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A fast method for solving fluid—structure interaction problems
numerically
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SUMMARY

The paper presents a semi-implicit algorithm for solving an unsteady fluid—structure interaction prob-
lem. The algorithm for solving numerically the fluid—structure interaction problems was obtained by
combining the backward Euler scheme with a semi-implicit treatment of the convection term for the
Navier—Stokes equations and an implicit centered scheme for the structure equations. The structure is
governed either by the linear elasticity or by the non-linear St Venant—Kirchhoff elasticity models. At
each time step, the position of the interface is predicted in an explicit way. Then, an optimization problem
must be solved, such that the continuity of the velocity as well as the continuity of the stress hold at the
interface. During the Broyden, Fletcher, Goldforb, Shano (BFGS) iterations for solving the optimization
problem, the fluid mesh does not move, which reduces the computational effort. The term ‘semi-implicit’
used for the fully algorithm means that the interface position is computed explicitly, while the displacement
of the structure, velocity and the pressure of the fluid are computed implicitly. Numerical results are
presented. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

We consider an unsteady incompressible flow through a channel with elastic wall. This kind of
fluid—structure interaction problem is of considerable interest in bio-mechanics.

A family of explicit algorithms known also as staggered was successfully employed for the
aeroelastic applications [1]. The numerical results presented in [2] show that an explicit algorithm
based on the leap-frog scheme for the structure and on the backward Euler scheme for the fluid
is unstable for simulation of blood flow in large arteries. The instability does not depend on the
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1150 C. M. MUREA AND S. SY

time step but on the mass densities of fluid and structure and on the geometry. The theoretical
result presented in [3] confirms that. In [4], explicit algorithms based on the generalized o method
for the structure and three backward differencing schemes for the fluid will get unstable when the
mass density ratio of fluid and structure is greater than a certain threshold.

Implicit algorithms have been developed based on fixed point strategies [2, 5, 6]. Using the
transpiration technique [7, 8], the convergence can be accelerated. Faster algorithms are obtained
when the derivative is employed. A block Newton algorithm was used in [9], where the derivative
of the operators are approached by finite differences. The Newton method was employed in [10],
where the derivative of the operator was replaced by a simpler operator and in [11] where the
gradient was computed analytically. The Newton method that incorporate the linearization of the
fully discretized model was described in [12]. Space-time finite element techniques for fluid—
structure interaction problems are presented in [13].

Other implicit algorithms based on optimal control model was investigated in [14, 15] in the
steady case. We can use the same strategy for the unsteady fluid—structure interaction problems and
at each time step, we have to solve an optimization problem. The gradient of the cost function is
approached by finite differences in [16] where it is proved the superiority of the Broyden, Fletcher,
Goldforb, Shano (BFGS) method in comparison with the modified Newton method (Newton with
line search), when moderate time step is used. The analytic formula of the gradient of the cost
function is presented in [17].

Since the implicit algorithms are very expensive in computational time, a semi-implicit strategy
based on the Chorin—Temam projection scheme for incompressible flows is introduced in [18]. The
term semi-implicit means that the interface position is computed explicitly, while the displacement
of the structure, velocity and the pressure of the fluid are computed implicitly. A related semi-
implicit algorithm is presented in [19], where the structure equation is embedded into the fluid
equations.

The aim of this paper is to present a semi-implicit algorithm based on the optimal control idea.
The numerical results prove that the computational effort is reduced in comparison with the implicit
algorithm, while the computed solutions obtained by the two methods are almost the same.

2. STATEMENT OF THE PROBLEM

Let us denote by QS the undeformed structure domain. We shall assume that its boundary admits
the decomposition 005 = I'pUI'yUT. On I'p the displacement will be prescribed and on I'y the
stress is known.

The initial fluid domain Qg is bounded by: X; the inlet section, X, the bottom boundary, X3
the outlet section and I'g the top boundary (see Figure 1, at the left). The boundary I'g is common
of both domains and it represents the initial position of the fluid—structure interface.

Under the action of the fluid stress, the structure will be deformed. At the time instant ¢, the
fluid occupies the domain Qtp bounded by the moving interface I'; and by the rigid boundary
2=21UX,UX3 (see Figure 1, at the right).

We have assumed that the fluid is governed by the Navier—Stokes equations, while either linear
elasticity or non-linear St Venant—Kirchhoff elasticity models have been employed for the structure.
At each time instant ¢ € [0, T'], we are interested to know: the structure displacement u= (u1, u) '
Q5 x [0, T]— R?, the fluid domain QF, the fluid velocity v(r) = (v1(z), v2())T : QF — R? and the
fluid pressure p(t) :QtF —-R.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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Figure 1. Initial (left) and intermediate (right) geometrical configuration.

Linear elasticity equations:

ps(j;Tl;—V-oszfs in Q% x(0,7) (1)
oS =25(V-w)l+256(u) )

s =1(Vu+ (V") 3)

u=0 on I'px(0,7) (4)
a>n=0 on I'nx(0,7) (5)

where pS>0 is the mass density of the structure, 28>0 and pS>0 are the Lamé parameters,

£5:05 x (0, T)— R? is the applied volume force per unit area, ¢(u) is the linearized strain tensor,

I is the identity matrix, nS is the unit outer normal vector along the boundary o0°.
Navier-Stokes equations:

pF<Z—:+(V-V)V>—V~aF=fF Ve (0,T) VxeQF (6)
V.v=0 Vre(0,T) VxeQF (7

o =—pl+2uFe(v) (8)

ofnf=hy, on X x(0,7) 9)
ofnf=hgy on 23 x(0,7) (10)

v=0 on X, x(0,7) (11)

where pF>0 and pF>0 are the mass density and the viscosity of the fluid, fF=( le , sz ) are the
applied volume forces, in general the gravity forces, hi,: 21 X (0,7) — R and Aoy : 23 %< (0, 7) > R
are prescribed boundary stress, nt is the unit outer normal vector along the boundary 8Qf.

The interface I'; is the image of the boundary I'g by the map

TX)=X+u(X,1?)

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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Interface conditions:

v<X+u(X,r>,t)=%<X,t> V(X, 1) eTox (0,T) (12)
[0}

F_F __/.S.S
(o' M) x4ux,nn=—("m)xn VX, )elox(0,T) (13)

Equations (12) and (13) represent the continuity of velocity and of stress at the interface, respec-
tively.
Initial conditions:

uX,r=0)=u’X) in QS (14)
Z—?(X,t:O):ﬁO(X) in Q8 (15)
v(x,t=0)=v"(x) in Qf (16)

where u' is the initial structure displacement, aY is the initial structure velocity and v0 is the initial
fluid velocity.

The governing equations for fluid—structure interaction problem are (1)—(16). The above fluid
and structure models could be considered unbalanced: on the one hand, the structure is governed
by a linear elastic constitutive law adapted for small displacements and, on the other hand, the
fluid equations are written in a moving domain. In the real life, the displacement of a segment
of human artery (6 cm length, 0.1 cm thickness, 1 cm diameter) is about 0.1 cm, therefore a linear
mathematical model for the structure could be sufficient for this particular application. Contrary
to the elastic solids, the fluids are very sensitive to a moving boundary. This is probably due
to weak intermolecular forces and even a small displacement of a boundary produces important
modifications in a fluid flow. For this reason, it is necessary to write the fluid equations in a
moving domain. Coupling Navier—Stokes equations with a linear model for the structure was used
in [2, 6,20] where the structure is governed by the independent rings model, by Navier equation
[21] or by a linear membrane [22, 23].

Non-linear elasticity equations: In applications with large displacement of the structure, non-
linear models have to be used as in [5, 10, 13, 18] (shells), in [24] (beams), or in [25] (membrane).
In this paper, we include also the study of the interaction of the Navier-Stokes equations with a
non-linear St Venant—Kirchhoff elasticity model (see [26]). We just replace Equations (2)—(3) by

0% =75 (Eq1(w)+ Ex(w)+24°E(w) (17)
E) = $(Vu+(Vo)' +(Vu)"Vu) (18)

where E(u)=(E;;(u)); j=1,2, is the Green—St Venant strain tensor. The non-linear St Venant—
Kirchhoff elasticity model could be used for large displacements but small strains of the structure.

3. STRUCTURE APPROXIMATION BY CENTERED TIME ADVANCING SCHEME

We introduce the following Hilbert space:
WS ={ws e (H'(Q%)%: w>=0 on I'p}

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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The habitual regularity of a weak solution of the linear elasticity model is u € L>(0, T; W®) and
du/dt e L%, T; (H' (QS))z) (see [27, Chapter X VIII]), but for fluid—structure interaction problem,
more regularity is required (see [28]). For example, condition (12) makes sense if the structure
velocity du/df(¢) is at least in (H! (QS))Z.

Multiplying Equation (1) by w5 € WS and from the Green formula, we obtain

2
0
/Ps—l;'wsdx—i-as(u,ws):/ 5w dX+ | (6°n%) - wids wvwieW® (19)
QS Ot foX Ty

where

as(u,ws)zfgs AS(V-u)(V~wS)dX+/QS 218¢(u)  e(wS) dX
in the linear case and

as(u, w’) = fQ (A EN @+ En)l+2°Ew): (Vw®) dX
in the non-linear case.

3.1. Modal decomposition of the linear model

For each i € N*, there exists an unique eigenvalue 4;>0 and an unique eigenfunction ' e WS,
solution of

as (¢, wS)=1; /QS pSd - wSdX  vwS e WS (20)
such that
| oS00 ax=s, @1
Let us denote by o;(¢) = f T (65n%) (1) -d)i ds. The problem (19) has a solution of the form

uit)=3 q:()d'

i1

where ¢; is the solution of the second-order differential equation

g/ )+ 2iqi (D) = / S50 dX+ai (1), 1€(0.7) (22)
Q
qi(0)= / pSu’- ¢ dX (23)
QS
q/(0)= / pSul. ¢ dX (24)
QS

The solution of problem (20)—(21) can be approached by using the finite element method. We
have to solve in this case a generalized eigenproblem of the form

Ky ®), =7y M@, (@) M), @} =1

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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Remark 1
Following [29, p. 572], when the initial displacement and velocity are zero, the solution of (22) is
given by

t
ql-<t)=% /0 fi(s)sin(v/2; (t —s))ds

where f;(t) :st £5(1) ~d)i dX+o;(¢). If 4; is very large, the influence of ¢;(¢) in u(z) diminishes,
therefore in practical calculation, only the first m eigenvalues will be considered

O<A1n<Aon < <o

Let N e N* be the number of time steps and At=T/N the time step. We set t, =nAt for
n=0,1,...,N. We denote o} =0u;(t,) and let ¢;' be approximation of g; (#,).

Equation (22) will be approached by the following centered scheme: knowing ql."_1 and ¢q;',
find qi"Jrl such that

(g7t =2q7 +4/H

) n+1 n—1
! (A1)2 +/Lz,h(0ql‘ +(1_20)ql'n+6qi )

=/S(9f5’"+‘ +(1=20)f5" 40851y X+ 0o (1-20)0 + 001 (25)
Q

fS,n

where 0 is a real parameter in (0, %) and =f£3(z,) are the volume forces. This scheme is of

second order in time and if 0 € [%f, %], then it is unconditionally stable.
The structure displacement at time instant ¢, will be approached by

m .
u(X)= 2q{‘¢§l(X) vX e QS

3.2. Newton’s method for the non-linear model

A second-order time advancing scheme for (19) is: find w1 eWS an approximation of u(#,41)
such that

S(un+1_2un+un—l) S
s A2 -w> dX

+O0as (™, WS+ (1=20)as (", wS) + Oas (u" ', wb)

=/S(0fs'"+1+(1—20)fs’"+0fs’”_1)-wst

Q

+ | (OFS" 1 4+ (1 =20)F5" +0FS" 1) .wSds vwSeWS (26)
Lo

where 5" =£5(z,) are the volume forces, F = (¢5n%)(z,) are the surface forces acting on the
interface and 0 is a real parameter in (0, %).

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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We recall that the components of the St Venant—Kirchhoff stress tensor are
o3, () =25(E11 (W) + Exa (W) 3 + 24  Ei j (w)

where the Green—St Venant strain tensor E(u) is given by (18). The map u— E(u) is non-linear
and we will use the Newton’s method in order to obtain u"*! the solution of (26).

Knowing the derivative with respect to u of the components of the Green—St Venant strain tensor
for an arbitrary h=(h1, h») in WS,

dE | 1 Ohy Ouy 0h Ouy Ohy

L h= - (S pd O T

du () 2( 0x1 + Ox1 0xq + 0x2 6xz>

E 1

dEx 22(u)h=—(2% 2%%4_2%%

du 2\ Oxy O0x1 0x1 0xy 0x»
dElz(u)h_l<% Oha | Quz Ohy | Ouz Ohy | Owy Oha %%)
du 2\ 0xy 0x; Ox; Ox1  Oxp Oxo  Oxy dxp  Oxz Oxa

dEy; dEq2
2 wh=—(uh
I (u) o (u)

we can compute easily

S S
das S 2 da,‘j ow:
—(u, h= h—LdX
du (u W ) i,jZ=l oS du (u) 5xj

Newton’s method for solving (26)
Step 0: Initialization. Set k=0 and u"*"-0=u". We will generate u"** for k=1,2,... .
Step 1: Find h* the solution of the linear system

hk das

S S n+1,k . S\lk
P =W dX+ —(u o w)h

/QS (At)z du ( )

B S(un+l,k_2un+un—l) SdX
" Jos (Ar)? v

+0as (" WS+ (1=20)as (", W) +Oas(u" ', wS)

— / S(Ois*"“ +(1=20)5" 405"~ 1) . wSdX
Q

— | (OFS" T 4 (1 —20)FS" 4+ 0F5""1).wSds vwSeWS (27)
Iy

Step 2: If h* is small, then stop.

Step 3: Set w'THATI —yt Lk _pk: k «k+41; go to Step 1.

The variational equation (27) will be solved by the finite element method. We denote by uZH
the displacement of the structure at the time instant ¢, .

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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4. ARBITRARY LAGRANGIAN EULERIAN (ALE) FRAMEWORK FOR
APPROXIMATION OF FLUID EQUATIONS

Let ﬁF be a reference fixed domain. Let .o/, t €[0, T] be a family of transformations such that
A, (R) =%, VREZ|USH U3, o/ (To) =T, o, (Q)=0OF, where ®= (31,%)T€ Q' represent the
ALE coordinates and x=(x{, x2)T =.oZ,(X) the Eulerian coordinates.

Let v be the velocity of the fluid in the Eulerian coordinates. The corresponding function in the
ALE framework ﬁ:ﬁFx[O, T1— R? is defined by D(X, 1)=v(Z;(X), ) =v(x, ). We denote the
ALE time derivative by dv/dt|g(X, t) = 00/t (X, t) and the domain velocity by & (X, 1)=0.27; /3t (X).

In order to obtain the existence of a weak solution of the Navier—Stokes equations in moving
domain, we assume that v(r) e (H'(QF))2, p(1)e L>(QF) and .7, is %'-diffeomorphism for
each t, but for fluid—structure interaction problem, the existence is obtained in some particular
Sobolev spaces (see [28]).

The Navier—Stokes equations in the ALE framework give: find the fluid velocity v verifying (12)
and the fluid pressure p such that

pr ( o
ot
Multiplying the above equations by wF' and ¢, respectively, and using the Green formula, we have

L
QtF ot 2

-WFdX-i-/FpF(((V—rﬁ)-V)V).WFdX
- of

+((V—6)-V)V> —2uFV.e(+Vp=t' Vvie(0,T) vxeQf

V.v=0 Vre(0,T) VxeQF

+ap(v, W) +bp(wF, p)=Lp(w") YwF=0 on Z,UT,
br(v,q)=0 Vq
where
agp(v, WF) :/QF 2,uF8(V):8(wF) dx
t

br(W', q) =~ /Q (V-whgdx

eF(wF)=/ fF~dex+/ hin-des—i—/ hoye-whds
oF bl o

For the approximation of fluid equations, we employ a time integration algorithm based on the
backward Euler scheme and a semi-implicit treatment of the convection term. In the case of a
fixed domain, this scheme has been analyzed in [30], where the unconditional stability is proved.
For the fully discrete problem in a fixed domain, a stability bound on At/h* is required, where
o>0. This condition is less restrictive than the condition necessary for the explicit algorithm.

Knowing QF, QSH, v, 9"t find v*+! and p"t! such that
m q(z+l —q”
Vn-‘rl(X+uZ+l(X)): Z i i

Tq);l X) VXely (28)
i=1

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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F vy F F n+1 1y F
/1: 0 <T>w dX—i—/F PE (VT =" vyvithy . whdx
Qn-H ! Q/H—l

+/F 2;F.s(v"+1):g(wF)dx—/F (V-wh)p"+dx

n+1 QnJrl

=/QF fF~WFdX—}—fZ hi"n“-des—l—L hg:;l-des vwh=0 on ZUl,1  (29)
‘n+1 1 3
—/QF (V-vV'"*Thgdx=0 Vg (30)

n+1
where

V'(x)=V"(A;, 0/, (x)) and 9" (x)=

Iny1

S ® =1, ® _X= A1, 07,1, (9
At - At
The condition (28) is the discrete version of the continuity of the velocity at the interface (12).
Building the discrete ALE map
Let 7 2 be a mesh of triangular finite elements for the reference domain aF =0f.

If we know the displacement of the structure fiZH 05 > R?, we can compute ant! :Qg—> R?
from the following boundary value problem:

Ad"T'=0  on OQf (3D
"=t on T (32)
d"'=0 on Z;UZ,USs (33)

We can set the discrete ALE map as follows o7} ,11(X) =X+d""1(X) and the mesh for the
domain at time instant #,41 can be obtained by

Ti = (7)) (34)
Sometimes, especially for non-convex domains, the ALE map obtained by harmonic extension
reverses the triangles of the reference domain and produces non-valid mesh. An alternative tech-
nique is to minimize the energy of a mechanical system formed by a set of springs that joins the
mesh nodes. A penalty term could ensure that the triangles are not reversed.
The mesh velocity is computed by the finite difference formula

ntl ' ®) —d'(®)
X)=——————

J 35
A7 (35)
If we predict explicitly the structure displacement by the formula EZH =2u} —uj ~!, we can obtain
directly the mesh velocity as the solution of
5 n+1
AY"T'=0 on Qg
n n—1 n—2
antl 20y —3u, " +u,
g =""h on I'
At 0
5n+1=0 on XUX,UX3
Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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Now, the right side part of the boundary condition on I'g depends on the displacements of the
structure obtained after solving the coupled problem at previous time steps. Other possibility used
in [18] is to prescribe the mesh velocity at the interface to be 3uj —1'12*1/2 which is Adams—
Bashforth formula. We have denoted by uj an approximation of the structure velocity at time
instant #,. Also, we can use higher order multi-step backward extrapolating schemes.

5. IMPLICIT AND SEMI-IMPLICIT TIME INTEGRATION SCHEMES

The method that we use here to solve the coupled problem uses partitioned procedure (the
fluid and structure equations are solved separately), which is very often used technique to solve
fluid—structure interaction problems. In this way, the exiting solvers for each problem can be
employed. Alternatively, the fluid—structure interaction problems could be solved by monolithic
algorithms [31].

At each time step, an optimization problem of the form

inf J(ot)

acR™

has to be solved. This technique was successfully employed in [16, 17], where implicit algorithms
are presented. We will use the same least square method based on the BFGS method in order to
impose the continuity of the stress at the interface. Details on the BFGS algorithm can be found
in [32].

5.1. The structure is governed by a linear model and solved by modal decomposition

In a previous section, we have denoted by
5i(1) = /r (o5n8)(1) ¢ ds
0

The stress at the fluid—structure interface (¢5n)(¢) is not known. Since the stress is continuous
across the interface, we obtain that

/ (@n%)(1)-¢' ds=— / (@ 0°) (xtucx, .0 - @' ds
Ty Lo
Consequently, if we set
Bi(t)=— /r (@ 0") (xux .0 - ' ds (36)
0

we get o; (1) =pf;(t), for all i>1 and ¢ €[0, T']. After the full discretization, this equality does not
hold and it will be treated by the least-squares method.

How the stress at the fluid—structure interface is computed

Method 1: The integral (36) mixes functions defined on different domains: the fluid stress
tensor defined in the fluid domain, the unit outer normal vector defined on the interface and an
eigenfunction defined in the structure domain. If v, and pj are finite element approximations of
fluid velocity and pressure, respectively, we can define a}f the P; interpolation of — p,1+2uFe(vy).

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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On every segment of the interface, we can compute the normal n}Fl. Let us define ghzo*,fng,
which is a piecewise linear function on the interface, but not continuous. Without supplementary
computations, we set 8,(X, ) =g, (X+u, (X, 1),t). More precisely, in a node P of the mesh of
I'o, the finite element function @), takes the same value as g, in the node P+uy, (P, £) of the mesh
of T';. Though both the finite element functions g, and ¢, are defined on I'o, the first one use a
grid derived from the fluid mesh and the other use the structure mesh, which are not necessarily
compatible at the interface. Finally, we compute

ﬂi(t)=—/ 21 O}, ds
Iy
Method 2: Alternatively, we can approach f; () by

- / (apmp) -, (T~ 1y ds

t

. . . ~F
Method 3: Let us introduce the fluid stress tensor defined on the reference domain Q of
components

~F R {0V 0V
X, =—D0ij+ =t ==
N P Y # 0x j 8x,-
We can approach f5;(¢) by
— | - ¢ids
Ty

Contrary to the first two methods, where nf have to be computed on the moving interface, the
third one requires the computation of i on the reference interface.

Method 4: In [33] was introduced a technique which is popular because the computation of the
normal vector to the interface is not necessary. The structure load is computed as the residual of
the first fluid equation.

We have employed for the numerical simulation the second and the third methods, which are
more adapted to our computational environment.

Implicit time advancing algorithm
Suppose that at the previous time steps we know: o' !, o € R™ and "~ !, " € R™.
Step 1: Solve by BFGS method starting from the point o the optimization problem

ot earg min J ()
acR™

where the cost function is computed as following:

(i) Solve the structure problem. We obtain q"*! from (25), where o”"*! was replaced by a.
Then set the displacement of the structure u=3 ;" , qf+1¢i.
(i1) Build a fluid mesh 7~ depending on the displacement u.
(ii1) Solve the fluid problem on the mesh 7 under prescribed velocity at the fluid—structure
interface in order to get the fluid velocity v and pressure p.
(iv) Compute f8; from (36) fori=1,...,m.
(v) Set the cost function

J(@) =% llot—Pllgn

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 60:1149-1172
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1160 C. M. MUREA AND S. SY

Step 2: Save the mesh 7 "H, the structure displacement w1 the fluid velocity v+l the fluid
pressure p"t! obtained at the last iteration of the BFGS algorithm at Step 1.

Remark 2

We emphasize that in the implicit strategy, the fluid mesh changes at each call of the cost function
during the minimization process. Consequently, the fluid matrix at the step (iii) have to be assembled
and factorized at every cost function call.

Now, let us introduce the semi-implicit algorithm. The term ‘semi-implicit’ means that the
interface position is computed explicitly, while the displacement of the structure, velocity and
the pressure of the fluid are computed implicitly. This kind of algorithm was introduced in [18].
Our algorithm propose a different strategy based on the least-squares method in order to get the
continuity of the stress at the fluid—structure interface. Also, the continuity of the velocity at the
interface holds each at time step.

Semi-implicit time advancing algorithm

Step 1: Explicit prediction. Set iiZH =2uj —uZﬁl

Step 2: Harmonic extension. Solve Ad"*! =0 in Qg, d" =" on Ty, d"H'=00on T, US,US5.

Step 3: Build mesh. Set .o7j, 41 (X) =X+d"*!(X). The mesh for the fluid domain at time instant
t,+1 can be obtained by QN‘ZH =Jz/h,n+1(<72).

Step 4: Set the mesh velocity 9" (x) = (@ (%) —d" (X)) /At.

Step 5: Assembling the finite element matrix of fluid problem (29)—(30). Get a LU factorization
of this matrix. _

Step 6: Solve fluid—structure coupled problem in the fixed mesh J ZH by BFGS algorithm
starting from the point o”

o' ! carg min J (o)
acR™

where the cost function is computed as following:

(i) Solve the structure problem. We obtain q"*! from (25), where o”"*! was replaced by a.
Then set the displacement of the structure u=3 ;" , q?“(b’.
(i1) Solve the fluid problem (29)-(30) on the mesh 2 ZH under prescribed velocity at the
fluid—structure interface (28) in order to get the fluid velocity v and pressure p.
(iii) Compute f; from (36) fori=1,...,m.
(iv) Set the cost function

J(@) =% llo—PlIZn

The gradient of the cost function is computed by finite differences.
Step 7: Update q"~! < q", " < q"t!, o1 <o, o <" T!, etc.

Remark 3

The major advantage of this implementation consists in using during Step 6, the same factorized
matrix of the fluid problem obtained at Step 5. This was possible because the fluid mesh and the
left side of Equations (29)—(30) do not depend on a. Only the right side of Equation (28) contains
data (q"*!) that depends on a.
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5.2. The structure is governed by a non-linear model and solved by Newton’s method

The stress at the interface FS" ! = (¢5n%)(,,4.1) in the 0-scheme (26) is unknown. We approach
the stress at the interface at the time instant #,41 by Y /. f?“\pi where é?“ have to be identified
and \|li € (L?(I'p))? are shape functions. The shape functions \|1i are not necessarily compatible
with the structure or fluid finite element functions. Possible choices for ' are polynomial functions
[15], finite element like functions [34]. In this paper we have adopted ' the solution of

as(\hi,ws)zui/ UowSdX vwSeWS, Vo dX =65
Ty Lo

Let us emphasize that, contrary to the eigenfunction ¢', the traces of ' are orthonormal for the
scalar product of L%(T).
The implicit and semi-implicit time advancing algorithms when the structure is governed by a
non-linear model are the same as for the linear model, excepting the definition of the cost function.
The Step 1 in the implicit algorithm becomes: solve the optimization problem by BFGS method
starting from the point &",

n+1 :
€ J
g earg dmin, ©

where the cost function is computed as following:

(i) Solve the structure problem (26) by Newton’s method under the load FSn+l =i, & \|/i
and get the structure displacement u. We recall that ag(-, -) is non-linear in the first argument.
(i1) Build a fluid mesh 7 depending on the displacement u.
(iii) Solve the fluid problem on the mesh .7~ under prescribed velocity at the fluid—structure
interface in order to get the fluid velocity v and pressure p.
(iv) Compute

di=/ (ijﬂl])'\lllds, ﬂ,:—/ ("5 xsix . W ds, i=1,...,m
o \Jj=1 I'o
(vi) Set the cost function

J (@)= §llot—PBllFon

Similarly, Step 6 in the semi-implicit algorithm becomes: solve by BFGS the optimization
problem

n+1 :
€arg min J
5 g min ©
where the cost function is computed as following:
(i) Solve the structure problem (26) by Newton’s method under the load FSntl= YL \lli

and get the structure displacement u. We recall that ag(-, -) is non-linear in the first argument.

(ii) Solve the fluid problem (29)—(30) on the mesh 2 ZH under prescribed velocity at the
fluid—structure interface (u—u")/Ar in order to get the fluid velocity v and pressure p.
(iii)) Compute

ai:/]‘ (Z é,j\l’]>\|’l ds’ ﬂl:_‘/l‘— (JFnF)(X"rﬁ(qu)J)'\I’ldS’ izlv"'7m
0 0

j=1
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(iv) Set the cost function

J (@) =75l —Blim

6. NUMERICAL RESULTS

The numerical tests have been produced using FreeFem++ (see [35]).

The computation has been made in a domain of length L=6cm and height H =1cm. The
viscosity of the fluid was taken to be u=0.035g/cm-s, its density pF =1g/cm>. The thickness of
the elastic wall is #5 =0.1 cm, the Young’s modulus E =3 x 10 g/cm-s?, the Poisson ratio v=0.3,
the density pS=1.1g/cm>. The Lamé parameters are computed by the formulas:

s VWE s E
a2 P TS

The volume force in fluid and structure are fF = (0,0)T and £5 = (0, 0). The prescribed boundary
stress at the inlet is

(10°(1 —cos(2nt /0.025)),0), xe€X;, 0<r<0.025

hin(x» t) =

and hgy, = (0, 0) at the outlet.

Remark 4

The above physical parameters correspond to the human blood flow in large arteries. Similar data
were used in [2, 3] where the structure is governed by the generalized string model. The explicit
algorithm based on the leap-frog scheme for the structure and on the backward Euler scheme for
the fluid fails for this particular application (see [2]). Moreover, an implicit algorithm based on
a classical fixed point iteration is unstable. A small relaxation parameter is necessary in order to
get the stability of the fixed point iterations (see [3]). The same problem as in the present paper
has been solved in [36], where the continuity of the velocity was treated by a Lagrange multiplier.
The numerical results presented in [36] show that the continuity of the velocity is not very well
respected and a small time step is necessary.

6.1. Linear elasticity. The structure is fixed at the left and at the right sides

We have used for the structure a reference mesh of 60 triangles and 62 vertices and for the fluid
a reference mesh of 1250 triangles and 696 vertices. The meshes are not necessarily compatible
at the interface (see Figure 3). The structure is fixed at the left and at the right sides.

For the approximation of the fluid velocity and pressure we have employed the triangular finite
elements PP; +bubble and Py, respectively. The finite element [’} was used in order to solve the
eigenproblem of the structure.

The first eigenvalues are: A1, =7018.91, A2, =50500, A3 =193418, A4, =529809, A5 )=
832389, A6, =1.13276e+06, A7, =2.12627¢+ 06. For the physical parameters above and in view
of the Remark 1, only the first m =3 modes have been considered for instant. More modes do not
quantitatively change the value of the structure displacement.

The real parameter in the centered scheme (25) was chosen to be 0=0.25.
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Figure 2. Linear elasticity. Time history of the final values of the cost function obtained by the BFGS
method for At =0.0005 (top, left), Az=0.001 (top, right), At =0.0025 (bottom).

Stopping criteria and the mean number of cost function calls: We have performed the simulation
for a time duration 7 =0.1s, with the time step At=0.001s and N =100 time iterations.

At each time step, the optimization problem have been solved by the BFGS algorithm. The final
values of the cost function are less than 4.5 x 10710 (see Figure 2, top right). We have employed
the freefem++ implementation of the BFGS algorithm, which use the stopping criteria: | V.J| <e
or the number of iterations reaches a maximal value nbiter.We have performed the computations
with e=10"* and nbiter=10. We set to 5 the maximal number of the iterations for the line search.

At each time step, the BFGS performs in average 6.08 iterations in the semi-implicit case and
6.24 iterations in the implicit case. At each BFGS iteration, 2.6 evaluations of the cost function
are necessary in average for the line search and one call of the gradient. In this paper, we compute
VJ(a) by the finite differences scheme

J (o +Aoer) — J (o)
Ao

oJ
%(a) ~

where ey is the kth vector of the canonical base of R™ and Aax=10"° is the grid spacing.
Consequently, m 4 1=4 calls of the cost function are needed in order to compute the gradient. To
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sum up, at each time step, the BFGS performs in average 40.24 evaluations of the cost function
in the semi-implicit case and 41.61 iterations in the implicit case.

CPU time: The CPU time is 6 min and 14 s for N =100 time iterations and At =0.001s on a
computer with two processors of 3.6 GHz frequency.

In order to prove the superiority of the semi-implicit time advancing algorithm, we will compare
with the CPU time obtained using implicit time advancing algorithm which is 71 min and 65s. So
the semi-implicit strategy is 11.34 times faster than the implicit one.

In the case of implicit strategy, at each evaluation of the cost function we have to solve one
structure problem, to update the fluid mesh, to assembling the finite element matrix, to factorize
it and to solve the fluid problem. We recall that, in the case of the semi-implicit time advancing
algorithm, the evaluation of the cost function needs to solve a linear system, but what is of great
practical importance consist in knowing a LU factorization of the matrix obtained at Step 5.

Computational gain on a finer fluid mesh: Also, we have performed the computations for a fluid
mesh of 1632 vertices and 3052 triangles. In this case, the CPU time is 13 min and 53 s when the
semi-implicit strategy is employed and 173 min and 52 s in the case of the implicit strategy, which
gives that the first one is 12.52 faster than the second.

Computational reduction when the number of eigenfunctions is m =7: The CPU times is 193 min
and 35 s in the case of the implicit strategy on fluid mesh of 1250 triangles and 696 vertices, when
m="7. The semi-implicit scheme takes 14 min and 30s, therefore we get a reduction of factor
13.31.

Stability: We have performed the simulation for time steps: Ar=0.0005,0.001,0.0025s. The
final values of the cost function are less than 8 x 10710 (see Figure 2). The semi-implicit algorithm
has good stability properties, because the computed solution for moderate time steps are similar
to the solution obtained by implicit method.

Behavior of the computed solution: The behavior of the fluid—structure interaction problem at
different time instants is presented in Figures 3—-6. A wave starts from the left side of the structure
and it will be reflected at the right side. Movies with these simulations can be found at the address:
http://www.edp.lmia.uha.fr/murea/.

Figure 3. Linear elasticity. Fluid and structure meshes at time instant #=0.015 (top),
t=0.025 (middle), and t=0.035 (bottom).
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Figure 4. Linear elasticity. Fluid pressure [dynes/cm?] at time instant 1 =0.015 (top),
t=0.025 (middle), and #+=0.035 (bottom).

6.2. Linear elasticity. The structure is fixed at the left and free at the right

In addition, we have performed simulation in the case when the horizontal displacement of the
structure at the right side is supposed to be zero but the vertical displacement is free. In this case,
when we build the discrete ALE map, the boundary condition on X3 in problem (31)-(31) was
replaced by

xouip2(L, H)

"L, x)=|0,
(L, x2) ( I

) Vxye€(0,H)

Fluid and structure meshes at different time instants are shown in Figure 7.

We have investigated the vertical displacement of three points on the interface of coordinates
x1=L/4, x1=L/2, x;1 =3L/4, respectively (see Figure 8). We recall that L denotes the length of
the undeformed interface.

6.3. Non-linear elasticity. The structure is fixed at the left and at the right sides

We have used for the structure a reference mesh of 60 triangles and 62 vertices and for the fluid
a reference mesh of 1250 triangles and 696 vertices. We use the same physical and numerical
parameters as in the linear case. This time, at every cost function call, the structure problem is
solved by the Newton’s method. The finite element P; was used in order to solve the linear system
(27) at each Newton iteration.
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Figure 5. Linear elasticity. Fluid velocity [cm/s] at time instant t=0.015 (top),
t=0.025 (middle), and t=0.035 (bottom).

The CPU time is 17 min and 13 s for N =100 time iterations and As=0.001s on a computer
with two processors of 3.6 GHz frequency. The CPU time obtained using implicit time advancing
algorithm which is of 102 min and 26s. So the semi-implicit strategy is 5.94 times faster than the
implicit one.

At each time step, the BFGS performs in average 7.11 iterations in the semi-implicit case and
7.34 iterations in the implicit case. At each BFGS iteration, 2.62 evaluations of the cost function
are necessary in average for the line search in the semi-implicit case and 2.60 iterations in the
implicit case. One call of the gradient is necessary at each BFGS iteration for the both semi-implicit
and implicit strategies. At each time step, the BFGS performs in average 47.10 evaluations of the
cost function in the semi-implicit case and 48.48 iterations in the implicit case. Newton’s method
performs in average two iterations at every cost function call for the both semi-implicit and implicit
strategies.

Figure 9 shows a good agreement between the solutions computed by the semi-implicit and
implicit algorithm. In addition, we have performed simulation when the prescribed boundary stress
at the inlet was magnified by a factor of 3. The maximal vertical displacement of the structure is
about 0.6 cm. The fluid velocity is plotted in Figure 10.

6.4. Discussions
The CPU time ratio of implicit and semi-implicit algorithms is 11.34 when the structure is governed
by linear elasticity model and solved by modal decomposition, while the same ratio is 5.94 when
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Figure 6. Linear elasticity. Structure velocity [cm/s] at time instant =0.015 (top),
t=0.025 (middle), and #+=0.035 (bottom).
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Figure 7. Linear elasticity and the left side of the structure is free. Fluid and structure meshes at time
instant ¢ =0.050 (top), t =0.075 (middle), and ¢ =0.100 (bottom).
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Figure 8. Linear elasticity. Time history of the vertical displacement of three points on the interface when
the left side of the structure is fixed or free. Points of horizontal coordinate x; =L /4 (top, left), x;=L/2
(top, right), x; =3L/4 (bottom).

the structure is non-linear and solved by Newton’s method. In average, we have

. . N x CPU time for one time step (implicit)
Total CPU time ratio =

N x CPU time for one time step (semi-implicit)

_ number of J calls (implicit)
"~ number of J calls (semi-implicit)

CPU time for one call of J (implicit)

X
CPU time for one call of J (semi-implicit)

In the linear case, we have

41.61 CPU time for one call of J (implicit)

11.34 = X - T
40.24 CPU time for one call of J (semi-implicit)
41.61 CPU time fluid (implicit)+CPU time structure+CPU time other
= X
40.24 CPU time fluid (semi-implicit)+CPU time structure4+CPU time other
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Figure 9. Non-linear elasticity. Time history of the vertical displacement of three points on the

interface when the left side of the structure is fixed. Points of horizontal coordinate x| =L /4 (top,

left), x; =L/2 (top, right), x;=3L/4 (bottom). We observe a good agreement between the curves
obtained by the implicit and semi-implicit algorithms.

and in the non-linear case, we have

48.48 CPU time fluid (implicit)+CPU time structure+CPU time other

5.94 =
47.10 x CPU time fluid (semi-implicit)+CPU time structure+CPU time other

Since the CPU time fluid (implicit) is greater that the CPU time fluid (semi-implicit), the function

CPU time fluid (implicit)+x+ CPU time other
x—
CPU time fluid (semi-implicit)+x+ CPU time other

is decreasing for x>0. This explains why in our application the ratio of the total CPU time
decreases when the CPU time structure is longer, for example in the non-linear case.

The ratio of the total CPU time depends also on the ratio of the number of the cost function
calls. In our application, we have employed the same BFGS method in order to solve the coupled
fluid-structure problem at every time step. The ratio of the number of the cost function calls is

% for a linear structure and % in the non-linear case. But, if we employ a better method for
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]

Figure 10. Non-linear elasticity. Fluid velocity [cm/s] at time instant t =0.015 (top),
t=0.025 (middle), and #=0.035 (bottom).

solving the coupled fluid—structure problem in the semi-implicit algorithm, the denominators of
the previous ratios decrease and then the ratio of the total CPU time increases.
A straightforward calculation leads to

CPU time fluid (implicit)
CPU time fluid (semi-implicit)

CPU time fluid (implicit)+CPU time structure+CPU time other

~ CPU time fluid (semi-implicit)4+CPU time structure+ CPU time other
40.24

=11.34x ——=11.06
41.61

which proves that the CPU time fluid is considerably reduced when the semi-implicit strategy is
adopted to solve our particular application.

7. CONCLUSIONS

A semi-implicit algorithm for solving numerically an unsteady fluid—structure interaction problem
was presented. At each time step, the position of the interface is predicted in a explicit way. The
displacement of the structure, velocity and the pressure of the fluid are computed implicitly by
solving at each time step an optimization problem such that the continuity of the velocity as well
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as the continuity of the stress hold at the interface. During the optimization process, the fluid mesh
does not move, which reduces the computational effort. The semi-implicit algorithm has good
stability properties even if the interface was computed explicitly.
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