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A STABILITY ANALYSIS FOR VIBRATING VISCOELASTIC
SPHERICAL SHELLS
(The Effect of Damping on the LBB Constants of Vibration Problems)

Y. C. Chang and L. Demkowicz

Abstract. This paper is a continuation of [3-6] and it is devoted to
a stability analysis of multilayered vibrating viscoelastic spheres, both
in vacuo and in an acoustical fluid. The analysis is done by investigat-
ing the effect of viscoelastic damping on the (continuous) Ladyzenskaya-
Babuska-Brezzi (LBB) constants for the related boundary-value prob-
lems. The sphere is modeled using both 3-D viscoelasticity and the
Kirchhoff-Love shell theory.

1. INTRODUCTION

The present study has been motivated by the numerical modeling of fluid-
structure acoustic interaction problems presented in [7]. Based on the numer-
ical experiments, it was found experimentally and analyzed theoretically in
[5, 6] that, for a typical data (a thin steel shell in water) the radiation damp-
ing might be insufficient to guarantee stability (and, therefore, convergence)
of the numerical simulations.

The natural choice in such a situation is to add to the model some damping
phenomenon. Modeling of damping for real-life complex structures is a very
complicated and unresolved issue (see, e.g. [12]) and in the present study
we resort to the simplest, linear viscoelastic laws. The stability effect of the
viscoelastic damping will be measured through the evaluation of the LBB
constants for the appropriate boundary-value problems.

The investigations are done in context of spherical shells only. The spher-
ical geometry allows for a modal decoupling and makes the whole analysis
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possible. In particular, we model the shells using both 3-D viscoelasticity and
Kirchhoff-Love shell theories. As a by-product of the stability consideration
we construct the exact 3-D solutions to the viscoelastic vibration and scat-
tering problems. The solutions are indispensable in validating the numerical
simulations mentioned earlier. In this aspect, the work is a continuation of [3,
4].

The plan of the paper is as follows. In Section 2, we review first the exact
solutions for vibrating hollow viscoelastic spheres using the 3-D theory, and
use it to construct the solution of the scattering problem. The stability con-
siderations are presented in Section 3. After a short theoretical introduction,
we perform the stability analysis for a viscoelastic spherical shell using first
the shell theory and next the full 3-D theory. The paragraph is concluded
with a generalization for multilayered shells. Finally, Section 4 is devoted to
various numerical experiments investigating the effect of viscous damping on
stability.

2. STEADY-STATE VIBRATIONS OF A VISCOELASTIC SPHERE

In this section, we consider several problems concerning steady-state vi-
brations of a 3-D viscoelastic hollow sphere. By means of the Helmholtz
potentials, solutions of the steady-state form of the Navier equations for the
sphere can be reduced to the solution of equivalent, three decoupled reduced
wave equations for three Helmholtz potentials ®, ¥, and X:

(2.1) — PV - Wwi® = 0,
(2.2) — 2V - W2 = 0,
(2.3) -2V —w?x = 0.

Here w is the frequency of the vibrations and ¢; and ¢ are the viscous coun-
terparts of the longitudinal wave velocity and the shear wave velocity, respec-
tively,

A* 2 * *
(24) Czk = #, C: — 'ui
V Ps \/ Ps

with A*, u* denoting the complex viscoelastic moduli depending upon a par-
ticular model and frequency w, and ps; denoting the density of the solid. For
instance, for the simplest Kelvin model we have

(2.5) A= Ao — iwy,

(2.6) 1= e — iWpty.
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Here A\¢ and i, are the elastic Lame constants and )\, and p, are their viscous
counterparts.

We shall restrict ourselves to axisymmetric vibrations only. Referring to
[3, 4] for details, we list here only the final formulas

()02*
o o =3 2 [ AT (0 r) + BUT() (8'7) + CuTi (o)
. n=0

—i—DnTl(g) (5*7’)]]3”(005 0).
Following [8], we shall use a simplified notation of the form

207 1030w i) ¢
(2.8) Orp = % {Tl(l)(a r)+ T1(3) (6 r)} P, (cos )

- Qe : (1) * (2) (% (1) ¢ * -
with T}y (a*r) replacing A,Ty, (a*r) + C,T17 (a*r), T3 (a*r) replacing
BnTl(;)(ﬂ*r) + DnTl(g) (6*r), and the summation convention being used. Con-
tinuing formulas for the stresses, we have

27 [ o) A (o
000 :7’—2{T21 (a*r)Py(cos ) + Ty (a T)smTH
- [=n cos? 0P, (cos ) + n cos O P,_1 (cos 6)]
(2.9)
T35 (B°r) Pa(cos ) + T35 (5°r)

sin?
- [(=n cos? §) P, (cos ) + n cos 0P, (cos 6)] },
2 *

M i * Y *
00 = - TS (0" ) Pa(cos ) + 74 (")

1
sin? 6

- [ncos? 0P, (cos @) — n cos O P,_1(cos 6)]

(2.10)

+T33 (B8%1) Pa(cos ) + T35 (B r)sinQH

- [(n cos? §) P, (cos §) — n cos 0P, (cos 6)] },
2u*
= T.T

+ T4(;? (B*r) - [n cot 0P, (cosf) — L@ —1(cos 9)} } ,

sin

Org

{Ti?(a*r) [n cot 0P, (cosf) — & —1(cos 9)]
(2.11)

(2.12) orp = 0gp = 0,
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where
213) TW(a*r) = (n —n— 6*2 2) Z9(a*r) + 207728 | (a*r),

(214)  TF () = nm+1)[(n-120 @) - g 20 (6]

(2.15) TQ(? (a'r) = (—n2 - ,3*27“2 + a*2r2> Z% (a*r) — oz*rZﬁ_l(oz*r),
(2.16) Té?(a*r) = z¥ (a*r),
(217)  TE ) = —m2+n) [0z (87) - gz (8]

(218) T8 r) = (n+1)Z0 () - B2 (5r),

(2.19) Té?(ﬂ*r) = (n— ﬂ*2r2+a*2r2) T(Li)(a*r)—a*erfJ)rl(a*r),
(2.20) Té?(a*r) = Zr(f)(oe*r),

(221) TR (B = nn+1)ZY (8,

(222)  TH(Br) = (n+1)20 ) - gzl (57r),

(2.23) Tﬁ) (a*r) = (n— 1)Z7(1i) (a*r) — a*ngJ)rl(a*r),
@20 1) = (-1 50?) 205+ Bzl (),
(2.25) =2 g =2 ,/A*JFQ" e _\/7
Cl S
(2.26) ZM(2) = ju(2) = (7/22) 2 T 41 )2(2),
(2.27) Z(2) = yn(2) = (7/22) Y1 )2(2).

Here r, 0, ¢ are the spherical coordinates, P,(n) are the Legendre polynomials,
gn(2), I, 1 (2) and yn(2), Y, . 1 (z) are spherical and regular Bessel functions
of first and second kind of complex argument z.



Vibrating Viscoelastic Spherical Shells 217

The corresponding displacement field takes the form

(2.28) :% (U0 (@r) + UL (8°7)] Pa(cos 0);

_Llye s (i) ( g+ n .
(2.29) U9—;{V1 (') + V37 (87 } ncot 0P, (cos0) — —— Paoi(cost)|

(2.30) uys=0,
where
(2.31) U (0rr)=nz (a*r) — a*r 28 (ar),
ﬁ*r)z (n+1)Z(8*r),
)=23) (o*r), v;)(ﬁ*r):Z“’(ﬂ*r)
)=(n+1)Z8(Br) - rZ0 ], (57r).

2-1. Free Vibrations in Vacuum

Imposing the traction-free boundary conditions, we obtain the character-
istic modal equations for natural frequencies w:

T (a'r,) T (aro)

(2.35) JAVRES =0 forn=0,
" ) T ()
T (arr,) TG (B70) T3 (are) TS5 (Br)
1)y« (1) / o (2)/ « (2) [ px
(2:36) £, = | Oyl T (7o) Ty (atra) T (B7a) | g gor gy 5,
Tﬁ)(a To) T41 (B*ro) T4é (a*r,) T%g)(ﬁ To)
Ty (ary) T (B'r:) TS (atr) T (8°r4)

Here, r; and r, denote inner and outer radii, respectively. In order to obtain
the corresponding eigenmodes, the corresponding systems of 2 x 2 (n = 0) or
4 x 4 (n > 0) equations for constants A,, By, Cp, D, must be solved.

2-2. Forced Vibrations in Vacuum

Expanding the excitation pressure in terms of the Legendre polynomials
we reduce again the whole problem, as for the free vibrations, to separate
modal systems of equations. The only different equation compared with the
free vibrations is as follows:

2p*
Orr b= 5 [AnT1y (07ro) + BuTs (Bro) + CuTi} (a7r,)
(2.37) +D, T1(§ (Bro)} ) (cos 6)
= fnPn(cosh),
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where f, is the nth spectral component of the forcing term.
For n = 0, we obtain

7,2

2"
AOTI(P(O[*W) + C’ng)(a*ri) =0.

AT (0ro) + CoT (aro) = =2 fo,

(2.38)

Solving for Ay and Cj in (2.38), we obtain

7‘2
T (@ro) 52 fo
Tl(ll)(a*n) 0
‘ Tl((l?)(a*ro) Tl((lz))(a*ro) ‘
Ty (ari) Ty (arq)

500:

For n > 0, we have

2

r
:T/;fna

AT (@) + BT (B7r:) + Co Ty (ary) + DTS (B%r:) =0,

AT (@ro) + BaTS) (B770) + CuT (0 ro) + DuTis (5°70)
(2.40)
AT (@10) + BuTy) (516) + CTyy (o) + DyTi3 (B770) =0,
AT () + BaTS (B%13) + Co T (0ri) + DT (8%r) =0.

Solving for coefficients A,,, B,, C, and D,,, we obtain

o Anp1 o Ao o Anp3 o Anpg
(2.41) A, = A B, = A Cn = A, Dy, = A,
where
Tf?(a*m Tf;w*ro) Tf?(a*ro) ng’w*m
pa) = | Tl TG TP TP E)
T4((11))(a*ro) T%i))(ﬁ*ro) T4((12))(a*7"0) T4((32))(ﬂ*ro)
Ty (04*7“1) Ty3 (ﬁ*Tz‘> Ty (04*7“@‘) T3 (5*7%‘)
7“2 * * *
i fo T (B710) T3 (a7r0) T35 (B7ro)
pa  swe| O THEW TR T |
0 Ti{(ﬁ*ro) T§12)<a*ro> Tig;(ﬂ*ro)
0 TR TH(atr) TH (B
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TV ('re) gifa T3 (aro) TS5 (870)
(244) Ay = Tﬁ))(a*”) 0 Tl((;)( arr;) Tg))(ﬁ*m) 7
Ty (a'ro) 0 Ty (a*ro) Ty (B%ro)
() 0 T(err) TR (87
TV (0r0) T (670) g fu T13 (570)
(2.45) Ny = Tﬁ))(a*ri) T%(%))(ﬂ*rz) 0 Tg))(ﬂ*rz) 7
Ty (a*ro) Tyz (B%ro) 0 Ty (B770)
TV (') TR ) 0 TE(6r)
TV (o) T (5r0) Tit (a°r0) 52 [
(2.46) Apg = Tl((%l))(a*n) T%(%))(ﬁ*n) Tl((;)(a*n) 0
Ty (a'ro) Ty3'(Bro) Ty (a'ro) 0
Ti(etrs) T (5r) TiPletr) 0

It is useful to define a modal mechanical impedance in vacuum for the 3-D
theory as follows

(2.47) Zy = ,f”
— WUy,
with
(248) Uy = - {A U (a*r) + CuU (') + BaUD (8°7) + DuUSY (5°7) }

and the coefficients A,,, By, Cp, and D,, given by (2.39) and (2.41). Note that
Zy, is independent of f,.

2-3. Radiation Problem

The radiation pressure distribution for the outer surface r = r, vibrating
with acceleration i, can be written as [10]

b (kr)
(2.49) Zum (cos0) hn(kro)'

By setting r = r,, we obtain the surface pressure in terms of the modal specific
acoustic impedance

(2.50) (70,0 Z ZnUpn Pp(cos ),

where z, is the modal specific acoustic impedance

hon (ko)
h! (kro)

(2.51) Zn = Ty — WMy, = 1PwCy
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with modal resistance r, and modal accession to inertia m, given by the for-

mulas ()
n\~KTo
2.52 = ;
( 5 ) r'f’b §R |:7'pwcw h%(k}’r’o):| Y
1 , h (ko)
x| =
(2.53) My = oS [ 1PwCw hg(kro)]

As usual, the bar symbol denotes the complex conjugate, p,, is the density of
water, hy, and h/, are Hankel’s functions and derivatives of Hankel’s functions,
respectively.

2-4. Free Vibrations in Fluid

We begin by recalling the formula for the normal displacement component

1
up == [4,0 (@*r) + C.UP (a*r) + BuUY (8°r) + DU (87)
(2.54) r

Py (cosb),
where
(2.55) Ul(i)(oz*r) = an(f)(a*r) — a*rZy(j_)H(a*r),
(2.56) U3 r) = n(n+ 1) Z0(8*r).

Substituting (2.54) into (2.51), we get the normal stress

O—'rr(ro, 9) =-— Z znumPn(cos (9)
n=0

(2.57) =3 (wrn + w?mn)—[AuUD (0710) + CaUD (ar,)

n=0

+ B U (8*1,) + DU (B*7)| Pa(cos 6).

1
To

Finally, we impose the traction boundary condition

2M* 1 * 1 *
Orrlr=ry = T[AnTl(l)(a To) + BnTl(S)(ﬁ To)
(2.58) "5

+C. TP (0*1,) + DaT 2 (3*7,)] Pa(cos ).

The resulting systems of modal equations look as follows.
For n =0, we get
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A, T4

)(a*ro) + CnTl(%)(CY*’I"O) _ o (iwry, + w?my,)

2u*
(2.59) . [AnUl(l)(a*,r) + CnUl(Q) (a*r)] ,
AT (0 ry) + C. TP (0 ;) =0.

For n > 0, we obtain

AT (@%70) + BoTS (B°10) + Cu T (o) + DTS (B770)

= 27;)* (iwry, + w?m,,) AnUl(l)(a*ro) + C’nUl(z)(a*ro)

+BnU§1)(ﬂ*ro) + DnU§2)(6*T0)} )
(2.60)

AnTl(%)(a*m) + BnTl(é)(ﬂ*m) + C’nTl(f) (ary) + DnTl(g) (B*r;) =0,
AT (@r0) + BaTS) (B10) + Co T2 (a*ry) + D T2 (Br,) = 0,

AT (0 ry) + BT (8*r:) + Cu TP (o ri) + DL T2 (87rs) = 0.

Equating the corresponding determinants to zero, we obtain the corresponding
modal characteristic equations from which resonant (scattering) frequencies
[11] are determined. Contrary to the vibrations in vacuo, the characteristic
equations are transcendental (not algebraic) as both modal resistance r, and
modal accession to inertia m,, depend upon frequency w.

2-5. Forced Vibrations in Fluid

The problem is equivalent to forced vibrations in vacuo with the loading
term equal to the sum of the actual loading and the radiation loading

(2.61) Tt = fr — Znilrn.

Solving for ,, we get

ok
Zn“‘zn7

where the mechanical impedance corresponding to the 3-D theory is defined
by (2.47).

(2.62) U,

221
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2-6. Rigid Scattering of a Plane Wave

Consider a spherical scatterer with midsurface radius a, and a distant
source generating a train of sound waves which impinge on the outer boundary
of the sphere. Let the rigid scattered pressure be denoted by p**° and the total
pressure by p:

(263) p= pinc _i_ps,oo.

Since the boundary is rigid, the resultant particle acceleration must have a
zero component in the radial direction on the scatterer.

(2.64) U +u=0 at r=r,,
where 42*¢ and 4°° are the normal acceleration components corresponding to
incident and scattered waves, and r, denotes the outer radius, respectively.

Consequently
- 1 op™e(r,0
(2.65) 15 = _uinc — 7M at r=r,.
Pw or
Thus the rigid scattering problem reduces simply to the radiation problem with
the vibrating boundary acceleration i, specified by (2.65). We restrict now
ourselves to an incident plane wave only, representing it in terms of spherical

harmonics

pinc (’I", 9) — Pinceikr cos

2.66 -
(2.66) = Pine (204 1)i" Pa(cos 0) i (kr),

n=0
where Pj,. is a prescribed coefficient. Substituting (2.66) into (2.65) and
comparing with equation (2.49), we obtain finally

Inkro) (1.

(2.67)  p®(r,0) = —Pinc »_(2n + 1)i" Py(cos Q)W n

n=0

2-7. Scattering of a Plane Wave from a Viscoelastic Sphere

We begin again by expanding the incident plane wave in terms of the
spherical harmonics
pinc(,r?e) — Pinceikrcosé

(2.68) 0
= Pine Y (2n+ 1)i"Py(cos 0) i (kr),
n=0
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where Py, is a prescribed coefficient.
The total viscoelastic-body scattered pressure p*(r,#) is equal to the sum
of rigid-body scattered pressure p*>°(r, )

g (kro)
hi, (ko)

and pressure p®"(r, ) radiated by the viscoelastic shell in fluid loaded with
forcing term, equal to p>™(r,0) + p™<(r, 0).

[e.e]
(2.69) p¥(r,0) = —Pipe Z(2n + 1)i" P,(cos 9)
n=0

ho (k)

b, (Kr)
h’ ! (ko)

(2n + 1) Pychp (kr)
(kro)2(Zn + 20) (R0, (K7o))?
where 1,., denotes the velocity component for the nth mode

Dn i"t1(2n + 1) Pine

ps,r (Tv 9) = prcw Z Uy, P, COS 0
(2.70)

= "puCy Z P, (cos8)
n=0

2.71 I = — =
(2.71) “ Zn+2m  (kro)2h, (kro) (Zn + 2n)
with the forcing term equal to the sum of p"*¢ and p*>>
"1 (20 + 1) Pine
2.72 n =
(2:72) P = T herg) 20 (ery)

and modal mechanical impedance Z, defined by (2.47) and modal specific
acoustic impedance z, defined by (2.51).
Using the spectral decomposition, we obtain the final pressure field

(2.73) p = p"(r,0) + p>>°(r,0) + p>(r,0)
with

pinc(r79) — Pmceikrcosﬁ
(2.74) = Pinc Y _(2n+ 1)i" Py(cos 0) i (kr),

n=0

S,00 = -1, j;z(kro)
(2.75) p>(r,0) = —Pmcnzo(2n+ 1)i" Py, (cos 6) h Goro) by (kr),
(2.76) P (r,0) = ipwcCw Zum (cos0) IZ((:T))’
(2.77) Uy = ——n = (2n +1)

Zo+ 20 (kro)%fn(kro)(zn +2)
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3. STABILITY ANALYSIS. THE EFFECT OF DAMPING ON
THE LBB CONSTANT

3-1. Theoretical Foundations

Given a Hilbert space V, we consider an abstract variational problem of
the form

FindueV such that
(3.78)

b(u,v) =4L(v) Yv eV,

where b(u, v) is a continuous sesquilinear form on V' x V and ¢(v) is a contin-
uous antilinear form on V.

The sesquilinear form b defines a linear operator B prescribed on V' with
values in the topological dual V’,

(3.79) B:V = Vs < Bu,v>=b(u,v) Vu,v eV
which allows us to rewrite (3.78) in the operator form
(3.80) Bu=1/{, ueV,

consistently with the classical theory of linear operators in Banach spaces (see,
e.g. [13]); operator B is postulated to be bounded below

(3.81) I Bu vz [ wllv,
where || - ||y and || - ||y are the norms in the original Hilbert space and its

dual, respectively. The optimal (smallest) constant v is known as the LBB
(Ladyzenskaya-Babuska-Brezzi) constant

(3.82) ~ = inf

Introducing the Riesz operator

(3.83) R:V -V, <Ru,v>= (u,v) Vu,v eV,
where (+,-) denotes the inner product in space V, we can eliminate inner
product (-,-) from the dual norm

Bu ||?, R 'Bu |}
oo g Bull I BBu
(3.84) w0 fully o [l
= inf (R"!Bu, R"!Bu).

(u,u)=1
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Next, using the standard Lagrange multiplier technique, we arrive at the
eigenvalue problem

Find u € V, ~? such that
(3.85) (R !Bu, R"'Béu) = v*(u,éu) YéucV
(u,u) =1.

Finally, it is convenient to rewrite (3.85) as a system of two equations.
Introducing an auxiliary variable

(3.86) u® = R Bu,

we get

(3.87) (R7'Bu,du?) — (u®,6u) =0 Vou?,
(3.88) (u®, R™'Bdu) — v*(u,0u) =0 Véu,
or, recalling the definitions of operators B and R,

(3.89) b(u,éu’) — (u ou) =0 Viu?,
(3.90) b(du, us) — v (u,6u) =0 Yéu.

Introducing a family of finite dimensional subspaces V}, of V', converging to
V as h — 0, we formulate the usual Bubnov-Galerkin approximation of (3.78)

(3.91)

Find up € V3, such that
b(uh,vh) = E(vh) V’Uh S Vh.

Repeating exactly the same steps as for the continuous problem, we can in-
troduce the discrete LBB constant v, which represents for the stability of the
discrete problem. It has been proved in [5] that, under approximate assump-
tions, the discrete LBB constant ;, converges to its continuous counterpart -y,
as h — 0. This motivated the study in [6] on the LBB constant for the acoustic
scattering and other related problems, in context of the spherical geometry.

3-2. Forced Vibrations of a Viscoelastic Hollow Sphere by the
Shell Theory

In the following we calculate the LBB constant for forced vibrations of a
viscoelastic hollow sphere by the shell theory. We shall focus on the depen-
dence of the LBB constant upon the wave number k and study the effect of
damping.

225
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Restricting ourselves to azisymmetric vibrations only, we describe the de-
formation of the shell with radial displacement U, (f) and transversial dis-
placement Upy(f) of the middle surface r = a, where r,0, ¢ denote the usual
spherical coordinates.

Referring to [10] for details, we recall here only the formulas for the
sesquilinear form b and the inner product:

2rE*t (T [ (0U, AU, —
b((Ur, Uy), (U, 6Us)) :L/ {(896 +U,«> ( 606 +6Ur>
0

1—v*

+(cot Uy + U,.)(cot 86Uq + §U,.)

+v* (88[29 + U,.> (cot 06Uy + 6U,.)

96U,
00

+27rE*t52 /7r % B partial?U, 06Uy 7 026U,
1—v* 00 002 00 002

oUN (.~ 950,

y oUy  0%U, _ 00U,
+v cotﬁ(ao— 292 ) (5Ug— 50 )

y ouU, 06Uy  9%5U, .
+v cot@(Ug— 39)( % o0 )}sm@d&

+v*(cot OUp + Uy,.) ( + 5U,«> } sin §d6

727rw2p5ta2/ (U-6U, + UpdUy) sin 0df
0

+ [27ra2/ p(n)0U, sin Gdﬂ} ,
0

_ 2rEt [T oUy (95[79 _
(@00, (60000 = 222 [ (G v ) (%t + o0

+(cot OUy + U,.)(cot 85Uq + 6U,.)

+v (3806'9 + U,-) (cot 86U, + 6U,.)

(3.93) +v(cot Uy + U,.) (3glefe + 6UT> } sin 0df

+27rEt62 /” oy U, 06Uy B %60,
1—v2 J, 00 062 06 062
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oU, 98U,

2 _ T T
+ cot 9<U9 80)( 20 )
Uy  9Uy 82U7~) ((%Ur)

+”C°t0<69_89_ 02 ) \ o9

2\ (00U,  9%60,
+v cot 0 <U9 - aaUe ) (8339 - 6892] >}sin0d0

(3.93)

+27rta2C’/ (U-6U, + UgdUy) sin 6d6.
0

The following notation has been used

e ¢ : the radius of the middle surface of the shell,
e [ v : the Young modulus and Poisson ratio for the elastic material,

e E* v* : the corresponding viscoelastic moduli,

t . the thickness of the shell,

w : the frequency,

e k : the wave number, k = i,
® ¢, : sound speed in fluid,

e p, : the density of the solid,
e p,, : the density of the fluid.

The terms in brackets [ | correspond to the interaction with the fluid, and are
set to zero in the case of the shell vibrating in vacuo.

Although the choice of the inner product is, up to a certain extent, arbi-
trary, selecting the elastic energy seems to be rather natural. Constant C' in
(3.93), however, controlling the mass contribution to the final norm, is cer-
tainly arbitrary and the final results will depend upon its choice. Here, we
adopt the first natural frequency of the system, i.e., C' = psw3; (wo; is natural
frequency of the second mode in the first branch).

Problem (3.78) admits the usual spectral decomposition using the classical
representation

(3.94) Un) = 3 U Pal):
n=0

(3.95) Us() = 3 Upa=P ()
n=1
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where P,(n) and Pl(n) are Legendre polynomials and associated Legendre
functions, and 17 = cos#.

Substituting (3.94)-(3.95) and related formulas for §U, and 60Uy into
(3.92)-(3.93), we arrive at a sequence of modal eigenvalue problems of the
form

—0n by, u®
3.96 - =0.
(399 [ by =7%0n 1 [ u ]
Here, superscript * refers to the viscoelasticity problem.
For n =0,
* * * *2 My, S(O)* n
(3.97) by = I+ A5 [-7 2y i re ],
(3.98) go = Jo+ AiC,
(3.99) I = Ap2(14v9) - 97,
(3.100) Jo = A[2(1+v)],
where )
4
(3.101) Ay = Amha”
2n+1

4 pshc?
(3.102) A = 2%

2n+1

Ampshet
(3.103) Ay = P

2n+1
For n > 0,

psh PsCyp

3.104) b =I* + Aj
(3.104) 3 0 0

—Q e g jora e ]
i

n

(3105) g =Jy + A,C { Lo } ,
07 2014 0%)  Ra[BV 1) + (14 07)]
+ﬁ2fin(y* + Ky — 1)
(3.106) I =Aj 7
P 4 pn = 1) =0 (14 B) 0 + i — 1)
+(1+v¥)
201+ v) + P hn(v +hn = 1) Ru[B2 (v + ki — 1) + (1 + )]

(3.107) J,=A, 7
| kPt — 1)+ (1+v) b (14 B2) (v + Fip — 1)
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with b, corresponding to the forced vibrations in vacuum or in water, J,
corresponding to the elastic strain energy in vacuum.

The following notation has been used

ek, =n(n+1),

e 1) = cosf,

e () : dimensionless frequency of the elastic shell,

(3.108) o="9_ <C> ka,

Cp

e ()" : dimensionless frequency of the viscoelastic shell,

(3.109) =20 = <C> ka,
p p

e ¢, : wave velocity in water,

e ¢, : the low frequency phase velocity of compressional waves in an elastic
plate,

e ¢, : the low frequency phase velocity of compressional waves in a vis-
coelastic plate.

The final LBB constant v is equal to the infimum (minimum as a matter of
fact) of the modal eigenvalues.

3-3. Forced Vibrations of a Viscoelastic Hollow Sphere by the 3-D
Theory

We begin by recalling the formula for the sesquilinear form corresponding
to the standard variational formulation

b(u, du) :/

o7 (u)eij(0u)dV — psw2/ u - dudV
\% \%

(3.110) _
+ {271’7“3/ p(cos 0)d1, sin Hdﬂ] :
0

Here, the term in the bracket is equal to zero for forced vibrations in vacuum.

As for the formulation based on the shell theory, we select the following
inner product

(3.111) (u, 6u) = /v o1 (w)ei; (6@)dV + C /V - sadv,
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where the first term corresponds to the elastic energy and the mass term is
scaled with constant C equal to psw?;, (wmin is the smallest positive eigenfre-
quency).

As in the previous case, the main idea consists of using the spectral de-
composition to reduce the calculation of the LBB constant to a sequence of
finite-dimensional modal eigenvalue problems. Formally one represents fields
u and v as sums of infinite series involving spectral components given by for-
mulas (3.94)-(3.95) and uses the L?-orthogonality of the Legendre polynomials
on the unit circle. As the displacement field u satisfies the Navier equations,
it is convenient to convert the volume integral in the sesquilinear form into
two surface integrals on the outer sphere S, and the inner sphere S;

b(u, 6u) = / (0% 6y + 0%y5iig] dS,

o

(3.112) - /S (0%, 511y + 074519) dS;

+ [27r7‘§/ p(cos 0)du, sin 0d| .
0

Substituting now formulas (2.8), (2.11), (2.28), and (2.29) for the stresses
orr, 0rg and the displacements du,, dug, one can arrive at modal eigenvalue
problems involving 4 constants for n = 0 (A, and C,, for both original and
adjoint variables) and 8 constants for n > 0 (A, By, Cy, D, for both original
and adjoint variables). Each of the equations is obtained by setting one out
of four constants in the formulas for du,, dug to one and the remaining ones
to zero at the inner and outer boundary for the test functions and the values
of stresses.

From the point of view of the following analysis for multi-layered shells, it
is more convenient to identify as new degrees of freedom values of r-dependent
factors in the formulas for u, and ug, at the inner and outer surfaces

Tr i)/ ok
(3.113) S+ uen), =i,

(3.114) % V@) + e, =i

We shall denote the corresponding vector of four degrees of freedom by w. Note
that for n = 0, the new variables include only the first of the two quantities
defined in (3.113). The final sequence of the modal eigenproblems takes the
form

(3.115) l ggﬁ b ] l“’a ] = 0.
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For n =0,
(3.116) by = SiQi
(3.117) g0 = SoQp' + (psw? +C)Vy,
1), . 2, .
(3.118) Si = Cé[_ %(1)(@ ri) — %(1)(04 ri)]
() T (a'r,)
+d 0 0
0 Ul(l)(a*ro) U1(2)(a*ro) ’
0 in vacuum;
(3-119) do = {_QZWZO in water,
1 2
(3.120) Sy = CO[_T&%)(O‘”) —7(“%()1)(047“1-)]
Ty (aro) 177 (ar)
(3.121) Vo = Q;'WoQ,",
(3.122) Q, = Uy () fri U2 (ar) i
0 Ul(l)(a*ro)/ro Ul(z)(a*ro)/ro ’
1 2
(3.123) Q = U (ari) /i Uy (ar) [ri
Ul(l)(ozro)/ro U{Q)(aro)/ro ’
(3.124) Wo = Ar / ‘O[X{Xl} dr,
3.125 x1 = |[UYar) UP(ar)],
1 1
with
3.126 ot = S,
0 2
3.127 co = 87,
(

and Tl(ll), 1(%), 1(1) and U1(2) are given by (2.13) and (2.31).
For n > 0,
(3.128) br = S:Q: 1,

n

(3.129) g, = S.Q;'+ (psw?+CO)V,,
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~13) (o) —Tfé)l(ﬁ*m) —Tff>2<o<*m> —Tf?Q(B*m)
1 * * * *
(3.130) S* — et —ﬁn(lT;fl%a ri) —mn(gi;(ﬁ ri) —ﬁng;fl%a ri) —mn(g;i;(ﬁ ri)
T} 1(0‘*%) Ti5 l(ﬁ*ro) Ty 2(0‘*7“0) T3 2(5*7"0)
kT3 (00r0) R Tyy (B710)  kaTyy (@F70)  waThs (5775)
0 0 0 0
d 0 0 0 0
" UPatr) U (@) U (atr) U () |
0 0 0 0
0 in vacuum;
(3.131) dn _{ —;—Ziwzn in water,
1 1 2 2
—Tfﬁlmm —ng)lwn-) —Tfl>2<an-> —Tf3)2(ﬂm)
(3.132) S, —e, | ot (@r) =k (Bri) —raTiP(ar)  —raT5 (Br)
. n —btn 1 )
T (ar) T (Bre)  TH(are) T35 (6ro)

knTi (1) kT3 (Bro)  waTs (are)  wa iy (Bro)
(3133) V,=Q,)"W.,Q,",

[ U @) /re U@ e U (o)
1 * 1 * 2 *
Vil(arry)/ri V(@) e VP ()
) )
) )

3.134 o=
( ) @ Ul(l)(a*ro)/ro Uél) *10)/To U1(2)(a*r0

(3.135) Q, =

4 T

(3137 xa = [0 (ar) UV (Br) U (ar) U (0r)],

(3138) xa = [V{V(ar) ViV (Br) VP(ar) v 6r)]

with
8mu*
1 S
(8.139) T ot 1
8w
3.140 =
( ) Tt

and Tﬁ), Tl(;), Tﬁ), 4(:?, 1(i), éi), Vl(i) and Vg(i) are given by (2.13), (2.14),
(2.23), (2.24) and (2.31)-(2.34).
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Remark: In all reported numerical experiments, integrals in matrices W,
are evaluated numerically using Romberg’s method. The AMOS portable
package [2] is used to evaluate Bessel’s functions of complex argument.

3-4. Forced Vibrations of a Multilayered Viscoelastic Hollow Sphere

We assume that the shell is composed of M viscoelastic layers bounded by
spheres with radii

(3.141) ry<re < ...<rp < ThM41

and the displacements are continuous at all interfaces. The sesquilinear form
is now obtained by summing up the contributions corresponding to the layers

M
basdu) =3 [ ol Jey Gl Vi — o2 [l Sl v
(3.142) m=1"Vm

m

+ {277r12\4+1/ p(cos 0)0tr|r—ry, sin@d@} :
0

Here V,,, denotes the mth layer, u|y,, is the restriction of the displacement field
u to the layer V,,, and index m indicates correspondence to the mth layer. As
previously, the term in brackets corresponds to the interaction with the fluid.
Taking advantage of the fact that the displacement field (2.1)-(2.3) satisfies
the Navier equations, we obtain

M

b(u,du) = Z {/ (07,0, + 07gdlg)dSm 11 —/ (o,.00, + ojgéue)dsm}
(3.143) m=1 {1

+ [27?1"12\4+1 / p(cos 0)dty |p=r,,,, sin 9d9] .
0

Sm

Following the spectral analysis for a single layer shell from the previous sec-
tion, each of the terms within the curly braces can be represented in terms
of new “nodal” unknowns identified as values of factors (3.113)-(3.114) at
T = Tm, "m+1 and corresponding to the same values of the test functions. Con-
sequently, identifying values of factors (3.113)-(3.114) at r = r1,...,rpm4+1 as
the vector of unknowns u, one can assemble the corresponding modal matrix
in the same way as it is done in the usual FE discretization of 1-D problems.
The same assembly procedure will apply to the inner product.

Symbolically writing, the nth modal eigenvalue problem has the same form
as before with matrices defined as

(3.144) b, = Assembly%zlb%m)*,
(3.145) gn = Assembly})l_,gl",
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where bglm)* and g%m) correspond to layer V,,, and the unknowns at r =

T, Tm+1- As before, for n = 0, the number of unknowns is decreased by
half.

4. NUMERICAL RESULTS

4-1. Forced Vibrations of a Thin Hollow Sphere by the Kirchhoff-
Love Shell Theory

All tests involving the hollow spherical shell were run with the following
data:

Water density pw = 1000 kg/ m®

Steel density ps = 7800 kg/m®

Sound speed in water cw = 1524 m/sec

Elastic Young’s modulus E = 21x10% N/m2
Fictitious Young’s modulus E* = 21x10" x (1—7i)N/m*, (Kelvin's model)
Loss factor n = 0,5x103%ka
Poisson Ratio v = 03

Fictitious Poisson Ratio v = 03

Midsurface radius a = 1lm

Thickness of the shell t = 0.0lm

Constant for the chosen norm C = pw3 = 1.1 x 10,

A quantitative study to indicate the effect of damping on the LBB constant
is summarized in Figs. 1-4. The results are clear. As expected, increasing
the loss factor results in an increase of the LBB constant and therefore the
overall stability of the problem, both in vacuo and in water. We emphasize
the quantitative character of presented results, as the “real” loss factor 7 is
a function of frequency w and it depends upon the choice of the viscoelastic
constitutive law.

4-2. Forced Vibrations of a Thin Hollow Sphere by the 3-D Theory

In order to compare the 3-D theory with the Kirchhoff-Love model, the
same case was studied using the 3-D results. Due to the instability in evalua-
tion of Bessel’s functions for small ka, the wave number range was restricted to
0.03 < ka < 10 in this study. Practically speaking, the results summarized in
Figs. 5-8 are indistinguishable from the ones obtained using the shell theory.

In order to verify and illustrate the theoretical investigations, the classical
problem of scattering of a plane wave on a viscoelastic hollow sphere was
solved. Two cases were considered:
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Fig. 1 Vibrations of a thin spherical shell in vacuum by the shell theory.

The pointwise infimum of the curves shown represents dependence of LBB
constant v upon the wave number k for the case n = 0%.

Fig. 2 Vibrations of a thin spherical shell in vacuum by the shell theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
v upon the wave number k for the case n = 5 x 10 3ka.

Fig. 3 Vibrations of a thin spherical shell in water by the shell theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
~ upon the wave number k for the case n = 0%.

Fig. 4 Vibrations of a thin spherical shell in water by the shell theory. The

pointwise infimum of the curves shown represents dependence of LBB constant
v upon the wave number k for the case n = 5 x 10 3ka.
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Fig 5. Vibrations of a thin spherical shell in vacuum by the 3-D theory.

The pointwise infimum of the curves shown represents dependence of LBB
constant v upon the wave number k for the case n = 0%.

Fig 6. Vibrations of a thin spherical shell in vacuum by the 3-D theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
v upon the wave number k for the case n = 5 x 10 3ka.

Fig. 7 Vibrations of a thin spherical shell in water by the 3-D theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
~ upon the wave number k for the case n = 0%.

Fig. 8 Vibrations of a thin spherical shell in water by the 3-D theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
~ upon the wave number k for the case n = 5 x 10 ka.
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e ik = 1.56 (near the first local minimum of LBB constants for mode 4,
v =17.9 x 1072, see Fig. 8)

e k = 1.66237 (the first local minimum of LBB constants for mode 4,
v =5.7x 1073, see Fig. 8).

With the same physical data as in the previous section, the problem was solved
using a BE/FE approximation based on the Burton-Miller integral equation
coupled with the standard 3-D viscoelasticity formulation. For all numerical
details we refer to [7]. Figs. 9-12 display the real part of the pressure along a
cross section of the sphere compared with the 3-D exact pressure distribution
derived in Section 2. Four uniform meshes of 8 x m? quadratic triangular
elements, with m = 1, 2,4, 6 were used. A stable convergence can be observed.
The next four Figs. 13-16 illustrate the same experiment for the second value
of wave number k. The effect of one order of magnitude smaller value of the
LBB constant +y is clearly visible, as the approximation becomes unstable and
the method does not converge. All calculations have been carried out on a
DEC 3000 workstation.

4-3. Forced Vibrations of a Thick Hollow Sphere by the 3-D Theory

The calculations described in Section 4.2 were repeated for a thick sphere
with thickness ¢ = 0.1 m (all other data remained the same). The results are
summarized in Figs. 17-20. The effect of the increased thickness on spreading
the resonant wave numbers is clearly visible.

Fig. 9 Acoustic scattering of a plane wave on a viscoelastic hollow sphere for
k = 1.56, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 1.

Fig. 10 Acoustic scattering of a plane wave on a viscoelastic hollow sphere

for k = 1.56, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 2.
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Fig. 11 Acoustic scattering of a plane wave on a viscoelastic hollow sphere

for k = 1.56, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 4.

Fig. 12 Acoustic scattering of a plane wave on a viscoelastic hollow sphere
for k = 1.56, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 6.

Fig. 13 Acoustic scattering of a plane wave on a viscoelastic hollow sphere for
k = 1.66237, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 1.

Fig. 14 Acoustic scattering of a plane wave on a viscoelastic hollow sphere for
k = 1.66237, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 2.
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Fig. 15 Acoustic scattering of a plane wave on a viscoelastic hollow sphere for

k = 1.66237, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 4.

Fig. 16 Acoustic scattering of a plane wave on a viscoelastic hollow sphere for
k = 1.66237, comparison of the exact and approximate solutions on a uniform
mesh of quadratic elements with m = 6.

Fig. 17 Vibrations of a thick spherical shell in vacuum by the 3-D theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
~ upon the wave number k for the case n = 0%.

Fig. 18 Vibrations of a thick spherical shell in vacuum by the 3-D theory. The

pointwise infimum of the curves shown represents dependence of LBB constant
v upon the wave number k for the case n = 5 x 10 3ka.
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Fig. 19 Vibrations of a thick spherical shell in water by the 3-D theory.

The pointwise infimum of the curves shown represents dependence of LBB
constant v upon the wave number & for the case n = 0%.

Fig. 20 Vibrations of a thick spherical shell in water by the 3-D theory. The
pointwise infimum of the curves shown represents dependence of LBB constant
v upon the wave number k for the case n = 5 x 10~ 3ka.

4-4. Forced Vibrations of a Rubber-Coated Steel Shell

Finally, we investigate the effect of damping on the LBB constant for the
forced vibrations of a silicon rubber-coated spherical steel shell. The data used
in the simulation are as follows [1,9]:

Water density pw = 1000 kg/m®

Sound speed in water cw = 1524 m/sec

Steel density ps = 7800 kg/m?®

Steel elastic Young's modulus E, = 2.1 x 10" N/m?

Steel Poisson Ratio vs = 0.3

Rubber density pp = 1020 kg/m®

Rubber elastic Lame’s modulus Ae = 1.19 x 10° N/m?
fe = 4.40 x 10% N/m?

Rubber viscous Lame’s modulus A\, = 6.3 x 10%/w N/m?
fy = 1.49 x 107! N/m?

Inner radius rt = 0.995m

Middle radius ro = 1.005m

Outer radius r3 = 1.010m

Constant for the chosen norm C = 1.1x104



Vibrating Viscoelastic Spherical Shells 241

Fig. 21 Vibrations of a coated thin spherical shell in vacuum by the 3-D

theory. The pointwise infimum of the curves shown represents dependence of
LBB constant v upon the wave number £ for the case r3 = 1.010 m.

Fig. 22 Vibrations of a coated thin spherical shell in water by the 3-D theory.
The pointwise infimum of the curves shown represents dependence of LBB
constant « upon the wave number k for the case r3 = 1.010 m.

Here, Kelvin’s model for rubber has been used
(4.146) A= Ao —iwy,

(4.147) W= e — tWty.

Figs. 21-22 show the effect of the coating thickness on the LBB constants. It
is very clear that, compared with Fig. 5 and Fig. 7, coating does not improve
the stability.
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