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ABSTRACT

This paper summarizes the experimental results of underwater vibration of a torpedo-shaped structure under axial ex-
citation. Through the comparison of the vibration of the structure in water with that in air, we have found that the
peak frequencies and corresponding mode shapes of the wet structure may differ significantly from those of the dry
structure. This paper explains the change of the modal characteristics of the wet in terms of the coupling of the dry
structural modes. The possible links between the wet and dry modes of the same structure are further illustrated by

the vibration modelling of a fluid-loaded plate.

INTRODUCTION

The underwater vibration and sound radiation characteristics
of structures have been an important topic of research, be-
cause of the application of underwater survey/operation vehi-
cles and associated concern of their noise signature and im-
pact of their underwater sound radiation on the ocean envi-
ronment [1, 2]. The fluid loading makes the analysis of vi-
bration and sound radiation of submerged structure less
straightforward due to its heavy mass density, viscous loss
and better impedance match with the structure.

Previous work on the experimental investigation [3] into the
vibration and sound radiation of a torpedo-shaped structure in
air aimed at searching for experimental evidence to (1) sup-
port the results from FEA modelling [4], (2) identify new
mechanisms/structural details, which are important to the
structural vibration and sound radiation but overlooked in the
existing models, (3) provide the resonance frequencies, mode
shapes and radiation directivity of the structure in air (which
are close to the “in vacuum modes”) for the understanding of
the underwater testing results, which are often limited by a
few sensors and environmental constraints.

Indeed, the results obtained from in-air measurement demon-
strated some mode shapes which were not previously pre-
dicted due to complex coupling between the hemispherical
dome (at the front end of the structure), the middle cylindri-
cal section and the conical section (at the rear end of the
structure), and due to the asymmetrical property of the practi-
cal structure. It was also found that the sound radiation direc-
tivities corresponding to these modes are affected signifi-
cantly by the asymmetrical property.

The purpose of this paper is to report the experimental results
of underwater vibration of a torpedo-shaped structure, whose
vibration characteristics in air have been investigated in detail
[3]. The first part of the paper covers description of experi-
mental setup. Then the test results of underwater vibration are
presented and compared with their counterparts measured in
air. The analysis and discussion of the results focuses on the
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understanding of the effect of fluid loading on the modal
response of the structure with respect to a unit input force.

DESCRIPTION OF EXPERIMENT
Test structure

The torpedo-shaped structure of the experiment (Figure 1)
includes three components, a hemispherical dome, a cylinder
and a conical shell, joined together via screw connections and
with o-rings for water seal. A mechanical shaker was used to
apply an axial force at the centre of a disk welded inside of
the cone. Mass blocks were added at two locations of the
cylinder to counteract the buoyant force and balance the
structure in the horizontal plane.

The structure was suspended, respectively, by an aluminium
frame in water, and by a metal cable in air (Figure 2) through
two bull-eyes welded on the top of the cylinder.

Figure 1. The torpedo-shaped structure for the experiment
and location of six accelerometers
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Figure 2. Torpedo-shaped structure in air before underwater
test

Vibration measurement system

Inside the torpedo shaped structure, six IEPE accelerometers
(Figure 1) are mounted, respectively, on the hemispherical
dome (A1), the side wall (A2-A4), and along the circumfer-
ential direction of the cylinder (A5 and A6). An impedance
head is inserted between the shaker and the disk in the coni-
cal shell, providing the driving force and acceleration. The
accelerations measured by the six accelerometers are spa-
tially averaged to give the structural velocity squared. Refer-
enced with the driving force, it proximately represents the
overall vibration per unit force:

2
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where a is the measured acceleration at the ith location of

the structure. It should be mentioned that a more suitable
reference level for the comparison of the vibration response
is input power. As shown in Figure 1 that the mechanical
shaker, in fact, has two paths in exciting the structure. The
direct path is through the impedance head and acting on the
disk within the conical shell. As the shaker is rigidly clamped
to the rear part of the cylinder, the reaction force resultant
(axial force and bending moment) may exist in the cylinder
structure underneath the shaker. It is also found that the input
mobility at the conical disk does not carry much information
of the structural resonances, except some weak response at
the first two peak frequencies. This indicates that the conical
disk might be too stiff and the true energy transmission path
is not through there. It is more likely, the cylinder underneath
the shaker is the portion where the vibration power is trans-
mitted. As such input power is difficult to measure, and the
reaction force is the cause of generating such power, we thus
decided to use the driving force as the input reference.

Also included in the structural cavity are the signal condition-
ing box for the IEPE accelerometers, charge amplifiers for
the impedance head and a DAQ card to locally sample all the
acceleration and force signals. The digital signals were sent
to the onshore PC through an Ethernet CatSe cable. A 24V
DC power was supplied to the signal conditioning box and
charge amplifiers. A power amplified signal was provided
from land to the mechanical shaker in the structural cavity.

To increase the signal to noise ratio for underwater test,
stepped sine signals at a fixed frequency were used to excite
the structural vibration. The structure was excited at each
frequency for 4 seconds; 1 second length of data was sampled
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after the initial transient decayed completely. Then standard
FFT analysis was applied to the data and the amplitude and
phase of the signal were extracted at the frequency of inter-
est. The vibration at the six locations, the input force and
acceleration of the structure were measured in air and in wa-
ter for comparison purpose.

RESULTS AND DISCUSSION
Structural Vibration

The purpose of comparing the test results between the in air
test (dry) and in water test (wet) of the same structure is to
search for the possible similarity between the dry and wet
structural modes. Such a search may not only lead to an un-
derstanding of the wet modes in terms of the dry modes, but
also allow a possibility of using the dry modes (which can be
obtained by in land experiment) to predict the wet modes and
their responses (whose measurement are often difficult).

For this purpose, we first show in Figure 3 the spatial aver-
aged velocity of the structural tested in air and in water with
respect to the driving force. These curves approximately
represent the structural vibration energy due to one unit of
driving force, and carry the overall resonance characteristics
of the structural vibration.

The comparison of the two curves demonstrates the change in
vibration response of a wet structure as expected. The curve
of the wet structure resembles that of the dry structure, but
with its peak frequencies shifted towards the low frequency
range, indicating the mass loading effect of the fluid. The
bandwidth and peak value of the wet curve at the “higher”
frequencies become broad and lower, indicating the effect of
increased energy loss (damping) when a structure is sub-
merged in water. The shift of the peak frequencies of the first
8 peaks in Figure 3 are listed in Table 1, where we can ob-
serve the increased frequency shift (towards the low fre-
quency) of the 7™ and 8™ peaks, which can be explained by
increased fluid mass loading effect at higher frequencies. We
are not able to determine the 5™ peak frequency of the wet
structure because the response is over damped. The 3™ peak
of the dry structure is not identified.

— in water

50 100 150 200 250
Frequency (Hz)

Figure 3. Spatial averaged vibration with respect to input
force

The apparent similarity of the averaged structural velocities
between the dry and wet tests posed the question as whether
the mode shapes of the wet structural modes (at the peak
frequencies) are also similar to those of the dry structural
modes. Unfortunately, the wet mode shapes are not available
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as we only have the measured responses of the wet structure
at 6 locations.

Table 1 Frequencies of thefirst 8 peaks

No. In Air (H2) In Water(Hz) | % Difference
1 76 74 2.6%

2 90 88 2.2%

3 - 109 -

4 136 132 2.9%

5 172 - -

6 182 180 1.1%

7 220 207 5.9%

8 229 218 4.8%

Nevertheless, the vibrations with respect to the input force at
each of these locations are shown in Figure 4. They start to
show the complexity of fluid loaded structural vibration.
Most importantly, we observe the change of the mode shapes
of the wet structure from that of the dry structure at the peak
frequencies due to fluid-loading effect.

In air, the first two peaks have similar mode shapes. They
result from the coupling of the structural mode with the sus-
pension cable. At the 2™ peak frequency (90Hz), most sys-
tem energy is in the structure. Thus the peak is dominated by
a “structural controlled mode” and it will significantly con-
tribute to the sound field radiation. The vibration distribution
at this peak frequency is measured by using multiple acceler-
ometers as described in ref [3] and displayed in Figure 5. It
should be noted that the cylinder is connected with the cone
at length=0.

As described in reference [1], the high level vibration at the
hemisphere dome indicates a monopole-like modal sound
radiation towards the front part of the structure. The meas-
ured vibration at 5 locations of the wet structure (except at
location 3) is consistent with the mode shape of the dry struc-
ture at the 2" peak frequency at regions of measurement. At
location 2 for the 2™ peak, however, a significant level dif-
ference in vibration between the wet and dry structure is ob-
served. At this location, the response of the dry structure is
very low as the location is far away from where large vibra-
tion occurred. However the vibration of the wet structure still
shows a strong resonance response at the 2™ peak.

This result demonstrates that the fluid loading may have sig-
nificantly changed the vibration distribution of the wet struc-
ture in the section of the cylinder close to the hemisphere
dome. At this peak frequency, the fluid loading may have
extended the large vibration area from the dome to the front
part of the cylinder. Such a change of the vibration pattern
may lead to some increase in the sound radiation in the front
part of the structure.
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Figure 4a. Vibration at locations 1-3 with respect to the input
power (solid curves: in water; dashed curves: in air)
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Figure 4b. Vibrations at locations 4-6 with respect to the
input power (solid curves: in water; dashed curves: in air)
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Figure 5. Vibration distribution of the torpedo-shaped struc-
ture measured in air and at the 2™ peak frequency; (a) distri-
bution in the cylinder section, (b) distribution in the hemi-
spherical dome, and (c) distribution in the conical shell.
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A big difference between the wet and dry structural vibration
is found at the 4" peaks of curves (136Hz in air, 132Hz in
water). This observation suggests that the corresponding
mode shapes could be totally different although the frequen-
cies of the peaks are only shifted by 3Hz. Table 2 summa-
rizes the corresponding level differences at the six locations.
If the mode shapes corresponding to the 4™ peaks of the wet
and dry structure are the same, a consistent level difference
would have been observed.

Table 2 Levels at the 4™ peak frequency

Location In Air In Water Difference
(dB) (dB) (dB)

1 -105 -105 0

2 -111 -90 -11

3 -107 -88 -19

4 -94 -104 10

5 -95 -117 -22

6 -107 -87 20

Figure 6 shows the radiated sound pressure (with respect to
the driving force) measured 2m away from the centre of the
structure and right in front of the dome. Although the peak
sound pressure at 73Hz, 88Hz, 109Hz and 132Hz can be
correlated to the vibration peak frequencies of the wet struc-
ture (see Figure 3), some interesting sound radiation features
are observed here.

A rather strong radiation peak can be identified at 93Hz. This
peak is very close to that (88Hz) of the strong vibration mode
(with maximum level at the dome) of the structure. The slight
shift of the peak frequency seems to suggest that the mode
may have much larger radiation efficiency slightly above the
natural frequency of the structure. The similar study of sound
radiation of plates was reported by Wallace [5].

Another strong peak sound radiation occurred at 168Hz. This
peak may be related to the overdamped 5™ peak of the wet
structure response (see Table 1). It is noted that the underwa-
ter testing environment is not perfectly anechoic. The effect
of sound reflection from the water surface (5m above) and
seabed (5Sm below), and shore on the measurement of sound
radiation is yet to be investigated, although at the measure-
ment location the direct sound is pretty strong.

P/F (dB)

50 100 150 200 250
Frequency (Hz)

Figure 6. Radiated sound pressure with respect to the driving
force measured 2m from the centre of the underwater struc-
ture and in front of the spherical dome
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Vibration Analysis

To understand the vibration characteristics of the wet struc-
ture using modal characteristics of the dry structure, the fluid
loading effect on a semi-finite elastic plate (finite in x-
direction, infinite in z-direction) is analysed here. The result
of this analysis may shine some light on the above experi-
mental observations.

A two-dimensional finite plate of thickness h, coupled with
fluid in the region of y = 0, is shown in Figure 7. The plate is
simply supported at X =0 and X =L by rigid baffles of

infinite size and is excited by a line force Foe_jkl ax =x .

Figure 7. A fluid-loaded finite plate in an infinite baffle

We express the displacement of the plate by the dry mode
shapes of the plate vibration:

W(X, W) = an sin(k x) 2)

where k =nsr/ L. Using the wavenumber analysis of the

plate and sound wave equations [6], the final coupled equa-
tions of the coefficients of the plate displacement are given
below for analysis:

4 4 4 2F
(K =K)w gD 1w =—sinkx (3
y DL

where  u=p / pph represents  fluid-loading  and

k =(p, hw' / D)" is the flexural wavenumber of the plate
in a vacuum. Other  system  parameters  are
D = Eh’ /[12(1-V")] being the plate’s bending stiffness,
andp , E and v respectively the density per unit area,

Young’s modulus and Poisson’s ratio of the plate. The inter-
nal damping of the plate is included in the system model by

using a complex Young’s modulus E* = E(1+ ji), where
n is the structural loss factor. The important terms in Equa-
tion (3) are the modal coupling factors, which represent the

interaction between n and n™ dry modes through their
near field sound radiation

1 ooy
[REALSAYY (4)

' i’ yy

2

where @ (y,) =Isin(kn‘x)ef'yxdx. Y, =Y. -K is the

acoustic wavenumber of the sound pressure in the y direction,
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and ku = w/ ¢, the acoustical wavenumber in the fluid and

y, represents the wavenumber in the x direction. The contri-
bution of the self-modal loading (n'=n) and cross-modal
loading to the plate response can be estimated by
H=p pph. For a steel plate with the thickness of 10mm,
this ratio is negligibly small for air loading such that the cou-
pling due to near field sound radiation can be ignored. As a

result, the displacement response of the dry plate can be ap-
proximated as

2F sin(k in(k
W(x,a))zz - sin( nXu)sm( HX)- )

; DL(k; —k)

A numerical comparison between Equations (5) and (3)
showed that the air loading only adds extra radiation damping

to the plate vibration. The response of the dry plate at the "

peak frequency is dominated by the nth “in-vacuum” mode
of the plate.

If the plate is loaded with water, the fluid-loading parameter
increases by nearly 1000 times, which makes the coupling
term in Equation (3) important. For this case, the peak re-
sponse of the wet plate calculated by Equations (2) and (3)
will consist of several modal coefficients of the dry structure,
which result from the coupling between those dry modes.

To generate numerical evidence, we have used the plate and
water parameters as listed in Table 3. The driving location of

the point line force is X = 0.33m.

Table 3Water and plate parameters for simulation
Water Plate
P, =1000kg/m’ | p, =7800kg/m’
c, =1460m/s | E=21.6x10""Pa

v=03

n=0.01

h=0.0lm

L=1.2m

In Figure 8, we compare the spatial averaged velocities (per
unit force) of the wet and dry plates. The frequency shift
(towards the low frequency) and increase of modal damping
of the structural modes are evident. For the convenience of
the comparison between the dry and wet mode shapes at the
peak frequencies, the first 4 peak frequencies are listed in
Table 4.

Indeed, we observed that the vibration patterns of the plate in
air (see Figure 9) at the first 4 peak frequencies are very close
to the “in vacuum” mode shapes of the plate. The fluid load-
ing effect on the mode shape at the first peak frequency
seems to be negligible, although it significantly altered the
peak frequency. This observation suggests that the cross
mode coupling is not important to the response at the first
peak frequency. The cross mode coupling plays an important
role for altering the mode shapes from the second peak fre-
quency and above. As shown in the second row of Figure 9a,
the vibration amplitude in the range of 1/2<x/L<1
becomes smaller than that in0 < x/L <1/2. This is be-
cause of the coupling contribution of the first dry mode (see
the bottom plate in Figure 10a) and its destructive interfer-
ence in 1/2<x/L<1 and constructive interference in
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0 < x/L <1/2 with the second mode. It would be interest-
ing to investigate the detailed mechanisms involved in the
effect of fluid loading on the change of mode shapes. Work is
underway to analyse the complex energy flow between the
plate and water so that we can distinguish the components of
mass/stiffness loading (imaginary energy flow) and fluid
damping loss (real energy flow).

——in water

<v?>/F? (dB)
3

-90

200 300 400 500

Frequency (Hz)

0 100
Figure 8. Spatial averaged plate vibration with respect to

driving force

Table 4 Frequencies of thefirst 4 peaks of thewet and dry
plate

No. In Air (H2) In Water(Hz) | % Difference
1 17 2 88%
2 69 28 59%
3 156 87 44%
4 278 167 40%
X 10-5 pl, air A X 10-6 pl, water
_4
= 2
-2
0 0
0 05 1 0 .05
% 10° P2, air x 10°P2, water
1 1
g 05 0.5
OO 05 1 OO 0.5 1
x/L x/L

Figure 9a. Dry and wet mode shapes at the 1% and 2™ peak
frequencies.
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Figure 9b. Dry and wet mode shapes at the 3™ and 4" peak
frequencies.

The fluid-loading shows a stronger effect on the shapes of the
3™ and 4™ wet modes (see Figure 9b). It is interesting to note
from the modal decomposition results in Figure 10b that the

change in the shape of the wet mode at the " peak fre-
quency largely involves the modal coupling with all the
lower order modes (N—1,n-2,...,1) and the mode immedi-
ately above (N +1). The involvement of the first and second
in-vacuum modes exists in response of the wet structure at
the second peak (see the lower plate of the Figure 10a), al-
though their magnitudes are relatively small in the figure.
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Figure 10a. Coefficients of the first 10 dry modes for the
response of the plate at the 1% and 2™ peak frequencies

O 3rd peak, in air
= 1t o + 3rd peak in water
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Figure 10b. Coefficients of the first 10 dry modes for the
response of the plate at the 3 and 4™ peak frequencies

Although the fluid-loaded plate model assisted our under-
standing of the modal response of the wet torpedo-shaped
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structure, it is worthwhile to make the following comments in
regard to the features of the fluid-loaded torpedo-shaped
structure:

(1) Compared with the results to Figure 8, the shift in
the peak frequency of the fluid-loaded torpedo-
shaped structure (see Figure 3) is relatively small.
It may be due to geometric shapes of the
shell/dome/cone which makes the change of natural
frequency difficult. It may also be due to the exces-
sive mass loading of the payloads which makes the
mass loading effect of the water less significant.
Once again, the results shown in Figure 8 are based
on the thin plate theory and the transverse stiffness
is relatively low when compared with that of the
torpedo-shaped structure.

(2) A challenging question is how to use the measured
modal characteristics of the dry structure (such as
the torpedo-shaped structure) for predicting the vi-
bration and sound radiation of the same structure
when it is placed in water. The example of the
fluid-loaded plate seems to suggest the expansion
of the vibration of the wet structure using the mode
shape functions of the dry structure. Then the fluid
loading effect may be taken into account using the
coupling between the dry modes and their near
field sound radiation [7]. The aim is to obtain the
modal coupling equations similar to Equation (3)
using BEM modelling similar to what has been im-
plemented in BEM software packages. The only
difference is that here the in-vacuum modes are ob-
tained as dry modes experimentally.

CONCLUSIONS

The underwater vibration of a torpedo-shaped structure sub-
ject to an axial excitation is investigated experimentally. By
comparing the peak frequencies and vibration responses of
the wet and dry structures, we conclude that the modal shape
functions of the wet structure could significantly differ from
those of the dry structure. An example of the vibration of
fluid-loaded plate is used to explain the change of peak fre-
quencies and mode shapes of the wet structure in terms of the
coupling of the dry structural modes through their near field
sound radiation. This interpretation of the vibration of a wet
structure allows a possibility of using measured dry structural
modal characteristics (which is relatively easier to obtain) to
predict those of the wet structure.
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