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WELL-POSEDNESS AND EXPONENTIAL DECAY FOR THE
EULER-BERNOULLI BEAM CONVEYING FLUID WITH
NON-CONSTANT VELOCITY AND DYNAMICAL BOUNDARY
CONDITIONS

AKRAM BEN AISSA, MAMA ABDELLI, AND ALESSANDRO DUCA

ABSTRACT. In this paper, we consider an Euler-Bernoulli beam equation with time-
varying internal fluid. We assume that the fluid is moving with non-constant velocity
and dynamical boundary conditions are satisfied. By using a semigroup approach, we
prove the existence and uniqueness of global solution under suitable assumptions on the
tension of beam and on the parameters of the problem. Afterwards, we establish the
exponential stability of the solution by introducing a suitable Lyapunov functional.

1. INTRODUCTION

In this paper, we study the dynamics of a tubular structure, a flexible pipe, which
conveys a moving fluid. We assume that the pipe diameter is negligible compared to its
length and we model the system by a one dimensional problem. In this context, the motion
of the structure is driven by the following Euler-Bernoulli beam conveying fluid equation

1) {(mp 4 2mp) Wit (1) + Elwggna(t) — (T — 2mV (£)2) was ()
' +cw(t) + 2mVi(t)wy (1) + 4mpV (#)wa (t) = 0, O<x<L,t>0,

endowed with the boundary conditions

(12) Wy (0,1) = Wy (L, t) = w(0,t) =0, t >0,
' Elwge, (L, t) — (T = 2m;V (£)))w, (L, t) + 2m;V (t)w(L, ) = 0, t> 0.

The parameters L and m,, are the length and the mass per unit length of the flexible pipe,
while E7 and T are its bending stiffness and its tension. The terms my and V() are the
mass per unit length and the velocity of the internal fluid. We assume that the velocity
V(t) is strictly positive or strictly negative (we refer to Section {4| for further details on the
general case). The solution of the system (1.1]) with boundary conditions (1.2)) represents
the displacement of the flexible pipe at the position x and time ¢ (see Figure . We study
the well-posedness of — and the exponential stability of its solutions.

The equation (1.1)-(1.2) has been deduced when the velocity V/(¢) is constant by Liu
et al in [13] in presence of the environmental disturbances and a boundary control. The
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FIGURE 1. The figure represents the displacement of a flexible pipe which
conveys a moving fluid.

authors consider the problem of a flexible marine riser and they compute the equation via
a suitable energy functional. Finally, they prove the exponential decay of the solutions by
Lyapunov method in presence of an additional boundary condition w,(0,t) = 0.

In our work, we assume that the tension 7T is larger than a specific value 7™ depending on
the parameters of the problems. By exploiting such hypotheses, we firstly ensure the well-
posedness of the — and we prove the existence of a strongly continuous semigroup
associated to the dynamics. Secondly, we show the exponential stability of the energy of
the solutions of — without considering the additional boundary condition.

Our stability result is obtained by exploiting a different energy functional from the one
considered in [13] which validity is due to the assumption imposed on 7T'. Such condition is
not surprising from a practical point of view. It is reasonable to assume that the tension
of the pipe has to be sufficiently strong, compared to the density and the velocity of the
conveyed fluid, in order to have the stability. Otherwise, the fluid inside the pipe may
dynamically interacts with its motion, possibly causing the flexible pipe to vibrate.

Euler-Bernoulli beam conveying fluid equations are found in many practical applications.
They are used to model for instance risers of offshore platforms, pipes carrying chemical
fluids, exhaust pipes in the engines, flue-gases stacks, air-conditioning ducts, tubes in
heat exchangers and power plants, etc. A similar dynamics to is studied in [§] by
Khemmoudj where the internal damping cw(t, ) is replaced by a viscoelastic term. There,
the author considers suitable boundary conditions and he proves the exponential stability
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by Lyapunov method. In [4], Conrad et al. consider the equation wy + Wypee = 0 and
they prove exponential stability in presence of specific dynamical boundary conditions. For
other similar results, we refer to [2], [15].

The paper is organized as follows. In Section [2, we present the well-posedness of the
equation ((1.1)-(1.2]) in Theorem by virtue of the semigroup methods. In Section , we
ensure our stability result in Theorem by introducing a suitable Lyapunov functional.

2. WELL-POSEDNESS OF THE PROBLEM

The aim of this section is to prove the existence and uniqueness of solutions for (|1.1))-
(1.2). To this purpose, we define the space

= {w € H*((0,L),R) | w(0) = o}
and the Hilbert space
H= {(w,v) | weV, ve L*((0, L),R)}

equipped with the norm || - || induced by the scalar product

L
<f17f2>H = / <6§w18§w2 + Oyw 0, wy + v1v2>dx, fi=(wi,01), fo= (w3, 02) €.
0
We define the family {.Ao(t)}scpo,m of operators in H such that

Ao =Aute) ()

v

a ( —mﬁ—gmfwmm + %f;:jf(t)wzx — :Z:gﬁivx ) ’
for every f in the domain D(Ay(t)) defined by
D(A(t) = {(w,0) € H | w € VAH", v eV, wy,(0) = (L) =0,
9m sV (£)0(L) = — Ewgge(L) + (T — 2me2(t))wx(L)}.
Let {B(t)}+co,r) be the family of bounded operators in ‘H such that

0
B(t)f = ( c oy 2met(t)wz > , VfeH,

mp+2my mp+2my

By imposing v = w;, the Cauchy problem ((1.1)-(1.2]) becomes the following one in H

(2.1) ( e ) = A(t) ( v ) : At) = (Ao(t) + B(t)),

V¢ (%
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endowed with the boundary conditions ([1.2)). The main result of this section is the well-
posedness of the dynamics of (2.1)-(1.2)) in H which is presented by the following theorem.

Theorem 2.1. Let V € Cl([O, T],R) be a strictly positive or strictly negative function for
7> 0. Let T'> 0 be such that T > 2m s sup,¢po - V2(t) for T > 0. The family of operators
(A(t), D(Ao(t))) with t € [0, 7] generates a strongly continuous Cy-semigroup on H.

Theorem ensures the well-posedness of endowed with the boundary conditions
, and then of —. The result is guaranteed when the tension 7T is sufficiently
large with respect to the velocity V(¢) and to the mass my.

The following proposition is the core of the proof of Theorem [2.1] It ensures the exis-
tence of a strongly continuous Cy-semigroup on H generated by the family of operators
(Ao(t), D(Ap(t))). Such result and classical arguments of semigroup theory lead to Theo-
rem thanks to the properties of the family of operators B(t) .

Proposition 2.2. Let V € Cl([O,T],R) be a strictly positive or strictly negative function
form > 0. Let T > 0 be such that T > 2mySup;c( V2(t). The family of operators
(Ao(t), D(Ap(t))) with t € [0, 7] generates a strongly continuous Cy-semigroup on H.

Proof. Thanks to the assumptions on the velocity V (), we can define the norm || - ||; for
every t € [0, 7] of H induced by the scalar product

L
(fi, fa)e = / (a(t)@iwlf)gwg + B(t) 0w 0y wa + V(t)vva)d%
0

for every fi = (wy,v1) and fo = (wa,v9) € H with

EI T —2meV2(t 2
oim P12 T2V my e 2my
me 2mf 2mf
Now, the choice of the potential V' yields that there exists C' > 1 such that
(2.2) CH M <1 lle < CU - s vt €0, 7].

The domain of Ay (t) can be rewritten in terms of the parameters a and f(t) as follows
D(A(t)) = {(w,v) EH|weVNH, veV, w,(0)=wm.(L) =0,
V()0(L) = ~0tpaa(L) + Bt (L) }.
1) Dissipative property. First, we prove that Ay(¢) is dissipative for every ¢ € [0, 7] in
‘H with respect to the scalar product (-,-);. Let us denote
El T—-2 2(¢
a = —— as(t) == m V(1)
my, + 2my
For every f € D(Ao(t)), thanks to the relations
vay = —a, ax(t) = B(), V(t)as(t) = =2V (1),

. 4me(t)
my +2my’

as(t) ==

my, + 2my
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there holds

(f, Ao(t) f) :/0 <awmvm + B(E)wyvs + V(1 Weas + a2(t) Wy + ag(t)vx)v) dx
= — QW (L)v(L) + B(t)w,(L)v(L)

+ /OL ((oz + Y1) Waaw + (B(E) — Yas(t))wes + WB(t)Uw)“) dx

— (= W (L) + B, (L)) 0(L) — /0 2V (v,
V(L) — V(o(L)? = 0.

2) Surjectivity conditions. Second, fixed ¢ € [0, 7], we ensure the surjectivity of the
map

(M — Ag(t)) : D(Ao(t)) CH — H
for every A > 0. The property is equivalent to prove that, for every f* = (w*,v*) € H,
there exists a unique solution f = (w,v) € D(Ay(t)) of the equation (A — Ay(t))f = f*.
In other words, we need to study the existence of a unique solution of the following system
of equations

Aw(z) —v(r) = w*(z),

A(Z) — A1 Ware (T) — a2(t) Wz () — az(t)v.(z) = v* (), x €0, L],
V(0(L) = —awans(L) + A(t)w,(L),

Wz (0) = wae (L) = w(0) = 0.

Solving the previous system is equivalent to study

(2.3)

AW — A1 Wappe — A2 ()W — az(t) Aw, = v* — az(t)w? + w*,
AV (t)w(L) — V(H)w* (L) = =W (L) + B(t)w, (L),
Wy (0) = Wy (L) = w(0) = 0.

Let g* = v* — az(t)w} + Aw*. The weak formulation of the previous system is given by

L
/0 <)\2w¢ — U WeyPrr + () Wy — ag(t))\wx(x)(;ﬁ) dx
(2.4)

L
- 6 (DAL) ~ ax(eDo(L) = [ g'oda
0
with ¢ € V. The identity (2.4]) can be rewritten as

L
/ <A2w¢ — U WeyPrr + () Wy — ag(t))\wx(x)¢> dx
0

#7! (0aa() — SOl 1)1 = [
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Thanks to the validity of the boundary conditions in L, we have

L
/ (/\qub — U WepOPry + a2(t)Wedy — CL3(t>A”LU$¢) dr — v ']AV(H)w(L)p(L)
0

— W (L)L) + / g de.

We consider the bilinear form (-, -) 4, in V such that, for every w,¢ € V,

L
<’LU, ¢>Ao(t) :/0 <)\2w¢ - alwxx¢xx + as (t)wx¢x - a3<t))\w:c¢) dx

— 7 AV (t)w(L)$(L).
We notice that, for every w € V,

(W, w) 4o1) = /0 (Nw® — aqw?, + as(t)w?)de — (agT(t) + ’y*lV(t)))\w(L)z.

Thanks to the identity

WO v =,

(s )40 is a coercive bilinear form as —a; > 0 and ay(t) > 0. From the Lax-Milgram
theorem, the weak formulation admits an unique solution. Thanks to the regularity of w €
H*((0,L),R) and by using particular ¢, it is possible to recover the boundary conditions

in w and v is defined by ({2.3) which is unique. Now, f = (w,v) € D(Ay(t)). This shows
the surjectivity, for every A > 0, of the map

(M — Ao(t)) : D(Ag(t)) € H — H.

3) Conclusion. Thanks to the point 1), the operator A(t) is dissipative for ¢ € [0, 7] and
then, for every A > 0,

(AL = Ao(£))0[le = All#lle, ¥ € D(Ao(t)).
Now, we define a new norm of H
-1l :=m@) - lle, Vvt €0,7]

by choosing a suitable strictly positive function m : [0,7] — R™ such that there exists
C > 1 such that

CH M= -1 <Ol s V<s<t<r
(by keeping in mind the validity of the inequality (2.2))). Thus, we have
(AL = Ao@)) ol = Allellz, VA >0, ¢ € D(Ao(t)).

Let us denote, for every ¢t € [0, 7] and z € [0, L],

g = (15 (M),
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B(t) x

g(t,) = sign(V(t) =7

We introduce the family of operators I'y with ¢ € [0, 7] such that

Ft : (wv U) = (w7 f<t7 ')U - g(tu )wac)
We notice that

Ty (D(Ao(t))) = {(w,v) eH|weVnH,
VEV, We(0) = wee(L) = 0, v(L) = —sz'gn(wt))wm(m}

which does not depends on time since V(t) has constant sign. Each I', : H — H is
invertible and I';! is a family of linear bounder and invertible operators satisfying [10),
hypotheses (4.3) and (4.4); p. 309]. In conclusion, the validity of [10, Theorem 4.2] yields
that (Ao(t), D(Ao(t))) with t € [0, 7] generates a strongly continuous Cy-semigroup. [

Proof of Theorem [2.1] The statement follows from Proposition [2.2] and [I0, Theorem 5.1]
thanks to the smoothness of the bounded operator B(t) which is due to hypotheses imposed
on the velocity V (¢). O

3. EXPONENTIAL STABILITY OF THE PROBLEM
MAIN RESULT

In this section, we ensure the stability result for the solution of the problem ([1.1})-(/1.2)).
To the purpose, we introduce the following assumptions in a time interval [0, 7].

Assumptions I. Let V € C*! ([0, 7], R) be a strictly positive or strictly negative function.
Let T > 0 be such that

T > 2my sup V(t)2 + max{T1, T>},
te(0,7]

where we denote
2

L
T = Z(mp +2my) + 2\/§me sup [V (¢)]
te(0,7]

and

2L2
¢ 4 2my sup ViV ().

T —
’ 8(c —myp — 2my) t€[0,7]

Assumptions I ensure that the tension T of the beam is sufficiently strong with respect
to the velocity V' and to the parameters of the problem. In this framework, the quantity
L —mV?2(t) > 0 for every ¢ € [0, 7] and it is valid the well-posedness result provided in the
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previous section by Theorem [2.1] In addition, the assumption on 7" allows us to consider
the following energy functional associated to the solutions of ([1.1])-(1.2)

1 L EI [*
E(t) ==(my,+2my) | wi(t)de+— | wi,(t)dx
(3.1) 2 0 2 Jo

+ (% - mfv2<t)) /OL wi(t) da.

We are finally ready to state the stability result of the problem 1)

Theorem 3.1. Let the problem (1.1))-(1.2) satisfy Assumptions I in the time interval [0, T].
There exists two positive constants ko and ki, such that for any solution w of (1.1))-(1.2)),
the energy functional (3.1)) decays as follows

(3.2) E(t) < koe ™' ¥Vt € [0,7].

The proof of Theorem is established in the final part of the section by gathering
different results. We firstly compute the time derivative of the energy functional < E(t).
After, we introduce a suitable Lyapunov functional £(t) for which there exist Cy,Cy > 0
so that C1E(t) < L(t) < CyE(t). Finally, we show the existence of C5 > 0 such that
LL(t) < —C3L(t). This identity implies £(t) < £(0)e~ %" and Theorem [3.1]is proved by
gathering the previous results.

SOME PRELIMINARIES
We start by recalling the following Sobolev-Poincaré inequality (see [1] for further de-
tails).
Lemma 3.2. (Sobolev-Poincaré inequality) For every v € {w € H'(0,L) | w(0) = 0},
there holds
L2

L L
/ vide < P/ vi dx, with P:=—.
0 0 2

Lemma 3.3. Let w be a solution of the problem (1.1))-(1.2)). The energy functional defined
by (3.1)) satisfies

%E(ﬁ =-— C/o wi(t) do — meVt(t)/o wy(t)wy(t) da

—Qmﬂ/}(t)V(t)/o w?(t) da.
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Proof. By multiplying the first equation in (1.1) with w; and by integrating over (0, L), we
obtain
L
/ wi(?) [(mp +2mp)we(t) + Elwgees(t)
0

(T - mev2<t))wm(t>} dz + 4m,V (t) /0 w () way(t) dz

= —c/OL w; (t) dz — 2mVi(t) /OL wy (t)wy(t) d.

We study each term appearing in first integral of (3.3))

L 1 d L
(3.4) (m, + 2m;) /0 wiBpua(t) d = 5 (my + 2my) & /0 W2t da,
L EIld (*
35)  EI /O W Ogaaa(0)dr = BT e (L) + 5 [ k(0o
and
(3.6)

—(T - meVQ(t))/O Wy (E) W () dz = (2mpV3(t) — T) wy(L, t)wy (L, t)

Td [*F

d L
—— 2(t) de — mpV3(t / 2(t)d
w53 [ woa-nyviog [Cuown
The right-hand side of (3.6]) can be rewritten as follows
2 rd (*o,
2mV=(t) — T)wy(L, t)wy (L, t) + = —
(3.7)

t)d

2t ), w, (t) da
d L L
— me(VQ(t)/ w? da:) + 2met(t)V(t)/ w? dx.

0
Now, we investigate the remaining term in the left-hand side of ([3.3)
L
(3.8) 4me(t)/ wy () wa (t) dz = 2mV (t)wi (L, t).
0

By using (3.4)-(3.8]) into (3.3)) yields the following expression

~B(t) + (Efwm(L, £) — (T — 2mV2())wo (L, t) + 2msV (H)wi(L, t))wt(L, )

L L L
= —c/ wi (t) dz — 2mVi(t) / wy(t)w,(t) de — 2mVi(H) V(1) / w?(t) dx.
0 0 0

The boundary conditions (1.2)) complete the proof.
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A SUITABLE LYAPUNOV FUNCTIONAL

Let us introduce the functionals

G1(t) = (my, + 2mf)/0 w(t)w(t) dz,

Go(t) = 2me(t)/0 w(t)w,(t) dz,

and

(3.9) G(t) = Gi(t) + Ga(t).
We define the Lyapunov functional £ such that

(3.10) L(t)=E(t)+ G(t).

Lemma 3.4. Let the problem (L.1)-(1.2) satisfy Assumptions I in a time interval [0, T].
There exist two positive constants & > 0 and & > 0 depending on m,, mg, T and V(t)
such that, for allt > 0,

(3.11) GE(1) < L(t) < GE(t).

Proof. Let P be the Poincaré’s constant from Lemma[3.2land «; > 0. By using the Young’s
and the Poincaré inequalities, we obtain

(3.12)

By setting as =

O[QP 1 L
|Go(t)] <2m| V()| — + — w?(t) dz
(3.13) f ( 2 2a2)/0

zsz|V(t)|¢T3/0 w(t) dz

In the last relation, we impose oy = \/; in order to minimize the function oy +—> {%ag +

ﬁ} which attains its minimum in v/ P exactly when oy = \/; . By combining 1} 3.12
and (3.13)), we have

L(t) < (g—mfvz(t)+i(m,,+2mf) +2mf|V(t)|ﬁ>/0 w?(t) dx

>
(3.14) “

e Eo, by
+(mp+2mf)<1+7>/0 wt(t)dx—l—EI/O w;,(t) de.
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For the lower bound, we can see that

£(t) > (g—mfmt) QZ <mp+2mf)—2mf|v<>|ﬁ> / w2(t) da

(3.15) . 5
+ (m, + 2mf)(1 — %) / wy (t) do + EI/ w? () dx.
0 0
We recall that P = = and thanks to Assumptions I,
L2
(3.16) T > 2my sup V(t)? 4+ =(m, + 2m;) + 2v2Lm; sup |V (1)].

tef0,7] 4 te(0,7]

Now, we choose a; € [1,2) in (3.14) and (3.15]) as that number such that

T
= —my sup V(t)* — —(m, + 2my) — 2my sup |V (¢ VP >0,
2 te[o,7] 20 te[0,7]

which existence is guaranteed by (3.16). In addition, (m, + 2my)(1 — %) > 0 and

T T
— —my inf V2t)> = —m; sup V3(t) >0
2 ftE[O,T] () 2 ftE[OIi] 0

thanks to (3.16). By combining (3.14)) and - we obtain . The constants & and
&y are explicitly given by

1 T P
— — —mV3(t) + —( + 2 )
G max { % — My SUPyeio, 7] V(t)? < 2 myV (1) 201 e s
+2my sup |V (1)|VP, 2(1—}-%), 2},
te[0,7] 2
1 T P
= mi — —mV3(t) — —(m, +2
€, = min {% it V30 ( 5 — msV(t) S, (myp +2my)
—2my sup |V (t)|VP, 2(1 — —) 2. O
te[0,7] 2

Lemma 3.5. Let w be the solution of (1.1)-(1.2). The functional G defined by (@
satisfies

d
dt

- C/o w(t)wy(t) de + 2mV (1) /0 wy (t)wy(t) dx + (my, + 2my) /0 w?(t) dz.

—G(t) = —EI/O w? (1) do — (T—meVZ(t))/O w?(t) dw
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Proof. We know that £G(t) = LG (t) + £G5(t). Now,

%Gl(t):(mp—i-me) /0 w(tyw(t) dz + (my + 2m;) /0 Ww2(t) dx

We use (1.1) and we obtain

d

CGu(t) = Bl /0 Wanea(0(2) + (T = 2m, V(1)) /O wan (P (t) da

o, Vi(t) /O wa(E)w(t) da — dmV(E) /0 wa(Bw(t) da

L L
—c/ w(t)ws(t) dx+(mp+2mf)/ W2(t) da.
0 0
We integrate by parts and LG (t) becomes

- (Ezwm(L, £) — (T — 2m V() wy (L, ) + 2myV (Hun(L, t))w(L, )
—EI/O w?, (t)de — (T — 2me2(t))/o w?(t) do — meW(t)/o w,(H)w(t) dx

L L L
—2mV (t) / Wt (t)w(t) doe — c/ w(t)w(t) de + (my, + 2my) / w?(t) dz.
0 0 0
By using the boundary conditions, we obtain

d

%Gl(t) = —EI/O w2, (t)de — (T — 2me2(t))/o w?(t) dx

(3.17) —2met(t)/0 wx(t)w(t)d:v—meV(t)/o Wee(t)w(t) da

- c/OL w(t)wy(t) dz + (my, + 2my) /OL w?(t) dw.

Now, we compute £ Gs(t)
d L L
—Gy(t) = 2me(t)/ we(H)w(t) de + 2me(t)/ w, (t)wy(t) de
0 0

318 &

L
+ meV,;/ w(t)w,(t) de.
0

By gathering (3.17) and (3.18]), we achieve the claim.

PROOF OF THEOREM [B.1]

Now, we are ready to prove our main result.
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Proof of Theorem [3.1] By the definition (3.10)), we have £L(t) = £ E(t) + £G(t). Thanks
to Lemma and Lemma [3.5, we obtain

%E(t) — e /0 W2(t) di — 2m Vi)V (1) /0 W2t da
(3.19) Bl /L W2, (1) dz — (T — 2m, V(1)) /L W2(t) dx
—c/o w(t)wt(t)dx+(mp—|—2mf)/0 w2(t) da.

By using Young’s inequality and Poincaré inequality, for every a; > 0, we have

1 L
—c/ w(t)w(t) de < c—/ w,(t)* do + —c/ w(t)? dx
0 201 Jo
p [t )
c— w,(t)* do + 20 ¢ we(t)” dx.
Ofl 0

Now, thanks to Assumptions I, there exists (5 € (0,¢ —m, — 2my) such that

AP
3.21 T > 2my sup V(t)* + +2my sup |V (£)V (t)].
( ) fte[o,T] ®) 4(c —my, —2my —0) fte[o,ﬂ’ H(OV ()]

We set a; = 2% in (3.20) that we use in (3.19)) in order to obtain

d L L L
—L(t) < —70/ wf(t) dr — v / wz(t) dr — EI/ wix(t) dx
dt 0 0 0

(3.20)

where
a1
/Y():C_C?_mp_2mf,
P
v =T —2my sup |V;(£)V(t)] — 2m; sup V(t)* — c—.
t€[0,7] te[0,7] 201

We notice that vy > 0 thanks to the choice of a; and ; > 0 thanks to (3.21)). Finally, we
see that

(3.22) dtc( ) < —9E(t)

with

¥ 1= min 2% 2 2
' my, +2my’ T — 2myinfyepo V(E)2 |

A combination of (3.11]) and (3.22) gives
d

(3.23) y

SLt) < —kiL(H), Ve 0,7,
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where k; = 5%. We integrate ((3.23)) over (0,t¢) and

(3.24) L(t) < LO0)e ™ vtelo,T].

Finally, by combining (3.11)) and ([3.24]), we obtain |D with kg = 52?&, which completes
the proof. O

4. CONCLUSIONS

In Section2]and Section[3] we studied the well-posedness and the stability of the solutions
of (L.I)-(1.2). We assumed that the velocity V(t) is a sufficiently smooth function with
constant sign, while the tension T is larger than a specific value T depending on the
parameters of the problems. By exploiting such hypotheses, we proved the well-posedness
of — by showing the existence of a strongly continuous semigroup associated to
the dynamics. Secondly, we ensured the exponential stability by introducing a suitable
Lyapunov functional.

The choice of considering V' with constant sign is due to the following reason. When
V' vanishes for some time, the dynamical boundary condition in becomes a statical
boundary condition. In this case, the problem lacks of a boundary condition on w; (¢, x) and
it is not clear which “natural” boundary condition appears in such a context. Nevertheless,
the stability result from Section [3| could still be valid, at least from a formal point of view.

Finally, the assumption on 7' is not so surprising when we think to the nature of the
problem modeled by —. It is reasonable to assume that the tension of the pipe
has to be sufficiently strong, compared to the density and the velocity of the conveyed
internal fluid, in order to have the stability. From this perspective, it could be interesting
to explore this phenomenon further, at least from a numerical point of view. One could
seek for evidences of instability phenomena when the tension 7T is too low.
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