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Asymmetric equilibrium configurations of a body immersed in a 2d laminar flow

Edoardo Bocchi and Filippo Gazzola

Abstract. We study the equilibrium configurations of a possibly asymmetric fluid—structure interaction problem. The fluid
is confined in a bounded planar channel and is governed by the stationary Navier—Stokes equations with laminar inflow and
outflow. A body is immersed in the channel and is subject to both the lift force from the fluid and to some external elastic
force. Asymmetry, which is motivated by natural models, and the possibly non-vanishing velocity of the fluid on the boundary
of the channel require the introduction of suitable assumptions to prevent collisions of the body with the boundary. With
these assumptions at hand, we prove that for sufficiently small inflow /outflow there exists a unique equilibrium configuration.
Only if the inflow, the outflow and the body are all symmetric, the configuration is also symmetric. A model application is
also discussed.

Mathematics Subject Classification. 35Q35, 76D05, 74F10.

1. Introduction

Let L > H > 0 and consider the rectangle R = (=L, L) x (—H, H). Let B C R be a closed smooth domain
having barycenter at the origin (z1,22) = (0,0) such that diam(B) <« L, H. We study the behavior of
a stationary laminar (horizontal) fluid flow going through R and filling the domain Q;, = R\ Bj, where
Bj, = B + hey for some h (a vertical translation of B), see Fig. 1. Note that By = B.

The fluid is governed by the stationary 2D Navier—Stokes equations

—pAu+u-Vu+Vp=0, V-u=0 in Q, (1.1)

complemented with inhomogeneous Dirichlet boundary conditions on 9, = 0B, U OR, see (2.4). Here,
1 > 0 is the kinematic viscosity, u is the velocity vector field, p is the scalar pressure.

The body B is subject to two vertical forces. The first force (the lift) is due to the fluid flow and tends
to move B away from its original position By; it is expressed through a boundary integral over 0B, see
(3.1). The second force is mechanical (elastic) and acts as a restoring force tending to maintain B in By.
When there is no inflow/outflow, the body is only subject to the restoring force and remains in By which
is the unique equilibrium position. But, as soon as there is a fluid flow, these two forces start competing
and one may wonder if the body remains in By or, at least, if the equilibrium position remains unique.

We show that if the inflow/outflow is sufficiently small, then the equilibrium position of B remains
unique and coincides with By, for some h close to zero. We point out that, contrary to [3,8,10], we make
no symmetry assumptions neither on B nor on the laminar inflow/outflow. Therefore, not only the overall
configuration will be asymmetric but also some of the techniques developed in these papers do not work
and Bj may be different from By. The motivation for studying asymmetric configurations comes from
nature. Only very few bodies are perfectly symmetric, and most fluid flows, although laminar in the
horizontal direction, are asymmetric in the vertical direction: think of an horizontal wind depending on
the altitude or the water flow in a river depending on the distance from the banks. Figure2 shows two
front waves in sandstorms that have no vertical symmetry although the wind is (almost) horizontally
laminar.
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Fic. 1. Rectangle R and the body B with its vertical displacements By,

Fic. 2. Front wave of two wind storms

In Sect. 2, we give a detailed description of our model and we prove that, for small Reynolds numbers,
the Navier—Stokes equations are uniquely solvable in any €25, see Theorem 2.2. The related a priori bounds
depend on h, and this is one crucial difference compared to the (symmetric) Poiseuille inflow/outflow
considered in [3]. It is well known [5] that to solve inhomogeneous Dirichlet problems for the Navier—
Stokes equations, one needs to find a solenoidal extension of the boundary data and to transform the
original problem in an homogeneous Dirichlet problem with an additional source term. For the existence
issue, one can use the classical Hopf extension, but there are infinitely many other possible choices for
the solenoidal extension. One of them, introduced in [12], was used in [3] to write the lift force as a
volume integral by means of the solution of an auxiliary Stokes problem. For asymmetric flows, the
same solenoidal extension does not allow to estimate all the boundary terms and, in order to obtain
refined bounds for the solution to the Navier—Stokes equations in €25, we build a new explicit solenoidal
extension that also plays a fundamental role in the analysis of the subsequent fluid—structure interaction
(FSI) problem.

The main physical interest in FSI problems is to determine the w-limit of the associated evolution
equations because this allows to forecast the long-time behavior of the structure. Since the evolution
Navier-Stokes equations are dissipative, one is led to investigate if the global attractor exists, see [7,15]:
the main difficulty is that the corresponding phase space is time dependent and semigroup theory does
not apply. The global attractor contains stationary solutions of the evolution FSI problem that we call
equilibrium configurations, which are investigated in the present work.

In Sect.3, we introduce the lift force and the restoring force and we set up the steady-state FSI
problem. Our main result, namely Theorem 3.1, states that, for small Reynolds numbers, the equilibrium
position is unique and may differ from By. By exploiting the strength of the restoring force, uniqueness
for the FSI problem is obtained without assuming uniqueness for (1.1). To prove this result, we need
some bounds on the lift force in proximity of collisions of Bj with OR: these bounds are collected in
Theorem 3.2 and proved in Sect. 4 by using the very same solenoidal extension introduced in Sect. 2. The
remaining part of the proof of Theorem 3.1 is divided in two steps. In Subsection 5.1, we prove some
properties of the global force exerted on the body B. These properties are then used in Subsection 5.2
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to complete the proof by means of an implicit function argument, combined with some delicate bounds
involving derivatives of moving boundary integrals. We emphasize that for our FSI problem we cannot
use the explicit expression of the lift derivative as in [17] because the displacements Bj, within R do not
follow the normal of By, in particular if 0B}, contains some vertical segments. Instead, based on the
general approach introduced in [2] (see also the previous work [14]), we compute with high precision the
lift variation with respect to the vertical displacement parameter h of Bj by acting directly on the strong
form of the FSI problem.

Section 6 contains the symmetric version of Theorem 3.1, see Theorem 6.1 which states that, under
symmetry assumptions on the inflow/outflow and on B, for small Reynolds numbers the equilibrium
position is unique and coincides with By. This extends former results in [3,8,10] to a wider class of
symmetric frameworks.

As an application of our results, in Sect. 7 we consider a model where B, represents the cross-section of
the deck of a suspension bridge [6], while €, is filled by the air and represents either a virtual box around
the deck or a wind tunnel around a scaled model of the bridge. Since the deck may have a nonsmooth
boundary, we also explain how to extend our results to the case where B is merely Lipschitz.

2. Fluid boundary value problem

Let R and B be as in Sect. 1 (Fig. 1) with
B of class W2, (2.1)

On the one hand, (2.1) ensures the regularity (u,p) € H?(Qy) x H(Qy,) for the solutions to (1.1), see [14,
Theorem 2.1] and Theorem 2.2. On the other hand, in engineering applications B is usually a polygon
with rounded corners, see Sect. 7, which belongs to W?2° but not to C2. Let

0p:=— min 29>0, & := max x>0, 7:= max |x1]. (2.2)
(z1,22)EOB (z1,22)EOB (z1,22)EOB

Since we consider vertical displacements By, within R, we have h € (—H + 6, H — 6;) and Bj, C [—7, 7] X
[h— 0p, h+ 4] for any such h. Then, Q) = 0By UOR. The bottom and top parts of OR are, respectively,

Iy=[-L, L) x{-H} and Ty=[-L,L] x{H},
while its lateral left and right parts are, respectively,
I''={-L} x[-H,H] and T,={L}x[-H,H].
Let Vin, Vous € W2 (—H, H) C C°[—~H, H] satisfy
Vin(=H) = Vour(=H) =0,  Vin(H) = Vour(H) =U >0,

H H
(2.3)
/ Vin(z2)das = / Vout (2)dz2.
—H —H
For some A > 0, we consider the boundary value problem
— pAu~+u-Vu+ Vp =0, V-u=0 in Qp,
Uy, = Up, =0, wyp, =AVer, up, = MVin(w2)er,  up., = AVour(w2)er. (2.4)

Note that u,, € C°(OR) and (2.3)-(2.4) are compatible with the Divergence Theorem. The role of A > 0
in the boundary conditions is to measure with a unique parameter the strength of both the inflow and
the outflow. Hence, A\ < Re where Re is the Reynolds number.
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Fic. 3. Qualitative behavior of A = A(h) for U = 0 (left) and U = 1 (right)

Definition 2.1. We say that (u,p) € H?(,) x H'(Qy) is a strong solution to (2.4) if the differential
equations are satisfied a.e. in €2, and the boundary conditions are satisfied as restrictions (recall that
Hz(Qh) C CO(Qh))

We now state an apparently classical existence and uniqueness result which, however, has some nov-
elties. First, since the domain 2, is only Lipschitzian, the regularity of the solution is obtained through
a geometric reflection. More importantly, the explicit upper bound for the blow-up of the H'-norm of
the unique solution to (2.4) in proximity of collision: when B approaches I';, the norm remains bounded
while when B approaches I', we estimate its blow-up. This refined bound requires the construction of a
suitable solenoidal extension of the boundary data. Note that, up to normalization, we can reduce to the
cases where

U 0,1} (2.5)
In order to state the result, we define the distances of the body By, to I'y, and I';, respectively, by
ep(h) :=H — 6, + h, ge(h) == H — 0y — h. (2.6)

Hence, 0 < e(h),e¢(h) < 2H — 6, — 0, for any h € (—H + 6y, H— ;). Throughout the paper, any (positive)
constant depending only on u, By, L, H will be denoted by C' and, when it depends also on h, by Cj},.
We may now state

Theorem 2.2. Let h € (—H 468y, H—10;) and assume (2.3) with (2.5). Then, (2.4) admits a strong solution
(u,p) for any A > 0 and there exists A = A(h) > 0 such that the solution is unique if X € [0,A(h)); if
U =0, A(h) can be chosen independent of h, i.e., A(h) = A > 0. Moreover, there exist C > 0 and Cj, > 0
such that the unique solution (when A < A(h)) satisfies

lull i,y < C(L+Uler(R)) 72/, (2.7)
[ull 20,y + [Pl H1 () < CRA (2.8)

A priori bounds such as (2.7) and (2.8) are available for any A > 0 and any strong solution of (2.4), but
with different powers of \.

Before giving the proof, let us explain qualitatively the main differences between the cases U = 0 and
U = 1. For U = 0, the a priori bound (2.7) is independent of h, so that the graph of A(h) looks like Fig. 3
(left). For U = 1, (2.7) depends on h and A(h) itself may depend on h, see Fig. 3 (right) and (2.20).

Proof. Existence of weak solutions. For later use, we first define weak solution for the forced Navier—Stokes
equations

—pAu+u-Vu+ Vp = f, Veu=0 in Q, (2.9)
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which reduces to (2.4) when f = 0. We say that u € H'(£2),) is a weak solution to (2.9) with f € L?(,)
if u is a solenoidal vector field satisfying the boundary conditions in the trace sense and

u/Vu:V<,9+/u-Vu-<p:/f-<p (2.10)
Qp

Qp Qp

for all o € W(Qy) :={p € H}(Q) : V- =0 a.e. in Q}. For any weak solution u, there exists a unique
associated p € L2(Qy,) (i.e., with zero mean value), satisfying

u/Vu:Vw—i—/u-Vu-w—/pV-z/J:/pr (2.11)

Qp h Qpn Qpn
for all ¢ € H}(Qy) (Lemma I1X.1.2, [5]). In (2.24), we introduce an ad-hoc solenoidal extension matching
our geometric framework which is not optimal for our current purpose. This is why we use here the
well-known Hopf’s extension s that reduces the effect of the nonlinearity and allows to prove existence
for any A > 0. Hence, we recast (2.4) as (2.9) with homogeneous boundary conditions, namely

—pAv+v-Vo+Vp=f V.v=0 in Q, =0, (2.12)

where f = uAs —s- Vv —v-Vs—s-Vs. Then, there exists v € W(Q},) satisfying (2.10) for any A > 0
(Theorem IX.4.1, [5]). This is equivalent to say that the vector field u = v+s € H'(£,) and the associated

Vlsa,

pressure p € L?(€2,) satisfy (2.10)-(2.11) with f = 0. Moreover, V - u = 0, Ujpe, = S|y, and
lullar@u) < CUIVOIL2 @) + sl @n)
<O ((1+2) sl + Hllslrs,)) < Cn(A+2%), (2.13)
P20,y < Clullullm ) + llullfie,) < Ch(A+ %), (2.14)

In these bounds and the ones below, we only emphasize the smallest and largest powers of A, as for any
polynomial. These bounds are not part of the statement, but they will be used later in the present proof.
Regularity. We claim that any weak solution (u,p) to (2.4) satisfies (u,p) € H?(,) x H*(Qy,). This
would be straightforward if Q;, € W2 see [14], but R is only Lipschitzian. Here, we take advantage of
the particular shape of R and use a reflection argument as in [9]. We construct a new domain Qf, = R*\ B},
obtained by reflecting €, across I'y, where R = (=L, L) x [H,3H) and B}, is the reflection of Bj, with
respect to I';. Define (uf, p') : Qf — R? x R by
ul(xy, H + x0) = uy(xy, H — x3), ub(wy, H + x9) = —ug(x1, H — 1),
p'(x1, H + x9) = p(z1, H — 1) for all (z1,22) € (—L,L) x [0,2H),
which satisfies
—pAut +ut VU +Vph =0, V-u'=0 in Q. (2.15)

Therefore, the couple

(uf,p') in Qf,

(@.5) = {(u,p) in Q,

satisfies the Navier—Stokes equations
—pAU+U-Vu+Vp=0, V-u=0 in {(-L,L)x (—H,3H)}\{B,UB}}.

Similarly, let Q% = R’ \ B} with R® = (—L,L) x (=3H,—H] and B} is the reflection of B, with respect
to I'y. Define (u®,p?) : Q% — R? x R by

uzf(xh—H —x9) = uy(z1, —H + x2), ug(ﬂcl,—H — x9) = —ua(z1, —H + x2),
PPz, —H — x9) = p(a1, —H + ) for all (z1,22) € (—L,L) x [0,2H),
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which satisfies the corresponding of (2.15) in 0%. Thanks to these two vertical reflections, we obtain a
solution in €, = {(—L,L) x (=3H,3H)}\{B, U B}, UB}}.

With the same principle, we then perform two horizontal reflections of €] with respect to 1 = £L.
At the end of this procedure, let

Q= {(~3L,3L) x (~3H,3H)} \ {B), and its eight reflections}
and (,p) : 0, — R2 x R be the extension of (u, p), so that
—pAT+T-Vi+Vp=0, V-u=0 in Qp, =0 (2.16)

and @ satisfies further boundary conditions that we do not need to make explicit. After introducing a
suitable solenoidal extension, we can proceed as in the first part of the proof and obtain the existence of
a solution (,p) € H'(Q,) x L?(Q,) satisfying the bounds (2.13)-(2.14). Hence, @ - Vu € L3/2(€,) and

@ S Cn(Z A1) (2.17)

Ulyp,

HE' va”m/z(ﬁh) < ||ﬂ||L6(§h)||Vﬁ||L2(§h) < C’||E||

with C, = C(€). By applying [14] and [5, Theorems IV.4.1 and IV.5.1] to the Stokes problem (2.16),
we infer that (W, p) € W23/2(Q) x Wh3/2(QV') for any ' C Q;, and
llw25/200) + [IPllwrer2)

~ o~ ~ _ (2.18)
< Ch(llu- VU||L3/2(g”zh) + Hu||wl,3/2(ﬁh) + HPHLS/z(Qh)) < Cr(A+ 2%

with Cj, = C(€, Q). We recall that (@, p) = (u, p) in €2,. Then, using Sobolev embedding W2:3/2 < /1.6
in R? and a bootstrap argument we obtain that (u,p) € H?(Q) x H(2,). Moreover, from (2.17)-(2.18)
we get
[ull a2 @) + 1Pl @) < Cnllle- VallLzn + @l @y + 11Pl22 @)
< Cn(lltll 2o IVl ey + [l o) + 1Pl z20n)
< Cu(llull mron lallw2s/2 @y + Ul g1y + 1P]l L2 0r))
< Op(A+ 2
with Cj, = C(Qp, Q). This also proves (2.8) whenever A < A(h).
Uniqueness. Let u; and ug be two weak solutions to (2.4), let w = u; — ug, then

u/Vw:V<p+/w~Vw-cp:—/(w~Vu2+u2~Vw)-<p
Qp Qp Qn
for all ¢ € W(Qp,). Then, take ¢ = w so that the latter yields

N||Vw||%2(9h) = —/w Vg - w < HVU2||L2(Qh)||w||2L4(Qh,)
&, (2.19)
< Cp(1+ ) A+ X)) [[Vllizg,),

where we used Holder, Ladyzhenskaya and Poincaré inequalities and (2.13). Hence, there exists A =
A(h) > 0 (uniformly upper-bounded with respect to h) such that

A€ [0,A(h) <= Ch(l+ A+ A) <p (2.20)

and this condition implies ||Vwl|z2(q,) = 0 and, in turn, w = 0 since Wy, = 0.

Refined bounds. For A € [0, A(h)), in all the above bounds we can drop the largest power of \ and they
all become linear upper bounds. We treat separately the cases U = 1 and U = 0 and we make explicit
the dependence of the constant C, in (2.13) on h.

When U = 1, we claim that the unique strong solution u to (2.4) satisfies

el 0,y < C(1+ (ee(R) =) (2.21)
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FI1G. 4. Cutoff functions ¢; (left) and ¢, (right) on R when U =1

with C' > 0 independent of h. To this end, we introduce a different (and explicit) solenoidal extension.
Consider the cutoff functions ¢, ¢, € C°°(R?), with 0 < ¢;, (. < 1, defined piece-wise in the rectangles of
Fig. 4 by

0 in [-7,7] X [—H,H - #} ,
0 in [r,L] x [-H, H],
Gzy,20) = 1 in [-L,-27] x [-H, H], (2.22)
¢O(x1) in [~2r,—7] x |~H,H — =8|
C*-completion in [-27,—7] x |H #,H},

where ¢ is a function only of z1, and

0 in [_Tv T] X |:_HaH - Etéh) ’
0 in [7L7 77'] X |:*H,H Etz(lh):| ,
Clera) = in [2r, L] x [—H, H — 2] (2.23)
r(r1,20) = .
v (1) in [r,27] x |—H,H — =%
1 —G(x1,22) in [-L,L]x |H-— Etflh)7H ,
C-completion in [—7,27] x |H Etgh),H Etih)} 7
where (¥ is a function only of z;.
Then, letting V+ = (—0s, 1), consider the vector field s : R — R? defined by
To 2
s(x1,x0) := AV | Gla1, 22) / Vin(2)dz + ¢ (21, 2) / Vout (2)dz | (2.24)

which is solenoidal and satisfies the boundary conditions in (2.4). Rewriting s as

T2 xr2
s(er,az) = A | VG / Vi — V¢, / Viut + (QVin + G Vour)er |
—H —H
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its partial derivatives read

815 =A _VL(?ICI / V}n - VL@ICT / ‘/out + (algvvin + 61<rvout)el 5
“H “H

825 = )\< - vla2Cl / ‘/in - vlach / ‘/out - VLClein - VLCrvvout
“H “H

+ (62@‘/111 + a247"‘/0ut + Cléwn + Crd;izvout)el) .

Using that Vi, Vous € W2°(—H, H) and that (;, ¢, are smooth, it follows that
18]l oo (2> 18l L2 (@n)s 18I L2 (), VI L2 (00)5 1AS| 2 (0,) < Ch,
||S . VSHLz(Qh) < Ch)\z < CRpA.

We need to quantify the dependence of Cj, > 0 on &,(h) and &¢(h). On the one hand, we notice that, by
construction, both (; and ¢, depend on x5 only in

(2.25)

Qet(h) = [-27,27] X {H — —Etéh),H . (2.26)

In this domain, the x;-derivatives of (; and (, are uniformly bounded with respect to h while the
xo-derivatives blow-up as €;(h) goes to zero, for instance, we have

102611, 102¢| < Cler(h)) ™, 103¢,1,105¢1 < Clee(h)) 2.
Therefore, in €., 1)
ls| < C(1+ (e,(h) ™A, 01| < C(1+ (24(h) DA,
025 < C((e(h)) ™" + (e4(h) "2\

On the other hand, the cutoff functions depend only on 1 in Q4 \ €, ;) and their 2; and xo-derivatives
are uniformly bounded with respect to h. Therefore, in Q4 \ Q, )

Is], 101 8], |O2s] < CA.
Gathering all together, we refine the bounds in (2.25) as
sl o= 0y < C(1+ (ee(h)THA,

1/2
Isllzn <CA+C | [ @) | A< @) .
et () .
sl L1y < C(1+ (ee(h) ">/, V]l L2y < C(1+ (ee(h) 732N,
[As]| 220y, 18- Vsllrzean < C(L+ (ee(h) 7>/,
with all the constants C' > 0 independent of h. Then, testing (2.12) with v = u — s we obtain
HHVU”%Z(Q}L) :*/U'VS'U—/s-Vs-vfu/Vs:Vu (2.28)

Qpn Qpn Qp

We want to estimate, when possible, only s and not Vs since the bounds for s are less singular in terms
of £,(h). Hence, since V- v =V - s = 0 and using integration by parts, we rewrite (2.28) as

u||V1J||2L2(Qh) z/v-Vv-s+/s~Vv~s—u/Vs:Vv. (2.29)
Qh, Qh Qh
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We split the first integral in the right-hand side over €, ) and Qj \ €, (). On the one hand, since

v, =0, Poincaré inequality

5t(h)

lllz2 @ ) < =5 IVllz2 @, )

and Holder inequality yield

| @905 < el o) 190200, 0l 6,
Qe,(n)
< CaW[Vollia, ) (L + (1) A < OVl

where we used that [|s||r<(q,, ) < C(1+ (ee(h))"Y)X and &,(h) < 2H — &, — &;. On the other hand,
since Vlp,r, = 0, Poincaré and Holder inequalities yield

(0 Vo). s < HUHLZ(Qh\Qq(hﬂ||Vv\|L2(gzh\s15t<h))HSHLoo(Qh\QEt(h))
Qr\Qe, (n)
< CAIIVv||2L2(Qh\QEt<h>)’

where we used that ||s| ze,\q. ) < CA. Therefore, from (2.27) and (2.29) we infer

et (h)

M||VU||2L2(Qh) < C/\||VU||2L?(Qh) + HSH%HQ,L) vUHL?(Qh) + H”VSHLQ(QFL)||VU||L2(Q’L)
< MV 220,y + CA+ (£:(R)*2) (A + N)||V0l| 22(q,)-

Then, for A € [0, A(h)) with A(h) as in (2.20) we have

IVollz2(@,) < CL+ (e(h))*/)A (2.30)
and

lull g0,y < IV0lL2g@u) + sl < O+ (e(B)7*2)A,
which proves (2.21).
When U = 0, we claim that the unique strong solution w to (2.4) satisfies
ull 1 () < CA (2.31)

with C' > 0 independent of h, which will imply that A(h) = A can be also taken independent of h. In this
case, we shall define the cut-off functions and the solenoidal extension differently depending if h < 0 or
h > 0.If h <0, we define ¢, ¢, as in (2.22)-(2.23) (see Fig.5) replacing e;(h) with the distance of By to
Ty, namely £,(0) = H — ;. The solenoidal extension s is then defined as in (2.24). By construction both
¢; and ¢, depend on x2 only in €, (g, defined as in (2.26) with £;(h) replaced by €;(0). In this domain,
both x; and xso-derivatives of (; and (. are uniformly bounded with respect to h, for instance, we have

|02Gi], 1026,] < C(e4(0)™H < C,  [85¢,],105G] < Cler(0))2 < C.
Since in Q4 \ g, (o) the cutoff functions depend only on x;, we infer that s, 015 and Jys are uniformly
bounded with respect to h in all ; and
[slloe@n)s 18l L2(00), I8l L4 (04), 1VSIlL20,) < CA (2.32)

Repeating the same computations as in the case U = 1 and using (2.32), we obtain (2.31) for h < 0.
If h > 0, we make a vertical reflection xo — —x5 and we consider the new cutoff functions defined
piece-wise in the rectangles of Fig. 5, where £,(0) = H — Jj.
Then, we consider the vector field s : R — R? defined by
H H

s(orsrz) = AV [ Glonsaa) [ Vialo)de + Glonsaa) [ Vo) |

o Zo



180 Page 10 of 25 E. Bocchi and F. Gazzola ZAMP

H H
o2 0 0 @ |
-H+ eSO)/z -H+ 8'3(0)/2
H + (0)/4
-H -H 1- C| o
-L -2t -T T L -L -T T 2t L

FiG. 5. Cutoff functions ¢; (left) and ¢, (right) on R when U = 0 for h > 0

which is solenoidal and satisfies the boundary conditions in (2.4). By the same argument used when
h <0, s, 01s and Jas are uniformly bounded with respect to h in 2. Therefore, using again (2.32), we
obtain (2.31) for h < 0. O

Remark 2.3. We stated (2.7) and (2.8) only in case of uniqueness because, in what follows, A will be
taken small and higher powers of A can be upper estimated with the first power.

The reflection method used to obtain the regularity result has its own interest. The rectangular shape
of the domain is crucial and the technique fails for other polygons. However, in the case of convex polygons,
in particular also for a rectangle, one can obtain the more C*°-regularity result by using Theorem 2 in
[13], see also [11, Section 7.3.3] and [4].

3. Equilibrium configurations of a FSI problem

By Theorem 2.2, for any (A, h) € [0,+00) x (—H + 0y, H — &) there exists at least a strong solution
(u,p) = (u(A, h),p(A, h)) to (2.4). The fluid described by (u,p) in €, exerts on By, a force perpendicular
to the direction of the inflow, called lift (see [16]). Since the inflow in (2.4) is horizontal, the lift is vertical
and given by

Lok = ex [ Twpn, (3.1)
8By
where T is the fluid stress tensor, namely

T(u,p) = p(Vu + Vu") = pl,

and n is the unit outward normal vector to 92, which, on 0B}, points toward the interior of Bjy,.
In fact, £(A, k) is a multi-valued function when uniqueness for (2.4) fails. However, we keep this simple
notation instead of writing L£(A, b, u(\, k), p(A, h)), in which also the dependence on the particular solution
(u, p) is emphasized. The regularity of the solution (see Theorem 2.2) and the smoothness of By, yield
T(u,p)j,s, € H'Y?(0By,) C L'(0By); hence, the integral in (3.1) is finite. In fact, the lift can also be
defined for merely weak solutions, see (7.5) in Sect. 7. Note that (3.1) holds for any A > 0 and any solution
0 (2.4), but our main result on the FSI problem focuses on small inflows, see Theorem 3.1.

Aiming to model, in particular, a wind flow hitting a suspension bridge, the body B may also be subject
to a (possibly nonsmooth) vertical restoring force f tending to maintain B in the equilibrium position By
(for h = 0); see Sect. 7. We assume that f depends only on the position h, that f € CY(—H + &, H — &;)
with f(0) =0 and

f(h1) = f(hs)

3 .t
vy>0 s -

2 Y Vhl,hz S (—H+5b,H - 5t)7 hl 7& hg. (32)



ZAMP Asymmetric equilibrium configurations Page 11 of 25 180

Moreover, we assume that there exists K > 0 such that

limsup f(h)(H — & + h)*? < —K,

h——H+3, (3 3)
- f(h) '
Wt s, max{(H — o, — h)~3/2,U(H — 6, — h)~3} —

The assumption (3.3) is somehow technical and prevents collisions of B with the horizontal boundary
I, UTY, at least for small inflow/outflow. It can probably be relaxed but, so far, only few (numerical)
investigations on the effect of proximity to collisions of hydrodynamic forces (such as the lift), acting on
non-spherical bodies, have been tackled, see [20] and references therein. The presence of U in (3.3) high-
lights the different behavior of f when B is close to I'; for U = 0 or U = 1. In the first case, f has the same
strength close to I'y and I';. Conversely, for U = 1, the asymmetry of the boundary conditions requires
a different strength of f, which is stronger when B is close to I'; than when B is close to I'y. Overall,
(3.2)-(3.3) model the fact that B is not allowed to go too far away from the equilibrium position By.

Since we are interested in the equilibrium configurations of the FSI problem, we consider the boundary-
value problem (2.4) coupled with a compatibility condition stating that the restoring force balances the
lift force, namely

—pAu+u-Vu+Vp=0, V-u=0 in Q
,=AUer, wy, = AVin(z2)er,  up = AVour(z2)er,
£ =—cz- [ Twpn (3.4)

OBy,

r

ulth ZU| b ZO7 U|F

Our main result concerns the existence and uniqueness of the solution to (3.4) for small values of A that
we expect to be stable.

Theorem 3.1. Let f € CO(—H+6y, H—3,) satisfy (3.2)-(3.3) with f(0) = 0 and Vin, Vou, € W2>°(—H, H)
satisfy (2.3) with (2.5). There exist A1 > 0 and a unique h € C°[0, A1) such that for X € [0,A1) the FSI
problem (3.4) admits a unique solution (u(X\, h),p(\,h),h) € H?(Q)x HY () x (—H+8, H—6;) given by

(u(A, 5(A); (A, B(A)), H(A))-

We emphasize that Theorem 3.1 ensures uniqueness of the equilibrium configuration for the FSI
problem (3.4) in the uniform interval [0, A1) even in absence of uniqueness for (2.4) that, instead, is only
ensured in the possibly non-uniform interval [0, A(h)). The proof of Theorem 3.1 is given in Sect.5. Tt
is fairly delicate because if U = 0 (as for symmetric inflow/outflow), then from (2.21) we infer that the
H'-norm is uniformly bounded with respect to h. However, if U = 1, the same norm obviously blows up
when By, approaches I'y, which affects the bounds for the lift in (3.1). As already mentioned, very little
is known when a body approaches a collision, see again [20] and references therein. Therefore, the next
statement has its own independent interest; it provides some upper bounds and shows that, probably,
the lift behaves differently for homogeneous and inhomogeneous boundary data.

Theorem 3.2. Assume (2.5) and let A € [0, Ag] for some Ag > 0. Let (u,p) be a strong solution to (2.4)
(see Theorem 2.2) and let L(A, h) be as in (3.1). There exists C' > 0 (independent of A\, h,u,p) such that,
fOT any ()‘?h) € [OaAO] X (_H+ 6baH - 51&)}

£ < € ((0(R) 72 4 max{ (=4(h) ™2, Uen(R) ) A (3.5)

with ep(h) and e(h) defined in (2.6). In fact, L(\, h) is defined in all [0, +00) X (—H 4 0p, H — %), possibly
as a multi-valued function, but (3.5) would hold with different powers of .

The proof of Theorem 3.2 is given in the next section.
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4. Proof of theorem 3.2

We rewrite the lift (3.1), which is a boundary integral, as a volume integral. This can be done by
considering w € H'(,) that satisfies

V-w=0 in Qp, wy,,, = €2, wy,, = 0. (4.1)

The divergence theorem ensures that (4.1) admits infinitely many solutions. Testing (2.4) with one such
solution w (recall that V - T = pAu — Vp) yields

/u-Vu-w:/V-'I[‘(mp)-w:—u/Vu:Vw—i—/’]I‘(u,p)n w

Qp Qp Qp o
and, using the boundary conditions on w,

—ey- / T(u,p)n = /u Vu-w— M/Vu Vuw. (4.2)
9By, Q
Among the infinitely many solutions of (4.1), we select one obtalned by using a solenoidal extension

similar to the ones introduced in Sect. 2. We consider a cutoff function y € C*°(R) with 0 < x < 1 such
that

1 in [—7,7] X [h — 0p, h + &¢],
o) o0 n O\ (27,27 x [h— 8 — 2+ 5, + 2],
X" (x1) in ([-27,—7]U][r,27]) X [h — 5b,h+ e,

C*°-completion elsewhere.
We put w = V4 (21x). Clearly w € H'(2,) satisfies (4.1) and supp w C Quy = Q. p U Qup e U Qyp ¢ with
Qyp = [—27,27] % [h — 0y — ‘gbé—h), h— (51,}, Qu.c == [-27,27] X [h — 0p, h + 4],

Q¢ = [—27,27]% [h + 0, h+ 0 + Et(h)

Moreover, from the definition of x it follows that w and its x; and xo-derivatives are uniformly bounded
with respect to h in ¢, while in €, 3

w| < O+ (ep(h)™H),  [drw] < (1+ (e(R) ), (4.3)

|92w] < ((ep(R)) ™! + (e(h)7?)

and in £,

w] < C(1+ (0(h)™h), 01w < (1+ (e(h)) ™),

|02w] < ((e¢(h)) ™" + (ee(R))72).

By, close to T',. We consider the case when h is close to —H + dp; hence, e5(h) is close to zero. This implies
that €,(h) > 1 and the bounds in (4.4) become uniform. Choosing in (4.2) the previously constructed w,
we observe that the integrals in the right-hand side are defined only on €),,. Let us split these integrals
over the regions €, 5, which is shrinking as e;(h) goes to zero, and Q,, \ 4. On the one hand, Holder
inequality and (2.7) yield

/ u-Vu-w—+p / Vu : Vw

Qo \ Qb Qu\ Qb (4.5)
< Cllull3 o, 10l o (@u\2u ) + I VUl 20,
< ClllullF ) + llulmi@,)) < CA

(4.4)

VwllL2(@,\0u, )
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for A € [0, Ag], using that w and its derivatives are uniformly bounded with respect to h in €,\Qy 5. On
the other hand, since w = 0 in QY , := [-27,27] x [-H,h — 0 — #] and uj,, = 0, Poincaré inequality
for u in €, U, ,, the Holder inequality and (2.7) yield

/u-Vu-w: / w-Vu-w (46)

Q'w,b Qw,bUQ?U,b

< aWIVulBaay o0 yllollze@.) < Clluldng,) < CA

and

[ 7w Vu| < o [Vl o, 0 < Clen) 20 (47)
Qw,b
for A € [0, Ag], using that [|w| 1~ (q, ) < C(es(h)) ™" and [Vw|L2(q,,) < C(ep(h))~3/2 for g,(h) close to
zero, due to (4.3).
Putting together (4.5)-(4.7), then there exists 7, > 0 sufficiently small such that, for any (A, h) €
[0, Ao] X (—H + dp, —H + 0p + 1),
[L(A )| < Cle(h) 722N (4.8)
We remark that the same blow-up rate in (4.8) could be obtained without taking advantage of Poincaré
inequality in (4.6) but using directly uw € H' C L*. This idea, however, will be crucial to obtain a better
blow-up rate for the lift in the case when the body is close to I';, that we now analyze.
By, close to T'y. We consider the case when h is close to H —dy; hence, e4(h) is close to zero. Analogously

to what done in the previous case, we split the integrals over the regions €, ;, which is shrinking as ;(h)
goes to zero, and €, \ y ¢. On the one hand, Hélder inequality yields

/ uw-Vu-w—+p / Vu : Vw

Qo \Quw ¢ Qo \Quw ¢
< CllullF 1wl L @uu. + 1Vl 2@ [Vl L2 @000
< C(H””%{l(gh) + lull 1 (@n))

using that w and its derivatives are uniformly bounded with respect to & in €2, \ 4, ;. On the other hand,

since w =0 in QY , := [-27,27] x [h+ 0; + Et;h) ,H] and u = v+ s with v = 0, Poincaré inequality for

vin QU Q?u,t and Holder inequality yield

/u-Vu-w: / v-Vu-w-+ / s-Vu-w

Quw,t meUQ%i Qw¢UQ&¢
<e(MVollLzqnIVull Lz [lwl L ., ) + IsllLz@n [[Vull L2 @) [[wl L ...
< CVvllzz@un lullar@n) + CllsllLz @ lull g @) (e (R)

and

/ Vu: V| < [lullm@,) | Vollra@,,) < lullme,) (k) 72,
Qw,t
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using that [|w||r(q,,) < C(e(h)~! and |[Vwl|r2(q,,,) < C(ei(h)) /2 for &,(h) close to zero, due to
(4.4). Now we shall distinguish the cases U =1 and U = 0. When U = 1, using (2.7), (2.27) and (2.30)
we obtain, for A € [0, Ao],

/ u-Vu-w+p / Vu : V| < Ol (h)) 3\ (4.9)
Quw\Quw, ¢ Qo \Quw
and
/ w-Vu-w| < Clen(h) A, / Vu: V| < Cley(h) 5. (4.10)
Qo Qo

When U = 0, using (2.7) and (2.32), we obtain, for A € [0, Ag],

/ u-Vu-w+p / Vu:Vw| < CA (4.11)
Qu\ Qe Qu\Qu 4
and
/ u-Vu-w| < Cer(h) 1A, / Vu: Vw| < Cleg(h)) 32 (4.12)
Qoo t Qap ¢

Putting together (4.9)-(4.12), then there exists 7; > 0 sufficiently small such that, for (A, h) € [0, Ag] x
(H =0t — e, H — 6¢),

IL(\, h)| < Cmax{(e;(h))3/2,U(e;(h)) I (4.13)
For h € [-H + 0p + mp, H — 6¢ — mt], ep(h) and e¢(h) are uniformly bounded from below with respect
to h. Therefore, by combining (4.8) and (4.13), there exists C' > 0 independent of h such that, for any
(A h) €0,A] x (—H + 6, H — by),

[LO )] < C((ep(h) ™2 + max{(ee (h)) ™2, U(en(h) 7 HA.

5. Proof of theorem 3.1
5.1. Continuity and monotonicity of the global force

In Sect. 3, we have defined the lift £(), h) as a possibly multi-valued function of (A, k) € [0, +00) x (—H +
dp, H — 01). Let f be the restoring force satisfying (3.2)-(3.3). Then, the global force acting on By, is the
function ¢ : [0, +00) X (—H + 0p, H — 6;) — R defined by

@A h) = f(h) = L(A ). (5.1)
We first focus on the A-dependence by maintaining h fixed, and we prove the Lipschitz-continuity of the

map A — ¢(\, h).

Proposition 5.1. Let h = H — max{dy,0t}. There exist X > 0 and h* € (0,h) such that X — ¢(\,h) is
Lipschitz continuous in [0, \) for all h € [—h*, h*].

Proof. To begin, let us take A and h* sufficiently small so that Theorem 2.2 guarantees the uniqueness for
(2.4) whenever A < A and |h| < h* (see Fig. 3). Hence, L(\, h) is a one-valued function on [0, ) x [~h*, h*].
Since f does not depend on A, we only need to show that A\ — L(\ k) is Lipschitz continuous in a
neighborhood of A = 0, possibly smaller than [0, \).
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For Ay, A2 € [0, \) consider, respectively, the solutions (u(A1),p(A\1)) and (u(A2),p(A2)) to (2.4). Let
v = u(A1) — u(Ar2), q = p(A1) — p(A2), (52)
so that (v, q) satisfies
—pAv+v-Vu+ Vg = —v-Vu(a) —u(A2) - Vo, V-o=0 in Qp,
U, = (A1 = A2)Uer, v, = (A1 — A2)Vin(2)er, v, = (M — A2)Vour(z2)en, (5.3)
Y0os, = YIr, = 0.

Let vy := v — sy, where s, € WH°(Qy,) N H?(Qy,) is a solenoidal extension of v that can be constructed
as s in (2.24) and, hence, it satisfies the estimates (2.25), namely

VsallLz,) < Crldt = Aa|, |AsallLz(,) < ChlAdr — Az,

5.4
lsxlz=(@n < Calh = Al llsx - Viallzzan) < CulAr = Aol 54

We then rewrite (5.3) as
—pAvy +vy-Voy+Vg=g, V-uy=0 in Qp, VX |po, =0, (5.5)

where
g = plAsy —v-V(u(A2) + sx) —u(Aa) - Vo + 55 - Vsy — sy - Vo.
From Theorem 2.2, we know that v, u(\y) € H2(Q,) < L*°(Q,), so that g € L?*(Q,). Moreover,
l9ll2(n) < BllAsallLz,) + (IVuA2)llz2 (@) + 1Vsallzz@n) 0]l @)
+ [luA2) 2 @) VUl L2, + Isx - Vsallzz,) + sall= @ [Voll2n)
< CplAr = Xo| + Ch(X2 + [\ = Ko} [0l m2(0)
+ Crdal|vll g2(,) + Cnlda = Xa? + CulA = Xa| - 0]l 52 ()

where we used Hélder inequality (first step), the estimates (2.7)-(2.8)-(5.4) and the embeddings H? —
H?', L> (second step). Thus, by extending the solution as in the proof of Theorem 2.2, recalling [14] and
applying [5, Theorem IV.5.1] to (5.5), we obtain

loallzz(an) + lallmr@n) < Crlda = Azl 4+ Ch (A2 + (A1 = ) vl 52 () - (5.6)

Hence, there exists a possibly smaller A > 0 such that if Ay, s € [0, \), the second term in the right-hand
side of (5.6) can be absorbed in the left-hand side and

loallm2 @) + lallzr@,) < CrlAr = Aal, (5.7)
for some Cj, > 0 also depending on \. Since the lift (3.1) is linear with respect to u and p, we have
LOWR) — L0 k) = —es - / T(v, q)n
th

with v and ¢ defined in (5.2). Therefore, using the Trace Theorem and (5.7), we infer that, for any
A1, A2 € [0,A) and a fixed h € [—-h*, h*], we have

[\, h) = L2, )] < Cr (IVollLr s + ldllze@s,))
< Cn (Ioll2 (0, + lallzr @u)) < CrlAs = Aal.
This shows that A +— £(\, k) is Lipschitz continuous in [0, \) for all h € [~h*, h*]. O

We now focus on the h-dependence of ¢ by maintaining A fixed. Although we prove a slightly stronger
result, we state:

Proposition 5.2. Let h = H — max{dy,;}. There exist hy € (0,h*] and \g € (0, )] (see Proposition 5.1)
such that h — ¢(\, h) is continuous and strictly increasing in [—hg, ho] for all A € [0, Ag).
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Proof. Recall that R = (=L, L) x (—H, H). Let 0 < r; < ro and D, (0) be the open disk centered at (0,0)
with radius r;. Choose hg € (0,h*) in such a way that By C D,,(0) C D,,(0) C R whenever |h| < hg;
in later steps, we may need to choose a possibly smaller hy that, however, we continue calling hg. Let
o € W2(R,R?) be defined by

o(x1,22) = F(|z|)ea, (5.8)

with F'=1in [0,71], F = 0in [r2, +00) and F' € W2 (rq,rs) is the polynomial of third degree such that
F(r1) =1and F(ry) = F'(r1) = F'(r2) = 0. For h € [—hog, ho], with hy small, we view the fluid domain
Qj, as a variation of )y via the diffeomorphism Id + ho, that is,

QO = (Id + ho) ().

In particular, 0B, = 0By + hey with unit outer normal vector n(h) = n(0) o (Id 4 hes). Let J(h) denote
the Jacobian matrix of the diffeomorphism Id + ho, that is,

J(h):[+hF/(m|)(0 o)

|z] 1 T2
with I the 2 x 2 identity matrix. Fixing A € [0, X), the lift in (3.1) can be written as

LOVR) = —e5- / T(u(h), p(h))n(h)
OBo+hes

with T(u(h),p(h)) = T(u(A, h),p(X, h)). Letting
U(h) =u(h)o (Id + ho), P(h)=p(h)o (Id + ho)
with o as in (5.8), we transform the moving boundary integral into a fixed boundary integral, namely
LA ) =—ey- / T(U(h), P(h))(n(0) o (Id + hes)).
dBo
Note that (U(0), P(0)) = (u(0),p(0)). We now claim that
h— (U(h), P(h)) € H*(Q) x H' () belongs to C*(—hg, ho). (5.9)
To this end, let M(h) = (J=1(h))T and we rewrite (2.4) as
— U - (| det J ()| MT (R)M (R)VU (1))
+ U(h) - |det J(h)|M(R)VU(h) + V - (|det J(h)|M (h)P(h)) =0 in  Qo,
|det J(R)|M(R)V -U(h) =0 in  Qo,
complemented with the same boundary conditions. This can also be expressed as
H(h,U(h),P(h)) =0 (5.10)

where H : (—ho,ho) x H?*(Qo) x HY(Q) — L?*(Qo) x HY(p) is defined by H(h,&w) =
(H1(h, &, @), Ha(h, &, w)) with
Hi(h, €, w) = — uV - (|det J(h)| MT ()M (h)VE)
+&-|det J(h)|M(h)VE+V - (|det J(h)|M(h)w), (5.11)
Ha(h, €, @) = | det J(h)| M (B)V - €.
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Due to the expression (5.8), we are able to compute |det J(h)|M(h) and | det J(h)| M7 (h)M (h) explicitly
at second order for h — 0. In fact,

F/
|det J(h)| =1+ h |(m|”3)x2,

My = 14—zl (O _9“) 4D (0 _Il) +O(h?)

|det J(R)| || 0 —x || 0 —x9
yield
F'(|z]) (2 — x4 .
|det J(h)|M(h) =1+ h 2] (0 0 ):.I+hR0,
. T _ Filz|) (22 —a 2012 (00 3 (5.12)
|det J(h)|M* (h)M(h) =1+ h 2] (—551 _x2> + h*(F'(|z])) (O 1) + O(h)

=: I+ hRy + >Ry + O(h*),

where O(h3) contains terms having at least third order with respect to h as h — 0. Note that the
expression of | det J(h)|M (k) in (5.12) is exact and obtained without any Taylor expansion for h — 0. We
have that H is C! in a neighborhood of (0, U(0), P(0)) since the mappings h — det J(h) and h — M (h)
are C*(—hg, hg) with values in C1(R,R?).

For h € (—ho, ho), we consider the linearized operator T = D¢ o H(h,U(h), P(h)) defined through
the Jacobian matrix of H. For any

(. I0) € X x Y := (H?(Q0) N Hy (Q0)) x (H'(Q0) N L§(20)),
we have T(x,II) = (Y1 (x, ), Ta(x, II)) with
T1(x,10) = — pV - (|det J (h)[MT ()M (R)Vx) + x - | det J (h)| M (h)VU ()
+ U(h) - |det J(h)|M(R)Vx + V - (| det J(h)|M (R)II),
To(x, ) =|det J(h)|M(R)V - x.
The linear operator Y is bounded from X x ) into L?(€2g) x Y. To show that T is an isomorphism, given
(p1,902) € L?(Q0) x Y, we have to prove that there exists a unique solution (x,II) € X x Y to
—pAx+ x-VU(R)+U(h) - Vyx + VII
+h(=pV-RiVx+ x-RVU(h) +U(h)- RyVx + V - (RoII))
— h?uV - RyVx + O(h3) = ¢y in Qo,
V-x+hRyV-x = in Q.
This linear elliptic problem admits a unique solution provided that
|h| < ho and  [|U ()| #2094 <7
for hg,r > 0 small enough. For |h| < hy and o as in (5.8), we have
el 20y <NV s200) < CllulB)ll 200,
clp(R)[l 1@,y SIPM)E (00) < Cllp(h) a1 (040)>

with constants 0 < ¢ < C independent of h. Then, by taking A € [0,)), the bound (2.8), where the

constant C, is uniformly bounded for |h| < hg, yields the needed smallness condition for U(h), so that T

is an isomorphism. Therefore, by applying the Implicit Function Theorem to (5.10), we conclude (5.9).
Moreover, the derivatives U’(h) and P’(h), whose existence follows from (5.9), satisfy

T(U'(h), P'(h)) = —0uH(h, U(R), P(R). (5.14)

(5.13)
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From (5.12), we know that for any h (resp. h — 0)
d d T 9
%(| det J(h)|M(h)) = Ry, %(| det J(h)|M* (h)M(h)) = R1 + 2hRy + O(h*).

Then, recalling the definition (5.11), (5.14) and the fact that Y is an isomorphism imply that (U’(h), P’(h))
is uniquely determined by the linear elliptic problem
— pAU'(h) +U'(h) - VU(h) + U(h) - VU'(h) + VP'(h)
= So(U(h), P(h)) + hS1(U'(h), P'(h),U(h)) + O(h?) in Q,
V-U'(h) = —RoV - U(h) — hRyV - U’ (h) in Qo,
(U'(h),P'(h)) € X x Y,

(5.15)

with
So(U(h), P(h)) =pV - RiVU(h) = U(h) - RoU(h) = V - (RoP(h)),
S1(U'(h), P'(h),U(h)) =puV - (RaVU'(h) + 2R2VU (h)) = U'(h) - RoVU (h)
—U(h) - RyVU'(h) =V - (RoP'(h)).

For h € (—hg, hp), with hg small, we have

1T (B[ 2(00) + 1P (W) |12 (20)
< C(IU'(h) - VU(h) + U(h) - VU'(h) + So(U (h), P(h))|[L2(20) + IR0V - U (R)[|11(25))-

Since (U(h), P(h)) € H?() x H*(Qp) due to (5.13) and Theorem 2.2, we bound the right-hand side of
the above expression as

[U"(h) - VU(h) + U(h) - VU (1)l 22 (90) < CIVU'(R) || 2(020) IU (W) [ 112 (020).
[1So(U(h), P(R))l| L2(020) + [BoV - U(R)|| 11 (20) < CUIU (M) 122(020) + [[P(D) 1121 (20))

where in the second inequality we used that o € W2°°(R,R?), see (5.8). Testing the first equation in
(5.15) with U’(h), using (5.13) and (2.13)-(2.14) yield

IVU (M) 22(020) < CUU R 2 (520) + 1T B2 ) + PR 22(620))
< CUIUM 2 (20) + 1T W17 ())-

Summarizing, we obtain

1O (M)l #220) + 1P (R) || 22 (020
<C (HU(h)||H2(Qo)(1 F UM @0) + 1T B 00)) + ||P(h)”H1(ﬂo)) (5.16)
<ON+ M) <O

for any A € [0, A), where in the second inequality we used (5.13) and (2.7)-(2.8).
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Finally, we estimate the variation in the lift for small values of h, say |h| < ho. By taking hy, hs €
(=ho, ho), from the trace theorem we have

|L(A, k1) = LA he)| = / T(U(h1), P(h1))(n(0) o (Id + hiez)) — T(U(hz), P(h2))(n(0) o (Id + haez))

0Bo
< / T (h), P(hn)) — T(U(hs), P(hs)
OBg
+ / IT(U(ha), P(h2))]| - [n(0) o (Id + hyez) — n(0) o (I + hoey)
OBg

< C([|U(h1) = U(h2)|lm2(00) + |1P(h1) — P(h2)[| 51 (00))
+ C(|U(h2)l 2 (0) + 1P (h2)l[ 1(020)) [ha — D2l
Then, (5.16) and the mean value theorem yield
[L(A, ha) = LA, ha)
< CAhy = he| + C([lu(h2) || m2(a,,) + [IP(h2) |11 (04,)) R — ho| < CA[h1 — hol
using (5.13) and (2.8) in j,,. Then, the monotonicity property (3.2) ensures that, if —hg < hs < h; < hg,
PN h1) = (A ha) = fha) = f(h2) = LA, ha) + L(A he) = (v = CA)(h1 — ha).

There exists A\g € (0, ] such that v — CA\g > /2. Therefore, h +— @(\, h) is continuous and strictly
increasing in [—hg, hg] (with a possible smaller hg) for all A € [0, Ag). O

5.2. Conclusion of the proof

Let (u(\, h),p(A\ h)) be a solution to (2.4), and let ¢(\, k) be the corresponding global force in (5.1).
Then, the triple (u,p, h) is a solution to (3.4) if and only if

(u(X, h), p(\, h))solves (2.4) and ¢(\, h) = 0.

Therefore, Theorem 3.1 follows once we prove:

Proposition 5.3. Let ¢ be as in (5.1) and (Ao, ho) be as in Proposition 5.2. Then, there exist A1 € (0, Ao]
and a unique h € C°[0, A1) such that, for all X € [0,A1), ¢(\, h) = 0 if and only if h = h()\). Moreover,
191 (0,01) < ho-

Proof. We prove the result in two steps, namely by analyzing the behavior of ¢ in two different subregions
of [0, Ag) X (—H + dp, H — 0y).

We start by considering the case when |h| is close to 0. Let again h = H — max{6, §; }. We claim that
there exists A € (0, \o] and a unique h € C°[0, X) such that

V(A R) €[0,A) x [—ho,ho]  d(A\ h) =0 < h=h(N). (5.17)

To this end, we notice that Theorem 2.2 implies that, when A = 0, the unique solution to (2.4) is
(u,p) = (0,0), regardless of the value of h € (—H + 6,, H — ¢;). Hence, ¢(0,0) = 0. Moreover, by
Proposition 5.2 we know that h +— ¢(0, h) is continuous and strictly increasing in [—hg, ho]. These two
facts imply that

(0, ~ho) < 0 < (0, ho). (5.18)
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In turn, by Proposition 5.1 we know that A +— ¢(\, h) is continuous in [0, \) for all h € [~hg, ho]. By
(5.18) and by compactness, we then infer that there exists A € (0, \o] such that

B\, —ho) <0 < B\ hg)  VAE[0,X) (5.19)

and, by invoking again Proposition 5.2, that h — ¢(\, h) is continuous and strictly increasing in [—hg, ko]
for all A € [0, ). Together with (5.19), this implies that for all A € [0, \) there exists a unique h()) €
[—ho, ho] such that ¢(X, h(A)) = 0. This defines the function A — §(A) in the interval [0, X). Its continuity
follows by the (separated) continuities proved in Propositions 5.1 and 5.2. The proof of (5.17) is so
complete.

We now claim that there exists A € (0, X] such that

SR £0  YOR) € [0,A1) % |(—H + 8y, H — 8,) \ [~ ho, ho]] (5.20)

Recall that in this set ¢(\, h) may be multi-valued, see Theorem 3.2. In order to prove (5.20), from
(3.2)-(3.3) we know that there exists Ky € (0, K] such that

f(h) < —=Koley(h)™3/2  for he(—H+ &, —hg),

5.21
f(h) = Komax{(e,(h)) "2, U(es(h)) ™%} for he (ho,H —5y), 21

while from Theorem 3.2 there exists (a different) C' > 0 such that
L h) > —C(ep(h)) ™2 X for he(—H + 6, —ho), (5.22)

L\, R) < Cmax{(g;(h) ™2, U(ei(R) 2} X for h e (ho, H—5).

Gathering (5.21)-(5.22) together yields

¢\ h) < (=Ko + C\)(ey(h)) ™22 for h e (—H + 6y, —ho),

d(\, h) > (Ko — CX)max{(e;(h)) ™2, U(e,(h) 73} for h € (ho, H—dy).
Then, there exists A; € (O,X] such that (5.20) holds and the statement of the proposition follows from
(5.17) and (5.20). O
Remark 5.4. In fact, the proof of (5.20) shows that if A > 0 is small, then
ho<h<H-6 = ¢(A\h)>0 and —H+0 <h<—-hy = ¢(\h)<0.

From a physical point of view, this means that, for small Reynolds numbers, the global force ¢ = ¢(A, h)
in (5.1) pushes downwards the body if By, is close to the upper boundary I'y, whereas it pushes the body
upwards if By, is close to the lower boundary I'y.

6. Symmetric configuration

We consider here a symmetric framework for (3.4), that is, when
(z1,22) € 0B < (x1,—x2) € OB
and the boundary data are symmetric with respect to the line 2o = 0. Therefore, the FSI problem (3.4)
is modified on I'y and reads
— pAu~+u-Vu+ Vp =0, Veu=0 in Qp
,=Aer, = AVin(z2)er,  u. = AVou(22)er,

r

= 0, U|Fb = u‘ r

Ulsp, Iy

f(h) = —es- / T(u, p)n, (6.1)

8Bh



ZAMP Asymmetric equilibrium configurations Page 21 of 25 180

H H

1-g H - g(h)/4
H - g(hy/2 H - e(h)/2

t
) 0 0 )| 1
= (3 | &
0 0
-H +gh)2 -H + gfh)/2
H + e(h)/4
-H -H 1-¢, 5
-L -2t -7 T L -L -T T 2t L

FiG. 6. Cutoff functions ¢; (left) and ¢, (right) on R when U = 1 for the symmetric configuration

with A > 0, U € {0,1} (up to normalization). Here, Vi,, Vouy € W2 (—H, H) are now even functions
satisfying

H H
V(£ H) = Voo (£H) = U, / Via (22)das = / Vo (2. (6.2)
—H H

In this symmetric framework, d, = §; = § and h € (—H + 0, H — §). Then, we prove that the unique
curve h(\) found in Theorem 3.1 reduces to h(A) = 0, namely that the unique equilibrium position is
symmetric. Again, we expect this position to be stable, at least for small .

Theorem 6.1. Let Vi, Vo € W2°(—H, H) be even functions satisfying (6.2) and f € C°(—H+65, H—9)
satisfying f(0) = 0 and (3.2)-(3.3) with &, = &; = §. There exists Ay > 0 such that for A € [0, A1) the F'SI
problem (6.1) admits a unique strong solution (u(\, h),p(\, h),h) € H?(,) x HY(Qy) x (—H + 6, H — 6)
given by

(u’(X,0),p°(X,0),0),

where (u(X,0),p°(\,0)) is the unique solution to the first two lines in (6.1) for h = 0 and has the
following symmetries:

u(l)(zla —Zg) = U(l)(l"lv@)v U(z)(ifla —T2) = *Ug(fﬂl,xz% po(ﬂ’?l, —x2) = pO(Il,ifz)-

Proof. The first step is to obtain the counterpart of Theorem 2.2. The case U = 0 is already included in
the original statement. When U = 1, we construct the cutoff functions (; and (, in a slightly different
way with Fig. 4 replaced by Fig.6. We define the solenoidal extension as in (2.24), which satisfies the
boundary conditions in (6.1).

With this construction, the refined bound (2.7) is replaced by

el < CUen(m) ™2 + () 2.

Hence, in both cases U € {0,1}, by arguing as in the proof of Theorem 2.2, we infer that there exists
A = A(h) > 0 such that for A € [0, A(h)) the solution (u,p) to

— pAu+u-Vu+ Vp =0, V-u=0 in Q
= 07 U L A‘/in(xQ)eh U, = A‘/out(IQ)elv (63)

=up, = Ae1, .

Ulop, ry, r

is unique for any h € (—H + 0, H — §). This proves the counterpart of Theorem 2.2.
In particular, for h = 0 there exists a unique solution (u°,p°) to (6.3) in €. Since 2 is symmetric
with respect to the line x5 = 0, the couple (u*, p*) : Qp — R? x R defined by

uy (w1, 22) = U?(Il» —Z2), u(w1,T2) = *U(Q)(fl, —r3), p(x1,22) = po(l’l, —13),
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M

T P

F1G. 7. Left: erection of a suspension bridge. Right: sketch of a cross section

also satisfies (6.3) for h = 0 (see also [10]). Therefore, by uniqueness (u%, p°) = (u*, p*) is also symmetric
and, thanks to all these symmetries, we obtain

L(A0)=—eq- / T(u’(X,0),p"(X,0))n = 0,
9By
which implies
d(N,0)=f0)=0  for Xe[0,A(h)). (6.4)
From Theorem 3.1, we know that there exist A; > 0 and a unique curve b € C°[0,A;) such that for
A € [0, A1) the unique solution to (6.1) is given by

(u(X, 5(A)), p(A, B(A)), H(A)).-
Thanks to (6.4), h(A) = 0 and this solution coincides with (u°(),0),p%(A,0),0). O

7. An application: equilibrium positions of the deck of a bridge

A suspension bridge is usually erected starting from the anchorages and the towers. Then, the sustaining
cables are installed between the two couples of towers and the hangers are hooked to the cables. Once all
these components are in position, they furnish a stable working base from which the deck can be raised
from floating barges. We refer to [18, Section 15.23] for full details. The deck segments are put in position
one aside the other (see Fig. 7, left) and have the shape of rectangles while their cross-section resembles
to smoothened irregular hexagons (see Fig. 7, right) that satisfy (2.1).

This cross section B plays the role of the obstacle in (2.4) while €, is the region filled by the air. This
region can be either be a virtual box around the deck of the bridge or a wind tunnel around a scaled
model of the bridge. In both cases, we may refer to inflow and outflow also as windward and leeward,
respectively: AVi,e; represents the laminar horizontal windward while AV teq is the leeward. Typically,
the higher is the altitude the stronger is the wind. Therefore, in this application we consider specific
laminar shear flows, which are the Couette flows. Thus, the inflow and outflow now read

U
Vin(z2) = Vous(z2) = ﬁ(l‘z + H) for x9 € [-H, H], (7.1)

and satisfy (2.3). The windward creates both vertical and torsional displacements of the deck. However,
the cross section of the suspension bridge is also subject to some elastic restoring forces tending to maintain
the deck in its original position By. These forces are of three different kinds. There is an upwards restoring
force due to the elastic action of both the hangers and the sustaining cables of the bridge. The hangers
behave as nonlinear springs which may slacken [1, 9-VI] so that they have no downwards action and they
be nonsmooth. There is the weight of the deck which acts constantly downwards: this is why there is
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no odd requirement on the restoring force considered in the model. There is also a nonlinear resistance
to both elastic bending and stretching of the whole deck for which B merely represents a cross-section.
Moreover, since the boundary of the channel R is virtual and our physical model breaks down in case of
collision of B with OR, we require that there exists an “unbounded force” preventing collisions.

Overall, the position of B depends on both the displacement parameter h and the angle of rotation 6
with respect to the horizontal axis. With the addition of this second degree of freedom, we have B = B, g
and Q = Qp 9. A “plastic” regime leading to the collapse of the bridge is reached when 6 = 47 (see
[1]) since the sustaining cables of the bridge attain their maximum elastic tension. The strong point of
the analysis carried out in this paper is that it applies independently of the part of 9B closest to OR.
Therefore, for any 6 € (=%, %), we can apply our general theory considering the family of bodies B g
simply by adapting it to the rotating scenario. The only difference now is that, when the body is free to
rotate, the collision with Ty, and T'; occurs at h = —H + §,(0) and h = H — 6;(0), where 6;(0) and 6,(6)
are positive functions of 6. For § = 0, §,(0) and §;(0) are as in (2.2) while, for 6 # 0,

w(0) == — min x4 >0, 01(0) := max a9 >0,
(x1,22)€0Bo,6 (z1,22)€0B0,0
both being independent of h. Due to the possible complicated shape of B, these functions are not easy
to be determined explicitly. For this reason, we define the set of non-contact values of (h,8) by

A={(h,0) e (-H,H) x (=5,%) : Bno C R}. (7.2)
Clearly, (0,0) € A and (h,0) € 0A if and only if Bj, g N OR # (. We assume that, for some K > 0,
f € C9(A) satisfies
limsup  f(h, 0)(d(Bn,Tb))*? < K,

d(Bh,0,T'5)—0
lim inf 1(h,6) > K
d(B.o,T¢)—0 max{(d(Bpg,1+))=3/2,U(d(Bpne,I't)) 3}
where d(-, -) is the distance function. Assumption (7.3) generalizes (3.3) taking into account the rotational
degree of freedom. Moreover, we assume that

PO 002 J02s0) 5 (h6). (1o, 0) € A
1 — 12

£(0,0)=0,  f(h,0)0>0 V(h,0)c A with 6 0.

In fact, the second line in (7.4) is not mathematically needed, but, from a physical point of view, it states
that the restoring force does not act at equilibrium and tends to maintain B in an horizontal position.
A straightforward consequence of Theorem 3.1, in the case of the interaction between the wind and the
deck of a suspension bridge, is the following:

(7.3)

Jy >0 s.t.

(7.4)

Corollary 7.1. Let Vi, Vour be as in (7.1) and f € C°(A) satisfy (7.3)-(7.4). There exist Ay > 0 and a
unique h € C°[0, A1) such that, for X € [0,A1) and 6 € (—%, %), the FSI problem (3.4) admits a unique
solution (ug(\, h),pg(\ h),h) € H*(Qng) x H (U g) x (—H, H), with (h,0) € A, given by

(ug(A, B(A)), o (A, H(A)), B(A)).
Here, (3.4) is understood with h replaced by the couple (h,0).

The deck of a suspension bridge, in particular its cross section, may have a nonsmooth boundary. If
B is not W2 but it is only Lipschitzian, Theorem 2.2 ceases to hold and we only know that (u,p)
is a weak solution to (2.4) so that (3.1) does not hold in a “strong” sense. Indeed, since u € H'(Qy),
see (2.7), we may rewrite the first equation in (2.4) as —uAu + Vp = f with f € L1(Qy,) for all ¢ < 2.
Hence, f € H=¢(Qy,) for any € > 0. By applying [19, Theorem 7], we then deduce that u € H*%(Qy,)
and p € H*(Qp,) for all s < 1/2, but, still, this does not allow to consider the trace of T(u,p) as an
integrable function over 9Bj. However, following [10] we may define the lift L through a generalized
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formula. Indeed, from u € H'(Q},) we know that T(u,p) € L*(Qy) and, since Q, is a bounded domain,
T(u, p) € L3/?(Q,). Moreover, from the first equation in (2.4) we obtain V-T(u, p) € L3/?(Q;,). Therefore,
T(u,p) € Eso() = {f € L¥2(Q,) | V- f € L3%(Q,)}. By Theorem IIL.2.2 in [5], we know that
T(u, p)njyg, € W2/33/2(09,). Hence, if OBy, is Lipschitzian and (u, p) is a weak solution to (2.4), then
the lift exerted by the fluid over By, is

LA h) =—ez - (T(u,p)n,)sg,, (7.5)
where (-,-)gp, denotes the duality pairing between W=2/33/2(9B),) and W?2/33(0By,).

Acknowledgements

The authors warmly thank the anonymous referee for the careful proofreading and several useful remarks.
The authors were partially supported by the PRIN project Direct and inverse problems for partial differen-
tial equations: theoretical aspects and applications and by the Gruppo Nazionale per I’Analisi Matematica,
la Probabilita e le loro Applicazioni (GNAMPA) of the Istituto Nazionale di Alta Matematica (INdAM).

Funding Open access funding provided by Politecnico di Milano within the CRUI-CARE Agreement.

Data availability Data sharing is not applicable to this article as no datasets were generated or analyzed
during the current study.

Declarations
Conflict of interest There are no conflicts of interest.

Open Access. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The
images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

References

[1] Ammann, O., von Kdrmén, T., Woodruff, G.: The failure of the Tacoma Narrows Bridge. Washington D.C, Federal
Works Agency (1941)

(2] Bello, J.A., Ferndndez-Cara, E., Lemoine, J., Simon, J.: The differentiability of the drag with respect to the variations
of a Lipschitz domain in a Navier-Stokes flow. STAM J. Control Optim. 35, 626-640 (1997)

(3] Bonheure, D., Galdi, G.P., Gazzola, F.: Equilibrium configuration of a rectangular obstacle immersed in a channel flow.
Comptes Rendus. Mathématique 358, 887896 (2020)

[4] Dauge, M.: Opérateur de Stokes dans des espaces de Sobolev & poids sur des domaines anguleux. Can. J. Math. 34,
853-882 (1982)

[5] Galdi, G.P.: An Introduction to the Mathematical Theory of the Navier-Stokes Equations. Springer Monographs in
Mathematics, 2nd edn. Springer, New York (2011). (Steady-state problems)

(6] Gazzola, F.: Mathematical Models for Suspension Bridges, vol. 15 of MS&A. Modeling, Simulation and Applications.
Springer, Cham (2015)

[7] Gazzola, F., Pata, V., Patriarca, C.: Attractors for a fluid-structure interaction problem in a time-dependent phase
space, To appear in J. Funct. Anal.


http://creativecommons.org/licenses/by/4.0/

ZAMP Asymmetric equilibrium configurations Page 25 of 25 180

[8] Gazzola, F., Patriarca, C.: An explicit threshold for the appearance of lift on the deck of a bridge. J. Math. Fluid Mech.
24, 1-23 (2022)
[9] Gazzola, F., Secchi, P.: Inflow-outflow problems for Euler equations in a rectangular cylinder. Nonlinear Differ. Equ.

Appl. NoDEA 8, 195-217 (2001)

[10] Gazzola, F., Sperone, G.: Steady Navier-Stokes equations in planar domains with obstacle and explicit bounds for
unique solvability. Arch. Ration. Mech. Anal. 238, 1283-1347 (2020)

[11] Grisvard, P.: Elliptic Problems in Nonsmooth Domains, vol. 24 of Monographs and Studies in Mathematics. Pitman
(Advanced Publishing Program), Boston, MA (1985)

[12] Ho, B.P., Leal, L.G.: Inertial migration of rigid spheres in two-dimensional unidirectional flows. J. Fluid Mech. 65,
365-400 (1974)

[13] Kellogg, R.B., Osborn, J.E.: A regularity result for the Stokes problem in a convex polygon. J. Funct. Anal. 21, 397-431
(1976)

[14] Murat, F., Simon, J.: Quelques résultats sur le contrdle par un domaine géométrique, VI Laboratoire d’Analyse
Numérique (1974)

[15] Patriarca, C., Calamelli, F., Schito, P., Argentini, T., Rocchi, D.: A numerical characterization of the attractor for a
fluid-structure interaction problem 3, 175-192 (2022)

[16] Paidoussis, M.P., Price, S.J., de Langre, E.: Fluid-Structure Interactions: Cross-Flow-Induced Instabilities. Cambridge
University Press, Cambridge (2010)

[17] Pironneau, O.: On optimum design in fluid mechanics. J. Fluid Mech. 64, 97-110 (1974)

[18] Podolny, W.: Cable-suspended bridges, Structural Steel Designer’s Handbook, 3rd edn. McGraw-Hill, INC, New York
(1999)

[19] Savaré, G.: Regularity results for elliptic equations in Lipschitz domains. J. Funct. Anal. 152, 176-201 (1998)

[20] Zarghami, A., Padding, J.T.: Drag, lift and torque acting on a two-dimensional non-spherical particle near a wall. Adv.
Powder Technol. 29, 1507-1517 (2018)

Edoardo Bocchi and Filippo Gazzola

Dipartimento di Matematica

MUR Excellence Department 2023-2027

Politecnico di Milano

Milan

Italy

e-mail: edoardo.bocchi@polimi.it;
filippo.gazzola@polimi.it

(Received: March 20, 2023; revised: June 26, 2023; accepted: July 3, 2023)



	Asymmetric equilibrium configurations of a body immersed in a 2d laminar flow
	Abstract
	1. Introduction
	2. Fluid boundary value problem
	3. Equilibrium configurations of a FSI problem
	4. Proof of theorem 3.2
	5. Proof of theorem 3.1
	5.1. Continuity and monotonicity of the global force
	5.2. Conclusion of the proof

	6. Symmetric configuration
	7. An application: equilibrium positions of the deck of a bridge
	Acknowledgements
	References


