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his review of son aspects of structural dynamics research related to vibration
control, Outlines sou dowmmnts, over about the last decade and a half at
the ISVR, in essentially four areas, hamly machinery isolation. vibration
transmission through structures. dynamic testing and composite materials.

The use of approunate mobility methods in vibration control is discussed and
the develoment of rapid frequency sweep testing is outlined. The unifying
concept of power flow analysis applied to isolation system assessment and
vibration transmission studies is demonstrated and it is shown how structural
intensity mapping could he a useful method for application in future vibration
control work. The impact of composites on structural dynamics research has been
considerable but the damping properties of such materials could be improved:
this aspect of composites developmnt is discussed together with aircraft
acoustic fatigue problems.

1.0 xmmron

vibration control concerns the reduction of vibration levels vnich cause
annoyance, possible damage to structures or subsequent undesirable acoustic
radiation. It is good vibration control technique to attack the problem at
source rather than to initially attempt remdial actions rents from the source.
It is inevitable, however, that machines, in particular, generate unwanted
vibrations which are transmitted through their muntings into the substructure.
m vibration is then transmitted, via various types of haves, through the
structural/acoustic paths to areas of interest. Vibration control, within the
contest of this paper, principally concerns this type of problem. For sample,
vibration isolation is an obvious cannon technique for vibration reduction on
the substructure near the source and conventional mthods often yield good
results, although the problem may still persist, perhaps surprisingly. at high
frequencies. Frequency response methods analogousto those used by electrical
engineers may be used in vibration analysis to predict the coupled performance
of the machine-isolator-substructure mm. m mobility approadl is useful in
this context but if it is to be used in a practical way there must be simple
rules which permit rapid usesssnnts to be made of proposed designs. me
developasnt of such an approach. outlined in this paper, obviously involves
considerable theoretical dynamic structural analysis before simplifications can
be made. Vibration testing is also often carried out in support of vibration
control studies so it is inevitable that vibration control. although sentinel
intuitivsly attempted, is based upon knowledge of dynamic structural behaviour.
'mis certainly can be seen to be true when one considers vibration transmission
through built-up structures where a variety of mechanisms inrluence the
propagation of vibrational power. When considering structures it is thenforo
clear that not only is the structural design, i.e. configuration, important but
the material properties, particularly dissipative properties, have a strong role
in the traumas-ion process.
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'me four sections of this paper concern vibration isolation, vibration
transmission through structures, measureuant of the dynamic characteristics of

structures and the use of "new" materials in high performance aerospace

structures. The latter topic could not be included without consideration of the

acoustic fatigue problem: although this is not a vibration control problem in

the sense outlined above, material properties are important and structural

design procedures are necessary for response prediction and fatigue life
animation. Pundamental theoretical and experimntal structural dynamics

research is obviously a good basis for developing and improving vibration

control techniques via knowledge of the mechanism involved and possible
improvements via design. his paper reviews some research carried out at the
Institute of Scum and Vibration Research in the structural dynamics field.
related to vibration control.

2.0 VIBRATION ISOLATION OF MINES

355‘ :.
Machinery—induced vibration is often a cause of concern or armoyance in a wide
range of situations, sum as in buildings, ships etc. In any vibrationcontrol
problem it is good practice initially to attack the problem at its source to

obtain the maximum possible benefit of reduction methods and then to apply other

measures to the surrounding structure etc. In the machinery problem the first
approach is therefore usually to nudity the source in some way toreduce dynamic
elicitation of the local supporting structure. If reduction of out-ot-balance
forces etc. cannot be achieved to produce acceptable vibration levels, the next

step is to isolate the machine from the supporting structure via resilient

vibration isolator-s. This is perhaps the most often used vibration control
technique in machinery installations, as is evident from the-engine mountings in
every mdern motor car. If, however, one considers machinery installations in a
building one can see for example via thesimple representation given in rigure
1, that the point of concern or interest more the vibration level is to be

minimised is often remote from the source or the attachmnt points of the

vibration isolators. The vibration transmission characteristics of structures

are therefore of concern. That problem will be considered later in Section 3'

this part of the paper concerns only vibration isolation.

 

It would perhaps appear Eras study of the ostensive published work onvibration

isolation that isolation tedmiques are so Inn developed am established that

no further research would have beencarried out in recent years. This is not so

because a great proportion of the Hour, partiwlarly that now included in

standard textbooks, concerns representation by mess-spring mdels of the machine

and isolator with a rigid substructure. such simplifications, which do not

allow for deter-nation of the systems much are coupled by the isolator, have

only very restricted validity and limited application to practical cases. In

simple term, if the foundation or substructure below the isolator as rigid.

one would hardly need to examine the problem in terms of vibration control. no

limitation of use of such simple ropreuntations is_.pa.rticularly apparent in the

high frequency regisn in mich resonams of the machine and supporting

structurs occur midi make oneness of vibration transmission based on single

rigid mass - messless spring - rigid foundation models essentially mingle".
his need to consider the dynamic characteristics of the machine (source)

2 Pm.l.O.A. Volfi Fund (1984]



  

Proceedings of The Institute of Acoustics

mDYNAMICS AND VIBRATICII m1.

and substructure (receiver) has in particular led to the development and
application of dynamic structural analysis techniques based on 5'freguency
response Inethods for predicting coupled system performnoes. If
electrical circuit analysis methods and theorems is helpful, then the analogies "
may be clearly seen. Procedures for prediction of coupled mechanical system '
response are developed in [1] using receptences and the methods are well
explained. Becaptance is the ratio of displacement to force as a function of
frequency. Recently, nobility methods have beenmore widely used, although the
procedures are essentially as outlined in [11. Mobility is the ratio of
velocity to force and is probably more colanonly used now than receptance because
of measurement techniques which enable complex frequency response data of this
type to be readily obtained without the often troublesome need for the additenal
stage of integration. The readers attention is drawn to [2] for a very good
explanation of measuremnt problems and the application of frequency response

data in mechanical system analysis.

The vibration isolation problem is outlined in Figure 1 and only consider at

this stage vibration transmission through an isolator. The coupling of the
isolator to the substructure and thesystem layout may cause forces and moments

to act such as to produce deflections along all three coordinate axes and
rotations (angular velocities when considering liabilities) about these axes.

The motion at the attainment point of the isolator to the substructure. the
machinery "seating", is therefore generally complicated and complete description
of all the point and cross mobilities is required if the induced structural

responses are to be estimated. For simplicity here, however, consider forces

Hhich produce pure translational nation only and suppose that in the frequency

range of interest inertia forces in the isolator may be neglected. Using

mobilities. as is described in [a], the effectiveness of the isolation system

may be clearly examined.

2 = isolation system effectiveness

= Mitude of receiver velocity when connected directly to source
magnitude of receiver velocity men connected through isolator

tosource

= _Hr_
W

tumors II; the isolator mobility
It. the source mbility
HR = the receiver usability

Nov 2 should be as high as possible for good isolation and the above expression

shows very clearly that for good isolation it is required that ll; be much
greater than ()1. + In). Similarly, it can be seen that 3 will become low if
source or receiver mbilities become large (resonances in machine or
substructure) or it Have effects occur in the isolator am It heme low. This

simple discussion serves to illustratewsio points. riret, compled system
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performances may be predicted it milities are known and ssoomly, simle
sandals are. as previously suggested, Win at high frequencies. A! the

present tin there is only alittle information concerning the point mobilities
of sources, such as machines and this will be a topic for continuing study.

Although com simplification may be made concerning- the nature of sources by

assming that they are either of the force or velocity type. the perhaps more

significant problem concerns nobility characteristics to be ascribed to

receivers, i.e. substructures such as floors. bulkheads. machinery seatings etc.

It can therefore be seen that if a complete set of measured or predicted
data is not available, as is usually the case, assessment mthods will he

necessarily approximate. Because of these problems, and the need for isolation

system assessmnt procedures which may berapidly used by structural designers.
very simple. approximate formulae have been developed for estimating the point

mobilities of ooulnon structural elements. The approach is based upon the fact

that at high frequencies, typical substructures composed of beam and plate-type
elements do not exhibit clearly defined resonances in their point mobility. in

such cases the practical structure of finite dimensions may be approximated to

by an equivalent infinite structure with a very simple curve for the point
mobility characteristic which well represents the average behaviour of the point

mbility of the finite structure [4,5]. This approach has been developed
considerably recently [6] and the simple formulae may be used to represent
seatings and isolation systems in the absence of experimental data and without

the use of large computational facilities which might only. it necessary, be

subsequently used in a limited way. The results are generally available in [7].

All machines will be mounted on a set of isolatore which will be connected
between various points on the machine and seating: on the substructure. It is
also coal-on to be involved with vibration control problems which involve several

machines. It is important to know which transmission paths through the

isolators are contributing met significantly to the problem. no fundamntal

quantity of interest is the vibrational power flow between sources and the
receiver. The advantages of examining power transmission are also mentioned
later in relation to structural transmission path identification. Returning to

isolation systems, it can be seen to be desirable to have a reliable

experimental technique for measuring the power transmission through isolators.

any such method sould not be complicated if it is to be used in practical

situations as a diagnostic tool. An experimntal technique has been developed

for assuring the power flow through an isolator [I]. M accelerumters are

used, one mounted at each end of the isolator. Knowledge is also required of the

dynamic properties of the isolator. Power transmission through a spring-like

isolator can, for example, be Illsssured by using the isolator dynamic stiffness

and the cross spectrum of the acclerstion signals "above' and 'below‘ the

isolator. m mthod has been evaluated in [s], the underlying theory is

presented in that paper together with the results of experiments to validate the

method. It has been shown that the two scceleromter method, mica involves

easily perform cross spectral density analysis, may he used to independently

measure the power flowing through each isolatorunder a machine supported on

many isolator-s. The total power from the source is the sum of the illiividual

contrihluons from each isolator. an example of msasuxesnnts taken on a sndel

system is given in Hours 2. m foundation m a beam of finite length with

absorbing terminations MCh behaved as an 'intinite‘ beam. {he
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peak power flow occurred at the mass-spring—‘int'inite' beam resonance frequents]
and the level was adequately predicted by simple mans. At high frequencies, a
considerable amount of power was dissipated in the isolator but the measured
power flow agreed quite well with the predicted curve for the system using a
force source approximation.

In the earlier part of this section it was pointed out that several types of
motion can occur at the point of attachmnt of the isolator to the seating.
Translational and rotational motion may occur via direct and cross
relationships. It is important to know which degrees of freedom are significant
in an isolation system. It has long been the practice to consider only
translational motion normal to the surface of the seating and to ignore other
dynamic effects. This is done partly for simplicity of calculation but also
because comparison of effects of the source in two of the types of freedom is
impossible. i.e. one cannot compare. for example. rotational mbilities with
translational liabilities and deduce that one is more important than the other in
causing structural response. It is possible. however to predict the vibrational
power input to a structure viavarious mchanisms and establish the relative

importance of each mechanism. Again. this stresses the importance of considering
a fundamental quantity, power flow, when studying vibration transmission

mechanism. It is often the case that an isolator is attached to a

substructure, perhaps a plate. through a “stiffener” which could be a beam with
a "I" shaped cross section. for example. If the isolator is attached exactly on

the axis of the '1‘" then force excitation of the plate occurs. but if the
attachment is off~ax1s then want excitation is also present. Using the simple

mobility formulae such as designers might use in order to represent the point
frequency response characteristic of the structure, expressions for the power

flow into structural elements such as beams. plates and combinations of elements
may be derived. some examples of results of such predictions are given here in
Figure 3. It can be seen quite clearly from this diagram that mount ewcitation
should be avoided because this mchanism induces more flexural wave power in
beam and plate—type structures at high frequenices than does excitation by a
force normal to the surface. The implication is clear: avoid machinery
installations which involve mount excitation and high frequency problems will
be minimised. This type of power flow study coupled with approximate mbility

analyses is most valuable in revealing the practices which are good or poor in
machinery installation design. Also do not fail to observe that power flow
analysis facilitates comparison of efficiency of excitation mechanisms - this
would not be possible by other means.

3.0 vrm'nos TRANSMISSIWmm

The point of interest in a vibrating structure need not always be close to the
machine or source of vibration. We may. for example, be concerned with vibration
levels in a part of a building mich is reacts from a machinery installation. It

is obviously important that the paths by which vibration is transmitted from the

source to the place of interest be identified in built-up structures. In a
complicated structure there will be many paths involving transmission by a
variety of wave types in various wdia. Ihe frequency response approach.
outlined above, may be used inthe definition of transfer functions: for example
a transfer mobility defines the velocity at a point produced by a force

Proc.l.0.A. VolE Part4 (1934) 5
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applied at another point, as a function of frequency. 'me measurement of
transfer functions of this type does not alone yield enough information for

transmission paths to be identified. It is therefore sometimes necessary to use
other techniques. Some approaches to the problem which have beendeveloped in

the past are desch here together with power flow techniques which are

currently under developIent.

1113 most simple method for investigating vibration transmission might be thought

to work in the time domain, that is to transmit a pulse through the system under
test and monitor the response at various points. However, the presence of
multiple transmissionpaths and frequency dependent transmission characteristics
generally precludes use of the method because the pulse shape becomes

significantly mdified during transmission. Cross correlation techniques are

the classically proposed method for examining transmission of vibration and this

type of analysis may be used with random or transient excitation. It is hoped

that the cross correlation function between the force and response will exhibit

peaks corresponding to the various time delays in the transmission paths. with

magnitudes related to the attenuation factors associated with each path. his

method of analysis has been examined in depth for Various types of transmission
path [9,10]. The cross correlograms were studied for ideal systems and
combinations of ideal systems which might represent the sore complex behaviour

of practical structures. For example, in a building, vibration transmission may

occur through Nth acoustic and structural paths. In a simple model the

acoustic paths may be considered as delay elements and the structure as being

cowosed of resonant elemnts. Although these representations involve

considerable simplification, the approach does permit the examination of

situations in which frequan response measurements alone are unsatisfactory.

It lust be said, however, that in the study of combined element systems both

frequan and time domain analysis techniques have sometimes to be used together

to facilitate system identification. The approach based on use of combinations

of simple systems to explain and represent the behaviour of structural systems

is of limited use because non-dispersive transmission is assumed to occur.

Plemrsl wave propagation in structures is dispersive. that is the wave

propagation velocity is frequency dependent; pulses containing a broad range of

Emman- are therefore dispersed with distance and the use of pulses with

broadband spectra is therefore precluded as measurement of delays from

conventional cross correlograms is impossible. rurthsr work was therefore

carried out to develop test and analysis techniques which are suitable for use

with dispersive system. M approaches have been examined Which involve the

use of sore advanced signal processing techniques colpared with simple cross

correlation. The first method. which followed work by Aoshima [ll], was

developed by Holmes at the ISVR [lo] and involves the generation of a special

test signal. a transient excitation function consisting of a sequence of bursts

produced by inter-sitting a pure tone was developed and it has been shown that

this essentme single frequency smcitation function smibits little dispersion

with distance in the natural vibration of structures. The analysis technique

involves cross correlation of the intermitting.. sequence with the squared

response signal and yields cor-relation fumtions with clear triangular peaks

from which group velocities and attenuation factors can be measured. no second

method involves sisple transient excitation together with use of an inverse

lourier Transform technique to obtain a function with Union to nudity the cross

a Proc.l.O.A. Vols Part4 [1984)  
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corrslogram obtained in the conventional way. in order to produce cross

correlgrams from dispersive systems which may be understood [12]. It should be

clear from the above discussion that the use of well established procedures such

as frequency response testing, which still has a very useful role in vibration

analysis, and correlation techniques in signal processing which have been

subjected to modification, do not lead to complete understanding of the

vibrational power transmission whiCh occurs in structures and

structural/acoustic systems. If vibration control is to be attempted on a

distributed structure. it is important that the mechanisms governing power

transmission be identified. All too often, some local change is made to a

structure, perhaps the addition of a damping treatment or stiffening in a chosen

local area. only .to find afterwards that the local vibration level may have

changed but the level at the point of interest elsewhere was substantially

unchanged. The power flow approach is fundamental in Vibration transmission

studies: it one refers back to the discussion of machinery isolation in section

2.0 above, the power flow approach can be seen to be justified in several ways.

The power flow approach in vibration isolation shows clearly which isolator or

which machine is injecting most vibrational power into the substructure. The

power flow approach also permits the line of attack in vibration control to

attewt to minimise the problem at or close to the source by minimising the

power input to the substructure and thus obviously, if intuitively at this

stage, globally minimising the subsequent structural vibration problems. It is

also clear from Figure i that in only considering the transmission paths through

the isolators in a machinery installation one is taking a somat naive

approach to the problem. men the simple representation in Figure 1 shows that

transmission between source and receiver takes place not only through the

isolator but also through other parallel paths which "short circuit” the

isolator: the parallel paths are through the air, or surrounding medium,

pipework, shafts etc. and other essential connections to the machine. In

conventional vibration analyses the transmission characteristics through all or

these paths between the source and receiver can only be described in different

terms which do not permit comparison in order to establish which pathsdominate

in the transmission of vibration from source to receiver. Power flow analysis

facilitates this oomparisonl one should be able to study power transmission

through isolators, pipes. shafts, acoustic paths etc. When vibration has been

input via these various routes to the substructure it is transmitted through the

various structural/acoustic paths to the area of interest. again, study of

power flows is vital in as much that the domith vibration transmission paths

should be determined and sensible vibration control procedures applied. mu

then is the case which supports the need for development of techniques for

structural power flow measurement. 1o smarise. power flow is fumamntal

quantity of interest in vibration control and the power flow concept unifies the

various transmission problems encountered to enable reasonable vibration

reduction masures to be attempted. Bath theoretical and experimental approaches

have therefore been made at the ISVR in the study of strucutural power flow.

Acoustic intensity measuresnnt methods are now well developed after the

piomering son: of Fatty [1.1] which enable acoustic transmission paths to be

characterised and sources to be ordered in relative importance. acoustic

intensity measurement is not discussed further here; attention is given to the

development or structural poser flow masureumnt sethods at the ISVR. It is

perhaps worth noting at this stage that the term "intensity' in structural

Proc.l.O.A. Vol6 Fund (1984) 7
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masurement means "power {low per unit width".

'lheoretical studies carried out so far have beenon necessarily staple maels.
Power flows in grillage—type structures have not yet been examined. The wave
propagation and power flows due to force and mmnt'excitation applied to the
beam have been studied at the driving point in the far field of an infinite plate
with a simple line stiffener [14]. It has been found that the nation at the
driving point is largely controlled by the beam. If the beam is excited by a
force or lament so that flexural wave motion is induced, then the power
transmitted by these waves will initially be associated with the beam. As the
waves travel away from the source they radiate into the plate so that in the far
field mre power is transmitted by the plate than the beam. Power transmission
caused by moment excitation producing torsional motion of the beam tends to be
predominantly due to the beam at high frequencies, with the plate being mre
significant at low frequencies. This type of analysis leads to some insight
into the physical behaviour of structures and the important mechanisms in
vibration transmission. The stiffened plate is representative of a machinery
seating and the relative importance of force and mment excitation has already
been stressed in this context in Section 2.0 above. Formulae are given in [H]
for power flows into various types of structure. It is undoubted, however. that
in addition to theoretical anlayses, experimental techniques for masuring
structural intensity could be of considerable help in practical vibration
control.

Experimntal techniques for measuring the power flow in structures have been
developed. A considerable amnt of theoretical work has been carried out in
order to establish the basis of each proposed experiaamtal anthod. A very
significant amunt of effort has also been devoted to investigation of sources
of error and practical limitations. Initial studies concerned one dimmional
power flow due to neural wave motion. Plexural waves have been examined as
this type of wave is easily excited in structures. forms one or the predominant
transmission mechanisms and often constitutes an efficient mechanism for sound
radiation. Consider the case of a one dimensional bending wave propagating in a
beam along the x direction. the power flow is given byl-

punt) = a [$3. at — (fig) %]

where s = the natural rigidity = BI
s = Ibdulus of Elasticity
I: = second Iment of area of cross—section

and y = displacemnt.

The first term is the shear force component of power P, which is the product of
the shear force and the transverse velocity and the seond term is the bending
lament coupon-ht Pm, mich is the product of the bending moment and the
rotational velocity. Pavic [l5] began his study of power £104 msasursmnt {run
the above equation which shows that one could determine the time and spatial
derivatives of the nation in order to evaluate the terms within the large square

3 Proc.l.0.A. VoIB Pan4 (1934)
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attention is drawn to that paper for further intonation. me two transducer

method appears very useful {or taking measurements on beam-type structures,
which of course. include pipework wnicn is often a path in puma]. with
vibration isolators. in the case 0! plates, the theory is necessarily more
cusplicated and there are three components of power Flow, shear. herding and

twisting. Impressions for the three components may, of course, be written from
plate bending theory. Following the above approach of simplification, rather
than measuring all three components, it may be shown that the intensity .1 in a

given direction in a plate in the far field is given by

0') = 2n)": = 2[<Jm> + (any)

more Jx = intensity in the x direction
a“ = shear force component
J“ = bending moment component

and th = twisting moment component.

Again, it appears attractive to measure the shear force component rather than to
use the more cmbetsome ten accelertmnter method. '1‘) obtain simultaneous

intensity measurements in two perpendicular directions. {our accelerometers may
be used, spaced symtrically at a distance N2 from the nominal measurement

point. This method has been implemented [17] and the four accelerometer method

tested by masuring the intensity at points on a circular contour on a plate in
a wavetield due to radial power flow from a central source. 'me nuanured

intensities were used toestimate the total power crossing this contour. mod

agreemnt was obtained between the masured and input total input power.

An electronic structural intensity meter has been built whichimplements the two

and four transducer methods fior one and two dimnsional intensity measurements

[is]. This develoment represents a very significant advance in the structural

dynamics and vibration control field. It is hoped that the portable instrument

will find application in future tests on built—up structures. An example e:

intensities mapped in a plate are given in Figure 4(b) taken from [is]. A series

of experiments were carried out in [is] on a large steel plate of dimensions

2.5m x 1.3III and 5.Im thickness. Dry sand above and-below CM periphery of the

plate in a wedge shape provided 'anechoic' boundaries. For the test conditions
of Figure I, two identical lengths of rectangular section steel her were

attached to the plate to provide partially reflecting boundaries near esch end.

'mebarattheletthandendwaswellfindtotheplatebyalaysrot

cyanoacrylate adhesive but that at the right hand and was only attached via

spots of adhesive. Narrov band excitation was used in the form of a frequellcy

modulated signal. The tour acceleromter method was used for intensity

measurement at 0.0511: spacing (corresponding to 0.15! wavelength at the centre

frequenaj). An additional accelsmter was placed at the centre of the array

to indicate the MB acceleration at the measurement point, over the whole

emitation bandwidth. no difference in bounderyponditinns is clear in Figure

Mb). 0n the left hand side, little power crossed the her all! the intensity

pattern is confined due toseal circulation of power. on the right hand side

there was much less reflection and more pover {loved to this side of the plate to

cross the boundary into the absorbing termination. 'mase differences can be

ascribed to the two different mthods of attachmnt of the bars; the intensity

10 Pmc.l.O.A. Vols Pan4 (1984)
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patterns are quite clearly mapped. The m accelerations plotted in Figure 4(a)

do not lead to any indication of greater power flow to the right hand side, hence

merely plotting accelerations does not give useful information, as expected.

'me intensity map clearly shows how two apparently identical boundaries or

discontinuities on a structure may be shown to be different by the application

of power flow methods. Power flou mapping srwv-s great promise as a useful

technique for the future in vibration control studies.

4.0 WOPWWCYWSB

vibration testing. in the area of structural frequency response measurement. is

generally concerned with measurement of resonance frequencies, damping. mode

shapes and scaled frequency response relationships, such as mobility, through a

wide range. Often, testing is carried out to obtain estimates of resonance

frequencies for marison with predicted natural frequenices derived from some

theoretical analysis. Damping is difficult to predict and experimental work

vill always be required in this area, not only to measure dissipative

characteristics so that damping ratios and loss factors may be inserted into

forced vibration claculationa but, as will be discussed later, extremely

accurate masurements of damping are required in aircraft flutter testing.

Frequency response data are required nowadays for modal analysis or structural

modelling exercises and also to complnt the kind of point coupling studies

already discussed in section 2.0 above. ‘The range of structures to be tested is

obviously wide. ranging from ships, aircraft, buildings, motor vehicles etc. to

smaller items such as printed circuit boards, for example. The experimntal

procedure is in each case the same: that is to subject the structure to a

prescribed excitation and to interpret the complex, excitation — response

relationships. ‘me problem much confronts the experimenter is to excite the

system, measure the force and response. and present the derived information

which should be readily understood. The analysis of the resonances excited is

simplified by applying single degree of freedom system theory to each resonance,

the complete response being represented by superposition. ll‘his representation

is. of course. only applicable to linear systems and the assumption of linearity

is not often made in emerimental testing; the analysis of nonlinear systems

and system identification from emerimental data is currently being studied and

is certainly a topic which will receive considerable attention in the future

[ls]. souever. as structures generally behave linearly at small deflections. if

care is taken to generate only low response levels then nonlinear effects may

often be ignored. using the single degree of freedom analogy for response in

each mode of vibration, nasurements of natural frequency and dancing may be

made by simple analysis procedures. For general discussion of techniques for

deriving mdal characteristics and frequency response data from vibration tests,

the attention of the reader is drawn to [20] and [2).

Although the Engineer still often appraises graphical data and derives estimates

of frequency response Characteristics, computer-based routines are increasingly

used. "lbdal analysis" routines and systems are mrcially available and are

used to curve fit to sets of masured data in order to provide estimates of

dynamic characteristics. One of the benefits of using such analysis procedures

is that displays, most often animated displays, of mode shapes may he produced.

although the use of such displays my sometime appear to be very limited. it is

Proc.I.O.A. Vol 6 Part4 (1984)
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often very informative to examine mde shapes when vibration testing is carried
on components and structural modification for vibration control purposes is
attempted. ‘me development of computer—based Imdal analysis systems is logical
and necessary; as will bediscussed later in relation to transient testing. it
is possible to acquire large sets of structural frequency response data very
rapidly via use of digital data analysis systems and it is logical that the
power of the computer be used to alleviate data presentation and interpretation
problems for the Engineer who. althmenarally capable and extremely
resourceful, is for the foreseeable future only available essentially in "Mark
K” form (although some anthropologists might disagree). However, it perhaps
suffices to say that the availability of modal analysis syst is greatly
beneficial in vibration testing. There is a considerable amunt of literature
available on the subject: a critical examination of structural modelling is, for
example, given in [21], in relation to the derivation of structural
characteristics for prediction of the response of coupled structures. Such
modelling procedures must remain considerably interactive between the computer
and operator, however. Significant errors in predicted dynamic characteristics
can occur if errors are made in frequency response measurement or slightly
faulty or corrupted data are included in the basis for the model. Hhen
mdelling a structure from measured data it would be useful if a degree of
accuracy for the mdel could be'determined. This would enable an assessmnt to
be made of the use of the model in further analyses.

Nov, although the above discussion has outlined the frequency response
measurement and analysis problems and current trends in data presentation,
little has been said of practical testing techniques beyond the need "to excite
the system and measure the force and response". It is possible to perform
frequency response tests in a Variety of ways, depending on the type of
excitation used. Traditionally, "frequency response” is almost always thought
of as the steady state response of a system to sihewaves. This approach is that
first used in dynamic testing. It is tedious and time consuming, although
computer—based incremental sinswavs testing systems have been developed which
automate the test procedure through a chosen frequency range [22]. There is
often insufficient time for steady state testing and for this reason the
quasi—steady state or slow sweep test is used. In this method the excitation
frequency is slowly Variedthrough the range of interest and it is assumed that
the test structure attains steady state response levels in all of the resonances
excited. This is sometimes a rather bold assumption but with care and good
experimental technique a high degree of accuracy can be obtained. some sources
of error and refinements in technique developed through the years are reviewed
in [20]. connercially available system combining a beat frequency oscillator
which can be slowly swept through a chosen frequency range and a recorder for
plotting response magnitudes are used {or structural/acoustical testingand

servo control system are incorporated for excitation amplitude control.

Random testing using broadband excitation signals increased greatly in
popularity with the advent of digital data analysis systems. The ease with

mien spectral density and cross spectral density analyses can he carried out on
digitised time signals made this type of testing much simpler'than in previous
years when laborious, and limited, analogue methods of analysis were used. This

change in signal processing philosophy also ensured that transient analysis was

12 Proc.l.O.A. Vols Pan4 (1984)
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readily facilitated; in particular Nurisr Transform analyses could be quickly

and accurately performed on recorded data or on-line from experiments. ‘mis

development my have been precipitated met, or perhaps the timing was
fortuitous, by the 'sonic boom" problem due to supersonic oomrcial flight

occurring at about that time. Interest in transient testing as a quantified

structural test technique, however, arose primarily due to the development of

digital computer—based signal processing systems with Fast Fourier Transform

(m) routines. Work at the ISVR began'in the late 1960s on the development of

a transient meted for measuring structural frequency response, principally to

carry out rapid measuremnts on ship's hulls in relation to the machinery

seating problem already discussed in section 2.0 above. 'lhe method is generally

applicable in structural testing and has been applied very widely to a variety

of systems. on technique is based on the use of very rapid frequency sweep

elicitation in Ilnich perhaps typically two decades in frequency are swept in

about one second. The rapid frequency sweep technique is the result of a

considerable amount of research into the development of a transient mthod for

the rapid measuranent of structural frequency response, digital data analysis

procedures being used to derive the required dynamic characteristics, either

directly or via moaning. no method is described in [23] and the large amount

of theoretical and experimental work carried out in the development and

validation of the technique is reviewed in that paper together with description

of the necessary instrumntation and practical, experimental technique. it is

recomhded that anyone involved. or about to become involved, in this type of

testing should read reference [23]. 'lhe impatienm of emerimsnters is Hell

)rnmm to the author and if the prospect of reading a fairly lengthy paper

appears formidable men one wishes to proceed quickly with the emerimsnt, then

attention is drawn to the fact that the paper mntains a short section 'a simple

guide to practical testing" which might be of assistance and does not take long

to read. It should perhaps be noted here to obviate some confusion that the

rapid frequency sweep technique is often referred to, for brevity, by those

other than the author, as "chirp testing".

an sample of a critical type of vibration test whim requires extruser

accurate masuresnnt of damping and is relevant to the lives of a large part of

the pownuen is the aircraft flutter test. Flutter is a dynamic instability

of an aircraft structure which muld damage or destroy it suddenly. It occurs

at speeds above the so called flutter speed micr- ysriss with the m mmlber at

which the aircraft is flying. It is necessary to carry out esperimntal tests,

usually called 'fluttsr tests", because of the difficulty of reliably predicting

aircraft flutter speeds frun calculations and {run Hind tunnel tests. It is

also “possible to predict structural duping levels am this further reinforces

the need for practical testing. The problem and approaches to testing and

signal processing are very Hell described in [21]. 'lhs nathdd of testing is to

excite the structure-an! measure the response, usually unploying accelerometers.

The responses are then analysed to give resonance fruplencies and duping

associated with a large number of resonances in the frequency ram of interest.

Sum nasurmnts are taken on a prototyin aircraft at a range of speeds am

altittsles; the test an analysis time are necessarily mart. A variety of

excitation techniques have been used seat as, using naturally occurring

turbluence, vibration cutters, 's'tick shakes" pyrotechnic devices referred to

u'hnmrs'l etc. fliprocsdurefollowsdistoflytnesiecraftst

Ploc.l.O.A. Vow Fund (1534) ' 13
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progressively higher speeds and m Numbers checking for incipient flutter by

extrapolating the measured damping values of the critical resonances to the next

speed and Mach numberuol. Because of the limited test time and the need to

rapidly process results, the transient technique is attractive in this type of

work. no rapid frequency sweep technique has been used recently for flutter

testing by applying this type of forcing function to the structure, in flight,

via hydraulic enciters operating inertially. A pair or excitsrs, with control

of their relative orientatisn has been used to emits an aircraft in flexural

and torsional nodes. The sanitation and response signals from transducers were

processed to yield damping information. this aircraft which was investigated by

the method is the British Aerospace 146 passenger aircraft as shown in Figure 5.

This use or the rapid frequency sweep technique in a critical area of study is

rewarding and is indicative of the obntlde‘nce which may'be placed upon results

obtained in this way. The mthod say he developed further in the years to come.

one recently proposed advance in technique concerns the use of a digital signal

generator to produce the rapid frequency sweep test waveform rather than

analogue methods as have been used in the past [25]. ‘lhil sathod has the

advantage that the excitation spectrum may be shaped. via inverse filtering

techniques, to cuspsnnto for exciter characteristics and interaction effects

and very high 'cut—off' rates may be produced at the spectrum limits. no rapid

frequency sweep technique also shows promise as an oscillatory shock waveform

for the envlmlmnntal testing of eguipnent [26). It is clear, however, in shock

problems generally. that although test techniques may be improved. damage

potential in practical structures and systems needs considerable study in the

years. to m it quanititisd sssessmnts are to be made for predictions of

likelihood of structural damage or system malfunction. The basis for such

general assessment is not yet clear, although the author believes that an

energy—based method Isth be useful [21).

14 . Proc.l.0.A. VoIB m4 him)
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above, criteria which firmly indicate damage potential have not yet been
fully established. ‘lhe proposal made in [27] that shook damage may be

related to the energy input to a structural system indicates that/it is

again inportant to increase structural damping. m methods of improving
the dynamic properties of CPR? are being investigated:-

- the use of aligned discontinuous fibre reinforcement,
perhaps in conjunction with continuous fibres, thus offering

greater variability and control of resultant modulus of

elasticity, damping and muldahility.

— the selection and use of a highly damped matrix material.

These studies have necessitated the development of both accurate

experimental sounds for measurement of material properties and novel

moulding techniques for manufacturing specimens. measurement of material

properties in flexure and shear are carried out using fairly well
established techniques [31,32] although some effort has to be devoted to

deriving material damning properties from model properties via knowledge of

the stress distribution in the test specimem for the shear case see

[33,34]. Details of techniques for reliably mulding specimens with short.

aligned fibre reinforcement are also given in [34]. ’

'lhs use of discontinuous carbon fibre reinforcemnt in plastics can yield a

material with moderately increased damping as well as high modulus of -

elasticity med with continuously reinforced composites. at short

fibre lengths mre shear strain is imparted to the matrix material and

energy dissipation is increased. It can be seen that the CHIP cmnposite

offers the possibility of both high stiffness (from the fibres) and high

damping (from the matrix-fibre interaction), a nomination which may well

prove valuable for structural purposes. The properties of these materials

may be determined experimntally by testing composite specimns or by

analytically predicting material properties as a function of the properties

of the constituents and their geometrical relationship. The compromise

which might be achieved in flexure is indicated in Figures 5(a) and 60:)

[35] which sfi mdulus of elasticity and damping curves as a function of

fibre aspect ratio (fibre length/fibre diameter). The data were derived

theoretically but were confier via complementary experimental studies.

'flle results of this study shot! that damping may be controlled to some extent

via selection of fibre aspect ratio. The experimental studies involved

cumuly used fibres of 1m disaster (hence the l/d scales in Figure 6)

which had been chopped into short lengths and aligned in the test beams. xt

can be seen that at fibre lengths of about 0.25 to 0.75m an increase of

damping was achieved but this was associated with a decrease in stiffness.

'lhess trends may be exploited via a oomprunise commotion in the fibre

length region intimated. m duping values achieved were, however, not

very high; there is therefore a need for matrix materials (resins) with

enhanced dissipative properties.

For this reason, studies are underway concerning the use of more highly

- damped matrix' materials in CHIP. using continuous and discontinuous

reinforcement. under simple and unstained leading. The objective is

consistent with the above discussion, Le. to develop a CPR? material or

cusp-waits structural configuration achieving intermdiate stiffness and

Wing properties comatible with hiw performance structural

requirements. The results frun preliminary studies are given in the letter

16 I Proc.|.0.A. VolG Pan-4 (1934)
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part of [36] together with theory developed for derivation of loss factor
information at high stresses which result in combined loading at the
associated large amplitude flexural vibrations. The results are

encouragingy a beam specimen was made which had a relatively high modulus of

elasticity (115 cal/m3) and flexural loss factor of 0.01. whilst this
damping value is not as high as would perhaps he wished. it is much greater

than the less factors associated with more conventional constructions ('

0.001). unfortunately, the stiffness of a composite in directions other
than that of the fibre reinforcement is governed by matrix properties.
consequently, this specimen had low stiffness and strength in torsion and

would perform poorly if subjected to shear loads, although undoubtedly the

shear loss factor would be higher than the value quoted above. it should

not be forgotten, however, that the objective is to ultimately arrive at a

structural configuration which yields desirable dynamic characteristics.

The studies carried out so far relate to material properties and the
desirable trends in behaviour may well be exploitable via combinations of

constituents in an advantageous "lay—up" in a composite structure. 'lYIe

results obtained so far are encouraging.

flhe practical structural design aspect of work on high performance

structures has arisen again because of the use of composite constructions.
In service, aircraft structures, for example, are subjected to dynamic

loading which may cause fatigue damage. This is particularly a problem for

panels which may besubjected to very highintensity acoustic excitation in

regions close to jet engine effluxes. a considerable amunt of research has

been carried out in the past concerning the prediction of dynamic strains

induced in aluminium alloy structures under the action of random acoustic

loading. a major part of that effort was concerned with the development of

simpls methods for response prediction using the fundamental mode

appronmation for estimating induced strain levels. The design procedure

was established by Clarkson [371.and has been extensively used in aircraft

design and well validated for metallic structures. However, the use of new
materials, such as CPRP, has necessitated some re—appraisal of the

"Engineering" approach to dynamic response prediction. a necessary part of
any such work is experimental testing using high intensity noise sources to

drive panels and structures conbposed of arrays of panels. 1m test methods

are well established, see [as] and [39] for example, but the controversy

will probably always exist as to whether or not "siren testing" in a

travelling wave facility is representative enough of the practical case in

the aircraft installation and how results may becorrelated between the two

cases. However, such experimental work continues and the current stage is
that there is renewed interest in acoustic fatigue testing, particularly

related to mmposite structures, and higher levels of excitation are sought

in order to be able to test specimens for aerospace applications.

The approach to structural design of mmposite structures for acoustic

fatigue resistance is based on a mixture of theory and experiment to

establish the design formulas, see [40,41] for example. studies have been

carried out to specifically examine use of the simple, single mode

approximation formula of Clarkson for the prediction of composite panel

response. The method may be used for thick, multi—layered plates but thin

structures compared of a few layers exhibit grossly nonlinear behaviour

which precludes use of such mthods [42]. m thickness requirement for
applicability of the simple stress estimation procedure is that, for

typical aircraft constructions, panels should have six or lure layers of

fibres. The stress prediction mthods are now available in data sheet form

Proc.l.O.A. VolB Part4 (1984)
n

 



.
3
2
.
v
s
;
c
3
>

(
6
.
1
0
2
;

a—

.
8
3

Hun-nu..—
n
a
u
fi
fi
i
5
3
5
:

c
a
n
n
u
l
a
-
=
3

a
l
o
e
1
5
2
3
5
.

n
o
:

u
n
s
u
n
g
3
5
.
3

I
n
.
.
3
5

n
2

.
3
:

g
a
l
.
.
.

I
n
!

.
5
3
3
5
5
-
3
—
3
-

u
o
3
:
0
6

9
:
.

.
E
S
u
u
i
u
-
E
U

u
n
a
n
n
o
u
n
-
u
o
o
i
z
l
5

1
!
.

h
u
g
e

9
n
d

B
e
a
u
-
0
9
8
0

"
~
1
5

c
o
a
l
-
n
u
}
:

I
5
0
.
5
2
3
T
E

5
.
!
—
!
3

a
n
!
3

1
—
0
S
u
d
a
n
.
E
s
g

.
3
0
!

n
o
o
n

#
0
:
9
5
:
E
n
g
2

D
a
r
w
i
n
M
g

3
I
n
;
s
a
g
a
s

a
n
E
g
g

ll.—
8
n
3

B
a
l
l
—
y

N
E
H
-
5
0
:
q
u
E

3
3
6

:
fl
fl
u
fl
l
r

9
.
»
5

i
n
:

u
n
i
-
I
E
.
5
3
3
:
!
»
-

§
u
§
u
u
|
c
n
o

s
o
l
s
—
n
u

§
§
u
§
u
°
:
3
§

B
u
g
h
n
c
a
u
Q
-
a
g
i
o
n
fl
a
v
u

.
3
5
3

u
n
i
o
n
.
5
:
a
n
n
u
a
l
—
a

I.“

5
2
3

3
5
3
A

a
l
l

6
5
3
3

9
.
5
3
.
1
:
9
5
5
6

u
-
S
o
o
u

«
t
o
3
x
2
5
£
5
1

«
a
n
n
u
a
l

.
3
2
.
3
3
E
m
u

n
o
i

5
5
.
3
0
u
g

cans—woo-
:

an
.
5
3
2
5
I
2
3

g
a
l
-
u
n
m
i
x
-
9
3
3

h
a
s
“
;
g
i
n
-
5
!
-

.
x
h
o
l
u
n
c
a
n
n
y
:
5

a
m
i
n
o
»
:
D
a
l
—
5
:
0

a
n

n
o
:
h
e
E
l
i

a
!
"
g
»
:

a
u
x
—
I
n
c
a
s

c
a
l
-
n
u

n
o
h
a
u
l
:
9
5
.
3
5

n
o
w
a
s
:

i
n

o:
.
5
3
5
1

:
6
3
I
:
3
3
2
5
5
~
5
3
»
.
3
:
3
3
!
5

a
n
s
-
u
n
i

£
5
8
1
5
1

n
o
3

9
-
3
8
3
8
.
g
a
u
g
e
;

w
o
u
l
d

v
a
n
5
0
0
3
:
3
3

3
.
2
.
3
3

h
u
g
e

c
a
:

6
3
5
5
8
3

F
a
u
n
a
»

3
3
9
.
5
3
7
3
.
.
.
5
i
s

c
a
n
:
I
:
3
3
3
3
-
8

c
a
n
"
;

.
0
3
3
.

!
I
5
3
1
5
9
3

0
3
3
8
-
1
5
5
8

uni...-
i
u
u
l
u
n
a
m
o
n
g

n
o

oil“.
0
5
.

2
n
!
!
—

I
n
o
a
n
s
—
E
u

n
a
h
—
5
|
:
9
5

8
:
0
3
.
4
2
1
3
5
3
3
5
3
3
3
3
0

1
.
1
3
1
5

6
.
3
3
.

n
o

un
s
un

-
5
I
5
0
8

H
a
g
a
g
g
fl
fi
g
g
n
fi
m
fi
u
u
o
a
fi
n
g
u
-
g

:91.
2:2.

3
.
3
3
5
.
5
3
3
3

l
a
m
i
n
a
«
B
u
n

-
no
:
5
3

S
a
n
-
B
E

5
!
.

5
:
3
6

m
i
n
-
6
I
l
i
a

an...
3
-
5

I
I
I
5
~
3
8
3
8

[
3
8
5
.

.
5
3

2
i
:
1
3
3
%

9
.
3
3
.
.

[
a
n
n
o
y
s
-
8

.
3
5
3
5
:

c
a
n
:

c
a
n
n
o
n
!

:
2
.
3

“
a
n
:
3
5

u..-
a
o
u
u
l
fi
s
n
r
o
n
m
:
3
3
3

I
6

g
g
g
g
u
o
g
i
l
fi
u
g
n
fl
fi
g
fi
l
g
u
g
g

0
-
5
r
a
n
-
S

«
1
9
.
3

2
3
3
'
.
.
.
—
S
E

6
5
5
2

0
3
2
5
3

.
3
8
8
,
I
l
l
5

.
5
1
.

9
:
3
3
2
1
3
.
5

6
3
5
.
3

no
B
u
n
-
I
E
3
3
8
5
5

2
3
a
s

.
u

n
i
x
-
I
t
.
.
g
g
u
-
fl
g
i
g
s
g
i
n
n
g
—
l
g
fi
a

:
0
3
I
:

3
5
.

6
0
3
9
5
5
9
.
-
?
«
3

v
a
n
-
E
u
5
:
.

g
a
i
n
.
—
$
3
5
-
$
3
5

u
.

3
2
5
:
.
3

n
o
u
n
-
F
:
-

3
-

n
u
n
-
5
3
5
.
.

:
-

u
B
I
d
.

d
u
g
-
l
e
a
n
!

H
: 90%

5
u
h

g
o
n
n
a
g
u
a
n
o
u
o
fl
fi
u
z
g
n
g

h
a
g
—
5
0
A
!
!
-

u
-
5y
a
5

P
5
5
8

E
S
P
—
S
a
l
:
g

G
a
u
l
—
5
‘
-
§

o
n
.
q
u

I
s
!

.
3
1
1
;
.
8
3
!
q
u

a
n
:
9
6
3
.
5
3
5
3
3
3

3

c
a
n

3
3
9
3
5

"
c
a
n
:
5
1
0
3
5
!
-
3
3

p
a
n
a
c
e
a
-
3

o
n
i
g
3
i
s

.
3
5
3

c
o
n
—
i
n
n

g
u
n
—
3
9
M

In...
all...

a
r
o
m
a
-
S

n
u
n
—
€
-

.
I
-
a
n
I
i
i

5

E
U

5
0
-

I
B
I
.
5
9
2
q
u

3
.
1
6
.
3
0
4
6

I.”
03.."

a
d
u
l
u

u
o
£
3
3
3
6
3
:
.
5
5
%
-

H
fl
a
n
fl
fi
v
l
i
n

5
9
:
6
0
0
h
a
s
;

a
l
l
-
3
:
9
.

I
n
l
e
-
l
s
a
a
i
a
v
u
l
n
l
fl
b

:
—

.
i
a
a
g
u
o
i
a
a
g
u
é
g
g
g
o
g
g

:
1
E
n
g
l
i
u
o
g
g
g
u
o
g
g
a
l
e
a
'

y
o
u
2
.
5
:
1
5
0
3
8
3
9
8
0
3
8
a
n
d
;

a
n
d
c
o
u
g
h

0
5
5
.
5
5
.
?
a
n
:

E
B
E
B
B
E
E

3
%
8
2
8

22am...
9
:
3
$
5
3
8
9
:

 



e—
\

:
3
2
.

as...
2
.
5
<
3
3
.
.
.

.
fl
fl
-
o
u
u
I
0
5
3
3
9
5

a
5
3
.
:
a
!
»
g
e
n
3

an
«
3
:
8
8
-
3
0

9
:
9
3
.
.
3
3
3
3

n
o

o
n
:

9
.
»
.
5
3
3
1
.

5
3
3
3
3
.
.

a
:
3
8
3
3
5
0

no
1
.
3
3
!
-

oomauu
5
.
3
3
.
.

:
2
3
.
"

cu...»-
o
fi

an
i
n
!

an
:
3
3
.
3
3
:
0
-
9
3

m
a
n
u
a
l
.
£
3
2
.
2
5
:

.
3
3
.

a...»
3
9
8
.
.
.
.

.4
an

A
n
n
a
—
3
0
9
:
5
:

v
a
l
-
fl
a
g

a
s
.
»
n
o
i
n

.
c
fl
u
fl
a
fl
fi
u
3
5
3
.
5
-

I
i
3
3
!
.

S
n
a
fi
s
u

u
n
i
.
«
5

9
:
3
.
3
5
3
3

a
n
3
:
9
.
-
u
fi
g

8
:
5
3
.
.
.
.
—

E
a
n
fi
i
e
u
n
a
u
a
a
u
i
u
a

«
0

=32...
.
g
fl
o
n
o
v
a
c
a
u
u
a
u
v
n
a
o
o

no
o
n
?
3
5

no
.
3
3
5
a
n
.
5
3
a
5
3

.
9
3
£
3
q
u
9
§
~

c
o
l
-
o
£
3
0
3
3
5

I
n
c
o
m
i
n
-
D
E
U

H
a
d
-
I
v

g
n
u
—
E
u
-

.
I
t
q
u
u
l
n
b
u
h

«
I
a
n
-
v
!
-

u
o

h
a
!
»
-

l
fl
h
fi
g
fl
u

1
F
:

.
fi
u
d
c
u
w
u

a
n
u
s
—
5
5
0
i
g
u
a
n
a
-

n
o
u

I
S
A
—
E
d
»
.

I
I
.

I
a
n
y
:

E
g
g
s
c
fi
fl
u
a
a
a
u
l
c
u
a
-
o
g
o
u
o
g
g
g
i
fi

.
3
0
3
2
.
“
c
o
d
a
-
3
.
3
3
0
3

"
l
a
c
u
n
a
:
-
q
fi

u:
-
E

5
0
5
.
?
!
—

ue
5
.
5
:
«
5
9
—
9
5

5
9
5
3
3
9
:
can:

i
t
.
9
8
0
8

a
n
!
»
:
5
5
5
2
2
8

8
3
3
9
5
.
5
3

S
l
u
s
h
:

J
e
a
n
n
a
—
i
l
l
s
0
3
3
.
3
8
5
1
5
0
3

5
"
0
.
3
3
9
5

n.—
2
)

“
B
u
n
-
«
n
o
n
n
-
1
5
B

3
.
3
.
3
5
.
3
5
!

n
o
.
3
3
5
.

3.»
u
l
n
a
-
i
a
l
g
a
-
a
u
-

.
H
Q
E
q
u
E
E
E
M
u
E
-
B
fi
-
I
fl
-
n
l
fl
o
fl
g
fi
u
g
fi
u

g
u
a
n
i
g
l
a
s
fl
u
g
u
fi
fi
u
g
u
n
fi
u
o
u
o
n
u
l
u
fl
u
!

v.2.
.
g
fl
g
g
c
fl
u
fl
e
a
fi
u
fl
u
u
B
-
u
g
i
n
u
g
m
g
z
s
g

a
d
3

n
i
n
e
5
£
3
8
3
q
u

0
.
3
g
a
u
g
i
n
g
g
i
g

I
:
3
8
:
0
5

3
0
.
3
0

n
o

"
:
5
9
.
-
o
a
n
l
h
é
n
c
a

l
u
0

y
o
u
n
g
-
!
5

c
o
o
n

II.—
a
«

u
l
fl
.

U
n
i
v

s
a
fl
o
fl
n
fi
l
g
u
fi
n
n
fl
fl
h
g
-
i
fl
fi
v
o
fl
o
u
o
a
i
fl
fl
u
g
g

l
9
3
£
5

an...
3
6

n
a
n
-
n
u
b
.
3
3

I...
u
n
c
o
u
n
-
u
fl

u
:
-
3
3
3
5

1
6
:
6

S
l
a
s
c
i
g
g
fl
g
n
i
g
i

a
n
n
u
l
a
—

.
x
u
n
a
u
o
l
u
h
u
.

nova-.—
u
fi

n
o
S
E

0
8
0

I
l

3
.
3
.
3
5
3
.
5

3
3
.
5
3
.
3
-

c
o
n
-
0
:
0
8
0

no
yo

u»
g
a
i
n

I
n-

n
o
i
n
:
3
3
5
8
5
3
3
3
:
5
9
.
3

3"
5
3
.
5
h
u
f
fi
n
-

:-
a:

3
5
:
0
£
3
0
1
5
?

n
o

noon.-
.
.
3
8
0
5

3
5
5
0
3
»
-

w
o
8
3
5
5
3
.
5
5

uneven-nu
9
5
.
5
3
3
3

3
.
3
3
.

«
3
.
5
3
3
0
9
3
3
3
3
9
2
.
8

p
u
p
a

nan
c
o
o
:

.
5

o
n
B
E
A
-

.
u
l
i
i
.

4.3..
i
t
.
.
.

.
1
5
5
6
.
5
5

3......»-
u
fl
u
g
o
o
:
S
u
fl
fl
»

new
3
:

Sue...
a

an
8.2.3.-

3
2
5

2
6
:
-
3
v
§

3
E
.

.
c
fia

a
uuua

uuo
un

3
:
5
3

9
5
5
3

8
:
3
5
:
5
5
5
3
3
3
6

3
m
u
n
i
c
i
p
-

m
a
l
u
d
i
5

salami...
a
n
3
I
5
3

u
l
n
a

3
.
2
-
.
.
-
5
3
6
.
n
o
»
!
h
a
d
-
:
3
5
"
5
3
0
3
»
.
:
5
5

3
5
.
3
3
5

€
5
0
3
3
5
3
3
:
3
-

0
8
5
.
«
5

w
e

«
.
5

J
e
n
-
a
n
!
!
-
9
3
D
3
5
5

5
8

G
o
o
—
G
a
n
g

:
o
o
n
J
u
a
n
a
-
fl
u

I
l
—
a
l
h
d
l
.
.
.
3
0
a
m

n
o
.
5
.
-
u
o
c
u
l
l
—
8
g
a
i
—

n
:
-
g
l
u
u
fi
a

9
3
5
8
5
3
3
5
3

5
!
.
5
.
3
3
.
3
5
5
.
8
3
8
5
?
3

i
n
n
u
e
-

i
n
u
fl
u
g
g
g
g
g
a
fi
fi
g
J
—
n
g
fl
z
u
g

G
o
o
d
?

:
0
3
I
:
3
:
3
0
1
:
5
3

c
u
d
-
a
v
5

n
o
:

y
o
u

o
n
u
s
-
N
o
w
3
%

3
9
5
:
M
5

c
a
n
:
(
5

.
5
3
0
5
:

.
0
3
:

T
h
i
s

D
u
o
0
9
3
3
i

l
e
a
-
b
l
0
3
9
5
0

3
0
3
6
9
3

M
e
n

n
u
n
-
n
u
s

c
l
a
m
-
I
n
m
u
n
—
l
g

u...-
u
l
u
i
a
u
u

I
E
.
:
3
3
!

v
a
l
—
d
a
w
n

3
.
.
.
5
3
9
3
?

3
0
.
6
5

h
u
g
-
B
a
a

u
c

A
n
n
e
—a

c
I
t
.

.
5
3
!
-

I
u
a
l
o
t
n
o

a
l
l
g
a
l
e
»

3
3
.
3
5
9

5
0
5
.
5
9
5
»
:

.
5
5
5
5
S
i
g
n

E
s
q
-
h
a
)

E
a
s
i
n
g

h
u
l
l
-
fi
l
—

i
a
l
—
l
:
.
3
5

h
a
s

h
a
u
l
—
.
2
5
9
8
5
E
n
g

:
O
O
A

i
k
g
g
g
s
i
i
s
i
g
u
g
i
u
e
g
g
g

B
E
A
fl
g
a
a
g
a
a
g
u
n
u
o
i
I
-
E
u
o
i
a

E
S
E

O
.
W

E
g
g
-
G
a
n
g

8
:
8
8
.
.

.o
22%...

2
F

.o
mmcfioooos 



 

P
r
o
c
e
e
d
i
n
g
s
of

T
h
e

In
st

it
ut

e
of

Ac
ou

st
ic

s

m
m

a
m
c
a
m
m
m
m

W
I
.

7
.
0
m

[
1
]

L
B
J
)
.
B
u
m
p

ll
'fl

D
.
C
.
J
o
h
m
o
n
,

"
m
a
m
m

o
f

v
i
b
r
a
t
i
o
n
"
,

C
a
m
b
r
i
d
g
e

U
n
i
v
e
r
s
i
t
y
P
u
l
l
,

1
9
6
0
.

[
2
)

D
J
.

H
o
m
e
,
W
i
l
t

a
n
d
a
p
p
l
t
h

o
f
m
a
n
u
a
l

i
m
p
e
d
a
n
c
e

h
n
'
.

P
u
t

I
I
n
t
m
o
d
u
c
t
h
m

a
n
d

G
r
o
u
n
d

R
u
l
e
s
.

J
a
u
m
l

o
f
m

S
o
c
i
e
t
y

o
f
m
u
m
m
n
m

z
n
g
l
m
e
r
l
"
.

3
-
1
2
,

1
9
1
5
.

P
a
r
t

I
!
l
e
a
-
u
m
n
t

m
n
l
q
u
e
e
,

J
a
m
-
J
.

o
f

t
h
e
s
o
c
m
y

a
t

E
n
u
m
n
u
l

R
n
g
l
n
e
e
r
e
,

2
3
-
3
3
,

1
9
7
6
.

P
u
t

I
n
.

I
n
t
e
r
p
r
e
t
a
t
i
o
n

a
n
d

a
p
p
l
i
c
a
t
i
o
n

o
f

I
n
a
-
u
r
e
a

d
a
t
a
.

J
a
m
-
J
.

o
f

t
h
e
B
e
a
u
t
y

o
f
l
n
v
l
m
n
n
e
n
u
l

E
n
g
i
n
e
e
r
s
,

7
-
1
7
,

1
9
1
6
.

[
3
]

2
.
8
.
U
n
g
u

a
n
d

C
J
I
.

n
l
e
t
r
i
c
‘
h
.

"
H
i
g
h

f
r
e
q
u
e
n
c
y
v
i
b
r
a
t
l
o
n

i
s
o
l
a
t
i
o
n
"

J
o
u
n
u
l

o
f

S
o
u
n
d
a
n
d

V
i
b
r
a
t
i
o
n

4
(
2
)
,

2
2
4
—
2
2
1
.

1
9
6
6
.

[
a
]

l
.
c
.

J
u
n
g
u
'
,
“
m
a
m
m
a
l

m
e
a
s
u
r
e
m
n
t

o
f

i
m
p
e
d
a
n
c
e

0
:
m
i
n
t
y
.
“

J
o
u
m
l

o
f
A
p
p
l
i
e
d
m
a
n
i
c
]
,

2
7
7
—
2
7
0
,
M

1
9
5
5
.

[
5
]

3
.
m
m
.

'
V
l
h
n
u
n
n

o
f
s
y
s
t
e
m

I
n
c
h

a
f
i
n
i
t
e

o
r
i
n
fi
n
i
t
e
u
m
b
e
r

at
”
n
e
o
n
u
l
c
e
a
'
.

J
u
n
-
n
u

o
f
t
h
e

A
c
o
u
s
t
i
c
a
l

s
o
c
i
e
t
y
o
f
A
m
e
r
i
c
a

30
,

1
1
4
0
-
1
1
5
2
.

19
5.

.

[
6
]

l
.
G
.
D
.
G
o
y
d
l
x

a
n
d

R
.
G
.
I
h
l
t
0
.

"
V
l
b
r
n
t
l
o
n
n
l
p
o
w
e
r

f
l
o
w

f
r
o
m
m
u
m

i
n
t
o

b
u
n
t
-
u
p
“
m
u
s
e
u
m
.

I:
-—

l
n
t
m
d
n
c
t
l
n
n

a
n
d
w
i
l
y
-
u

o
f
h
e
n
u
m

p
l
a
t
e
—

n
k
e
m
e
l
o
n
s
.

J
o
u
r
n
a
l

o
f

s
o
u
n
d
a
n
d
“
b
u
t
t
o
n
.

“
(
1
)
,

5
9
-
1
5
.

1
9
0
0
.

[
7
]

m
a
.

l
h
l
t
e
,
W
r
i
t
t
e
n

c
o
n
t
z
o
l
n
.
"

C
h
a
p
t
e
r

2
6

i
n
I
l
e
n
e
m
a

V
i
b
r
a
t
i
o
n

fi
t
t
e
d
W

L
u
.
m
e
.
a
m

L
G
.
m
,

3
1
1
1
!
m
m

1
9
'
2
.

5'
”

[I
]

m
a
.
n
m
u
q
b
o
n

an
d
L
G
.
m
m
.

'
M
I
:

fl
a
w
m
m
m
m
-

1
3
0
1
1
t
h

t
o
I
'
m

I
l
l
I
n
n
-
r
e
m
D
I
M
"
.

J
e
n
n
-
.
1

o
f
W

M
m
m
,

75
(2

).
17

9-
19

7.
m
l
.

'
[9

]
D
J
.
H
o
m
e
,

“T
he

e
m
r
l
m
e
n
t
a
l
d
u
m
b
e
r
t
h

o
f
a
w
e

p
r
o
p
a
g
a
t
i
o
n

W
.

I
,
m
n
-
d
m
p
e
n
l
v
e
m
m
m

l
u
m
p
e
d
m
m
“
.

J
o
u
r
n
a
l
o
f

s
o
u
n
d

I
n
a
V
L
b
r
l
H
n
n
,

3
5

(
2
)
.

2
5
3
,

1
9
1
0
.

[
1
0
]

F
u
r
.

l
i
c
h
e
n
,

"
T
h
e
e
m
e
r
m
n
t
a
l
t
h
t
m
n

o
f
n
a
v
e
l
e
o
n

m
.

n
,

m
n
t
l
n
u
o
u
n

a
n
t
e
n
n
a

a
n
d

t
h
e

e
f
f
e
c
t
s

o
f

d
i
s
p
e
n
s
e
r
.

J
u
a
n
-
l

a
t

S
o
u
n
d

a
n
d
W
i
n
n

3
5
(
2
)
,

2
7
7
.

1
9
'
”
.

[l
l]

H.
m
m

a
n
d

J.
I
g
a
n
n
h
l
.

"t
he

m
e
u
u
z
m
n
t

o
f
n
e
u
r
a
l

w
a
v
e

pr
op

ag
at

io
n
b
y

co
rr

el
at

io
n

te
ch

ni
qu

es
".

W
W
I
-
S
t
y

o
f
m
u
n
.

Is
ms

u
p
o
n

43
:.

19
69

.

[1
:]

a.
n
a
m
e

an
d

11
.6

.
m
m
,

'O
n
th

e
a
c
t
-
m
t
h

o!
t
n
n
m
l
e
e
l
o
n
pa

th
i
m
a
m

t
n
fl
a
p
-
1
1
1
v
.
l
y
m
"
.

m
i
c
a
,
“
(
1
)
,

7
5
—
!
0
,

1.
91

1.

[
1
3
]
P
J
.

P
a
h
y
,

"
M
e
a
s
u
r
e
m
e
n
t
:
0
!
e
m
u
-
t
i
c

i
n
t
e
n
s
i
t
y
u
l
n
a

t
h
e

c
l
o
n
e
-

a
p
e
c
t
n
l

d
e
n
s
i
t
y
o
f
t
w
o
n
i
c
m
p
t
m
m

s
i
g
n
-
1
5
'
.

J
o
u
r
n
a
l

o
f
m
u
s
c
l
e
d
.

3
0
0
m
,

0
!
“
r
i
a
l
,

6
2
(
4
)
,

1
0
5
7
-
1
0
5
9
,

1
9
1
7
.

[
u
]

n.
c.

n.
a
q
u
a
:

an
d

3.
6.
m
m
.
m
e
w
»
)
.
m
:

n
o
w
1
m
m
m

i
n
t
o
b
u
i
l
t
—
u
p
“
m
u
n
g
.

I
I
l
a
v
e
m
m
t
l
n
n

I
n
a
p
o
n
e
:
fl
o
w

i
n
h
e
l
l

R
i
f
t
-
I
l
a

p
l
a
t
.
.
.
”
M
a
l
l
]
.
o
f

s
o
u
n
d

I
'
d

V
i
b
r
a
t
i
o
n
.

6
I
(
1
)
,
7
7
-
§
,

1
9
.
0
.

20
Pr

oc
.L

O.
A.

V
o
w
M
4

(1
98

4)



 

a
$
8
:

«5..
2
o
>

40.32..

.
9
5
.
—
u
g

.
a
a
n
o
d
u
l
h
a
a
n
u

2
.
3
4
.
.

(
3
3
8
9
.
.
.
!

n
e
w
5
8

S
a
n
s
o
n
e
:
S
u
i
n
-
.
§
u
n
>

.n
E
”
.

.
3
2

J
E
T
-
u
]
.

.
q
fl
u
n
a
fi
n
w
h
o
u
8
.
3
.
3

.3
3
.
5
:
?
B
e
5
3
2

.
o
a
u
n
a
h
u
u
n
d
u
g
o
a
l
-
I
fi
a
c
i

{
n
o
u
n
-
.
0
0
E
3
0
5

9
.
3
3

5

8
3
-
5
.
.
.
3
3
3
5
3
a
n
d
.
6
5
3

w
e
3
3
5
6

1
2
3
9
.
.

«E...
.
3
2
.
.
6
.
:
:
2

N
a
m
.
"

:
1
.
"
~
n
g
g
c
g
d
g

N
O
g
u
y
s
2
"

n
o

H
I
G
H
-
a
h
.

{
s
n
o
w
-
>
9
.
b
3
3
3
3
0

6
3
3
5
.
.
.
!

a
F
a
n
:
m
u
n
-
3
.
0
2
3
.

.
3
2
.
.

6
.
.
—

n
o
“.

G
a
m
a
r
a
g
g
a

.
3
N
§
§
.
n

w
e
8
:
5
8

:
-
l
a
g
-
€
0
0

w
o
n

3
.
5
9
—

.
B
u
u
u
k
g
n
5
.
3
3
3
5
-
.
0
3
3
c
h

1
.
0
!
:
o
m
n
o
n
3
:
5
5
9
A
l
l
.
n
g

n
o

5
3
0
1
3
.
3
0
5

n
o
w
3
5
:
5
3
c
o
g

5...
6
:
5
6
.
3
1
:

u
:
-
=
3
H
u
n

.
n
i
$
3

5
.
2

.
5
2
J
u
a
n
-
6
3
3
.
5
3
:
:

3
5
.
0
3
5
8
.
5
5
5
8
.
3
2
m
m
.
5

3
5
.
5
.
5
3
3
5
5
3
9
8

.
8
S
a
g
a

(
2
.
3
3
»
5
3
2
5

£
1
.
3
5
:
5

cl...
.
3
5
5
8
.

3
3
1
5
.
.
.

£
2
3
.
.

.
m
i
:
2

«an»
5
3
*
:

$
3
.
3
8

g
u
l
l
-
O
H
S
g

a
w
e

H
I
E
—
5
h
.
E
d
a
—
E
E
O
"
:

o
ur

!
f
u
n
—
g
a
l
a

w
a
n
n
a
E
g
a
n

g
u
n
—
fl
u
-
k
e

S
u
fi
—
6
0
0

m
a
n
)
!
i
n

a
s
.
»
a

u
o
c
a
u
g
g
H
a
n
g
-
.
c
g
fi
n
n

4...:
9—.-
s
a

.
9
;
—

m
e
n
u

.
2
3
£
5
1
5
A
3
3

55......»
c
a
n
i
n
g

a...
x
u
o
fi

.
8
.
q
u

now
3
5

5
3
.
3
.
!
1
.
5
3
0
5
6

l
a
v
a

u
o
5
8
3
3
3
8
“
3
:
3
0
8
-

.
:
§
D
.
B
.
n

9
.
3
m
g

.
b
d

a
n
:

.
3
3

d
u
a
l
s
“
.
:
.
3
.
3
3
5

I
I

v
.
5
3

M
e

1
:
5
5
.
.
.
.

.
1
5
3
0
2
%

fi
n
a
l
—
E
l
m
g
u
n
‘
s
-
u
-

n
i
s
—
i
l
l
.
E
u

E
3
3
9
.

7
.
5
.
3
3
.
5

w
e
3
3
5
3
.
3
9
.

a...
n
o
n
a
u
l
r

.ucunuu
.n

.
u
i
:
2

.
3
3
6
8
3
3
:
a
n

£
8
.
1
3

6
.
»

i.-
3
2
3
6
.
.
.
F

«
3
3
0

.
3
3
9
3
?

u
:
-

o
a
a
o
a
5
5

n
a
e
-
I
O

(
9
-
3
-
2
.
5
:
2
5
3
.
.
.

.
5
3
.
!

.0...
new”.

.32.,
3......—

.
¢
>
m
H
.
8
3
2
3

3
5
9
9
.
5
.
»
5

3
3
3
6
:

2
.
8
3
.

:
0
8
:
2
8
.
3
0

3
:
3
5

2
.
8
8
0
5

w
e
5
5
3
8
2
.
.
.

5
.
6
2
3
5
2
9
.
«
3
3
9
.
3
-

u
o
c
s
g
u
u
g
i

u
:
-

I
d
l
h
ud

.
.
.
H
I
R
I
-
.
5

.N...
a
s
.
3
3
5
3

5
.
0
a
n
:

.
3
3
£
3
9
.
4
3

«
0
p
a
l
-
3
.
5

.
3
3
5
.

d...-
.
L
u
«
n
:
3
§
3
!
.
3
3
3
5
.
.
.
.

w
e
2
.
3
.
5
3
3
.
.
.
«
E
l
.
3
u
fi
u
e
g

.:
.
2
.

.
3
3
.
«
I
n
:

.
E
H
{
B
E

H
u
h
—
5
9
:
5
“

a.“
m
g
:

2
.
8
8
—

:
O
g
a
l
a
-
3
0

g
u
l
p
-
S
u
n

c
a
n
o
n
0
5

w
e
i
n

{
n
o
n
-
5
0
:
5
»
5

s
o
:

M
a
n
o
n

E
!
—
3

n
o
E
l
l
a
-
i
o
n
s
g
u
a
n
o
-
U
n
a
S
F
i
n
;

.l
:
3

J
a
m
-

.
§

«
0

h
a
d
-
n
o
.
5
:
—

.
-
«
u
o
.
fi
6
.
5

(
3
5
8
0
3
9
.
.
5

E
l
fi
n
.
.
.

G
a
n
g
-
h
.
.
-
fl
o
a
u
g
h

u
o
9
3
0
3
1
5
3
0
6
«
5

n
e
w
n
o
s
—
.
4
5
8
2
!
d
u
b
:

.0
3
3

6
5
.
1
0
3
1
5

.
3
3
.
.
£
3
.
5
3
;

e
c
u
2
.
6
a

n
o
1
.
5
8
»

.
i
v
a
fi
l
.
.
5

n
o

a
q
u
a
-
n
a
n
.
.
3
“
;

w
a
s
:
«
E
o
n
2
:
3
3
»
.
—

u
o
a
n
u
s
-
u
s
u
a
l
.
.
0
3
3

.0
$
3

g
a
g
e
-
(
B
E
E

8
:
3
8
.
.
.
.o

2
2
%
.
.
.
9
:
.

.0
$
5
.
3
8
9
.
.
.

 



 

Proceedings of The Institute of Acoustics

mm smarts MID VIBRATIM ml.

22

[29]

[3°]

[31]

[32)

(33]

(34]

[35]

(36]

[37]

[38]

[39]

[4°]

[‘11

[42]

 

J.P. scum: and ma. Juergens. “Design impact of mites on
fighter aircraft. Pt I whey fierce a fresh look at the design process“.
Aeronautics 8M Astronautics, 21(9), W49. 1993.

11.0. Adams and DJ. mad. "Selection of materials for vibrating
structures". Hachinery 120. 1972.

6.1:. Wright. "The dynamic properties of glass and carbon fibre
reinforced plastic beams". Journal of sound and Vibration 21(2),
1972.

11.6. units. "sane measurements of the dynamic properties of mm,
carbon fibre reinforced plastic beans and plates.“ The Aeronautical
Journal of the Royal Aeronautical Society. 318-325, 1975.

ILJ. Hooker. "nigh Damping Metals".
Southanpton. 1975.

Ph.D. Thesis, University of

LILY. Rodin, "Dynamic Properties of some canon fibre reinforced
plastics". Ph.D. Thesis, University of Southampton, 1982.

LILY. Abdin and R.G. white. "Dynamic properties of aligned snort
carbon fibre reinforced plastics in fierure and torsion“ to he
published.

run. Palmer and 11.6. White. 'Deveiopment of carbon fibre reinforced
plastics for use in high performance structures'. Fibre reinforced
ammonites so. Proceedings of the conference. university of
Liverpool. Aprii less.

3.1.. Clarkson. "stresses in skin panels subjected to random acoustic
loading". The Aeronautical Journal of the Royal Aeronautical society,
1963.

B.):.. Clar'kson. "Acoustic fatigue test facilities". chapter 19 in
Noise and Acoustic Fatigue in Aeronautics, edited by La. Richards
3M Du}. fllll. John Wiley, 1963.

3.1.. Clamon and s.A. Pietrusewica. "The university of Southampton
random siren facility." mpott. ASD-‘l‘DR-Ga-El, 1953.

I. Bolehouse. 'Sonic fatigue design techniques for advanced composite
airplane structures". Ems. Thesis, university of soutnanwton, 1980.

J. soovere. "Dynamic response of acoustically exacted stiffened

cosmosite honeycunb panels". Ph.D. Thesis, University of Southampton.
190‘.

11.6. units. "A cusps-risen of scan statistical properties of the
responses of aluminium alloy and CHIP plates to acoustic excitation."
cmpositel. October 197s.

HomLOJL Vols Pu14 H98“



 

Proceedings of The Institute of Acoustics

m1. mmcs AND VIBRATION m1.

[431

[H]

[45]

[‘5]

[97]

[00]

[49]

[5°]

Engineering sciences Data Unit (35W). Ionden.
Data sheets on:-

1. Estimation of the stiffnesses and apparent elastic
properties of laminated flat plates.

2. Natural frequencies of rectangular. specially ortmtropic
laminated plates.
3. Estimtinn of m strain in laminated panels subjected to
random acoustic loading.

ILH. Bennouna and R.G.Il‘hite. "The effects of large vibrstion
amplitudes on the fundamntal mode shape of a clamped-clamped
beam". Journal of sound and vibration 95(2), ls”.

ILII. lemons and R.G. White, "The effects of large vibration
amplitudes on the dynamic strain response of a clamped-clamped beam
with enumeration of fatigue life". Journal of sound IM Vibration,

95(2), 19".

ILG. White and c.:. ran. "Dynamic behaviour of isotropic plates under
outlined acoustic excitation and static in—plane conpression'.

Journal of sound and Vibration. 75(1) 527-547. 1981.

C.3.'neh and 11.6. Unite, "Dynamic responseof isotropic and
anisotropic panels under simulated flight loading conditions"

Proceedings of the first international conference on recent

advances in structural dynamics". ISVR, 1980.

6.3.”, "Dynamo behaviour and acoustic fatigue of isotropic and

anisotropic panels under combined acoustic excitation and static
in-plae ourpressien.‘ nun. Thesis, University of Southampton.
15.1.

mm materials in manufacturing industry. The Fellowship of

Win-Irina. 19”. '

Inc. Balms, ILB. Curtis. PJI. mllsney and G. Rand-n.
1n. design. developmnt and manufacture of a new and unique
tennis rm". Proceedings of the Institute of mchanical

Bngixner'l. 1973. 1983. ‘

Proc.l.O.A. Volfl Part4 (1984)

 



7
2

(
9
8
6
”
7
W

9
|
°
A

’V
‘O

'I
'W

‘d
.

 

  

 

  MACHINE

(SOURCE)

    

 

ISOLATORS

/
SUBSTRUCTURE (RECEIVER)

FIG. 1

  

(“

ACOUSTIC RADIATION

I)?”
PIPEWORK

/AND OTHER
CONNECTIONS

I  

A MACHINE INSTALLATION

  
 

POINT OF
INTEREST

1
0
8
.
1
“
0
3

N
O
I
J
V
H
E
I
A

G
N
V

S
D
I
H
V
N
K
G

'
I
V
H
n
L
D
fl
H
-
l
-
S

 

s
a
n
s
n
o
a
v
Io

a
m
m
s
u
I
a
n
;

;o
s
fi
u
g
p
a
a
o
m
d



  

Proceedings of The Institute of Acoustics

STRUCTURAL DYNAMICS AND VIBRATION CONTROL

_____-- FORCE SOURCE
APPROX IMATION

 

10 100 1000

FREQUENCY Hz

FIG. 2 POWER X In, INPUT TO ISOLATOR AND

‘ TRANSMITTED TO AN“INFINITE" BEAM,

FOR UNIT FORCE SPECTRAL DENSITY.

Pm.l.0.A. Vola Pma (1984) ' 25 '



  

Proceedings of The Institute of-Acoustics

STRUCTURAL DYNAMICS AND VIBRATION CONTROL

PLATE :
MOMENT EXCITATION

PLATE FORCE

MOMENT EXCITATION

 

BEAM =
FORCE EXCITATION

1 1o 102 103 1o4 105
FREQUENCY Hz

FIG. 3 POWER INPUT TO FLEXURAL WAVE MOTION

IN A BEAM OR PLATE DUE TO FORCE OR

MOMENT EXCITATION.

28 Proc.l.O.A. Vol 5 Pm4 (1984)



W

a
v
m

m

  

W.=____._._.= ___=_.__=_= ___ _===~__==#_=___=_==_______a=__NR.x

any >nnm_rmm>._._02m 0... ._.Im .ur>._.m

T
O
H
L
N
O
D

N
O
I
L
V
H
E
I
A

O
N
V

S
D
I
H
V
N
R
U
m
m
o
n
u
s

s
a
n
s
n
o
a
v
;o

9
1
m
!
q
u
a
q
l

;o
s
6
u
g
p
a
a
o
m
d

   
AS .uOimm flr0<< Ocm ._.O firmxcmb... <<><m 2.0.202 .2 ._.Im _u_.>._.m

35mm fir0<<m >20 >00mrmm>102m _Z > ELEM <<_._.I nmflumndzm

OMSOmw b... 41m mzom.
30. h

  



H
Z

(
m
u
9
”
“

9
|
°
A

‘
v
'
o
'
r
n
m
d

FIG. 5

 

THE BRITISH AEROSPACE 146-100 AIRCRAFT

WHICH RECEIVED FLUTTER CLEARANCE FOR

CERTIFICATION BY TESTING USING THE RAPID

FREQUENCY SWEEP TECHNIQUE.

'
I
O
m
L
N
O
O
N
O
I
J
N
U
G
I
A
G
I
N

S
D
I
H
V
I
I
X
G
m
h
s
a
n
u
s

so
us

nd
ov

;o
a
m
m
s
w
a
n
;

;o
s
fi
u
g
p
a
a
o
m
d

 



(
m
u
g
m
.
9
m
w
r
m

  

  

 

(b) CAMPING

  
1'5 2 2'5 3 0'5 2 2-5

I -3 : -
:lld -7-10 I : l/d -7-1o

(1mm) (2mm) (1mm) ' (2mm)

0-5

-
-
.
.
_
.

-
«
.
. '9 0'

FIG. 6 VARIATION OF MODULUS OF ELASTICITY, EC, AND 'LOSS FACTOR 1| WITH
FIBRE ASPECT RATIO. l/d. FOR ALIGNED, SHORT, CFRP COMPOSITES
FOR VARIOUS FIBRE VOLUME FRACTIONS,V{.

  

«c
an

on
a
c
u
m
e
n
u
m
s
a
n
m
u
a
m
m
fi
n
s

‘

sa
us

no
ov

Io
a
m
m
s
u
l

at
”,

JO
sfi

ug
pg

ao
gl

d



 

  
  

Proceedings of The Institute of Acoustics

STRUCTURAL DYNAMICS AND VIBRATION CONTROL

160
CRACK EDGE FREE '

(1,1 MODE) '

140 C FRP PLATE
16 LAYERS

120

100

F
R
E
Q
U
E
N
C
Y

H
z

0 0
O) O

40

 FIG 7 EFFECT OF CRACK LENGTH AND COMPRESSIVE

STRESS ON THE NATURAL FREQUENCY OF THE

1,1 MODE OF A CFRP PLATE.
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