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Flat plates are used in constructing most of thehin@s and they are efficient radiators of air-
borne sound. Adding damping to these elements edunce airborne sound in some cases, but
adding damping is not always possible. This pammudses the possibility of changing the flat
nature of plates by introducing discontinuitieghe form of corrugations. Several such designs
of corrugations of various geometric configurationsplates measuring 480 mm x 300 mm were
constructed and tested for insertion loss. Sonthetonfigurations demonstrated an insertion
loss more than 4 dB(A) in comparison to a flatglaft the same dimensions. The results of these
experiments were compared with the vibro-acoustimikstions and experiments conducted on
similar corrugated plates to establish the relatigm between the higher insertion loss of some
configurations with their geometry. And these resulill be used to obtain an optimum config-
uration of the corrugations that can result in itise losses higher than 4 dB(A) in comparison
to a bare plate of the same dimension. The sizkeoplates used in the above experiments was
kept smaller for the ease of conducting experimentsvever, if similar corrugations are pro-
vided on much larger surface areas of machinetses; better insertion loss values can be ex-
pected.
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1. Introduction

Vibrating plate type structures are the main indalkshoise sources. Especially, flat plate typedstr
tures commonly used in most of the machineriesinecounding boards, when subjected to external
disturbances. Sound is radiated because of thenaatisolid vibrating surfaces upon the fluid which
comes in contact with such vibrating bodies. Moschine structures can be constructed using an
assemblage of flat plates. Hence such complextategcan be modelled as simple plate like struc-
tures to study their vibroacoustic behaviour. Aetemprediction of sound radiation from and sound
transmission through these type of complex strestuin the preliminary phases of the design pro-
cess, helps a designer to treat the noise andtiabraroblems a priori. Because of varying geomet-
rical forms, constructional features and maternapprties, sound radiation prediction from such vi-
broacoustic structures becomes extremely difficlitis is due to the fact that those mathematical
modelling techniques which are used to predictyreamic behaviour of such structures, are uncer-
tainty prone due to damping distribution, boundawgditions, tolerance and structural joint proper-
ties. Even with the availability of sophisticationrespect of computational software and hardware,
large amount of model preparation and computatioe pose infeasibility of the methods requiring
large amount of data to be handled and processgerifnental investigation thus helps one to cor-
relate theoretical outcomes and validate the ptiedicesults.
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Various theoretical and experimental investigatibase been carried out on sound transmission
through isotropic single and double panel consitmastin the past. For a transmission suite compris-
ing of a room-panel-room, Crocker and Price [1]sprded general power flow relationships. The
power flow between two rooms was defined as the Between non-resonant modes, when there are
no modes excited in the panel in the frequency hamtter consideration. The prediction was made
for the Sound Transmission Loss (STL), the radmatiesistance and the vibration amplitude of a
partition using (Statistical Energy Analysis) SEAe “mass-law” sound transmission was observed
to be due to non-resonant modal vibration, whetieasncreased transmission was observed in the
coincidence region, which was due to resonant matedtion. Renji et al. [2] proposed a direct non-
resonant coupling loss factor between a source @wiha partition, and suggested a modified-SEA
model to predict the non-resonant energy transééwden rooms and partition, by considering the
sound transmission through a single-leaf aluminlatepCheng and Shyu [3] extended the work of
Renji et al. [2] to further investigate sound tramssion through double & triple leafs and estimated
non-resonant energy transfer using a non-resowaipliag loss factor between a cavity and partition.
Renji et al. [4] verified the modified SEA, whichely had developed earlier, by acoustically exciting
an aluminum plate in a reverberation chamber atichated the response of the panels. Later, Cheng
et al. [5] showed that the non-resonant respongigegbanel is insignificant at frequencies below th
critical frequency, and through an experimentadlgithey suggested that the non-resonant response
component should be included in the estimated resptor enhancing prediction accuracy.

Large panels are generally made out of thin steegtghey have very low bending stiffness. Many
forms of partition or enclosures employed in pEiliffer from plain, homogeneous and uniform
plates for reasons of weight, stiffness to weiglior static stiffness or sometimes noise congel r
quirements. Forming corrugations on thin flat ptai® a very common approach to improve their
static bending stiffness and buckling resistan@an&imes, ribs directly attached to such thin flat
plate structures or beads are introduced as goiaok deformations to increase their stiffnesssThi
makes them orthotropic, giving higher bending s&ffs in the two orthogonal directions. The critical
frequency for bending waves travelling in the dil@t parallel to the corrugations is much lower in
comparison to that of a uniform flat plate of eqthatkness. Cordonnier et al. [6] investigated the
influence of stiffening effect on corrugated st&telictures and determined STL from sound intensity
measurements and determined critical frequenciesthbtropic corrugated plates. The effects of
coincidence on sound transmission loss and thesticaesonances were studied by Ng and Zheng
[7] through experimental investigation of doublefleorrugated panel constructions by considering
two separate leaves of a layer of reinforced caaaerrugated roof panel and a light weight prdfile
metal sheet. Because of high stiffness to weididgarecent trend, in aerospace structures, is¢o
composite sandwich constructions over flat metaicstires to provide strength to the base structure.
Such type of composite sandwich structures, howedfer from the disadvantage of poorer sound
transmission properties than metals [8].

Based on the fact that the radiation efficienciesesonant modes are relatively small in compar-
ison with the internal loss factors, in most of tasearch work it is assumed that there is a nbtgig
contribution from the resonant transmission [7]jckhmight be true for general cases. However, it
is shown that the role of resonant transmissiomishaot be neglected in some cases [9, 10, 11]. The
neglect of resonant transmission is based on feamtifative investigations available on the relative
contribution of resonant transmission componenig flesonant transmission not only depends on
damping but also on geometrical parameters sutthicgsess and size, a detailed investigation which
includes the effect of those parameters is required

By suitably altering the dynamic behaviour of flétes, sound radiation efficiency can be reduced
and in addition sound insertion loss can be impdoWre the present work, flat plates are modified in
order to explore the possibility of changing thet fhature of plates by introducing discontinuiires
the form of triangular corrugations. The effecatthching triangular stiffeners is not only prowigli
strength and stiffness to the base structure, Isotdecreases the efficiency at which vibrations of
the structure get coupled with the surrounding @@veral such designs of corrugations of various
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geometric configurations on plates were considerept two different sets (9 configurations in each
set) of corrugated plates and tested for insettiss.

2. Experimental setup

With a view to capture an insight of the dynamibdaour of corrugated plates, a bare plate of size
0.48 m x 0.3 m x 0.0035 m is considered. Differemtrugated configurations are fabricated, by
modifying bare plates with the help of inverte@mgular shaped fabricated stiffeners of varying in-
cluded angles and thicknesses. The corrugationgroations are enlisted in Talddor two different
sets of plates and Figs. 1(a) & 1(b) show set-Ae&B corrugated plates, fabricated for performing
experiments.

The experiments consisted of separate measurermeotder to capture sound insertion loss of
the flat bare plate ( plate-1 ) as well as allsheA & set-B corrugated plates (i.e. plates-2A @&\
& plates-2B to 10B). The plate parameters are sse&h to get varied corrugation configurations as
to capture the wide range of dynamic behaviouraties.

"= | |

Figure 1: Background preparation for experimentat{a) set-A corrugated plates, (b) set-B corrugjate
plates, (c) setup for insertion loss measuremethi{@nmicrophone mounting arrangement.

3. Measurement of insertion loss

Sound insertion loss measurements on two setss@izA and set-B) of corrugated plates along with
the flat bare plate have been carried out in aclasie chamber of size 3.6 m x 3.6 m and having a
cut-off frequency of 200 Hz. The inside of anechahiamber consists of wedge blocks, on all six sides
of the chamber, made of polyurethane having dews$i80 kg/ ni. Fig. 1(c) shows an experimental
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setup for the same. A marble cutter as a soundceomnas put inside a wooden enclosure and an
arrangement was made to insert the plates at #n@rmgp The wooden enclosure was properly sealed
using a sealant. The sound in the test sectiomveasured by using an array of four B & K 4939 free-
field condenser type microphones of size 6.53 midi'(having a flat frequency response of 4 Hz to
100 kHz. The dynamic range of the microphones idR& 164 dB and operating temperature®-40
C to 150 C. The microphones were suitably placed on thgetlwooden frame, which was then
clamped with pre-fabricated frame as shown in tigel{d). The microphones were attached with a
B & K pre-amplifier (type 2970) and were poweredfbyr channeNEXUS type 2690-0S2 signal
conditioning amplifier. The output was fed to themputer through a NI DAQ system PCI 4462.
Using the LabVIEW environment, the microphone data/olts) were obtained. The plywood sheet
of 12 mm thickness was placed underneath the batacong sound source and the experiments were
performed for the measurement of Sound Pressurel (L) for calculating the insertion loss of the
plates. Initially all the four microphones wereibedted using standard calibration kit and the isens
tivities (in V/Pa) were recorded for subsequentpsesing. Sound pressure levels were calculated from
the sensitivities for the cases with and withoseming the plates.

Table 1: Parameters of fabricated corrugated pfatesxperimentation.

Plat Overall size of corru-| Included angle Thickness
ate
N gated plate of of
0.
XxY xZ(m) Stiffener stiffener (mm)
1 Flat bare plate
2 70 15
3 70 2
4 70 3
5 el0} 1.5
0.48 x 0.3 x 0.0035
6 9 2
7 90 3
8 120 15
9 120 2
10 120 3

The insertion loss was evaluated for one-thirdwaeetzand frequencies for each plate using(Eg.
given by Aygun and Attenborough [12] and then witk help of standard A-weighting values for
the one-third octave band centre frequencies, caueA-weighted sound insertion loss (in dB) was
calculated.

||_=EpH _Epl (1)
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In Eq. (1), L, is the spatial average sound pressure level ifr¢h@ency band in the test room, when
the plates were inserted, ang is the spatial average sound pressure level ifréiggency band in
the anechoic room, when no plate was inserted.

The spatial average SPL has been calculated byumegshe local SPL at three different positions
of the microphone array by varying the height eftkirved wooden frame (shown in Figd)) which
was repeatedly clamped on the fabricated frameegdlacfront of the wooden enclosure.

The spatial average sound pressure lewg),in dB, was calculated from the local sound pressu

levels, L, , using Eq. (2) given by [12]:

L, :10Iog[: ﬁloﬁ] )

wheren,, is the number of measurements.

4. Results and discussion

The results of A-weighted measured insertion Idgsioed are shown in Fig. 2 for the corrugated
plates and compared with a flat bare plate. Becaligsv frequency threshold of the anechoic cham-
ber (as mentioned earlier), the measured inselagsfor frequencies more than 200 Hz are plotted.
Figures 2(a)-2(c) show the comparison of measurgeriion loss data for the first set of experiments
for set-A corrugated plates with that of a flatdoplate. The theoretically calculated critical freqcy

of a flat bare plate is 3358 Hz. As the stiffenans incorporated to the bare plate, the behavibur o
the corrugated plate becomes orthotropic, i.eethee two critical frequencies corresponding to the
direction of bending wave travel. Due to the effettorrugation and added stiffness, the critical
frequencies shift towards the low frequency, wraoh clearly observed. The theoretical critical fre-
guencies of set-A plates lie between 300 Hz and4@s the lowest critical frequency whereas
highest critical frequency range calculated lieNsein 1386 Hz and 2100 Hz. Similarly, the theoret-
ical critical frequencies of set-B plates lie betwe15 Hz and 510 Hz as the lowest critical fregyen
whereas highest computed theoretical critical fesgies lie between 3200 Hz and 4100 Hz. The
critical frequency dips are very close to the tletioally evaluated values and clearly seen in the
experimental insertion loss results.

The results obtained clearly indicate that thdestdérs improve sound insertion loss at almost en-
tire frequency range, except at and just belowcthecidence range, i.e. between 400 Hz and 1 kHz,
where a little deterioration is observed. This i@ can be well explained by the effect of intro-
duced low wavenumber components due to the effdmbundaries of stiffeners, which then subse-
guently increases the radiation efficiency below ¢htical frequency. As the radiation efficiensy i
equivalent to a normalized sound power with respethe specific acoustic impedance of the sur-
rounding media, plate area and vibrating normabaig} of the plate, it can be seen as a measure of
the sound radiation in dependence of the geométityegplate. Because of the variation in configu-
ration of two set of plates, the radiation effiaggmplays significant role just below the coincidenc
At the critical frequency, i.e. when the plate hegdwavelength equals the trace wavelength of
acoustic waves, the plate vibration amplitude iases and the radiation efficiency also increases.
Thus, at the critical frequency the sound transimmss high and is due to modes resonant around a
band centred at this frequency. This behaviouomidant for set-A plates than set-B plates because
the radiation efficiency of the former is relatiyehore than that of the later due to extra edges an
subpanels formed due to corrugation. As the frequeange between 400 Hz and 1 kHz being the
region where edge modes contribute to sound radiathore sound is radiated by set-A plates than
set-B plates and hence sound insulation performanittle poor for set-A plates at and just below
the coincidence region due to resonant sound trigsgm which is depicted in Fig(a)-2(c). In the
frequency region well below the coincidence, ije.to 400 Hz, it is found that the insertion loss of
corrugated plates is more as compared to a flat fate due to the modes which are not resonant in
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this frequency band. This is because the vibraioplitude of resonant modes is low and the radia-
tion efficiency is also low.
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Figure 2: Comparison of experimental insertion loisset-A & set-B corrugated plates with flat bptate:
(a) plates-2A, 3A & 4A; (b) plates-5A, 6A & 7A, (plates-8A, 9A & 10A,; (d) plates-2B, 3B & 4B; (elppes-
5B, 6B & 7B & (f) plates-8B, 9B & 10B.

The enhancement of sound insulation effect duetiaugation is very distinctly observed at higher
frequencies. Above 1 kHz frequency, all the setl#tgs show better sound insulation performance
(refer Figs. 2(a)-2(c)) as compared to set-B plétags. 2(d)-2(f)) and even much better than a flat
bare plate. This is due to reduced vibration leaeld hence reduction in sound radiation efficiency
because of increase in surface mass density aigated plates as compared to a flat bare plate. The
insertion loss at higher frequencies is more dontifa set-A plates than set-B plates due to raxhat
efficiency of former being less at higher frequesciAbove 4 kHz frequency, the insertion loss sep-
aration between the set-A plates and a flat baate phcreases, specifically plates-8Aows very
clear benefit of the optimum geometry amongst thygupation under consideration, giving an overall
gain in sound insertion loss of 4.6 dB(A) overat fllate of the same dimensions. The vibro-acoustic
simulation results based on SEA for the prediatibsound transmission loss and radiation efficiency
are also confirming same behaviour of corrugatetepl

A very significant effect of the periodicity of &ners is to divide the frequency range into a
sequence of pass bands, where vibration can progagal stop bands, where it cannot. For the peaks
and dips in the insertion loss this pattern of stog pass bands is responsible, which can be glearl
seen in the results. Especially in the high fregyeargion, the oscillations above the coinciderree a
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due to these pass-stop frequency bands. The peallydilistributed stiffeners with relatively narrow
separations restrict the deformation of the conedyplates, offering therefore the corrugated plate
a larger stiffness than that of those plates witfeser spacing being wider. Out of all the corated
plates, the overall sound insertion loss of plate®found to be much better, indicating that there
an optimum configuration which gives better resatisstiffening the bare plate. Not only the spacing
between the stiffeners plays role in sound insohatibut also the thickness of stiffeners is impata
as far as vibro-acoustic behaviour is concerned.

5. Conclusion

The possibility of changing the flat nature of pltby introducing discontinuities in the form of
corrugations is attempted. Several designs of gatrons of various geometric configurations on
plates were fabricated in order to conduct expemisieo capture sound insertion loss. Both low and
high frequency behaviours of the corrugated platesaffected by suitable choice of the stiffener
configuration and the spacing between the stiffeasrwell. The coincidence of bending waves in
the direction of stiffeners and the acoustic wavage been occurring at relatively much lower fre-
guencies. In the frequency range just below theaidénce, little deterioration in sound insertion
loss is observed due to additional edges incorpdrlécause of stiffeners. At low frequencies, due
to relatively more sound radiation efficiency of-gecorrugated plates than set-B plates, the irmert
loss of set-B plates shows only a small improvemEat the entire frequency range, set-A plates
gives an overall sound insertion loss more tharBgaates. It is suggested through the experimental
results that there should be an appropriate séffeanfiguration which ensures maximum benefit of
stiffening the plates as far as sound insulaticzoiscerned.
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