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Outline

• Process integration
– Parameterization of the Process and Geometry

• Sensitivity Analysis
– Multivariate statistic
– Meta-modeling

• Design Optimization
– Evolutionary Algorithm
– Adaptive Response Surface Method

• Robustness Evaluation
– Random Variables
– Random Fields

• Design for Six Sigma
– Reliability Analysis
– Robust Design Optimization
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Process integration

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

An adaptable multi-physics design and analysis system that 
integrates and coordinates different simulation tasks

CAD / PDM

Sensitivity Robustness Optimization Robust DesignReliability

Workbench Platform & optiSLang

Vorführender
Präsentationsnotizen
… continuation from previous slide:First: If the input parameters do scatter then we want to know  how large is the scatter of the output parameters. In other words we want to quantify the uncertainty of the output parameters.Second: If the output parameters are uncertain then we want to know how large the probability is that an output parameter by chance does not meet some design criteria. I. e. we want to know how reliable the component is.Third: If the output parameters are uncertain then we want to know which parameters on the input side contribute the most to the uncertainty of the output parameter. Knowing this we will be able to tackle the “evil” drivers efficiently and improve the reliability of the component.
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Parameterization
Process & Geometry

Sensitivity Analysis 

Design Optimization

Robustness Evaluation

Design for Six Sigma
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Parameterization of the Workflow

Parametric Workflow for
Multi Physic Application
• Extended solver support
• Embedded analysis tool
• Automatic user interaction
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Parameterization of the Geometry

Define Parameter
1. Rotation Angle, Guide Vane
2. Rot. Angle, Shroud Profile
3. Rot Angle, Hub Profile

1

2

3
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Parameter Manager

List of Design Points
………….

Linked Parameter,
by Expressions, for 

parameter restrictions or 
further output
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Input Parameter = 15
Output Parameter = 9
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Workbench Interface to optiSLang
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Workbench Interface to optiSLang



© 2009 ANSYS, Inc.  All rights reserved. 13 ANSYS, Inc. Proprietary

Parameter Attributes

Input Parameter Parameter Name Initial Value Type
Blade Angels αGV,αHub,αShroud 0°, 0°, 0° deterministic
Rotational Velocity of Rotor Ω -2094 [rad/s] deterministic
Rotor Blend Radius rBlend 1 [mm] deterministic
Total Temperature Inlet Tt,Inlet 1000 [K] deterministic
Total Pressure Inlet pt,Inlet 400 [kPa] deterministic
Pressure Outlet pout 187 [kPa] stochastic
All Material Properties - - stochastic
Output Parameter Parameter Name Initial Value Target
Total Temperature Ratio ΘT=Tt,Inlet/Tt,Outlet 1.115 -
Total Pressure Ratio Πp=pt,Inlet/pt,Outlet 1.673 -
Torque/Power at Rotor MP, P -577 [Nm], 1.21 [MW] maximize
Mass Flow Rate m 11.56 [kg/s] -
Isentropic Efficiency η 71.64 [%] maximize
Maximal v. Mises Stress σmax 218.6 [MPa] below limit
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Parameter Physics, Fluid Flow
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Parameter Physics, Mechanic
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Parameterization
Process & Geometry

Sensitivity Analysis 

Design Optimization

Robustness Evaluation

Design for Six Sigma
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Latin Hypercube and Confidences

• n = 7 design variables

• N = 40 design evaluations (4 failed)

• Confidence levels are quite acceptable
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Confidences, Anthill Plots

initial 
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Coefficient of Importance, CoI
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Coefficient of Importance
Quadratic Regression

• Filtered parameters vs. all parameters

• Linear vs. nonlinear monotonic and quadratic regression

• Adjusted vs. non-adjusted coefficient of determination

Deactivation 
of outliers

72% variance of the stress variation can be 
explained by the given n = 7 design variables
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• Most important parameter of the equivalent stress is 
guide vane angle according the Coefficient of Importance

• Anthill plot shows slow correlation 

• Verification using CoP/MoP 

Coefficient of Importance
Quadratic Regression
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Metamodel of Prognosis, MoP

Response Surface
Output: Power

Metamodel
Output: Power

Vorführender
Präsentationsnotizen
Moving Least Square
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Metamodel of Prognosis, MoP

Response Surface
Output: Efficiency

Metamodel
Output: Efficiency

Vorführender
Präsentationsnotizen
Moving Least Square
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Coefficient of Importance, CoI vs. 
Coefficient of Prognosis, CoP
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Anthill Plots Objective

Target Function for Optimization:
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Weighted objective 
mainly depends 

on efficiency
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Anthill Plots Objective

Good Design 
Points

Sensitivity analysis shows 
optimization potential to 
increase efficiency and 

power
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Conclusion Sensitivity Analysis

• Is Sensitivity reliable, CoI?

• Is Sensitivity reliable, CoP?

• Is Sensitivity plausible, physics?
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Parameterization
Process & Geometry

Design of 
Experiments 

Design Optimization

Robustness Evaluation

Design for Six Sigma
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Gradient-Based 
Algorithms

Response 
Surface Method

Evolutionary 
Algorithm

Nonlinear Optimization, Algorithm

Pareto 
Optimization

Local 
Adaptive RSM

Global 
Adaptive RSM

Vorführender
Präsentationsnotizen
Limitations and recommendations using the different strategies are given above.Using gradient algorithms and response surface algorithms, optiSLang provides high end state of the art.ARSM and the genetic/evolutionary algorithms are worldwide one of the best commercially available algorithms. These algorithms have been continuously developed over the last 5 years and have proven there functionality and robustness several times. They are usually the main reason for the customers decision to use optiSLang.
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Optimization Strategy

Sensitivity Analysis
• Shows Potential
• Non convex target
• No parameter reduction

Strategy:
• Global search, EA
• Start population from DoE
• Local improvement, ARSM

initial
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Outlook Strategy

Sensitivity Analysis
• Shows Potential
• Convex target
• Parameter reduction

Strategy:
• Global search, sub space, ARSM
• Local improvement, full space, EA
• Start population from ARSM
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Evolutionary Algorithms (EA)

Optimization in Nature:
- Survival of the fittest
- Evolution due to mutation, recombination and selection

Genetic Algorithms [GA]Evolution Algorithms [EA]
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Evolutionary Algorithms (EA)

• History of the Evolutionary Algorithm
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Evolutionary Algorithms (EA)

• Due the non-convex 
behavior of the 
efficiency and 
nonlinear power 
function a global 
search strategy 
using genetic 
algorithm is 
recommended

initial

start population

best design 257
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Adaptive Response Surface 
Methods (Local)
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1. Iteration

3. Iteration

5. Iteration

Vorführender
Präsentationsnotizen
The favorite RSM method for optimization issue is the local ARSM (because the approximation localizes at the optima). It has a very robust default setting & converges usually within 10 response surface iterations.The ARSM algorithm in oS is similar to LS-OPT (the pioneer and still the best local ARSM code).
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Adaptive Response Surface (ARSM)

initial

start population

best design EA

best design ARSM
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Adaptive Response Surface (ARSM)

• The ARSM does not provide differentiable and smooth 
problems; very efficient for n < 15 design parameters

• Starting solution is based on the best design of the EA 

• The design space is reduced to 20% around start solution
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Initial vs. Optimized Design

Output Initial Design Optimized
Tt Ratio 1.116 1.151
pt Ratio 1.674 1.848
η [%] 71.65 81.54
Power [MW] 1.208 1.329

Input Initial 
Design

Optimized

αHub 0 -0.34
αShroud 0 -0.18
Ω [rev/s] -335 -365
αGuide Vane 0 -9.68
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Initial vs. Optimized Design
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Initial vs. Optimized Design

Isotropic Mach Number

Initial OptimizedRotor



© 2009 ANSYS, Inc.  All rights reserved. 43 ANSYS, Inc. Proprietary

Initial vs. Optimized Design

Output Initial DoE EA ARSM

Objective 1.0766 0.90034 0.86841 0.86259
η [%] 71.65 80.60 81.26 81.54
Power [MW] 1.208 1.304 1.343 1.329

• n = 7 design variables

• N = 36 + 257 + 84 = 377 design evaluations 
(SA + EA + ARSM)

• How robust is the initial design?

• How robust is the optimized design?

• How reliable is the optimized design?

• How large is the influence of surface uncertainties? 
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Parameterization
Process & Geometry

Design of 
Experiments 

Design Optimization

Robustness Evaluation

Design for Six Sigma
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Robustness Evaluation

• Identification of non-robustness
– Variance of the responses increase
– Moving of the mean values
– Responses exceed the limit states
– Undesired outliers
– System failures (buckling, resonances, recirculation...)

• Benefit of robustness evaluation
– Correlation between parameters and responses
– Find most-relevant random parameters to reduce the 

stochastic problem

Vorführender
Präsentationsnotizen
What do robustness evaluation means?Actual, robustness evaluation meansglobal variance-based sensitivity analysisof computational design modelsaccording to random parametersspecification of random parameter sensitivitiesbut in many cases the non-robustness ofcomputational methodscomputational softwarecomputational hardware...is involved.Identification of non-robustnessvariance of the responses increasemoving of the mean valuesresponses exceed the limit statesundesired outlierssystem failures (structural buckling, system resonances, etc.)Benefit of robustness evaluationidentification the correlation between parameters and responsesidentification the most-relevant random parameters toreduce the stochastic problem
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Robustness Evaluation

• Limit state conditions

• Random parameters
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Latin Hypercube

• n = 15 random parameters

• N = 50 design evaluations 

• Initial vs. optimized design
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Correlation, CoI, Histogram, 
Anthill Plot

Guide vane angle 
vs. mass flow rate
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Histograms

Limit for Result
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Histograms

• Non-robust 
initial design

• Robust 
design up to 
a sigma level 
of 4.5
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Conclusion Robustness

• Is there a problem?

• Can we explain, CoI?

• Who is responsible?

Allowed Limit

CoI>80%
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Parameterization
Process & Geometry

Sensitivity Analysis 

Design Optimization

Random Fields

Design for Six Sigma
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Random Fields: Background

What is a Random Field? 
• Random variation of a property (geometry, material, load, ...) 

over space. 
• Spatial domain defined by the observed structure.
• A property takes random values at each point on the structure.

Values at different locations may be correlated.

(Example: random realizations of a cylinder)
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Random Fields: Background

Data sources for random field modelling:
• Measurements at discrete points (e.g. geometry scan),
• Simulation (e.g. of a manufacturing process with random 

parameters)

Random field discretization:
• Nodes (e.g. imperfect coordinates,…)
• Elements (e.g. material, initial strains,…)

• By discretization, the random field is defined by:
• Mean values vector and
• Standard deviations vector and correlation matrix, or
• Covariance matrix
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Random Fields: Background

Random field simulation:
• After decomposition of the covariance matrix, 

the random field is expanded as a series of 
random amplitudes and deterministic shape functions.

• The series may be truncated to reduce the number of variables,
• Quality of truncated series is measured by the variability 

fraction
• Post-Processing of shape functions corresponding to most 

relevant random variables (in Robustness Analysis) gives 
insight to manufacturing tolerances.

X = Y1 +  Y2 +  Y3 + …
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Example:
- 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

Measure Spatial Deviations 
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Example: Axial Turbine Blade

Scope of analysis:
• Given is the FE model of a turbine blade
• Imperfect geometry is scanned at 1500 points on the surface
• A Random Field is modelled by the statistics of measurements
• Random realizations of the turbine blade are generated by optiSLang and put into CFD 

analysis with ANSYS workbench

(Measurement points on blade surface)
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Example: Axial Turbine Blade

Measurements:
• Geometry can be scanned on the surface of the blade
• Here, measures in y- and z-direction are taken 

(x: longitudinal direction)
• Mean values of imperfections are assumed zero

(Standard deviations of measured imperfections)
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Example: Axial Turbine Blade

Random Field discretization:

• Number of imperfection modes 
depends on number of DOF

• Can be reduced using the 1500
measurement points and interpolation 
of the finite element mesh

• Further reduction of the imperfection 
shape number using an acceptable 
variability of modal basis:

– Normed variability of total random 
field data =   9.7748e-05

– Normed variability of modal basis 
(n=18) =   9.7748e-05

– Normed variability of mode shape 
#1 =   9.7672e-05

• Question: which parameters have a 
significant influence of the 
performance relevant output 
parameters?

Object: AMPLITUDES_Y
Object info: 2 2 9 1 0

0.38276414138812
0.007496567990285
0.0051987752213625
0.003323636789174
0.0027613964023576
0.0019991977189793
0.0018763653566348
0.001647552369793
0.0013368316745761

Object: AMPLITUDES_Z
Object info: 2 2 9 1 0

0.28708343060908
0.0054186311280151
0.0036936006781938
0.002228785060336
0.0019874267604701
0.0015294461571268
0.0014213940470741
0.0010411406423311
0.00092089226898308
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Example: Axial Turbine Blade

Robsutness Analysis:
• Including all random variables (n=14) and relevant 

imperfection modes (n=18)
• Possibility of failed designs
• Advanced optimized latin hypercube sampling
• N = 47
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Example: Axial Turbine Blade
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Example: Axial Turbine Blade

Robsutness Analysis:
• Including all random variables (n=14) and relevant imperfection modes (n=18)
• Smaller values for „myeta“
• Nearly the same variance of the responses

Only random geometry parameters Including the manufactoring tolerances
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Example: Axial Turbine Blade

• Histograms 
resulting the 
random CAD 
parameters

• Robust design 
up to a sigma 
level of 4.5 

• including the 
manufactoring 
tolerances
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Example: Axial Turbine Blade

Meta-model of optimal and coefficient of prognosis :
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Example: Axial Turbine Blade

Most relevant imperfection modes :

For maximum of stresses For efficiency
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Parameterization
Process & Geometry

Sensitivity Analysis 

Design Optimization

Robustness Evaluation

Design for Six Sigma
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Advanced reliability analysis
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Adaptive Response Surfaces

• 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 
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Adaptive design of experiments

• Adaptive response 
surface method with 
D-optimal DOE

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

• Rotatable adaptive 
designs of 
experiments to 
improve the 
approximation 
accuracy
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Directional sampling on MLS

• Sampling methods on the MLS approximation:
– Directional Sampling (supports more than two 

failure domains and sigma level independent)
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Example: Axial Turbine Blade

• n = 9 relevant random 
parameters
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Example: Axial Turbine Blade

• 3 clustered areas with 
high failure probability
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Reliability Analysis

• n = 9 random parameters

• N = 141 design evaluations 

• Pf = 2.4e-7 < 3.4e-6 (4.5 sigma)

• Six Sigma Design
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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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Summary

• Workbench supports full Workflow
– Geometry, Meshing, Simulation, Post-Processing

• Multi Physics support
• Parametric Workflow management
• Automatic and embedded solution procedure
• Parallel and distributed solver runs
• Process integration within optiSLang
• Robust Design Optimization with respect to  7 design parameters and 15

random geometry parameters, including the manufactoring tolerances
based on measurements

• Optimized robust design
• Optimized Six Sigma design
• N = 36 + 257 + 84 + 47 + 141 = 565 design evaluations

(SA)(EA)(ARSM)(RE)(RA)
• Calculation time: 48 hours (8 CPUs)
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