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Abstract An analytical solution is developed to study the free vibration of a thin functionally graded (FG)
spherical shell under initial internal static pressure based on Love’s first approximation theory. A coupled
vibro-acoustic analytical model is presented for spherical shells filled with compressible nonviscous fluid. The
non-homogenous material properties are assumed to be graded according to a power-law distribution of the
constituents through the shell thickness. By introducing a stress function, the reformulated coupled equations
of motion of FG spherical shells under the influence of initial stresses are obtained. The wave equation is used
to model the internal acoustic domain. The boundary conditions of continuity of fluid and shell velocities,
as well as the normal pressure acting on the internal surface of the shell from the fluid are imposed. The
frequency equation of the coupled system is obtained utilizing modal expansion along with the orthogonality
properties of the mode shapes. Exact solutions for the free vibration of pressurized empty and fluid-filled shells
are obtained in terms of products of trigonometric and Legendre functions in a spherical coordinate system.
Numerical results are validated with the results of simple cases available in the literature as well as finite
element modeling. Effects of different parameters including material constants, geometry, initial pressure and
vibro-acoustic coupling on natural frequencies are studied. The presented analytical solution is an attempt to
describe the vibrational behavior of FG pressurized fluid-filled spherical shells.

1 Introduction

Studying the vibrational characteristics of thin shells of different shapes and boundary conditions is one of
the problems with numerous applications in engineering structures [1, 2]. Such structures can be subjected to
a variety of static or dynamical loadings, such as internal or external fluids. Among these, free vibration of a
pressurized elastic spherical shell is a problem that is applicable to many structures, such as spherical pressure
vessels, sport balls, biological organs, airbags, and balloons. One possible application of such a study is a
method for noninvasively monitoring pressure changes inside sealed containers [3, 4], intracranial pressure in
human heads [5, 6], and intraocular pressure in the eye [7, 8]. The cross section of the head or eye resembles
an engineering layered sphere in which material properties change through the thickness direction. In the
following, a brief review on the most important papers regarding the vibration of fluid-filled spherical shells
is presented.
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Strutt and Rayleigh [9] were the first who studied the axisymmetric vibrations of a fluid enclosed in a rigid
spherical shell. Extensional axisymmetric free vibrations of an isotropic elastic spherical shell were first solved
by Lamb [10]. Then, Love [11] investigated the problem of free and forced vibrations of a spherical shell filled
with an incompressible fluid based on the exact elasticity theory. Morse and Feshbach [12] presented the free
vibration analysis of a fluid-filled spherical membrane. Rand and DiMaggio [13] treated the axisymmetric
extensional vibrations of fluid-filled isotropic spherical shells and obtained the analytic forms of frequency
equations and mode shapes. In order to present a theoretical model of the human head, Engin and Liu [14]
studied the axisymmetric torsionless vibration of a thin homogeneous fluid-filled spherical shell, including
both membrane and bending effects. Kenner and Goldsmith [15] obtained the response of a spherical shell
filled with a nonviscous compressible fluid under normal dynamic loading. Su [16] examined the effect of
fluid viscosity on the axisymmetric vibrations of a fluid-filled spherical shell and observed a reduction in
frequencies with the increase of viscosity. Zhang and Geers [17] used the Laplace transform and separation
of variables method to solve the transient response of a fluid-filled submerged thin spherical shell excited by
a plane step wave. Chen and Ding [18] investigated the nonaxisymmetric natural vibration of a spherically
isotropic spherical shell filled with a compressible inviscid fluid based on the three-dimensional elasticity. In a
similar work, they studied the free vibration of a fluid-filled FG spherical shell [19] in which they did not take
into account the effect of initial internal static pressure on natural frequencies. Hu et al. [20] investigated the
axisymmetric vibrations of submerged piezoelectric sphere filled with viscous fluid and noted that the fluid
inside the shell had a dominant effect on the vibrational behavior of the submerged shell. Piacsek et al. [3]
conducted experiments on an aluminum spherical shell filled with either air or water subjected to static internal
pressure and observed that resonance frequencies increase as the pressure increases. Fazelzadeh and Ghavanloo
[21] studied the coupled axisymmetric oscillation of homogeneous spherical membrane shell filled with an
inviscid fluid based on nonlocal elasticity theory. They observed that the natural frequencies change when
the size effect is considered. El Baroudi et al. [22] presented analytical and numerical analyses of vibrational
modes for the system of brain, cerebro-spinal fluid and skull in spherical coordinate. The influences of the
cerebro-spinal fluid compressibility and thickness on natural frequencies were investigated. Tamadapu et al.
[23] studied the axisymmetric vibrations of a submerged fluid-filled spherically isotropic thick microspherical
shell with partial-slip interface condition. The influences of partial-slip, surface tension, spherical isotropy and
density variation along the thickness on the resonance spectrum were examined. Kuo et al. [24] developed
a model appropriate to free vibrations of an inflated balloon as an elastic spherical shell and considered the
influence of skin tension due to initial pressure and the inertial effect of fluid. They presented analytical solution
for the natural frequencies and compared the results with experimental ones. More recently, Eslaminejad et al.
[4] used experimental modal analysis to study the effect of internal fluid pressure on the frequencies, damping
ratio and mode shapes of an aluminum hemispherical shell filled with water.

In order to facilitate the solution procedure, there were always attempts to reformulate the governing
equations (in terms of displacement field variables) into a reduced number of differential equations in terms
of some potential functions. Gol’denveizer reduced the three governing equations of circular cylindrical shells
within classical theory into one eighth-order equation in terms of some potential functions [25, 26]. Vlasov [27]
introduced the governing equations of classical Donnell-Mushtari-Vlasov theory of thin shells of revolutions
in terms of transverse deflection and stress function with total order of eight and extended the procedure
into nonshallow spherical shells within Love’s first approximation theory [1, 28]. Here, the procedure will be
extended to motion equations of FG spherical shells with initial stress and filled with fluid which facilitates
the solution procedure greatly. Recently, Fallah et al. [28, 29] reformulated the governing equations of FG and
multilayered cylindrical shells [28] as well as sandwich circular plates [29] within first-order shear deformation
theory with total order of ten into three equations in terms of transverse displacement, stress function and a
boundary-layer function. It is worth mentioning that another procedure for decoupling the governing equations
of FG and composite structures may be to introduce the concept of physical neutral surface through the thickness
of structure so that the stretching-bending coupling will disappear [30, 31].

The above review indicates that while there are number of researchers who have studied the vibrational
characteristics of fluid-filled spherical shells, there exists no analytic solution on the free vibration of a thin FG
spherical shell filled with compressible inviscid fluid and subjected to initial internal pressure. In the present
paper, based on the Love’s first approximation theory and introduction of a stress function, the coupled equations
of motion for a pressurized FG spherical shell are reformulated. The motion of compressible inviscid fluid
contained within the spherical shell and the fluid—solid interaction are taken into account. The exact solution for
frequency equation and mode shapes are derived in terms of trigonometric and Legendre functions. Finally, the
effects of material distribution, shell geometry, initial internal pressure and internal acoustic wave on membrane
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Fig. 1 Geometry of FG spherical shell, its loading and the coordinate system

and bending natural frequencies are studied. The analytical formulation and frequency results presented here
can serve as a benchmark for various approximate theories or numerical approaches.

2 Formulation
2.1 Governing equations

Consider a thin FG spherical shell of uniform thickness 4 and radius R, described in a spherical coordinate
system (7, ¢, 6) as shown in Fig. 1. The FG material is modelled as a non-homogenous isotropic linear elastic
material whose properties vary continuously through the thickness of the shell as a function of the volume
fraction and properties of the constituents as follows:

h —2z\9
r@= @n-2) () +o. 920 (M

where g is the power-law index and the subscripts m and c indicate metal and ceramic, respectively. Also, z is
the distance measured along the outward normal to the middle surface (see Fig. 1). Equation (1) is used as a
model for the effective Young’s modulus (£) and mass density (o). Here, it is assumed that Poisson’s ratio (v)
is constant through the shell thickness. It is worth mentioning that the following formulation is applicable to
any distribution of Young’s modulus and mass density through the shell thickness and their distribution may
be assumed to be different from each other according to different laws. Based on Love’s first approximation
theory, the shell displacement field is given as [1]:

U(p(¢9 97 Z’ t) = u(p(@, 99 t) + Zﬂ(p((ps 97 t)’
Up(p,0,2,1) =ug(p,0,1) +2p0(p,0,1),
UZ(§0797 th) :w((o’evt)v (2)

where uy, ug, and w are the in-plane and transverse displacements of a point on the middle surface of the shell.
In addition, B, and By represent rotation functions. Assumption of neglecting transverse shear deformation

leads to:
1 ow
fo= g~ 5 )
1 1 ow
Bo = E(”Q - sin<p%>' 3)

Using Love’s strain—displacement relations of elasticity [1], the nonzero components of strain are found
to be as follows:

0
12

&g = 82 + 2k,

£p = &, + zky,
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0
Epo = E4p + zkyp, 4)

where the membrane normal and shear strains (88, 82, 889) as well as the changes in bending and twisting

curvatures (ky, kg, kyg) are:
1/0
= (e 4 y),
¥ R\ d¢

0 1 1 Oduy
gg = — ——— tcotyu, +w |,

R \sing 06
1 /0 1 0
ey == 0 cotgug + ———2 ), )
4 R\ 9¢p sing 90

ko = k) +€)/R,

kg = k3 + /R,

kop = kg + €09/ R, (6)
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2 B] 92
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By using Hamilton’s principle and neglecting the transverse shear deformation and rotatory inertia, Love’s
differential equations of motion under the influence of initial stresses are obtained [32]:

2

0 Y ad
@(sin ¢N,) + %0 _ cos@Ng +sin 9Q, = phRsing atuzw , (8a)
J /. 9Ny , o ug
%(sm @Ngo) + g Heos @Nyp +sinp Qg = phR sin v (8b)
q . 900 . singN" _, L Rw .
@(s1n<pQ¢)+3—9 — sing(N, + Ng) + R Vw =thsm¢)W — qRsing, (8¢)
. 0 . aMrpQ
RsingQ, = %(sm oMy + — cos oMy,
RsingQ 9 (singpMyp) + M, +cosoM )
i = —(si — ,
(A 30 @ Mpp 30 Y Mqpp
in which Q, and Qg are transverse shear stress resultants, g(¢, 0, t) is the net external distributed load
in normal direction, N = PR/2 for an spherical shell under uniform internal radial static pressure
h/2 . 2 .
(P),p = % _hf/z p(z)dz, and V? = sili(p % (sm go%) + ﬁ 3%. The membrane forces and bending moments

in (8) and (9) are defined as follows:

h/2
(Ny, No, Nyg) = /m(%, 09, 0y )dz,

h/2
(M, M. Myg) = / (0. 09, 0p0) 2. (10)
~h/2
Using the linear constitutive relations of an isotropic material, the membrane forces and bending moments
of FG spherical shells are obtained:
Ny = A(e) +veg) + B(ky + vko).
Ng = A(e +ve)) + Bk + vky),
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Al —v) B(1—v)
5 Egp + ko, (11)

M, = B(sg + vsg) + D(k(p + vk@),

My = B(sg + vag) + D(k@ + vkw),

B(l1—-v) ¢ D -v)
AR

Ngp =

Mo = kpo (12)

where (A, B, D) = f}i/;/z E(z)(l, zZ, Zz)dz/(l — vz) are stiffness coefficients of the FG spherical shell. Sub-

stitution of relations (6) into (11) leads to:
Ny = (A+ B/R)(e) + veg) + B(ky + vkg).
Ng = (A+ B/R) (e + ve)) + B(k + vk)),
(A+B/R)(1—v) , B —v)
2 ¢ 2
By introducing relations (6) and (13) into (12) we have:

Ngo kDg- (13)
(10 0 R
My = Dk, + vkg) + EN(/,,

My = B(kg + vkg) + ?Ng,

D(1 —v) R
My = Tkgg + 5 Neo. (14)

in which D = D — BR/& and £ = R(B + AR)/(D + BR). Upon substitution of the relations (14) into the
moment equation (9), and using the first two equations of motion (8a) and (8b), the transverse shear stress
resultants are found as follows:

1 D d BhR 32
Q¢<1 . -> _ D 0 (gry gy PR

3 R3 9¢ £ 92
1 D 1 93 BhR 8%uy
- )= (VZw+2uw)+ 22220 15
Q9< +g> R3sin<p80( w+2w) + £ o (15)

In the following, we consider the fact that £ is a very large number for a thin spherical shell and assume
(1+&) ~ £ (see Fig. 5). For a homogenous isotropic spherical shell (B = 0,A = Eh/(1 —v?) and D =
Eh3/12(1 —v?)), we have &= 12R2/ h2. Now, we introduce a stress function F (g, 0, t) through the following
relations [1]:

1 1 9%F oF PR’ (1+v)3*F D,_,
NgD__z T—2+cot¢—+F—f—2+—(V w+2u)) s
R= \ sin” ¢ 06 dgp E ot R
1 (8°F PR*(1+v)3*F D
Ny = — cF-? (_ v)—+—(V2w+2w) ,
RZ\ 9¢? E a2 R
1 [cosp oF 1 9%F
N(ﬂ@ = F(— P P )7 (16)
sin¢g 00  sing dpdl

where E = [ }i/ ’E (z)dz/ h. By substituting relations (16) into Egs. (8a) and (8b), also using the transverse
h/2 y g q g

shear stress resultants in relations (15), the terms containing the effect of tangential inertia are obtained as:

—hRaz"“’— p(1+v) 3 [9*F
PR =TT E ae\ a2 )

9%ug 2(1+v) 1 3(82F>

shREMe — _PUE 2
PRS2 Z  sing 06 \ o1

a7)
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By substitution of relations (15), (16) and (17) into the third equation of equilibrium (8c) and carrying out
some manipulations, the first reformulated differential equation of motion in terms of w and F is obtained as
follows:

1, p(1+v) (V2 ?F D ,_, ) _ w1 )
—(VF+2F)+ — — =2)—+=(V"+2)(V'w+2w) + phR— — =N"V-w = ¢gR.
R2 ( ) E 5 3t2 R3 ( )( w w) L 3t2 R w q
(18)

Next, we use the compatibility equation in spherical coordinates [1]:

d el 32&0 deY ) 3 90
—sin?9p—2 )+ —2 —singcosp—2 +2sin® pe? — s ¢(V2w+2w) = 2 sing—2). (19
A dp 062 dp ¢ R A 90

The membrane strains are obtained from relations (13) in terms of membrane forces and transverse dis-
placement as

g0 = R (Ny — vNg) — BR 0
YT (1-v)(B+AR) Y B+AR ¥
0_ R _ __BR
T (1= v2)(B+AR) (No = vNo) = ko
0 2R BR 00,

- T Ny —— 40
0" AI—v(B+AR) * B+AR ¥

Upon substitution of the relations (20) into (19) as well as using Eqgs. (7) and (16), the compatibility
equation is rewritten as follows:
p(1—v?) d2F Eh

D 2
—2+F(1—v)(v w+2w)—?lU=0- (21)

1 2
F[V F+(1—v)F]— = py

Therefore, the dynamic behavior of thin FG spherical shells under the influence of initial stresses (e.g. a
pressurized shell) can be predicted by solving the coupled equations in (18) and (21).

2.2 Natural frequencies of pressurized FG spherical shells

Here, the frequency equations for pressurized FG spherical shells without considering the internal acoustic
domain (the solution of equations in (18) and (21)) are obtained. By assumption of zero normal loading (¢ = 0)
aswell as F = F*(p, 0)e! and w = w*(¢p, 6)e'®" for time-harmonic vibrations, the differential equations
of motion in (21) and (18) are reduced to

VZ+1l—v+(1—v?)Q?
R2

D Eh
F*+ |:F(1 —1)(V2+2) - ?:|w* =0,

.
= F(v2+2)(v2+2)——522—N

2 2yo2 [ V2 — —
R R

Vz} w*=0, (22)

in which Q% = pR?w?/E is the square of normalized natural frequency and w is the angular frequency. After
some mathematical manipulations, Egs. (22) are reduced to two sixth-order differential equations with the
same form and coefficients governing the behavior of F* and w* as follows:

w* w* w* w*
VG{F*}+01V4{F*}+62V2{F*}+03{F*} =0,

o = %{fk(l — Q%) = N'[1—v+ (1 -v?)Q%},
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Fal 2
e = E%R (24 Q[1+30— (1 - )22}, 23)

In the following, the general solution for w* is presented and it is obvious that F* will have the same
general solution. To this end, Eq. (23) is rewritten in the following form:

(V2 + Al)(V2 + )»2) (Vz + A3)w* =0, (24)
where the parameters Ay (0 = 1, 2, 3) satisfy the cubic equation
M +er?—cr+ez=0. (25)

The general solution of (24) can be expressed as:

(V2 +hg)we =0, @ =1,2,3 (26)

The general solution of the differential equation in (26) in the spherical coordinate system can be written
as [1]:

x
Wy = Z [Aam P)l!, (08 @) + Bum Q7 (c0s ) |[Cam coS(m8) + Dy sin(m6)],
m=0
Ag = Ma(ﬂa + 1), 27

inwhich Ay, Bam, Cam, Dam are unknown coefficients, and P/’Z (cos @) and Q’,’}a (cos ¢) denote the Legendre
functions of first and second kinds of degree 1, and order m. Because the Legendre functions of the second
kind are singular at ¢ = 0, the coefficients By, should be set to zero in relation (27), i.e., Bym = 0. Also, in
order to have a valid solution, the Legendre functions P’”a which are singular at ¢ = 7, must be substituted
by Legendre polynomials. Therefore, 1, must be an integer (n = 0, 1, 2, ...). Finally, the general solution
becomes:

w* = i Xn: Wom, (28a)

n=0m=0
Wym = P (cos 9)[Cnm cos(mO) + Dy, sin(m6)], (28b)
where w,,;, satisfies the relation
V2 W = —AnWpm, Ay = n(n + 1) (28c¢)

and P (cos ¢) denote the Legendre polynomials of degree n and order m [33]. Upon substitution of relation
(28a) in (23) and utilizing the orthogonality properties of mode shapes presented in (28b), the frequency
equations for vibration of FG spherical shells under initial stress are obtained:

ZaQ% =b—+b? —4ac, 2a§2% =b+vVb? —4ac,

a:l—vz,
1 —2 D(1 —v?
b:1+3v+<1+ v N’)An+¥ki,
Eh EhR?
2+<1 1_”N’)x D (4 RZN’)A2+ D s (29)
CcC = — —_ — = —_ = — .
Eh " EhR? D " EhR2 "

So, the natural frequencies arrange themselves into two branches, where the €21 branch is dominated by
transverse motion and the €2, branch is dominated by in-plane motion (see Fig. 2).
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n=1

Fig. 2 a The first six dominant bending mode shapes and b two dominant in-plane mode shapes for a homogenous spherical shell

2.3 Natural frequencies of Pressurized fluid-filled FG spherical shells: The coupled vibro-acoustic analytical
model

The motion of the compressible inviscid fluid medium contained within the spherical shell of radius R is
governed by the following wave equation [34]:

1 8%¢p Lo}
V2 — =V - — —_ 30
¢ C; atz ’ v ¢7 p pf 8t ’ ( )
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where ¢ and p are the speed of sound and the density of the fluid, p is the acoustic pressure and ¢ (¢, 0, r, 1)
is the acoustic velocity potential. The general solution of wave equation in spherical coordinate system may
be written as [34]:

¢ = Z Z ¢nm€iwt7 (31a)

n=0m=0
Snm = Jn (—r) P (cos ¢)[Anm cos(mB) + By, sin(mé)], (31b)
cr

where j, is the spherical Bessel functions. The continuity of elastic shell’s velocity and fluid particles’ velocity,
and the net normal force acting on the shell are as follows:
ow 9
w_% (320)
ot 82]
q9=—pr5 — 1 (32b)

where f (¢, 0, t) is the external distributed load (see Fig. 1). Now, the governing equations of motion in (18) and
(21) while coupled with the internal acoustic domain through Eq. (32) are solved. To this end, the expansions
of w and F in terms of the associated normal modes are considered as follows:

w = Z Z Wame' @, F = Z Z Fume'® (33a)

Wom = P’" (cos ©)[Chm cos(m@) + Dnm sin(m®)], (33b)
Fum = P)"(cos ¢)[Gnm cos(m0) + Hy,y, sin(mb)]. (33¢)
By direct substitution of expansions (31) and (33) into the continuity equation (32a), one gets
. w (@ . w w
iwCpm = Apm— Jj, (—R), iwDpm = By — J, (—R) (34)
cf cf cr crf

By assumption of zero external load and introducing the relations (31), (32b) and (33) into the equations
of motion (18) and (21), we obtain the same equations for the pairs (G, Cym) and (Hyup, Dpm):

A +l—v p(1—? D Eh
[ ”R2 + (_ )w2i|Gnm+[F(l_v)(z_kn)_?]cnm:0’

E
2—A 1 An
n PUAY) o, Gum
R2 E €
D N (R
+ E(Z—An)z—ﬁth2+ nR —prwaM Cnm:O, (35)

Finally the natural frequencies of the coupled system are calculated by setting the corresponding coefficient
matrix of relations (35) equal to zero.

3 Numerical examples

Here, verification examples and case studies are presented. In Sect. 3.1, two verification examples for natural
frequencies of homogenous and FG spherical shells are presented and compared with the existing ones in
the literature. In Sect. 3.2, the effects of internal static pressure, geometrical parameters, fluid to solid wave
velocity and density ratio on the dynamical behavior of fluid-filled homogenous shells are studied. In Sect.
3.3, FG spherical shells are considered and the effects of material gradient, initial internal pressure, vibro-
acoustic coupling, and thickness to radius ratio on their natural frequencies are studied. For the purpose of
numerical illustrations, the geometric and mechanical properties of homogenous and FG spherical shells as
well as properties of internal fluid are considered as presented in Table 1. Due to lack of relevant studies on the
subject, most parametric studies in Sects.3.2 and 3.2 are validated with the results of finite element modeling
(ABAQUS [35]). It is to be noted that up to 2,400 eight-node doubly curved thin shell, reduced integration
"S8R5" elements were used in the FE modeling of homogenous and FG spherical shells. Moreover, 15,200
20-node quadratic acoustic brick "AC3D20" elements were used in meshing of the fluid part.
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Table 1 Geometric parameters and mechanical properties of homogenous and FG spherical shells as well as internal fluid

Homogenous shells FG shells Fluid
Geometry R=0.1m R=0.1m R=0.1m
h— 0.001 m h— 0.001 m
~ 1 0.005m ~ 10.005m
Mechanical properties £ = 210 GN/m? { Em =T0GN/ m22 cy =1481m/s
p = 7800 kg/m’ Ec = 380GN/m ps = 1000kg/m>
v=03 om = 2700 kg/m>
Pc = 3950 kg/mg
v=03

Table 2 Comparison of normalized natural frequencies of an isotropic homogenous spherical shell with the results of Ref. [1]

h =0.005m h =0.00lm

Q4 Q) Q4 Q
n Present Ref. [1] Present Ref. [1] Present Ref. [1] Present Ref. [1]
0 0 0 1.6903 1.6903 0 0 1.6903 1.6903
1 0 0 2.0705 2.0704 0 0 2.0702 2.0702
2 0.7360 0.7366 2.8544 2.8543 0.7348 0.7349 2.8534 2.8534
3 0.8810 0.8816 3.8120 3.8120 0.8705 0.8705 3.8103 3.8103
4 0.9594 0.9600 4.8205 4.8205 0.9246 0.9246 4.8182 4.8182
5 1.0355 1.0360 5.8471 5.8472 0.9528 0.9528 5.8443 5.8443

Table 3 Comparison of normalized breathing mode frequencies of functionally graded empty sphere with the results of Ref. [36]

b/a 1.02 1.05 1.1 1.25
Present 1.4424 1.4213 1.3875 1.2950
Ref. [36] 1.4423 1.4203 1.3835 1.2753

3.1 Verification examples

Here, two verification examples for natural frequencies of homogenous and FG spherical shells are presented
and compared with the available results in the literature. In addition, it is to be emphasized that most parametric
studies in Sects. 3.2 and 3.3 are validated with the results obtained through finite element modeling.

Example 1 The normalized natural frequencies (Q%2 = pR?w?/E.) for a homogenous isotropic spherical
shell (see Table 1) are obtained and compared with the results of Ref. [1] in Table 2. Excellent agreement is
observed.

Example 2 An empty FG spherical shell of inner radius a and outer radius b is considered. The material
properties are assumed to vary in radial direction according to a power law E = Eo(r/b)", p = po(r/b)" as
defined in Ref. [36] and Poisson’s ratio is considered to be constant through the shl thickness. In Ref. [36]
the axisymmetric radial free vibration of hollow FG sphere is investigated using 3D elasticity theory. Table
3 compares the dimensionless breathing mode natural frequency, 8 = aw+/po(1 + v)(1 —2v)/Eo(1 — v), of
functionally graded (n = 5) empty spheres (b/a = 1.02, 1.05, 1.1 and 1.25) with the results of Ref. [36]. It is
to be noted that the vibration analysis in [36] is based on 3D elasticity theory while the present formulation is
based on the classical shell theory. The results of present study for thin shells (b/a = 1.02, 1.05) are in good
agreement with the ones reported in [36]. As the shell becomes thicker, the difference between the results
increases.

3.2 Dynamical behavior of homogenous shells

In order to study the effect of initial membrane stresses on natural frequencies of spherical shells, a thin spherical
steel shell with geometric parameters and mechanical properties as given in Table 1, under different values of
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Table 4 Normalized natural frequencies of an isotropic homogenous spherical shell for different values of initial stress and
thickness, along with FEM results

h = 0.005m h =0.00l m
N =0 N" = 10MN/m N =0 N" =2MN/m
n Present FEM Present FEM Present FEM Present FEM
Q) 2 0.7360 0.7366 0.7624 0.7669 0.7348 0.7349 0.7613 0.7653
3 0.8810 0.8813 0.9342 0.9395 0.8705 0.8705 0.9243 0.9294
4 0.9594 0.9591 1.0457 1.0506 0.9246 0.9246 1.0139 1.0192
5 1.0355 1.0335 1.1578 1.1612 0.9528 0.9527 1.0847 1.0901
6 1.1332 1.1280 1.2911 1.2913 0.9712 0.9712 1.1517 1.1572
7 1.2648 1.2533 1.4545 1.4490 0.9863 0.9862 1.2205 1.2259
8 1.4358 1.4145 1.6522 1.6377 1.0014 1.0011 1.2930 1.2985
9 1.6481 1.6121 1.8856 1.8577 1.0183 1.0178 1.3702 1.3756
10 1.9011 1.8442 2.1549 2.1077 1.0386 1.0379 1.4525 1.4578
Q2 0 1.6903 1.6903 1.6903 1.6960 1.6903 1.6903 1.6903 1.6960
1 2.0705 2.0702 2.0736 2.0840 2.0702 2.0702 2.0733 2.0840

Table 5 Comparison of normalized natural frequencies of a homogenous spherical shell filled with water with the results of FEM
for different values of initial stress and thickness

h = 0.005m h = 0.001l m

N =0 N" = 10 MN/m N =0 N" =2MN/m
n Present FEM Present FEM Present FEM Present FEM
0 1.1526 1.1526 1.1526 1.1536 1.0134 1.0132 1.0134 1.0140
1 0.7232 0.7232 0.7240 0.7238 0.9143 0.9045 0.9148 0.9062
2 0.4994 0.4993 0.5149 0.5103 0.3008 0.3004 0.3112 0.3116
3 0.6389 0.6385 0.6731 0.6681 0.3921 0.3915 0.4150 0.4161
4 0.7374 0.7361 0.7981 0.7921 0.4561 0.4554 0.4980 0.4993
5 0.8298 0.8261 0.9213 0.9132 0.5063 0.5056 0.5734 0.5748

initial stress (N = 0,2, 10 MN/m) is considered. Table 4 presents the lowest normalized eigenfrequencies
(Qi2 = pR*w?/E) obtained via the present analytical study and the FEM modeling. Good agreement is seen
to exist between the results. Also, the corresponding mode shapes of dominant bending and in-plane modes
are illustrated in Figs. 2a and b, respectively. It can be seen that an increase in internal pressure is associated
with an increase specially in bending vibrational natural frequencies (£21). Also, when the thickness to radius
ratio becomes larger, the difference between the analytical and FEM results increases, due to the thin classical
shell theory used in the formulation.

Figures 3a and b display the variations of bending normalized natural frequency (£21) versus the membrane
stress (N") for homogenous spherical shells of thickness # = 0.005 m and /2 = 0.001 m, respectively. As can
be seen, a compressive membrane stress reduces the natural frequencies to zero at critical buckling loads, while
a tensile membrane stress increases the natural frequencies. Additionally, the rate of change in magnitude of
natural frequencies with respect to membrane stress is larger for a higher mode number (n).

Next, a homogenous spherical shell (see Table 1) is considered and supposed to be filled with water
under internal pressure. Table 5 presents the analytical and FEM results of lowest normalized natural fre-
quencies (2> = pR’w?/E) of homogenous fluid-filled spherical shells with different values of initial stress
(N" =0,2, 10MN/m). It can be seen that the natural frequencies obtained through the solution of coupled
system of equations have a great accuracy when compared with the FEM results. Compared with the results
presented in Table 4, it is observed that the natural frequencies of fluid-filled shells are smaller than those of
empty ones. Itis also observed that as the shell becomes thinner, the effect of vibro-acoustic coupling on natural
frequencies increases. This effect reduces for higher mode numbers (n) as the bending becomes dominant.

Furthermore, Fig. 4 illustrates the variations of normalized natural frequency (£2) of homogenous spherical
shells with the ratio of fluid to solid wave velocities (c s /cy), where ¢; = 4/ E/2(1 + v). Two different values
of density ratio (os/p = 0.1, 0.5) and shell thickness 7 = 0.005m and 4 = 0.001 m are considered. It
is observed that an increase in fluid to solid wave velocity ratio is associated with an increase in all natural
frequencies and except for the breathing mode (n = 0) whose corresponding frequency grows unboundedly,
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Fig. 3 Variations of normalized bending natural frequency (£21) versus the membrane stress (N") for a homogenous spherical
shell of thickness a 4 = 0.005 mand b 2 = 0.001 m

all other frequencies converge to specific values. In addition, for higher fluid to solid density ratio, the effect
of fluid on the dynamic behavior of coupled system is dominant and the frequency convergence happens in
lower velocity ratios. Also, normalized natural frequencies decrease for higher density ratios (due to the added
inertia effect) and lower shell thickness.

3.3 Dynamical behavior of FG shells

In the remaining, FG spherical shells are considered and the effects of material gradient, initial internal pressure,
vibro-acoustic coupling, and thickness to radius ratio on their natural frequencies are studied. To this end, thin
spherical aluminum—alumina shells with geometric parameters and mechanical properties as given in Table 1,
under different values of initial stress (N” = 0, 2, IOMN/m) are considered.

The results obtained through analytical solution for normalized natural frequencies (Qi2 = pR*w?*/E)
of FG spherical shells with power-law index, g = 3, and different values of initial stress and thickness are
presented in Table 6 and are compared with the results of FEM modeling. The results are in good agreement.
As explained before, the difference of analytical and FEM results increases for larger thickness to radius ratios
and an increase in internal pressure is associated with an increase in bending vibrational natural frequencies
(£21). In order to model through-the-thickness variations of mechanical properties of FGM in ABAQUS, the
FG shell is considered to be laminated with10 sub-layers.
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Fig. 4 Variations of normalized natural frequency (£2) versus the ratio of fluid to solid wave velocities (c ¢ /c;) for a homogenous
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Table 6 Normalized natural frequencies of functionally graded spherical shell (g = 3) for different values of initial stress and
thickness, along with FEM results

h = 0.005m h = 0.001 m
N =0 N" =10MN/m N =0 N"=2MN/m
n Present FEM Present FEM Present FEM Present FEM
Q2 2 0.7358 0.7339 0.7543 0.7550 0.7348 0.7344 0.7533 0.7556
3 0.8791 0.8756 0.9164 0.9164 0.8704 0.8697 0.9082 0.9109
4 0.9531 0.9485 1.0142 1.0130 0.9243 0.9235 0.9872 0.9900
5 1.0208 1.0143 1.1083 1.1054 0.9521 0.9512 1.0455 1.0483
6 1.1052 1.0959 1.2195 1.2136 0.9699 0.9689 1.0986 1.1013
7 1.2184 1.2038 1.3575 1.3464 0.9840 0.9829 1.1520 1.1546
8 1.3664 1.3437 1.5268 1.5080 0.9975 0.9963 1.2081 1.2107
9 1.5516 1.5171 1.7293 1.6993 1.0123 1.0109 1.2682 1.2706
10 1.7743 1.7231 1.9655 1.9197 1.0297 1.0281 1.3327 1.3349
Q) 0 1.6903 1.6903 1.6903 1.6942 1.6903 1.6903 1.6903 1.6942
1 2.0705 2.0780 2.0726 2.0875 2.0702 2.0718 2.0723 2.0814

Figure 5 shows the variations of non-dimensional parameter & with power-law index g for FG spherical
shells of radius R = 0.1m and thickness 2 = 0.005 m as well as # = 0.001 m. This parameter is considered
to be large and assumed that (1 + &) & £ in relations (15). Figure 4 shows the correctness of this assumption.
Moreover, it can be seen that parameter £ has a maximum value when material is homogenous and has a
minimum value when the power-law index is near to g = 1.

Figure 6a presents the variations of normalized bending natural frequencies (£21) of FG spherical shells
(see Table 1) with zero initial stress versus power-law index for the first nine bending mode shapes (n =
2...10). It can be observed that the variations in normalized natural frequencies with power-law index are
more pronounced for higher mode numbers for which the effect of bending is dominant (see Fig. 2). The results
for mode numbers n = 2 and n = 10 are depicted in separate figures in Fig. 6b for the sake of clarification.
It is observed that the natural frequencies of all modes of vibration have the same trend of variations with
material power-law index and minimum normalized frequency occurs when power-law index is close to g = 2.
Similarly, Fig. 7a shows the variations of first four dominant membrane natural frequencies (£22) versus power-



3108

A. Ghabheri et al.

1000000

10000

1000

Non-dimensional parameter, &

100000 |-~

——h=0.005
---h=0.001

100
0.0001

0.001 0.01

0.1 1

10 100 1000

10000

Power-law index, g

Fig. 5 Variations of non-dimensional parameter £ of FG spherical shell of thickness # = 0.005 m and 2 = 0.001 m with
power-law index g

Table 7 Normalized natural frequencies of functionally graded spherical shell for different values of material constant and

thickness

h = 0.005m h =0.00l m
n g=0.1 g=1 g=10 g=0.1 g=1 g=10
Q 2 0.7360 0.7358 0.7359 0.7348 0.7348 0.7348
3 0.8812 0.8792 0.8798 0.8705 0.8704 0.8704
4 0.9601 0.9536 0.9556 0.9246 0.9243 0.9244
5 1.0371 1.0219 1.0266 0.9528 0.9522 0.9524
6 1.1363 1.1074 1.1163 0.9714 0.9701 0.9704
7 1.2699 1.2220 1.2368 0.9866 0.9842 0.9849
8 1.4434 1.3718 1.3940 1.0018 0.9978 0.9990
9 1.6585 1.5592 1.5902 1.0190 1.0128 1.0146
10 1.9148 1.7844 1.8251 1.0397 1.0304 1.0331
Q2 0 1.6903 1.6903 1.6903 1.6903 1.6903 1.6903
1 2.0705 2.0705 2.0705 2.0702 2.0702 2.0702

law index. For more clarification, the results are also depicted in separate figures in Figs. 7b. The trend of
variations of all membrane normalized natural frequencies with power-law index is the same but the changes
are small specially when compared with changes in bending natural frequencies in Fig. 6. So, it is concluded
that material index has a considerable effect on dominant bending frequencies and this effect becomes more
pronounced for higher mode numbers (). The normalized membrane and bending natural frequencies of FG
spherical shells of thickness 2 = 0.005 m and # = 0.001 m, for different material constants (g = 0.1, 1, 10)
are given in Table 7. It is observed that as the shell becomes thinner, the material constant has a smaller effect
on normalized frequencies with the same trend of variations as discussed in Figs. 6 and 7.

Finally, Table 8 provides analytical results for natural frequencies of FG fluid-filled spherical shells (see
Table 1) with power-law index (g = 3) under different values of internal pressure (N = 0, 2, 10 MN/m). The
results of analytical vibro-acoustic model are also compared with the ones obtained through FEM modeling.
As before, results are in good agreement. As expected, the natural frequencies increase for a thicker shell
and for higher values of internal pressure. Also, compared with the results presented in Table 6, the natural
frequencies of pressurized fluid-filled shells are smaller than those of pressurized empty shells.

4 Conclusions

In the present work, the vibration of a thin spherical FG shell under internal pressure is revisited using the
Love’s first approximation theory. Also, a coupled vibro-acoustic analytical solution is given for a fluid-filled
pressurized FG spherical shell. Coupled governing equations of motion are reformulated by introduction of
stress function. This reformulation conveniently makes it possible to present exact solution in terms of product
of trigonometric and Legendre functions. The results of the present analytical solution are validated with the
ones available in the literature and the results of FEM modeling. The current study confirms that the flexural
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dynamic characteristics of spherical FG shells are notably influenced by initial membrane stress and material

distribution. In particular, it is observed that.

domain is considered.

Higher mode number frequencies have greater rate of change with respect to initial membrane stress.
Natural frequencies decrease when the pressurized spherical shell is filled with fluid and the internal acoustic

Normalized natural frequencies increase when the fluid to solid wave velocity ratio increases.
FG material index has a considerable effect on dominant bending frequencies and this effect becomes more

pronounced for higher mode numbers. The minimum normalized frequency of different mode shapes occurs

around g = 2.
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Table 8 Comparison of normalized natural frequencies of a functionally graded spherical shell (g = 3) filled with water, for
different values of initial stress and thickness with the results of FEM

h =0.005m h =0.001 m
N =0 N" = 10MN/m N =0 N" =2MN/m
n Present FEM Present FEM Present FEM Present FEM
0 0.6908 0.6907 0.6908 0.6909 0.6128 0.6126 0.6128 0.6129
1 0.4885 0.4887 0.4900 0.4888 0.6374 0.6349 0.6381 0.6334
2 0.3605 0.3603 0.3665 0.3669 0.2105 0.2100 0.2152 0.2152
3 0.4762 0.4758 0.4902 0.4909 0.2778 0.2772 0.2886 0.2887
4 0.5686 0.5680 0.5955 0.5964 0.3280 0.3273 0.3483 0.3484
5 0.6548 0.6537 0.6984 0.6990 0.3694 0.3685 0.4027 0.4027
References
1. Kraus, H.: Thin elastic shells: an introduction to the theoretical foundations and the analysis of their static and dynamic
behavior. Wiley, New York (1967)
2. Leissa, A.W.: Vibration of shells. NASA SP-288, Washington, DC.: U.S. Government Printing Office (1973)
3. Piacsek, A.A., Abdul-Wahid, S., Taylor, R.: Resonance frequencies of a spherical aluminum shell subject to static internal
pressure. J. Acoust. Soc. Am. 131, 506-512 (2012)
4. Eslaminejad, A., Ziejewski, M., Karami, G.: Vibrational properties of a hemispherical shell with its inner fluid pressure: an
inverse method for noninvasive intracranial pressure monitoring. J. Vib. Acoust. 141 (2019)
5. Akkas, N.: Dynamic analysis of a fluid-filled spherical sandwich shell—a model of the human head. J. Biomech. 8, 275-284
(1975)
6. Stevanovic, M., Wodicka, G.R., Bourland, J.D., Graber, G.P,, Foster, K.S., Lantz, G.C., Tacker, W.A., Cymerman, A.: The
effect of elevated intracranial pressure on the vibrational response of the ovine head. Ann. Biomed. Eng. 23, 720-727 (1995)
7. Coquart, L., Depeursinge, C., Curnier, A., Ohayon, R.: A fluid-structure interaction problem in biomechanics: prestressed
vibrations of the eye by the finite element method. J. Biomech. 25, 1105-1118 (1992)
8. Salimi, S., Simon Park, S., Freiheit, T.: Dynamic response of intraocular pressure and biomechanical effects of the eye
considering fluid-structure interaction. J. Biomech. Eng. 133, 091009 (2011)
9. Strutt, JJW.: On the vibrations of a gas contained within a rigid spherical envelope. Proc. London Math. Soc. 1, 93-113
(1871)
10. Lamb, H.: On the vibrations of a spherical shell. Proc. London Math. Soc. 1, 50-56 (1882)
11. Love, A.E.H.: The free and forced vibrations of an elastic spherical shell containing a given mass of liquid. Proc. London
Math. Soc. 1, 170-207 (1887)
12. Morse, P.M., Feshbach, H.: Methods of Theoretical Physics. Part II. McGraw-Hill Book Company, New York (1953)
13. Rand, R., DiMaggio, F.: Vibrations of fluid-filled spherical and spheroidal shells. J. Acoust. Soc. Am. 42, 1278-1286 (1967)
14. Engin, A.E., Liu, Y.K.: Axisymmetric response of a fluid-filled spherical shell in free vibrations. J. Biomech. 3, 11-16 (1970)
15. Kenner, V.H., Goldsmith, W.: Dynamic loading of a fluid-filled spherical shell. Int. J. Mech. Sci. 14, 557-568 (1972)
16. Su, T.C.: The effect of viscosity on free oscillations of fluid-filled spherical shells. J. Sound Vib. 74, 205-220 (1981)
17. Zhang, P., Geers, T.L.: Excitation of a fluid-filled, submerged spherical shell by a transient acoustic wave. J. Acoust. Soc.
Am. 93, 696-705 (1993)
18. Chen, W.Q., Ding, H.J.: Natural frequencies of a fluid-filled anisotropic spherical shell. J. Acoust. Soc. Am. 105, 174-182
(1999)
19. Chen, W.Q., Wang, X., Ding, H.J.: Free vibration of a fluid-filled hollow sphere of a functionally graded material with
spherical isotropy. J. Acoust. Soc. Am. 106, 2588-2594 (1999)
20. Hu, J., Qiu, Z., Su, T.C.: Axisymmetric vibrations of a viscous-fluid-filled piezoelectric spherical shell and the associated
radiation of sound. J. Sound Vib. 330, 5982-6005 (2011)
21. Fazelzadeh, S.A., Ghavanloo, E.: Coupled axisymmetric vibration of nonlocal fluid-filled closed spherical membrane shell.
Acta Mech. 223, 2011-2020 (2012)
22. ElBaroudi, A., Razafimahery, F., Rakotomanana-Ravelonarivo, L.: Study of a spherical head model. Analytical and numerical
solutions in fluid—structure interaction approach. Int. J. Eng. Sci. 51, 1-13 (2012)
23. Tamadapu, G., Nordmark, A., Eriksson, A.: Resonances of a submerged fluid-filled spherically isotropic microsphere with
partial-slip interface condition. J. Appl. Phys. 118, 044903 (2015)
24. Kuo, K.A., Hunt, H.E.M., Lister, J.R.: Small oscillations of a pressurized, elastic, spherical shell: model and experiments. J.
Sound Vib. 359, 168-178 (2015)
25. Ventsel, E., Krauthammer, T.: Thin plates and shells: theory, analysis, and applications. Marcel Dekker, New York (2001)
26. Gol’Denveize, A.L.: Theory of elastic thin shells. Pergamon Press, New York (1961)
27. Vlasov, V.Z.: General theory of shells and its application in engineering. NASA TT F-99, Washington (1964)
28. Fallah, F., Taati, E., Asghari, M.: Decoupled stability equation for buckling analysis of FG and multilayered cylindrical shells
based on the first-order shear deformation theory. Compos. B. Eng. 154, 225-241 (2018)
29. Karimi, M.H., Fallah, F.: Analytical nonlinear analysis of functionally graded sandwich solid/annular sector plates. Compos.
Struct. 275, 114420 (2021)
30. Irschik, H.: On vibrations of layered beams and plates. J. Appl. Math. Mech. (ZAMM) 73, 34 (1993)



3112 A. Ghabheri et al.

31. Taati, E., Borjalilou, V., Fallah, F., Ahmadian, M.T.: On size-dependent nonlinear free vibration of carbon nanotube reinforced
beams based on the nonlocal elasticity theory. Mech. Based Des. Struct. Mach. 1-23 (2020).

32. Soedel, W.: Vibrations of shells and plates. CRC Press, Cambridge (2004)

33. Abramowitz, M., Stegun, I.A.: Handbook of mathematical functions with formulas, graphs and mathematical tables. US
Government printing office (1964)

34. Morse, PM., Ingard, K.U.: Theoretical acoustics. Princeton University Press, Oxford (1986)

35. ABAQUS 6.9 [Computer software]. Providence, RI, Dassault Systémes Simulia (2009).

36. Yildirim, V.: Exact radial free vibration frequencies of power-law graded spheres. J. Appl. Comput. Mech. 4, 175-186 (2018)

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



	Free vibration analysis of a fluid-filled functionally graded spherical shell subjected to internal pressure
	Abstract
	1 Introduction
	2 Formulation
	3 Numerical examples
	3.1 Verification examples
	3.2 Dynamical behavior of homogenous shells
	3.3 Dynamical behavior of FG shells

	4 Conclusions
	References




