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Motivation

OFlight Test #1
OFlight Test #2
AFlight Test #3
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Figure : F-16 Flight Test Variability!

lThomas et al. , AIAA paper 2010-2632
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Motivation ‘
Simulation-Requirements '

Hence, for such problems we need:
e Physics Based (nonlinear) Simulations — High-Fidelity
Analysis
e Uncertainty & Variability — Probabilistic/Possibilistic
e Large Paramenter Spaces — Efficient Methods

o Integration of Available Measurements — Model Updating
and Calibration

Q Dr. Simdo Marques — LCO Prediction with A-HB 7/40



Overview Motivation | Aeroelastic-Harmonic Balance Validati@n - Results Conclusions

t..

Motivation
Simulation-Requirements

Hence, for such problems we need:
e Physics Based (nonlinear) Simulations — High-Fidelity
Analysis
e Uncertainty & Variability — Probabilistic/Possibilistic
e Large Paramenter Spaces — Efficient Methods

o Integration of Available Measurements — Model Updating
and Calibration

f
Q Dr. Simdo Marques — LCO Prediction with A-HB 7/40



Motivation ' Aeroelastic-Harmonic Balance Validatiqi Results Conclusions

Outline

Aeroelastic-Harmonic Balance

Q Dr. Simdo Marques — LCO Prediction with A-HB 8/40



Overview Motivation | Aeroelastic-Harmonic Balance Validati@n < Results Conclusions

Harmonic Balance Methodology

o Consider a generic structural system described by the equation
of motion:

Mx +Cx+Kx=F
W+R=0
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Harmonic Balance Methodology

o Consider a generic structural system described by the equation
of motion:

Mx +Cx+Kx=F
W+R=0

e Assuming the solution is periodic, it is approximated by a
truncated Fourier series of Ny harmonics and fundamental
frequency w

Ny
x(t) = X + Z()“Q,,_l cos(nwt) + Xop sin(nwt))
n=1
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HB for CFD

Consider the general form of the fluid Euler equations:

oW(E) o
T + R(t) =0

2Hall et al. , “Computation of Unsteady Nonlinear Flows in Cascades Using
a Harmonic Balance Technique,” AIAA J., 40(5)
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HB for CFD

Consider the general form of the fluid Euler equations:

OW(t) _
5t +R(t)=0

Apply Fourier expansion to W & R and re-write eq. in the
frequency domain:
wAW +R =0

2Hall et al. , “Computation of Unsteady Nonlinear Flows in Cascades Using
a Harmonic Balance Technique,” AIAA J., 40(5)
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HB for CFD

Consider the general form of the fluid Euler equations:

OW(t) _
5t +R(t)=0

Apply Fourier expansion to W & R and re-write eq. in the
frequency domain:
wAW +R =0

Recast the Fourier coefficients in the time domain and solve:2

OW - N

—_— wDW 4+ R =0
or ——" ~—
~~~ Unsteady Source  residual

pseudo—time

2Hall et al. , “Computation of Unsteady Nonlinear Flows in Cascades Using
a Harmonic Balance Technique,” AIAA J., 40(5)
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HB for CFD

where:
roo1/2 12 - 1/2
cos tp Ccos t1 cee cos tany,
sin to sin t <+ sintony W(to)
. cos 2ty cos2t; .- cos2tby, . W(t;)
D=E "AE, E=| sin2ty sin2t; -+ sin2ty, | W= :
. . . W(tzNH)
cos Nyto  cos Nty ---  cos Nytap,,
L sin Ny to sin Ny t1 -+ sin NHt2NH
27

ti i:{0,1,2,...,2NH}

TNy + 1
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Aeroelastic - Harmonic Balance (A=HB)

Consider a generic, undamped, structural system described by the
equation of motion:

Mx + Kx = F(W)
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Aeroelastic - Harmonic Balance (A=HB)

Consider a generic, undamped, structural system described by the
equation of motion:

Mx + Kx = F(W)
Recast in state-space form
y = Agy + BsF

where:

w =L o] [ Jov= [
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HB for CFD

Applying the same transformations, we obtain a coupled system in
the HB format:

oy . N

9, +wDsy + (Asy + BsF) =0

a—w+wa\l~v+§:0
or
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HB for CFD

Applying the same transformations, we obtain a coupled system in
the HB format:

oy . N

9, +wDsy + (Asy + BsF) =0

a—w+wa\l~v+§:0
or

Even CFD unsteady problems can be computed efficiently, as long
as Ny does not become excessive and w is known.

Q Dr. Simdo Marques — LCO Prediction with A-HB 13/40



Motivation ' Aeroelastic-Harmonic Balance Validatiqi Results Conclusions

LCO Prediction

» However, we don't know w; co
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LCO Prediction

(o)
» However, we don't know wjco —

» New approach based on frequency updating
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LCO Prediction ‘
HB with-Frequency Updating

Define the following residual:
R(w,y) = wDsy — (Asy + Bsf)

From the residual, define the following figure of merit:

1 1
L= ERTR = 2 [WDsy - (Asy + Bsf)]T [WDsy - (Asy + Bsf)]
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LCO Prediction
HB with-Frequency Updating

We then propose the following algorithm to determine LCOs:

Find [w, F] that minimizes R(w,y) using:

oy ~ -
Y 1 wD.§ + (A + BF) =0

or
!
W DWW+ R=0
or
!

oL, ofF\ "
= (Dy - Bsaw) [WDy - (Asy + Bsf)]

Oow

o
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Forced Motion Predictions
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Figure : NACA 64A010
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Forced Motion Predictian
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Forced Motion Predictions
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Pitch - Plunge Aerofoil

Problem widely studied in the community3:

mh+ S,i+ Ky = —(goocC
Soh+ I+ Ky = Gooc?®Crm

3Thomas et al. , AIAA paper 2010-2632
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Pitch - Plunge Aerofoil

Problem widely studied in the community:

Yoo fa 0 r2
h
-G — Uso
f= = V=_—_"*_
[ 2Cnm :|7 y |: 3 ’ vV pwa b
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Pitch - Plunge Aerofoil
Solver-Convergence

Frequency Convergence
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A-HB initialised at flutter conditions
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Pitch - Plunge Aerofoil
Solver-Convergence

Frequency Convergence (Vs = 0.80)
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Pitch - Plunge Aerofoil
Solver-Convergence

Position-Velocity Diagram (Vs = 0.80)
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Pitch - Plunge Aerofoil
Solver-Convergence

LCO Amplitude
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Delta Wing

Structural Model based on 2D shell elements
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Delta Wing
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Delta Wing

Position-Velocity Diagram (g;co = 0.85qs/)
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Solver Efficiency

Aerofoil Delta Wing
Wall Clock [s] Speed-Up  Wall Clock [h] Speed-Up
Time Marching 3990 1.0 204 1.0
1 Harmonic 282 14.1 8 25.5
2 Harmonics 480 8.3
3 Harmonics 1050 3.8
4 Harmonics 1224 3.3
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[ Conclusions
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Conclusions

e a new formulation for LCO prediction based on a Harmonic
Balance method has been presented.
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Conclusions

e a new formulation for LCO prediction based on a Harmonic
Balance method has been presented.

e LCO conditions are determined using a frequency updating

algorithm that accounts for both aerodynamic and structural
influences
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Conclusions

e a new formulation for LCO prediction based on a Harmonic
Balance method has been presented.

e LCO conditions are determined using a frequency updating
algorithm that accounts for both aerodynamic and structural
influences

e the new approach shows significant speed-ups w.r.t.
time-domain, without compromising accuracy
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Future Work

e Include stronger nonlinearities.
e Quantify uncertainties
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Q& A

Thank you for your attention

Questions Welcome
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Q& A

Flutter Calculations:

Eigenvalue Problem

A Ass
|: Asf Ass :| 4

this can be reduced to a small nonlinear eigenvalue problem, by
applying the Schur Complement Method*

Schur Formulation

S5(A)ps = Aps

where
S(\) = (Ass — M) — Asp(Agr — M) L Ag

4 X . L . .
Badcock, Timme, Marques, et al. Envelope searches and uncertainty analysis with transonic aeroelastic
<imulation.Progress in Aerospace Sciences, 47(5), 2011.
iversi
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Flutter Calculations:
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Figure : Delta Wing Flutter response with Volterra Series 808" ROM
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