiPlug...

Setup v o4 Engineeting D

Geomekry

Ta

@ e w4

[ Linesr Buckling (Samcef) (Beta) Geometry Made!

1 Magrietostatic (ANSYS)

[pd Parameters Setup

E8€E S

CFy Solution

Results

« optiPlug WB 12

v
il

Parameters e Parameters

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

Wiite optimization project A

Optimization problemn w

Lower bounds (-] |10 % Upper bounds [+ |20 4

Update mode

Dion't write files, show a warning message »

[] 5ave results
[] Show'we GUI during calculations

B C

[ (] ] [ Cancel Detals Pragress

‘ T View Al | Customize... |

o Ready (71 Hide Progress ][ A show 31 Messages ]
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Workbench Interface to optiSLang

~ optiSLang 3.0.1 powered by flowGuide

flowGuide FEdit Tools View Options Help

Start

. flowGuide Project Manager

Project manager

File £

Exit Chl-E -

47 Result_monitoring

@ 38 Parametrize_problem
I.: ) il Workflow name:

€ (L, Gradient_based

& (] Genetic_slgorithm_GA Description: 0y i

. ! : pen and show a result file (resp. Save_xyz bin -

@ ( Evalutionary_slgorithm_E4, (TeTmad T e

@ (5 Pareto_optimization Project name:

€= 1 Design_of_experiments_DoE Select a task J )

© 4 Meta_modeling_META, Workflow Parameters . -

Lo ;' Adaptive_response_surface_ARSM - Project directory:

Mode and Files
& g Robustness_analysis

Project Manager
Result_monitoring

Lo \_)/- Reliability_analysis Mode Sub project of:
© 34 Robust_desi ation_RDO
- 0 g _optimization_f -
C} Open project
& Revaluste_resuts G 1 Projects
& 1 Result_monitoring Hew project

&= ]

nef Slblend
Delete project

% Import project

Customize project

Look In: |[C] optiSLang ¥ | & | |=3) |88 B

- O—

ARSM_ARSM = bin
Slblend_optiSLang_doe_DOE ﬁ logfiles Apply Cancel Close
‘Siblend_optiSLang_dsa_DOE = opti_problems
iSLang\s sl Turbine ARS_ARSMiSave_fxialTurbine.AR_ARSH bin
Slblend_optiSLang_rob_ROBUST Ij workflows
Slblend_optiSLang_robust_ROBUST D AxialTurbineFsl .fgpr
rSlblend_optiSLang_SA2_DOE
il
File Hame: AxialTurbineF Sihlend fopr Star S Reset SLop
Files of Type: |flowguide project files hd ing_param_090807_172625 : AxialTurbineFSiblend
Select Cancel
Result:
optiSLang 301 powered by SIOWGHIde Started workflow: Resut_monitoring_instance
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Workbench Interface to optiSLang

NANSYS
AUNONCo

¢! OPTIMIZATION

f. 0O

40 60

Ter?os|Ob1ecllve|C0nstra|nls

File Show Modify Window elp
X & Objective data
2 Objective History
T T T T T
Update data al
S
Selected design 3
idesgn 105 v
-
243
S | =
Best Design | z
22
Sor
LS
o
o
v
a
3t
=)
<
> 3
QL L 1 L I
S0 20 40 60 80 100
Optimization Designs
- Term, objective & constraint values

OBJECTIVE DATA: (Best Design #105)

40 60
[%] of Data Range

Postimage775

- Design (input) parameters i [ Spo c
Best Design #105 RESPONSE DATA: (Best Design # 105)
- RVShdBetal I
63.123 i
RVHubBetal @
A 65.526
g ShdBetal g
£° \I -60.268 g,
j HubBeta3 3
a =27.017 «
- .
So l HubBeta1 g
g -52.348 S
£ ] RImpeller =
3 P 292.61 =
Y ExitWidth myDeltaS
27.616 0.00843554,
InletWidth AL
53.614
— | L L L L L L
0 20 40 60 80 100 S51.5: 52 :52; 53 53.5 54 545 55
Relative Size to Bounds [%] Relative Size to Response Range [%]
- History . Ola PostImage743
Response History
o
=]
SF
o
<
[=]
St
o
SJ
Sal
9o
£

0.9

0.898
T

—=— History (myeta)

L L

L
0 20

40 60 8
Optimization Designs

Postimage808

L
100

- Postimage800
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Process Integration

Sensitivity Analysis

Design Optimization
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Global variance-based

sensitivity analysis

What means sensitivity analysis?

inputs CAE and experimental

Xn; )

© 2010 ANSYS, Inc. All rights reserved.

outputs @
8xi
Y1

2l o
aX3 8x1

8”yj

Y ox!!

Y1 32)’1'
Y2 IX;0X;
yj = §j(xi)

Yn, X0

57

linear sensitivities
and
importances

nonlinear
sensitivities

multivariate
sensitivities

metamodels

predictability

start vector

ANSYS, Inc. Proprietary



Global variance-based

sensitivity analysis

OAnalysis of parameter sensitivity means

Qinvestigating the effect of variability (=¢ ) of
certain input parameters on the variability of design-
relevant response quantities,

Oildentification of the most :
Oidentification of linear and :
Oildentification of :

Obuilding for reducing CAE or
experimental costs and gain of knowledge,

QOgquantification of the model or experimental
and noise fraction and

Osearching best input parameters vector as
for design optimization.
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Global variance-based

sensitivity analysis

@)

iInvestigating the input
parameter variability effect
on the

variability of the responses

identification of the most
important input parameters

identification of linear and
nonlinear sensitivities

guantification of the model
predictability

Fosin ot Evpvvvglng

-
<e—3>
© O 00

gL experimental data signals i
< = — target mean signal
Sl -
o
E
E = =
= <
gof = |
g e~
g
% 8 \
]
2
E;
| \\/ \/
o
sl
E:
' 1 1
0 0.2 0.6

I
04
time [s]

59
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Global variance-based

sensitivity analysis

to

Q Minimize the
correlation error of
the input variables .. . .o . . T e .
and to | ‘ =[5 ’

Q Simulate i P — 2400 T I o °

o deSIgn 557 g—i i 2000+ © ¢ L ‘e ® IR ° )
variables 2 I | : .

O Required design & 1600 e A

evaluations e O
°:§ 1200 - - — 4 . o = '\"\-‘\_\
I, * L 2/148/1’6

Fysin wt
Example: $

A A

. .
L
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Global variance-based

sensitivity analysis

to calculate P B
(CoD) et . ! 0398
(explains the single - . T [H0s%
parameter influence of  0.45 | 0263
the total variance of ¢ 1 0:355
the response 0.4 - i ] 0:525
performance | 0333
Q i g % 0230
inear 2 0.225
(Col) 3 03 - 9310
(detects multiple N | 0205
parameter 2 0.25. | 015
correlations) o Jl 3152
Coefficient oflmportance(lmear) % 0.2 - 1 0.175
full mode\ ad]usted R = 60 % 0.170
T 0.165
n INPUT: fu , 0.15- §'i§§
L INPUTildzg/mpz ] 0.1 - 0.143
EMI INPUT: E i 0.05{ —
a 3 %
5
Za 2 INPUT: damp1 i
15 %
= | IN\‘PUT: dens i /[\
‘ 40 % e

1 1 1 1
0 20 40 60 80 100
adjusted Col [%] of OUTPUT: norm_2_diff disp
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Global variance-based

sensitivity analysis

single parameter

correlations

Without linear correlation < 0.3

INPUT: E vs. OUTPUT: norm_2_diff_disp, (linear) r = -0.216
nrw T T T
v_ L -
o
@
@ L ¢ !
[TE. L
%O d . ¢ .
| ™ [ »
~ L * [
Ell‘rr'\ij . ® . * 9 .
=gl L . ]
go o.... ® .. . ,o”. '.M.
.- ° . ®oe
| = b L ] .o %
o hd L e ® ]
awn . .
ET . a
20 *e [ ]
(@] -
* *
wn »
oL L -
: | | | | | | & |
95 1.75 2 2.25 2.5 2.75 3 3.25 3.5

INPUT: E [1e10]

62

© 2010 ANSYS, Inc. All rights reserved.

Coefficient of Importance (linear)

full model: adjusted R2 = 60 %
T T T T
n INPUT: nu _
-1 %
e INPUT: damp2 4
9 -1 %
()
&
~ INPUT: E _
gm 3 %
|_
o
o
Z~ INPUT: damp1l il
15 %
)
— U INPUT: dens |
40 %
I E— I 1
0 20 40 60 80 100

adjusted Col [%] of OUTPUT: norm_2_diff_disp

Weak linear correlation < 0.5

INPUT: dampl vs. OUTPUT: norm_2_diff disp, (linear) r = -0.406

wn - T T T

<L i

=)
@
il e * |
Y L
%D . ® o *

! % o
o~ * *

|- & o
EnL — “.. .
So|e . . .. e e *, o .. .
ool LA . .' ' s Lt
i . * . e
B . *
2Jo . [ ] [ ]
(@] .

. L]
n .
ol .
N | | - | |
(5?005 0.015 0.025 0.035 0.045

INPUT: damp1

62

Strong linear correlation > 0.7

INPUT: dens vs. OUTPUT: norm_2_diff_disp, (linear) r = -0.638

nrw T T

Es i

=)
&
<@ e ° i
to 2 . .
T e % .
~ il } ] .

b T o o * (]
S TE— . 1
1=} L . o o . -
c . o L ol A
- «® . o o*
[ ° ® . ~e Jo o
Zn . e® —_ o *
E- : e
8@ - *»

° L

n .

er I I \. I I - I i

?UOO 1250 1500 1750 2000 2250 2500 2750 3000

INPUT: dens
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Global variance-based

sensitivity analysis

///'}\"‘\
(Spearman rank order T
transformation) to P -
calculate e |
0.45 A
Pssmese,
(CoD) 0.4 - AN
Q nonlinear — s
(CO|) 5 0.35-
=4
3 03+
ll\)
%- 0.25-
Coefficient of Importance (quadratic) - Spearman ranked data |"’
full model: adjusted R2 = 86 % a
T T T T G 0.2
" y INPUT: damp?2 | b
-1 %
0.15-
ot INPUT:Dnu i
% 1% 0.1 -
E
e INPUT: E ]
gm 9 % 0.05 i
|— —
D A
o
Zn INPUT: damp1l i
21 %
|
- INPUT: dens | /l\
56 0‘/0
0 ZIO 4‘0 6‘0 8‘0

adjusted Col [%] of OUTPUT: norm_2_diff disp
© 2010 ANSYS, Inc. All rights reserved. 63

- 0.34
Nl 0.33
B 0.32
o 0:31
all 0.30
7 0.29
7 0.28
§ 0.27
5 0.26
N 0.25
4 0.24
N 0.23
5 0.22
N 0.21
1 0.20
B 0.19
0.18
0.17
0.16

\ 0.15)
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Global variance-based

sensitivity analysis

Coefficient of Importance (quadratic) - Spegagman ranked data
%

Slngle full model: adjusted R2 =

. T T T T
parameter correlations " INPUT: damp2 |
. -1 %
(Spearman correlation)
ot INPUT: nu i
o 1%
[
g
= INPUT: E _
g_r“') 9 %
'_
>
oo
Zn INPUT: damp1l i
21 %
\
- INPUT: dens i
56 U‘/o
. . il !
0 20 40 60 80
adjusted Col [%] of OUTPUT: norm_2_diff disp
Without linear correlation < 0.3 Weak linear correlation < 0.5 Strong linear correlation > 0.7
INPUT: E vs. OUTPUT: norm_2_diff_disp, (quadratic) r_s = 0.256 INPUT: damp1 vs. OUTPUT: norm_2_diff disp, (quadratic) r_s = 0.459 INPUT: dens vs. OUTPUT: norm_2_diff_disp, (quadratic) r s = 0.717
nrw T T T T wn - T nrw T T T T T
< n <L 4 <L J
IS = IS
o & &
shl” ¢ ! SR e * | ] R A |
Eo b to . o |
E\ o ‘ L4 * * * N o’ .. ° * N ' ‘k.“.-« *
~ o . . ~ .« *° . ~ e Toy
guN‘s} . . o o .7 Em* .. ' 7. . | Eg* . | [ . .. ] |
go' 0...' . . .' .o.".m. goo‘o S L et e 0 °'. . go . 'o.... * 3 o o ¢ o o -
E w ', -.o-'o'" i e E te * . & F *.0.7 o E o« v * ."...
2in T : = . *. 8 ¢ 2in * T e Lt T
E— * . 1 == ] o = }5"! = o o
8@ L . L4 80 - . L] OD - e
Py L . L ] ° L
n * wn [ ] wn L ]
2F 1 L 1 I I | & I i er I * a | 1 1 er 1 1 b 1 I - I 1
95 1.75 2 225 2.5 2.75 3 3.25 3.5 (53.005 0.015 0.025 0.035 0.045 THoo 1250 1500 1750 2000 2250 2500 2750 3000
INPUT: E [1el0] INPUT: damp1 INPUT: dens
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Global variance-based ANSYS

sensitivity analysis AUNaNCO

MLS approximation of norm_2_diff_disp

Coefficient of Prognosis = 94 % == 0.37 )
(Polynomials and 0.36
moving least square g o
approximations and 1 0.33
interpolations) to calculate 1032
21 0.31
0.45- 4 0.30
QO nonlinear < 0.29
nosis (CoP) to detect %% | o2
multivariate parameter _—— e
sensitivities 3 e
O Estimation of the 3 03] | 024
N N 0.23
|9 0.25-  0.22
= 5 0.21
- . . Q -
Coefﬁ;:lzelzlnrtﬁonéfeﬁr%%r;ogs (Silr‘;/% MoP) g 0.2 ] 8?2
0.15- i 0.18
. INP§J7T:%E 4 ‘ 0.17
0.16
z \‘ 0.1 - 0.15
£
§N INPUTéldaO/anl ] 0.051_ \— 0.14
2 J
Z |
- INPUT: dens i
63 %| /l\

1 L
0 20 40 60 80
CoP [%] of OUTPUT: norm_2_diff_disp
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Global variance-based

sensitivity analysis

Coefficients of Prognosis (using MoP)

multivariate full model: CoP = 94 %

parameter correlations (CoP) ]
- ™ INPUT: E 1
of the physical 7%
parameter dependencies and s X
relationships : o
=y INPUT: damp1l 4
E_ ‘ 31 %
gnosis can be used for - : »|
optimization and stochastic § INPUT: dens |
analysis .

1 1 1 1
0 20 40 60 80
CoP [%] of OUTPUT: norm_2_diff_disp

Small influence CoP <10% Weak influence CoP <15% Strong influence CoP >15%
MLS approximation of norm_2_diff_disp MLS approximation of norm_2_diff d|sp
Coefficient of Prognosis = 94 % MLéoae%]é?grlw?gftlgpogggg;m— 2 dlﬁ d\sp Coefficient of Prognosis = 94
wnmw T T T T T e T T T nmw T T T T T T T
T E <L J T E
=) S o
@0 1 * J 1 ® e . | @
oo . . o . go . . . . 2o
i} . L ) . hd ° N
“u:l . [ ] o ... . =
Salt . Sl e, @ o 0
Nlo i ¢ . . ° . | e * e 7 N‘o'
| % . . * o . e Nojls ® e o o s 0 o, o . . \
= o " @ S E - P . * . £
= b . e . P E L . o . * o c
2in o o° — H s _|* LS W) 2in
— . * cun . — L4 ° —
- ~o . . — L N . B !
=] s b o . . . =
. .
. . . L4 . .
wn L ] wn [ ]
g n I E— I I [ | 1 g n i i* ° a i i - 2 I 1 hi I 1 - I 1
1.5 1.75 2 225 25 275 3 3.25 3.5 005 0.015 0.025 0.035 0.045 000 1250 1500 1750 2000 2250 2500 2750 3000
E [1lel0] damp1 dens
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Global variance-based

sensitivity analysis

Coefficient of Determmatlon (Imear)
full model: 63 %
T T T T

INPUT: nu i
0%

INPUT: damp2 il

o %
(0}
£
o I INPUT: E
Sﬁ’l 5 %
- o
z
Z~ INPUT: dampl 4
= 16 %
o
|
— INPUT: dens J
41 %

|

20 40 60 80
R2 [%] of OUTPUT: norm_2_diff_disp

Coefficient of Importance (Ilnear)
full model adJusted R2 = 60 %

T
™ INPUT: nu i
-1 %
o< INPUT: damp2 4
9 -1 %
[}
£
e INPUT: E i
gm 3%
'_
>
o
Z~ 7 INPUT: damp1l
e
U INPUT: dens J
40 %
| |

0 20 40 60 80
adjusted Col [%] of OUTPUT: norm_2_diff_disp

Coefficient of Importance (quadratic) - Spegsrman ranked data
%

full model: adjusted R2 =

T T T T
b INPUT: damp2 i
-1 %
INPUT: nu il
&Y 1%
V]
g
e INPUT: E i
gm 9 %
'_
o ﬁ
[
Z~ INPUT: damp1
. J 21 %
]
— INPUT: dens J
56 %
| | J

0 20 40 60 80
adjusted Col [%] of OUTPUT: norm_2_diff__

disp

Coefficients of Prognosis (usmg MoP)
full model: CoP = 94 %
T T T T

INPUT: E 4

3

17 %
[
E
Q
E \
S INPUT: damp1
8 31 %
= | .
]
o
= |
- INPUT: dens J
63 %
| | 1 |
0 20 40 60 80

CoP [%] of OUTPUT: norm_2_diff_disp

, CoD
Linear regression

Col
Linear regression

Col
Spearman rankordering

CoP, Metamodel of
optimal prognosis

Linear relationships

Linear relationships

Nonlinear,

Single parameter
correlations

Single parameter
correlations

Single parameter
correlations

parameter
correlations

parameter
dependencies

of
multivariate dependencies

of
multivariate dependencies

of
dependencies

Identification of input
correlations

of multiple
parameter correlations

of predic-
table response variance

of the most
sensitive design subspace

of the
accumulatable single
parameter CoDs

CoD total model > 80%

Multivariate sensitivities:
single CoP > total CoP
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Correlation Matrix

onse

Parameter

20

IRe%E

60

50

0

30

10

INPUT: InletWidth vs. INPUT: ExitWidth, r =

parameter are

~
e
w
e
- .
e
-
ar .
M L
—in .
X
=2 2
=]
o
=]
== .
[ B .
=1T) .
aal L7
Zo .
= .
a L
b o .
»
n
©|
<)
@
(=]

Understand how

Ll

R e

L ® | I
2 2.1 2.2 2.3

- hd M|
24 25 26
e6

I.-. |
10 20 30 40
From: MOP Samples 84/85 (1

© 2010 ANSYS, Inc. All rights reserved.

INPUT: InletWidth

A6 48 50 52 54 55 58 60 62 2
. A =

.
-'}‘
o}: i

»
.805

L
0.82

.
0.81 0.815
OQUTPUT: VTF_etas_tt

0.825

1.00 (-0.00
0.90 (-0.05
0.80 (-0.09

0.00)
0.03)
0.07)

0.70 (-0.13

0.10)

0.60 (-0.16

0.12)

0.50 (-0.18

0.15)

70

0.40 (-0.20
0.30 (-0.21
0.20 (-0.22
0.10 (-0.22
0.00 (-0.21
-0.10 (-0.21
-0.20 (-0.20
-0.30 (-0.18
-0.40 (-0.17
-0.50 (-0.15
-0.60 (-0.12
-0.70 (-0.10
-0.80 (-0.07
-0.90 (-0.03
-1.00 (-0.00

0.17)
0.18)
0.20)
0.21)
0.21)
0.2..
0.2..
0.2..
0.2..
0.1..
0.1..
0.1..
0.0..
0.0..
0.0..
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Meta-Model of Best Prognosis

NANSYS

MLS approximation of ptratio MLS approximation of ptratio
Coefficient of Prognosis = 92 % Coefficient of Prognosis = 92 %
1.360
® 1.358
Otlal Fressure ratio :
° = 1.354
= 1.352
3 0 —| 1.350
oP = 0
B
- ;
o B B 1.342
1.346 g = 1.340
1.35; 1.344 g =k = 1.338
- 1.342 = 1.336
g 1.340 1.33 o] 1.334
o 1.34- 1.338 B 1.332
1.336 B 1.330
1.32 = 1.328
1.334 % e
1.33 1.332 L - 3
: 23.5) o =7 1.324
1.330 2424_525 . 58 1.322
1.328 25,55~ -56
1.32 & 26.5.7 < 2 -54 1.319
1.326 . XI[W’UU-, 27y e 5y Shéee\a _ 1.319
"o Coefficients of Prognosis (using MoP) 1.324 2828;50
— = >l
< 5 full mudel CoP = ‘ 91 % o 1.322
28 288 INPUT: HubBeta2 -60 1.320 MLS approximation of ptratio
1% 1.318 Coefficient of Prognosis = 92 %
_J\_ » INPUT: RVlSD/dBetal 13167 1.359
o
1.356
INPUT: RVHubBetal 1.354
% 1.352
1.350
s INPUT: ShdBeta2 1.348
] 4 %
153 1.346
& INPUT: InletWidth 1344
2 % 2 Sk
= S 1.340
5 S 1.338
2 INPUT: ExitWidth :
= 10 % 1.336
1.334
INPUT: HubBeta3 1.332
12 % 1.330
= R 1.328
~ INPUT: RImpeller 1.326
25 o L )
- ' -27.55; S = 1.324
.26__:32'6 -58 1.322
INPUT: ShdBetal =25.555 . 0
32% Hyp 224,57~ : -54 1.319
e | | e “Bety ~2423.5,2'3 w52 hé‘ae‘a e
0 20 40 60 80 =0
CoP [%] of OUTPUT: ptratio
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Meta-Model of Best Prognosis

NANSYS

AUNaNCo

onenL

1.1

P~

1108
1.106 -
1.104 -

1.102

1.098

1.096

Polynomial regression of Ttratio
Coefficient of Prognosis = 96

%

Polynomial regression of Ttratio
Coefficient of Prognosis = 96 %

Total Temperature Ratio

CoP = 96%

1.094
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MLS approximation of myeta MLS approximation of myeta
Coefficient of Prognosis = 84 % Coefficient of Prognosis = 84 %
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Meta-Model of Best Prognosis
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MLS approximation of modefrerOl
Coefficient of Prognosis = 95 9
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MLS approximation of modefreq002
Coefficient of Prognosis = 95 %
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Visualization of MoP
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Parameter Reduction

OUTPUT: myeta vs. INPUT: HubBetal, (linear) r = -0.458JOUTPUT: ptratio vs. INPUT: ShdBetal, (linear) r = -0.596
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Conclusion Sensitivity Analysis NNSYS

AUNaNCo

MLS approximation of VTF_etas_tt
Coefficient of Prognosis = 89 %
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Conclusion Sensitivity Analysis NANSYS

AUNONCo

Opti Robust Cutput strings Constraints Objectives

. . # Name Value Ref\Value Lower Bound Upper Bound Type Format | ActiveCon...
OEfﬂC'ency myeta 1 InletWidth 53 49.237 53.5 57.5 continuous %520.14f | [v
2 Exit\Width 26 26.91 26.5 28.5 continuous | %20.14f | [¥]
O InletWidth . 3 Rimpeller 305 288.3 2520 298.0 continuous %20.14f | |¥
= B HubBetal -48 -51.888 -52.5 -49.5 continuous Y2141 L
aS SmaHESt a.S pOSS|b|e 5 HubBeta3 25 -25.075 275 -26.5 continuous %20.14f | [¥
6 ShdBetal _55 _58.355 60.5 _59.5 continuous | %20.14f | ¢
7 | RVHubBetal 60 64.02 62.0 65.0 continuous | %20.14f | [v]
O Shd Betal & | RVShdBetal 50 59.5 50.0 B4.0 continuous | %20.14f | [
= 9 mymassin 726 726 55.34 87.119999999. .. continuous Se20.14f
as smallest as possible 10 [ myomega | 9078 599,76 s29784 | 839712 | continuous | %20.14f
11 HubBeta? 25 -26.525 275 225 continuous | %20.14f
O HubBetal . 12 | ShdBeta2 45 42 835 495 405 continuous | %2017
- . 13 ShdBeta3 -30 -30.69 -33.0 =27.0 continuous | %20.14f
as Sma“est as pOSSIb|e 14 | HubThkl 1 0818 08 12 continuous | %20.14f
15 HubThk2 6§ .01 5.0 7.0 continuous Y2141
. 16 ShdThk1 1 0.93 0.8 1.2 continuous | %20.14f
O lepe”er . 17 ShdThk2 8 6.85 5.0 7.0 continuous | %20.14f
as Sma”eSt aS OSSIbIe 18 | RVHubThk1 45 61.065 45.0 65.0 continuous | %20.14f
p 19 | RWVShdThki 45 383 35.0 55.0 continuous | %20.14f
2 ImpellerBlades 20 20 18.0 0 continuous 20141

O RVShdBetal : 1| viiades |2 24 216 TmaTonsessss | coniroors | 20 141
as largest as possible Cancet | | ok
QRVHubBetal : OTotal pressure: ptratio
259 FlgEE e sl el Q ShdBetal : as smallest as possible
Q RImpeller : as largest as possible
Q HubBeta3 : as smallest as possible
Q ExitWidth : as largest as possible
Q InletWidth : as smallest as possible
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Process Integration

Sensitivity Analysis

Design Optimization
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Design Optimization
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Optimization Strategy

MLS approximation of VTF_etas_tt
Coefficient of Prognosis = 89 %

Sensitivity Analysis (SA)

- Shows optimization potential
* Indicates start solution :
- Parameter reduction U Y
. Modify parameter space
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e N\ .\. 4
\\s 2\
/ \
» ee
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e e 9e
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© O =

<J “Mley,, 52 oy 0.808
‘ay 50 - X2

Strate gy. - e roosl (2ing MoP)

- Start design(s) from SA P
* Pre-optimization in sub space, ARSM

 Start design(s) from ARSM

* Local improvement, EA (full space)
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CoP [%] of OUTPUT: VTF_pr_tt
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Adaptive Response Surface

Methods (Local)
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Adaptive Response Surface NANSYS

AUNONCo

ARSM with 8
performance-relevant
parameters Opti | Robust | OQutput | Strings | Constraints | Objectives

# Name Value Ref\alue Lower Bound Upper Bound Type Format | Active Con...
1 InletWidth 53 49.237 53.5 575 continuous 0e20.14f v
2 ExitVvidth 26 26.91 26.5 28.5 continuous 0e20.14f v
3 Rimpeller 305 2883 2020 208.0 continuous Ue20.14f L
Z HubBeta1 -43 -51.888 -52.5 -49.5 continuous Ye20.14f L4
5 HubBeta3l -25 -25.075 275 -26.5 continuous 0e20.14f v
6 ShdBetat -55 -58.355 60.5 -505 continuous 0e20.14f v
7 R\HubBetal G0 64.02 62.0 G50 continuous 0e20.14f v
3 RWShdBetal G0 60.5 60.0 G4.0 continuous 0e20.14f v
0 My massin 726 726 65.34 &87.119999999 .. continuous Ue20.14f

10 myemega 6500 76 699.76 620 784 239.712 continuous Ue20.14f

11 HubBeta2 -25 -26.525 275 -22.5 continuous 0e20.14f

12 ShdBetaz -2t -42 385 -49.5 -40.5 continuous Ye20.14f

13 ShdBeta3l -30 -30.69 -33.0 -27.0 continuous 0e20.14f

14 HubThk1 1 0.818 0.2 1.2 continuous Ye20.14f

15 HubThk2 6 6.01 5.0 7.0 continuous Ye20.14f

16 ShdThk1 1 0.93 0.8 1.2 continuous 0e20.14f

7 ShdThk2 6 6.85 5.0 7.0 continuous 0e20.14f

18 RWVHubThk1 45 61.065 45.0 G50 continuous 0e20.14f

15 RWEhdThk1 45 33.3 35.0 55.0 continuous 0e20.14f

20 ImpellerBlades 20 20 12.0 24.0 continuous Ue20.14f
21 R\Blades 24 24 216 28700000000 .. continuous 0e20.14f

Cancel OK
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NANSYS

Adaptive Response Surface

AUNaNCo

ARSM leads to better design:
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Objective History Best Design #105 RESPONSE DATA: (Best Design #105)
I T T T T
~| T
Sl | i ' : = 9.95459€+FU0U5 =
sty o, oo U RVShdBetal Total Deformation Maximum J
a1l 1 63.123 I8 0.000271675 |
gdi [fle 1l ) o trati _
I e RVHubBetal a 1?3?782 __J
28 I \r"“"" Jer | 5 65.526 = myeta -
ssl UtV ) ‘ ; ' — ) 0.906196
S, | [T s, Dol ShdBetal j = IphaSt1 |
gl || PP I ' GE) J -60.268 T mly??.gng |
SiL L T e SN e . o
O S 1A o HubBeta3 0 myalphaRS-
S S 195 © 27 017 < 67.1827 IS
S 20 40 60 80 100 e 1A _ myalphaR1 _
Optimization Designs S Y= D
o) HubBetal o 2.14088 L
L = myTorque
Parameter History 8 ;,52348 ; 8 -3078.91
- ; RI Il E myPower i
& 395 61 S5Y -2.1545e+006 gj
o] 3l | 4 = < myMassFlow -
5 T TS o~ ExitWidth ’ 72[5591975 R
T S e 27.616 _J myDelta -
A D —— \ ~ 0.00843554 A-J
= . 7 nietWi Ttratio
0 <— Iteration history... ) i 1536141 — | | | 1-098?1 | I
N; ; Lower bound 20 40 60 80 100 0 20 40 60 80 100
Tteratiq Upper bound | Relative Size to Bounds [%] Relative Size to Response Range [%]
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Total Pressure Ratio
Efficiency [%]
#Designs

© 2010 ANSYS, Inc. All rights reserved.

1.3497

89.15
100

e12AW
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90.62
105

86

0.9064
0.9055

1 0.9050
1 0.9045
1 0.9040
0.9035
1 0.9030
1 0.9025
1 0.9020
1 0.9015
e || 0.9010
1 0.9005

1 0.9000
1 0.8995
1 0.8990
1 0.8985
1 0.8980
1 0.8975
1 0.8970
0.8965
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0.8955
0.8950
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Evolutionary Algorithm

Opti Robust Qutput Strings Constraints Objectives
- # __MName __ |Type e e F_crmulla S } . Active
W I r I I I r I I 14 | reZmodehd2 [ine... [ *modefreq021-(2*myomega ) v .
15 relimodeh022 |ine... *modefreg022-(1*myomeg v
18 rel2modeh022 |ine... *modefreg022-(2*myomega) v
17 relimodeh023 |ine... *modefreq023-(1*myomega) v
- 18 | rePmodeh023 [ine 237*mode freq023_(Z*myomega) J(Z*myomegal) v
19 refimodeh031 |ine... fabs( 832" modefreg031-(1*myomega) i 1*myomega) [d
20 rel2modeh031 | ine fab: 2*modefreq031-(2*myomega) (2 myomedg; v
21 rellmodeh032 |ine... fabsi 32" modefreg032-(1*myomega) i 1*myomega) [d
22 rel2modeh032 | ine fab: 2*modefreq0. 2*myomega) M2 myomeg Vi
L} 23 rellmodeh033 |ine... fabs((6.2832"modefreq033-(1*myomega) [
24 rel2modeh033 | ine 83, 2*myomega) Vi
25 relimodeh041 |ine... 3 1*myomega) v
26 rel2modeh041 |ine 3 2*myomega) 4
27 relimodeh042 |ine... 3 1*myomega) 4
28 rel2modeh042 |ine... X) 2*myomega) 4
29 relimodeh043 |ine... 3 {1*myomega) 4
Z - - - - 3 Cmodehnd? 5 (2 my y ,
Opti Robust Output Strings Constraints Objectives 30 | reCmodehld3 |mne.. 2 Z'myomega}
31| relfmodeh0S1 |[ine 37 1*myomega v
32 rel2modeh051 |ine... 32" modefreg051-(2*myomega) v
# Name Value Ref\alue Lower Bound Upper Bound vpe Format  [Actiy | 33 | refimodenos2 |ine 2*modefreq052-(1*myomega) v
. - — - - . - . 3 rel2modeh0S2 |ine... 2832*modefreg052-(2*myomeg [d
1 InletVidth 53 53.613661065... 53.5 57.5 continuous oe20.14f [ 35 | relmodents3 |ine 1 *myomega) =
2 26 27.615811531... 26.5 28.5 continuous | %20.14f | [w]| | 30 | rebmodehiSd jie.. e Smiomese e mvomes .
37 | relimodeh061 |ine 2832 {1*myomega }(1*myomeg
3 Rimpeller 305 292 61382089... 292.0 298.0 continuous Y%20.14f V|| 328 | rePmodents! [ine..| fabs((6.2832*modefreq081-(2*myomega) (2" myomega))-0. v
- pp— - - 5 - 3 relimodeh0s2 | ine 2832 *myomega } (1 *myomega))-0.01 v
4 _48 52 34345257 25 49 g g L 4
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o HubBeta3 -25 2701713251 -27.5 -28.5 continuous 20,141 4 rellmodeh071 | ine... 2 {1*myomeg v
N Zmodeh071 | ine Z*myomega }(Z*myomega))-0.01 v
7 Chd == EN PRTREIUVIE = 5o g o g A re yomeg yomega))
i ShdBetal 39 50.26762316 60.5 28.5 continuous e20.141 Ld relmodenorz |me... T myomeoan( I myamega) 0.01 v
& ShdBetaz -45 -42.885 -49.5 -40.5 continuous 9020141 ¥ remodeh072 | ine 2imyomega) (2 myomega) v
. rellmodeh073 |ine... 1*myomeg 1*myomega))}-0.01 [d
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— - 52 rel2modeh082 | ine 32*modefreq082-(2*myomega) 4
12 ShdThk1 1 0.93 0.8 1.2 continuous 9020141 V1| 53 [ ertmodenoss [ine..| fabsi(5.2652"modefreq053-('myomega) v
— ~ o o - - - 54 2modeh083 |ine... 832" mi 2*myomeg 4
9 cShdThk z 585 g o o 4 re Y
13 ShdThkZ 6 6.85 2.0 7.0 continuous %20.1481 [ ¥l 5T remmodenost Tine.. 2832 mod 2 myomega) V(2 myamega) v
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c g - e — — — - P— 57 | relimodehdal |ine 3377 (1*myomega) )i 1*myomega) V)
15 RWvHubBeta1 60 65.526394007 62.0 66.0 continuous 20141 [ 58 | relZmodeh0S2 |ine... (2*myomega} 2 myomega) v
o oy oy . o oos - Py a l1modeh093 | ine 1 *myomega ) ¥ 1*myomega) ) v
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o oo o e ooy T 0 T4 - P & 2modeh102 |ine... 2*modefreq! 02-(2*myomega) v
G i) ROO TR ROD TR R7G 74 a0 5 oy A re )]
19 myomega 699.76 6990.76 623.78 839.712 continuous 20141 65 | rermoden1o3 | ne modefreqi03-(1*myomega) v
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Evolutionary Algorithm

EA leads ¥

Oetter design|
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Evolutionary Algorithm

ARSM EA
. L ™o
Total Press. Ratio 1.3479 1.3485 // \_ g

Efficiency [%] 90.62 90.67
#Designs 105

0.907 -

(@ 0.90742

0.90700
1 0.90675 |
1 0.90650 |
1 0.90625
1 0.90600
1 0.90575
1 0.90550
1 0.90525
1 0.90500
1 0.90475
1 0.90450 |
1 0.90425
1 0.90400
1 0.90375
1 0.90350
1 0.90325

1 0.90300
| 0.90275

myeta

0.904 -
O Additional Results |

O RVHubThkl ->35 —
O RVShdThkl -> 35

Q RVHubBetal -> 68 |
O HubBetal -> -55 53 5~
Q InletWidth -> 52.5

Q myomega 699 - 703 [\

0.90250
0.90225

| ® 0.90199
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NANSYS

Conclusion Optimization

AUNONCo

» Sensitivity shows optimization potential
* Pre-Optimization, ARSM, increases quality
* EA leads to further improvement

I T T =T

Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485
Efficiency [%] 86.72 89.15 90.62 90.67
#Designs - 100 105 84
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Process Integration

Sensitivity Analysis

Design Optimization
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Application of stochastic and ANSYS

robustness evaluation

5.000e+001

© 2010 ANSYS, Inc. All rights reserved.

AYNaNCO

O Analysis models become
increasingly detailed

O Numerical procedures
become more and more
complex

O Substantially more precise
data are required for the
analysis

O Deterministic optimum
design is frequently
pushed to the design
space boundaries

QO Optimized designs lead to
high imperfection
sensitivities

QO Optimized designs tend to
loose robustness

QO But assessment of design
robustness, reliability and
safety will be more and
more important

Q Because of that integration
of optimization and
stochastic analysis
methods will be necessary

ANSYS, Inc. Proprietary



What does robustness

evaluation mean?

PDF
02 04 06 08 1
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|

INPUT: al
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INPUT: al
QUTPUT: max_disp
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Fitted PDF
in| il Histogram || |
e Limit line
< | B )
(=} o n B |
&m
ao
~
s
o -
| 4
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7.5 8 8.5
OUTPUT: max_disp

OActual, robustness evaluation means
Q global variance-based

Q of computational design models
Q according to with

Q and

Q specification of random parameter
for stochastic analysis
and

Q

OBut in many cases the non-
robustness of

Q computational methods
Q computational software
Q computational hardware
Q...

Qis involved.
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Statistical data

QO Where to get statistical data?
Q From lab testing (always best)
QO From measurements of suppliers/manufacturers

Q From technical references (mostly only mean values
provides)

o
o]

Lognormal /\

©
o~

O
standard deviation of about +10%

O Typical scatter for metallic materials

Normal
O Young’'s modulus - Gaussian with a standard deviation
of about +3-5%

0.2
<X + o,
O Shear modulus - Gaussian with a standard deviation of 00 / \

about +4-8% 1.0 0.0 1.0 20 3.0

Poisson’s ratio - Lognormal with a standard deviation of Value of Random Varible
about £10-20%

Density - Gaussian with a standard deviation of about

+1-6%

Thermal expansion coeff. - Gaussian with a standard

deviation of about +4-5%

Heat conductivity - Gaussian with a standard deviation
of about £3-5%

Heat capacity - Gaussian with a standard deviation of
about £5-7%

Q Yield strength Rp0.2 - Lognormal with a standard
deviation of 5%

© 2010 ANSYS, Inc. All rights reserved. 94 ANSYS, Inc. Proprietary

Probability Density Function
()
N

©c 0O O 0O O



Uncertainties and Tolerances

NANSYS

AUNONCo

Property SD/Mean %
Metallic materiales, yield 15
Carbon fiber composites, rupture 17
Metallic shells, buckling strength 14
Junction by screws, rivet, welding 8
Bond insert, axial load 12
Honeycomb, tension 16
Honeycomb, shear, compression 10
Honeycomb, face wrinkling 8
Launch vehicle , thrust 5
Transient loads 50
Thermal loads 7.5
Deployment shock 10
Acoustic loads 40
Vibration loads 20

© 2010 ANSYS, Inc. All rights reserved.

95

Design

Material, geometry, loads,
constrains,...

Manufacturing

Operating processes (misuse)
Resulting from Deterioration

[Klein, Schueller et.al. Probabilistic Approach
to Structural Factors of Safety in Aerospace.
Proc. CNES Spacecraft Structures and
Mechanical Testing Conf., Paris 1994]
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Exceedance Probability

* Probabillity of reaching values above a
threshold for Gaussian distribution

fx(x))

‘ & | H U+ o w+ 20 1+ 30 1L+ 4o ‘
P [5-10° 7 [16-10 1 | 23-10 2 | 1.4-10° | 3.2-10°°
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Benefit of robustness evaluation NANSYS

AUNONCo

INPUT: F1 INPUT: E OUTPUT: max_stress
( 1. Iteration ) ( 3. Iteration )
< T ~ T T I T T __\ T T ol 1 T P
n — - B | i
™ < TN
| ~—
. J - NI | @R -
N —
n
e 0o — = o+
£ I = | L _
(T (TR o
82 Eg. L ] é“’.
o
- < —— Fitted PDF m n
" St ] = dillft Histogram
IS g Limit line |
- I
° 1.6 1.4 1.2 1 0.8 0.6 0.4 qu.o.g. ‘ 0.9 © I l l l I I | :
INPUT: F1 [1e5] INPUT: E [1e7] 28 3OUTPUT:S'r%\ax_strer[lezt] 36
=t = Statistic data
Oldentification of non-robustness
- Mean: | 3.242e+04 Sigma: | 2691
Q of the responses increases
O 1 f h Skewness: | 0.2302 Kurtosis: | 1.967
m OVI ng O t e Fitted PDF: Normal
Q responses exceed the limit states e[S 22en0n____|___Sm|2591
O P_rel= |09 P_fit= |0.908393

Q system failures
(structural buckling, system resonances, etc.)

Oldentification the most-relevant random
parameters to reduce the stochastic problem

QEstimation of the Sigma Level
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Random variables of robustness

evaluation

erti |/ Robust |/ Output |/5trings |/ Constraints rDbjec'tives

# MName Distribution [dean CoV Stddev Lower Cut |Upper...|For..|A...|C
1 Ttin Normal 313.0 0.0050 1.565 - - (%[ []
2 My AIrCP Normal 1004.4 0.0050 5.022 - - ||Vl [
3 My AirR Nermal 2871 0.0050 |1.435500000000... - - |l [
4 My massin Nermal 725 0.0050 0.363 - - e[l ]
5 My emega Normal 699.76 0.0050 3.4588 - - %... | [wl| ]
6 ptin Normal 1724000.0 0.0050 8620.0 - - ||Vl [
7 InletWidth Normal 53.61388108572... | 0.005000... |0.258088305328. . - - | |el] ]
8 Exit\idth Nermal 27.3049298308772| 0.0050 [0.130024549199... - - ||l ]
g9 Rimpeller Normal 292.56 0.0050 1.4628 - - %... | [wl| ]
10 HubBeta1 Normal 525 -0.0050 0.2625 - - ||Vl [
11 HubBeta? Normal 250 -0.0050 0.125 - - | |el] ]
12 HubBeta3 Nermal -27.01713251922...| -0.0050 |0.135085862506... - - ||l ]
13 ShdBetad Normal -50.26762316109... -0.0050 (0.301338115805... - - % (][]
14 ShdBetaZ Nermal -45.0 -0.0050 0.225 - - ||l [
15 ShdBetal Normal -30.0 -0.0050 0.15 - - ||
18 HubThk1 Nermal 1.0 0.0050 0.0050 - - ||l ]
17 HubThk2 Normal 5.9196 0.0050 0.029598 - - % (][]
128 ShdThk1 Nermal 1.0301 0.0050 |0.005150500000... - - ||l [
19 ShdThk2 Normal 6.0 0.05 |0.300000000000... - - ||
20 RVHubThk1 Nermal 450 0.05 2.25 - - ||l ]
21 RVHubBetal Normal 66.0 0.05 |3.300000000000... - - (% (][]
22 RVShdBetal Nermal 62.85486468353... 0.05 |3.142743234176... - - |l ]
23 RVShdThk1 Normal 45.0 0.05 225 - - ||
24 Density Nermal 7850.0 0.05 392 5 - - e[l ]
25 oungs_Modulus Normal 2.0E11 0.05 1.0E10 - - %... | [wl| ]
26 | Poissons_Ratio Log-Mormal 0.3 0.1 0.03 - - |l ]

Cancel OK
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Process Integration

Sensitivity Analysis

Design Optimization
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Random Fields: Background ANSYS

AUNONCo

What is a random field?

« A random function, defined on a structure, which takes random values at any
location. One outcome is called , the set of all realizations is called

« Stochastic properties at each point are defined by (mean,
standard deviation ...) and

« Dependency between different locations is defined by the

H(z,w)
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Random Fields: Background ANSYS

AUNONCo

Random Fields Simulation:
« Measured Data

« Decomposition of the Covariance Matrix, the Random Field is
expanded as a series of deterministic Shape Functions and
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Theoretical Basics

The correlation coefficient function is a function of the
distance between two points. It is characterized by the

> G

The correlation function must be positive semi-definite.
Examples: , triangular.
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Theoretical Basics

Special cases:

. type: the random field is characterized completely by
mean and covariance function
. . same stochastic properties at any point throughout the
structure
. . correlation depends on the distance between two points, not the
direction
. . correlation function and covariance function are identical
X2 X2
A A
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Measure Spatial Deviations

- 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

7550 Random Field Supports

100

80
(=

-20
-40

Row Index
&l

40

20

0 20 40 60 30 100
Column Index
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Modeling Spatial Deviations ANSYS

shell_thickness shell_thickness
< Mean > < Standard deviation >
f2.2 0.5
12.1
0.4
12.0
name: shell_thickness 11.9 name: shell_thickness 0.3
value: Mean ' value: Standard deviation
. 11.8 . 0.2
min. value:  0.9179 min. value: 4.019e-05
max. value:  2.1707 §1.7 max. value:  0.46127 0.1
palette range: 1.25...2.25 11.6 palette range: 0 ... 0.55 0.0
1.5 ——d
1.4
1.3
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Random field modeling
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Imperfection modes of the

random field

Shape 5 of Diff_X

Shape 2 of Diff_X
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Data Reduction

Truncation of random field expansion

Eigenvalues are sorted in (usu. strongly) decreasing order
Highest eigenvalues contribute most to total variance
=>» Neglect variables with minor contribution
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Imperfection mode

© 2010 ANSYS, Inc. All rights reserved. 109

80

100

ANSYS, Inc. Proprietary



Data Reduction

Quality of truncated series:

N, N,

YA > A/ dim(Cxx)
1=1 1=1

trace(Cx x) B trace(CXX)/dim(CXX)

« After mesh reductlon normallze variability to number of data
Z/\ 2/\/(11111 Cxx)

N, supports N, supports

_Z J? Z Jj Nsupports

fra%téon '8% [%9]0
T

40 50 g(]
T T
|

30

Normed variabilit

| |
20 40 60 80 100
Imperfection mode
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Realization of Diff_Z
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Process integration

Statistics of measurements:

Realization of Diff_Y

ne means, covariance matrix

0.04

(=]
=1 :
=
40
20 -
- Simulate random
20 parameters
-40
3| INPUT: E vs. INPUT: damp1 vs. INPUT: dens
Finite element mesh of the 1 ‘ 1
.
surface and measurement wol e
- a L . © .
.
points .
[ ¢ .
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1600 R
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0.05
0.01 ? . 1751
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"~ Generate set of random specimen,

Robustness evaluation and Six o replace in FE assembly
-

Sigma Analysis

0 0.050 0100 (m)

0.025 0075
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Robustness Total Temperature NANSYS

AUNaNCo

OUTPUT: Ttratio

Coefficient of Importance (linear)

o
full model: adjusted R2 = 97 % 0 I T 7
o INPUT H bB t 2 I Most relevant “ Fitted PDF
- . Ouo/ = ) S| | eallliny Histogram | .
0 Parameter =@ istogt B
INPUT: HubBetal o HlisUI= [
0 % Ql \ 7
© INPUT: ExitWidth i 5 &
0 % =i 4
s INPUT: Inletwidth No 8o| \ |
v 0 0 /
Ep INPUT: myAirR | Tolerance -
: 0% limit s R m.
. INPUT: ptin _ _ S/
> piT Objective: & ~ N
Z< l UT: my | . ) - — =
GT min 1.096 1.098 1.1 1.102
INPUT: R OUTPUT: Ttratio
. Statistic data
™ IN ' T Min: | 1.094 Max: | 1.103
INPUT: my'omega Mean: | 1.099 Sigma: | 0.001565
. 55 % | CV: 0.001425 |
0 20 40 60 80 100 Skewness: | -0.3148 Kurtosis: | 3.606
adjusted Col [%] of OUTPUT: Ttratio Fitted PDF: Normal
Mean: | 1.099 Sigma: | 0.001565
Limit x = 1.095
I I I P_rel = |0.0512821 P_fit = |0.0226627
No criterion of failure for O P
x_rel = 11,1009 x fit = [1.10116
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Robustness Total Pressure

Most relevant Parameter _

|
o | |
Coefficients of Prognosis (using MoP) " | ' Fitted PDF
. —_ (0] —~
full model: CoP - 83 % i L\ alll. Histogram
— INPUT: T"X/’j'rcp 1 ol | Limit line
O | )
| INPUT: ExitWidth
1 % .
e INPUT: ShdThk2 4 agq "‘-\
- 1 % < [ — \
9 I INPUT: RVShdBetal oleranc It
(40} 1 D/D 4
E@ INPUT: mymassin 4 ol ) 1 ‘34KH|T 1386 il
s 2% N 1 ~11% outsi
a I INPUT: ShdBetal — W N
= 2 % \/ | _— . I
&< INPUT: RImpeller | ol NN NN
E 8 % 1.335 1.34 1.345 1.35 1.355 1.36
- INPUT: Ttin OUTPUT: ptratio
11 % Statistic data
~ z INPUT: myAirR i .
14 9%, Min: | 1.331 Max: | 1.364
INPUT: %Yg/mega Mean: | 1.347 Sigma: | 0.006107
| I i 0 | |
CV: | 0.004534
0 20 40 60 80 :
CoP [%] of OUTPUT: ptratio Skewness: | -0.1683 Kurtosis: | 3.589
Fitted PDF: Logistic
Mean: | 1.347 Sigma: | 0.006107
Limit x = 1.34
P_rel = {0.116883 P_fit = |0.110889
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Robustness Total Pressure

1.355

1.35

ptratio

1.345

1.34

1.335

1.33

296

e -
(Y] - — ©® =
—— ©
= - Ag_,.,,.,“.mﬁ. <
< *6———
. = _0\&_.
9 ¢ ‘&ov._&
- e
-.—~—\.£.._\\.d._. e =
_..\__\_\.._..._m — =
o \T —— © ‘
T “\"0“"“'\“““\‘5‘
——— (N
s

e

MLS approximation of ptratio
Coefficient of Prognosis = 83 %

Modification of omega

leads to more Robust

Design

© 2010 ANSYS, Inc. All rights reserved.

!

1.359

1.356

1 1.354
§ 1352
1 1.350
1 1.348
1 1.346
1 1.344
8 1.342
1 1.340
1 1.338
1 1.336

1.334
1.332
1.330

115

80

60

PDF

40

20

- Fitted PDF ] 7
dT Histogram |
Limit line
/
L — \_\. — _
I Tolerance
- 1 1.34«T0L<
| _W 2% outsi
1.335 1.34 1.345 1.35 1.355 1.36
OUTPUT: ptratio
Statistic data
Min: | 1.331 Max: | 1.364
Mean: | 1.347 Sigma: | 0.006107
CV: | 0.004534
Skewness: | -0.1683 Kurtosis: | 3.589
Fitted PDF: Logistic
Mean: | 1.347 Sigma: | 0.006107
Limit x = 1.36
P_rel = | 0.974026 P_fit = |0.979332
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Robustness Efficiency ANSYS

AUNaNCo

OUTPUT: myeta

Most relevant Parameter '

\

Fitted PDF
il Histogram

Limit line

Coefficients of Prognosis (using MoP)
full model: CoP = 65 %

INPUT: HubBeta2
0 %

L INPUT: ShdBeta3 _
0 %

INPUT: Density
1 %

INPUT: HubBetal | N /
4 %

INPUT: RVShdBetal E,f4” {__
15 % = re i -
R | 0.885 0.89 0895 mydﬁog 0.905

] 21 % '

6

PDF
75 100 125 150 175

.
V4
Va

50

25

INPUT pirameter
)

0

™~
Statistic data

INPUT: RVHubBetal -

| 9 9, Min: | 0.8841 Max: | 0.9078
i d l l l . ; .
20 40 60 80 100 Mean: | 0.9018 Sigma: | 0.003851

CoP [%] of OUTPUT: myeta CV:|0.00427
Skewness: |-2.212 Kurtosis: | 9.204

Fitted PDF: Extreme Typ III (Min) Weibull

TO I erance | | m |t n>90% Mean: | 0.9018 Sigma: | 0.003851

Upper cut: | 0.9078

~28% outside Lt x = 0.9

P_rel = |0.168831 P_fit = |0.277155
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Robustness Efficiency

Quadratic no mixed regression of myeta
Coefficient of Prognosis = 65 %

Modification of
| oo Rimpeller and
] 098 RVHubBetal

1 0.896

| oo leads to more

1 0.892
B Robust Design
1 0.888
7 0.886
1 0.884
0.882
0.880
0.878 )

0.905 - 0.904

0.906 |
1 0.902

0.9 -

0.895 -

p12AW

0.89 -

0.885 -
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Robustness Eigen Frequency ANSYS

Mode 1 Harmonic Index 0 dqngr\do

OUTPUT: modefreg001 INEQUAL: rel7modeh001
™~ — T |
Sl v ZIN Taleranee| limittted PoF | /| [ 1
Fitted PDF Nl
WA \ ﬁ%lfi: istogram | [ \ |
0 dillfs Histogram \ Resjonanc | nEmm line || / \
St Limit line |/ 1120/240 Hz / :
= 7 Mrpoo1 £ 937 HZ | |
< _
St v ORrpoo1~ 84 Hz -
S / - i |
. - "\\\ p—— J{f.-"'
/¢ 4 W
o L [ — __.——-""'-.r.' L e W W W N _'_|. _[\_-]\EI»._ o [—| :/'_ . W W
800 850 900 950 1000 0.05 0.1 0.15 0.2 O 25
OUTPUT: modefreq001 INEQUAL: rel7modeh001
Statistic data Statistic data
Min: | 859.7 Max: | 1043 Min: | 0.08893 Max: | 0.3278
Mean: | 937 Sigma: | 34.25 Mean: [ 0.1921 Sigma: | 0.0441
CV:0.03655 CV:]0.2295
Skewness: | 0.315 Kurtosis: | 3.467 Skewness: | 0.2803 Kurtosis: | 3.407
Fitted PDF: Normal Fitted PDF: Gamma
Mean: | 937 Sigma: | 34.25 Mean: |0.1921 Sigma: | 0.0441
Limitx = 787.4 Limit x = 0.01
Prel= 10 P fit = | 6.2614e-006 Prel=10 P_fit = |2.69681e-018

P(F)<3.4-1075:(3=0y, >4.5) |P(F)~ ®(—B) ~ (—0.1921 + 0.01/0.0441) = ®(—4.13) = 1.8 - 10>

© 2010 ANSYS, Inc. All rights reserved. 118 ANSYS, Inc. Proprietary




Conclusion Robustness Analysis NANSYS

AUNONCo

INEQUAL: minptratio vs. INPUT: myomega, (linear) r = 0..INEQUAL: maxptratio vs. INPUT: myomega, (linear) r = -0.709

Q behavior with respectto
Q Efficiency L ',
O Total pressure al U Y I P~
OBut failure probability I A 2t
level for structural risk o Ry
Q Estimation of a Six Sigma Design Nl i
QEfficiency: myeta
O RVHubBetal as largest as 3,
possible OO ™ T eR oo SO mvT oo%
Q RVShdBetal as largest as
possible

QO RImpeller as smallest as possible
OTotal pressure: ptratio

O myomega as largest as possible

Q RImpeller as largest as possible

Q ptratio mean -> 1.355

© 2010 ANSYS, Inc. All rights reserved. 119 ANSYS, Inc. Proprietary



Successive Robust Design

Optimization

\ /

)

Sensitivity analysis

_

E/Iultidismplinary optimization

N/

- ARSM (sensitive space)
- EA (global space)

Stochastic analysis
- Robustness evaluation
- Reliability analysis

!

© 2010 ANSYS, Inc. All rights reserved. 120

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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Process Integration

Sensitivity Analysis
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Optimization Il

|/D|::-ti |/ Robust |/ Output |/ Strings |/ Constraints |/ Objectives

= Name Value Ref\Value Lower Bound Upper Bound Type Format | Active|Const..
1 myomega 699 .76 699.7T6 699.0 T03.0 continuous 20,141 [w] ]
2 InletWidth 53 536136510657 525 575 continuous %20.14f | [v] []
3 Exitidth 26 278049293398 26.5 285 continuous %20.14f | [v] []
- Rimpeller 305 202 556879245, praty 300 continuous Y20 14f [¥] ]
g HubBeta1 43 525 55 495 continuous %2014 | [¥] ]
5 HubBetal 25 -27.017132519 22 285 continuous %2014 | [¥] ]
7 ShdBetal -55 50267623161 505 595 continuous %20.14f | [v] []
3 RVHubThk1 45 45.0 35 86.0 continuous %2014 | [¥] ]
9 RVHubBetal 50 86.0 82.0 58 continuous %2014 | [¥] ]
10 RVShdBetal 50 52 548645835 §0.0 64.0 continuous %2014 | [¥] ]
1 R\VShdThk1 45 45.0 35.0 55.0 continuous o200, 141 [¥| ]
12 HubBeta? -25 -25.0 =275 =225 continuous o200, 141 ] v
13 ShdBeta? -45 -45.0 -49.5 -40.5 continuous o200, 141 ] v
14 ShdBeta3 -30 -30.0 -33.0 -27.0 continuous w20.14f | [ | [w
15 HubThk1 1 1.0 0.8 1.2 continuous %20.14F | [_] ¥
16 HubThkz2 5 5 01963545103, 5.0 7.0 continuous %20.14F | [_] ¥
17 ShdThk1 1 1.03011230706... 0.8 1.2 continuous %20.14f | [_] [v]
18 ShdThk2 5 5.0 5.0 7.0 continuous w%20.14F | [_] [¥]
19 | ImpellerBlades 20 20 12.0 24.0 continuous %20.14F | [_] ¥
20 R\VBlades 24 24 218 28.7999999999...| continucus %20.14F | [_] ¥
Cancel OK
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Design Optimization II: ARSM

NANSYS
AUNaNCo

Objective History

0.104 0.106

0.102

0.1

T
—e

Ob]éective Value
—— o
= ]

0.09
1

0.096
B
_—
P E——
——

|

0.094 .
—

Optimization Designs

© 2010 ANSYS, Inc. All rights reserved.

10

onse
6 P 8

Number of Res

4

RESPONSE DATA: (Best Design #62)

Total Deformation_Maximum
0.000265999

1.35573
0.907619
myalphaS1
14.3676
myalphaRS
67.7992

L myalphaR1
2.15559

myTorque
-3126.17

myPower
-2.19571e+006

myMassFlow
72.5997

1111

myDeltaS
0.00844885

1.10014

| | | | |
20 40 60 80 100
Relative Size to Response Range [%]

o

123

6

Nu‘r:ﬁber of Parameter

Best Design #62

RVShdBetal
62.535

il
RVHubBetal
65.573_‘

ShdBetal
-60.489

HubBeta3
-26.5

HubBetal
-54.87

RImpeller
293.03

ExitWidth
28.5

InletWidth
53.716

myomega
702.36
R

20 40 60 80 10
Relative Size to Bounds [%]
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Design Optimization II: ARSM NANSYS

AUNaNCo

MLS approximation of ptratio MLS approximation of myeta

1.3568
— H ‘ 0.90885
—— 1.3560
s oo | o
_— 220 0.90800
o ] 1.3545 0.90775
] igggg 0.90750
: 0.90725
jl 13220 0.906 4 0.90700
F | 1.3525 & 0.90675
o 1.35 . 3 ® | 1.3520 | & 1 0.90650
2 - ||® 13515 2 0.90625
£ | R ————————— 1 1.3510 € 0.90600
a ¢ 1 R 1 1.3505 0.904 0.90575
B — ° B 1.3500 0.90550
o Uy 1.3495 0.90525
1.346 | 1.3490 0.90500
° 0.90475
1.3484 0.902 | 0.90450
0.90421
)
1.342 ) : ‘
L= < {
L ¢ s 291
702.5 66.5 = 2915
e 702 66 292
293.5 =2kl 6/?565 592.5
©700.5 e%® W2 64.5~ ¢ 293 \ef
Rim, 292.5 o 105, 5% o
> D 292 700 N© 8, 64 293 5,40
i Cller 2915 ¢609.5 « 7% 3. 5 TN
294 5

_-

Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485 1.356

Efficiency [%] 86.72  89.15 90.62 90.67 90.76
#Designs - 100 105 84 62
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Process Integration
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Robust evaluation II: LHS

OUTPUT: myeta

T 7 — — —
Bl ! 7
Ll | \

[ \
° Fitted PDF ‘
T dlllik Histogram |
Limit line
w A
£81 |
|
| |
|
| yd
r b :
) : l
_— — N |
— 1
o ] 9
0.894 0.898 0.902 0.906
OUTPUT: myeta
Statistic data
Min: | 0.8939 Max: | 0.9092
Mean: | 0.9051 Sigma: | 0.00329
CV:|0.003635
Skewness: | -1.487 Kurtosis: | 4.997
Fitted PDF: Extreme Typ III (Min) Weibull
Mean: | 0.9051 Sigma: | 0.00329
Upper cut: | 0.9092
Limit x = 0.9
P_rel = |0.102041 P_fit = | 0.0808577

OUTPUT: ptratio

OUTPUT: ptratio

Tolerance limit n<90%

~8% outside

© 2010 ANSYS, Inc. All rights reserved.

o S— or . -
3 | 1B |
| L - . ., . TN |
| Constraint modification for mean !
| . |
3t | /1 1 moviyg [ I —
| /
| S— p— :
L | / N o 7
s E .
| 77 E P 77
| / \ / I : N
ol | Fitted PDF ~\ - / i
N[ / Histogram | N / i
|
T*‘ y Limit line N rr :*
1B § |
o I r FIFFEEFEE o r FEEFE i
1.34 1.345 1.35 1.355 1.36 1.365 1.34 1.345 1.35 1.355 1.36 1.365
OUTPUT: ptratio OUTPUT: ptratio
Statistic data Statistic data
Min: |1.339 Max: | 1.366 Min: | 1.339 Max: | 1.366
Mean: | 1.355 Sigma: | 0.006258 Mean: | 1.355 Sigma: | 0.006258
CV:0.00462 CV:|0.00462
Skewness: | -0.1853 Kurtosis: | 2.623 Skewness: | -0.1853 Kurtosis: | 2.623
Fitted PDF: Fisher-Tippett Fitted PDF: Fisher-Tippett
Mean: | 1.355 Sigma: | 0.006258 Mean: | 1.355 Sigma: | 0.006258
Limit x = 1.34 Limit x = 1.36
P _rel = | 0.0204082 P fit = | 1.4437e-005 P_rel = |0.795918 P_fit = | 0.831174
~17% outside
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Process Integration

Sensitivity Analysis
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Design Optimization Ill: ARSM  /ANSYS

AUNaNCo

Objective History Best Design #40 RESPONSE DATA: (Best Design #40)

I I ) T Total_uerornmation_ i iaxiriiarntd
© N RVShdBetal ‘ 0.000266785
62.735
Q- “ I N o ptratio i
S “ 'l | ' - 1.35061
dl i RVHubBetal
3 t 1 il ® 65.273
a1 ! m 8l 1 y : 0.907292
S | LI e, ShdBeta1
o o el e 17 -60.3 ©
o \ i ML I *
ar f\‘ “ i | 1 I lH‘ | l |l ] | i
= H METTE TS 1 M Soll HubBeta3 u myalphaRS
=l e VY |1 |H Il £ -26.799 S 67.5575
| il
Sg,‘ e M\.“\ ‘ *M‘ |4 ‘Hﬂw"\ ’ e g ) 8 myalphaR1
[P | | | loo. o ) B
2s|| UL T PSS “ alilo ey ' 2.15648
© [ el \ (I l b | S] ]
s2llly 1e 7]l 14 \‘l | <L % ‘ 5
oo i \| o a
IR B pels T
LT el
y | . z . =
sl IV e
S| L] | | ree
=] N AT R . ExitWidth
S “ e | l 28.3
| [ \ |‘ J myMassFlow
s ] 72.5997
3L ‘\ | - i ol InletWidth e
JIRINEN J | 03836048 f
o~
o] ! myomega ’ )
D= 4 Ttratio
o 701.76
o l I 1 I 1 I I T T T T d | | } 1'09\.888 | | \
10 20 30 40 50 60 0 20 40 60 80 100 35 40 45 50 55 60 65
Optimization Designs Relative Size to Bounds [%] Relative Size to Response Range [%]
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Design Optimization Ili: ARsM | /ANSYS

AUNaNCo

g o 1.35642 < ) 0.90770
o A=y 1.35600 ¢ g'gg;gg
E— B ¢ 1.35575 - .
¢ 1 135550 0.90755
1.356 ® ] { 1.35525 0.90750
. 1 1.35500 s (@ 0.90745
.3547 — : 1A 1 0.90740
135450 0.9076 1 . o, 0.90735
1.355 pe | 1.35425 = g 0.90730
i 1.35400 0.90725
{ 1.35375 0.90720
1 1.35350 0.90715
1.354 i 1.35325 0.90710
o 1 1.35300 | 0.90705
] 1 1.35275: 0.90700
o | 1.35250 '} 0.90695
8 1.353 e { 1.35225 " 0.90690
S 1 1.35200 0.90685
R 1 1.35175 0.90680
s e 1 1.35150 0.90675
1.352 - | 1.35125 0.90670
5 { 1.35100 0.90665
1.35075 .
¢ 1 35050 0.90660
. ~ 0.90655
1.351 1.35025
1.34982 0.90647
1.35
65.6 S
€3 65.4 , 3% 53¢
292.5 65.2 «®
Rl RVHypg 293
mDel/e, 291.5701.8 etay

Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485 1.356 1.351

Efficiency [%] 86.72 89.15 90.62 90.67 90.76 90.73
#Designs - 100 105 84 62 40
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Process Integration

© 2010 ANSYS, Inc. All rights reserved.



Robust evaluation Ill: LHS

OUTPUT: myeta

r——t T
2 i Fitted PDF 77
o~ : It Histogram /
o ! Limit line | =m
o | H
o~ |
|
i __ L
we |
ey B i
o7 |
o I )
ol | / i
— | ‘
! |
ol ! /» |
n ! ~
o L—J————”i'”%"’rl ‘ | ‘ {7ﬁ¥f
0.896 0.898 0.9 0.902 0.904 0.906 0.908
OUTPUT: myeta
Statistic data
Min: | 0.8953 Max: | 0.9081
Mean: | 0.9053 Sigma: | 0.002554
CV:|0.002821
Skewness: | -1.868 Kurtosis: | 7.173
Fitted PDF: Extreme Typ III (Min) Weibull
Mean: | 0.9053 Sigma: | 0.002554
Upper cut: | 0.9081
Limit x = 0.9
P_rel = |0.0612245 P_fit = |0.0453854

INEQUAL: rel7modeh001

80

PDF

40

20

Fitted PDF
il Histogram

Limit line

FiT]

Min:
Mean:
CV:

Skewness:

Mean:

P_rel =

Tolerance limit n<90%
~4.5% outside

© 2010 ANSYS, Inc. All rights reserved.

1.35 1.355
OUTPUT: ptratio

Statistic data

1.345

1.339 Max:
1.349
0.004285

0.3347

Sigma:

Kurtosis:
Fitted PDF: Fisher-Tippett
1.349 Sigma:
Limit x = 1.34

0.0204082 P fit =

1.36
1.363
0.005782
2.38
0.005782

0.01082

Robust Design

131

OUTPUT: ptratio

60 80
T

PDF

40

20

N

Fitted PDF A
dllltt Histogram

Limit line

FERLR

Min:
Mean:
Cv:

Skewness:

Mean:

P_rel =

1.35 1.355
OUTPUT: ptratio

Statistic data

1.345

1.339 Max:
1.349
0.004285

0.3347

Sigma:

Kurtosis:
Fitted PDF: Fisher-Tippett
Sigma:
Limit x = 1.36
P_fit =

1.349

0.938776

1.363
0.005782

2.38

0.005782

0.947814

Tolerance limit
1.4<M.<1.36
~6% outside
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Robust evaluation lll: Eigen

NANSYS

Frequency Mode 1 Harmonic Index Odqﬁgr\do

INEQUAL: rel7modeh001

OUTPUT: modefreq001

Tolerance
limit:
Resonance
point
~ 120/240 Hz
Hrpoo1~ 937 Hz
Orpoo1~ 34 HZ

10

[ee]

(@)

o~ H

O T T —— T T
Sl
St |
e Fitted PDF
o dllllt Histogram
a | Limit line =
o \ // Ai
L oo
:18_ H / F AK 7
o /
— '\.
g N
S Y F ]
o .
ok—r I e, —YH 8:
800 825 85 875 900 925 950 975
OUTPUT: modefreq001
Statistic data _w
Min: 826.6 Max: | 982 ég_'f
Mean: | 901.3 Sigma: | 33.18 g
a
CV: 0.03682 5
Skewness: | -0.04593 Kurtosis: | 2.862 %v
Fitted PDF: Normal
Mean: | 901.3 Sigma: | 33.18 &
Limit x = 787.4
Prel= 10 P_fit = | 0.000299089

P(F)<34-107% (B=0 > 45

© 2010 ANSYS, Inc. All rights reserved.

Coefficient of Importance (linear) - Spearman ranked data

full model: adjusted R2 = 95 %

" INPUT: ShdBeta3 |

2%
‘ INPUT: RVHubBetal
L 2%
{ INPUT: RImpeller ]
L -2 %
INPUT: ShdBetal
I 1%
’ INPUT: myomega 4
-1 %
INPUT: ShdBeta2
-1%
_{ INPUT: ShdThk2 ]
0%

l INPUT: Poissons_Ratio
0

INPUT: Density
38 %
INPUT: Youngs_Modulus
P 4 % i
0 20 40 60 80

adjusted Col [%] of INEQUAL: rel7modeh001

—

A

N

Fitted PDF

Y dillll: Histogram AN
6 Limit line T\H
H— . . ! S
0 0.05 0.1 0.15 0.2
INEQUAL: rel7modeh001
Statistic data
Min: | 0.04693 Max: | 0.2468
Mean: | 0.1431 Sigma: | 0.04281
CV:|0.2991
Skewness: | -0.1285 Kurtosis: | 2.936
Fitted PDF: Logistic
Mean: | 0.1431 Sigma: | 0.04281
Limit x =.0
P_rel = |0 P_fit = |0.0023215

P(F) ~ ®(—B) =~ ®(—0.143 + 0.01/0.0428) = ®(—3.11) = 9.4- 104

Safety Design?

132
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Process Integration

Sensitivity Analysis

Design Optimization
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Six Sigma Analysis

A
ool o Calculation of probabilities
much lower than E-2 needs
<o detailed know how of all
RD_ - relevant uncertainties and
B ANV
—60 X +60
Sigma level | Varation Probability of Defects per Defects per million
failure million (short (long term — +1.50
term) shift)
+tlo 68.26 3.1E-1 317,400 697,700
20 95.46 4.5 E-2 45,400 308,733
+30 99.73 2.7 E-3 2,700 66,803
4o 99.9937 6.3 E-5 63 6,200
50 99.999943 5.7 E-7 0.57 233
+60 99.9999998 2.0 E-9 0.002 3.4

© 2010 ANSYS, Inc. All rights reserved.
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Methods of Reliability Analysis | /ANSYS

<& Sigma level > 2, n <50
< Sigma level < 2, independent of n
< Sigma level < 3, independent of n
<& Sigma level > 2, n <50
< Sigma level > 2, n < 15
<& Sigma level > 2, n <20
< Sigma level > 2, n < 15

P = PIX:gX) <0l = [ 2 [ Alx)

2(x)<0

© 2010 ANSYS, Inc. All rights reserved. 135

AUNONCo

Accuracy

A

MCS

RSM
FORM

- Speed
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Reliability Analysis
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Reliability Analysis

MLS approximation of g kit

324 |
250
200
150
100
50

0

300

250{ £

200

« 150

100-

50

« Himmelblau function

« Nonlinear two dimensional state function g(x1,x2)

* Nonlinear limit state function g(x1,x2)=0

« Three separated domains with high failure probability density
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Reliability Analysis

MLS approximation of g

e Adaptive response surface
method

o on MLS

e Design evaluations: 58

e PF = 1.67E-06 (1.99E-06)

© 2010 ANSYS, Inc. All rights reserved.

INPUT: x2

138

INPUT: x1 vs. INPUT: x2
( 5. Approximation )

. :,'-".\:.‘.I‘.!-” RS ~,
e \o’f" o ‘.,
R o7 %
.’o 0 ./. s - . s\\‘i'.a
C,J' o o / \ \ ".‘i"‘
f ® ) o) ! 3!'
‘... e ® " 0!00:.5.'
~| m.,. " Fd . .:’.7
VRGN RS
. s\o. '.',
go.}:. . ""'
.‘-... o . . ®
e Sigma level independent
e N <20
e Multiple adaptive DOE
e Supports multi-domain limit

states
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Adaptive response surface ANSYS

approximation

- Reliability settings () )
Load/Save Presets « Sampling methods on the MLS
reliability algorithm Adaptive response surface - apprOXI matlon
Parameters — Adaptive Sampling
Assumed failure probability jde-h =
Sampling method directional sanmpling-» q SUppOI’tS more than tWO
adaptive sampling - -
Number of directions (directional sampling fa”u re doma| ns
Initial DoE schema D-optimal quadratic » y and Sigma Ievel
Initial axial multiplier 1.0 Independent

Following DoE sche mes D-optimal linear - ° to deteCt
number of faillure domains with
high failure probability

Rotate DoE schemes v

Maximum number of clusters 3

Max. number of adaptions b ¢ adaptlve deS|g nS Of
Accuracy of failure probability [35]  [S0.0 experlments to |mprove the
Limit bound of parameter changes [25] |20 apprOX| matlon aCcCcu racy
Reset Cancel 0K
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Methods of Reliability Analysis | /ANSYS

AUNONCo

Recommended Areas of Application

Probability of Failure P(F

107! 1072 1073 1071 10°° 10°°
o “d) RSM : @ Sigma level
S e) ARSM & AS @ Number of random
0 variables
s X @ Number of 3-points
”
g o @ State function (linear,
5 c¢) FORM & ISPUD * nonlinear, continuously
5 differentiable, noisy)
A S
g @ Limit state function (high-
2 5 or slow-curved,
g continuously
B S differentiable, noisy)
5‘6 o
=
Z e b) LHS
a) PMC
o
o0
o
[=2]
o
=
= Q¥
* 1only applicable within continuously differentiable response functions _ . - - i
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Reliability Analysis

Approximation of STATEF: mode_freq_001_times_7

INPUT: Density vs. INPUT: Youngs_Modulus vs. STATEF: mode_freq_001_times_7
( 4. Approximation )

0.5 |

0.45 |

0.4 |

0.35 |

0.3 |

0.25 |

0.2 |

0.15 | /
01 Y/ /
0.05 ] /

| /7

-0 V4

apow 431VIS

“boauy—

“baiy apow 1431VI1S

¥ 100

£ sdWi 100

[/ saull

Design point
Safe domain
Supports

Unsafe domain

K h
py 4 /
-
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Reliability Analysis

INPUT: Density vs. INPUT: Youngs_Modulus vs. INPUT: Poissons_Ratio
( 4. Approximation )

O 0.55 | TSR
,0'0 0.5 // ‘ e 1‘ Design point
o, 0.45 // ‘ Safe domain
(;900 0.4 ‘ *  Supports
N\ ~eo A *  Unsafe domain
Q%" 0.35 ~

[T121] sninpo SBunoA :1NdNI
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INPUT: Density vs. INPUT: Youngs_Modulus vs. INPUT: Poissons_Ratio
( 4. Approximation )

[TT2T] SNINPON~ SBUNOA :LNdNI

0'70 75\03 v
85 "=

ﬁ *Density [1

142

e470- 95 b

1.05

Design point
Supports
Unsafe domain
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Reliability Analysis

INPUT: Density vs. INPUT: Youngs_Modulus vs. OUTPUT: modefreq001

(4. Approxim@tigg)

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

Selected data : 4. Approximation
Number of designs : 68 (4 failed)
\71-0 Complete directions : 10000 / 10000

Number of samples :
Total : 13640
Safe domain : 11891
Unsafe domain : 1749
Failure strings : 0
Unsuccessful : 0

Probability of failure : 2.75e-007 ( 2.75e-007 )
Standard deviation error : 6.667e-008 ( 6.667e-008 )

Most probable failure point:
Density :9279.86887124

Youngs_Modulus : 177034428177
Poissons_Ratio :0.285958415968

To0baJjopow :1Nd1NO

Distance median - design point (beta) : 4.328

Probability of failure (FORM): 7.526e-006

Design point
0 Safe domain
. Supports

« n = 3 random parameters

N = 68 design evaluations

N

Six Sigma Design
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Parametric Workflow management o1
Automatic and embedded solution |
Parallel and distributed solver runs oL ol
Process integration within optiSLan I L~
uess Tegiaion IR ope=ans 9L ~—
Efficient Robust Design Optimization with
Quadratic convergence rate and Gi + 4.5
18 design parameters and >
| 11 111
26 random geometry parameters, 3 (X) 8 (X) 8 (X) g(X)

iIncluding the manufactoring tolerances based random field modelling

Optimized robust design:

5% improvement of the efficiency (n<90%, failure rate ~4.5%)

Tolerance limit (1.4<[lM7<1.36, failure rate ~6%)

Optimized Six Sigma design  P(F) ~3-10~"

N =100+ 105 + 84 + 100 + 62 + 50 + 40 + 50 + 68 = 659 design evaluations
(SA)(EA)(ARSM)(RE)(ARSM)(RE)(ARSM)(RE)(RA)

Calculation time: 10 days (8 CPUSs)
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