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Rotor Brake System

B: Static Structural
Static Structural
Tirme: 1, s
0L.05.2011 14:45

. Pressure: 4000, MPa
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Design Specifications

Design Parameter Space: Fix Process or Environment Parameters:
« Wall High =[6,10] mm « Operating Temperature = 100 + 50 °C
« Pad Thickness =1[0.8, 1.2] mm « Ambient Temperature = 22 + 20 °C

« Brake Thickness =1[0.8,1.2] mm

Material Density = 7850 = 150 kg m”-3
Thermal Expansion = 1.2E-5 = 3E-7 °C"-1
Young’'s Modulus = 2E11 + 5E9 Pa

Geometry Tolerances = 0.1 mm
With Normal Distribution
Functional Requirements:
» Contact Pressure = maximal as possible
Initial Nominal Parameters

E Design Parameters EI@

Marme Meominal Tolerance Unit

Operating Temperature  |100 100 e

Ambient Temperature 22 40 qE

Wall High 8 4 rmm

Pad Thickness 1 0.4 il

Brake Thickness 1 0.4 i

Density 7850 300 kg m*"-3

Thermal Expansion 1.2e-005 Ge-007 “Ch-1
p Youngs Modulus 2e+011 le+010 Pa WWW.0 t
= .opty.eu
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Nominal FE-Simulation

Temperature
Operating Point = 100 °C

A: Steady-State Thermal
Ternperature

Type: Temperature

Unit: *C

Tirne: L

01052011 16:54

100 Max
99,993
99,967
99,98
99,974
49,967
49,951
9,054
99,947
99,941 Min

Pham
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Total Deformation
Max = 3,19 mm

B: Static Structural
Total Deformation
Type: Total Defarmation
Unit: mm

Tirme: 1

01.05.2011 16:56

3.1971 Max
2,8533

2,5085
2,1657
16219
L4751
L1342
,79044
0,44683
0,10282 Min
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Nominal FE-Simulation

Equivalent Stress Equivalent Strain
Max = 50970 MPa Max = 0.24

B: Static Structural B: Static Structural

Equivalent Stress Equivalent Elastic Strain

Type: Equivalent (von-tdises) Stress Type: Equivalent (von-Mises) Elastic Strain
Unit: MPa Unit: mm/fmm

Tirne: 1 Time: 1

01.05.2011 16:59 01.03,2011 L7:00

50970 Max 0,24864 Max
45313 022104
39655 0,19344
33008 0,16584
28340 0,13825
22683 0,11065

1r2s 0,08305
11368 0,055452
5710,1 0,027454

52,513 Min 0,00025616 Min

Pham i
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Nominal FE-Simulation

Contact Pressure

Contact Status Max = 11979 MPa

B: Static Structural B: Static Structural
Status Pressure

Type: Status Type: Pressure
Tirme: L Unit: MPa
01.05.2011 17:03 Time: 1

0L05.201L LR01

11979 Max
10648
93173
T486,2
£655,2
53241
39831
26621

1331
0 Min

Pham i
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Nominal FE-Simulation

Frictional Stress
Max = 2021 MPa

B: Static Structural
Frictional Stress
Type: Frictional Stress
Unit: MPa

Time: 1

01052011 104

2021 Max
17965
15719
13474
11228
898,24
673,68
449,12
224,56
0 Min

Pham
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Sliding Distance
Max = 0.146 mm

B: Static Structural
Sliding Distance
Type: Sliding Distance
Unit: rrim

Tirne: L

0L05.201L 17206

0,14624 Max
0, 12089
0,11375
1,097496
0,051247
1064997
0,048748
1,032499
0,016249
0Min

www.optiy.eu
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Design Space: 2D Section Diagrams

Pressure Frictional Stress
118375 20049
Wall High 1E42=004 24422003
3
14622004 1542003
108=-004 14422003
[ £ 10 [ g 10
Pad Thickness 2082004 382e:003
1
13622004 24922003
6322003 11522003
08 1 12 08 1 12
Brake Thickness 157e+004 33422003
1
1 58e:004 24522003
118e2:004 15622003
08 1 12 08 1 12
Operating Temperature L5e=004 212es002
100
121es 004 18824003 \
%15==003 163=-003
100 150

Pham i
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Design Space: 3D Graphics

Contact Pressure Contact Frictional Stress

Pad Thickness Pad Thickness

Erake Thickness

Brake Thickness

Pressure

Pham WwWw.optiy.eu
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Global Sensitivity: Parameter Importance [%]

Stress Deformation
Brake Thickness 7781 — Brake Thickness o —
Pad Thickness 17 Pad Thickness 3411 F
204 234
Thermal Expansion 669 'Wall High 1317
108 658
‘Wall High 621 Ciperating Temperature 827
093 207
Density L4592 Ambient Temperature B
099 268
Youngs Modulus L2 Thermal Expansion 72
072 022
Ambient Temperature 568 Density L 1
4% 043
Oiperating Temperature 5.68 Youngs Modulus L59
s 031 B Totsl Effect 8 051 B Total Effect
[ Mazin Effect [ Mazin Effect
Frictional Stress Pressure
Pad Thickness 4&99 Pad Thickness 4387 —
31_(:'5 2781
Brake Thickness 3511 Thermal Expansion 2066
1785 1273
Ambient Temperature 1508 Ambpient Temperature 1741
4% 17
Density 1157 Brake Thicknes: 1435
262 358
Oiperating Temperature 9.96 Youngs Modulus 1133
1352 271
‘Wall High o1z Oiperating Temperature 11 71
122 257
Youngs Modulus 895 ‘Wall High 1028
3 331
Thermal Expansion B13 Diensr o8
102 I Total Effect o 144 I Total Effect
I Main Effect I Main Effect

Pham I
Slide 10 Www.optly.eu



Opti

Multidisciplinary Analysis and Optimization

Pham
Slide 11

Global Sensitivity: Parameter Interaction [%]

P=d Thicknezs*Thermal Expansion

Erake Thicknezz*Denzity

Thermal Expansion*Youngs Modulus
Ambient Tempersture*Thermal Expansion
‘Operating Temperature®Pad Thickness
Ambignt Tempersture*Pad Thickness
Wzl High*Pad Thicknezs

Operating Temperature*Thermal Expansion
Pad Thickness*Youngs Modulus

Brake Thickness*Thermal Expansion
Ambignt Temperature*Brake Thicknesz
Ambient Tempersture®foungs Modulus
Density*Thermal Expansion

Brake Thickness*Youngs Modulus

Pad Thicknesz*Density

Pad Thicknesz*Brake Thicknes:s

‘Wall High*Thermal Expansion

‘Operating Temperature®Brake Thickness
Operating Temperature®foungs Modulus
Armbiznt Tempersture*Density
Operating Temperature*Denzity

Wall High*Erake Thickness

‘Operating Temperature®Ambient Temperature

Operating Temperature®Wsll High
Wall High*Diensity

‘Wall High®™Youngs Modulus
Ambient Temperature®Wsll High
Diencsity ™ Youngs Modulues

Pressure

L1708
1642

1206
115

1184
1157
1056
0962

Pzd Thicknesz*Erake Thickness

Ambiznt Temperature*Braks Thickness
Ambient Temperaturs*Pad Thickness
Pad Thicknezz*Thermal Expansion

Pad Thickness*Density

Brake Thicknezz*Denzity

Operating Temperature™Pad Thickness
Wall High*Brake Thickness

Operating Temperature®Brake Thickness
Wall High*Pad Thickness

Pad Thickness*Youngs Modulus
Ambiznt Temperature*Density

Wall High*Density

Operating Temperature*Density
Ambient Temperature™foungs Modules
Ambiznt Temperature*Thermal Expansion
Wall High®*Youngs Modulus

Frictional Stress
758
4353
299
21314
2774
2659
2164
2605
2388
2128

Oiperating Temperaturs®Ambient Tempersture 1627

Thermal Expansion®Youngs Modulus

Brake Thicknesz*Thermal Expansion
Operating Temperature™foungs Modulus
Brake Thickness*Youngs Modulus
Density*Thermal Expansion

Wall High*Thermal Expansion

Oiperating Temperature*Thermal Expansion

Operating Temperature®Wzll High
Ambiznt Temperature*Wzll High
Diensity™Youngs Modules
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Nominal Design Optimization

Pressure Frictional Stress Opt|m|zat|on Goal:
24376 487052 . ) o
Wall High 2442+004 2522003 Criteria: Maximize the Contact Pressure
805
Nominal Design:
2142004 38222003 » Contact Pressure = 24376 MPa
» Contact Frictional Stress = 4870 MPa
1842+ 004 2732003
5 ] 10 5 ] 10
Pad Thickness 244200 \ 45622003
11z E Design Parameters El@
Mame Maominal Tolerance Unit
1852004 338-003 Operating Temperature 100 10 ale
Ambient Temperature (22 40 ale
\ Wall High 8.05 4 mm
12372:004 181es003 \ Pad Thickness 1125 04 mm
oe L L oe L o Brake Thickness 1115 0.4 mm
Brake Thickness | =*4*%% FEReetE Density 7850 300 kg m*-3
He Thermal Expansion 1.2¢-005 6e-007 “ch1
Youngs Modulus 2e+011 1e+010 Pa
2 23e+004 3652003
ZesD04 F\ 243e:003 .
08 Www.optly.eu
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Uncertainty Parameters and Tolerances

Operating Temperature Ambient Temperature Density Thermal Expansion
0237 00609 0.00B15 3.962+006
0178 00457 000611 25724006
0119 00305 000408 1582006
00553 00152 000204 281e+005
1] 1] 4] 1]
92 9996 5 100 1047173 -B 35865 214 3620848 T6T 742407 B52+07 26200314 111 18e-0{1 2e-001 22=-00505
Mean 100,001 Skewness |-000121685 | Mean 2195848 | Skewness | 00054915 | Mean TES0O0T7 | Skewness | Q0107758 Mean 119%%%e-0 Skewness | OUD015217€
Sigma 166153 | Kurtosiz | 258831 Sigma B64171 Hurtoziz | 298432 Sigma 435286 | Kwrtosiz | 3.02165 Sigma 9.9%14e-0 Kurtosiz | 298835
Variance | 276067 Wariance | 441124 Variance | 2492 B6 Wariance | 9.58282e-0
Youngs Modulus Wall High Pad Thickness Erake Thickness
238010 0.557 557 583
17%e-010 0448 448 445
11%e-010 0759 258 286
£.26e-011 0.14% 142 148
1] 1] 4] 1]
151 362+0122+01 203201111 5412671 BOZ 9326231 08610595 113 12615533 0E350SE 112 13274134
Mean 2000Me:{ Skewness | -00084077 | Mean B04TS2 Skewness | QOD0BO0ZE | Mean 112487 | Skewness | OD0192E3E | Mean 111512 Skewness | (L056E164
Sigma 1665362+ Kurtosis | 255762 Sigma 0668581 | Kurtosiz | 296839 Sigma 0.0664002 | Kurtosiz | 258316 Sigma 006663 | Kurtosiz | 298314
Wariance | 27734224 WVariance | 0447 WVariance | Q0044085 Wariance | 0U004439546
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Probabilistic Analysis

Pressure Frictional Stress
QUDDDZES . QL0076
DODOZL4 | - - 0.000552
DODOL4Z| - - 0.000368
714005} - - oo~ - 0.000184
o . 0
41411 13=-004 1552004 281==004 2465 1111 54 2452003 3752003 El13==003 46803
Wean 21522 Sk 0162373 hean 341408 =k Q643155
Sigma 200157 Kurtosis L 35658 Sigma 633.16% Kurtosiz 330353
Wariance 400752+ 006 Warianoe 400503
Stress Deformation
OUNIE4 '

0.0001 58

0.000132

el el il sl

BEe005| S
o
47243 46l==004 4592004  537e<004 5717 304032 xRl 318 324 33183
Mean 488707 Skewness -0.550246 Mezn 317253 Skewness 054137
Sigma 1643.45 Kurtosis 309082 Sigma 0.03756 Kurtosis 236527
Variance 27005724006 Variance 0.00108535

Pham i
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Design Sensitivity

Stress Deformation
Pag Thickness =6 I | (oo 3 —
1995 1533
Brake Thickness 3094 — Pad Thickness 2262
1603 883
Thermal Expansion 167 Ambient Temperature 2241
1081 1217
Density 1653 Density 17.52
81 348
Ambient Temperature 16,03 Thermal Expansion 1703
1 1112
Wall High 1068 Wall High 1519
378 882
Youngs Modulus 101% Youngs Modulus 20
506 2357
Operating Tempersture 0.04 W Total Effect Dperating Temperature 003 I Totsl Effect
0o I Main Effect 0 B Main Effect
Frictional 5tress Pressure
Pad Thidkness 3227 — Pad Thickness 3964 —
16.9% 1754
Brake Thickness 2648 — Ambient Temperature 2553
1677 432
Density 2046 Brake Thickness 2266
342 785
Ambient Temperature 1925 Youngs Modulus 2121
356 266
Wall High 1201 'Wall High 1584
1078 348
Youngs Modulus 1403 Thermal Expansion 1804
237 473
Thermal Expansion 1167 Density 1631
431 481
Operating Temperature 0.07 I Total Effect Oiperating Tempersture 014 W Totsl Effect
0.0z I Main Effect 001 I Main Effect

Pham i
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Conclusion

Global sensitivity study based on the nonlinear meta model identifies
significant design, environment or process parameters and its interactions.

Design optimization based on the meta model using adaptive Gaussian
process is very fast and efficient.

Considering uncertainty parameters and tolerances, probabilistic analysis
computes the stochastic distributions of the design goals. The design
sensitivity shows the cause-effect-chain for the variability of the contact
pressure.

OptiY® is the leading software platform for design optimization of all
engineering fields using different commercial CAD/CAE-software or in-house
codes.
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