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The measurement of vibrational power transmission using laser technology. 

by Jonathan Richard Baker. 

Control of noise and vibration in complex, built-up structures is a common 
problem for the vibration engineer. Reduction of vibration levels through 
extensive application of damping materials and vibration isolation 
techniques is time-consuming and can involve expensive 'down time'. The 
power flow measurement technique overcomes this problem by allowing 
quantitative comparison of the net, vibration energy transmission amplitude 
through different elements of a structure, and thus identification of the 
primary vibration transmission pathways. Vibration control techniques can 
then be applied in the most efficient and least costly manner. 

To date, implementation of the power flow measurement technique has 
concentrated on the use of accelerometers. Accelerometers, however, as a 
contacting transducer, mass-load the structure and cause the measured 
vibration signal to be reduced in amplitude and shifted in phase. This leads 
to power flow measurement errors, whose magnitude increases with transducer 
mass. In contrast, laser Doppler vibrometers offer a remote, non-contacting 
means of vibration measurement. Practical power flow measurement results 
obtained using two I.S.V.R. laser vibrometers compare favourably with those 
acquired simultaneously employing the two accelerometer method. This laser 
vibrometer is not sufficiently sensitive for many practical structural 
vibration problems, however, and a new, high-sensitivity, PZT laser 
vibrometer has been developed to overcome this problem. Two PZT laser 
vibrometers are employed to take low velocity amplitude, (10 pm/s), power 
flow measurements over the frequency range 0 to 2.5 kHz. Measured amplitudes 
are found to differ by only a small percent from those obtained using the 
two accelerometer method. 

Dynamic speckle noise is a feature of all laser vibrometer measurements 
taken on diffuse, target surfaces. Its effect has been investigated and it 
is shown how spurious, optical noise, caused by speckle motion, can reduce 
the vibrometer sensitivity to normal-to-surface vibration. Further to this, 
it is shown how these effects can introduce pseudo-vibration signals into 
the laser vibrometer output. Typical noise signal amplitudes are determined. 

To minimise the effect of inter—transducer response errors, an optical 
configuration consisting of a new, laser velocity gradient transducer and a 
PZT laser vibrometer is utilised to make practical power flow measurements. 
This is shown to be a viable alternative to the use of accelerometers since 
it not only has comparable accuracy, but also, in enabling remote, 
non-contact measurements, increases the rate at which measurements can be 
made, and extends use of the technique to surfaces where accelerometers 
cannot be employed, e.g. hot, lightweight and inaccessible surfaces. 
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NOMENCLATURE. 

a Normal-to-surface acceleration, Light intensity modulation 

amplitude (Chapter 4). 

A Travelling wave displacement amplitude. 

Ap Displacement amplitude. 

Ay Displacement amplitude. 

b Beam width. 

B Standing wave displacement amplitude. 

c Speed of light. 

C Exponential near—field displacement amplitude. 

C^ Constant. 

C2 Constant. 

Cq Constant. 

d Thickness. 

D Lens diameter (4,5), flexural stiffness (6). 

e Gain control signal. 

E Young's modulus, Light amplitude (5). 

f Temporal frequency, Lens focal length (4), 

F Force. 

FT Fourier Transform. 

g Grating frequency. 

G Cross spectrum. 

2h Transducer separation. 

H Transfer function. 

i Current. 

I Second moment of area, Light intensity. 

Im Imaginary component. 

In Inertance. 

j (-1)1/2. 

Jp, Bessel function of n^^ order. 

k Flexural wavenumber. 

1 Optical pathlength imbalance, cantilever beam length (5). 

L Optical pathlength. 

M Bending moment. 

Mg Mass per unit length. 
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Mj Transducer mass. 

n Integer. 

P Image shear. 

P Power. 

<P> Time-average power. 

PSF Shear force component of flexural wave, power flow. 

^BM Bending moment component of flexural wave, power flow. 

(q) Quadrature or 90^ phase shift. 

Q Shear force. 

Re Real component. 

S Cross-sectional area. 

t Time. 

T Integration time, transmission function (4). 

u In-plane or longitudinal displacement. 

U In-plane displacement amplitude. 

V Velocity, 

V Velocity amplitude. 

w Normal-to-surface displacement. 

X Spatial dimension. 

>'l 

X2 

Target to lens distance. 

Lens to image plane distance. 

y Spatial dimension. 

z Vibrometer output. 

Z Point impedance. 

a Viewing angle. 

fi Constant. 

p Viewing angle, focus angle (4). 

Y Photodetector response term, 

r Fringe visibility. 

A Optical phase change, 

e Phase error. 

i\ Amplitude error. 

8 Phase. 

e Inter-transducer phase error. 
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A Wavelength. 

M Refractive index. 

V Poisson's ratio. 

{, Phase error. 

S Resultant speckle phase, 

n Pi, 3.142. 

9 Material density. 

<ff0> Average speckle diameter. 

< % > Average speckle length, 

f Time delay. 

X Intensity ratio. 

^ Amplitude error, 

w Radian frequency. 

(viii) 



"True wit is nature to advantage dressed, 

What oft were thought but ne'er so well expressed", 

Alexander Pope. 



1. INTRODUCTION. 

For the vibration engineer in a 'high-noise' environment, the 

identification of the primary noise source is generally straightforward, 

e.g. an engine, compressor, press etc. What is more problematic is 

reduction of the noise radiation without adversely affecting either the 

performance of the machine, or requiring that the system undergo 

expensive 'down-time' or re-design. Remedial action is therefore usually 

aimed at reducing acoustic and structural vibration transmission, rather 

than redesign of the noise source itself. 

As shown in figure 1,1, in most practical situations there exist a range 

of pathways in which vibration can travel away from the source to some 

point of interest. These include direct acoustic radiation, transmission 

through inlet, supply and exhaust piping and the machine mounts. For 

such a structure, complete eradication of this transmission problem 

would require the application of damping materials and vibration control 

techniques on a large scale. A practical measurement technique that 

enables the most significant pathways to be identified will therefore 

offer great savings in both time and money. A number of practical 

vibration transmission measurement schemes currently in use are 

described below. 

The most simple method of transmission path identification is to 

generate a waveform, e.g. a pulse, in the system under test and then 

monitor the response at different points in the system. The presence of 

multiple transmission paths and frequency dependent transmission 

characteristics modify the waveform shape, however, and hence preclude 

use of this method for most practical structures. Cross-correlation^"^ 

techniques can be used to overcome this problem. With broadband force 

excitation, the response at a point in the structure will exhibit peaks 

corresponding to various time delays in the transmission paths, with 

peak amplitudes related to the attenuation factors associated with each 

path. The problem arises, however, that flexural wave motion is 

dispersive and with a broad band excitation, the peaks in the 

correlation become smeared out over time. Combined with the multiple 



signals associated with the many vibration transmission paths, the 

individual correlation signals merge and become indistinguisable. In 

addition, for highly reverberant structures, techniques such as 

cross-correlation give results representing good wave propagation in all 

directions. Therefore a technique that indicates the small, net power 

flow is required, since only then can vibration control techniques be 

applied efficiently. 

Approximate mobility methods^ are based on the measurement of the input 

point and cross transfer function, (velocity/force), of a structure, as 

a function of frequency. The measured point mobility of a structure can 

be shown^, a) at high frequencies to be approximately equal to that of 

the equivalent, infinite structure, and b) at lower frequencies, to have 

a mean value equal to the point mobility of the equivalent, infinite 

structure. This enables structures to be characterised in terms of an 

approximate, 'infinite', mobility and thus allow an estimate to be made 

of the power flow between coupled systems, e.g. through isolators. 

Although measurement of the transfer function allows the components of 

the structure to be characterised, e.g. pure waveguide, resonant system 

or the number of transmission paths, it is not suitable for assessement 

of multipath vibration transmission since it does not give enough 

information for individual paths to be identified. 

The finite element method^ is an analysis technique employed to 

determine the dynamic response of complex structures. The structure is 

modelled as consisting of many elements, each of which is described in 

terms of its deformation pattern. Employing a computer, the energy 

expressions for each element are evaluated and the contributions are 

combined to give the total structural response. The accuracy of the 

finite element model increases with the number of elements employed to 

represent the structure, but at the expense of time and cost. At high 

frequencies, as the fine geometric and material detail becomes more 

important, and fabrication tolerances for nominally identical structures 

start to differ, the technique becomes unreliable. Therefore for most 

practical structures, finite element modelling is restricted to less 

than a few hundred Hertz. 



For Statistical Energy Analysis (SEA)^, the structure is modelled as 

consisting of coupled subsystems, each of which is then characterised in 

terms of its time-average, vibration energy. The power flow between 

subsystems is then defined as being equal to the time-average rate of 

energy transmission between coupled susbsystems, which is, in turn, 

proportional to the difference in their time-average vibration energy. 

The SEA technique models the dynamic behaviour of a subsystem as an 

average of many vibration modes. The analysis of vibration interaction 

between components is therefore greatly simplified but the results are 

therefore only approximate. Similarly, although the reliability of SEA 

predictions increase with the number of modes contributing to the 

response, e.g. at higher frequencies where the number of resonant modes 

per unit bandwidth is high, the uncertainty of the estimation is still 

not quantifiable. An additional, practical disadvantage of SEA is that 

it does not provide information about the vibration energy distribution 

within each subsystem, or the associated displacements, velocities, 

stresses or strains which are often required for analysing damage, or 

failure performance, of a structure. 

The power flow measurement technique?, based on the point measurement of 

vibration and spatial vibration derivatives, allows the amplitude, 

frequency and direction of the net, vibration energy transmitted through 

a system to be measured directly. The technique models a complex, 

built-up structure as a series of inter-connected beam and plate-like 

sub-structures. Power flow measurements on each sub-structure then allow 

the transmitted vibration energy distribution throughout the entire 

structure to be ascertained. Noiseux® was the first to note the 

practical advantages of this technique, and practical measurements have 

since shown the scheme to be straighforward to use, accurate and allow 

direct comparison of measured data. Measurements at many points clearly 

indicate the position of vibration sources and sinks, and enable the 

effect of introducing any structural change to be easily evaluated. 



1.1 DEVELOPMENT OF THE POWER FLOW MEASUREMENT TECHNIQUE. 

For a majority of practical measurement situations, the three wavetypes 

ai most importance are flexural, longitudinal and shear waves''. Of 

these, flexural wave motion is the most significant source of acoustic 

radiation and historically has received the most attention. 

Consideration of other wavetypes has mainly been concerned with the 

reduction of cross-sensitivity effects. For this reason, a significant 

majority of structural vibration research has been concerned with 

flexural wave motion, and flexural wave power flow will be predominantly 

considered here. 

A practical technique for the measurement of flexural wave, structural 

intensity, (power flow per unit thickness), in plates was first proposed 

by Noiseux®. This scheme employed three linear accelerometers mounted on 

a lightweight block to form a triaxial accelerometer, giving outputs 

proportional to the transverse acceleration and two orthogonal 

rotational accelerations. In the far-field, i.e. far from vibration 

sources, sinks and discontinuities, the time-averaged bending moment and 

shear force components of the structural intensity (S.I.) are equal''. 

Employing the triaxial accelerometer scheme to measure the bending 

moment, power flow component, Noiseux was thus able to simultaneously 

measure the S.I. in two orthogonal directions. Measurements in a 

reverberant vibration field showed how the travelling and standing wave 

S.I. components could be distinguised and the power flow, or net 

vibration energy transmission pattern through the structure, generated. 

This illustrated the practical use of the power flow technique. 

Redman-WhitelU noted however, that the accuracy of an approximation in 

Noiseux's theory is doubtful and a more accurate measurement scheme 

proposed by Pavic** was required to fully validate the technique. 

Pavicll proposed a scheme that simultaneously measured the shear force 

and bending moment S.I. components, employing linear accelerometers and 

the finite difference approximation to calculate spatial vibration 

gradients. This scheme utilised eight and four accelerometers for plate 

and beam measurements respectively, and hence required significant 
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signal processing for each S.I. calculation. It did, however, enable 

measurements to be made in the 'near—field', i.e. close to 

discontinuities such as vibration sources, sinks, boundaries etc. Pavic 

also analysed and quantified the three main sources of measurement error 

as, 

(i) instrumentation phase error, 

(ii) the effect of decaying near—field waves on travelling wave 

components, 

(iii) the compromise between the accuracy of the finite difference 

technique and the signal-to-noise ratio, as the transducer spacing is 

varied. 

Of greater practical interest was the one-dimensional, far-field S.I. 

measurement system proposed by Pavic*!, employing only two linear 

transducers. Although, in practice, this scheme is limited to 

measurement positions at least one fifth of a wavelength from a 

discontinuity^'-', it offers many advantages over the previous scheme 

including savings in computation time, increased simplicity in signal 

processing and greater ease of use. To date, this system is the basic 

form of the majority of all practical, flexural wave, S.I. measurement 

schemes. 

Redman-White^'-' extended the S.I. measurement technique through a 

thorough investigation of a range of transducer configurations for both 

one and two dimensional measurements. For one-dimensional, beam-like 

structures, three transducer configurations were investigated: 

(i) a biaxial accelerometer employing two linear accelerometers mounted 

on a lightweight block attached to the vibrating surface; this 

conf i g u r a t i o n was found to be too se n s i t i v e to cross-sensitivity 

effects, 

(ii) a differencing accelerometer scheme where two linear accelerometers 

wer e symmetrically mounted onto a 'T' piece, that w a s in turn positioned 

on the vibrating structure; this system was found to be too sensitive to 

resonances in the mount, 

(iii) t h e scheme originally proposed by Pavic employing two linear 

accelerometers, mounted directly onto the structure, with the 



structural intensity at the mid-point being calculated. 

Of these sytems, the two linear transducer system was found to be the 

most practical and accurate measurement configuration. A portable, 

real-time, analogue electronic structural intensity meter was designed 

to realise this scheme^*-'. 

Most practical S.I. measurement schemes employ accelerometers since 

their use is widespread and well understood. Accelerometers are 

contacting transducers however, and their attachment to a structure is 

not only time consuming, but adds mass. On lightweight and lightly 

damped structures, accelerometers can therefore adversely affect the 

vibration characteristics^^ and thus the accuracy of any S.I. 

measurement. Further to this, spurious contact resonance effects can 

occur. Carroll has also s h o w n h o w cable strain effects, caused by 

differential vibration of the accelerometer and its cable, can give 

large phase response and hence S.I. measurement errors. 

To overcome or minimise some of these problems, a range of non-contact, 

vibration measurement schemes and transducers have been employed for 

S.I. measurements. These fall into two broad categories; extrapolation 

of vibration information from acoustic pressure m e a s u r e m e n t s ^ a n d 

optical vibration measurement t e c h n i q u e s ^ ^ ' ^ l . 

One example of an acoustic, S.I. measurement technique is 'SIMAP', 

proposed by Williams**, where acoustic pressure measurements made close 

to a radiating plate are employed, using near-field acoustic holography, 

to calculate the normal-to-surface velocity of the plate. From these 

data, the two-dimensional, structural intensity distribution through the 

plate can be determined. Practical measurements show the ability of the 

scheme to accurately determine both where, and how vibration power is 

injected into the plate. In addition, the acoustic intensity can be 

calculated from the same set of data, enabling the location of acoustic 

sources to be revealed. Williams was able to show that vibration and 

acoustic sources do not necessarily overlap. The principal disadvantage 

of this scheme is the "heavy computer p r o c e s s i n g " * * required to make 



each set of measurements, which in conjunction with the microphone 

scanning system employed, makes the scheme impractical for many 

engineering environments. 

A whole-field, optical measurement scheme proposed by Clark*? employed 

double exposure holography to visualise the deformation of a 

force-excited plate. The first exposure was obtained of the plate 

undeformed. Interference of light from the deformed plate with the 

undeformed plate image then produced a fringe pattern, which when viewed 

gave information on the plate displacement distribution. With a pulsed 

laser illumination, triggered to be in quadrature with the point driving 

force, the plate vibration due to travelling wave motion can be viewed, 

independent of standing waves. Although an excellent power flow 

visualisation technique, this scheme is primarily laboratory-based sinte 

the optics require isolation from wind currents, temperature effects and 

vibration. 

Utilisation of point, laser transducer systems for S.I. measurements has 

also become widespread*®"^*" Hayek^* employed a commercial, scanning 

laser vibrometer system to measure the normal-to-surface velocity of a 

structure over a predetermined area. Employing a finite difference 

approximation, both the near and farfield S.I. can then be calculated 

from these data. The main disadvantage of this scheme is that since the 

scanning optics and the d a t a acquisition and storage are computer 

controlled, the scheme is both time-consuming and expensive relative to 

other laser transducer systems. 

Using two laser vibrometers, and allowing for alteration of the 

transducer optical configuration, MFDevitt^O proposed a scheme which can 

be employed to make either flexural, or longitudinal wave, power flow 

measurements. Due to the complex optical configuration of the reported 

system however, this scheme is at present, restricted to laboratory use. 

It can be concluded that the theory of both one, (beam-like structures), 

and two, (plate-like structures), dimensional, flexural wave, power flow 

is well-known and understood. Present work in this area is therefore 
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confined to improvements in measurement and calculation accuracy, and 

refinement of existing schemes into practical measurement techniques. 

These will be user-friendly' so that they can be employed by vibration 

engineers in a simple and straightforward manner for a wide range of 

typical vibration measurements. Future theoretical work will therefore 

be directed to consideration of other wavetypes and their interaction^^, 

the effect of discontinuities on incident travelling waves^^, and curved 

structures and cylinders^^. The use of active vibration control as a 

means of minimising power flow thorugh a structure^^ is also likely to 

receive further investigation. 
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1.2 OBJECTIVES. 

The primary objective of this work was to investigate the use of laser 

vibrometry for power flow measurements, as a means of overcoming the 

problems associated with utilisation of contacting transducers, and thus 

improve both the measurement accuracy and ease of use of the technique. 

The prime interest of vibration engineers in most practical measurement 

situations is flexural wave vibration energy transmission. Therefore any 

laser—based technique will be concerned with the measurement of the 

normal-to-surface, structural vibration. The beam-like structure is the 

simpliest system encountered in structural vibration and so the laser 

transducer schemes proposed in this work will be employed primarily to 

make one-dimensional, power flow measurements. 

In Chapter 2, the theoretical basis and limitations of the power flow 

measurement scheme is described and a brief history of the development 

of the technique is given. The governing equations and simplifying 

assumptions for the practical, power flow measurement scheme are then 

derived. The major sources of measurement error of the two accelerometer 

scheme are discussed and suggestions for improvement made. Practical 

S.I. measurements are then made on a theoretically infinite' beam. 

There are presently a wide range of reported and commercial laser 

vibrometer systems26-30,a8,49_ These sytems can be included as a direct 

substitute for accelerometers, in the two transducer, far—field, S.I. 

measurement technique. In Chapter 3, two I.S.V.R. laser vibrometers^^, 

the prototype Bruel and Kjaer 3544 laser vibrometer, are employed to 

make practical S.I. measurements. To enable low velocity amplitude 

measurements to be made, a new, piezo-electric element based, 

high-sensitivity laser vibrometer has been developed'̂ '-*. Practical S.I. 

measurements are then made with two of these transducers. 

As first noted by Pavic*! and shown empirocally in chapters 2 and 3, the 

major source of practical measurement error in the two-transducer, 

far-field S.I. scheme is the relative phase response of the two 
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transducers. Therefore any reduction in the technique sensitivity to 

this effect will improve the measurement accuracy. In Chapter 4, a new 

velocity gradient measurement scheme is described which, used in 

conjunction with a laser vibrometer, offers this improvement. Practical 

S.I. measurements are then made with this scheme. 

When laser light is scattered from an optically rough or diffuse target 

surface, i.e. most surfaces of engineering interest, a granular light 

intensity pattern, termed laser speckle, may be seen^l. In Chapter 5, it 

is shown how these random intensity patterns are able to introduce 

spurious, random noise into laser vibrometer output signals. This is 

shown not only to reduce the vibrometer sensitivity but also, for 

velocity amplitudes near to the device optical noise floor, to introduce 

large amplitude, inter-transducer response errors. For practical S.I. 

measurements, the inter-laser transducer response is critical and so the 

likely effect of speckle noise must be taken into account. In addition, 

periodically repeating speckle patterns, associated with periodic, 

non-normal target motion, e.g. rotation, tilt or in-plane vibration, can 

introduce pseudo, normal-to-surface vibration signals into the 

vibrometer output^Z,^^. These signals are shown to be easily mistaken 

for genuine normal-to-surface vibration information and if they occur at 

the same frequency as the normal-to-surface vibration of interest, large 

S.I. measurement errors can result. 

In Chapter 6, conclusions are given on, 

(i) the accuracy of the existing, two accelerometer technique, 

(ii) the laser power flow meter configurations proposed in Chapters 3 

and 4, and their ability to make practical vibration measurements 

compared with the existing, two accelerometer techique, 

<iii) the relative accuracy and ease of use of the various methods and 

their ability to quickly make a large number of measurements, 

(iv) the significance of random and pseudo-random laser speckle noise 

effects on laser vibrometer measurements, with particular reference to 

S.I. measurements. 

10. 



2. POWER FLOW. 

Power flow, as a vector quantity representing the net transmitted 

vibration energy through a structure, is an invaluable measurement tool 

for the vibration engineer. The power flow measurement technique offers 

a direct means for obtaining both quantitative and direction information 

about vibration energy transmission and so enables the noise control 

engineer to quickly and easily identify the position of vibration 

sources and the major transmission paths. Vibration control and 

reduction techniques can then be applied in the most efficient manner. 

The most simple form of structure considered in vibration engineering is 

the uniform, beam-like structure, where wave motion is confined to one 

direction and can be described in terms of time and a single spatial 

variable. Of all wave types present in typical structures, flexural wave 

motion, with its relatively large normal-to-surface displacements, is 

the most important source of sound radiation into the surronding fluid. 

Therefore in this chapter, the governing equations for one-dimensional, 

flexural wave power flow are reviewed and practical measurement 

implementations and signal processing schemes are discussed. Measurement 

error sources are described, typical levels calculated and means by 

which they may be minimised suggested. The results of practical power 

flow measurements on an infinite beam structure are compared with input 

power measurements and the accuracy of the two-accelerometer technique 

discussed. 
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2.1. POWER FLOW THEORY. 

The following analysis is limited to pure flexural waves for which 

rotary inertia and shear deformation can be neglected. For greater than 

90% accuracy, this restricts the theory to wavelengths greater than six 

times the beam thickness^, e.g. for a 6mm thick bar of mild steel the 

theory is limited to frequencies of less than 43kHz. 

Vibration power is defined as the product of force F(t) and velocity 

v<t), and its time-average, <P>, is given by. 

<P> = I 
T 
F<t)v(t)dt (2.1) 

0 

where T is the integration time. The time-averaged, rather than the 

instantaneous power flow is calculated since the objective is to measure 

the average, or net vibration energy transmission. 

C r e m e r ^ showed that for flexural wave motion, there exists power 

transmission mechanisms due to both the shear force and bending moment 

in a structure. The shear force Q, and bending momemt M in a beam are 

given by, 

M(x,t) = -EI 
6x2 

5M e^w 
Q(x,t) = = EI <2.3) 

5x 8x3 

where EI is the flexural rigidity of the beam, w is the 

normal-to-surface displacement and x is the axis parallel to the beam 

surface. The instantaneous power at a point P(x,t), consists of two 

components, 

(i) the product of the bending moment and angular velocity, 

(ii) the product of the shear force and linear velocity, i.e.. 

8-̂ w 6w 
P(x,t) = M + Q — (2.4) 

6x6t St 
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From equations (2.2) to (2.4), the vibration power transmitted through a 

one-dimensional structure is given by, 

P ( x , t ) EI 
S^w fi^w 

5x^ 5x5t 

6"-''w Sw 

5x3 fit 

In contrast to the second order expressions for longitudinal and 

torsional wave power flow^, equation (2.5) illustrates that flexural 

wave power flow has a fourth order differential equation and is 

potentially more difficult to accurately measure. As will be shown 

however, employing a number of assumptions and for specific measurement 

conditions, this expression can be greatly simplified and a practical, 

two-transducer scheme employed to make flexural-wave, power flow 

measurements. 
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2.2 SINGLE POINT DISPLACEMENT MEASUREMENTS OF POWER FLOW. 

In the far-field of a structure, i.e. far from vibration sources, sinks 

and discontinuities such as changes in material or cross-section, the 

normal-to-surface beam displacement w(x,t) is given by, 

w(x,t) = Asin(ut-kx) + Bsinutsinkx (2.6) 

where A and B are the peak travelling and standing wave displacement 

amplitudes respectively, w is the radian frequency and k is the flexural 

wavenumber. Substituting equation (2.6) into (2.5), the shear force Pgp 

and bending moment Pgn power flow components can be considered 

separately, 

PgM(x,t) = wk3^ A2sin2(wt-kx) + ABsin2(ut-kx) 

g2 
- •Ccos2 (wt-kx ) - cos2 (ut+kx )} 
O 

(2.7) 

Pgp(x,t) = wk^^ A^ cos^(a)t-kx) + ABcos^(ut-kx) 

R2 1 
+ g {cos2 (ut-kx) - cos2 (ut+kx) 3- j (2.8) 

These expressions show that in the absence of standing waves, i.e. B = 

0, Pgp and Pgivi are 180 degrees out of phase and have a sum equal to the 

constant uk^A^. Hence in contrast to other wave forms, the average power 

flow can be measured without the time-averaging operation given in 

equation (2.1) being required, i.e. in this particular condition, a 

single displacement measurement can be employed to calculate the average 

power transmission. 

In most practical situations, structural discontinuities reflect a 

proportion of the incident travelling wave, producing a standing wave 

pattern and the relative amplitudes of each wavetype will be unknown. 

The one transducer scheme will therefore no longer be sufficient to 

measure the net vibration energy transmission and the time-averaging 

operation must be employed. 
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As first noted by Naiseux®, the time-averaged shear force, <Ps.F. >, and 

bending moment, Power flow components are equal, i.e. 

<PgF(x,t)> = <PBM(x.t)> = ^ <P(x,t)> (2.9) 

In the vibration far-field therefore, (see section 2.3.3), only one 

power flow component need be measured, significantly reducing both the 

number of transducers and the signal processing required. A majority of 

r e s e a r c h e r s ® ' e m p l o y accelerometers, with their wide dynamic range 

and vibration frequency range, to measure the shear force component of 

power flow. The following analysis will therefore consider this 

implementation. 
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2.3 PRACTICAL POWER FLOW MEASUREMENT SCHEMES. 

Employing acceleration signals, substitution of equations (2.5) and 

(2.6) into (2.9) results in a time-averaged power flow given by, 

k2 8a 
<P(XQ)> = 2EI — < — 

fix 

a dt > (2.10) 

where w is the frequency of interest and a is the normal-to-surface 

acceleration, equal to —w^w. The spatial acceleration derivative 5a/6x, 

in equation (2.10) can be measured with a range of contacting 

transducers, including a biaxial accelerometer®, a differencing 

accelerometerlO or two linear accelerometers^These transducer 

configurations are shown in figure 2.1. 

Redman-WhitelO showed that for practical measurements biaxial 

accelerometers were too sensitive to other wave motion in the structure 

while differencing accelerometers were too sensitive to resonances in 

the mount. He concluded that for most practical measurement situations, 

the two linear accelerometer scheme first proposed by Pavic** was the 

most accurate. This scheme is the most widely employed configuration and 

the one that will be considered further. 

The two linear accelerometer scheme employs the finite difference 

approximation to measure the spatial gradient. The two accelerometer 

signals a^ and a2, of normal-to-surface vibration, are obtained from 

positions a distance 2h apart, where 2h is less than the flexural 

wavelength. The spatial derivative at the mid-point position xg, is then 

given by, 

fia 1 
— I — ( a 2 - ) ( 2 . 1 1 ) 

fix 2h 

Similarly, 

1 
— ( a^ + 32 ) (2.12) 

2 
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From simple bending theory, 

k4 
u-̂ Mg 

EI 

(2.13) 

where Mg is the mass per unit length of the beam. The time-averaged 

power flow may now be written in terms of linear acceleration signals 

as, 

<P(XA)> 

(MgEI) 1/2 

2hw 
(32 - aj) <a2 + a|) dt (2.14) 

Assuming negligible damping, then from equation (2.6) the acceleration 

signals may be represented by, 

a^ = -u-^CAsin (ut-k (>;-h)) + Bsinutsink (>:-h) 3 (2.15) 

32 -u-^CAsin (ti)t-k (x+h)) + Bsinutsink (x+h)] (2.16) 

Substitution into equation (2.14) gives a measured power flow expression 

of, 

A^wn 
<P(xn)> (MBEI)l/2sin2kh (2.17) 

Ideal acceleration and acceleration spatial gradient measurements given 

by. 

-u^[Asin(wt - kX(-,) + Bsinwtsinkx^] (2.18) 

and. 

= u2k^Acos(wt-kxo) Bsinwtsinkxoj (2.19) 

can be substituted into equation (2.10) to give a structural intensity 

<P(xq))-e of, 
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<P(xo)>E = 2A2wkn(MBEI)l/2 <2.20) 

This expression does not include any finite difference approximations 

and the measurement accuracy will therefore be limited only by the 

transducer accuracy. Comparison of equations (2.17) and (2.20) shows 

that the finite difference approximation method underestimates the 

spatial derivative, but that an exact correction can be applied, 

2kh 
<P(xo)>E = ^MEASURED (2.21) 

sin2kh 

Hence provided both the flexural wavenumber and transducer separation 

are accurately known, the exact power flow can be calculated from the 

approximate, measured power flow. 

The two sets of acceleration signals in equation (2.14) can be processed 

in either the time or the frequency domain. The relative merits of each 

scheme are discussed in the following sections. 

As can be seen from equation (2.14), employing this measurement scheme 

the power flow at a point is measured, which must then by weighted by 

the beam dimensions to calculate the total vibration energy 

transmission. Hence the term structural intensity, (power flow per unit 

area), rather than power flow, is commonly used to describe the 

technique. 

2.3.1 TIME DOMAIN REALISATION. 

In the time domain, the time integral of the acceleration signal is 

calculated employing the relationship, 

± 1 
jw 

adt = — a = - a(q) (2.22) 

where (q) denotes the quadrature operation equivalent to a 9 0 p h a s e 

shift. For analogue-electronic structural intensity measurements, 

Redman-White showed that obtaining an exact 90^ phase shift was one of 
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the major measurement error sourceslO. However most modern, digital 

signal processing based schemes employ an exact -j/w multiplication and 

signal integration is no longer an error source. Substituting equation 

(2.22) into equation (2.14), 

<P(xo)> 
(MgEI) 1/2 

2hu>2 
(a2 - aj)(a2(q) + ai(q) (2.23) 

For an exact quadrature phase shift, this expression may be further 

simplified to. 

(MBEI)1/2 
<P(%0)> = — 

h(i)2 
(aoa l(q) (2.24) 

since <a2a2(q)> ® <3iai(q)> ~ 0, '^®2®l(q)^ ~ ~'^®i®2(q)^* Comparison of 

equations <2.24) and (2.5) illustrates how provided (i) there is 

accurate signal integration, and (ii) measurements are made in the 

far-field, a simple, practical, two linear transducer measurement scheme 

exists for calculating the one-dimensional, flexural wave, power flow. 

Equation (2.24) is the single frequency power flow expression and hence 

for digital systems, requires that the time signal be Fourier 

transformed into the frquency domain to be filtered. This signal is then 

inverse Fourier transformed back into the time domain to produce a 

single frequency signal. Although for most digital systems these 

operations are both simple and accurate, it is more straightforward to 

calculate the frequency domain implementation discussed in section 

2.3.2, for which a single Fourier transform operation for measurements 

over the entire frequency range is required. 

2.3.2 FREQUENCY DOMAIN REALISATION. 

Cross spectral analysis provides an alternative, frequency domain means 

of obtaining the acceleration signal integral given in equation (2.24). 

The broadband cross spectrum of the time-average product of two signals 

can be written^^ 
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< ai<t) a2(f)dT > 
® Im G(ai,a2,f) 

df (2.25) 

0 2nf 

where Im G is the imaginary component of the one-sided cross spectral 

density and f is time. The structural intensity at frequency w can 

therefore be written, 

<P(x0,u)> = Im G(ai,a2,w) (2.26) 
2hw2 

The main advantage of the frequency domain scheme is that it requires no 

special development of signal processing, the cross-spectrum of two 

signals being a standard feature of most signal processing software. 

Also, as will be shown in section 2.4, inter-transducer response errqrs 

can be minimised by employing frequency domain signal analysis. 

The main disadvantages of the cross-spectrum method include it being 

unable to deal with transients once their duration exceeds the single 

FFT capability of the processor, and as the processor only receives 

time-limited, sampled data, even for stationary signals the readings 

will always be an estimate of the true results. 

2.3.3 VIBRATION NEAR-FIELDS. 

The near-field of a vibrating structure is defined as the region in 

which non-propagating, exponentially decaying displacements wfjp(>!,t) 

occur*', about a discontinuity situated at x=0, where, 

WNF(x,t) = ce±kxejwt (2.27) 

where C is the near-field displacement amplitude. For kx = 4.6, i.e. x = 

0.732A where X is the flexural wavelength, the amplitude of the 

near-field wave has decayed to 0.01 times its inital maximum value at x 

= 0, e.g. a vibration source, sink or structural discontiuity. Hence the 

preceding, far-field analysis can be applied for measurements made more 

than 3X/4 from a discontinuity. 
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2.4 TRANSDUCER ERRORS. 

As noted in the previous sections, provided care is taken in the choice 

of measurement position and accurate signal processing schemes are 

employed, accurate structural intensity measurements are possible. The 

next major cause of practical, structural intensity measurement errors 

are the transducers employed to measure the normal-to-suface, or 

flexural wave vibration. The following transducer errors are common to 

most transducers and so accelerometers, currently the most commonly 

employed means of measurement, will be used as an example. 

2.4.1 TRANSDUCER INTERNAL RESONANCE EFFECTS. 

Accelerometers are a typical form of seismic transducer, incorporating a 

piezo-electric crystal that is loaded by a mass-spring system. 

Structural vibration causes the mass-spring system to vibrate which in 

turn induces an electric charge from the crystal. Inherent in this form 

of transducer, however, is the presence of the mass-spring resonance 

frequency. A typical accelerometer frequency response function is shown 

in figure 2.2, for varing internal, mass-spring damping coefficients. As 

this figure shows, as the vibration frequency of interest appoaches this 

resonance frequency, both the accelerometer amplitude and phase response 

change, i.e. the accelerometer frequency response becomes non-linear at 

higher frequencies. 

From figure 2.2, the amplitude response can be considered constant, i.e. 

il dB, up to approximately one third of the accelerometer natural 

frequency. This limits use of a general purpose accelerometer, with 

damping coefficient of less than 0.05^5, to 10 kHz. As will be shown in 

section 2.4.4 however, the accelerometer phase response is the principal 

limitation on the S.I. measurement technique accuracy. As figure 2.2 

shows, the transducer phase response varies significantly close to the 

resonance frequency. Therefore using a general purpose accelerometer, 

accurate S.I. measurements requiring a variation in transducer phase 

response of less than 1°, are limited to below approximately 0.06 times 

the resonance frequency, i.e. 1.8 kHz. 
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For practical measurements, these response characteristics will not only 

vary between nominally identical transducers, but also, close to the 

resonance frequency, will become sensitive to temperature and vibration 

amplitude, and vary with time. Therefore the transducer resonance effect 

severly limits the frequency range for which accelerometers may be used 

for accurate S.I. measurements. 

It should be noted that acceleroemters also have a transverse resonance 

frequency, which is usually lower in frequency than the 

normal-to-surface resonance. Although the accelerometer transverse 

sensitivity is typically less than 3'/.̂ ,̂ the increase in transducer 

transverse sensitivty close to the transverse resonance may still 

introduce erroneous measurement errors. 

2.4.2 EFFECT OF CONTACTING TRANSDUCERS. 

The addition of a contacting transducer, such as an accelerometer or 

strain gauge, will adversely affect the accuracy of the measurement 

through modification of the vibration characteristics. This effect can 

be modelled as the addition to the structure of a mass discontinuity 

with impedance of, 

Zjv, = jwM (2.28) 

where M is the transducer mass. An infinite beam excited by a point 

force, (the subject of practical measurements in section 2.5), has a 

theoretical impedance Zjg of4, 

[jg = 2S9(I)̂  
EI 
ps 

1/4 
(1 + j) (2.29) 

The ratio of the beam velocity response with and without the attached 

transducer H(w), can be measured from the ratio of the impedances, i.e. 

V ZiB 
H(w) = - s 

v ZiB + Zm 

Zh 
1 + —— 

ZiB 

• 1 

(2.30) 



where v' and v are the input point beam velocity with and without the 

transducer attached respectively. Figure 2.3 shows the variation of 

H(w) with w for a range of transducer masses and the beam employed in 

section 2.5. This figure shows that for a given transducer, both the 

amplitude and phase measurement errors increase with increasing 

vibration frequency, and that larger measurement errors result from the 

use of heavier transducers. The main disadvantage of utilising very 

light accelerometers however is that larger transducers have higher 

sensitivity. For accurate structural intensity measurements, the 

mass-loading effect of a contacting transducer must therefore be 

considered to be a significant source of measurement error. The scale of 

this measurement error on the structural intensity is investigated in 

section 2.4.4. 

2.4.3 CROSS-SENSITIVITY TO OTHER WAVETYPES. 

When making flexural-wave, structural intensity measurements, it is 

important to take into account any sensitivity of the technique to other 

wavetypes. This cross-sensitivity has two principal causes: 

(i) the accelerometer has an inherent sensitivity to in-plane or 

longitudinal wave motion, although typically only 2 to 5%, 

<ii) the Poisson ratio effect, which, for example, for an unconstrained 

mild steel bar with a peak, in-plane displacement amplitude of 1 unit, 

will produce a peak, normal-to-surface displacement of 0.3 units. 

In most practical situations the relative flexural and longitudinal wave 

amplitudes will be unknown and so accurate, independent flexural wave, 

structural intensity measurements are not possible with the 

two-transducer scheme. Employing the four accelerometer configuration 

shown in figure 2.4, this problem may be overcome. Based on acceleration 

signals from the two sides of the beam being 180 degrees out of phase, 

and in-phase, for flexural and longitudinal wave motion respectively, 

from equation (2.24) the flexural wave structural intensity is given by, 

(MgEI)!/^ 
<P(xo,u)> - <(ai - 33) <a2(q) ~ ®4(q)^^ (2.31) 

2hw2 
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while the longitudinal wave structural intensity given by', 

£u 5u 
<P(XQ,(I))> = -ES < — — > (2 .32) 

fix St 

where u is the longitudinal displacement. Employing the four 

accelerometer scheme, this expression may be rewritten as, 

ES 
<P<XQ,(J))> ~ < ( a i + 33) <a2<q) <2.33) 

8%2w3h 

where u is Poisson's ratio. With this scheme, the flexural and 

longitudinal wave, structural intensities can be measured 

simultaneously, over the frequency range of interest. However, to 

maximise the signal-to-noise ratio of the two sets of acceleration 

signals, the maximum difference in acceleration signal and hence value 

of the ratio transducer separation/wavelength must be employed. The 

upper limit on the transducer separation is determined by the finite 

difference approximation error however, and for the preceding theory to 

be applicable, the transducers must be less than a flexural wavelength 

apart. The transducer separation is therefore a compromise between these 

two sets of constraints. 

The longitudinal wavelength X|_, equal to (E/?)l/2^ can be related to the 

flexural wavelength Xp given in equation ( 2 . 1 3 ) , by the expression, 

0 ,551 
Xj_ = Ap (2 .34) 

d 

where d is the beam thickness. Since d is typically only a few 

centimetres, >> Xp, the optimum accelerometer separation for 

longitudinal wave measurements will be much larger than for flexural 

wave measurements. Therefore in practice, accurate, simultaneous 

longitudinal and flexural wave power flow measurements are not possible. 

In many situations, this measurement scheme will be impractical, due to 

either access limitations or the inability to accurately position the 
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accelerometer pairs either side of the beam. Therefore the implications 

of the cross-sensitivity effect on the two transducer scheme must be 

considered instead. As noted in section 2, flexural wave vibration 

amplitudes are usually greater than for other wavetypes and so the 

effect of longitudinal wave motion can often be neglected. However when 

the in-plane displacement amplitude is significant, although not 

producing genuine flexural wave motion, it will contribute to the 

normal-to-surface vibration of interest. Hence when evaluating the major 

'flexural'-wave vibration transmission paths in a complex, built-up 

structure, the Poisson ratio effect should be included in the 

measurement. 

2.4.4 INTER-TRANSDUCER FREQUENCY RESPONSE ERRORS. 

Introducing transducer amplitude and phase measurement errors of and G 

respectively into equations (2.15) and (2.16) gives, 

a^ = -w^(l+*i) Asin (ut-k (xQ-h)+£],) + Bsin (ut+e ) si nk (x^-h) (2.35) 

an = -w/(l+*2) Asin(ut-k(x0+h)+62) + Bsin(ut+e2)sink(XQ+h) (2.36) 

This produces an expression for the structural intensity including error 

terms <P(xo)>ME of, 

nw 
<P(xo)>ME ~ (MgEIil/Z — (l+*i)(l+*2) 

h 

A^sin(2kh+ei-Cn) 

+ ABsin2kxosin(Gi-G2) + B^sink(xQ+h)sink(x0-h)sin(6^-62) (2.37) 

Equation (2.37) shows that a 1% error in the transducer amplitude 

response will produce a 1% error in the measured structural intensity. 

Of greater significance however is that the inter-transducer phase error 

term (G1-G2), introduces standing wave effects into the measured 

structural intensity. The scale of the phase error can be considered by 

taking the ratio of the 'error' power flow <P(xo)>ME ^"d the zero error 
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structural intensity of equation (2.17), <P(xo)>, 

<P(xo)>ME 1 
sin <2kh+Ci-C2) + sin (61-62) [|] sin2l<X0 

<P (hq)> sin(2kh) 

+ sin(61-62) |^^^sink(xo+h)sink(x0-h) ( 2 .38 ) 

Figures 2.5 and 2.6 show how this ratio varies with 2kh, (the 

non-dimensional ratio of the transducer separation and the flexural 

wavelength), for different values of the phase error term (61-62). In 

figure 2.5, measurement errors for a theoretically infinite beam are 

quantified and show how, 

(i) positive and negative values of the phase error term produce over-

and underestimates of the structural intensity respectively, 

(ii) for large phase errors, negative under and over estimates of the 

structural intensity are possible, a negative ratio implying that the 

wrong sign and hence direction of structural intensity will be measured, 

(iii) structural intensity measurement errors can be minimised by 

employing as large a value of 2kh as possible. For example, for the 

infinite beam described in section 2.5, 2kh = 1.57 equates to a 

transducer separation of 4.3 cm at 500 Hz and 8.62 cm at 2 kHz. 

Figures 2.6a and 2.6b illustrate the effect of standing waves on the 

structural intensity measurement error, i.e. measurements on a 

non-infinite structure. These figures clearly show that even with a 

relatively small inter-transducer phase response error, e.g. 2^' 

extremely large measurement errors can arise in reverberant vibration 

environments. However as with figure 2.5, the measurement error can be 

minimised by employing a large transducer separation. 

From equation (2.38) it can be seen that it is the relative transducer 

phase response (61-62), and not the absolute phase values relative to a 

calibration signal that are significant. Hence if both transducers have 

an absolute +5*-' phase response error, there is no error in the measured 

structural intensity. For accurate structural intensity measurements 

therefore, the two transducers must be closely phase-matched. Should 
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this not be possible, frequency domain compensation methods do exist. 

Chung36 showed that in the frequency domain, any difference in 

inter—transducer response characteristics can be cancelled out by 

employing the inter-transducer frequency response function H12, measured 

by exposing the transducers to the same vibration field. The corrected, 

cross-spectrum term G12 can then be substituted into equation (2.26), 

G12 
g ' = f _ (2.39) 

Hi2'Hi|2 

where is the first transducer gain factor. The main disadvantage of 

this scheme is that it assumes that the inter-transducer response does 

not change with time, amplitude or temperature, see, for example, 

section 2.4.1. To overcome any such variation problem, H12 ^nd must 

be measured at regular intervals. 

An alternative method is to take two sets of measurements, the second 

set with the transducer positions reversed with respect to the first, as 

is done in the sound intensity technique^A. The corrected cross-spectrum 

term then becomes, 

(612612®)^^^ 
G12' = (2.40) 

iHil1H2I 

where 6^2^ is the second measurement cross-spectrum. The main 

disadvantage of this scheme is that calculation of the square root of a 

complex variable is difficult and time-consuming. However this scheme 

has the advantage that it is straight forward to measure both and H2 

over a wide frequency range. 

Taking all these factors into account, the most simple and accurate 

measurement scheme is to employ two transducers that are closely matched 

in both amplitude and phase response, and for practical structural 

intensity measurements are positioned with separation of at least X/8. 

Should this not be possible, only then are inter-transducer response 

compensation methods required. 
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2.5 PRACTICAL. TWO-ACCELEROMETER STRUCTURAL INTENSITY MEASURMENTS. 

Practical structural intensity measurements were made employing the 

structure shown in figure 2.7. The 6.21 m long mild steel beam, of 

average cross-section 6.38 mm by 50.5 mm, was supported by vertically 

hanging steel wires, with a spacing of approximately 1 m. Both ends were 

terminated in foam wedges, placed in turn in sand boxes to provide 

anechoic end-conditions. The beam was driven by a coi1-and-magnet shaker 

at its mid-point, on the beam vertical neutral axis to ensure that no 

longitudinal or torsional wave motion was produced. Approximately 4.3m 

of the beam length was outside the sandboxes. A force transducer 

positioned between the shaker and the beam was used to measure force 

excitation levels. An accelerometer mounted on the opposite side of the 

beam from the shaker attachment was employed to measure the beam 

response at the force input point. 

Figure 2.8 shows the magnitude and phase of the beam accelerance In(w), 

(acceleration response divided by the input force), measured employing a 

'chirp' or swept-sine excitation of 1 Watt^Mg (shaker power). The 

acceleration of an infinite beam at the force, F, input point is given 

by4, 

w^F 
a(xA,t) = ejwt(i+j) (2.41) 

4EIk3 

The beam therefore has an input point accelerance of, 

0)2 
In(w) = (1+j) (2.42) 

4EIk3 

The theoretical accelerance is shown as a straight line superimposed on 

figure 2.8. As this figure shows, at low frequencies the beam has many 

resonance frequencies. However at higher frequencies, i.e. above 250 Hz, 

both the magnitude and phase of the measured beam accelerance tends 

towards that of the theoretical infinite beam. 

Figure 2.9 shows the real and imaginary components of the measured beam 
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accelerance. From this figure it can be seen that above approximately 

2.3 kHz, the measured data deviates from infinite beam characteristics. 

This is due to two effects; 

<i) the dimensions of the force transducer in contact with the beam 

begin to become comparable with the flexural wavelength, so that the 

excitation source can no longer be considered as a point force, 

(ii) the combined mass of the force transducer and accelerometer of 

approximately 18 grams was sufficient to affect the response of the 

beam. 

The difference in beam accelerance characteristics between figures 2.8 

and 2.9 is due to the difference in scale, i.e. variations in the beam 

accelerance from "infinite" beam characteristics are greater if due to 

resonance effects, than if due to the use of contacting transducers. 

However, as noted in section 2.3, unlike contacting transducer use 

(section 2.4.2), beam resonance effects do not affect the structural 

intensity amplitude. 

Combining equations (2.42) and (2.30), at 3.7 kHz the true beam 

accelerance for a total force transducer and accelerometer mass of 18 

grams is given by, 

In'(w) = (0.987 + jO.839)) (2.42a) 
4EIk3 

Comparison of equations (2.42) and (2.42a) shows that for the combined 

transducer mass of 18 gram, the real part of the accelerance will not be 

significantly affected, but that the imaginary component will be reduced 

by a factor of 0.839. These predicted reductions compare favourably with 

the measured accelerance data shown in figure 2.9. Rather than have to 

compensate for the transducer mass effect at higher frequencies, it was 

decided that the infinite beam experiments would be restricted to 

frequencies of less than 2.3 kHz. 

Point accelerance measurements were repeated for shaker electrical 

excitation levels of 10 Watts (1 Amp r.m.s.) and 0.1 Watts (0.1 Amp 

r.m.s.). The beam accelerance did not vary from that shown in figure 2.8 

and it was concluded that for the range of excitation levels 
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employed in the following measurements, the beam response was linear 

and independent of excitation level. 

2.5.1 INPUT POWER MEASUREMENTS. 

The vibration power into a beam Pi|\|, is calculated from equation (2.1), 

which for a sinusoidal input force F(t)=Fsinwt, and resulting velocity 

v(t)=Vsin(wt+8) gives, 

PjlNj = F(t)v(t) = FVcos8 (2.43) 

or in the frequency domain, 

PlN(w) = I ReCG(F,v,(j) ] (2.43a) 

For ease of implementation and a minimum of signal analysis, the 

expression given in equation (2.43a) is usually employed. 

2.5.2 MEASUREMENT OF INTER-TRANSDUCER RESPONSE CHARACTERISTICS. 

The relative response characteristics of three accelerometers were 

measured by mounting each of them on a shaker, excited by a random 

excitation of 10 volts, 1 Amp r.m.s., over the frequency range 0 to 3.2 

kHz. The frequency response function of each accelerometer pair was 

measured and averaged over ten samples. The best match is shown in 

figure 2.10. The resonance type effect between 320 and 700 Hz was found 

to be due to a 'rocking' resonance mode of the shaker and was minimised 

by placing the accelerometers on the shaker centreline. Charge 

amplifiers, as analogue electronic devices, offer an additional source 

of inter-transducer response error and for these measurements, each 

accelerometer-charge amplifier pair was maintained. 

From figure 2.10, the amplitude and phase response erors over the 

measured frequency range vary between +0%, -2.5% and +0.8'-', -u.6'^ 

respectively. These measurements were repeated for shaker electrical 

excitation levels of 0.1 and 1.75 Amps r.m.s., but the inter-transducer 
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amplitude and phase response characteristics were found not to vary 

significantly. 

2.5.3 BEAM EXCITATION SIGNAL. 

For practical measurements, it was found necessary to employ a 'chirp', 

or swept sine excitation of the form shown in figure 2.11. The chirp 

signal was employed because, 

<i) employing broadband random noise a maximum input power level of 

typically only 10 nW at a given frequency was possible without exceeding 

the shaker current drive limit, 

(ii) the analysis of narrow band excitation signals over a wide 

frequency range would be time-consuming. 

Hence the chirp excitation offered the best compromise between 

measurement speed and input power amplitude. 

The chirp excitation was digitally produced with the variables of 

frequency range, number of data blocks and hence duration, and signal 

amplitude. Although this signal contained approximately equal excitation 

levels per 1 Hz bandwith, the shaker frequency response function 

weighted the input to give the typical force excitation shown in figure 

2.12. Also as shown in this figure, the input point acceleration 

response was frequency dependent and so structural intensity 

measurements are required at a number of frequencies to properly 

validate this technique. 

2.5.4 COMPARISON OF INPUT AND TRANSMITTED POWER MEASUREMENTS. 

Three sets of stuctural intensity data were obtained employing an 

electrical input power of 1.8 Wattpms chirp excitation over the 

frequency ranges 450-550 Hz, 950-1050 Hz and 1450-1550 Hz, From section 

2.3.3, for these frequencies the far-field was calculated as existing at 

distances greater than 24.4 cm from the vibration source. A transducer 

separation of 5 cm, equivalent to between 0.3X and 0.15A over the 

measured frequency range, was employed. For this separation, the 

inter—transducer response errors measured in section 2.5.2 correspond to 
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worst case (simultaneous maximum amplitude and phase error), structural 

intensity measurement errors of approximately ±3.5%. The transducer 

positions were as shown in figure 2.7. The input power and structural 

intensity measurements were calculated employing the maths functions 

software available on the computer acquisition system. These functions, 

based on implementing equations (2.43a) and (2.26) respectively, are 

shown in appendix 8.1. The power measurements are shown in figures 2.13 

to 2.18 respectively. 

These figures show that the spectra of input power were affected by, 

(i) as previously discussed, the shaker frequency response function 

weighting the excitation such that the input force amplitude was not 

constant with frequency, 

(ii) the uniform, rectangular time window inherent in the excitation 

signal which resulted in a 'sine' function weighting of the excitation 

spectrum. 

As can be seen from the transmitted power measurements in figures 2.14, 

2.16 and 2.18 however, the structural intensity has similar frequency 

content to the excitation and hence these factors did not adversely 

affect the beam response characteristics. 

Under ideal, infinite conditions the structural intensity to the left 

and right of the excitation point would be equal to half the input 

power. However as shown in figures 2.14, 2.16 and 2.18, the distribution 

of vibration energy transmitted to the left and right sides of the beam 

is not equal. This is due to physical differences between the two beam 

halves and end conditions producing different beam characteristics in 

each direction. 

Due to the variation over the excitation frequency range of the input 

and transmitted power, it is unrealistic to compare frequency-averaged 

power levels. Instead powers at discrete frequencies are compared in 

figure 2.19. This figure clearly shows that after the finite difference 

approximation correction has been applied, the total, transmitted power 

amplitudes compare very well with the input power amplitudes, with a 

maximum difference of 6.4%. The most likely causes of measurement error 
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include the accelerometer amplitude and phase response at frequencies 

approaching the transducer resonance frequency, (section 2.4.1), 

mass-loading of the structure (section 2.4.2), inter-transducer response 

errors (section 2.4.4) and resonance behaviour of the beam. 

33. 



2.6 CONCLUSIONS ON THE 5TRUCTRAL INTENSITY MEASUREMENT TECHNIQUE. 

The one-dimensional, flexural-wave structural intensity measurement 

technique has been reviewed and expressions for far-field measurements 

developed. For infinite beam conditions, it has been shown theoretically 

how a single transducer measurement is sufficient to measure the average 

vibration energy transmission. However for practical structures, the 

presence of standing waves make this scheme inaccurate. Instead a two 

transducer scheme employing, for example, acceleration signals, must be 

utilised. The structural intensity is then proportional to the 

time-averaged product of the time integral of average acceleration and 

the acceleration difference. 

Signal processing schemes in the time and frequency domains have been 

discussed. In the frequency domain implementation, it has been shown how 

the structural intensity is proportional to the imaginary component of 

the cross-spectrum of the two accelerometer signals. Since modern, 

commercially available digital signal acquisition and processing systems 

offer the cross-spectrum between two signals as a standard operation, 

this implementation is recommended. 

Transducer response errors have been investigated and typical structural 

intensity errors resulting from these errors calculated. These results 

show that significant measurement errors can arise for typical 

inter-transducer response errors, both for infinite structures and 

structures in which standing waves are present. Theoretical results show 

that inter-transducer phase response errors are more significant than 

amplitude errors, with errors of more than a few degrees leading not 

only to under or over estimates of the structural intensity, but in the 

worst case, giving the wrong direction of energy transmission. Phase 

response error effects can be minimised however; 

<i) for small inter-transducer errors, an error of less than ±57. results 

from using a transducer separation of at least 0.05X, 

(ii) for larger inter-transducer errors by employing a frequency domain 

correction, based on inclusion of the predetermined response error 

correction in the structural intensity calculation. 
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It has been shown how a beam structural response may be modified in both 

amplitude and phase when utilising contacting transducers, such as 

accelerometers, and that this effect increases with increasing 

frequency. In addition, accelerometer amplitude and phase response 

errors can result at vibration frequencies approaching the transducer 

resonance frequency. These errors vary with temperature, vibration 

amplitude and time and therefore can introduce large measurement errors. 

Employment of non-contacting, non-seismic transducers, such as Laser 

Vibrometers, offers a simple solution to both these problems, as well as 

reducing the measurement time and increasing the range of structures 

upon which measurements may be made. 

Practical, two-accelerometer structural intensity measurements have been 

made on a point force excited, mild steel beam. Point accelerance 

measurements showed the beam to have infinite structure characteristics 

over the frequency range 250 Hz to 2.3 kHz. Practical measurements were 

made over the frequency ranges 450-550 Hz, 950-1050 Hz and 1450-1550 Hz, 

employing a 100 Hz bandwidth 'chirp', or swept-sine excitation. For all 

three sets of measurements, good agreement was obtained between the 

input power and the total power transmitted through the beam. This 

proves the accuracy and value of this technique as a means for measuring 

both the magnitude and direction of transmitted, flexural wave, 

vibration energy. 
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5. LASER VIBROMETER MEASUREMENTS OF STRUCTURAL INTENSITY. 

In recent years, employment of Laser Technology, and in particular Laser 

Doppler Velocimetry (LDV)^?, as a measurement tool for the vibration 

engineer has become widespread. Allied with their ability to make 

remote, non-contact measurements of vibrating surfaces, laser 

vibrometers can be employed in a range of vibration measurement 

environments for which contacting transducers, such as accelerometers, 

cannot. Typical examples include light structures where contacting 

transducers mass-load the structure, hot surfaces where contacting 

transducers are likely to be destroyed should they be attached, and 

rotating surfaces where transfer of the vibration signal from a 

structure to the analysis/recording system is complex. 

Application of LDV to this problem has produced a range of laser 

v i b r o m e t e r s 2 7 » 2 8 , 2 9 , 3 8 g number of which are now commercially available. 

Laser vibrometer operation relies on detection of the Doppler frequency 

shift in laser light scattered from a target surface. When mixed with a 

reference beam on the vibrometer photodetector surface, a time-resolved 

output, proportional to the modulus of the target surface velocity 

vector, then results. Both the velocity amplitude and phase are required 

and thus the direction ambiguity problem, inherent in this form of 

Doppler detection, must be overcome. This is achieved by frequency 

shifting the reference beam, thus providing a carrier frequency which is 

subsequently modulated by any target surface motion^?. Commercial 

systems differ primarily in the frequency shifting mechanism they 

employ, e.g. Bragg cells^S, rotating diffraction gratings^?, rotating 

scattering discs^^ and rotating retroreflectors^®, leading to a range of 

laser vibrometers varying in expense, robustness, bulk, ease of use and 

portabi1ity. 

This chapter reviews the employment of an existing laser Doppler 

vibrometer29 to measure one-dimensional, flexural-wave structural 

intensity (S.I.). The results of these measurements are analysed, and it 

is shown how the device sensitivity is not sufficient for S.I. 

measurements where vibration velocity amplitudes of less than 
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approximately 0.1 mm/s are produced. For many practical structures, 

normal-to-surface velocity amplitudes of less than 10""̂  m/s at one point 

in a structure can still result in large amplitude noise radiation 

elsewhere. To overcome this problem, a new design of laser transducer, 

the PZT laser vibrometer, has been developed^O, allowing 

high-sensitivity, non-contact measurement of normal-to-surface target 

motion. Comparative vibration measurements with an accelerometer mounted 

on a shaker are described and the results discussed. Practical 

structural intensity measurements are then made using two PZT 

vibrometers and the results compared with the two-accelerometer 

technique of Chapter 2. The practical advantages and disadvantages of 

the two schemes are then reviewed and typical measurement environments 

suggested for each scheme. 
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3.1 LASER VIBROMETRY. 

Although laser vibrometer systems differ both in their optical 

configuration and signal processing electronics, they are all based on 

the measurement of the Doppler frequency shift in light scattered from 

the vibrating surface of interest. The physics of operation of LDV 

measurement is reviewed below. 

As shown in figure 3.1, when laser light of frequency f is incident on 

an optically rough surface, any surface motion causes the scattered 

light to undergo a Doppler frequency shift^?. For light incident at an 

angle a and viewed at an angle fi to the normal-to-surface velocity 

vector V, the Doppler frequency shift fg is given by, 

I VI 
;Q = - — p(cosp + cosa) Hz (3.1) 

where p is the refractive index of the medium (1 for air), and A is the 

optical wavelength. The frequency of the scattered light f+fp, is not 

directly measurable as the response time of commercially available 

photodetectors is not sufficiently fast. Instead the scattered light is 

mixed, as shown in figure 3.2, with a reference beam of frequency f 

taken from the same light source, and heterodyned on the photodetector 

surface. The output of the detector then becomes modulated by the 

Doppler frequency component of the incident light fp, which from 

equation (3.1) is proportional to the surface velocity. 

Using this optical configuration, it is still not possible to resolve 

the sign of the surface velocity. To remove this ambiguity, the 

reference beam is frequency shifted by a known amount ip, to produce an 

optical beat on the detector surface of fo+fR- The detector output is 

then demodulated using an appropriate signal processor to produce a time 

resolved voltage output, proportional to the surface velocity. A 

practical laser vibrometer system is described below. 
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5.2 THE I.S.V.R. LASER VIBROMETER. 

The I.S.V.R. laser vibrometer^^ shown in figure 3.3 employs a Michelson 

Interferometer optical configuration with a rotating scattering disc to 

produce the reference beam frequency shift. This configuration has the 

advantage that a single beamsplitter both divides and recombines the 

laser beam and scattered light respectively. As the system utilises 

backscattered light from both the target surface and scattering disc 

reference surface, it is self aligning and results in a robust design. 

Using this optical geometry, the vibrometer measures the target velocity 

vector parallel to the incident laser beam. The mirror shown in figure 

3.3 is included to make the geometry more compact. The I.S.V.R. laser 

vibrometer has a dynamic range of 70dB, permitting velocity measurements 

of amplitude -10 dB to -80 dB reference 1 m/s, over the vibration 

frequency range 0 to 20 kHz. 

From section 2.3, the one-dimensional, far field, flexural wave 

structural intensity <P(y,(j)>, measured using acceleration signals is 

given by, 

k2 6a 

<P(xo)> = 2EI- a dt > <2.10) 
fix , 

which can be rewritten in terms of the normal-to-surface velocity v as, 

6v 

<P(XA)> = 2EIk^ < V dt > (2.10a) 

fix 

Employing the two transducer, finite difference approximation and 

equation (2.13), 

<P(xo) 

w(MBEI)l/2 

2h 

PE 

12 

< (V2+V ̂ ) <V2-vi)dt > 

1/2 bdZi 

2h 

(V2+V]^) (v2-vi)dt > 

(3.2) 

(3.2a) 

where the exact structural intensity <P(xQ)>g; can be calculated using 
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the finite difference approximation correction as, 

2kh 

<P(xo)>E " ^MEASURED <2,21) 
sin2kh 

Hence two I.S.V.R. laser vibrometers can be substituted for two 

accelerometers in the two transducer scheme discussed in Chapter 2. As 

discussed in section 2.4.3, before any S.I. measurements are made 

however, the relative response characteristics of the two transducers 

must be measured so that any significant response differences, e.g. an 

amplitude difference of more than +207. and a phase difference of more 

than ±5°, may be compensated for using the methods discussed in section 

2.4.4. 

5.2.1 INTER-VIBROMETER RESPONSE CHARACTERISTICS. 

The inter-vibrometer response characteristics were measured using the 

system shown in figure 3.4. A step-sine excitation was employed to drive 

the shaker since, 

(i) the shaker velocity amplitudes employing broadband random excitation 

were not sufficiently large to be measured with this device, 

<ii) narrowband frequency, shaker excitation was too time-consuming for 

response measurements over a broad frequency range. 

Measurements were made with a constant power amplifier current driving 

the shaker, producing an approximately constant acceleration amplitude 

excitation of 16 dB reference 1 m/s^, equivalent to velocity amplitudes 

of -40 dB reference 1 m/s at 100 Hz, and -65 dB at 2 kHz. Employing a 5 

Hz step increment, the inter-vibrometer frequency response function 

(FRF) was measured over the frequency ranges 100 Hz to 1 kHz, and 1 kHz 

to 2 kHz. These are shown in figures 3.5 and 3.6. With reference to 

figure 3.5, these spectra show the two vibrometers to have a difference 

in amplitude response of up to ±10% <0.8 dB), and a phase response of 

better than ±3*̂ . This amplitude error will result in a S.I. measurement 

error of +10%, well within the +20% practical measurement error limit. 

For an infinite beam, a +3*̂  phase response error will result in S.I. 

measurement errors of 0.5 dB at 500 Hz and 0.4 dB at 2250 Hz. Hence 
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accurate S.I. measurements can be made using two I.S.V.R. laser 

vibrometers, with a worst case measurement error on an infinite beam of 

1.4 dB. 

With reference to figure 3.6, it can be seen that at higher frequencies, 

e.g. above 1600 Hz, and hence at lower velocity amplitudes, both the 

inter-transducer amplitude and phase response errors increase beyond the 

previously described, acceptable measurement limits. This is due to two 

effects, 

<i) The vibrometer 'sample-and-hold' circuit, employed to compensate for 

any loss in Doppler signal amplitude due to insufficient light being 

incident on the photodetector, reduces the vibrometer signal-to-noise 

ratio. Since the hold' circuit has a constant time duration, it will 

have a greater, adverse effect at higher frequencies where the vibration 

signal period is shorter. Hence when the inter-vibrometer phase response 

of two low velocity amplitude, high frequency signals is measured, the 

difference of two noisy signals is obtained and large phase errors, of 

the magnitude shown in figure 3.6, will occur. 

(ii) As the target velocity amplitude falls towards the noise floor 

level, dynamic speckle effects become more significant and the 

signal-to-noise ratio of the vibrometer output is reduced. As with (i), 

the difference of two increasing noisy signals is then obtained with 

large inter-transducer phase errors resulting. 

To further investigate these effects, additional inter-transducer FRF 

measurements were made with velocity amplitudes of -60 dB reference 1 

m/s at 100 Hz, and -85 dB at 2.25 kHz, close to the vibrometer 

high-sensitivity limit. As figures 3.7 and 3.8 clearly illustrate, as 

the device noise floor is approached, the inter-vibrometer phase 

response errors increase by an order of magnitude, to a level where 

unacceptably large S.I. measurement errors will result. Due to the 

magnitude of this phase error, a reduction in S.I. measurement error 

will result from the use of a large transducer separation to flexural 

wavelength ratio. 

Measurements also showed that a small change in the target laser beam 
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position, e.g. due to non-normal target surface motion, resulted in a 

large change in the phase error frequency distribution. This is due to 

any change in the backscattered target speckle pattern randomly 

modulating the spatial characteristics of the resultant speckle pattern 

incident on the photodetector, with an associated random modulation of 

the noise characteristics of the vibrometer output. Hence for low 

velocity amplitude S.I. measurements, the inter-vibrometer phase 

response will vary randomly with any change in position of either laser 

vibrometer target laser beam. Therefore for many practical measurements, 

the inter-transducer phase response compensation methods discussed in 

section 2.4,4 cannot be applied. Since these response errors become 

problematic only as the vibrometer noise floor is approached, it is 

interesting to consider what determines this physical, velocity 

measurement limit. 

5.2.2 DISCUSSION OF LASER VIBROMETER NOISE FLOORS. 

The I.S.V.R. laser vibrometer noise floor shown in figure 3.9 was 

measured using a stationary target surface. The vibration spectrum was 

measured over the frequency range 0 to 800 Hz, with a 1 Hz frequency 

resolution and 10 averages. The noise floor consists of an infinite 

series of spikes at the reference surface, disc rotation frequency and 

its harmonics. The mean spike amplitudes are approximately constant with 

frequency but with individual spike amplitudes varying randomly about 

the mean level with each new measurement position. As discussed in 

Chapter 5, these spikes are caused by pseudo-random intensity modulation 

of the light incident on the vibrometer photodetector, resulting in a 

pseudo-random detector noise output. The frequency spectrum of this form 

of noise signal is as shown in figure 3.9. It is apparent therefore that 

the vibrometer stat ionary-surface noise floor level is determined 

optically and not by the electronic signal processing. 

It can be concluded from figure 3.9 that for measurements where the 

inter-transducer phase relationship is not important, the I.S.V.R. laser 

vibrometer can be used to accurately measure velocities of down to -80 

dB reference 1 m/s. Rothberg et al^? have also shown that the spike 
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amplitudes do not increase in the presence of large amplitude, 

non-normal motion, i.e. the noise floor spike amplitudes for a 

stationary and a vibrating target surface are equal. 

As can also be seen from figure 3.9, for vibration at frequencies not 

coincident with the disc rotation speed or its harmonics, measurements 

are possible between the spikes, down to a lower level of approximately 

-115 dB. However any non—normal motion will cause the broadband noise 

amplitude to increase, raising the noise floor amplitude between the 

spikes to a level dependent, as with other laser vibrometer systems, 

upon the target motion. Therefore when the phase response between two 

I.S.V.R. laser vibrometers is critical, i.e. for S.I. measurements, the 

vibrometer dynamic range is limited to velocity amplitudes above the 

optical' noise floor level. 

3.2.3 STRUCTURAL INTENSITY MEASUREMENTS. 

S.I. measurements employing two I.S.V.R, laser vibrometers were made 

usinq the system shown in figure 2.5. The vibration amplitudes produced 

using a swept-sine excitation were found to be at, or below the 

vibrometer detection limit. Any practical measurements would therefore 

have resulted in large S.I. measurement errors. Hence narrow band 

excitation, producing larger velocity amplitudes, was employed over the 

frequency range 500 Hz to 2.25 kHz, in 250 Hz increments. The vibrometer 

S.I. measurement results are compared with those obtained using two 

accelerometers in figure 3.10. These results were calculated using the 

signal processing scheme described in section 2.5. A transducer 

separation of down to 1 mm can be obtained using a mirror to direct one 

of the laser vibrometer target laser beams. However for the measurements 

recorded in this chapter, a separation of 10cm was employed to minimise 

the effect of inter-transducer phase errors. 

As the results in figure 3.10 show, good agreement was obtained between 

the vibrometer and accelerometer S.I. measurements. The maximum 

difference of 1.2 dB (14.8%) is less than the worst case error of 1.4 dB 

predicted in section 3.2.1. Therefore provided the target velocity 



amplitude falls within the range -10 to -80 dB reference 1 m/s, accurate 

S.I. measurements can be made using two I.S.V.R. laser vibrometers. 

In many structural vibration environments, small velocity amplitudes can 

still represent large amplitude, vibration energy transmission through 

the structure. For example, from equation <3.2a), a beam of thickness d, 

vibrating with velocity v, will have the same S.I. magnitude as a beam 

of thickness 5d and velocity v/5. Hence there is a requirement for a 

laser vibrometer system that includes the practical, optical advantages 

of the I.S.V.R. laser vibrometer, i.e. robust, portable and offering 

simple 'point-and-shoot' operation, but that has a higher sensitivity. 

This system is described in section 3.3. 
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3.3 THE PZT LASER VIBROMETER. 

With reference to figure 3.11, the PZT laser vibrometer is a new, 

high-sensitivity transducer, employing a Michelson Interferometer 

optical configuration. It utilises a piezo-electric ceramic element of 

lead zirconate (PZT) as a reference surface, frequency shifting device 

and a signal processing scheme suggested by Dandridge et al^O to 

demodulate the detector output signal. This results in a vibrometer with 

a voltage output proportional to the normal-to-surface target velocity. 

This scheme differs from the Dandridge system by including, 

<i) a diffuse rather than a specular reference surface, resulting in a 

self-aligning and significantly more robust optical geometry, 

<ii) a reference surface oscillating at 750 kHz compared with the 50 kHz 

of the Dandridge system, permitting larger amplitude velocities to be 

measured, with an associated increase in the vibrometer dynamic range, 

(iii) an optical geometry and opto-electronics that have been optimised 

for use with the diffusely reflecting target surfaces that are usually 

encountered in engineering components. 

In section 3.3.1, the physics of operation of this device are described. 

PZT vibrometer measurements on a sinusoidally oscillating shaker are 

compared with an accelerometer in 3.3.2 and its suitability for S.I. 

measurements reviewed. In section 3.3.3, S.I. measurements on an 

infinite beam structure are made simultaneously with two PZT vibrometers 

and two accelerometers and the results compared. Conclusions on the use 

of the PZT vibrometer for S.I. measurements are then made in 3.3.4. 

3.3.1 PHYSICS OF OPERATION. 

The optical configuration employed by the PZT vibrometer is shown in 

figure 3.11. The laser beam is amplitude divided into two beams which 

are incident on the target and reference surface respectively. Light is 

back-scattered from each surface onto the photodetector. Neglecting 

polarisation effects, the output current iy from the photodetector can 

be written as. 
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id " Y^Ip + Ij + 2(Iplj)^^^cossj (3.3) 

where Ip and If are the reference and target beam scattered light 

intensities, f is the photodetector response term and 8 the phase 

difference term due to a pathlength imbalance. With reference to figure 

3.11, this phase term is directly proportional to any relative change 

<Li-L2), in position of either surface, such that, 

8 ® 2kl + 8() radians (3.4) 

where 1 = (L1-L2), k is the wavenumber of laser light and QQ is the 

initial phase difference. As noted in section 3.1, using this optical 

geometry it is not possible to determine the target surface velocity 

direction. The reference beam is thus frequency pre-shifted to provide a 

carrier frequency in the photodetector output, which movement of the 

target frequency modulates^?. Tracking the carrier frequency then 

provides a time-resolved analogue output of the target surface 

velocity. 

In the proposed system, the reference light is frequency shifted by 

driving the reference surface, i.e. a PZT element, sinusoidally such 

that, 

Li = %>sinupt (3.5) 

where Ap and are the PZT element peak displacement amplitude and 

oscillation frequency respectively. For sinusoidal target motion, the 

time-varying detector current iy(t) will then be, 

id(t) = y[ ip + I t + 2(IpI-|-) ̂ /2£.os(2k[Apsinupt-Ajsin(i)-]-t3 + 8Q)j (3.6) 

where Ay and wy are the target displacement amplitude and frequency 

respectively. This equation reduces to, 

ijj(t) = C^C 1 + C2Cos(8psinupt - 8j)3 (3.7) 
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where, 

2(IplT) 

Bp = 2kAp; e-f » 2kATsinuTt-8(-, ; C i = yilp + ly) ! ^2 " 
I p + I j 

Expanding <3.7) in terms of Bessel functions, 

(D 

iy(t) = c J 1 + C2Cos9j|jo(Bp) + 2[j2n<8p)cos(2nwpt)} 
n=l 

(D 

+ C2sinej|2|^J2n+l <8p)sin( <2n+l)upt)]-] <3.8) 
n=u 

Therefore in contrast with the majority of LDV systems, the 

photodetector output contains PZT element-generated carrier frequency 

terms at up- and higher order harmonics, each of which the target surface 

will frequency modulate. It will now be shown how the target surface 

velocity information can be retrieved from this form of signal by 

selecting specific carrier frequencies at wp and 2wp. 

With reference to figure 3.12, the photodetector output is initially 

bandpass filtered to produce signals i^p <t) and i2wp(t) given by, 

iyp<t) = 2CiC2Ji(6p)sin(wpt)sin(8T) <3.9a) 

i2(jp<t) = 2CiC2J2(8p)cos(2upt)cos<8T) <3.9b) 

For a maximum signal-to-noise ratio in the succeeding signal processing, 

the amplitude of these two signals should be matched, i.e. Ji(8p) 

Jo<8p). To prevent the PZT element overheating and vibrating in a 

non-linear manner, a maximum value of Bp is required. Figure 3.13 is a 

comparison of Bessel functions of the first and second order and shows 

that for a value of 8p = 2.65 radians, they are equal in magnitude. 

As shown in figure 3.12, phase sensitive detectors^^ with reference 

inputs at frequency wp and 2wp respectively then produce outputs of, 
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X = C(3CiC2Sin8j ; y = C Q C ^ C 2 C o s 8 T <3. 10) 

where Cg is the effective channel gain which incorporates Ji(8p) and 

J2(8p). A system of analogue multipliers and differentiators*? then 

gives the outputs, 

dy dx 
z = X — - y — ; e^ = x^ + y^ (3.11) 

dt dt 

where, 

d8j 
z = (CgCiC2)2 <3.12) 

dt 

e^ ® (CQC^C2)^ (3.13) 

Here z is proportional to d8j/dt and hence represents the target 

velocity. However the term C1C2 is dependent on the intensity of light 

scattered from the target and this will vary with measurement position. 

As shown in figure 3.12, this effect is overcome by employing an 

automatic gain control system, whereby Cg is adjusted to keep e^ 

constant for varying C1C2 and thus maintain the term (CgCiC2)2 in 

equation (3.13) constant also. 

From equation (3.7), it can be seen that the term By in the vibrometer 

output also includes a contribution from the initial phase difference 

8̂-,. Employing a rotating disc, reference surface, the I.S.V.R. laser 

vibrometer suffers from dynamic speckle effects which produce a 

pseudo-random modulation of 80 and hence a non-zero value of dBg/dt. As 

noted in section 3.2.2, spurious speckle noise effects are therefore 

always evident in the vibrometer output and determine the device 

sensitivity. In contrast, the PZT vibrometer reference surface 

oscillates normally to the incident laser beam and produces negligible 

dynamic speckle effects. Hence for normal-to-surface target vibration, 

8(5 is a constant and dSQ/dt is zero. Under these conditions, the maximum 

vibrometer sensitivity will be dictated by the electronic noise floor 

amplitude. Under these conditions, the PZT vibrometer is able to 
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measure velocity amplitudes of three orders of magnitude (60 dB) less 

than the I.S.V.R. laser vibrometer. 

3.3.2 COMPARISON WITH AN ACCELEROMETER. 

The prototype vibrometer has two vibration frequency ranges; 0 to 1 kHz 

and 0 to 10 kHz, with measured dynamic ranges of 100 dB and 90 dB 

respectively. The difference in dynamic range is due to the wider filter 

bandwidth increasing the electronic noise in the vibrometer output 

signal. A range of sensitivity settings in the demodulator circuit are 

employed to improve the signal-to-noise ratio for varying velocity 

amplitudes. A stationary target surface, noise floor amplitude of -140 

dB reference 1 m/s was measured at 500 Hz. The maximum velocity 

amplitude of -40 dB reference 1 m/s is determined by the input bandpass 

filters at ur and 2wR. This level can be increased through broadening of 

the filter bandwidth but at the expense of increased electronic noise 

and hence reduced sensitivity, i.e. there is a 'trade-off' between the 

vibrometer high-sensitivity limit and its maximum velocity amplitude. 

Figure 3.14 compares a spectrum of the vibrometer output with that of an 

accelerometer for the same measurement situation. A 2 mW He-Ne laser was 

used, producing an incident intensity target beam of 1 mW. The beam was 

directed onto the top of the accelerometer, which was being driven by an 

electrodynamic shaker at 123 Hz. A small piece of retro-reflective tape 

was placed on the accelerometer to ensure sufficient intensity in the 

backscattered light collected by the photodetector. 

The spectra shown in figure 3.14 contain 100 averages with a frequency 

resolution of 1 Hz. Excellent agreement is obtained and for this 

measurement, the minimum detectable level for the vibrometer is shown to 

be better than -120 dB, or 1 ^m/s. This velocity amplitude corresponds 

to the vibrometer 'optical' noise floor discussed in section 3.2.2. and 

the increase in the noise floor amplitude is due to dynamic speckle 

effects. Employing the most sensitive setting of the charge amplifier, a 

minimum detectable accelerometer velocity amplitude of -140 dB is 

obtained. This compares with a stationary surface noise floor level of 
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-160 dB reference 1 m/s at 500 Hz. The difference in accelerometer 

sensitivities is due to broadband, random, electronic noise from the 

signal generator driving the shaker. 

These results clearly show the ability of the PZT vibrometer to make low 

amplitude, normal-to-surface velocity measurements. Its dynamic range 

complements that of the I.S.V.R. laser vibrometer, while sharing the 

practical advantages of the same optical configuration, i.e. it is 

robust, self-aligning and offers simple, straightforward 

'point-and-shoot' operation. Low velocity amplitude, structural 

intensity meaaurements using two of these devices are described in the 

next section. 

5.3.3 STRUCTURAL I N T E N S I T Y MEASUREMENTS. 

The two PZT laser vibrometers were calibrated by pointing the target 

laser beams onto a pre-calibrated accelerometer mounted on a shaker, and 

adjusting the vibrometer calibration constants until the signal 

magnitudes were equal. A range of vibration frequencies and amplitudes 

were employed to check the vibrometer calibration and linearity over its 

dynamic range. 

The inter-vibrometer amplitude response at low levels of velocity 

amplitude was measured as typically +0.5 dB, (6%), while the relative 

phase response is tabulated in figure 3.15. As these results show, phase 

response errors of up +3° were obtained, similar to those measured for 

the I.S.V.R. laser vibrometer. These phase errors are due to two 

effects, 

(i) small differences in the nominally identical setup and electronic 

component values of the two vibrometers, 

<ii) as with the I.S.V.R. laser vibrometer in section 3.2, dynamic 

speckle effects introduce noise into the vibrometer output. 

As shown in chapter 2, for structures where the travelling wave 

amplitude is comparable with, or greater than the standing wave 

amplitude, a large value ratio of transducer separation to flexural 
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wavelength can be employed to minimise the effect of any 

inter-transducer phase errors. However when the standing wave amplitude 

is greater than the travelling wave amplitude of interest, the accuracy 

of the S.I. measurement technique is critically dependent upon the 

inter-transducer phase response errors. Hence these phase response 

errors must be minimised. 

The first of these error sources can be minimised through careful 

selection or matching of the signal processing electronic components. 

Alternatively, as with the two accelerometer system, a pair of 

response-matched laser vibrometers could be employed. As discussed in 

section 3.2, for most practical measurements the second phase error 

source is a random function of both frequency and time, and therefore 

cannot be cancelled out using phase response compensation methods. 

Hence, as with a majority of laser vibrometer systems, accurate S.I. 

measurements can only be made with the PZT laser vibrometer if the 

velocity amplitudes are above the optical' noise floor level. 

As in section 3.2.3, a transducer separation of down to 1 mm can be 

obtained using a mirror to direct one of the target laser beams. However 

measurements were instead made with a separation of 15 cm, determined by 

the prototype vibrometer physical dimensions, to ensure that any S.I. 

measurement errors due to inter—transducer phase errors were minimised. 

The vibrometer laser beams were directed onto the top surface of two 

accelerometers mounted on an infinite beam. The two sets of S.I. 

measurements are compared in figure 3.16. Constant amplitude velocity 

excitations of approximately -85 dB and -105 dB reference Im/s, were 

employed over the frequency range 500 to 2250 Hz. The agreement between 

the S.I. measurements shown in figure 3.16 is good with an average 

difference of -0.525 dB. The maximum difference of 1.4 dB is consistent 

with the 1.4 dB worst case measurement error, for inter-transducer phase 

and amplitude response errors of ±3° and 6% respectively. 

As noted in section 2.4.2, the mass-loading effect of the accelerometers 

reduces the point acceleration amplitude by -1.79% at 500 Hz and -3.75% 

at 2250 Hz. Phase errors due to accelerometer mass-loading of the 

51. 



structure will be the same for each transducer. Hence both the 

inter-transducer phase response and the S.I. measurement errors due to 

this effect will be zero. These errors are equivalent to S.I. 

measurement errors of -3.5%, (0.2 dB), at 500 Hz and -7.4%, (0.4 dB), at 

2250 Hz. Therefore at higher frequencies, or for structures with smaller 

point impedances, the accuracy of the PZT vibrometer and accelerometer 

S.I. measurement schemes are comparable. 
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3.4 CONCLUSIONS ON THE LASER VIBROMETER, STRUCTURAL INTENSITY METER. 

In this chapter, the direct substitution of laser vibrometers for 

accelerometers in the two-transducer scheme has been reviewed. 

Measurements utilising the I.S.V.R. laser vibrometer showed that 

providing vibration velocity amplitudes are above the device noise 

floor, spurious optical noise-induced phase errors could be neglected 

and accurate S.I. measurements could therefore be made. Although S.I. 

measurements were therefore restricted to velocity amplitudes greater 

than 0.1 mm/s, this maximum sensitivity level is a constant. This is in 

contrast with other vibrometer systems where the noise floor level, and 

thus the minimum velocity amplitude that accurate S.I. measurements 

could be made at, is dependent upon the target motion itself, i.e. it 

will be effected by the pseudo-random optical effects discussed in 

Chapter 5. 

In many practical structures, low amplitude velocities can still result 

in significant vibration and noise radiation. A new, high—sensitivity 

PZT vibrometer, incorporating many of the optical advantages of the 

I.S.V.R. laser vibrometer, i.e. portable, robust and offering simple 

'point-and-shoot' operation, has therefore been developed to overcome 

this sensitivity limitation. This device, with stationary surface noise 

floor levels of 0.1 pm/s and 0.32 pm/s over the frequency ranges 0 to 1 

kHz and u to Iv kHz respectively, has a sensitivity approaching that of 

an accelerometer. Structural intensity measurements using two PZT 

vibrometers on an infinite beam were, on average, within 6% of those 

measured simultaneously using the two-accelerometer scheme. As noted in 

Chapter 2, over the measurement frequency range of 500 to 2250 Hz, the 

accelerometer scheme suffers from S.I. measurement errors of 3.5% to 

7.4"/. respectively due to mass-loading of the structure. Hence for light 

structures, and at high frequencies, the accuracy of two, PZT laser 

vibrometer, S.I. measurement technique will be more accurate than the 

two-accelerometer technique. 

In conclusion, employment of the two laser vibrometer, S.I. measurement 

scheme is complementary to, rather than a direct replacement for the 



two accelerometer technique. The relative merits of the two schemes may 

be summarised as, 

(i) accelerometers have greater sensitivity than either of the laser 

vibrometers described in this chapter and so will allow lower amplitude 

S.I. measurements to be made, 

<ii) the matched-response, accelerometer pair used in chapter 2 have 

smaller inter-transducer phase response errors than either of the two 

laser vibrometer systems used in this chapter; hence more accurate S.I. 

measurements will be obtained when the relative phase response becomes 

critical, i.e. in structures where the standing wave amplitude is 

greater than the travelling wave amplitude of interest, 

(iii) for structures where the travelling wave amplitude is greater 

than, or comparable with, the standing wave amplitude, the accuracies of 

the two-accelerometer and two-vibrometer techniques are similar, 

(iv) the frequency range over which accelerometers may be employed for 

accurate S.I. measurements is limited by its inherent, internal 

resonance frequency, e.g. using general purpose accelerometers, 

measurements are restricted to less than 1.8 kHz for better than 1° 

phase error, 

(v) accelerometers mass-load a structure at a rate proportional to the 

accelerometer mass and the vibration frequency, hence the laser 

vibrometer scheme will measure the structural intensity more accurately 

than accelerometers on light structures and at high frequencies, 

(vi) the two laser vibrometer scheme allows remote, non-contact 

structural intensity measurements to be made, and thus not only offers 

the possibility of quickly making a large number of measurements, but 

also extends application of the technique to situations where 

accelerometers cannot be used, e.g. hot and inaccesible surfaces. 
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4 . THE LASER V E L O C I T Y GRADIENT TRANSDUCER. 

In Chapters 2 and 3, it was shown how when using the finite difference 

approximation, the major error source in the two transducer, structural 

intensity (S.I.) measurement scheme, is the difference in transducer 

response characteristics. Prior to measurements being made, the 

transducer amplitude responses can be matched using a transducer 

calibrator. The relative, transducer phase responses cannot be matched 

in this way, however, and resulting S.I. measurement errors can only be 

minimised by correction with the predetermined, inter—transducer phase 

response function. This option is time consuming and for some 

transducers, such as laser vibrometers, it is not valid since any 

non—normal target surface motion will cause the phase response error to 

vary. In this situation, large S.I. measurement errors may result. 

Therefore, if through use of a specially developed laser transducer 

system, the technique measurement accuracy can be improved, the 

resultant, laser technology-based structural intensity measurement 

scheme will supercede the two-accelerometer technique, presently in 

widespread employment. 

In this chapter, improvements in S.I. measurement accuracy through use 

of a velocity difference transducer are described and a range of optical 

techniques for measuring normal-to-surface displacement, or velocity 

spatial derivatives are then r e v i e w e d 4 3 - 4 8 , ^ final transducer scheme is 

then proposed, based on the optimum optical configuration of these 

measurement systems, and employing a signal processing scheme originally 

developed for a fibre-optic vibrometer*?. The prototype system is then 

employed to make velocity and velocity gradient measurements and the 

results are compared with accelerometer measurements and theoretical 

predictions. Finally, used in conjunction with a laser vibrometer, 

practical, one-dimensional, structural intensity measurements are made 

with the velocity gradient transducer and the results compared with the 

traditional, two-accelerometer technique described in Chapter 2. 
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4.1 ADVANTAGES OF THE VELOCITY GRADIENT MEASUREMENT SCHEME. 

In Chapter 3 it was shown how the structural intensity expression 

derived in Chapter 2 could be written in terms of the normal-to-surface 

velocity v as, 

<P(xo)> = 2w(MBEI)l/2 < V 
pdv 

— dt> (2.10a) 
dx 

where <...> represents a time average. Using two, point velocity laser 

vibrometers, this expression can be realised from the time-average 

product of the integrated sum, and difference of the two transducer 

outputs. It is readily apparent from the above equation that the 

structural intensity can be directly, and hence more easily measured, 

from the product of the point velocity v, and the integrated velocity 

gradient dv/dx. In what follows, it is shown that this not only 

simplifies the S.I. calculation procedure but also, in reducing the 

technique sensitivity to inter-transducer phase errors, improves the 

technique measurement accuracy. 

The velocity gradient measurement methods discussed in the following 

sections directly measure the difference in normal-to-surface velocity 

between two points, A and B, on a vibrating target surface. The velocity 

gradient dv/dx is then calculated using a finite difference 

approximation, 

dv vg - Vft 

— : (4.1) 
dx 2h 

where 2h is the point separation and v^ and vg are the normal-to-surface 

velocities at points A and B respectively. Measuring the S.I. at a point 

X0, and employing a laser vibrometer in conjunction with the velocity 

gradient measurement scheme, the velocity v and velocity gradient dv/dx 

terms are given by, 

V = wAcos(wt - kxg) + uBcosutsinkX0 (4.2) 
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and, 

dv b) 

— : - [Asin(wt - kx^fsinkh + BcoswtcoskxQSinkh] <4.3) 
dx h 

where A and B are the travelling and standing wave amplitudes 

respectively and w is the vibration frequency. The S.I. measured using 

the velocity gradient scheme < P < X Q ) >YQ']-, is thus given by, 

2A2nu 
<P<xo)>VGT : (MgEIjl/Zsinkh (4.4) 

h 

Comparison of this equation with the exact S.I. expression given in 

equation (2.20) for ideal velocity and velocity gradient signals, shows 

this expression to underestimate the S.I.. However, as with the two 

vibrometer scheme in Chapter 3, a finite difference approximation 

correction factor can be employed. For the proposed scheme this is given 

by, 

kh 
Correction factor = (4.5) 

sin(kh) 

Employing the frequency domain implementation described in section 

2.3.2, for practical measurements the S.I. can be calculated from, 

(M^I) 1/2 

<P(xo)>ygj 2 Im G(dv/dx,v,f) (4.6) 
2h 

Since the imaginary component of the cross-spectrum of the two 

transducer signals is directly proportional to the structural intensity, 

i.e. there are no frequency terms in the expression, S.I. measurements 

can be obtained more easily and quickly than with the two-accelerometer 

scheme. 

Introducing inter-transducer amplitude , 1̂ 21 and phase 4^, 42' error 

terms into the velocity gradient and velocity signals in equations (4.2) 

and (4.3) respectively, results in an S.I. expression of, 
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2A2nu 

<P<xo) >VGT (MgEI)l/2(i+^^)(i+q2)sinkh * 

cos(Si-%2) + cos2kX()Sin (41-J52) + sin2kxosin(%i-S2) (4.7) 

After correction for the finite difference approximation, calculation of 

R, the ratio of equations (4.7) and (2.37), (the two accelerometer 

scheme), enables the relative effect of the inter-transducer phase 

errors on the S.I. measurement error to be evaluated, 

sin2kh cos8i + 
1 

cos2kxosin@i + -
2 ,AJ 

Bin2kXQSin®i 

(4.8) 

sin(2kh+@2) + 5in2kxosin82 + 
FBI 

A 
sink(xo+h)sink(xo-h)sin82 

where 6j and @2 are the inter-transducer phase errors of the laser and 

accelerometer measurements respectively, i.e. 

e 1 - 42) @2 ® (G ̂  - 62) 

This ratio is shown in figure 4.1 as a function of the ratio of the 

transducer separation and flexural wavelength, 2kh. Equal value 

inter transducer phase response errors are employed, i.e. ®i = ®2 ~ 8, 

and, 

a) 2kxo = (n/4) so that equal weighting is given to both sin and cos 

terms in equation (4.8), 

b) ( B / A ) = 1, i.e. equal amplitude travelling and standing wave 

displacements. 

With reference to figure 4.1, for equal inter-transducer phase response 

errors, the S.I. error measured using the proposed scheme will be less 

than that for the two accelerometer scheme. For example, with a 

transducer separation to wavelength ratio (2kh) of 0.628, an 

inter-transducer phase response error of 3^ will produce a measurement 

error in the new scheme that is 0.93 times that obtained using the two 

accelerometer scheme. 
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With reference to figure 4.2, the variation of R with 2kh also shows 

that for small values of 2kh, i.e. small transducer separations, the 

accuracy of the new laser measurement method is comparable with, if not 

better than the two accelerometer scheme, even if it suffers from larger 

inter-transducer response errors. This improvement in accuracy is due to 

the reduction in the number of steps necessary to calculate the S.I., 

which in turn reduces the sensitivity to inter-transducer phase errors. 

Realised in practice, this improvement in measurement accuracy will 

result in a practical alternative to the currently widely employed, two 

accelerometer technique. 

In sections 4.2 to 4.5, optical velocity gradient transducer schemes are 

discussed, their relative merits compared, and a new laser velocity 

difference transducer described. Practical S.I. measurements made using 

this system are described in section 4.6. 
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4.2 SHEAROGRAPHY. 

Shearography is an optical measurement method permitting the full field 

evaluation of surface displacement derivatives^^. A typical optical 

configuration is shown in figure 4.344. The target surface is 

illuminated by a collimated, coherent laser source at an angle a to the 

optical axis. The image shearing system consists of two inclined, glass 

blocks and a convex, imaging lens. Provided the imaging criterion, 

+ <1/22) = <l/f), where f is the lens focal length, is met, two 

images of the target surface are formed in the image plane. Each image 

will have the same orientation but will be shifted laterally with 

respect to the other. 

As shown in figure 4.4, the image shear is a function of the glass block 

material and inclination relative to the optical axis. Hence a ray of 

light passing through a glass block with parallel faces, will be 

laterally shifted by an amount p equal to. 

p = dsinocg 
COSKgi 

1 - (4.9) 
1 /2 

where ^ is the refractive index of the block, d is the block thickness 

and (Xg is the block angle of inclination with respect to the optical 

axis. The amount of shift can therefore be altered through variation of 

Kg. Provided the dimensions of the illuminated area are much smaller 

than the imaging lens to target surface distance, then otg, and hence the 

image shear p, can be considered constant for all illuminated points. 

Since most surfaces are rough on the scale of an optical wavelength, the 

two superimposed, coherent speckle images will produce a resultant 

speckle pattern intensity distribution. Each speckle within this pattern 

will be modulated by a high frequency fringe pattern of period g, given 

approximately by^t, 

Xf 
— (4.10) 

D 
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where D is the separation of the two aperture centres. This fringe 

pattern is aligned perpendicularly to the line joining A and B and any 

change in the relative phase of light from either point will cause it to 

translate across the speckle, in the x-axis direction. When photographic 

film is placed in the image plane and exposed twice, the object being 

deformed between exposures, the processed film yields a fringe pattern 

depicting the difference in undeformed and deformed gratings, and hence 

any relative phase change in light from points A and B. 

Employing the optical configuration shown in figure 4.3, the relative 

phase change, A, is given by43i 

2n 

A 

6w fiu 
(i+cosoc)— + (sina)— 

5x fix 

<4.11) 

where w and u are the normal-to-surface and in-plane displacements 

respectively. Thus a fringe pattern will only be obtained when bending 

of the surface takes place, since a uniform displacement in the 

z-direction will produce no relative phase change, while a uniform tilt 

of the surface will produce a uniform phase change and hence a uniform 

brightness change over the image. 

The fringe pattern produced by double exposure photography is not easily 

visible due to low spatial frequency noise. This noise is associated 

with areas of the target that are undeformed and the fringe quality is 

hence improved using high-pass, Fourier, (spatial) filtering44. 

The main limitations of the shearography technique are; 

(i) for large amplitude deformation, decorrelation of the two resultant 

speckle pattern images occurs, the fringe contrast decreases and the 

recorded data become saturated by random speckle noise, 

(ii) the measurement sensitivity is determined by the fringe pattern 

period and is therefore predetermined, 

(iii) the fringe quality, relative to holographic techniques, is poor, 

(iv) there is no directional information recorded with the fringes. 

In the following section, a real-time velocity difference measurement 
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method based on the shearography technique is proposed and its use for 

practical measurements evaluated. 

4.2.1 V E L O C I T Y DIFFERENCE MEASUREMENT. 

For structural intensity measurements, the difference in 

normal-to-surface velocity between two points on the surface is 

required. With reference to figure 4.5, replacement of the photographic 

film by a pinhole aperture and a photodetector, results in a real-time, 

velocity difference measurement system. With a) the pinhole and 

photodetector located on the optical axis, b) the glass blocks inclined 

such that (xgj = o(g2 and c) the apertures positioned so that the point 

separation is 2h, only light from points A and B, positioned 

equi-distant from the optical axis, will be incident on the detector. 

Vibration of either point will cause a Doppler frequency shift in the 

scattered light, and set up an optical beat frequency on the detector 

surface. With a = 0 and the shearing scheme aligned normally to the 

target surface, the photodetector output will be modulated at a 

frequency proportional to the difference in normal-to-surface velocity 

of points A and B. 

The major disadvantages of this scheme include, 

(i) since only light from points A and B, with a typical separation of 

5cm, is utilised to measure the velocity difference, much of the 

illuminating laser light is wasted: hence to ensure sufficient light 

intensity is incident on the detector for accurate signal demodulation 

to occur, either, a) a high power laser with a high safety class must be 

used in conjunction with a PIN diode photodetector, or b) a low power 

laser can be employed in conjunction with a photomultipiier or avalanche 

photodiode, 

(ii) if a smaller point separation or illuminated area is employed, the 

speckle grating period will be large and the resulting beat frequency of 

light incident on the detector will be too low to be accurately 

determined, 

(iii) there is no direction information in the detector output signal, 

e.g. a bending wave travelling from A to B will produce the same 
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velocity difference signal as one going from B to A, 

(iv) using an imaging lens to focus light from A and B onto the detector 

makes the scheme alignment critical and the transducer optics will be 

sensitive to vibration. 
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4.3 THE VELOCITY GRADIENT ANEMOMETER. 

Velocity gradient anemometry (VGA) is an optical method for measuring 

spatial velocity gradients in fluid flows45,46_ it is similar in 

operation to Laser Doppler Anemometry in that the frequency shift of 

laser light scattered from moving particles is measured. However, by 

measuring light scattered by two different particles, with a separation 

defined by the collection optics, a velocity difference, rather than a 

single velocity is measured. 

H a n s e n 4 5 , 4 6 derived an exact mathematical description of this 

technique and so only a brief review will be given here. As shown in 

figure 4.6, for fluid flow measurements the measurement volume is 

illuminated by a colli mated, coherent laser light source. The resultant 

light amplitude distribution is then imaged onto a photodetector 

surface, which is positioned on the optical axis. Employing a spatial 

filter immediately behind the imaging lens, e.g. a cosinusoidal 

diffraction grating filter of period g, and with a transmission function 

T(x) given by, 

T<x) = 1 + cos2ngx <4.12) 

only light from particles with separation (1/g) and positioned 

equi-distant about the optical axis will interfere on the detector 

surface. The resultant beat frequency will modulate the detector output, 

at a rate proportional to the difference in Doppler frequency in light 

scattered from points A and B. With the alignment shown in figure 4.6, 

frequency tracking this signal will then produce an output proportional 

to the difference in velocity in the z-direction. 

Light from particle pairs with separation not equal to (1/g) will pass 

the spatial filter but will not interfere in the image plane. Similarly, 

light from particle pairs with separation (1/g) but not positioned 

symmetrically about the optical axis, will interfere in the image plane, 

but off the optical axis. Therefore as shown in figure 4.6, to ensure 

that only interference of light from particle pairs positioned at A and 
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B takes place on the photodetector surface, a pinhole aperture is 

employed. 

As noted by Hanson45,although a large aperture positioned in front of 

the imaging lens will increase the beat signal amplitude, it will also 

reduce the depth of focus of the lens and hence the occurence of Doppler 

frequency signals. Therefore as shown in figure 4.6, for fluid flow 

measurements an additional aperture is utilised in front of the imaging 

lens. 

For a structural vibration, velocity difference measurement scheme, the 

measurement volume will be replaced by a target surface and the aperture 

positioned in front of the lens will no longer be required. With 

normal-to-surface illumination, the photodetector will measure the rate 

of change of phase difference in light scattered from points A and B, 

and hence will be insensitive to velocity differences in both the x and 

y directions, i.e. it will only measure tilt. 

However this scheme suffers from the following disadvantages, 

<i) as with the shearography technique, a large proportion of the 

illuminating laser light is not employed to make a measurement, 

(ii) there is no direction information in the detector output, 

(iii) employing an imaging lens not only makes the target surface to 

lens distance important but also any transducer based on this scheme 

would not be robust. 

(iv) the separation of points A and B is predetermined by the grating 

period. 
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4.4 THE LASER TORSIONAL VIBROMETER. 

The laser torsional v i b r o m e t e r 4 7 , 4 8 j g an optical transducer developed 

for measuring fluctuations in the mean rotation speed, and hence the 

torsional oscillations of rotating objects, e.g. drive shafts. With 

reference to figure 4.7, consider a shaft of arbitrary cross-sectional 

area, rotating at N revolutions per second about an axis defined by the 

unit vector £, which is assumed to be perpendicular to the 

cross-section. When the shaft rotates, it oscillates as a rigid body 

with instantaneous velocity vector V. 

The essentially single frequency laser beam from the He-Ne laser is 

divided into two equal intensity beams, which are incident on points A 

and B of the shaft surface. Laser light scattered from any point on the 

moving surface undergoes a Doppler frequency shift f^, which for direct 

backscatter is given by, 

2^0 
f y = ( 4 . 1 3 ) 

A 

where U is the instantaneous velocity in the direction of the incident 

laser beam, A is the optical wavelength and n is the refractive index of 

the medium <1 for air). At points A and B, the instantaneous velocities 

with respect to the axis of rotation, and respectively, together 

with the solid body oscillation V, will produce Doppler frequency shifts 

in direct backscatter of, 

fA = -- f"(V + V*) 
A 

2M 
f g = — < V + V g ) < 4 . 1 4 ) 

A 

where £ is the unit vector in the direction of the incident laser beam. 

Light incident on the photodetector will therefore produce an optical 

beat frequency, fjQ, given by. 
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2, 
fo = fA - fB = — 1' (YA - Yg) (4,15) 

X 

From figure 4.7, it can be seen that, 

V* " saw (%AX f) 

Vg = 2nN (Rg x £) (4.16) 

Hence, 

4ntiN 
'D = (BA X I) 

X 

4n(iN 
£. (f X BA) 

A 

4njiN 
iBAlsine <4.17) 

where 8 is the included angle between £ and ba ' and ( is 

perpendicular to ? and However ig^lsinS = 2h, where 2h is the laser 

beam separation and therefore, 

4(inN 
2h £. t 

X 

4pnN 
2hsino! (4.18) 

where a is the angle between the plane of the incident beams and the 

rotational axis. If the instrument is held so that the plane of the 

incident laser beams is parallel to the shaft cross-section, then a = 

n/2 and, 

4jinN 
f0 = 2h (4.19) 

X 

With this optical geometry, the beat frequency is insensitive to radial 
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and axial shaft (or operator) movement and for constant values of a and 

9 will only respond to variations in shaft speed, i.e. torsional 

oscillations. 

For point velocity difference measurements, the torsional vibrometer 

has a number of practical advantages: 

(i) it has a very simple optical geometry requiring only a single 

beamsplitter and mirror, i.e. no imaging lens, 

<ii) it can be employed for measurements on any shape of surface, 

<iii) employing the optical geometry shown in figure 4.7 and described 

above, the transducer is insensitive to solid body motion and the device 

can therefore be hand-held during measurements. 

For the reasons described above, the torsional vibrometer optical 

configuration offers the most practical solution for a point velocity 

difference transducer. This transducer is however unable to distinguish 

the sign of the velocity gradient, the mean rotation speed N, of the 

target surface providing the required reference frequency shift, 

(equation 4.19), when making torsional vibration measurements. Therefore 

additional development of this system is required for velocity gradient 

measurements on non-rotating surfaces. This work is described in section 

4.5. 
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4.5 VELOCITY GRADIENT TRANSDUCER. 

With reference to figure 4.8, the velocity gradient transducer has an 

optical configuration based on the torsional v i b r o m e t e r 4 7 * 4 8 and 

utilises a signal processing scheme employed in a laser, fibre 

vibrometer49. 

This fibre vibrometer, shown in figure 4.9, is a non-contact, laser 

transducer, for normal-to-surface velocity measurements. Light from a 

laser diode is launched into one port of a single mode, fibre coupler, 

and is then directed, via the coupler and a "selfoc" collimating lens 

onto the target surface. The other output port is finished in 

index-matching solution to provide an anechoic termination. The "selfoc" 

lens directs the laser light onto the target surface, and returns 

backscattered light into the fibre, where it heterodynes on the detector 

with reference light reflected from the fibre - collimating lens 

interface. Target and reference light travel the same optical fibre path 

and hence refractive index variations caused by a hostile noise and 

vibration environment affect both identically, and are therefore ignored 

with the heterodyne process. 

The fibre vibrometer optical carrier frequency, employed to enable 

direction information to be obtained, is generated using current 

modulation of the laser diode. Thus reference and target light incident 

on the detector differ in phase by an amount proportional to the 

difference in optical pathlength 1, shown in figure 4.9. The detector 

output contains discrete frequency terms at the diode modulation 

frequency and higher order harmonics. Control of the diode current 

modulation amplitude however, allows demodulation of the detector 

output, and permits a time-resolved, transducer output voltage to be 

produced, that is an analogue of the target surface vibration velocity. 

The fibre vibrometer frequency modulation system was employed in the 

velocity gradient transducer since it allows the difference in 

normal-to-surface vibration velocity of two, simultaneously vibrating, 

target surfaces to be measured, i.e. a reference surface is not 
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required. This is in contrast to other laser vibrometers, e.g. the 

I.S.V.R. and PZT laser vibrometers, where one of the two illuminated 

surfaces is required to generate a carrier frequency. The proposed 

velocity gradient transducer is described in more detail in the 

following section. 

4.5.1 OPTICAL CONFIGURATION. 

With reference to figure 4.8, the velocity gradient vibrometer (VGV) 

employs a laser diode light source, rather than a He-Ne laser. The laser 

diode physical characteristics are given in Appendix 8.3. At a constant 

temperature and with a constant potential difference across its 

terminals, a constant amplitude, or d.c. current through the laser will 

produce a constant frequency output fg, at a constant power !(,. To 

ensure that these conditions are maintained and for maximum temporal 

coherence, a stabilised power supply is employed. 

The laser diode optical output is both assymmetric and divergent. Hence 

a commercial two lens, colli mating system was employed in the VGV to 

produce a collimated laser beam. This scheme rigidly maintains the 

diode-lens positions and is therefore robust and insensitive to 

vibration. 

A major practical consideration when utilising laser diodes for 

interferometric measurements is prevention of scattered, or reflected 

light, re-entering the laser diode cavity. This causes "mode-hopping", a 

non-linear effect that induces the laser to instantaneously jump in 

optical output frequency, i.e. the temporal coherence of the diode 

output will decrease. For the VGV system, employment of a polarising 

filter and quarter wave plate were found to be sufficient to overcome 

this problem. 

With reference to figure 4.8, the VGV system employed a beamsplitter and 

mirror to produce the two target beams, and then recombine the 

backscattered light and direct it onto the photodetector surface. This 

resulted in a system with several practical advantages: 

70. 



<i) the system was self-aligning and hence robust, 

<ii) there was sufficient backscattered light for a PIN diode 

photodetector to be used, simplifying the electronic circuit design. 

4.5.2 SIGNAL PROCESSING. 

As Dandridge et al^O have shown, modulation of the laser diode current 

within the diode linear operation range (Appendix 8.3), will produce a 

proportional modulation of the diode optical frequency. This variation 

in emission frequency is mainly due to alteration of the optical 

pathlength of the laser cavity. For a sinusoidal current modulation, the 

time-varying laser optical frequency f(t), can therefore be written as, 

f(t) = f0 + Sfsino^t (4.20) 

where fg is the optical frequency associated with the d.c, current 

amplitude, fif is the frequency modulation amplitude and w is the 

modulation frequency. The variation of fif with drive current modulation 

amplitude is, as shown by Dandridge, dependent upon the laser diode 

structure. For the laser employed in the VGV system, fif is typically 3 

to 6 MHz/mAmp. 

A current modulation of this form also produces an intensity modulation, 

at the modulation frequency, i.e. the diode light intensity is given by, 

I(t) = I0(1 + asinti!|vjt) (4.2i) 

where a is the modulation amplitude and Ig is the mean intensity level. 

This intensity modulation is due to the change in the operating point of 

the laser. The modulation amplitude a can be predicted from the diode, 

optical power - current characteristic shown in Appendix 8.3, since 

measurements show a to be independent of the modulation frequency up to 

at 1 east 100 MHz^^. 

For the interferometer scheme shown in figure 4.8, the optical frequency 

will be a function of both time and space, e.g. at a distance x from 
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the diode, the optical frequency f(x,t) will be given by, 

f<x,t) f0 + 6fsinu^<t (4.22) 

where c is the speed of light. For an optical pathlength imbalance 1, 

where l«(L+li-l2>, there will be a phase difference 8, in light 

scattered onto the photodetector from points A and B. This phase 

difference will be equal to, 

2n 

c J 

r2i 

0 

X 

f0 + Sfsinu|v)(t - -) 
c J 

dx <4.23) 

i.e. the phase difference is equal to the summation of the frequency 

change over the pathlength imbalance. Integrating equation <4.23), 

4nfr,l ^ 2nfif 

c UM 
-2si n <-21 U|v)/c) si n < Uf^t-1 Uf^/c) 

Since c : iO® and (j|v|l S IC^' <(,^l/c) << 1 and the phase difference can 

be written. 

AnfQl 4n6fl 

sinwMt (4.24) 

= B-p + %|Sinu|.|t (4.24a) 

The phase difference term 8 thus consists of two terms, 

(i) 8-]-, the phase change due to the difference in optical pathlength, 

(ii) the phase difference in light from the two surfaces due to the 

change in optical frequency. 

Of these two terms, 8j, equal to 2kl, and hence consistent with 

classical interferometer systems, is dominant, as fg is approximately 

10*' times greater than Sf. 

Neglecting polarisation effects, the detector output current i(t) will 

be of the form. 
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i(t) = yCIa + IB + 2<lAlB)l/2cos8] (4.25) 

where y is the detector sensitivity. Rewriting equation (4.25) with = 

xig? 

i (t) = Y&lB*! + rcos(Bj + ŝin(ji|«|t) (4.26) 

where R = (1+%), T » 2x/R. Modulation of the diode current induces an 

associated modulation of the laser intensity amplitude. Therefore 

substituting equation (4.21) for Ig in (4.26), 

i (t) " YRIgotl * asinuMt)[l + rcosOj + 8MSinu]|v|t) (4.27) 

where Igf, is the mean, backscattered, intensity amplitude from point B. 

r is a measure of the modulation depth of the signal or 'fringe 

visibility' and as will be shown, for accurate signal processing must be 

maximised. The detector output thus consists of two terms, i.e. 

i(t) «= ig(t) + iE(t) (4.28) 

where ig(t) is the signal term of interest given by, 

is(t) == xHIgoCl + rcosO-f + 8|Y|sinu|v|t] (4.29) 

and iE(t) is the error current term given by, 

iE(t) = xHlBQCasinwMt + rasinuMtcos(8j + ^sinu^t)] (4.30) 

For accurate signal demodulation, ig^t) must be minimised. Assuming this 

term is negligible, ig(t) may be expanded in terms of Bessel functions 

as, 

ig(t) = X R I B O 1 + FCOSSJI^JQ (8f<]) + 2^J2k(GM)cos2kWMt^ 

r s i n 2k-l<8M)*in(2k-l)WMt} 

k=l 

(4.31) 
k=l 
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The detector signal thus consists of a series of carrier frequency terms 

at the diode modulation frequency and its higher order harmonics, 

each of which is frequency modulated by the difference in target surface 

motion. With reference to figure 4.10, mixing this signal with a square 

wave signal s(t), of Fourier series, 

B(t) -
2 r cos(2n+l)wMt 

(-1)"- (4.32) 

n n=0 
2n+l 

and bandpass filtering at 2u|.) results in the signal. 

Kicos2uf<)tcosB-|- + K2sin2u|y|tsin8i- (4.33) 

where, 

Ki = %RriB0J2<8M) 5 t<2 = XBrigo" 

P(-l>nj2n+l<8M) 

n=0 
(2n+3)(2n-l) J 

<4.34) 

When 8|v| = 2.82 radians, = K2 = K, and equation (4.33) can be further 

simplified to. 

Kcos(2(i)f̂ t - 0j) (4.35) 

A signal of this form can be demodulated using a phase locked loop 

(PLL), set to track phase excursions of the carrier' frequency 2u)y|. The 

output of the PLL is then proportional to d8f/dt where, 

d8j 4nf0 81 

dt c 8t 

« VA - vg (4.36) 

where and vg are the target surface velocities at A and B, in the 

direction parallel to the incident laser beams. 

Multiplication of the error signal of equation (4.30) by the reference 

square wave and bandpass filtering at 2u^ results in an error signal 
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i2uM(t)' of, 

i2y^<t) ' = xRIgo[Eosin8TCos2wMt + (Ej + E2Cos6j)sin2u|^t) 3 (4.37) 

where E,), Ej and E2 are the error signal terms given by, 

Eo = 
Fa 

2 
<Bf̂ ) - 03(8%) 

-4ar ar 

3n 

-4a 

3n 

1 

n n=l 
<-i)"J2n<8M>' 

L2n-3 2n+l 2n+3 2n-l J 

(4.38) 

For accurate signal demodulation, these error terms must be minimised. 

This can be achieved^l by maximising the ratio (T/a), In figure 4.11, 

the variation of the absolute phase error Ep^, where Epn = IE* + E2 + 

E3I, with 8|v|, is shown for different value ratios of (T/a). From this 

figure, with 8^ = 2.82+0.04 radians, a minimum phase error is obtained 

with a (T/a) ratio of greater than 50, i.e. F must be as large as 

possible and a minimum intensity modulation amplitude must be employed. 

From equation (4.24), for a pathlength imbalance of 0.1 m, 6f is 

approximately 673 MHz. From Dandridge^O, with a modulation sensitivity 

of 3 GHz/mAmp, a current modulation amplitude of 0.224 mAmps will be 

required to produce the necessary frequency shift. From the laser 

optical power characteristics given in Appendix 8.3, the diode has a 

sensitivity of approximately 0.125 mW/mA in the diode linear operation 

range. Therefore for a laser diode optical power of 5 mW, an intensity 

amplitude modulation a, of approximately 0.0056 is produced. With 

retroreflective tape applied to both target surfaces, the average 

backscattered light intensity for points A and B will be approximately 

equal, i.e. F : 1, and the ratio (F/a) will be much greater than 50. 

Error terms in will therefore be negligible. 

For the fibre vibrometer, the condition 8^ = 2.82 radians was maintained 

using a feedback system. As illustrated in figure 4.10, the detector 

output signal was bandpass filtered at 2i^ and 4̂ v|, using filters with 

identical amplitude and phase response characteristics, and the ratio 
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of the two signals taken. This ratio, ideally given by J2(2.82)/J4(2.82) 

= 4.39, was then compared with a reference value and any error signal 

generated used to vary the laser diode modulation amplitude. For the VGV 

system however, once 8|«] had been preset, variations in 1 were small and 

for practical measurements it was not necessary to employ this feedback 

circuit. 

Before practical S.I. measurements were made using the velocity gradient 

vibrometer, a series of laboratory experiments were carried out to 

confirm the ability of the transducer to make accurate, consistent 

vibration measurements. These are described below. 

4.5.3 PRACTICAL VIBRATION MEASUREMENTS. 

The vibrometer has two vibration frequency measurement ranges, 0-1 kHz 

and 0-10 kHz, with stationary surface noise floor amplitudes of 

approximately -110 dB and -100 dB reference 1 m/s respectively. The 

reduction in sensitivity with increase in vibration frequency bandwidth 

is due to broadband electronic noise. The upper velocity limit is set by 

the bandpass filter width in the demodulation circuit at 0.2 m/s, 

peak-to-peak. 

For practical vibration measurements, the scheme shown in figure 4.12 

was employed, with the two target laser beams pointed at two 

accelerometers, each mounted on an electrodynamic shaker which could be 

excited independently. A small piece of retro-reflective tape was 

applied to each accelerometer surface to ensure sufficient light was 

backscattered onto the photodetector. An optical pathlength imbalance of 

12 cm was employed for all the following measurements. 

Point velocity measurement. Point velocity measurements were made using 

one stationary and one vibrating shaker. A typical vibrometer velocity 

spectrum is compared with the integrated accelerometer output in figure 

4.13. THe shaker was excited at 141 Hz and the spectra shown contain 100 

averages with a 1 Hz frequency resolution. With a maximum difference of 

0.3 dB in the peak vibration amplitudes, good agreement is obtained 
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between the two measurement spectra. The vibrometer has an optical 

noise floor of approximately -95 dB reference 1 m/s, compared with the 

accelerometer noise floor of approximately -140 dB reference 1 m/s. 

This measurement clearly shows the ability of the vibrometer to make 

single point, vibration velocity measurements. The system could 

therefore also be used as a free-air' version of the fibre vibrometer 

system and employed as an alternative to either the PZT, or I.S.V.R. 

vibrometer structural intensity measurement systems. Since similar 

levels of inter—transducer phase response error are likely however, 

there will be no improvement in S.I. measurement accuracy. In addition, 

unless measurements were restricted to a constant and predefined 

target-to-detector distance, the feedback system described in section 

4.5.2 would have to be employed. 

Velocity difference measurement. To measure the velocity difference, 

V^-Vg, between two vibrating points, the system shown in figure 4.12 was 

employed with both shakers being driven, but at different frequencies 

and with different amplitudes. The spectra shown in figure 4.14 show the 

integrated vibration spectra obtained from the two accelerometers, 

representing the two shaker velocities. Figure 4.15 shows the velocity 

difference measured by the vibrometer, representing the difference 

between the two vibration velocity spectra shown in figure 4.14. Both 

sets of spectra contain 100 averages with a 1 Hz frequency resolution. 

The amplitudes of the vibration peaks shown in the velocity difference, 

frequency spectrum of figure 4.15 are similar to those of the two, 

accelerometer measured, velocity spectra of figure 4.14. This 

measurement therefore proves the ability of the VGV system to take 

velocity difference, and hence using a finite difference approximation, 

velocity gradient measurements. 
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4.6 STRUCTURAL INTENSITY MEASUREMENTS. 

The S.I. measurement scheme employing a velocity gradient vibrometer and 

the PZT vibrometer is shown in figure 4.16. A point separation of 10 cm 

was employed, with the velocity measurement at the centre of points A 

and B. 

Comparison of equations (4.5) and <2.21) shows the scheme proposed in 

figure 4.16 to have a different finite difference approximation error to 

the two transducer scheme. The ratio of the two correction factors is 

given by, 

(khy/sinkhy) / <2khft/sin2kh(:^) <4.39) 

where 2hy and 2hft are the VGV and accelerometer separations 

respectively. Therefore for hp̂  = <hv/2), the structural intensity 

measured by the two methods will be the same, without any finite 

difference approximation correction factor being applied. 

Simultaneous, practical S.I. measurements were made using the two 

measurement methods, with the laser transducers positioned 50 cm along 

the theoretically infinite beam from the accelerometers. This was to 

investigate the effect of the use of contacting transducers on the 

measured S.I.. Mass-loading of the beam was not expected to be 

significant since 2 gram accelerometers were employed. 

Computer generated, narrow band excitation was used to make measurements 

over the frequency range 500 to 2250 Hz, with 250 Hz frequency 

increments. Two excitation amplitudes, varied using a power amplifier 

and measured by the PZT vibrometer, were employed over the specified 

frequency ranges 

(i) a mid-range' velocity amplitude of approximately -55 dB reference 1 

m/s, 

<ii) a low velocity amplitude range of approximately -75 dB reference 1 

m/s. 
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The results given in figure 4.17 were obtained with a 3.2 kHz frequency 

bandwidth and a 1 Hz frequency resolution. Ten averages of each 

measurememt were made. These results show the agreement between the VGV 

and two accelerometer measurement methods to be within experimental 

error, i.e. a maximum difference of -0.9 dB, and an average difference 

of -0.44 dB. The difference in measurement results is due to a 

combination of inter-transducer amplitude and phase response errors, and 

internal damping of the beam reducing the travelling wave amplitudes 

measured by the two methods. If the mass-loading effects noted in 

Chapter 2 were significant, the acceleration, and hence the S.I. 

amplitude would be reduced, relative to their true values. Since the two 

accelerometer method results are generally larger then those measured by 

the laser—transducer method, mass-loading effects are not significant. 

These results not only show the VGV method to be the most accurate 

laser, S.I. measurement scheme, but also to have a measurement accuracy 

comparable with the two accelerometer method. In addition the two 

accelerometers were chosen for their close amplitude and phase match, 

while both laser transducers were only prototype devices. Use of a 

'matched-pair' of laser transducers will therefore further improve the 

measurement accuracy. 
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4.7 CONCLUSIONS ON THE LASER. STRUCTURAL INTENSITY METER. 

It has been shown theoretically how, employing a laser, structural 

intensity meter consisting of a velocity gradient transducer and a laser 

vibrometer, the structural intensity measurement accuracy can be 

improved. This is acheived through reduction of the technique 

sensitivity to inter-transducer phase errors and simplification of the 

signal processing required for calculating the structural intensity. 

The velocity gradient may be calculated using a finite difference 

approximation from the difference in velocity between two points, 

divided by the point separation. Three laser velocity gradient 

measurement methods - shearography, (a whole field technique which could 

be adapted for point measurements), velocity gradient anemometry and the 

I.S.V.R. torsional vibrometer - have been described and their use in a 

laser structual intensity measurement scheme discussed. With its simple 

optical geometry, robustness and insensitivity to solid body motion, the 

torsional vibrometer was chosen as the most appropriate method. For 

measurements on non-rotating target surfaces, this transducer provides 

no vibration direction information. A pseudo-heterodyne frequecy 

modulation system, based on a frequency modulated laser diode and an 

unbalanced liichelson Interferometer optical configuration, was utilised 

to overcome this problem. Signal demodulation, based on a system 

originally developed for a fibre-optic laser vibrometer, was then 

employed to give a transducer output proportional to the difference in 

normal-to-surface velocity between two points on a target. 

Velocity and velocity difference measurements using the new, laser 

velocity gradient transducer show the vibrometer, in common with other 

laser vibrometer systems, to suffer from dynamic speckle noise effects 

associated with large amplitude, non-normal target surface motion. 

Levels of this amplitude are unlikely to be produced in practical 

situations however, and as discussed in Chapter 5, can be neglected for 

most practical vibration measurements. Velocity and velocity difference 

amplitudes of normal-to-surface vibration measured using the velocity 

gradient transducer have compared favourably with simultaneously 
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acquired acccelerometer measurements. The transducer has therefore been 

employed for S.I. measurements. 

One-dimensional, flexural wave, structural intensity measurements using 

the laser velocity gradient transducer, and a laser, point velocity 

transducer, have been made over the frequency range 500 to 2.25 kHz, at 

two different excitation amplitudes. Measured results compared well with 

those obtained simultaneously with the two accelerometer scheme of 

Chapter 2, with an average measurement difference of -0.44 dB (4.97.), 

i.e. within practical measurement error limits. 

The proposed laser transducer configuration thus allows S.I. 

measurements to be made with an accuracy comparable with the widely 

used, two accelerometer method. The laser transducer method has in 

addition however, all the advantages of non-contact use, i.e. simple, 

point and shoot measurements are possible, a large number of 

measurements can be made quickly, and there are no mass-loading effects 

on low density and lightly damped structures. This transducer scheme 

therefore offers a superior alternative to the existing two 

accelerometer S.I. measurement technique. 
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5. LASER VIBROMETRY : PSEUDO-VIBRATIONS. 

Speckle patterns are a feature common to all laser vibrometer 

measurements on diffuse target surfaces. These granular light intensity 

patterns are produced when coherent light is scattered from a surface 

that is rough on the scale of an optical wavelength, i.e. most surfaces 

of engineering interest. In many measurement situations, laser speckle 

patterns have little effect upon the vibrometer performance and can be 

neglected. However, when the target surface undergoes some form of 

non-normal or tilt motion, as well as the normal-to-surface vibration of 

interest, speckle noise problems can occur. These include reduction of 

the device sensitivity through the introduction of random speckle phase 

noise, and insufficient, resultant light intensity incident on the 

detector for a discernable signal to be produced. 

Further to these random effects, it has recently been shown-'̂ '"-""̂ '̂ *̂  that 

when making laser vibrometer measurements on surfaces undergoing 

periodic, non-normal motion, spectra similar to those obtained for 

normal-to-surface vibration of the same period are recorded. These 

pseudo-vibration' signals have been shown to be caused by the 

associated, speckle pattern dynamics. For practical laser vibrometer 

measurements, these signals may be indistinguisable from, and can easily 

mask, genuine, normal-to-surface vibration. Hence measurements of 

flexural wave, structural intensity will not be independent of other 

wave motion in a structure, e.g. longitudinal waves, and the accuracy of 

any laser power flow meter will be reduced. It is therefore important 

that when the vibration engineer uses the structural intensity 

measurement technique, he has an appreciation of when speckle noise 

problems may occur, and what levels of pseudo-vibration signal might 

arise. 

This chapter reviews the formation of laser speckle and its spatial 

characteristics; describes how speckle pattern dynamics effect the light 

intensity backscattered onto the vibrometer photodetector, and what 

effect this has on the detector output. How the vibrometer signal is 

interpreted as normal-to-surface vibration is then discussed and from 

82. 



the results of carefully controlled, practical measurements, qualitative 

comparisons are made with theoretical predictions. Finally, situations 

where laser speckle effects are likely to be a problem and typical 

vibrometer sensitivity levels to in-plane and tilt vibration are 

identified. 
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5.1 LASER SPECKLE PATTERNS. 

With reference to figure 5.1, a speckle pattern is produced when 

component wavelets of an incident laser beam are dephased on scattering 

from a surface that is rough on the scale of the optical wavelength, 

i.e. a diffuse surface. This includes most surfaces of engineering 

interest. Interference of these dephased but still coherent wavelets, 

results in a chaotic light intensity distribution referred to as a 

speckle pattern. Due to their random nature, the properties of laser 

speckle patterns are described statistically. Speckle intensities have a 

negative exponential probability distribution, and a random phase 

distribution of between 0 and 2n radians^*. It has been shown^^ that 

speckles are 'cigar-shaped' volumes of approximately constant intensity 

and phase. Objective speckle patterns contain speckles with a spatially 

correlated diameter <?[)> and length <o|_> given by, 

1.22XL XL2 
" ————— J <<ri )• « (5.1) 

D 02 

where K is the optical wavelength, L is the scattering surface to 

viewing plane distance and D is the laser spot size as shown in figure 

5.1. For a normally incident laser beam, motion of the target surface in 

some non-normal direction, e.g. tilt, in-plane or rotation, will cause 

the speckles to either "boil", translate or perform some combination of 

these two54. 

Speckle translation is the term used to describe how speckles move as a 

whole, in a direction parallel to the direction of the target surface 

motion. In contrast, when individual speckles deform, disappear and new 

speckles reappear without any appreciable displacement of the speckle 

position, speckle "boiling" is said to have taken place. 

Considering the laser-illuminated area to consist of millions of point 

scatterers, then, as will be shown, the resultant amplitude and phase of 

each speckle is equal to the summation of many light amplitude 

contributions. Therefore as the diffuse surface, for example, tilts, the 

scattered light that produces the speckle pattern will undergo a phase 

84. 



change, that is independent of where the light was scattered from. This 

is seen as a translation of the speckle pattern, with each speckle 

undergoing the same displacement. Speckle translation will therefore 

occur when there is a change in the angle the incident laser beam makes 

with the target surface. 

In comparison, speckle "boiling" is caused by a change in illumination 

area due to, for example, in-plane target motion. The resulting change 

in the point scatterer population causes the intensity and phase of each 

speckle in the pattern to vary independently, i.e. some speckles will 

dramactically change while there will be apparently little variation in 

others. 

Laser vibrometer measurements on surfaces undergoing non-normal as well 

as normal-to-surface vibration will therefore suffer from the effects of 

random amplitude and phase modulation of the detector output, due to the 

random change in the incident speckle pattern. This effect is discussed 

in greater detail in section 5.2. 
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5.2 THEORY OF PSEUDO-RANDOM VIBRATION. 

For convenience, consider the vibrometer configuration shown in figure 

5.227, where the reference beam incident on the detector has uniform 

amplitude Ep, and phase 6p, and has undergone a constant frequency shift 

Neglecting polarisation effects, the instantaneous reference light 

amplitude incident on the photodetector is given by, 

Ep(t) = Epcos[<w + WR)t + 8r] <5.2) 

where w is the laser light frequency. The output of the photodetector 

may be predicted from the phasor addition of the contributions from the 

target and reference beams in each element of area, and subsequent 

integration over the entire area. For a stationary target surface, the 

contribution of the p^h speckle on the detector from the target may be 

written, 

Ejp<t) = EypCOsCwt + Gyp] (5.3) 

where Ejp and Gyp are the amplitude and phase of the p^h target speckle 

respectively. For sinusoidal, normal-to-surface vibration, the effect of 

the speckle motion on the light amplitude is negligible. In contrast the 

speckle phase term is modulated by the displacement and equation (5.3) 

may be rewritten, 

Ejp = Ejpcos (ut + Gyp - 2kAjsinwj't) (5.4) 

where Ay and are the target displacement amplitude and frequency 

respectively, and k is the light wavenumber. Summing the reference and 

target beam contributions, the resultant intensity Ip(t) over each 

speckle area is, 

Ip(t) = I E jp(t) + Ep(t) | 2 

= I-j-p + Ip + 2(lTplR)l/2cos[(uRt+2kATSinwTt) + (8p-6Tp)] (5.5) 
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where Ip and lyp are the intensities of the reference beam and pth 

target beam speckle respectively. With each speckle assumed to have 

constant phase and intensity over its extent, the component ip(t) of the 

photodetector output current due to interference of the p^^ target beam 

speckle and the frequency shifted reference beam, is given by, 

ip(t) = YSpIp(t) (5 .6 ) 

where y is the photodetector sensitivity and Sp the p^^ speckle area. 

Modelling the continuous speckle distribution as discrete areas of 

constant amplitude and phase, for P speckles incident on the detector 

the total photodetector output i(t) may be expressed in the form. 

i (t) « j" ip <t) 

p=l 

= Y{lR+Ires+2(lRlres)*^^^os[(wRt+2kaTsinwTt+(8R-Zres)]} <5.7) 

where, 

'res 

and, 

r p p 1 /2 

[ SpSq<IjpIjq)1^2cos(exp - Bjq) I 

p=l q=l J 

^ Sp(Ip)*/2sin(8p - 8jp) 

pal 
tan(Cygg) ® p 

(5 .8 ) 

(5 .9 ) 

[ Sp(Ip)l/2cos(8R - 8jp) 

pal 

where If-es and ^ g s are the resultant speckle pattern intensity and 

phase. These expressions are derived in Appendix 8 . 5 . It can be seen 

from equation ( 5 .8 ) that when (8jp - 8 j q) = (2n + l)n/2, where 

n=0,±1,+2..ffl, low signal amplitudes will occur, resulting in problems 
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for the signal demodulation electronics. 

If the P target beam speckles on the detector do not change in either 

phase, amplitude or position relative to the detector, then both Ires 

and Sfgg are constant in time and the measured beat frequency wg, given 

by the time derivative of the argument of the cosine term in equation 

(5.7), i.e. 

UQ = wp + 2kAjUYC0SUYt - (5.10) 

is equal to the required value of, 

up = wp + 2kATUTCOS(^t <5.11) 

since dZres/dt = 0. Neglecting electronic noise, the vibrometer output 

Spectrum will consist of a single peak at <ti>|-/2n) Hz. However if the 

spatial characteristics of the speckle pattern incident on the detector 

change, both the summed speckle intensity and phase terms of equations 

(5.8) and (5.9) become time dependent, leading to a non-zero and 

time-dependent value of dargg/dt. The output spectrum will now consist 

of a peak at ((j]-/2n) Hz and spurious noise corresponding to the 

frequency content of d^gg/dt. In addition, should the non-normal motion 

be periodic, the associated speckle pattern changes will repeat at the 

same fundamental frequency and introduce pseudo-random fluctuations in 

dSpes/dt. A typical pseudo-random vibrometer output signal is shown in 

figure 5.3. The characteristic spectrum of this pseudo-random signal 

consists of approximately equal amplitude peaks at the fundamental 

frequency and subsequent harmonics. Hence for a non-normal motion of 

frequency uy, the output spectrum of the instrument will consist of 

peaks at frequencies given by, 

f ^ n wy/2n, n®i,2,...,® (u.i2) 

Should the non-normal and normal-to-surface vibrations be at the same 

frequencies, i.e. uj = wy, then the spurious, 'pseudo-vibration' will be 

indistinguisable from the genuine vibration information. The magnitude 
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of each harmonic noise peak will depend on the amplitude and rate of 

fluctuation in dSf-gg/dt, which in turn, depends upon the dynamic 

characteristics of the non-normal motion and the detector and speckle 

size involved. 

5.2.1 DYNAMIC SPECKLE NOISE SPECTRA. 

Typical dynamic speckle noise spectra were measured using the scheme 

shown in figure 5.4. The retro-reflective tape-coated edge face of a 

rotating disc was illuminated by a monochromatic laser beam. Light 

backscattered from the disc was incident on a photodetector, the output 

of which was high-pass filtered to remove the d.c. bias voltage, and 

then digitally acquired. The auto-power spectrum of each noise signal 

was then calculated. No reference surface was employed since any Doppler 

frequency shift from the rotating disc made comparison of the speckle 

noise spectra difficult. The disc rotation speed was controlled via its 

d.c. power supply and measured using a stroboscope. 

The range of speckle sizes employed was based on typical vibrometer 

measurement conditions, i.e. target-detector distances of between 26 cm 

and 56 cm. The disc rotation speeds were based on the disc motor range, 

i.e. up to 50 Hz. Speckle noise spectra were measured with, 

(i) the speckle size <&&> constant and the disc rotation speed varied 

over the frequency range 6 to 30 Hz, in 6 Hz increments, 

(ii) the disc speed constant and the speckle size varied, as tabulated 

in figure 5.5. 

For all speckle noise spectra the detector output was digitally sampled 

at 750 kHz to allow direct frequency comparisons to be made. Sample 

durations were set equal to the rotation period, ensuring that a) no 

pseudo-random data was acquired and b) there was equal noise energy in 

each sample. The acquisition system frequency response function was 

measured using a broadband 'white noise' signal from 0 to 1.5 MHz, and 

was found to be linear over the measured frequency range. For 

comparison, the stationary speckle, noise' signal was acquired with 

each set of speckle noise spectra. 
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The dynamic speckle noise auto-spectra shown in figure 5.6 were obtained 

with a target-detector distance of 26 cm and a range of disc rotation 

speeds. These spectra show that the noise amplitude at higher 

frequencies increases with increasing disc speed while at lower 

frequencies it decreases with increasing disc speed. This can be 

attributed to the fact that at higher disc rotation speeds the residence 

time of a speckle incident on the detector is reduced, and an increase 

in the rate of change of speckle phase occurs. Hence over one disc 

rotation period, the dynamic speckle noise modulation of the detector 

output occurs in an increasingly shorter time, or at greater 

frequencies. The noise content at higher frequencies thus increases at 

the expense of lower frequencies. 

In comparison, figure 5.7 shows the effect of varying the speckle size 

<<r0>, by varying the target-detector distance L, at a constant disc 

rotation frequency f, of 12 Hz. For the range of speckle sizes shown, 

there is little difference in noise spectrum characteristics. This 

effect is as expected however since both <o]q> and the speckle speed 

across the detector 2nfL, increase linearly with L, i.e. the resultant 

phase of light incident on the photodetector will change at a constant 

rate, independent of L. It can therefore be concluded that for a 

constant disc rotation speed, the noise amplitude frequency distribution 

is independent of the target-detector distance. This result is common to 

all laser vibrometer systems which use an unfocused, target laser beam, 

and hence have more than one speckle incident on the photodetector, i.e. 

all four laser vibrometer schemes described in this thesis. 

5.2.2 INTENSITY VARIATION DUE TO DYNAMIC SPECKLE EFFECTS. 

Equation <5.8) shows that the nominally time invariant, target beam 

intensity term. Ires' becomes time dependent when the target surface 

undergoes non-normal motion. Considering the two Ires terms in equation 

(5.7) separately, 

(i) the interference I^gg term will be simultaneously, randomly 

modulated by both the intensity and phase of the backscattered target 

laser beam, and so these two effects are considered together in the 
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experimental results described in section 5.4, 

(ii) the non-interference I^gg term will become time dependent and could 

introduce spurious, optical noise signals into the vibrometer 

demodulation scheme. However as shown in the previous section, a 30 Hz 

disc rotation speed results in a noise spectrum with energy only up to 

approximately 250 kHz, and can thus be removed by high-pass filtering of 

the detector output signal. 
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5.3 SOURCES OF PSEUDO-VIBRATION. 

In practical engineering situations, there exist three types of 

non-normal motion that can induce the speckle pattern changes discussed 

above: in-plane, tilt and rotation. If the target-detector distance is 

sufficiently large to satisfy the Fraunhofer assumption®^, light in the 

far—field observation plane is proportional to the two-dimensional 

spatial Fourier transform (FT) of the target plane. The effect these 

non-normal motions have on the detector-plane speckle pattern may 

therefore be explained in terms of Fourier optics. 

For a typical target-detector distance of 30 cm, the amplitude 

distribution can be described using the Fourier transform theory but the 

phase distribution cannot^S. However since a photodetector measures the 

light intensity, or the amplitude squared, the Fourier optics theory can 

still be applied. 

If, with no target motion, the complex light amplitude distribution in 

the target and detector planes is given by E/xt,yt) and E/xy,yy) 

respectively, then the two are related by the expression, 

E(xy,yd) a FT{E(xt,yt)> <5.13) 

evaluated at spatial frequencies (xy/AL), (yy/XL), where X is the laser 

wavelength and L is the target-detector distance. The effects of tilt 

and in-plane motion may now be predicted using the shift theorem of 

Fourier transforms. To model a small, two-dimensional tilt of amplitude 

(8%,By) radians, the target plane light amplitude is pre-multiplied by a 

phase factor, which may be written as, 

FT{exp[-j2k(8xXt + Byy^.) ].E<xt»yt) « E/xy + ZIGyL, yy + 28yL) (5.14) 

Therefore tilt of the target produces an in-plane displacement of the 

detector plane speckle pattern, equivalent to 28)(L and Ẑ ByL in the xy 

and yy directions respectively. The speckle pattern translates across 

the detector surface and the changing population of speckles produces 
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amplitude and phase modulation of the detector output. Conversely, a two 

dimensional, in-plane translation of the target of amplitude <ux,uy) 

meters, will impose a linear phase ramp through the detector plane 

speckle pattern, given by, 

FT{E(xt - Uy, Yt - uy)} « exp[-j(2n/XL)(uxxy-UYyd)].E/Xd,yd) (5.15) 

In practice, for small in-plane translations, amplitude and phase 

modulation of the detector output occurs through phase changes of the 

target speckles on its active area. Larger in-plane translations 

involving significant changes in the illuminated population of 

scatterers, will begin to cause decorrelation of the speckle pattern, 

i.e. speckle boiling', will take place. In this case, amplitude and 

phase modulation of the detector output again occurs through the 

continuous change in the population of speckles on the detector. 

The more complex case of rotation may be considered as a combination of 

the above two effects, where amplitude and phase modulation of the 

detector output again occurs through the continuous change in the 

speckle pattern incident on the detector. 
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5.4 EXPERIMENTAL RESULTS. 

The laser vibrometer shown in figure 5.2 was used to measure the 

normal-to-surface velocity of a target excited by an electrodynamic 

shaker at 50 Hz. The spectrum shown in figure 5.8 is typical of laser 

vibrometer measurements on a periodically excited structure, where the 

vibrational energy is concentrated at the fundamental frequency and 

higher order harmonics. 

Figures 5.9a and 5.9b show a comparison of vibrometer and integrated 

accelerometer measurements taken from a target surface translating 

in-plane. These measurements were obtained using the configuration shown 

in figure 5.10, from a cylindrical bar running in a high tolerance 

bearing and driven by an electro-dynamic shaker. The target laser beam 

was incident on the end of the bar, in a direction perpendicular to the 

in-plane excitation. The bar end was machined flat, coincident with the 

bar rotational axis. Accelerometers were positioned on the bearing 

housing to provide comparative, normal-to-surface vibration 

measurements, and on the bar end to measure the in-plane motion. 

As shown in figure 5.9, the vibrometer velocity measurements are 

typically 30 dB higher than those measured by the accelerometer. The 

first flexural and longitudinal resonance frequencies of the bar are 823 

Hz and 35.1 kHz respectively^^, and are therefore well above the 

excitation frequency and its harmonics shown in figure 5.9. These 

frequencies are calculated in Appendix 8.6. It is therefore clear that 

the vibration energy in the harmonics of the vibrometer spectrum is 

spurious and due to the effect of in-plane motion on the laser speckle. 

The accelerometer-measured, in-plane velocity amplitude of -30 dB 

reference 1 m/s at 50 Hz, is equivalent to a displacement amplitude of 

approximately 0.1 mm. Hence over one period of vibration, the laser 

illuminated area will change by 20% and both speckle boiling and speckle 

translation will take place. 

Figure 5.11 shows the vibrometer output from a bar undergoing a tilt 
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excitation. This was achieved by connecting the bar to the shaker via a 

crank arrangement, so that the bar was forced to rotate about its 

rotational axis. It was therefore possible to obtain pure tilt 

measurements with negligible in-plane or normal-to-surface motion. As 

with the in-plane excitation, the spectrum contains energy at the 

fundamental motion frequency and higher order harmonics. 

Figure 5.12 shows the vibrometer output from a target rotating at a 

constant speed. As with the previous measurements, there are 

pseudo-vibration peaks at the rotation speed and harmonics although 

there is nominally no normal-to-surface vibration. However in contrast 

to the previous measurements, the harmonic amplitude does not 'roll-off' 

at higher frequencies, remaining approximately constant with some random 

variation. This is typical of measurements made under conditions where a 

large number of changes occur in the speckle pattern incident on the 

detector. However this form of vibration spectrum is easily identifiable 

as being due to pseudo-random speckle effects, since, for genuine 

vibration signals, a majority of the vibration energy will be 

concentrated at the fundamental frequency, with an appreciable roll-off 

in the amplitude of any harmonics. Therefore compared with the in-plane 

and tilt motion cases, spectra of this form are less likely to be 

confused with genuine vibration. 

5.4.1 LOW AMPLITUDE MEASUREMENTS. 

In Chapter 3, a new, high-sensitivity laser vibrometer was used to 

measure low velocity amplitude, structural intensity. Employing a new 

design of signal demodulation circuit, the PZT vibrometer is able to 

make velocity measurements down to -140 dB reference 1 m/s, 30 dB lower 

than is possible using the rotating diffraction grating vibrometer used 

in section 5.4. Hence for the low velocity amplitude, quantitative 

measurement of pseudo-random, speckle effects that follows, it was 

decided to use the PZT laser vibrometer^'-'. 

The PZT vibrometer employs a piezo-electric element, reference surface 

which is driven at a resonance frequency of 750 kHz, with an amplitude 
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of approximately X/2. The reference surface speckle pattern therefore 

sinusoidally oscillates, normally through the detector plane, also with 

a peak displacement amplitude of X/2. From equation (5.1), using a 1 mm 

diameter He-Ne laser beam with a reference-to-detector distance of 30 

cm, the average speckle length is 57 mm. Therefore there will be 

negligible change in the reference surface speckles incident on the 

photodetector, and any dynamic speckle modulation of the detector output 

will be due to target surface motion alone. 

The following measurements were limited to low amplitude excitation 

levels of in-plane and tilt target surface motion because, 

<i) at high excitation levels, pseudo-random vibration spectra are 

easily identifiable as such, 

(ii) for rotating surfaces, torsional wave motion will be the dominant 

energy transmission waveform and flexural wave, structural intensity 

measurements will not be necessary, 

(iii) at low excitation levels it is not easy to discern the relative 

amplitudes of normal-to-surface and non-normal vibration amplitudes and 

so misinterpretation of the vibration data could occur. 

5.4.2 IN-PLANE VIBRATION MEASUREMENTS. 

Employing the scheme shown in figure 5.10, in-plane vibration 

measurements were made using the PZT vibrometer, with acclerometers on 

the bar end and bearing housing providing comparative, in-plane and 

normal-to-surface velocity measurements respectively. For a sinusoidal, 

in-plane displacement of the cylindrical bar of y, given by u = Usinut, 

there will be an in-plane velocity du/dt of Uwcoswt, where U is the 

displacement amplitude and w the excitation frequency. Figures 5.13 and 

5.14 show how the amplitude of the vibrometer velocity signal at the 

fundamental frequency varies with in-plane velocity, for constant 

amplitude (U) and frequency (w) respectively. These results demonstrate 

that an approximately linear relationship exists and that higher 

amplitude levels are measured when the in-plane velocity of the target 

is higher. 

96. 



The speckle velocity across the detector is synonymous with the in-plane 

target velocity and hence higher amplitudes produce more rapid rates of 

change of phase. In this way, the pseudo-vibration signal term in 

equation (5.11), dSf-gg/dt, increases in amplitude, as shown in figure 

5.13. 

Both figures 5.13 and 5.14 show that for constant in-plane velocity 

amplitude, i.e. similar speckle speeds across the detector, it is the 

larger target displacement which produces higher spurious levels of 

vibration. This is attributed to the effect of speckle boiling mentioned 

earlier, which is more significant at larger displacement amplitudes. 

Figure 5.15 illustrates the effect of a constant in-plane excitation 

velocity amplitude over a range of excitation frequencies. This is an 

approximately constant relationship, except at higher excitation levels 

and lower frequencies, where, because there is relatively larger 

in-plane displacement, speckle boiling tends to dominate the rate of 

change of phase term, dSrgg/dt. 

It should be noted that in-plane velocity amplitudes of -35 and -55 dB 

reference 1 m/s, produce average normal-to-surface, pseudo-vibration 

velocity amplitudes of approximately -69 and -79 dB. These figures 

correspond to transverse sensitivities of approximately 2 and 6% 

respectively, comparing favourably with an accelerometer^S. 

5.4.3 TILT VIBRATION MEASUREMENTS. 

For tilt motion of the target, the measurement system was as shown in 

figure 5.10, but with the shaker attached via a crank arrangement to the 

bar. Measuremnts were taken on the centreline of the flat, end surface 

of the bar. The tilt velocity was measured by an accelerometer 

positioned on the shaker. With a 35 mm long moment arm, a measured rms 

tilt velocity of -45 dB relative to 1 m/s, corresponds to an rms tilt 

angle rate of 161 milliradians per second. An accelerometer mounted on 

the bearing housing provided normal-to-surface velocity spectra for 

comparison with the vibrometer measurements. 
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Figures 5.16 and 5.17 show the relationship between the fundamental 

frequency, pseudo-vibration velocity amplitude and the tilt velocity, 

with constant tilt amplitude and frequency respectively. From these 

figures it can be seen that there exists an approximately linear 

relationship and that higher amplitude levels are measured when the tilt 

velocity is higher. 

The tangential speckle velocity across the detector is equal to twice 

the local target surface tilt velocity. Therefore for a target to 

detector distance of L, a tilt of 8 degrees will produce a peak speckle 

velocity across the detector of 2Ld8/dt. For a constant tilt amplitude, 

an increase in the tilt frequency will increase the speckle velocity 

across the detector. The same effect will also be produced by increasing 

the tilt amplitude for a constant frequency. Both these effects will 

therefore result in an increase in dE^-gg/dt, with, as shown in figures 

5.16 and 5.17, an associated rise in the pseudo-vibration signal 

amplitude. 

Figures 5.16 and 5.17 also show that for a constant tilt velocity, 

larger target displacements produce higher spurious levels of vibration. 

As with the in-plane results, this is directly attributable to speckle 

boiling effects, which are larger for greater tilt angles. 

Figure 5.18 illustrates the effect of constant velocity amplitude, tilt 

excitation over a range of excitation frequencies. As with the in-plane 

excitation shown in figure 5.15, there exists an approximately constant 

relationship between the tilt velocity amplitude and the pseudo, 

normal-to-surface velocity signal. However, also as shown in the 

in-plane measurements, for higher tilt excitation levels and lower tilt 

frequencies, larger pseudo-vibration levels are produced as a result of 

the greater change in scattering population, which increases the 

'boiling' effect. 
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5.5 CONCLUSIONS ON LASER SPECKLE EFFECTS. 

Spurious, pseudo-vibration speckle noise effects are inherent in all 

Laser Doppler Vibrometer measurements on diffuse surfaces, i.e. most 

surfaces of engineering interest. It has been shown how in-plane, tilt 

and rotation of the target surface can all introduce pseudo-random 

speckle noise into the vibrometer photodetector output. When the laser 

vibrometer output spectrum is examined, pseudo-vibration peaks, which 

can easily be interpreted as normal-to-surface vibration, can result. 

For larger excitation levels and displacements, both speckle boiling and 

translation occur and produce characteristic pseudo-vibration spectra. 

Since the magnitude of the fundamental and harmonic frequency signals 

are comparable, i.e. there is no roll-off in the harmonic signal 

amplitude relative to the fundamental frequency signal, spectra of this 

form are easy to distinguish from genuine vibration spectra. 

Measurements taken using the PZT vibrometer illustrate that at low 

vibration levels, speckle translation is the predominant dynamic speckle 

variation effect. Measurements show that there exists an approximately 

linear relationship between the non-normal velocity amplitude, and the 

pseudo, normal-to-surface, vibrometer velocity at the motion frequency. 

The spectra obtained from these measurements were often 

indistinguishable from genuine vibration and hence could lead to errors 

due to misinterpretation of measured data. However it should be noted 

that these measurements were obtained under 'worst case', laboratory 

conditions and correspond to cross-sensitivities comparable with typical 

accelerometers. 

For many practical vibration measurements, the non-normal motion is 

unlikely to produce an exactly repeating speckle pattern variation 

across the photodetector. The speckle noise in the detector output will 

therefore quickly decorrelate, reducing both the amplitude of the 

pseudo-vibration signals and increasing the roll-off in harmonic 

amplitude at higher frequencies. Hence provided care is taken in 

interpreting measurement data, pseudo-vibration effects will only be of 
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concern when both, a) the relative magnitude of normal-to-surface and 

non-normal velocities is unknown, and b) the non-normal motion results 

in a consistent, pseudo-random modulation of the detector output. 
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6. CONCLUSIONS. 

At present there are a number of structural noise and vibration analysis 

techniques, e.g. approximate mobility methods, statistical energy 

analysis, finite element analysis and correlation techniques. These 

techniques, in conjunction with practical vibration measurements, do 

not, however, supply sufficient information for individual vibration 

pathways in a built-up structure to be identified. The power flow 

measurement technique in contrast, allows the net, vibration energy 

transmission through each, individual structural component to be 

evaluated, both in terms of its magnitude and direction. The energy 

distribution throughout the entire structure can then be assimilated 

directly from practical vibration measurements. 

The power flow measurement technique is of most practical advantage in 

complex, built-up structures where there are many vibration transmission 

paths from the primary vibration source, e.g. an engine, to some point 

of interest. Under these conditions, power flow measurements at many 

points permits the energy transmission distribution to be evaluated and 

thus vibrational control techniques to be most efficiently applied. 

As the major source of acoustic radiation, flexural wave motion has 

received the most research interest. Employing the Euler-Bernoul1i 

description of vibration energy propagation in simple beam-like or 

one-dimensional structures, i.e. ignoring rotational inertia and shear 

deformation, the flexural wave, power flow has been shown to consist of 

two components; one due to the shear force and the other to the bending 

moment set up in the beam. Close to vibration sources, sinks and 

discontinuities such as changes in cross-section, material density etc, 

the relationship between these two components is complex, and for 

accurate power flow measurements to be made, both must be measured 

simultaneously. A scheme employing four linear accelerometers has been 

proposed to allow such measurements to be made. This scheme however is 

difficult to implement and each power flow measurement requires a large 

amount of signal processing. 
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Of greater simplicity and hence practical use is the far-field' scheme, 

i.e. at a distance greater than one-fifth of a wavelength from a 

discontinuity, where since the time-average shear force and bending 

moment components are equal, only one component needs to be measured. 

Although a range of transducer configurations can be utilised to realise 

this scheme, two linear accelerometers are usually employed because of 

their wide dynamic range and broad vibration frequency bandwidth. 

It has been shown that the major source of structural intensity 

measurement error using the two transducer technique is the 

inter-transducer phase response error. This is most significant in 

evaluating the spatial vibration derivative from the difference in 

transducer outputs. Employing accelerometers to measure the vibration 

gradient, the S.I. measurement technique becomes susceptible to phase 

errors due to: <i) transducer phase variation, dependent upon factors 

such as temperature, vibration amplitude and time, as the vibration 

frequency of interest approaches the inherent transducer resonance 

frequency; <ii) accelerometers mass-loading the structure, resulting in 

a vibration signal output that is reduced in amplitude and shifted in 

phase; (iii) vibration of the accelerometer cable introducing spurious 

phase errors into the transducer output. With a direct means of 

measuring the spatial vibration gradient, e.g. the velocity gradient, 

these sources of measurement error will no longer be of concern. 

In recent years, laser technology, and particularly laser Doppler 

vibrometry, has come into widespread use for vibration measurements. 

Laser vibrometers facilitate remote, non-contact vibration measurements 

and quick, simple, 'point-and-shoot' operation, i.e. a large number of 

measurements can be made quickly and accurately over large, extended 

structures. Therefore inclusion of laser transducers in the power flow 

measurement technique offers the potential to greatly enhance both the 

technique accuracy and the range of vibration environments in which 

measurements can be made. 

Two I.S.V.R. laser vibrometers have been utilised as a direct substitute 

for accelerometers in the two-transducer, power flow measurement 
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technique. Comparison of measurement results with the two accelerometer 

method show the system to be accurate, <i 1.2 dB reference 1 Watt), 

provided that the normal-to-surface velocity amplitude is greater than 

the device optical noise floor level. This maximum sensitivity is 

determined by the rotating disc, frequency shift mechanism at 

approximately -80 dB reference 1 m/s. At lower velocity amplitudes, 

inter—transducer phase response errors become significant and the power 

flow measurement accuracy deteriorates. There is therefore a requirement 

for a laser vibrometer system that incorporates the user friendly 

qualities of the I.S.V.R. laser vibrometer but with an improved 

sensitivity. 

A new, high-sensitivity, PZT laser vibrometer, incorporating a 

piezo-electric ceramic reference surface, frequency shifting device and 

the same optical configuration as the I.S.V.R. laser vibrometer, has 

been developed to fulfill this need. This device has a stationary 

surface noise floor level of -140 dB reference 1 m/s, over the frequency 

range 0 to 1 kHz, and -130 dB over 0 to 10 kHz. (The difference in 

sensitivities is due to the increased bandwidth increasing the amount of 

broadband electronic noise in the vibrometer output). Normal-to-surface 

vibration velocity measurements on a sinusoidally excited shaker showed 

excellent agreement with vibration amplitudes simultaneously acquired 

with an accelerometer. 

Two PZT laser vibrometers have been substituted for accelerometers in 

the two transducer power flow measurement scheme. Employing this method, 

the major source of measurement error is the inter-transducer phase 

response. For ideal, normal-to-surface target motion, this phase error 

can be minimised by closely matching electronic component values in the 

two transducers. Under these conditions, for velocity amplitudes of -85 

and -105 dB reference 1 m/s, good agreement, (an average difference of 

-0.525 dB reference 1 Watt), between the PZT vibrometer and 

accelerometer S.I. measurement results has been obtained. 

In common with the I.S.V.R. laser vibrometer, when velocity amplitudes 

measured by the PZT laser vibrometer approach the transducer optical 
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noise floor, large amplitude phase errors, associated with dynamic 

speckle effects, may occur. Since dynamic speckle noise is a 

characteristic of all practical laser vibrometer measurements, the 

implications for the vibrometer accuracy and dynamic range have been 

investigated. 

Speckle noise is inherent in ail measurements of diffuse target surfaces 

that are undergoing non-normal motion, as well as the normal-to-surface 

vibration of interest. A random intensity modulation of the light 

incident on the vibrometer photodetector results, producing an increase 

in the amplitude of broadband noise in the vibrometer output. This in 

turn, raises the device noise floor level, i.e. for practical vibration 

measurements the maximum transducer sensitivity, - the optical noise 

floor - is determined by the target surface motion and not by the 

transducer electronics. 

For periodic, non-normal motion, a pseudo-random detector noise output 

is produced. This results in a series of noise spikes in the spectrum at 

the non-normal vibration frequency and its harmonics. The spike 

amplitudes, and hence the device optical noise floor, are dependent upon 

dynamic speckle induced phase noise. For the most severe dynamic speckle 

noise source of surface rotation, the spike amplitudes are approximately 

constant with frequency. This form of pseudo-vibration spectra is 

therefore easily recognisable. In contrast, for the less severe cases of 

in-plane or tilt target motion, the number of speckle changes, or rate 

of change of speckle noise over one period of motion, is reduced, 

relative to the rotation case, and there is less high frequency noise in 

the detector output. The spike amplitudes then decrease with increasing 

frequency. Spectra of this form can easily be mistaken as genuine, 

normal-to-surface vibration data. Even under 'worst case' laboratory 

conditions however, a cross-sensitivity to in-plane vibration of only 3 

to 7% was produced, i.e. comparable with accelerometers. For a majority 

of practical measurements, these ideal laboratory conditions will not be 

reproduced, and the vibrometer sensitivity to non-normal motion will be 

less than the previously quoted figures. Therefore large amplitude, 

pseudo-vibration signals will only 
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result when non-normal vibration amplitudes are large, and hence obvious 

to the vibration engineer. It may be concluded therefore that for 

accurate S.I. measurements to be obtained with laser vibrometers, i.e. 

for random and pseudo-random speckle noise effects to be neglected, 

normal-to-surface velocity amplitudes must be greater than the device 

optical noise floor level. 

It has been shown theoretically how by using a laser velocity gradient 

measurement scheme in conjunction with a single laser vibrometer, the 

power flow measurement technique accuracy may be improved, relative to 

the two accelerometer method. This is acheived by simplifying the S.I. 

calculation and hence reducing the technique sensitivity to 

inter—transducer phase errors. 

Three velocity gradient measurement systems have been investigated and a 

final scheme proposed, based on the optical configuration of the 

I.S.V.R. torsional vibrometer, which is robust, self-aligning and 

insensitive to solid body motion. The prototype velocity gradient scheme 

employs a frequency modulated laser diode in an unbalanced Michel son 

Interferometer configuration. This results in an optical carrier 

frequency which is modulated by any differential, normal-to-surface 

velocity of two illuminated points. The vibrometer output is thus 

proportional to the velocity difference of the two points. This output 

is related to the velocity gradient by a finite difference 

approximation. 

The velocity gradient transducer was used to make practical velocity and 

velocity difference measurements on a sinusoidally excited, 

electrodynamic shaker. Results showed the velocity gradient transducer, 

in common with other laser vibrometers, to be sensitive to dynamic 

speckle effects, associated with large amplitude, non-normal target 

vibration. Vibration amplitudes of typical, normal-to-surface motion 

compared favourably however, with simultaneously acquired, integrated 

accelerometer measurements. 

The amplitude of power flow measurements acquired using the velocity 
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gradient transducer and a PZT laser vibrometer compared favourably with 

simultaneously acquired, two accelerometer measurements. Over the 

frequency range 500 to 2250 Hz, an average difference of -0.44 dB or 

4.97. was obtained, i.e. within experimental measurement error limits. 

The accuracy of the two measurement methods is therefore comparable. 

Practical measurements carried out using the laser transducer 

configuration will, however, have the following advantages over the 

accelerometer method, 

(i) they can be obtained using remote, non-contact transducers, 

<ii) the effect of the internal resonance on the transducer phase 

response at higher frequencies is no longer of concern, 

(iii) mass-loading effects are no longer a problem, 

(iv) a large number of measurements can be quickly made, 

(v) measurements can be made where accelerometer use is precluded, e.g. 

hot, inaccesible and lightweight surfaces. 

It can be concluded therefore that the most practical, accurate and 

robust transducer system for measuring one—dimensional, flexural wave 

structural intensity, consists of the laser velocity gradient transducer 

and the laser vibrometer described in this thesis. This configuration 

not only offers a direct replacement for the existing two accelerometer 

method, but its use will also extend employment of the power flow 

measurement technique to vibration environments where measurements, to 

date, have not been possible. 
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6.1 RECOMMENDATIONS FOR FURTHER WORK. 

To maximise the practical advantages of the velocity gradient transducer 

for power flow measurements, a number of improvements in the optical 

configuration are possible. 

(i) The velocity gradient scheme utilised in this work employed a laser 

diode operating in the near-infrared (840 nm), with an output power of 

typically 5 mW. The transducer is thus rated as a class 3B laser device 

and hence is unsuitable for widespread use. It is hoped that in the near 

future a commercial, visible laser diode, with a long coherence length 

will become available and can be incorporated into the transducer. 

Further improvements in the photodetector and pre-amplifier circuits 

will then reduce the transducer optical power to less than 1 mW, and 

result in a class 2 device. 

(ii) Although the velocity gradient transducer has been optimised with 

bulk optics, the employment of optical fibre waveguides will allow the 

laser light to be simply and accurately positioned on the vibrating 

target surface. For one-dimensional power flow measurements, three fibre 

waveguides would be employed, two for the velocity gradient measurement 

and one for the velocity. This could best be realised in terms of a 

fibre probe, analogous to the two microphone probe utilised for sound 

intensity measurements. Differential fibre vibration effects would be 

minimised through use of polarising preserving fibres and encasement of 

all three fibres in a single cable or protective covering. This scheme 

would allow the transducer electronics and the laser—fibre launch optics 

to be positioned remotely from the noise source and hence be insensitive 

to any spurious vibration effects. 

As shown in Appendix 8.7, using two velocity gradient and one point 

velocity laser transducer, non-contact, power flow measurements can also 

be made on two dimensional, or plate-like structures. Employment of the 

laser velocity gradient transducer as part of an all-laser, power flow 

measurement scheme, and hence with all the benefits of non-contact, 

vibration measurement, could therefore also be extended to more complex 

structures and transducer configurations, e.g. cylinders, shells etc. 
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8. APPENDICES. 

8.1 Maths functions programs for calculating input and transmitted 

power, and chirp' excitation. 

8.2 PZT laser vibrometer. 

8.3 Laser diode test data. 

8.4 Velocity gradient transducer. 

8.5 Resultant speckle pattern intensity by phasor addition. 

8.6 Resonance frequencies of a cantilever beam. 

8.7 Two-dimensional power flow measurement. 
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8.1 MATHS FUNCTIONS PROGRAMS FOR CALCULATING INPUT AND TRANSMITTED 

POWER, AND CHIRP' EXCITATION. 

a) Input power: 

From equation <2.43a), the input power is given be the expression, 

PlN(w) = I ReCG(F,v,u)3 (Al.l) 

employing an acceleration signal however, 

Pjl^(u) ® ^ Im[G(F,a,w)] (A1.2) 

Using the cross power signal processing facility on the analyser, 

COPY, Cross Power, 0, Buffer A 

transfers the results of the cross power calculation of the 

acceleration and force signals at the input point to a dummy file. 

/Jw, Buffer A, Buffer A, 1 

- multiplies the data in the dummy file by ju once, then returns the 

data to the dummy file again. 

IMAG, Buffer A, Buffer A. 

- removes the real component from the dummy file. 

NAME, Buffer A, IM{Gfa}/w 

- names the data in the dummy file. 

b) Transmitted powers 

From equation (2.26), the transmitted power is given by, 

(MgEI)l/2n 
<P(k0,u)> = Im G(ai,a2,w) <A1.3) 

hw2 

Using the results of the cross power faciltiy on the analyser, 

COPY, Cross Power, 0, Buffer A 

- transfers cross power data to a dummy file. 



/Jw, Buffer A, Buffer A, 2 

- multiplies data by jw twice and returns data to dummy file. 

IMAG, Buffer A, Buffer A 

- removes real component from dummy file. 

MULT, Buffer A, 46.352164 0.0, Buffer A 

- multiplies data by beam constants and returns data to dummy file. 

DIV, Buffer, 0.05 0.0, Buffer A 

- divides data by transducer separation. 

NAME, Buffer, Trans d Power 

- names the data in dummy file. 

c) 'Chirp' excitation signals 

To create a uniform amplitude chirp of swept-sine signal over the 

frequency range 450-550 Hz. 

COPY, Freq Response, 0, Buffer A 

- transfers the frequency response configuration to a dummy file. 

CHIRP, Buffer A, 450.0 550.0 

set up the chirp operation in the dummy file for the frequency 

range from 450 to 550Hz. 

MULT, Buffer A, l.OeO 0.0, Buffer A 

multiply chirp siganl by 1 to get unit amplitude, (can then be 

scaled using power amplifier). 

DAC, Write, Buffer A, 0 

- send the chirp signal to the signal generator output. 

DAC, On 

- switch on the generator. 



8.2 PZT LASER VIBROMETER. 
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8.3 LASER DIODE TEST DATA. 

H i t a c h i L a s e r D i o d e T e s t D a t a 

Type H L 8 3 1 1 G Serial No "MOniQ 

L a s i n g Wave leng th 

10 mW) 

ibicnhnfiii 

50 100 no 

F o r w a r d C u r r e n t , IF (m.A.DC) 

L i g h t - C u r r e n t C h a r a d e . : i s ; i c 

Is; 1.26niA{Po= 10 mw. Vs= 5 v) 

-2!)' 

Ang le 

F a r - F i e l d p a t t e r n s 

1 0 mW) 



8.4 VELOCITY GRADIENT TRANSDUCER. 
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8.5 RESULTANT SPECKLE PATTERN INTENSITY BY PHASQR ADDITION. 

From equation (5.7), it can be seen that the three intensity terms are 

independent and hence can be treated separately. The time-varying 

interference term ig.c.^t) is given by, 

P 

ia.c.(t) = 2Y^Sp(lRlTp)l/2cos[(WRt + 2kA7Sinii)jt) + (8p - Bjp)3 <A5.1) 

p=l 

From this expression, it is evident that each speckle is weighted by the 

same reference intensity and phase, allowing equation (A5.1) to be 

rewritten, 

P 

ia.c.tt) = 2Y(lR)l/2[Sp<lTp)l/2cos(8c - Gyp) (A5.2) 

p=l 

where = <wpt + 2kAjsinu)jt + 8p) and is the same for each speckle. As 

shown in figure 5.19, the summation of the individual speckle 

intensities, each of the form Ipcos<0(3-8jp), where Ip= Spd-fp)^^^, 

produces a resultant intensity vector, also of the form 

I^ggCos(eQ-Epes). This resultant intensity vector can be calculated from 

the simple geometric relationships; 

If-es^ ~ (IisinGi + I2sin82 + .... IpsinGp)^ 

+ (Ijcos02 + I2COS82 + .... Ipcos8p)2 

P P 

" IpIqCOs(8p - 8q) (A5.3) 

p=l q=l 

and. 

^ I p S i n B p 

tanSres = ^ (AS.4) 

[ IpCos8p 

p=l 



where 8̂  = ®C~8Ti' 1*1,2...®. The two d.c. terms id.c. <t) are given by, 

id.c.(t) - Y(lR + Ires) <A5.5) 

where Ip is a constant. As discussed in section 5.2.2, dynamic-speckle 

induced fluctuations in the Ifes term in this expression can be 

neglected. 



8.6 RESONANCE FREQUENCIES OF A CANTILEVERED BEAM. 

From Bishop and Johnson®^, the flexural wavenumbers kp at resonance for 

a cantilevered beam are given by the expression, 

kR 
EI 

1/4 

(A6.1) 

where is the radian frequency, p is the beam material density, S the 

cross-sectional area, E the Young's modulus of elasticity, I the second 

moment of area and R = 1, 2, ...®. For a fixed-free beam, kjl " 1.875, 

where 1 is the beam length. Hence with a mild steel bar, E = 207 BNm"^, 

f = 2850 Kgm~^, with radius 0.5 cm and length 12 cm, the first resonance 

frequency is 823 Hz. 

The first longitudinal resonance frequency will occur when X = 21. For a 

linear, homogeneous bar, the wavespeed c is given by the relationship. 

c = 1/2 

Hence, employing the relationship c 

can be calculated from, 

(A6.2) 

fA, the first resonance frequency 

i_ r 11 
21 I P . 

1/2 (A6.3) 

i.e. approximately 35.5 kHz. 



8.7 TWO-DIMENSIONAL POWER FLOW MEASUREMENT SCHEME. 

In the far-field, the time-average, shear force component of power flow 

in the arbitrarily defined x-direction, <Px>, is given by, 

:px> = -2D < 
6^w 

5x^ 8x6y2 

6w 

5t 

(A7.1) 

where D is the flexural stiffness, equal to (Ed^/12<l-Y)), where E is 

Young's Modulus, d is the plate thickness and y Poisson's ratio, and w 

is the normal-to-surface displacement given by, 

w<x,y,t) «= Asin(wt - kyx - kyy) (A7.2) 

where k^ and ky are the flexural wavenumbers in the x and y directions. 

In the y-direction, the power flow is given by. 

;PY> = -2D 
. 6y^ fiySx^ . 

8w 

fit 

(A7.3) 

Assuming simple harmonic motion, these equations can be simplified to, 

<Px> 

and. 

8w 5w 
-2Dkx2 < > 

fit fix 

(A7.4) 

fiw fiw 

<PY> ae -2Dkj2 < — — > 

fit fiy 

(A7.5) 

where KY is the true wavenumber, equal to ( U ^ M / D ) a n d related to K* 

and kY by. 

kx kycosB ky = kjsinS <A7.6) 

where M is the plate mass per unit thickness and 8 is the angle the 

resultant power flow vector makes with the x-axis. Since this angle is 

unknown, k^ and ky cannot be determined accurately and uni-directional 



measurements cannot be considered independently. For accurate power flow 

measurements, (8w/8x) and (6w/5y) must be measured simultaneously with 

the point velocity (8w/St). This scheme will thus require utilisation of 

two velocity gradient transducers, and a laser velocity transducer. The 

magnitude of the resultant, time-average, power flow vector, <PR>, is 

then related to the two orthogonal power flow measurements by, 

<PR>2 :Px>' :PY 
.9 <A7.7) 

4D2kz6 [ •=' I? ^ * [< V I ; ] 

As with one-dimensional measurements, in the frequency domain this 

expression may be written in terms of cross-spectra as, 

<pR> = 2Dkz3[{Im G(v,dv/dx,f)}2 + d m G(v,dv/dy,f) }2j (A7.8) 

and the angle 8, <Pp> makes with the x axis will be given by. 

(A7.9) 

The magnitude and direction of the resultant power flow can therefore be 

measured directly using an optical transducer scheme consisting of two, 

perpendicularly positioned laser velocity gradient transducers and a 

laser point velocity transducer positioned at the midpoint. 
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FIGURE TYPICAL NOISE AND VIBRATION ENVIRONMENT. 
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FIGURE 2.1 ACCELEROMETER CONFIGURATIONS FOR MEASURING SPATIAL 

ACCELERATION GRADIENTS. 

A) B IAXIAL ACCELEROMETER. 

B) DIFFERENCING ACCELEROMETER. 
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FIGURE 2.2 TYPICAL ACCELEROMETER AMPLITUDE AND PHASE RESPONSE. 
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FIGURE 2.3 ACCELEROMETER MASS-LOADING EFFECT ON AN 

INFINITE BEAM. 

0 

-0.5 

§ 
I 
I 

-1.5 

-2.5 

-3 

-3.5 

-4 

-4.5 
0 

I 
0 

£ 

0 

-0.5 

- 1 

-1.5 

- 2 

.2j 

-3 

-3.5 

-4 

-4.5 
0 

Accel, mass = 5 gram: 10 gram : — 20 gram. 

\ i 

500 1000 1500 

Frequency, Hz. 

2000 2500 

Accel, mass = 5 gram : 10 gram : — 20 gram. 

500 1000 1500 

Frequency, Hz. 

2000 2500 



FIGURE 2,4 TRANSDUCER CONFIGURATION FOR SIMULTANEOUS FLEXURAL 

AND LONGITUDINAL S.I. MEASUREMENT. 

a) Measurement scheme. 
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FIGURE 2.5 STRUCTURAL INTENSITY MEASUREMENT ERROR DUE TO 

INTER-TRANSDUCER PHASE ERRORS: B / A = 0. 

(B/A) = 0. " " = 1 degree, = 2 d e g r e e s , " = 5 degrees. 
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FIGURE 2 .6 STRUCTURAL INTENSITY MEASUREMENT ERROR. 

a) (B/A) = 1. = 1 degree. = 2 degrees, " = 5 degrees. 
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FIGURE 2.7 "INFINITE" BEAM APPARATUS AND MEASUREMENT POSITIONS. 
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FIGURE 2.8 MEASURED BEAM ACCELERANCE, MAGNITUDE AND PHASE. 
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FIGURE 2.9 BEAM ACCELERANCE, REAL AND IMAGINARY COMPONENTS 
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FIGURE 2 .10 TYPICAL INTER-ACCELEROMETER RESPONSE 

CHARACTERISTICS. 
A) MAGNITUDE. 
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FIGURE 2.1 1 'CHIRP' EXCITATION SIGNAL 

A) TIME SIGNAL, v o l t s . 
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FIGURE 2 .12 INPUT FORCE EXCITATION AND ACCELERATION 

RESPONSE. 

A) FORCE EXCITATION, Newtons . 

B) ACCELERATION RESPONSE, RR,/^ 
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FIGURE 2.13 INPUT POWER, 4 5 0 - 5 5 0 Hz. 
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FIGURE 2 .14 TRANSMITTED POWER. 
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FIGURE 2.15 INPUT POWER, 9 5 0 - 1 0 5 0 Hz, 
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FIGURE 2.16 TRANSMITTED POWER. 
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FIGURE 2.17 INPUT POWER 1450-1550 Hz. 
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FIGURE 2.18 TRANSMITTED POWER. 
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FIGURE 2.1 9 INPUT AND TRANSMITTED POWER 
IN AN INFINITE BEAM 
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FIGURE 3.1 THE DOPPLER EFFECT: SCATTERED LIGHT. 
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FIGURE 3.2 REFERENCE BEAM HETERODYNE. 
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FIGURE 3.3 I.S.V.R, LASER VIBROMETER. 
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FIGURE 3.4 INTER-TRANSDUCER RESPONSE MEASUREMENT SCHEME. 
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FIGURE 3.5 I.5.V.R. LASERVIBROMETER: INTER-TRANSDUCER F.R.F. 
too - 1000Hz. 
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FIGURE 3.6 I.S.V.R. LASER VIBROMETER: INTER-TRANSDUCER F.R.F. 
I - 2KHZ. 
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FIGURE 3.7 LOW VELOCITY AMPLITUDE F.R.F. 
100 - lOOOHz. 
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FIGURE 3.8 LOW VELOCITY AMPLITUDE F.R.F. 
1 - 2KHZ. 
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FIGURE 3.9 I.S.V.R. LASER VIBROMETER NOISE FLOOR. 

o 
o 
CM 

O 
VO 

>-o 

o 
LJ 
cc 

o 
(N 

O 
CO 

o 

o 
I 

0 
CD 
1 

o 
o 

o 
(Nj 

o 

•s/uui aou9J9jaj gp 'A1I3013A 'S'UI'b 



FIGURE 3.10 S.I. MEASUREMENTS USING TWO I.S.V.R. LASER VIBROMETERS. 
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FIGURE 3.1 I PZT LASER VIBROMETER.. 
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FIGURE 3.12 PZT VIBROMETER SIGNAL PROCESSING. 
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FIGURE 3.13 BESSEL FUNCTIONS OF THE FIRST AND SECOND ORDER. 
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FIGURE 3.14 PZT VIBROMETER VELOCITY MEASUREMENT. 

tLCnOD (LmcD 

h-O N3: H O N S 

QCL I OQ-

s/uu 1 aouajajaj gp 'A} i d o i3a 

•ja^auuojqiA iZd (V • j a i 3 U J 0 J 3 [ 3 3 0 V ( 9 



FIGURE 3.15 INTER-VIBROMETER PHASE RESPONSE. 
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FIGURE 3,16 S.I. MEASUREMENTS USING TWO PZT LASER VIBROMETERS. 
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FIGURE 4. I VARIATION OF ERROR RATIO R, WITH 2l<h. 
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FIGURE 4.2 VARIATION OF R WITH 2l<h, FOR TYPICAL INTER-TRANSDUCER 

PHASE ERRORS. 
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FIGURE 4.3 SHEAROGRAPHY: OPTICAL CONFIGURATION. 
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FIGURE 4.4 IMAGE SHEARING TECHNIQUE. 
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FIGURE 4.5 VELOCITY DIFFERENCE MEASUREMENT SCHEME. 
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FIGURE 4.6 VELOCITY GRADIENT ANEMOMETER. 
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FIGURE 4.7 TORSIONAL VIBROMETER 
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FIGURE 4.8 VELOCITY GRADIENT MEASUREMENT SCHEME. 
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FIGURE 4 . 9 FIBRE V IBROMETER. 
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FIGURE 4 .10 SIGNAL PROCESSING. 
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FIGURE 4.11 PHASE ERROR. 
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FIGURE 4.1 2 VIBRATION MEASUREMENT SCHEME. 
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FIGURE 4 . 1 3 POINT V E L O C I T Y M E A S U R E M E N T 
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FIGURE 4 . 1 4 INTEGRATED ACCELEROMETER V IBRATION 

MEASUREMENT 
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FIGURE 4.) 5 VELOCITY DIFFERENCE MEASUREMENT 
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FIGURE 4 .16 STRUCTURAL INTENSITY MEASUREMENT SCHEME. 
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FIGURE 4 .17 STRUCTURAL INTENSITY MEASUREMENTS, 

FREQUENCY VELOCITY 

AMPLITUDE 

T W O ACCELEROMETER 

SCHEME, 5,1. 

V.G.V. SCHEME, 

S.I. 

5,1, DIFFERENCE 

Hz. dB, re f . 1 m / s 
* 

dB, re f . 1 Wat t . 
* 

dB, re f . 1 Wat t . dB. 

A) MID-RANGE VELOCITY AMPLITUDE EXCITATION. 

500 - 5 4 . 9 -23.63 -24.14 - 0,51 

750 -54,2 -23.06 -23.72 - 0.66 

1000 -55 -25.98 -26.43 - 0,55 

1250 -54,6 -26.2 -26.89 - 0.69 

1500 -59,3 -24.46 -24.7 - 0,24 

1750 -55 -26,76 -27.37 - 0.61 

2000 -54,6 -26.02 -26.46 - 0,44 

2250 -54.5 -27.41 -27,55 - 0.14 

B) LOW VELOCITY AMPLITUDE EXCITATION. 

500 -75.7 -44.98 -45,6 - 0.62 

750 -75.3 -44.17 -44,96 - 0.79 

1000 -76 -46,98 -46,82 0.16 

1250 -74.1 -46.35 - 4 6 , 5 - 0.15 

1500 -75.3 -44.2 -44,62 - 0.42 

1750 -75.4 -46,91 -46,56 0.35 

2000 -74,45 -45,9 -46,73 - 0.83 

2250 -76,1 -49,85 -50,75 - 0.9 

^ N O FINITE DIFFERENCE APPROXIMATION CORRECTION 

3.2KHZ FREQUENCY BANDWIDTH WITH I Hz FREQUENCY RESOLUTION. 

10 AVERAGES. 



FIGURE 5 . 1 F O R M A T I O N OF O B J E C T I V E LASER SPECKLE P A T T E R N S . 
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FIGURE 5.2 ROTATING DIFFRACTION GRATING LASER VIBROMETER. 
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F I G U R E 5 . 3 P E R I O D I C , D Y N A M I C S P E C K L E NOISE S I G N A L . 
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F I G U R E 5 . 4 D Y N A M I C S P E C K L E S P E C T R A M E A S U R E M E N T SCHEME. 
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F I G U R E 5 . 5 D Y N A M I C S P E C K L E N O I S E S P E C T R A : 
M E A S U R E M E N T P A R A M E T E R S . 
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F I G U R E 5 . 6 D Y N A M I C S P E C K L E N O I S E S P E C T R A : 
V A R I A T I O N I N S P E C K L E V E L O C I T Y . 
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F I G U R E 5 . 7 D Y N A M I C S P E C K L E N O I S E S P E C T R A : 

V A R I A T I O N I N S P E C K L E S I Z E . 
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F I G U R E 5 . 8 L A S E R V I B R O M E T E R M E A S U R E M E N T OF 

NORMAL-TO-SURFACE VIBRATION. 
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FIGURE 5 .9 COMPARISON OF IN-PLANE PSEUDO-VIBRATION 

WITH TRUE, NORMAL-TO-SURFACE VIBRATION. 
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FIGURE 5 . 1 0 I N - P L A N E V I B R A T I O N M E A S U R E M E N T SCHEME 
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F I G U R E 5 . 1 1 V I B R O M E T E R O U T P U T FROM A T I L T I N G S U R F A C E . 
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F I G U R E 5 . 1 2 V I B R O M E T E R O U T P U T FROM A R O A T I N G S U R F A C E . 
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F I G U R E 5 . 1 3 C O N S T A N T A M P L I T U D E , I N - P L A N E E X C I T A T I O N . 
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F I G U R E 5 . 1 4 C O N S T A N T FREQUENCY, I N - P L A N E E X C I T A T I O N . 

Constant frequency excitation: "+" = 8Hz, "o" = 4.4 Hz. 
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F I G U R E 5 . 1 5 C O N S T A N T V E L O C I T Y , I N - P L A N E E X C I T A T I O N 

Constant in-plane velocity:"+" = -55 dB, "o" = -35 dB ref. InVs. 
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F I G U R E 5 . 1 6 C O N S T A N T A M P L I T U D E , T I L T E X C I T A T I O N . 

Constant amplitude excitation: "+" = 20E-06m, "o" = 200E-06m. 
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F IGURE 5 . 1 7 C O N S T A N T FREQUENCY, T I L T E X C I T A T I O N . 

Constant frequency excitation; "+" = 14.25 Hz, "o" = 8Hz. 
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F I G U R E 5 . 1 8 C O N S T A N T V E L O C I T Y , T I L T E X C I T A T I O N 

Constant in-plane velocity:"+" = -65 dB, "o" = -45 dB ref. Im/s. 
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