
CAD-centric multidisciplinary optimization 
for industrial aeronautics design

M. Delanaye, F. Lani, I. Lepot

Dr. Michel Delanaye
General Manager

Flowhead Varna Workshop – 23/09/2010 © 2010 Cenaero – All rights reserved

g
Contact:  michel.delanaye@cenaero.be



Aim & Outline

• Aim
– Present some “real” applications of multi-objective 

ltidi i li ti i ti f l d imultidisciplinary optimization for complex design 
problems in aeronautics

• Outline
Sh t t ti f th Mi ti i ti– Short presentation of the Minamo optimization 
platform

– Example 1: design of counter rotating open rotors 
(aeroacoustics)

– Example 2: design of composite structural parts 
(cost, manufacturing)
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(cost, manufacturing) 



Who we are ?
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R&T private company focused on 
simulation and modelling

process modeling

integrity 
analysis

structure 
designg

flowMultidisciplinary

On demand

flow 
analysis

p y
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aerodynamic design 



Minamo basics
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Surrogate Based Optimization
UserUser

Specifications

Approximate ModelsApproximate Models
ANN, RBF, Kriging, 

SVM, POD, …

Design of 
Experiments

OptimizationOptimization
EA, Gradient-based,memetic, … DATABASEDATABASE

Accurate Model Accurate Model 
CFD / Structure / Exp. / ...

Performance CheckEND

ONLINE modeling
Infill criteria
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Surrogate based optimization

e
O

bj
ec

tiv
e

P di t d

Actual  Optimum

Approximate 
model

O Predicted
Optimum

Initial Accurate Results

Design Variable

Initial Accurate Results

Flowhead Varna Workshop – 23/09/2010 © 2010 Cenaero – All rights reserved

g



Surrogate based optimization
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Surrogate based optimization
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In a surrogate model approach, the devil’s in the details:

• What points do you sample in building the 
approximation ?

• What approximation method do you employ ?

• How do you manage the approximation model(s) 
??

• How do you use the approximation to suggest 
new, improved designs ?g

• How do you use the approximations to explore 
t d ff b t bj ti ?
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tradeoffs between objectives ?



Derivative free optimization with Minamo

Illustration of adaptive sampling capability
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Efficient Design Exploration

Candle function
Global optimum

Misplaced optimum

Exact solution

Standard LHS
sampling

Auto‐adaptive 
LCVT sampling
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Monitoring/Reliability
Leave-One-Out (Open gap/Stall point)

DOE

OptimizationOptimization

LOO Reliability Assessment:
Large DoE scatter - Stabilization after 
about 50 design iterations: 2 different 
promising design families pointed out, 

LOO Reliability Assessment:

Isentropic efficiency correlation coefficient 

0.915502 (DoE) 0.9685 (optimization)
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satisfying the manufacturing constraints 
0 9 550 ( o ) 0 9685 (opt at o )



ANOVA – Sobol indices

First order sensitivities and interaction volume (if required higher order 
sensitivities) quantification
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Illustration on NEWAC optimization accounting for engine wear



Direct CAD access CATIA – CAPRI – mesher

Master script (Python or C++, called by Minamo)
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CAPRI client

Linux/Windows A
P

GeomSim Discrete, MeshSim

IGG/AutoGrid 5/Samcef/Abaqus CAE, etc/I
P

Windows/Linux

CAPRI server

SO
A q ,

TC
P/

CATIA V5 – SolidWorks – UG NX – Pro/Engineer ‐ OpenCASCADE …
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Summary of Minamo Features

• Mono- and multi-objective evolutionary 
algorithms, including memetic approaches

• Online surrogates approach 
S fill d t d ti D E (LHS CVT• Space fill and auto-adaptive DoE (LHS, CVT, 
LCVT, …)

• Efficient adaptive nonlinear global and local 
models (ANN, RBFN, Kriging, SVM, …)ode s ( , , g g, S , )

• Response surfaces reliability through leave-k-out 
cross-validation

• Constraints activity interactive monitoringy g
• Quantitative Variance Analysis tool (ANOVA): 

Sobol sensitivity indices estimation
• Data mining capabilities for efficient multi-criteria 

d i i ki ( lf i i )decision making (self organizing maps, …)
• Simulation coupling through Python scripting
• Native and neutral CAD access
• Available in standalone version or as engine
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• Available in standalone version or as engine 
plug-in in other software (Optimus)



Example 1: Design of Counter-Rotating Open Rotors
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Aeromechanical Optimization of a 
Counter-Rotating Open Rotor (CROR)

• Open Rotor Advanced Concept 
Studies

• Potential to meet drastic fuel burn 
decrease for future passengers 
aircraft at horizon > 2020aircraft at horizon > 2020

• Challenges:g
• Noise mitigation while ensuring 

high efficiency
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Optimization Specification 

• Objective function:
• Maximization of global efficiency @ TOC
• Minimization of acoustic level @ TO

• Constraints:
• Aerodynamic constraints:

• Thrust requirements @ TOC and TO
T lit @ TOC d TO (DD hit t )• Torque split @ TOC and TO (DD architecture)

• Streamlines contraction/R1 tip vortex
• Mechanical constraints

• Max VM stress/ linear FE, rig-scale
=> About 80 
constraints to satisfy, g

• Simplified flutter criterion
• Geometric constraints/feasibilitiy: 

• LE/TE thickness, max thickness, reverse mode,
• LE t h it i ili l th f TE CG iti• LE curvature change criterion, curvilinear length of TE, CG position

• RPMR1= RPMR2
• Variable blade re-staggering (including between both OPs)
• Clipping of rotor 2 is fixed no contouring modification
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• Clipping of rotor 2 is fixed, no contouring modification
• Failed or unstable simulations handled by a success switch



In-house Cenaero blade modeler

• Profile shape (6 equidistant sections along blade height)
• Maximum thickness
• Maximum thickness position
• Chord length
• Stagger anglegg g
• Skeleton angle at LE/TE

• Stacking (6 equidistant sections along blade height + 2 additional sections at 90 
and 95%))

• CG axial position 
• CG tangential position

• Blade pitch anglesBlade pitch angles
including variable delta restaggering 
between TOC and TO
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102 parameters conception space



CROR Optimization Chain Setup

Maximize efficiency @TOC
Minimize acoustics @TO
Aero./Mech. constraints

Approximate Models
Auto-adaptive RBF 

networks

Design of 
Experiments

Evolutionary MO Optimization
DATABASE

elsA RANS 
FE SAMCEF 

Minamo

Performance check

Post treatment utilities
ONLINE modeling

Infill criteria
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Performance check
Success switchEND



CROR CFD Setup

• elsA (ONERA) RANS simulations with mixing plane
• Absolute velocity formulation
• Non reflecting farfield BCs
• k-ω Wilcox turbulence model
• Jameson's scheme
• Full Multigrid (2 levels)

• Mesh convergence 
analysis (~ 3 106 nodes)y
• Cost functions convergence
• Farfield boundaries positioning
• Regeneration robustnessg

assesssed through dedicated DoE
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Lessons Learned Phase 2
Acoustic cost function behaviour

Acoustic criterion may be 
seen as  “minimization of R1 
wake, up to the height of 
R2”

REFERENCE OPTIMIZED
ŵ = projection of relative speed fluctuation on the 
normal to the mean flow

Wake of R1 reduced up to 
the height of R2

R1 tip vortex strengthened, 
but above R2 tip
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Pareto front: Acoustic cost function @TO 
vs global efficiency @TOC 

V 1.2

Phase 2

ve
l Gain: >10 dB

Effi > 1 5 %

V 2.0

A
coustA

co
us

tic
 le

v Effi: > 1.5 %

tic cost fun

Aeromechanical
Optimization Phase 3

Mechanical constraints 
most stringent

102 dimensions
~ 500 function calls

A
nction @

 TO

About 80 constraints 
imposed and satisfied 

O
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Global efficiency @ TOCGlobal efficiciency



Example 2: Design of composite structures
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Example 2: Design and optimization of a satellites 
dispenser
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Initial metallic design design violated constraints => composite



Design and optimization of a satellites dispenser

2 Objectives:
• minimum mass
• minimization of the• minimization of the 
frequency margin of the 
first lateral vibration 
modemode

352 Constraints:
M i ll d t• Maximum allowed cost

• Static, dynamic
• Buckling

Design space: laminates & 
geometry
(25 design variables
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(25 design variables 
reduced to 13 after ANOVA)



Optimization Loop Based on Samcef

Minamo.dat

Client (LINUX) 

MinamoTMopti.prj

Client (LINUX) 

Detailed view:

client server ops

cost.out response.out

Serveur (Windows) 

parameter_modification.py
Script Python

Catia V5

model.stl

Serveur (Windows) 

Cli t (LINUX)

cost.out

Serveur (Windows) 

parameter_modification.py
Script Python

Catia V5

model.stl

Serveur (Windows) 

Cli t (LINUX)

- client‐server ops

- I/O operations

- meshing
SEER
DFM

geometry_modification.ccGeometry_modification.cc
model_reconstruction.py

Script Python

Simmetrix

Client (LINUX)

mesh translation

pli.dat

model_reconstruction.py
Script Python

Simmetrix

Client (LINUX)

mesh translation

CADMesh
Packagepost.cc- Functioning of in‐

house libraries

model.dattsai.txt mass.dat

mesh_translation
mesh.dat

model.dat
mass.dat

mesh_translation
mesh.dat

Samcef ...
!parameter definition
INPUT “pli.dat”
INPUT “mesh.dat”

...
model.res

...

INPUT “pli.dat”
INPUT “mesh.dat”

!end of the definition 
...

disp.txt
Samcef 
V12.1-3
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Design and optimization of a satellites dispenser

1 A li h i f
Target

1. A slight increase of 
mass

2. 7% improvement of p
the margin on the 
frequency

3 Cost reduced by 12%
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3. Cost reduced by 12%



Ongoing developments

Sampling and meta-modeling
Further development of auto-adaptive sampling
K i i E t d I t C it iKriging + Expected Improvement Criterion
Surrogate models coupling: local/global - weighted average
RBFN (auto-)adaptive fine tuning
Support Vector Machines

Optimization - Hybridization:
M ti h / ffi i t l b l l l liMemetic approaches / efficient global-local coupling
Exploitation of collective knowledge with multi-parent crossovers 
(UNDX).
G di t k l d (SPSA FDSA ) t b i t d i tiGradient knowledge (SPSA, FDSA, …) to be incorporated in genetic 
operators, e.g. gradient-based mutation.
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Thank you for your attentionThank you for your attention
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