Idehtifying the frequency selection
of fluid/structure instabilities
when the interaction is large

Olivier Marquet! & Lutz Lesshafft?

' Department of Fundamental and Experimental Aerodynamics
2 Laboratoire d'Hydrodynamique, CNRS-Ecole Polytechnique

111 Euromech Fluid Mechanics Conference
12-16 September 2016, Sevillel, Spain

ONERA

THE FRENCH AEROSPACE LAB




Contexi

Flow-induced structural vibrations

Civil engineering Aeronautics

Predict the onset of vibrations (based on stability analysis)
and control them

The origin of fluid/structure instabilities ¢
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A model problem spring-mounted cylinder

One spring in the cross-stream direction
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Self-sustained oscillations
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Ovultlines

1 — Stability analysis of the fluid/structure problem

a — Operator definition and formalism

b — Results for weak and strong interaction
2 — ldentification the driving dynamics of coupled modes

a — Operator decomposition approach

b — Results for strong intferaction
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Stability analysis of the coupled fluid/solid )

e

Stability of the steady solution (fixed cylinder)
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q'(x,t) = (qr,qs)(x)eP Ot 4 ¢ c.

Fluid/solid Growth rate/frequency
components

Linearized fluid equations
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Damped harmonic oscillator
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Results — Eigenvalue spectrum

p = 10° k, =0.75

Eigenvalue spectrum
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Results - Components of eigenvector

Infinitfe mass ratio - weak interaction
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For small mass ratio - strong interaction ¢

Vs = Vs # 0
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Results — Variation of stiffness

Infinitfe mass ratio — weak interaction
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Solid mode : w ~ k¢ (= structural frequency)
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Wake modes : w ~ w, (= vortex-shedding frequency)
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Results — Variation of stiffness

Finite mass ratio — strong intferaction
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Destabilization of solid branch Destabilization of fluid branch?

The two branches exchange their « nature » for small mass ratio

10 Zhang et al (JFM 2015) .




Ovultlines

1 — Stability analysis of the fluid/structure problem

a — Operator definition and formalism

b — Results (various mass ratio / structural frequency)

2 - Identification of the driving dynamics

a — Operator decomposition approach

b — Results
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The eigenvalue problem

/ Z.-".::.:"' =

Eigenvalue problem - Coupled operator
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Infinite masss ratio
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Fluid mode = eigenvalue/vector of L¢
Solid mode = eigenvalue/vector of L
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From operator to eigenvalue decompositi

Operator decomposition

Lg= (Lg+Lp)g=0q
In general, q is not an eigenmode of L, or L, , SO
Loq=04,q9+T1, Lyq=o0pq+1

with residuals 1, # 0,1, # 0 but 1, = —1, =71

Eigenvalue decomposition

O, T 0p =0

How to compute the eigenvalue contributions a,/0;, ¢
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Computing eigenvalue contributions

Expansion of the residual on the set of other eigenmodes g,

T=ZTRCII< Laq=UaQ+ZTkCIk
K

k

Orthogonal projection on the mode ¢q
using the adjoint mode g™

H H H
q7 (Lq q) = 04(q" q)+zrk q" qr)
k

Normalisation =1 — () Bi-orthogonality

Adjoint mode-based decomposition
o = 04+ 0Oy
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6,=q" (Laq) op,=q" (Lpq)
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Why this particular eigenvalue |

For an idenfical decomposition of the operator,
other eigenvalue decompositions are possible

Non-orthogonal projection on the mode q

Direct mode-based decomposition
0O = 6-61 + 6-b

Oq = qH(La q) Op = qH(Lb q)

But it includes contributions from other eigenmodes

Laq=0-aq+zrkCIk quzo'bq_zrk(hc
k k

Oq/p = Og/p T z e (@"qr) #0
K
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Application to the spring-mounted cylindet*
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Adjoint mode-based decomposition

0 = 0 + 0Oy

Fluid contribution Solid contribution
_ +H _ +H -1
or =q5 (Lfqr+Crqs) 0s =qs  (Lsqs + p~"Cs qp)
; a
Adjoint fluid component Adjoint solid component
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Application to the spring-mounted cylindel

L C M 0
(p_{CS L:) (Z];) - 0( 0 1) (ZZ)

Adjoint mode-based decomposition

0 = 0 + 0Oy

Fluid contribution Solid contribution
_ +H — +H
O-f — 0 (q]c CIf) Os = O-(qS qS)
Direct and adjoint Direct and adjoint
fluid components solid components

o
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Stability results for p = 200 — Solid branch
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Solid branch: Frequency decomposition

W = Wr + Wy

Fluid contribution Solid confribution

wr = 3(0f) ws = J(05)
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Solid branch: Growth rate decomposition

A=+ A

Fluid contribution Solid confribution

Ar = R(0of) As = R(as)

1.2
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Solid branch: Growth rate decomposition

A=A + A
Fluid confribution Solid contribution
Af = 9%(O-f) As = SR(O-s)
A1>0
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Stability results for p = 10
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« So called » fluid branch: Frequency decoi

W = Wr + Wy
Fluid contribution Solid confribution

Wr = S(O-f) ws = J(05)
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Conclusion

o Operator decomposition approach applied to coupled fluid/solid
modes

« No need to vary the parameters (mass ratio or stiffness), need to
determine the adjoint modes.

e Results similar to « wavemaker » analysis (structural sensitivity)
* Not a variation of eigenvalues but a decomposition of eigenvalues

o Extension to more complex solid dynamics (Jean-Lou Pfister - PhD)

Thank you GIC E::é
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Pure modes (infinite mass ratio)

Direct Adjoint
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Projection of coupled problem  on pure fluid moc

(O-I_F)qf=CquS
(ol —S)qs =p~'Css g5
H
(UI_F)Qf+a (UI_S)QS_a CquS P ap Csr qf

(U*aﬁ_FHafe)quJ“( — Sfag — Cfsa f) as = p~lal Cy qy

pH

(0 - O_f)(a]eHQf) + (0 — Uf)(a qs) = p_tag Csr qy

_ H
play CstIf

(af CIf + a CIS)

(0 —05) =

: - . RN ONERA
Titre presentation LT E T

27




Projection of coupled problem on pure solid Mo

(01 —=F)qr = Cps qs
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Direct-based decomposition of the unstable )
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Infinite mass ratio - Fluid Modes

_ L C
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Adjoint mode-based decomposition

0 = 0 + Oy

Fluid conftribution Solid contribution
or = qf" (Lg q5 + Css qs) 0s = q3"(Ls qs + p~ ' Csf qf)
gs; =0 Fluid Modes p~t=0
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_ L C
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Adjoint mode-based decomposition

0 = 0 + Oy

Fluid contribution Solid contribution
or = qf" (Lg q5 + Css qs) 0s = q3"(Ls qs + p~ ' Csf qf)
q; =0 Structural Mode p~t=0
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Direct mode-based decomposition

O'=6'f +6_S

Fluid contribution Solid contribution

5']- = q;’ (Lf dr + Cfs qS) 6-5 — qg(l’s qs + p_lcsf qf)

quf + Cfst = 0(qry Structural Mode p~ =0
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NOT OK
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Direct mode-based decomposition

O'=6'f +6_S

Fluid contribution Solid contribution
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Results for p = 200 — Solid Mode
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 The frequency is quasi-equal 1o kg
« The growth rate gets positive for k;close w,
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Wake Mode: growth rate decomposition

p=10 .

Solid Growth rate Fluid
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destabilization due to the solid destabilization due to the fluid
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Solid Growth rate Fluid
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destabilization due to the solid 5 destabilization due to the fluid
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Wake Mode: growth rate decomposition

p=10 .

Solid Growth rate Fluid
Small kg 2 S Eﬁf 1 Large kg
destabilization due to the solid destabilization due to the fluid
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Free oscillation

Re =40; p =50
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Solid displacement — Fluid fields
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- Methods for identifying the h

dynamics of coupled modes

e Energetic approach (Mittal et al, JFM 2016)

Transfer of energy from the fluid to the solid component

o Classical wavemaker analysis (Giannetti & Luchini, JEM 2008, ...)
Structural sensitivity analysis of the eigenvalue problem.

Largest eigenvalue variation induced by operator perturbation

 Operator/Eigenvalue decomposition
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