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1. Introduction

It is well known that structural component, when submerged in fluid exhibit decrease in natural
frequencies and increase in damping. In general, the surrounding fluid exerts a reaction force on
the structure which is represented as an added mass and a damping contribution to the dynamic
response of the component without affecting its structural stiffness. These dynamic parameters for
the submerged structures can be obtained by conducting modal test [1]. However, at design stage
such a modal test may not be possible. Hence, a fairly accurate quantification of added mass and
damping is important for a good estimation of the response of these submerged structures.

Many studies have been reported in the literature for the estimation of these parameters for
many commonly used geometrical shapes. A review of study on these dynamic parameters for
different configurations of array of tubes/cylinders has been made by Chen [2] and wide range of
objects with different shapes of cross-section and structural configurations has been briefly
reviewed by Blevins [3,4] and Naudascher and Donald [5]. Recently, Sinha and Moorthy [6] has
also given the formulation for added mass for the submerged perforated tubes commonly used in
the nuclear power plants. However, no comments have been made on the damping of such
perforated tubes because of limited observation till then. The general perception regarding
damping is that the perforation in a structure increases damping. But not many experimental
observations are available. The thrust of the present paper is again on the perforated structures,
with focus in particular on the added of submerged strip/plate-type structures.

A series of modal experiments was conducted on laboratory-scale specimens (both perforated
and non-perforated structures). These experiments were conducted on the test specimens for both
submerged in water as well as non-submerged conditions. The results of the dynamic parameter
study on perforated plates are presented in the paper. Based on experimental observations, a
formulation for the estimation of added mass of submerged plate-type structures is attempted on
a concept similar to the one given earlier for perforated tubes [6]. In addition, the damping
behaviour of such perforated specimens with respect to non-perforated specimens of equivalent
dimensions is also discussed based on experimental observations.
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2. Methodology for added mass estimation

Estimation of added mass has been done by modal experiment conducted on test specimens of
different dimensions, supplemented by analysis. In the experimental part, the modal parameters—
natural frequencies, mode shapes and damping were obtained for the perforated structures with
and without submergence. The dynamic characteristics (natural frequencies and mode shapes) of
the structural component without submergence would be totally dependent on the structural
configurations (e.g., boundary conditions) and the material properties of the component.
Whereas, the dynamic behaviour of the submerged structure would include the effect of fluid in
addition to the parameters that determine the response of the non-submerged structure. Hence, in
the analysis part, a mathematical model of the test specimen is constructed using finite element
(FE) method. The FE model is simulated such that the computed eigenvalues and eigenvectors
match closely with the experimental results of non-submerged case. Such a model would then be a
true representation of the structure with actual boundary conditions as well as the material
properties of the structure used. Using this FE model, the additional mass contribution by the
surrounding fluid to the vibrating structures, i.e., added mass of fluid to the submerged specimen
could be estimated so as to match the experimental results during submergence.

3. Test set-up and specimen

A schematic of the experimental test set-up is shown in Fig. 1(a). The set-up consists of a tank
which houses the arrangement for the modal testing of test specimens mechanically clamped as
cantilever. Test specimens of length 600 mm length with different thickness and width and
perforation pattern were used for the study. The effective length of the specimen in the clamped
condition was 550 mm. The test specimen of three different thickness—1, 2 and 3mm and
different width of 26.541, 35.7540.5, 45.7540.25, 55.5+0.5 and 83+ 0.75mm were used for
study. A total of 36 test specimens (21 perforated and 15 non-perforated specimens of equivalent
dimensions) made of aluminium were used for the study. Two types of perforation patterns of
hole size 6.20+0.25mm were used for the study. Details of the perforated specimens with
perforation patterns are shown in Fig. 2. Out of the 21 perforated specimens, 15 have perforation
pattern as in Fig. 2(b) with 13 number of holes of size 6.20+0.25 mm. Remaining six specimen
have perforation pattern as shown in Fig. 2(c) with 39 holes (13 holes per row) each of hole size
6.20+0.25mm. The dimensions of the tank and the test specimens were chosen such that no wall
effects have influence on the dynamics of the test specimens when the tank is filled with fluid (see
Fig. 1(a)). The decision of choosing the tank dimensions was an engineering judgment totally
based on the experimental observations by Chen [7] on the dynamics of a rod-shell system
conveying fluid.

4. Experimental modal analysis

The modal parameters for all the test specimens were obtained by conducting impulse-response
test [1]. This experiment was conducted on both perforated and non-perforated specimens of
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Fig. 1. Experimental test facility and the test specimen FE model.

equivalent dimensions in both submerged as well as non-submerged conditions. A small-
instrumented hammer was used for the excitation of the specimen. The force sensor (PCB
208A02) of the hammer and tiny accelerometers (Entran PS-30A-2) were used for measurement of
the exciting force and response of the specimen, respectively. Impulse was given near the clamped
location and response was obtained using accelerometers from a few locations along the length. A
2-channel A & D 3525 FFT analyzer was used for the force and the acceleration data acquisition.
Total four accelerometers were used on the centreline along the length of specimen at a distance of
130, 290, 410 and 550 mm from the clamped end. Depending upon the dimensions of the test
specimens the frequency bandwidth and signal processing windows for the measured force and the
responses were adjusted during modal tests. However, the 1600 frequency lines were always used
for the modal tests. The measured time domain data were initially processed through the FFT
analyzer to obtain the averaged frequency response functions (FRFs). Few typical FRFs
(inertance) for the test specimen of width 35 and 3 mm thick are shown in Fig. 3. As can be seen
from Fig. 3(a) the first three beam bending frequencies are well defined in the FRF for non-
submerged conditions. However, for submerged case the first bending frequency is not well
defined in the FRF shown in Fig. 3(b) for submerged case. The modal tests were repeated for the
cases like this by reducing the frequency band to increase the frequency resolution so that the
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Fig. 2. Different test specimens used in the study.

lower modes could be identified confidently. Fig. 3(c) shows such example where first mode is well
defined. The modal parameters, i.e., natural frequencies and modal damping were then extracted
using single-degree-of-freedom (SDOF) curve fit on the experimental FRFs through computa-
tional program. Only the first few cantilever-beam-type modes were measured. The identified
natural frequencies for perforated specimens are listed in Tables 1-3.

5. FE modelling and simulation

A mathematical model for the cantilever-type test specimen was made using FE method [8]. The
FE model has been made using two noded Euler—Bernoulli beam elements (two-degree-of-
freedom at each node, i.e., bending displacement and bending rotation) to simulate the cantilever-
beam-type modes of the plate-type test specimens. Since, one end of the test specimens were
clamped mechanically in the experimental test facility, the test specimens will have zero bending
displacement at clamped location but may have a small rotation at that location. A spring element
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Fig. 3. Measured FRFs for the plate of 35 mm width and 3 mm thickness: (a) non-submerged condition, (b) submerged
condition, and (c) submerged condition with reduced frequency bandwidth.

(SDOF at each node) for the rotational restraint at the clamped location was provided in the FE
model to simulate expected small rotation at the clamped location. A typical FE model is shown
in Fig. 1(b). To account for the inertial and stiffness effects due to the number of holes distributed
all over in the perforated specimens, thickness equivalent to the volume of holes was removed
uniformly from the thickness of the test specimens in the each element of the FE model. The mass
of each accelerometer is only 3 g and its effect on the dynamics of the plates is expected to be
insignificant. However, to avoid any possible error in the FE modelling the masses of the
accelerometers were also included in the model.

Since the geometrical and the material properties were known for all the test specimens, the
value of rotational boundary spring stiffness (k9 Nm/rad) provided in the FE model was tuned so
that the computed results match fairly well with the experimental results of non-submerged
specimens. This rotational boundary spring stiffness will be different for different test specimens.
The gradient-based sensitivity method for model updating [9-10] was used for the estimation of
this rotational stiffness for each specimen. The updated FE model ensures that the entire
structural features of the experimental set-up are fully reflected in the model. The computed
natural frequencies for all the perforated specimens are also listed in Tables 1-3. It can be seen
from the tables that the analytical results compare well with experimental ones.

To this FE model, the additional mass accounting for the surrounding water has to be added
for the submerged condition of the specimen. The use of consistent mass for this added mass of
the water may be better choice. However, for the low-frequency vibration the model with lumped
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mass will also give sufficiently accurate results. So the lumped mass is used here. Hence, the
lumped mass accounting for the surrounding water at the nodes of the specimen was increased till
the natural frequencies match with the experimental values under submerged condition. The
computed natural frequencies of the test specimens in water are also listed in Tables 1-3. Tables
also list the experimentally estimated mass of the surrounding water to be added to the submerged
specimens using FE analysis. Based on the above observations a formulation for added mass is

attempted below.

A
o

Added Mass (Kg)
BRSNS N 0w
o (6] o [63) o [$)]

o
o
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Width (mm)
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o
=}
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o

Added Mass (Kg)
N
o

=
3
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50

Width (mm)
Test specimens with 39 holes

Fig. 4. Added mass of submerged perforated plate specimens (a: theoretical; b, ¢ and d: experimental for 1 mm, 2 mm
and 3 mm thick plate specimens, respectively).



558 J. K. Sinha et al. | Journal of Sound and Vibration 260 (2003) 549-564
6. Formulation for added mass

The added mass of the submerged vibrating object accounting for the surrounding fluid would
be the mass of the fluid equivalent to the reaction force experienced by that object. Ideally for the
example under discussion, the mass of fluid required to be added is the mass of fluid contained in
an imaginary cylinder of diameter equal to plate width and length same as that of the plate [3].
The distribution of the reaction mass on either surface of the plate all along the length in the
direction of vibration is represented in Fig. 2(a), neglecting the shear reaction along the thickness.
This was observed for the submerged non-perforated specimens. However, for perforated
specimens of equivalent dimensions, the added mass to be accelerated during vibration is smaller.
The obvious reason is that the perforation in the structure is not accelerating some quantity of
fluid, thus reducing the inertia in the transverse direction. The quantification for such a reduction
is useful when one has to estimate the natural frequencies of such a perforated structure.

For non-perforated strip/plate-type structure, added mass accounting from the surrounding
fluid (as from [3, p. 25]) is given as

My =2
where L is the length of the plate, w the width of the plate and p, the density of the surrounding
fluid.

Whereas for perforated plate-type structure, added mass accounting for the surrounding fluid
based on a similar concept given earlier by Sinha and Moorthy [6] can be defined as

w’ Loy,

n
4

where M), is the mass of fluid that does not accelerate and is equal to the fluid mass contained in
the total volume of imaginary cylinders formed by the holes (see pictorial representation in
Fig. 2(b) and (c)); M), = >, AiLipy, i = 1,2, ...,n, A; is the cross-sectional area of ith hole in the
vibratory plane; 4; = (n/4)d?, L; the chord length of the imaginary cylinder at ith hole location; d;
the diameter of ith hole and » the total number of holes in the perforated structure.

The above formulation of added mass could be useful for the perforated plate-type structures
submerged in stationary, incompressible and inviscid fluid. It may also be noted that if the
perforation in the plate is uniformly distributed over the entire surface area of the plate then the
mass of fluid lumped to the nodes of FE model would also be uniform. It was the case for the
perforated specimens used for the study. However, in many cases the distribution of perforation

%%@%3\ :

kg Nm/rad.

My =-w’Lp, — M,

Fig. 5. Typical FE model using plate elements.
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Table 4
Natural frequencies of perforated specimens of 83 mm width
Specimen details Non-submerged Submerged
Experimental FE model % Error Experimental FE model % Error
freq. (Hz) freq. (Hz) freq. (Hz) freq. (Hz)
w = 83.50 mm, 2.650 2.474 —6.64 — 0.514 —
t=1mm, n=13 15.906 15914 +0.05 3.475 3.279 —5.64
— 35.221 — — 8.852 —
43.813 46.160 +5.35 10.075 9.385 —6.84
w = 83.50 mm, 2.529 2.337 —7.59 — 0.499 —
t=1mm, n=39 14.988 15.223 +1.56 3.650 3.196 —12.43
— 34.474 — — 8.713 —
42.094 44.462 +5.62 10.600 9.171 —13.48
w = 82.25mm, 4.938 4973 +0.70 1.487 1.446 —2.75
t=2mm, n=13 31.938 31.950 +0.03 9.531 9.165 —3.84
— 71.467 — — 24.503 —
89.375 92.581 +3.58 28.188 26.138 —7.27
w = 82.25mm, 4.938 4.981 +0.87 1.575 1.441 —8.50
t=2mm, n=39 31.813 31.852 +0.12 10.281 9.180 —10.70
— 70.252 — — 24.806 —
89.625 92.019 +2.67 29.844 26.266 —11.98
w = 83.63mm, 7.750 8.010 +13.33 2.650 2.764 +4.30
t=3mm, n=13 51.875 50.827 -2.02 19.750 17.387 —11.96
— 106.497 — — 43.678 —
145.250 146.041 +0.54 55.875 49.295 —11.77
w = 83.63mm, 7.750 7.966 +2.78 2.875 2.754 —4.20
t=3mm, n=39 51.500 50.507 —1.92 20.813 17.303 —16.86
— 104.950 — — 43.185 —
144.750 145.050 +0.20 56.688 49.021 —13.52

Remarks: Mode 1: First cantilever beam mode of plates. Mode 2: Second cantilever beam mode of plates. Mode 3: First
wrapping mode of plates about its axis along the length. Mode 4: Third cantilever beam mode of plates. Mode shapes
shown in Fig. 6.Table 4

Natural frequencies of perforated specimens of 83 mm width

(both pitches and hole sizes) varies along the length. This has to be taken care while calculating
the additional lumped mass of surrounding fluid to be added to the nodes of FE model.

For all the elucidated examples, the theoretically estimated added mass using the above-
suggested formula is also listed in Tables 1-3 along with the experimentally estimated added mass
using FE analysis. Fig. 4 is the graphical representation of the variation of theoretical added mass
(suggested formula) with increasing width of perforated plate having 13 holes and 39 holes.
Experimental added mass is also shown in Fig. 4. As can be seen from the tables, the error
between the two estimates for all examples is small and well within +9%. The change in the
natural frequencies due to this order of the error in the estimation of mass is expected to be small.
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The computed natural frequencies (see Tables 1-3) are also within +6% except for few cases
where error is of the order 8-21% mainly for specimens of higher width. This order of error was
also observed in frequency estimation for the non-perforated specimens of equivalent dimensions.

One possible reason for high error seen in the computed frequencies could be the FE modelling
of plate-type specimens of higher width as beam elements. Hence, the specimens with 83 mm
width were modelled again using plate elements. Total 56 plate elements were used in modelling.
The clamped end of the specimen was modelled as earlier, i.e., the rotational springs at the
clamped end to allow some rotation in the test specimen. A typical FE model is shown in Fig. 5.
Once again the value of the spring was estimated using the experimental modal data for non-
submerged condition by the gradient-based sensitivity model updating method [9-10]. To this
updated FE model the added mass of water calculated using the suggested formula was
distributed as per the cylindrical fluid reaction profile shown in Figs. 1 and 2 to the nodes of the
FE model. The improvement in the FE predictions can be seen from Table 4. Typical mode shapes
both experimental and analytical are also shown in Fig. 6. The analytically computed wrapping
mode of the plates was not identified in the modal experiments as the measurements were on the
centreline along the length. However, the significant improvements in the computed natural
frequencies have been noticed when plate elements used for the FE modelling compared to the
model using beam elements. The error in the computed natural frequencies is now smaller than

Experimental Experimental

Mode 4

Fig. 6. Experimental and analytical mode shapes.
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the earlier with zero error between the experimental and analytical added mass. Thus, the
suggested formula for estimation for added mass for the submerged perforated plate-type
structure could be deemed as fairly accurate and could be useful at design stage.

7. Damping

As brought out in Section 3, the modal damping was also extracted using SDOF curve fitting
on the experimental FRFs for both perforated and non-perforated specimens. The values of
damping ratio (%) are shown graphically for first three modes in Figs. 7-9 for perforated
specimens. The corresponding non-perforated specimens of equivalent dimensions are also shown
in the figures for easy comparison. As can be seen from the figures the damping values have wide
scatter to establish any formulation for the damping estimation for the perforated plates. The
manual uncontrolled impulse given during modal tests could be the possible reason for the scatter
seen in the damping values though best effort was made to give same excitation level during the
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modal tests for all specimens. Even with these scattered damping values some trends seem to be
emerging out, as discussed here.

Damping ratio for perforated plates decreases from first to third mode for both submerged and
non-submerged conditions. This is consistent with earlier observations made by Moorthy and
Sinha [11] on perforated tubes. Damping for higher modes was not measured. In general, no
significant difference between the damping of perforated and non-perforated specimens in non-
submerged condition was observed. However, damping is significantly high in submerged
condition for perforated structures for many cases compared to non-perforated ones. Some trends
of increase in damping with increase in number of holes were also observed. The controlled step-
sine excitation for all specimens will explore these features clearly. Such an experiments is
underway.

Few earlier studies [6,11-12] on perforated structures (perforated tubes) have also given the
experimental damping values, but none of them have compared these values with the experimental
damping values for non-perforated tubes of equivalent dimensions. Hence, the observation of the
increase in damping due to perforation may be considered as a useful piece of information in the
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domain of structural dynamics as no such comparative study has been reported earlier to the
knowledge of authors.

8. Conclusion

Based on the experimental and analytical studies on a number of test specimens, a formula is
being suggested for added mass of the vibrating perforated plate-type structures submerged in
fluid. This could be of considerable importance to designers for structural dynamic evaluation of
such components without the need to conduct a modal test.

Damping is another important parameter for complete dynamic characterization and design
evaluation of structures under dynamic loading. It was observed that the damping of the
submerged perforated structures is generally higher compared to submerged non-perforated
structures of equivalent dimensions. The trend of increase in the damping with the number of
holes in the submerged perforated structures is also observed for most cases. However, the effect
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of size of the holes on damping could not be studied. The formulation for estimation of damping
could also not be possible. This requires further study on a number of perforated structures with
different number of holes, hole sizes, pitches, etc. Such a study is underway.
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