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1. INTRODUCTION

Proflled meta? cladding constructions are an Increasingly prevatert feature of modem industrial architecture.
Whilst such materials conform to high structural standards, thelr acoustic characteristics are often poor.
Previous work by the authors [1] has shown that large depressions in the single-skin sound reduction {of up
to 10dB In magnitude) occur at mid-band frequencies and are most likely causaed by certain vibrational
modes. When the profiles are incorporated into more common double leaf structures, the dip in transmission
loss remains. These features have also been noted during /r sife measurements [2]. It is considered that
this potentially poses a significant environmental nolse problem. Prasent methods of predicting transmission
through dadding fall because they are global approaches, i.e. they are unable to account for “localised*
effects such as specific vibrtional modes. For exampls, Heckl's method [3] Is known 1o provide a
reasonable estimation [2], but will be Inaccurate where the described dips occur. Consequently, this paper
shall attempt to establish exactly the physical process which precipitates the dips in sound reduction, In order
to formulate a more rellable prediction method.

Sound reduction measurements have been
undenaken on & large number of profiles with
various gauge, pitch, depth, asymmetry and
alterod stiffness [1]. The magnitude and
frequency of the SRI dips were shown to be
highly sensiiive to relatlvely small changes in”
these cladding “proflle” parameters, which are
defined In figure 1. A *symmetrical” profile has
equal crown and valley lengths. A clear trend
can bs seen when one compares the
characteristics of four profles of the same
material, gauge and dimenslons apart from tha
profile "depth” {fig.2). Obvious depressions in
the transmisslon loss occur in tha 1K25, 1K,
800 and 630Hz 1:3 octave bands as the depth
is increased from 25 to 55mm respectivaly.
One might also observe “dips” in sach curve
around 200Hz and 2KHz.

Slmilar results were obtained by Cadareldt [4)
who concluded that the decline In . — . :
transmission loss was parly due to air o =0 500 o 2000 5000
resonances in the cavitles created by profiling. *3 patave band fraquency (H2)

This was based on the observation that the Figure 2 : Varlation inthe sound reduction of symmetrically
dips were largely negated by filing the profile profied steel cladding as depth Is varied. Other parameters
troughs with & porous absorber. However, by  are constant (gauge = 0.65mm, profile pitch = 250mm).
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doing this one might be damping any alr resonances that may occur or damping the vibrational modes
directly as the absorbent was In contact with the dadding surface. In any case, # is not believed by the
authors that the observed dips ware significantly recuced, but that the whole sound reduction characteristic
was simply Increased across the fraquency spectrum. Cederfeldt also stated that “plate resonances are of
great Importance™. It Is postulated that vibrational modes are more likely the sole cause of the "dips”,

2. VIBRATION MEASUREMENTS ON CLADDING

2.1 Ditfuse Field Excitation

Initlal measurements ware undertaken on the cladding fully constructed [n a transmission sulte aperture such
that the Incident nolse field Is conslstent with sound reduction measurements. The construction is as close
to /n slty practice as possible. An accelerometer was placed at 1cm intervals across the proflle (horizonta[ly)
and along the profile (vertically). The surface density of cladding Is generally much less than 10kgm™®. One
should thereby take great care that the placement of transducers on Its surface does not overoad the
vibrating mass. It is estimated that the frequency domaln emor will not be more than 5% using a 0.659
accelerometer. (n order ta normalise the accaleration to Input force, the diffuse field pressure is measured
In the source room. The ransfer function Is then analogous to Inertance (or "accelerance”).

Figure 3 shaws some typlcal results for the symmetrical profile with a 35mm depth. One can see that distinct
peaks occur around 1KHz and 2KHz which compare exactly 1o depressions In the transmisslen loss (fig.2).
This comrelation ocewrs consistently for a/f of the profiles maeasured, such that a definite link between peaks
in vibrational response and the SR dips has been established.
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Figure 3 : Inertance-analogous transfer function measured on fully constructed cladding wall (profile depth
= 35mm). Accelerometer placed at (a) centre of profile web, (b} centre of profile crown.

Cederleldt applled a rudimentary finite element model to kdealised profiles [S] in order to demonsirate that
the theoretical radiation was high for certaln modes. Howaver, this could not be verified by measurements
because the profila velocity was only considered in 1:3 octave bands and was nol normalised to the force
Input. Further, a 12.7g transducer was used such that the error could hava been as much as 70%.

2.2 Modal Analysis

it Is required to oblain the modeshapes assoclated with ths varipus profiles consldered. This demands
reliable phase information, |.e. the coherence function between the two signals must approach unity. Diffuse
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fisld, random noise measured In the transmission sulta Is clearly Inapplicable. Nalther was i found possible
to use a microphone or Intensity proba placed very close 10 the wall when the nolse source is a discreta
sinusoid. Two accelerometers may be placed In close proximity on the profila with one as a phase referenca.
Howevar, they must remain close and &t was considered that this would load the vibrating mass too much. .
Impulse exchtation with an Impact hammer was also undartaken, but was found to bo incapable of exciting
the same response as random nolse,

It Is evident that acoustic excltatlon, preferably continuous random nolse, should be employed whilst
malntaining coherence. This apparent dilemma Is resolved by application of rmaximum length sequence
(MLS) analysls [6]. Broadly speaking, the MLS signal Is a very long blnary sequence which Is thereby
deterministic, such that It is often referred to as "pseudo-random nolse”. The signal Is antirely consistent and
measurements need not be simultaneoys for phase information to be retrieved. Analysis was undertaken
using a commercial, PC-based system known as MLSSA [7].

A single profiled panel is hung at the end of an anecholc room. A foudspeaker is placed at the opposite end,
on & normal from the dadding. The separation Is as large as possible (~-5m) In order to ensure that the
spharical wave is approximately plans at the pansl. A migrophone Is placed on the normal between
loudspeaker and cladding such that tha Incident sound prassure can be measured and used as phase
reference. The complex transfer function, H{w), is then cbiained. Broadly similar peaks in response are
observed (fig.4), corasponding to the sound reduction dips {fig.2). The valldity of using plane wave excltatlon
may then be appralsed by comparing figs.3 and 4. Agaln, the comelation batwean peaks in vibration and
depressions in transmisslon loss holds for all of the profiles tested.
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Figure 4 : Transfer function measured on a single profiled panel excited by normal incldence plana waves.
Profie dimensions and accelerometer placemanis (a) and (b) as in figure 3.

The saparation betwesen accelerometer placements Is 1cm, such that a sufficient "sampling rate” is achleved
for measurement of modeshapes up to 5KHz. This may ba roughly checked by consideration of a
homogeneous plate attributed with the same bending stiffness as the orthotroplc panef In each dimension,
A single-degree-of-freedom system ls assumed about each mode, such that the real pant of the transfar
function, H{w), tends to zero at the modefrequency. Ona can then plat Imag{H(w)} cver the profile where
this occurs. Figures 5 and 6 demonstrate a selection of modes measured on two panels,
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Modeshapes were measured on several profiles. It was noted that distinctly similar shapes occurred on all
of the measured panels; of which certaln modes consistently coresponded to the large peaks in vibrational
responss and 1o the depressions [n transmission loss. For example, the modashapes presented in figs.5 a,
b and d comespond to the dips observed in the response of the same profle (fig.2, depth = 35mm).
Likewise, the modes shown In figs.6 a, b and d are intultively similar to those In fig.5 and relate to dips In the
asymmetrical profile's transmission loss characteristic. Hence, it may be possible to predict the occurrence
of dips by “tracking” particular modes. However, ona also needs to explain why speclic modes cause .
helghtened radiation whereas others do not, e.g. modes (¢} and (e) In figs.5 and &. |

it shouid be noted thal measurements laken over $0cm of tha flat cross-section of cladding produced a nearly
constant level of inertance” for all of the modes considered. In other words, the bending wavelength in the
vertical dimension is far greater than that over the profiled section. This Is as much as could be expecied
given the orthotropic properties of profiled plates, which dictates that the bending stiffness over the flat
section may bae of the order of 10* greater than that over the profiled section. This would seem 1o suggest
that a‘two-dimensional approach may be valid.
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3. FINITE ELEMENT ANALYSIS OF CLADDING

3.1 Meathod

The finite element method provides an obvious means of syntheslzing the modes observed thus far. One
problem assoclated with this particular application ks that relatively high order modes are required.
Essenthally, the higher the mode order scrutinized, the more elements are needed In order to avold large
ermors In matrle computation.  Plainly, the process should be reduced to as nidimentary a level as possible,
It was therefore useful to keep the problem two-dimenslonal. Accordingly, simple beam finite elements were
applled with thelr motion restricted to one plane. Further, one must take care to fashion the butk modulus
correctly when using a 2-D beam modef to simulate a 3-D plate structure.

Chbservatton of modenumbers m>20 generally required as fresdoms allowsd ol nodss : du
many as 800 finite elements. it shoukd be recognised that for "
such high order modes, the error may become large and : pitch : & i
unpredictable. One should therefore attempt to eliminats tha o —

number of "useless® modes located by the model; 8.g. global /_\_/_\

modes dependant on the number of profile pitches or fixing = — P
candlilons, and modes which are non-continuous. Several =~~~ s S
FE mode!s were applied In order to assess the variation due  ~ * | ] P A
to selected boundary conditions. A solution was fo CoStain nodes : juiupfuls = {unuy fide
approximata an “infinkte” profile, This was achleved by ey Sado = tusdy. Sl
“constraining” the profile end-sections 1o have the same Figure 7 : Approximation of an Infinite profile
motlon as nodes In structurally similar areas of the cladding  using finite elemant constralnts.

(fig.7). Sucha model yielded only symmetrical modeshapes,

Le. those which are repoated over finite profila sections. Comparison with larger models- {up to st proflie
pliches) proved the "infinite” approach to ba the most consistent. This Is useful because one Is unsure of the
real fixing conditlons of profiled cladding within a full wall construction. Every profila used In the sound
reduction tests [1] was modefled In this manner. Symmetrical profiles were also analyzed over three profile
pitches with both simply held and free ends. This served 10 confirm that thers were no consplcuous
omissions of significant local natural modes by the *Infinite® approximation.

3.2 Results

Al continuous, natural modes lound by FE analysis (between 300Hz and 5KHz) are presented In figure 8, for
the symmetrical panel with 35mm profile depth. One can Immedialely note the exceflent correlation with
measured modes (fig.5). The "infinite® mode Is also able to reproduce all of the measured mode shapes.
It should be borme in mind that the "measured® frequencies will be prone to ermor because of the simplified
SDOF systemn on which they are based; whereas the FE modes are natural and will not Include residual
effects of adjacent modes, but are subject to computationa! erors which generally increase In relation to the
mode order. There Is also an uncertainty in physical constants. Hence, the predicted modefrequency
accuracy observed is remarkable. Simlar results were achleved for all of the profiles tested.

As has boen noted, centain modeshapes were seen to comespond to dips in the transmisslon loss. One can
compare the modes of figs.5 a, b, d 10 1igs.8 b, e, h respectively. Intuitively similar modes were observed
on the other profiles and consistently appeared about the same frequency as the depressions In sound
reduction : fig.9 demonstrates this refatlon, where each point represents the occurrence of a particutar mode
on a different proflie. For example, as one varles the profila depth {lig.2) the modedrequency of the general
mode shape shown in fig.9b comesponds 1o the SRI dips observed In the 125, 1K, B00 and 630Hz 1:3
oclave bands. This shows that the two dimensional finlte element model Is capable of predicting the
frequency at which transmission toss dips occur by "tracking” modes which are known to correspond to dips.
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Saveral other deductions were made from the finlta elemaent results. Firstly, it is clear that the frequency at
which one particidar modeshape occurs on a certain profie ls precisely proportional 1o the metal gauge.
Accordingly, one need only prodict the transmisslon loss dip for a profia of arbitrary gauge. One may also
note the similarity of modes on vadous asymmetrical profles where simllar profile sections occur. Henca,
soma control of the dip magniiude is possible by varying the degree of asymmetry, c.f.[1].

3.3 Empirleal Prediction of Modes

Finlte element analysls has been shown 1o yield a dependable prediction of the depressions in transmission
loss. However, it Is a falrly long-winded procedure requiring skilled operators, It Is thereby considered
necessary to apply the resulls in order to define a simpler method which may be used by any design
engineer, for mampla. The use of simple beam elemants In the FE analysls might lead one to contemplate
epplying elementary bar theory to predict given modeshapes. This was found 10 be possible by rapresenting
the crown and web lengths separately as bars with plveated ends, than setting the modenumber equal to the
number of hall-bending wavelengths on the particular section of profile. If the resulting frequencies are simply
averaged, one can achlave a very good prediction of the actual modefrequency. However, this will only work
for modes with small displacements at the bends in the cladding, corresponding to a pivot.

This crude technique led to an empircal prediction of all modes, by back-substituting natural
modefrequencles calculated by FE analysls into the bar equations, In order to obtain a qualiiative “real®
modenumber. If one assumes that the ratlo of crown to web length {1 /4,) is equal to the ratio of the real
modenumbears for each length, it Is possible to plat &./4, against either modanumber In order to obtain a
simple polynomial relationship. This may be done separately for each modse assoclated with a sound
reduction dip, ylelding empirical charts which may be used to pradict modefrequencies on any symmetrical,
trapezoldal proflle without resorting 1o finite elemants. One might note that the length ratlo /4, is seen
to be tha most signiicant factor in determining the frequency of a particular mode (it has already been
demonstrated that modefrequency Is exactly proportional to metal gauge).

4, THEORETICAL CONSIDERATION OF RADIATION FROM VIBRATIONAL MODES

It Is clear that some formulatlon s required to describe sound radlation, such that one is able distingulsh
etficient vibrating modas. The required descriptor for the acoustic output of a particular made s the radiation
ratio, o, which relates the radlated sound power to the magnitude of structural vibration ;

e
p,CS(?)

where W s the time-averaged power radiated by the source of surface area S. The “average mean squara
velocity” (v2) Is definad as the spatlal average of the time-averaged squared velocity.

{1

The most theoretically rigid way of modelling sound radlation from vibrating surfaces is by use of the
Helmholtz-Kirchhoff integral equation. In practice, ona must break the profile shape down Into discrete
sectlons to which velocities are assigned, enabling the calcuation of surface pressure. Tha model used was
three dimansional [8] which necessitated a large number of elements. However, computation limits restricted
the effective radlating area and the modeshape itself was Insufficiontly detalled. For this reason, it was
decided to begin development of a two-dimensional boundary integral sclution. However, [t is possible 1o
formutate a much simpler method which does not Involve such excessive computation periods.
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A Tow frequency” model may be appropriate because the frequencles considered are well below the critical
frequency refated 1o the profiled cross-section of the cladding, Consequantly, the simplest possible manner
of representing the vibrating profie-ls to replace It with a single simple source. The sourca strength Qs then
defined by the mode shape :
Qa/ot = f u.AdS  where u = Uje/vt® 2)
g

where 4.A represents the normal surface velocity, with magnitude U,. Hence, the steady stata source
sirength can be gainod from & = §,U,, whera U, Is simply attributed positive or negative phase and §, Is the
area assoclated with each source. [n other words, Instead of replacing each haff banding wavelength on the
panel with a point source, one can calculate the sum of the vector volume valocity over the proflle which will
yield a residual or “uncancelled” value. In practice, modes with a high level of radiation will be those for
which "inter-cell canceliation® Is not complete becausa of the modeshape, which is dictated by the dimenslons
of the cladding profie.

For a simple source radiating omnidirectionally Into a half-space, ona can use the well-known elementary
relationships between pressure, intensity and power substituted into egn.(1) to yield a simple expression for
the radiation ratio : :
a2
R i sl @

axSQR)

where k is the air wavenumber and G now represents the summed vector volums velocity over the total
surface area S of the source. This approach Is not wholly consistent : the modeshape data exists in two
dimenslons, whereas the theory s three-dimensional. Nevertheless, comparison batween the efficlency of
modes may be achieved by regarding only one profile pitch in each case. $ Is then the total surface length
of the profile cross-section. The volume vetochy sum may be calculated from both measured and FE
modeshape data, from which one computes a comparative value of radlation ratio.

Figura 10 shows the residuat volume velocities and radiation ratio for the symmetrical panel with 35mm profile
depth, The volume velocity is ciearly the dominant term. However, what I3 mast interesting is that the modes
-which are identified as exhibiting retatively high radlation, using this procedure, are precisely those which have
~ been previously selected as comesponding closely 10 dapressions In transmission loss. For instance, the

modes shown In figs. 8 b, ¢, h and m can be matched to SRI dips. The same modes correspond to the
peaks in radlation at 325, 1141, 2388 and 4839 Hz respectively (fig.10). Agaln, this result ls matched for evary
profile tested. For example, one can compare the peaks In the radlation response of a 55mm deep pane!
(Nig.11a) with the SRl dips {fig.2). Note that the same modeshapes are responsible in the asymmetrical profile
measurad (figs.6 and 11b). The procedure described was also appiled to moda shapes “measured” on certain
profiles using the SDOF approximation (figs.5.6}. The resulls were virtually klentical 1o those dertved from
finlta element synthesized shapes. All of this suggests that sub-critical inter-cell cancellation plays a major
role in determining the sound reduction of a profiled paned,

The introduction of profile stiffeners Is known to cause significant deterioration In the overall sound reduction
of cladding [1]. Using FE analysis and the simple radiation model, it is seen that the additional bends in the
plate matal enforce mors lregular modeshapes; 1.e. adjacent "cells® are of unaven strength such that near-
fleld cancellation Is minimised.
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the single simple source model on FE mode shape data.

Figure 10
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also observe that the magnitude of radiation predicted for the "efficlent modes® consistently varies

and 11a to the magnhude of transmission loss dips In fig.2). This cormrelation was observed to hoid for all
modes as any of the cladding parameters were varied. However, characterising profiled cladding with one
polnt source is rather a large approximation. It should be noted that the assumplion of low frequency is not
fully met for higher order modes because the air wavelength becomes comparable or aven smafler than the
sectlon of profilo considered; e.g. at SKHz, A = 7cm compared 1o a typical profile pitch of 25cm. In this
Instance one might not expect full cancellation batween non-adjacent cells, as Is inherently assumed In the
theory. More rigorous analysis {e.g. 2-D Integral equation solutlons) will be carried out in the near future.

in line with the observations made In sound reduction tests (compare the radiatlon ral

a9
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8. CONCLUSION

Large depressions in sound transmission are known to occur over the whole frequency range which typically
characterizes industrial noise. This paper has established that the "dips" are related to specific modal
vibrations. Hence, current pradiction techniques are manifestly unsultable because thay are "global®
approaches unabla to account for locallsed vibrational effects. The occurrence of the modes which cause
sound transmisslon dips may be accurately predicted by employing a two-dimensional fintte element model.
An empirical formulation of this-method was shown to be ussful In forecasting the frequency at which thlg
occurs. Rudimentary evaluation of the mechanical 10 acoustic coupling of such modes has shown that near-
fleld volume veloclty cancellation normally results In lithe far-field radiation. However, profiling the metal
panels causes cettaln mode shapes for which a large amount of reskiual energy exists, resulting In efficlent
sub-critical radiation and “dips” In the observed sound reduction. However, more rigid theoretical analysls
Is required before a direct prediction of sound transmission can be made from these rasults,
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