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Abstract. A time-dependent system modeling the interaction between a Stokes
fluid and an elastic structure is studied. A divergence-free weak formulation is intro-
duced which does not involve the fluid pressure field. The existence and uniqueness
of a weak solution is proved. Strong energy estimates are derived under additional
assumptions on the data. The existence of an L? integrable pressure field is estab-
lished after the verification of an inf-sup condition.

1. Introduction. Fluid-structure interaction problems have been extensively stud-
ied in the past and continue to be the focus of much attention today. We classify
a number of different types of mathematical models for fluid-structure interactions
into the following three categories.

Elementary fluid. The fluid motion is governed by equations for a potential
function, e.g., the Laplace equation or the wave equation. In [25], a coupled system
of a potential equation and a wave equation was considered. Elementary fluids
interacting with a rigid cavity or a moving wall were studied in [15] and with an
elastic solid in [3].

Inviscid fluid. The fluid motion is governed by inviscid fluid models, e.g., the
Euler equations. Interactions between linearized inviscid fluids and elastic solids
were analyzed in [1, 27]. An algorithm applicable to an inviscid nonlinear fluid
coupled with rigid walls was given in [2].

Viscous fluid. The fluid motion is governed by viscous, incompressible or com-
pressible fluid models, e.g., the Stokes or Navier-Stokes equations. There is an
extensive literature on linearized viscous fluids coupled with solids. Solids modeled
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by plate equations or shell equations were treated in [11, 12, 14, 23]. The Stokes
equations coupled with a beam equation was analyzed in [18]. In [6, 22], interac-
tions between a linearized viscous fluid and elastic solids were studied; [4] discussed
interactions with rigid walls. There also is a vast literature on fluid-structure in-
teractions for which the fluid is modeled by nonlinear viscous fluid models. Rigid
body motions of solids in a nonlinear viscous fluid were studied in [5, 7, 20, 19, 21].
In [13], the Navier-Stokes equations coupled to the plate equations were studied.
The work of [5, 8, 10, 28, 29] treated interactions between nonlinear viscous fluids
and elastic solids.

It should be noted that the majority of the references cited use solid models
of lower spatial dimensions, e.g., one-dimensional beams interacting with two-
dimensional fluids or two-dimensional plates interacting with three-dimensional flu-
ids. Rigorous mathematical results are rare for fluid-solid interaction problems in
which both the fluid and the solid occupy true spatial domains. Eigenmodes of
the coupled system (1.1)—(1.2) were studied in [29]. In [6], the homogenization of
a mathematical model for the Stokes equation coupled to the equations of linear
elasticity was considered. Both existence of a solution and numerical experiments
for a problem in which a nonlinear viscous fluids is coupled to elastic solids in one
dimension were discussed in [8]. For a numerical algorithm for solving interaction
problems of elastic body motions in a fluid flow, see [10].

In this paper, we consider the interaction of a linear, viscous fluid with elastic
body motions in a two or three dimensional bounded domain. The specific fluid-
structure interaction model is described as follows. We assume the fluid and solid
occupy the open, Lipschitz domains ©; C R? and Q; C R, respectively, where
d = 2 or 3 is the space dimensions. We denote by 2 the entire fluid-solid region
under consideration, i.c., Q is the interior of Q7 U Qs. Let T'g = 99 N Qs denote
the interface between the fluid and solid and let T'; = 9Q; \ Ty and Ty = 9Qs \
T’y respectively denote the parts of the fluid and solid boundaries excluding the
interface I'g. For obvious reasons, we assume that meas(I';y UT'3) # 0.

In the fluid region 2y, we consider the Stokes system

pve+Vp— V- (Vv +Vvh) =pify  in (0,T) x
Vov=0 in(0,T)xQ (1.1)
v=0 on (O,T) X Fl s V|t:0 = Vp in Ql>

where v denotes the fluid velocity, p the fluid pressure, f; the given body force per
unit mass, p; and pp the constant fluid density and viscosity, vo the given initial
velocity, and T' > 0 the terminal time.

In the solid region, we consider the equations of linear elasticity

{ P2y — [sz . (Vu + VUT) — )\QV(V . 11) = p2f2 in (O,T) X QQ
(1.2)

u=0 on (O,T) x I'y s u|t:0 =uy in Qg, ut\t:() =u; in QQ,

where u denotes the displacement of the solid, f5 the given loading force per unit
mass, po and g the Lamé constants, po the constant solid density and uy and uy
the given initial data.

Across the fized interface I'y between the fluid and solid, the velocity and stress
vector are continuous. Thus, we have

w=v on I'y (1.3)
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and
w2 (Vu + VuT) ‘ng+ A (V-ung =pny — py (Vv + VVT) -0y on Ty, (1.4)

where n; is the outward-pointing unit normal vector along 09;, i = 1, 2.

Some remarks about the use of a fixed fluid-solid interface I'y are in order. The
general motion of a solid body immersed in a fluid involves rigid body motions
superimposed with displacements caused by the stresses and strains induced in the
solid by the loads resulting from the interaction with the fluid motion. Even if
the the latter are infinitesimal in size, the rigid motion of the solid by itself would
result in a moving fluid-solid interface. Certainly, if the solid motion involves large
stress-induced displacements, the fluid-solid interface is not stationary. Thus, the
general case is that of a mowving fluid-solid interface which, in fact, is generally not
known and must be found as part of the solution process.

At the other extreme is the case for which, first, there is no rigid motion or that
motion is purely translational with constant speed and one attaches the coordi-
nate system to the solid, and, second, the solid undergoes only infinitesimal elastic
displacements. Then, since the motion of the fluid-solid interface is wholly deter-
mined by the elastic displacement, one may assume that that interface is stationary.
Moreover, it is usually the case that the velocity in the solid is also infinitesimal so
that that the interface condition v = u; simply reduces to v = 0, i.e., the classical
no-slip condition, and the fluid motion decouples from that of the solid. Once the
fluid motion is determined, the other interface condition provides an inhomogeneous
traction boundary condition which may be used to determine the elastic motion of
the solid.

In between the two extremes, i.e., between having a moving interface and a fixed
interface with uncoupled fluid motion, is the case considered here. We begin as in
the second case: the motion of the solid is wholly due to infinitesimal displacements.
Again, we may then assume that the fluid-solid interface is stationary. However,
we operate in the case that although the displacement u is small, the velocity u; is
not. Thus, we cannot impose the no-slip condition on the fluid velocity and must
retain the interface condition v = uy, but the latter may be imposed along a fixed
boundary. We note that the case of having O(1) solid velocities even though the
solid displacements are of infinitesimal size is of practical interest. For example,
this setting arises in the high frequency, small displacement oscillation of elastic
structures. Our model may be justified by standard asymptotic analysis techniques
(see, e.g., [16]) and the details are omitted.

The plan of the paper is as follows. In Section 2, working in a divergence-free
setting, we first introduce some notations and define a weak formulation for the
model fluid-structure interaction problem. We next formulate an auxiliary, equiva-
lent parabolic type problem, define its Galerkin approximations and derive a priori
estimates for the Galerkin sequence. By passing to the limit in the Galerkin ap-
proximations, we prove the existence and uniqueness of a solution for the auxiliary
problem. The existence and uniqueness of the velocity v and displacement u for the
fluid-structure interaction problem follows directly from the existence of a unique
solution for the auxiliary problem. In Section 3, we prove a regularity result for the
weak solution under additional assumptions. We then verify an inf-sup condition
and establish the existence of an L? integrable pressure. In the end of this paper
we give some concluding remarks regarding forthcoming work on the model studied
in this paper and on extensions into more general models.
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2. The existence of a weak solution.

2.1. Notations. Throughout this paper, C' denotes a positive constant, depending
on the domains 2, ©; and {23, whose meaning and value changes with context.
H?*(D), s € R, denotes the standard Sobolev space of order s with respect to the
set D equipped with the standard norm || - ||s,p. Vector-valued Sobolev spaces are
denoted by H*(D), with norms still denoted by || - ||s.p. Hg(D) denotes the space
of functions belonging to H'(D) that vanish on the boundary 9D of D; H}(D)
denotes the vector-valued counterpart.

We will use the following L? inner product notations on scalar and vector-valued
L? spaces:

[7q]pz/pqu Vp,q € L*(D), [u,v]D:/u-vdD Yu,v € L*(D),
D D

where the spatial set D is Q or I'g or €;, for i = 1, 2.
We introduce the function spaces

X, = [HY(@)]]a, with the norm || [x, = |- lna, i = 1,2
Vi={ve Htl)(Ql) : divv = 0} with the norm || - |lv; = - 1,04,

¥ = {n e H}(Q): divy =0 in O} with the norm || -

|1,Q?

® = the closure of ¥ for the norm induced by the inner product [[-, ]|,

where [[-,-]] denotes the weighted L? inner product
[&n)] = [m&mla, + [p26mla, V& meLP(Q). (2.1)
Clearly, the induced norm on @ is equivalent to | - |lo,o and ® preserves the

divergence-free property in ;.

We denote by ({-,-)) the duality pairing between ¥* and ¥ that is generated
from the weighted L? inner product [[-,-]]. The norm on the dual space ¥* is
defined in the conventional manner:

lellg- = sup |((g,m)| Vge P
nNeW, |N|1e<1

We define the bilinear forms

1
al[u,v]:i/ p1(Vu+ vu®) : (Vv 4+ VvT) dQ Vu,ve X,
Q

b[":Q]:—/ qV - v df) Vv e Xy, Vge L ()
Q
and

az[u,v}:/ {%(Vu+vuT):(vV+vVT)+A2(V~u)(v-v)}dQ Vu,v e X
Qo

It is evident that the forms aq[-, -], az[-,-] and b[-, -] are continuous, i.e., there exist
positive constants K7, K5 and K such that

la1[u, v]| < Kif[u

1,91HV||1791 Vu,v e Xy,

|az[u, v]| < Ka[ju

10, [V[[e,  Vuve Xy,

|b[v, q]| < Kpl||v 0.0 Vv e X, VqgeL?().

1.0 llg
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Also, it can be verified with the help of Korn’s inequalities [26, p.31, p.120] that
fori=1,2,

ailn,n] = kilnlltq, VneXi,  if meas(l;) #0 (2.2)

and
. nla, +aim,n) > kilnl o, Yme X,  if meas(T;) = 0. (2.3)

2.2. A divergence-free weak formulation. We are now prepared to introduce
a weak formulation for (1.1)-(1.4). We assume that the fluid force f1, the elastic
force fy and the initial data vg, ug and u; satisfy

{ fi € L2(0,T;L2(Q1)), f2 € L2(0,T;L%(Qy)), up € Xo,
(2.4)
vo € X1, divvg=01in Q;, u; € Xo, Vo|p0 :ul‘po.

A desired weak formulation for (1.1) and (1.2) can be derived by multiplying the
Stokes and elasticity equations by an n € H}(Q2) and performing integration by
parts; this yields

P1 [Vt7 77]91 + b["%ﬁ] + ay [V7 77} + P2 [utt7 77]92 + az [ua 77] (2 5)

= pl[flan]ﬂl + P2[f2777]92 Vn € Htl)(Q)v a.e. t e [07T]

The choice of a global test function n € H(Q) instead of two independent test func-
tions on the two subdomains allows us to incorporate the stress interface condition
(1.4) into the weak formulation.

The weak form (2.5) requires

Vi € LQ(OaT7 LQ(Ql))7 u; € L2(07T7 X2)a
uy € L2(0,T;L%(s)), pe L*(0,T; L*(Q)).

In general, such regularity conditions are too strong to assume for a weak solution.
Analogous to the standard practice [30] of defining a weak formulation for the
Stokes equation with respect to divergence-free function spaces, we introduce the
following divergence-free weak formulation for (1.1)-(1.4): seek a pair (v,u) €
L?(0,T; X1) x L?(0,T; X») satisfying divv = 0 in Qy,

d
= (prlv.mla, + poldra,mlo, ) + as[v.n] + @l

di (2.6)
:pl[flvn]ﬂl +p2[f2577]92 VTIE ‘I’>
V|t:0 = Vo, ll|t:0 = Up, ut|t:0 = u (27)
and
t
/ v()lry ds = u(®)|r, — uwoln,  ae. £, (2.8)
0

where (2.6) holds in the sense of distributions on (0,7 (see [30].) Equations (2.6)—
(2.8) will be the primary weak formulation we study in this paper. Note that the
pressure does not appear in (2.6)—(2.8). A weak formulation involving the pressure
will be considered in Section 3.2.

The “natural” interface condition (1.4) is built into the weak form (2.5) and
(2.6). In the divergence-free weak formulation, we enforce the “essential” interface
condition (1.3) in the weak sense (2.8).
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2.3. An auxiliary weak formulation and its Galerkin approximations. In-
troducing auxiliary functions

v in vg in Q4
u; in Qo u; in o,
we see that (2.6)—(2.8) is equivalent to the auxiliary problem
<<at€> T’>> +ay [57 TI] + CLZ[th E(S) dS, T]]

= Pl[fla'ﬂ]ﬂl + PQ[f2aTI]QQ - a2[u05n] VT] S ‘1’7 a.e. t € [O7T]7
£0)=¢, in®* (2.11)

(2.10)

and

/Ot (&)le,) | ds= /Ot (6)le,) ]FO ds  ae. t. (2.12)

Here we recall that the space W introduced in Section 2.1 is divergence-free in
Q; so that the term b[n, p] vanishes. Under assumption (2.4), £, defined by (2.9)
obviously satisfies £, € ¥. The initial condition (2.11) is equivalent to

((€(0),m) = [[€0,m)]  Vme W

The precise meaning of the initial condition requires certain continuity of £ in ¢ and
will be made clear in subsequent discussions.

To prove the existence of a solution for (2.10)—(2.12), we employ and adapt
the widely-used Galerkin approach (see, e.g., [9] and [24].) Let {%;}32; be a
basis for the space W¥. In particular, we choose {‘/’j}?il to be the complete set
of eigenfunctions for the eigenvalue problem

Ypevw, [V, Vnlo=Ay,n] Vne¥, (2.13)

where the weighted L2(f2) inner product [[-,-] is defined by (2.1). Moreover, we
assume that {t,}22, is orthonormalized with respect to the Hg()-inner product
[V-,V:]a. Then, from equation (2.13) we also have that {1),}52, is orthogonal with

respect to the weighted L?(Q) inner product [[-,-]].
Let ¥, = span{%,,...,%,,}. A Galerkin approximation &,, € C1([0,T]; ¥,,)
of the form

€ =20, (0%, () (2.14)

is defined as the solution of
p110¢,, (1), mla, + p2[0:€,, (1), nla, + a1[€,, (), n] + a2 [fot €,.(s)ds,m]

(2.15)
= [[£(2),m]] — az[uo, ] + a1[€,,(0) —vo,m]  Vne ¥y, t€[0,T]
and
[£,(0).m]] = [[€0:m]]  Vm € ¥y, (2.16)
where f € L?(0,T;L?(Q)) is defined by
{ f1 in Ql
f =
f2 in QQ.

Note that &,, defined as in (2.14) trivially satisfies

/Ot (€n(s)le Iy s = /Ot (€n(s)les )Irds Wi [o,7] (2.17)
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Remark: Comparing (2.15) and (2.10), the term a4[€,,,(0) — vo, ] appears to be
redundant. Indeed, it will be shown in Lemma 2.2 that [|£,,,(0) —&;l/1,0 — 0 so that
a1[€,,(0) — vo,n] — 0 as m — oo. The term a4[§,,,(0) — vo, n] is added into (2.15)
for technical reasons connected with the derivation of strong a priori estimates in
Section 3.1.

We can write (2.15)—(2.16) as an equivalent system of first-order, linear ordinary
differential equations (ODEs) for {g;m) Py

3 (1o g™ 0+ a5 sty ) [ o),
= [[£(t), ;)] — aQ[u07¢i] +a1l£,(0) —vo, ;] i=1,...,m, t €[0,T]
and
Dol il 0) = o wl]  i=1,..m. (2.19)

The following theorem states the existence of a solution for (2.18)—(2.19), or
equivalently, (2.15)—(2.16).

Theorem 2.1. Assume that f1,vo,f2,uy and wy satisfy (2.4). Then, for each
integer m > 0, there exists a unique set of functions {gjm)} ., C CH0,T) which
satisfy (2.18)—(2.19).

PROOF: Setting hém) (t) = Otgj(m)( )ds for j = 1,...,m, we see that (2.18)—
(2.19) is equivalent to the following ODE initial value problem:

m

Z[[wm +Za1 [, +Za2 ¥, B (t)

Jj=1

j=1

where

ci(t) = pulfi (1), y)a, +oalfa(t), iy —azfuo, .+ g™ (0)as[9;, ¥ —a1[vo, ;).

Jj=1

The matrix {[[);,;]]}{"—; is positive definite as the function set {1y,...,,,}
is linearly independent. Thus, using standard theories for (constant coefficient)
systems of linear, first- order ODEs we see that the above ODE system has a unique
C' solution (g§m), e ,gm ), h hﬁ,ﬁ”)) on [0,T]. Upon eliminating h;m) in the
system, we arrive at the assertlon of the theorem. 0O

Theorem 2.1 immediately yields the existence of the Galerkin approximate so-
lutions {&,,} satisfying (2.15)—(2.16). We proceed to derive a priori estimates for

{&m 1



640 Q. DU, M.D. GUNZBURGER, L.S. HOU, J. LEE

Lemma 2.2. Let P, denote the weighted L%()) projection from L2()) onto ¥,,,
i.e., for every m € L(Q),

[[Pmm,2]] = [[n, 2]] Vz e W,,. (2.20)
Then,
[Pmnllo.e < [nllog vn e L*(Q), (2.21)
[1Pmnllie < lnllie  YVne¥, (2.22)
|1Pmm — 710 — 0 as m — oo Vnew (2.23)
and
| P — oo — 0 as m — oo Vnec®. (2.24)

PROOF: Setting z = P,,,n in (2.20) and applying the Cauchy-Schwarz inequality
we easily obtain (2.21).

Next, we prove (2.22)—(2.23). Let n € ¥ be given. Since {t,;}$2; forms a basis
for ¥, we can write n = 221 a;1,; moreover, we have that

m
H Z a;Y;
i=1

Using the orthogonality of {4} with respect to the [[-,]] inner product we find
Pom =" aitp,;. Hence, (2.22)—(2.23) follows from (2.25).

It remains to prove (2.24). Let n € ® be given. Using the triangle inequality
and (2.21) we have

Lo Sl and HZ;%%—anHO%Wwﬁw.@QQ

1Pmm = nllo.c < ln = ncllo.o + [n: = Punllo.g + [|1Pm(ne = n)llo.c

(2.26)

§2||77_776|0,Q+||716_Pm77 |0,Q vne ev.

From relations (2.23) and (2.26) as well as the denseness of ¥ in @ for the L?(£2)
norm we obtain (2.24). 0O

Theorem 2.3. Assume that fi,vo,f2,uy and uy satisfy (2.4). Then, for each
integer m > 0, there exists a function &,, € C([0,T];¥,,) of the form (2.14)
which satisfies (2.15)—(2.17). Moreover,

t
1€m O 0 + 1€ml1Z2 0,781 (20)) + 1 fo €m () dsllzn gy

(2.27)
< O (IEl132 0 mizecay + IVolF 0, + 0lF o, + Il o,)
for allt € 10,77,
HSImHiQ(O’T;\II*)
2.28
< 0T (8113 + Ivollf q, + llollf o, + Il o, ) o
= L2(0,T5L2(Q)) 011,00 011,04 1,0, )»
041 mler 320 v,
(2.29)
< CeCT(”fH%Z(O,T;L?(Q)) + HVOH%,Q2 + ol o, + [w |%,92)7
and
104l 720,701 0
(2.30)

C
< Ce (81320 72y + Vo2, + IuollE 0, + w3, )-
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PRroOOF: The existence of &, follows directly from Theorem 2.1 so we only need
to prove the a priori estimates (2.27)—(2.30).

Setting n = &,,,(¢) in (2.15) and using the weighted L2({2) inner product notation,
we have

(160 (8), &0 (O] + @1 € (1), € (D] + 2]y &, (5) dis, €, (1)
= [[f(2), £, (D]] — az[uo, &, (1)] + a1(£,,(0) — vo, &, ()]

which can be rewritten as

3 (1), £ (O]] + a1[E (1) 6, (1) + 5 Ly Ern5) s, 1 £, (5) 5]

= Hf(t)’gm(t)]] - aQ[uovgm( )] +a [gm( ) - VOagm(t)]
< C(IED)5.0 + 1€,(0) = voll o,)

L€ (1).€,(0)) -

5 1n (Ol e — aalt0, £, (0] + 5

Integrating the last relation in ¢ and noting that (Lemma 2.2)

HEm(O)H%Q I Pméoll Q<||€0

we are led to

= voll? q, + lwllf o,

[[Em(t),ém(t)HJr/o 01[€,,(5), & (9)] ds + az[ [y &, (5) ds, [y &p(s) ds]

< C(Hfm(o)H(Q),Q + Hf”%?(o,T;L?(Q)) + uollf 0, + T€,,(0)

)

+ / 1€n(5)[12.0,ds — asluag, J €, (5) ds]
0

< C (1€ O 0 + €132 07,029y + 0l 0, + Tlivollf g, + Tl 0, )

+ [ el

€Ol + [ rlEn(s) €n (o) ds -+ aalf] € () . i &) s
< / 1€,0(5)|2 ¢ ds (2.31)

+C(Hf||2L2(o,T;L2(Q))

s)ds fo s) ds]

so that

+ luollf g, + Tl g, ) -

Dropping the second and third terms on the left side of (2.31) and then applying
the following version of Gronwall’s inequality:

Gy
eCQt7

if h(t) < Cy + Ca [) h(s)ds, then h(t) < (2.32)

2

we deduce

1€ (B0 < CT (I€132(0.z2¢0 + IVolli o, + ol g, ) (2:33)
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The estimates (2.33) and (2.31) yield: for all ¢ € [0, T,

t ) t
/0 16 (5) 2.0, s + / a1 [En(5), € ()] ds

(2.34)
< CBCT(”fH%?(O,T;L?(Q)) + Vol .o, + lluolli o, + lw

2
1,Q2

and
| fy € (5) ds|2 o, + azlfy &,(s) ds, [ &,,(s) ds]

(2.35)
< OecT(HfH%Q(O,T;LQ(Q)) +Ivolli o, + o

20+ willE, ) -

Combining (2.33)—(2.35) and utilizing the coercivity conditions (2.2) or (2.3) we
arrive at the desired energy estimate (2.27).

We next prove (2.28). For each given n € ¥ with ||n|l1 o < 1, we write n as
n = P,n+ (n— P,n) where P,, is defined by (2.20). Since &/,(t) € ¥,,,, we have

(&0 (8), ml] = (€5, (1), Pnn]] + (€5, (1), 1 = Prum]] = [[£,,,(2), Prm]].
From the last equation and (2.15) we obtain

(€7, (&), ml] = [[£3n(1), Prm]
= [[£(2), Pmnl] — a1[£,,,(t), Prm] — az[uo, Prm]
—a2 [f(f ém(s) dS, Pm77] +a; [ém(o) — Vo, Pmn] (236)

< C(IEO) o0 + 1€ B0 + 11 fy €u(s) dsllon

Flluollr.0, + [arflie, + [[vol 1,91)||Pm17||1,9-

Thus, (2.28) follows from (2.36), (2.27) and the fact that ||P,n|1.0 < [n]1,o <1
(see Lemma 2.2.)

To prove (2.29), we arbitrarily choose a v € V7 with ||v]]1,0, < 1. We then define
ann € ¥ by n|q, = v and n|q, = 0. Evidently we have that 9|10 = ||V|1.0, <1
and

€0 (1): V]a, = (€5, (1), e < ClI€, 1)y

The last estimate together with (2.28) implies (2.29).
We may prove (2.30) analogously. 0O

2.4. Existence and uniqueness of a weak solution. By passing to the limit
in the Galerkin approximations, we may prove the existence of a solution & for
the auxiliary problem (2.10)—(2.11) which in turn directly yields the existence and
uniqueness of a solution to the fluid-structure interaction problem. Note that as
in the Galerkin approximations, we consider in this subsection the existence of
an auxiliary weak solution on the space ¥ so that the weak formulation does not
contain the pressure term.

Theorem 2.4. Assume that f1,vo,fa, ug and uy satisfy (2.4). Then, there exists
a unique € € L*(0,T;L2(Q)) N HY(0,T; ") which satisfies

t
Elo, € I20,T: X1),  divéla, =0, / €(5)]o, ds € L°(0,T; X)  (2.37)
0
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and (2.10)—(2.12). Moreover,

IEDNE.0 + €17 20,7512 00y + fo 5) ds|l3g1 )

cT 2 2 2 (2.38)
< CeT (|IEl132 0, ranzqayy + ol o)
for allt € 10,77,
H€ ||L2 0 T: \II*)
. (2.39)
< e (|If)3 +voll2 )
0l 2 0.7:v7)
or ) ) (2.40)
< ce“T (|If)3 +Ivoll3 o, )
and
104l 12 07,811
(2.41)

< CeCT(”f”%Z(O,T;L?(Q)) +[[voll o, + ||“1H%,92)'

PROOF: Let &, of the form (2.14) be a solution of (2.15)—(2.16). Using the initial
condition and the energy estimates (2.27)—(2.28) we may extract subsequence of
{&,,}, still denoted by {£,,}, such that

£, > €& in L>(0,T;L*(Q)), €, — €& in L*(0,T;L*(Q)),
Enlo, — €lo, in L?(0,T;H'(Q4)),

/ (€ (3)] e dls / Ml ds in L(0, T; H(2,))

and

0, — € in L*(0,T; %)
for some &€ € L>°(0,T;L%(Q)) N H'(0,T; ¥*) satisfying (2.37). These weak limits
also imply

[ €@ ds = [l ds n 20.7H2w)
and
/ [€0(5) 0] o s — / leullreds  in L2(0, T;HY2(Ty)).

Passing to the limit in (2.17), we obtain (2.12). Also, passing to the limit in (2.27)—
(2.30) yields (2.38)—(2.41).

To prove £ satisfies (2.10), we proceed as follows. We fix an integer N and choose
a function n € C1([0,7]; ¥) having the form

N
n=>_ dit)y; (2.42)
j=1
For each m > N, we integrate (2.15) with respect to ¢ to obtain

T
/ (m 00 s My + P2000€ M2y + ar[€,, M) + a2l [ €, (5) ds, n}) dt
0 (2.43)

= /0 (pl[flﬂn]ﬂl + p2f2, Mo, — azlug, n] + a1[§,,(0) — Voﬂl]) dt.
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By passing to the limit as m — oo, we find

/OT (<<at§,7l>> +ai[€,n) + (lz[fotﬁ(s) d&n]) g

T (2.44)
- / (Pl [flvn]ﬂ1 + pQ[f27n]Qz - a2[u0an]) dt.
0
Here we have used the fact that (see Lemma 2.2)
HEm(O) - V0||1,Q1 = ||Pm£0 - 50”1,91 S ||PmEO - EQ”LQ —0 asm—

Equality (2.44) then holds for all n € L?(0,T; ¥), since functions of the form (2.42)
are dense in L?(0,T; ¥). In particular, (2.44) implies (2.10).

To verify the initial condition (2.11), we first note that the regularity & €
L2(0,T; %) and 9,& € L?(0,T;¥*) implies that & € C([0,7]; ¥*). On the one
hand, by choosing an i € C1([0,T]; ¥) in (2.44) and integrating by parts we have

T
— ((&.0m)) + a1 [€,m] + as[fy €,.(5) ds,m] ) dt
0

T (2.45)
= [ (1201 aaluo, ) + ((€00),m(O))
On the other hand, from (2.43) we deduce
T
/ (_Pl [€m7 81‘/77]91 — P2 [Em? atn}Qz + a1 [€m7 77] + a2[f0t £m(8) dSa n])dt
0 r (2.46)
= [ (67 = aaluo, ] + a6 (0) = vou1) dt + (€, 0). O
Passing to the limit in (2.46) yields
T
| (= (e 0m) + aslg.n) + aalfy €0 ds. )
0 (2.47)

T
= A <P1[f17 'I’]]Q1 + P2[f27 77]92 — a2 [U-07 77]) dt + [[507 77(0)]]
Comparing (2.45) and (2.47) we obtain

((6(0) = &o;m(0))) =0 Vn(0) € ¥, (2.48)
which is precisely (2.11) as n(0) € W is arbitrary.
It remains to prove the uniqueness. The following proof is adapted from [9,

pp.385-387]. Assume £ and £ are two solutions of (2.10)—(2.11). Setting @ = & — &
we have that
6 c L*(0,T;®), 0 € L*0,T;¥"),
(0", m)) + a1[0,m] + as[fy O(s)ds,m] =0 Vne ¥, ae. t, (2.49)
and
0(0) =0. (2.50)
We define ¢ = fot 0(s)ds. Then
CeL*0.T:®), ¢ eL*0.T:®), ¢"eL*0,1:¥"),
(") +ai[¢",n] +azl¢,m] =0 Vne¥, ae. t, (2.51)
¢(0)=0 and ¢'(0)=0, (2.52)
where (-)" and ()" denotes the first and second time derivatives, respectively. We
note that from the regularity ¢ € L2(0,7; ®)NH(0,T; ¥*) and [30, p.176, Lemma
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1.2] we deduce that ¢ € C([0,T]; ®); indeed, the spaces ¥, ® and ¥* satisfy that
¥ —< & — PU* and that the duality pairing between ¥* and ¥ is generated
from the weighted L2 inner product on ®.

We arbitrarily fix a ¢ € (0,7] and define

t
C(r)ydr, telo,t
- [ icein e
0, te[t,T).
Then n(t) € ¥ for every ¢ € [0,T] and equation (2.51) yields

/t <<<C”,n>> +a[¢,m] + as(¢, n])dt —0.

0

Since ¢'(0) = 0 and n(f) = 0, we obtain after integrating by parts in the first two
terms that

(= 1€ anfe. ) alo'cnl) e =0,
Noting that n’(t) = —¢(t) for t € [0,t] we are led to

| 5 (iecl = aalnm)ar = - [ aic.clar
so that £
1 1 '
3160, COU+ goaln©). ) = = [ ani¢, et <o

This implies that
¢(t) =o.
As t is arbitrary, we deduce that
¢=0 inl0,7]x Q.

Hence,
E—¢=¢ =0 m[0,T)xQ. O

Remark: In the proof for uniqueness, it is not known whether &(t) and E(t) belong
to ¥ for almost every ¢. Thus we cannot simply set nn = 8(t) in (2.49).

If & is the solution of (2.10)—(2.12) that is guaranteed to exist by Theorem 2.4,
then by setting v = €|, and u = ug + fot £(8)|q, ds we immediately obtain the
existence of a weak solution (v, u) for the divergence-free formulation of the fluid-
structure interaction problem.

Theorem 2.5. Assume that f1,vo,fa,ug and uy satisfy (2.4). Then, there exists
a unique pair (v,u) € L?(0,T; X1) x L(0,T; Xo) which satisfies (2.6)—(2.8), where
(2.6) holds in the sense of distributions on (0,T). Moreover,

IvOIE .o + ae®IF o + VI 20 701 00y + 0O IF 0,

(2.53)
< O (I£l132 0 mizecay + IuollE 0, + IvolE o, + sl o,)
for allt €10,T) and
HVtHQLz(o,T;v;) + Huttniz(O,T;H*l(Qg))
(2.54)

2
1,00 )

< CeC (JIEI120, oz + 0l

T, Hvolig, + llu
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3. The existence of a strong solution and an L? pressure. Under additional
regularity and compatibility assumptions on the data, we may prove stronger energy
estimates for the Galerkin solutions {£,,}. Such a priori estimates will allow us to
derive regularity results for the solution of (2.10)—(2.11) and to show the existence
of a corresponding pressure field.

3.1. Strong energy estimates.

Theorem 3.1. Assume that f1, v, f2,ug and u; satisfy (2.4) and
ot € L2(0,T; L2(,)), i = 1,2,

(3.1)
Vo € H2(Ql), u; € HQ(QQ), ug € H2(Qg).
Assume further that there exists a pg € H'(Qy) such that
(poﬂl — Ml(vVO + VV(Y;) . Ill) r
’ (3.2)

= (,ug(Vuo +Vul) ng + (Ao + po)(div uo)n2> .

0
where n; denotes the outward-pointing normal along 0;. Then, for each integer
m > 0, the solution &, of (2.15)~(2.16) satigﬁes the estimate

”é/ ( )HOQ + ||£ ”LQ 0,T;H (Q1)) —+ H fo dSHHl(Qz

< CQCT(”f”%{l(O,T;LQ(Q)) + HUOH%Q2 + ||V0||§,Q1 + ||]90||%,Q1 + ||u1||§,92)
for allt €10,T].

(3.3)

PROOF: Defining ¢,,, = 9:£,, and differentiating (2.15) we obtain that for each
t e 0,17,

[8tcm7 77}91 + p2 [atCnm T’]Qz + a’l[cm’ n + az f() 7n dS T’]

= pl[atflan]ﬂl + P2[atf2a77]ﬂ2 - a2[€m(0)7n] V”? € ‘I’m

Setting n = ¢,,,(t) in (2.15) and repeating the steps for the derivation of (2.31) we
have

(3.4)

1m(®)2.0 + / 01 [Con (D), Con (D) it + as[ [} Cou() s, Ji o) dis]

< CICn O 0 + 19681320 7,222 + ||sm<o>||%,92)
so that using Gronwall’s inequality (2.32) and (2.16) we deduce
1 (B 6 < CeT (1 O)IF 0, +I90E1 20 rw2ay + IVolE, +lwil g, ) (3.6)

The term [|&], (O)||(2)7Ql can be estimated as follows. Evaluating (2.15) at ¢t = 0 then

setting 7 = &/ (0) and using (2.16) and the divergence-free property of ¥,,, we
deduce

[1£7,(0), €, (0)]] = [[£(0). &,,,(0)]] — az[uo,&;,(0)] — a1[vo, &,,(0)] — b[€},,(0), po]
= [[£(0), &, (0)]] + [Aug + V(div o), &, (0)]e, + [Avo — Vpo, £,,,(0)]e,

(3.5)

+/ ( — [LQ(VIIO + VuOT) sNg — (Ag + ,ug)(le 110)112
To

+pomy — (Vo + V) 1y ) - €,(0) dT
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so that upon substituting (3.2) into the last estimate we have

1€1,(0), £, ()] < CIFONZ2 )+ Ivol B Il o, +0l3 ) + 5[0 (0), €5, (O]

This last relation and the estimate
1€y < C(IE1 20 riee @y + 191320 rezce)
lead us to
[1€1,(0). £, (0)]] < C(Ivol3.0 + Ipol 2, + Iwoll3.c + €13 0.z ca )
From (3.5), (3.6) and the last inequality we obtain (3.3). O

Remark: The term a;[€,,(0)—vo, n] is added to the Galerkin approximation (2.15)
to provide the cancellation of a;[€,,(0), 7] in the estimation of [[¢],(0), &, (0)]]. This
extra term vanishes in the limit as m — oo and thus does not affect the continuous
weak form.

As an immediate consequence of Theorems 2.5 and 3.1 we obtain the following
strong a priori estimates for the solution to (2.6)—(2.8).

Theorem 3.2. Assume the hypotheses of Theorem 3.1 hold. Then, the solution
(v,u) to (2.6)—(2.8) satisfies the estimate

10:v (D15 2, + 10 a @G 0, + 106V 17207, + 10017 g,

(3.7)

< CGCT<Hf|ﬁ11(o,T;L2(Q)) + ||110H§,Q2 + HVOH§,91 + ||p0||%,91 + ||111||%,Q2)~

3.2. The existence of a pressure. With the existence of a strong solution guar-
anteed by Theorem 3.2, it is now possible for us to establish the existence of an L?
integrable pressure.

To find a pressure that satisfies (2.5), we need to show the existence of a p €
L?(0,T; L?(€2;)) such that

b[n,p|] = —pi[ve,nla, — a1[v,n] — p2[uy, n]a, — az(u,n] 38)
+o1lf1, mla, + p2lf2,nlo, YV e HE(Q), ae. t.

Using the auxiliary formulation (2.10), we see that this is equivalent to showing
there exists a p € L2(0,T; L?(;)) which satisfies

f1 [gtv 77]01 + p2[£t» "7]92 + b[nap] + al[sa 77] + G’Q[f(f 5(8) ds, 77] (3 9)

= pilfi,mla, + p2lf2, Mo, —azlue,m]  Vn e Hy(Q), ae. t.

By virtue of [17, p.58, Lemma 4.1], the proof of the existence of a pressure p for
(3.9) is reduced to showing the following inf-sup condition for the pair of function
spaces {H}(2),Q1}, where Q1 = L?(Q4):

inf sup ——md oo (3.10)

€@ peny() [Mlellgloa

The proof of this inf-sup condition follows exactly that of [1, Lemma 3.1}, though
the inf-sup condition established in that Lemma is for a slightly different pair of
function spaces.

Theorem 3.3. The inf-sup condition (3.10) holds.
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PROOF: Obviously, it suffices to show that

Vg€ Q1, 3an n € ¥ such that divn|g, = ¢ and ||9|l1.0 < Clldllo,q,-  (3.11)
Let ¢ € Q1 be given. We define g € LE(Q) = {s € L*(Q) | [, sdQ =0} by glo, =¢
and gla, = —(1/|Q2|) le g dx. By virtue of [17, p.24, Corollary 2.4], there exists a
unique 1 € H}(Q2) such that

divp=q,  |nlhe < Cldloa < Cllgllog,-
This proves (3.11), which in turn implies (3.10). O
From [17, p.58, Lemma 4.1] and Theorems 2.5, 3.2 and 3.3 we readily deduce

the following result.

Theorem 3.4. Assume the hypotheses of Theorem 3.1 hold. Then, there exists a
unique triplet (v,p,u) which possesses the regularity

v e L0, T;L2(2)) N L*0,T; X1), wue L®(0,T;Xs), pec L*0,T;L*())
vi € L0, T;L2(2)) N L*(0,T; X1), us € L*(0,T; X3), uy € L*(0,T;L%(Q))
and satisfies equations (2.5), (2.7), (2.8) and

bv,q) =0  Vqge L*(), ae. t.
Moreover, the estimates (2.53), (3.7) and

IpllL20,7:02(01))

< Ce (11310 (e + 10

2 0.+ IVol3a, + Ipoll3 o, + il a,)

hold.

For a strong solution in the sense of Theorem 3.4, the velocity interface condition
holds in the strong sense

v|r, = wlr, in L2(0,T; HY?(Ty))
and
Vlr, = wlp, in HY2(Ty), a.e. t.
Also, it can be inferred that
veC([0,T];X1), ueC(]0,T];X3) and oyu € C([0,T); L3(Qs))

so that the initial conditions (2.7) hold in the respective strong senses.

Remark. The inf-sup condition (3.10) is equivalent to the following inf-sup con-
dition for the space pair {X1, @1 }:

. b[v, q]
inf sup —————
1€ vex, [[Vlvallalloa

> C. (3.12)

To see this, let the extension operator E : X; — H}(2) be defined as follows: for
every z € Xy, (Ez)|q, = 2z and (Ez)|q, = Z where z € X5 is the solution of

[VZ,Vwlg =0 VYw e H}(Q), z|r, =0, Z|r, = z|r,- (3.13)
(For each given z € X1, the definition of X; ensures that there exists an n € H}(Q)

such that n|r, = z|r, so that (3.13) possesses a unique solution z € Xs.) Standard
elliptic estimates (e.g., [17, p.12]) yields

1E2]10 < Cll(E2)|o, 1.0, + [[(E2)],[l1.0, < CllzllLo, + l|2lli/2r,) < Cllzl1e,



FLUID-STRUCTURE INTERACTION 649

for all z € X;. Then, for every ¢ € Q1 we have

. b[n, q] b[Ez, q|
sup ——————— > N
neni(@) lalloe InllLe ~ zex: llallog, [1E2l1,0
blE b
Z C Sup [ z?Q] — C Sup [Z,q}
zex; lldllo., 12]l10, zex; lldllo.; 12]]1.0,
and
b b b
sup [0, 4] < sup [0, 4] < sup [z, 4]

Lo zexy llalloo llzlhe,”

nery@) oo 1Mo ™ nerice) lallo.o: Inl

in other words, (3.10) and (3.12) are indeed equivalent. The inf-sup condition
(3.12) is useful for recovering the pressure field from the fluid equations. As a side
remark, we point out that this inf-sup condition is also useful for analyzing the
Stokes problems with mixed velocity/stress boundary conditions.

4. Concluding remarks. We have demonstrated the existence and uniqueness of
weak (fluid velocity and solid displacement) solutions of a fluid-structure interac-
tion problem involving a linear, viscous, incompressible fluid and an elastic solid.
We have considered the particular case of a solid that undergoes only infinitesi-
mal elastic displacements but whose velocity is large enough so that the fluid and
structure remain fully coupled. Under additional smoothness assumptions on the
data, we have also demonstrated the existence of an L? integrable fluid pressure.
In forthcoming work, we will consider finite element approximations of our model
fluid-structure interaction problem and, in future work, we will consider the exten-
sion of our results to nonlinear fluid models such as the Navier-Stokes equations
and to optimization and control problems involving the interactions between fluids
and structures.
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