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1. Introduction

Wave propagation and sound radiation behaviors of periodi-
cally rib-stiffened structures are of significant interest due to their
increasing applications in civil and transport engineering, e.g., as
the cabin skin of aircrafts, marine ships and express trains [1-
20]. At low frequencies, a rib-stiffened structure can be approxi-
mated as an orthotropic panel when the panel flexural wave has
a wavelength much greater than stiffener spacing [3,7]. However,
at high frequencies when the wavelength is comparable with stiff-
ener spacing, the spatial periodicity of the structure should be
carefully taken into account in any theoretical modeling.

There exist a multitude of analytical studies on the vibroacous-
tic behavior of periodically rib-stiffened structures, including
beams and plates. For example, the response of a periodically sup-
ported beam subjected to spatially and temporally harmonic pres-
sure was solved by Mead and Pujara [21] using a particular series
of space harmonics. The space-harmonic method evolving from the
considerations of progressive wave propagation is superior to the
classical normal mode approach, since only as few as seven terms
can ensure accurate convergence of the solution. Subsequently,
with emphasis placed on wave propagation characteristics, Mead
and Yaman [22] developed an exact model for the harmonic
response of a uniform finite beam on multiple supports. From
the viewpoint of free wave propagation, Mead [23] investigated
theoretically an infinite beam on regularly spaced identical

* Corresponding author. Tel.: +86 29 82665600; fax: +86 29 83234781.
E-mail addresses: fengxian.xin@gmail.com (F.X. Xin), tjlu@mail.xjtu.edu.cn (T.J.
Lu).

0045-7949/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compstruc.2010.12.007

supports in terms of superposed sinusoidal waves. For more details
regarding wave propagation in continuous periodic structures, one
may consult the review [24].

As for periodically rib-stiffened plates, a few typical works can
be referred to. For instance, multi-mode wave propagation in a
one-dimensionally (1D) stiffened plate was theoretically and
experimentally investigated by [1,2], who also examined its energy
propagation features in k-space and the corresponding dispersion
relations. Using the principle of superposition, Rumerman [25]
proposed a general solution for the forced vibration of an infinite
thin plate, periodically stiffened by identical, uniform rib-
stiffeners. An approximate method was employed by Mead and
Mallik [26] to estimate the sound power radiated by an infinite
plate, supported elastically along parallel, equi-spaced lines and
subjected to a simple pressure field convecting uniformly over
the plate. Whilst Mead and Parthan [27] studied the propagation
of flexural waves in a plate resting on an orthogonal array of
equi-spaced simple line supports, Mace [28] presented a solution
for the radiation of sound from a point-excited infinite fluid-loaded
plate reinforced by two sets of parallel stiffeners. Several aspects
related to the vibration of and sound radiation from periodically
line-stiffened and fluid-loaded plates were further examined by
Mace [3,4]. The far- and near-field acoustic radiation of an infinite
periodically rib-stiffened plate was obtained theoretically by Cray
[29], although only the tensional forces of the rib-stiffeners were
accounted for. Wang et al. [30] proposed a theoretical model of
sound transmission across double-leaf partitions having periodical
parallel rib-stiffeners using the space harmonic approach: except
for the torsional moments, both the tensional forces and bending
moments of the rib-stiffeners were accounted for.
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A few investigations also focused on the pass-/stop-band char-
acteristics of wave propagation in periodically rib-stiffened plates.
For instance, the transmission of energy in 1D periodically ribbed
membrane was theoretically studied by Crighton [31] when the
structure was immersed in static compressible fluid and excited
by a time-harmonic line force. Later, addressing essentially the
same problem, Spivack [32] gave an exact solution for general
finite configurations and found that the pass-band response be-
comes increasingly sensitive to frequency as the length of rib array
increases. A further investigation on the band structure of energy
transmission in periodically ribbed elastic structures under fluid
loading was carried out by Cooper and Crighton [33,34] using the
Green’s function method, from the viewpoint of spatial periodicity
in the pass-bands and that of algebraic decay in the stop-bands,
respectively.

Although the vibroacoustic behaviors of periodically rib-stiff-
ened structures have been studied by many researchers, com-
monly only with the tensional forces of the rib-stiffeners
considered: the influence of their bending and torsional moments
as well as inertial effects remains unclear. Moreover, previous re-
searches focused mainly on relatively simple structures, e.g., infi-
nite periodically supported beams and 1D rib-stiffened plates.
Only a noticeably few [5,6] considered the more general two-
dimensional (2D) rib-stiffened structures that are of practical
importance in aeronautical and marine applications. For example,
Mace examined the radiation of sound from an infinite fluid-
loaded plate reinforced with two sets of orthogonal line stiffeners
[5], and the vibration of a thin plate lying on point supports that
form an orthogonal 2D periodic array [6]. However, in the analysis
[5], it was assumed that the stiffeners only exert forces on the
plate.

To address the aforementioned deficiencies, we aim to study
analytically the vibration and acoustic radiation of a generic 2D
periodical structure that is consisted of two infinitely large paral-
lel plates reinforced by orthogonally extended rib-stiffeners (i.e.,
a sandwich panel with orthogonal rib-stiffener arrays as its core).
To accurately model the motion of each rib-stiffener, its ten-
sional, bending and torsional vibrations are all considered. The
inertial effects arising from the mass of the rib-stiffeners are also
taken into account, by introducing the inertial terms of their ten-
sional forces, bending moments and torsional moments into the
governing equations of panel vibration. Fourier transform is em-
ployed to solve the resulting governing equations, leading to two
sets of infinite algebraic equations, which are truncated to solve
insofar as the solution converges. In terms of obtained panel re-
sponses, the radiated sound pressure at far field is numerically
calculated to gain physical insight on wave propagation and
sound radiation of the sandwich structure. Good agreements be-
tween model predictions with previous published results [5] val-
idate the present analytic model and confirm the necessity of
including the inertial effects and torsional moments of the rib-
stiffeners in any theoretical modeling especially at high frequen-
cies. The influences of inertial effects, excitation position, and
spatial periodicity of rib-stiffeners on the vibroacoustic behavior
of the sandwich are quantified with the underlying physical
mechanisms explored.

Although this paper focuses to solve and discuss a relatively
specific problem, while the theoretical model proposed can be
readily employed to solve the similar problems of periodic struc-
tures. In particular, the theoretical model based on Fourier trans-
form technique could be referential to mend finite element
method so as to solve more generalized problems efficiently. For
this point, Kohno et al. [35] have done an excellent job by combin-
ing the advantages of finite element method and spectral method
to solve problems of wave propagation. This work should be very
useful for enlightening us to extend our theoretical work for more

generalized problems, for example, by combining the advantages
of our theoretical model and finite element method.

2. Theoretical modeling of structural dynamic responses
2.1. Statement of problem

Consider an infinitely large 2D sandwich structure shown
schematically in Fig. 1, which has a lattice core in the form of
orthogonal stiffeners having periodic uniform spacings in the
x- and y-directions, I, and [, respectively. Its geometrical dimen-
sions are: depth of orthogonal rib-stiffener core d, thickness of
upper and bottom panels h; and h,, and thickness of x- and y-wise
stiffeners t, and t,. The mass densities of the x- and y-wise stiffen-
ers are my and m,, respectively. A right-handed Cartesian coordi-
nate system (x,y,z) is established, with its x- and y-axes located
on the surface of the upper panel and the positive direction of
the z-axis pointing downward (Fig. 1).

Let a harmonic point force with amplitude gq be applied on the
surface of the upper panel at an arbitrary location (xq,y0). As a re-
sult, a radially outspreading bending wave propagates from the
source (xo,Yo0). The propagation of this bending wave in the upper
panel is affected by the attached lattice core (rib-stiffeners), which
transmits the motion to the bottom panel. Both panels are modeled
as a classical thin plate, following Kirchhoff's thin plate theory. As
the focus is placed on the intrinsic characteristics of bending wave
propagation in the structure, air-structure coupling is ignored. The
theoretical formulation presented below proposes a comprehen-
sive analytic model for bending wave propagation in the sandwich
structure, accounting for not only the tensional forces, bending and
torsional moments of the orthogonal rib-stiffeners, but also their
inertial effects.

2.2. Analytical formulation of panel vibration

Upon point force excitation, the vibration of the upper and bot-
tom panels can be described using two dynamic governing equa-
tions, where the influence of the rib-stiffeners exists in the form
of tensional forces (general force plus inertial force), bending mo-
ments (general bending moment plus inertial bending moment),
and torsional moments (general torsional moment plus inertial
torsional moment). With the inertial effects of the rib-stiffeners
accounted for, the resultant tensional forces, bending and torsional
moments acting on the upper and bottom panels per rib-stiffener
are not equal, denoted here by (Q",M*,M;) and (Q~,M~,M;),

Fig. 1. Sandwich panel with orthogonally rib-stiffened core.
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Fig. 2. Convention for tensional forces, bending moments and torsional moments between upper panel and (a) x-wise and (b) y-wise stiffeners.

respectively. Fig. 2 shows the convention employed for denoting
the tensional forces as well as the bending and torsional moments
between the upper panel and the x- and y-wise stiffeners. The
same apply at the interface between the bottom panel and the
x- and y-wise stiffeners.

Since the excitation is harmonic, the dynamic responses of the
two panels should also be harmonic. For simplicity, the harmonic
time term e ! is suppressed from the formulation below. The
dynamic governing equations are thence given by:

2
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where V*=(8%/ox? + 8?|0y?)?; §(-) is the Dirac delta function;
(w1,wy), (my,my) and (D,,D,) are the displacement, surface mass
density and flexural rigidity of the upper and bottom panel, respec-
tively. The material loss factor #; (j = 1, 2 for upper and bottom panel,
respectively) is introduced with the complex Young’s modulus as

3 .
= =12 3
J

As the factual forces and moments exerting on the upper and
bottom panels are not the same due to the consideration of inertial
forces and moments, the terms associated with the two panels are
denoted separately by superscripts + (upper) and — (bottom). Sub-
scripts x and y are introduced to represent those terms arising from
the x- and y-wise stiffeners, respectively.

Taking into account the inertial effects (due to stiffener mass)
and applying both the Hooke’s law and Newton’s second law, one
obtains the tensional forces arising from the rib-stiffeners as [36]:
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where o is the circle frequency and (K,,K,) are the tensional stiff-
ness of half the rib-stiffeners per unit length.

Similarly, the bending moments of the rib-stiffeners can be
expressed as [36]:
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where (Exl}, Eyl;g are the bending stiffness of half the rib-stiffeners,
(px py) and (I, I,) are mass density and polar moment of inertia for
the rib-stiffeners, with subscripts x and y indicating the direction of
the stiffener.

Following similar procedures for deriving the tensional forces
and bending moments, one obtains the torsional moments of the
rib-stiffeners as [36]:
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where (Gx];, Gy];) are the torsional stiffness of half the rib-stiffeners

and (J,.J,) are the torsional moment of inertia for the rib-stiffeners.

In the above expressions for the tensional forces, bending
moments and torsional moments of a rib-stiffener, the geometrical
properties of its cross-section are given by:

Eqt Et
K= d*/zx, K, =ﬁ (16)
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where E, and E, are separately the Young’s modulus of the x- and
y-wise stiffener materials.

To simplify Egs. (4)-(15), the following set of specified charac-
teristics is introduced to replace the coefficients of general
displacements.

(1) Replacement of tensional force coefficients:
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(3) Replacement of torsional moment coefficients:
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Using Egs. (22)-(27), one can simplify the expressions of the
tensional forces, bending moments and torsional moments, as:

(1) Tensional forces:

Q;r = 7RQ1 wi + RQsz, Q; = 7RQ2W1 =+ RQ]WZ (28)
Q; = —Ro3wi + Roaws, Q; = —Roawi + Rgzw; (29)
(2) Bending moments:
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2.3. Solutions

Fully considering the periodic nature of the present sandwich
structure and applying the Poisson summation formula [5,25],
one can write the wave components in the periodic structure using
space harmonic series, as:

Zéx ml)
Zéy nl,)

The displacement of each panel is a function of coordinates (x,y)
as well as the Fourier transform of its wavenumber frequency, the
latter being also a function of the wavenumbers (k,, k). The Fourier
transform pair relating these two quantities with respect to (x,y)
and (ky,k,) can be written as:

W(x,y) = /M/ W(ke, ky)e
w8 )

Employing Egs. (34) and (35) and then taking the Fourier trans-
form and replacing the wavenumbers (k,, k) by (o, 8), respectively,
one can rewrite the governing Egs. (1) and (2) as:

Z e i(2mm/ly)x (34)
Z e—t (2nm/ly)y (35)

eilkecrbon) i, dk, (36)
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where the dependence of a term on wavenumbers (o,f) is
indicated using the hat sign ~, meaning the corresponding
Fourier transform of this term. For instance, (w;, w,) are the Fourier
transforms of (w;,w,). The Fourier transforms of the tensional
forces, bending moments and torsional moments are presented
below.

(1) Fourier transforms of tensional forces:

5(a,B,) = —Ro1Wi(a, B,) + RoaWa(a, ;) (40)
Q, () = —RaWi(a, ) + Ro1Wa(a, B,) (41)
Q; (am, B) = —Rq3W1 (am, B) + RoaWa (@, ) (42)

;(am,ﬁ) = —RoaW1(am, B) + RosW2(am, B) (43)

(2) Fourier transforms of bending moments:
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(3) Fourier transforms of torsional moments:
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m, f) = —0mB[RraW1 (Am, B) — RrsWa (@, f)]
Substitution of (40)-(51) into (38) and (39) yields:
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To solve Egs. (52) and (53), one needs to replace (a,f) by
(o4, By). resulting in two sets of simultaneous algebraic equations:
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which contain two sets of infinite unknowns: W (o, f,) and
W (o, By), with m=—oco to +oo and n=—oo to +oc. Insofar as the
solution converges, these equations can be solved simultaneously
by truncation. That is, (im,n) only take values in a finite range of
m = —m to m and n = —f to 7 (where 1 and fi both being positive
integer). For brevity, the resulting simultaneous equations contain-
ing a finite number [i.e., 2MN, where M =2m +1, N =2+ 1] of
unknowns can be expressed in matrix form, as:

Tu T wy (%,;/5;,) Frn
L = (58)
Tor Tz Jounsamn | W2 (% Ba) f s 0 Joma
Eq. (57) can be solved numerically to obtain the panel displace-

ments W, («, 8) and w,(«, ) in their respective wavenumber space.
Details of the derivation are presented in Appendix A.

3. Far field radiated sound pressure

The radiated sound pressure is related directly to the dynamic
response of the radiating panel (bottom panel in the present case).
Once the dynamic response of the bottom panel w,(, ) is solved,
the radiated sound pressure at far field can be obtained.

Due to the periodic nature of the sandwich, upon excitation by a
harmonic point force on its upper panel, a series of space harmonic
waves are transmitting in the structure. For a given point force
with wavenumbers (o, fo), a flexural wave having the same wave-
numbers (¢, fo) is excited and propagates in the face panel. It will
generate the (m,n)th harmonic wavenumber components (ag+
2mm/l, fo + 2n7/l,) owing to the vibration interaction of the face
panel with the mth x-wise and nth y-wise stiffeners. Therefore,
the face panel vibration and the radiated sound pressure both
contain a series of space harmonic wave components with wave-
numbers (ao + 2mmnt/ly, fo + 2n7/l,), where —oo <m<+oc and —oco <
n < +oo.

With the origin of the spherical coordinates (r,0,¢) located at
the excitation point (xo,Yo), the far field sound pressure p(r,0, @)
radiated from a vibrating surface with displacement w(x,y) is given
by [37]:

Ly o

where kg = w/co, cop and po being the sound speed and air density,
respectively, and the wavenumbers o and f are:

B =kosin¢sing (60)

w(x,y)e M dxdy
(59)

o = ko cos ¢ sino,

Finally, with the Fourier transform of (37), Eq. (59) becomes:

p(r,0,¢) = —2mpo? (€"e" /r)e o Movy(ar, f) (61)

4. Numerical results and discussion

With the modeling presented above describing accurately the
dynamic response of an infinite orthogonally rib-stiffened sand-
wich structure excited by a point force and the formulation for
the far field radiated sound pressure, the on-axis (i.e., on the axis
0= =0) far field pressure is calculated below to explore the
sound radiation characteristics of the structure. Note that on the
selected axis (i.e., 0 = ¢ = 0), the stationary phase wavenumbers &
and p are both zero.

The simultaneous algebraic equations are truncated at the +m
and +i harmonic wave components in the x- and y-directions,
with the frequency dependent m and i selected as 3 and 10 at
100 Hz and 10 kHz, respectively. Numerical convergence tests have
ensured that these i and fi values are sufficient large for obtaining
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accurate results. For numerical analysis, the material properties
and structural dimensions of the sandwich are taken as follows.
The panels (facesheets) and rib-stiffeners are made of aluminum,
with Young’s modulus E = 70 GPa, density p = 2700 kg/m>, Poisson
ratio v=0.33, and loss factor #;=7,=0.01. The two facesheets
have identical thickness h =0.002 m (see Fig. 1). For simplicity, it
is assumed that the ribs have square cross-sections, so that t, = t,.
The depth of the air cavity (i.e.,, height of rib connections) is
d =0.025 m. The density of air is pg=1.21 kg/m>, sound speed in
air is co = 343 m/s, and the amplitude of the point force excitation
is TN.

For reference, the high frequency asymptote of the far field
sound pressure radiated by an unstiffened plate [5] is:

ikor
_ quO ero (62)

Pa=5mm 7

The far field sound pressure radiated by the present orthogonally
rib-stiffened sandwich structure is then given in the form of sound
pressure level (SPL) in decibel scales (dB) relative to p, as:

SPL =20 - log,, (;’) (63)

a
4.1. Validation of theoretical modeling

To verify the accuracy and applicability of the present theoret-
ical modeling on wave propagation and sound radiation behavior
of an orthogonally rib-stiffened sandwich structure, results ob-
tained using the model are compared with those of Mace [5] for
sound radiation from an orthogonally rib-stiffened single plate.
To facilitate the comparison, the key parameters (i.e., Yong’s mod-
ulus E, density p and thickness h) of the bottom panel are set to
negligibly small in comparison with those of the upper panel and
rib-stiffeners, so that the orthogonally rib-stiffened sandwich be-
haves exactly like an orthogonally rib-stiffened single plate.

For the purpose of validation, the material and geometric prop-
erties (Table 1) used by Mace [5] are adopted in the numerical cal-
culations. Figs. 3 and 4 present the results for two different
excitation locations, (lx/3,1,/3) and (I,/2,1,/2). Overall, good agree-
ment is achieved between the present results and Mace’s model
prediction for both excitation locations. The discrepancies at high
frequencies between the two different models, however, are attrib-
uted to the fact that the inertial effects and torsional moments of
the rib-stiffeners were not account for by Mace [5]. The reason that
at high frequency range the deviation is small in Fig. 3 but signif-
icant in Fig. 4 is because the excitation exerted at (I,/2,1,/2) leads
to stronger torsional moments of the rib-stiffeners than that ex-
erted at (L/3,1,/3).

4.2. Influences of inertial effects arising from rib-stiffener mass

The inertial effects of the tensional forces, bending moments
and torsional moments arising from the rib-stiffeners have been
accounted for by the present analytical model. The influence of

'I{/[aabtleei'i;l and geometric properties of orthogonally rib-stiffened single plate [5].
Plate Fluid media
D m n Po Co
2326 Nm 39.1 kg/m 0.02 1000 kg/m? 1500 m/s
Rib-stiffeners
E p L=1, te=t, d
195 GPa 7700 kg/m? 0.2m 0.00508 m 0.0508 m

the inertial effects is explored below by comparing the predictions
obtained for orthogonally rib-stiffened sandwich structures with
and without considering the inertial effects.

30 T

Present
20 eee Mace (1981 4

.
100 1000 10000
Frequency (Hz)

Fig. 3. Comparison between present model predictions and Mace’s results for
sound pressure level radiated by orthogonally rib-stiffened single plate excited at
(L3, 1y/3).

30 T

Present
204 e oo Mace (1981

SPL (dB)
[—}

100 1000 10000
Frequency (Hz)

Fig. 4. Comparison between present model predictions and Mace’s results for
sound pressure level radiated by orthogonally rib-stiffened single plate excited at
(hi2,1,/2).
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Fig. 5. Variation of on-axis far field radiated sound pressure with excitation
frequency: influence of inertial effects. Geometry of rib-stiffeners: t,=t,=1 mm,
Iy=1,=0.2 m; excitation location: (xo,Yo) = (Ix/2,1,/2).
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Fig. 6. Variation of on-axis far field radiated sound pressure with excitation
frequency: influence of inertial effects. Geometry of rib-stiffeners: t,=t,=3 mm,
Iy=1,=0.2 m; excitation location: (xo,Yo) = (Ix/2,1,/2).

With the point force acting at (I,/2,1,/2), Figs. 5 and 6 plot the
on-axis far field radiated sound pressure level as a function of exci-
tation frequency for rib-stiffeners having square cross-sections,
with width t,=t,=1mm and t,=t,=3 mm, respectively. It can
be seen from Fig. 5 that the SPL curve with the inertial effects con-
sidered has a tendency similar to that without considering inertial
effects, the main discrepancy being the existence of several addi-
tional peaks and dips in the former. The superposition peaks (or
dips) between the inertial case and the non-inertial one are domi-
nated by face panel vibration, which are closely related to the max-
imum (or minimal) sound radiation wave shapes and vibration
patterns. The appearance of the additional peaks and dips con-
trolled predominantly by the rib-stiffeners is, on the other hand,
attributed to the inertial effects arising from the mass of the rib-
stiffeners. By comparing Fig. 5 with Fig. 6, it is seen that the dis-
crepancy between the inertial and non-initial cases is enlarged
when the thickness (or, equivalently, the mass) of the rib-stiffeners
is increased.

4.3. Influence of excitation position

Whilst the amplitude of any point in wave mode shape depends
strongly on its position, the radiating modes excited by a point
force vary with the excitation position. It is therefore expected that
the on-axis far field radiated sound pressure is significantly af-
fected by the excitation position, which is confirmed by plotting
in Fig. 7 the sound pressure level as a function of excitation fre-
quency for three different excitation positions, i.e., (Xo/lyo/l,) at
(0,0), (1/4,1/4), (1/2,1/2).

It is seen from Fig. 7 that the SPL curves of the (1/4,1/4) and (1/
2,1/2) cases have peaks appearing at the same frequencies (e.g.,
445, 1659, 2769 and 3919 Hz), although there exists large discrep-
ancies at other frequencies (e.g., 3919 Hz in particular). In compar-
ison, there are no evident peaks appearing in the SPL curve of the
(0,0) case at these frequencies. As these radiated sound pressure
peaks are mainly controlled by the wave mode shapes and vibra-
tion patterns of the face panel, it appears that the point force exci-
tation at (1/4,1/4) and (1/2,1/2) can excite the appropriate
radiating mode of the face panel. In contrast, the excitation at
(0,0) is located at the joint connecting the face panel with the x-
and y-wise rib-stiffeners, which excites mainly the tensional and
bending motions of the x- and y-wise rib-stiffeners. Therefore, no

50 . . . . : : :
------- (5, 9 = (0,0)
o = o) =W 1]

30 — {xo‘ yn) = (!\”2’ I."IZ)

SPL (dB)

. . . . L . .
0 500 1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

Fig. 7. On-axis far field radiated sound pressure plotted as a function of excitation
frequency for selected excitation positions: (xo/lxyo/l,) at (0,0), (1/4,1/4), (1/2,1/2).
Geometry of rib-stiffeners: ty=t,=1mm, [,=1,=0.2 m.

SPL peaks appear for the (0,0) case at radiating frequencies con-
trolled by panel vibration.

The radiating sound pressure peaks dominated by the rib-stiff-
eners are well captured by the three SPL curves of Fig. 7 at the same
frequencies (e.g., 936, 1888, 2329, 3722 Hz), although some peaks
may not be so evident due to complicated wave interaction at the
junctions of panel, x-wise and y-wise stiffeners.

4.4. Influence of rib-stiffener spacings

As the periodicity spacings I, and I, between rib-stiffeners are
key parameters describing the periodic nature of the sandwich
structure (Fig. 1), they should influence significantly the wave
propagation and sound radiation characteristics of the structure.
Fig. 8 illustrates the influence of the periodicity spacings on radi-
ated sound pressure by plotting the SPL curve tendencies, with
(l1y) selected as (0.2,0.2) m, (0.225,0.225)m and (0.25,0.25) m,
respectively, and the point force excitation fixed at (Ii/2,1,/2).

.
40} 1
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0l £,=0250m, [=0250m |
1
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Fig. 8. Variation of on-axis far field radiated sound pressure with excitation
frequency: influence of periodicity spacings between rib-stiffeners. Geometry of
rib-stiffeners: ty = t, = 1 mm; excitation position: (xo,yo) = (L/2,1,/2).
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The most attractive point about the results of Fig. 8 is that the
magnitudes of the SPL peaks and dips (not only the panel vibration
dominated but also the rib-stiffeners vibration controlled) de-
crease as the periodicity spacings are increased. However, overall,
the three SPL curves exhibit almost the same tendency although
their peaks and dips shift, which is attributed to the highly similar
periodic nature of the sandwich structures.

There exists another interesting problem that what are the pos-
sible effects of breaking the assumed perfect periodicity of the
structure. As well known, in perfectly periodic rib-stiffened struc-
tures, waves can propagate throughout all the structures; while
disorder can lead to the appearance of localization phenomena of
waves in mistuned periodic structures [38,39]. The existence of
wave localization in disordered periodic structures induces a spa-
tial decay of wave amplitude, as a result, the vibration and sound
radiation of the structures will be reduced significantly. To
squarely address this issue, the localization factor that character-
izes the average exponential rates of decay of wave amplitudes
should be applied to explore the detailed effects of disordered peri-
odicity of the structures. Actually, this point should be our future
work.

5. Conclusions

An analytic model has been formulated to investigate the wave
propagation and sound radiation behavior of a point force-excited
sandwich structure having two sets of orthogonal rib-stiffeners as
its core. Unlike previous researches on rib-stiffened panel without
considering the inertial effects of rib-stiffeners, the vibration mo-
tion of the rib-stiffeners is accurately described by introducing
their tensional forces, bending moments and torsional moments

{Wn (0, B) } = [ W (04, BY) W (o, B7)

{Wa (e, Br) } = [Wa(on, 1) wa(o, 1)

as well as the corresponding inertial terms into the governing
equations of the two face panels. The Fourier transform technique
and Poisson summation formula are employed to solve the govern-
ing equations. The resulting two sets of infinite simultaneous alge-
braic equations are numerically solved by truncation insofar as the
solution converges.

The far field sound radiation is examined to gain physical in-
sights of the vibroacoustic response of the sandwich structure.
First, comparisons between model predictions with previous pub-
lished results for orthogonally stiffened single plates validate the
accuracy and feasibility of the present analytic model, which also
confirm the necessity of accounting for the inertial effects and tor-
sional moments of the rib-stiffeners in any theoretical modeling.
Subsequently, the influences of the excitation position, periodicity
spacings of rib-stiffeners, and inertial effects rooted in the rib-stiff-
ener mass upon the far field sound pressure radiated from the
orthogonal sandwich structure are explored.

Since the inertial effects of the rib-stiffeners are considered in
the present analytical model, a couple of additional peaks and dips
on the SPL versus excitation frequency curve related to the inertial
effects are well captured, which are especially evident when the
mass of the rib-stiffeners is significant. Besides these rib-stiffener
controlled SPL peaks and dips, it is also found that there exist panel

Wl (a;\/h ﬁ,l) Wl (06/1 ) ﬁIZ)

W (o, By) Wa (o, )

controlled peaks and dips, which are related to certain wave
shapes and vibration patterns possessing maximal or minimal
sound radiation.

The excitation position of the point force plays a significant role
in the wave propagation and sound radiation behavior of the sand-
wich, as different positions can excite different wave mode shape
and vibration patterns of the face panel, resulting in either panel
or rib-stiffener controlled vibration. Therefore, different peaks
and dips associated with the panel or rib-stiffener controlled vibra-
tion will emerge and noticeably affect the tendency of the SPL
curve.

As a key parameter describing the periodic nature of the sand-
wich structure, rib-stiffener spacing also has a dominant role. All
the SPL peaks and dips dominantly controlled by either panel
vibration or rib-stiffener vibration are shifted to lower frequencies
as the periodicity spacings are increased. The overall tendency of
the SPL curves remains nonetheless unchanged, owing to the sim-
ilar periodic nature of the sandwich structures.
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Appendix A. Derivation of Eq. (58)

The displacement components of the two face panels in wave-
number space are:

wi (3, 2) w1 (o, B) W1 (e, B) T (A1)

W, (O‘/zvﬁ/z) W (O‘;vhﬁ/z) W (‘xfw’ﬁ;v) H/Ile (A2)

The left-hand side of Eq. (58) represents the generalized

force:
{Fan}=[Fi1 Fn -+ Fwi Fio Fy -+ Fw FMN}TMNM
(A3)
where
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Employing the definition of the sub-matrices presented above, one
obtains:

Tii=Tia+ T2+ T3+ T4+ T1is,

Tos =To1 + T2+ Toaz + Taza+ Taas (A31)
Ti2 =T121 4+ Ti22 + T123 + T124,
Ty =T+ T2+ T3z +Tra (A32)

References

[1] Ichchou MN, Berthaut ], Collet M. Multi-mode wave propagation in ribbed
plates. Part I: Wavenumber-space characteristics. Int ] Solids Struct
2008;45(5):1179-95.

[2] Ichchou MN, Berthaut ], Collet M. Multi-mode wave propagation in ribbed
plates. Part II: Predictions and comparisons. Int ] Solids Struct 2008;45(5):
1196-216.

[3] Mace BR. Periodically stiffened fluid-loaded plates. I: Response to convected
harmonic pressure and free wave propagation. J Sound Vib 1980;73(4):
473-86.

[4] Mace BR. Periodically stiffened fluid-loaded plates. II: Response to line and
point forces. ] Sound Vib 1980;73(4):487-504.

[5] Mace BR. Sound radiation from fluid loaded orthogonally stiffened plates. ]
Sound Vib 1981;79(3):439-52.

[6] Mace BR. The vibration of plates on two-dimensionally periodic point
supports. ] Sound Vib 1996;192(3):629-43.

[7] Lee JH, Kim ]. Analysis of sound transmission through periodically stiffened
panels by space-harmonic expansion method. J Sound Vib 2002;251(2):
349-66.

[8] Yin XW, Gu X], Cui HF, Shen RY. Acoustic radiation from a laminated composite
plate reinforced by doubly periodic parallel stiffeners. ] Sound Vib
2007;306(3-5):877-89.

[9] Xin FX, Lu TJ, Chen CQ. Vibroacoustic behavior of clamp mounted double-panel
partition with enclosure air cavity. ] Acoust Soc Am 2008;124(6):3604-12.

[10] Xin FX, Lu TJ, Chen C. Sound transmission through lightweight all-metallic
sandwich panels with corrugated cores. Multi-functional materials and
structures, parts 1 and 2. Adv Mater Res 2008;47-50:57-60.

[11] Maxit L. Wavenumber space and physical space responses of a periodically
ribbed plate to a point drive: a discrete approach. Appl Acoust 2009;70(4):
563-78.

[12] Xin FX, Lu TJ. Analytical and experimental investigation on transmission loss of
clamped double panels: Implication of boundary effects. ] Acoust Soc Am
2009;125(3):1506-17.

[13] Xin FX, Lu TJ, Chen CQ. Dynamic response and acoustic radiation of double-leaf
metallic panel partition under sound excitation. Comput Mater Sci
2009;46(3):728-32.

[14] Xin FX, Lu TJ, Chen CQ. External mean flow influence on noise transmission
through double-leaf aeroelastic plates. AIAA ] 2009;47(8):1939-51.

[15] Takahashi D. Sound radiation from periodically connected double-plate
structures. ] Sound Vib 1983;90(4):541-57.

[16] Fahy FJ, Lindqvist E. Wave propagation in damped, stiffened structures
characteristic of ship construction. ] Sound Vib 1976;45(1):115-38.

[17] Mead DJ. Plates with regular stiffening in acoustic media: vibration and
radiation. J Acoust Soc Am 1990;88(1):391-401.

[18] Xin FX, Lu TJ, Chen CQ. Sound transmission through simply supported finite
double-panel partitions with enclosed air cavity. ASME ] Vib Acoust
2010;132(1):1-11. 011008.

[19] Xin FX, Lu TJ. Sound radiation of orthogonally rib-stiffened sandwich
structures with cavity absorption. Compos Sci Technol 2010;70(15):
2198-206.

[20] Xin FX, Lu TJ. Analytical modeling of sound transmission across finite
aeroelastic panels in convected fluids. ] Acoust Soc Am 2010;128(3):
1097-107.

[21] Mead D], Pujara KK. Space-harmonic analysis of periodically supported beams:
response to convected random loading. ] Sound Vib 1971;14(4):525-32.

[22] Mead DJ, Yaman Y. The harmonic response of uniform beams on multiple
linear supports: a flexural wave analysis. ] Sound Vib 1990;141(3):465-84.

[23] Mead DJ. Free wave propagation in periodically supported, infinite beams. ]
Sound Vib 1970;11(2):181-97.

[24] Mead DJ. Wave propagation in continuous periodic structures: research
contributions from Southampton, 1964-1995. J Sound Vib 1996;190(3):
495-524.

[25] Rumerman ML. Vibration and wave propagation in ribbed plates. ] Acoust Soc
Am 1975;57(2):370-3.

[26] Mead DJ, Mallik AK. An approximate theory for the sound radiated from a
periodic line-supported plate. ] Sound Vib 1978;61(3):315-26.

[27] Mead D], Parthan S. Free wave propagation in two-dimensional periodic
plates. ] Sound Vib 1979;64(3):325-48.

[28] Mace BR. Sound radiation from a plate reinforced by two sets of parallel
stiffeners. ] Sound Vib 1980;71(3):435-41.

[29] Cray BA. Acoustic radiation from periodic and sectionally aperiodic rib-
stiffened plates. ] Acoust Soc Am 1994;95(1):256-64.

[30] Wang J, Lu T], Woodhouse ], Langley RS, et al. Sound transmission through
lightweight double-leaf partitions: theoretical modelling. J Sound Vib
2005;286(4-5):817-47.

[31] Crighton DG. Transmission of energy down periodically ribbed elastic
structures under fluid loading. Proc R Soc Lond A 1984;394(1807):405-36.

[32] Spivack M. Wave propagation in finite periodically ribbed structures with fluid
loading. Proc R Soc Lond A 1991;435(1895):615-34.

[33] Cooper A], Crighton DG. Transmission of energy down periodically ribbed
elastic structures under fluid loading: spatial periodicity in the pass bands.
Proc R Soc Lond A 1998;454(1979):2893-909.

[34] Cooper A], Crighton DG. Transmission of energy down periodically ribbed
elastic structures under fluid loading: algebraic decay in the stop bands. Proc R
Soc Lond A 1998;454(1973):1337-55.

[35] Kohno H, Bathe K-J, Wright ]JC. A finite element procedure for multiscale wave
equations with application to plasma waves. Comput Struct 2010;88(1-2):
87-94.

[36] Xin FX, Lu TJ. Analytical modeling of fluid loaded orthogonally rib-stiffened
sandwich structures: sound transmission. ] Mech Phys Solids 2010;58(9):
1374-96.

[37] Morse PM, Ingard KU. Theoretical acoustics. New York: McGraw-Hill; 1968.

[38] Castanier MP, Pierre C. Lyapunov exponents and localization phenomena in
multi-coupled nearly periodic systems. ] Sound Vib 1995;183(3):493-515.

[39] Li FM, Wang YS, Hu C, Huang WH. Localization of elastic waves in periodic rib-
stiffened rectangular plates under axial compressive load. ] Sound Vib
2005;281(1-2):261-73.



	Analytical modeling of wave propagation in orthogonally rib-stiffened  sandwich structures: Sound radiation
	Introduction
	Theoretical modeling of structural dynamic responses
	Statement of problem
	Analytical formulation of panel vibration
	Solutions

	Far field radiated sound pressure
	Numerical results and discussion
	Validation of theoretical modeling
	Influences of inertial effects arising from rib-stiffener mass
	Influence of excitation position
	Influence of rib-stiffener spacings

	Conclusions
	Acknowledgements
	Derivation of Eq. (58)
	References


