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Flow-induced structural vibrations

Civil engineering Aeronautics

Stability analysis of the fluid/structure problem
A tool to predict the onset of vibrations
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One spring - cross-stream
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Stability analysis of the coupled fluid/solid probl

Steady solution — No solid component
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Fluid/solid Growth rate/frequency
components

4 Cossu & Morino (JFS, 2000)



Diagonal operators: intrinsinc dynamics

Steady solution — No solid component
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q'(x,t) = (qr,qs)(x)ePTtOt 4 ¢ c.

Fluid/solid Growth rate/frequency
components

Fluid operator
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Off-diagonal operators: coupling terms

Steady solution — No solid component
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q'(x,t) = (qr,qs)(x)ePTtOt 4 ¢ c.

Fluid/solid Growth rate/frequency
components

Coupling operator
(boundary condition + non-inertial terms)
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Coupling operator
Weighted fluid force

ONERA

6 Mougin & Magaudet (IJMF, 2002), il. (JFM 2004) B




ko = 0.75
.0
(m]
I a]
i o
0.8 o o
] [m]
0.6 o
] [m]
0.4 o
) o
0.2 °
| o O
0 (n} (m]
0.3 02 0. 0
A

p=10°

04 < kg <1.2

0.8

0.61

0.4

|

-0.1

005 0
A

0.05

pd = 0.07
-0.07
- -
{ ¢ -
2 |

O Structural Mode (kg = 0.75)

7Y w= 0.06 ‘ ‘
0.06
-
-2

0 5
® Wake Mode

10 15

0 5 10 15

Methods to identify structural and wake modes

- Vary the structural frequency

- Look at the verfical displacement/velocity (not the fluid component)

S W
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O sM Effect of decreasing the density ratio ® WM
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- Stronger interaction between the two branches
- The two branches exchange their « nature » for small p
- Codalescence of modes (not seen here)

8 [hang et al (JFM 2015)
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Objective and outlines

Objective:

- Identify the « wavemaker » of a fluid/solid eigenmode

- Quantify the respective contributions of fluid and solid
dynamics to the eigenvalue of a coupled eigenmode

Qutlines:

1 - Presentation of the operator/eigenvalue decomposition
2 - The infinite mass ratio limit ( p = 109)
3 - Finite massratio ( p = 200and p = 10)
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State of the art for the method

 Energetic approach of eigenmodes (Mittal et al, JFM 2016)
- Transfer of energy from the fluid to the solid / Growth rate
- Does not identify the « wavemaker » region in the fluid

« Wavemaker analysis (Giannetti & Luchini, JFM 2008, ...)
- Structural sensitivity analysis of the eigenvalue problem.

- Largest eigenvalue variation induced by any perturbation of the
operator ¢

- Output of this analysis is an inequality. We would like an identify |

 Operator/Eigenvalue decomposition
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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 gy

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

H H
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 g

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

: \ . Z . ONERA
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Adjoint mode-based decomposition

Application to the spring-mounted cylinde

0 = 0 + Oy

Fluid contribution Solid contribution

op = qr" (Ly qr + Crs 4s) 05 = a3 (Ls 45 + p~*Cyr qy)

Of = J a7 (x) - (Lr qf + Crs q5)(x) dx
D

Local contributions
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Infinite mass ratio - Fluid Modes

_ L C
=0 (o 06 =o 0 )E)

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
! !
O'f=q;_HLfC[f=O' OK O'S=O
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_ L C
=0 (o 06 =o 0 )E)

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




_ Le C
=0 (g D@ =00 @)

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

! l

O =0 (CI? qr)

NOT OK
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_ Le C
=0 (g D@ =00 @)

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)

(ol — Lf)CIf — CfsCIs Structural Mode p~ =0

} l

NOT OK

A~ __ H A H
Of =0 (qf qf) (large fluid response) 0s =0 (qs gs)
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Mass ratio p = 200: Structural 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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Frequency
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The solid contribution The fluid conftribution
induces induces
destabilisation 0! destabilisation
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Local fluid conftributions

Phase change between qf and Lf q¢

21 Schmid & Brandt (AMR 2014) NN 2




Mass ratio p = 10: Wake Mode
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Forsmall k; , w ~ w, - Forlarge k,, w ~ kg
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Wake Mode: frequency decomposition

p =10 ,
Fluid Frequency Solid
1.2 S e
0.8 s & ® ® @ .
5 0.4 -
0
0.4
0.4 0.6 GﬁE ] L2

For small ks: ws ~ w = frequency selection by the fluid
Unstable range : wy ~ ws

Forlarge k;: w, ~ w = frequency selection by the solid
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Wake Mode: growth rate decomposition

p=10 .

Solid Growth rate Fluid
Small kg e L Eﬁf 1 1. Large kg
destabilization due to the solid destabilization due to the fluid
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Solid Growth rate Fluid

0. 0.¢ 0.8 1' 1.
Small kg 2 S K Large kg

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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Conclusion & perspectives

« The adjoint-based eigenvalue decomposition enables to discuss

- the frequency selection/ the destabilization of coupled modes
- The localization of this process in the fluid

« Comparison with structural sensitivity (not shown here)

|dentification of the same spatial regions

Use this decomposition in more complex fluid/structure problem

Cylinder with a flexible splitter plate (Jean-Lou Pfister)
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Pure modes (infinite mass ratio)

Direct Adjoint

()= DI | @)= (g )@

* P _ H,D
Fluid oqr=Fqy opap = Frag
modes
qs = (o7 1 = §")ag = Cfia7
Solid 0qs =35(s oral = SHa?
modes
(O-I_F)qf:CquS a}f=0




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) =
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Projection of coupled problem on pure solid Mo

(01 —=F)qr = Cps qs
(o —S)qs = p~'Csr qf

H
(01 — F)qy + ag (O'I—S)QS_a Cfs qgs=p~ag Cspqy
* H "
(ff a?—F”a?) 0y +(o°a} —s"al — cfiaf) . = p 71} Cy gy
_ H
(0—09)(ab ¢5) = p~tal Cyp qy
1, pH
p-ra; Csrq
(0 —o5) = ;H v
aS qS
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Direct-based decomposition of the unstable )
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Free oscillation

Re =40; p =50
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Solid displacement — Fluid fields
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. Multiple solutions
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