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Introduction

Fluid-structure interaction (FSI) problems are important in many areas of engineering
and applied science, such as modeling blood flow, aircraft, undersea cables and wind
turbines, etc. In this talk, we focus on solving problems involving fluid interaction with
elastic beams.
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of evolution equations

® advance the solutions together
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® reuse existing computational codes
successfully applied in many cases
stability issue arises for light beam

referred to as Added-Mass
Instability

3/24



Introduction

Fluid-structure interaction (FSI) problems are important in many areas of engineering
and applied science, such as modeling blood flow, aircraft, undersea cables and wind
turbines, etc. In this talk, we focus on solving problems involving fluid interaction with
elastic beams.

X

twoBean

g

InAChannelCrop

Numerical Methods
B Monolithic Methods

® treat everything as a large system
of evolution equations

® advance the solutions together
® |ess efficient

® |ess flexible

mp4

F

fdglaesyzl ReamTHILAC Lo mpd

M Partitioned Methods

® reuse existing computational codes
successfully applied in many cases
stability issue arises for light beam

referred to as Added-Mass
Instability

3/24



Introduction

Fluid-structure interaction (FSI) problems are important in many areas of engineering
and applied science, such as modeling blood flow, aircraft, undersea cables and wind
turbines, etc. In this talk, we focus on solving problems involving fluid interaction with
elastic beams.

X

twoBean

g

InAChannelCrop

Numerical Methods
B Monolithic Methods

® treat everything as a large system
of evolution equations

® advance the solutions together
® |ess efficient

® |ess flexible

mp4

F

fdglaesyzl ReamTHILAC Lo mpd

M Partitioned Methods

® reuse existing computational codes
successfully applied in many cases
stability issue arises for light beam

referred to as Added-Mass
Instability

3/24



Introduction

Origin of Added-Mass Instabilities

in a vacuum in a fluid
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Introduction

Origin of Added-Mass Instabilities

in a vacuum in a fluid

Solid simply moves according to Newton’s laws Solid must displace fluid to move and therefore
of motion appears more massive than in vacuum, the so-
called “added mass (M )"

4/24



Introduction

Partial Fixes of Added-Mass Instability
B Robin-Robin (mixed) boundary conditions with coefficients determined from
simplified known solutions
B Interface artificial compressibility, fictitious pressure and fictitious mass
B Time-split interface conditions

B Semi-monolitic, approximate factorizations, Newton type schemes and fixed point
iterations (Aitken accelerated)

References

Causin et al. (2005), Forster et al. (2007), van Brummelen (2009), Badia et al. (2008),
Astorino et al. (2009), Degroote et al. (2009), Guidoboni et al. (2009), Fernandez
(review, 2011), Gretarsson et al. (2011), Baek & Karniadakis (2012), Nobile & Vergara
(2012), Yu et al. (2013), Bukac et al. (2013), Fernandez et al. (2014), Fernandez &
Landajuela (2014), . . .
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Introduction

Traditional Scheme with Sub-Ilterations (TS-SlI)

| force v
. diagram from
£() » %t(nﬂ) Keyes et.al.2012
A displ./vel. |
!

underrelaxation
interface quasi-Newton

B advance solid (apply fluid forces to the solid)
B advance fluid (using interface velocity/position from the solid)

B possibly iterate with under-relaxation to convergence for light solid (relaxed
fixed-point method)
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Governing Equations

F(t) Xo(s,t) Q(t)
....... :
_ \ -------
Q(t) ib(07 S,t)
Fluid: x € Q(¢) Beam: s ¢ Q
- 2_ - -
%Jr(v-v)v:%v-a, V-v=0, ﬁAZTZI:L(ﬁ,‘_’)JFf(SJ)

c=-pl+7, T=p [VV + (vV)T] , f(s,t) = 7/75(o'n)(é,s, t)dd
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Governing Equations

F(t) Xo(s,t) Q(t)
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Q(t) ib(07 S,t)
Fluid: x € Q(¢) Beam: s ¢ Q
- 2_ - -
%Jr(v-v)v:%v-a, V-v=0, ﬁAZTZI:L(ﬁ,‘_’)JFf(SJ)
c=—pl+7, T=pu [VV + (vV)T] , (s, t) = 7/75(o'n)(é,s, t) dé

Interface: v(x,(0,s,1),t) = Vp(6,s, 1)
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AMP Scheme

We derive an Added-Mass Partitioned (AMP) scheme by matching the accelerations of
fluid and beam at the interface I(f):

2%u

[
W(S» ) + aw(@& f)

D
—vV(Xp(0,s,1),t) =
Dt V(xb( » S, )v )

pA _ P -9 _
= PPy, o(Xp(6,s,t),t) = L(0,V) +1(s, 1) + ;_)A%W(G,S, t)
p

Remark: w(6, s, t) is the finite-thickness correction of the beam velocity.

AMP Interface Condition

/ (on)(d,s,t)dd + PAG. a(Xp(0, s, 1), t) = L(T, V) + ﬁIZ\%W(G, s, 1)
P P
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D
—V(Xp(0,s,1),t) = —
DtV( b( i) )v ) o

o _
t —w(0,s,t
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pA _ P -9 _
= PPy, o(Xp(6,s,t),t) = L(0,V) +1(s, 1) + ﬁA%w(@,s, t)
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Remark: w(6, s, t) is the finite-thickness correction of the beam velocity.

AMP Interface Condition
. . pA _ S =0
/ (on)(@,s,t)dd + P2V o (%p(0,5,1), 1) = L(6,7) + pAW(0, s, 1)
P p ot
Partitioned Schemes Using the AMP Condition
N . pA _ =y -0 _
/ (on)(@,5,0)d0 + ==V - o (Re(0, 5, 1), 1) = L(@P, W) + pA_ W) (0, 5, 1)
Jp P

where G(P), ¥(P) and w(P) are predicted solid variables.
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AMP Scheme

The fluid equations are solved in the velocity-pressure formulation using a split-step
scheme. [Henshaw & Petersson, 2001].

ov 1

— V-Vlv=-V .o, XeN
5 TV) Ve

Ap=—pVv: (VV)T, XeQ
V-v=0, X € 0Q

AMP Velocity Condition (tangential component of AMP condition)

)

t, U (rn)(@,s,t)db + MAV} =t/ [MVp+E<P>+pZ\§tw<P>+/ (pn)(0, s, t) d
Jp p p

AMP Pressure Condition (normal component of AMP condition)

n” / (on) (B, s, t)ydd+ PAOP _nT |_i0) _ 520 a0 4 @Av+/ (rn)(d,s, t) dd
P p Oon ot p P |
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Euler-Bernoulli Beam Model

GEN
Y

.
.
Seal

The inertia matrix of the cross-section A is

2
j://A B:z }zli] dydz.

Note: y- and z-axes can be chosen such that is 7 diagonal, i.e., the equations for Uy
and U, can be decoupled.
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Euler-Bernoulli Beam Model

To reconstruct the surface:
x(s,t) 0 s
y(s,t)| =R |y(s)| + |uy(s,t)| forse]0,L],
2(37 t) ZO(S) Uz(S, Zl)
where [x(s, 1), y(s, t), z(s, 1))]” is coordinate of point P of the beam, [s, yo(s), z0(s))]”

is its initial position, and R is a transformation matrix (R = BT (y), B is bending matrix
and T is twisting matrix depending twist-angle ¢).
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Deforming Composite Grids (DCG)
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Deforming Composite Grids (DCG)
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B Composite grids consist of a set of structured component grids that cover the
domain and overlap where the component grids meet
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B Composite grids consist of a set of structured component grids that cover the
domain and overlap where the component grids meet

W Each component grid is a logically rectangular curvilinear grid
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Deforming Composite Grids (DCG)
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B Composite grids consist of a set of structured component grids that cover the
domain and overlap where the component grids meet

W Each component grid is a logically rectangular curvilinear grid
B Solutions on different component grids are coupled by interpolation
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Deforming Composite Grids (DCG)

B Composite grids consist of a set of structured component grids that cover the
domain and overlap where the component grids meet

W Each component grid is a logically rectangular curvilinear grid
W Solutions on different component grids are coupled by interpolation

B The green fluid grid deforms over time to match the evolving beam (shown in
white) and overlaps with the background Cartesian fluid grid (shown in blue)
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Deforming Composite Grids (DCG)

B Composite grids consist of a set of structured component grids that cover the
domain and overlap where the component grids meet

W Each component grid is a logically rectangular curvilinear grid
W Solutions on different component grids are coupled by interpolation

B The green fluid grid deforms over time to match the evolving beam (shown in
white) and overlaps with the background Cartesian fluid grid (shown in blue)

B The reference curve of the beam is shown in red
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Deforming Composite Grids (DCG)
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Deforming Composite Grids (DCG)

B Fluid equations are discretized using Curvilinear Finite-Difference method in

space
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Deforming Composite Grids (DCG)

B Fluid equations are discretized using Curvilinear Finite-Difference method in
space

B Beam equation is discretized either using Finite-Difference or Finite-Element
methods in space
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Deforming Composite Grids (DCG)

Undeformed Grids Deformed Grids
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Review of 2D results

Stability Analysis p
B Small beam deformation hs

B Fixed fluid domains -

B Periodic boundary conditions in the x. "

Theorem
When k # 0, the AMP Algorithm is stable if and only if

g 2\/ﬁﬁ+ (k) + W15 (k)
L

When k = 0, the scheme is non-dissipative.

Theorem

Assuming ph > 0 and L > 0, the TP Algorithm is weakly stable if and only if

A,<2¢w,
L

Here I\A/I;t(k) is represents the added-masses in the upper and lower fluid chambers.
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Review of 2D results
Manufactured Solutions

ue(x,y,t) = — acos(fymx)sin (fym(y — ne — 1)) cos(fymt),

14]
Ve(X, y, t) =asin(fymx) cos (fkm(y — ne — 1)) cos(fymt) — acos(fymx) sin (fm(y — n)) % cos(fyrt),
pe(X, y, t) =cos(fymx)cos(fymy)cos(fimt),
ne(x, t) =2 sin(fymx) sin(firt).
7Tf1l
B The exact solution is divergence free.

B Fluid and Beam velocities match at the interface.
Computational results

Gridatt = 0.1 vpatt=0.1

Errorin v, at t = 0.1

3.5e—4

light beam (5h = 10~3)
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Review of 2D results

Convergence Rate
light beam (ph = 1.0e — 03)

1 -1
0 —2nd order
:HZEI;H« B No sub-iterations needed for light
: o)l
10* B | beam
()] .
= A B Second order accurate for all solution
5 . IE2CAII
510 : components
. B Second order accurate for all beam
10 densities (light, medium and heavy)
10
102 107!
, medium beam (ph = 1.0e 4 00) . heavy beam (ph = 1.0e + 03)
10 10 :
—2nd order —2nd order|:
= =
22l B (v2)[]c |2
—l|EG B [
10 IEMI] | 10? IEM] |2
5 - Bl 5 o0 HlIEml-
5] 5
1074 1074
10 10
10 10
102 107 102 107
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Review of 2D results

Run-time Performance Comparison: AMP vs. TP-SI

’ Run-time performance of AMP versus TP-SI ‘

AMP TP-SI AMP speed-up
s/step || s/step | sub-its TP-SI/AMP
p=1 2.87 22.6 62 7.87
p=100 [ 1.33 1.48 0 1.1

B Flow past a light and heavy beam in a channel computed using grid G(® (150K
grid points)
B The majority of CPU time is spent in solving the pressure equation

B Pressure is solved with a bi-Conjugate-Gradient-stabilized Krylov solver and an
ILU(3) preconditioner with a relative convergence tolerance of 10—°
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Review of 2D results

Four Beams in A channel
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Computed using grid G('®) (760K grid points).
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Beam tip motions
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Working towards 3D

Numerical Challenges Extending to 3D

B To implement the AMP condition, we need to evaluate
n’ /_ (on)(6,s,t)dd and nT /_ (n)(@,s, t)dd
P P

B Need efficient and accurate quadrature to evaluate the
line integrals on the beam surface grid (overset grids for
more complex beams).

B Grid generation for deforming beams
B Parallelize for large scale problems
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Working towards 3D
Preliminary Results in 3D

fig/beamins3d.mp4
Prescribed Motion
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Working towards 3D
Preliminary Results in 3D

fig/beamins3d.mp4
Traditional Scheme
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Thank you!



