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ABSTRACT

The research described in this thesis showed that, under certain

conditions, coupling can take place between the lateral and in-line

motion of a structure vibrating im a turbulent wind, This has important

consequences both for full-scale and for model-scale tests.

Previous researchers have usually confined their investigations

to models with only one degree of freedom (lateral), assuming

that the in-line moticn is of no consequence to the final results.

It has been shown here, however, that this assumption can lead to

erroneous results, It was found that for a lightly damped structure

there is a significant transfer of energy between the two motions

of oscillations. With the motion restricted to only one degree of

freedom,no such energy transfer takes. place. Consequently, compared

‘to a tuo degres of freedom model, a much lower.value’ for the

structural damping for the model is obtained,

The above conclusion was reached as a result of tests made on models

placed in a generated atmospheric boundary layer (GA8L). The models

were mounted on a novel gimbal system, designed and constructed to

permit motion with either one or two degrees of freedom, Emphasis was

placed on digital techniques as opposed to analogue, for analysing

the vibrations of the models and the turbulence structure of the GABL.

For this purpose, a digital and an analogue computer were used together

for off-line analyses of the various signals, ~
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I. INTRODUCTION

1.1 General

Until the beginning of this century the mechanisms of destruction of

structures (eg, buildings and bridges) by the action of wind were not

understood. Destruction was attributed to the will of a deity and, as

such,was presumed to be beyond the understanding of mortals. During this

period, there were some very dramatic, wind-induced collapses of structures,

notably the destruction of a chain pier at Brighton in 1836, the collapse

of Telford's original suspension bridge over the Menai Straits in 1839

and the Tay Bridge disaster in 1879. It was in 1940, after the collapse

of the Tacoma Narrows Bridge as a result of oscillations caused by a wind

of 19 m/sec, ‘that serious attention was given to wind-loading.

The failure to understand wind—induced phenomena can be partly attributed

to the lack of instruments capable of measuring the dynamic or fluc-

tuating effects, although static wind-effect measurements had been made.

For example, Baker L \ 71 in 1884 and Stanton (23 in 1925 measured

static wind-loads on the Forth and Tower bridges, respectively.

A significant development, before the Tacoma Bridge disaster, was the

construction of the Empire State Building. When it was realised that

wind-forces might be important, an attempt was madeto determine these

effects E 3 | - These tests, and a subsequent investigation by Rathburn

{ 4 ] » produced the important conclusion that ‘natural wind movemonts

are not at all like those in a wind tunnel’,

Modern methods of design and fabrication of tall structures tend towards

lighter weights and more lightly damped structures. Buildings are also

higher and therefore exposed to stronger winds, resulting in an increase

in the likelihood of destruction or unacceptable vibrations during .

‘adverse conditions of wind, One example is the collapse of three

10



cooling towers at Ferrybridge power station in November 1969 Ei s el:

The emergence of congested urban areas has also led to an increase

in large-scale destruction by wind. During gales in November 1962,

nearly two-thirds of the 161,000 houses in Sheffield were damaged Le a:

Rare wind conditions, also cause urban areas considerable loss of life

and property, for example, the damaged caused .by Hurrican Tracy over

Darwin L 7 ate

To combat such damage, various codes have been written for designers.

Osipovich { 8 ] has shown, however, that even though many structures

are designed according to specified codes of practice, failures still

occur.

In a survey of press—cuttings, Menzies [9 ] has shown that for the

period 1962-1969, an average of 100 000 buildings a year are damaged

by wind in Britain, costing £7 million in repairs and replacements.

It is therefore necessary to revise these codes continuously, and to make

this revision possible, research into wind and structure interactions

must be done.

1,2 Formations of the Problem

In examining the effect of wind on structures, the 'correct' under~

standing of such effects can be obtained only through full-scale tests.

Though many researchers do make full-scale measurements { 10 al it

is not always feasible to do so. The main problem occurs during the

design stage, when a good estimate of the performance characteristics

of the prototype is required.

Model—testing, however, gives a more flexible approach to the final

design. Changes can be made during the design stage so that an

\



titiotimum design decision can be taken. The confidence placed in the model tests

1111111 depend on the extent to which similarity requirements between model and

[-stull-scale tests are satisfied. Since not all requirements can be met simultaneously

-sosonfidence in the tests will depend on the choice of scaling parameters known to

fidvave significant influence on the performance of the prototype.

1 tkn the present work, the dynamic response of a square cross-sectional prism of

d—taspect ratio (R) 8 to a generated boundary-layer wind was investigated in the

-tdwind-tunnel. The square prism was modelled on an existing prototype. Since

opmeome data on the vibration characteristics of the prototype were available,

nitinitial checks on the modelling procedure were possible so that some confidence

Nsccould be placed in correlating model response with that of the prototype.

yliFor the purposes of comparison, tests were also made on a circular, thin-walled

ylicylinder having the same A , mass moment of inertia and stiffness as the

qu square cylinder.

st Most workers, engaged in similar research, have not allowed their models to

vibrate in the along-wind (ie in-line) direction but have given them freedom

only in the cross-wind (ie lateral)direction. Neglect of the in-line vibration

is justified on the premise that the in-line fluctuating component is much smaller

than the corresponding lateral component (76J. An investigation by LeeL!! Jon the

wind-induced vibration of a pair of model stacks showing that, in certain cone

can take place.

ditions, coupling between the two BoeDoned te A major object of the present

investigation therefore, was to determine whether the behaviour of a model,

constrained to one degree of freedom (DOF) ie lateral vibration only, showed

vibration characteristics different from those obtained with two DOF when

both in-line and lateral vibration was allowed.

12



> thio this end, a system of gimbals and supports was designed and constructed.

rieododels mounted on the gimbals were able to vibrate in two mutually perpendicular

ireodirections. It was also possible to suppress motion in any one direction.

irr4This allowed comparisons to be made between models vibrating with one DOF and

regitwo DOF. ‘The gimbal consisted of a system of torsion-bass, strain-gauged to

two ive a measure of the dynamic and static deflections in the two directions

ive

del

considered,

In order to achieve a good representation of full-scale conditions, a simplified

model of the natural wind was generated, as accurately as possible, in a

wind-tunnel using a combination of flow-mixing devices.

Signals obtained from the various transducersmnitoring the fluctuations of

wind and vibrations of models required random signal analyses. At the beginning

of this investigation, only very limited facilities were available to analyse the

data obtained. A considerable amount of time therefore had to be spent in

setting up a system capable of acquiring, reducing and analysing random signals.

A complete description of the initial requirements and final design, implementation

and running of this data-analysis sytem is given.

I.3 Structural Response to Wind Effects

Wind effects on structures can be considered under the following headings {iz 1:

(a) Time-averaged mean loads.

(b) Response to the fluctuating forces caused by the turbulence of winds,

ie, the direct forcing of an elastic structure by wind flunctuations.

(c) Oscillating and divergent instabilities caused by wind.

For buildings and structures where the design considerations may concern over—

turning instability or, more probably, wind pressure on the cladding, knowledge

13



of (a) is often inadequate and (b) and (c) become more important for

slender, lightly-damped structures.

The problem of steady wind-loading is well documented [ !3 ] ana will

not be considered further here. Dynamic wind-loading will be discussed

next.

3.4. The Direct Forcing of a Structure by Turbulent Wind

The direct forcing of a structure can be caused by the turbulence of the

wind or because it is buffeted by the wake flow of another structure, as in

the Tacoma Narrows Bridge disaster L'4 i The random excitation of a

structure cannot be analysed deterministically. Statistical concepts

must be used. Davenport B 1s ] extended the work of Liepmann L '6 J

on the application of statistical concepts to buffeting. An outline

of Davenport's procedure [ 'T 1 is as follows:

Three assumptions were made to simplify the problem:

(a) The structure is elastic and its response x(t) to

fluctuating forces f(t) can be expressed by a familiar

linear differential equation.

(>) Mean aerodynamic force is the same in fluctuating flow

as in a steady flow having the same mean velocity.

(c) Fluctuations in aerodynamic forces are linked to the

fluctuations in velocity through a linear process, where

velocity fluctuations are not large compared to the mean

flow.



Having made these assumptions, the relation between the statistical properties

of the response and these other properties of the structure are explored:

(a) Mean response

(bv) Probability distribution of the response amplitudes

(c) The spectrum of the response

The first consequence of the linear relationship between velocity, force

and response, coupled with the Ganssian distribution of fluctuating

velocity, is that the probability distribution of both force and response

are also Gaussian. To define this particular type of distribution, all

that is required is knowledge of the standard deviation, ©. This can

be found from the spectrum, the area under which is equal to the variance,

o

The second consequence is that the spectra of the response and force can

be found from the velocity spectrum using the ‘admittance functions’, ie,

the ‘aerodynamic and mechanical admittances'. These functions express the

mean square amplitude of the output of a process having a sinusoidal input

of unit mean square amptitude, as a function of the input frequency.

Mechanical admittance can be written:

i {|x mln) = =
ie :) + 467 n°Gm iaee ae

(where ne is the natural frequency of the system and &, is the critical

damping ratio, c/afim ).

The aerodynamic admittance, showing the fluctuation in aerodynamic force

associated with unit fluctuation in velocity at a point, is less familiar

and more indeterminate. It is expressed as (17 1]

[%a(®)[ = (®/ CO)
where C= E/< Ba: AVeef is the steady flow aerodynamic coefficient and

where h is the reduced frequency, n>/ Gye).

RS



The normalised spectrum of the response can be written:

ni Geo) 2 4| XC] |¥QCo[ 2 Galo)
o

In lightly damped systems, in which the resonance peak is very pronounced,

ee eeae

=

since it is generally found that the bulk of the variance consists of

fluctuations at or near the natural frequency n,{!7].

3.4i. Mechanisms of Wind-induced Oscillations (Mainly "Lateral")

of Structures

There are a number of mechanisms by which a flexible structure can

extract the energy from the wind-stream to set up and maintain oscillations,

mainly in the the 'lateral' direction. Some of the most important forms

of wind-induced oscillations are due to

(a) ovalling

(b) galloping

(c) vortex-excitation

(a) Ovalling is a form of vortex excitation (discussed below) which

induces elastic deformatior of such structures as thin-walled circular

stacks L's a Here, elastic distortions of the sectional shape can

be induced in a range of modes. The wind speed at which ovalling occurs

are related to the frequency of shedding of discrete vortices from the

cylinder, rather than tothe frequency of shedding of pairs of opposite—

handed vortices as for the transverse bending oscillations of cylindrical

structures. This form of instability occurs only rarely and, since the

present research was not concerned with ‘ovalling" oscillation, it is

discussed here only for the sake of completeness.
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{b) Galloping is a self-excited oscillation of an elastic cylinder in a

uniform transverse flow, in which the shape of the cylinder cross-section

amd its attitude to the incident stream cause flow separation and the

formation of a broad wake. The resulting fluid forces and/or moments

on the cylinder produce instability to small lateral or torsional

displacements fia, 20,21]. Oscillation occurs in a direction transverse

("lateral") to the wind but, unlike the vortex excitation (described below),

there is generally no upper limit at which the oscillation dies out. The

typical wind-speed for the onset of galloping depends on the structural

damping but, for all practical values of damping, speeds are well above

those for vortex shedding.

(c) Vortex excitation is the form most often encountered and can occur

on a wide rage of bluff structural shapes from circular to square. Most

oscillations on full-scale structures can be attributed to this.

Vortex-excited oscillations are generated by the periodic discharge of

alternating vortices into the wake. The vortices, shed alternately from

each side, are of equal strength but of opposite circulation, They give

rise to an alternating 'lift' or cross-wind force tending to move the

structure in a direction transverse to-the wind-stream.

A simple idealised explanation for this oscillatory behaviour (22 7

is that, as an individual vortex is shed, a circulation is induced

around the cylinder in the opposite direction to that of the shed vortex.

This temporarily increases the velocity on part of the surface of the

cylinder and decreases it on the other, both by the same amount. A

difference in the surface pressure on the cylinder is therefore produced

acting in a direction approximately across that of the flow. As the

vortex passes downstream, its influence on the cylinder is reduced and

the force decreases until another vortex is shed from the opposite side.
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A force is then produced in a direction opposite to the previously

induced force. The cross-flow fluctuation is therefore of the same

fundamental frequency as that of the shedding of pairs of vortices.

The fluctuating force is the cross-wind aerodynamic force.

Though the assumed one-to-one relationship between bending oscillations

and vortex-shedding-is common, it should be noted that there is a

possible alternative [23], in which there is a three—to-one relation-

ship. This would result in a lower critical wind speed.

The vortices shed from each side of the cylinder produce fluctuations of

drag force in the 'jn-line' direction. These have a predominant

frequency equal to that of the shedding of individual vortices, and is

equal to twice the frequency of the cross-flow force fluctuations[22].

If the structure is flexible and free to oscillate with a natural frequency,

Ke then it would be expected that the tendency to oscillate would be

most marked when the frequency of shedding of the complementary pairs

of vortices, ,, coincides with a natural frequency of oscillation.

In general this is so, but it has been noted (24 J that the represen—
cross-wind

tations of the/aerodynamic force as a sinusoidal forcing function cannot

be reconciled with observation of the oscillatory phenomena because,

for cetain speeds, and amplitude ranges, it is found that the motion of

the cylinder controls the frequency of vortex-shedding,

One of the most important effects that structural movement has on vortex=

shedding is to induce it to "lock-on' [22], As the flow speed past a

lightly damped, flexible structure is increased from rest, the shedding

frequency increases correspondingly. When the shedding frequency is close ;

to, but below, the natural frequency of the structure, the amplitude can

increase considerably (if the mass and damping are sufficiently low) as the
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shedding locks on to the structure. A further limited increase in the

flow speed has no effect on the shedding frequency, which remains equal

to that of the structure.

As wind-speed increase through the ‘capture’ interval, the amplitude

of oscillation rises to a peak before declining, when, in the case of

a stationery eye the shedding frequency at the same wind-speed

is well above the structural frequency. The most important way in which

*locking-on' manifests itself is to increase the wind-speed range over

which appreciable oscillations take place.

The phenomenon of capture of the vortex-shedding frequency by the ,

cylinder vibrating frequency during oscillation is described by

Ferguson and Parkinson {2s J and Parkinson and Modi [ze].

A simple mathematical model to explain how a structure oscillates in a

wind stream with a linear displacement, 4,1 (= y/D) normal to the direction

of the wind-stream and to the spanwise axis of the body, has been proposed

by Scruton and Flint [27 ],

When oscillations are sinusoidal

Mie UV te =

where w,= 27H, is the natural frequency of the structure

The aerodynamic force per unit length of the body, written to include

components in phase and out of phase of motion is

F(t)= &- D(a, Sth Sot + a. cos we)

a ga ale g

. ‘ 2

te. kas Sa 0-4, andi | Gees e. Ura, [o%

or in a non-dimensional form
' col :

k= ka as Ura, and Pree Ca sa. UpOr =

Bede ny 8D": "%
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where k, is the non-dimensional stiffness coefficient, is the non-

dimensional damping coefficient and U, (-U/rd) is the reduced velocity.

G is called the ‘non-dimensional damping coefficient because it .can be .

shown [ 27] that

Cle amr 8a

where the body of mass, m,per unit length has a logarithmic decrement of

damping (log. dec.), &.

Hence Com am.8a/(g, 3)

Similarly, it was shown that

where the suffix ''* denotes in-vacuo conditions.

For a simple spring-mass damping system in an air-stream, the equation

ony + Ger eat 5+ (Kerka)y <0
of motion is

where the suffices 'a' and 's' denote aerodynamic and structural values,

respectively.

During instability in single degree-of-freedom motion, for

( i) Glees , oscillations will be maintained.

(ii) clacg>o , response will be random-amplitude, constant

frequency motion | !2 ].

and (iii) Case , (ie, aerodynamic excitation), oscillations will grow

in amplitude until structure fails or equilibrium is obtained

because of non-linearities in the system or in the aerodynamic

force.

The frequency of motion is

now be | karks
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For most structures, it has been found [24] that,

( a) oscillations usually take place at a frequency

close to a natural frequency, indicating that ke is

small compared to kl

(ii) therefore wind has little effect on the frequency

'

of oscillation, thus giving "o="o-

1.4. Review

4.i. General

Nearly all building shapes are classified as bluff bodies and they have

pressure distributions distinctly different from streamlined bodies {2s ah

The Gietsren: hing property is the broad wake of separated flow surrounding

the rear part of the body. The flow approaching the body is deflected

by the front-facing surfaces but separates from the surface completely

at a sharp edge. Because of shear along the edge of the wake, a return

flow towards the body is induced in the centre of the wake.

Due to this separation, sharp-edged structures give rise to vortex

shedding. Therefore, polygonal sections, immersed in a fluid, may

be subject to vortex excitation or galloping.

Scruton b+] » analysing the vibrational characteristics for regular

polygonal sections, found that vortex excitation was always present

put varied in degree with the number of sides and the inclination of

the wind. From tests on sections with 4, 6, 8 and 12 sides, he found

that the strongest vortex excitation was experienced by the square section

with the wind normal to a force (& = 0°) while the weakest was experienced

by the hexagonal section, again with = 0°. The galloping excitation

occurred for a limited range of wind inclination and disappeared entirely

when tests were made on a circular section.

eet



he athe ability of a sharp-edged bluff body to exhibit both vortex excitation and

qugalloping excitation is shown in the stability diagram, Fig. 1.1 fora

tqqsquare=section prism in smooth flow (24), A region of instability caused

yvby vortex-shedding begins at a reduced wind speed, 4, = 6, for a variety of

uctstructural damping values. This instability persists over a range of wind

ppespeeds but this range aeereaeee with increased structural damping. For wind

spoespeeds above this range, stability is maintained until the critical wind

yee; speed for the onset of galloping instability is reached.

The The vibrational characteristics of sharp-edged bluff bodies under aerodynamic

The excitation depend on many factors, but mainly on the structure of the fluid

flow. We shall now review some of these effects. For correspondinareftects
on stationary cylinders, the reader is referred to an excellent review article

by Bearman [24 },

4,ii. Effect of Various Parameters on the Vibrational Characteristics of

Square-section Prisms

(a) Reynolds Number

Smith (a ] has investigated the effect of Reynolds number on the lateral

response of a square-sectional prism, placed in a smooth wind-stream and

free to oscillate in a cross-wind direction. According to Smith, there is

a significant variation of the lateral force coefficient with Reynolds number

for the Reynolds number range (2.2 —=6.6 x 104) considered. Examination of

his results does not, however, show any of these'significant' deviations.

(bv) Turbulence

Significant differences in model response have been obtained for tests

conducted in smooth, uniform velocity and turbulent boundary layer flows [30] .
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Fig- 1.2 given by Davenport and Isyumov [30 J shows a comparison

twebetween the dynamic response of a lightly damped (8, = 0.063) square,

twesprismatic building shape model (h/D = 7) in a uniform-velocity flow and in

‘isma turbulent boundary layer is to reduce, or completely eliminate, the

vor vortex—shedding peak found in the lateral response in a smooth uniform flow.

ltée The resulting lateral response increases monotonically with amptitude

ye proportional to a power of velocity slightly greater than 2.

The dynamic response in the logitudinal direction, normally quiescent in

smooth uniform flow, is also found to increase monotonically with velocity

in a turbulent boundary-layer flow.

Results obtained by Whitbread and Scruton {3 J also confirm this difference

between the shape of the response curve in smooth flow and in turbulent flow.

In smooth flow the curve is peaked, typical of a discrete or narrow=band

excitation whereas in turbulent flow there is a steady increase in amplitude

with wind speed, indicative of random-forcing over a wide frequency spectrum.

A further effect is the reattachment of separated boundary layers in turbulent

flow (32), a phenomenon which would not normally occur in smooth-flow

conditions. This can have the effect of reducing any wake-induced instability

by reducing the width of the wake[33 ].

(c) Damping

The effect of damping on the vibration characteristics can be seen by referring

to the stability diagram of Fig. 1.1.
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°5Fi from the results obtained from a series of wind~tumel tests to determine the

‘rom response of a square-section tower to both turbulent shear flow and smooth

esp: uniform flow, Whitbread L 33 j notes that:

"there is a dependence of the peak amplitude on the inverse ratio

of structural damping which, again, characteristic of smooth-flow

response data, its not apparent in the turbulent flow results. In

fact, considerably more structural damping is required with

turbulent flow to achieve the same relative reduction in amplitude

than in smooth flow.’
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II — ANALOGUE DATA AND ITS ANALYSES

Most of the information had to be obtained in the form of raw analogue

signals from various transducers, These signals, without exception,

were random in nature, although some had strong periodic characteristics.

The first section of this chapter describes the measurements made, the

transducers used to acquire the analogue signals, and the devices used

to record some of these signals for subsequent off—line analysis.

Section 2 reviews and describes the concepts needed for analysis of ran-

dom signals so that reference can be made to them in later chapters.

Descriptions will be brief as the concepts are standard tools of the

trade, and are discussed exhaustively in the references which are cited.

The third section deals with the analogue instruments used to analyse

the signals and the limits imposed on the analysis by these instruments.
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IIe1. Acquisition and Recording of Experimental Data

The signals, produced in the experiments, fall into two distinct

catagories, narrow-band random or wide-band random.

The narrow-band random signals were generated by strain-guage trans—

ducers (Section Y2iib), monitoring the mainly resonant responses from

the oscillating models in the generated boundary layer. The dominant

frequencies of these signals were all near 10 Hz.

Hot-wire anemometers measured the structures of the generated boundary=

layer flow and also the wake behind the models. Signals obtained from

the anemometers showed (SectionW3i¥) characteristics similar to wide-

band random noise {34], Analysis of these signals were made in

the frequency range DC to 1 kHz. The upper frequency limit was choosen

for two reasons (a) the energy contained by the eddies in the flow-field

was minimal (Section Wi-2.) above the 1 kHz upper limit and (b) it was

decided that, in the generated boundary layer, simulating the low~

frequency energy content of the atmospheric boundary layer was more

important. A two-directional mechanical traverse (Fig. 2.1) was built to

mount the hot-wire anemometers for wake measurements.

1.i.Data Acquisition

(a) Strain-gauge Output for Cylinder Oscillations

The cylinders under test were mounted on a system of gimbals designed

so that the models were free to vibrate in any two orthogonal directions.

The directions that were choosen were lateral to (cross-wind) and in-

line with (along-wind) the incident wind.

The supports for the gimbals were strain-gauged. The resistive elements

of the strain-gauges were then connected to circuit elements in the
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in the amplifier and demodulator units of an SE-Laboratories carrier—

amplifier system (Appendix A) to form bridge networks. Any move—

ment of the cylinders caused the resistances of the strain-gauges to

change and put the bridge network into an out-of—balance state.

Because of this, the amplifier units produced a voltage proportional

to the movement of the models.

(b) Measurement of Fluctuating Wind Velocities

The turbulent structure of the air—flow incident on the model and the

wake behind the models was determined by using constant—temperature

hot-wire anemometers. These transducers were choosen for their very

desirable characteristios in measuring turbulent air-flows, notably

(3s,

(a) their smallness (thus interfering only minimally with

the air flow),

(b) the good frequency response of the sensing element,

making it possible to measure turbulence characteristics

up to the required upper frequency limit of 1 kHz.

Hot-wire anemometers manufactured by DISA Electronik (Appendix A)

were used. For measurements, straight hot-wire anemometer probes

DISA S5F31 were used,

All of these probes were calibrated on a low intensity of turbulence,

(<1%), DISA calibration rig, 55 D42 (Appendix A) and in the range

of the mean velocities used in the experiments.
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During calibration (Appendix 2.4), it was shown that the output voltage,

E,of the hot-wire anemometer was related to a mean wind velocity so

that a second order equation

Esta a,.Ur+ a,.oF

gave a better fit to the calibration data than the more conventional.

sa Cages qt ope

All the hot-wire anemometer data was reduced using the second-order

equation.

(c) Reference Velocity Measurement

A reference mean-velocity of the generated boundary-layer wind was

measured with a pitot-static probe at a point ( 480, 230, 480mm),

The origin of this co-ordinate system was positioned at the centre of

the station where the models were placed (Fig.45.).

The pitot-static probe was connected to a Furness Electronic Manometer

(Appendix A) with plastic tubing. The electronic manometer was

calibrated previously against a Casella manometer. The dynamic pressure

of the incident wind, given in mm of water pressure, was then read

directly from a built-in scale (or taken out as a voltage proportional

to the scale reading). The dynamic pressure reading was then

corrected for ambient “temperature and pressure at the time of

measurement to give the true wind speed.

(a) Mean-velocity Profile Measurements
were determined

The mean-velocity profiles of the generated boundary layers{ with the

use of a.pitot-rake (Fig.2:2), connected with plastic tubing
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to a mlti-tube manometer. Using as a reference the static pressure at

the top of the generated boundary-layer, dynamic pressures at each

measuring point were obtained, and the profiles then plotted.

1.ii. Data Recording

The acquired analogue data were recorded in different ways. The refe—

rence velocity measurements (Section (c) above) and mean velocity pro=

file measurements (Section (d) above) were usually quite steady, and

their values were recorded manually.

The hot-wire anemometer and the strain-gauge signals had some of their

basic properties (eg mean and rms) evaluated on-line using analogue

devices. For more complex data analysis (Section II,2), off-line ana~

lysis was necessary and the signals had to be recorded.

The anemometer and strain-gauge signals were recorded on a Sangamo—

Western 3500 Magnetic Tape recorder (Appendix A),. Six out of 14

channels were available for simultaneous record/replay. More details

of the tape recorder is given in Section III.1.

An ultra-violet (UV) trace recorder (Appendix A) was also used to

record the damped oscillations of the models when initially displaced

and then allowed to oscillate freely in still-air conditions.

This was the procedure used to measure the damping characteristics

of the models from their trace readings (Section VII.I. i).

II.2. Oescription of Random Data

Time varying data fall into either of the two classes, deterministic

or random.
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Deterministic data can be represented by an explicit mathematical

term. Random data, on the other hand, has no explicit mathematical

relationships but may be dealt with on a statistical basis. A ran—

dom process may be either stationary or a non-stationary process, the

definition of stationarity being that all statistical properties are

invariant with time. A sub-set of stationary data, ergodic data,

occurs when time-averages of individual records from the same process

are the same for all records.

Three basic catagories of functions are generally available for ana~

lysing random data, though it is not necessary to use all of them at

any one time. These three are, amplitude, time and frequency. Fre-

quency domain and time domain information are interchangeable but each

can highlight a particular facet of random signals.

2eie Amplitude Domain

(a) Basic Properties

Physical data, X (t), can be thought of as a combination of a ‘static?

or time-invariant component, %, and a'dynamic" or fluctuating component,

x (t).

Assuming that a random process x (+) is stationary, the static component

may be described by a time-average, ie a mean value X given by,

Tso | «(kT

eae x x(t). de (261-8)
LT

If only a finite portion of the record for Ss <ts by is available

then

by
Sones «(bY de (2.1)

Eee

t
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The intensity of random data can be described by the mean-square value

ese a x2 (E). dé (2.2.0)
Sit eo a.

or for finite records

2 = 2eee | xb) de (2.2.b)
uae

The dynamic component may be described by the variance

T 2

6emate xf [x@)-=] dt (2,3)
Tem 27 ee

or for finite recormis by

= ve a2
ce =e j [xw-= ] dee 0.4)

-—1—|* (xj ae
Bete

Expanding Eqn 224 shows that,

a

Cue Ye x (2.5)

(b) Probability Density Functions (POF)

Considering a sample time-history record x (+), the probability that

x (+) assumes a value within the range between x and (x+ x) may be

obtained by taking the ratio of 7. /?, where T, is the total amount of

time that x (+) falls inside the range (x, x+dx) during the observation

time T.

For small $X, a probability density function, p (x), can be defined

eee LE Beles | arc %)| (2.6)
ree eS lee. (=)

a8,
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The probability distribution function P(X) is then defined as,

x

P(x) = i pe dx (2.7)
°

(c) Moments of a Probability-Density Distribution

In general, the ” moment about the origin for a random signal is

given by,

v(e= St ai [x@]’- (2.8)
T->9> aT

or for a finite record,

>) = 1 - é [x wy". (2.9)
ey t

When r = 1 and 2, the mean value and the mean square value of the

signal respectively are produced and are referred to as the first and

second moments of x(t). These two moments form a larger set of moments

(r 31), the first-order statistics of x(t).

(a) Gaussian (Normal) Distribution

Random data, x(t), usually has an amplitude probability density dis—

tribution of the form

peyote [= | (2.10)
Var - & nee

which is called the Gaussian (or Normal) distribution.

Standardising Eqn 2.10 with zero mean and unit variance gives

PQ) = Lan Tere (- mapa) far Rete ) (2.11)

where

a ee)
& &
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If moments of sz(+) are considered about the mean such that

ey
i é

(= sek) Akhet | is
& r

and if }yis normalised by 6, such that, = %~ ftr [%

then the first moment, L,= 0°

and second moment k £2 = 1

For a Gaussian (or Normal) distribution, the 3rd moment, the "skewness*

factor can be shown (37 4 to be equal to zero. Thus, according to

whether <; 20, the distribution is left or right-skewed.

The 4th moment, the "kurtosis* factor, can be shown [37] +o have a

value 3.0 for a Gaussian distribution. If K&42z3, the dis-

tribution curves are more peaked or are relatively flat with respect

to the distribution, ~=3.

(e) Probability Theory for Two Random Variables

The joint probability density function of two random sample records,

x(t) and y(t), describes the probability that both sample records will

simultaneously assume values within some defined pair of ranges,

Sze oxesx, . ¥< yleers8Y at any instant. The principal application

of this measurement is to establish a probabilistic description of an

event which is associated with two sets of random data.

If Tay is the total amount of time that the signals fall within

these ranges during an observation period T, then the joint probability

density function is defined by

Ne ee ie Le oo fe Tee
FC ) MxK>0 Wz Bx Sy oe a:

(2.12)
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If both xC*) and 4(*) are normally distributed, then it can be shown

C37 a that the joint density function of each is

BE (a tn © ek ae

plasy)= = tb: 23s 9%) (2.13)
AT. 6.65] 1- cen

where cai is the correlation coefficient relating x(t) and gc

and is defined as

Say = — (2.14)

and satisfies the condition, -lI< se eel

Say is the co-variance of x(t) and yg) and is a measure

of the way x(t) and i) vary together. It is defined as,

4
Ofraeenal &). 4 (kb). déPraca J (EY. 4 (€) (2.15)

For a bi-variate normal distribution, two variables are independent

only if ¢-0 [37 J.

Ls Alo) and yl are normally distributed, ie,

Cn) -— exp (- 3/7) (2.16)

M09) > os exp 53/2) (2.17)
an

and are also uncorrelated to one another, then Eqn 2,13

reduces to the form

P(3.95)= Pls): Hs) SOE

=i sot [-G5)/2] (2.19)
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This is the bi-variate normal distribution expressed in its simplest

terms. It is "bell-shaped' and solid, formed by the revolution of the

normal distribution about the y axis. A contour plot in the x-y plane

is a series of concentric circles with the origin as centre.

When the variates are correlated, the above equation no longer holds.

The joint probability distribution will then not have its principal axes

parallel with the co-ordinate axes.

2eii. Time Domain .

(a) Auto-correlation

The auto-correlation function of random data describes the general

dependence of the values of the data at one time on the values at

another time. If the observation time T—»°, then an exact value

for the auto-correlation function, Renl®)» will be approached, where

Rax(t) is defined

rT

ReaCeuse. WC Jt x(t). x(t +z) .dt
Joo T

¢ (2.20)

The normalised form of the auto-correlation is the auto-covariance or

the auto-correlation coefficient 8b) given by

g(2) = Ba
Sy

(») Cross-correlation

Eqn 2.20 can be extended to obtain the cross-correlation function

Rule) of two sets of random data to describe the general dependence of

the values of one set of data on the other.

Ray) is then defined as

T

Reyte)= fet j x(k). (tee) 4b (2.21)
100
i °

and the cross-correlation coefficient is —

Sy ©- Rey ()/ 6. 6.
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2eiii Frequency Domain

(a) Power Spectral Density Function

The power spectral density function of random data describes the general

frequency composition of the data in terms of the spectral density of

its mean square value. The power spectral density function $x(n)

of a time-record x(t) is then defined as,

fe 1) fe : (2.22)Sloe Le dl tntSn).dt] (2.22en) Sapo Oh p00 aT at in)

where 9, is a bandwidth centred at a frequency, NW,

If x(t) is non-periodic, it can often be represented by the Fourier

integral,

ECOe J xe. axp(j wnt) .dn (oa

It has been shown C 7 that the power spectral density can be expressed

in terms of the Fourier transform, X(n) , of the signal x(t) ass

S,(n) = }xGy]"/ 27 (2.25)

by the use of Eqn 2.22 and Parseval's Theorem,

we de = Pot .dn (2.24)

Since the double-sided function S,(n) is even and non-negative, the

integration in Eqn 2.22 could be carried out from 0 to ©, in which

case the function under the integral becomes the single-sided function

GO) 3 so that

GCmy = 2 Seer) (2.25)

While in practical systems, analogue equipment measures G,&) the use
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of Sx.) defined over (-22,00) often simplifies the analysis during

mathematical calculations.

An important property of the power spectral density function ties in its

relationship with the auto-correlation function, This relationship, known

as the tWiener-Khintchine' relation, shows [34 1 that the two functions

are related by a Fourier transform of the form,

Sac) f Rule). exp [-j.270e] at (2.26)

with Ralz) = be Sete ey(+)- 280) ne
-0o

(») Cress-—spectral Density Function

The cross-spectral density function, Syl), can be expressed as

the Fourier transform of the cross-correlation function, so that,

Say (n) = { Ra(®- mr (-j: 20m) de (2.27)
~0o

Because the cross—correlation is not an even function, the cross-spectral

density function is generally complex number such that,

Saal) = | Sey Cd] - exp 3-8, 0] (2.28.a)

= Gyh)-)- Qyhd (eo)

Where the real part, Gyln), is the co-incident spectral density function

and the imaginary part, Qa) , is called the quadrature spectral

density function.

Clearly, the magnitude, \ses()]= CLM + Qi(m) (2.29.2)

and phase angle O@ie S| Sata | (2.292)
a Cuy(n)
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The physically realistic single-sided spectral density function

corresponding to Eqn 2,25 is defined for ofwscco as

Gud = 22> SoG) (2.30)

(c) Coherence Functions

The coherence function between the signals x(t) and 4) is a real-valued

quantity defined by,,

Fa = A setool? (2.31)
Sx(n) - Syl)

me Bele » the two signals are said to be completely incoherent at

that particular frequency. If Fe fodel _ the two signals are fully

coherent.

(a4) Transfer Function

If x(t) and 4(0 are the input and output signals of a linear system,

then the frequency transfer function is defined by

W(n)= Sago) / Sx Cr) (2.32)

where H(n) is the Fourier transform of he) » and h() is defined by

the relationship.

y(t) = ( We). x(e-=) de (2433)

II.3. Analogue Analysis of Signals

This section concerns the analogue methods by which the signals were

measured to determine their various characteristics. The limits imposed

by analogue-measuring system is discussed. The analogue analysing

equipment is shown in Fige 236

38



Sei. Amplitude Characteristics

The mean DC level of the signal given by Eqn 2.1 should have

been evaluated by using a true integrating digital volt-meter (DVM) which

would have sampled the signal for a specific time interval. Though true

integrators were on the market, only a RC (resistance-capacitance) type

DVM, the DISA 55 D30 (Appendix A) was available for our work. In such an

instrument, the signal is Resistance-Capacitive (RC) averaged as opposed. .

to the true-averaging of the integrator. RC averaging is obtained by

passing the signal through a low pass filter (RC-filter) and smoothing

the signal.

Depending on the nature of the signal, various time-constants for smoothing

the signal were available on the DVM. To obtain valid results the averaging

time was usually at least three time-constants long.

The variance e. given in Eqn 2.4 was evaluated using RC-

averaging, rather than true averaging. For this purpose a DISA 55 D35

RMS voltmeter was used. Variable time constants were again available

in order to damp fluctuations in the squared signal.

Bendat and Piersol [34] show that for the case of bandwidth-limited

Gaussian white-noise, the statistical error of a mean value measurement

obtained by true-averaging is given in terms of the normalised rms error

€ by

éc s.a[3] mie
x

ene) (2.37)
aGT aN.

a

where T is the record length, B is the bandwidth and [ | denotes

estimated value.

For mean square value measurements where x=0

e- 84 (Oar x U/fer’ (2.38.a)
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If the rms values are read (for x-0) then

enw 3.3. (4, vn os \] (ater ) (2.38.b)

In the case of true averaging, Bendat and Piersol have shown that

€ can be minimised by using an averaging time which is equal to the

length of the available sample record.

On the other hand, RC-averaging for a steady-state periodic signal

produces an accurate measurement after a time interval equal to about

three time constants. For stationary random signals, the measurements

continues to fluctuate after the original rise. These fluctuations

indicate the statistical error of the measurements at any instant of

time. According to theory [34 ] , the minimum error is achieved by

using an infinite time-constant, which is impractical, Bendat and Piersol

(34 ] have shown, however, that very little is to be gained by using an

RC= averaging time constant longer than one sample record length (ie, the

same as for true averaging).

Analogue analysis of the amplitude probability density functions of the

signals was not attempted since no suitable instrument was available.

3.ii. Time Characteristics

From a sample time history record x(t) of a stationary random signal,

the auto-correlation function, Real<) of the signal is estimated from

Eqn 2.20 to give

Rte) = i | x(t). x (¢ +) at (2.39)

for a record length 7.
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@(<) was measured by using a DISA Time Correlation Analysis (TCA) system.

The two signals to be correlated (the same signal for auto-correlation, two

separate signals for cross<correlation) were fed to a DISA type 55D75 time

delay unit (TDU) where they were prefiltered according to the delay range,

T secs. ‘Time delay value could be set within five ranges from. 0 —>0.1

msec to 0 —} 100 msec. From the TDU, the signals were fed through pre—

amplifiers in the DISA type 55D70 analogue correlator, where they were

amplified or attenuated to a suitable level. From there, they were fed

back into the TDU where one signal was delayed by time € with respect

to the other. Finally, these signals were fed to the analogue correlator
A

for computation of the correlation function, Re &), or the correlation

coefficient ee) . The time delay range in the TDU was set by a

DC-voltage which controlled the delay clock, This voltage was generated

externally by a DISA type 55B01 sweeps drive unit, capable of sweeping

through the required range of voltage at a controlled rate. By driving

the TDU and a Bryans XY plotter in this way, auto and cross-correlation

functions were automatically plotted. Slowing of the time scale by a
range of

factor of 8:1 with the tape-recorder (Section III.2.iiea) increased the/

time delays with a corresponding increase in the lowerfrequency analysis

time.

An advantage of the DISA analogue-correlator was that it contained circuits

which compensated for changes in the statistical properties of the input

signals during analysis. A * 10% deviation in the rms value of one of the

input signals causes, according to the manufacturers (Appendix A),

a relative error of only + 0.5% in the normalised correlation coefficient.

3.iii. Frequency Characteristics

In analogue measurements, it is the single-sided power spectral density

that is required,and is estimated from Eqn 2.23. by
bs .

Gon) = x(t) .dé
Q.7

°
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where Be is the filter bandwidth used to estimate the energy content

of the signal within this band.

To estimate the power spectral density of the analogue signals,a Bruel and

Kjaer (B and K) type 16/2, 1/3 and 1/10 octave band-pass filter set was

used in conjunction with a B and K type 2603 microphone amplifier. The

filter-set was tunable over the range 20 Hz to 20 kHz and with the 8:1

speed change of the magnetic tape recorders, analysis down to 2.5 Hz was

possible.

The variance of the filtered signal was required for the power spectral

density estimate. The damping of the internal meter was found to be

inadequate at the lower frequencies leading to significant variations

in the values obtained at these frequencies. This was very noticeable

during analysis of the turbulent wind-velocity spectra.
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III DIGITAL ANALYSIS

As the equipment and techniques for measurement of random signals were

being evaluated, it became clear that there would be many deficiencies

in the analysis if only analogue techniques were used. There are a

number of problems inherent in analogue analysis:

(i) Long periods of observation are required when RC-smoothing

equipment is used.

(ii) It is difficult to obtain the characteristios of the low=

frequency components of the signals.

(iii) The lack of a general-purpose apparatus makes difficult the

measuring of the higher-order moments of amplitude dis—

tributions, probability density functions (single and joint),

cross-power spectral density and coherence and transfer

functions.

It was therefore decided that digital analysis would be preferable

because it would make possible manipulation of data into the required

form. Analogue measurements could be used subsequently to verify the

results of the analogue analysis.

When the project began, there were no facilities at the City Uni-

versity for digital analysis of analogue signals. A considerable

amount of time was therefore spent in developing a system which would

perform this function. Computer time was available on the ICL 1905E

digital computer and the EAI 690 hybrid computer system, both of which

were housed some distance from the aerodynamics laboratory. The pro=

cessing of the signals was therefore an off-line operation and some

method of signal storage was required. The analogue signals were
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recorded and stored on magnetic tape and a system was developed for

the conversion of the recorded data from analogue to a digital forn [36],

The digital data was then reduced using digital software programmes.

IIIei. Recording and Storage of Analogue Data

The frequency-sensitive characteristics of 'direct-recording' places

a low limit on the minimum frequency that can be satisfactorily

recovered from a magnetic tape containing recorded analogue signals.

This precludes the use of direct-recording tape-recorders when signal

contain a DC component, and a frequency-modulating (FM) carrier system

tape-recorder was therefore used.

A Sangamo-West 3500 FM magnetio tape-recorder (Appendix A) with the

ability to record and reproduce 14 channels simultaneously was used.

Only six were available during the experiments, but this was quite

adequate. The Sangamo-West has six record speeds (4726) 9502, 190.5,

381.0, 762.0 and 1524.0 mm/sec), which permitted signals to be recorded

from DC to an upper cut-off frequency n Hz, given by
*

Wow ne . R
s

where h, is the carrier frequency (= 70.87 Hz/mm.sec) and &, is the

recording speed.

Two playback speeds, Re 9 Of 9502 mm/sec and 762.0 mm/sec were available.

By recording analogue signals at one speed and reproducing at another,

a change in signal time—base was possible, which was very useful in the

analysis of low-frequency signals. The importance of this is shown in

Section III.2.ii.a,
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MEMOREX tapes were used which were 355.6 mm in diameter, 25.4 mm wide

and 2500 m long.

III.2. Data Preparation

To make possible a digital analysis of the analogue data produced

during the experiments, it was necessary to devise a system for the

conversion of analogue signals into a form acceptable to a digital

computer. The Department of Aeronautics provided no system for

analysing analogue data other than through analogue machines, and an

extensive programme for conversion of the data was therefore required,

This programme, referred to as digitization, is called an analogue to

digital conversion (ADC) system.

The benefits derived from using the existing ADC mits in the EAI 690

to digitise analogue records and from using the ICL 1905 to process

the results were as follows:

(a) There was no capital outlay.

(b) ‘The method of setting up an analogue to digital data analysis

system which was derived will provide guidelines for subsequent

users needing to adapt general systems for the analysis of

random data.

(c) The computing power of large machines like the ICL 1905 is

greater than that of the more purpose-built machines like the

PDP or Honeywell processor.

204. Digitising Theory

Digitising comprises two separate and distinct operations: sampling

and quantising. Sampling is the process of observing the values of



a signal at defined instants over a period of time. Quantising is

the conversion of data values at the sampling points into numerical

form [34].

(a) Sampling

Digital data collected during a test may be thought of as related to

a hypothetical continuous function, x(t), defined for all 't* by the

equation

xX, x (K +t. Be) (361)

where 4, is the time sampling begins, and St is the sampling

interval.

When deciding on the sampling rate, i, ( | st), care should be

taken that the sampling is fast enough to avoid the problem of

aliasing [ 34 A which could constitute a source of error. At the

same time, the sampling should not be so fast that it results in the

production of useless information.

In aliasing, if a sinusoid of frequency higher than 2-8) Hertz is

sampled at a rate of se. samples per second, then the sinusoid will

appear as a lower frequency. The frequency

ee oahe 2.3% 2 (3.2)
is called the folding or 'Nyquist' frequency. For example, suppose

that

x(k)= cos annt

and that

t= Qf)
then

cos 2tnk = ces ae (si fien). = CoS (Fz)
hn i
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All the data at frequencies aifyan » therefore, will have the same

cosine function as data at frequency n when sampled at points at

intervals of ‘le 4a )e Frequencies in the data above 1|(28e) will

be folded back into the frequency 0 to \[(2:Se) and will be confused

with the data in this lower range.

There are two practical methods of handling the aliasing problem [34];

(i) Choose St sufficiently small so that it is physically

unreasonable for data to exist above the associated cut-off

frequency, fu é€ i ast), , If the maximum anticipated frequency

is "jm » then

gee eae (3.3)

Enochson and Otnes C33] describe as a 'folk tale* the

belief in the engineering profession that a sampling rate of

five times the highest frequency to be observed is necessary

for good, unbiased results. They suggest that this criterion

is pessimistic and wasteful for most applications and say that

a 2.5 sample per cycle gives excellent results. Thus

fs = 275 > Mma (3.4)

so that f= fs/2 =.1-25-m,,, * (365)

(ii) Filter data above the maximum frequency of interest so that

the minimum value of 4y will be set by Eq 3.2 as

fu = Pmax (346)

The second method saves computing time and cost, but it is not

physically possible to filter out all data above the maximum required

frequency , {y 6 For data such as wide-band random noise, therefore,
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it is necessary to set a low-pass filter at n,. with maximum cut-off

rate and then to sample the filtered signal at a sampling frequency

given by Eqn 3.4.

(>) Quantising

ADC systems quantify analogue signals by looking at them through

finite width windows or levels, The signal is then approximated to

a value as it falls within a certain window. The accuracy of these

approximations depends on how wide the windows are. For greater

acouracy there must be a large number of these levels. Typical ADC

systems produce 6 to 16 bits which correspond to a range of 64 (2° )

to 65,536 (x ) levels. In the EAI 640 digital computer, used in

this research, 13 bits are produced. The full range of signal is

quantified at 8192 (2°) scale units. Since the roms. value of

the quantification error (which may be considered as an r.m.s. noise

on the desired signal) is [34]

Cary 0.29 scale units

the peak signal to rem.s. noise was

a ~ 2,83 x10", ie 90 4B

The quantising error, as shown, is relatively unimportant, but care

was taken to ensure that the signal the ADC receives covers the full

quantising region so that resolution was good and errors insignificant.

2e4i. Analogue to Digital Conversion (ADC)

This section discusses the analogue to digital conversion of a voltage

signal, first briefly and then in detail. The signal to be digitised

were taken from the playback amplifier channels to signal conditioners
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using screened output cables with BNC sockets. The signal conditioners

then amplified and filtered the input signals and produced them in a

form suitable for the analogue to digital conversion process. These

modified signals were fed into an EAI 680 analogue computer using a

patching panel. Control of the EAI 680 was directed through manual

control of its console or indirectly through the EAI 640 digital com—

puter, The EAI 680 and EAI 640 together formed the EAI 690 hybrid

system, providing greater versatility, and enabled a software program

processed in the EAI 640 to control the EAI 680 analogue system.

The EAI 640 and the ICL 1905, were linked by a British Standard Inter—

face (Bsr) [37]. The main object of the link was to give the EAT

640 greater computing power when it was being used as an integral part

of the EAI 690 hybrid system.

The 640 computer consisted of a central processor, an 8K memory, a

teletype controller, a high-speed reader and punch, and a BSI. The

1905 consists of a central processor, a 32K memory, a teletype con—

troller, two high speed readers, a high-speed punch, a BSI, two

exchangeable disc stores, two line printers, two card readers, and

four magnetic tape units.

Each computer considered the central processor of the other as

another peripheral, and any peripheral of one could be used by the

other.

The hybrid system enabled a program stored in the EAI 640 to digitise

the continuous signals supplied to the EAI 680. The link then sent

the data over in a recognisable format to be stored as output on one



of the peripheral systems of the ICL 1905. This process is discussed

in greater detail below,

(a) Transfer of the Signal Stored in the Magnetic Tape to the EAI 680

Analogue Computer

The data recorded at a speed R. could be played back at a speed & (Re

and Ry are given in Section III.1). The ratio of the speed variation,

Yr, given by

cm 2/2 (3.7)

is called time base compression when v<| , and time base expansion

when r>i.

Expansion of the time base ()) enabled the frequency range of the

data to be expanded so that low frequencies could be looked at inmore

detail. Similarly, when r<\ , high frequency signals reappeared at a

lower frequency and therefore high frequencies could be analysed more

easily. Thus a sinusoid of frequency n in real time, on replay at a

speed ratio, appeared as a sinusoid of frequency wv given by

n’ =n (3.8)

When computing the power spectral density analysis, the resulting

output needed to be multiplied by the speed variation, r. This is

pecause the speed variation had itself increased (v<!) or reduced

(>\ ) the density of the data before the normalising process of

dividing by band width.

Time-base compression or expansion can also be used as a technique

for varying the effective resolution bandwidth,Sn , of an analysis.

If, for example, a resolution bandwidth of Sh= 1 Hz is needed to
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(Section VIIe1).

analyse a given sample record of data with an acceptable bias error

and, if the narrowest filter incorporated in the available spectrum

analyser or in the digitising program is 5 Hz, then the desired

resolution can be achieved by simply analysing the data at r = 5

real-time speed.

The signals, whether speeded up, slowed down or kept the same, were

passed through DISA 55D26 signal conditioners. The signals were then

amplified so that their maximum peak-to-peak voltage lay within the

range, + 10v. This is the maximum range that the EAT 680 analogue

computer could take.

The amplified signals were also filtered to remove unwanted low and/

or high frequencies. Low-pass filtering is usually necessary in the

ADC conversion process to deal with the problem of unwanted data above

the Nyquist folding frequency given by Eqn 3-2- ‘Thus a low-pass

filter at frequency N, was set with a maximum cut-off rate so that

Shoe Naree

where n,,, defined the limit of the maximum frequency of interest to

us. If there was a change in playback to record speed of the tape—

recorder by a factor, r(% ) , then the low-pass filter was set at

noe em (3.9)

Similarly, high-pass filtering is necessary when only the fluctuating

or AC component is required and the mean (or DC) component removed,

or when analysing certain classes of non-stationary data. To be more

specific, consider a non-stationary random process of the forn

x(t) = a(t) + y(t) (3.10)

where A(+) is a non-random function and y(t) is a random process with
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a stationary mean value of zero. Then, assuming that the variations

of y(t) are very slow in comparison with the lowest frequency in A(t),

A(t) can be separated from y(+) by high-pass filtering.

(b) ADC-Operation on the EAI 690 Hybrid System

Each data channel to be digitized was patched through a track/store

amplifier and inverted to an ADC channel in the EAI 680. The ADC

channels had to be patched sequentially and the logic patching is

shown in Fige 3.16

Timing patches (ie wiring on the patch panel of the analogue computer)

to determine the sampling rate, for were obtained from the Binary

Coded Decimal (BCD) counters on the EAI 680, These were cascaded and

patched as down counters, ie they counted down to zero from the value

set on the thumb-wheels situated in the EAI 680 console. A timing

pulse was issued whenever both counters were zero, and the patching

is as shown in Fige 3.1. The sense switch, 0, on the EAI 680 was used

+o start and stop the BCD counters which counted pulses at the rate of

104 per second so that sampling pulses were obtained at rates which

were "integer fractions' in the range 1 to 104 per second according

+o the thumb-wheel setting. The upper limit of 104+ could be increased

_ by a relatively small repatching.

It was possible to avoid the inter—channel time—base error, which

occurred when each channel was sampled and digitised individually,

‘by sampling the various channels simultaneously and digitising then

separately. This was achieved by using the sample-hold circuits in

the ADC equipment. This allowed all required channels to be sampled

simultaneously and then held until an ADC multiplexing switch passed

on the various signals so ‘that they could be digitised.
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The sampling rate, fay was determined by Eqn 3.4, As before, the

actual sampling rate, f, s » was determined by the playback—to-record—

speed ration r(= @/R ) so that

fo =: fs (3.11)

when the output of the BCD counter became high, each track/store unit

was put into store mode, so that its output Petained the value it had

at that instant, and the EAI 640 was interrupted. After acknowledging

the interrupting signal, the program was directed to an interruption

service routine (see Appendix 3.A) which was either held on permanent

file in the ICL 1905 digital computer or loaded through the EAI 640

with the routine written on paper tape as input.

To ensure that the system was working properly, a ramp voltage was

generated from a patching routine (see Fig. 3.1 ), the ramp going from

- 1.0V to + 1.0V. This could be activated manually when setting up

the EAI 680. Later, when necessary, a TEST routine (Appendix 3.A)

was used to generate the ramp on the display oscilloscope of the

EAI 680,

The signals controlling the track/store period and the time pulses

were displayed on the monitor scopes, Y1 and ¥2, of the EAI 680

oscilloscope. Monostables 00 and 10 controlled the display time on

the oscilloscope and was pene to the smallest possible interval to

give a clear display.

On the Y1 display, the high part of the signal indicated the store

period and the low part the track period. The track/store was put

ack into track mode as soon as the A/D conversion was complete. On

the Y2 display a sampling pulse appeared as a blip. When setting
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the sampling rate, for sufficient time was allowed for the track/

store units to regain the track made before the next timing pulse

was issued.

The interruption service routine at this point,

(a) Selected and converted the first ADC channel according to

specified parameters, such as sampling frequency, number of samples

per channel, etc (see Appendix 3,8, for details).

(bv) Read the ADC output register and stored the values in a data

buffer.

(c) Repeated this process for the next ADC channel until all the

channels requiring simultaneous conversion had been read.

Data for each channel was stored sequentially in the data buffer as

it was read, so that if conversion was being done on P channels, data

for the Pth channel was stored in every Pth word in the buffer.

To enable the fastest possible sampling rate to be used, there had to

be one interruption service routine for each group of channels that

required simultaneous conversion, The appropriate routine was

selected during the setting-up of the initial program (see Appendix S.B)6

As stated before, there was also a routine written which put the pro=

gram in a TEST mode. In this case no check was made on the number of

conversions done on each channel so that the program went on sampling

indefinitely, and for P channels, data was stored only in the first
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P words of the data buffer. This ensured that the sampling rate had

been set up correctly since it could be checked from the timing pulses

and track/store interval displayed on the monitor scope. In the TEST

mode, the analogue Signals fed into the EAI 680 were also shown on

the display scope.

The program had three service routines and would convert on 1, 2 or

3 channels. Extra routines had to be supplied to convert on any more

than three up to a maximum of 24 channels, The form of a routine

could be obtained from examination of the’ attached flow diagram

(Appendix 3A).

When all channels had been converted, the track/store units were

returned to track mode and the program awaited the next interruption.

Converted data could be transferred to any of the peripherals

associated with the ICL 1905 digital computer. For subsequent

analysis, the data could be stored on disc, listed on the line-

puncher, punched on cards by the card—puncher or punched on paper

tape by the EAI 640 high-speed punch. Each number was converted to

four decimal places in the range —0.9999 to +0.9999, corresponding

to a voltage range of -9.999v to + 9.999v (one machine unit on the

EAI 680 corresponds to 10 volts. Each output record consisted of

eight numbers, each in a field width of 10 characters (Fortran format

8 F 10.4). On output, the data for each channel was preceded by a

title record, thus

CHANNEL nnn, RUN mmm

where nnn and mmm are decimal numbers for the data channel and current

rum. The rm number was also typed on the teletype console after each
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rum so that the console log could be matched against results. The

run number was not reset unless the program was reloaded or re-entered

manually.

Before each title record, ‘empty leaders’ were introduced to facili-

tate later separation of the output acoording to channels. In the

case of paper tape, data for each channel was preceded by 78 frames

of leader,

The complete step-by-step procedure for using the hybrid system is

given in Appendix 3.3.

III.3. Analysis of Digitised Data

Sede Amplitude Characteristics

(a) From a sampled record, the digitised values of x;

for i = 0, 1, 2, eoeey N — 1 gives a mean-value

w-l

eA (3.11)

corresponding to Eqn 2616

(bv) Similarly, the variance Gr of the data is given by,

N-I .Ake <l 2 (%;-*) (3012)

where the denominator is (N - 1) rather than N, in order that an

unbiased estimate may be obtained [3+] e

The positive square root of Eqn 3,12 gives the standard

deviation.
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(c) In the case of a single time history, the probability density

function p(x) defined by Eqn 2.6 was estimated by using the

following equation on the digitised data

ie p(s) = aiea ( a (3.13)
N

where p(X) is the probability density function of data centered

about a value X, and having a width of Wy : Nx is the number of

points falling within this band,

(a) The skewness, S, and the kurtosis, K, of the data were estimated

using Eqns 2.4 and 2.9 by

[ats Gey | (410)

ond ele ae 2a (x27 (3.15)
N

(e) The joint probability density theory for two analogue signals

discussed in Section II.2.i.e, oan be extended to two digitised

records, x; and 4; (i = 0, 1, 2) sseey N= 1)e

The joint probability density function (Eqn 2.12) then becomes

elif Naay : :Pav) Ty (te ) ~ (3416)

where p(X, ,Y, ) is the probability density function of data centred

about a value (x) 9%, ) and having widths of (u,, ally, )e Nyyis the

number of points falling within this band.
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S.di. Frequency Characteristics

(a) Power Spectral Density Function

For a disorete time series, the power spectral density is estimated

from Eqn 2,22: as
sie 

i

Q- 2-E|%| (3.17)

where nt bs P

Myc kg erp Cae ESN Gs, 38)

at the usual discrete frequency values mos k/T = k(n. 5t)

for k = Oy 1) 2) ecoceey N= ie X is a complex number representing

the Fourier coefficient of x,(t) at N data points.

In practice, the auto-power spectrum is produced by a self—conjugate

multiplication (ie, squared magnitude) of the complex Fourier

coefficients X, , of the time history. The result is the positive

side only of a mathematically correct two-sided spectrum (Section I1.2-4ii).

The sum of the harmonic coefficients are thus one half of the rms

power of the sinusoidal components of the input. The other half

resides in the wmoalculated symmetrical negative-frequenoy side,

except for the shared zero frequency (DC) component which carries its

full value.

fo obtain a power spectral density, each value (except the zero—

frequency point) of the positive-frequency auto-power spectrum must
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be multiplied by two and then all values are normalised by dividing

with the bandwidth, 5 (= s/n).

(bv) Cross Power Spectral Oensity Function

It is shown {34 J that cross-spectra can be obtained from the

Grey (ry) = > % (x-%) (3019)

relationship

where ts indicates the complex conjugate.

The cross-spectral density function contains as its real part the

coincident spectral density function, Coy ln)» while the imaginary part

is the quadrature spectral density function, Quy lm) (section We2cc42)¢

Hence magnitude, | Gu, (n)]- 2 Be | xe te | = { Ces (4) + lr)

(3.20)

and phase § ih) = in| Osan) is fui
ia) on) (3.21)

(c) Transfer and Coherence Functions

The power spectral density functions as G, and 4, of the two signals,

and x and y were used to calculate the transfer and coherence function

from x to y. Signal.x was assumed to be the input to a single-input

linear system while signal y was taken as the output from the system.



The transfer function, fi(n), is a complex function representing the

amplitude response (gain) and phase response of the linear system.

It is defined (Section I1.2.iii) as the ratio of the complex linear

speotrum (ie discrete Fourier Transform) of the output to the

complex linear spectrum (ie discrete Fourier Transform) of the input

a

S,y or i

H(ny= Sadr) (3.22)
Sx(n)

To avoid complex division, the ratio was actually calculated by

dividing the input-output cross power spectral density by the auto

power spectral density of the input. These quantities simply

represent the result of multiplying both numerator and denominator
A

by the complex conjugate of the input auto—spectrum, Su a)
n A & ‘

H(n)= So = Bassons = Oa (3.23)
8 Sa Sk oa

The coherence function, F5 , is a measure of the efficiency of

the transfer of energy from one time history to another, ie

A 2

G2, ()|
%.

Gur): Or)

Ye) is bounded between 0 and 1. A coherence value of one means

Mas (*) = (3.24)

that energy is transmitted from one time history through a linear

system to a second, without any corruption by noise.

(a) Leakage

Leakage is caused by the presence of frequencies other than those at

the discrete frequencies, N= k-fs/N (Ke m= 0, 15 25 cocey N-1). These

in-between frequencies modify the coefficients over the adjacent

frequencies, giving false results in the form of sidelobes of

unwanted power fre Ne
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The large side-lobes obtained from ‘rawt estimates can be greatly

reduced by using 'data-windows'. Of the many available (33) one

of the most simple and effective is the so-called 'Hanning' filter

and can be generally written as a three-sample smoothing routine,

/
me oust st : $ae 0.25 ae s +? ae 5t of (3.25) _

where ’ denotes 'Hanned' data.

Anderson and Nettleton (#1 ] have shown that the use of this

filter is similar to doubling the number of records when the total

number of sampled data points is fixed. This is very useful for pur—

poses of statistical accuracy (see para (e) below).

(e) Averaging for Statistical Accuracy

In addition to Hanning filtering, there are two further methods which

can be used to obtain statistically accurate results from the raw

spectral estimates: frequency smoothing and ensemble averaging.

In the first method, the raw spectral estimates of '1" frequency com—

ponents VW as representing the mid-point of the
de Maer er Me

frequency interval from n, to "yy41. Bendat and Piersol [3+]

have shown that the normalised standard error of the estimate is then

oes € = | uf (3.26)

By increasing the bandwidth, frequency-smoothing effectively conceals

the spectral energy estimates from the original frequency components.

In cases where the energy is contained within the low-frequency range,

this loss in resolution is not desirable. '

To preserve the fine resolution required in the low-frequency end of

the spectrum, while at the same time increasing the bandwidths at the
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upper range (where little energy was found) a program THOC

(Appendix B) was written. This program effectively smoothed the

energy contained by frequency components within a third-octave band

with successive centre frequencies placed at intervals of a third-

octave.

ty

The program could also be easily modified to evaluate P octave

(p= 1, 1/2, ary eceeeee) band frequency-smoothing with centre

frequencies p — octave apart.

In ensemble-averaging, the total time record is broken into q time

slices (groups). The final smooth spectral estimate is given by

Gq, pal a Gato E Be saecl4
rN

where Gq, y
cy

is the raw estimate at frequency ", of the y time

slice.

Hence by ensemble averaging, Bendat and Piersol [se j have shown

that
€,= | ly (3.28)

During analysis, the length of tape on which the &nalogue signals

were recorded restricted the number of groups (ie frames) over

which spectra were averaged, For hot-wire analysis (Section V1.2),

q = 100 giving €- = 10%, For vibration analysis (Section VII,

q = 25 giving €, = 20%,

It has been shown (34 ] that combined averaging using both frequency

smoothing and segment averaging gives a normalised statistical error of

Ee a pd.Y / VY (3.29)
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(£) The Fast Fourier Transform (FFT) Technique

The FFT is a numerical technique for rapidly and efficiently cal-

culating the discrete Fourier transform coefficients, as in Eqn 3.18

This technique was first described in a form suitable for machine

calculation by Cooley and Tukey {a2 1;

It can be shown [43] that this method is most efficient when

the number of data points is a factor of three ( Nes ). For prac-

tical reasons in calculations, N composed of factors of two is used,

and such factoring can nearly always be arranged by adding zeros to

the data.

With N-2" data points, it can be shown [34 ] that computing
2

Fourier coefficients require N arithmetic operatives while with the

FFT, the number of operations is reduced to about 2N log N .

Eqn 3.18 can be re-written as

N-l ‘
X(k)= 2 x(n). W(kn) Bue 801525 ayo

n=0 ,

(3.30)

where x(h)=%,, *(k)=%, and w(*)= exp (-i- aru/N)
(3.31)

The basis of the FFT in calculating the above coefficients is that a

large number of W(kn) terms are equal, or the negative of each other,

so that if the data points which are multiplied by the same term are

brought together first, for a vast saving in arithmetic results.

No further explanations of this technique are given here since

excellent and comprehensive descriptions of the FFT technique and the

programming of this algorithm are given by many authors [44.45 i) $
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During analysis, the Fourier coefficients of the digitised data were

calculated using an FFT programme, PROGRAM EARL (Appendix B). This

was a modified version of a program written by Anderson and Nettleton

(4 "| who, in turn, made use of various sub-routines written by

Villasenor [45 ],

3.iii. Time Characteristics

(a) Auto-correlation

The estimated auto-correlation function at the displacement k.& is

defined by n ‘ woke

R= Ra (k st) bee aL = %- Antk s kao,ta, eal
nel

(3.32)

where k is the lag number, m is the maximum lag number. This is the

direct method of estimating the true value, R -

An indirect method of caloulating auto-correlation function estimates

is first to compute by FFT techniques the power spectral density

(Eqn 3.19) and then to compute the inverse Fourier transforms of

the result [3¢ ], This is possible because of the tWeiner-Khintchine’

relationship (Eqn 2.26). Bendat and Piersol [3¢ | have shown that

this indirect method can make the total operation to compute both the

spectral density and correlation function more efficient than direct

procedures, depending upon the maximum lag values required.

A

The auto-correlation values can be normalised by R,(0) to give the
A

auto-correlation coefficient, §,(*)

Re (2)/ R.()s A
ie 8.

(3.33)

(b) Circular c orrelation

When two finite Fourier transforms are multiplied together, the finite

length of the record, 7, has an effect, such that the elements which
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have been time-shifted past the period T, reappear at the beginning

again Le i Therefore, the correlation that is obtained is

not true but is a toircular' correlation, Re (,) >

such that Re (zy) = e,(%,)+ Ree) (3.34)

at the discrete time nace Tek GE for k = Oy 1, 2y veces, N- 1

Bendat and Piersol [3+ ] say that this is not of concern for

correlation functions which damp—out rapidly if k <n/s « Circular

correlation can, however, be avoided by augmenting the original data

by N zeros, SOnELing the direct FFT and then the inverse FFT as in

paragraph (@) , and then discarding the last half of the computed

correlation estimates. This method effectively separates the two

portions (Eqn 5-34) of the circular correlation estimates and

thus gives us the first 'true' half of the estimated correlation

function.

(c) Linear Bias

An accurate representation of the estimated correlation function

(Eq 3,32) is

Rey (ta) a ny. Yo tde for keo,1,2,---.m (3.35)
cet

Calculation of we from the inverse of the PSD gives an effective
’

Rs (c such that
zy") ee

a?

Kay (Hae)= + au dite (3.36)

The *indirect* FFT procedure thus imposes a bias error, increasing

linearly with delay time on the correlogram. Hence the correlation

values obtained from the indirect method must be multiplied by the

scale factor

W, = N{w-k) (3.37)

Gs



so that a 'true' estimate may be obtained.

(a) Cross- correlation Function

The cross-correlation function for two digitised records can be

evaluated tindirectly' from the cross-power spectral density estimates.

The method of evaluating is similar to the methods described in the

preceding three paragraphs.
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IV SIMULATION OF THE ATMOSPHERIC BOUNDARY LAYER IN THE WIND~TUNNEL

Jensen ie at has shown that models should be tested in a simulated

atmospheric boundary layer (ABL) so that both the static and dynamic

response of the full-scale structure to natural wind can be modelled

correctly. This is because models tested in smooth flow show charac—

teristics that differ markedly from those obtained in generated

turbulent boundary-layer flow (Section I-*-ii.b),

The turbulent boundary layer is generated in the wind tunnel by using

a variety of flow-mixing devices (Section W.2.W1.), Simulating the

ABL requires similarity, not only in the velocity distributions, but

also of its turbulent characteristics.

Complete model simulation of the ABL is beyond present capabilities

because of the complexity of the problems involved. By careful exam—

ination, however, it is possible to simulate those characteristics of

the flow which are important in influencing the response of a tall

structure. For adequate description of the flow, knowledge of the

following parameters { 64 :] is required:

(a) Mean velocity distribution as a function of altitude.

(bv) Intensity of each component of turbulence as a function of

altitude. ee

(c) Integral scales of turbulence.e

(a) Spectra of turbulence.

This chapter begins with a general description of the ABL and its

properties. Characteristics of the ABL which require modelling in the

generated flow are also discussed (Section IVe1). In Section IV.2, a
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description of the devices used to produce the generated, turbulent

flow is givene

IV.1. Description of the ABL

The flow of air over the surface of the Earth is affected by the

*Coriolis* force and also by atmospheric pressure gradients. These

gradients are caused by variations in the amount of heat received

from the sun at heights above the surface of the Earth where surface

friction can be ignored. These two factors produce a steady air-flow

that follows the lines of constant barometric pressure (ie the isobars).

This air-flow is the gradient wind with velocity, Us. The height
at which the wind velocity is equal to the gradient velocity is

known as the gradient height, Xe .

The gradient wind does not conform to the no-slip conditions at the

surface, indicating the existence of a boundary layer [41 58 This

is called the planetary boundary layer and is, on average, about one

kilometre thick. Within this layer the wind velocity shows continual

rapid fluctuation, the amplitude of which varies throughout the day.

Most structural wind-loading problems are concerned with high-wind

conditions. In high winds, surface friction causes so much mechanical

stirring of the atmosphere that the thermal gradients giving rise to

convection processes are destroyed. The lapse rate

y= AT

a

(where T is the absolute air temperature at height 7) is therefore

always approximately adiabatic and the stability of any rising air is

neutral, it is in thermal equilibrium with its surroundings. The
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following discussion is concerned with the special case of strong—

wind, neutral stability conditions.

Strong-wind, neutral stability wind onditions imply that the ABL is

in highly turbulent motion. To understand properly the properties

of the ABL wind, 2 statistical approach is used. From a spectrum

obtained by Van der Hoven [48 a5 of the horizontal wind speed near

the ground, Davenport (4a ] was able to show that there were two

very different time scales in the random variation in wind speeds.

On this low-frequency side, the macro-meteorological region is assoc—

iated with changes in the large scale patterns of air flowe These

changes usually occur as depressions and anti-cyclones, with energy

periods of four days. The high-frequency micro-meteorological region

aa associated with the small-scale fluctuations. These are generated

by wind shears induced by surface friction, and the spectrum has

corresponding energy peaks at one-minute periods (gusts). In between

these two regions there is a meso-meteorological section affected by

the diurnal variations of heating (Fig. 4.1).

‘An interesting feature of this spectrum is the pronounced gap centred

at a period of about half an hour. In this gap, the energy of the

spectrum is at a minimum. This area, the spectral gap, ligs mainly

within the range of 1 to 10° cycles/hour, ie near the low-frequency

side of the micro-meteorological region. It should be noted, however,

that its frequency, location and definition may vary [so].

The main significance of the spectral gap is that it is then possible

+o describe the wind conveniently in terms of (a) a mean velocity

reflecting only the synoptic variations in wind-speed and (b) the

superimposed gustse
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Using the above arguement, Davenport [so] suggests that a good

averaging period for defining a mean velocity is approximately 10 to

20 minutes. This is because:

(a) This period lies near the centre of the spectral gap, ensuring

that, in general, trends will not be strong.

(b) The period is short enough to reflect sharp, sudden storms,

usually lasting about 5 to 10 minutes.

(c) The period is adequate for the development of steady-state

oscillations since the natural frequencies of most structures are in

the range of 0.1 Hz and higher.

(a) Although standard averaging periods vary throughout the world

(Britain uses a one-hour period), we can assume that the consequences

of using different averaging periods are not very significant, provided

that they are within the spectral gap.

As indicated above, it is important to remember that wind-flow is

turbulent. The mean and fluctuating properties of wind are of par—

ticular interest in structural design. These properties are discussed

belowe

ede Mean Velocity Profile

The ABL can be divided into~two sub-layers: (a) the surface boundary

layer in which the shearing stress is approximately constant, and (b)

a transitional region in which the shearing stress decreases to

practically zero in the free atmosphere.

In the surface boundary layer, it has been shown [s\] for strong-wind,

neutral-stability conditions that the wind velocity profiles can be
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defined by the Prandtl logarithmic law,

(4) = = : Jn (ante) (4.1)

where O(4) is the mean velocity at height ys the friction

velocity is % ( W,= [Sa where % is the shearing stress

ak the pintacer and Sa. is the air density); So is a constant

of integration known as the roughness length related to the roughness

of the surface and k is Von Karmans constant © Od,

Although this profile is theoretically valid down to z = 0, it should

be noted that this cannot be true when there is any uncertainty about

the ground plane. In practice, rougher surfaces (larger ie ) are

associated with larger obstructions on the ground. A difficulty

therefore arises concerning the origin of 4 and it is customary to

introduce a zero-plane displacement, d, to provide a datum level

above which active turbulent interchange beginse A modified logarithmic

profile

Ve ve dn =) (4.2)
«k de

is thus expected to hold.

The surface drag coefficient, G ‘is related to the friction

velocity (51 so that,

Ge Bs )~ «(13 4)

Sutton le S| 1 cites the work of Calder (52) who found the

values of the constant in Iqn 4.2 by choosing values of d and Se

independently to give the best fit. With a mean wind-speed of 5 m, sec
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at a height of 2 m above the ground, Calder found that for (a). short

grass (1-3 oms), U,= 33 cm seo’, 4) = 025 om, d = O and for (b)

long grass (60-70 cms); U, -= 50 om seo’, 3, = 3 cms and d = 30 oms.

It has been shown [SI ] that, if protuberances on a surface are

sufficiently similar in shape for a mean height € to be defined,

then

a crey fae (4.4)

Making use of this relation, Sutton (s! 7] has modified Nikuradse's

oriteria(S3]to give
Upa0 /P) 9S OT

See (4.5)

for smooth and rough surfaces. respectively.

Using Nikuradse's criterion for fully-rough flow, it is then possible

to conclude that natural surfaces are aerodynamically roughe

Above the surface-layer, the effect of the Coriolis force increases,

the effect of the surface roughness decreases and the profile departs

significantly from the logarithmic form (s¢J - An

empirical law for the mean-wind velocity profile through the deeper

~~

boundary layer is es “

0. :

ret .

in which ret is a reference velocity at a height fy? and f& isa

constant.
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In practice, it is useful to standardise the relationship by using

either the gradient height, hes » or @ standard height of 10 m as

references

Davenport (s¢], analysing mean wind-speeds profiles measured by

investigators working in different countries and different terrains,

showed that the index of the power law varied with the nature of the

terrain. This variation is shown in Fige 4.2. together with the

variation in gradient height.

In modelling, it is assumed that the variation with height could be

represented by a power law ( Eqn 4.6). If appropriate velocity

and length scaling are employed in the wind-tunnel (Section V.1.4i1)

then the velocity profile should be represented in the wind-tunnel by,

Bet (Pe4,

0bl model det
where Cnet is a representative wind-speed at a height Beebe

(4.7)
model

The value of £, appropriate to. the terrain over which the boundary

layer is to be simulated, is obtained from Fig. 4.2.

The absence of a profile of mean wind-speed, however, is not considered

to have a significant influence on the dynamic response of very tall,

slender buildings and structures (33 ye

A further parameter that needs modelling is the roughness parameter,

do* This is because 33 is a measure of the roughness of the surface

concerned, and, at the same time of the turbulence in the turbulent

boundary layer over the surface. This implies that a more
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turbulent layer corresponds to a surface of greater roughness 40 is

derived from Prandtlits logarithmic law (Eqn 4.1).

The condition of obtaining similarity between the phenomena observed

in the wind-tunnel and that in the atmosphere, is [44]

x) = i) (4.8)( ae ( d fall- scale
where d is some characteristic length.

In addition, the model must be immersed entirely in the generated,

turbulent boundary layer. Otherwise, erroneous results may occur (ss).

1.ii. Turbulence Properties of the Wind.

One of the most recognisable features of the wind is its randomness,

ie its turbulent nature. This property is best understood by using a

statistical approach. Some of the basic turbulent characteristics of

the ABL are examined below.

(a) Probability Distribution

According to Davenport {s6 15 the probability distribution of wind

velocity, sampled over an approximate short time period, has been shown

to agree well with the familiar normal or Gaussian distribution, and

is given by, peat A
b(W= Ure ote et er [-2 (42) ]

Yor ON Su
(4.9)

where Vz = instantaneous wind velocity (= O+u! )

© = mean wind velocity component

ue fluctuating wind velocity component

and 6,= standard deviation of the fluctuating wind velocity

component
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In practice, however, the turbulent motion in the lower atmosphere is

considerably more complicated, and the Gaussian distribution, valid

for homogeneous, isotropic turbulents (HIT) conditions, does not

truly represent wind flow. Therefore, Eqn 4,9 must be regarded

only as an approximation of the general model of the ABL.

(b) Wind Energy Spectrum

When considering the effect of wind on the structure, the most

important parameter is probably the longitudinal wind-velocity

spectrum, Gul). This is because the fluctuations in the

drag component of the motion of the structure are mainly influenced

by Gum)

Davenport (4J analysed the micro-meteorological range of

frequencies of the wind during high wind mnditions at a variety of

measuring sites. He then suggested an empirical expression

n. Gun) = +k: One peasy a
acs)

(4.10)

to represent the longitudinal wind velocity spectra. In this

expression, a wiLy / Seer where 4, is a "scale" length.

Integrating Eqn 4,10, the total variance, Ger of the wind

velocity fluvtuations at a height 4 is obtained.

oe =.
ie ae \ Bctnieckn me CRO gay

2

This shows 6, to be invariant with height.

a ee

Since §, is easier to obtain than Us (ek) Eqn 4.10
can be modified to,
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a

eae = %. Set te (4.12)
$e Qe4)

With Ord = Gs (a mean wind speed in m /seo at a height of

10 m), Davenport reports values of 0.67 and 1200 m for “, and hy

respectively.

At the high frequency region of the spectrum, the above form indicates

that the eddies appear to belong to the inertial sub-range of frequen-

cies inwhich G,(n)_ varies as at This decrease in
spectral density with increasing frequency corresponds to Kolmogroff's

similarity theory [s7 rs

Care must be taken in interpreting the - 5/3 index. Pasquill (S? ]

has reviewed available published data and found that there were

appreciable departures from the — 5/3 indexe He concludes that such

departures may be a consequence of some input or extraction of

turbulent energy in the range of frequencies considered. This is

assumed not to ocour in the'similarity theory".

A length scale, Lx, known as the longitudinal integral scale

of turbulence describes the energy-containing eddies of the longi-

tudinal wind fluctuations.” It is related to the energy contained in

a narrow band ( sn 0 ) near zero frequency, and is given by,

Rigen | Le One | (4.13)
46. Sno

The two scales, Ly and Lz » can be obtained similarly from the lateral

and vertical spectra.
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A disadvantage of Davenport's relationship, Eqn 4.12 is that

ne Que does not vary as{* but as { for small [. Hence

Eqn 4.12 does not yield a finite value for the power spectral

density near zero frequency.

To overcome this theoretical objection, Harris (s9]J has

suggested an alternative form,

By Gio) Yah hu (4.14)
one (+ f, ) Te

where %y, ( © 0.6) is another empirical constant. A change in

the value of the length scale, Ly, from 1200 m to 1800 m was also

proposede

Both Davenport's and Harris's representation of the bngitudinal gust

spectrum suffer from the difficulty of finding a suitable length

scale, Aw . According to Armitt {ee i "fitting curves to

speotra in order to deduce length scales imposes the experimenter's

ideas on the datae Even if the curves are correct in functional form,

there is still a requirement that the data analysis should be suffici-

ently accurate to allow a good ourve fit. Even here, the requirements

are not easily satisfied’.

Kaimal et al {e J have—overcome the uncertainty of using 1, by

replacing 1p in the non-dimensional frequency parameter, f, by 3

ie a h is the ob! tion height( fan a] Ung ea 8 © observation eight).

They used a modified frequency scale $/fy where fi is the intercept
RBs

of the extrapolated inertial subrange spectrum with the 4- Galo) /6ee 1

line. This brings all spectra into coincidence on a -2/3 line in the
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inertial subrange. When all stable longitudinal gust spectra are

plotted in this manner, they display a universal shape, approximated

empirically by the form,

hi Galo) es ote ( f/f.)

oD 1+ o16( {J :)°
; (4.15)

Using Eqns 4,13 and 4.15, the variation of ly with altitude is seen

to be -

Lx = o.04 0

Roe (4.16)

Flows with the correct turbulence, similar to the ABL can be generated

in the wind-tunnel, but they yield scales of turbulence much too small

when compared with the linear scale of turbulencee Only the higher

range of frequencies encountered in the ABL can therefore be properly

simulated if scales of turbulence are to be modelled.

The loss of simulation in the low-frequency region however, is not

restrictive. Whitbread J says, ‘If it is assumed that

the response of a lightly - damped structure is proportional to the

(wind) spectral density at a particular value of wind speed, and there

is some experimental evidence to support such as assumption, then it

should be reasonable to reduce, the requirements for similarity of

scale and intensity of turbulence simulation to one of spectral

density only over the wave number, nD] Geet » range of interest".

Using a grid, Cook {e2] obtained a similar part simulation, but

only with the acceptance of an incorrect intensity of turbulencee

78



It is relevant at this point to include an observation made by

Whitbread and Scruton [3 ile On a test of the dynamic response

of a tall building model, marked similarity was found between tests

conducted in uniform turbulent flow and in turbulent shear flow. They

took this observation as being qualitative evidence that precise

reproduction of the turbulent characteristics of wind flow is not

essential.

(c) Turbulence Intensity

The rms gust speed can be defined as

2 2 2

6 = 646,45, (4.17)

Harris [63] says that 6,» Si/3 with 6, being

still smaller.

Hs Eqn 4,17 becomes

Oew a 6,

a aN (4.18)

Using Eqns 4.14 and 4,18, the turbulence intensity, I,

is given as

Dee 66/0;

- ase k® (%/ Gy) (4.19)

Section 1.4 shows that the intensity of turbulence contributes

significantly to the dynamic response of a structure. Therefore, the

turbulent structure of the ABL (Eqn 4.19) should be closely modelled.
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(a) Scales of Turbulence and Equivalence in Space and Time.

Taylor (s7) has stated that space and time spectra and correlation

functions are equivalent, provided that the turbulence intensity is

lowe

This assumption becomes useful when the spatial integral scale of

turbulence, Tee » is evaluated from the time scale of turbulence, Ix )

and Taylor's hypothesis.

The time integral scale is obtained from the auto-correlation curve,

T= ie R(t) Ae (4.20)

The spatial integral scale of turbulence,
oc

Cie i Ru Gd de
°

ee a Reale) de
t (4.21)

ae ST

can then be obtained.

Panofsky et al [64] tested Taylor's hypothesis in a natural wind

with high turbulence intensities (I~16-30%). Thoy found Taylor's

hypothesis to be still approximately valid.

Care must be taken in using Taylor's hypothesis in the wind-tunnel

since departures from this hypothesis have been observed (62),

Interpretations of the time scales obtained by using Eqn 4.20 must be

made with care because mean values are romoved by filtering the data

before evaluating ilies Formally, this gives zero time scales.
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According to Armitt (c], finite time scales of reasonable

validity can be obtained if

where 1, = averaging time

ile = maximum time delay considered

T- = time constant of filter used to remove meane
liz

A scale length, }), » known as the micro-scale and corresponding to the

high frequency eddies can be defined (57) as

ieee wa be [ J, Raw l2)

Ne Over ac (4.22)
Too

In experiments, Au » denotes the part of the abscissa between the

origin and the point of intersection with the osculation parabola fitted

at the vertex of the correlation curve.

(e) Coherence

When considering the wind-loading on a tall structure, it is clearly

important to have some measure of the spatial distribution of gusts.

This can be measured by the correlation coefficient between two velocity

measurements partially separated by a spatial interval, bn,

For lateral and vertical correlations, the current trend is to present

the space-correlations data in terms of the coherence function, v

(Eqn 2231 ), such that

¥(~)- LOrtnyl”
Gy) - 6.) (4,23)
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where Gn) = power spectral density measured at point 1

Gy) = power spectral density measured at point 2

Guln) = cross power spectral density between points 1 and 2

Davenport La i found that the coherence for both lateral and

vertical separation apparently shows a universal relationship of the

form

Fy = 2% jc 83.)/ Ca (4.24)

The value of C has not been determined with certainty since it varies

greatly with meteorological conditions. He has

suggested that an unstable, high wind conditions, it lies in the

range, 6 <¢ <8, He also noticed that \>l approaches zero

for the first time when 83/5 «05, indicating that there is negligible

correlation when the height separation is about half the wave-length.

The eddies are therfore, on average, about as long as they are high.

IVe2. Experimental Apparatus Used for Generation of a Simulated ABL

In this section, the design and construction of the apparatus used in

the generation of the simulated ABL is discussed,

All experiments were made on an National Physical Laboratory (NPL)

type, open-return wind tunnel designated TI. (Fig.4.5 )» The working

section was rectangular, 76 cms wide and 61 oms highe The upstream

fetch, from the wind-tunnel inlet to the working seotion used for the

development of the air flow, was about 250 oms long.
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The wind—tumel fan was powered by a 6 horse-power DC motor. With a

honeycomb flow-straightner placed at the inlet, a tunnel wind-speed

range cf 8 - 16 m/sec was obtained.

The relatively short working length of the wind tunnel made it

necessary to accelerate the natural growth of the boundary layer.

This was done using a turbulence generating system, comprising a

castellated barrier, quarter-elliptical-shaped vortex generaters and

distributed roughness elements. A similar system was first used by

Counihan les] to adequately represent the turbulence charac—

teristics of the ABL in a wind-tunnel.

An initial velocity profile was impressed at the entrance (ie the

bell-mouth) to the wind-tunnel. A grid of horizontal bars with graded

separations between their centre-line axes was used for this purpose.

The grid was designed by slightly modifying a theoretical analysis by

Cowdrey [ec} °

Coarse, square-meshed screens were also designed to reduce the minimum

wind speed of the tunnel.

2.i. Simulation of Mean Wind Velocity Profile

Many methods {er J have been suggested for the

generation of mean velocity profiles inside a wind-tunnel. When sim—

lating the ABL however, these methods are unable to model the very high

shear found close to the surface of the earth. To overcome this problem,

Cowdrey (ee J _has proposed an analytical approach to the design

of velocity-profile generators. This technique uses rods that span the

tunnel horizontally and are separated from each other by graded distances.
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Experimental results obtained using this system compared very favour—

ably with his theoretical predictions.

For the experiments described here, Cowdrey's analysis was slightly

modified to take into account as an extra parameter the height of

the required boundary layer. The use of this parameter was

essential because the amount of immersion of the model structure in

the boundary layer was an important factor

A grid with circular, mild-steel bars of diameter 127 mm and length

762 mm was placed across the mouth of the wind tunnel (Fig. 4.5).

The separation between the centre-line of these rods (Appendix 4.A)

was designed for a power exponent of 0.4 and BL height of 610 mm.

These values were chosen to represent an urban BL wind profile

(Fig. 4.2) with a gradient wind-height, 3,4 of 520 metres.

The detailed design of a grid which would produce a boundary layer of

height § ana having a power index co is given in Appendix 4,A,

2eiie Generating in the Wind Tunnel, a Turbulent Boundary Layer

to Represent the ABL

Most ways of producing a simulated ABL require a long upstream fetch.

Wind tunnels lacking this characteristic require some form of

obstruction to trip and accelerate the growth of the BL.

One of the most successful trip-methods is a system of obstructions

devised by Counihan [es } It contains three components: a

barrier, the height of which is a function of the velocity profile

required, a row of vorticity generators, and surface roughness, the
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form of which is also dependent on the required velocity. After

exhaustive tests, Counihan concluded that adequate representation of

a neutral ABL, regarding both general characteristics and flow

structure, could be obtained in a wind tunnel using this method.

Counihan's system'was therefore used, and a turbulent structure,

similar to the ABL, was imposed on the air—flow which already had a

mean velocity profile (Section IV.2.i).

The dimensions of these obstacles and their relative positions, in

the wind tunnel were obtained by scaling the dimensions given by

-Counihan (£9, °

(a) Barrier

The barrier (Fig. 4.3a), essential to the simulation system, was

castellated. The barrier takes some of the required momentum from

the flow and produces vorticity with a spanwise axis. The castellations

prevented the formation of a two-dimensional flow pattern. According

to Counihan [6S J they also induce earlier spanwise uniformity of

the flow downstream of the generators.

The barrier made from 6.35 mm thick plywood was positioned 152 mn

from the contraction in the TI wind tunnel (Fig .4.5) the height of

the barrier was 74 mm and the castellation increased this to 95 mm.

(bv) Vorticity Generators

The vorticity generators had a side-view profile of a quarter-ellipse,

the major axis of which was twice its minor axis. In plan view, the

sections were wedge shaped, with a constant semi-wedge angle of 625
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The apex of the wedges faced directly into the wind and therefore no

assymmetry was introduced into the flow.

The rationale for the design of these vorticity generators was

the need to obtain a distributed turbulence in the wake of the

generators.

The distribution had to have a maximum value near the ground, decreasing

to zero at the top of the BLe The low wedge angle was thought to

encourage the production of a vertical distribution of vorticity

rather than a vortex in the wake.

Using design plans supplied by Counihan, three vorticity generators

were constructed, each 508 mm high with a constant semi-wedge angle

of 6. The generators were made with a brass outer skin covering

graded triangular plywood stiffeners. These were fixed at suitable

heights to a profiled plywood back-plate and the brass skin was then

formed around it (Fig. 4.3b).

The generators with the castellated barrier were mounted on a 3 mm

thick plywood board to facilitate insertion and removal of the

complete system from the wind tunnel. The generators were spaced

across the tunnel with their centre-lines 250 mm apart. The leading

edges of the generators were 320 mm from the castellated barrier

(Fige 4.4).

(c) Roughness Elements

Roughness was introduced into the wind tunnel by covering with small

blocks of wood the floor area from the back of the vortex generators
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to the model-testing station. These elements were each 7.5 mm high

having as{uare cross-section with 17.5 mm sides. To facilitate insertion

and removal, all elements were fixed to a hardboard sheet, 2030 mm long

and 760 mm widee The elements were distributed in parallel, but

staggered rows, so that each element in one row lay midway between the

elements in the previous rowe The centre-line spacings of the elements

were 32.5 mm in lirie with the tunnel length and 45.0 mm lateral. This

gave a covered ratio of about o%.

(a) Bi-planer Screens

In normal use, the minimum wind speed obtained in the tunnel was about

8 m/sec. For some of the tests however, it was necessary to reduce

this speed by placing additional blockage, in the form of coarse, square

mesh screens at the entrance to the bell-mouth of the tunnel, The

construction of the wind tunnel made it impossible to insert these

soreens behind the working section.

According to Lawson ‘{7°], the difficulty in using screens to

produce natural wind velocity profiles is that the profiles decay with

downstream distance. This characteristic was used to advantage. It

was assumed that since these screens were placed at a sufficient

distance from the working-section, they would not alter radically the

characteristics of the flow generated by the other obstructions.

The mesh dimensions of the screens for differing blockage ratios were

obtained by using empirical formulae relating integral scales and

intensities of turbulence to mesh dimensions and downstream distance.

For intensity of turbulence, Baines and Peterson (1) suggest
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the expression:

co pela ee (4.25)
o b

where d is downstream distance from the screen and b is the screen—bar

width.

Whitbread (33 al modified some results from Barnes and Peterson

to express a longitudinal integral scale of turbulence,

Uta. osa7ce fi aa tL g ( (4.26)

In the experiments described here, screens with blockage ratioa of 71,

50 and 45% were madee Using Eqns 4.25 and 4,26, ‘a

turbulence intensity of about 5% and a longitudinal scale of turbulence

of 75 mm were predicted. This length scale was chosen to be of the

same order of magnitude as the depth of the model.

The three screens were made from 6.4 mm thick plywood. Their dimen—

sions are given in Table 4.1. A representative photograph of a

bi-planar grid is shown in Fige 4.4.
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V. ‘DESIGN AND CONSTRUCTION OF EXPERIMENTAL APPARATUS

The aim of the research was to investigate the response of = scaled model

of a prototype building to smooth and turbulent shear flows and the effect

of restricting its movement from two to one degree of freedom (Section 1.2).

The design and construction of the models (Section V.1), the unique gimbal

system on which the models were mounted (Section V.2), and the damping

rig and a rig to house and support the models and gimbal system (Section V.3)

are discussed in this chapter.

Veils Design and Construction of Models

Two models were tested in the simulated ABL, a square=sction prism

representing one of the towers of the World Trade Centre in New York,

and a circular-section prism with similar characteristics (ie height,

wall thickness and width of the face normal to the flow). The modelling

technique is discussed in Section V.1.i, choice of models in Section V.1.ii,

design in Section V.1.iii, and construction in Section V.1.iv.

1.i. Modelling Techniques

Laws relating the results of model experiments to the behaviour of full

scale structures can be determined by dimensional analysis. Whitbread

(72 ‘| obtained eight non-dimensional scaling parameters by considering

eight physical quantities defining the physical characteristics of a

structure, and three quantities that of the airstream in which the

structure is placed. These were used to obtain similarity in response

between a full-scale prototype and a model with a similar aerodynamic

shape placed in a turbulent, shear airstream.

In practice it is rarely possible to satisfy all non-dimensional parameters

needed for model simulation, and it is therefore necessary to relax the

similarity requirements. This can be done by choosing a model which will

give the information which is specifically required.
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The family of models which can be used to represent full-scale structures

can be divided into two groups — rigid or aero-elastic.; Static, rigid models

having minimal scaling requirements, can be used for flow studies and for

determining surface pressures and the overall steady forces and moments

experienced by a structure.

The measurement of response requires a more thorough evaluation of the

scaling requirements. The dynamic behaviour of a structure in wind is most

accurately represented by a 'full model’ (ie an aero-elastic model of the

complete structure), but this is impracticable for many structures and a

linear-mode or sectional model has to be used. Description of scaling

requirements and types of models used to investigate specific characteristics

can be found in the literature {73,7¢ |.

For the research described in this thesis, a linear-mode model of the

prototype was considered to be adequate. Linear—mode models are geometric,

but rigid, copies of prototypes. They are free to pivot about the base so

that an approximation to the fundamental displacement mode

pt ‘

Ayres (5.1)

of a cantilevered structure is obtained. Here, 4(4) is the relative

horizontal displacement of a point in the structure at the normalised

,

height, Ne 41h » where yas the height of the point from the base

and \, is the height of the model.

One advantage of the simpler linear—mode model is that it can be more

easily provided with variable structural damping. Extensions of the model

below the floor of the wind-tunnel make possible the attachment of stiffness

and controlled variable damping systems (Section V.3. ).
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Eight parameters define structural similarity between model and full

scale prototype (see above). From a consideration of the importance of

each of these terms to the vibrational characteristics of a thin-shelled

structure, Whitbread {7s] concluded that adequate structural similarity

is possible if three of the non-dimensional parameters are simulated:

(a) structural damping, 35,

(») reduced velocity parameter , Ur (- G]n.>) ,

and (oc) inertial ratio m/¢> or rales

where I is the mass moment of inertia of the structure.

leiie Choice of Models

A square-section model was constructed to represent one of the tallest

buildings erected and a circular-section model with similar geometrical

characteristics was also designed.

(a) Square-seotion Models

Because of the difficulty in obtaining Reynolds number similarity between

full-scale and model tests, a model had to be siected which would be

insensitive to Reynolds number effects. Structures with sharp separating

edges show this independence (Section I.4.i), and therefore a square-

section model was designed and built to represent one of the two idential

tower blocks at the World Trade Centre in New York. The two blocks, with

constant square cross-sections, are erected on a plaza 21.6 metres high.

The overall dimensions of the towers and their relation to the building .

complex in which they are situated are shown in Fig, ‘Sele

The choice of one of these tower blocks as prototype was made because:

(i) It had a suitable height~to-breadth ratio ( o 6), sharp corners

and a simple external shape.

(44) | Its structural parameters, which were required for modelling, were

known.
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(4ii) Tests had already been made by Whitbread and Scruton [| ]

making possible a comparison of results.

Whitbread and Scruton give the characteristics of the prototype as

follows:

Cross-sectional dimension (D ) = 63-4 x 63-4 me

Height of tower = 387.6 m

Mass moment of inertia about the axis (in-line to wind), I, =

1.542 x 10 kg. m.

Height of tower above ground level = 409. 2 me

Natural frequency of tower in the direction of the wind flow (), ‘

= 855x110 He

Natural frequency of the tower in direction lateral to the wind flow, '

2

“Mey = 9.62x 10 Hz

(b) Circular Cross-section Model

A model with a circular cross-section was constructed to provide a

comparison with the vibrational characteristics of a model with a well

defined separating edge. It was similar to the square-section model

in its dimensions with the same height, Bb y and wall thickness, +,

The diameter, D , of the circular-section model was made equal to the

length of one side of the square-section model, giving similar aspect

ratios, R (- h/>). oN

leiiie’ Design of Models

In the following discussion, the models are referred to as square or

circular cylinders.

The models were niunted in turn on a gimbal system (Section V.2.i).

This allowed the models to pivot about the base in two mutually orthogonal

directions, the deflections corresponding to the fundamental linear bending
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modes, Eqn 5-1.

The scaling laws, used to obtain similarity between model and full-scale

prototypes are as follows:

(a) Length scale

The total height (% = 0-61m ) of the working section of the wind-tunnel

was used as the boundary layer height of the generated turbulent flow. The

geostrophic height 3 of the A BL above an urban area was taken as 520 m

(Figs 402).

For equal immersion of model and full-scale prototype in their respective

bel's, the relationship

AD es Man CSS. (5-2)
De is

had to be satisfied. In this expression, D is a characteristic length of

the structure and subscrips 'm' and 'f' denote model and full-scale

respectively:

A 1:850 linear scale gave the following ‘dimensions for the square models;

height, h = 456 mm.

cross-sectional dimension, D = 74.6 x 74.6 mn,

When the model was placed inside the wind tunnel, an area blockage ratio

of approximately 7-8% was obtained. This ratio was considered to be

just tolerable.

(b) Speed Scale

A wind-speed scale of

AR cual (5.3)

a3



was adopted. Acording to Whitbread and Scuton [31 ],

separation is necessary to avoid uncertainties arising from possible

flexural vibration of the model. Separation is therefore possible between

the model body frequencies and those of the model oscillating as a rigid

body on its gimbal mounting.

(c) Frequency Scale

Using both the linear and speed scale factors in scaling parameters, Eqns: 5-2

and 5.3, frequency scale

Nogeieeet Vina PES (5-4)
"F Ve Dn

= 06-a2S

was established.

From the data quoted earlier (Section V-1.ii) for the full-scale tower,

the following natural frequencies for modelling were obtained.

Natural frequency of model in the direction of wind flow,(h,), = 9.084 Hz.

Natural frequency of model lateral to the wind flow, (ne), 210,221 Has

From “Eqn 5e4, a time-scale between wind-tunnel and full-scale 1

measurements was obtained.

ie \oneTee (5-5)
Ne

Mm

(a4) Inertia Scale ,

Inertia scaling was similarly derived from scaling parameters, eqn 5.3

s
so that r (=)

=M = s.
ete ; ,

= 2.254 x 107 '9 (5-6)

Using the full-scale data given in Section V.1.ii, @ desired model
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, inert ia of

Ty, = 1.542 x 10 35 2.254 x 10 ~ 5 kg nf?

= 3.475 x 1077? kgae

was obtained,

\..jii, Construction of Models

(a) Square cylinder

Initial calculations indicated that a model constructed from commercially

available alumunium tubing would fulfil length and inertia-scale requirements.

The use of a tube, rather than a metal skin wrapped around stiffeners as

suggested by Whitbread and Scruton {2} was thought to result in a

more rigid model, giving only the fundamental linear-mode of deflection.

This was possible because the model pivoted about the base which was fixed

to the two-degree-of—freedom gimbal system (Section y. 2.1).

The square cylinder (Fig. 5.2) was made from a length of square cross—

section aluminium tubing with 74.7 x 74. 7mm sides,45.7 mm length and with

a 3.25 mm (10 pswg) wall thickness.

(b) Length and Inertia Modelling

Using a procedure outlined in Appendix 5.A, it was found that, for a model

» . a2 .

mass moment of inertia .of I = 3.514 x 10 kgem , the following

tube dimensions apply:

Length h of tube = 457 mn,

Outside dimension D = 72.5 my,

Wall thickness, + = 1.4 mm,

where the value D is sufficiently close ‘to the value required,

A change in the wall thickness by + 0.1 .mm changed I by + 1%, and the

natural frequency of the model, nm, , by + 2%. Therefore, since there was

no significant effect on 6 for a change of 0.1 mmin t, for ease in
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machining, the wall thickness was allowed to lie between 1.3 and 1.5 mm

Using a milling machine, the excess material was skimmed from the sides

of the square tube. to give an average + of 1.4 mm.

(c) Modelling the Natural Frequencies

The natural frequency of the model is given by

ANo= te (567)

where k is the stiffness of the model

Model natural frequencies of 9.084 Hz and 10.221 Hz respectively in the

in-line and lateral directions (Section V.l-iii.sc) had to be reproduced

correctly. Given a mass moment of inertia (Section V.leiveb),

Tete 30514 2.10 eke

The stiffnesses that required modelling are given as

k,n Vis x io

&
= 4S KIOky V4

in the in-line and cross-wind directions, respectively.

The stiffnesses were provided, not by the model, but with

two pairs of torsion bars incorporated into the two-degree-of—freedom

gimbal system, Details of design and construction of the torsion bars are

given in Section V.2eiiea.

(a) Circular Cylinder

The circular model (Fig. 5.2) was made from an aluminium tube, of length

457 mm with an outer diameter of 76 mm, The wall thickness was 1.6 mn.

Using Appendix 5-A, the moment of. inertia, I, was calculated to be

3.39 x 10 = ke nm. This value is very close to that quoted for the square

cylinder abovee
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V. 2 Design and Construction of Vibration Rig

A rig to which the models could be attached was designed and constructed

to satisfy three conditions:

(i) ‘The models had to be able to vibrate freely with two degrees of

freedom in two mutually orthogonal directions. It also had to be

possible to Rcormera one degree of freedom so that comparisons could

be made, :

{ii) The natural frequencies had to be modelled by introducing stiffeners

from a source external to the model. This gave a certain amount of

freedom, as only length and inertia-scaling requirements then had

to be satisfied in constructing the models.

(iii ) The effective structural damping of the model and support system

had to be varied from an external source, allowing tests to be made

over a wide range of dampings..

The movement of the models in two mutually orthogonal directions was made

possible by a unique gimbal (Section V.2ei)-: By incorporating torsion

bars as an integral part of the gimbal, the required stiffness characteristics

of the models were obtained (Section V.2.ii)e!

Models were attached to the gimbal by various plugs and fixing plates

(Section Ve2eiii eo

An electro-magnetic system (Section V.3ei) was used to vary the effective

structural damping of the models. The damper consisted essentially of a coppe’

plate oscillating a an induced electro-magnetic field. The motions of the

copper plate were coupled to the vibrations of the models so that damping

of the motions of the plate induced damping on the vibrations of the model.
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2ei. Gimbal System

A gimbal system to which models could be attached was constructed so that

the models could vibrate in a vertical plane along any two mtually

orthogonal directions.

Gimbal systems permitting one-degree-of—freedom motion are known. One

system often used C76} consists of a centre—block connected to an

enclosing support ring, both lying in the same plane, They are connected

by a pair of torsion bars opposite to each other but with their longitudinal

axes in the same line. When a model is attached to the centre—block, with

the outer ring rigidly held, the model is then free to oscilate about an

axis passing through the longitudinal axis of the torsion bars.

To extend the motion of the model to a second axis, orthogonal to the first

but in the same horizontal plane, an intermediate ring and a second pair

of torsion bars were added. The centre—block supporting the model was

connected to the intermediate ring by the first pair of torsion bars.

The ring was connected to the outer support ring by the second pair of torsion

bars which lay in the same plane as the first pair but with the centre-line

longitudinal axes normal to each other.

The motion of the models could be considered as being resolved into two

rotational movements about two mutally orthogonal axes, both axes lying

in the same horizontal plane. Vibrational movement of the models with two

degrees of freedom was then possible, provided that the two axes of

rotation correspond to the axes formed by the two pairs of torsion bars

(Fig. 5.3).
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The first pair of torsion bars, connecting the centre—block to the

intermediate ring, were placed with their axis of the bars placed cross—

wind to the mean wind direction. This allowed all motion of the model

in the along-wind (in-line) direction, he second pair of torsion bars,

connecting the intermediate ring to the fi xed support ring thus had their

longitudinal axes in the in-line direction, The intermediate ring, which

was free to rotate about an in-tine axis, therefore allowed all motion of

the model in-line axis, therefore allowed all motion of the model in the

cross-wind (lateral ) direction, This design made possible the model-

simulation of structures vibrating in a linear mode with two degrees of

freedom.

The three elements of the gimbal (Fige 5.3) - centre—block, intermediate

ring and outer support ring — were machined from a slab of duraluminum

plate, 19.5 mm thick. Duraluminum was chosen because of its high stiffness,

low density and ease of machining.

(a) Centre—Block

The centre-block (Fig. 5.3) was the carrier of the models. The block

was rectangular in shape. tn plan-view its dimensions of 89 x 76 mm were

slightly greater than those of the models. The rectangular shape was

choosen for two design reasons. The shape allowed the gimbal to be made as

compact as possible while,.at the same time, allowing adequate clearance for

the torsion—bars bridging the centre block and the intermediate ring. Various

holes were drilled and threaded in the block so that the attachment linkage

(Section y.2.iii,.) and the tube of the damping system (Section V.3.i.b) could

be fixed to it. Two holes, opposite to each other, were carefully drilled

into two vertical sides of the centre-block, These housed the first pair

of torsion—bars. Great care was taken in aligning the two "housing" holes.
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This arrangement allowed the aligning longitudinal axes of the two torsion

bars to lie along one line normal to the vertical faces of the block,

When the gimbal was completed and placed in a horizontal plane, the

torsion bars also lay in an horizontal plane. To fix the torsion bars to

the centre=block, securely but not permanently, two holes for dowell pins

(Section V.2.iiea) were drilled on the top of the blook.

(b) Intermediate Ring

The intermediate ring (Fige 5.3) _ Was rectangular with outer dimensions

of 178 x 114 mm and inner dimensions, 153 x 89 om". Four holes, of 12.7 mm

diameter were drilled through the ring at the midpoint of each vertical face.

Opposite holes had their longitudinal axes coinciding. The two pairs of

‘housing* holes were machined-accurately so that the two pairs of torsion

bars could lie in the same horizontal plane but normal to each other.

Immediately above each hole, a small 4 mm dianeter hole was drilled to accept

dowell pins needed to secure the torsion—bars.

(c) Support Ring

The shape and dimensions of the support-ring are shown in Fig. 543.ce

Two bore-holes were drilled in the suport ring to house the second pair of

torsion—-bars thus providing the link with the intermediate ring. Two holes

for dowell pins were drilled in the support ring immediately sbove the two

"housing" holes. Sie

Six holes were drilled along the perimeter of the support—-ring so that the

gimbal could be fixed firmly to the distance-ring (Section V.3.iiea).
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2eiie Providing Stiffness to the Models

(a) ‘Torsion Bars

Torsion bars, incorporated into the gimbal (Section V.2 i), provided

the necessary model stiffness. Two different pairs of torsion—bars, each

pair containing identical bars, were machined from a 12.7 mm diameter

duraluminum rod. The torsion bars were each of overall length 50.8 mm.

A central 25.4 mm portion of each bars was machined equally from opposite

sides to form a flat, central slab. The appearance of the bars

(Appendix 5B).

The thickness, t, and breadth,b,of the central "flat' portions were

calculated using a procedure outlined in Appendix 5.Be The values of ©

+t and b that were obtained were as follows:

Pair of torsion—bars ist 2nd

Connecting elements Central block Intermediate
intermediate to support

ring

Direction of longitudinal axes In-line

Direction of model deflection Lateral In-line

Required natural frequency of model (Hz) 10.22 9-08

Breadth, b, (mm) of each bar Nope aL OST, 12-7

Thickness, t, (mm) of each bar : 4,04 3.73

The bars were held firmly in their housing by the 4 mm diameter dowel pins.

Dowell pins chosen because, while providing excellent firmness in holding

the torsion bars, they could be removed easily when required. This allowed

different pairs of torsion bars to be substituted to give different external

stiffnesses to the models.
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(») Strain—Gauges

From each pair of torsion-bars one bar was strain-gauged with a Tinsley

torque-gauge, Type TK9/50/P/c, (Appendix A). A double pair of these

torque-gauges was used in each bar so that

( i) temperature-compensation was obtained

(ii) 2 rullepriage network, as opposed to a half-bridge was

used. This enabled the output sensitivity from the strain-

gauge bridge to be doubled (Appendix 5.C).

The two chosen torsion—bars had the gauges bonded to one flat side. Sheathed

wires were soldered to the four junctions of each strain-gauge pair for

connections for the input and output of current.

The strain-gauges were connected to circuit-elements in the amplifier and

demodulator units of a S E Laboratories Type 429 Carrier System (Appendix A)

+o form a bridge-network. The wiring diagram is shown in . Appendix 5.C.

The theoretical analysis of the relationship between torque exerted on

the strain-gauges by the bars undergoing torsion and the resulting output

from the strain-gauge full-bridge network is given in Appendix 5.C.

The mode of operation of the carrier-system was to feeing the bridge net-work

from a low-frequency carrier of 3 kHz. The bridge was adjusted for balance

so that, as long as the strain-gauges were wistteasea! no output signal

was produced. The application of torque on the strain-gauge changed its

resistance (Appendix 5.C) and ‘,unbalanced the bridge so that the latter

produced a proportional amplitude-—modulation on the carrier signal. This

was then suitably amplified and demodulated. The output was recorded

either digitally with a DV M or AS an analogue signal on a magnetic tape

recorder, The signal was also displayed on an oscilloscope.
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2eiiie Attachment Linkage

The model was attached to the gimbal with a lining-system. This contained.

(i) two plugs, one-for the square cylinder and the other for

the circular. The plugs fitted into the base of their

appropriate models,

( ai) the spacer, by which the models were raised to the required

heights above the floor of he wind tunnel, and

(iii) the spacer-link, connecting the spacer to the gimbals.

(a) Spacer

The spacer (Fig. 54.b) was designed

( i) to securely link any one of the two models to the centre—block

of the gimbal,

( ii) +o raise the models to their correct height above the floor of

the tunnel, modelling the plaza in the full-scale building

Gection V.1.iisa).

The spacer was machined from duraluminum to the dimensions given in Fig.

After the spacer was made, two further requirements became apparent; these

were:

(iii) that provision should be made so that the square model could

be tested at various flow incidences while the axes of vibration

(governed by the orientation of the -gimbal) remained the same,

(iv) that the gimbal should not be housed in a recess cut in the

lower surface of the wind-tunnel, which would have meant the wind

tunnel losing some of its structural strength.

Much time had been spent in constructing the spacer. It was therefore

decided not to build another incorporating these further requirements

but to make a few simple modifications.
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Requirement (iii) was satisfied by making two different plugs, for

insertion into the square-and circular models.

To satisfy requirement (iv), a 'spacer-link' was built. It connected

firmly the spacer to the central block of the gimbal. The plug, spacer

and spacer—link, when in use, formed a'thick' sandwich between the model

and gimbal.

(bv) Plugs

A square plug, 69.5 x 69.5 mm was machined from a 15 mm thick duraluminum

slab (Fig. 5.4.c). One horizontal face of the plug was machined to give a

raised circular area, 2 mm high and 69.5 mm in diameter. The remaining

depth of 13 mm of the square plug was inserted into the bottom of the square

model, The plug was secured to the model with four grub-screws, one on

each of its vertical sides.

The models had to be tested at varying angles of incidence with reference

to a fixed system of axes (Fig. 4.5). The axes of vibrations of the models

were governed by the arrangement of torsion bars with respect to the wind—axes

(Section V.2.i).Incidence effects therefore had to be examined by rotating

the model relative to the gimbal,

This was achieved by milling-out four grooves, in the form of a circular arc

of radius 22 mm, subtended an angle of 6° to the centre. The machining

required two separate operations. First, the grooves were sunk to a depth

of 8 mm using a 7 mm diameter drill. Than a 5 mm drill extended the grooves

right through the plugs.

The plug was fixed to the upper surface of the spacer element by inserting
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a grub-screw, through each groove, and screwing it to 'fixing' holes in

the spacer. If the screws were loose, the plug (and indirectly the model)

could be revolved relative to the spacer. The lip, made by the two separate

milling operations, was used to catch the head of the gub-screws. This

enabled the plug to be securely fixed to the spacer.

The circular plug (Fig. 5.4.c) 72 mm in diamater and 8 mm thick, was

machined from duraluminum, Holes were drilled and threaded in it. The

plug could therfore be secured to, both the circular model and the spacer

element.

(c) Spacer-link

The spacer-link (Fig, 5.4.a) increased the separation between the spacer

and the gimbal. This allowed the top surface of the gimbal to lie slightly

below the bottom surface of the wind-tunnel floor. In housing the spacer—

link, care was taken in cutting the hole through the tunnel floor, and the

clearance between the spacer link and the edges of the hole was kept to a

minimum.

The spacer-link, machined from duraluminum, was a disc 15 mm thick and

95 mm in diameter, The lower 3 mm of the disc thickness had its outside

diameter reduced to 84 mm to give a slight clearance between itself and the

intermediate ring, when the model was vibrating.

The spacer and the spacer-link were fixed to the centre—block of the gimbal

with four grub-screws, each 32 mm long. Each screw passed through coincident

holes 8 mm in diameter in the spacer—link and the spacer, and was then screwed

into a threaded hole in the centre—block of the gimbal.
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V.3 Damping and Housing Rig

3ei- Damping System

Damping was provided by electro-magnets generating eddy currents in a copper=—

plate, connected indirectly to the vibrating models, (Appendix 5D).

This method of damping has been shown [7%] to generate a satisfactory

representation of required structural-damping for models. It also has

other applications [77]. i ‘

One end of a thin-walled aluminium tube (Section Ve ied ) was attached

to the centre-block of the two degree-of-freedom gimbal. A circular copper—

plate was fixed with a collar (Fig. 5.6.a) +o a position along the

longitudinal axis of the tube. With the tube hanging vertically from the

centre-blok of the gimbal, the copper plate ‘lay in a horizontal plane.

The plate passed between the Dele of a pair of electro-magnets (Section V.3-i.c)

The complete assembly of the damping-system is shown in Fig. 5.5.

(a) Tube and Collar

The aluminium tube of outer diameter 254 mm and 3-2 mm wall thickness was

457m fone (Fige 5e6.a).
- Bach collar (Fig. 5.6.b) , machined from a duraluminum bar, was attached

to the tube by two grub-screws, tightened directly against the outside surface

of the tube.

A collar was attached to one end of the tube, and screwed to the lower

surface of the centre—block of the gimbal. The other collar fixed the

copper—plate to the tube. This collar could be fixed at any station along

the tube, allowing the position of the copper plate to be varied, if required.

(b) Copperplate

The circular copper—plate (Fig. 5.6.a) was cut from a 1 mm thick plate.
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Its diameter of 254 mm was wide enough to let the disc pass through the

pole-faces of two electro-magnets. Two segments of the copper plate, lying

near the periphery of the plate but at opposite ends of a diameter completely

cut the magnetic field produced by the two electro-magnets.

(c) Electro-magnets and Power—Supply

Two electro-magnets, Type C, made by Newport Instruments Ltd were

used. Their technical specifications are given in Appendix A,

The electro-magnets were mounted inside the case and fixed with bolts. They

were placed on opposite sides of the case but with their corresponding pole—

faces in the same horizontal plane. They were mounted so that they were

skewed at 45° to the mean wind—axis (Fig. 4.5). This is shown in

Fig. 5e7e Given the use of only two electro-magnets, this configuration

was taken to distribute as evenly as possible the damping influencing the

cylinder motion in the in-line and lateral directions.

The gaps between the pole faces were 7.5 mm, large enough to allow the

motion of the copper—plate between them, but small enough to allow strong

magnetic fields be set-up between each pair of poles.

Power was supplied to the ilaat comaceneta from a Newport VR 3 DC supply

power—pack (iepenaise A). ~~ . Variable damping was induced on the motion

of the copper plate by varying the input supply to the electro-magnets,

thus changing the magnetic flux between the poles.

The electro-magnets were cooled by pumping water around the electrical

coils. The water, contained in a tank was re-circulated
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through the coils using a 12 V de water pump. A manifold system,

made from PVC tubing, carried the water and distributed it evenly

between the two electro-magnets.

3eiie Support Rig

‘the model protruded through a hole cut in the floor of the wind-tunnel

(Fig. 5.9). , To minimise air-leaks, the hole had an all-round clearance

of only 6 mm with respect to the spacer=link (Section V.2.iiiec).

The gimbal with the model mounted on it was placed on a supporting rig

placed outside the wind-tunnel but immediately below the hole in the

tunnel-floor. The rig (Fig. 565) consisted of a distance ring, a support

plate, a cast-aluminium ase and a welded support table.

(a) Distance—Ring

The distance-ring was machined from’a redundant pulley. The

cast-iron pulley was in the form of two circular discs connected by a smaller

diameter core. The discs were 310 mm in diameter and 64mm thick.

The core was 12-7 mm long and 175mmindiamter. A hole, of 150mm diameter

was bored along the longitudinal axis of the pulley. This allowed the

duraluminum tube of the damping system (Section .¥.3.isa) to be connected to

the centre—block of the gimbal (Section Ve2eied)e

Metal packing was inserted between the outer support—ring of the gimbal and

the top surface of the distance ring to give clearance of approximately 8 mm.

This allowed the centre—block and the intermediate ring of the gimbal to move

freely without touching the distance-ring. The distance ring was not bolted

to the support-plate (Section V.3.ii.b) butonly held securely in place with
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four CT clamps (Fig. 5.11) to allow the gimbal system to rotate

with respect to the co-ordinate system of the air-flow (Fig. 4.5).

(bv) Support—plate

The support-plate was machined from a mild-ste®l plate. I+ had dimensions

of 355-6 x 304.8 x 12.7 mi (Fig. 5,8) and was fixed to the

cast-aluminium case (Section V.3eiieb) by four bolts.

The upper surface of the plate had a circular recess 2 mm deep. The recess

thus helped to rotate the distance-ring (Section V.3-ii.a) and hence the

gimbal. This allowed the axes of vibration of the models to be linedup

with the wind-axes,

To measure the orientation of the axes of motion of the models w r.t the

wind-axes, two coincident scales were marked on the distance-ring and the

support plate. The ring was securely fixed to the support plate with the

C clamps.

(c) Cast-aluminium Case

While housing the damping-system (Section V.3ei) the cast-aluminium

case (Figs 5.7) also held the support plate and its contents (ie model,

gimbal). The support-plate was bolted firmly to the case.

As the case was too low to cover the distance between the tunnel floor and

laboratory floor, it was placed on a support—table (Section V.3-iied) and

clamped with four G — clamps, -

(a) Support Table

The support table was a welded construction of a thick

mild steel plate 510 x 510 x12.7m° supported by three splayed-out

legs. At the end of each leg thre was a screw-adjuster to allow the table
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to be raised, lowered and leveli¢d. The legs were placed on rubber absorption

pads to reduce the transmission of external vibrations to the gimbal and

models.
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‘ VI GENERATED TURBULENT FLOW

This chapter is concerned with the analogue and digital analyses of the

structure of the generated turbulence (Chapter IV), The first section deals

with the results obtained and the second with their interpretation.

For the sake of convenience, the different generated flows are denoted

ast

(a) Smooth (S$) = ie with honeycomb flow straightener at wind-

tunnel entry.

(b) Turbulent (T) - ie flow generated with the elliptical vortex

generators, castellated.

(c) Turbulent with impressed profile (T,) ie as in (b) but with

the addition of the Cowdrey grid,

Superimposition of the bi-planar screens (Section IV.2.ii.d) on flows

S$, T and Tg are denoted by the addition of the identity number of

the soreen, For example, screen 1 with turbulent flow T is indicated

ry T+ (1). *
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VI.1 Results from Analogue Analysis

1.i- Velocity Profiles

Analogue measurements were made-of the velocity profiles using the total

head rake (Section II.1stied).

From the velocity profiles obtained in the working section, many parameters

defining the nature of the various generated flows were deduced. These

parameters, taken from profile measurements, were the power exponent, <,

the surface drag coefficient, Cy the roughness length, 4? and the macro ‘

Pipconesige N, The method of obtaining these from the velocity profile

plots is given in Appendix 6.A, Using the values of these parameters

as a guide, the mixing devices (vortex-generators, grids, floor roughness

and screws) were changed during preliminary experiments to achieve the best

possible ABL flow simulation.

The results obtained in this way are discussed below in the order in which

the preliminary experiments were made.

(a) Cowdrey's Grid

A grid designed to give a power exponent of 0.143 to the velocity profile

was placed across the mounth of the wind-tunnel. For convenience, the

simulated flow within the wind-tunnel is called the generated boundary

layer (GBL). The velocity profile obtained in this way is shown in

Fig..6.la. There are two distinct profiles which blend together to

give the full profile. The lower velocity profile, which extends up to
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approximately 0.3 of the working-section height, has properties (Table 6.1)

suggesting a power exponent near the theoretical a" but it has very low

surface shear properties. In fact, using Sutton's criterion for roughness,

Eqn 4.45, the macro-viscosity, N, indicated a smooth-surface flow.

The upper 0.7 of the GBL has an exponent of 0.22, similar to a value given

by Shellard (78] for metropolitan London. Shellard, however, obtained

this exponent using the so-called effective heights defined by him as,

‘the height at which the anemometer would register a speed equal to that

actually observed if there were no obstructions in the vicinity'. It seems

more appropriate to use Davenport's (s+J value of 0.40. The surface—

drag coefficient is much lower than that given by Davenport (54) for

an urban terrain, but the full-scale surface roughness,

(3), = 345m.

is much nearer the value quoted by Davenport (Fig. 4.2). The full-scale

value is derived from the model scale value by using Jensen's criterion for

modelling (Eqn 4.8) and the ‘length scale factor, given in Eqn 5.2.

(») Vortex-generator System

Using the vortex-generator system (elliptical vortex—generators and

castellated barriers), the profiles (Fig. 6.1.b) and the velocity profile

characteristics (Table6.1) were quite similar to those obtained from the

grid. No marked improvement was, therefore, obtained,

(c) Wocterscanameton System and Grid

The Cowdrey grod was re-designed for a power exponent of 0.4 (Appendix 4.A).

Using the vortex-generator system as well as the grid,improved profiles (Fige

6.1.¢ ) were obtained. These profiles, however, did not show the merging of

two distinct profiles, even though the velocity-profile characteristics

(Table 6.1) were much closer to the values hoped for (Section IV.1.4).
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(c) Vortex-generator System, Grid and Surface Roughness

In order to eliminate the lower profile which covered about 0.3 of the

GBL and to make the upper profile continue down to the tunnel floor surface,

it was decided to introduce roughness (Section IV,3.iii) to provide the high

shear stress required at the surface. ‘This was done using evenly-distributed

roughness elements which eliminated the lower profile and mede the upper

profile continuous (Figs 6.4d). The flow parameters obtained by this method

(Table 661) show good agreement with the values of X and Cp, hoped for.

It should be noted, however, that a much larger value for the roughness length,

39 was obtained. It is assumed that this is the result of the large

scatter of values near the surface. Since, according to Sutton's criterion,

the flow is rough and the power exponent of the mean velocity profile is in

agreement with that found over an urban environment, no further refinement

in mean-velocity flow simulation was considered necessary.

(e) Vortex-generator System, Grid, Surface Roughness and Bi-planar Screens

As the intention was to examine the effects of turbulence characteristics

of flow on the models, the bi-planar screens that were to be used (Gectieh/e
were tested in conjunction with the above system. The introduction of the

screens at the mouth of the tunnel produced.no marked change in either profile

or mean velocity flow characteristics (Figs 6.he and 64-7). The only

effect on the mean properties of the flow was to reduce the operating velocity

range of the wind-tunnel.

1.4i. Turbulence Intensity Profiles

Turbulence intensity profiles of the incident-wind were measured at the

model station using a straight hot-wire probe, DISA 55F31. The probe

was clamped to a retort stand with the probe axis along the downwind

x-axis while the wire axis was normal to the mean wind (ie the axis lay

along the z-axis). Turbulent intensity profiles were determined by traversing

the clamp along the vertical retort stand.
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The hot-wire ‘signals, corresponding to the velocity of

the turbulent wind, was processed using the DISA equipment (Section IV,1 Ne

The hot wires were linearised to give a voltage output of 1.0 V for a

mean wind speed of 10 m/sec.

DC and RMS componenté of the output voltage signal corresponding to mean

and fluctuating components of the wind velocity were read on DISA 55D31

and 55D35 Voltmeters, respectively. The time-constant of the instrument

was set, so that, after about three time-constants, fairly steady readings

could be obtained. Because of the high turbulent intensities (20%) sometimes

encountered, the time-constant used in both meters was “v 30 seconds.

Although it was not easy to take steady readings, because of the high

turbulence of the flow, approximate profiles were obtained. Figs 6.24

shows the change in intensity when the honeycomb was replaced ne the

EVG system and later when Cowdrey grids were added. For comparison, a

theoretical curve is given using Eqn 4.13 and Davenport's values of

e¢ and Cp, for an urban environment (Fig. 4,2) as well as those

obtained from the mean-velocity profile plots (Fig. 6.1 ).

Fige 6.2,b. shows the profile produced when the roughness elements : (Section

IV.2.ii.ec) were introduced into the system comprising the EVGs and Cowdrey's

grid. Theoretical curves ‘are again given for comparison,

1.14114.Frequency Domain

Frequency domain analysis of the output from the hot-wire anemometers

were made with the use of the Brtlel and Kjaer (B and K) Type 1612, 1/3ra

octave analyser (Section II,3.4ii). For freqencies from 20 Hz to 2 kHz, the

analysis was on-line. To analyse frequencies below this, the signals were

recorded at 95.25 mm/sec. and then played back at a speed of 762.0 nn/sec.
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With this speed change, analysis of the energy content of frequencies down

to 2.5 Hz was possible.

Many analysis were made this way, although each took up to 45 minutes.

Even then, the scatter in the low-frequency region was so large, that it

was doubtful whether any useful information could be obtained. This scatter

was due to two factors; the highly turbulent nature of the generated flows

and the low damping of the internal meter of the spectrum analyser,

An example of a spectrum so obtained is shown in Fig. 6,3,

Fige 6.3 shows that the points obtained with analogue analyses

generally fell near the results obtained by digital means.

Digital analyses of auto—power spectral densities indicated (Section VI.2)

the following:

(a) Reproduction of the spectra obtained by digital means

means were excellent,

(») The time taken to make the analyses was cut down dramatically,

sometimes by a factor of 10,

(c) Analyses of the energy content of very low frequencies,

(to 0.25 Hz) was possible.

Analogue analyses of power spectral density estimates were therefore

replaced by digital analyses.

4.iv, Time Domain

The hot-wire anemometer signals were analysed using the DISA Time Correlation

Analysis (TCA) system (Section I11.3.4i). Fige 6.4 shows an example of an

auto-correlation plot.
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Like power spectral density analysis, auto-correlation analogue analysis

also took a long time. In the case considered (Fig.6.4. ), the

maximum time delay was 100 msec. To prevent sudden turbulent bursts from

overloading the pre-amplifiers of the TCA system a long intergrating time of

30 seconds was used. The total time taken for analysis was 10 minutes.

A comparison between plots was made with the auto-correlation plot obtained by

digital means. Since good agreement was found it was decided that digital

analyses should replace analogue analyses for time-domain measurements.

VI.2. Results from Digital Analyses

In order to determine the structure of the turbulence in the generated

boundary layer, two DISA 55F31 straight hot-wire probes were used. The axes

of the probes lay along the mean wind direction, with the wire-axes vertical

The probes were placed at the model station, with the models removed, at heights

of 450 mm (wire A) and 300 mm (wire B) from the wind-tunnel floor, I+ was

considered necessary to monitor only these two points as the character of

turbulence measured (4/6 = 0.75 and 0.50) would give a representative

pioture of the generated flow.

The signals were conditioned before recording them on magnetic tape using

the Sangamo-West tape recorder (Section III.1).

Using two DISA 55 DO1 signal conditioners (Appendix A ), the hot-wire

signals had most of their DC component backed off. The resulting signals

were then amplified and filtered using the low-pass filter set at 1 kHz with

the roll-off set at 18 dB/octave. This cut-off frequency and rate was

considered adequate because analogue analysis (Section IV.1.iii) of the signals

using a Brilel and Kjaer 1/3 octave analyser, indicated very little energy content

above 1 kHz. Also, as the signals were recorded through FM, the tape recorder

acted as a low-pass filter by filtering components above 1 kHz when recording
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at the usual speed of 95.25 mm/sec.

To obtain digitised data values for analyses, simultaneous analogue-to—

digital conversions were made (SectionIII.2.iisb) with the magnetic tapes,
back at a speed of 95.25 “mm/sec, Depending on whether the interest

was in the high-frequency or low frequency regions of fluctuations,signals

were pre-filtered at 1 kHz or 200 Hz respectively using the DISA signal

conditioner as a low-past filter.

To satisfy the Nyquist criterion and to avoid aliasing (Section III.2) the
respectively,

sampling rate was set at either 2500 samples/sec or 500 samples/sec kL In

all cases, the signals were amplified to cover the + 10 V quantising range

of the EAI 680 analogue computer in order to minimise quantising errors

(Section ITI.3.i.b).

Many flows with different combinations of turbulence generating devices were

tested, for conciseness in presentation, but because of lack of space, only

a few representative cases are given here (Table Be2)o

2ei. Amplitude Domain

For amplitude domain runs, a sample of 4096 points per signal was used.

The sampling rate was 2500 samples/second.

Using sub-routine PROB (Appendix B) the probability distributions of

these signals were then made. In addition, PROB also calculated skewness

and kurtosis of the digitised data (Section III.3.i).

The probability distribution curves so obtained are shown in Fig, 6.5,

The plots also show the amount of skew and kurtosis of the signals.
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Table 662 gives values of the mean (nearly equal to the magnitude

of the backed-off DC value), the runs, skewness and kurtosis.

2eii. Frequency Domain

The spectra were calculated using the Fast-Fourier Technique implemented

in programme EARL (Section IV.3.ied) and was Hanning filtered.

The available bandwidth was covered in two stages. ‘The higher range (1 Hz

to 1 kHz) was obtained by dividing each record into 100 consecutive

blocks of 2048 data points. The sampling frequency was 2500 samples/sec.

The signal was low-pass filtered at 1 kHz with a filter having an 18 aB/

octave roll-off.

For the lower range (0.2 Hz—* 200 Hz), the signal was re-sampled at 500

samples/sec. Each record was divided into 36 frames of 2048 samples.

In all cases, the sampled values were stored in disc for subsequent analysis.

According to Eqn 3.30, a spectra computed from 100 frames indicates

a statistical error of 10% while it is 17% for 36 frames, The spectra

computed for the lower range had inherently more scatter than the composite

spectrum, However, the agreement between the two in the two decades where

they overlapped was shown to be ery ecole The higher range was, therefore,

treated as the basic spectrum with estimates from the lower range used only

to extend its bandwidth to 0.2 Hz.

The auto-spectra of the turbulence signals were plotted in the form of

non-dimensional energy, log n-G0)/6e against logarithmic frequency, leg ne.

This form gave weighting to the high-frequency range of turbulence, where

the energy was relatively low. Examples of such spectra are shown in

Fig. 6.66
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An example of the coherence between the two hot-wires, A and B, is shown

in Fig. 6.7

2eiii. Time Domain

The auto-correlations of the turbulence signals were obtained by performing

an inverse FFT on a ‘Spectra. To avoid circular correlations aie
pefore the spectra were_computed, each frame was only half filled with real

data values, the rest being all zeros. The first half of the resulting

auto-correlation curves are shown in Figs 6.8.

VI.3. Discussion

This section discusses the significance of the results obtained in the

previous two sectionse,

3.ei, Velocity Profiles

The velocity distributions obtained without any surface roughness on the

tunell floor but with flow-mixing devices in combination or alone, showed that

two distinct profiles existed through the GBL (Fig, 6.\-a). The over-all

velocity distribution therefore had, in effect, an upper and lower profile.

The transition in profile was not continuous but abrupt and occured at about

0.3 of the tunnel height when measured from the wind-tunnel floor.

On examining the values of the mean flow parameters (Table 6.1), the lower

profile appeared as a smooth-flow regime when Suttons criterion of macroviscosity

(Section IV.1.i) was applied, This was also confirmed by the low values of

the power exponents, the surface drag coefficients etc. The upper profile,

however, was more representative of a rough region. The value of the macro—

viscosity indicated a rough flow, and the surface roughness length when scaled

up (Section VI.2.i) satisfied Davenport's criterion for flow over an urban



terrain. The profile exponent, <, on the other hand, though satisfying

Shellard's criterion (Section VI.1.i.a) did not satisfy Davenport's (Fig. 4.2).

Similarly, according to Davenport, the extrapolated surface drag coefficient

was much too low.

It seems probable that the reason for a rough-flow upper region and a smooth=

flow lower region might be that the flow-mixing devices imparted a momentum

deficiency to the top 0.7 of the GBL. The flow near the bottom 0.3 of the

GBL, on the other hand, did not have any devices near the floor of the tunnel

in order to destroy “some momentum from the fluid flow after it hed

re-attached some distance down stream behind the castellated barrier.

The addition of surface roughness produced a remarkable improvement by

removing the two distinct profiles in any one of the earlier wind-velocity

distributions thus giving an over~all smooth profile (Figs Geld, @, f). The

power-law exponents obtained from these profiles (Table 6.1) corresponded

closely to those values quoted by Davenport (Figs 4.2). In addition,

Sutton's criterion of macroviscosity indicated a definite rough flow. The

surface drag coefficients were also of the right order (Fig. 4.2). and the

only deviation from mean flow properties seemed to be the surface roughness

lengths. This was probably because it was impossible to monitor the wind-flow

distributions closer to the tunnel floor and because it was necessary to

extrapolate from measurements made at points relatively further away from the

tunnel floor. As stated earlier, this did not make it possible to satisfy

totally Jensen's criterion for modelling (Eqn 4.8), but it was felt that

the main requirements for mean flow exponent and surface drag coefficients

were quite satisfactory.
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5.44, Turbulent Intensity Profiles

With EVGs or EVGs and a Cowdrey grid placed in the flow, the longitudinal

intensity profile had a uniform value of about 10% from about a quarter of

the tunnel's height (Fig, 6.2a).

Davenport's theoretical curve suggests intensities of about 15-20%. In the

lower quarter an even greater difference appeared with the theoretical curve

predicting intensities mich higher than 20% then the experimental curves lay

petween 10 and 20%,

Addition of roughness elements made the turbulent intensity profile in the

lower quarter much nearer to the predicted theoretical values but the smooth

upper profile obtained previously was distorted, indicating low turbulent

intensity (10%) in the half-way region of the profile. In the lower quarter,

however, there was good correspondence with the theoretical curve based on

Davenport's values for @ and Cp,

a

»3.dii. Amplitude Domain

Within the limits of accuracy in which full-scale measurements are termed

Gaussian, inspection of the normalised probability density function plots

(Fig. 6.5) of the logitudinal fluctuating velocity in SBL are also Gaussian,

These and other amplitude probability density plots for velocity fluctuations

give negligible skewness values, though they deviate slightly from a theoretical

normal distribution in being somewhat flatter (kurtosis ~ OST) s
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3.iv. Frequency Domain

Harris's proposed theoretical form for the spectra of the atmospheric

velocity fluctuations in the longitudinal direction (Section IV.1.ii.b)

were evaluated according to the method given in Appendix 6,6. These

theoretical curves were superimposed on the spectra obtained experimentally

(Fig. 6.6.

If integral length scales of turbulence was used, there was no close.

correspondence between the theoretical curves and the experimental curves,

they agreed in form. This result was not unexpected, since the semi-empirical

theoretical forms diverge even from full-scale atmospheric results.

On the other hand, Kaimal's empirical form for the longitudinal velocity

spectra (Section IV.1.iieb) show a good fit, By using the modified frequency

point ny where "U is the intercept of the extrapolated inertial sub-range

spectrum with the w.G,(n)/6&=! line, all the spectra were brought

into coincidence on the -2/3 line. Table 6.3 shows the

variation of n; for the various flow conditions tested.

All spectra showed two distinct regions. The first, where the spectral energy

‘varied as wn y is shown on the w Gln)/q curve as a plateau region. Within

this region, strong production of turbulence energy takes place (s7].

ea

.The second region, where n-Gim/6o variedas NN , is the inertial

sub-range in which ) is unimportant and € is the determining physical

parameter {s7]. For the purpose of illustration, . lines with an

index of - 2/3 have been superimposed on auto-spectra curves (Fig. 6.6.

It can be seen that, although there is close agreement with the

. (23



dimensionally correct - 2/3 index, where indices are specifically determined,

slight departures from — 2/3 can be found. These departures may be merely

a statistical uncertainty in the determinations, or they may be a consequence

of some input or extraction of turbulent energy in the range of frequencies

considered, a circumstance which,in similarity theory,is assumed not to occur.

Various length scales ‘of turbulence may be defined. Bearing in mind the

difficulty in interpreting these values (Section IV.1.ii.d), the scales can

give a qualitative feel to the turbulence structure.

Using Eqn 4.16, an integral scale length, Ly, is found to be

Ly = 0.04 Upgp/n. These values are given in Table 6.3,

Caution must be exercised when using the first point in. supposedly

stable spectra to determine scale length. Fig. 66.1. shows that

such a definition would give wrong results as the spectral

energy, after passing the plateau, started. to increase again.

A further scale, Ly. , may be defined by

Cees s| Menove
where Mag, is the peak-eneroy Prequency pointe

From a theoretical analysis of Eqn 4,15, it is shown that

Ry mw ENE

This result was verified experimentally.

In conclusion, it was decided that an adequate representation had been made of the

spectrum of the longitudinal velocity fluctuations with the ABL within the

simulated boundary-layer in the wind-tunnel.
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3.ve Time Domain

Figs 6.2% show the exponential decay. Of the auto-correlation curves,

characteristic of turbulence signals. Ideally, the curves should initially

drop off steeply and then decay towards zero as the time-lag ct becomes larger.

These auto-correlation curves, however, did not behave this ways Even though
went

there was an initial steep decay, the curves ‘below the horizontal time-axis,

attaining negative correlation values.

This implies that the signal record was not long enough.The maximum time—lag

Asnae? considered here was only Soe msec. This means that a longer record

was necessary for an auto-correlation curve which finally

decayed to zero. This could have been achieved by reducing the number of

groups into which the digital record was divided, giving more correlation

points. This procedure, however, would have resulted in less statistically

acourate estimates, since the auto-correlation function was calculated from

the spectra via inverse FFT.

It is useful to note that the original analogue DC back-off and the

subsequent digital removal of any residual mean DC level successfully

resulted in R(t) not having a positive bias for large Ct.

Calculating the exact integral time-scale of turbulence from these curves

was difficult, but a time-scale of turbulence could be estimated from these

curves, This was achieved by shifting the origin of the time-axis

(ie, horizontal axis) to the point where R(t ) = R’ for large values of t

Re-scaling the correlation values so that R(O) = 1 with respect to the new=

origin and estimating the area under the auto-correlation curve and °

the new axis gave the new time-scale. Table ©-5 gave such estimated values

and comparison could be made with values obtained from the corresponding

auto=spectra (Section V1.3.iv).
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Care had to be taken in interpreting these scales bearing in mind

the reservations given in Section IV.1.died.

3. vi. Comparison with ESDU Parameters.

The 'correctness' in modelling the generated boundary layer was evaluated

by comparing it with the general description of the atmospheric boundary

layer.given by Ingineering Science Data Unit (ESDU) , London. All the

generated flows were compared with ESDU data. The generated flows that

were finally used showed adequate correspondance. For example, the flow

generated by the vortex-generator system with the Cowdrey grid,in the absence

of any bi-planar screens (i.e. T, flow) was compared with ESDU parameters

with the following results.

(a) Velocity Profile Exponent («)

The power law exponent of the GBL, Ts, was 0.39 (Table 6.2). This compared

favourably with the value of 0.35 quoted by ESDU Item No. 72026 for centres

of large towns and cities with concentrations of very tall building blocks.

(b) Surface Roughness Length ( 2, )

ESDU 72026 quotes a value of ( Zoe 1.5 m. The simulated value ( 2), of

1.253 x 10° m. (Table 6.\), is therefore too high if the length scaling

of 12850 (Section V.1.ili-) is used. To determine whether the high value of

( 2 re was because the zero-plane displacement, d , was neglected, a

curve of U/Unt vs. 2/6 was plotted (Fig. 6.\.4). d/§ can be seen to lie

between 0.0 and 0.05. Assuming that d/S took the maximum value of
 0.05,

the profile data was re-fitted to the logarithmic law ( yn 4-2 ) over :

the ‘expected logarithmic region -. From this plot, the estimate of

( 20), Os37x 10° m. was obtained. indicating ( >)" 3.1 m., much higher

than the quoted value of 1.5 m. This value of 3.1 m., however,
 was near

to the value of 2.7 m. obtained by Counihan in his simulation [eq].
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(c) Turbulent Intensity Profile.

Using ESDU 74031, an expected full-scale profile was drawn ( Fig. 6.2-b),

The experimental curve corresponded to the full-scale profile in the

lower region of the generated boundary layer. In the middle region, however,

the experimental profile was less ( by I = 5%) than the full-scale, but

it was slightly higher in the upper regions.

(a) Probability Density Distribution

According to ESDU 74031, atmospheric turbulence can generally be considered

"normal' or 'Gaussian'. Deviations from this distribution sometimes occur,

however, when theeturbulence contains 'patches' of a significantly non—-

Gaussian nature. Fig. 6.5 for L shows that the probabilty density distribution

was, in general, Gaussian, though with a slight skew and kurtosis (Table 6.2 ).

(e) Frequency Domain

ESDU 74031 suggests a Von Karman spectral equation of the form

n-Gutn) _ aK

o> (1470.8 K*) Te
wher hen. Dy/ 0 sufficiently represents the full-scale spectrum of

the longitudinal velocity of atmospheric turbulence under strong-wind,

neutral conditions.

The above equation was fitted to all the experimental spectra so

that there was a good overall fit to the spectrum points. Fig.66. for T,

shows that the experimental spectra followed the above spectral form very

closely.

(f) Length Scales of Turbulence

From the above equation, it can be shown that

Ly = 0-456 G if Wenax

Once the Von Karman equation was fitted to the experimental points, the

value of nat which the curve had its peak value was determined. Thus

the length scale Lz was calculated. These values are recorded in Table 6.3.
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These values show good correspondence with the length scales obtained

by other methods.

Comparison with design full-scale values, obtained from ESOU Item 74031

indicated that the length scales of turbulence obtained in the wind=

tunnel were about four times smaller than those found in the atmosphere.
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VII VIBRATION MEASUREMENTS OF MODELS

This chapter describes the measurement (Section VII.1) of the model

vibrations, the results obtained (Section VII.2) and their analyses

(Section VII.3). The apparatus and procedures have been dealt with fully

in previous sections, Reference will be made to the relevant sections,

when necessary.

Section VII.1 describes the method of estimating the induced structural

damping. Descriptions of various combinations of models tested in

generated flows with different characteristics are also given. This

section also describes the calibration of the strain-gauges for sub~

sequent analogue analyses.

Section VII.2 gives a selection of the results obtained. Only amplitude

domain results are given for analyses using analogue techniques because

of the difficulty experienced in analysing the other two domains. To

overcome this, digital analysis is shown to be a powerful method of

analysing the narrow-band random signal responses obtained from the model

vibrations. All three domains, amplitude, frequency and time,are analysed

using digital techniques.

Section VII.3 gives a discussion of the results obtained in Section VII.2

and uses both analogue and digital results to describe the various

response characteristics of the different models excited by differently

generated flows. Additional data on the wake structures are introduced

to explain certain phenomena more fully. Part of this section deals with

the difference in response of the models with only one degree of freedom

of movement (ie lateral only) compared with two degrees of motion.
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VII.1 Measurements

1ei Structural Damping

External damping was introduced into the vibrating model system by using the

electro-magnetic damping system described in Section Vedeie

The amount of damping, proportional to the magnetic field strength of

the electromagnets, was controlled by adjusting the strength of the

input current fed into the electro—magnets.

At constant current inputs, the models were displaced in still wind

conditions. Decay in the amplitude of the vibrations picked up through

the strain-gauge system (Section V.2.ii.6) were amplified and recorded

using an ultra-violet (UV) trace recorder (Appendix A). Examples of

such traces for vibrations of the models in both the in-line and

lateral displacement directions are shown in Fig. 71.

Using traces such as these, the logarithmic decrement (log dec) of

damping, &, for various input currents, t amps, were obtained for the

square and circular models. Ey were calculated from the traces using

the methods described in Appendix 7sA. The ‘area’ method described in

Appendix 7.A was used as the standard method with the other methods

used as checks, The variation of 3, versus ( for the square model

is shown in Fig. 7.2.

Jeiie Calibration of Strain-gauge Output

The models were attached in turn to the gimbal system. The strain-

gauge responses were calibrated by applying horizontal loads through

a pulley system to the top of the oylinders. The horizontal loads,

applied at the top of the models, were either in the lateral or in-line
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directions and the corresponding voltage values from the strain-gauge

system were noted. The tip displacements were measured with a Wayne-Kerr

deflection meter (Appendix 4). The meter worked on a principle of capacitive

measurements with the capacitance proportional to the gap between the test

surface and a flat-faced probe.

A calibration curve of tip deflection versus strain-gauge output voltage

is shown for the square cylinder in Fig.7-3-

4eiiie Testing Configuration

Tests were made on the square (Sq) and circular (C) cross-sectional

models. The rotation of the square model by 45° with respect to the

incident mean-wind flow enabled the testing of a ‘wedge’ (W) model con

figuration.

The models were free to vibrate in two mutually perpendicular

directions. The gimbal was set so that a model mounted on it could

vibrate either in-line with or lateral to the mean wind direction. For

convenience, vibrations in these two mutually perpendicular directions

were called ‘in-line’ or ‘lateral’ vibrations. Models free to vibrate

in the two mutually orthoginal directions were referred to as two-

degrees-of-freedom (2 DOF) models and models with one direction of

vibration suppressed as(1 DOF) models. For the results shown in this

chapter, the 1 DOF is free to vibrate in the lateral directions with

the in-line vibration suppressed (Section Ve2eied)

Vibration tests were made in three basically different flow con-

ditions described in Chapter VI.
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1eive Analogue Measurements of Vibrational Characteristics

From the large amount of data gathered, only those test runs which

indicate important characteristics are shown and discussed in this

chapter.

The mean and fluctuating output voltages obtained from the amplified

strain-gauge signals were monitored on DISA DC and RMS meters (with time con=

stants of 30 secs)They represented the static and fluctuating components

of the amplitude of vibration of the various models. Because of the

tendency to fluctuate with a random periodicity, each amplitude

reading was obtained by monitoring the signal for a period of about

120 seconds and noting a consistent maximum value.

As expected, mean DC value of the in-line vibration signals were two

orders of magnitude greater than the corresponding lateral oscilla—

tions. Therefore, mean DC values for lateral oscillation ware neglected,

4eve Digital Analysis of Vibrational Characteristics 4

Because of the inadequacies of the available analogue techniques

(Section II.3), frequency and time domain analyses were made

digitally.

The signals, representing the vibrations, were recorded on magnetic

tape at a recording speed of 95.25 mm/sec for subsequent digitisation

and analysis. The signals, before recording, were amplified and low-
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pass filtered at 25 H, (with a roll-off of 18dB/octave) using DISA

55D26 signal conditioners (Appendix A).

From analyses of the decayed amplitude traces (Section VII.1-i) the

minimum and maximum structural damping values (Fig-7-2) for the

square model were found to be

Eos = 1.522 10%

ends eee 5.67 x 105

since Sz~ 2e, (Appendix 5.D.)

This gives Q@-values (Appendix 7.A) of

Quur = 33

and Qunoe = 9

using the natural frequency of oscillation of 9.6 Hz for the square

cylinder (Section VII.3eiieb).

Using the definition of Q-values given in Appendix 7.A ,

half-power band-widths, 3nQ ywere obtained for low- and high-damping

CAa8CB.

Therefore (Boas = > 0629 He

and (Brad | 1009 Hz

In the case of digital estimates of narrow band response spectra, in

addition to the standard error (Eqn 3-30), an additional bias error,

€,\ 24] » Was introduced.
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It was decided to analyse the signals so that an ‘effective’ resolution

band-width of

Sn 0.125 Hz

was obtained.

From a graph of §n,/5, versus ©, (34), the bias errors were

estimated to be less than 4% and 1% for the low and high~damping cases.

Thus, the resolution of digitisation was considered adequate.

Because of the length of record available, only 36 frames were averaged

for each spectrum. This gave a theoretical standard error of €,='7 |oe

Therefore the errors involved in spectral estimation for the cases of

low and high damping were 21% and 18% respectively.

To speed up analyses, the tapes were played back at a speed of

& = 762 mm/sec, giving a speed-up factor r( = Re /Re) of 8.

contents

Pre-analysis showed that the signals did not contain any significant energyX

above 25 Hz. Because of the speed up, the DISA 55D26 low-pass filter

was set at 200 Hz (8 x 25 Hz) with a cut-off rate of 18 dB/octave.

The speeded-up signals were digitised at a sampling rate of f, = 500

samples/sec. For each frame of data, 512 samples were obtained.
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Because of the speed-up factor, all frequencies were multiplied up by a

factor of 8. Hence the true resolution band-width was

Sele ifs sue 200
rN Cazuote

= 0.122 Hz

Table 7:! describes the various model/flow configurations which are a

representative sample of the many test runs that were digitally analysed.

The results obtained from this sample are discussed in Section VII.3.

VII,2, Results

2.4. Damping

From the values of structural damping, & » obtained (Section Vil.1- i)

the non-dimensional damping coefficient, & , (= 285/93 ) could be

evaluated, since, for the

square model, am [(,2>) = 5-483 x 10?

circular " , “ = 14938 x 10?

wedge Wee 3 = 2.742 x 10?

where m is the modal mass per unit length and } is the width of model

face,

2eii- Analogue Measurements

The mean and fluctuating values of the strain-gauge signals obtained

from various model and flow combinations were converted from voltages

to tip displacements using calibration curves such as Fig. 7-3.

The values were then normalised by ) , the width of face normal to the
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‘mean wind direction, to give non-dimensional displacements,

The various curves of mean and fluctuating amplitudes of vibration of

the models are shown in Fig.7-4 for the square model, Figs 75 for the

circular model and Fig. 7° for the wedge model.

2eiii. Digital Analysis

For each signal, 36 frames of data, each containing 512 numbers, were

obtained. The data was acquired by simultaneously sampling the two

channels containing the lateral and in-line vibration signals for each

test configuration. Amplitude, frequency and time domain analyses were

_ then made for each signal by using the digital analyses computer

programme (Appendix B) discussed in Chapter III.

For joint probability density analyses a frame of 4096 samples per

signal was taken. The number of samples was limited by the amount of

core space available in the ICL 1905E computer during subsequent analysis.

In addition to the auto-and joint-probability density distribution

(Section II.2.iee), two further distributions, the cumlative probability

density distributions and the distribution for the envelope of

fluctuations (both described below), were evaluated for the vibration data.

(a) Amplitude Domain - Results for Individual Records.

From digital analysis in the amplitude domain, Table 7-1 was con—

structed giving mean, variance, skew and kurtosis values for both in-

line and lateral oscillations of the various cylinders in the many

cylinder/flow/damping configurations that were tested.
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The normalised probability density distributions of lateral and in-line

amplitudes of vibration for the square and circular cylinder are shown

in Figs 7.7 and 7.8 respectively.

(b) Amplitude Domain - Cumlative Probability Distributions

The amplitude response obtained from the square-section model,

oscillating with 2 DOF in the turbulent shear flow, Tes was analysed

for three different cases;

(i) low structural damping, 5; and high reduced velocity, Uy;

(44) high 8 and high U5 and

(441) low §& and low U, .

Using the subroutine PR¢B (Appendix B), the mean components were

removed from each signal, leaving the fluctuating in-line,

x(t) » and lateral, 44; components. These in turn were normalised

by their standard deviations, 6, and 6y, to give fluctuations,

X= *'/E,

and Zye< a/ sy

having zero means and unit variances.

Excitations caused by the response of structures to a forcing turbulent

wind, in both the in-line and lateral directions are usually assumed to

be independent, This is because the excitation mechanisms in both

these directions are different. The amplitude probability density

distributions of these individual deflections, can also be shown to be

Gaussian (Figs 7.7 and 7.8).

According to Melbourne (7d, the majority of cases of structures

oscillating under wind action deal with a lightly—damped system
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oscillating at one fundamental frequency. It is therefore more relevant

+o express the probability distribution in terms of up-crossings rather,

than on a time basis.

The number of up—crossings per unit time of a stationary random process,

Zs is given by G7].

P(>z) = exp (-2 2)

where s has zero mean and unit variance.

The above distribution, which is Rayleigh, belongs to a class of dis—

tributions called Weibull [so]. The Weibull distributions are

represented by,

P78) = exp (-2/e) )
For a normally—distributed process, k = 2 ando = Ve.

Expanding the above equation gives

in {- ln P( >) = kings-kine

For a pure sine wave, k-pco while fora highly intermittent signal,

x ¢ 2(%).

The cumulative probability distributions of up-crossings for the dis—

placements 7Zx and Zy of the models were evaluated using SUBROUTINE

WEIBULL (Appendix A).

Representative cases of the cumlative distributions for the lateral

vibrations are given in Table 7.2 which contains values for the

square model in turbulent with shear flow for three combinations of
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wind speed/damping described at the beginning of this section.

Fig. 7-1 is a graph with the values in Table 7-2 plotted to indicate the

influence of speed and damping on the lateral vibrations of the square

models

Fig.7-|0 gives cumulative probability distribution graphs for the lateral

vibration of the circular and wedge models in turbulent with shear flow

with low damping and a mean wind speed of 9.5 m/sec.

(c) Joint Probability Distributions

The joint probability distribution between the two signals, lateral (2)

and in-line ( Zy ) were calculated from 4096 pairs of simultaneously-

sampled data values according to Section II 2.i.e,

Table 7.3 Oe joint probability distribution P(2x,2y ) obtained
from the digitised data using SUBROUTINE JTPROD (Appendix B).

For purposes of comparison, bi-variate normal distribution values,

obtained from Bendat and Piersol [34] are included (shown in brackets)

in Table 7.3.a-

(a) Envelope of Fluctuation

While information on the probability distributions of x and y are

suitable for wind-tunnel modelling, architects find it more convenient

to deal with the total vector fluctuations ("9 ) where

r= [ee +e ly)*

and a(b) = fact | Cer/yC4)]
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Suppose that the joint probability density distribution

PG) » is known

Then p (x04) -de-dy = P(r 1h@, vcos8) T.de-d®

where the Jacobian, = | _2(~.9)

2r.8)

oe p'(+.8) dv .A®= p (m9) du dy

= de exp f AG p) rae

=z or CS) a0

assuming normal and uncorrelated distributions.

Hence the probability of obtaining a displacement between Y and

veB¥ is,

pl(v)dee D. bi(v 8) de-AB= exp (-M*/>) Av

Considering Y to be positive,

P(r) 2 is bd v= exp (-“7)

The above Rayleigh distribution is similar to a particular form of the

Weibull distribution with k=2, ¢ =J2.

From the two simultaneously-sampled records, of 40% numbers each, (zy 28)

values have been calculated from (2x sty) values using the SUBROUTINE

VECTOR (appendix B). Using SUBROUTINE WEIBULL , P(r) has been

plotted in Fig.7-|2. for the representative case of the square model

oscillating in a turbulent shear wind flow.

(e) Frequency Domain

The digitised data of the in-line and lateral vibration signals of the

models in various flow configurations were analysed using the FFT



programme (MASTER EARL, Appendix B) to obtain frequency domain information.

The auto-spectra were plotted in the form of non-dimensionalised energy

Gv) |e against frequency, n Hze The data were also re-plotted

in the form of,

led .0h Cine} ve

so that any ‘echoes’ as well as the dominant natural frequency could be

seen.

These spectra are shown in Figs TAB-T-IS6

(f) Time Domain

Inverse Fonrier transforms were performed on the above spectra according

to the methods described in Section Ill. 3. iv, These correlation ourves

were put out on a graph-plotter controlled by the ICL 1905E. The

auto-correlation curve can be seen in Figs Jelo— 7018,

VII.3. Discussion of Results

Bede Analogue Measurements

In this sub-section, results obtained from analogue analyses of the mean

and fluctuating components of the lateral and in-line oscillations are

discussed. It must be remembered that all signal levels have been con—

verted to tip displacements and normalised by the width of face normal to

the mean flow. The value of the width for the wedge was taken to be

the same as for the square.
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(a) Mean Component

It was found that the mean component, if any, of the lateral component

in all cases was two orders of magnitude less than the in-line component.

Hence, lateral mean levels were neglected and the analysis is confined

to the in-line component.

Bele Effect of Wind Speed

For all models in different flows, an increase in wind speed produced

@ corresponding increase in tip deflection.

Qe2. Effect of Damping

The effect of increasing the damping was to reduce slightly the mean

tip deflection, irrespective of the model or the nature of the

generated wind.

&.3- Model

In similar flow/damping configurations, the square and wedge models

gave a strain-gauge signal with nearly equal means. The circular

cylinder signals, however, were much lower.

The normalised tip deflections were such that

1 Comasat) (eaceniae (circular)

aed. Nature of the Flow:

It can be seen that for all models, the nature of the generated flow

in which it was situated influenced considerably its in-line mean

response. The response was greatest in the turbulent with shear flow
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and least in smooth flows It is therefore very necessary in modelling |

mean in-line response that the flow simulated should not only be

turbulent, but that it should also have a shear profile.

(bv) Fluctuating Component

Inspecting Figs 7.4 =77. 6 and Table 7-1 it is possible to generalise ~

to some extent on the influence of various parameters (ie nature of

generated flow, damping, degrees of freedom etc) on the fluctuating

forces experienced by the various models.

bel. Direction of Oscillation

It was shown that the rms component for lateral vibrations was usually

much greater than for the in-line vibrations. The increase for low-

damping tests was usually between 5 and 10 times greater. This ratio

decreased to between 5 and 2 times as the damping was increased.

de2- Model Shape

From Fig. 7-4-7.@ it was seen that the normalised lateral vibrations

of square models were such that

Nee Pee

This pattern is shown for both smooth and turbulent flows. The square

model results were compared with those given by Whitbread and Scruton [3]

While showing similar trends, the values obtained were about half those

given by Uhitbread.s

The in-line vibrations followed a pattern similar to the lateral but the

differences in amplitudes were not so marked in smooth-flow conditions.

Dede. Nature of Flow

Changing the generated flow from smooth to turbulent drastically altered

the fluctuating response of all models. Both the lateral and in-line

rms values increasede
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But what is more important is that the response was greater in

turbulent wind with shear profile than in uniform turbulent flow.

This increase was greater in the in-line direction (20-40%) than in the

lateral direction (5-30%). Modelling in turbulent wind gave consistently

higher values for both fluctuating and mean deflections, m.s04 Np.e.?

if the flow had a mnoae profile impressed. Caution should be exercised,

however, as the T, flow had a turbulent intensity profile slightly

higher than the T flow.

beive Damping

The effect of damping was to reduce considerably the fluctuating

amplitudes of vibrations in both lateral and in-line directions.

6eve Degrees of Freedom

Figs 7:4-7-6 show the effect of restricting the movement of the models

to the lateral direction of vibrations. An interesting feature was

seen in smooth-flow conditions when the rms values of lateral vibrations

with two DOF exceeded the values obtained with one DOF. In some cases,

the variation was 100%.

3eiie Digital Analysis

This section discusses the results obtained in Section VII.2.ii for the

amplitude, frequency and time domains of the model vibration records.

Be Amplitude Domain

From Table 7.!, various characteristics of the lateral and in-line

vibrations were deduced. The mean and rms values were not normalised and

thus are given as voltages. It must be emphasised that the amplitudes

of oscillation had a tendency to fluctuate with a random periodicity

(Fig 7-'7) and this tendency increased with the more turbulent flows.

144



In direct analogue measurement, the procedure adopted was to monitor the

amplitudes over a long period of time with meters having a considerable

time-constant value (Section Il. 3). In digital analyses, however,

it was assumed that the fluctuations in amplitude were smoothed by re~

playing at high speed (r = 8) and sampling at a fast rate,

Bele Mean DC Component

(i) For all cylinder/flow combinations the in-line values were

approximately two orders of magnitude (10) greater than the

corresponding lateral values, confirming analogue measurements

(Section VII LS.e This was to be expected since the mean-

wind direction in all cases corresponded to the in-line direction

of motion of the cylinders. Consequently, the models registered

the effect of the mean-wind speed as a steady (DC) force only in

the in-line direction. The discussion on mean DC values therefore

concerns only the in-line DC component.

(ii) Runs (2) and (3) showed that an increase in damping

decreased the mean values, a result confirmed by analogue

measurements.

(iii) In &% flows, ie where the turbulence had a shear profile

impressed by the use of a Cowdrey grid, values

were about 20% higher than for the turbulent, T, case.

This feature can be seen by comparing runs (2) and (5) for the

square, runs (6) and (7) for the wedge, and runs (8) and (9) for

the circular models.
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B.2.

(iv) In similar flow conditions and equal damping $, , the

square and wedge cylinders gave signals indicating equal

mean tip deflections, while the circuler model had a value

about 50 % lower,

rms Component

(1) In all cases, the fluctuating (rms) component for lateral

vibrations was two to three times greater than for the in-line

vibration thus confirming analogue measurements.

(ii) An increase in structural damping decreased the intensity

of vibrations in both lateral and in-line directions. This is

confirmed by direct analogue measurements.

impressed

(iii) In turbulent withshear flow (T, ), the fluctuation of the

models was greater than in turbulent (T) flow. This variation

was greater in the in-line direction (20-40%) than in the lateral

direction (2-30%).

(iv) Under equivalent flow conditions, the square model had

greater fluctuation (rms) in tip deflection amplitudes than the

circular model which in turn had larger values than the wedge

model.

(v) With the in-line freedom of motion suppressed (ie 1 DOF

only), the lateral rms values of vibration were 20-40% greater

than in the 2 DOF case for all models tested in similar generat ed—
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Bede

Bede

flow conditions. This can be seen by comparing runs (2) and (15)

for the square, runs (7) and (16) for the wedge and runs (9) and

(17) for the circular model.

Auto-Probability Distributions

(i) Although the amplitudes of vibrations of both the lateral

and in-line oscillations of all models in different flows did

not indicate significant deviations from normal probability

density distributions (Fig.7.7-7:2 ), it was possible to detect

a@ slight negative skewness. Table 7./ shows that this negative

skewness was more marked with the imline oscillations than

with the lateral.

(ii) Kurtosis

There are slight deviations from the normal distribution for

both the lateral and in-line oscillation amplitude probability

density distributions (Figs 7-7). Results (Table 7.1!) show

that the distributions are flatter (kurtosis < 3.0) for the

lateral while being steeper (kurtosis > 3.0) for the in-line

oscillations.’ This is quantitative confirmation of the spiky

signals seen in the traces of in-line oscillations (Fig, 7.19).

Cumulative Probability Distributions (CPD)

Fig-7.7. shows the effect of varying structural damping and incident

wind speed on the CPD of the lateral vibrations of the square model.

The distributions could be represented over various Zy(= 4/64)
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- regions by straight-line segments. The discontinuity occurred at about

Zy > 2-7. In all cases, the value of the exponent k of the

Weibull distribution was less than 2.0, indicating the intermittent

nature of the vibration signals (Figs 7 9). This was because the

amplitudes had a tendency to fluctuate with a random periodicity. Fig.

7-4 shows that this tendency was more dominant in the less

structurally—damped cases. The influence of wind speed on the CPD was

negligible.

The wedge and circular models showed a similar intermittent nature of

their signals (Fig-7.(0 ).

a5. Joint Probability Distribution (JPD)

The JPD of the normalised lateral (y) and in-line (x) oscillation of

the square model in turbulent with shear flow, given in Table 7.3

were for various mean wind speed/damping configurations.

Table 7-3b shows that when the model had high structural damping there were

no significant departures from the theoretical bi-variate normal dis

tribution (Table T3-)6 As the damping was reduced, departures

from the theoretical distribution occurred, whatever the wind speed.

They also show that the fluctuations dominated more in the 2nd and 4th

quadrants (ie y40, x<O and y<0, x>O ranges) thus indicating some

correlation between the two exciting motions. Since the individual

lateral and in-line motions had amplitude probability dencities which

were near Gaussian (Section VII LS20i)5 the cause for the assymetry

in their joint probability densities seems to have resulted from a

correlation between the two motions. This observation, for low

~ structurally—damped model motion was in marked contrast to the
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assumptions usually associated with the vibrations of lightly-damped ~

structures.

Fig./.\lshows a photograph of an oscilliscope trace of the motion of the

square cylinder with low damping, and with the abscissa representing the

lateral oscillation and the ordinate, the in-line motion, The marked

preference for the 2nd and 4th quadrants can be clearly seen.

a6. Envelope of Fluctuations

From each simultaneously-digitised record for the lateral and in-line

vibrations, each pair of deflections (x,y) were converted to polar (r,@)

co-ordinates using the programme VECTOR (Appendix 8) t The number of

up-crossings for r and® have been calculated using the programme

WEIBULL (Appendix 8) .

Fig. 7-12- shows that, with high damping, the excitation given by the

absolute magnitude vector r was near a Rayleigh distribution

with the constants k= 2.0, C= 2.0. When the damping was low, whatever

_ the wind speed, departures from a Rayleigh distribution were indicated.

This confirms that, for the square model with high damping, the

assumption of independence between the in-line and lateral motion is

justified. However, for the low-damped square model, the two

motions are shown to be correlated,

Unlike the square model with low damping, both the circular and wedge

models gave envelopes of amplitude fluctuations which were quite

clearly Rayleigh distributed (Fig.7-12) -
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Frequency Domain

In this and subsequent sections all frequencies quoted have been converted

to refer to the model-scale values. These were obtained from the analysis

frequencies by dividing with the playback ratio, r., To obtain

_ full-scale project values, the frequency scaling, given in Section

had to be used.

General shapes of vibration spectra for the same tests showed differences

between the lateral and in-line oscillations. These were:

(4) The lateral spectra indicated a very narrow-band excitation

response. The Q-values obtained from these spectra (Appendix 7.A)

gave damping parameter values E very near to those taken as the

reference (Section Vil. - i). Table 7.4. gives a comparison

between the values of & deduced from spectra and those obtained

by other methods.

The in-line spectra, on the other hand, showed a much broader

band excitation response. The normalised peak value, Gl)/sTM

was about half that for the corresponding peak value of the

lateral spectrum. The in-line spectra were broader because

the energy appeared to have diffused into; frequency range below
that of the resonant (Fig-7-\8 and 7-'S ), wWhitbread(@# | also has

noticed this characteristic.

(ii) ‘The in-line spectra also indicated a possible

coupled mode. While the Qevalue (and hence 5)

calculated from the peak at the resonant frequency, matched

well the estimated ‘true’ € (Table 7-4), the =

computed from the coupled mode did not. The Q-value was
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lower for the coupled mode (estimated by extrapolating the form

of the ‘crinkle’ found at the coupled mode frequency). Hence §

(= 1/2Q) for this ‘extra-vibrating system (se) was much

higher (Table 7:4) . In estimating the damping parameter, £,

from Q-values,. therefore, care must be taken in selecting the

Q-value associated with the resonant frequency.

The lateral and in-line oscillation spectra shown in Figs TETAS are

discussed in detail below, in particular, the effects on the spectra

due to various changes in the test parameters. Subsection b.1

examines the lateral and b,2 examines the in-line spectra.

be1 Lateral Spectra

(i) Models

Figs 7.\3-c, 7:/4band7- ISgshow the oscillation spectra

for the square, circular and wedge models, vibrating in a

turbulent with shear 9) profile under minimum damping con-

ditions. All spectra show similar discrete peaks and these

peaks were taken as the natural frequencies of the various models.

These were, ~ (n, eg = 9.63 He

(nye = 1465 He

(np) = 9675 He

for the lateral direction.

Integrating the area under the cr) versus frequency,” ,

curve, the variances of the amplitude of the vibrations in the

lateral direction were found and are given in Table 7-/ for
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comparison with analogue-measured values. These values are given —

as raw voltages and have not been converted to tip-displacement ,

Similarly, the z values calculated for the models using the

half-power bandwidths, one (Appendix 7A) show good

correspondence to the reference values .CTable TAD«

(ii) Flow fj

Figs 7.13 show the spectra for the in-line oscillation of the

lightly—damped square cylinder in turbulent with shear, turbulent

and smooth flows respectively. The reference wind speed in all

cases was the same.

Similarly Figs 7.l¢ and 7-!§ show the spectra of lateral

vibrations in turbulent with shear and smooth flows for the

circular and wedge models respectively.

Spectra of the square model vibrations in turbulent with shear

and turbulent flows were similar, although the intensity of

oscillation was greater in the former case (Table TH!)

This is in line with analogue measurements.

The spectra for oscillations of all three models in smooth flow

conditions showed peaks at the resonant frequency, more sharply

defined than the corresponding spectra in turbulent flow. The

intensities of oscillation,however, were much less. All spectra

obtained in smooth flow showed a peak at an analysis frequency of
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50 Hze This is not a true model frequency of 6.25 Hz

(= 50/8 Hz). This peak was not caused by vortex shedding since a

spectrum of the wake structure (Section VII.4) did not show any

significant contribution at a model frequency of 6.25 Hz for any

model considered. This was verified by high-pass filtering the

speeded-up signal at 60 Hz (with a cut-off of 18 dB/octave) before

sampling. This filtering did not alter the peak value of the

50 Hz signal. It can be assumed therefore that the 6.25 Hz model

frequency peak was a 50 H mains pick-up. This did not signifi-

cantly interfere with the spectrum as its power was 22 dB down on

the peak resonant value.

Frequencies below the resonant contained more energy in smooth

than in turbulent flow. This can be seen by locking at Pig. 7.13

for the lateral spectra of the square model.

(iii) Wind Speed

The spectra for the square model with 2 DOF and with low damping

is given for two reference wind speeds of 9.32 m/sec (Fig.7.!3-¢ )

and 5.66 m/sec (Fig.7-\3-e) showing that the latter spectra

is much more well defined. To account for this, the wake spectra

were examined. For the 9.3 m/sec wind, while M = 9.63 Hz, the

shedding frequency ng = 14.63 Hz (Fig-7-21 ). For the 5.7 m/sec wind,

however, no = 9-63 Hzand n,= 9.63 Hz (Fig.7-21). Using

the Strouhal number obtained from n, for the 9.3 m/sec wind, Ys

for the 5«7 m/sec should have been 9.47 Hze The analysis band-

width should have resolved the 9.47 from the 9.63 Hze The lack of

@ peak at 9.47 Hz on the wake spectra (Fig.7-21) Wdteated that

the vortex shedding had been captured by the natural resonant
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oscillations of the model. This, therefore,might account for the

very sharply defined peak in the vibration spectra in the 5.7 m/sec

winds

(iv) Damping

For zero external electro-magnetic damping, Ris 15x 1077,

If the indicated natural frequency is and the true frequency isn,

then, from Appendix 7.4.

ni = 2 1-e

For the square model

n, = 9.63 Hz (Section VII.3.ii-b.1),
2

Sno= No- = 0,00t Hz

is not resolvable from the digital analysis. Hence

Nox ny

is taken as the natural frequency.

Figs 7-'3-4 show lateral response spectra for the square model in

turbulent with shear flow and with an applied damping of Srp =

5.674 x 10

An increase in § decreased Q and thus increased the half—power

bandwidth, Sn, (Appendix 7.4). ‘This effect can be seen quite

clearly by comparing Figs 7 .'3.d. The narrow band

response of the minimum damping case is broadened and the peak

value lowered. Because of this spread, it was difficult, though

not impossible, to distinguish the resonant frequency from the

cluster of peaks present. The © obtained from the lateral spectra

however showed good correspondence to the ‘reference’ value

(Table 7-4).
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(v) Degrees of Freedom

The spectra of the square with only 1 DOF (Fig.7-!3) is a much

narrower band response than the 2 DOF spectrum . 5

calculated from the 1 DOF spectrum, however, was within 10% of the

reference value (Table 7- 4), It should alse be neted From

Table 7. ! that the mean square intensity (obtained by integrating

the area under the spectrum) of the 1 DOF of oscillation was

greater than that for the 2 DOF oscillations. The « calculated

here differs from those obtained from auto-correlation curves

(Fige7-'6). This shows the difficulty involved in estimating &

from response spectra for low dampinge

be2 In-line Spectra

(i) Models

The response spectra of the in-line vibration of the three models

in turbulent with shear flow having the same reference speed of

9.4 m/sec is shown in Figs 7:13. —-7-\S,

All spectra showed two peaks, the natural and a possible coupled

modes

ie square:— N, = 963 Hz, coupled mode, n = 9.00 Hz

circular:= nS; = 17.5 Bz," *% " n=» 10.63 Hz

wedget— - Re = 9.25 Hz,. * "on = 9.63 Hz

The response from the square model was more discrete than from

the circular or wedge models. The mean square fluctuations

(non-normalised) followed the same pattern as for the lateral

with the strongest fluctuations occurring with the square and

the weakest with the wedge model (Table 7.])-

z calculated from the Q-values at the resonant peak point,

showed very good correspondence to the reference value

(Table 7-49: Values of & calculated at the coupled mode
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frequencies, however, showed significant departures from the "true?

damping by having high values.

(ii) Flow

By examining Figs 7-'S it is easy to see that in-line normalised

spectra did not differ appreciably in their shape for turbulent

with shear and turbulent flow. Spectra obtained in smooth flow

conditions, however, showed the corruption of the spectra by noise,

caused by the low intensity of the strain-gauge signals.

(iii) Speed

By examining Figs -1-'3 it can be seen that higher wind speeds

showed the natural and coupled mode frequencies very distinctly.

As the speed was reduced, the coupled mode frequency gave way to a

clump of peaks, centred at the coupled mode frequency.

(iv) Damping

As the damping increased, the difference in the energy content of

the two peaks became smaller (Fig-7-13 a It was therefore very

difficult to decide which was the natural frequency of the model.

As mentioned in the previous sub-section, the & values, calculated

from the Q-value associated with the natural frequency peak was

the estimate closest to the true value (Table 7-4).

Time Domain

As in the previous section, all values of time, and frequencies, quoted

have been converted to refer to the true model-scale values. True times

have been obtained by multiplying the analysis time with the playback

ratio, r (= 8). To obtain full-scale values, scaling, given in

Section V-\-! should be used.
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The auto-correlation curves for the lateral and in-line oscillations

for various model/flow configurations are shown in Figs 7.|b—7-!8 -

Brief descriptions of the test conditions are given in Table 7. | -

The resonant frequencies of oscillations of the models in both lateral

and in-line modes of vibration could be obtained from the auto—

correlation plots. They showed excellent agreement with these values

obtained from the auto spectrum plots.

All correlation ourves showed a ‘ripple’ modulation in that while some

peaks of the correlation curve were well defined, others were truncated.

This can be seen quite clearly in Fig.7.|6.f. In addition, the

correlation curves also showed a heavy co-sinusoidal modulation. Both

these effects were a result of the digital analysis technique.

The co-sinusoidal modulation is quite distinct from the linear decay

produced in the auto-correlation curves when biased, estimators for

R (7) are used. Since all auto-correlation plots have been produced

using unbiased estimators (Sectionll.3-ii:), there is no linear decay in

the curves.

This co-simusoidal modulation is the result of the FFT procedure.

According to Mercer [82], the co-sinusoidal modulation occurs

when the centre frequency of the signal does not coincide with an

‘analysis’ frequency (an ‘analysis’ frequency is defined as an integer

multiple of 1/5E where 2 is the time between successive samples).

The resultant spectrum then appears to have at least two frequency

components,, 42> both bounding the ‘centre frequency", Nc «

Since the two frequency components are separated by at least the

sampling bandwidth, Sn (= ni- n))s a@ "beat* represented as a co—
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sinusoidal modulation of frequency 5/2 is shows

The same arguments apply for tests made under maximum damping con—

ditions. Section VII.3.ii.lb showed that heavy damping removes the discrete

resonant peak and replaces it with a cluster of peaks, centred around

the resonant frequency, giving rise to heavily modulated auto-correlation

curves. This modulation is illustrated in Fig.7.1be , obtained from the

signal whose auto-spectrum curve (Fig.7.'34) showed the ill-defined

cluster of peaks.

The damping factor, s » was obtained from the auto-correlation plots as

described in Appendix 7.4. Care had to be taken in this analysis because

of the undue influence of various parameters on the resonant behaviour

of the various models (see below).

oa

Sub-section ¢.1 discusses in detail the lateral auto-correlation curves

and ¢.2 discusses the in-line curves. Unless otherwise stated, all

results are for the 2 DOF oscillations.

€e1 Auto-correlation of Lateral Oscillations

The effects of various model/flow configuration are discussed below.

(i) Models

Compare the auto-correlation plots, Figs 7.16,7:17 ana 7-1¢

for the square, circular and wedge model, without any externally

applied electromagnetic damping, oscillating in a turbulent

shear (1; ) profile flow.
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The damping parameter, 5 » was calculated from the auto—

correlation plots. Because of the co-sinusoidal modulation, it

was decided to use only the initial parts of the curve.

Correcting for the 'ripple* modulation by extrapolating to a

point the truncated peaks, and not using the 1st point since it

contained a meine component, the following estimates for

were obtained.

Seq = 10343 x 0"

$= 10353 x 10

§,) = 1.260 x 10

These values compare quite favourably with the reference

2

damping value of Si." 10518 x 10 «

All spectra showed the co~sinusoidal and the ripple modu-

lations even though their respective spectra (Figs 7 13-715)

indicated very narrow band peaks. This implied that the

frequency resolution, which was adequate to allow inter—

pretation in the frequency domain might not

be sufficiently narrow to ensure correct interpretation in the

time domain.

(ii) Flows

The auto-correlation curves obtained for the square model

oscillating in turbulent with shear, turbulent and smooth flow

conditions shown in Fige/lé were next considered.

Damping values calculated from these curves show that, while

ina Te flow corresponded closely to the reference value

obtained from the trace (Fig.7-| += in the turbulent and
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smooth flows was much lower, such that

os ey >>

5.E Sieg)” Sr > 5s

This indicated that a random forcing input, ie random wind,

should be used so that correct damping parameters could be

calculated from either time or frequency domain results.

Figs. 7.17 for the circular cylinder oscilla~

tions show that while & ee 5 » the discrepancy between 5h,

and Ee was not as great for the square model.

(iii) Speed

Figs 7.lb-c and 7. @.olshow the auto-correlation plots for the

square model with minimum applied damping oscillating in a

turbulent, shear flow ( 7; ) at reference wind speeds of 9.3 m/sec

and 5.7 m/sec respectively.

For the higher speed, the auto-correlation plot did not show the

heavy co-sinusoidal modulation evidence in the plot for the lower

speed. Inspection of their respective spectre, Figs 7.13.c.

and 7:!3-d.showed only very narrow band response peaks. There was

a complete absence of any corrupting secondary peak for the lower—

speed spectrum. Hence, this modulation for the lower-speed case

described above,

was not caused by the "beating' effect due to the FFT procedure,

The explanation for this modulation was sought by inspecting the

wake spectra in a smooth flow at a reference wind speed of

6.3 n/sec. This is described more fully in Section VII. 3. lve. These

spectra showed a peak at 9.63 Hz equal to the resonant frequency ~
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of the square model. It is possible that because of the limit of

the resolution bandwidth, the shedding frequency was slightly

different from the resonant frequency. This would lead to the

‘beat* modulation shown in the auto-correlation plot (Fig-7-lb.e)

for the low-speed case. This phenomenon of "beating", brought

about by the closeness of the vortex shedding to the resonant

oscillations of the model has been noted elsewhere C22),

(iv) Damping

Increase in damping tended to distort the very discrete, narrow

and response obtained in tests at low damping values. The very

discrete peak was replaced by a cluster of peaks, centred about

the resonant. This is seen in the auto-spectra, Figs 7-13 +

The loss of definition was reflected in the auto-correlation

curves for high damping (Figs 7:\¢—7?: 18) by the heavy co—

simusoidal modulation. If an estimate for the damping is to be

made from the auto-correlation curves, care must therefore be

taken to use only the initial period of the curve to prevent

distortions.

Taking such precautions, values of © were calculated for

maximum applied electro-magnetic damping. Table 14 gives

the values obtained from auto-correlation plots of the square,

circular and wedge models which compare favourably with the

oh

standard reference value (Seer) of 5.674 x10 »

(v) Degrees of Freedom

Restricting the motion of models from 2 DOF to 1 DOF in the
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lateral direction, changed the response of all models dramatically.

This can be seen by comparing the auto correlation plots for the

lateral oscillations with 2D0F and 1 DOF motion.

In all cases, the auto-correlation curves for the lateral vibration

with 1 DOF were less damped than for the 2 DOF case. As a comparison,

for the square model in turbulent with shear flow at minimum

damping conditions,

2

Soe 10343 x 10

-3
Bt 4e741 x 10

\ Dor

=2

with the reference damping of Seed 12518 x 10

This accounts for the very high fluctuation amplitude of the

models with 1 DOF compared to 2 DOF.

Ce2e Auto-—correlations of In-line Oscillations

All the in-line auto-correlations (Figs7.\-@) showed heavy co=

sine modulation; a consequency of the non—discrete nature of the

resonant responses.

Resonant frequencies could be deduced from the auto-correlation plots

but with difficulty because the low signal/noise ratio (compared to

the lateral oscillation) reduced the levels of the peaks with respect to

the first point, R(o). R(o) was relatively large because it

contained the noise component.

e {62



When the amplitudes of in-line oscillation decreased, as in the smooth

flow cases, the 50 Hz mains—"hum' was picked up. This is shown in

Fig-7.le.a, Therefore the auto-correlation plots of models in

smooth flow conditions (Figs 7-!6—-7- 8) are contaminated by this dominant

Unlike the lateral case, to get a realistic estimate of & from the in-line

auto-correlation plots, estimates had to be made by considering the

total record of the plots and not just the initial section of the plots.

These are given in Table 7.4 and show good correspondence with the

reference

As with the lateral oscillations, auto-correlation plots of experiments

made in smooth-flow configurations could not be used for estimating &

d. Coherence

The coherence between the lateral and in-line oscillations are shown

in Fig. 7-206 They indicate the following points.

(i) ‘The square model gave good coherence (~ 0.85) at the

resonant frequency in turbulent with shear flows. Decreasing the

reference speed from 9.3 m/sec to 5.7 m/sec did not alter the

coherence value.

(ii) Altering the external applied damping from low to maximum

decreased the coherence. In the case of the 8q/t, configuration,

the value decreased from 0.85 to 0.5.
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(iii) The coherence plot for the wedge model in turbulent with
\

shear flow did not indicate any dominant frequency.

(iv) The cylinder coherence showed a coherence of 0.7, not at

the resonant frequenoy of 1165 Hz but at 10.6 Hz. The 10.6 Hz

peak corresponded to the "coupled' mode frequency of the in-line

oscillations (Fig. 7-20-a).

(v) Coherence measured in smooth flow (Fige 7-20 ) showed

the dominance of the 50 Hz mains pick-up by both the lateral

and in-line oscillation signals.

e. Vortex Shedding

To explain some of the characteristics seen in the auto-correlation

plots (Figs 7-\6-7-'8 ), some simple wake measurements were made on

all models.

The two DISA hot-wire probes were mounted at heights of 2/S = O05

and 0.74 (Section VI. 2) in the wake of the models.

It was decided to look at the frequency range considered in the

vibration analyses, ie do — 25 Hz. The hot-wire signals were then

low-pass filtered at 25 Hz (roll-off rate of 18 dB/octave) and had most

of their DC contents backed off with DISA 55 DO1 signal conditioners.

The conditioned signals were then recorded at a speed of 95425 mm/sec

on magnetic tape.

For subsequent digital analysis, the tape was replayed at a speed of

162 mm/sec through the signal conditioners set up as low-pass filters
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at 500 Hz (roll-off of 18 dB/octave). The sampling rate was 1000

samples/sec. For each channel, 16 frames of data, each frame containing

1024 numbers were obtained. Power spectral density plots (Fig. 7-21)

were made and all PSD values above the analyses frequency of 200 Hz

were discarded.

In this way, the folding back of data below the 200 Hz point was

minimised. It should be noted that the analysis frequency range of

0 —> 200 Hz corresponded to the true model-scale frequency range of

0 -> 25 hae

The rest of this section deals with the converted model-scale

frequencies. The following points can be noted from the power

spectral density plots (Fig- 7:21).

(4) Any discrete vortex shedding in turbulent flow (Fig. 7-24)

was masked by the turbulence in the flow.

(ii) Wake spectra in smooth flow indicated vortex-shedding

peaks.

For the square, at oe = 9272 m/sec, ny = 14.63 Hz

This gave a Strouhal number, S = 0.1133 for the square model.

This value was at variance with the often quoted 0.!4+ for an

infinite square-section model C 3) » From the amplitude

response curve with reduced wind speed for an oscillating

square cylinder, Davenport (e3]oives a critical Strouhal

number of 0.116
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Using S = 0.1133, the vortex-shedding frequency at the

reference wind speed of 6.30 m/sec was 9.47 Hze But the spectra

for the particular test (Fig.7:2!) indicated a shedding

frequency of 9.63 Hze Since the resonant frequency of the square

model was 9.63 Hz, this indicated the possible capture of the

vortex shedding by the oscillation of the model,

(iii) For the wedge, spectra showed a shedding frequency of

106.5 Hze This gives a Strouhal » number of 0.1
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VIII DISCUSSION AND FINAL CONCLUSIONS

This chapter is aimed at presenting a cohesive and short summary of the

previous chapers and the final conclusions drawn from this study.

It comprises four sections: Section VIII — 1, a recapitulation of the

objectives of this research. Section VIII - 2, a review of the previous

chapters including any particularly interesting observations;

Section VIII - 3, proposals for future work arising from this research;

and Section VIII — 4, which describes the achievements of the research

and possible significant contributions made to the study of wind effects

on bluff bodies.

VIII.1 Aims and Requirements of the Research

The aim of the research was to compare the wind-excited response of a

bluff structure free to respond with two degrees of freedom with a

structure limited to one degree of freedom of motion.

To achieve this, tests were made in a wind-tunnel and the following

requirements had to be satisfied. The bluff body chosen was a model

of an existing tall building, and due care had therefore to be taken in

constructing the model, For the prototype the excitation is caused by

natural winds, and so a model of the atmospheric boundary layer had to be

generated in the wind-tunnel. The third requirement was to design and construct

@ gimbal system which would allow the model to move in two mutually ortho-

gonal directions or in either one direction. It was also necessary to

set up a random—data acquisition and analysis system to cope with the
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digital analyses of the fluctuating signals from the model deflections

and from the turbulence of the generated wind.

VIII.e2. Review

Qeie Chapter I

Chapter I began with a brief history of the destructive power of the

natural wind on man-made bluff structures, particularly tall buildings.

The section that followed defined the aims of the research and dis—

cussed the need for such an investigation. Finally, the mechanisms of

the dynamic response of bluff structures caused by wind-excitation were

discussed. Emphasis was placed particularly on square-section structures.

2eiie Chapter II

This chapter on "Analogue Data and its Analyses’ was divided into three

sections. The first dealt with the different transducers that monitored

the deflection of the models and the turbulent structure of the generated

wind. The second section discussed the standard concepts of random—data

signal analyses used for analysing the analogue signals given out by the

transducers. The final section concerned the analogue analyses

instruments used.

2.iii. Chapter III

Chapter III gave a detailed description of the setting up of a digital-

analysis system to analyse the structure of random signals.- The three

stages of digital analyses, acquisition of analogue signals, analogue-to—

digital conversion and the digital analyses,were described in great
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depth. In the section on analogue-to-digital conversion, a complete

description was given of the combined use of an analogue system and

a digital system,

2eive Chapter IV

Simplified descriptions of the atmospheric boundary layer under strong-

wind, neutral conditions were discussed in this chapter. A spectral form

for the longitudinal wind component of the turbulent wind, obtained by

Kaimal et _al (61) in full-scale conditions was suggested as a better form for

modelling than the more conventional forms suggested by Davenport (49)

and Harris (J. This was justified on the grounds that both Davenport

and Harris used length scales of turbulence, the evaluation of which

have been the subject of some controversy.

The remainder of Chapter IV described the design and construction of

the turbulence generators that were used to generate the model of the

atmospheric boundary layer under strong-wind, neutral conditions.

20Ve Chapter V

The design and construction of the experimental hardware used was

described in Chapter Ve. Section V.1 described the construction of

the models, designed to satisfy similarity with full-scale prototypes.

The next section, Section V.2 dealt with the design and construction of

the two-degree-of-freedom gimbal system upon which the whole investiga—

tion depended.

Section V.3 described the construction of the damping system used to

provide the necessary external damping to the models. The section

concluded with a description of the rig that housed and supported the

models, gimbals and dampers.

164



2evie Chapter VI

Chapter VI described the analyses of the turbulent structure of the

generated boundary layer. The results, obtained variously from analogue

and digital analyses, showed a good representation to the model of the

atmospheric boundary layer, described in Chapter IV. The use of Kaimal's

form for the full-scale longitudinal wind spectra showed excellent fit

with the simulated boundary layer, leading to the conclusion that Kaimals®

form be considered for any future simulation of the atmospheric boundary

layer.

2evii. Chapter VII

This chapter, contained the final results of the investigation. From

the many vibration results described, the observations, most salient to

the investigation were noted:

(a) It was shown that the damping parameter & for a model under

test can be evaluated either from forced-displacement traces in still-

wind conditions or from auto spectrun/correlation plots of the model

vibrating in generated turbulent winds. Values of = obtained using

these different Retheas showed very close correspondence with each

other.

(b) With zero applied damping, & showed a significant difference

between 2 DOF and 1 DOF, for all models. For example, for the square

model,

= OSS E
zg 1 Def 2 DoF

(ce) When the external damping was increased to the maximum, the

differences decreased, Considering the square model again,

Biocen Sia
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(a) In smooth flow conditions, = evaluated from spectra-corre-

lations did not show correspondence to the values evaluated from still-

wind conditions. There were no significant differences between §

caloulated from 2 DOF and g calculated from 1 DOF.

(e) The decrease in damping of the models when the in-line motion

was suppressed shown to significantly increase the lateral response 4

of all models in turbulent flows. In smooth flow, however, the

reverse occurs.e

(f) Joint probability density analyses indicated a correlation

between lateral and in-line motions. This correlation was seen to

decrease with increasing structural damping.

(g) Coherence analyses indicated high coherence between lateral

and in-line motions for low damping. This decreased as the structural

damping increased. For example, for the square model in turbulent

flow, oa 0.85 for low damping and La 0.5 for high damping.v v

(h) It was also shown that a shear profile impressed on a turbulent

_ flow increased the response characteristics of all the models more

than when the profile is not impressed. This affected both the

fluctuating and the static component. The largest percentage

difference was seen in the in-line component of vibration.

(i) Analyses of the wake structure behind the oscillating square

cylinder indicated a vortex-shedding Strouhal number of 0.113

different to the often—quoted value of about 0.14.
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_The results given in Chapter VII showed that, for a lightly—damped

structure with a small frequency difference between the principal axes

of vibration, coupling between the lateral and in-line vibration modes

occurred. This indicated a tendency by the lateral mode to re-distribute

to the in-line mode, the energy imparted to it by the turbulence of the wind,

VIII.3. Proposals for Future Work

On the basis of the research described here, further investigations

on the following lines are suggested.

(a) Work should be done on the influence of varying the frequency

difference between the principal axes of vibration and on the resulting

in-line/lateral coupling effect.

(b) The recently completed World Trade Centre has been instrumented

and tests are under way to obtain full-scale results. It would be

useful to compare the full-scale results with the values obtained in

this model study.

(c) Most of this work could be re-tested in a tunnel capable of

covering a much wider range of wind speeds. This would make

unnecessary the use of bi-planar screens to reduce the wind speed.

(a) More digital analyses could be made to replace analogue analyses

thus giving greater confidence to the results. This would require

an on-line digital analyses system.

VIII 4. Final Conclusions

Model testing is a powerful technique for assessing, at an early

stage, the performance of a full-scale prototype. The closeness of
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the results from the model tests to those from the prototype depend

on the correctness of the modelling.

In the past it has been thought that certain similarity requirements

do not influence the final results appreciably and can therefore be

neglected. One such assumption questioned here was that, since the

dominant response of a structure to a wind is in the lateral

direction, models can be constructed to vibrate with only 1 DOF,

“The investigation has shown that this assumption may be open

to question in certain conditions. It has been shown that,

under certain conditions coupling between the lateral and in-line

modes can take place. This coupling leads to an increase in

structural damping which is not indicated on 1 DOF model,

This results in the 1 DOF model showing larger amplitudes of lateral

vibration. A 2 DOF model therefore gives a more accurate representa—

tion of the prototype as it does not show inflated values of lateral

vibrations.

To sum up, therefore, care should be taken in model testing to use

models free to vibrate in the in-line as well as in the lateral

direction.

In conclusion, it is to be hoped that, with more testing and

verification of these results, practising engineers might look at

the possibility of increasing the damping of slender, tall structures

by decreasing the frequency difference between the principal modes of

vibration. This would encourage coupling to take place, thus re-

distributing the energy imparted to the structure by the prevailing,

turbulent wind.
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SEG

FLOW GENERATOR PROFILE EXPONENT SURFACE DRAG COEFFICIENT SURFACE ROUGHNESS MACRO-VISCOSITY FRICTION VELOCITY

he ft Cy, fon Zon N, N Ven Ue,
‘ x10 (m.) xio* (m*./sec) x10 (n/sec.)

Cowdrey grid

(&=0.143) 0.218 0.127 0.015 0.0028 Oke 0.0028 356 0.095 5455569.

Vortex-

generator(V.G)

system 0.23 0.41 0.017 0.0026 0.51 0.0028 42, 0.090 83.0!" 5252

V.G. system

+

Cowdrey grid 0.335 0.16 0.029 0.0039 43h 0.0166 | 143. 0.650 |107.0 39.2
(& =0.4 )

V.G. + C.Grid

+ roughness 0.39 0.039 41.253 28h. 226.

V.G. + C.Grid

+ roughness 0.45 0.083 1.60 164. 100.

+ Screen 2

V.G. + C.Grid

+ roughness 0.48 0.07% 1.89 165. 68.
+ Screen 3

Characteristics of generated velocity

TABLE 6.1

profiles obtained from Fig. 6.1
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RUN NO. |GENERATED FLOW] Uges | BACKED-OFF D.C. RMS. SKEWNESS KURTOSIS
G z, Su. em . ~, o,v, u, A s Bk BB 4A ‘4.8

m/sec : w. : x10*(Vv.) x 10

18 Tt 8.48 0.958 0.596 8.09 4.13 236 6. 3.09 2.60

19 q 7073 0.899 0.625 9.56 40k oO. 2. 2.88 2.58

20 T+) | 4.59 | 0.595 0.m12 7016 2.34 che +2. 2.52 2.5)

a4 T+ (2) | 3.07 0.439 0.325 4.29 2.19 156 -1. 2.91 2554

22 q+ (3) | 1.56 0.312 O.2h4 3.62 1.62 ye A 2.62 2.75

23 T 7.73 0.899 0.625 9.56 beh -56. -k7. 3.17 3.08

2h r a5 652 1.388 1.030 43.00 8.1 42 366 2.92 2.80

Note: All runs, except 23,sampled at 2500 s/sec, with play-back ratio, r=1
Run 23,sampled at 500 s/sec, with play-back ratio, r=8

Amplitude-domain characteristics of turbulent generated flows - a sample of the digitised runs

TABLE 6.2



SUC

LOW GENERATED| U H.W.A. | von KARMAN SPECTRUM] HARHXIS SPECTUM KAIMAL SPECTRUM| AUTO CORRELATION

z 3

n/sec Hz xid(m.) Hz x10(m) x10(m) Hz iO ta) xi6tsec) x10 *(m)

T 9.58 A 25.00 5.579 25.00 6.637 5.587 7.50 5.109
5.96 B 46,00 5.42h 16,00 6.452 5.434 5.00 4.768

Ty 13.88 A 38.75 5-245 36.46 6.594 5.550 10.27 5.406] 8.90 12.360
10.30 B 48.02 8,322 17.00 10.490 8.834 4.69 8.785] 6.81 7.019

v7 8.99 A 416.00 8.184 46.00 9.732 8.192 4.60 7.817] 8.57 7.707

6.25 B 12.56 7.245 13.07 8.282 6.972 3.76 6.649 | 6.83 4.270

1+ (*) 5.93 | A 4113 7.757 41.13 9.228 7.768 3.20 72443 110.46 6.202
4.12 B 9.48 6.328 9.48 7.527 6.336 2.73 6037 141.01 4.535

T+ (2) 4.39 4A 8.40 7.609 8.57 8.872 7.469 2.42 7.266
3.25 B 6.09 7.710 6.09 9.243 7.784 1079 72263

T+ (3) Bere, A 5.00 9.085 5.00 10.830 9.119 4.46 8.548
2 hile B 6.34 5.604 6.34 6,666 5.614 4015 a oeotT

T + (1) 72h, A 417.00 6.204 17.66 7.101 5.977 5.00 5.792

443 B 9.30 6.936 9.30 8.250 6.945 2.90 6.110

T + (2) 5.36 A 10.69 7.300 10.69 8.684 7.310 3.08 6.961
3.20 B 5.00 9.318 5.00 11.080 9.331 1675 7344

T + (3) 3.88 A 6.00 9.445 5.97 114260 9.476 1.67 9.293
2.43 B 4.00 8.845 4.00 10.520 8.857 1.13 8.602

= 15.01 A 53.30 4.100 49.19 52.850 4.449 17.66 34400
9.28 B 21.60 6.255 21.60 Theki0 6.264 6.47 52737

Length -sceles of turbulence of some cases of the generated flows, calculated using various methods

TABLE 6.3
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RUN NO, | MODEL|] D.0O.F.| FLOW U EXT. DAMPING} MOTION D.C BMS. SKEWNESS KURTOSIS

m/sec x10 V. x10 V.

2 Sq 2 az 9.32 None Lateral | 0.046 2.070 -0.023 2575
In-line | 4.660 0.762 -0.180 3.53

3 Sq 2 ze 9.32 Maximum Lateral | 0.046 0.886 -0.006 2.89
In-line | 4.640 0.397 0.275 3.55

k Sq 2 T+(2)} 5.66 None Lateral | 0.046 4.850 -0.006 2.59
In-line | 1.690 0.517 0.017 3.31

By Sq 2 t 9.56 None Lateral | 0.044 2.020 -0.007 2.47
In-line | 3.550 0.615 -0.080 35.14

6 W 2 T 9.64 None Lateral | 0.043 0.4418 0.009 2.60
In-line | 3.740 0.260 -0.196 2.92

iP Ww a ae 9.6 None Lateral | 0.042 O.5ky -0.010 2.47
In-line | 4.700 0.453 0.485 3.87

8 Cc 2 Ty, 9.40 None Lateral | 0.041 4.180 -0.008 2501
In-line | 2.430 0.624 -0.183 3.50

9 c 2 2 9.40 None Lateral | 0.040 0.757 -0.013 2.46
In-line | 1.980 0.399 -0.161 3.62

1D Sq 4 Ls 9.32 None Lateral | 0.036 3.620 -0.002 2,02

16 WwW 4 Tt 946k None Lateral | 0.039 0.672 0.001 2.535

17 c 1 T 9240 None Lateral | 0.038 1.910 0.004 2.26

Amplitude domain characteristics of model vibrations - a sample of digitised runs

7e1TABLE



U_ (M/SEC) 9.32 9.32 5.66

EXTERNAL DAMPING ‘None Maximum None

a= y'/6, P (> x)

0.25 28h, 87 85

0.50 68 075 71

0.75 256 263 oy)

4.00 AZ 252 046

1.25 03h ohh 236

4.50 26 036 28

1.75 +20 28 wee

2.00 16 +22 17

2.25 12 17 013

2.50 2098 013 2099

2.75 2077 209 .078

3.00 064. 066 2062

3.25 2051 2047 2047

3.50 2036 2037 2035

3.75 2026 2025 2025

4.00 020 017 020

4.25 2016 2011 2016

4.50 2014 0063 2015

475 20078 200K. .0088

5.00 0066 20034. 0066

Cumulative probability distributions for the lateral vibrations

of the Square model in turbulent with shear flow

TABLE 7.2
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Zy (Tn Lee)

-0000 .0005 .0012 ,0007 .0007 .0000 .0000 0000

20010 ,0027 .0027 .0066 20042 .0007 .0005 .0000

20020 .0059 .0190 .0420 20298 .0054 ,.0017 .N0nD

20017 .0110 .0454 .1680 «1490 .0271 .0049 .0000

4 3 “2 -I 0. +l +2 +3 +o sy (Laverac)

20005 .0044 .0208 .1200 | .1290 .0383 0073 .0005

1 (01165) (.0464)(.0073)(.0004)

20002 .0012 .0068 .0266 20486 .0188 .0066 .0027

=2 (20464)(.0185)(.0029)(.0002)

20000 .0002 .0010 .0039 | .0103 .0039 .0029 .0017
-3 (.0073)(.0029)(.0005)(.0000)

20000 .0000 .0000 .0015 | .0012. .0024 .0020 .0005

-4(.0004)(.0002)(.0000)(.c000)

4

Wind

Notes: Figures within brackets sre the theoretical values of. a

bi-variate normal distribution

Dees = 9.32 m/sec.

EXT. DAMPING: None

Joint probability distribution

for square model oscillating in turbulent shear flow

TABLE 7.3.a
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Tear = 5266 m/sec.

EXT. DAMPING: None

e0000 .,0000 ,.0002 ~.0002 i -0002 .0000 ,.0000 .0000
e0005 .0015 .0029 .0049 i .0020 .0012 .0005 .0000

«0005 .0049 .0261 .0444 i 20415 .0100 .0024 .0002

20010 .0090 .0542 .1370 | 21300 .0413 .0078 ,.0000

-+ 3 -2 -l o 3 4+—r%

20000 .0054 .0376 .1110 | 01180 .0505 .0059 ,0010
e0000 .0012 .0105 .0322 | ..0469 20225 .0029 .0007
-0000 .,0000 .0022 .0061 if 20085 .0051 .0000 ,.0000

-0000 .0000 .0000 0010 | 20027 .0015 .0010 ,.0000
—|

‘Ugee = 9,32 m/sec. |
EXT. DAMPING: Maximum

Se

-0000 .0000 ,.0012 .0010 | -0007 .0000 .0000 ,.0000

«0007 .0027 .0061 .0U88 | 20032 .0005 .0000 .0000

+0027 .0078 .0288 .0475 | «0337 .0054 .0002 ,.0000

20020 .,0085 .0415 ,.1380 01260 .0291 .0037 .0007

3 °2. -l Oo + hy

20002 .0037 .0242 .1360 | 01430 .0376 .0071 .0012
20000 .,0000 .0054 ,.0325 A) 20454 .0273 .0066 ,.0022
20000 .0000 .0012 .0029 it 20088 .0071 .0027 .0015

-0000 .,0000 .0000 ,.0005 T 20012 .0007 .0002 ,0002
cr

Joint probability distributions

for square model oscillating in turbulent shear flow

TABLE 7.3,b
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Damping evaluated from UV trace with model displaced in still-wind conditions:

Method Maxima Area Decay

Ext, Damping gxid

None 4.872 1.518 2.120

Maximun 5.193 567k 5.010

MODEL| DAMPING | FLOW Suto-spectra futo-correlation

Lateral In-line Lateral In-line
2D0F 1 DOF NORMAL EXTRA 2D0F 1 DOF NORMAL

= x 10

Sq | None tq 1.677 1.336 [ 1.560 3.367 [1.343 0.474] 1.245
s 1.518 4.448 0.627 é

c None tT 41.407 1-287 | 1.304 4.7h1 | 1.353
s 1.055

W None t 1.991 1.991 4.054 | 1.260

Sq Maxima} % 4.973 4.340 5.462 4.640

c Maximum} T, 5.595

Ww | Maximum] & ml 4.894

Sample of damping values evaluated by various methods

TABLE 7.4



APPENDIX 2A. CALIBRATION OF HOT-WIRE ANEMOMETERS

A formula, which is usually used for the calibration of hot-wire

anemometers is the empirical equation

where E is the mean voltage drop across the hot-wire for a mean flow

velocity U, normal to the axis of the wire. A,, 3B, and n

are constants made to fit the calibration.

A disadvantage of the above equation is that the assumption of a

linear relationship between aa and uv" has not always given the

desired accuracy in fitting a suitable curve to the experimental

calibration data. This has lead Siddall and Davies [@4] » among

others, to propose a second-degree calibration curve of the form.

Uap on ul

Davies and Patrick (85 ] have confirmed that the second degree

form gives good fit to experimental data for wind speed range,

0 <U (m/sec) < 160.

The hot-wire anemometers were calibrated using a DISA calibration

rig, 55 D42. The “turbulence intensity in the calibration flow

was given to be less than 1%.

The output voltage from the hot-wires was monitored on the DC volt-

meter, DISA 55D30. The dynamic pressure, and hence the flow speed,

was indicated by an inclined manometer, supplied by DISA.

Fig. * shows a calibration curve for a particular wire. The

excellent fit of the second order equation compared with the first

order can be seen.

23
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APPENDIX 3,A: ANALOGUE TO DIGITAL CONVERSION PROGRAM — ADCN.

Note: The ‘assembler’ programme of ADCN written by P Saward has been

'"microfiched' and is contained in a wallet at the back.

Flow Diagram for ADCN Computer Program

ere-———

| Restart

Point

Type:
No.of con

versions

Read No. of

iconvers ions

Type:

ADC

Channel

Read ACD

Channel No.

283



SELECT

CONSOLE 1 a

ENABLE

CONSOLE 1 TO

INTERRUPT

ENABLE

GPI 0, 1

CONSOLE TO

Ic MODE

=

WAIT

| SET-UP

~~ ANALOGUE

| CONSOLE

eS hs er ee

MUST GIVE

— ~| INTEGRATORS

| TIME TO REACH

[PROPER IC VALUES.

CUNSULE 10

PP MODE

LOGIC TO

RUN

SET GPI 1

POINTER

SELECT INT.

ISERVICE ROU-

TINE ACCORD.

j0.OF CHNLS.

SET GPI 0

POINTER TO

IADR. OF SEL-

ECTED SER.

BOUTINE.

0.5 sec.
>

284

FORM A TRAP

INSTR. TO

LOAD 'A' REG

WITH NO.OF 1s

—CHNL

wee ee ee

| THERE MUST BE ONE
INTERRUPT SERVICE

ROUTINE FOR EACH NO.

OF CHNLS, THAT REQUIRE

SIMULT. CONV:

THE START ADR. OF THE

REQUIRED ROUTINE

MUST BE SELECTED.



SET (B).

TRAP

INSTR.

RESET ALL

FLAGS

RESET

BUFFER cites

POINTER

NCH NL =

2's COMPLE-

MENT OF NO.OF

CHANNELS.

TYPE:

285°

COMMAND

CHARACTER

| _ — #_|LHYBRID_EXEC.

R RUN

T TEST

L LIST

c CARDS

P TAPE

s START

D pIsc



INCREMENT

RUN NUMBER

F
ENABLE

CONSOLE 1

TEST

SET (A)

TO JUMP

AHEAD
—A

TO INTERRUPT

|
COUNT = 2's

COMPLEMENT OF

NO. OF CONVER

SIONS

~

i
SET 0.C.L.

°

SET INDEX TO

BUFFER START

A.D.R.

SET K-REG.

TO ALLOW INT.

ON CHANNEL 0
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h
NO

ie

SET

Tor T/s |0.G.b. 8 ENTE 7

ALLOW |
INTERRUPTS

PROGRAM IS |
DIRECTED TO

INTERRUPT - |
ROUTINE VIA

WAIT FOR 22 POINTER _|
INTERRUPT [> —”

4

RUN MODE|TEST MODE]

INCRE- | JUMP —
MENT AHEAD
INDEX

INCREMENT

COUNT BY

1

COUNT

= 0?

YES [RESET INDEX
: TO BUFFER

START

287

—~-|

STORE RESULT

IIN BUFFER

INDEXED)

INCREMENT

INDEX

a ee

READ ADC

0/P REGISTER

STORE ADC

IN BUFFER

CINDEXED)

PUSH BUTTONINTERRUPT = > | INTERRUPT SER4
ERVICE ROUTINE LVICE ROUTINE.

EXECUTE TRAP DISABLE
INSTR.TO GET CONSOLE
NO.OF 1st
CHNL. TO Con- eee

vert

SELECT & |
CONVERT 2
1st.CHANNEL

(i THE ROUTINE
IS TO CONVERT

'N' CHNLS., THE

| tasr 3 BOXES
MUST BE INSERTED

Lov-1) Times,



|
DISABLE

CONSOLE

INTERRUPTS

TYPE:

BONE

CONVERT

RUN NO, TO

DECIMAL

CHARACTERS. |

TYPE:

RUN NO.
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TAPE

SELECT

H.S. PUNCH

SET TAPE

OUTPUT FLAG

( LIST )

ALLOT

LINE-PRINTER

PAUSE 2

( CARDS )

ALLOT

CARD-PUNCH

PAUSE 4

FLAG

PICK-UP ADR.

OF EXEC.ENTRY

FOR LINE-

PRINTER

SET CARD

PUTPUT FLAG

PICK-UP ADR.

OF EXEC.ENTRY

FOR CARD-

PUNCH,

{
6



SFT ADR. OF

EXEC. ENTRY

FOR DEVICE

GET NO. OF

CHANNELS BEING

OUTPUT.

CONVERT TO

DECIMAL

CHARACTERS

CONVERT RUN NO

TO DECIMAL

CHARACTERS

OUTPUT CONVERT:

ED CHANNEL AND

RUN ON SELECT

DEVICE

OCNT = 2's COMI

OF NO. OF CON-.

VERSIONS TO BE| -

OUTPUT FOR THI$ CHANNEL
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OPC = -8

1

SET BUFFER

POINTER TO

START ADR.OP

BUFFER

a

Y (2 ay rapesPate 

EACH O/P RECOR)

BUFFER POSN Sc gaaraROTEHACE Olea peeeeose enceWITH A WIDTH

OF 10, THE 0/P

BUFFER HOLDS 1

CHARACTERS &

MUST BE INIT-
GET DATA TALISED THUS:
WORD FROM CHNLS 1-3BUFFER | SPACES

5-6 0.

| 4 SIGN

7-10 NUMBER

LS eee

MAKE DATA

WORD(+)ve.

PUT A- IN

0/P BUFFER

SIGN POSITIO

CONVERT DATA

WORD TO SCA b |
FRACTION NO.

2A

PHAR. IN O0/P BUFFER

OUTPUT:

CONTENTS OF

0/P BUFFER.

INC. OPC

BY

2

OUTPUT:

CR/LF

TO SELECTED

DEVICE

INCREMENT BUF4

FER POINTER }—C

IBY NO.OF CHNLY.

b———-.i1



\i.o-erro

INC. OCNT

BY

1

NO ee

J YES

0/P CR/LF

10 SELECTED

DEVICE

Goran

INC. BUFFER pre Sen esa
Srinevan ADR. OF DATA

aye - ~cIFOR NEXT
[CHANNEL

Cera

MCHNL =

MCHNL + 1

No i

YES

RELEASE ANY

1905 DEVICE

TYPE:

DONE

2
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APPENDIX 3.86

SUMMARY OF PROCEDURE FOR ANALOGUE TO DIGITAL CONVERSION OF SIGNALS

1. Processing of Signals prior to Conversion

As Decide on the total number, N;, of digitised data required

per channel. The upper limit of Ny; is set by the buffer capacity

of the EAI 680 and’ by the available record length.

Assume that for minimising the digital statistical errors Gection III.3.

ii.e) , this output has to be divided into sy groups with N data

points per group. Thus

N = N 4
ir

B. Establish a sampling rate, {, , according to Eq 3-4.

If the resultant bandwidth

Sn = f5/N

is not sufficiently low/high for subsequent analysis, alter the

playback ratio, r (= playback/record speed 21), of the tape

recorder so that an apparent bandwidth

Swi a oo. Sn

is obtained.

The true bandwidth of analysis of the signal is then,

£

Oe otesI-

C. Filter the signals using a low-pass filter according to

Eqn 3.62 If the playback ratio, r # 1, alter the filter

settings according to Eqn 3-1. If the signal requires it,

use a high-pass filter (Section I1.2.ii.a).

De Amplify the signals so that their maximum peak-to-peak voltage

value occupies as much of the quantification range (+ 10v) of the

EAI 680 as possible.
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2.

E. Feed the resulting signals into the track/store amplifiers

of the EAI 680 after procedure (2.D.viii) given below.

Setting up the Hybrid System

A. Display [scilloscope

(i) Switch on.

(ii) Press selector I.

(iii) Press input 0.

Note: Steps (ii) and (iii) should be repeated for every

additional signal which is needed to be displayed on the screen.

That is to say, press selector II, input 1; selector III, input 2; ete

(iv) Set sweep time.

(v) Press parallax buttons (actually a vertical shift) until

the signal traces appear on the screen.

Be Monitor Oscilloscope

(i) Switch on by turning scale illumination knob clockwise.

(ii) Press pushbutton D.

(iii) Press COMPTR. SYC.

(iv) Set time base according to the sampling frequency

(1 m seo for f, = 500 Hz), '

(v) COUPLING setting - A.C. fast.

(vi) SOURCE setting - INT.

(vii) MODE setting — NORM.

(viii) Vertical amplitude: Trace 1 - Displays tracking/store

Set to AeC.

Range — 5v. div”

Mode — NORM

1

Trace 2 — Displays timing pulses

Set to A.C.

Range — 5v. div”

Mode — NORM

1

24



Ce EAT 680 Analogue Computer

1€9)

(43)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

(ix)

(x)

(xi)

(xii)

(xiii)

Patch PANEL according to the logio patohing shown in Fig- 3,1.

Engage PANEL.

MODE CONTROL setting — Re

DIGITAL setting —- 108

Set BCD counters to the value ony to obtain sampling

frequency.

Depress sense switch '0' for BCD counter to operate when

the 640 has subsequent control over it.

Set potentiometers (P10 and P11) for ramp test.

Press SP.

Press P10 = GO = 9999 — GO»

Press P11 = GO = 1000 — GO-

Press P/C-

Set integrating timer at 010 - 200 — 000 to control

integrating time for ramp test. ,

Set TIME SCALE to N = SEC.

Press A10 - GO,

When PP pushbutton is pressed, the continuous generation

of a ramp voltage from -0.9999 to +0.9999 can be observed

on the 680 console display.

End ramp test by activating PC switch on 680 consoles

Set time scale to N - MS for subsequent tracing of

signals on display oscilloscope.

_De EAI 640 Digital Computer

(i) (Call the multichannel A/D conversion routine, ADCN

(Appendix 3.1). This can be done by forced loading

into the hybrid loader the program written in paper
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(43)

(id)

(iv)

(v)

(vi)

(vii)

tape. The program has to be recompiled for every new

entry into the system but this can be avoided by having

the program on the permanent file of the 1905 ina

compiled form. For both methods the relevant instruction

manuals should be read.

To run program, type *1000G' on the teletype of the 640.

This is the starting location of the loaded routine,

Output on the teletype will then be 'Nf AF CANVERSIQNS'.

The required number of digitisations per channel, 'N,",

should then be entered on the teletype.

Output on the teletype will be "ADC CHANNEL'. The

number of the first ADC channel to be scanned, P ’

should then be entered on the teletype. For the present,

the three channels to be used are P2344) 5e

Output on teletype will be 'Ng gF CHNLS', The number of

channels which require sampling, starting with 'P', should

then be entered on the teletype.

The teletype will reply witha < <<, and will await

a directive. ~~

The sampling can be tested as follows:

(a) Patch the outputs from the RAMP GENERATOR into the

required ADC channels,

(b) Type ‘Tt.
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(wiii)

(ix)

(c) The track/store trace and the sampling trace will

appear on the monitor oscilloscope. Adjust monostables

00 and 10 on the 680 for the smallest possible interval

which gives a clear display on the soreen, This display

will indicate whether the sampling frequency is fast

enough (Section II1.2.4isb).

(a) The display oscilloscope will show the sampled test

ramp. Adjustment of the scope setting may be necessary

at this stage to obtain a good display.

(e) To end TEST MODE, depress sense switch, 1, on the

680 console. Then cancel switch, 1, by depressing the

sense switch to the right of it.

Remove the RAMP GENERATOR inputs from the Track/Store

amplifiers and replace them with the signals requiring

conversion.

The following directives can now be typed as one-character

directives followed by a carriage return. (If no carriage

return is typed a request for a new directive is issued).

R = (RUN - pute program into run mode: does specified

number of A/D conversions and stores results).

S = (START — goes back again to start of prpgram if

parameters such as Noe P or number of channels

have to be altered).

L - (LIST = lists results on line-printer)«
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C@ = (CARDS - punches results on 1905 card punch).

P - (PAPER TAPE — punches results on paper tape on

680 high-speed punch),

D = (DISC = Produces output on 1905 diso store)

When D is typed, the teletype gives a console

message, AD, which requests a two-digit (octal)

file number. This number must then be typed.

(x) When the last process has been completed the console

produces the output *"DONE'.

The following points should be noted:

1.

2.

If output is on to diso, care must be taken that a diso is

loaded in a 1905 peripheral wit and is available to the user.

Signals will appear on the monitor scope only when the program

is in the RUN mode. If the signals need to be looked at with-

out any conversion taking place, then typing 'T' will put the

program into the TEST mode and the signals will be displayed.

Care must be taken that, before any further directive is typed

on the teletype of the 640, the program is taken out of the

test mode (procedure 2.D.(vii) e).
—
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APPENDIX 4.A. DESIGN OF COWDREY'S VELOCITY-PROFILE SIMULATION GRIDS

The basic method is as proposed by Cowdrey

modification in the analysis to take into account an extra parameter,

ie the depth of the boundary-layer required. This consideration is

important because of the extent of immersion of the model in the

boundary-layer

The method consists of placing rods of diameter, d, across the wind-

tunnel mouth at various heights, y, above the tunnel floor.

Cowdrey showed that

2

P-p=# %& (uwe-0') + 4 gw kK = constant

P_p uw
ie en a (=) (1 +K)-1 = XK.

330 e :

or aN. ie ta

(S$) =

where P = static pressure upstream of the region of influence of the grid.

p = static pressure downstream of the grid.

U = velocity of air upstream of the region of influence of the grid.

u = local velocity in the profile at height z.

kK, = overall pressure drop

K = local pressure drop.

If the height of the wind-tunnel is § and the height of the

boundary-layer is §&, then for a given power-law profile
‘

a] = constant
yf

so that esos (/8)TM
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where n=1/c .

By the continuity equation,

u.&
3,

J 2(2) a2 + U.(S -3))

Zo

\

a? cae aes fa" \"
U n\é&

Cowdrey also showed that, es easel
C= ary

n,

ee ames SS genet "Erisaek :
‘ Ss het l Aft

C= any

According to Cowdrey, separation can occur atthe walls of the wind-

tunnel if the rods are close together, If they are far apart, however,

the wakes of the individual rods will persist downstream to give regions

of low velocity in the wind profile, L & the Spaciig of the axes of

the Yode,

He also indicated that the larger values of K, (within the limits of

practical consideration) gave a higher intensity of turbulence.

Computation of the heights of the rods:

When suitable values of 'n' and 'K} have been selected, the heights ©

of the axes of the rods can be determined by a step-by-step procedure

involving an iteration scheme ( Programme GRID, Appendix B ).

~30

én initial value for z(= 10 ) to approximate zero is given and

a . <\6
with an accuracy determining factor,eé (= 10 ) in the iteration process,

the scheme outlined next is followed to determine the heights of the

axes of the rods above the wind-tunnel floor,
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Let Z— Height above the ‘ground level’

L —- Spacing of the axes of the rods

h— Height of the rod centre line above ‘ground level’

€ — Accuracy determining factor in the iteration process.

Suffices, {~ — temporary value.

— number of daches indicates the point in the

iteration loop.

ROD
—3e

(1) 2 (Se 2 (1) —e 2 (1)/200 —eZ(1)= 2 (1) oe n(1)= 2(1)40(1)/200

(2) Z(2)—> J! (2) ——» 4! (2)/2.0 —wz'(2)=Z,/(2) —> +>:

If Zz (2)= 2 (2) Seog Zy"2) 2 (2) —— L"(2)—» continue

If Z(a)e alaee , h(2) = z(2)+ (2)
2.0

(i) 2h 4) et a) oe SGD 2a) = 2H)
re Z(4) a 2 (i) >e 5 Zy (4) =7 (4) ae L" (4) —-> continue

re Z(i)- 2ayee, n(t) = 2 (4) +24)

'

where Z(t) = n(a -)+ Maen Wovtie dam 2539)... 908
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APPENDIX 5A.

CALCULATIONS FOR MODELLING INERTIA VALUES

The mass—inertia equation for a thin-walled cylinder of length » hy outside

cross-sectional dimension, D, and wall thickness,t, is of the following form:

For a square-section cylinder ae Rye B- Hh [= ce x o-2 |

3 12

ee S. yy

For a circular-section cylinder, I - ie EQo-os| hy oe

5

where the density, ci , of aluminium is 2-76¢ xio® kg m

To calculate I for the square-section cylinder, a program INER (Appendix B)

was written. With fixed parameters, h, and Guat , Starting values of D°

and +! were used. By incrementing +f » corresponding D’ and Ts

values were calculated. When t= I, the. correct combination of p

and + was obtained.
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APPENDIX 5.Be

DESIGN CALCULATIONS FOR TORSION BARS

Consider a torsion bar of length, 1, breadth b, and thickness, +(< b),

constructed as shown below.

z ES

ab

2r

ete ea Rats APE

It is assumed that the effective portion of the torsion-bar is the central

flat portion. Let the torsion bar be under a torque, 1, applied at the

two ends and along its longitudinal axis.

if 8 is the resulting jangle of twist, then it can be shown [86]

that,

wr

where J and G are the torsional stiffness and modulus of rigidity’of the

bar,

For a rectangular, prismatic bar, Gaylord and Gaylord C87] give the

al = 0G) o-orn(£']

formla,

T.

To obtain a natural frequency of oscillation for the model, the stiffness

k of Eqn 5.7. . y,

ie net ( ee)
2a\ T

can be replaced by , k= T/e = Gs/h
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The value of the required natural frequency, ",, of the model is taken

+o be known. Neglecting the inertia of the damping system, the inertia ,

I, of the model can be used as a first approximation. k and thus

J can be calculated.

It can also be shown that,

te 4( a e)
4

Given a constant r and a varying b and using PROGRAMME TORS (Appendix B) ;

table of corresponding values for b> and J can be obtained giving the

appropriate values.
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APPENDIX 5.C. STRAIN-GAUGE

Consider the double pair of torque shear-gauges bonded to the surface

on the flat portions of the torsion bars.

vy

ee eee

A ¢

>

th. a a ee

Gauges A and C will suffer tensile strain, C= xs €,

Gauges Bandc " " w ” 1 €0- T+

where Y = shear strain and €, = thermal strain

Bridge wiring:

V = bridge voltage supply (usually, 5 volts)

e = bridge output signal (volts)

@ = gauge factor of gauges (usually 2.0)

os tele, lege exe <s |

w(t -( 2) 2-C 3)

With the above arrangement of the shear-gauges, temperature com—

pensation is obtained. In addition, a signal level, four times higher

than that for a single gauge, or twice that for a pair of gauges is

obtained.
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APPENDIX 5.D. ELECTROMAGNETIC DAMPING

The equation of motion for a single degree-of—freedom system freely

vibrating is

mx + Cx + kxuO

or x + 28x + ox = 0

where = c = © = Ce = Oo wlere Ce is the fevilvea)’ damping.
5 or aes c, 2k 2meso %

For a damped system, Ng= Ne(1- =*)* where Nyg= eo/(am)

Damping that is strictly proportional to velocity is of

comparatively rare occurrence. The type of damping that diverges least

from proportionality to velocity is ‘electromagnetic damping' [ 88].

The principle of electro-magnetic damping is based on the use of a coil

capable of movement within a stationery and uniform magnetic field.

A current is induced in the short-circuited conductor which is proportional

to the velocity of the movement. Consequently, an electro-magnetic force,

proportional to velocity is exerted on the conductor in a direction

opposite to its movement.

Van Santen(#¢] has . shown that, if a coil of volume, V » and specific
resistivity, ¢ , moves in a magnetic field of strength,B, then the

damping constant :

co By/¢

To ensure a high value of c, and hence = , the volume of the coil must

be as great as possible and € as low as possible with the number of

turns of wire being of no consequence. The best thing to use, there-

fore, is a solid copper bush.
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In the experiment, the damping coil consisted of a copper plate

(Section V.3.

electro-magnet poles.

by the gap between the pole faces.

), free to move in a plane between two pairs of

The thickness of the copper plate was defined

The gaps had to be large enough to

encompass the movement of the plate. between them while being small

enough to ensure a high enough value for the flux density,B .

The dependence of B on gap separation is shown below.

T T

ab a
u = Gare 2:S.om5.

a

g
zs earn to ons

4
z ee
5 care 20
2 =
w a

& -tab a 4

-

~
-

\- °Ko
2

1 L

° Ssos +O

CORRENT PER con (AMPs)

PERFORMANCE CoRvEs(manvracTueeRs SPECIFICATIONS)

Fo@ TYPE c NEWPORT _INSTROmENTS
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APPENDIX 6ehe

MEAN WIND CHARACTERISTICS FROM VELOCITY PROFILES

The power exponent « was obtained using Eqn 4.17 from which

dn v(4) ot. Un “gs

fas Vat \- = 5 |
Therefore, plotting Ln [Ab)/Oat] vs nf) 8, ] gives as its gradient the

exponent, & e

Using the Prandtl equation ( Eqn 4,1) and re-writing for completeness

ao ae
then if ¥77%0 we have

i ere) (2)

Eqn 2 can be written as

2 - eS, [2G) +(e)
By plotting 0G) Geet vs we Gls )) the friction velocity, “ey

and the roughness length, te > can be evaluated directly.

Then the surface drag coefficient

aes

N= Wed,

and the macro-viscosity -

are obtained.
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APPENDIX 7.A. DETERMINING DAMPING PARAMETERS.

The equation of motion for a single-degree-of-freedom system vibrating

freely is given in Appendix 5.D as

x + 2Ee x +6x#0 ee Sa)

The logarithimic decrement, S , is related to the critical damping

factor, & by

SG easrs:
G-= Yn

= 27E for —< 0.2

The solution to Eqn 1 is[%¢] .

“a oe ele ‘ - = ee AF] Pee
The envelope of maximum amplitudes then has the form

- Fee

wee m%y-e ----- (3)

This curve can therefore be used to express the rapidity of the decay

of the damped oscillations.

The damping parameter, = » can be evaluated from its response in the

three different domains using the following methods.

Method (1) - From Amplitude Trace (in still-air conditions)

The structure is given a sudden impulse (in this case, the model is

tapped sharply) and the vibrations allowed to decay. A trace of the

decaying amplitudes can be taken and the damping parameter estimated

using any of the following techniques.
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(a) Ratio of maximas

Let a peak of height x, occur at time t, on the trace. After p

complete cycles, the time would be t.,, and the height of this

peak would be x
prt

Using Eqn 3 it can be shown that

a

Another technique is to measure the time taken for the amplitude of

(>) Relaxation Time

the macimum amplitude envelope to decay to = (=0.368) of its

original value.

This time is called the ‘relaxation time’ or "modulus of decay’ and

is given by

k= 1/ =)

such that Ry = Ey. =

Hence & = 1 [ (2rme-te)

(c) Area Ratio

If the peaks of the trace are ill-defined, because of either harmonics

or noise, it is very difficult to obtain a good estimate of the damping

using the two above mentioned techniques. To solve this, a method

proposed by Russell (2] was used,
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Consider the diagram below ;

Tue &

A curve AB is drawn by eye to envelope the peaks.

The area AB CD is measured with a planimeter.

If area AB‘ cD = a!

and ABCD = a

then it can be shown that

a! 1- ee
a » ao
T 5 -geoT

Since a. x(t) dt = ZXeli-e

° Sn

From a table of a’ /a vs ge, the value of goT for a particular

a'/a can be read off. As T and cs are known, & can be calculated.

Method (2) —From Auto—Correlation Plots

It has been shown [40 a] that the auto-correlation function of

the response of a single-degree-of-freedom system to band-limited

white noise takes the form of an exponentially decaying periodic

function, similar to Eqn 2.

Similarly, the curve representing the envelope of the maximum amplitudes

in the auto-correlation plots has the form

R, (zt ) = constant x exp (- Bt )
x

from which damping parameter — can be evaluated using the methods

(1) (a), (») and (c) » described above.
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Method (3) —From auto-power spectral density plots

Damping ratio & can be deduced from the power spectral density

plots using the so-called Q (Quality) - factor.

If a single-degree-of-freedom structure is excited by white noise, the

displacement has a,peak in the power spectrum at the resonant

frequency, co.

The Q-factor indicates the sharpness of the resonance and is defined

where n, and n, are the frequencies at which the power supplied

P = $x maximum power

The frequency difference

Sng =n - n,

is often called the half-power point bandwidth.

It can be shown Ce] that,

Qs w/8

or § "+

To estimate & correctly, it is necessary that the forcing wind must

be turbulent and not smooth. This is because the turbulent wind can

be approximated to a white-noise source.

For low-damped structures, the auto-correlation plot is best for

estimating . while for highly damped structures, the power spectral

density plot is better. This is because, with low damping, the response

spectra is narrow band. Since E is estimated from the half-power band—

“ S22



width, any variation in measuring a small bandwidth involves a

proportionate error in & . However, this is no problem on the

time-domain plot as data compressed on the frequency axis is expanded

on the time axis.
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APPENDIX A; EQUIPMENT USED

1. Bruel and Kjaer, Naerum, Denmark:

Type 1612 band-pass (1/3 and 1/1 octave) filter set.

Type 2603 Microphone amplifier

2. Bryans Ltd, Mitcham, Surrey, England:

Bryans XY (Type 20170)

3, DISA Elektronik A/S. Techno House, Bristol, England:

Type

Type

Type

Type

Type

Type

Type

Type

Type

Type

Type

55

SS

55

55

5S

55

55

55

SS

55

55

B01 — Sweep-drive unit

010

026

030 |

031

035

070

075

090

mo1

m0

Lineariser

Signal conditioner

Digital voltmeter

Digital voltmeter

RMS voltmeter

Correlator

Time-delay unit

Calibration tunnel

Main anemometer unit

CTA standard bridge

4. Memorex, Hounslow, Middx, England:

MEMOREX magnetic tapes

5. Newport Instruments Ltd, Newport Pagnell, Bucks, England:

Type C Electro-magnets

Type VR3 OC supply “

6. Sangamo Electric Co., Farnborough, Hants, England:

Sangamo West Type 3500 magnetic tape recorder
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7. S.E. Laboratories (Engineering) Ltd, Feltham, Middx, England:

Type SE. 429 carrier amplifier system

8. Tinsley Telecon, South Norwood, London:

Type TK9/50/P/C torque strain guages

4. “The Wayne. Ker Labermtoree LH, Swecer :

Type @731 A Uch rection imetec:

i i elthan, , England:
lO eee: Labecatones (Enoynee ting >) Ud : & Ikhan, ng

Zook UN Recorder.
‘Type

Shs



APPENDIX B: DIGITAL COMPUTER PROGRAMS

Notes: Some of the SUSROUTINES are given in Anderson and Nettieton[4o] ’

and can be found in the wallet at the back on microfiche. These are,

FOURIER

HARMON

MOOCPOWER

NEWPOWER

CROSSPOWER

HANNING

NEWHANN

Blk



MASTER EARL (

DIMENSION S1(514) ,F1(524),c(514
DIMENSION STRN(514) serene pe Se)
DIMENSION PR(105) ,XX(105)TPROB(105)
DIMENSION HEAD(10) ,HEAD1(10)
DIMENSION TA(2)
DATA IA(1)/8HHYB63101/
ORDER OF INPUTS:----

NBATCH

IFILT= (FILTERED) OR O(UNFILTERED).
NGP M N

T

NP NC

FR FP

HEAD

DO 50 II=1,NBATCH

HEAD1

po 12 J=1,2

DO 9 I=1,NGP

READ (S1(L),L=1,N)
CONTINUE

CONTINUE

CONTINE

et) NBATCH
READ(1,1) IFILT

FORMAT(1 010)
a NGP,M,N

aaaqgaaaqaaaaaaaa
aa weon

2 FORMAT( 100FO.0)
46 FORMAT (8F10.4)
47 FORMAT ( 10A8)

ee im
READ(1,1) NP,NC

READ (1,2) FR,FP

GP=NGP

AN=N

RATIO=FP/FR
DELTAN=T/ (AN*RATIO)

COMMENT -FREQUENCY IN HZ. AT K TH POINT IS (K-1)*T/N
0 WHERE T IS THE SAMPLING PERIOD IN SECONDS.

IZ=N+2

' 1ZS=N/8
READ 7) HEAD
WRITE(2,48) HEAD

48 FORMAT( H1,10A8)
READ(1 501) Ta(2)

501 FORMAT(A4)
CALL FILE (5,IA(i),0,0)
pO 50 IJ=1,NBATCH

READ(1,47) HEAD1

WRITE(2,48) HEADL
DO 3 K=1,NP

AK=K

3 STRN(K)=(AK-1.0)*DELTAN
po 4 K=1,N

ee
4 c(K)=0. 

iS

READ (1,502) ICOUNT, IRUN, ICHANNEL1, ICHANNE
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502 FORMAT(4I0)
ICHANNEL=ICHANNEL1

KK=1

509 CONTINUE

DO 6 K=1,105

6 PR(K)=0.
SB=0.0

SD=0.0

AL3=0.0

AL4=0.0

CALL SORT(IRUN, ICHANNEL, ICOUNT)
DO 9 I=i,NGP

reaaiai et (S1(L) ,L=4,N)
ROB(S1,N,SBAR,SIGMA , TPROB, XX

PSIGMA(KK,I)=SIGMA — EN Ak, ANE
SB=SB+SBAR

SD=SD+SIGMA

AL3=AL3+ALPH3

ALU=AL4+ALPH4
DO 8 K= ,105

8 PR(K)=PR(K)+TPROB(K)
CALL FOURTER(S1,S,M,IFERR,1IZ1,1ZS)

9 WRITE (6) (S1(K},K=1,N)
SB=SB/GP
SD=SD/GP
AL3=AL3/GP
ALU=AL4/GP
WRITE(2,52) SB,SD,AL3,AL4

52 FORMAT (°HO,6HMEAN= ,E9.3,2X,7HSIGMA= ,E9.3,2X,6HSKEW= E9.32 XC

1 1OHKURTOSIS= ,E9-3)
DO 0 K=1,105

10 PR(K)=PR(K)/GP
WRITE(2,11

Vl FORMAT(iHO,7H SIGMA »3X,4HPROB,//)
NPR=105

CALL PLOT(PR,XX,NPR)
TCHANNEL=ICHANNEL2

KK=KK+

IF (KK.EQ.3) GO TO 12
GO TO 509

12 CONTINUE

REWIND 6

COMMENT - COMPUTE THE POWER SPECTRA OF E
ACH

Cc SUBRECORD OF THE FIRST ENSEMBLE.
DO 13 I= ,NGP

READ (6) (Si(K) t-1s8)
CALL NEWPOWER(S1,N,1Z1)
VARIANCE=PSIGMA(* ,1)**2
pO 120 L= ,N,2

320 $1(L)=S1(L)/VARTANCE
COMMENT - SUM THE ABOVE AND STORE THE AVERAGE

POWER SPECTRA IN ARRAY A-

pO 13 K= ,N,2

13 A(K)=A(K)+S1(K)
DO 14 K=1,N,2

14 A (ie) =2.0+A(K)/ (DBLTANSOE
CALL NEWHANN A,N,1Z1,1,1FILT)
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AA=A(1)
J=1

: et
FORMAT( H1,10X,3HJ= ,121Da 16 Rei, AE 23 ,1210X,14HPOWER SPECTRUM)

16 A(K)=A(K)*STRN(K)
6 a ans

1 FORMAT( HO,8HFREQ(HZ),2X,15HNON. DIM.

CALL PLat( A, SERN = Ean Saunas)
CALL THOC(A,STRN,NP,DELTAN)
A(1)=AA
pO 18 K=2,NP

18 a(K)=A(K)/STRN(K)
COMMENT - REPEAT THE ABOVE FOR THE SECOND

Ce ENSEMBLE AND STORE AVERAGE IN ARRAY C
DO 19 I=1,NGP

READ (6) (F1(K),K= ,N)
CALL NEWPOWER(F1,N,1Z1)
VARIANCE=PSIGMA (2,1) **2
po 180 eny

180 F1(L)=F1(L)/VARIANCE
DO 19 K=1,N,2

9 C(K)=C(K)+F1(K)
DO 20 K=1,N,2

20 0(K)=2.0*C(K)/ (DELTAN*GP )
CALL NEWHANN(C,N,IZ1,1, IFILT )
cc=C(1)
J=2

WRITE(2,15) J
DO 21 K=1,NP

21 C(K)=C(K)*STRN(K)
WRITE(2,17)
CALL Ne
CALL THOC(C,STRN,NP,DELTAN)
c( )=cc
DO 22 K=2,NP

22 0(K)=C(K)/STRN(K)
COMMENT = - PROGRAM DESCRIPTION SEGMENT HAS DIVIDED
Cc STORAGE LOCATIONS ON DISC IN BLOCKS OF N.
C STORE AVERAGE POWER SPECTRA IN REAL FORM
3 OF 1ST ENSEMBLE IN BLOCK (2*NGP)+"

WRITE (6) (A(K),K=1,N)
REWIND 6
DO 23 K=1,N

23 A(K)=0.
COMMENT - COMPUTE CROSS POWER SPECTRA FROM APPROPRIATE
c PAIRS OF SUBRECORDS READ FROM DISC AND SUMMED

po 29 I=1,

(6) (s1( ) )READ $1(K) ,K=1,N

TF(NGP-1)24,26,24

eh po 25 I1=1,NGP-1

25 READ(6)
26 READ (6) (F1(K) ,K=1,N)

CALL cRossrowEn{S1 42.N.172)
VARIANCE=PSIGMA 1, 1)*PSIGMA (2,1)
pO 260 L=1,N

260 Si(L)=S1(L3/VARIANCE
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DO 27 K=1,N

27 A(K)=A(K)+S1(K)

IF(I. BQ. NGP) GO TO 29
REWIND 6

DO 28 II=1,I

28 READ(6)
29 CONTINUE

DO 30 K=1,N

30 A(K)=2.00*A(K)/(DELTAN*GP )
DO 310 I=1,N /

310 S1(I)=A(I)
COMMENT - STORE AVERAGE CROSS POWER IN COMPLEX

FORM IN BLOCK (2*NGP)*2
READ(6)

WRITE(6) (A(K),K=1,N)
COMMENT - COMPUTE MODULUS OF ABOVE AND STORE IN ARRAY A

CALL MODCPOWER(A,N,1IZ1)
AAA=A(1)
WRITE (2,31)

31 FORMAT (1H1,50X,19HAVERAGE CROSS POWER)
DO - K=1,NP

32 A(K)=A(K)*STRN(K)
WRITE (2,17)
CALL econ
CALL THOC(A,STRN,NP,DELTAN)
WRITE (2,49)

4g FORMAT (‘H1,50X,11HPHASE ANGLE)
CALL PHASE(S1,N,1Z1)
CALL PLOT(S1,STRN,NP)
A(1)=AAA
DO 33 K=2,NP

33 ACKJ=A(K)/STRN(K)
REWIND 6

COMMENT - READ-BACK BLOCK (2*NGP)+1 AND STORE IN ARRAY Sl
DO 34 II=1,2*NGP

34 READ {8}
READ (6) (S1(K),K=1,N)

COMMENT - COMPUTE TRANSFER FUNCTION AND STORE IN ARRAY Fl
AMAX=0.0

DO 35 K=1,N/2
35 IF(S1(K).GT.AMAX) AMAX=S1(K)

AMAX=AMAX/100 . 0
pO 102 K=1,N/2
Tr (SR) RD GO TO 100
F1(K)=A(K)/S1(K)
GO TO 102

100 F1(K)=0.0
102 CONTINUE

WRITE (2,36)
36 FORMAT( H1 50X , 1 7HTRANSFER FUNCTION )

WRITE(2,37)
37 FORMAT ( pen, TRANSFER,//)

CALL PLOT(F1,STRN,NP

COMMENT - COMPUTE COHERENCE FUNCTION AND STO
RE IN ARRAY A

AMAX=0.0

DO 38 K=1,N/2
38 TF(C(K) .GT.AMAX) AMAX=C(K)

AMAX=AMAX/10.0
pO 103 K=1,N/2
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IF(C(K).LT.AMAX) GO TO 101

A(K)=F1(K)*A(K)/C(K)
GO TO 103

101 A(K)=0.0
103 CONTINUE

WRITE (2,39)
39 FORMAT (1H1,50X, 9HCOHERENCE )

WRITE(2,40
4O FORMAT( HO, 8HFREQ(HZ) ,2X,9HCOHERENCE,//)

CALL PLOT(A,STRN,NP)
K=0

IF(NC)45,45,41

COMMENT - READ-BACK BLOCK (2*NGP)+2 AND STORE IN ARRAY Fl
41 READ (6) (F1(K),K=1,N)

COMMENT - COMPUTE AUTOCORRELATION FUNCTIONS OF 1ST AND 2ND,
c ENSEMBLES AND CROSS CORRELATION (ARRAYS S1,0,F1)

pO 42 K=1,N/2
iba ae
S1(K )=S1(K )*DELTAN

42 C(K)=C(K)*DELTAN
IFILT=0

CALL ee ere
CALL NEWHANN(C,N,1Z1,2,IFILT)
CALL HARMON(S1,S,M-1,1,IFFER,1Z1,1ZS)
CALL HARMON(C,S,M-1,1,IFERR,1Z1,1ZS)
CALL HARMON(F1,S,M-1,1,IFERR,1Z1,1ZS)
CALL NEWHANN(S1,N,1Z1,1,IFILT)
CALL NEWHANN(C,N,1IZ1,1,IFILT)
CALL NEWHANN(F1,N,1Z1,1,IFILT)
DO 431 K=1,NC

ees
es 2.0*(AK-1.0))/T

431 STRN(K)=STRN(K)*RATIO
J=1

WRITE(2,43) J
43 FORMAT(iH1,50X,17HAUTO CORRELATION pia)

NC=NC/2.0
WRITE (2,51)

51 FORMAT (1H0,10HTIME( SECS) ,//)
CALL PLOT(S1,STRN,NC)
J=2

Cand

WRITE (2,51

CALL PLOT (C,STRN,NC)
NC=NC*2.0

WRITE (2,44)
4 FORMAT (1H1,50X,17HCROSS CORRELATION )

WRITE (2,51)
CALL PLOT (F1,STRN,NC)
REWIND 6

50 CONTINUE
45 STOP

END

K
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Fr PW ON OO

SUBROUTINE PHASE(X,N,IX)
DIMENSION X(IX)
PI=4.0*ATAN(1.0)
DEG=180.0/PI
AMAX=0.0

DO 5 I=1,N,2

T1sI+)

IF(ABS(X(I1)).GT.AMAX) AMAX=X(I1)
pO 1 I=1,N,2

Tl=I+1

IF ee Bila «LT. (AMAX/100. a GO TO 6
IF(ABS(X(I) X(I1)/100.0)) GO TO 7

THETA= ABS (APAN (2 I1)/X(I)))*DEG
IF(X(I).GT.0.0.AND.X(I1).GT.0.0) GO TO

tr(x(I).LT.0.0.AND.X(I1).GT.0.0) GO

IF(x(I).GT.0.0.AND.X(I1).LT.0.0

tF(X(I).LT.0.0.AND.X(I1).LT.0.0
X(I)=THETA

Go TO 1

X(I)=180.0-THETA

GO TO 1

X(I)=-THETA

GO TO 1

X(I)=-180.0+ THETA

GO TO 1

X(I)=0.0
GO TO 1

IF (X(I)/X(I1)) 2,253
X(I)=-90.00

GO TO 1

X(I)=90.0

CONTINUE

po 4 I=1,N/2
X(I)= =x(2«t- 1)
RETURN

END

0

8

2
cs

a

T

GO TO

GO TO

GO TO
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20

10

SUBROUTINE PROB(X,NXBAR, SIGMA ,Y,XX,ALPH3, ALP
DIMENSION X(N), TPROB(52 sypnoe (S2) 12h)” ~
DIMENSION ¥(105) ,xx(105

AN=FLOAT (N)
XBAR=0.

XN=X(N)
DO 1 I=1,N

XBAR=XBAR+X (TI)
CONTINUE

XBAR=XBAR/AN
DO 2 I=1,N

X(I)=X(1)-XBAR
CONTINUE

VAR=0.

AMU3=0.0

AMU4=0.0

DO 3 I=1,N

VAR=VAR+(X (I) *X(
AMU3=AMU3+(X(I)*

AMU4=AMU4+ ( (X(T)
CONTINUE

ee ra)
SIGMA=SQRT (VAR
ALPH3=AMU3/, Se rea
ALPH4=AMU4/(SIGMA**4.0
ALPH3=ALPH3/AN
ALPHU=ALPH4/AN
RSIGMA=5.0*SIGMA

po 4 I=1,52

es
JPROB(I)=0

CONTINUE

TI(1)=0
DO 6 I=1,N
X1=X(T)
nee ioe

IF (NINT(X2)) 10,20,30
IX2=INT(X2)+
IF(IX2.GT.51) IxX2=52
IPROB(IX2)=IPROB(IX2)+1
GO TO 5

II(1)=I2(i)+

GO TO 5

X2=ABS (X2)
JX2=INT (X2)+
IF(IX2.GT.51) JX2=52

JPROB( JX2)=JPROB(JX2)+1
Go TO 5

CONTINUE

CONTINUE

DO) Gate ls be

¥(I)=FLOAT (JPROB(53-T) )
XX(I)=- (FLOAT (53-1) )/10.0
CONTINUE
¥(53)=FLOAT(II(1))
XX(53)=0.0
po 8 1=54,105

))

UES axa)

eS



12

11

Y¥(1I)=FLOAT ( IPROB(I-5. 3))
XX(I)=(FLOAT (I-53) val 0.0
CONTINUE

WRITE (2,12)
FORMAT (1HO, 3X, 4HXBAR, 6X, 5HSIGMA , 5X, 4HSKEW, 3X, SHKURTOSIS )

WRITE (2,9) XBAR, SIGMA, ALPH3, ALPH4,XN
FORMAT (2X,E9.3,2X,E9.3,2X,E9.3,2X,E9.3,2X,E10.4)
pO 11 I=1,105

y(I) yzv(2}/(aneO. 1)
CONTINUE

RETURN

END
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SUBROUTINE PLOT(Y,F,NPTS)
DIMENSION IGRAPH(91),F(NPTS) ,¥(NPTS)
REAL MAXE,MINE :

DATA IP/4H+ /,IS/4H 7/,IDOT/4H. = /
DO 1 K=1,91

IGRAPH(K)=IS
MAXE=0.

MINE=0.

DO 2 K=1,NPTS

IF(MAXE.LT.Y Ke} MAXE=Y (K
IF(MINE.GT.Y(K)) MINE=Y¥(K

IF( ABS (MAXE) .LE.0.1E-10.AND.ABS(MINE).LE.0.1E-10) GO TO 10
IF(MAXE.GT.O.AND.MINE.EQ.0) GO TO 3

IF (MAXE.EQ.0.AND.MINE.LT.O) GO TO 5
IF(MAXE.GT.O.AND.MINE.LT.O) GO TO 7

SCALE=90 ./MAXE
IGRAPH(1)=IDOT
DO 4 K=1,NPTS

ISCALE=INT(SCALE*Y(K))+ 1
IGRAPH(ISCALE)=IP
WRITE(2,9) F(K),Y(K),IGRAPH
IGRAPH( ISCALE)=IS
IGRAPH oe
IGRAPH(1

GO TO 10

SCALE=90./MINE
IGRAPH(91)=IDOT
DO 6 K=1,NPTS
ISCALE=INT (SCALE*Y(K) )+1
IGRAPH(ISCALE )=IP
WRITE(2,9) F(K),¥(K),IGRAPH
IGRAPH(ISCALE)=IS
IGRAPH eng
IGRAPH(91)=IS

GO TO 10

SCALE=90./(MAXE-MINE)
NZERO=INT (-SCALE*MINE )+1
IGRAPH(NZERO )=IDOT

pO 8 K=1,NPTS

TSCALE=INT (SCALE* (¥(K)-MINE) )+1
IGRAPH(ISCALE)=IP
WRITE(2,9) F(K),¥(K),IGRAPH
IGRPH( ISCALE)=1S

oan =IDOT

IGRAPH(NZERO)=IS

CONTINUE

FORMAT (2X, F8.3,E13.4,6X,91A1)
RETURN

END

=IS
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12

13

16
14
i5

17
18

19)

20

al

22

e3

28

eT
2

2k

100

25

26

SUBROUTINE THOC (E,F,NP,DELTAF)
DIMENSION Se
DIMENSION £E1(260),E2(260) , FREQ (260)
REAL LBF

K=0

IF(0.1.LE.DELTAF.AND.DELTAF.LT.1.0) GO TO 11
IF(1.0.LE.DELTAF.AND.DELTAF.LT.10.0) GO TO 12
IF(10.0.LE.DELTAF.AND.DELTAF.LT.100.0) GO TO 13
ALPHA=-1.0

GO TO 14

ALPHA=0.0

GO TO 14

ALPHA=1.0

GO TO 14

ALPHA=ALPHA+ .O

BETA=0.0

BETA=BETA+0.025

IF (BETA-1.0) 17,17,16
IF(ALPHA) 18,19,20
TOC=EXP10(BETA )/EXP10(ABS (ALPHA ) )
GO TO 21

TOC=EXP10(BETA )
GO TO 21

TOC=EXP10(BETA ) *EXP10 (ALPHA)
K=K+!

FREQ (K)=TOC

IF (FREQ(K)-F(NP)) 22,100,100
econ
UBF=1 .115*FREQ(K

suM=0.0

DO 24 I=2,NP

IF(LBF.LE.F(I).AND.F(I).LE.UBF) GO TO 28
GO TO 24
IF (I.EQ.1) GO TO 27
E1(1)=(£(I)*DELTAF )/F (I)
GO TO 29

E1(1)=0.0

SUM=SUM+E1 (I)
CONTINUE

E2(K)=SUM/0.057
GO TO 15
WRITE (2,25)
Beetaha. sout/s OCTAVE ANALYSIS,5X,

* oe VS. FREQUENCY)
WRITE (2,2

FORMAT ( HO,SHFREQ(HZ),15HNON. DIM. POWER, //)
CALL PLOT(E2,FREQ,K)
RETURN

END
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te SORT ( IRUN, ICHANNEL, [COUNT )
IC=1

504 READ(5,2,END=10) ITEST
2 FORMAT(A4)
L=4 (

CALL COMP(L,ITEST,1,4HCHAN,1
IF(L-4) 504,3,504 7)

3 BACKSPACE 5

READ(5,503) ICH,IR
503 FORMAT (8X,14,6x,14,/)

IF (IR.EQ.IRUN) GO TO 505
GO TO 504

505 IF (IC.EQ.ICOUNT) GO TO 506
IC=IC+1

GO TO 504

506 IF (ICH.EQ.ICHANNEL) GO TO 507
IC=ICOUNT

GO TO 504

50 WRITE Gia? IRUN, ICOUNT , [CHANNEL
50. FORMAT (1H1, 6HIRUN= °Th,2X,SHICOUNT= ,14,2X,9HCHANNEL= ,14,2X,

*24HPROBABILITY DISTRIBUTION)

Go TO 4
10 STOP

4 RETURN

END
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10

v1

131

121

120

110

100

200

21

22

25

MASTER GRID

DIMENSION K1(10),YTEMP(S0,10),LTEMP(S0,10)
DIMENSION L(50,10),¥(50,10),H(S0,10)
THIS PROGRAM CALCULATES THE SPACING OF THE RODS NECESSARY TO
PRODUCE A VELOCITY PROFILE ACCORDING TO THE METHOD OF COWDREY.
THE COUNTER VLAUE OF NU IS SET AT 10, BUT THIS CAN BE EXTENDED
TO LIMITS CONSTRAINED IN THE PRINT-OUT. IF IT IS NECESSARY TO
INCREASE THE VALUE OF NJ, DIMENSION STATEMENTS AND FORMAT
STATEMENTS, (22), (25) AND (10) MUST BE CHANGED.
K1 — OVERALL PRESSURE DROP COEFFICIENT OF THE GRID
DEL == HEIGHT OF WINDTUNNEL

DO — DIAMETER OF THE RODS

N — POWER EXPONENT

H("M) IS THE SPACING OF THE C/L OF THE RODS FROM THE TUNNEL FLOOR,
REAL DEL,D,N,EPS,K1,YTEMP, LTEMP,L,Y,H

REAL KK 5 Y1,Y2yL7,L2

INTEGER N3,NI

EPS=0.1 E=16

READ(1,10) ODEL,D,N
FORMAT(10F0.0)

READ(1,11) NI
FORMAT(IO)

READ(1,11) Na

READ(1,10) (K1(3),3=1,N3)
00 200 J=1,NI 

|
YTEMP(1,3)=0.1 E~30
Yi=YTEMP(4,3)
KK=K1 (3)

CALL CALC(DEL,D,N,KK,Y4yL1)
L(1,3)=L1 /2.0
¥(1,9)=YTEMP(1,3)
H(1,I)= ¥(1,9)+L(1,3)
I=2

YTEMP(I,I)=H(I=1,3)+L(1-1,3)
Y2=YTEMP(I,3)

CALL CALC(DEL,D,N,KK,Y2,L2)
L(I,3)=L2 /2.0
¥(1,3)=sH(1=1,3)+L(1,3)
IF((¥(1,3)=YTEMP(T,3))—EPS) 110,110,120
YTEMP(I,3)=Y(I,3)

GO TO 121

H(1,9)=¥(I,3) +L(1,3)
IF (H(I,3).GT.OEL) GO TO 200
IF(I-NI) 100,200,200
IsI+i

GOTO 134

CONTINUE

WRITE(2,21) OEL,D,N,EPS

FORMAT(1H1,5X,9HOEL(IN)= ,F5.2,SHOIA(IN)= ,F5,3,5X,
1 VOHEXPONENT= 4F341,5X,9HEPS(IN)= ,F8.5,//)
WRITE(2,22) (ki(3),J=1,NJ)
FORMAT (5X, 3HROD, 1X, 10(SHKi=,F4,2,1X),//)
WRITE(2,25) (1,4(H(I,3),d=1,NJ),I=1,NI)
FORMAT ((SXg13,1X410(F703,1X9))
sToP

END
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WODMIAHSUN=|O
SUBROUTINE CALC(DEL,D,AN,AK,Y,AL)
THIS PROGRAM CALCULATED EQN 3 FROM COWDREY, NPL.AERO.NOTE 1055

AK1=1,.0+AK

AN1=AN+1.0

AN2=AN/AN1

AN3=(AN2)**2.0

BETA=Y/DEL

BETA1=BETA**(2,0/AN)
BETA2=1.0/BETA1
ALAM1=((AN3*AK1 )*BETA2 )=1 20
ALAM=1..0/ABS(ALAM1 )

ALAM2=ALAM**2.0

ALAM3=4,0*ALAM

ALAM4=ALAM2+ALAM3

ALAMS=SQRT(ALAM4)

ALAM6=2.0+ALAM

ALAM7=ALAMG=ALAMS

ALAMB=2.0*D

AL=ALAMB/ABS (ALAN?)
RETURN

END
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aaaa

Gaa. ao
wuoo
511

Bl

100

MASTER INER

AM- MASS OF te)
AI- INERTIA OF MODEL|LB(IN**2) ]
AL- LENGTH OF MODEL (IN)
A-- LENTH OF THE SIDES OF THE CROSS-SECTION OF THE SQUARE

TUBE.

TUBE.

{T--THICKNESS OF THE WALLS OF THE MODEL (IN.)
ROW-- DENSITY OF THE MATERUAL OF THE MODEL[LB/(IN**0) ]
AT--LENGTH OF SIDES OF INNER SQUARE.

READ(1,10) AO,AL,ROW

FORMAT (100F0.0}
ea nteos N
FORMAT (IO
WRITE(2,50) AL,ROW

FORMAT (1H1, 5X, 7HT(IN)= »F5.2,5X,19HROW(LB/(IN**3.0))= ,
F5.2,//

WRITE (2,511
FORMAT (5X, 3HO/L, 8X, 1HT , 8X, 2HAT , 8X, 2HAM, 8X, 2HAI ,//)
pT=0.001

T=0.128
AT=A0-(2.0*T)
po 100 I=1,N

T=T-DT
A=AT+2.0*T

Al=A-T

A2=T*AL

A3=AL*A2
AM=4.0%(ROW*A3 )
Bl=(AL**2.0)/3.0
Bo=(A¥*4.0)

Bu=AT*4.0
B5=(B2-B4)/12.0

BO=AT**2.0
By=Bo/Be
B8=B1+B'

aaTEE(2,51)_ A,T,AT,AM,ALRITE(2 »T,AT,AM,

WR MA (3X 85-3, 5%,F5-3,5K,75-3, 5X,F5-3,5X,F7 +3)
CONTINUE

STOP

END

FINISH
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#o

1

MASTER TOR
REAL KI5R11,K2,K22,K3,K33,K4,K
REAL L

REAL 1,D,IC,KR

THIS PROGRAM ANALYSIS THE DESIGN OF TORSION BA2S

FOR TALL MODEL

ANALYSIS IN SUPPLYUNG THE STIFFNESSES REQUIRED.

THE MODULUS OF RIGIDITY,G[LB./(IN**2) ],
AND THE LENGTH OF THE ROD,L

(IN] ARE THEN READ IN.
THE MOMENT OF INERTIA I[LB.(IN**2)] AND A REPRESENTATIVE

LENGTH, D[IN]
OF THE MODEL ARE THE N NEXT READ IN.

IF THE TORSION BAR HAS A WIDTH B[IN] AND THICKNESS T[IN],
THEN THE

STIFNESS ,STI[LB.FT./RAD] IS GIVEN BY:
STI=(K*G)/(L*12.0) ,

WHERE K=[ (Bx(T**3) )/3.0]*[1.0-0.63(T/B)+0.052((T/B)**2) ]
TORSIONAL SPRING CONSTANT, KR=STI

INERTIA IC[SLUG(FT**2) ]= a ae arene
NATURAL UNDAMPED FREQUENCY F[HZ] OF THE STRUCTURE IS GIVE

BY: F=[1/(2*PT) ]*{SQRT(KR/IC) ]
CRITCAL. WIND SPEED VCR(FT/SEC) OF THE MODEL IS GIVEN BY:

VCR=7.0*F*D
R IS THE END-RADIUS OF THE FIXING END OF THE TORSION BAR:

eee) R
READ( ,10) G,L

FORMAT (2F0.0)
ese 125)
WRITE(2,5
FORMAT (1H1,1OH*****x###x)
WRITE(2,3) G,L
FORMAT (5X,14HG(LB.FT**-2)= ,£8.2,5X,7HL(IN)= ,F5.2,//)
WRITE(2, 4) 1,D
FORMAT (5%, 35HINERTIA OF MODEL Se eat: perse

1 5X, 5H*****,5X,29HLENGTH SCALE OF MODEL,D(IN)= 3F5.2)
WRITE(2,1)
FORMAT (1HO,4X,5HB(IN) ,4X,5HT(IN) ,5X,12HK(IN**4/RAD),

«4X, 14HSTt(FP+LB/RAD) , 4X, 8HFREQ (HZ) , 4X, 11HVCR(FT/SEC) ,//)
T=0.115

DO 100 J= ,400
T=T+0.001

T2= eevee
B2=(R**2.0) - T2

Bos eae tee)
Kl= Bx(T**3.0)
Kll= K1/3.0
K2= T/B
K22= 0.63 * K2
K3= K2**2.0

K33= 0.052 *K3
K4= 1.0-K22+K33
K=K11*K4
STI= (K*G)/(L*12.0)
KR=STI

TC=1/(32.2*144.0)
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PI=22.0/7.0
BETA=SQRT(KR/IC)
FREQ=BETA/(2.0*PI)
VCR=5.0*(FREQ*(D/12.0) )
WRITE(2,2) B,T,K,STI,FREQ,VCR

2 FORMAT (5X,F4.3,5X,F5.3,5X,B11.4,5X,B12.4,5X,F6.2,5X,F6.2)
100 CONTINUE

STOP

END

FINISH

SS2



50

48

5e

5

49

53

10

SUBRNUTINE WEIBULL(R»Ns IR)

DIMENSION RCN)

DIMENSION PRRC110)s XX(110)

IFCIReEQ-0) GOTO 10

AN=FLOATCN)

DO 50 I=1sN

RCI)=ABSCRCI))

CALL PROBCRs Ns RBAR» SIGRs PRRs XX)

DO 48 I=1sN

RCI)=CRC1)+RBAR)/SIGR

WRITEC2s 52)

FORMATC1HOs5H RM »5H RM1 » 5H Pl

RM=0+0

DR=0+25

DO 49 J3=1.20

RM=RM+ DR

Pl=0-0

DO 51 I=1sN

IFCRCI)¢GT+RM)

P1=P1/AN

IFCP1+EQ+0+0)

P2=-ALOGC¢P1)

P2=ALNG¢P2)

RM1=ALNGCRM)

P1=P1+1-0

P1=1-0E-30

WRITEC2s53) RMsRM1,P15P2

FORMATC1Xs F 502s 1Xs F606 3s 1X9 E96 2s 1X9 F603)

RETURN

END

GL

2 SH Pe >
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16

SUBROUTINE VECTOR(Xs Ys Rs TsN)

DIMENSION XCN)sYCN)s RCN)» TCND

AN=FLOATCN)

DEG=(180+0*7+0)/22+0

AMAX=0.0

AMAY=0-0

DO 6 I=15N

IFCABS(XC1))+«GTeAMAX) AMAX=ABS(XC1))

IFCABSCYC1))«GTeAMAY) AMAY=ABSCYC1))

DO 13 I=1.N

IFCABSCXCI))+LT+CAMAX/100+0)) GOTO 7

IFCABSCYC1))«LT+CAMAY/100-0)) GOTO 8

TMOD=ABSCXC1)/YC1))

THETA=CATAN( TMOD) ) *DEG

IFCYC1) «GT-0+0+¢ANDeXC(1)+GT-0-0) GOTO 9

IFCYC1) eLT+0+0¢AND+X(1)+GT-0-0) GOTO 10

IFCYC1) ¢GTe0+0¢ANDeX(1)+LT-0-0) GOTO 11

IFCYCI) LT+0+0¢ANDeX(1)eLT+0-0) GOTO 12

TC1)=THETA

GOTO 13

TC1)=180+0-THETA

GOTO 13

TCL) =-THETA

GOTO 13

TCL)=-180+0+THETA

GoTo 13

IFCYC1)*GTe000) TCI)

IFCYC1L)LT+000) TCI

GoTo 13

IFCXC1)eGTe000) TC1)=90-0

IFCXCI)eLTe000) TCO12=-90-0

CONTINUE

DO 16 I=1sN

RCL) SSQRTCXCTIAXCIIFYCIIAYCID)

RETURN

END

0-0

160-0
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461

4S

44

46

43

42

10

SUBHHUTINE JIPHIIBCAs tas LAT)

DIMENSION X(N)sYCN)D

IFCIXY-EQ-0) GOTO 10

AN=FLOATCN)

WRITE (2s 461)

FORMATC1HOs5H X11 »6H Xes 7H Y1ls7H
X1=-4.0

X2=-3-5

DO 42 Jl=1516

Yls-4-0

Y2=-365

DO 43° J2@=1516

P1=0-0

DO 44 1=15N

IF CXL eLTeXCI) eANLeXC1)e¢LEeX2) GOTO 45

GOTO 44

IFCY1+¢LToYC I *ANLe YC I) eLEeY2) Pl=P1it1led
CONTINUE

P1=P1/AN

WRITEC2s 46)X1sKesY1sY2sP1

Yes7H Pl)

FORMATC1H »F 502s 2X5 F 502s Oks Sets OXs P50 es CXs B16 3)

YiISY¥1+005

Ye=ye+0-5

CONTINUE

X1=X1+0-5

K2=X2+005

CONTINUE

RETURN

END
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