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1.0 INTRODUCTION

Structures reinforced by ribs are often mechanically excited and
are thereby sources of acoustic radiation. The amount of acoustic
radiation is affected by the response of the structure to mechanical
excitation and the radiation efficiency of the structure. At lower
frequencies and/or for lightly damped structures, where the modal
overlap is small in finite structures, the vibration response and
consequently the acoustic radiation is strongly influenced by resonances
in the structure. At higher frequencies and/or for heavily damped
structures, where modal overlap is large, the response of finite
structures approximates the response of infinite structures of the same
configuration. 1In this case, the peaks in the acoustic radiation are
generated by rib supports which alter the response of the structure to
increase the acoustic coupling of the structural response to the
acoustic radiation. In addition to resonant responses and rib-structure
interaction, the acoustic radiation at all frequencies is influenced by
the type of mechanical excitation.

In this paper, an analytic model is developed and exercised for the
acoustic radiation from fluid-loaded, infinite ribbed circular
cylindrical shells excited by different types of concentrated mechanical
drives to address the influence that ribs and the type of mechanical
drive have on acoustic radiation. To validate the model, predicted
levels of the far field acoustic radiation are compared to levels
measured on a finite ribbed shell excited mechanically with different
types of drives. Because the shell used in the measurements had a
finite length, resonances in the vibration response are present which

produced peaks in the acoustic radiation levels not seen in the




predicted levels for an infinite shell. However, radiation from the
structural near field of the localized drives and scattering of waves in
the shell by ribs will be present in both the measured and predicted
radiated noise levels. Therefore, when the resonance effects are
identified in the measurements, verification of the analytic model with
measurements can be performed. Once validated with measurements, the
analytic model is exercised to explore the influence that ribs and
different types of mechanical drives have on the acoustic radiation from
fluid-loaded, ribbed cylindrical shells.

Most of the published studies on the acoustic radiation from ribbed
structures have concentrated on point-driven flat infinite plates.
Maidanik [1] was one of the first to investigate the effects of
stiffeners on the acoustic radiation from plates. His results showed
that the addition of periodic rigid rib stiffeners to flat plates
increased the radiation efficiency at frequencies below the critical
frequency of the plate. Lyon [2] and Nayak [3] studied the radiation
efficiency of a flat infinite plate reinforced by a single elastic beam
at frequencies below the critical frequency. Lyon showed that the
acoustic radiation decreased as the transverse motion of the beam
increased, i.e. as the beam impedance decreased. Nayak added fluid-
loading to Lyon’s model and found that the radiation efficiency
decreased as the fluid-loading increased. Maidanik (4] considered the
influence of plate rib reinforcements on acoustic radiation in terms of
the conversion of wavenumber spectra in the plate by the ribs where he
showed that the ribs converted vibration responses at high wavenumbers
into responses at low wavenumbers which couple better to acoustic

radiation. Directivity patterns associated with radiation produced by a
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rigid beam attached to a plate are presented by Belinskii [5]. Simple
expressions for the radiation from a beam reinforced infinite plate
modeled by a membrane with frequency dependent tension are derived by
Crighton and Maidanik [6]. The influence of longitudinal and flexural
vibration of a reinforcing beam on radiation from an infinite plate are
considered by Evseev and Kirpichnikov [7]. Below the critical frequency
of the plate, the radiation associated with the longitudinal vibrations
of the beam have more influence on acoustic radiation than the flexural
vibration of the beam, according to Evseen and Kirpichnikov. Lin and
Hayek [8] showed that the radiation decreased with increases in the size
of the beam at frequencies below the critical frequency of the plate.
Using energy methods, radiation from an infinite plate supported by
two beams was considered by Romanov [9]. Reflections from the beams and
force and moment rib impedances were included in Romanov'’s analysis.
The acoustic radiation from an infinite plate supported by two beams
with randomly distributed forces applied to the plate between the beams
was considered by Svyatenko [10]. Garrelick and Lin [1l] presented
results on the influence of the number of ribs on radiation from a plate
driven by a point source. The plate radiation was affected more by the
number of ribs at low frequencies. At higher frequencies, the effect of
the number of ribs decreased. An infinite plate reinforced by a finite
set of beams was considered by Romanov [12]. Moment and force
impedances of the beams were included in Romanov'’s analysis. The beams
closest to the point drive were shown to have the greatest effect on the
radiation from the plate. The reactive moments of the beam to plate
displacements were also shown to have a significant effect on acoustic

radiation.
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Romanov [13] and Evseev [l4] added an infinite set of periodically-
spaced elastic line supports to a point-driven flat infinite plate.

They concluded that peaks in the acoustic radiation were caused by
resonances in the plate sections between the supports. Mace [15]
investigated a point-driven flat infinite plate stiffened by two
parallel sets of periodic elastic line supports. According to Mace, the
peaks in the acoustic radiation at frequencies below the critical
frequency were due to the coherent addition of radiation at the
locations of the line supports where the line supports produce local
radiation. The acoustic radiation from a plate reinforced by two sets
of periodically-spaced orthogonal ribs was considered by Mace [16].
Using an energy approach, Mead and Mallik [17] developed a model for the
acoustic radiation from an infinite plate reinforced by periodic rib
supports. Plakhov [18] applied reciprocity and eigenfunction expansions
for the plates between rigid supports to investigate the acoustic
radiation from rib reinforced plates. At resonances, the radiation was
higher for the supported plate than for the unsupported plate. At the
anti-resonances of the plates between the supports, the radiation was
lower for the supported plate than for the unsupported plate. Vyalyshev
and Tantakovskii [19] investigated the reduction of the acoustic
radiation from a ribbed infinite plate by the addition of a second line
source to the plate.

In flat plates, the transverse vibrations can be treated separately
from the in-plane vibrations. Adding curvature couples the in-plane and
transverse vibrations which has a significant effect on the wavenumber
spectra of the vibration response and consequently the radiation of the

structure. Curvature with a constant radius in one direction is added
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when circular cylindrical shells are considered. To include the effects
of curvature and increase the applicability of analytic models to
realistic structures, there have been a number of investigations that
have tackled the increased complexity introduced by structural curvature
to explore the acoustic radiation from ribbed cylindrical shells.
Bexrnblit examined the acoustic radiation from a point-driven
infinite circular cylinders stiffened by two [20] and five [21] equally-
spacec ring supports. Bernblit approximated the ring impedance by a
pure mass reactance. Numerical results presented for the unsupported
cylinder and the cylinder supported by two rings showed peaks at the
resonance frequencies associated with the shell segments between the
ring supports. Bernblit included damping in his model and showed a
decrease in the peak acoustic radiation as damping increased. Ribbed
cylindrical shells with small curvature were considered by Ivanov and
Romanov [22] at frequencies above the shell ring frequency and below the
critical frequency of the shell. An energy approach was employed where
average transmission losses were applied to each of the identical,
finite number of ribs. A finite number of ribs was also considered by
Lawrie [23], who modeled the ribs as rigid supports for axisymmetric
excitation on the shell. Ribbed shells were divided by El-Raheb and
Wagner [24] into segments between the reinforcing ribs. The segments
were coupled by means of impedance matrices for the ribs. The in-plane
and out-of-plane motions of the ribs were assumed by El-Raheb and Wagner
to decouple. The radiation from a ribbed cylindrical shell excited by
an internal monopole acoustic source was considered by Fuller [25].
Fuller uncovered nonradiating energy that propagated along the surface

of the shell. A three layer shell model was employed by Reddy and
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Mallik [26]) to model a ribbed cylindrical shell with constrained layer
damping added to the shell surface. Numerical results with three rigid
supports were presented for shell excitation by an internal acoustic
source. The acoustic radiation from point-driven fluid-loaded
cylindrical shells supported by doubly-periodiec ring supports was
studied by Burroughs [27]. Two mechanisms of radiation at frequencies
below the critical frequency were identified: (a) radiation from the
structural near field of the point drive and (b) scattering of
vibrational energy in the shell by the rings. Burroughs also showed
that structural damping reduced peaks in the acoustic radiation.

In all of the above referenced publications, the plate or shell was
excited by radial forces. The acoustic radiation from moment-driven
structures has not received as much attention in published studies as
structures excited by radial point forces. Thompson and Rattayya [28]
investigated the acoustic radiation from a moment-drive flat unsupported
infinite plate with and without fluid loading. For light fluid loading,
the acoustic radiation efficiency of moment-driven plates is less than
for point-driven plates, and unlike point-driven plates, is frequency
dependent below the critical frequency. Their results showed that, for
frequencies below the critical frequency, increasing the fluid loading
reduced the acoustic radiation efficiency of moment-driven plates. Feit
[29] investigated the far field acoustic radiation from a moment-driven
unsupported flat infinite plate above and below the critical frequency.
He found the radiation pattern to be nondirectional and insensitive to
structural damping at frequencies below the critical frequency. Above
the critical frequency, Feit reported the radiation pattern to be

directive and that peaks in the radiating patterns can be reduced by
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increased damping. The authors of this paper are not aware of any
publications on the acoustic radiation from ribbed structures excited by
other than radial point or distributed drives.

The derivation of the mathematical equations and their solutions
for the far field acoustic radiation from infinite fluid-loaded
cylindrical shells supported by two sets of parallel periodic ring
supports excited by radial, moment and in-plane drives are presented in
Section 2.0. Measurements conducted on a ribbed cylindrical shell in
water driven by mechanical shakers, configured to generate concentrated
radial, in-plane and moment drives, are described in Section 3.0. To
validate the analytic model, numerical results for the far field
acoustic radiation from the cylinder with a large radius are compared in
Section 4.0 to published results for flat infinite plates. Also, in
Section 4.0, numerical results from the analytic model are compared to
measured data taken on the ribbed cylindrical shell described in Section
3.0. Once validated with published and measured data under common
conditions, the analytic model is exercised in Section 5.0 for different
shell properties and types of mechanical concentrated localized drives.

Conclusions and a summary are given in Section 6.0,

2.0 DESCRIPTION OF ANALYTIC MODEL

An infinite, thin, circular, cylindrical shell of thickness h and
radius a is centered on the x-axis as shown in Figure 1. The shell is
stiffened with two sets of periodically spaced rings attached to the
inside surface of the shell. The first set of rings (smaller rings)
have a periodic spacing of d. The second set of rings (larger rings)

are separated by N-1 smaller rings so that the periodic spacing of the
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second set is Nd. The interior of the shell is in a vacuum. The shell

is surrounded by a fluid of density p,, and acoustic phase velocity c,.

As shown in Figure 1, the observation point is located at a distance R,

a polar angle # from the centerline of the shell (x-axis), and an

azimuthal angle 4.

The derivation of the shell vibration and acoustic radiation

equations, given below, follows that given by Burroughs [27]. In this

derivation, the following assumptions are made:

(1)

(2)

(3)

(4)

(3

(6)

All the derivations have implicit e !t harmonic time
dependence, where w is the radian frequency.

The pressure on the shell, and the radial displacements are
positive when directed outward from the center of the shell.
Thin bending cylindrical shell theory, which is a refinement
of Timoshenko'’s theory by Kennard [30], is used to describe
the motion of the shell.

The external driving forces are applied at points on the
middle surface of the shell.

Shear and bending interactions between the ring supports and
the shell are ignored so the rings apply only normal reactive
forces to the middle surface of the shell along the circular
line of intersection of the shell and ring.

The observation point for the acoustic radiation is located in
the far field, such that k,R)) 1, where k, is the acoustic
wavenumber and R is the radial distance from the center of the

shell.
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2.1 Shell Equations
With the above assumptions, the equations of motion for an infinite
circular cylindrical shell reinforced by doubly-periodic circular rings

are
Fa , 1-v Fu , 1+v Fv

- +
ax?  2a°® a* 2a oxob

1+v U 1 Fv 1i-v &v , 1 3w
2a dxod a2 P 2 @2 & 9

. BV (ﬂ’+."’i’)+k,2v=crz
8(1-v)at

aw .
-55 + k} u = CF,

ale

(1)
aufia_vﬁ-_w

ox a 0 a2

% N 1 @) ., a-v Pw, 2+v.| 2.
+'EZTI:;T F(l vo(s;z + Py 553) w+ 2T 22X w] w

nle

where a is the shell radius, h is the shell thickness, v is Poisson's
ratio, k, = w/c, ¢, =[E/p (1-v)]'? is the longitudinal wavespeed, p

is the volume density of the shell material and E is Young's modulus.

The constant, C, is

c= i1 1-2v (2)

—_ *

where 1 = /-1
The symbols 4, v, and w are the time derivatives of the axial in-plane,

circumferential in-plane and the radial shell displacements

respectively. The pressure terms F; are

"
H

£, (x,¢)
£, (x,9) (3
f; (xr¢) - pl(x1¢) - P‘r(x,¢) - pb(xr0)

o
n

on
(]
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where f,, f, and f; are the pressures applied to the shell by an axial
in-plane drive, a circumferential in-plane drive, and a transverse
drive, respectively. The pressure due to the fluid loading is pf and
the pressures exerted by the first and second set of rings are p® and p®
respectively. Taking the Fourier transform of Equations (1), where the

transform is defined as

<L -dkx (4)
Bk, & ZRLE(x,Me dx,
with the corresponding inverse
£(x,¢) = [ Elk, ) etedk, (5)

and substituting solutions of the form:

alk,$) = fj. Uy (k) eim, 7(k,$) = ,,i.:. Vo (k) eind,
wik,$) = ,,}-:‘-‘. W, (k) eind, 7, (k,$) = i_j_ £, (k) elo®,
. . (6)
£ (k. 9) =n§_:_ £ (k)el™, Z,(k, &) =n§_). F, (k) ein*,
Bi(k,$) = nﬁ; Bi(k)eim, p7(k,$) = fj_ Bi (k) el
Pk, 8 = z: B (h) eim,
yields
2V (k) = - B (k) Eyy + By - BE - BE - BE N
where B,(k) is
in|@?® - “2(i_z—vz) - “1#)] 8

B,(k) =

[-Q’+a3+n’][—0’+(1;V)(¢’+n’)]
and the shell impedance for the n'* circumferential mode is
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Zatk) = ipCy [ - Q2% + S : L
wa’{-—}l; + (1 - 2v)/[2aQ - v)]} 24a%1 - v)

2@ - v)(n? + «®)? -~ n%4 - v) +2 +v] +

a%(1 - v?) [% @ - v)a? - 02] - 02[% @ - v) (a? + n?) - Qz]

L +

(9

[% (1 - v) (e + n? - 05] [z + n? - Q7]

2 -
— B p2(-nY)fatv 12V s Q2 - a7 - L2V g2
8a%l - v) 2 2

[% 1 - v)(a? + n? - Q’] [¢2 + n? - Q3]

where @ = wa/c, and a = ka
In Equation (7), we have ignored the axial in-plane drives given by F,,
since the axial in-plane motion couples poorly to the radial motion of
the shell and consequently should produce little acoustic radiation.
2.2 Fluid Loading

The acoustic pressure in the fluid surrounding the shell satisfies

the Helmholtz equation

V2pf + kK2pf =0, (10)

where k, is the acoustic wavenumber and the V? operator is defined as

1 & + # (11)

Vel g i)t e

h( e

Taking the Fourier transform on x in Equation (10) and solving the
resulting equation yields

piir,k,¢) = i A,,Hé[(kf, - k’)”’r]e“" , (12)

ne-w

where H,' is the Hankel function of the first kind and order n. To find

the constants A,, the continuity of the radial displacement at the

shell/fluid boundary is used, i.e.,
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%ﬂ = ipow . (13)

rea

Applying the Fourier transform and using Equation (6), the pressure at

the shell surface becomes

prlak,d) = Y Zikw (k)e™, (14)
n

Ne-eo

where Zf is the acoustic impedance for the n'! circumferential mode

given by

ipw H,‘,”[(kg - kz)l/zal

2t - :
n (k—;, _ kz)l/ZH'SI)’ [(kg _ kz)l/za]

(15)

In Equation (15), Hﬁ”' is the derivative of the Hankel function with

respect to the argument. Comparing Equation (14) with Equation (6)

yields

PLK) = ZE (k) Wy (k) (16)

2.3 The Rings
The pressure applied to the shell by the first set of rings can be
modeled by

p7(a,$) = FF(¢) Z.: 8(x - md) |, Qa7

o~
where d is the periodic spacing of the rings, and p“(a,¢) is the

pressure per unit length applied by a ring to the shell in a direction
normal to the shell surface. The equations of motion that describe the
dynamics of the rings are derived from Equations (1) by letting

uix,¢) =0, vix,¢) = v(d), wix,¢) = w(¢), and Poisson’s ratio = 0.
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By assuming solutions of the form

f/=}-: "fﬁe"’".ﬁ"=i erxe""’:l_”"iﬁsem

Ne-w ne-w ne-eo
the pressure applied by the first set of rings for the ntt

circumferential mode is given by [28]

Balk) = % Z;,.-E-- 5,,(1: - mky)

where

i [ 2p.A.G3 h; 2 n?
zf = L | EPcemt Ly o TE (p? - 1) -0 e T
i ( ] [ 12a? ( ) Q2 - n?

and

ky=2n/d

In Equation (20), p, is the volume density of the ring material, h,

the thickness of the ring, c, is the longitudinal wavespeed in the

ring, and A, is the cross-sectional area of the ring.

For the second set of rings, the pressure is given by

U0 = 52 (28 - 2) B (k- miy

(18)

(19)

(20)

(21)

is

(22)

where kp = 2r/D. D = Nd is the spacing of the second set of rings and

Z; is the impedance for a ring in the second set of rings and is given

by Equation (20). The rings of the second set of rings are located at

every N*! ring in the first set so that, as shown in Equation (22),

it

is necessary at these locations to subtract the impedance of the ring in

the first set from the impedance of the ring in the second set.
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2.4 Solution for Transverse Drives
For the four transverse driving forces shown in Figure 2, Eb,= 0

in Equation (7). Using this along with Equations (16), (19) and (22) in

Equation (7) yields

- - - - (23)
20k w(k) = By, - 28, - z;sd{w,,} - (2 - z;)sp{w,,} ,
where the operators Sq { ) and Sp { )} are as follows
54(A(K)} = Xa Y Ak -mky . (24)
2n L,
k -
Sp{Alk)} = 5= ,,.Z.:. Ak - mky) . (25)
Equation (23) can be rewritten as
- . . ~ . ~ (26)
walk) = T.F,, - Ynz,fsd{wn} A z,{)s,,{w,,}
where the fluid-loaded shell admittance is,
7, = (25 + 29 @n
Solving Equation (26) for é; yields [9]
..n = ? f - Z; Sdﬂnf3ﬂ} _ z: - Z: .
e 1+ 255, (%) 1+ 23Sy (¥}
1 X2 [84{fa (k - Pky) ¥ (k - pkp} (28)
2N-1 piFh 1+ 2,8, {¥, (k - pkp)}

Ze = 25 X~ [ Sq{¥a(k - Pkp}
2N-1  F (1+ 2284 {¥, (k - Pkp))

1 +
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where ky = Nkp. There are three terms in Equation (28). The first term
represents the solution for an unsupported shell. The second term
represents the reactive forces due to the first set of rings and is
periodic in k, with a period ky;. The third term represents the reactive
forces due to the second set of rings and is periodic in k with period
kp.
2.5 Solution for Circumferential In-Plane Drives

For the circumferential in-plane drive considered here, as shown in

Figure 3, f;, = 0 in Equation (7) so that

Z2(k) i (k) = BE, - B - B% - B - (29)

Following the procedure used in Section 2.4 for the transverse drives
yields the solution for the radial velocity distribution due to a

circumferential in-plane drive:

- b _ or
W, = - ?n D~nf2n - th Sd{ynﬁv.fzn} - Zn Zn~
1+ ZS4%) 1+ Z;84Y,)
1 B s{byk - pkpyl,fk - pkpy¥ ik - pkpy)) (30)
211-1 p-—Nbl 1 + ZﬂSA?Ak - pkp)}
1+ Z -z ¥ Sd 7k - pkp)}

2N-1 5., 1+ Z;S{¥(k - pkp)

2.6 The Driving Force

In addition to the single radial drive, for which results are given
by Burroughs [28], expressions are derived in this section for four
transverse drives and two circumferential in-plane drives. The
transverse drives are in-phase and out-of-phase double radial drives,
axial moment drive, and circumferential moment drive. The in-plane
drives are in-phase and out-of-phase double circumferential drives.

These drives are illustrated in Figures 2 and 3.
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Since shear forces and moments applied by the support rings to the
shell are ignored and there is no shell curvature in the axial
direction, the mechanisms in the analytic model given here for the
conversion of the shell response to the in-plane axial drive to the
radial response necessary for acoustic radiation is weak. Therefore,
axial in-plane drives are not treated in this paper.

2.6.1 Ssingle Radial Drive

The pressure applied by a single radial drive at a point (x,, ¢,)
is given by

£,(x,¢) = F §x - x,) ,.i 8(ad - (b, + 2rm] (31)
where F is the magnitude of the driving force and 3 is the zeroth order
Dirac delta function. At x, = O, the drive location is at one of the
rings in the second set of rings. Note that the expression for the
applied force has the required spatial periodicity in ¢ of 2x. Applying
the Fourier transform on x gives

Fe ik &
Elk,d) = —S— ,..Z.:. 3(ad - (¢, + 2nm]} . (32)

Applying Poisson's summation formula, Equation (32) reduces to

Feo ik% .
Bl ®) = 2o 3 gldb - 4) (33)

Comparing this with Equation (6) gives

_ F -i(kx, + né,
f;n(k) = —(m e ( ) . (34)
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2.6.2 The Double Radial Drive
For the double radial point drive, one point drive is located at
(x5, ¢o), with the second drive located at (x,, ¢, + ). The expression

for the applied pressure from the double radial drive is

£ia(x,9) = Fdx - x,) [z.: 3(ad - (4, + 2nm)}
a==e (35)

£ Y dab - (0, + % + 2]

s
The positive sign between the summations is used when the two radial
drives are in-phase, i.e., when both drives are directed outward, and
the negative sign used when the drives are out-of-phase. Following the
procedure given above for the single radial drive yields

f](k'¢) = _(#. e-ikxo E e“«. -.o) + E (_.1)n _e-ltx. ‘.o) . (36)
n)2a s et

Comparing with Equation (5) yields

= - n -'i( o * °) 37
k ! 1 kg + néo)
£yq(k) 2n)? 12 (-1)"e (37)

Examination of this result reveals that for the in-phase case, only the
even circumferential modes contribute to the solution, whereas for the
out-of-phases case, only the odd modes contribute.

2.6.3 The Circumferential Moment Drive

As illustrated in Figure 2, the expression for the pressure for the
circunferential moment drive at (x,,¢, is found by starting with two
out-of-phase radial point forces; one at (x,,¢, and the other at

(X0 &, - d$), so that
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£,(x,4) = Fo(x - x,) i; 6{a[¢-(¢°+2nm)]}

(38)
- X s{a[d- (b -db2mm])
me-o
Applying the Fourier transform on x and Poisson’s summation formula,

Equation (38) reduces to

-ikx, had
£ (k, = —Fe Inh + db - 4;) _ iné - 4] (39)
>tk d) (2%)%a ,,‘."-\1. [e € ]

Multiplying numerator and denominator by add and taking the limit as

dé - 0, Equation (39) reduces to

-Me i 4 ¢ iné - ¢
K ¢) = —Mee d - %) (40)
£y (e, 9) (2ma)? dé ,,2. °

where M is the magnitude of the applied moment Fadp. The final

expression for the n'* circumferential mode is

Bk = ('M;z e7i0%e  2b) (41)
2ra

2.6.4 The Axial Moment Drive

The expression for the axial moment drive at (x,,¢, is obtained
from two out-of-phase radial point forces; one at (x,,¢, and the other
at (x, - dx, ¢,), such that

£3(x,9) = F[8 (x - x,) -8 [x~(x,-dx)]]

- (42)
L s -+ 2mm])

Multiplying Equation (42) by dx/dx and taking the limit as dx -0

yields
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£(x,$) = - M6, (x - x,) z.;- 8afd - (b, + 2mm |} . (43)

where M is the magnitude of the driving moment Fdx and 8, is the first
order Dirac delta function. Applying the Fourier transform and

Poisson's summation formula to Equation (43) yields

, -tkx, = _
Bl = 20852 3 of17 0 (44)

which results in

kM -ifx, + nbg) (45)

£, (k
n (K) (2®)2%a

2.6.5 The Circumferential In-Plane Drives
The circumferential in-plane drive ir Illustrated in Figure 3. The
expression for the circumferential in-plane drives is similar to the

expression derived for the double radial drive.

= F -1\ n} o-ltkx, + né,
on(k) = (Zﬂ—)za [1 4 ( 1) ]e ( ) . (1.6)

where F is the magnitude of each one of the in-plane drives. The
positive sign indicates the two drives are in-phase and the negative
sign indicates that they are out-of-phase. As with the double radial
drive, only even circumferential modes are excited by the in-phase
drives and only odd modes are excited by the out-of-phase drives.
2.7 Acoustic Radiation

An expression for the acoustic pressure in the fluid medium can be

derived from Equations (14) and (15)
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B Kb) = ipo i Wy (k) H) [ (K3 - k3)M/r] oim %
» K, o P (kg - kz)l/z Hr(,l)/[(kg _ kz)l/za]

where d; is given by Equation (28) for the transverse drives and by
Equation (30) for the circumferential in-plane drives. In the acoustic

far field, ¢ - =, the Hankel function can be written as

(48)

Hé“[ (k;‘; _ kz)l/Zr] r:w 2 ]1/2 ) ei[(k: -y - = %]

r(k3 - k’)l/z

Using this approximation in Equation (47), taking the inverse Fourier
transform and applying the method of stationary phase, produces the
following expression for the magnitude of the acoustic pressure at the

observation point (R,0,¢) in the surrounding medium:

2p,Cy Wk, cosB)ei®(-1)a 49)

ry =
| P Rsin®

= Hﬁ“?koasine)
3.0 DESCRIPTION OF MEASUREMENTS

Before exercising the analytic model to explore the influence that
the types of drives have on acoustic radiation from ribbed cylindrical
shells, predictions are compared to measurements to assist in validating
the model for investigation of acoustic radiation from ribbed
cylindrical shells. It is not possible to experimentally duplicate an
infinite ribbed cylindrical shell with uniformly spared ribs. The shell
used in the measurements is not completely modeled by the analytic model
described above in Section 2. However, many of the major features of
the shell used in the measurements are represented in the analytic

model, so that comparisons of predicted and measured results can be used
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to assist in the verification of the model for purposes of meeting our
objective of determining the effects that different drives have on
acoustic radiation from ribbed cylindrical shells and to identify some
of the mechanisms of radiation from ribbed cylindrical shells.
3.1 The 8hell

The shell used in the measurements was constructed of aluminum in
five ribbed cylindrical sections which were bolted together at joint
bands to make a twenty foot shell. Figure 4 is a sketch of one of the
shell sections. As shown in Figure 4, the shell thickness was 5/16
inches and the outer diameter 21 inches. Each section had five ribs,
with heights of 1 1/16 inches and widths of 3/8 inches, spaced from 7 to
8 inches apart. The joint bands, which were 1 9/16 inches high and 3
3/4 inches wide, served as the second set of ribs shown in Figure 1. 1In
addition to the ribs and joint bands, each shell section had two hand
hole covers and two longitudinal rails. In the single radial and moment
drives, the shakers were located in between the two longitudinal rails.
The shell was sealed on the ends with flat 1 1/2 inch thick steel end
caps.
3.2 Sshaker Configurations

There were seven types of drives treated in the analytic model (See
Figures 2 and 3). Each of these drives was employed in the
measurements. Only drives located in the middle of the middle shell
section on a rib will be considered here. For the single and double
radial drives, the shaker was mounted to 1 1/2 by 1 1/2 inch aluminum
blocks, which had a heights of 2 3/8 inches above the shell surface.

The blocks were welded to the shell, For the moment drives, the shakers
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were mounted to a bar which was bolted to the shaker mount block as
shown in Figure 5 for the circumferential moment drive. For the axial
moment drive, the moment drive bar was rotated 90°. For the
longitudinal drives, the shakers were mounted to a bar which spanned
across the diameter of the shell as shown in Figure 6. The ends of the
bar were pinned to mounting blocks welded to the shell. All shakers
were attached to the mounting via threaded studs.

3.3 Measurement Configuration and Instrumentation

During frequency sweeps from 20 to 5000 Hz, the radiated noise was
measured by a hydrophone located at a distance of 45 feet from the
centerline of the shell in a direction perpendicular to the shell axis
opposite the middle of the shell. The shell was rotated about its axis
so that the bottom of the shakers in the single radial, moment and
longitudinal drives faced the hydrophone. In the double radial drive,
the second shaker was located on the side of the shell opposite the
hydrophone. The shell and hydrophone were located 245 feet below the
surface in water 550 feet deep.

Each shaker had an impedance head, with a force gage and
accelerometer that measured the force applied by the shaker to its
attachment point and the acceleration at the attachment point. The
shakers were driven by a swept frequency voltage signal from 20 to 5000
Hz. For the drives with two shakers, i.e., the double radial, moment
and longitudinal drives, the shakers were driven with the same voltage
signal. For the in-phase drives, the same voltage signal was input to
both shakers. For the out-of-phase drives, i.e., the moment and out-of-

phase longitudinal drives, the electrical leads to the second shaker
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were reversed so that the voltage signal to the second shaker was 180°
out-of-phase from the voltage signal to the first shaker.
3.4 Data Reduction

The sound pressure level of the noise radiated from the shell at
the drive frequency, measured by the hydrophone, was compared to ambient
noise levels measured prior to each radiated noise measurement. If the
measured radiated noise level was less than 3 dB above the measured
ambient noise level, the data were discarded. If the measured radiated
noise level was 3 to 10 dB above the ambient noise level, the ambient
noise was subtracted from the radiated noise. No correction was applied
if the radiated noise level was above the ambient noise level by more
than 10 dB. The ambient noise corrected radiated noise levels were
corrected to a distance of 1 yard by subtracting 20 log,; R, where R is
the measurement distance of 15 yards. The corrected sound pressure
levels were normalized to the total input force or moment applied to the
shell.

To estimate the force applied to the inside surface of the shell
for the radial drives, the force required to accelerate the shaker mount
block was subtracted from the force measured by the shaker force gage.
The force required to accelerate the shaker mount block was computed as
the product of the mass of the mount block and the acceleration measured
by the shaker accelerometer. At some frequencies, this computed force
was greater than the applied force. This usually occurred near
resonances where the measured acceleration was largest. At these
frequencies, the force applied to the shell could not be accurately
determined so that the measured radiated noise levels could not be

normalized for the force input to the shell. The data were discarded at
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frequencies where the input force to the shell could not be determined
for the radial drives. Data were also discarded for the double radial
drives when the measured magnitudes of the forces for the two shakers
differed by more than 3 dB.

For the moment drives, the moment applied to the shell was
estimated using the following equation derived using free Bernoulli-

Euler beam theory

M= 3{'[ sin(kt) + sinh (kt) (50)
k |1 + cos(kt) cosh(kt)

where F is the measured shaker force, £ is the distance from the shaker
drive point to the center of the shaker moment drive bar and k is the
free bending wavenumber in the bar at the drive frequency. At
frequencies where the magnitudes of the forces measured by the two
shaker force gages differed by more than 3 dB, the radiated noise data
were discarded as resulting from other than a pure moment drive. For
the in-phase longitudinal drives, the forces at the shell surface at the
ends of the shaker mount bar were estimated from

(T-1)coskt _ coshkl

1+T coskt (51)
F =F coshkt
’ @ | coshkt (coskt coska + sinkl sinka)

where

1 = coshkt coshka - sinhkt sinhka (52)
coskt coska + sinkl sinka

and £ is half the length of the shaker mount bar, a is the distance from
the center of the shaker mount bar to the location of the shaker mount,
F, is the measured shaker force and F, is the longitudinal force

applied to the shell. For the out-of-phase circumferential drives
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(T-1) sinkl _

sinkt

F.=F 1+ T SinhK
s | sinhkt (coshkt coska + sinkt sinka)

sinhkt (53)

Equations (51) and (53) are derived using simply-supported Bernoulli-
Euler beam theory. Radiated noise data were discarded at frequencies
where the magnitudes of the shaker forces differed by more than 3 dB.
The measured data were limited by ambient noise at the low
frequencies, typically below 200 Hz, where the ambient noise levels were
highest and the radiated noise levels from the shell the lowest and at
the high frequencies where the forces applied by the shakers in the two
shaker drives were not equal in magnitude. Typically, above 1 kHz, the
forces applied by the shakers driven with the same voltage signal, in or
out of phase, were not of equal magnitude. Also, above 1 kHz, the
equations used to estimate the forces or moments applied to the shell
surface were not accurate. Therefore, measured radiated noise data are

not presented for frequencies above 1 kHz.

4.0 VALIDATION OF ANALYTIC MODEL

First, the analytic model is validated by comparing predictions to
published results for a large shell radius where the shell behaves like
a flat plate and to measured results taken in the experiments described
above in Section 3.0. Once validated, the analytic model is exercised
in Section 5.0 to explore the dependence of acoustic radiation from
fluid-loaded ribbed cylindrical shells on shell damping, ribs and

radius, and type and location of drives.
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4.1 Comparison to Published Results

As the radius increases, the response of and the acoustic radiation
from the cylindrical shell should approach the response of and acoustic
radiation from a flat infinite plate. Therefore, to check the validity
of the shell model, results from Equation (49) for a large (a = 100 ft)
shell radius are compared to results from published investigations on
the acoustic radiation from flat infinite plates. In Figure 7, results
for the acoustic radiation at 1 kHz as a function of observation
direction (# in Figure 1) for the unsupported shell driven by a single
point radial drive and an axial moment drive are compared with results
from Feit [30] for the acoustic radiation from an unsupported, flat,
infinite plate driven by a force and a moment. For both the radial and
moment drives, the agreement shown in Figure 7 is good, which helps to
verify the shell model and the models used for the radial and moment
drives. 1In Figures 8 and 9 acoustic radiation in a direction normal to
a shell of large radius driven by a point radial drive are compared to
results presented by Mace [16] for a flat infinite plate. In Figure 8,
the comparison is made for the shell and plate with a single set of
parallel periodic supports, whereas in Figure 9, the comparison is made
for the shell and plate with two sets of parallel periodic supports.
Both figures show good agreement between the shell and plate results.
4.2 Predictions versus Measurements

For a 5/16-inch thick aluminum plate in water the critical
frequency is around 29 kHz, so that the critical frequency for the
measurement shell should be much higher than the highest measurement
frequency of 1 kHz. At frequencies below the critical frequency, three

mechanisms of acoustic radiation from periodically ribbed cylindrical
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shells excited by localized sounds are dominant. First, radiation is
produced by the near field structural response around the localized
drives. Second, scattering from the ribs produce areas of acoustic
radiation, which act as an array of localized sources with the rib
spacing. Third, radiation from resonant modes of the finite unbaffled
shell occurs from the ends of the shell. Since the predictions are for
an infinite shell, radiation at frequencies of resonance that appear in
the measured radiated noise levels will not appear in the predicted
radiated noise levels,

Since the radial drives were the easiest to generate in the
measurements, comparison between predictions and measurements for the
radial drives should provide the best test of validation of the analytic
model that minimizes the test of our ability to generate the ideal
drives assumed in the analytic models. In Figure 10, the predicted and
measured radiated noise levels are compared for the single radial drive.
There are several peaks in the measured levels associated with radiation
at frequencies at the shell resonances. These peaks are incomplete
peaks in the measured levels in Figure 10 because, at resonance, the
force on the shell surface could not be determined from the measured
shaker force so that the dafa around the frequencies of resonance were
discarded. The only large peak where the measured data are complete
occurs at 560 Hz. Peaks in the acoustic radiation for periodically

ribbed structures occur when the free bending wavenumber is

= 2%n 54
k 5 (54)

where d is the spacing between the ribs and n is an integer.
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Equation (54) can be interpreted as the main or aliasing beam in the
acoustic radiation pattern from an array of sources at the rib locations
Jshere the radiation from the sources are in phase; i.e., when the phases
of the waves in the structure are all equal at the rib locations, or
when a resonance in the vibration between the ribs occurs in the
structure. Using the free bending wavenumber for an unloaded 5/16-inch
aluminum plate and a rib spacing of 7 1/2 inches, Equation (54) yields a
frequency of 2.1 kHz for n = 1, which is outside the measurement
frequency range in Figure 10. For d = 46 inches, the spacing between
the joint bands, Equation (54) yields 56, 225, 507 and 901 Hz for n = 1,
2, 3 and 4 respectively. With fluid loading, these frequencies will be
less. Frequencies of resonances for the measurement shell were reduced
by almost one half when the shell was immersed in water [31]. This
implies that the above frequencies for the peaks in the radiation due to
scattering from the joint bands will be lower. Therefore, it is likely
that the peaks that appear in the predicted radiated noise levels in
Figure 10 below 700 Hz are due to wave scattering by the joint bands.
The largest of these peaks occurs at 600 Hz. There is a corresponding
peak in the measured levels at 560 Hz that is probably associated with
scattering from the ribs and not resonances because there is no data
dropout about this peak and no resonances were identified in the shell
near 560 Hz [31]. The other two peaks due to rib scattering are too
weak to be identified in the measured levels. In addition to the
radiation due to rib scattering, agreement between the predicted and
measured levels in Figure 10 is good at nonresonance frequencies. Since
these levels are probably due largely to radiation from the structural

near field of the source where the ribs and resonances are not factors,
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agreement should be good at the nonresonance frequencies if the analytic
model is valid. Agreement at nonresonance frequencies and in the peaks
associated with rib scattering between the predicted and measured levels
in Figure 10 indicates that the analytic model is faithfully
representing the principle radiation mechanisms for a ribbed infinite
cylindrical shell.

The predicted and measured radiated noise levels for the out-of-
phase double radial drive are compared in Figure 11. There are three
peaks in the predicted levels below 700 Hz. Because these peaks occur
at the same frequencies as the peaks in the predicted levels for the
single radial drive, they are probably associated with rib scattering.
In the measured level :, the only complete peak with a level 10 dB above
the background o curs at 655 Hz, above the frequency of 600 Hz for the
peak in the predicted levels. For the single radial drive, the peaks in
the measured levels occurred at a frequency below the frequency for the
peak in the predicted levels, opposite from the results shown in Figure
11. This shift in the frequency in the measureresnts may be due to the
increased stiffness around the hand hole covers that were on both sides
of the second shaker. In Figure 12, predictions are compared to
measurements for the in-phase double radial drive. Peaks do not occur
in the predicted levels for radiation from the rib scattering. With in-
phase radial drives located on opposite sides of the shell, the n = 2
circumferential bending modes will be excited, and the n = 1
circumferential rigid body modes will be suppressed. For
circumferential mode numbers greater than one, the bending wavenumber
that satisfies Equation (53) is higher than the n = 1 modes since the

direction of propagation is no longer axial, but in the direction of a
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spiral around the shell. Therefore, the peak in the radiation due to
rib scattering will occur at higher frequencies out of the frequency
range of the measurements. In Figure 12, a peak does occur in the
measured levels around 600 Hz, which may be due to rib scattering.
Because the forces produced by the two radial shakers were only within 3
dB, there could be a single radial drive component in the double drive
that produced the peak shown in Figure 12 at 600 Hz. The peak in Figure
12 is 10 dB less than the peak for the single radial drive shown in
Figure 10, so that adding the second in-phase drive reduced the peak by
10 dB. In the predictions, where perfect in-phase drives are assumed,
the peak is completely eliminated when the second in-phase drive is
added.

Outside of the resonant peaks and peaks due to rib scattering, the
predicted and measured radiated noise levels in Figure 11 and 12 are in
good agreement. The decrease in the levels for the in-plane double
radial drive in Figure 12 at frequencies below 300 Hz occurs in both the
measurements and predictions. This is probably due to the interference
between the two sources which are exerting forces on the shell in
opposite directions (see Figure 2). At low frequencies, these forces
excite the n = 0 circumferential breathing mode, which has a much higher
impedance than the other circumferential modes that are excited at
higher frequencies.

In general, the agreement between the predicted and measured
radiated noise levels for the radial drives is sufficient to validate
the analytic model for our purposes of exploring the influence the ribs
and different types of drives have on the acoustic radiation from ribbed

cylindrical shells.
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The measured and predicted radiated noise levels for the axial
moment drive are compared in Figure 13. There are fewer measured data
shown for the moment drive than for the radial drives. The measured
shaker forces interacted more in the moment than the radial drives which
resulted in more data being discarded because the measured shaker forces
were not equal in magnitude. Agreement between the predicted and
measured levels in Figure 13 is not as favorable as the agreement
achieved with the radial drives. The predicted levels are lower than the
measured levels at all frequencies except the highest frequencies for
which measured levels are available. In the analytic model, a point
moment drive is assumed where the separation between the two point
drives that form the moment is infinitesimal, as shown in Equation (42).
As the separation distance decreases, the imaginary part of the moment
impedance increases [32]. This means that more of the energy imparted
to the shell goes into the structural near field which, for moment
drives, is a poor acoustic radiator. Therefore, in the analytic model
with the ideal point moment drive, the radiation per unit moment drive
is lower than in the measurements where the separation of the drives at
the shell surface was approximately one inch, far from infinitesimal, so
that more of the input energy went into propagating waves which radiate
during scattering from ribs. As frequency and therefore ka where k is
the free bending wavenumber and one-half the separation distance
between the moment drives increases, the predicted and measured levels
in Figure 13 come together.

In Figure 14, the predicted and measured levels for the
circumferential moment drive are compared. The predicted levels are

higher for the circumferential moment drive than for the axial moment
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drive because the curvature in the circumferential direction increases
the phase speed for waves generated in the circumferential direction by
the circumferential moment drive which increases the radiation
efficiency. The sparsity of measured data in Figures 13 and 14 make it
difficult to see this increase in the radiation at nonresonance
frequencies.

Predicted and measured levels for the in-plane circumferential
drives are compared in Figures 15 and 16. In the measurements, it was
impossible to generate pure in-plane circumferential drives. In the
analytic model, pure in-plane circumferential drives were easy to
simulate. The differences in the measured and predicted levels are
probably more representative of the failure to produce in-plane
circumferential drives with the shaker configuration shown in Figure 6

than the failure to model the response of and radiation from the shell.

5.0 NUMERICAL RESULTS

Numerical results given below are far field sound pressure levels
referenced to 1 pPa pressure and corrected to a distance of 1 meter.
For the single radial, double radial, and circumferential in-plane
drives, the levels are normalized to 1 pound applied force. For the
axial moment and circumferential moment drives, the levels are
normalized to 1 foot-pound. Unless otherwise noted, the parameters
given in Table 1 are used. With the exception of the hand-hole covers
and longitudinal rails, the parameters in Table 1 model the shell used
in the measurements.

In Figures 17 through 20, the effect of internal structural damping

on the acoustic radiation from the shell with two sets of ring supports
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is examined for four types of drives: single radial, out-of-phase
double radial, circumferential moment, and out-of-phase and in-phase
double circumferential. Damping is modeled by use of a complex elastic
modulus E(1 - in), where n is the loss factor. Results are compared
for two values of the loss factor; 0.0 for no internal damping and 0.1
for heavy internal damping. As the results in Figures 17 through 19
show, increasing the damping reduces both the peaks and valleys in the
acoustic radiation for the radial and moment drives at frequencies above
1500 Hz. Because the energy propagating from the source location is
dissipated in the damped shell, the number of ring supports that are
reached by propagating waves in the damped shell is reduced. This
reduces the effective number of acoustic ring radiators that contribute
to the peaks and valleys in the acoustic radiation. The results in
Figures 17 through 19 show that at frequencies below 1500 Hz, damping
has little effect on the mean value of the acoustic radiation where
peaks and valleys do not occur. The radiation at these frequencies is
largely controlled by the high wavenumbers in the structural near field
of the point drives. Since the near field is composed largely of forced
waves, damping has little effect in the near field of the structural
source and consequently on the resulting acoustic radiation. Damping
has the same effect for all of the radial and moment drives considered
here, which also suggests that damping has little or no effect on the
shell response near source locations.

At frequencies above 1500 Hz, the radiation from the damped shell
is lower then the minimum radiation from the undamped shell. The damped
radiation curve falls below the valleys in the undamped radiation curve

instead of between the peaks and valleys as it does at frequencies below
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1500 Hz. The damped curve is similar to the radiation curve for the
unribbed shell, presented later in this paper (see Figure 21). This
implies that the damping removes the effect of the ribs on the radiation
by damping the vibration propagation from the drive point to the nearest
rib. At higher frequencies, where the number of wavelengths between
ribs will increase, the attenuation due to damping will increase,
reducing the vibration levels at the ribs close to the drive point.

In Figure 20, the effect of damping on the acoustic radiation from
circumferential in-plane drives is presented. A peak in the radiation
occurs near one-half the ring frequency of the shell (approximately 3.5
kHz). As will be seen later, when the drives are out of the phase, the
in-plane circumferential drives generate a breathing mode of vibration
in the shell that produces acoustic radiation that is not sensitive to
the ribs. Because the response to this excitation is dissipated by the
shell damping, the radiation is reduced. Near the ring frequency of
3.5 kHz, the coherent effect of the two out-of-phase drives is reduced
so that the response at the ring frequency is increased producing higher
radiation levels, as shown in Figure 20.

Results for the acoustic radiation from the shell with both sets of
ribs, with one set of ribs and with no ribs, are compared in Figures 21
through 23 for different drive types. The results in Figures 21 through
23 for the radial and circumferential moment drive show no peaks in the
acoustic radiation for the unsupported cylinder. Since the results are
for frequencies well below the critical frequency (~ 29 kHz), acoustic
radiation is mostly from the structural near field of the driving force.
For the supported cylinder, peaks occur in the acoustic radiation at

frequencies below the critical frequency. With only the first set of
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ribs the first peak in the acoustic radiation occurs around 1750 Hz.
However, with the cylinder stiffened by both set of ribs, peaks occur at
frequencies as low as 600 Hz because the second set of ribs are more
widely spaced than the first set. Since the primary source for these
peaks in the acoustic radiation is wavenumber scattering at the
shell/rib junctions where non-radiating wavenumbers above the acoustic
wavenumber are converted into radiating wavenumbers below the acoustic
wavenumber, the cylinder appears as an array of equally-spaced ring
radiators. The peaks in the acoustic radiation can then be attributed
to the coherent addition of the radiated acoustic energy from an array
of ring radiators on the shell surface. At an observation point
perpendicular to this array (theta = 90.0 degrees in Figures 21 through
25), aliasing peaks in the acoustic radiation pattern should occur near

frequencies where
kp =t M2% (55)

where M is an integer, k,, is the free bending wavenumber of the shell,
and L is equal to the ring spacing of either the first set of rings d,
or the second set of rings D. For the cylinder with only the first set
of rings, Equation (55) predicts that the first aliasing peak occurs at
1665 Hz, which is close to 1750 Hz where a peak occurs in the predicted
results for the radial and circumferential moment drives. With the
second set of ribs, the L in Equation (55) is larger, so that the
equation is satisfied at lower frequencies, as evidenced in Figures 21
through 23. With Equation (55) only five additional peaks should occur
with every sixth rib in the first set a member of the second set of

ribs. However, more than six peaks occur below 1750 Hz in Figures 21
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through 23 and these peaks sometimes occur at different frequencies for
different types of drives. The additional peaks are probably due to
spiraling modes in the shell that are not accounted for in Equation
(55). The second radial drive in Figure 22 may remove some of the modes
in the shell, and thereby remove some of the peaks in the radiation seen
with the single radial drive in Figure 21. Because the circumferential
moment drive excites a different set of modes, not all of the peaks seen
in the radiation for the single radial drive in Figure 21 appear in the
radiation from the shell with the double set of ribs for the
circumferential moment drive.

Unlike the other drives, the response of the shell to the axial
moment drive is not symmetric in the axial direction. The axial moment
drive is a dipole source with its axis in the axial direction so that
most of the bending wave energy propagates in the axial direction.

Since the left going bending waves are out-of-phase with the right going
waves, the shell response is not symmetric with respect to the drive
location. For the axial moment drive, the acoustic radiation levels for
the unsupported shell and the shell supported by one set of ribs are
much lower than the levels for the shell supported by both sets of ribs.
Since the bending waves propagating in opposite directions from the
axial moment source are out-of-phase, the acoustic radiation from the
left part of the shell arrives at the observation point located normal
to the shell out-of-phase with the acoustic radiation from the right
part of the shell when the shell is either unsupported or supported only
by the first set of ribs. However, with both sets of ribs, the second
set is not symmetric about the drive location [see Table 1] so that

cancellation of the symmetrically located, out-of-phase acoustic
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radiation does not occur. Moving the observation location off of the
normal removes the out-of-phase cancellation of the acoustic radiation
from the unsupported shell and the shell supported by one set of ribs as
shown in Figure 24. 1In Figure 25, results are compared for the acoustic
radiation from the shell driven at two different axial locations; one
that is not symmetrically located with respect to the second set of
rings (x, = 2d) and the other that is located symmetrically with respect
to the second set of rings (x, = 3d, as shown in Figure 1). When the
drive location is moved to a location that is symmetric with respect to
the second set of rings, then the cancellation at an observation
location normal to the shell of out-of-phase acoustic waves from
opposite parts of the shell containing both sets of ribs does occur as
shown in Figure 25.

For the case of the in-plane drives (Figures 26 and 27), it can be
seen that there is little differences in the acoustic radiation from the
shell with or without the ring supports. For the in-phase drives, the
acoustic radiation appears to reach an upper limit associated with the
ring frequency of the shell (3.5 kHz), while for the out-of-phase
drives, the peak occurs at 1.8 kHz, which is half the ring frequency.
The two in-phase drives are both in phase with the circumferential shell
motion of the ring mode of the shell. When the circumferential drives
are out of phase, then both drives are in phase with the circumferential
mode of the shell at twice the wavelength of the shell ring mode so that
the peak in the shell motion (and radiation) occurs near one half the
ring frequency. When the circumferential modes are excited, most of the
shell motion is circumferential where the phase speed in the ribs and

shell are equal. Therefore the ribs have nearly the same resonant
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circumferential modes as the shell. This sympathic circumferential
motion between the shell and ribs reduces the effect of the ribs on
modifying the shell motion and thereby the effect the ribs have on the
acoustic radiation from the shell excited with circumferential drives.

In Figure 27, results for the out-of-phase drive show a peak in the
acoustic radiation at 200 Hz for the shell with both sets of rings. For
the in-phase drive, a peak occurs at 650 Hz for the shell with both sets
of rings. These peaks do not occur for the unsupported shell or the
shell with one set of ribs, which indicates that at these frequencies
energy is getting transformed from longitudinal wavenumbers to bending
wavenumbers that react with the ribs. These peaks do not occur at the
same frequencies as the peaks in the acoustic radiation for radial
drives because the mixture of longitudinal and bending wave energy is
different for the circumferential in-plane and radial drives such that
energy propagation speeds and consequently frequencies at which the
peaks in the radiation occur will differ.

In Figure 28, results are presented for a 180 degree spatial sweep
in polar angle at 890 Hz where a peak in the acoustic radiation occurs
for drives located at one of the first set of ribs that is 2d from the
nearest rib in the second set on one side and 4d from the nearest rib in
the second set on the other side. A damping loss factor of n = 0.01
was used for these predictions. The ribs in the first set are symmetric
with respect to the drive location but the ribs of the second set are
not symmetric with respect to the drive location. When the shell has
only one set of ribs, Figure 28 shows the expected symmetry in the
acoustic radiation. However, when the second set of ribs is added,

symmetry does not occur. This indicates that scattering by the ribs and
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not resonances in the shell sections between the ribs is controlling the
acoustic radiation since the shell is not being driven at a point that
is symmetric with respect to the locations of the second set of ribs.
Figure 29 shows that non-symmetric acoustic radiation patterns occur for
both the single radial and moment drives when the drive location is not
symmetric with respect to the second set of ribs. For the in-plane,
out-of-phase circumferential drive, Figure 30 shows that the main lobe
in the radiation pattern near 6 = 90° is symmetric with and without the
second set of ribs, but the second set of ribs do add non-symmetry to
the side lobes. At 8 = 90° the acoustic radiation is controlled by the
source structural near field, and not by the rib/shell interaction.
However, near 8 = 45°, the scattering from the second set of ribs plays
a significant role.

It was noted earlier that several peaks appeared in the radiation
from the shell with the double set of ribs below the first peak in the
radiation from the shell with only the first set of ribs. The fact that
there are more than five of these peaks was attributed to the
interaction of the ribs with spiraling modes in the shell. In
Figure 31, the radiation from the shell with the double set of ribs
excited by the circumferential moment is presented for different shell
radii. As the radius of the shell is increased, the frequencies at
which the peaks in the radiation occur decrease. With a larger shell
radius, the path lengths for spiraling modes increase, which results in
lower frequencies for each mode so that the frequencies of the radiation
peaks also decrease with increasing shell radius, as shown in Figure 31.

The same trend also occurred for the radial drives.
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In Figure 32, the acoustic radiation from the shell with only the
first set of ribs is displayed for four drive types: single radial, in-
and out-of-phase double radial, and circumferential moment drives.

Since the acoustic radiation data for the moment drives are normalized
to 1 ft-1b and the data for the radial and in-plane drives normalized to
1 pound, comparisons can be made only between the relative levels of the
acoustic radiation for these two types of drives. For all radial
drives, a peak in the radiation occurs at 1750 Hz, which is the first
aliasing peak for radiation from the ribs predicted by Equation (55).
Below 1750 Hz, small peaks in the radiation occur for all drives. These
peaks are due to resonances in the circumferential shell modes. The
single radial drives excites all circumferential modes, the out-of-phase
double radial drive only the odd-numbered modes, and the in-phase double
radial drive only the even-numbered modes. Figure 32 also indicates
that, when the observation point is located normal to the shell axis and
facing one of the radial drive locations, the radiation from the shell
per pound input force with only one set of ring supports is greatest
with the single radial drive than either of the two double radial drives
at frequencies below the first rib-aliasing frequency.

Comparisons of the acoustic radiation from the shell with both sets
of ribs for different types of drives are made in Figure 33 through 35
to the acoustic radiation from the single radial drive. 1In Figure 33,
the acoustic radiation for the single radial drive is compared to the
acoustic radiation for the double radial drives. As in the case with
the acoustic radiation from the shell with the first set of ribs, the
single radial drive appears to be the more efficient radiator. The

double in-phase radial drive again produces the lowest radiation levels
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of the radial point drives. For the single and double out-of-phase
radial drives, a strong peak occurs near 600 Hz, which is not present
for the double in-phase radial drive. More peaks appear in the
radiation for the single radial drive then in the radiation for the
double radial drives. The double radial drives suppress half of the
circumferential modes and thereby half of the spiraling modes of
propagation that interact with the second set of ribs to produce peaks
in the radiation at frequencies below 1750 Hz.

In Figure 34, the single radial drive is compared with both the
axial moment and circumferential moment drives. Because of the
differences in normalization factors for the radial and moment drives,
only the shapes of the curves, and not the absolute levels, are
meaningful. For the circumferential moment drive the radiation
efficiency increases faster as the frequency increases than the
radiation efficiency for the axial moment or radial drives. More peaks
appear at frequencies below 1000 Hz for the axial moment drive,
suggesting that this drive is more efficient in producing bending wave
propagation in the shell in the axial direction than the other drives.
Since it is propagation in the axial direction that interacts with the
ribs, the rib/shell interaction produces peaks in the radiation for the
axial moment drive at lower frequencies and with higher levels than the
peaks for the other drives.

Figure 35 compares results for the single radial drive to results
for the in-plane circumferential drives. At frequencies below 1500 Hz,
both of the in-plane drives are poor radiators when compared to the
single radial drive. The out-of-phase circumferential drive does not

surpass the radial drive until near 1700 Hz and the in-phase
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circumferential drive until near the ring frequency of 3.5 kHz. The in-
plane drives are less efficient than the radial drive at low frequencies
because the in-plane drives do not couple as well to the radial motion
of the shell as do the radial drives. When the frequencies for
circumferential in-plane modes are reached, more energy is transformed
into the shell increasing the energy in the shell which may couple into

the bending waves which increases the acoustic radiation levels.

6.0 CONCLUSIONS

For six different driving mechanisms, equations are derived for the
farfield acoustic radiation from a fluid-loaded infinite circular
cylinder stiffened by two sets of parallel, periodic rib supports. This
model includes the effects of each of the two sets of rings in separate
terms that are added to the expression for the acoustic radiation from
the unsupported circular cylinder. The effect of internal structural
damping is included in the model.

The model is validated by comparing predictions to published
results and measurements presented in this paper. Published results for
the acoustic radiation from an infinite flat plate are compared to
predictions for the cylindrical shell with a large radius. Measurements
taken on a finite, ribbed, cylindrical shell are compared to predictions
for the infinite shell. 1In areas where the comparisons are known to be
valid, the agreement is sufficient to validate the model for purposes of
using the model to investigate the influence that ribs and different

types of drives have on the acoustic radiation from cylindrical shells.
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Numerical results for the acoustic radiation are presented with and
without internal damping, with and without the ring supports, and for
different types of mechanical drives.

The numerical results show that structural damping reduces both the
peaks and valleys in the acoustic radiation for all drive types. Two
mechanisms of acoustic radiation were identified: (1) radiation from
low wavenumbers in the structural near field of the driving forces and
(2) coherent addition of radiation associated with scattering by the
ribs of high non-radiating to low radiating wavenumbers. Peaking in the
acoustic radiation levels occurs at bending wavenumbers where aliasing
of the array of rib radiators occurs and at frequencies where
circumferential resonances in the rib supported shell occur.

The single radial drive produces greater acoustic radiation per
pound of input force than the double radial drives. The in-plane
circumferential drives are less efficient than the radial drives at
producing acoustic radiation at frequencies below the first
circumferential in-plane mode of the shell. At and above this mode, the
circumferential in-plane drives produce greater radiation per pound of
input force than the radial drives. The axial moment drive is more
efficient at generating acoustic radiation from a ribbed cylindrical
shell than the circumferential moment drive. However, at observation
locations normal to the shell axis, the radiation efficiency of the
axial moment drive is low when the drive is located symmetrically with
respect to rib locationms.

Although several types of drives are treated in this paper, all of
the drives are applied at points on the shell middle surface.

Distributed sources, such as single sources applied over finite areas or
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pressure fluctuations in turbulent boundary layers applied over the
entire shell surface, could be added to the model presented in this
paper by integrating the results given in this paper for point drives
over a given source distribution. Because it was assumed that the rib
supports interact with the shell only through normal forces, scattering
by the ribs of longitudinal waves into bending waves and scattering
associated with moment reactions of the ribs are not included.
Including shear force and moment reactions of the ribs would change the
scattering of in-shell waves by the ribs and thereby change the acoustic
radiation efficiency. Also, the rib/shell interaction was assumed to
occur along the circular line of the intersection of the shell and rib.
This produced wavenumber scattering into all wavenumbers. Making the
intersection of the shell and rib finite in width would reduce the
higher wavenumber scattering, which would affect the acoustic radiation
efficiency.
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" Table 1. Parameters Used in Shell Model
Shell Thickness - h = 0.794 cm

Shell Radius - a = 2.67 cm

Young's modulus for shell and ribs - E = 6.9 x 10! dynes/cm?
(Aluminum)

Material Density for shell and ribs - p = 2.56 gm/cm® (Aluminum)

For first set of ribs - width - w, = 0.95 cm
height - h, = 2.71 cm

For second set of ribs - width - w, = 6.35 cm
height - h, = 2.71 cm
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Figure 5. Shaker Mounting Arrangement for Circumferential Moment Drive
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Figure 6. Shaker Mounting Arrangement for Longitudinal In-Plane Drives

60




?3e1d 1e1d po3ioddnsup
ue 103j SUOTIODIPaId PaYsTIqnd 03 snipey 231eT ® YaIm T[°Ys 1e2TIPUITL)
pealoddnsup ue wolj uolleIpEY O13ISNOOY JO SUOIIDIpalg Jo suostiedmwoy ;7 aanf1y

(Bep) eibuy sej04

06 08 0L 09 05 oy > 02 ol 0
00} T 1 T _ T T T T 0Ll

oct

o
-—
-—

oEl

o
N
-

ovi

61

oSt

=F 091
/ .\\\\.\\\

h Cxr = = =

- |9A8" 8INSSBId PUNOS

82104 paiddy qiied pA | @ edM | 81 gp

Juswo panddy qj-y Jed pA | @ edr | 81 gp
- |8A®7 8INssald punog
Qo
[sp]

(I18YS) WUBWOW [BIXY — - = —

(I18US) WI0d jEIPpRY — . —
(18 4) WBWOW — — — —

(ve4) wiod
NOILVYDO01 JAIHG




Model
Shell

180—

- — — Plate (Mace)

170

160

150

140

i i 11[111' A 1 lllllj_]

100. 1000. 10000.
Frequency (Hz)

Sound Pressure Level-dB re 1 PPa @ 1 yd per Ib. Applied Force

Figure 8. Comparison of Predictions of Acoustic Radiation
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Damping Loss Factor
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Figure 17.

Frequency-Hz

Acoustic Radiation from Doubly-Periodic Ribbed
Shell with and without Damping for a Single
Radial Drive
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Damping Lnss Facto:
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Figure 18. Acoustic Radiation from Doubly-Periodic Ribbed
Shell with and without Damping for an Out-of-Phase
Double Radial Drive
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Damping Loss Factor
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Figure 19. Acoustic Radiation from Doubly-Periodic Ribbed

Shell with and without Damping for a
Circumferential Moment Drive
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Damping Loss Factor
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Acoustic Radiation from Doubly-Periodic Ribbed

Shell with and without Damping for an Out-of-Phase
In-Plane Circumferential Drive
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Figure 21. Acoustic Radiation from Shell with No Ribs,

Singly-Periodic Ribs and Doubly-Periodic Ribs
for Single Radial Drive
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Figure 22. Acoustic Radiation from Shell with No Ribs,

Singly-Periodic Ribs and Doubly-Periodic Ribs
for Out-of-Phase Double Radial Drive
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Figure 23. Acoustic Radiation from Shell with No Ribs,

Singly-Periodic Ribs and Doubly-Periodic Ribs
for Circumferential Moment Drive
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Sound Pressure Level - dB re 1 uPa @ 1 yd per ft-Ib Applied Moment

180

170

160

150

I
140

130

— — = — with Singly-Periodic Ribs
- - = with No Ribs

1 1 L 1 1 1 1 1 1 1 1 e 1 1 L 1 I

90 180
Polar Angle (deg)

Figure 24. Acoustic Radiation Directivity for Shell with No

Ribs, Singly-Periodic Ribs and Doubly-Periodic
Ribs for Axial Moment Drive
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Figure 25. Acoustic Radiation Directivity for Doubly-Periodic
Ribbed Shell for Axial Moment Drive at Different
Locations
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Figure 26. Acoustic Radiation from Shell with No Ribs,
Singly-Periodic Ribs and Doubly-Periodic Ribs
for In-Phase, In-Plane Circumferential Drive
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Sound Pressure Level-dB re 1 pPa @ 1 yd per b input Force
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Figure 27. Acoustic Radiation from Shell with No Ribs,

Singly-Periodic Ribs and Doubly-Periodic Ribs
for Out-of-Phase, In-Plane Circumferential Drive
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Acoustic Radiation Directivity for Shell with
Singly- and Doubly-Periodic Ribs for Single
Radial Drive
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Sound Pressure Level - dB re 1 uPa @ 1 yd per b Applied Force
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Figure 30.

Polar Angle (deg)

Acoustic Radiation Directivity for Shell with
Singly- and Doubly-Periodic Ribs for In-Phase,
In-Plane Circumferential Drive
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Figure 31. Acoustic Radiation from Doubly-Periodic Shell
with Different Radii for Circumferential Moment
Drive
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Figure 32. Acoustic Radiation from Singly-Periodic Ribbed

Shell for Single Radial, Double In-Plane and
Out-of-Phase Radial, and Circumferential Moment
Drives )
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Figure 33. Acoustic Radiation from Doubly-Periodic Ribbed

Shell for Single Radial and Double In-Phase and
Out-of-Phase Radial Drives
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Sound Pressure Level-dB re 1 PPa @ 1 yd per \b input Force
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Figure 34. Acoustic Radiation from Doubly-Periodic Ribbed

Shell for Single Radial, and Axial and
Circumferential Moment Drives
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Figure 35. Acoustic Radiation from Doubly-Periodic Ribbed

Shell for Single Radial, and Circumferential
In- and OQut-of-Phase, In-Plane Drives
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