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Abstract This paper deals with the problem of determining the response
to prescribed static forces of an elastic structure containing a barotropic
and inviscid fluid at rest. The solid is described by means of displacement
variables, whereas displacement potential and pressure are used for the fluid.
This approach leads to a well posed symmetric mixed problem, which is
discretized by standard Lagrangian finite elements of almost arbitrary order
for all the variables. Optimal order error estimates in H' and L? norms
are proved for this method. A residual a posteriori error estimator is also
proposed, for which efficiency and reliability estimates are proved. Finally,
some numerical tests are reported to assess the performance of the method
and that of an adaptive scheme based on the error estimator.

1 Introduction

The need for computing fluid-solid interactions arises in many important en-
gineering and biomedical problems. A large amount of work has been devoted
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to this subject during the last years. A general overview can be found in the
monographs [12,20,23] where numerical methods and further references are
also given.

This paper deals with a specific interaction: an elastic material coupled
with a compressible fluid. In our case the displacements are small, and hence
we can suppose a linear response of the structure (although some hints about
the extension of the analysis to a nonlinear case are also given). On the
other hand, we consider a homogeneous fluid at rest, for which its reference
density is constant. We also assume other usual simplifications in the fluid
description for this kind of problems: viscous effects are supposed negligible
and the velocities small enough for the convective terms to be neglected, too.
Although most authors focus on the computation of the vibration modes
of such coupled system, in this work we are interested in the steady state
problem.

The standard displacement formulation discretized by Lagrangian finite
elements is typically used for the solid. Instead, for the fluid, there are several
possibilities (cf. [1,14,15,18,20,24,30,31]). One of them [19] is to use the
displacements as variable in the fluid too, which leads to a symmetric coupled
problem. The Raviart-Thomas discretization of this formulation proved to
be particularly successful for the vibration problem (cf. [2-5,7-9]). However,
this approach applied to source problems leads to singular matrices, unless
an irrotational constraint is somehow imposed on the fluid displacements.

In this paper, we adopt an alternative approach consisting in a potential
description of the fluid coupled with an equation for the pressure, which also
leads to a symmetric weak formulation for the coupled problem. The advan-
tage of this formulation is the possibility of using equal order interpolation
spaces for all the variables (potential, pressure and solid displacements), with-
out the need to introduce any further unknown (in the form of a Lagrange
multiplier) to treat the transmission conditions.

This approach has been originally proposed by Morand and Ohayon [20]
for the vibration problem, who named it the stiffness coupling formulation.
This formulation was analyzed in [6], where it was proved that the corre-
sponding continuous and discrete vibration problems are equivalent to those
of the classical unsymmetric pressure/displacement formulation (cf. [31]); the
latter was also studied in [6].

The plan of the paper is as follows. In Sect. 2, we give the problem state-
ment and prove a well-posedness result for the weak problem. A conforming
finite element scheme is introduced in Sect. 3, where stability and conver-
gence results are also settled. In order to design an adaptive procedure, we
propose in Sect. 4 a residual a posteriori error estimator and prove its re-
liability and efficiency. Finally, the method and the estimator are tested in
Sect. 5.

2 The model problem

We consider the problem of determining the response to prescribed static
forces of an elastic structure containing a barotropic and inviscid fluid at
rest.
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We denote by 2p and {2g the reference domains for the fluid and the
structure, respectively. More precisely, let 2 C RN, N = 2 or 3, be a
bounded open set (for simplicity we will suppose 2F connected) with Lip-
schitz polyhedral boundary I'y. Let I'},...,I'M be the planar parts of I,
so that I'T = U;w:l I'l. Let 2¢ be an ‘annular’ region surrounding 2p with
Lipschitz polyhedral outer boundary I" = I'p U I'y, where |I'p| # 0. Let n
be the normal vector to I pointing towards the exterior of 2p and v the
unit outward vector to I' (see Fig. 2.1 for a sketch of the domains).

Fig. 2.1 Sketch of the domains.

Given volumetric force densities fg € L?(2g)N and fp € L2(2p)N (fp
being a gradient) and a surface force density g € L?(I'v)", the classical elas-
toacoustics model for small-amplitude motions yields the following problem
(see [20]): find the solid displacement w, the variation p of the fluid pressure
and a scalar potential ¢ for the fluid displacement (i.e., the fluid displacement
is given by V), satisfying:

Vp=fp in 2p, (2.1)

Pt Ap=0 in Qp, (2.2)

—dive(u) = fg in g, (2.3)
0

% =u-n on Iy, (2.4)

o(u)n = —pn on I, (2.5)

clulv=g on Iy, (2.6)

u=0 on I'p. (2.7)

In the equations above, pr and ¢ denote the viscosity and the sound speed
of the fluid, respectively. We assume that the stress and the strain tensors
are related by the usual linear constitutive Hooke’s law:

o(u) :=2ue(u) + Are(u)l, (2.8)
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where A, > 0 are the Lamé coefficients, e(u) := 3 (Vu + Vau!) is the lin-
earized strain tensor, and I is the RV*Y identity matrix. An extension to
more general materials is sketched in Appendix A.

The forthcoming analysis will be valid even for an incompressible fluid,
in which case ¢ = oco. Because of this, all the physical parameters will be
treated as fixed constants, except for the sound speed ¢, and in what follows
we will obtain estimates with positive constants C', C’, etc., not necessarily
the same at each occurrence, but always independent of ¢ > ¢g (¢o being a
fixed positive number).

Remark 2.1 If the fluid is supposed to be incompressible, then equation (2.2)
is replaced by Ap =0 in 2p.

Throughout this paper we will use standard notation for Sobolev spaces.
Moreover, we denote H}. (£25) the subspace of functions in H'(2s) with a
vanishing trace on I'p. We will also use, as above, boldface symbols to denote
vector and tensor fields.

In order to obtain a weak formulation of this problem, let us multiply
(2.1) by V4, with ¢ € H*(2r)/R, and integrate over 25, which leads to

/Q Voo [ fpeVe e (@R (2.9)

Next, (2.2) is tested against ¢ € H*(2F) to obtain

1 0
/ 22%1*/ V- Vg+ aiq:(),
0p PFC Qp r, on

which, after application of the transmission condition (2.4) leads to

1
Vg0~Vq—/ qu~n—/ 5P =0 Vg€ H' (2p). (2.10)
Qp Iy Qp PFC

Finally, testing (2.3) against v € Hp (25)N and applying the transmission
conditions (2.4)—(2.5) we obtain (recall that n points towards §2g)

/ a’(u):s(v)—/pv-n: fs~v+/ g-v VUEH}D(QS)N.
s I Qs I'n 2.11)

Collecting (2.9), (2.10) and (2.11) we arrive at the following weak form
of (2.1)—(2.7):
Find (u,,p) € Hp, (25)N x H'(2p)/R x H'(2p) such that:

/Qsa<u>:s<v>+ VoV [ pen

QF FI

= fS~’U+/ g-v+ fr-Vu, (2.12)
s I'n Qp

1
Vgo~Vq—/ qu-n—/ 5 g =0, (2.13)
QF Iy Qr PFC

for all (v,1,q) € H: (25)N x H'(2p)/R x H'(2).
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Remark 2.2 If the fluid is supposed to be incompressible, we obtain a problem
similar to (2.12)—(2.13), but without the term fQF pF—lc2pq, since the latter is

already not present in (2.10).

Remark 2.3 The variational problem (2.12)—(2.13) is well posed even for f
not being a gradient. In such a case, a solution of this problem would only
satisfy Vp equal to the gradient part of a Helmholtz decomposition of f 5.

Consider the Hilbert spaces X := H}. (2s) x H'(2p)/R and M :=
HY(2F), equipped with their natural norms, the continuous bilinear forms
a: XXX >R b: XX M—Randd: Mx M — R, respectively defined

by
a((u, ), (v,7)) = /rzs o(u): e(v), (u, 0), (v,¥) € X,
M= [ Vove- [ pon @w)ex gem
d(p,q) = /QFpFlgpq, p,a €M,

and the linear functional F € X’ given by
Fo)i= [ fovs [ gos [ fovi.  @uex
s I'n QF

Then, the weak problem (2.12)—(2.13) reads as follows:
Find ((u,¢),p) € X x M such that:

a((u, ), (v,9)) +b((v,v),p) = F(v,¢) V(v,Y) € X, (2.14)
b((w,¢),q) —d(p,q) =0 Vg e M. (2.15)

To analyze this problem we define the kernel

Z:={(v,¥) € X: b((v,¢),q) =0 Vge M}
:{(’U,t/))GXI Vil)-Vq—/ qu-n=>0 VqEM}. (2.16)
QF I'

Lemma 2.1 The bilinear form a is X -elliptic in Z, namely, there exists a
constant o > 0 such that

a((v,9), (v, ) > a||(w, D)% V(v,¢) € 2.

Proof Let (v,v) € Z. From the definition of ¢ and Korn’s inequality it
follows that, for all (v,?) € Z,

a((v,9), (v, 9)) = /Q o(v): e(v) > C o] 0. (2.17)

Next, from the definition of Z we observe that, choosing ¢ = 1 in (2.16), 1
being the element of the equivalence class of v satisfying | o 1o = 0, applying
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the trace theorem in (2¢ and {2z, and the Poincaré-Friedrichs inequality, we
obtain

2
2, = /F dov -1 < [ollo.r, [0~
I

|0,F1 <C |¢0|1,QF ||v||1,(zs )

which together with (2.17) yield the result. O
The inf-sup condition for b is stated in the next result.

Lemma 2.2 There exists a constant 3 > 0 such that

wp @)

> Bllqll Vg e M.
w)ex\{o} (0, ¥) 5 M

Proof Let g € M. First, we easily see that

o MOOLD L, Jee YV g
wwexrioy [0, V)llx — gemrommpor ¥l 0,
On the other hand, let 2 be the vector field defined by 2(x) := x1e;, where
e; := (1,0) in R? and e; := (1,0,0) in R3. Also, let x be a cutoff function
belonging to C§°(£2F U £25) such that y = 1 in an open set containing 2.
Then, z := x2|,_ € Hp, (2s)" and

/z-n:/ ﬁ-n:/ divz = |2p| > 0.
I'r I'r Qr

Hence, the linear form defined by f(q) := fFI qz - n belongs to H'(2r)’

(thanks to the trace theorem) and is such that f(1) # 0. Hence, applying
the generalized Poincare’s inequality (cf. [13, Lemma B63]), there exists a
constant C' > 0, depending only on 2 and z such that, for all ¢ € H'(§2F)

Cldly, e, <ldh,q. + 1)

Jr qu-n
<lgly o, + Izl su T
= e T 1EIL0s ; [El
veHd} (2s)N\{0} [IVll1 04
b((v,v),q)

<l g, * 12 o ’
| ‘1,91? || ”LQS (v,0)ex\{0} ||('Ua¢)||x

which together with (2.18) yield the inf-sup condition with a constant 3 :=
C/+ =]l o, )- O

Theorem 2.1 There exists a unique ((u,@),p) € X x M solution of prob-

lem (2.14)-(2.15) and there exists a constant C > 0, independent of ¢, such
that

llly 0 + 190,00 + 1210, < C (IFsllo,0 + 1F £ o + Iglo.ry ) -
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Proof By virtue of Lemmas 2.1 and 2.2, it is enough to take into account that
the bilinear form d is positive definite in M and satisfies the assumptions of
Case 3 from [11] (p. 47), to apply Theorem 1.2 from the same reference. 0O

Remark 2.4 The existence and uniqueness result given above is also valid if
the fluid is incompressible, i.e., if d(p,q) = 0, in which case it is a direct
consequence of the classical theory for mixed problems (cf. [11]).

Remark 2.5 Let us define the bilinear form & : (X x M) x (X x M) — R
given by

# ((w,9),p), (v,9),9))
= CL((’U,, 90)7 ('U’ ¢)) + b((’U, ¢)ap) + b((u’ @)7]7) - d(p, q)'

Then (cf. [13, Corollaries A.45 and A.46]), there exists a constant Cg, inde-
pendent of ¢, such that, for all ((v,v),q) € X x M,

v su 2 ((v,9).9), (. ), 7))
1w, %) Dl ascpa < C%)((w@),r)e??xM\{O} [1((w, &), )| 2 x pa .

(2.19)

3 The finite element scheme

Let {’Z;LF } heo and {’ThS } heo be regular families of triangulations (tetrahe-

dral meshes, if N = 3) of 2p and 25, respectively, which may be chosen
independently. In particular, they do not need to match on the common
boundary I';. Given a couple of meshes, 7,/ and Ths , the mesh-size is defined
by h = MAaX e 7.F TS hi, with hg being the diameter of K. From now on,

the generic constants C, C’, etc, will not only be independent of ¢ > ¢y, but
also independent of the mesh-size h.
Let k,1,m > 1 and let us define the following finite element spaces:

My = {vy € CO(2s)N : wp|x €PR(K)Y VK € T,°} nHp (25)N,
Vi = {vn €C°(2r) : tnlx €PU(K) VK €T},
My, = {aqn €C°(2F): anlk €Pn(K) VK eT]}.
For reasons that will become clear in what follows, we take | > m. Defining
X = Hj, x Vi /R, the finite element scheme associated to (2.14)—(2.15)

reads as follows:
Find ((un,on),pn) € Xp X My, such that:

a((un, ¢n), (Vn, ¥n)) +0((vn, ¥n), pn) = F(vn,¥n)  Y(vn,¥n) € Xn, (3.1)
b((wnh, ¢n),qn) — d(Ph,qn) =0 Vg, € My, (3.2)

We obtain the following result by repeating the arguments used to prove
Lemma 2.1.
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Lemma 3.1 Let

Zp = {(vn,¥n) € Xp: b((vn,¥n),qn) =0 Vg € Mp}.

Then, for the same constant o > 0 from Lemma 2.1 (independent of h), there
holds

al(Vn, ¥n), (On, 0n)) > all(on, ¥n)l%  Y(on,tn) € Zh.

The discrete inf-sup condition for the bilinear form b is proved next.
Lemma 3.2 There exists B« > 0, independent of h, such that

sup b((vh, ¥n), an)

> B lanl| Van € Mp,.
(wnm)exn\ {0} [[(Vn:s¥n)ll x M

Proof Let qn, € My,. Since | > m, we proceed as in the proof of Lemma 2.2
to obtain

b((vn, ¥n), qn)
sup 0 I > gl o
nomexnfor 10n,vn)ll L&r

On the other hand, considering 2 and z as in the proof of Lemma 2.2, we
have

¢ ”%HLQF < |Qh|1,QF + '/F qnz - n’ .
I

Next, let z;, € M, be the Scott-Zhang interpolant of z (see [26,10]), where the
interpolation is taken component-wise. Then, since z|p, = 2|, is an affine
function, we have that z,|r, = z|p, and, moreover, from the approximation
properties of this interpolant (cf. [10,13]) we obtain

||Zh||1,ns <c HZHLQS )
where C” > 0 does not depend on h. We then arrive at

Jr, anzn-m
anz-n= [ quzp-n =zl o Tenlion
Iy Iy zh”l,QS
b((vn, ¥n), qn)

<Oz ,
L5 o meangor 1 (wn¥n)ll 2

and the result follows with g, := C/(1 +C" || z[|, o) O
Remark 3.1 We stress the fact that the constant g, depends only on 2p, 2g
and z, but, thanks to the choice made for the latter, it does not depend on

the mesh-size h.

As a consequence of the above lemmas, we obtain the main result of this
section.
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Theorem 3.1 There exists a unique solution ((wn,n),pn) € Xn X My, of
problem (3.1)-(3.2) and there exists a positive constant C' > 0, independent
of h and ¢, such that

lw —wunlly oo + v = @nli o, + 1P =Pl 0

<C| inf — inf — inf —
<0 (,int, fu— vl o, + i o~ nlo, + B lp-ail, )

where ((u,¢),p) € X x M is the unique solution of problem (2.14)-(2.15).
Proof Tt is enough to apply Proposition 2.11, Chap. II from [11]. O

Remark 3.2 The previous result provides an error estimate which is robust
with respect to large values of the bulk modulus pzc?, and covers the incom-
pressible case in which d(p, q) = 0.

Remark 3.3 The choice of interpolation spaces is almost arbitrary. In fact,
the only constraint on this choice is the one used in Lemma 3.2: [ > m.
In particular, equal order elements may be used for all variables. Moreover,
since the meshes for the fluid and the structure do not need to satisfy any
compatibility condition on the interface, completely independent refinement
procedures may be considered in each domain.

3.1 An error estimate in the L? norms

The purpose of this section is to obtain higher order error estimates in the
L? norm for all the variables. To do this, let ((u,),p) and ((wn,¢n),pn)
be the solutions of (2.14)—(2.15) and (3.1)-(3.2), respectively, where we have
fixed representatives of ¢ € H'(£2r)/R and ¢}, € V;,/R, still denoted ¢ and
¢, satisfying [, ¢ = [, on = 0. Next, let ((w,{),r) € X x M be the
solution of the dual problem:

al(w, €), (v,1)) + b((v,1), 7)
- / (u — ) ~v+/ (—on  Vog)eX, (33)
g QFr

b((w,€).q) — d(r.q) = / (v —pn)a Vge M. (34)

Qp

The same arguments used in the proof of Theorem 2.1 allow us to show that
(3.3)—(3.4) admits a unique solution ((w, &), r) satisfying

lwlly og + 1€l1,0p + 71l o

< C (lu—wnllo g + 19— enlogp + I0 = pallog, ) (35)

where C' > 0 is again independent of c.



10 R. Araya, G.R. Barrenechea, F. Jaillet, R. Rodriguez

Now, considering v = 0 in (3.3), we obtain that r € H(£2r) is a solution
of the compatible Neumann problem

—Ar =9 — pp in 2p,
0
5‘777;:0 on I7.

Hence (cf. [17]), there exists s > % such that r € H'**(£2f) and
IVrlls 00 < Clle = ¢nllo.op »
which together with (3.5) show that
17l < C (= wnlly g, + 0 = @nllo,cp + 0= D1l ) - (36)

On the other hand, taking ¢ = 0 in (3.3), we have that w is the weak
solution of

—divo(w) =u —uy in g,
olw)n =rn on I,
o(w)y=0 on I'y,

w=0 on FD.

Hence (cf. [17]), since rn € H%(F})N, j=1,..., M, there exists t > 0 such
that w € H'**(02g)N and

M

w40, SO | llu—unlly o, + Z ||T"||1/2,F{
j=1

< C (lu—wnll g, + Il 0, )
< C (Il = unllo,q + e = Prllo,p + 10 = ullo.o, ) s (37)

the last inequality because of (3.5).
Finally, (3.4) implies that £ satisfies

1 .
—Ag: 2T+(p_ph) m 'QFa
PFC
%:w-n on I7,
on

and, sincew-n € H2(I'}), j=1,...,M, ¢ € H"5(Q2p)/R (cf. [17]) and

N
+ZH“"”H1/2,F;'

0,2r  j=1

2r+(p_ph)

1
\Y4 <C
19600, <€ (| 2

< C (lu—wnll g, + ¢ = enllo.c, + 1P~ Prlloo, ). (38)

the latter again from (3.5). Notice that C' is independent of ¢ (of course, for
¢ > ¢p). From these considerations we may state the following result.
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Theorem 3.2 There exist constants C' > 0, s > % andt > 0, all independent
of h and ¢, such that

= wnlly,c + Ie = onllo.c + 19— pallo 0
< CRmn e (= unlly g, + 19 = onlyo, + 12— 2all g, )

Proof Let ((w,€),r) € X x M be the solution of the dual problem (3.3)—(3.4)
and wy, &, and 7, the respective Scott-Zhang interpolants (cf. [26]). Then,
considering ((v,1),q) = (v = wn, ¢ — ¢n),p — pn) in (3.3)~(3.4), using the
Galerkin orthogonality, the continuity of a, b and d, and the approximation
properties of the Scott-Zhang interpolation (cf. [26,13]), we arrive at

le = wnllg o + e = nllo. op + 12— Pallo o
=2 (w,8),7), (v —un, o —n),p = pn))
=% (((u — Up, P — Sph)7p _ph)a ((’U) - wh7£ - €h),’l" - Th))

<0l wnly g o = wil o,
+ (Il = wally g, + 1€ = &l 0, ) 1o = Pally g,
+ (= wlly g, +1e = enl0, ) I =7l 0,

_|_

L=l o=l

1
. 2 2 2 2
< opmintst) (Hu - uh||1,(zs + lp — Sﬁh|1,QF +lp _thl,QF)

SIS

2 2 2
X (|w|1+t,95 + €1 s0p T |7“|1+s,rzp) )

and the result follows by using (3.6), (3.7) and (3.8). O

4 A residual a posteriori error estimation
4.1 Preliminaries

In this section, for simplicity, we will suppose that the prescribed force densi-
ties, fg, fr and g, are all piecewise polynomial functions. Also for simplicity,
we will mainly use two-dimensional notation. However, the definition of the
estimator and the properties proved in Theorem 4.1 below hold in the three-
dimensional case, as well.

We restrict the analysis of this section to meshes in 25 and 2¢ matching
on the common boundary I';. The definition of the estimator introduced in
the following subsection holds for non-matching grids too. However, some
of the preliminary results which will be used in the sequel are not valid for
general non-matching grids, for instance, the first inequality in (4.2) below.

We use the following notation:
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— &7 and EF: sets of edges (faces, if N = 3) of 7,% and T,F", respectively,
~ &5 and EF: sets of inner edges (faces) of 7,5 and T,F, respectively,
— &N and EP: sets of edges (faces) of 7,7 lying on I'p and Iy, respectively,
— &l set of common edges (faces) of 7,% and 7, lying on I7,
— Ex: set of edges (faces) of K € T, UT,F,
~wip=U{K' €T?: Ex NEx #0}, for K € T,7,
~wy=U{KeT’: teék} forle&;.
We define in an analogous way the neighborhoods wk and wf for K € 7,F
and ¢ € &', Moreover, we will write wr and w, when it is not necessary to

distinguish the medium. Furthermore, for ¢ € S}IL , we denote K f € ThF and
Kf € ’];LS the elements in each medium such that ¢ = K{ N Kf.

For K € ThS U ThF , let bx be the classical bubble function in K:
br = (N + )N T A,

where \E, ..., A¥ stand for the barycentric coordinates of K. For £ € £ UE}F,
let by be the piecewise quadratic (cubic, if N = 3) continuous function defined
in wy as follows:

bely = NNILL NS, K Cuy,

with A ... AK being the barycentric coordinates of K associated to the
vertices of /£.

By using standard scaling arguments (cf. [28]) it can be proved that there
exists a constant C' > 0 such that

Cllsl% 5 < /KbK52 < JIsl2 Vs e Py(K),  (4.1)

Cllsll < [ < Il VsePa(d).  (42)

The constant C' depends on the degree n of the polynomial function and on
the shape ratio of the element, but not on the mesh-size h.

We will also use a lifting operator Py : P,,(¢) — P, (w¢) such that, for all
s € Pp(l), Pe(s)|le = s and

1bePe($)llo 0, < Chic [bePe(s)]y oy, < ChG sl g s (4.3)

|1>we

he being the diameter of ¢ (see [29] for a construction). Finally, for s =
(s1,...,5Nn) € P, ()N, we denote

Py(s) = (Py(s1), ..., Pu(sn)).
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4.2 The estimator

By integrating by parts, we arrive at the following residual equation:

B ((w—un, ¢ —¢n),p —pn), (v,9),q))
— [ fsor [ gor [ gpeve
s I'n Qp

—/ o(up):e(v) — Vz/wVpth/ PRU - T
QS QF

I’y

1
*/ Vsoh-VcH/ quh'n+/ 5 Phg
Iy Qp PFC

2F
= % v+ /J“~'v
R

KeTS tegy
+ Y / (Rhy+ RGq) + > /(Jg’w+qu), (4.4)
KeT,f K teel ¢

for all ((v,%),q) € X x M, where the element and edge (face) residuals are
defined as follows:

o(up)ng,, if 0 e EF,
—o(un)v +gl|,, ifle&l,
o(up)n+ppnl|,, ifle EL,
0, if 0 € &P,

R% = fS|K+divo'(uh|K), JZ" =

[
[
[

[[ %+fp-ng]]e, ifﬁegf,

- (r)’ng

Ry = —div(fplx) + Alpnlx),  Ji =

(- +from)| . ifeeel,
[52:]. itee&f,
© © one ]y
Ry == Alen|k) + — pulk, J; o= 5
pre (% +wnm)| . ifeeel,
14

where n, denotes a unit vector normal to ¢ € g’f U gf and [-], the jump
across the edge (face).

The residual equation above leads us to define the following residual a
posteriori error estimator:

= Y )+ Y ()P + () (4.5)

KeT? KeTF
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where

(i) = hic IR o o + D Oche 1T, K €T,

el
2 2
()% =W | R llg e + Y Sche T llg,» K €T,
el K
2 2
(nfe)? = hic IR o s + Y 6che | T g, K €T,
Leli

with 6 = L, if € € EFUEF, and 6, = 1,if L € EN UEP U EL.
We prove in the following theorem the efficiency and reliability of this
estimator.

Theorem 4.1 There exist positive constants Cy and Cs, not depending on
h or c, such that

||U - Uhlll,(zs + “P - ‘Ph|1’QF + ||p - ph||1,QF < Cin (4-6>
and
e < Co <|u —uply s + 5Kp> VK € TS, (4.7)
M < Calp—palyor VK e T;F, (4.8)
£ <C hie 5 KeTF, (4
Nk = L2 |90_<Ph|1,w§+w||p_ph“0,w£+ U VK €7,, (4.9)
where
) 0, ifExNEL =0,
PN Seennes (1= palloser +haclp—prlir), i ExNELAD,
5 0, if ExNEL =0,
u = )
T Lieeneg (lu— wnlloses + Aol —unly s ) s if Ex NELH 0.

Proof For ((v,1),q) € X x M, let vy, ¢, and ¢, be the Scott-Zhang inter-
polants of v, 1 and ¢, respectively. Then, using the residual equation (4.4),
the Galerkin orthogonality, Cauchy-Schwarz’s inequality and the properties
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of the interpolant we obtain:

‘%(((u — Up, P — @h)vp _ph)a ((U7w)aQ))
=B ((w—un, 0 —n),p—pn), (v —vn,% —¥n),q—qn))

SO R RCEENED Sl FENCEEN

KeTf legy

+ Z [Ri (¥ —¥n) + R (g — an)]
R /K K K

+ % [ =)+ Ifta - )
ekt

<C| > Wk IREle .+ D bl TG,

KeTS Leg?
2 2
+ 3 1 (IR + RS <)
KeTF

2

2 2
+ > he (1980, + 192U ) | (@3, 0l and
teef

Hence, using (2.19) we arrive at

u— Uh“l,ns + e — S0h|1,np +lp _Ph”l,np
B _ _ _
<Cy sup (((w—wp, 0 —@n),p—pn), (v,9),q))
(9,1),9)€X x M\ {0} (v, ), @)l 2 1t
< Cin.

Thus we conclude the reliability estimate (4.6).
To prove the efficiency, we will treat each term of the estimator separately.

1. For all K € 7,3
hic IRTello s < C lu = unly g - (4.10)
Let v = bg R} Taking ((v,¢),q) = ((vk,0),0) in (4.4) and using (4.1)
and an inverse inequality, we arrive at
IRk <€ [ Rioox=C [ otuu)se(on)
K K

<Clu- uh|1,K ‘UK|1,K < Ch}l u — Uh|1,K | R

0,K »

which yields (4.10).
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2. For all ¢ € S}f

|u—uh|iw5, ifre&fuey,
2
he [T l0,0 < €S u — uhIiwes

+1lp = pullg scr + Bk [P = P} ger, L€ EL
(4.11)

First, consider ¢ € E}f U EN. Defining v, = bPy(J), using (4.2),
((v¢,0),0) in the residual equation (4.4), and (4.3), we obtain

12, < C’/Jé‘-w
?

=C LEU(U—U;L)ZE(UZ)— > /KR}?'W

Kwa

<C||u-— “h|1,wf ‘W|1,w,§ + Z ”R%HO,K ||'UL’||0,K
Kwa

_1 1
<O [ fw—unly s by * 178 lo e+ Y hi 1B llo s 178 llo,e
Kwa

2

2 2 -3
<C||u- uh|1,wf + Z h%{ HRlIL(HO,K h, * ||Jzy||o,z~

KCwy

Therefore, the first part of (4.11) follows from (4.10).
Next, consider £ € &. Let K := K; and vy := b,Py(J), where the
extension is taken in wf = K. Proceeding as above we arrive at

12, < C/KJEL'W

—c| [ ot et~ [-mpwin— [ Rl

<C (|u - uh‘l,K |W|1,K +llp — ph”o,e ||W||0,z + HRIIL(HO,K ||W||0,K>

1
1

2 2 2 7 -1

< O (Ju—unlf s +hellp = palls o+ b3 IBENG 1) 1 2 192 e

and hence
w2 2 2 2 u |12

he [ J¢lloe < € (\U —uply g +hellp—pnlly, + hix HRKHO,K) :

Finally, we use the local trace inequality
2 — 2 2
Ip=pullye <€ (A I = pulGscr +help=malfr)  (412)

and (4.10) to obtain the second part of (4.11). Thus, (4.7) follows from
(4.10) and (4.11).
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3. For all K € ThF

2 2
h%( ”RZI)(HQK <Clp—pn 1,K (4.13)

and for all £ € &F
2
he [ 7]l < Clp = pal; o - (4.14)

The proofs of (4.13) and (4.14) are essentially identical to those of (4.10)
and the first estimate in (4.11), respectively. Thus (4.8) follows.

4. For all K € ThF

h2
2 2 2
h%{ ”R?}”QK <C ‘¢_¢h|17K+ﬁHp_ph”07K ) (4.15)

and for all £ € &F

2 h? 2 . P
|<'0 — ¥hn 1,wf + (ppfz)2 Hp _ph||07wf ) if £ e 5}{7

@12 B2 9
hell97716,0 < €' o — onltwr + ety 0 = Pallg e

+lu— uh”?),Kf + hic Ju — uhﬁ,l{f , ifCeégy.
(4.16)
The proof of (4.15) is essentially identical to that of (4.10), whereas, for
le g,f, (4.16) follows by using the same arguments as in (4.11). Thus,
there only remains to consider £ € Eé. Let K := KZF and ¢y = bng(Jf),
where the extension is taken in w! = K. Using ((v,),q) = ((0,0),¢) in
(4.4), we have

g2, < C / T2 a
/
=C /V(safsoh)qu*/(U*Uh)%qz
LJ K YA

1
_ _ R¥
+ /K e (p—pn)ae /K KQ(]

[ 2 2
S Clle = enlix +helluw—unlg,

1
h3 2 2 21
+ KQ B} ||p_ph||o,K +h§( HR}'}HO K hy * ||J20H057
(prc?) 7 ’

which using (4.15) leads to
012 2 2 h3 2
he || ||0,g <C|lp— Soh|17K + he flu —unllg, + W lp—pullo i | -

Therefore, (4.16) follows by using a local trace inequality for u — wy
similar to (4.12). The proof is finished by noting that (4.9) follows from
(4.15) and (4.16). O
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Remark 4.1 The coupling terms ¢, p and ¢, u, as well as p};fzz 172 fph||07w§,

are very likely negligible in the reliability estimates (4.7) and (4.9). Indeed,
all of them involve either the |- |1 x seminorm of some error times hg, or the
| - lo.x norm. (Recall that, according to Theorem 3.2, the || - [|o of the errors
are globally of higher order than the corresponding | - |; seminorm.)

5 Numerical Experiments

In this section we present three series of numerical experiments illustrating
the theoretical results of the previous sections, the performance of the method
and that of an adaptive scheme based on the a posteriori error estimator.

5.1 A problem with a known analytical solution

The aim of this first test is to validate the computational code and to confirm
the theoretical convergence results. To do this, we adopt the configuration
presented in Fig. 5.1.

Fig. 5.1 Problem with analytical solution: sketch of the domains.

A part I'p of the fluid domain boundary is taken as a perfectly rigid wall,
which leads to the boundary condition g—ﬁ = 0 on I'p. The other boundary
conditions remain as above, u =0 on I'p and ov =g on I'y. We set pp = 1,
c=1,A=0.5 and p = 0.25. The data f, fg and g are chosen so that the

exact solution to the problem is given by:

7

4 3

U(LE,y) = |:y2(y _ 603

Remark 5.1 We have taken the physical parameters such that A\+2u = ppc?,
to ensure that the transmission condition (2.5) is satisfied.
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Remark 5.2 The analysis carried out in the previous sections may be adapted,
with minor modifications, to cover this problem too, so that all the results
from Sections 2-4 hold. In particular, since the solution of this test is in-
finitely smooth, according to Theorem 3.1 the H' norm of the errors must
be O(h). Furthermore, the constants s and ¢ in Theorem 3.2 are both equal
to 1, so that the L? norm of the errors must be O(h?).

We depict in Figs. 5.2 and 5.4 the convergence of the error in each variable
on uniform meshes as h tends to 0. The figures show a perfect agreement with
the theoretical results.

1 T T T T T LI LA B

| —o— llu—unlhos -~ ]

01 Ch =

0.01 |- -

0.001 |- T ]

= R

o r Pogig T
: [ ol = unllons e ]
le0d - e Pt .

L - . 4

1e-05 |- e ]

1e-06 | o 4
16—077 Lol Ll \\\\\17
0.001 0.01 0.1 1

h

Fig. 5.2 Problem with analytical solution: convergence history for [[u — wunl[, o
and |lu — un|, o, with uniform meshes.

01 T T T T T T 1T ‘ T L T T T T 1T
[ —o— o —¢nlior -
0.01

0.001

le-04

error

le-05

1e-07 | | Loy
0.001 0.01 0.1 1

Fig. 5.3 Problem with analytical solution: convergence history for |l — wul|, 2p
and [p — ¢nl; (., with uniform meshes.
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1 T T T L ‘ T L T T T T 1T

[ —o— lp—prller 1

01 b —————- Ch .

0.01 .

. : ,,e/’/f/' :
2 0001 o [l = palloap e .
3 L pogte ]
[ ---- on? e 1

le-04 |— L -

: Lo 1

1605 [ e .

L ol 1

1e-06 LT Lol Loy
0.001 0.01 0.1 1

h

Fig. 5.4 Problem with analytical solution: convergence history for ||p — pall, ¢,
and [[p — pnll; g,,, with uniform meshes.

Next, denoting

N
N
ol=

we show in Table 5.1 the effectivity indices for each variable:

u

0% . m” b, U

Qv — Ui - -
: , : ,
|<P_<Ph|1,QF ”p_thl,QF

el g,

and the global effectivity index

0= N
2 2 2
V=l o, + 16 = onl} o + 10— a0y

Note that all the indices converge towards constants, even though this fact
is not predicted by the theory presented in the last section. In this table and
thereafter, d.o.f. denote the total number of degrees of freedom for the three
variables.
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Table 5.1 Problem with analytical solution: effectivity indices on uniform meshes.

d.o.f. o 0¥ 0r 0
32 2.5567 2.5581  3.3067 3.1921
92 2.8298 3.5696 3.6714  3.5435
308 2.9748 3.8921 3.8398 3.7082

1124 3.0487  3.9977  3.9209  3.7880

4292 3.0857 4.0352 3.9606 3.8273

16772 3.1042  4.0499 3.9804  3.8468

66308  3.1134 4.0563 3.9902  3.8565

283684 3.1180 4.0592 3.9951 3.8613

5.2 An L-shaped steel vessel filled with water

Next, we test the method in a problem without a known analytical solu-
tion. In this test (and in the following one), we are particularly interested
in assesing the performance of an adaptive procedure guided by the error
indicators

i, KeTp?,

M= 2 ©\213 F

[((n5)* + (n%)*]?, KeT).

The basic scheme of the adaptive procedure is as follows:

1. Solve (3.1)~(3.2) in an initial mesh 7y := 7 U 7 and compute nx
VK € 1.

2. If ng > dmaxgrer, N (where 0 < ¢ < 1 is fixed in advance), then K is
subdivided.

3. The process is repeated until 7 is smaller than a prescribed tolerance.

The meshes are generated with Triangle (cf. [27]) and we have imple-
mented the case in which the meshes for the fluid and the solid match on the
common interface. We have used the value 6 = 0.75 in all the experiments.

The domain and boundary conditions are described in Fig. 5.8 (left). We
have used typical physical parameters of steel and water:

A\ = 1.24444 x 10" Pa,
— 1 =5.33333 x 1019 Pa,
— ps = 7700 kg/m?,

pr = 1000kg/m?,
c=1430m/s.

The external forces have been taken as follows:

— fg=psg(0,—1), with g = 9.8 m/s? (i.e., the gravity force),
— fp=prcV(risin 20), where 1 := |& — x|, and 6 and @, are shown in
Fig. 5.5 (left).
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0.5m 1.0m 0.5m 0.5m 0.5:}1

v

Fig. 5.5 Sketch of the L-shaped domains (left) and initial mesh (right).

Several singularities appear in this case, because of the reentrant angles of
{25 and {2, the definition of f -, and the change on the boundary conditions.
In Fig. 5.5 (right) we depict the initial mesh used for this test, and in Fig. 5.6
the adapted meshes after 15 and 30 iterations.

TN
;ﬁé:eﬁnAA
XA

RES
F@g?:ﬂ;AA
.

AV
sy

7y

Fig. 5.6 L-shaped domains: adapted meshes after 15 (left) and 30 iterations
(right).

It can be seen that the indicator is able to capture all the singularities in
the fluid and the structure domains and that the method is robust in spite
of the large value of the bulk modulus (ppc? ~ 2 x 109 Pa).

We do not report error curves in this case, because no analytical solution
is available. Instead, we depict in Fig. 5.7 the estimated global error 7 (cf.
(4.5)) versus the total number of degrees of freedom.
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le+11 T T T T T T T T T T T T T T TTT
= n-adaptive refinement —o— J
F n-uniform refinement ---o---
[ ~— slope —0.5 --------- 1
[ slope —0.27 ———— |
le+10 -
= £ ]
2 F ]
2 L 4
E r ]
pe} L 4
3
le+09 =
le+08 Ll Ll L Ll L L1l
100 1000 10000 100000 1le+06
d.o.f.

Fig. 5.7 L-shaped domains: convergence history for n vs. d.o.f., with uniform and
adaptively refined meshes.

We include in Fig. 5.7 two lines with slopes —0.27 and —0.5. The first
one corresponds to the theoretical order of convergence for the error with
uniform meshes. The second one corresponds to the optimal order that could
be attained with piecewise linear elements. Orders of convergence for the
depicted estimated error curves have been also computed by means of a least
squares fitting which yield values —0.323 and —0.481, respectively. Both are
very close to the expected ones for the error. This agreement can be clearly
observed from Fig. 5.7 for d.o.f. sufficiently large.

Because of the equivalence proved between the estimated and the actual
global errors, both have the same asymptotic dependence on the total number
of degrees of freedom. Therefore, the estimated error curve indicates that the
error itself has to attain an optimal order, too, when the adaptive meshes
are used. This yields some evidence on the fact that the adaptively created
meshes should be close to the optimal ones.

5.3 A steel vessel filled with an ideal incompressible fluid

Finally, we test the method with a fluid which is modeled as perfectly incom-
pressible. We have used the same physycal parameters as in the previous test,
except for the sound speed which has been taken ¢ = co; namely, d(p,q) =0
in (3.1)—(3.2) (cf. Remark 2.2).

The domain and boundary conditions are described in Fig. 5.8 (left) and
we have taken fg = psg(0,—1) and fp = prg(0,—1), with g = 9.8 m/s?
(i.e., gravity forces).
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0.25m 0.5m 0.25m

0.25m

0.5m

0.25m

14

Fig. 5.8 Incompressible fluid: sketch of the domains (left) and initial mesh (right).

In Fig. 5.8 (right) we depict the initial mesh used for this test and in
Fig. 5.9 the adapted meshes after 7 and 15 iterations.

Fig. 5.9 Incompressible fluid: adapted meshes after 7 (left) and 15 iterations
(right).

We observe that the indicator is able to capture all the singularities: one
at each reentrant angle of (2g and other two at the top and bottom left
corners (because of the change on the boundary conditions). Since the fluid
domain is convex, thanks to the definition of f, no singularity appears in
the fluid. This is recognized by the estimator, since the elements in 25 are
refined only to preserve the compatibility of the meshes on the fluid-structure
interface.

We depict in Fig. 5.10 the estimated global error 7 versus the total number
of degrees of freedom.



FE analysis of a static fluid-structure interaction problem 25

le+06 T T T T T T T T T T T T 17T
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Fig. 5.10 Incompressible fluid: convergence history for n vs. d.o.f., with uniform
and adaptively refined meshes.

Once more, we include in Fig. 5.10 two lines with slopes —0.27 and —0.5,
which correspond again to the theoretical order of convergence for the error
with uniform meshes and the optimal order attainable with piecewise linear
elements, respectively. The orders of convergence for the depicted estimated
error curves computed by a least squares fitting are in this case —0.314 and
—0.495, respectively.

Let us finally remark, that the performance of the method is not affected
by the fact that the fluid is incompressible.

A Appendix: A nonlinear elastic material

This section is devoted to present the main ideas about the extension of the frame-
work described in the previous sections to the nonlinear case. We still consider
the system of equations (2.1)—(2.7), but now, instead of the Hooke’s law (2.8), we
suppose the following nonlinear constitutive law, called the Henky-von Mises law,
see [22,21]:

o(u) := [k — p(deve(u))|tre(u)l + 2u(deve(u))e(u),

where, for 7 € RV*V,

devr = (T - %tr(T)I) : (T - %tr(‘r)I) .

Here,  is a positive constant, called the bulk modulus, and px : R* — R is a non-
linear Lamé function. We assume that u € C'(R") and that there exist constants
11, g2 such that

0<m <m(t)<rk and 0<p < p(t)+2tu'(t) < po,

for all t € RT.
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On the other hand, we will only consider the case in which the fluid is incom-
pressible, i.e., d(p, ¢) = 0. The compressible case deserves further investigation since
the theoretical results available for nonlinear problems with constraints (cf. [25])
do not apply to this situation.

Let X' be the dual space of X and let (-,-) be the duality paring on X’ x X.
We define the mapping A : X — X’ by

(Au, 9), (v,9)) = /Q o(u) : e(v)

. {[x — p(deve(u))|tre(u) tre(v) + 2u(deve(u))e(u) : e(v)}. (A.1)

Using this mapping, the weak formulation of the problem is obtained by repeating
exactly the same steps from the linear problem, and we arrive at:
Find ((u,¢),p) € X x M such that:

(A(u, ), (v, ) +b((v,¢),p) = F(v,v), (A2)
b((w,¢),q) =0, (A.3)
for all (v,v),q) € X x M.

Also, we propose a finite element scheme analogous to (3.1)—(3.2):
Find ((wh,pn),pn) € Xp X My, such that:

(A(un,@n)s (Vn, ¥n)) + b((Vn,¥n), pr) = F(vn, n), (A4)
b((uh7Wh)7Qh) = 07 (A5)
for all (v, ¥n),qn) € Xp X My.

Theorem A.1 The nonlinear mapping A defined in (A.1) defines a Lipschitz con-
tinuous operator, strongly monotone in ZU Zy,; namely, there exist strictly positive
constants M and &, independent of h, such that

[A(w, ) = A0, )l 2 < Ml(u, ) = (v,9)|»
for all (u,p), (v,9) € X and
(A(u, p) — A(v,9), (u, ) — (v,9)) > a||(u, ) - ('va)va
for all (u, ), (v,¢) € ZU Z},.
Proof Following [16] we may prove:
(A, 9) — A(,9), (w,9) = (v,9)) @ llu— |7 o,
[A(u, p) = A(v, )| < Mlu—v]; o,

for all (u,¢), (v,9) € X. Hence, we proceed as in the proofs of Lemmas 2.1 and
3.1 to conclude the theorem. a

Theorem A.2 There exist unique solutions ((u,v),p) and ((wh,pr),pr) of prob-
lems (A.2)-(A.3) and (A.})-(A.5), respectively. Moreover, there exists a constant
C > 0, independent of h, such that

[[w— uh“l,ns +lo— ‘Ph|1,QF +p _ph”l,QF

<C <uhlg7fth, lw—vnll, o + w;gih lo —Vnly o, + thlen/ah llp — qhHLQF) )
Proof 1t is enough to apply the previous theorem, Lemmas 2.2 and 3.2 and [25,

Theorems 1.2 & 2.1] to conclude the existence and uniqueness of solution of both
problems, (A.2)-(A.3) and (A.4)-(A.5), as well as the error estimate. O
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