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Simulation RequirementsSimulation Requirements

• Physics Based Simulation
– Nonlinearityy

• Envelope Search for Unanticipated Events
C i l– Computational cost

• Sensitivity and Variabilityy y
– Probabilistic/Possibilistic

• Integration of Available Measurements• Integration of Available Measurements
– Updating/Identification



),( wRw


dt
d
dt







 fw
w 



 fR

R






sw

w 






s

f

R
R





Eigenvalue Problem

• Stability studied from an eigenvalue problem:

 fffsff ppAA
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Eigenvalue Problem

• Stability studied from an eigenvalue problem:
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•Shift and Invert
–Good estimate of the target eigenvalue needed
–Work is in solving a sparse linear system as part of the IPM iteration
–Better shift – faster convergence but worse conditioned linear system

• (Subspace Iteration methods)(Subspace Iteration methods)

Badcock, K.J. and Woodgate, M.A., On the Fast Prediction of 
Transonic Aeroelastic Stability and Limit Cycles, AIAA J 45(6), 2007.



SCHUR METHOD

• Stability studied from an eigenvalue problem:

 fffsff ppAA
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•Schur Complement formulation:
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B d k K J d W d t M A P di ti f Bif ti O t fBadcock, K.J. and Woodgate, M.A., Prediction of Bifurcation Onset of 
Large Order Aeroelastic Models, AIAA Journal, 48(6), 2010, 1037‐1046
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• Solved by Newton’s Method
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Approximate Jacobian to Exact or ApproximateApproximate Jacobian to 
drive convergence
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GOLAND WING

236k points

61x106 DoF

1.72 Hz 3.05 Hz

Mach 0.9211.10 Hz9.18 Hz Mach 0.92









Structural Model VariabilityStructural Model Variability

V t f t t l t θ• Vector of structural parameters θ
• θ is uncertain in real engineering structure

k f k l d– Lack of knowledge
– Variability
P b bili ti• Probabilistic
– θ is defined by a PDF
What are the eigenvalue PDF’s?– What are the eigenvalue PDF’s?

• Possibilistic
θ is defined by an interval– θ is defined by an interval

– What is the worst case eigenvalue?



Structural Model VariabilityStructural Model Variability

V t f t t l t θ• Vector of structural parameters θ
• θ is uncertain in real engineering structure

k f k l d– Lack of knowledge
– Variability
P b bili ti• Probabilistic
– θ is defined by a PDF
What are the eigenvalue PDF’s?

Monte‐Carlo Simulation
Many individual e‐value – What are the eigenvalue PDF’s?

• Possibilistic
θ is defined by an interval

y
calculations

– θ is defined by an interval
– What is the worst case eigenvalue? Optimisation Problem 

e‐value calculations for 
id l d J biresidual and Jacobian
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• Solved by Newton´s Method

EuE



u

Approximate Jacobian at Exact or ApproximateApproximate Jacobian at 
mean value parameters to 

drive convergence
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Badcock et al, CFD Based Aeroelastic Stabilty Predictions Under the Influence of 
Structural Uncertainty. Journal of Aircraft, 47(4), 2010, 1229‐1239
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ImprovementsImprovements
• Key IssueKey Issue

– Approximation of S(λ)

B tt h th i i ti– Better approaches than series approximation

• Kriging Approximation

• Sampling Methods• Sampling Methods

• Update with higher order information

Timme S and Badcock K J Searching for Transonic AeroelasticTimme, S. and Badcock, K.J., Searching for Transonic Aeroelastic
Instability Using an Aerodynamic Model Hierarchy, to appear in Journal of 

Aircraft



Random Sampling



Better basic sampling approaches...

Mean Squared Error Sampling



For any given approximation to S, solving the 
e‐value problem is cheap...

Instability Guided Mean Squared Error Sampling



Can also exploit different levels of 
modelling.....

Model Hierarchy



Goland Wing Cost SummaryGoland Wing Cost Summary

l d i ll bl k i• Euler steady state in wall block 30mins
• RANS steady state y

– Coarse grid: wall clock 1 hr
– Fine grid: wall clock 6 hrsFine grid: wall clock 6 hrs

• RANS time accurate
C id 5 l i ll bl k 20h– Coarse grid: 5 cycles in wall block 20hrs

• Flutter boundary in M space
– 6 fine grid RANS samples for co‐Kriging Euler 

• approx 2 days



Simulation RequirementsSimulation Requirements

• Physics Based Simulation
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Taylor Series Expansion of R
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APRPiInner Product with P  wAPRPziz   ,,

Badcock, K.J. and Woodgate, M.A., On the Fast Prediction of 
Transonic Aeroelastic Stability and Limit Cycles, AIAA J 45(6), 2007.







Current FocusCurrent Focus

• How to define tests/exploit data
– Identify corrections to Schur matrix to match y
measurements of response

• LCO Amplitude Uncertainty• LCO Amplitude Uncertainty

• Flexible aircraft flight control
– New project with Palacios at Imperial College


