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Outline

- Parameterization Geometry

* Parameterization CFD Simulation

» Parameterization Mechanical Simulation
» Parametric Process

 Sensitivity Analysis

* Design Optimization

* Robustness Evaluation

* Robust Design Optimization
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Motivation
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Power Plant 1000 MW
Efficiency 50 %
Increase of 1% +20 MW
=Electricity for 120 000

Inhabitants
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Workbench & optiSLang

CAD / PDM
i |
ANSYS Workbench

Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetic

A Multi-Physics Design and Analysis System
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BladeModeler

 Blade Design
abilities In
DesignModeler

* Angle/Thickness

modifications In
BladeEditor

 Multi-Stage Dimensien
Machines rarametriee.  hickmess View

SR oW Apgle View
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Geometry, Aerodynamic Design

17 Geometry Parameter
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3D Blade Design

Acle) solic) shapes
((hley (MlletSy o)

© 2010 ANSYS, Inc. All rights reserved. 8 ANSYS, Inc. Proprietary



Geometry, Impeller

One sector —

Model:
A, no blend
B, blend 1 mm
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CFX Preprocessing

Cutline Expressions m

Expressions

= EXpressions
BE]| Ttin 313 /%7 |

W Thinlek mazeToad va Toral Temparatfura in Sfn Srama MR T iniaf
fd Thouket massTond e Tofal Temperature i1 560 Frama @5y Sutief
f&@ Ttratio Ttoutet Thnjet <

CFD Input (Design): | FeEama——

2871 (kg1 k717 |

" fd myMassFlow  -nSiadassy * maseTon ST Cutlal
¢ R O t at I O n aI S p eed fd ryPower mpamega¥my forgue/Tiradl
Vel myT niacesR 1 * torque_z{ @R 1 Hade
¢ M aS S FI OW R at e \ el EE';':I“E r’u’,'ﬂ?fafrb“‘r’(mE;:;::Ufm}fka,ﬂ;a}}-wmfafr'ﬂ-f,?
id rvkappa e mpd o -mp iR )

@ My massin 76 kg so-1 7

@ My omeda 889, 75 fradian -1 1
o roypref &2Paf

BE]| reladeskl 27

BE]| rbladesst 23

tatistic Parameter
Robustness Evaluation

fe_pout 2300000 fPa]

| BE) ptin 1724000 fra] |
e prinlet mazemad va Taral Frassure 1 Stn Frama @R T fnlef+mpdeal
fd proutet mazeoad va Tofal Frassure M Sfn Srama  @T Oufiaf-mpnrarf
2 phratio poutetipiniaf
fd Estep 78 frad] fabs mpomega)
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CFX Solver

] Residuals | Total Pressure Ratio
- Variation of
0
Monitor Point <1%
|| [Total Temperature Raltio
1.1—_ /_/F= A
- ] / at Iteration 90
.. Target Residual TN
) [\Efficiency
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CFX Postprocessing

CFD Output:
* Total Temperature

Outline Vatiables

=] EI Expressions

Expressions

Calculators Turbo

@ Angular velocity MYOmega

@ Reference Pressure  mypref

/& Time 0[s]

i Ttin 33 [K]

@ Ttinlet rassFlomayvelTatal Temperature in Stn Frame J@R1 Inlet
Thoy et s aF i utlek

Ttratio Troutety Thinlst i

\oe| atstep Accumulated Time Step

@ ctstep Current Time Step

/] mvediecP 1004.4 [ kg™-1 K~-1]

@ rrydirDensity Ririne Air R

[f&] mvhieR 267.1 [Tkg™~-1 K~-1]

myDelkas
myTlassFlow

]
%%
=]
g
o =
=]

| myalpha

2 2 2 =
=z 2 = =
o o@ oo oo
2 oo -
> T o
o oW
o
= e

=2
=
€
@
o

Ratio
» Efficiency
 Total Pressure Rati

(rassFlowavelStatic Entropy i@351 Outlet-massFlowdwelStatic Entropy DR L Inlket ) mwdirCP
-nBladess1* massFlow(i@31 Outlet

myomega*my Torgue)'1[rad]

nBladesk1 * torque_z(3@R.1 Blade

akanZ{mycu, mycm)

massFlomayve(Flow Angle)@A1 Inlet

riassFlomavelFlow Angle)@RL ko 51 Side 2

rassFlomadvelFlow Angle)@s1 Outlet

Strearnwise Direction $*u+Streamwise Direction Y*v+Streamwise Direction Z%w
yilsgrilx 24y 20

4 ik i o

({ptratio™~{{mykappa-1){mykappa)i- 1) Ttratio-1)

o] mykappa

AElohE R EE fHEE

iy AirCR (s irC P -y AirR)

2| mymassin 72,6 [kg s~-1]

i mvomega £99.76 [radian 5-1]

/] roeepref 0[Pa]

[/ nEladesr.t 21

/& rEladess1 23

@ omega Angular velocity

/& pout 2300000 [Pa)

[/ ptin 1724000 [Pa]

@ ptinlet rassFlomwavelTatal Pressure in Skn Frame)@R1 Inlet-+nypref
ptoytet massElowiay e Tobal Pressure jo Sko Eramei@ol Qutlet+mypref

ptratio proutetiptinlet

\oe| sstep Sequence Step

=3 Time

@ tstep 10 [rad] fabs{ myvomega)
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CFX, Best Practice

| <1%

| <1%

| <1%
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Sensitivity Analysis



Boundary Conditions and Loads

Boundary Conditions
Axial Support
Radial Support
Cyclic Symmetry ™ S ™
Rot. Velocity, Parameter
Pressure Load on Surface

01 b ORI
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Mechanical, Displacement

J
l<20s
u
® U, #Nodes
Model Blend
Blend has
mIiNor
Influence on
displacement
No Blend
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Mechanical, Stress

Ns?nzﬁg? 1L OyMises << ORpo2
Model
o
Op #Nodes
Blend, not Sub Model,
converged converged
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Mechanical, Modal Analysis

Graph R Tabular Data
Made: [V Freauency [Hel

2862.5 . L1 963,57
2
3
2400, 4
5
2000 ©
7
8
1600, 5
10
1200, 11
12
13
800, e
15
400 16
17
o 18
1 2z 3 4 S & 7 8 9 10 11 1z 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3l 33 15
0

21|21, zaz8.4

Messages Graph 222, 17256
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Eigen Frequency
Mode 1 Harmonic Index O

Blend / No Blend

Wy #Nodes

Eigen Frequency
Mode 1 Harmonic Index 1

Eigen frequencies
@ converged
@o #Nodes
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Parametric Process
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Optimization Objective

Defined Operating Point:
Mass Flow Rate 72.6 kg/s
Rotational Velocity Q=6644 rev/min
Total Pressure Ratio =1.35+0.01, Objective
Maximal Efficiency n=max, Objective
No Resonance: Q#w
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Parametric Process

|

nput Parameter 21
Output Parameter 43
Constraints 68

&
~

Parametric Workflow for
Multi Physic Application
« Extended solver support
« Embedded analysis tool
« Without user interaction
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Sensitivity Analysis
A L R

© 2010 ANSYS, Inc. All rights reserved. 25



Meta-Model of Best Prognhosis

1L UPPUATIULIUEE U L G MLS approximation of ptratio
Coefﬁcaent of Prognosis = 92 % Coefficient of Prognosis = 92 %

Total Pressure Ratio
" CoP =92%

Coefficients of Prognosis (us ng MoP) " “058:50 -
full mode! CoP = 919
T G A T
INPUT: HubBeta2 MLS approximation of ptratio
1% Coefficient of Prognosis = 92 %
1]
" D TR 4 Je 1 % >
0 20 40 60 80 N "¢3 -50
CoP [%] of OUTPUT: ptratio
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Meta-Model of Best Prognhosis

o ORI IULIUT U 111 MLS approximation of myeta
Coeffiae‘;’%}}o%}pmgﬁa}g;= y'é?f % Coefficient of Prognosis = 84 %
L] L]
" AT, $ 00 > EffICIeIICy
— 0
@) 0
| L] E o T
| _ic |18 [ G|
| - T - ¢ = - |1 e
| T . I ] |
Coefficients of Prognosis {using MoP) * 5058 "
full madaic £nD = KA 0L
MLS approximation of myeta
e Coefficient of Prognosis = 84 %
I
el Al i A
0 20 40 60 80 T TTT30%ss :
CoP [%] of OUTPUT: myeta
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Meta-Model of Best Prognhosis

MLS approximation of modefreq001
Coefficient of Prognosis = 95 %

MLS approximation of modefreq001
Coefficient of Prognosis = 95 %

Eigen Frequency

Mode 1 Harmonic Index O

CoP = 95%

Coefficients of Prognosis (using MoP)

ey Y - e

20 40 60 80
CoP {%] of QUTPUT: modefreq001

© 2010 ANSYS, Inc. All rights reserved.

MLS approximation of modefreq001
Coefficient of Prognosis = 95 %

28
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Design Optimization

Optimization Sensitivity
Algorithms:  Evolutionary  Analysis allows
Algorithm best choice!
Gradient- - Pareto
Based Optimization
Algorithms N
Adaptive - Generic
Response Algorithm
Surface

P . Lis
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Optimization Strategy

Sensitivity Analysis

« Shows Potential

* Indicates global optimum
- Parameter reduction

* Modify Parameter Space

.....

Strategy:.  —= S ——
* Pre-optimization in sub space, ARSM
* Local improvement, EA (full space)
 Start design(s) from ARSM

© 2010 ANSYS, Inc. All rights reserved. 31 ANSYS, Inc. Proprietary



Adaptive Response Surface

ARSM with 8 Parameter
leads to better design:
SA ARSM

Total Pressure Ratio 1.3497 1.3479
Efficiency [%] 89.15 90.62
#Designs 100 105

Best Design #105 RESPONSE DATA: (Best Design #105)
— Objective History re—
(o7
3]
2
| | .
| * ’
g T
2o .
2 l e it
[ 4 | *
‘E@ " . « T
58 1 AR *
ED R o | ?
Q | l . n
2 e o L ISY -
D" l l | ! - - K ~'
al { | | ¢ et TN e
u I I ! I L - l l s
0 20 40 60 80 100
Relative Size to Bounds [%] Relative Size to Response Range [%]
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Evolutionary Algorithm

EA with 17 Parameter leads a
to further improvement:

ARSM EA
Total Press. Ratio 1.3479 1.3485

Efficiency [%] 90.62 90.67
#Designs 105 84

53.7
RESPONSE DATA: (Best Design #84) i
Objective History
27 " ﬁ 'y ;
o | |y ‘
" ROt
{8 - TR
23 v M .ﬂ L L I |
EXN I AN} N Rl
AL 1 i M 'M:"H[ 1! T’ Lol
et I el \‘T ‘l[“&‘j \‘ T \‘l
gs| 1l ,JMfH\ | m‘J I l' ‘! ‘ \ \
'8@“ I“”" “ 1‘1 Mli | H‘; \ 'I
R R P L 11 (1
= | ﬁ’ ; | "H I
| 1 II “ de | ;’ 1
| T, | 2 L) U]
0 20 Relativc4guze to Bosfnda [%]80 1e0 R:Igtive Size tSé) ResponseSSRange [0/0?0 N - gptimizzgon DeziLéns

© 2010 ANSYS, Inc. All rights reserved. 33 ANSYS, Inc. Proprietary



Conclusion Optimization

« Sensitivity shows better Design
* Pre-Optimization, ARSM, increases quality
* EA leads to further improvement

. |nital | SA | ARSM
Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485
Efficiency [%0] 86.72 89.15 90.62 90.67

#Designs - 100 105 84
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Sensitivity Analysis



Robustness Evaluation
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Robustness Total Pressure

OUTPUT: ptratio

Most relevant Parameter

Coefficients of Prognosis (using MoP)
fill mandal: CAaD — Q2 0L

Tolerance limit
1.34<M;<1.36
~13% outside

1.335 1.34 1.345 1.35 1.355 1.36
QUTPUT: ptratio

wr — W

" CoP [%] of OUTPUT: ptratio
Modification of omega leads
to more Robust Design

© 2010 ANSYS, Inc. All rights reserved. 37 ANSYS, Inc. Proprietary



Robustness Efficiency

QUTPUT: myeta

Most relevant Parameter

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

Tolerance limit
nN>90%
~28% outside

0.885 0.89 U.895 u.y U.9us
QUTPUT: myeta

L “4u QU LUy

uCOP [%] of OUTPU%L:’ myeta
Modification of relevant

parameter leads to more
Robust Design
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Robustness Eigen Frequency

Mode 1 Harmonic Index O

OUTPUT: modefreq001 INEQUAL: rel7modeh001

Tolerance limit:
Resonance point ~120/240 Hz
Mrpoo1~ 937 HZ

¥4 2\ o s £ = ;»;—6 e - oy, = & TN =4 £y q e S O FEs S ATy L A& A r1ey 7 3 .”\.—g
SFIS 241U S =0 2 45]) Pl —Slaee(-012Zl 00l julssl) = (-4 18] = 18- 10~
— = 4 7 N 7 N 4

© 2010 ANSYS, Inc. All rights reserved. 39 ANSYS, Inc. Proprietary



40



sSsummary

=

Param-
rizatio

£

H
N

AUTOMATIZATION
OPTIMIZATION

MULTIPHYSICS
COUPLING
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BREADTH
DEPTH
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Conclusion Robustness Analysis

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

& T T T T .} w®
o+

Q behavior with respect to
Q Efficiency
QO Total pressure

OBut failure probability
level for structural risk

Q Estimation of a Six Sigma Design
QEfficiency: myeta

QO RVHubBetal as largest as | —

possible D05 0 R a1 O G R 00

QO RVShdBetal as largest as
possible

Q 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

92
692 {
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Successive Robust Design

Optimization

* iterative decoupled loop
approach

* In combination with
iIdentification 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

* |tis neccessary to evaluate
robustness and safety of the
design

© 2010 ANSYS, Inc. All rights reserved. 44 ANSYS, Inc. Proprietary



Design Optimization |1

Reliability Analysis



Design Optimization i

|/ Opti |/ Robust |/ Cutput |/ Strings |/ Constraints |/ Objectives

# Name “Value Ref\Malue Lower Bound Upper Bound Type Format | Active|Const..
1 myomega 699.76 699.76 699.0 T03.0 continuous Ye20.14f ¥ ]
2 InletWidth 53 53.5135510857... 525 575 continuous %20.14F | vl | [
3 ExitVidth 25 27.8049298393... 26.5 285 continuous %20.14f | vl | [
< Rimpelier 305 2092 SLEETO245. 291 300 continuous Yo20.14f v [
5 HubBetal -43 -525 -55 -49.5 continuous Ye20.141 v ]
G HubBeta3 -25 27017132519 -28 -26.5 continuous Ye20.141 v ]
7 ShdBetal -55 50267623161 505 595 continuous w20.14f | vl | [
2 R\VHUBThET 45 451 35 §6.0 continuous w20.14f | (vl | [
g R\VHubBeta1 50 86.0 §2.0 58 continuous %20.14F | [v] ]
10 R\VShdBetal 50 5285426545835, §0.0 54.0 continuous w20.14f | [v] | []
11 RV ShdThki 45 45.0 35.0 55.0 continuous w20.14f | [v] | []
12 HubBeta? 25 -25.0 275 225 continuous w%20.14f | [_] [¥]
13 ShdBeta? 45 -45.0 495 -40.5 continuous %20.14f | [_] v
14 ShdBetal -30 -30.0 -33.0 -27.0 continuous %20.14f | [_] v
15 HubThk1 1 1.0 0.8 1.2 continuous %20.14f | [_] v
18 HubThk2 5 5 91963545103 5.0 7.0 continuous w20.14f | [] | [vl
17 ShdThk1 1 1.03011230706 0.8 1.2 continuous %20.14f | [] | [l
18 ShdThk2 5 5.0 5.0 7.0 continuous %20.14fF | [_] ¥l
19 | ImpellerBlades 20 20 18.0 24.0 continuous %20.14fF | [_] ¥l
20 RVBlades 24 24 216 287999999999, continucus w20.14f | [] | [vl
Cancel QK
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Design Optimization Il: ARSM

Objective History RESPONSE DATA: (Best Design #62) Best Design #62

).10
Akl
——

g |
=1 ]
=
> 4
21 ] :
H Al _
3 i |
L th 1 P
(ARG - ] )
I I ‘ | | MyMassriow ||
© ’ L il i | “ \‘, il ‘l I x RO AR
L (4 (A
%ﬁ‘ ! \ J\'/’Hf'.k\ 1‘\‘4 7
e | SR N

Optimization Designs Re‘l_a?ive Size'fo Respo;;e Ranggfﬂio]

Relative Size to Bounds [%]
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Design Optimization Il: ARSM

MLS approximation of ptratio MLS approximation ¢ f mveta

SEETTTTEEg

i B 1.3525

1.342 |

¢ !
67 T ~291

. 702.5
293.5 - ood 01 5.5 3925

| nitial | _SA | ARSMI| EAI_| ARSMIl_

Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485 1.356

Efficiency [%0] 86.72  89.15 90.62 90.67 90.76
#Designs - 100 105 84 62
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Design Optimization ||

11
03

) ~ac 7~ (s~
Robustnhess V4

Robust D SSJ
Optimizatio

Reliability Analysis

49



Robust evaluation II: LHS

OUTPUT: myeta OUTPUT: ptratio QUTPUT: ptratio
RF T ] ' = ' 5
Constraint modification for mean
moving

Tolerance limit
MN.>1.36
~17% outside

Tolerance limit n<90%
~8% outside

© 2010 ANSYS, Inc. All rights reserved. 50 ANSYS, Inc. Proprietary
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T

e

Optimization Designs
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Design Optimization Ill: ARSM

203 A

Total Pressure Ratio 1.3456 1.3497 1.3479 1.3485 1.356

Efficiency [%0] 86.72 89.15 90.62 90.67 90.76
#Designs - 100 105 84 62

© 2010 ANSYS, Inc. All rights reserved. 53

ARSM Il | ARSM Il

1.351

90.73
40
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Robust evaluation Ill: LHS

QUTPUT: myeta

.

U.896 0.898 0.9 U902 0.904 U.906 0.9U8

1.34

Tolerance limit n<90%
~4.5% outside

© 2010 ANSYS, Inc. All rights reserved.

INEQUAL: rel7modeh001

1.345

1.35 1.355 1.36
QUTPUT: ptratio

Robust Design

55

QUTPUT: ptratio

1.34 1.345 1.35 1.355 1.36
CQUTPUT: ptratio

Tolerance limit
1.4<M,<1.36
~6% outside

ANSYS, Inc. Proprietary



Robust evaluation Ill: Eigen

Frequency Mode 1 Harmonic Index O

Tolerance
limit:
Resonance
point
~ 120/240 Hz
Mrpoo1~ 937 Hz
Orpoor~ 34 Hz

Coefficient of Importance (linear) - Spearman ranked data
full model: adjusted R2 = 95 %

<
—t

=l

2

INPUT parameter

4

INPUT: ShdBeta3 ]
-2 %

INPUT: RVHubBetal
-2 %

INPUT: Rimpeller
-2 %
INPUT: ShdBetal
-1 %
INPUT: myomega
-1 %
INPUT: ShdBeta2

1%

INPUT: ShdThk2
0%

0 20 40 60 80
adjusted Col [%] of INEQUAL: rel7modeh001

© 2010 ANSYS, Inc. All rights reserved.
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Reliability Analysis
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Reliability Analysis

« 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

© 2010 ANSYS, Inc. All rights reserved. 59 ANSYS, Inc. Proprietary



Reliability Analysis

e Adaptive response surface e Sigma level independent
method *n<20

o on MLS e Multiple adaptive DOE

e Design evaluations: 58 e Supports multi-domain limit

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

© 2010 ANSYS, Inc. All rights reserved. 60 ANSYS, Inc. Proprietary



Adaptive response surface

approximation

© 2010 ANSYS, Inc. All rights reserved.

61

Sampling methods on the MLS
approximation:

— Adaptive Sampling

e supports more than two
failure domains

* and sigma level
independent

to detect
number of fallure domains with
high failure probability

adaptive designs of
experiments to improve the
approximation accuracy

ANSYS, Inc. Proprietary



Reliability Analysis

Approximation of STATEF: mode_freq_001_times_7 INPUT: Density vs. INPUT: Youngs_Modulus vs, STATEF: mode_freq_001_times_7
AN PP ( 4. Approximation )
PARSUEE)
~ 26/ o ,
> A 0.65 ey,
&7 2.4 ‘ 0.7

apou 431VIS

oo

)

1N

| By A i

1L Jpe . a4

K \\\ // K - = ,’/
G / S /
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Reliability Analysis

INPUT: Density vs. INPUT: Youngs_Modulus vs. INPUT: Poissons_Ratio

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

( 4. Approximation )

~ 0.55 - ‘ ‘ . u.00 | oy ‘ \
D u.D> - — | SR | > u.n ] SamEasp s
A na S | o <« 0.4 - e
< 0.35 L ) . R 0.35 ~ | —
S 03 ‘ Q\{\’ 0.3 | |
S 0.25 |
= /// - a B ///
N P s
\(\/‘V‘ - ///
Vo otod ~ 7 0_55\\’\'\‘\\ ///
0.6 ~ 6 T /
0.65, 5~ 7 000,65, 5~
075, 5 0,75 T /
1 s / ~
NPUT: DQC_)_'BO'SSA o~ ]NPUT- 'S O'8n Qe T //
| - T 1.05 l = - *1.05
© 2010 ANSYS, Inc. All rights reserved. 63
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Reliability Analysis

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

S gy

e\}\ 227 g )8 65 N,
24, =079,
“\\\) 4 i \\0.75A AE’OS/}II .
« n = 3 random parameters
g / « N = 68 design evaluations
= ~

+ Six Sigma Design
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Summary

« Parametric Workflow management

« Automatic and embedded solution

« Parallel and distributed solver runs

* Process integration within optiSLang

» Efficient Robust Design Optimization with

» Quadratic convergence rate and

« 18 design parameters and

« 26 random geometry parameters,

 including 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  #{*) = 3. 107 ¢
« 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 CPUs)
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