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Outline of the course

Block 1 - Fluid-structure Block 2 - Marine energies Block 3 — Numerical
interactions (Olivier Doare, projects (Olivier Doare,
ENSTA Paristech, Clément * Offshore wind introduction ENSTA Paristech)
Grouthier, WGK) and ocean thermal
energies (Vincent de * Offshore wind turbine
* Definition of the problem Laleu, EDF) submitted to wind, current
 Structural dynamics and waves : matlab
* Dimensional analysis * Ocean waves energy project
harvesting (Jean-
e Structural vibrations in still Christophe Gilloteaux,
fluid IFPEN)
 Structural vibrations in
flows * Offshore wind
* Positive ineractions : installation : case studies
Energy harvesting using (Christophe Peyrard,
flow-structure instabilities EDF)
* Negative interaction :
design methods in offshore * Marine currents (Nicolas
wind Relun, EDF)

* Floating structures

3 sessions 4 sessions 2 sessions
September/October October/november November
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Where will it take place ?
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Evaluation

On table exam Matlab numerical project
(small questions, calculations, + (statics and dynamics of
proposed by each professor) an offshore wind turbine)
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* Day 1 (Today)
* Definition of fluid-structure interaction
» Structural mechanics
* Dimensional analysis

* Day 2 (Next week)
* Fluid-structure interaction phenomena
* Negative interactions : Dammage of offshore structures
* Positive interactions : New concepts of energy harveting using fluid-structure interaction

* Day 3 (October, 19)
* Floating structures
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Fluid-structure interaction
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What is IFS and why is it important

oS

Flow

Un-coupled problems

Solid-mechanics problem

The dynamics of the solid in vacuum
is studied.

But what happens if there is a flow
generated by the solid's
displacement ?

What is the influence of the flow on
the solid's dynamics ?

Fluid-mechanics problem

The solid is viewed as a perfectly rigid
boundary by the flow.

But what happens if the structures
deforms after being stressed by the
flow ?

How the flow properties change after
solid's deformation ?
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What is IFS and why is it important

Flow

| Kinematic condition |
- (equality of displacements)

| Dynamic condition |
| (equality of efforts) |

1) yoolsied-ejsus@a.leop IalIAl0 — yosisiied-y1 SN — 8Jeoq J8IAO



Prerequisities of the course

Although some reminders will be given, some knowledge
in the following topics are necessary

* Fluid mechanics
e Solid mechanics

* Tensor algebra
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Negative interactions
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Dynamics
associated with
the design of
advanced
offshore wind
energy systems
with floating
platforms (Musial
2010)

Problematic interactions

LOADS ON OFFSHORE STRUCTURES

turbulent
wind

ey

gravity & tidal & storm surge

l wake

turbulénce

icing
J, = B 4

depth variation

currents
& tides

s0il mechanics
i SCOUr

(from the NREL paper on wind system design)

lightning
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Problematic interations | : Current-structure interactions

Floating wind turbines

Floating ocean thermal
Offshore wind turbines energy converters

Instability Vortex induced

Takoma Narrows bridge vibrations (VIV)
(1940)
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Problematic interations |l : Wave-structure interaction

Floating turbines

e s

Offshore turbine
on a jacket type base

Floating OTEC
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Dramatic consequences

Dammage / Fatigue of offshore structures

» Offshore structures under extreme conditions :
DAMAGE

» Offshore structure submitted to standard load case
during years : FATIGUE — DAMMAGE

www.sintref.no

There is a growing number of
industrials that want to
respond to tenders on

offshore windfarm installation

Lifetime prediction and
guarantee of structures is
mandatory — IFS

axiomndt.co.uk
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Useful experience from oil and gas industry

Wl =

Ballast Stabilized Mooring Line Stabilized Buoyancy Stabilized CEEELD

—

9 10

R Y

i
I
o

gy o

Wikipedia.org
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Positive interactions
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Energy harvesting : using energy transfer from a flow to a structure to
convert kinetic energy of a flow into electrical energy

Flow

Using induction, piezoelectric coupling, dielectric materials

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO



Energy harvesting :

Wave Energy
Recovery

= jﬁ = ;-'l'l- Qf& l'_-.x

: oA

Incident wave energy conversion

18
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Using flexibility of blades to improve efficiency of wind turbines

Z-Coordinate (m)

http://eolos.umn.edu

X-Coordinate (m)

_'--'-;:;O-iio’

e 'Tr:d_‘tl.f 020

¥-Coordinate (m)
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Fluid-mechanics
and
Solid-mechanics
problems
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Domains and field variables

o0 QO

OM =X =Xe, +Ye, + Ze,

Oriented by convention

n = N-e n, e n,e
D=MaCz F Nyly 1262 0 the solid to the fluid
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The fluid-mechanics problem

Fluid flow
|
|
(pfﬂ': Pﬂ: U‘U)
(ps, P,U)(X,T) 0 Qs o0 QO
L

Parameters :

A, W, pro, o, Up : Lameé coefficients, reference density, pressure, velocity

Field variables :

pr, P, U : Density, pressure and velocity field

In a fluid mechanics problem, the solid is perfectly rigid and imposes boundary
conditions for the fluid.

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO



Fluid flow

\J

\/

(pfﬂ: P‘[}: U{})

(ps, P,U)X,T)

Mass conservation

€2 o)
n
L
Opy :
o7 T div (prU) =0
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Fluid flow

\J

\/

(pfﬂ': Pﬂ: U‘U)
(s, P,U)(X, T) 0 2, on €2y
L
«
. dU .
Momentum conservation ,Ofd—T = F + div éf
X, =(—P+4+XdivU)1+2uD Stress deformation relationship

: 1
with D= §(tvg + VU)

= —Pfgcz

Deformation rate tensor

Volumic forces are due to gravity
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Fluid flow

\J

\/

(F’f{}:P{}:U{})

(ps, P,U)X,T)

Momentum conservation

// .
/
/
/

o

A

]

—Pf g€z

6U
Ptar

+py (gradU).Q:
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Fluid flow

-
.

(pfﬂ:PG:U{})

(ps, P,U)(X,T) 0 9 o0 Qf

L
Boundary conditions
U = 0 on 0f2
| + inlet and/or outlet conditions

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO



Mass
conservation

Momentum
conservation

Boundary
conditions

Fluid mechanics problem

Navier-Stokes equations

8U

(9T + Py (gradU).Q:

—prgey, —grad P+ (A +p)graddivU +p AU

U =0 on 0f

+ inlet and/or outlet conditions
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Mass
conservation

Momentum
conservation

Boundary
conditions

Fluid mechanics problem

Incompressible flow

—|—d1V(pr)—O > divU =0

ou

ProgT T P10 (grad U) U=

—pfoggz—gradPJrTf/ﬁa%@QﬂtuAQ

U =0 on 0f

+ inlet and/or outlet conditions
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Mass
conservation

Momentum
conservation

Boundary
conditions

Fluid mechanics problem

Incompressible flow

—|—d1V(pr)—O > divU =0

ou

ProgT T P10 (grad U) U=

—pfoggz—gradPJrTf/ﬁa%@QﬂtuAQ

U.  =0on o2

+ inlet and/or outlet conditions
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d30

Fluid mechanics problem — Incompressible flow and inviscid flui

+ inlet and/or outlet conditions

ya DY
Mass divU =0
conservation

¥ ,/
Momentum oUu ( ) B
conservation Prop Trr\gRdl) - U=—prges—grad P 2

U .n=0on of) :

Boundary :
conditions :



Incompressible flow and inviscid fluid = Potential flow

Scalar potential U = grado

Mass Ag —
conservation |
4
Momentum o 1 ,
conservation Pt aT + pfﬁ(gradqb) +prg+ P = cte

Bernoulli equation
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Solid mechanics problem

Parameters :

ps, FE, v : Density, Young's modulus, Poisson's coefficient

Field variables :

= : Displacement field of the solid

In a solid mechanics problem, the fluid is neglected. The solid is in vacuum.
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Solid mechanics problem

|~

= —psgey, Volumic forces are due to gravity

Qf
o
L :
6°E
? = . . >
Momentum conservation Ps s = F+divy :
\\, / g
Y = Atr(e) 14 2puc Stress deformation relationship Q
wi €= 5( VE+VZ) Deformation tensor :



Solid mechanics problem

Momentum conservation

1]

OE + - d(divE) + L (grad=)
S —_— — S 6 I'a :4 =
Poare — ~P 982 T 9 T ) — ) B E T ol 1) e

AN 2

Navier's equation
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O%E E E

— d(divZ ———di d=) = —
| Ps 8T2 + 2(1 n V)(]. . 21/) gra ( IV—) =+ 2(1 n T/) lV(gI'_a ) Psg€ 7 /‘
Inertia Stiffness External force
(+ Boundary
conditions)
General form of a dynamical equation :
% - Tool to analyse these
M(X) + K(X) = f +BC > equations : Modal analysis

Forcing

S

Stiffness operator

Inertia operator
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Structural dynamics
&
Modal analysis
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Structural dynamics

Infinite media

* Modelization : PDE
* Wave propagation analysis
* Local approach

Finite dimension systems
* Modelization : PDE + Boundary conditions

* Modal analysis
* Global approach
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A mechanical system

Local equation governing the displacement w :
82

VeeQ Vit : w/\/l[w(g, t)] + Klw(z,t)] = F(z,t).
* M : Mass operator JC : Stiffness operator
* Free problem: F=0 Forced problem : F#0

Global approach : Boundary conditions
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A first basic example : the vibrating string

\/

« Tension: T(X) y

* Lineic density : w(X) = p(X)A(X) M = p(X)
* Vertical displacement : W(X T)
Stiffness operator :
_ ow 0
hoTz T ax (T(X) 0X ) M=o (T(X)

ow
0X

+ Boundary conditions
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Mooring lines




The beam

A Area:  S(x)=b(x)h(x)
| E
’ y
e =
w(x,1) X
b(x)

* Young's modulus : E .
* Lineicmass: 4 N %
- Mass operator : | ®
* Moment of inertia : 2
I M — /’L %
For an homogeneous beam (constant section) : Stiffiness operator : -
64 62 84 §
W W K=FEIl-—— 8
EI — 0 4 =
X4 T 01> . 0X 2



Boundary conditions of the beam

ow . ow  O*W
. Y = —— =  Sliding boundary : — = =0
Clamped boundary : Y B3 0 Iding boundary 9X X2
* Free boundary : W _ W — 0 * Pinned boundary : 117 — W =0
0X? 0X3 0X?2

gz / Clamped Free
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Offshore wind turbines are complex structures
composed by beam elements
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Eigenmodes and eigenfrequencies
of mechanical systems
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The string case

2 2
. Onewantstosolve: 9 W _ 20°W W(X

o2~ © 9X°

* A solution to separate variables is sought for :

W(X,T) = f(X)g(T)

/

~* General solution found :

X
W(X,T) = sin -

C cos(wnT) + D sin(w,,T)]

* An infinite set of ¢ ), o =mnclL

eigenfrequencies is selected :

nmce
Wiy = ———

L

* Associated to an eigenfunction

¢ X, 0,=2nc/L

(])3 (x), w,=37nc/L

dn(X)
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Engineering cases

Eigenmodes of a wind turbine on a jacket type fundation
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Olivier Doaré — ENSTA-Paristech — olivier.doare@ensta-paristech.fr

Eigenmodes of mooring cables




Olivier Doaré — ENSTA-Paristech — olivier.doare@ensta-paristech.fr

Orthogonality




* General form of a mechanical system :
82
o2

Va € (),

* Example for the beam :
* Domain: Q =z € [0, L]
* Mass operator: M = u
84

 Stiffness operator: X — F71—
Ox4

* Eigenmodes and eigenfrequencies :

¢na wna nEN

Note : we switch to lowercase
in this part — w, x,t

* The problem writes for each ®n

Ve, K(s(z)) = wM(e(x)),
Vaxed, Bilop(x)) =0, 1

* p equals the maximum order of the
spatial derivatives in K
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Scalar product

* Introduction of a scalar product for all admissible functions
(functions that satify the boundary conditions)

< fig>— /Qfgdﬂ-

Scalar product

 Bilinear, symmetric, positive definite
— IT IS a scalar product

* Operators are self-adjoint if :

< fIK(g) > =< K(f)lg >,
< fIM(g) > =< M(f)lg > .
* They are positive definite if :

Scalar product
with respect to the inertia < fIK(f)> =0, et < fIM(f)> >0.

and stiffness operators <fIK(f)> =0 = f=0.

* If positive definite, these are also scalar products :

< flg >k = /Qf/C(g)dQ,

< flg>m = /Qf/\/l(g)dﬂ-
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Orthogonality with respect to mass and stiffness operators

Let ¢, and ¢, two eigenfunctions, with
associated eigenfrequencies Wy and ., q

K(ép) = ng(@?)v
K(¢q) = wgM(dy).

If operators are self-adjoints, we show

(w2 —w2) | ouM(6,)a9 = 0.
Q

For different eigenfrequencies, the functions
are orthogonal with respect to the inertia
operator :

< flg>m=10
Direct consequence : the functions are

orthogonal with respect to the stiffness
operator :

< flg>x=0

 When p=q:

<¢p‘¢p >M = My,
<¢p|¢p > K

|
-
S

Modal mass and modal stiffness
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The family of eigenmodes form a projection basis

IDEA : Projection of the PDE on this basis

Step one : Modal expansion

+o0
w(z,t) = Z Xp(t)¢p(2)

Xp(t) : modal amplitude of mode p

Step two : Insert this development in the PDE

Vz € Q, g—; M(w(z, t)] + K(w(z, t) = f(z,t) ONE PDE
where f are external forces l
* Step three : projection of the PDE on a mode ¢,
>l maX t kaXa = Falt) AN INFINITE SET

Fn is the modal force :

F () = /Q F(@, )b (2)dO
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Physical space

* Unknown : displacement

* Equations : PDE + Boundary

conditions + initial
displacement

Modal space

* Unknowns : modal displacements

* Equations : ODEs + initial conditions

82
K(w) + g M(w) = f
SOLUTION -
w(x,t)

Projection
<¢n|¢n >M = My,
<¢n|¢n > = kn

< on|f>=F,
< O |w(z,t=0) > = X, (¢

Modal recomposition

+o0
wa,t) = S Xo(t)on(a)

mp X, + ko, X,, = F,

n e N

Xl(t) ) XQ(t) )
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The harmonic oscillator
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The undamped oscillator

Free oscillations
F=0

Solution

X
X (t) = Xo coswt + — sinwt
w

with

| k
w =1/ —
m

Forced vibrations
F = F() sin ¢

Solution
x(t) = xosin Qt

with

FO M(w2 —92)

Impulse response

F = P3(t — to)

Equivalent to a velocity jump

- 4T P
X[0 ==
Xle =
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The damped oscillator

MX +CX + KX = F(t)

> F(t)

Free oscillations
F=0

Solution

X(t) = e 2t x

X
LXO cos wt + 20 ginwt
Wi

w
| k
w=\/—
m

|

—
X (1)
Forced vibrations Impulse response
F = Fysin Ot F = Pé(t —to)
Solution Equivalent to a velocity jump

X(t) =Re (Xoeim)
with

. 4+ P
X =
[]g A7
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Forced vibrations — Transfer function
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Olivier Doaré — ENSTA-Paristech — olivier.doare@ensta-paristech.fr

Examples




The plucked string

O%w % w
How to solve —Tw + Moy = f(z,t)

with z(0,t) =z(L,t) =0 Vt

w(x,t =0)=wo(x) , w(x,t=0)=wy(x)

using modal analysis ?

o
N
)
~
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Physical space

* Unknown : displacement

* Equations : PDE + Boundary

conditions + initial
displacement

Modal space

* Unknowns : modal displacements

* Equations : ODEs + initial conditions

82
K(w) + g M(w) = f
SOLUTION -
w(x,t)

Projection
<¢n|¢n >M = My,
<¢n|¢n > = kn

< on|f>=F,
< O |w(z,t=0) > = X, (¢

Modal recomposition

+o0
wa,t) = S Xo(t)on(a)

mp X, + ko, X,, = F,

n e N

Xl(t) ) XQ(t) )
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The case of discrete systems
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* N degrees of freedom system

X =[X1, .. Xn]!

» System of N equations governing the temporal evolution of

MX +KX =0

* For a general discrete mechanical system, M and K are full matrices
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Example 1 : Coupled oscillators

o~ o~

y - \\\ ;/ \\\
W Mo w W
X1(T) Xo(T)

0
0

MXi+ KX, —K(Xy—X;) =
MX,+ KXy — K(X, — X5)

| M 0]z [2K -K]a =
Matrix form : [ 0 M]X-I-[_K 2K]X—O
Mass matrix Stiffness matrix
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Example 2 : Discretization of continuous systems

 Discretization of the vibrating string equation :
W — cw’ =0
e Space discretization :
r; = (G —1)Ax i€[l,N +1] with Ax =L/N

» Spatial discretization of all quantities :

e

o

w; = w(x;,t), g

/! /! ()

o)

’

| | | e | | | | <

| | | | | | | | 5

iy 0 Az 2Azx NAx :
&



Taylor expansion :

ow(x,t) Ax? 0%w(w,t) Ax? OPw(w,t)
i1 = wi— Ar ———= ’ — : !
Wit v T o . T Ox? |, 6 Ox> | +0(Az))
B ow(x,t) Ax? 9%w(x,t) Ax? d3w(x,t) 4
Wit = Wik AT T S e | T e |, OB

Sum of the two expansions — order two approximation of the the spatial derivative :

2
i—1 — 2W; + W;—
| =i = M e oast)

Discretized version of the string equation :

2Wi-1— 2w; +wi—q

A2 = O(Ax?)

Vie[2,N —1], w;
Boundary conditions :

w1:0 . ’LUN_|_1=O.
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* Matrix form of the coupled equations :

Wo —2
1 s 1 |
. L 2_
) : ¢ Ax?
1 WN—1
1 1L WN | i

Mass matrix

Mo+ K =0

[
|
N -

Stiffness matrix
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Eigenmodes and eigenfrequencies
of discrete mechanical systems
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Eigenvalue problem

General form of the mechanical problem :

MX + KX =0

Harmonic solutions are sought for :

X (t) _ qg’eiwt

The mechanical equation becomes :

(K —w?M)$ =0

Non trivial solution if ;

det(K — AM) =0 (A = w?)
Eigenmodes and eigenfrequencies :

qb;ei““t with w,, = £/ A\,

gbﬁn Eigenmode

Wn, Associated eigenfrequency
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Orthogonality

* Orthogonality with respect to the mass matrix :
— t — ~
an M¢m — Mnémn
* Orthogonality with respect to the stiffness matrix :
- t — ~
¢n K¢m — Kn5mn
* Projection of the equation on the eigenmodes :
> n QMén + 3, QK ¢y, = F(2)

b S OM6n + b S, QK = o E(t)

Mm@m + Km@m — Fm

» N harmonic oscillator equations
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* In the « physical » space mass and stiffness matrices are full matrices :

M

7

_|_

K

* In the modal space, matrices are diagonal :

* Change of basis :

P =

—

d1

N

_|_

X

— F(t)

&
I
e

VN
~~

N—"
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Example of the coupled oscillators

Mechanical equations :

RIRAE N g

o M| T| K 2K]X:O

Solutions sought in the form :

X (t) _ gg’eiwt

Eigenvalue problem :

Non-zero solution if the determinant vanishes : 5

K 3K

Eigenvalues and eigenvectors :

One mode where oscillators
" 111 By = B are in phase, one mode
- 2 21 —1 ] where they are in opposite
phase.
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Example of the string discretized by finite differences

* Mechanical equations :
M@+ K@ =0

where 0

« Solutions sought of the form : f = Vel?

- Eigenvalue problem : (K — w?M)V =0

50 ; ; ; .
OOO
OO
©

O

e
Bl Exact

@
(6]
©
o]
(@)
(&}
9] ++++
30_ OOO +++++++++++
o° +t 7T, .
oo .~Finite diff
(@] o
et
20+ 9$$++
o®*
o*" w
10t 0’
®®
@@q;
0 ®$® (i i & 1 1
0 10 20 30 40 50

U is the vector containing the values of the displacement at discrete points z;

0 0.1 &5J 0.6 0.7 0.8 0.9
L«
1 T T T O | T T
® ® ® ®
@ ® @
0.5
0 ® @ ®
[0¢ ) ® ) ®
® 0 ® O ® O
-0.5F ¥ o b O O
Y O Mode35 O O
dig I ! O 1 O 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

€I«
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Conclusion on structural dynamics

on one eigenmode 7 :

Continuous systems Discrete systems
i i & M@+ K@ = F
Dynamical equation : ﬁ/\/l(w) + IC(w) — F(g, t) w+ KW= F(t)
Eigenmodes -
and eigenfrequencies : Pn(z) , Wpn , NEN Gn, Wp, NEI.N]
Projection of the dynamics | \ _ | Y _
MpXn + kn Xy = F, MpXn + kn X, = F,

\ ) \ /
A 4 A ,,/
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Back to the fluid-structure interaction problem
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2

|
\
\
\\
\\\ /

The structure dynamics can be
now considered to be solved by
modal analysis

mn X, + k. X, = F,

n eN

i

X1(t), Xaft),

Flow

The flow dynamics has still to be
analysed, as well as its effect on the

structure
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| Kinematic condition

- (equality of displacements)

U= Z@n(g)Xn(t) on 02

| Dynamic condition

| (equality of efforts)
oa 7 "

g =

The fluid
has still to
be treated
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Dimensional analysis
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Dimensional analysis

Variables and parameters of a coupled fluid-solid problem

Fluid Fluid & solid Solid
Variables U, P, py E,X
Parameters K Pfo, Uo » €O g7L Ps E » Vs =0

If the structural problem has already been decomposed on its eigenmodes :

Fluid Fluid & solid Structure
Variables U,P py Xn
Parameters Kty PFo, Uop , co g, L My, Ky, On

Many parameters — dimensional analysis is necessary to simplify
the problem for e.g. a parametric study

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO



Washy-Buckingam theorem (Pi theorem)

If we have a physically meaningful equation such as

flq1,q2,.-.qn) =0

where the qi are the n physical variables, and they are expressed in terms of k independent
physical units, then the above equation can be restated as

F(’ﬂ'l, Ty eeny 7Tp) =0
where the T11i are dimensionless parameters constructed from
the qi by p = n — k dimensionless equations —the so-called Pi groups— of the form

_ a1l a9 a
T =41 43" -..q,"

where the exponents ai are rational numbers (they can always be taken to be integers: just
raise it to a power to clear denominators).
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Dimensionless form of the Navier-Stokes equations

Mass Cdpy |
— 4+ d U)=0
conservation - aT +div (prU)
8U
Momentum 6’T + py (grad U) U =

conservation

—prgey —grad P+ (A4 p)graddivU +p AU

* This equation set is not complete, one need an additional law to link
pressure and density. The most simple one is :

2

I where ¢ is the speed of sound in the fluid

=c
- 0pg ’

/,

* We then introduce the following dimensionless quantities :

) /,,/ - - \\1
/ \

U
Yo P fo B L
P
p = - Lty

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO




Dimensionless form to the Navier-Stokes equations

Mass | Jdp
conservation M +rdive =0
Ou + ( ad )
— r ujl .u
gt \&E=8)E
Momentum
conservation _ 1 e, — 1grad p+ 11 Au + 1grad(div u)
F2 == r rRe \ ~ 3 - |
Dimensionless parameters : %
U
M = = Mach number i
Co %
Ug g
F. = Froude number o
VgL :
Uy L 2
R, = ’Ofoluo Reynolds number @



Example, incompressibility condition

If M? <1 the equations become :

Mass : (incompressibility
conservation divu =0 condition)
0 1 1 1
Momentum 8—% - (grad g) U= ~ 72 e, — —grad p + R—Ag
conservation r 4 e
\ /

Where r ~ 1 4+ M? has been considered
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An example in solid mechanics : The beam

Beam modelled under the Euler-Bernoulli approximations.

Parameters : EI u, L

Variables : X.Y.T

For an homogeneous beam (constant section) :

0ty 0%Y

EI c
ox1 " 1ar

=0 with boundary conditions

General form of the solution Y (X, T) ;

F(Y,X, T,L,EI,;)=0 ———» n=6, k=3 (spacetimemass)
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 Dimensionless variables :

z2=7/L y=Y/L t = —

* Dimensionless equilibrium equation :

0%y Oy
Ot? + Oz4

=0, z€]l0,1]

 General form of the solution is now :

fy,z,t) =0

>

+ boundary conditionsat 2 =0,z =1

No more parameter dependency !
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Application to the fluid-structure problem
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Application to the fluid-structure problem

Variables and parameters of a coupled fluid structure problem

Fluid Fluid & solid Structure
Variables U,P, py Xn
Parameters oy Pfo, Uo , co g,L My, Ky, ¢p

Examples of questions that dimensional analysis can answer :

* Can the main flow be neglected when studying the dynamics of the structure ?
* How influent is the pressure gradient ?

* What is the role of viscosity ?

* How big is the influence the inertia given to the fluid when a structure oscillates ?
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Oscilator in flow: a basic problem

On the contact surface, the kinematic

boundary condition links the velocity
of the fluid and the velocity of the
structure :

Flow Uy o=

:6?_T on 0Of)

A
<

One oscillatory mode approximation :

Rigid body mode : ¢ =1

Characteristic time for the solid: 7=1/Q¢ (Q =+ K/M)
Characteristic length :

Characeristic velocity for the fluid : Us
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With or without main flow

Non-dimensional form of the kinematic boundary condition :

= 0

UKD = Ou)>»1 = 0lU)>U

The order of the velocity is imposed by the velocity of the
structure. The fluid is seen as still from the point of view
of the solid

U>D — u~0

The solid is seen as immobile from the point of view of
the structure
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Non dimensional form of the fluid's equations

Choice of characteristic space and time differs if the fluid is still or not...
* If still fluid : no characteristic velocity imposed by the flow

Characteristic time : 1 /QO Characteristic length : J, Characteristic velocity : ()5 L

* If flow : a characteristic velocity exists, it can be used

Characteristic time : 1 /77,  Characteristic length : Characteristic velocity : 7,

1 yoa)sued-ejsus@aleop IsiAlo — yosisied-y.1SNT — 84e0(q J8IAIO



Full equations' set for the fluid part

No main flow Main flow Uy
* Time, length and density : * Time, length and density :
1/907 L7 P f L/U07 L7 Pf
 Mass conservation :  Mass conservation :
divu =0 divu =0
* Momentum conservation : * Momentum conservation : o
o 1 1 Hu 1 1 . B
e + (grad g) LU= —F—l%gz —grad p + EAQ n + (grad g) LU= _F_]%Qz —grad p + R—EAQ ;
* Kinematic boundary condition : * Kinematic boundary condition : §
% u e lg %
u=2 UL :
U, Un U, ®
L Qo L2 Frp— 20 _ Yo Uu=—-2
Fp=Q|~ S = R= g R QL F



Influence of viscosity

Stokes number | Reynolds number
Qo L? UoL
1% 174

It is known that viscosity influences the flow dynamics, evenif 1/5; or 1/R, are small.

However, the stress tensor in the fluid,

1
éf:_Pi_FQ'uQ — gf:_pi_thCZi or gf:_pi_F

is dominated by the pressure. Wall friction can be neglected.
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Pressure gradient effects

Dynamical Froude number | Froude number

| L Uog
Fr = Qg = I'r =
b 0 g N
//J \\ 4

These numbers quantify the influence of the pressure gradient on the
fluid-structure dynamics
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Back to the structure

Consider the fluid problem has been solved

Flow U,

\\\\\

\\\

MX+KX=F
where

F:/zm(é .n).opdS

S, = ~P1+2uD
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Full equations' set for the structural part

No main flow Main flow Uj
* Time, length and density : * Time, length and density :
]-/QOa L, Pf L/U07 L, Pf
* Oscillator's equation : e Oscillator's equation :
t+rx=M1|[ (g,.n).ods i’—l—w:Cy/ (c,.n).¢ds
* Stress tensor : e Stress tensor : f
1+ ! d 1+ ! d ;
g,=— — 9,= " e G
— p: St: o p: Rez %
3 )
prl prUoL :
M = Cy = 5
M YT K 6
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The STILL FLUID-structure problem : dimensionless version

| Kinematic condition
- (equality of displacements)

u—Zgb x)t,(t) on 0N

| Dynamic condition
| (equality of efforts) |

fo= | (@m0, ds

q =
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The FLOW-structure problem : dimensionless version

| Kinematic condition
| (equality of displacements)

U= - Z(b )&, (t) on Of)

| Dynamic condition
| (equality of efforts) |

fo= | (@m0, ds

q =
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Linearization of the fluid-dynamics problems
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The STILL FLUID-structure problem : dimensionless version

| Kinematic condition
- (equality of displacements)

u—Zgb )k, (t) onf 0N

| Non linearities

_F—26z —grad p+ - s, Au

| Dynamic condition
| (equality of efforts) |

[
fn Zaf .n). ¢ ds
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The FLOW-structure problem : dimensionless version

| Kinematic condition
- (equality of displacements)

1 :
U= ;Qn@)ﬂ?n(t) n o

| Non linearities

| Dyngmic condition |
| (equality of efforts) |

[
fn Zaf .n). ¢ ds
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Olivier Doaré — ENSTA-Paristech — olivier.doare@ensta-paristech.fr

Followed next week...




What we have done today

Necessity of fluid-structure interaction studies in marine renewable
energies

The fluid-mechanics and solid mechanics problems
Solid mechanics — structural dynamics — modal analysis

Modal analysis : The dynamics is expressed in the form of un-coupled
oscillators

Fluid-structure interaction — Fluid dynamics coupled with these oscillators

Fluid-structure problem : complex problem with many parameters —
necessity of reducing the number of variables and parameters

Dimensional analysis

Application of dimensional analysis in the fluid-structure interaction case
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Next week...

Linearization of the fluid-structure problem

Still fluid effects : Added mass, added damping, added rigidity

Flow effects : Added rigidity, damping

Mode coupling

Flow induced vibrations

Flow energy harvesting using flow induced vibrations
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