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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

Power Plant 1000 MW

Efficiency 50 %

Increase of 1% +20 MW

=Electricity for 120 000 
Inhabitants



© 2010 ANSYS, Inc.  All rights reserved. 4 ANSYS, Inc. Proprietary

Process integration

CAD / PDMCAD / PDM

ANSYS Workbench
Structural Mechanics - Fluid Dynamics - Heat Transfer - Electromagnetic

A Multi-Physics Design and Analysis System

Sensitivity Optimization Robustness Robust DesignReliability

Workbench & optiSLang
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BladeModeler

• Blade Design 
abilities in 
DesignModeler

• Angle/Thickness 
modifications in 
BladeEditor

• Multi-Stage 
Machines
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Geometry, Aerodynamic Design

17 Geometry Parameter
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3D Blade Design
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Geometry, Impeller

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

CFD Input (Design):
• Rotational Speed
• Mass Flow Rate
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CFX Solver

<1%Variation of 
Monitor Point

at Iteration 90
Target Residual

Residuals Total Pressure Ratio

Efficiency

Total Temperature Ratio
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CFX Postprocessing

CFD Output:
• Total Temperature 
Ratio
• Efficiency
• Total Pressure Ratio
•…
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CFX, Best Practice

<1%

<1%

<1%
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Boundary Conditions and Loads

Boundary Conditions
1. Axial Support
2. Radial Support
3. Cyclic Symmetry
4. Rot. Velocity, Parameter
5. Pressure Load on Surface

1
2

3

4

4
5
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Mechanical, Displacement

0u
u

#Nodes

<2%

Model Blend

No Blend

Blend  has 
minor 

influence on 
displacement
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Mechanical, Stress

No Blend 
Singular 

Model

Blend, not 
converged

Sub Model, 
converged

2.0. RpMisesv ss <<

0s
s

#Nodes
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Mechanical, Modal Analysis

0w
w

0w
w

#Nodes

#Nodes

Eigen Frequency
Mode 1 Harmonic Index 0

Eigen Frequency
Mode 1 Harmonic Index 1

Blend / No Blend

Eigen frequencies 
converged
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Parameterization
Process 

Sensitivity Analysis 

Design Optimization

Robustness Evaluation

ParameterizationParameterization
Process Process 

Sensitivity Analysis Sensitivity Analysis 

Design OptimizationDesign Optimization

Robustness EvaluationRobustness Evaluation
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Parametric Process
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Optimization Objective

Defined Operating Point:
Mass Flow Rate 72.6 kg/s

Rotational Velocity Ω=6644 rev/min
Total Pressure Ratio π=1.35±0.01, Objective

Maximal Efficiency η=max, Objective
No Resonance: Ω≠ωi
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Parametric Process

Parametric Workflow for
Multi Physic Application
• Extended solver support
• Embedded analysis tool
• Without user interaction

Input Parameter     21
Output Parameter  43

Constraints 68
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Sensitivity Analysis
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Meta-Model of Best Prognosis

Total Pressure Ratio
CoP = 92%
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Meta-Model of Best Prognosis

Efficiency
CoP = 84%
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Meta-Model of Best Prognosis

Eigen Frequency
Mode 1 Harmonic Index 0

CoP = 95%
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Design Optimization

Gradient-
Based 

Algorithms

Evolutionary 
Algorithm

Pareto 
Optimization

Adaptive 
Response 
Surface

Generic 
Algorithm

Optimization 
Algorithms:

Sensitivity 
Analysis allows 

best choice!

Which one 
is the best? 
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Optimization Strategy

Sensitivity Analysis
• Shows Potential
• Indicates global optimum
• Parameter reduction
• Modify Parameter Space

Strategy:
• Pre-optimization in sub space, ARSM
• Local improvement, EA (full space)
• Start design(s) from ARSM
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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
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Evolutionary Algorithm

EA with 17 Parameter leads 
to further improvement:

ARSM EA
Total Press. Ratio 1.3479 1.3485
Efficiency [%] 90.62 90.67

#Designs 105 84
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Conclusion Optimization

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

Initial SA ARSM EA
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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X1
X5
X4

Robustness Evaluation
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Robustness Total Pressure

Tolerance limit
1.34<ΠT<1.36
~13% outside

Most relevant Parameter

Modification of omega leads 
to more Robust Design
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Robustness Efficiency

Most relevant Parameter

Tolerance limit 
η>90%

~28% outside

Modification of relevant 
parameter leads to more 

Robust Design
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Robustness Eigen Frequency
Mode 1 Harmonic Index 0

Tolerance limit:
Resonance point ~ 120/240 Hz

μRP001~ 937 Hz
σRP001~ 34 Hz
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Parameterization

Sensitivity Analysis 

Design Optimization

Robustness Evaluation

Summary

ParameterizationParameterization

Sensitivity Analysis Sensitivity Analysis 

Design OptimizationDesign Optimization

Robustness EvaluationRobustness Evaluation

SummarySummary



© 2010 ANSYS, Inc.  All rights reserved. 41 ANSYS, Inc. Proprietary

BREADTH
DEPTH

MULTIPHYSICS
COUPLING

AUTOMATIZATION
OPTIMIZATION

In-house
Solution

Summary

Structural

Fluids

Thermal

Emag

CAD
Import

Param-
terization

Meshing 

Workflow

Post-
processing

PlantD(s)
y(t)u(t)+

-
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mNon robust behavior with respect to
mEfficiency
mTotal pressure

mBut acceptable failure probability 
level for structural risk
mEstimation of a Six Sigma Design

mEfficiency: myeta
mRVHubBeta1 as largest as 

possible
mRVShdBeta1 as largest as 

possible
mRImpeller as smallest as possible

mTotal pressure: ptratio
mmyomega  as largest as possible
mRImpeller as largest as possible
m ptratio mean -> 1.355

Conclusion Robustness Analysis
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Successive Robust Design 
Optimization

• 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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Design Optimization II

Robustness Evaluation II

Robust Design 
Optimization

Reliability Analysis

Design Optimization IIDesign Optimization II

Robustness Evaluation II

Robust Design Robust Design 
OptimizationOptimization

Reliability Analysis
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Design Optimization II



© 2010 ANSYS, Inc.  All rights reserved. 47 ANSYS, Inc. Proprietary

Design Optimization II: ARSM
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Initial SA ARSM I EA I ARSM II
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

Design Optimization II: ARSM
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Design Optimization II

Robustness Evaluation II

Robust Design 
Optimization

Reliability Analysis

Design Optimization II

Robustness Evaluation IIRobustness Evaluation II

Robust Design Robust Design 
OptimizationOptimization

Reliability Analysis
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Tolerance limit
ΠT>1.36

~17% outside

Tolerance limit η<90%
~8% outside

Constraint modification for mean 
moving

Robust evaluation II: LHS
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Design Optimization III

Robustness Evaluation III

Robust Design 
Optimization

Reliability Analysis

Design Optimization IIIDesign Optimization III

Robustness Evaluation III

Robust Design Robust Design 
OptimizationOptimization

Reliability Analysis
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Design Optimization III: ARSM
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Design Optimization III: ARSM

Initial SA ARSM I EA I ARSM II ARSM III

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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Design Optimization III

Robustness Evaluation III

Robust Design 
Optimization

Reliability Analysis

Design Optimization III

Robustness Evaluation IIIRobustness Evaluation III

Robust Design Robust Design 
OptimizationOptimization

Reliability Analysis
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Tolerance limit
1.4<ΠT<1.36
~6% outside

Tolerance limit η<90%
~4.5% outside Robust Design

Robust evaluation III: LHS
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Safety Design?

Tolerance 
limit:

Resonance 
point 

~ 120/240 Hz
μRP001~ 937 Hz
σRP001~ 34 Hz

Robust evaluation III: Eigen 
Frequency Mode 1 Harmonic Index 0
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Design Optimization

Robustness Evaluation

Robust Design 
Optimization

Reliability Analysis

Design Optimization

Robustness Evaluation

Robust Design 
Optimization

Reliability AnalysisReliability Analysis



© 2010 ANSYS, Inc.  All rights reserved. 58 ANSYS, Inc. Proprietary

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
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• Adaptive response surface 
method

• Directional sampling on MLS
• Design evaluations: 58
• PF = 1.67E-06 (1.99E-06)

• Sigma level independent 
• n £ 20
• Multiple adaptive DOE
• Supports multi-domain limit 

states

Reliability Analysis
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• Sampling methods on the MLS 
approximation:
– Adaptive Sampling
– Directional Sampling

• supports more than two 
failure domains

• and sigma level 
independent

• Cluster analysis to detect 
number of failure domains with 
high failure probability

• Rotatable adaptive designs of 
experiments to improve the 
approximation accuracy 

Adaptive response surface 
approximation
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Reliability Analysis
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Reliability Analysis
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Reliability Analysis

• n = 3 random parameters

• 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 (η<90%, failure rate ~4.5%) 
Tolerance limit (1.4<ΠT<1.36, failure rate ~6%)

• Optimized Six Sigma design
• 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)


