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Conclusion Robustness Analysis NANSYS

CUNaNCo

Q behavior with respectto . : :

O Efficiency ; A4 I, P

QO Total pressure P O [ I 0 O e 1~
OBut failure probability s - ..',’-‘: 2%, Dt | o< :;",,'._

level for structural risk . R
Q Estimation of a Six Sigma Design : * «~ - .’ M
QEfficiency: myeta
O RVHubBeta1 as largest as
possible

Q RVShdBeta1 as largest as
possible

Q RImpeller as smallest as possible
OTotal pressure: ptratio

QO myomega as largest as possible

QO RImpeller as largest as possible

Q ptratio mean -> 1.355
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Successive Robust Design

Optimization

\ /

)
N/

Sensitivity analysis

—

E/Iultidismplinary optimization

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

Stochastic analysis
- Robustness evaluation

- Reliability analysis

¢
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iterative decoupled loop
approach

iIn 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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Design Optimization |l

|/ Opti |/ Robust |/ Output |/ strings |/ Constraints rDbjectives

= Mame Value Ref\Value Lower Bound Upper Bound Type Format | Active|Const..
1 mMyomega 69976 699.76 699.0 T03.0 continuous 20,141 [w] ]
2 Inletiidth 53 536136510657 525 575 continuous %20.14f | [v] []
3 Exitividth 26 272049293398 26.5 285 continuous %20.14f | [v] []
- Rimpeller 305 292 556879245 291 300 continuous Ye20.14f [¥] ]
: HubBeta1 -43 525 55 495 continuous %2014 | [¥] ]
5 HubBetal 25 -27.017132519 22 285 continuous %2014 | [¥] ]
7 ShdBeta1 55 80267623161 5805 595 continuous %20.14f | [v] ]
g RVHubThk1 45 45.0 35 86.0 continuous %20.14F | [¥] ]
9 RVHubBeta1 50 86.0 82.0 58 continuous %20.14F | [¥] ]
10 RVShdBetal 50 52 8548545835 §0.0 64.0 continuous %20.14F | [¥] ]
11 RVShdThki 45 45.0 35.0 550 continuous %20.14F | [¥] ]
12 HubBeta? -25 -25.0 =275 =225 continuous 20,141 ] v
13 ShdBeta? -45 -45.0 -49.5 -40.5 continuous 20,141 ] v
14 ShdBetal =30 -30.0 -33.0 =270 continuous 20,141 ] v
15 HubThk1 1 1.0 0.3 1.2 continuous 20,141 ] v
16 HubThkz2 5 5 01963545103, 5.0 7.0 continuous %20.14F | [_] v
17 ShdThki 1 1.03011230706... 0.8 1.2 continuous %20.14f | [_] [v]
18 ShdThk2 5 5.0 5.0 7.0 continuous %20.14f | [_] ¥
19 | ImpellerBlades 20 20 18.0 24.0 continuous %20.14f | [_] ¥
20 RVBlades 24 24 218 28.7999999999...| continucus %20.14f | [_] v
Cancel OK
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RESPONSE DATA: (Best Design £262)

10

myTorgue
-3126,17

myPower
2.1957 le+ 006

myMassFlow
72.5997

0

20 40 &0 B0 100
Relative Size to Response Range [%]

Number of Parameter

&

|

Best Design #6562

i ]
RVShdBetal
62,535
=l

RVHubBetal
B5.573
ERy e ]

ShdBetal
-5, 489

HubBeata3
-26.5

—

—

_—

J

—
R

-

RImpeller
293.03

ExitWidth
£8.5

InletWidth

myomega
702,36 g

53.716 [
—'-d
0

20 40 &0 80
Relative Size to Bounds [%]
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294.5 -<702.5

6&
. a1.c £5.5
93.5 " "o -

293 0L ., & BS
Rip, £34.5 7005 e ""‘r.-_- 54

L ¥, 3T U0} ot [
» e Fi- I " P | =™
e 261.5 *§99.5 ¢ r

291

5 . =t
B4 293
! B35 204
|:l."l-_llli 5

L =
291 -'.'-"-'I'
i
".‘;_.\_1._'-

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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Robust evaluation IlI:

LHS

CUTPUT: myeta
B
= Fitted PDF
= filllh Histogram
Lirmit line |
5o
.
= |
L |
., | = | E s E |
D894 0.898 0.902 0.906
QUTPUT: myeta
Statistic data
Min: | 08529 Mace: | 009092
Mean: | 0.9051 Sigma: | 0L00329

v | 0003635
Chewness; -1.487 Kurtosts: | 4.997

Fitted PDF: Extreme Typ III (Min) Weibull

Mean: | 09051 Sigma: | 0L00329
Upper cut; | 0.9092
Limit x = 0.9
P_red = |{.1020-1 P_fit = |(LOGOBSTT

POF

80

60

40

20

1.34

Min

Maar:

Shpwness:

Mean

Prels=

Tolerance limit n<90%

~8% outside

© 2010 ANSYS, Inc. All rights reserved.

QUTPUT

ptratio

'\-\.-"

QUTPUT

ptratio

Constralnt modlflcatlon for mean

- movihg
1 !
| = |
{ o | {
| EEEE E | EEEE B LR |
Fitted PDF & Fitted@PDF
dllfi: Histogram ™ dlllh Histofram
Limit line |J Limit @ine |J
[
__l_l R K = _Jﬂe £ E B 3 l_.l_'J
1,345 1.35 -_,_155 36 1.365 1.34 345 1.35 1.355 1.36 1.365
OUTPUT: ptrati OUTPUT: ptratio
Statistic data Statistic data
1.339 Max: | 1,366 Mirm:  1.330 Max: | 1366
1.355 Sigma: | 0.006258 Mean: 1.355 Sigma: | 0006258
0.00462 CV: 0.00462
-0,1853 Kurtosis:; | 2623 Shkewness: -0,1853 Kurtoss: | 2623
Fitted PDF: Fisher-Tippett Fitted PDF: Fishor-Tippott
1.355 Sigma: | 0.006258 Mean: 1,355 Sigma: | 0006258
Limit x = 1.34 Limit x = 1.36
0.020=082 P fit= |1.4437e-005 P_rel = | 0.795918 P fit= 0831174
N,>1.36
~17% outside
(1)
9 ANSYS, Inc. Proprietary



mb t Design
gl iZaEEP

© 2010 ANSYS, Inc. All rights reserved.



Objective Histo
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Best Design #40

RVShdBetal
62,735

RVHubBetal
B5. 273
ity

ShdBetal

J -60.3
HubBeta3 |
-26. 799 .
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291.69

ExitWidth
28.3

InletWidth

-
i 53.966 - ____l
—
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20 an &0 80 100

Relative Size to Bounds [%]

11

Number of Response
]

RESPONSE DATA: (Best Design #40)
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4 B65;
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2.15648

myPower
=2 165852+ 006

myMassFlow
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~ myDeltas
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-
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1.09888
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ptratic
L 4

s ... ._-II.._'.
L
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o bl
291.5701.8 w

1.35 . E
65.8 2932
B5.E &
]
293 2 B5.. 292.5 1
762 § ; 68 3 i
o =3 Ry Pt € a ML
N Beliar Hlag &4 8

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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Robust evaluation lll: LHS

QUTPUT: myeta INEQUAL: rel7modeh001 OUTPUT: ptratic
a| Fitted PDF | L o
r 4flll: Histogram @ | e
= Limit line
| 1 o ¢
D B e "
5% . . ‘ 5 |
el g, | S |
;_:. | | | A | . T = | = 3 H _l 1
‘| | Fitted PDF | R Fitved PDF |
= 4 dillit Histogram { - i il Histogram 1
J o Limit line : | o Limit line 3
: = . .: - = . - ,-_. = - ._,_-. o i L . . . : 1 | | | | - 7 z - | J = |
N e
i 34 5 4 2E IEE = 1 14 i 4 2 AEE c
Statistic data i ki I:‘.L:-.]Flj?1 :1:rat]:l:|“-1 i o i '1'-'-"']""—;? f'“t"t]:';“ e
Mim: 08953 Max: | 0.9081 = Statistic date
Mean: | 0.9053 Sigma: | 0.002554 Min: 1,339 Mexc: | 1,363 Min: | 1,339 Macx: | 1.363
VL 120028 Mean: | 1349 Sigma: | 0.005782 Mean: 1349 Sigma: | 0005782
Skewness: -1.868 Kurtosis: | 173 OV 0004285 OV 0.004285
Fitted PDF: Extreme Typ III {Min) Weibull Shewness: 0.3347 Kurtosis: | 2.38 Shewness: 0.3347 Kurtoss: | 2.38
Mean: 0.9053 Sigmac | 0002554 Fitted PDF: Fishar-Tippatt Fitted POF: Eisher-Tippett
Upper cut: | 0.5081 Mean: | 1.349 Sigme: | 0,005782 Mean: 1,340 Sigma: | 0.005782
Lirmit x = 0.9 Lkt = 134 Limit x = 1.36
Prel = 00612245 P_fit = | 0.0453654 P rel = | 0,0204082 P ft = |0.01082 Porel = (0538776 P fit = |0.947814

Tolerance limit n<90% . Tolerance limit
~4.5% outside Robust Design 1.4<M,<1.36

~6% outside

© 2010 ANSYS, Inc. All rights reserved. 14 ANSYS, Inc. Proprietary



Robust evaluation Ill: Eigen

NANSYS

Frequency Mode 1 Harmonic Index Odmor\do

INEQUAL: rel?modeh001

OUTPUT: modefreql01

o Tolerance
=
= Fitted PDF limit: Sh /
" dilllt Histogram
2| Limit line Resonance o| \
o - .
point
. IELE
58 ~120/240 Hz & | |
= | b
/] - Mrpoo1~ 937 Hz - ANEEEE
= I | L Y
S A \ Fitted PDF
O A '\" ___,-"III | y
= 1 O.RP001 34 Hz N f dillit Histogram
,7/ [ et e U e A Limit line | 11,
800 825 850 875 900 925 950 975 INPUT: RVHUbBets 0 0.05 0.1 0.15 0.2
OUTPUT: modefreqol 2 INEQUAL: rel7modeh001
Statistic data bl g1 Statistic data
Min: | 826.6 Max: | 882 T Min: | 0.04693 Max: | 0.2468
Mean: 9013 Sigma: | 33.18 g Sl Mean:  0.1431 Sigma: | 0.04261
CV: | 0.03682 = kA L CV: 0.2991
Skewness: | -0.04593 Kurtosis: | 2.862 =7l s 8 7, Skewness: -0.1285 Kurtosis: | 2.936
Fitted PDF: Normal ] veuT: Poiss: Fitted PDF: Logistic
Mean: | 901.3 Sigma: | 33.18 ~ i 11FUT: De Mean: | 0.1431 Sigma: | 0.04281
Limit x = 787.4 0TSy Limit x =.0
Prel= 0 P fit = | 0.000299089 d’ i’ I'~'I qﬁsu. :'1 e Prel= 0 P _fit = [0.0023215
P(F) §3.4-1O_6;(6:0L > 4.5) |P(F) =~ ®(—p) =~ &(—0.143 + 0.01/0.0428) = $(—3.11) =9.4- 10~ 4
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Safety Design?
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Reliability Analysis




Reliability Analysis

MLS approximation of g HER SR

‘@ 324
250
200
150
100
50
0

« 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. 18 ANSYS, Inc. Proprietary



Reliability Analysis

MLS approximation of g IN(F'L;_T:A;érxéi.irﬂ\;%%L:}xz
— T . ! -t % gy -,
V 2 . 2 N .
e o » (Y oo .
l’ ‘.”'.'.o: ﬁ.
™ - . . ™~ : . -~ i ..~t*
I 4 Ce 0/' T e ¢ \:‘3’;3
o LS
4 / %
ol ¢ . . \ \. \:g' |
O ~ |2 ® ® ‘
N = : ° . .) ‘ 3 !
= i im
;B

w
2
2
o 1
1.
...
o*
* 8

2 0 2 ~tme s oo |
x1 -4 -2 — 2
- Adaptive response surface = Sigma level independent
method *n<20
© on MLS e Multiple adaptive DOE
s Design evaluations: 58 - SUppOftS multi-domain limit
e PF = 1.67E-06 (1.99E-06) states

© 2010 ANSYS, Inc. All rights reserved. 19 ANSYS, Inc. Proprietary



Adaptive response surface

approximation

NANSYS

= Reliability settings 3
Load /Save Fresets

reliability algorithm Adaptive response surface -
Farameters
Assumed failure probability 3de-b

Sampling method directional sampling -~

adaptive sampling
Number of directions |directional sampling

Initial DoE schema O-optimal quadratic
Initial axdal mukiplier 1.0

Following DoE sche mes D-optinal linear -

Roxrate DoE schemes ¥

Maximum number of clusters 3
Max. number of adaptions b
Accuracy of failure probability [*:] L0.0

Limit bound of parameter changes [*:] 2.0

Reset Cancel oK

© 2010 ANSYS, Inc. All rights reserved. 20

AUNaONCOo
« Sampling methods on the MLS
approximation:

— Adaptive Sampling

e 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

ANSYS, Inc. Proprietary



Reliability Analysis

Approximation of STATEF: mode_freq_001_times_7 INPUT; Density vs. INPUT: Youngs_Modulus vs, STATEF: mode_frieq_001_times_7
. [ 4, Approximation )
0.65

2.2 2.6 /053

‘3& 2.2
&
o
&
{‘D} 1
s
49 1.8 1.05
&
w
= & 16
= "
% 1.4 }_:: i.4
5 035 m 0.5
a 0.3 ~ 0.45
= :
® 025 2 04
= | o
= 0.2 m  0.35
= 0.15 3 03
= 0.1 2 0.25
- ' g 0.2
.3311. 0.05 har 0.15
w -0 5 0.1
. o 0.05
i -0
Design point
Safe domamn
Supports

Unsafe domain

< A
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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 )

5  0.58 o 055
q,_*a‘} 0.5 © Design point q:b‘} 0.5 ~ Design point
&, 0.45 Safe domain &. 0.45 Supports
o ' Supports o *  Unsafe domain
O&c, 0.4 © Unsafe domain ,;j"fﬂ 0.4
__-:r 0.35 297 0.35
& 03
& 0.25
0.2
1.4
z Z
c c
= 5 1.6
S )
;E 5 1.8
n @ E ]
=
g g *
3 E
= E 22
m )
~ = 2.4
L P <
2.6 "
- 0.55
0.6
0.65, 5 “'60.550 -
0.75 0.75
I
“-'F’u UBD a5 ”"‘"':'UT DED g5

en 0.9 * D
ﬁ ¥ [16470.95 ﬁ “1S1y [18370.95
1.05 1.05
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Reliability Analysis

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

[ 4. Apprnxm‘ﬁt_ ggj
o 2871 =0,

& i 0.65 g Method : Directional Sampling on Adaptive
O 2.4 0.7 r. Response Surfaces (ARSM-DS)

Selected data : 4. Approximation

Number of designs : 68 (4 failed)

1
1.0 Complete directions ; 10000 f 10000
&
MNumber of samples :
1.4 Total : 13640
Safe domain @ 11891
Unsafe domain : 1749
o 1150 Failure strings : 0
5 Unsuccessful : 0
-
S 1050 Probability of failure : 2.75e-007 ( 2.75e-007 )
é Standard deviation error : 6.667e-008 ( 6.667e-008 )
=]
"E'-ﬂ, 950 Most probable failure point:
a Density :9279.86887124
S 850 Yeungs Madulus : 177034428177
fur Poissons_Ratio :0.285958415968
750

Distance median - design point (beta) : 4.328

Probability of failure (FORM): 7.526e-006

Design point
Safe domain
Supports

« n = 3 random parameters
« N = 68 design evaluations
I\ - P(F)m=3-1007<34-10°°

+ Six Sigma Design
© 2010 ANSYS, Inc. All rights reserved. 23 ANSYS, Inc. Proprietary



Summary

Parametric Workflow management o1 A

Automatic and embedded solution .

Parallel and distributed solver runs oL 5l

Process integration within optiSLang o} ~__ J/

Efficient Robust Design Optimization with

Quadratic convergence rate and GE + 4.5

18 design parameters and I - m >
26 random geometry parameters, J (X) & (X) 8 (X) g(X)

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<[l171<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 CPUs)

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