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ABSTRACT

The research described in this thesis showed that, under certain
conditions, coupling can take place bestween 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.

Prauioua researchers have usually confined their investigations

to models with only one degree of freedom (1ateral), 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 two degreé 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 (GABL). 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, e
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I. INTRODUCTION

I.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 atiributed to the will of a deify and, as
such,was presumed to be beyond the understanding of mortals. During this
period, there were some very dramatic, wind-induced collapses of siructures,
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 1@79. It was in 1940, after the collapse

of the Tacoma Narrows Bridge as a result of oscillations caused by a ;ind

of 19 m/seo, 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 in 1884 and Stanton [_2.] 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 made to determine these
effects [ 3 :l. These tests, and a subsequent investigation by Rathburn
[ “ ] , produced the important conclusion that 'matural 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 '

'advefse conditions of wind. One example is the collapse of three

10



cooling towers at Ferrybridge power station in November 1969 [ s j}

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 [6 ].
Rare wind conditions, also cause urban areas considerable loss of life

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

Darwin [ 7 ]

To combat such damage, various codes have been written for designers.
Osipovich [ 3 ] 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 [‘7 ] 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 replacemenis.

It is therefore necessary to revise these codes continuously, and to make
this revision possible, research into wind and structure interactions

must be done.

I.,2 Formulations 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 ]’ 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

3\



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
-siull-socale tests are satisfied. Since not all requirements can be met simultaneously
-scaonfidence 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
-t dwind-tunnel. The square prism was modelled on an existing prototype. Since
onmeome data on the vibration characteristics of the protoiype were available,
nitinitial checks on the modelling procedure were possible so that some confidence

Niccould 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
yli cylinder having the same R , 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 oross-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 [763, 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 componentsx 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



o 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.

LT r4This allowed comparisons to be made between models vibrating with one DOF and
regitwo DOF. The gimbal consisted of a system of torsion-bass, sirain-gauged to
wo €ive a measure of the d,w}na.mic and static deflections in the two directions

ive considered,

In order to achieve a good representation of full-scale conditions, a simplified
In model of the natural wind was generated, as accurately as possible, in a

del 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

f/

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 CIZ ]-.

(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.

(¢) Oscillating and divergent instatilities 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 ] and will
not be considered further here., Dynamic wind-loading will be discussed

next.

3.1, 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 [,“*‘]. The random excitation of a
structure cannot be analysed deterministically. Statistical concepts

must be used., Davenport [ IS ] extended the work of Liepmann [ e j

on the application of statistical concepts to buffeting. An outline

of Davenport's procedura[ 7 ] is as follows:

Three assumptions were made to simplify the problem:

(a) The structure is elagstic and its response x(t) to
fluctuating forces f(t) can be expressed by a familiar
linear differential equation.

(b) Mean aerodynamic force is the same in fluctuating flow
as in a steady flow having the same mean velocity.

(¢) 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.

14



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

(b) Probability distribﬁtion of the response amplitudes

(¢) 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, 6, This can

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

s

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:

\‘X_n(n)lz = :.'
R

-

(where n, is the natural frequency of the system and € is the critical

damping ratio, c/anm ').

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 ]

) - G®/GE
where (.= Ef-li g‘_.AG:.k is the steady flou aerodynamic coefficient and

where h is the reduced frequency, nP/ U ).
\S



The normalised spectrum of the response can be written:

n. (n Py Y I Ix-“(_'\)r I"Lh(n)r A %-“1! n !

z
x

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

s S g s
L rutdf Dl

—_— i
=

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

fluctuations at or near the natural frequency n‘[”],

3,41, 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

(¢) vortex—excitation

(a) Ovalling is a form of vortex excitation (discussed below) which
induces elastic deformatior of such structures as thin-walled circular
stacks [13 ]. 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) GCalloping is a self-excited oscillation of an elastic cylinder in a
uniform transverse flow, in which the shape of the cylinder cross-section
ad 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 [i";mali]- 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.

(¢) Vortex excitation is the form most often encountered and can ocour
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 '1ift' 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 :]

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 'in-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 fluctuationsfzz:].

If the structure is flexible and free 1o oscillate with a natural frequency,
ng 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, N, coincides with a natural frequency of oscillation.,

In general this is so, but it has been noted [24- :] that the represen-

cross=wind
tations of thefaerodynamic 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' [23 'l. 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 cylind.er, 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 apprciable 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 {25 ] and Parkinson and Modi [26].

A simple mathematical model to explain how a structure oscillates in a
wind stream with a linear displacement, M, (= 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
r‘:!’ r\o.j sl wk

where We= 2Wn, s 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(&)= Q-9 D(a, s wt+ a,. cos wet)

'

= k‘.j* C;-';)

. ' a
re. k= SarV-aq and c,; = Q_ Ula.. /“50

or in a non=dimensional form

' ks
k= 3 = U:.A| and ca= c:'_ o i:.-_#
Sa D1y §aD "
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where k, is the non-dimensional stiffness coefficient, G is the non-

dimensional damping coefficient and U, (s U/ ﬂs'b) is the reduced velocity.

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

shown [ 277) that
Gl= 2mn,8a

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

damping (log. dac.),s,._.

Hence (= 2m3a/(gAl")
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
- ! i " kl’ ’
m + (gr el g+ (ks +ka)y =0

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

of motion is

regpectively.

During instability in single degree—of-freedom motion, for
( i) Ca=e¢/ , oscillations will be maintained.
( i1) cl+cg>0 , response will be random-amplitude, constant
frequency motion [‘2__].
and (iii) .-c;-;-cs' , (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
Ng= ..I_ k‘..*' ks’

2T "
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For most structures, it has been found [ 24 that,
( i) oscillations usually take place at a frequency
close to a natural frequency, indicating that 1&:.. is
small compared to ‘g’
(ii) therefore wind has little effect on fhe frequency

of oscillation, thus giving MNo="es

I.4., Revisw

4,i, General

.

Nearly all building shapes are classified as bluff bodies and they have
pressure distributions distinctly different from streamlined bodies [23 ].
The distin,;;uishing 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 complotely

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 [24-] , analysing the vibrational characteristics for regular
polygonal sections, found that vortex excitation was always present

but 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 (o = 0°) while the weakest was experienced
by the hexagonal section, again withd = 0°. The galloping excitation
occurred for a limited range of wind inclination and disappeared entirely

when tests were made on a circular section.

Al



he ahe ability of a sharp—edged bluff body to exhibit both vortex excitation and
qugalloping excitation is shown in the stability diagram, Fige 1.1 for a
tqquequare-~section prism in smooth flow Lzﬂ]. A region of instability caused
yvby vortex—shedding begins at a reduced wind speed, V. = 6, for a variety of
uctstructural damping values. This instability persists over a range of wind
ppespeeds but this range déoreasea with increased structural damping. For wind
ypoespeeds above this range, stability is maintained until the critical wind

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

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

[he excitation depend on many factors, but mainly on the structure of the fluid
flows We shall now review some of these effects. For oorreapondiggzﬁ%}ects
on stationary cylinders, the reader is referred to an excellent review article

by Bearman | 29 ].

4,ii., Effect of Various Parameters on the Vibrational Characteristics of
Square—section Prisms

(a) Reynolds Number

Smith [24 ] 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,.
(b) 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 ] shows a comparison
twebetween the dynamic response of a lightly damped (S; = 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 uriform flow.
¥e The resulting lateral response increases monotonically with ampiitude

pe 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[:3l'] 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 [331, 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 ],

(¢) Damping

The effect of damping on the vibration characteristics can be seen by referring
to the stability diagram of Fige 1.1,
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®5F1From the results obtained from a series of wind-tunnel tests to determine the
"rom response of a square-section tower to both turbulent shear flow and smooth
esp: uniform flow, Whitbread | 33 :\ 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,.ia 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 instiruments.

N
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I1I.1. 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 Y2ii.b), 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 (Seotiong_l-i-'-") 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 V).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
importante 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 oylinders 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

t0 the movement of the models,.

(b) Measurement of Fluoctuating 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 characteristics in measuring turbulent air-flows, notably

(28],

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

e

DISA 55F31 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 experimenis.
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During calibration (Appendix 2.A), 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
E1 a, - a‘:‘op"' a‘!'onf

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

‘E:- c\..*‘. C\gor

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.4:5.).

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)e The dynamic pressure reading was then
corrected for ambient temperature and pressure at the time of

measurement to give the true wind speed.

(d) 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 multi-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 analogué data were recorded in different ways. The refe-—
rence velocity measurements (Section (¢) 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 (Seotion VII.I. ).

II.2, Description 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
terms 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,
ocours 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.

2.i. Amplitude Domain
(a) Basic Properties
Physical data, X (t), can be thought of as a combination of a 'static'

or time-invariant component, X, and a'dynamic' or fluctuating component,
x (t )o

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

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

Tapaty L\

2
A g _I_,g X(&)- de (2.1.a)
=T

If only a finite portion of the record for k<t &b, is available

then

Sl St‘ w (L) . de (2.1.0)
S

4

30



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

e = Ik 4_51 X2 (k). dk
T

T—00

or for finite records

&
*: =t ) g X'(k) -k
k-t

&

The dynamic component may be described by the variance

Y 2
2 o lud
E e Lzl

or for finite records by

L
":-_.._J_g [x(.k)-i] de

-t

RS

Expanding Eqn 2.4 shows that,

& ‘l’:‘;:

(b) Probability Density Functions (POF)

(202-3)

(2.2.1)

(2.3)

(2.4)

(2.5)

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

x () assumes a value within the range between x and (x+3x) may be

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

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

time T,

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

a8,

e f 0 L[t (n)]

3l

(2.6)



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

%
P(‘K): Y ‘,C:) . diae (2.7)
]
(c) Moments of a Probability-Density Distribution
t
In general, the <Y moment about the origin for a random signal is

given by,
V()= I _L.ET [x(e)]r.cu-. (2.8)

T=>eo 2T
or for a finite record,

S8 < i“._ . S: [x@;)]'. d (2.9)

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 > 1), the first-order statistics of x(t).

(d) Gaussian (Normal) Distribution
Random data, :_(t), usually has an amplitude probability density dis-

tribution of the form

27 - 6x A6y

\’("‘) = ._._l_..._.. Q)c‘; {—- rx(_k) e i]l } (2.10)

which is called the Gaussian (or Normal) distribution.

-

Standardising Eqn 2.10 with zero mean and unit variance gives
| 2
b)) = Sy ("h/‘) (2.11)
J:u
where
A e (e}
6y (o
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If moments of =(t) are considered about the mean such that

k

o e g Ty
At W )
and if p, is normalised by 6, such that, o= [ /62

then the first moment, oLy=©

and second moment : Ly =

For a Gaussian (or Normal) distribution, the 3rd moment, the 'skewness®
factor can be shown [37 ] to be equal to zero. Thus, according to
whether o5 20, the distribution is left or right-skewed.
The 4th moment, the 'kurtosis'! factor, can be shown [37 ] to have a
value 3,0 for a Gaussian distribution. If K4 Z 3, the dis=-
tribution curves are more peaked or are relatively flat with respect
to the distribution, 4 =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,
X<x(e) <Xt 8%, Y< 3(t)4Y+'57 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 Tx.\; 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

b (%)= B [Le t,]
J I

e ARTRT R IR e

(2.12)
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If both =x(%) and 4(Y) are normally distributed, then it can be shown

[37 j that the joint density function of each is

P(a,g): e A {"é(}:' :'?‘3 . 5'3*73;)} (2.13)

' 2

where fvj is the correlation coefficient relating x(¥) and ‘30‘)

and is defined as

gl‘-j = — (2.14)

and satisfies the condition, -} R ?l" rai |

6;-‘3 is the co-variance of (%) and a(&) and is a measure

of the way =(t) and a(t) vary together. It is defined as,

4
6”3=_‘__J ;:(L-)_a(l-).al{- (2.15)
* L'

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

only if ¢, -0 (37 ].

If '}lLL) and 775&-) are normally distributed, ie,

?(mh-—url“_f exp (— EEY) (2.16)

P(aw) & ,{5\:_' . axp (..5';/;) (2.17)

and are also uncorrelated to one another, then EQn. 2.13

reduces to the form

4 (5:’73'1)- l’(}x) l'(’h) (2.18)
e e [—b:* 5;)/,] (2.19)
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This is the bi-variate normal distribution expressed in its simplest
terms. It is 'bell-ghaped' 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.

20iie 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->co, then an exact value
for the auto-correlation function, R, (), will be approached, where

Rux(¥)  is definec

T

T
Rux(®) = 5 ..'_.J a(t). x(k+7) At
7
e (2.20)
The normalised form of the auto-correlation is the auto-covariance or

the auto-correlation coefficient __gJ{) given by

?l(t) < an(t)

6x
(b) Cross—correlation

Eqn 2.20 can be extended to obtain the cross—correlation function
Ruylt) of two sets of random data to describe the general dependence of
the values of one set of data on the other.

Ruyt) is then defined as

=T
Rey(®)= [t __s;[ «(6). y (bet) dE (2.21)

T>0

and the cross—correlation coefficient is

(- R0/ .
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2.iii 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 Sx(n)

of a time-record =(%) is then defined as,
¥
gt{h)- ES.‘C é’:\ [-fl_jc m-:‘;TI x’(t'hfsn).dl] (2. 22)
w0 > T

where 9. is a bandwidth centred at a frequency, W,

If =(k) 1is non-periodic,it can often be represented by the Fourier

integral,

e j“px(hh). qn\" () 20 hk) -dh (2.23)

-0

It has been shown [ j that the power spectral density can be expressed

in terms of the Fourier transform, X(ﬁ) y of the signal :C(L-) as:

S.()= X7 /ar (2.25)

by the use of Egqn 2,22 and Parseval's Theorem,

IR G T (2.24)

Since the double-gided function S _(n) is even and non-negative, the
integration in Eqn 2,22 could be carried out from 0 to o2 in which
case the function under the integral becomes the single-sided function

G (), so that

Gl = 2 S(n) (2.25)

While in practical systems, analogue equipmeni measures Gt(ﬂ) the use

36



of Si(n) defined over (-s,eq) 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 'Wiener-Khintchine' relation, shows [34- 3 that the two functions

are related by a Fourier transform of the form,

Saln) = r” Ru(®). exp {-3. 217-?“] ak (2.26)

with Rule) = g” Suln): e 4y 25 m0) dn

- 00

(b) Cross-gpectral Density Function
The cross—spectral density function, 34.,)(0 5 can be expressed as

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

Sxy (n)= g Rug®. exp (-j-aawT)de (2.29)

=00

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

density function is generally complex number such that,
s,ua(_h) = | 5‘3 (v\)l - exp ES 9&? [h)] (2.28.a)
= Caylw)- ) Qg (™) (2.28.b)

Where the real part, Ch’[n),”is the co-incident spectral density function
and the imaginary part, Q‘.,(n) , is called the quadrature spectral

density function.

Clearly, the magnitude, |Sxy(®)|= JC;(V\%Q‘H("‘) (2.29.a) .

and phase angle 0 (n)= 4%“[ &:ﬂi] (2.29.1)
3 C':-,L“)
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The physically realistic single-sided spectral density function

corresponding to Egqn 2,25 is defined for © £Ww <%0 as

G (W= 2 S (W (2.30)

(¢) Coherence Functions
The coherence function between the signals x(t) and B(Q is a real-valued

quantity defined by,

2
Pyl =) malo! (2.31)
gﬂ(h) 4 qtj("l)
Lf .0:‘,(")’° , the two signals are said to be completely incoherent at
‘that particular frequency. If 'Bl‘n(n)ﬂ, . the two signals are fully

coherent.

(d) Transfer Function
If =(t) and \)(t—) are the input and output signals of a linear sysiem,

then the frequency transfer function is defined by
() = Say(n)/ Sxln) (2.32)

where H(v\) is the Fourier transform of lr\(‘r) , and h(z) is defined by

the relationship.

3Le)- [“L‘(‘)- x(k-x) de (2.33)

11.3. 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. 2.3.
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3.is Amplitude Characteristics

The mean DC level of the signal given by Egn 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 (msistance-capacita.nce) 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 oppoae@; .
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 6‘: given in Egn 2,4 was evaluated using RC-
averaging, rather than true averaging. For this purpose a DISA 55 D35
RMS volimeter was used. Variable time constants were again available

in order to damp fluctuations in the squared signal.

Bendat and Piersol [3#% ] 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

k.S

€ ~ ‘3-4'[%'] S L, (ﬁ) (2.37)
Y 43_3_."‘.

L)
where T is the record length, B is the bandwidth and [ ] denotes

estimated wvalue.

For mean square value measurements where xX= O

= =-=1°[:P:—”'~p A~ |/JBT' (2.38.a)
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If the rms values are read (for x=o) then

cn .04, 0 » 1/ (aVET) (2.38.1)

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 measurementis
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
[qu] 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.

3eiie Time Characteristics
From a sample time history record x(k) of a stationary random signal,
the auto-correlation function, R:x(t). of the signal is estimated from

Eqn 2,20 to give

T

fé,(t)= :I]__ S x(t)e > (t + ) dt (2.39)

for a record length T.
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R(x) 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 ﬁISA 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 T with respect
to the other. Finally, these signals were fed to the analogue correlator

A
for computation of the correlation function, 21(‘3; or the correlation
coefficient ??,L(t) « 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
factor of 8:1 with the tape-recorder (Section III,2.ii.a) increazgzg:ha;f
time delays with a corresponding increase in the lower-frequency 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)y

a relative error of only % 0,5% in the normalised correlation coefficient.

3.iil, Frequency Characterisztics

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

that is required,and is estimated from Eqn 2,23 by
4T .
G (Y=t S () .4k
T
& ]
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where B. 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 conjunctioﬂ 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:

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

equipment is used.

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

frequency components of the signals,.

(iii) The lack of a general-purpose apparatus makes diffioult 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 manipulatiaﬁ 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 form [36].

The digital data was then reduced using digital sofiware programmes.

IIle1. Recording and Storage of Analogue Data

The frequenoy—aensitive 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 magnetic 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 (47.6, 95.2, 190.5,
381,0, 762.0 and 1524.0 mm/sec), which permitted signals to be recorded

from DC to an upper out—off frequency n Hz, given by
o

B s Ne iR

5
where n, is the carrier frequency (= 70.87 Hz/mm.ae:) and R, is the

recording speed.

Two playback speeds, Qp ’ of-95.2 mm/aeo and 762.0 m/seo 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 thie is shown in

Section II1I,.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.

I11.2, Data Preparation

To make possible a digital analysis of the analogue data produced
during the experiménts, 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 units 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.

(o) 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,

V% Digitising Theory

Digitising comprises two separate and distinot 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 fumction, x(t), defined for all 't' by the
equation

X, = x(bo*'\..‘ib) (341)
where 4, is the time sampling begins, and &t is the sampling

interval.

When deciding on the sampling rate, fs(=! [SE),  care should be
taken that the sampling is fast enough to avoid the problem of
aliasing [,34 ] which could constitute a source of error. A% 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 l}(i-'&) Hertz is
sampled at a rate of !}3‘: samples per second, then the sinusoid will

appear as a lower frequency. The frequency

= '__L,_, = _'55 3e2

&N 2.2¢ 2 ( )
is called the folding or 'Nyquist' frequency. For example, suppose
that

x(t:).- cos .Q\Tn'b
and that
| b- 1 f@h)

then

Fn ‘I N

cos 2ink = ces :ﬁl’(zl{urh)‘_{_ o CoS _'ﬂ_'n_)
2
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All the data at frequencies 2:{,tw , therefore, will have the same
cosine function as data at frequency n when sampled at points at
intervals of '[@l {«). Frequencies in the data above 'I('JSE) will
be folded back into the frequency O to 1[(25t) and will be confused

with the data in this lower range.

There are two practical methods of handling the aliasing problem [34']:
(1) Choose &t sufficiently small so that it is physically
unreasonable for data to exist above the associated cut—off
frequency, §~ (z l[ 1&). , If the maximum anticipated frequency
is N,y then :
o > Poen (3.3)
Enochson and Otnes [38] 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

B 2 b, - ot}

8o that fo= fsf2 =250, " (3.5)

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

the minimum value of »fN will be set by Eqn 3.2 as

N = Mmas (3.6) -

The second method saves computing time and cost, but it is not
physically possible to filter out all data above the maximum required

fraquenoy.-g.‘. 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 J.4.

(b) Quantising

ADC systems quantii‘y 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 (2& ) 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 r.m.s. value of
the quantification error (which may be considered as an r.m.s. noise

on the desired signal) is [34]

6.~ 0,29 scale units

the peak signal to rem.s. noise was

-g-:% o 2.83:!04, ie 90 dB

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.

2.4%, 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 progranm

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 (BSI) [33 ]. The main object of the link was to give the EAI
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.

Bach 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 C (Re
and R p aTe given in Section III.1)s The ratio of the speed variation,

r, given by

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

when r >|.

Expansion of the time base (r>!) enabled the frequency range of the
data to be expanded so that low frequencies could be looked at inmore
details 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 h in real time, on replay at a
speed ratio I, appeared as a sinusoid of frequency n given by

“, =Y. N (3.31

When computing the power spectral density analysis, the resulting
output needed to be multiplied by the speed variation, r. This is
because the speed variation had itself increased (¥<!) or reduced
(r>' ) 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,&n , of an analysis.
If, for example, a resolution bandwidth of Sh= 1 Hz is needed to
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(Section VII.1).
analyse a given sample record of data with an acceptable bias errorl‘

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, + 10ve This is the maximum range that the EAI 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 ocut—off rate so that

“‘_ = Ny ow

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 faotor,r(%!) , then the low-pass filter was set at

I
r\l- = Y. ﬂ._ (309)

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 form

x(t) = A(%) + (%) (3.10)

where A(t) 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(%),

A(t) can be separated from y(t) 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

ghown in Fige 3.1,

Timing patches (ie wiring on the patch panel of the analogue computer)
to determine the sampling rate, fs, 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
get 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, O, on the EAI 680 was used
to 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
to 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 them
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, fg, was determined by Eqn 3.4, As before, the
actual sampling rate, {; y was determined by the playback-to-record-
speed ration r(= K /R ) so that

f; =‘“-Fs (3.11)
when the output of the BCD counter became high, each track/atore unit
was put into store mode, so that its output‘retained 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

EAT 680,

The signals controlling the track/store period and the time pulses
were displayed on the monitor scopes, Y1 and Y2, of the EAI 680
oscilloscope. Monostables 00 and 10 controlled the display time on
the oscilloscope and was sitho 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 traok/atore was put

back 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, fs' 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).

(b) Read the ADC output register and stored the values in a data
buffer.

(¢) 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 simulianeous conversion., The appropriate routine was

selected during the setting up of the initial program (see Appendix 3.8)s

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 firsi
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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 #ignals 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

(ﬂppandix 3 .ﬂ ).

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

run. The run number was also typed on the teletype console after each
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run 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 aeparat,{on of the output according to chamnels., 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.B.

IITI.3. Analysis of Digitised Data

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

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

Nl
N e (3.11)

corresponding to Eqn 2.1,

(b) Similarly, the variance 6, of the data is given by,

5 N-l A
6 = Nt_l Zﬁo C—xi—x) (3.12)

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

unbiased estimate may be obtained [_3+] .

The positive square root of Egn 3,12 gives the standard
deviation.
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(¢) 1In 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 (%) = _VLJ‘, ( 'j_,) (3.13)

N

where p(X) is the probability denmsity function of data centered
about a value X, and having a width of Wx. - ”xl is the number of

points falling within this band,

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

using Eqns 2.4 and 2,9 by

3 & it -
Smich ..th . Q;-x):l (3.14)

G-}
(*L—-f)‘j (3.15)
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(e) The joint probability density theory for two analogue signals
discussed in Section Il.2.i.8, can be extended to two digitised

records, X; and y; (L = 015 2y oveep K= 1)e

The joint probability density function (Egn 2,12) then becomes

{ - | N“u?a .
pO*Y:) “’x._s‘in( - ) s - (3416)

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

about a value (Xl,ﬂ ) and having widths of (mﬁ WUy, ) Ne,is the

-

number of points falling withifn this band.
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Jedis Frequency Characteristics

(a) Power Spectral Density Funotion

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

from Eqn 2,22 a8

&t(nk)' 2‘% lxt ll (3.17)

where N-I

Xk, 2 xXi  exp (“‘j"S“‘) (3.18)

=)

at the usual discrete frequency values h = K/T = k/(u. St)
for k m Oy 1y 2, eseceey N =1, Xk is a complex number representing

the Fourier coefficient of x/(L) at N data points.

In pra.otlioe, the auto-power spectrum is produced by a gself-conjugate
multiplication (ie, squared magnitude) of the complex Fourier
coefficients xk , of the time history. The result is the positive

gide only of a mathematically correct two-sided spectrum (Section IT1.2.1ii).

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 uncalculated symmetrical negative-frequency gide,
except for the shared zero frequency (DC) component which carries its

full value,

To 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, on (= fs/N).

(b) Cross Power Spectral Oensity Function

It is shown [?A- ] that cross-spectra can be obtained from the

\

Gey () = 2-%(7(:.‘1,:) (3.19)

relationship

where * indicates the complex conjugate.

The coross-spectral density function contains as its real part the
coincident spectral density function, Cx., (n), while the imaginary part

is the quadrature spectral demsity function, Q,.,(n) (section 11,2,111),

Hence magnitude, l a\,,.) ("D]- B %—’ | ‘K,: My | = JT:::., (“4.)*' Q:.d(":)
' (3.20)

and phase 6 (n) = -I-u.:l _Qxy(n) —J

3 Cay(m) (3.21)

(¢) Transfer and Coherence Functions

The power spectral dénsity functions a:’ E\j and C:,_,a of the two signals,
and X and y were used to calculate the transfer and coherence function
from x 0o 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.
Tt is defined (Ssction II.2,iii) as the ratio of the complex linear
spectrum (ie discrete Fourier Transform) of the output to the

ocomplex linear spectirum (ie discrete Fourier Transform) of the input

A
S,y OF

A

H(n) = Syln) (3.22)

Sx('\)

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-specirum, Sa y ie
A

A A *
H(n) = ,\Sq oSy o - -——'ﬁ—a 3.23
S. S-Sk (i~ (3423)

The coherence f“n°ti°“!'i;3(ﬁ) , is a measure of the efficiency of
the transfer of emergy from one time history to another, ie
A ;B
| Gy )]
A L3
Galm- Go(n)
AL

EJ?) is bounded between O and 1. A coherence value of one means

%:'-ha (n) =<

(3.24)

that energy is transmitted from one time history through a linear
system to a second, without any corruption by noise.

(d) Leakage

Leakage is caused by the presence of frequencies other than those at
the discrete frequencies, N = kfs/N (k= 0, 1, 2, eseey N=1), These
in-between frequencies modify the coefficients over the adjacent

frequencies, giving false results in the form of side-lobes of

unwanted powerEFD}.
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The large side-lobes obtained from 'raw' estimates can be greatly
reduced by using 'data-windows'., Of the many available [?-'8] one
of the most simple and effective is the so-called 'Hanning' filter

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

/
* = x . .
x = 02§ X + OS5 X 4025 X % (3.25)

/ :
where denotes 'Hanned!'! data.

Anderson and Nettleton [ﬂ ] 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 averaginge

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

ponents W as representing the mid-point of the

e ' Mewr 2 M kern
frequency interval from n, to L Bendat and Piersol [34']

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

given by
RS (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 inoreasing 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,.

[N
The program could also be easily modified to evaluate P octave
(p =1, 1/2, 1/3, eeessse) 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

a‘u ="°l|}[ a‘k,.* E‘k.z* """ ¥ é‘*-?] 3.2

A

s
where G A is the raw estimate at frequency N, of the " time

slice.

Hence by ensemble averaging, Bendat and Piersol ['—'-?- :l have shown

s €, = f llav (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 auaragad;f For hot-wire analysis (Section VI.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
€ = J 4.
Y j 1/ (3.29)
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(f) The Fast Fourier Transform (FFT) Technique

The FFT is a numerical technique for rapidly and efficiently cal-
oculating the discrete Fourier transform coefficients, as in Eqn 3,18,
This technique was first described in a form suitable for machine

caloulation by Cooley and Tukey [_47- ].

It can be shown [4—3] that this method is most efficient when

the number of data points is a factor of three (N-'-3m )« 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.

m
With N=2 data points, it can be shown [3%¢ ] 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-| /
X(k)= > -x(n). \N(-kn) . k RO,032; ayN|
n=0 =
(3.30)
where x(n)=%, , X(k)=X and w(u),, exp (-J :mu/N)
(3.31)
The basis of the FFT in calculating the above coefficients is that a
large number of W("lh) terms are equal, or the negative of each other,

8o 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 [4*;4'5 J .
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During analysis, the Fourier coefficients of the digitised data were
caloulated using an FFT programme, PROGRAM EARL (Appendix B). This
was a modified version of a program written by Anderson and Nettleton
(4 7 who, in turn, made use of various sub-routines written by

Villasenor [‘f"; ].

3,iii, Time Characteristics
(a) Auto=correlation

The estimated auto-correlation function at the displacement k.St ig

defined by 2 ; o
Q‘kg Q* (k, St) = —d:{ z Xh. xhtk : kﬂo,hl,--.m

n=i
(3.32)
where k is the lag mun'ber)m is the maximum lag number. This is the

direct method of estimating the true value, R .

An indirect method of calculating 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 'Weinor—Khintchine’
relationship (Emn 2.26). Bandat and Piersol [34. ] 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/(o) to give the
auto—correlation coefficient, ng,_(‘)

fo RO XOTANO

(3.33)

(v) Circularc orrelation
When two finite Fourier transforms are multiplied together, the finite

length of the record, T, has an effect, such that the elements which
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have been time-shifted past the period T, reappear at the begimning
again | 4% . Therefore, the correlation that is obtained is

C
not true but is a 'ciroular' correlation, R (’Ck) ;

guch that ?: (r&)_ 21(rk)_, Ql(tu-k) (3.34)

at the discrete time lagﬂ t‘k‘k& for k = 0, 1, 2, sssnnny N - 1.

Bendat and Piersol [51‘] 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, o;:)mputing 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 3%.3%) of. the diroular correlation estimates and
thus gives us the first 'true' half of the estimated correlation

function.

(¢) Linear Bias
An accurate representation of the estimated correlation funotion

(Eqn 3.32) is

ﬁ I N-k
x’j(_tk)ﬂ _'_‘__:k__zc.‘ x{-.‘a;{’k ‘or “=°'|,2’.“'M (3.35)

Calculation of qth) from the inverse of the PSD gives an effective

A
Q' (t such that
7y ) il

Ay
Ry (T1)= TI;‘Z-.u X Yok

(3436)
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 faoctor
W= N/[n-k) (3.37)
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so that a "true' estimate may be obtained.

(d) Cross-correlation Function

The cross—correlation function for two digitised records can be
evaluated 'indireotly' 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 L ] 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 L-#:i.bk),

The turbulent boundary layer is generated in the wind tunnel by using
a variety of flow-mixing devices (Section ﬁ'z-“'). Simulating the
ABL requires similarity, not only in the velocity distributions, but

also of its turbulent charaoteristics.

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 [ eq ‘] is required:

(a) Mean velocity distribﬁtion as a funotion of altitude.

(b) 1Intensity of each component of turbulence as a function of
altitude. Wi
(¢) 1Integral scales of turbulences

(d) Spectra of turbulence.
This chapter begins with a general descoription of the ABL and its

properties. Characteristics of the ABL which require modelling in the

generated flow are also discussed (Section IVe1)s. In Section IV.2, a
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desoription of the devices used to produgce the generated, turbulent

flow is given.

IVele Description of the ABL

The flow of air over the surface of the Earth is affected by the
fCoriolis?' 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
friotion 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, :la. The height

at which the wind velocity is equal +to the gradient velocity is

known as the gradient height, 3}, «

The gradient wind does not conform to the no-slip conditions at the
surface, indicating the existence of a boundary layer [4’1 ], This
is called the planetary boundary layer and is, on average, about one
kilometre thicke Within this layer the wind velocity shows continual

rapid fluctuation, the amplitude of which varies throughout the day.

Most structural wind—loadiné problems are concerned with high-wind
conditions. In high winds, surface friction causes so much mechanical
stirring of the axm;aphere that the thermal gradients giving rise to
convection processes are destroyed. The lapse rate
y= 2t

&
(where T is the absolute air temperature at height'y) is therefore
alweys 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, é statistical approach is used. From a spectrum
obtained by Van der Hoven [4% ], of the horizontal wind speed near
the ground, Davenport [4‘1] 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 flow. These
changes usually occur as depressions and anti-cyclones, with energy
periods of four dayse The high-frequency micro-meteorological region
Iis 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)e 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, lies mainly
within the range of 1 to 10'oyoles/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 ESDJ-

The main significance of the spectral gap is that it is then possible
to 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 [_50-_‘ suggests that a good
averaging period for defining a mean velocity is approximately 10 to

20 minutes. This is because:

(a) fThis 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.

(¢) 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.

(d) 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 struoctural design. These properties are discussed

below.

1:1s 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 [Sl—J for strong-wind,

neutral-stability conditions that the wind velocity profiles can be
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defined by the Prandtl logarithmic law,
V()= La . L (“—1—5"—) (4.1)
., R ¥
where G(‘ﬂ is the mean velocity at height %; the friction
velocity is U ( u.‘,’-c,/g“ where T, is the shearing stress
akt the surface.a.nd €a is the air density); 3, is a constant
of integration known as the roughness length related to the roughness

of the surface and k is Von Karmans constant & 0.4,

Although this profile is theoretically valid down to z = o, it should
be noted that this cannot be true when there is any uncertainty about
the ground planes In practice, rougher surfaces (larger b ) are
associated with larger obstructions on the ground. A difficulty
therefore arises concerning the origin of } and it is customary to
introduce a zero-plane displacement, d, to provide a datum level

above which active turbulent interchange begins. A modified logarithmioc

profile
Wi S 1*4) (4.2)
4 30

is thus expected to hold.

The surface drag coefficient, G s  is related to the friction

velocity [5|] so that,
G- &/(48.87)= (el G)  (4.3)

Sutton [ 5! ] cites the work of Calder [5 2] who found the
values of the constant in Iqn 4.2 by choosing values of d and },

independently to give the best fite With a mean wind-speed of 5 m, nec-'-
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at a height of 2 m above the ground, Calder found that for (a) short
grass (1-=3 oma),l&u 33 cm 390-1, Y% = 0s5 cm, d = 0 and for (b)

long grass (60-70 cms); W, = 50 om aeo_1, 50 = 3 cms and d = 30 cms,

It has been shown [ 5\ ] that, if protuberances on a surface are
sufficiently similér in shape for a mean height € to be defined,

then

3, v € /30 (4.4)

Making use of this relation, Sutton.[sl.] has modified Nikuradse's

oriteria[53]to give
Wy Yo /» < oa7

for smooth and rough surfaces raspectively.

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 Burface‘roﬁghnesa decreases and the profile departs
e ignificantly from the logarithmic form (54 ] . fin

empirical law for the mean-wind velocity profile through the deeper

boundary layer is LT o«
0
Lo e ) " (4.6)
U.r'} It

in which ‘Jnf is a reference velocity at a height ih{’ and £ is a

constante.
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In practice, it is useful to standardise the relationship by using
either the gradient height, %G y or a standard height of 10 m as

reference.

Davenport [5*‘], 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
terraine This variation is shown in Fig. 4.2, together with the

variation in gradient heighte.

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,iii)
then the velocity profile should be represented in the wind-tunnel by,

Bl ey <

L
i model }ﬂ(—

where 6,4 is a representative wind-speed at a height 3% refe

(4.7)

model

The value of Ly 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 J.

A further parameter that needs modelling is the roughness parameter,
%n‘ This is because 50 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 730 is

derived from Prandtlts logarithmic law (EQn 4,1).

The condition of oﬁtaining similarity between the phenomena observed
in the wind-tunnel and that in the atmosphere, is [46]
jﬁ’- 74 _ﬁﬂ, (4.8)
d d fuli- scale
model e

where d is some characteristic length.

In addition, the model must be immersed entirely in the generated,

turbulent boundary layer. Otherwise, erroneous results may ocour [S5S).

1eile 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 belowe.

(a) Probability Distribution
According to Davenport [56 ],  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 distri‘bution, and

is given by, S
P(V;—U)n__‘__...l__ esp[—l( )]
yar 6,
(4.9)

where V; = instantaneous wind velocity (= 4w )

U = mean wind velocity component

T 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 ABLe.

(b) Wind Energy Spectrum

When considering the effect of wind on the structure, the most
important parameter is probably the longitudinal wind-velocity
spectrum, G, (»). This is because the fluotuations in the

drag component of the motion of the structure are mainly influenced
by Gul(n),

Davenport [4‘1] analysed the micro-meteorological range of
frequencies of the wind during high wind onditions at a variety of
measuring sites. He then suggested an empirical expression

n. C’luu(\'\) = 4kG:‘_ };1
QgD
: (4.,10)

to represent the longitudinal wind velocity spectra. In this

expression, J})- h.l',/aﬂ_f where ﬁ.) is a 'scale! length.

Integrating Eqn 4,10, the total variance, 6'1, of the wind

"W

velocity fluutuations at a“height 3 is obtained.

o —1
ie 6‘:= E Gu(h) dn = 6w© "kbnf

2 (4.11)

2
This shows 6, +to be invariant with height.

2 -l
Since Q.i is easier to obtain than u‘%kun}), Eqn 4,10

can be modified to,
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=

n. c;}(.\) = %. —Q-*f,f_)m (4.12)

—

With  Opyf= G- (a mean wind speed in m /sec at a height of
10 m), Davenport reports values of 0.67 and 1200 m for «; and l],

"

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—

-5/3
n . This decrease in

cies in which Gy (n) varies as
spectral density with increasing frequency corresponds to Kolmogroff's

similarity theory [57 ]. n

Care must be taken in interpreting the =- 5/3 index. Pasquill {52 ]
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 occur 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 ( dn—>0 ) near zero frequency, and is given by,

Lo iL [ Lt G‘u(").,:o] (4.13)

46 Sn>o

The two scales, L.’ and L, , 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
n . G\“Lh')/ﬁ-: does not vary as gz but as ? for small E. Hence
Eqn 4.12 does not yield a finite value for the power spectral

density near zero frequencye.

- To overcome this theoretical objection, Harris [9‘7] has

suggested an alternative form,

n.Gin) . o § (4.14)

- "
L @.-& f:) 3

where o0, ( % 0.6) is another empirical constante A change in
the value of the length scale, l_b, from 1200 m to 1800 m was also

proposeds

Both Davenport's and Harris's representation of the bngitudinal gust
spectrum suffer from the difficulty of finding a suitable length
scale, Q:b,u . ﬁccdrding to Armitt ‘-_60 ], *fitting curves to
spectra in order to deduce length scales imposes the experimenter's
ideas on the data. 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 curve fit. Even here, the requirements

are not easily satisfied'.

Kaimal et al [51 J have -overcome the uncertainty of using Xy by
replacing 1lp in the non-dimensional frequency parameter, f, by 3,

(1o J. Wwhere 2 is the observation height)e
&,“%/Uﬁ wee} 8 the observation heig )
They used a modified frequency scale -”fb where f;, is the intercept
L

of the extrapolated inertial subrange spectrum with the &. c\\[h) /6:“_ |

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,

O o-t6 ( £/8:)
6 |+ o6 (£/F)7?
: (4.15)
Using Eqns 4,13 and 4,15, the variation of 1y with altitude is seen

to be =
Ln = 04 D
n; (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 turbulence. 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
restriotives Whitbread [33] 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
gcale and intensity of turbulence simulation to one of spectiral

density only over the wave number, n]ﬂ(ﬂxt , range of interest?.

Using a grid, Cook [62] obtained a similar part simulation, but

only with the acceptance of an incorrect intensity of turbulence.
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It is relevant at this point to include an observation made by
Whitbread and Scruton [3‘ J. 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 tiie turbulent characteristics of wind flow is not

essentiale

(¢) Turbulence Intensity

The rms gust speed can be defined as

2 2 2 (X
634 Suir Sy O (4.17)
Harris [63] says that 6, ~ 6u/3 with 6., being
still smaller.
Eqn 4,17 becomes
B s SN
e (4.18)

Using Eqns 4,14 and 4,18, the turbulence intensity, I,

is given as
A e 6/ O

SR k% LC..{ G,)  (4.19)

Section 1.4 shows that the intensity of turbulence oontriﬁutea
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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(d) Scales of Turbulence and Equivalence in Space and Time.
Taylor [57_] 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, L,, y is evaluated from the time scale of turbulence, Tx )

and Taylor's hypothesise.

The time integral scale is obtained from the auto-correlation curve,

T‘ = J‘°° Qu(t) . de (4.20)

The spatial integral scale of turbulence,
oo
o ]’ Ruw (%) - doe
o

= G [” e«u(‘)-‘lf
< (4.21)

G Te

can then be obtained.

Panofsky et al [é4] tested Taylor's hypothesis in a natural wind
with high turbulence intensities (I~16-30%)s They found Taylon'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 [52],
Interpretations of the time scales obtained by using Eqn 4.20 must be

made with care because mean values are removed by filtering the data

before evaluating Tx. Formally, this gives zero time scales.
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According to Armitt [_G'-"J, _ finite time scales of reasonable

validity can be obtained if

fl; - 2 "me > ‘r’\
Te > Tax

where T, = averaging time
ngc = maximum time delay considered

TF = time constant of filter used to remove mean.

A Bcale length,}“,hlown as the micro-scale and corresponding to the

high frequency eddies can be defined [57] as

2080 RERSL BN, 8 [ ?t Quu“—)

(4.22)

st 2
'J-c 1=0

1
Au Liet
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 curves

(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, S}-

For lateral and vertical correlations, the current trend is to present
the space-correlations data in terms of the coherence function, '61,

(Eqn 2.31 ), such that

'ﬁi('\) - lGn.(")I :
Gl (n) 5 G‘-(“) (4"23)
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where G,(n) = power spectral density measured at point 1
C\,(n) = power spectral density measured at point 2

G‘u(ﬂ\ = cross power spectral density between points 1 and 2

Davenport r_"ﬂ -] found that the coherence for both lateral and
vertical aepara.tior; apparently shows a universal relationship of the

form

|v| = =+ [_(c. 53.n)/ 5'4] (4.24)

The value of C has not been determined with certainty since it varies
greatly with meteorological conditionse. He has

suggested that an unstable, high wind conditions, it lies in the

range, 6 <<¢<38, He also noticed that \'o'l approaches zaro
for the first time when “-'55’(3 ~0-5, indicating that there is negligible
correlation when the height separation is about half the wave-lengthe

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 (wPL)
type, open-return wind tunnel designated TIe (Fig.4.5 )« The working
section was rectangular, 76 cms wide and 61 cms highe The upstirean
fetch, from the wind-tunnel inlet to the uorking section used for the

development of the air flow, was about 250 cms long.
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The wind-tunnel fan was powered by a 6 h:)rae-Power DC motor. With a
honeycomb flow-straightner placed at the inlet, a tumnel 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 [_65] 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 deaign_ed by slightly modifying a theoretical analysis by
Cowdrey [“'].

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 [67.63 J have been suggested for the

generation of mean velocity profiles inside a wind-=tunnel. When simu-
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 (_36’] _haa 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 predictionse.

For the experiments described here, Cowdrey's analysis was slightly
modified to take into account as an extra parameter,the height of
the required bound;:y layer. The use of this parameter was
essential because the amount of immereion 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

(Fige 4.2) with a gradient wind-height, 3., of 520 metres.

The detailed design of a grid which would produce a boundary layer of

height § and having a power index o is given in Appendix defAe

2,11, 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 [65' ]. 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,2.1i),

The dimensions of these obstacles and their relative positions, in
the wind tunnel were obtained by scaling the dimensions given by

-Counihan LG?].

(a) Barrier

The barrier (Fig. 4.3a), essential to the simulation system, was
cagstellateds 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 | 5 ] 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 mm
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,

(b) 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 6°.
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The apex of the wedges faced directly into the wind and therefore no

assymmatry 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 BLs 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. 'I;heae 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

(Figo 4, 4).

(¢) 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 T.5 mm high
having asjuare 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
elgmenta in the pr;vioua rowe The centre-=line spacings of the elements
were 32.5 mm in lire with the tunnel length and 45.0 mm lateral. This

gave a covered ratio of about &f.

(d) 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 imposéible to insert these

soreens behind the working section.

According to Lawson '[TOJ,tha 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 ['7|] suggest
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the expression:

g iv'val.d a (4.25)
() _ b

where d is downstream distance from the screen and b is the screen=bar

widthe.

Whitbread ['53 ], modified some resulis from Barnes and Peterson

to express a longitudinal integral scale of turbulence,

L _ i o.F75
_f = © ovoa(%) (4.26)

In the experiments described here, screens with blockage ratioa of 71,
50 and 45% were made. Using Egns 4,25 and 4,26, a

turbulence intensity of about 5% and a longitudinal scale of turbulence
of 75 mm were predicteds 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 plywoode Their dimen-

sions are given in Table 4.1. A representative photograph of a

bi-planar grid is shown in Fig. 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 I.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.

Vele 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.

1.1i. Modelling Techniques

Lews relating the results of model experiments to the behaviour of full
soale 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 [T37¢ |

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
()= 9
(5.1)

of a cantilevered structure is obtained. Here, {[1) is the relative

horizontal displacement of a point in the structure at the normalised
’

height, "\‘ ’i“\ y Where ‘5"*’13 the height of the point from the base

and L\ 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 [15] concluded that adequate structural similarity
is possible if three of the non-dimensional parameters are simulated:

(a) structural damping, S

(b) reduced velocity parameter , Yy ("‘ G,"")))
and (¢) inertial ratio m/g‘f' or I/g.)t

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-seotkon Vodels

Because of the difficulty in obtaining Reynolds number similarity between
full-scale and model tests, a model had to be slected 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 bult 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,'g.l.

The choice of one of these tower blocks as prototype was made because:

(1) 1t had a suitable height-to-breadth ratio ( ~ 6), sharp corners
and a simple external shape.

(ii) , Its structural parameters, which were required for modelling, were

known.,
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(1ii) Tests had already been made by Whitbread and Scruton[3| ]

making possible a comparison of results.

Whitbread and Scruton give the characteristics of the prototype as
follows:
Cross—sectional dimension (» ) = 63.4 x 63.4 me
Height of tower = 387.6 m
Mass moment of inertia about the axis (in-line to wind), T , =
1.542 x 10 kg. m.
Height of tower above ground level = 409, 2 m,
Natural frequency of tower in the direction of the wind flow (1), -
« 8.5 %10 Hs

Natural frequency of the tower in direction lateral to the wind flow, '

-2
'w"):l- 9.62 x 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, h, and wall thickness, +t,
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 (- k,]))' w e .

leiii. Design of Models
In the following discussion, the models are referred to as square or

circular cylinders.

The models were munted 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 (3 = 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 % of the A B L above an urban area was taken as 520 m

(Fige 4.2).

For equal immersion of model and full-scale prototype in their respective

b.1's, the relationship

b A n 858 ° (5.2)
De Pa

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.

oross—sectional dimension, D = T4.6 x T4.6 mnm,

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

-t

m = (5.3)
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was adopted. Acording to Whitbread and Scuton [;l ],

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.

(¢) FPrequency Scale
Using both the linear and speed scale factors in scaling parameters, Eqns. 5.2

and 5.3,8 frequency scale

Dot ol Vo e (5-4)
e vf :DM
= |06 &S

was established.

From the data quoted earlier (Section V.l.ii) for the full-scale tower,
the following natural frequencies for modelling were obtained.
Natural frequency of model in the direction of wind ﬂ.ow,(h.)‘- 9,084 Hz

Natural frequency of model lateral to the wind flow, Ln')" =10,221 Hz

From "Eqn 5.4, a time-scale between wind-tunnel and full-scale 1

measurements was obtained.

-—

ie dom . (5.5)
TF \u_,nl'\

(d) Inertia Scale
Inertia scaling was similarly derived from scaling parameters, eqn 5.3
5
so that T ()M)
. | - ~
I . s
= 2,254x10 " (5.6)

Using the full-scale data given in Section V.l.ii, a desired model
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: inertia of

T, =1.52x1 2x2.254x 10" kg
= 3.475 x 10 ~ - kg o

was obtained,

) Ji. Construction of Models

(a) Square Cylinder

Initial calculations indicated that a model construc'ted. 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 [3\] 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 v. 2.i).

The square cylinder (Fig. 5.25 was made from a length of square cross—
section aluminium tubing with 74.7 x T4 7mm sides,45.7 mm length and with

a 3.25 mm (10 swg) wall thickness,

(b) Length and Inertia Modelling
Using a procedure outlined in Appendix 5.A, it was found that, for a model

: . . ! .
mass moment of inertia :of I = 3.514 x 10 kg.m’“ , the following
tube dimensions apply:

Length h of tube_= 457 mm,
Outside dimension D = T2,5 mm,
Wall thickness, < = 1.4 mm,

where the value D is sufficiently close .'t;o the value required,

A change in the wall thickness by + O.1.mm changed I by # 7%, and the
natural frequency of the model, n, , by + 2%. Therefore, since there was

no significant effect on 1 5 for a change of 0,1 mm in +, for ease in

95



machining, the wall thickness was allowed to lie between 1.3 and 1.5 mm,
Using & milling machine, the excess material was skimmed from the sides

of the square tube to give an average t of 1.4 mm.

(¢) Modelling the Natural Frequencies

The natural frequency of the model is given by

A
i (-;—) (5.7)

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.c) had to be reproduced
correctly. Given a mass moment of inertia (Section Ve.leived),

T, = 3.514 x 0™ kg P

The stiffnesses that required modelling are given as
k'r. - \:l4s 'Xlnl
3
= 1+4S XlO
kg 4

in the in-line and cross-wind direﬁtiona, 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 Sectidn Ve.2.iiea.

(d) Circular Cylinder

The circular model (Fige 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 mm,
Using Appendix S5.A, the moment éfA inertia, I, was calculated to be
3,39 x 10 b kg m®. This value is very close to that quoted for the square

cylinder aboves
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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 ahppresa 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 dampinge..

The movement of the models in two mutually orthogonal directions was made
- possible by a unique gimbal (Section Ve2ei)e: 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)e

An electro-magnetic system (Section Vv,3,i) was used to vary the effective
structural damping of the models. The damper consisted essentially of a coppe:
plate oscillating i;l 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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2,i, (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 mutually

orthogonal directions,

Gimbal systems per&itting one-degree-of-freedom motion are known. One
system often used [753 ~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 oscillate 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 tg the axes formed by the two pairs of torsion bars

(Fig L] 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-linhe) direction, nqhe second pair of torsion bars,
connecting the intermediate ring to the fi xed support ring thus had their
longitudinal axes iﬁ the in-line direction., The intermediate ring, which
was free to rotate about an in-line axis, therefore allowed all motion of
the model in-line axis, therefore allowed all motion of the model in the
oross-wind (lateral ) direction. This design made possible the model-
simulation of atructures’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 siiffness,

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. in 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.ii.a) 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 mmzand inner dimensions, 153 x 89 mmz. 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
Yhousing' 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 diameéer 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, 5¢3.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 above the two

o

'housing' holes.

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.ii.a).
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2+iis 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

(Appandix 5.8)e

The thickness, ¢, and breadth,b,of the central 'flat' portions were
calculated using a procedure outlined in Appendix 5.Be. The values of

¢ and b that were obtained were as follows:

Pair of torsion-bars 18t 2nd

Connecting elements Central block Intermediate
iptermediaxa 1o support
ring

Direction of longitudinal axes In-line

Direction of model deflection Lateral In=line

Required natural frequency of model (Hz) 10.22 9.0

Breadth, b, (mm) of each bar PN 25 12.7

Thickness, £, (mm) of each bar : 4,04 3473

The bars were held firmly in their housing by the 4 mm diametef 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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(v) 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)s A double pair of these
torque-gauges was used in ecach bar so that
( i) temperature-compensation was obtained
(i1) a :t‘ull-bri.dge networl, 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 L)
to form a bridge-network. The wiring diagram is shown in . Appendix 5.C,

The theoretical analysis of the rela.tiohship 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 stfé.inqga.uges were @stmased, 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 DVe¢ M or as. an analogue signal on a magnetic tape

recorder. The signal was also displayed on an oscilloscope.
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2.,iii. 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,
( ii) the spacer, by which the models were raised to the required
heights above the floor of hie wind tunnel, and

(iii) +the spacer-link, comnecting the spacer to the gimbals.

(a) Spacer
The spacer (Fig . Se4.b) was designed
( i) to securely link any one of the two models to the centre-~block
of the gimbal,
( ii) +to raise the models to their correct height above the floor of
the tunnel, modelling the plaza in the full-scale building
Gection V.l.iila)e

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 proviéion 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,

(b) Plugs

A square plug, 69.5 x 69.5 mm® was machined from a 15 mm thick duraluminum
slab (Fige 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 (Fige 4+5)e¢ 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 60° 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 & 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, throggh 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 uaed.to catch the head of the gub-screws. This

enabled the plug to be securely fixed to the spacer.

The circular plug (Fige 5e4.c) 72 mm in diameter 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.,

(¢) 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

minimme,

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

3e.ie Damping System

Damping was provided by electro-magnets generating eddy currents in a copper-—
plate, connected indirectly to the vibrating models, (Appendix 5,3).

This method of damping has been shown [76_] to generate a satisfactory
representation of raqﬁired structural-damping for models. It also has

other applications [77_]. TR

One end of a thin-walled aluminium tube (Section V.3. i.a ) was attached

to the centre-block of the two degree-of-freedom gimbal. A circular copper—
plate was fixed with a collar (Fige. 5.6.a) t0 a position along the
longitudinal axis of the tube. With the tube hanging vertically from the
centre-blod of the gimbal, the copper plate ,13\? in a horizontal plane.

The plate passed between the ;;olea. of a pair of electro-magnets (Section V.B.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

457mm long (Fige 5.6.a).
- Bach collar (Figs 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) Copper-plate

The circular copper-plate (Fig. 5.6.8) 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.

(e) Electro-magnets and Power-Supply
Two electro-magnets, Type C, '‘made by Newport Instruments Ltd were

used. Their technical specifioationa 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. S5e7. 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 electro-magnets from a Newport VR 3 DC supply

-

power-pack (Appendix A)e 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 dc water pump. A manifold system,
made from PVC tubing, carried the water and distributed it evenly

between the two electro-magnets.

Jeiie Support Rig
The model protruded‘through a hole cut in the floor of the wind-tunnel

(Fig. 5.9)e , To minimise air-leaks, the hole had an all-round clearance

of only 6 mm with respect to the spacer=link (Section V,2.iii.c).

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 (Fige 5.5) 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 6.4mm  thick.

The core was 12.7 mm long and 175 mm in diamter. A hole, of 150mm diameter
was bored along the longitudinal axis of the pulley. This allowed the
duraluminum tube of the damping system (Section .V.3.i:a) to be connected to
the centre-block of the gimbal (Section Ve2.iea)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

1o the support-plate (Sectionil.3.ii;b)hmtonly held securely in place with
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four U clamps (Fige 5.11)to allow the gimbal system to rotate

with respect to the co-ordinate system of the air—flow (Fig. 4.5).

(b) Support-plate
The support-—plate was machined from a mild-ste®l plate., It had dimensions
of 355.,6 X 304.'8 x 12,7 m® (Fige 5.,8) and was fixed to the

cast-aluminium case (Section V.3.ii.b) 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
T  oclamps.

(¢) Cast—aluminium Case

.While housing the damping-system (Section Velei) the cast-aluminium
case (Fige 5.7)_ also held the support plate and its contents (ie model,

gimb&l). 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.ii.d) and

clamped with four G - clamps. -

(d) Support Table

The support table was a welded construction of a thick
mild steel plate 510 x 510 xl?.?mn? 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 levell¢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 con\;enience, the different generated flows are denoted
ass
(a) Smooth ( §) = ie with honeycomb flow straightener at wind-
tunnel entry.
(b) Turbulent ( T) = ie flow generated with the elliptical vortex
generators, castellated.
(¢) 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 screen, For example , screen 1 with turbulent flow T is indicated
by T+(1) ”
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Vi.! Results from Analogue Analysis

1.ie Velocity Profiles

Analogue measurements were made of the velocity profiles using the total

head rake (Section II,1.,1ii.d).

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, K
the surface drag coefficient, C,o, the roughness length, 3y and the macro- '
viaconéity,li. The method of obtaining these from the velocity profile
plots is given in Appendix 6.A. Using the values of these parametiers
as a guide, the mixing devices (vortex—generators, grids, floor roughness
and screws) were changed during preliminary experiments to achieve the best

poseible 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
gimulated flow within the wind-tunnel is called the generated boundary
layer (GBL). The velocity profile obtained in thia way is shown in

Fig. 6.l.as 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 641)
suggesting a power exponent near the theoretical,-hut it has very low
surface shear properties. In fact, using Sutton's criterion for roughness,

BEqn 4.5, the macro-viscosity, N, indicated a smooth-surface flow.

The upper 0.7 of thé GBL has an exponent of 0.22, similar to a value given
by Shellard [73] 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 C9+J value of 0,40, The surface=-
drag coefficient is much lower than that given by Davenport (343 for

an urban terrain, but the full-scale surface roughness,

(5JF = 35 m.

is much nearer the value quoted by Davenport (Fig. 4.2)e 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,

(b) Vortex-generator System

Using the vortex—generator system (elliptical vortex—generators and
castellated barriers), the profiles (Fig, 6.l.b) and the velocity profile
characteristics (Table 6.1) ~ were quite similar to those obtained from the

grid. No marked improvement was, therefore, obtained.

(e) Vortex-generaior System and Grid

The Cowdrey grod was re-designed for a powsr 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,1.1i).
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(¢) 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 éontinue 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 wﬁich eliminated tﬂe lower profile and made the upper

profile continuous (Fige 6.+d)s The flow parameters obtained by this method
(Table 641) show good agreement with the values of « and Cp, hoped for.

It should be noted, however, that a much larger value for the roughness length,
3,0 Was obtained. It is assumed that this is the result of the large

soatter 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 (Seizigazii)
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..8 and 6.1.7). The only
effect on the mean properties of the flow was to reduce the operating velocity
range of the wind-tunnel.,
1.ii. 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 y
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 oomponehts of the output voltage signal corresponding to mean

and fluctuating components of the wind velacity 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 ~ 30 seconds.

Although it was not easy to take steady readings, because of the high

turbulence of the flow, approximate profiles were obtained. Fig. 6.2a

shows the change in intensity when the honeycomb was replaced by.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
o and Cp, for an urban environment (Fige 4.2) as well as those

obtained from the mean-velocity profile plots (Fige 6.1 ).

Fige 642,b, shows the profile produced when the roughness elements ‘' (Section
IV.2.ii.c) were introduced into the system comprising the EVGs and Cowdrey's

grids, Theoretical curves are again given for comparison,

1.1ii . requency Domain

Frequency domain analysis of the output from the.hot-uire anemometers
were made with the use of the Brilel and Kjaer (B and K) Type 1612, 1/3rd
octave analyser (Section I1I,3.4ii), For freqencies from 20 Hz to 2 kHz, the
analysis was onwliﬂe. To analyse frequencies below this, the signals were

recorded at 95.25 mm/aec. and then played back at a speed of 762.0 mm/aec.
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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
wag 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,
(b) The time taken to make the analyses was cut down dramatically,
sometimes by a factor of 10,
(¢) 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.

1.iv, Time Domain
The hot-wire. anemometer signals were analysed using the DISA Time Correlation

Analysis (TCA) system (Section II.3.ii). Fig. 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.&.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 bstween plots was made with the auto-correlation plot obtained 53
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. It was
considered necessary to monitor only these two points as the character of
turbulence measured (1,]5‘ ~ 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 113:1)s

Using two DISA 55 D01 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 signale
using a Brllel and Kjaer 1/3 octave analyser, indicated very litte 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/aec.

To obtain digitised data values for analyses, simultaneous analogue-=to-
digital conversions were made (SectionIII,2.ii.b) with the magnetic tagingd
back at a speed of 95.25'mm/seo, Depending on whether the interest

was in the high—freqﬁenqy 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 I1I,2) the

respectively,
sampling rate was set at either 2500 samples/sec or 500 samples/sec L In
all cases, the signals were amplified to cover the + 10 V quantising range
of the BAI 680 analogue computer in order to minimise quantising errors

(Section III.3.i.b).

Many flows with different combinations of turbulence generating devices were
tested, for conciseness in preséntation, but because of lack of space, only

a few representative cases are given here (Table 6.2).

2,4. Amplitude Domain
For amplitude domain runs, a sample of 4096 points per signal was used.
The sampling rate was 2500 ;amplea/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.3.1).

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 642 gives values of the mean (nearly equal to the magnitude

of the backed—off DC value), the runs, skewness and kurtosis.

2.ii, Frequency Domain

The spectra were calculated using the Fast-Fourier Technique implemented
in programme EARL'(Section IV.,3,i.d) 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 Bamples/sec.
The signal was low-pass filtered at 1 kHz with a filter having an 18 dB/

octave roll-—off.

For the lower range (0.2 Hz —» 200 Hz), the signal was re-sampled at 500
samples/sac. 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 lpwer 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 veny‘good. 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-G /6L against logarithmic frequency, 103 n.
This form gave weighting to the high-frequency range of turbulence, where
the energy was relatively low. Examples of such spectra are shown in

Fige, 6.64
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An example of the coherence between the two hot-wires, A and B, is shown

in Fig’. 6.?0

2.,iii, Time Domain

The auto-correlations of the turbulence signals were obiained by performing
an inverse FFT on a‘Spectra. To avoid circular correlations (Secgdiiz.iii)
before 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 Fige. 6.8,

Vi.,3, Discussion
Thies section discusses the significance of the results obtained in the

previous two sectionse.,

3ei. 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 distinet profiles existed through the GBL (Fig, 6.1.8)¢ 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
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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 had

re-attached some distance down stiream behind the castellated barrier.

The addition of surface roughness produced a remarkable }mprovament by
removing the two distinct profiles in any one of the earlier wind-velocity
distributions thus giving an over—all smooth profile (figs Salids 85 £)e The
power-law exponents obtained from these profiles (Table 6.1) corresponded
closely to those values quoted by Davenport (Fige 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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e 15 1 08 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, 6e2a)e

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 much higher than 20% then the experimental curves lay
between 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 CD'.

o

+ 3,1i1, Amplitude Domain
Within the limits of accuracy in which full-scale measurements are termed
" Gaussian, inspection of the normalised probability density function plots
(Fige 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 o= 2.7).
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3.ive. Frequency Domain

Harris's proposed theoretical form for the spectra of the atmospheric
velocity fluctuations in the longitudinal direction (Section IVeleiieb)
were evaluated according to the method given in Appendix 6,8. These

theoretical curves were superimposed on the spectra obtained experimentally

(FigO 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 (Seotion IV,1.,ii.b) show a good fit, By using the modified frecuency
point ng where NL is the intercept of the extrapolated ;nartial sub=range
spectrum with the w.G.(W)/61=1 1line, all the spectra were brought
into coincidence on the =2/3 line. Table 6,3 shows the

4

variation of wn; for the various flow conditions tested.

All spectra showed two distinct régions. The first, where the spectral energy

\

varied as n , is shown on the h-GL“)]‘f curve as a plateau region. Within

this region, strong production of turbulence energytakes place [57J.

-2
.The second region, where i\»cl[")l‘: variedas N , ig the inertial
sub-range in which ) is unimportant and € is the determining physical
parameter [57}, For the purpose of illustration, . lines with an
index of - 2/3 have been superimposed on auto-spectra curves (Fig, 5;5,

It can be seen that, although there is close agreement with the
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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 (Saction IU.1.11.d), the scales can

give a qualitative feel to the turbulence structure.

Using Eqn 4,16, an integral scale length, Ly, 4is found to be

Ly = 0.04 Upgp/ne These values are given in Table 643,

Caution must be exercised when using the first point in. supposedly
stable spectra to determine scale length. Fige 6G5.b.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, -l , may be defined by

LM B S !I“Uno“:
where np.. is the peak-energy frequency point.

From a theoretical analysis of Egn 4,15, it is shown that
“"Mn:: = &. Wi

This result was verified experimentally.

In conclusion, it was decided that an adequate representation had beenmade of the
spectrum of the longitudinal velocity fluctuations with the ABL within the

gpimilated boundary-layer in the wind-tunnel.

24



3.Ve Time Domain

Figs 6.9 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 & becomes larger.

These auto-correlation curves, however, did not behave this wa}. 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

¥

voas ¥ considered here was only So® msecs 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
accurate 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(Z ) not having a positive bias for large T,

Calculating the exact integral time-scale of turbulence from these curves
was difficult, but a time-scale of turbulence could be estiﬁated 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(0) = 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 ©.3 gave such estimated values

and comparison could be made with values obtained from the corresponding

auto-spectra (Section VI.3.iv).

!
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Care had to be taken in interpreting these gscales bearing in mind

the reservations given in Section IV.1.ii.d.

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 Engineering Science Data Unit (ESDU), London. A1l 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 vﬁr'tex-genara.tor system with the Cowdrey grid,in the absence
of any bi-planar screens (i.e. Tg flow) was compared with ESDU parameters

with the following results.

(a) Velocity Profile Exponent (e« )
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 ( z,)

ESDU 72026 quotes a value of ( zo)F- 1.5 m. The simulated value ( z,), of
1.253 x 10-1 m. (Table 6.\), is therefore too high if the length scaling
of 1:850 (Section V.1.W.) ig used. To determine whether the high value of
( 2z, )n was because the zero-plane displacement, d , was neglected, a
curve of U/Uy vs. z/§ was plotted (Fig. 61-3). d/§ can be seen to lie
between 0.0 and 0.05. Assuming that d/§ took the maximum value of 0.05,

the profile data was re-fitted to the logarithmic law ( Eqn 4.2 ) over

the " expected logarithmic region .. From this plot, the estimate of

-‘z - - - -
( z")n- 0.37 x 10 m. was obtained. indicating ( zD)P- 3.1 m., much higher
than the quoted value of 1.5 m. This value of 3.1 m., however, was near

+o the value of 2.7 m. obtained by Counihan in his simulation [6‘!].
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(¢) 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.

() 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. Pig. 6.5 for T, 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
“’Gu(ﬁ) 2 4':

6> (+70axn)e
wher i = n . LK/—ﬁ 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 overa}l'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
L. = ©.1456 0 / Winson
Once the Von Karman equation was fitted to the experimental points, the
value of nmat which the curve had its peak value was determined. Thus

the length scale L‘ was calculated. These values are recorded in Table 6.3 .
21



These values show good correspondence with the length scales obtained

by other methods,

Comparison with design full-scale values, obtained from ESDU 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,

Ty
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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
1.1 Structural Damping
External damping was introduced into the vibrating model system by using the

electro-magnetic damping system described in Section V.3.i.

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. T.1.

Using traces such as these, the logarithmic decrement (log dec) of
damping, &, ,for various input currents, A amps, were obtained for the
square and circular models. S; were calculated from the traces using
the methods described in Appendix T.A. The 'area' method described in
Appendix T.A was used as the standard method with the other methods
used as checks. The variation of 9; versus L for the square model

is shown in Fig.T.2.

1.ii. 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 sirain-gauge
system were noted. The tip displacements were measured with a Wayne-Kerr
deflection metar(&ppendix.ﬂ. The meter worked on & 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.T.3.

1eiii. 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, vibrati9na'in these two muiually 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 V.2.i.d).

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,

1.ve Digital Analysis of Vibrational Characteristics i
Because of the inade&uaoicn 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 1ow—_
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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.T.2) for the
square model were found to be

E.. = 152z 10°

Bl T R ET X
since §.~ 2g, (Appendix 5.D.)
This gives Q-values (Appendix T.A) of
Quaia = 33

and &W - 9

using the natural frequency of oscillation of 9.6 Hz for the square

cylinder (Section VI I..S.ii.b) .

Using the definition of Q-values given in Appendix T.A ,
half-power band-widths, an ,were obtained for low-and high-damping
cases.

harefors 7+ koWe Lai. = 0.29 Ha

and * (e = 1408 B2

In the case of digital estimates of narrow band response spectra, in
addition to the standard error (Eqm 3-3°), an additiomal bias error,

EBY_?-“:_\ , was introduced.
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It was decided to analyse the signals so that an 'effective' resolution
band.width of

Snx~ 0.125 Hz

was obtained.

From a graph of &n,/8. versus €, (34'.], the bias errors were
estimated to be less than 4% and 1% for the low-and high-damping cases.

Thus, thi 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 €.,=17 [pe
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
Q? = 762 mm/uo, giving a speed-up factor r{({ = 2r/er) of 8.

contents
Pre-analysis showed that the signals did not contain any significant anergy‘

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 fs = 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

g GG ate e g e
r’ '~ AR c T
- 0.122HZ

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

2.1, Damping

From the values of structural damping, Ss , obtained (Section VIl-I- i)
the non-dimensional damping coefficient, & , (.1&.95/9‘)" ) could be
evaluated, since, for the

square model, J.un/(ﬁn:b\) = 5,483 x 102

circular " , “ = 1.938 x 102

wedge A Ly = 2.742 x 102
where W is the modal mass per unit length and D is the width of model

face,

2.ii. 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 D , 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.T7.4 for the square model, Fig.'Tg for the

circular model and Fige. 7t for the wedge model.

2.iii. 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.i.e), two further distributions, the cumulative 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.| 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 T.T and 7.8 respectively.

(b) Amplitude Domain - Cumulative Probability Distributions

The amplitude respon;:e obtained from the square-section model,
oscillating with 2 DOF in the turbulent shear flow, 1;, was analysed
for three different cases;

(i) 1low structural damping, & and high reduced velocity, Uy;
(i1) high & and high U j and

(iii) low & and low U, .

Using the subroutine PR{B (Appendix B), the mean components were
removed from each signal, leaving the fluctuating in-line,
(%) , and lateral, \d'(la, components. These in turn were normalised
by their standard deviations, 6. and 6,5 to give fluctuations,
2= % [6e
and Zy = 'd'/ Sy

having zero means and unit variances.

Excitations caused b:v 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 T.8).

According to Melbourne [7"], the majority of cases of structures

oscillating under wind action deal with a lightly-damped system

137



oscillating at one fundamental frequency. It is therefore more relevant
to 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 stationmary random process,

Z4 is given by L1l

P(>s) = exp (=2 /)

where z has zero mean and unit variance.

The above distribution, which is Rayleigh, belongs to a class of di-
tributions called Weibull [Soja The Weibull distributions are
represented by,

Ps) = exp (- 3/o) )
For a normally-distributed process, k = 2 and ¢ = J'z".
Expanding the above equation gives

1n {_- 1n P(>s)3 = klnz =k ln c.

For a pure sine wave, k—»eo while for a highly intermittent signal,
x < 2 [%]).

The cumulative probability distributions of up-crossings for the dis-
placements Zx and Zy of the models were evaluated using SUBROUTINE

WEIBULL (Appendix A).
Representative cases of the cumulative distributions for the lateral

vibrations are given in Table T.Z 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,

Fige 79 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

model «

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 & mean wind speed of 9.5 m/sec.

(¢) Joint Probability Distributions

The joint probability distribution between the two signals, lateral @'.,C)
and in-line ( Zy ) were calculated from 4096 pairs of simultaneously-
sampled data values according to Section II 2.1i,e,

Table 7. 3 th:d:he joint probability distribution P(Zx,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. 30&0

(d) Envelope of Fluctuation
While information on the probability distributions of x and Y4 are
suitable for wind-tunnel modelling, architects find it more convenient

to deal with the total vector fluctuations (7\® ) where
)
r(0) = [0 + (]

and 8(L) = 4aw E x(e)/ j(_e)]
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Suppose that the joint probability density distribution

b(3>4) » is known

Then PCﬂ,j)JlA_b: ?Cvg;;\e,rma)ﬁq.&f.dg
where the Jacobian, J= | _2(x>9)
?CY-B)

S p(8) Av . db= p(w,y) di-dy
P ST R Gt Dl e

= _i'f‘.“_ exh (—3_;') 46

assuming normal and uncorrelated distributions.

Hence the probability of obtaining a displacement between ¥ and
r4dv is,

P'(_-r') A¢e S‘n‘ P"(_v ,9) de.dd= v exp C——w{"/-;) dv

Considering Y to be positive,

PCr) Y S,:o l:!(_,) dv = exp (—v"‘/:_)

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 4046 numbers each, (z., .z.a)
values have been calculated from ('Z-x ,2»1) values using the SUBROUTINE
VECTOR (Appendix B). Using SUBROUTINE WEIBULL , P(¥) has been
plotted in Fig.7-12. 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

140



programme (MASTER EARL, Appendix B) to obtain frequency domain information.

The auto-spectra were plotted in the form of non-dimensionalised energy
G /6* against frequenocy, n Hz. The data were also re-plotted
in the form of,

lg:am{ C,(v\)/tf‘?] ve "
so that any Yechoes' as well as the dominant natural frequency could be

seen.

These spectra are shown in Figs /-!2-7-15.

(f) Time Domain

Inverse Fonrier transforms were performed on the above spectra according
to the methods described in Section I!l. 2.1\,  These correlation ocurves
were put out on a graph-plotter controlled by the ICL 1905E. The

auto-correlation curve can be seen in Figs Tule— 7413,

VII.3. Discussion of Results

i 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 flowe 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.

as1s Effect of Wind Speed
For all models in different flows, an increase in wind speed produced

a corresponding increase in tip deflection.

a.2, 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.

a.3. Model
In similar flow/da.mping 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

{ (squaro]y '] (uadga))r' (eircular)

a.4. 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

142



and least in smooth flow. 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.

(v) Fluctuating Component

Inspecting Figs 7.4--—-7- 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.

b e 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.

be 2. Model Shape
From Fig, 7.4-7.6 it was seen that the normalised lateral vibrations

of square models were such that
’]s., > qw % '\c...
This pattern is shown for both smooth and turbulent flowus. The square

model results were compared with those given by Whitbread and Scruton E'&']

While showing similar trends, the values obtained were about half those

given by mhittﬁ:ead‘

The in-line vibrations followed a pattern similar to the lateral but the

differences in amplitudes were not so marked in smooth-flow conditions,

be3. Nature of Flow
Changing the generated flow from smooth to turbulent drastically altered
the fluctuating response of all ﬁi:;&bls'. Both the lateral and in-line

rm3 values increased.
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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 dei’lsu‘:i;ir.u‘ns,l"l,,_m_!.‘j—""'-‘I 'h,.,_.)
if the flow had a ah.aar profile impressed, Caution should be exercised,
however, as the Tg 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.

6.ve Degrees of Freedom

Figs 74-1.6 ghow 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%.

3.iie 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 T.!, 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 oaoﬂiation had a tendency to fluctuate with a random periodicity

(rig 71 )  and this tendency inocreased with the more turbulent flows.
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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,

8e¢1e Mean DC Component
(1) 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 -‘5-'1). 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.

(i1) Runs (2) and (3) showed that an increase in damping
decreased the mean values, a result confirmed by analogue

measurements.

(iii) In T, flows, ie where the turbulence had & 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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a.2¢

(iv) In similar flow conditions and equal damping §, , the
square and wedge cylinders gave signals indicating equal
mean tip deflections, while the circular model had a value

about 50 % lower,

rms Cbmponsnt
(i) 1In 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 measuremenis.

impressed
(iii) In turbulent with shear 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 generated-
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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.

8e3e Auto-Probability Distributions
(1) 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 im=line oscillations than

with the lateral.

(i1) 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.!) 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 quan’_citativo confirmation of the spiky

signals seen in the traces of in-line oscillations (Fig, 7.19).

a.4. Cumulative Probability Distributions (CPD)
Fig.7.9. 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 1y(= ‘3’/ 5‘&)
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. regions by straight-line segments. The discontinuity occurred at a.bou‘t".
Zy ™ 27, 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,
7.9 shows that thia‘ 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 & similar intermittent nature of

their signals (Fig.7.0 ).

a.5. 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 lpnd/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 7.3:2). As the damping was reduced, departures

froul the theoretical distribution occurred, whatever the wind speed.

They also show that the fluctuations dominated more in the 2nd and 4th
quadrants (ie y£0, x<0 and y<0, x>0 ranges) thus indicating some
correlation between the two exciting motions. Since the individual

lateral and in-line motions had amplitude probability densities which

were near Gaussian (Section VII.3. il')a 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 '

struoctures.

Fig.l\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.

a.6. 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,6)
co-ordinates using the programme VECTOR (Appendix 3). 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.T.12) .
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- De 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:
(i) 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 (Sootion'“l—i-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, G‘(-“B)/“'
was about half that for the corresponding peak value of the
lateral spectrum. The in-line spectra were broader because

the energy app’eared to have diffused into:frcquenoy range below
that of the resonant (Fig- 7.3 and 7-'S ), Whitbread [%1] also has

noticed this characteristic,

(ii) The in-line spectra also indicated a possible

coupled mode, While the GQ=value (and hence B)
calculated from the peak at the resonant frequency, matched
well the estimated 'true' § (Table 7.4), the Z

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 ESQ.:] was much
higher (Table 7-4) . In estimating the damping parameter, g,
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 7.13-7.15 are
discussed in detail below, in particular, the effects on the spectra
due to various changes in the test parameters. Sub-section b.1

examines the lateral and b,2 examines the in=line spectra,

be1 Lateral Spectra
(i) Models
Figs T.3.¢, 7.14band 7- /S show the oscillation spectra
for the Bquare, circular and wedge models, vibrating in a
turbulent with shear (T’) 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, )" = 9.63 Hz
(n,-- )é. - 1105 Hz
(no )H - 9'75 Hz

for the lateral direction.
Integrating the area under the G(») versus frequency,n ,

curve, the variances of the amplitude of the vibrations in the

lateral direction were found and are given in Table T- | for
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comparison with analogue-measured values. These values are given

as raw voliages and have not been converted to tip-displacement,

Similarly, the 5' values calculated for the models using the
half-power bandwidths, Shq (Appendix 7) show good

correspondence to the reference values .(Table 74

(ii) Flow §

Figs T7.13 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 T7.l4 and 7-!S€ 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 7.[)

This is in line with analogue measurementis.

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 spectira

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)e 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 H=z for any
model oonsidoged. 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 Fig. 7.3

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.7.13.¢ )
and 5.66 m/sec (Fig.7.13.¢) 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 Mo = 9.63 Hz, the
shedding frequency fg’- 14463 Hz (Fig-T.21 ) For the 5,7 m/sec wind,
however, n, = 9.63 Hz and N = 9.63 Hxz (Fig.7-21). Using

the Strouhal number obtained from ng for the 9.3 m/sec wind, Ns
for the 5.7 m/heo should have been 9.47 Hz. The analysis band-
width should have resolved the 9.47 from the 9.63 Hz. The lack of
a peak at 9.47 Hz on the wake spectra (Fig.7-21) th dicated 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/uo

wind.

(iv) Damping

For zero external electro-magnetic damping, = 1.5 x 10-:'.

L
If the indicated natural frequency is and the true frequency is n ,
then, from Appendix 7.4,
w B
n"' - no 1= g
For the square model

n, = 9.63 Hz (Section VII.3.ii.b.1),

i
Sﬂ°= Ng— Ny - 0.00‘ Hz—

is not resolvable from the digital analysis. Hence

No= N

is taken as the nmatural frequency.

Figs 7-!3-4d ghow lateral response spectra for the square model in
turbulent with shear flow and with an applied damping of Su? =

5,674 x 10

An increase in & decreased Q and thus increased the half-power
bandwidth, Sn, (Appendix 7.A). This effect can be seen quite
clearly by comparing Figs 7 .13 .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 T.4).
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(v) Degrees of Freedom '

The spectra of the square with only 1 DOF (Fig.7.13) 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 ake 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 3 calculated

here differs from those obtained from auto-correlation curves
(Fige7:-6)s This shows the difficulty involved in estimating g

from response spectra for low damping,

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 T.13. =—7.\§,

All spectra showed two peaks, the natural and a possible coupled

mode.

ie square:- n, = 9,63 Hz, coupled mode, n = 9.00 H;
circulart= n, = 11,5 Hz, * " n = 10.63 Hz
wedget= . n, = 9,25 Hz, " " ne9.,63Hz

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.)).

g calculated from the Q-values at the resonant peak point,
showed very good correspondence to the reference value

(Table 7- 43 Values of & caloculated 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 norpaliund
spectra did nﬁt 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 .T-'> 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 io 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-T-lS). It was therefore very
difficult to decide which was the natural frequency of the model.
As mentioned }n the previous sub-section, the § values, calculated
from the Q-value associated with the nmatural 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)s To obtain full-scale values, scaling, given in

Seotion V-':! ghould be used.
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The auto-correlation curves for the lateral and in-line oscillations
for various model/?lou configurations are shown in Figs T.lb— 7-18 -

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 curves 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.[t. 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 ('z) are used. Since all auto-correlation plots have been produced
using unbiased estimators (Sectionm /ll.2-1i'), there is no linear decay in

the curves.

This co-sinusoidal moéulation is the result of the FFT procedure.
According to Mercax{s"'], 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 1/5& where € is the time between successive samples).
The resultant spectrum then appears to have at least two frequency
components, »n, £ "2 > both bounding the 'cenire frequency', n. .
Since the two frequency components are separated by at least the

sampling bandwidth, 3n y (= n_=-mn,), a 'beat' represented as a co-
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sinusoidal modulation of frequency Sh/2 is shownas

The same arguments apply for tests made under maximum damping con-

ditions. Section VII.3.ii.b 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.T\b.e , obtained from the
gignal whose auto-spectrum curve (Fig-ll}J) showed the ill-defined

cluster of peaks.

The damping faotor,‘g y was obtained from the auto-correlation plots as
described in Appendix 7.A. 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).

2
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,.

Cel Auto-correlation of Lateral Oscillations

The effects of various model/flow configuration are discussed below.

(1) Models

Compare the auto-correlation plots, Figs 76,717 and 7.1

for the square, circular and wedge model, without any externally
applied electromagnetic damping, oscillating in a turbulent

shear ( T; ) profile flow.
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The damping parameter, S , 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 18t point since it
contained a no'iu component, the following estimates for

were obtained.

Bg, = 10343 x 10";L
§o = 14353 x 10

-1
g, = 14260 x 10

These values compare quite favourably with the reference

-
damping value of gf-f-- 1.518 x 10 .

All spectra showed the co-sinusoidal and the ripple modu=-
lations even though their respective spectra (Figs 7 13-7-15)
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 nmarrow 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 Fig.7/6 were next considered,

Damping values calculated from these curves show that, while

in a 'T°5 flow corresponded closely to the reference value

obtained from the trace (Fig-7-| ),g in the turbulent and
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smooth flows was much lower, such that
a > >
ST;( 'S'ef‘) ST Ss

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 resulis.

" Figs. 7417 for the circular cylinder oscilla-
tions show that while £ ¢ < 51._‘ ~, the discrepancy between g.%

and gs was not as great for the square model.

(iii) Speed

Figs T.b.c and 7. lg.dshow the auto-correlation plots for the

square model with minimum applied damping oscillating in a
turbulent, shear flow ( T; ) 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-sinuscidal modulation evidence in the plot for the lower
speed. Inspection of their respective spectra, Figs 7.13.c.

and 713.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 procadura‘(

The explanation for this modulation was sought by inspecting the
wake spectra in a smooth flow at a reference wind speed of
6.3 m/sec. This is described more fully in Section VII. 3.il. ¢. 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.?dk.c)
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 [Zﬁan

(iv) Damping

Increase in damping tended to distort the very discrete, narrow

band 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 746-—?'|8) by the heavy co-
sinusoidal 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‘frecautiona, values of £ were calculated for
maximum applied electro-magnetic damping. Table T+ 4 gives
the values obtained from auto-correlation plots of the square,
cirocular and wedge models which compare favourably with the

A
standard reference value (§,..) of 5.674 x 10

(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 dramaticallye.
This can be seen by comparing the auto correlation plots for the

latéral oscillations with 2D0OF and 1 DOF motion;

In all cases, the auto-correlation curves for ihe 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,

-
- 1.343 x 10

& p
g, 4741 10 >

-2
with the reference damping of ;m. 1.518 x 10

This accounts for the very high fluctuation amplitude of the

models with 1 DOF compared to 2 DOF.

ce2+. Auto-correlations of In-line Oscillations
All the in-line auto-correlations (FigsT.k-®) showsed 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,
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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.T .6 .a, Therefore the auto-correlation plots of models in

smooth flow conditions (Figs 7.16 —~7.18) are contaminated by this dominant

Unlike the lateral case, to get a realistic estimate of E 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 FPig. T-20 » They indicate the following points.

(1) The square model gave good coherence (a 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 Sq/'I's 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 frequency of 11.5 Hz but at 10.6 Hz., The 10.6 Hz
peak correspoﬁded to the 'coupled' mode frequency of the in-line

oscillations (Fig. 7-20.a).

(v) Coherence measured in smooth flow (Fig.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 7-16—~7-12 ) gome eimple wake measurements were made on

all models.

The two DISA hot-wire probes were mounted at heights of z/8 = 0.5

and 0.74 (Section VI. 7-) in the wake of the models.

It was decided to lctok 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 95.25 mm/sec

on magnetic tape.

For subsequent digital analysis, the tape was replayed at a speed of

T62 m/uo through the signal conditioners set up as low-pass filters
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at 500 Hx (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 densitiy plotis (Fig. 7-2)
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 Ha corresponded to the true model-scale frequency range of

0 -> 25 hz.

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. 7-2).

(i) Any discrete vortex shedding in turbulent flow (Fig.T- )

was masked by the turbulence in the flow.

(ii) Wake spectra in smooth flow indicated vortex-shedding
peaks.

For the square, at GrrF = 9.72 m/no, ng = 14.63 H=

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 E"SJ . From the amplitude
response curve with reduced wind speed for an oscillating

square cylinder, Davenport [?ﬂgival a critical Strouhal

number of 0,11,
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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 Hz. But the spectira
for the particular test (Fig.7-2l) indicated a shedding
frequency of 9.63 Hz. 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 . mumber 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
construocting 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.2. Review

241 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

disoussed. Emphasis was placed particularly on square-section structures.

2eiie Chapter II

This chapter on 'Analogue Data and its Analyses' was divided into three
gsections. 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 concepis 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
desoription was given of the combined use of an analogue system and

a digital system,

2eive Chapter IV

Simplified daaoriptionn 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 e_til@l] in full-scale conditions was suggested as a better form for
modelling than the more conventional forme suggested by Davenport Eﬁﬁ]

and Harris [S'ﬂ. 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.

2eVe Chapter V

The design and construction of the experimental hardware used was
described in Chapte; V. 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.

Seotion 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.
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- 2eVie Chapter VI

Chapter VI described the analyses of the turbulent structure of the
generated boundary layer. The resulis, 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.

2.vii. 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 speotmm/correlatiox.i plots of the model
vibrating in generated turbulent winds. Values of ¥ obtained using
these different mothc;dn 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,

= &. 35 g

g I DeF 2-DoF

(¢) When the external damping was increased to the maximum, the

differences decreased, Considering the square model again,

gl MF‘= o 86 gz"bot
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(d) In smooth flow conditions, L3 evaluated from spectra-corre—
lations did not show correspondence to the values evaluated from still-
wind conditions. There were no significant differences between i

calculated from 2 DOF and S 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
of all models in turbulent flows. In smooth flow, however, the

reverse OCCurs.

(£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, ‘e 0.85 for low damping and . 0.5 for high damping.
¥ T

(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.
(1) Analyses of the wake structure behind the oscillating square

oylinder indicated a vortex-shedding Strouhal number of 0,113

different to the often-quoted value of about 0.14

|



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-distiribute

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.

(¢) 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.

(d) 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 & 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,
ﬁndar 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 pf 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

Hiraction.

In conclusion, it is to be hoped that, with more testing and
verification of these resulis, 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.

173



YL\

%0
i |t
nD

0

unstable 7 stable
(galloping)
” /
How’ el
b 21 o
-~
- unstable
(vortex shedding) e
1111/:/111111111/:1;;111; R AR —
o 20 40 ) 80

2Mé
¢0

Aerodynamic stability diagram for a two-dimensional square-section prism (Scruton [(24]).

FIGURE 1.1




-— —

!
-2
b

wind

] |
-o—— Y direction
—~aA—— X direction

/

14

/

Lot i :
|
% |
S
§E1C /
%.9
%g 9
h g turbulent boundary
§ / " layer flow
; 8
¢
L]
p I \
g ) ;
J Y
/ e & o
o *
% e & e S 75“&.1_5'?"1
J a elocity flow
:e’/E ;K_o_,./ e s
VR ! T e ]
°o ] 10 15 20 U s 0
Reduced velocity —n;]g'

Comparison of dynamic response in smooth and turbulent flow for

square_model [30]

FIGURE 1.2




Z e

176



Pltot rake




naloque squipment

118



Patch Panel Wiring Diagram

+1.0

RAMP SIGNAL

* PATCHING REQUIRED FOR RAMP TEST-GENERATOR

FIGURE 3,1.8

179



ADC 3

: ! ‘L1
RAMP/ g 1o 01
(1)

Ll

DISPLAY O

A

RAMP/ g 1aNAL = l\ ADC 4
(2) 3l ly
. DISPLAY 1
Ll
RAMP/ r\\\\\\_
sm?gg._ i 61 60 ADC 5
I/ s - DISPLAY 2
Il
—— J —
| /7\\ '\\
RAMP/ s ranar,_ _ 7 N LSS
e M s ,)--———---: /'}'——-1——-- ADC 'n'+2'
| V4 7/ ” |
P ATTE R g \” le e = — — DISPLAY 'n'-1'

ANALOG PATCHING REQUIRED FOR EACH DATA CHANNEL

FIGURE 3.,1.b

g0



131

OCL 8

DN
Ol CTRI

RST.
GPl O —=—

SCOPE
TRG.

OCL 8

Ll

40

00

DN
CTR3___CI

OPE
Y2

G-

OCL ==

4
10
TIMER s

=

Pin in TIC to
prevent T/S going

into IC.

Pin in RUN, to
run REP. OP. TIMER.

0+

Logic Patching Required for Multi-Channel

A/D Conversion.
FIGURE 3.1.c_

)‘-E——GPII




T3

] ] 1 | i T T
i
n
1]
K 1
R
1 - :
& I ‘l Mhee Vau des Foven [ab tog e hegld)
l culq‘!lve an ).
i - = oo Sl Gt
h!igh! 1
1
§ il
& | t
F )
)
= : :
IR
I 1
3 1
- ] 1
1%
N\ ! N
o 7 i
—— 1
ws w‘»

Htcrb-mchmioa‘c.b\ mase e ﬁ d—-Mu':."&.h-i"MmI

( ‘.’)h‘k

Van der Hoven's spectrum of horizontal -ind speed near the ground (&t 100m. height) L | s

FIGURE 4.1




o.01§

os
o4 = 450 - 6.020
o3 = 400 - 0:0If
x -
" Fo) ¥l
-
iy :
it of ¢
2 .
h! £ 3 ¢
[ o
- 3
e A
- §
©.2-3fo ! - 0. 00
2
¥
o =300 - 0.00f8
G-
o VA 1 Ly
w" w0 ' u..dh.\i 3 "’ Urhn :

{Orn ton-- -3

Lo

SurrFAce Rouckness Lenatw, Zo (em.)

Parameters of wind profile for different surfacesl d

FIGURE 4.2

183



$31

T7¢2.0

123 .0

127 .0

=¥

Ie
2

74.2

MATERIAL: Plywood

ALE: B



o

53.

B

Back PRoFwED QUARTER ~ ELLIPSS S F e

Te SUAPE |
.

So1-3

MATERIAL:

SCALE :

VORTEX GENERATOR

Brass skin covering a plywood
skeleton of back and base, and
triangular stiffeners distributed
along the generator height,

1.7-3

FIGURE 4,3,b -

(g



Mounting of vortex generators on board: a bi-planar screen is

shown at the back

FIGURE 4.4



L 3!

A Flow

.

e 8

N

B.- r\-...- serean Trowerse ﬂj Pn.h ifive Ceraan
= . fov cae bes
~\\‘ - Comdrey Gl e r-\ 1 ;{ 2
1
I
: 1
! I
’ — |
: |
| = ! P =
' '
: TE T L M Kt e 3 bVl
PR i v slemie Satat
VQI'LJ c‘tﬂﬂﬂ‘bﬂ )

I/
APPoAc U e
L. PRone

7

Meder Cfu Pas®,

Co-ordinat

e system

FIGURE 4.5

Tannel Flesr

Positioning of turbulent-shear—flow generators in wind-tunnel and origin of co-ordinate system



38%.6

1.6

ToP ©F Towel

ToP oF PLAZA

CRaund

1
WL S

L o34 |39¢

v
-
o S
7

<

The World Trade Centre

FIGURE 5,1

183

‘All dimensions in metres






Gimbal system

FIGURE 5,3

1o



= 41
76

SECTION A=A

i

% Sogaiad
o N vﬂ]ﬁ; _.'lw\: :
LN

MATERIAL: Duraluminum
SCALE =821 ./7'%

Centre block of gimbal system

FIGURE 5,3.a

191



O

.
v
|J:,s

Te-£

s - - - s - -y

l——-o-—— ——o—-l-ﬁ'.—-

W
®
. : I J : —
I W
il :
le §1-:2¢€ | Ppei2F | .
—o h—¢=a }o—é"‘f’ F_lil l;.q.
NEN : S N (R
SINNNAN \|
L 89.8 fas
-
5 15.2

SECTION A=A

MATERIAL: Duraluminum
SCALE 31/ 1

Intermediate ring of gimbal system

FIGURE _5,3,b
192




34 ¥ o e =10
_2x )| e o7 = |
/////il//f;] L L .‘! VIS IS S TIPS
#Ii.t—-"“-—bm%bm i Il 727 — 1 |7
l-+l
iE 166
b= 266

SECTION A=A

MATERIAL: Duraluminum
SCALE v 9 2

Support ring of qimbal system
FIGURE 5,3,0

93



ttachment linkag

1GU 544

194



=95

o

= o = —
e

g
]i
o

¢m86

e
o e

L equi-spaced
holes, threaded
to accept Bum,
bolts,

MATERIAL : Duraluminum
¥ SCALE 3 1/1

Spacer link

FIGURE S5,4.a

19<



r--
| —
-
]

r

]
]
10

)
I
i
= L]
L0
P x|

=
I
2.

3

1

o —
e —— —

-

¥5

|
|
L
t-
|
'

-

MATERIAL: DOuraluminum
SCALE - ¢ 1./ 2
THIRD=ANGLE PROJECTION

Spacer
FIGURE S,4,b

196




R e -
--J / ‘ |
7 o "\’/ /—i.-o;suu H?,::ﬂ:*;—
/ /' et RIGHT T i
X
, \ o
/ A
] — \
e e N
B o IO S |
r ]
| /
\
\ \————4 SLoT wid ExicanAL
/ ¢l' 53 s ) “‘”“ ?-
N cutT To A DePTH oF /.
N > 9

|i'-s;

-

fouR Tm‘eeneg/

GQ\-N_Q"‘_E’ 3
of ¢u 45 To A
afIn e 8,

#"*?o.

13

1
S

SRR

S

2oztlon Aoh

Jo
M

FIGURE S.4.c

197

MATERIAL: Duraluminum
SCALE 21 /1
THIRD ANGLE PROJECTION



FouR EQui-5PAce) Turend €)

/uaes.#-s.wfw. on A
cRcnE OF @'« 51

T

foul enui-SPhce)
MoLEs , = 4.5, Treerde)
To A DePTH of 5,

¢=72

SECTION A=A

MATERIAL: DOuraluminum
s SCALE "3 % /71
THIRD ANGLE PROJECTION
Circular plug

FIGURE S,4,c.ii

(98



5,5

FIGUR

199






és 254

4 c1u.i-s‘-.01 Lides -

é= 5, lyig on a ciccle
of d'=4) .

N ' MATERIAL: 1 mm thick copper plate
SCALE 31/ 2

Copper platse

FIGURE S5.6,a



P ¢ad throded Lole.

4 equi-speced , aaddd
boles of ¢m § Lyivg
on ta civoumfommse

o Cirele pnl, e 41,

¢= 3.4
4= 25.4
N N
R M
\ T .
N \
& 57 N D
! Skl Wl >
l !

Section A=A

el MATERIAL: Ouraluminum
NO. REQUIRED: 2
SCALE ' 1./ 13
THIRD=ANGLE PROJECTION

Collar

FIGURE S5,6,b



o=magnets

ounting of

elect:

203



254.0

152.4

DPRILL 2TAP FpuR Holes, ¢.= 29 PRILL 2 REAM FouR Woles, ¢hml2.7

e %

£ \®

=

I 2%9.2
|

E- 355.6

]L_ chunTiesoReé = 1734%3.2 Dexf e

I
D S Y, e e N S N
le o
r

Ia.u l‘_

dai5l.4
"

SECTION A=A

MATERIAL: Mild-steel plate
SCALE  #:3-/: 3

Support plate
FIGURE 5,8

204



S9T

ModEL
/

NNNNNN\\N /’“"
: B
BINNNNNNNNN|

L PSR R B L A e e PR SR

e GIMBAL SYSTEM
1

JiISTANCE RING

F-cuhme — |

SoPPORT PLATE e l~ \\\\\\\\\\,\\\\\\\\‘\\\\\\\\

- CAST- ALUMINUM CASE

Schematic showing clearance between wind-tunnel floor and model mounted on vibration rig

FIGURE 5.9



9oT

fvuln-s*'

g ") ¢

ET) = = \A{lf‘) = s = [
b
... _(--tw &a
.
L]
L]
. G_.'lqa-.“
lp
g
o
L -
% S ors %

Velocity profile: Generated flow with

Cowdrey grid only
FIGURE 6.1,a

El C““-ﬂ'll‘
rﬂ“-
d
r 4
L
-;. : “3e L‘L“) \ -4
v B Sv;-m
Gt w el
ol
J £l
¥

o4

" "
= -as =ie

)

Velocity profile: Generated flow with

vortex generator system only

FIGURE 6.1.b




LoT

'.j'.du -

e e —

= 11 0 ta] |

o - P

= . -3e L{:ﬁ) —te . > & .

¥ e -;-o L(.{.) -:-0 = i
Velocity profile: Generated flow with vortex
generator system and Cowdrey grid but - ' Velocity profile: Generated flow (Tg) -

without roughness elements !

-

FIGURE 6.1 =




8at

Velocity profile: Generated flow (Tg+1)

FIGURE 6.1.e _

. "ﬁJ
| -
! (Sceqem 4
-lﬁ.- 1
y Uy T8 9508
[
5|
s
sk =
=3 =) L(‘(‘) - [
v
Sunen §
o b
":5{ {L-'lttl-‘".
.
14
of
e e i 3

.5
L 4
P
|5
s-l:- z
g.
3' CU&M e
el
- L]
=-ka =10 L(‘ﬁ) ) -. L
118

o~
N
<
:
_.'-

i
=10

*l-

“(R)

Velocity profile: Generated fl;aw (Ts+2)

FIGURE 6.1.f




075 [} T

o - ® -

2[5

o“-

5 o3 s

O/ Sege

Velocity profile plot to obtain possible zero-plane displacement

]

FIGURE 6.1.g




oTC

Le ¢

o0 Smews R

o —

—_——  Tutsuianr Ry

L .
—
-—

—o-—q—tn.m-f-u
- -
— e Tegotaran . Insgati)
o Tutanan -Seant Pl
- Do reers Twearram

W -

sarn seam Jaen [ )

-
>
+

o5 b

%:.l- ‘.
NG
L] \.“\}
X '\‘\-..‘k
- .\ .'-.
ol e : s L . . :
Tasouass Lormary.” 3 ‘Iremmu-u I-Mﬂx' =
Turbulent intensity profile: Generated

flow without roughnes

Turbulent intensity profile; Generated

flow with roughness
FIGURE 6.2.a

FIGURE 6.2.b




T

ST e e Ll ?
® o iR ", = L. .
9
-1
(O Digital analysis, >
: 3 2
; 8 picmcans ik X000
o o ; .
o iets. fnalogue analysis,
H’? 0;:;?_- P -2 a2
g, “chsney = 100 X 10V,
o :
-
oL }?ﬂ Note: All spectra are norm
lor ¥ -alised by their respective
variance,
m" 1 L
1° o o o?

01";- . 'A': Z/‘ = 0.75

TURBULENT-SHEAR , NO SCREEN

Tpep = 773 n/sec.

Frecuency, n(Hz)

Comparison of turbulence spectra obtained by digital and analogue methods,

FICURE 6.3




T\T

+1

E.W.A. 'B*' : 2/6 =0.5
TURBULENT- SHEAR FLOW - NO SCREZN
ﬁm’ 9.40 n/sec,

-1
U = 6.,67x10 V.

" Range of 0,0-+5.0 V. on the x-axis

represents a max, lag of 100 ms.

Sweep time = 2,0 min./volt

Example of auto-correlation using analogue analysers

— O — e e

' LAG,T (SECS)

o4

FIGURE 6.4




€\

RUN 19

Normal distribution

~
x
¥ ";.L‘

0 .._,_._“-zu& I.A.’/G“)

2

Probability density distribution for the longitudinal wind velocity at z/6= 0,75

-

FIGURE 6,.5,.8




+1T

RUN 19

2 0 -z, (= W/6) 2

Probability density distribution for the longitudinal wind velocity at z/8= 0.50

FIGUKE 6.5.b




SIT

%

Wwoa TN
,F..oll

o tot mm’

Catstme’ V.
e Csean® V'

EREque mcy, W((WL)

et

<2 Gat s -]

H.wA '

zfle0 78

Toas vuamr
Ne Scases

e qesgys ¥
e so50” ]

o
FREmue mey, n(H2)

=
3

5y

s, "a/st

Gt 41
Uesmus'V
I(.n ﬂﬂ-"‘
G"nl" o' \
fh“m.n(u:s o
"]
HwA 8
zff=ck
' [T anoesmr
§ No Scestm
.i G t48 msac
€
& 7 |G sV,
- c.a“-lt
t
-I
‘ LAY

Auto-spectrum: Generated flow (T)

F |Q-gj5£ 6.6.a _

FREa ey, -4_(&:)




9IT

R
["-]
ey LS o' et axme'
FREquENcy , n(nE)
"
'

n .Q_{,W

FrEquency, n(WL)

™
w's
- - -
. ! "'u..'ltn |
o b’ W
-3 ‘ ¢| I“Il.‘"-‘
w 9
-3
_ b - o et aamt
FRtautncy, n(HD)
h.
-
T 24
o - =
-
&'
ﬁ.‘ - - [

FREausNey, n(¥L)

Auto-spectrum: Generated flow (T)— low speed

FIGURE 6.6.b_



L¥e

2

WA ‘e

2/f-08
Toa s =T
Suent

Ne Scerws

Ch;r-'u s

Tub25ne’ V
6 1631m8" v

1ne'—
6'b
W b TRt b
o .-".-._-_. a0
-
S |
ol
R Tanogear
<A
o't o TP
e A Mo Scewsm v
¥ T
A -
3 -1;.5:'&_ IL-‘"I -t ;.
‘-i‘-.i‘ i
. e
o T tans'y ¢
& . !6__, 6. s M
e |t '
3 '
L -
-
Te TS T 3 -,
Lvis FReavency, n@t}l- K _— e’

y Al
-
FREQUEREY, n (ML)

_ Auto-spectrum: Generated flow (Tsl = In{Gu&ﬂ/é’u’} Vs Iﬂ

FIGURE 6.6.b.i__




5,

5, ~alys

5
AW
"’ :f‘- a7 HwA 0
g{". o8
Gt L 1 e
He Scasew - ~ - . i
i P - He Scesww
Curl-mm“. ? 1
gurlnnnu‘
Get-388 V. 5 i <
- o u= 23
6 o™ ¥ : RPN

e o o' o ad
Friaugney, n(_n)
\

3T

5y

PRLENE [

3

e
Wwn. W e
"N R i RN 2~ fincs
.._0.'_,_-,“T-°..f.: *'“%:Ef\-.‘_ - [ Tt - - ‘:’:.-':;“:M
g i ' ) Tz

o fananed -

o5
1 € ﬁ"‘fq-"ln-ﬂ"
E=rim V. - a

Gmtot V
‘:.‘ml""

%

FReaeney, ~(w2)

Auto-spectrum: Generated flow (T — high speed

FIGURE 6,6.c_



b

WA N
i =e1f
3 - 't m'..ﬂ
o % 5 ]
Koaeen 4
_'i .
& _lLM ey
€ £ ;
a LELL
»& I@io'n—"f
-3
b= o' w P
mev,n(_u:.)
D.
Ww.a W
» lﬂ'-’”
2t -
EE e
s S 1 A
R
¢y - N s
<
;)
€
6’
4
g pe PO P

Flligagncy , n[WL)

5.

Auto-spectrum: Generated flow (Tg+ 1)

FIGURE 6.6.d

»
" uﬂ‘f.‘.“
T v Seine
Seann 4
6" 1 G...‘.q- ul
;;? = daaanwy
j éti T‘"‘I"
€
s R
¢l — .
T3 - i ©' \ aud
7
y
wwh
. -q'l‘ =05
Tocnonsor- Swent
5- Ceasrem 1
¥
{3 Ut st o]
? G, anss'V.
a osensatl
© 4
3
L] T TS 7
i o f“ﬁﬂﬂ:f, "f_ 'ZJ L



atT

n. G /62

-3
o

1 f |

H¥Wohs *A°
A/‘ =o75

TURBULENT?SHEAR
NO SCKEEN

U= 773 n/sec

N
«f»_ Ranges:

V1 = x »#,2-+200 Hz

. —--. —

/55”1 1000 Ks

1o.e Ico.o
FREQUENCY, n(Hz)

Composite spectra of generated turbulence (digital analysis)

FIGURE 6.6.e




\e<

10

10

Hot Wire Anemometer(H.W.A) 'A'
z/ = 0.75

TURBULENT-SHEAR FLOW,
NO SCREEN

e =7+ 73 m/seC

T =8.99 x 107 V.
: € = 9.4 x 107V
i ¥y UES
10 10 10 10

Frequency, n(Hz)

Fitting of Kaimal ecuation for longitudinal fluctuating wind velocity spectrum

FIGU=ZE 6,61




o

10

10

H W.A, 'A! z/8 = 0,75

TUREULENT-SHEAR FLOW,
NO SCREE:N

Uge= 7473 m/sec

Bi= B0 x 10N,
6= 9,44 x 105V

Harris's equation

—~ — — - von Karman ( ESDU 74031)

equation

L]
10 10

Frequency, n (Hz)

I
10

T

10"

r-'.

Fitting of Harris and von Karman equations to the longitudinal fluctuating win

velocity spectrum

FIGURE 6.6.g




b

<10

(4]

coherence ¥2(n)
&
|

Gref = 773 m/sec

llm:“ul.l

H I |Jl||1llhl’hlm L. IILJLIl”

frequency. n (Hz)

Ml

° 20

nl’ll

Coherence between hot-wire anemometers Al(z/6= 0.75) and B (z/é= 0.50)

in turbulent shear flow

FIGURE 6.7

|



1
Hall, A, *4%
z /8 = 0,75

TUAAULENT =
SHEAR
NO SCRLLN
g 778 mald
. : T tam'y,
& vt

2.

-1

L TING L4G, T (9€CS.) 0.5

+

LPPLY A
2 /Fa0,78

TURDULENT =
SHEAR
KO SCACTN
|-|~I_.1.?l .*;
R etV

2.

CM:S‘?‘

-1

o
o
.

-

TIRC LAG,E {_SfTI:S}

+1

Houaa, '@t
/6 =0,50

- TURBULENT=
SHL WAL
NG WCoE Na

U st mad,

U easma'V
& mbesaat ¥

£.5)

-1

[} TIME LAG, & (SECS) 0.1

Auto-correlation: Generated flow (TB) — low spoed

FIGURE 6.8.a

. Sl



“

Hallp A, 't
/6 = 0,78

TURBULENT=
THEAR

ND SCRAEEN

‘E‘mu n.seé'

SIS A L +- 'O wtang ¥
—-—hU-Hh-A"H—'\'ﬁ*-ﬁ\‘hdHﬂ\-f-J-\Jh-ﬁhd‘\F;:i=,==;:;" ‘:.|‘m““"

€ (%)

'

-1

v TIRC LAG, (SEC3) 0.5

1

N Il I!.
/S 0,18

4

TUnBUILINT=
BHCAN,

NO UCHEEN,

'ﬁ.fmnn.wf

T wismV

¢- Tt

L
!I
|

=1

Timt  Laa, T(8hce) -0

h ]I! |"
2/5 w0,

TURNULENT=
- AHLAR

WD SENTEN

C\.fﬂ,n LIRS

— L —l w108
#-“ﬂ-‘u‘a

o TIAC LAG, E (% C4) e

Auto-correlation: Generated flow (Tg)_— high speed
FIGURE ﬁ.g.g

2285



+1

- A, A
B
/6 = 0,75
TUHILLL N -
MLAM,

S -LIN 3,

—.‘: 459 mal

T A V.

e

=1

\_\.V\./—'_/-/W\-\I\ e v

0 TIRL LhS, e (E2u)s

+1

T

III_ S o
/b= 0,75

TURTLL Nl
WA,

SCRELN 1

|j = e
nE

LA0)

-1

| T asqua'V
g‘.:-nmi‘lf

b TIRE 156, % (3CC.).

+

L

Mol B, tar
adehe '2

/5 «0,5

TURI LENT=
SHEA .,

SCaleN 1

3&0"“ gl

&)

=1

T wqnm'V

€ w4tV

] B

— T UG, (s

Auto-correlation: Generated flow (Ts + 1)

-

FIGURE 6.8.cC

226




e
S
S
o
=W
G2
gy
L

SQUARE MODEL
ZERO EXTERNAL DAMPING
LATERAL MOTION

NATURAL DECAY TRACE IN STILL-WIND CONDITION (FROM UV TRACE)

FIGURE 7.1.a




gt

SQUARE MODEL
ZERO EXTERNAL DAMPING
IN-LINE MOTION

NATURAL DECAY TWACE IN STILL-WIND CONDITION (FROM UV TRACE)

FIGURE 7 1b




| E o e

N

/\ /\ /\\//\\//\ o sV Ul 5P o e

T i

SQUARE MODEL
MAXIMUM EXTERNAL DAMPING
\TERAL MOTICN

NATURAL DECAY TRACE IN "STILL-WIND CONDITION (FROM UV TRACE)

FIGURE 7.1.c




UV traces)

3
e
L]

)
T

-~ log, dec, of structural damping , Ss (obtained from

1
w—eeem Iput current to electro-magnets, i amps

External structural damping induced by the electro-magnets

FIGURE 7,2

230

2

3




|1€T

Darserion AT Top

Z0

ef Marel Cmm.)

B

A"‘T!N‘ruﬂum of

SE. M?UFEQ:
24 d8.
O——o-LaTerAL
/,o' 2 e = et Iy Live .
-
e
Y
2 -
B
- p/
o -x
/‘ -
o-*
/’
e
-~ -
%
-
-
o/
*
1 1 1
©.5 i-e S5 20

Sveawm- Gauae Outpur ((Vours)

Calibration of strain-gauge systean

FIGURE 73




RET

I+
Biswcasy Hes Seras, O

L 14
“s
o |
=
It
:i:
st
g Ta
"
» - Banocas Weo Somen, V,
Li-lins Seare
v s en
o »
‘ - 1 Savans MasL
] L Eer. Damrwt -
o 5 © Neas
!._ ® : x Manamon
s
- Gt
3 M w&_
-
F s Ne Seassn
i
l. :‘ L = .

In-line static deflection: Square model with

various damping/flow configurations

EIGURE 7.4a_

LT,

Tie Deriaetion, L;:

Tir Desvasrian,

Lol

e —

Saumas M

Toasos=r
No Semsan

Exr. Dasey:

LT

ol (2 3e)
ILIIM(I’-J
0 Le-Lima

- 1
Porcens Woa Seee Y, )

ar

K-

g

Saumns Madas

Toanonmr

Ne Scasen

0 LAre s (1.008)
-Lﬂnn.(l )
@ Tn. Lina

ik

e sucas ‘N-o Srens, ¥

(13

Fluctuating deflection: Square model

turbulent flow
FIGURE 7.4.b

AT



»
T

| .'"B’M Mopai

Sevarn Fom
|Ne Sensan

/./‘/' Ear. Dammea

i / ko Lmuu.@ 'I'IP)
=N xLamoeac-(1 or)

= - 0 Du.Lina

L5
3.
-y

Tir DeriacTion , L
T
\

%«:n Mawee

»
T

gﬂlﬂa F\..u
Mo Sezewn

/ Eﬂa:::ut i

' °
o Laresac (2 Do)
el —— xhnuu(_l bes)

»
-~

*la

r
i

Tir Tericevies

i
S0 ll \ Faasrs Matay

Srsarn Fuow
Seaewn 4

Elf. }mm;
Nawe

®

by e
N
~/

i
N

jolamran (3
o tbfm.é ::?)

o D Ling

Tir DeFiterion,

Fluctuat{ng deflection: Sqguare medel in smooth flow
FIGURE 7,4.c

g s




»
-

g

Eer. Do ot

alm.m{}h)
:Lm(‘w)
a Du-lins

Tr Deritetmn ¥

F3 =

f

o s
=

ow

»w
v
»

o L] . 5 olareaaf wof
g u Larsuac (i o8,

% . L ) T

Tir Deriaerion

-
"y

Tr )CF&lﬂlm, L
w "L
T

4
Rezoces Wia Srees _____________________._-—-— .

Fluctuating deflection: Sguare model in turbulent shear flow

FIGURE 7,4.d

23%



h-g 9‘“&
hrulcvsuﬁ
"3"— Concone Meaar
‘. Fur e, Mosss
i 2
o -A-” : oTotsucan Semt
SRS s et oo
'l- p— ‘.’-.. - -
- I} s Mo Seasow
.u |.l " llt ';
Lirecar Wes (s, Vi
e def on: Circular model with various f
confiqurations
FIGURE 7,5,a
5!1'- Cinnuine Marad
Smeetn P
7 Ne Seteen
‘E:E / Eiv 1““
j p s
;:.‘-
X > ‘// elamuen (3 o)
¢ / /‘/ | 1laemm, (1 2ot
) R
-f"'.‘-..-‘ b ,/f r
ENAE S
OD i i'i i i "!

-
-

™

T DuriacTion

s
Rezoes Wia Srem, ¥

s

/ Cracoone Maey

&m‘ h
Hs Sctaws

Exr. Dnanrima s
Py s 4

SRR

0 - Liwa

ati

A A
LE] [

I+
Resuean Wia Srem, ¥,

deflectiont Circular mode

FIGURE _7,S.b

23S

smooth flow



o
e

e

Tir DerFiecrien,
w

-h
-
-—"—-

o L

o lamsan (1 207)
ol Alednl (.l i}
0 Loy - Line

"
Perucas Winn Sreen .

Hg

4
Ve

xid
-

)..l ECThe
v

‘.

Liscuina Maset
g
Ma Scauan

[Exr. Darmeina
| Nens

Claraeac (‘L )u)

% un'ln.{l dok)

a In-Lime

[}
Rezvens Woa Sreen V]

T
L

s

Tie 'b:" FLECTrved
=
T

-
S IS

X —e——D

Cacowme Mo

mun-w.
Snend

Ne Seteun

Esr Daneina:

Flam s

© Lateanifs don)
* I.M‘un(i JoF)
-L.L.M

"
Resvean Wira Seess, V,

" 3

Fluctuating deflection:

Circular model in turbulent and

turbulent

shrar flow

FIGURE

795.C

236



a
B 5

e}
T

\
\
S
\
\

=

Id- Lot Srm‘ e
FoEcTion

Wases' Mo

IExt. Doy Nowsg

pluasanar Sesna
0 Toasucent
w SmaeTH

Ne Scteew

In-line static deflection: ledge model with various

confiourations

FIGURE 7.6.a

f1low

= e
-

e

Tir PercecTioms
-

o Larsem{a 20%))
«Larean (1 des)
g Ln-Line

L
L] (1 n ao
RABOLED ward STeadn, Ve

0.5

E'Gr Barisetion .'L:-m‘

Weas Mae

Smestw Fow
Mo Sctean

Exr. Damperlc

Manson

T
o Late m(. H)
ol ling

[ 3 8 s

ferueen wea seaea, V)

Fluctuating deflection:

FIGURE 7.6,b

PRIt

Wedge model in smooth flow



3eT

w l/ .
e 8 . . pece Moe
LBu-u-r [
Me Scasas
.
- e
‘E:' / / Exr et
- --."
gu-— / _--."'-’
% e - plaees (2 3]
: e i
;. g = g L.L~a
-
¥
= e i 0 =
] Resuced woed Srerd,V,
»
//”
e ox Soxa Maa.
=8 -
3 s . Toesocswr P
¢'6 ot e N Sreas
< -
c ’-’ . e W Ear Vanarinig:
i ', "' » ”.lt-ﬂ
g "." : *
3“_ - olany iij
. x Larunms Jog)
F o Inv-Lot
ey s 0 i3 e

E3ocey =u 3w\,

Fluctuating deflection: Wedge model _in_
turbulent flow

FIGUR 6.

nis
-t

Tee hucu-u.
8

slarran 2 Jos]
'l"“-'(' ot

0 llinen

s

Tr Duriserion,
4

-l=

u "
Reavces Woa Sesas, ¥,

Fluctuating _deflection: Wedge model in

turbulent shear flow
FIGURE _7.6d__




beT

RUN 2
o4
Normal distribution
»
» x .
; 5t =X
=
x
o2 .
x| ™ &
»
*x L
"
N
| —
D
]

C .____....ZK(= ::r.'/d;) 2

Probability density distribution of the in-line motion of the sauare model in Tc flow

FIGURE 7.7.a




P T

p(2y)

O e (e 2

Probebility density distribution of the lateral motion of the square model in T; flow

FIGURE 7.7.b




\$T

RUN 8

*n

0 _—;.ZY(=‘3'/‘>') 2

Probesbility density distritution of the lateral motion for the circulear model in T, flow

FIGURE 7.8.a




¥

RUN 8

)
)
3
\'
ahn%&
B Ly e -

Probability density distritution of the in-line motion for the circuler model in Tg flow

FIGURE 7.8.b




L 3

- l: r(>5)]

Medan + Saunss
»or . L

MoTios ¢ LATemag
Flow Tonnowur. Suenn |

‘. 4z gaaena'y

Upr 953 m 10 Mo . Bosereal

- o Qou 1. Guthns'y
B“‘hnm‘il‘n-.- Ear.
Voot o,

lo o Qe & ity
G #4400 e Do,

'l ' i

[ ]

Cumulative probability distribution

FIGURE 7,9




0%

ul-a. e 51|

ol

T

»o.r, 1 R

O——a Wases Maa
Qun 7 | Gefangs' ¥

o= e Citeuian Mg
Cuu 1, Grirws'V

Pl 1 Toataast-Sane

[T PP =
Bl - il 0TS

Gatenmd, B Doty

—_—

E

Cumulative probability distribution

FIGURE 7,10

244

LK



Saadeat . NN

wind

Phases of oscillation of a sguare model with low damping in Ts fiov

FIGURE 7,11

145



T

el

.’
’
.
’ -
‘o
= /
& §
.-, / —
J ’f Motios © 2 B8P,
r !
— 7 - Fiow ¢ Teamawr Seesx
4 .
! -
O——a e Maoe
T Rin T GeSeanc'V
o4 ., -“'“h?q‘_’ﬁ [S3 NP
F 4
’
” o = = =0 Ctinma, Moagan
R 8 Ge e V.
', o Qpisem 2 e By Damtmne
-t . / 1
c.4 .I..(.-) LR ] -2 '

Envelope of fluctuations

AL

W-tn ?(>r)]

-od

Merse :  Sauaes
PO z
FLow  Datuger- Snenn i

——a R GuaemsV.
[OFE PO PR A% W

o —a R ¥ GtV
(-uﬂ-hl*“- P s .
Do ot

- Bn o, Guia'y,
G..’su-m‘;i.hl_ﬂ

FIGURE 7,12




moveL  Saones
Matiad |Lﬂ\‘tul{l hl’}
ext. Damring: Nowe

Fiowl 1+ Smeaers

=
L4

|l i Newa

(=

e 1972 Msec

g3 [ snan®

e 1 >
o Faeauency, N(x8) He 200

MODEL © Savass
MoTion 1 Lareea (2 bor)
EXT. DAMPinG None
Flow ' Smoern
aap 1 Nowa

Uge 1972 mosec!

5: 58tV
16" - ‘ v
-] FRequency, n(ng) Ha ane
nl
MedEL | Sauame
MoTion t Tu-Lina
EXT DAMPING None
"ol Flow : Smaery
£
:'15 aei®» 1+ Nows
i Uy 1972 msec!
= | 3eqxis’ V.
& annst v
16 . ' :
o FREquency, A(x8)Hz 200

. Auto=-spectrum: Square model in smooth flow without applied
damping

FIGURE 7.,13.8

241



v » MoDEL ¢ Savacs
Mot ion Lareenc (I Dor)
EXT DAMPING : Maximom
FLOW | Smeath
GR\p : Nowe *

Cue ¢ V72 Mos2c!
6 Aosmo N}
10 : K i biE o oy \
o FREquency, n(xe) Wz 2%

b.
|
MoDEL + Sacere
Mot ion -Larean. (2 JF)
I EAT DAMPING: Maximum
T Flow 1 Cmeery
Us
‘E;. i ae€ip  « News
4 Ogge 11 172 W.sad’
& o zsnasty
il
o FREGUENCY, n(x 1) He 60

tAuto-spectrum: Square model in smooth flow with maximum applied
damping |

FIGURE 7,13,b

24%



MoDEL : Sauare
MoTion ‘LITIEI!.{I he
EXT. DAMPIiG: Nona
Frow  Torsocenr.Suene

GRID 1+ Nowma
R Msme”
8! 14sxs' V)
T T ™t
o FREQuUancy, n(Ak) HL )
o MODEL ° Squanas

MoTion | Larsen (2 Dor)

EXT arPing: Nowe

E Flow  Toamoenr-Svene
ﬂ- aem 1+ News
Y Dnae | 132 Msac”
s, (s asnet VY
Y
-8
L] *
-] FaEauancy, N (» 1) W2 ien
@ e T ek
- i ModEL « Sguane
MoTion + Dn- Lyree
EXT. DAMPIRG: Nons
-
:!'-. Flew  Toamuueer Suean
3 e ¢ Newn
- Upe  + 932 misee”
= v 4 V.
) Lo szxit "
P o SIS L
L) FREQUENCY, M (8) HZ ' 00

Auto-spectrum: Square model in turbulent shear flow without

applied damping

FIGURE 7,13,c

249 (

o P



MBDEL : Sauaaes
Motion « Larcan (2 pos)

EXT 2arPING: Nore

:!_.-1 FLow  Tumauuenr-Swear
f?' GRD 1 Nons
g Oy 1952 Msac!
q: .i-lallu'. v
1
° Ll
2 FREQUENCY (x #) K2 200
al
MODEL : Sauare
MoT ian |L.rruq.,(: w]
ExT. DAMPING  Maxisom
| Flow  Torsoussr. Siear
% LT |
] : " |Caee 932 M
s g7aene 2V
e —— = -
) sREquancy, n(xt) He. 100

uto=-spectrum (linear plot): Square model in turbulent shear flouw

Wit and without applied damping
FIGURE 7,13.d

250



MobEL + Squmee
a Morion 1 Lareeas (2 f)
ExT_ pamping: Nene
Fuow s Toem vunr. Sunn

A0 ] T

Upgr 1566 M 58"

6 amsx V

B,

Fﬁnmﬂf;. LIC L 100

MOBEL : Sausse
MoTion : D Line

ExT. DAMPING . Nowe
Frow  Toapuanr Suene
Gerd ¢+ 2

Uy 1+ 566 M sed

= v adsnet U

s raaeanis

-] FREmvarey, n(ny) Ha 100

ﬂgto—lslgactrumx Square model in turbulent shear flow (screen 2)
\ without applied damping

FIGURE 7,13,8

251 '



W)

B.

MoveL ¢ Circurnn
MoTion « Lateant (2 Do)
ExT BAMPinG: Nowe
Flow | Smeern
iy ¢ Newe

Cup | 1 956 Msac!
& stV

! 16%1 - .
o Faemuancy, N(x8)ie 200
i

HodeL 1« Cimeucnn
etion + Tn-Ling
EXT. DAMPinG : Nowa
Flow | Smesrn
GR® .+ Nows
Bppp  + 66 M. sac!
3 ; 28008’ V.
6 6 ot xig Sy

) Ertquancy ,n(xe) He

Auto-spectrum: Circular model in smooth flow without applied

damping

FIGURE 7,14.8

g 5.5



ModeL : Cireucar
mar 1o Larsasc()

EXT. DaMpinty Nonig

Fiow  Toesouant!
_\ ' Ged ¢+ Newa
Ceer jﬁ+n4£ﬂ
& Seve V)
| s‘l . .
-] EREQUENCY, n(.a)ﬂ, 0o

']
movse Ciaeuran
MoT ion -Lnrlm(l hl)
ExT DAMPING:! Newa
dag ] Flow  Tuasousss Sveag
:"'s* a21d Nens
:'i". Cper ' 94 M.s6c,
& lesypa” V!
16° . v
o FaEaveancy, n(=8) Hz aoco
[y
|
MobEL | Cimeucnn
Morion ¢ Tw. Line
! ExT PG Nows
s ’ Fuow  ToassuawnSueng
P a2 ¢ News
:1{ Cpee ! 14 Mosa!,
£ | 3.axe’ V
6 amixstV
1o v 8
o Fregosney, n(x8) He ‘ 200

‘Auto-spectrum: Circular model in turbulent shear flow without
applied damping

FIGURE 7,14,b

: 263



o
mMopeL : Wepas
MoTion -Lurnn.(:. b‘)
EXT. DamPing . Nowe
it Tnncuanr.Siond
ari» 1+ News
G 1 164 Msec!
€  amnus*y

{ # ° : FREQuaNCY, n(we)He 200
.

m. W |

MadeL ¢+ Wavas

Motion | Tn. Line

£xr, DAMpiNG  Nowa
Frow  Tonmoutur-Suam .
@R1> i Nows
Upga 1264 mtac!
2 'asews’y
[ g 1avens® Y

(] '
" [ FREquaNLY, n(u ) He

Auto-spectrum: Wedge model in turbulent shear flow without applied
damping :

FIGURE 7,15

254



MePEL ¢ Sauale

/ . Moo -.lnmm(ﬂﬁa

et Iamtme: Newe

$,5)
[ —
—
Il
—
—
—
e
—
—
—
-——
——
“i
—]
—
—
—
——
——
—
==
—
-
H
=B

e, 2 (s 1) Sees

MobEL | » - CLL L
[moron 1 Lawen (2306)
f| Rt Shteig . Nowa
E==
1H a8» News
\H \.-a.., AT M oged
J “ e scans V'

-—

g ®)
e ———

8.(2)

T T(xg) sacs

futo-correlations Square model in smooth flow without applied
damping

FIGURE 7,16,8

255



Y

ﬁ - : ModeL 1 Sauara
ﬂ ' Morion 1 LaTERAL (1 Do)
’ _ xt etk . Nowa
A e
l " I! Uy | 166 M 50!
j M J J 6  iarwetv
i
o 1 1 Teae E(48)secs " e§ =
f’ MoDEL : Sguaes
A MoTion +Lareent (2 2or)

A Jawfett, Nowe

MMM Mnnnnumuﬂ“ﬂnn"[: r:u,.r
WUWUWWWU AL ]1

5  tame

EEEE———
—

2,(=)
——
:-_._..‘-::-—:-—-
e ———

-_——t
e

| (1L | 3
J- |

a X hm;.,:(olJ“g.; of

uto-correlations Square model in turbulent flow without applied
damping

FIGURE _7,16,b

256



Tl T+ 9) s0cs os

WMMM M\I\ I\nnnnnnnnf\unnnm

MopEL 1 ‘smums
MoTion 1 LATERAL(2 Dor)
Frow 1 TurBuLent-Swm
GRID  :+ Nows

0

TIME, T(+8) sees

.0
| ———

— = ==
_—
.:2-
—_—
=
P

-
p—
-:'_',‘:'
-d'::-
—
==
§:

L

MopEL | SAQUARE
MaTion + IN-LINE
Flow | TURBULENT. Gl
GRID 1 News
Ve = 132 M
- 0.0 V.

- +.am-" V.
[Exr Dawitrg: Nt

TIME E(48)sres.

yAuto=-correlation: Square model in turbulent shear

flow without

applied damping

FIGURE 7,16.c

2S1



r Mot ien ‘LM‘.lmt! BoF

F q {MoTioN < Larean. (2 ok

r movaL | Sa

r Mation o Due L
& i ! T
d‘ VUUUWWWW\WN\MMMUUV e “,,.

Time x(an) sucs

< "‘. puto-correlation: Square model in turbulent shear flow (screen 2)

without applied damping

FIGURE 7,16.d

258



+

ModEL  : Squees
morion i Lavaea (1 30¢)

Exm Danping © Manimum

“ﬂﬂmun,, At jjj: e
JUU” i R

$©

TEA - %2 e

-_—
mm—
—

? intnce™

o T-M._terl)n“ >

.

MoDE ' Saumen

Morion 1+ Lanen (2 2or])

n Flow Tesuian: Snand
o nﬂﬂﬂﬁ : o &: :
: JUUUUU ::'. .:m::‘:‘s‘
e Daiagr,  Biat
“ L
¢ - Yl“.‘("')u“ Py »

MODEL | Sauaex
Motion ¢+ Tu- Link

ExT. DAMPG  Max imum

Flow Toanuunr Svene

Erd
3 1 GRiD Nowur
Voar .5 V{In:
= 4626’ v,
&' ot ¥
|
L
2 TiE tf+8) Skes. s

Auto-correlations Square model in turbulent shear flow with maximum

applied damping

FIGURE 7,16,8

259



Q97

+1
* -
e
a ®°© E w
s ARG T MODEL: Square
AN SRl
sl i LT o2 FLOW: Turbulent shear: no
> w % W
- ’p’)\y‘“ - screen
- x
. o s r U= 932 mhsec
o x
- 5 *|  EXI. DAMPING: None
(=]
e
2 Pl S MOTION: Lateral
o o 9 o o
s P20 g0 0 ° 06 =
ol a0 0w o e eo 2 DOF
%) 2 -2..2
'.?Js'-.. 5 O 0.0 Oy = 456 x 10V
o oaopoaooo
S a0 2970 %% xx -1 DOF
* 2
0 e -] 2
S'e Oy =172 x 10V
{ =]
o O 4 " k",“u
Qo o "hx x
»
’ﬂ ‘*IR »
o x e
-] e x x . 2
- n”_ »
»r
»
Vi =
»’
=y 0.5
° TIME, T($8) sec

Comparison between 2 DOF and 1 DOF motion: Maxima and minima points of the respective

auto-correlations

FIGURE 7.16.f




+1

MopeL  Ciecuint

r MoTion :LameeaL(1 dor]
| EXT. JAMPING: Nowg
: LAY TRTUETTEY e
“ | l ”U’“‘Hlnl + Nowe
pep  + 9:56 Msic’]
N S S H_.
- s TIME,T(+4) Secs &
MadEL « Ciecuuag
MeTion : [n. Line
EXT. DANPING: Nowe
‘;? FLow gMnoﬂt
= n A A ﬂﬂ AaaalAnA
VY VV\JW aa TAVAA VAT V\W\u., .
Opep 1156 Msec!
= (2 seus V.
Y & '”'"’"'-.‘v" _
-1 B TIM:_::_(_A_-;)-;‘“ T |

Auto-correlation: Circular model in smooth flow without applied
damping

FIGURE 7,17.a

26|



r { ModeEL !Cmu.n.n g
”‘ ﬂ” MoTiont . Laveeac (1 Der)
f EXT.DAMPMG, Nowe
g ’] ﬂ Flow  Tuesuenr.Sient
“:Jk l GRi»  : None
F, Oy =94 Msac’
LJ u J qi o Saaevis* vt
-
(-] TiME .g(+ ‘) sees ~-
*\
I
Meptie o Cidtuwsa
Morion i Largend (2 dor)
( r f ExT.DAMAING < Nowe
3 UUU | Gad o S
Uuuuuv Gur «te 'l"!.-'.
J s} «leaenis® V!
-1
"> e T“.l(‘l)uq =
+
ModEL Circuina
Morien L. Line
ExT Dameinie - Nowg
ﬂ n ﬂ Flow Tousouanr.Sume
¥ U Un" B Un\in"'nv"‘a'nunvnvnunu“"'nunuﬁ\?u"v“v“u"v‘v“-“v". -"vnvnh'nb‘nv‘v"u‘v GRD i News
} u Cip « 04 mgee
= “2m408' V
I s «soxis®
-l

-} Twae  t{+8)sues =

,Auto—corfalatiun: Circular model in turbulent shear flow without
W

applied damping

. FIGURE 7,17,b

262



ModeL + Circuuae
MoT 10N + Lareea (1 D7)
ExT. DANPING: Maninum

)\/ Frow Toesuenr: Swend
AAALAAAAAM A‘ﬁ'ﬂvﬂ'hvﬁvn‘r\vn_ﬂ'h‘ﬁ"n"nu“vnunvnu Haen  Nowe

g,
—
P
p-

-
-
-
-
>
b3

Vear P E M “‘4
,Toomkis " V'

-
61'

=) Tiwme, t(+8) secg o5

a EER Gea,
I
: mMobElL ¢« Ciaeyae
motien « Lareeas (2 ¢
ExT DAMPING - Maximum
Flow  Toesuiant.Svend
-~
s'.’)_ GRD + Nowg
o - -1
. U,- : 94 M SeC,
&) ankng V!
-1 1
o Time , T(+ 8) sces o
+1
|MopeL  : CieeuLae
: MoTion + Iw- Linvg
i
ExT, DAMPING: Maximum
s Flow  Toesuuewr. Send
N
o 621> : Nowe
d L
Oggn 94 M 56"
£ amenis' v
& ety
-|
] TIMGE | :Lq ) skes .5

‘Auto=correlation: Circular model in turbulent shear flow with

maximum applied damping

—— e

FIGURE 7,17,c

263



+
1 mobeL ¢ Webpae
A ‘ MoTion | Lareeat (1 Dof)
W ExT. DAMPING © Newe
i
T Fiow  Toesocent. Sient)
: <3 i | Geib t None
Gpee 1 964 M.sec”
V . 6" 86" V!
¥ A
=1
/ ° 4 2 TiMg, e (+8)secs o8
/
/4
i
4\
vope| ; Werce
’ 1 Motion ‘Lareon (1 Dee))
ExT. DAy, Newe
g FLow -'Euuulnr-GiuI
v
3 ari»  « Nowe
of = o
Ume 1 764 Msec
J H 6 asgxic’ V!
-1 RS Dt L E o G t
) Time , T(+8) sees o5
+l

MoDEL | Wenae
Mation ¢ Tu- Line
EXT. DAMPIx,: Nowe

Frow  TotascurSume

N
[ ‘;ﬁ aen Nowe
‘-’nu L ea M sec!
2 4s9xis

6 lasxie® v

o Time t(+8)s5€cs o5

Auto=correlation: Wedge model in turbulent shear flow without
applied damping

FIGURE 7,18,a

264 :



MobeL : Wence
MoTian 'Lh‘l'em(l )
EAT. DAMPING, « Masamunt

: ' Fuom  Taowar’
MMMMM,\M‘.-..VMnﬁﬂnAn_nnnﬂﬂﬂn Pl ﬁ:“ )
UVVUV””“V”“ NSV

%)

Uppe :06& u.su‘l'

&} g’ v

i
=l

T Time x4 8) sees os !

#

; MobEL 1 Werae
MaT 1N -Ll‘lnn\.(a Dor)

1

EXT DAMPiNG: Magimom

Flow ToeavwsnSime

GAD . Nowe |

8,(=)
-=:_.____.__
——

- =)
Ugey 1064 Mo

a'l 8 (.!:la"\'l

Tlu(.t(_él}!l.u os

+

,|MovEL ; Werea
Motion + Ine Line
E«tl'nmmc. « Magimum
Frow  Toagouewr S

Ged ¢ Nowe T

R.()

Opee 1 764 Msed]

= (45905 V,

& reraxe* V'

] Time ,T(+8)secs o5

~Auto-correlation: UWedge model in turbulent shear flow with maximum

applied damping

FIGURE 18,b

265



? —t—t—t—— —t—t iAT;ER A:‘_ ettt
1
i
Pl b M AR bl
e i.{"il lii B e i i f : ili"i h-.__'__':i Ll . u ll'*h"" Ly it i
,!'H*Hiiiill : ““ iy
I'.o '..s'er.i ) 0 15 20 25 30
| IN=LINE
TRE FYemnmnpaC D
i ' 1 A N
i L 'ﬁﬁéﬁ”*t_ﬂgwgww L T Y
I‘fillij [ tF "ﬁ iy r_‘__lrlﬂﬁ, |F|': iglluuﬂ%ll =
0 secs 5 10 s 20 25 “—

lllllllllllllllllllllllll
|||||||||||||||||||||||||

| === |

0 secs ] 2 3 < 5 6. |

o secs ! 2 R 4 ; H L]
" I S L TR 1 L ol I U T TV S T | N T (T ) LI T = e T S R I
Square model oscillating .in turbulent shear flow =" no screen EM =773 m/sec.

Strain- uage signals
FIGURE 7,19 _

26



iy A

CoMiREnNcaE

|MOREL: Sauvars
MoTion Laraen [ln Lo
XT. DamPing - Nowe
FLow : Smeorh
GQRID : Nome
e ¢ 972 mse

FRequancy, n(xE)He

Com AR iE

MOBEL : Sauase
MoTion lmmfl’--b-
ExT. DarPing Manimum
Frow  Totsomr-Seend
GRID - Nows

Dy - ¥32 msec’

iuqu'ur.v_ n(=t)He

Coherence: Square

il

model for various damping/flow

ConaRgncl
"

i

ModEL © Dauvare
MaT oM -Llrllll.,;‘-Lr'!

. saeing: Nowe !

Fuqu.u:'f, n(=t) He

F Lo ‘Iﬂl-lll'-
Kmed T
(B 566 M sed
AR
260

i

Contlemnct

ModEL ' Sauare
MaT lon LNIMF—-LM

lext Damping: Nows

Flow  Totauenr-Sead
GRID  : Nows
G“_ 932 m see”!

FREQugrcy, n(=t) He

configurations

FIGURE 7.20.a




]
I MopEL  Cineunn ‘.
i MaT ion ‘l.mun.;h.l.u
I Ext, G Nows
Y 1 Flow  ToesouewrSweq |
T
= iG> Nons |
‘ : 1
8 O 1 140 Msec!| |
f |
| | |
4 {s
|
|
[ | a -+ T T )
e FrREQUENCY, M (xE) He 200 !
I
mModeL : (iecoar
| MoTioN :mef.rn.l-l !
f EXT. DAMPIHG . Nowe
E 1 Flow ' gM.n‘Hl
W
: GRWYD ¢ Nora
3- Ceer :%Krmud |
© r S e v
| e FrEavaney, n(xt) He Y

' Coherences Circular model in turbulent shear and smooth flow

FIGURE 20,b

2683



o5
'
1 MoreL + Wenas

Metian :LArlm{B-L-
Exr. Davpinicy Nows

b ] Fiold  ToesounnSuem

é GRid  : Nows

3 ] —ug., 1 g4 N.GI:"_

o . :

L FrREQUENey, n(x 1) Ha 208

Coherence: Wedge model in turbulent shear flow

FIGURE 7,20,c

29 |



ol7g

2%%9 %

" qa)ﬁ‘

Nwa N
2ffeo1s
MObEL - Squaes

FLosy : Smoers
CeREEN - Nava

Vgt 72 w52,
€ Lasnnd't

° FRéquancy , r:[-:.) e
.“. l‘l
tfi. ot
Moty © Savans
- Eiaed + Saranrn
'g__ Scenen: MNewe
L
s
4 G.,J‘nnu"_
6 eretne ¥
(-]
o oo

T
Fagamscy, ML)

ye

",

ook

W AN
2Eao- 78

e - Squaer

FLoW  SmeeTt
iscegend 1

G o3 msad.

f..: st

L]
e Freauarcy, N[ nL)

nwa ‘g

2/Fa o8
madgi: Sauase

Flow « Sseary
Begsen: 4

a—l 5 mia’
P:.hxm"v'

ERgquancr, s [(ne)

Wake spectra behind square _model in smooth flow

FIGURE 7.2La_




Wwa A
1ffmo 18

Modet W

Fioss 1 Smawrn

Sconen s Nawe

n Qe

H

S_'.% b mon

6= yasena

° 4 FRsauancy , 'ﬂ(“l)

Wwa, s

ka0
Madel - Wasas

Fuond 1 Smoern
Segegn . Mowa

G 168 9 50
e B anet v

n. G /et
l‘

° p frequancy, M E_nl.)

Wake spectra behind wedqe model in smooth flow

FIGURE 7,21,b

L
Hwa ‘N
1/l 08

menin Saadd

Fromis Tothoness
~Swene
Ceagtn, Ness

-yt

’ | G Y010 16",
J € atarens’ Vi

v 1o
E@sauemcy, N( we)

Wake spectrum behind square model in turbulent shear flow
FIGURE 7,21,c

2.1



~— ~
( (
N
N
§ {
~
F el
~
L Ye Yu
SCREEN NO, . MESH DIMENSIONS (MM.) BLOCKAGE
Yo Yh 2, z, %
1 121 32 121 32 45
102 51 102 51 50
83 57 83 57 7

Bi-Planar screens

TABLE 4.1
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LT

FLOW GENERATOR

PROFILE EXPONENT

SURFACE DRAG COEFFICIENT

SURFACE ROUG:HNESS

MACRO-VISCOSITY

FRICTION VELOCITY

d\‘. of, Gy Zy o Zoy N N Uy Ue,
. 0 x10"(m.) x10°* (n*./sec) x10 (n/sec.)

Cowdrey grid

(o€ =0.143) 0.218 0,127 0,015 0.0028 (AN 0,0028 | 35. 0.095 79.5 - 33.9
Vortex-

generator(V.G)

system 0.23 01 0.017 0.0026 0.51 0,0028 L2, 0,090 83,0 "32.2
V.G, system

*

Cowdrey grid 0.335 0,16 0.029 0.0039 134 0.0166 | 143. 0.650 1070 39.2

(°C' =04 )
V.G. + C.Grid

+ roughness 0.39 0.039 1.253 284, 226,
V.G, + C.Grid
+ roughness 0.45 0.083 1.60 161, 100,
+ Screen 2
V.G. + C.Grid
+ roughness 0.48 0.074 1.89 165, 88,

+ Screen 3

Characteristics of gzenerated velocity profiles obtained from Fig. 6.1

TABLE 6,1




YLT

RUN NO. |GENERATED FLOW| Ug. | BACKED-OFF D.C. R.M.S, SKEWNESS KURTOSIS
U [ Y Suq Ky %38 %4 %a.8
n/sec o O x10" (V.) x 10"
18 T 8.48 | 0.958 0.596 8.09 4.13 23, 6o 3.09 2,60
19 T 7.73 | 0.899 0.625 9.56 L0k 0. -2, 2.88 2.58
20 T$+ (1 ) L.59 0.593 0.412 7.16 2,34 -k -2 o 2.52 2.5,
21 Ts+ (2) | 3.07 0.439 0.325 429 2,19 15. -1. 2,91 2.5
22 T+ (3) | 1.56 | 0.312 0.2u4 3.62 1,62 i L, 2.62 2.75
23 TS 7075 0.899 0.625 9.56 11-01-}6 -560 —‘1'1-7. 3-17 3-08
2l T 13,52 1.388 1,030 13.00 8.14 1 =36, 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




ST

FLOW GENER:TED| U H.W.A. | von KARMAN SPECTRUM HAR<IS SPECTUM KATMAL SPECTRUM| AUTO CORRELATION
r 5 - .
n/sec Hz  x10(m.) Hz x10(m) x10(m) Hz x102(m) x1oisec) x102(m)
T 9.58 A 25.00 5.579 25,00 6.637 5.587 7.50 5.109
5.96 B 16,00 5.424 16,00 6,452 5.4 5.00 4.768
Ty 13,88 A 38.75 5.215 36,46 6.59% 5.550 10.27 5.406 | 8.90 12,360
10,30 B 18.02 8,322 17.00 10,490 8.834 L.E69 B8.785 | 6.81 7.019
T, 8.99 A 16.00 8,181 16,00 9.732 8,192 L,60 7.817 | 8.57 7.707
6.25 B 12,56  7.245 13,07 8.282 6,972 3,76 6.6L9 | 6.83 4.270
7+ (1) 5.93 | A a3 - 2.757 11.13 9.228 7.768 3.20  7.013 [10.46 6.202
N42 B 9.4,8 6,328 9.48 7.527 6.336 2,73 6.037 [11.,04 4.535
T, + (2) 4.39 A 8.40 7.609 8.57 8.872 7..69 2,42 7.266
3425 B 6.09 7.710 6.09 9.243 7.781 1,79 T7.263
B+ (8) )52 | A 5.00 9.085 5.00 10.830 9.119 1.46 8.548
2.4 B 6.3 5.604 6.3 6,666 5,611 1.75 D571
T+ (1) 724 | A 17.00  6.201 17,66 7.101 5.977 5.00 5.792
LS 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 8.68, 7.310 3.08 6.961
3,20 B 5.00 9.318 5,00 11,080 9.331 1.75 7314
T+ (3) |3.88 | A 6,00  9.415 5.97 11,260 9.476 1.67 9.293
2.3 B 4,00 8.845 4.00 10.520 8.857 1.13 8,602
T 15.01 A 53.50  4.100 49419 524850 L.4k9 17.66  3.400
9,28 B 21,60 6.255 21,60 Tho10 6,264 6.47 5.737

flows, calculated using various methods

Length -sceles of turbulence of some ceses of the genercted

TABLE 6.3
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RUN NO. | ¥ODEL | D.O.F.| FLOW U EXT. DAMPING | MOTION D.C R.M.S. SKEENESS KURTOSIS
n/sec x10 V. x10 V.

2 Sq 2 . 3 9.32 None Lateral | 0.046 2,070 -0,023 2,75
In-line | 4,660 0,762 -0,180 353

3 Sq 2 2 9.32 Maximum Lateral | 0.046 0.886 -0,006 2.89
In-line | 4.640 0.397 -0.275 355

L Sq 2 T+(2)] 5.66 None Lateral | 0.046 1.850 -0.006 2.59
In-line 1 .690 0.51 ? 0.01 ? 3.31

5 Sq 2 T 9.56 None Lateral | 0.0LL 2,020 -0.007 247
In-line | 3.550 0.615 -0,080 3.4

6 W 2 I 9,64 None Lateral | 0.043 0.418 0.009 2,60
In-line | 3.740 0,260 -0.196 2,92

7 w 2 o 9,64 None Lateral | 0,042 0.544 -0.010 2.47
8 [ 2 T, 9.40 None Lateral | 0,041 1.180 -0,008 2.7
9 c 2 T 9.40 None Lateral | 0.040 0.757 -0.013 2.46
In-line | 1.980 0.399 -0,161 3,62

15 Sq 1 A 9.32 None Lateral | 0,036 3.620 -0,002 2,02
16 W 1 Ts 9,64 None Lateral | 0.039 0.672 0.001 2,53
17 c 1 T 9.40 None Lateral | 0.038 1.910 0.001 2.26

Amplitude domain characteristics of model vibrations - a sample of digitised runs

TABLE

7e1




U (M/SEC) 9.32 9.32 5466
EXTERNAL DAMPING \None Maximum None
2= y'/6, P(>n)
0.25 84 87 .85
0.50 .68 o75 o7
0.75 «56 63 .58
1.00 43 «52 46
1425 34 oy 36
150 «26 36 «28
1.75 «20 28 22
2,00 A€ 22 A7
2,25 .12 J7 )
2,50 .098 13 099
2,75 077 09 .078
3.00 06l 066 062
3425 051 047 047
3.50 .036 037 035
3.15 026 .025 .025
4,00 .020 017 020
425 016 011 016
L.50 011 .0063 ,013
L.75 .0078 004 .0088
5.00 L0066 0034 .0066

Cumulative probability distributions for the lateral vibrations

of the Square model in turbulent with shear flow

TABLE 7,2
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z‘(Ia_Lnn)

4
.0000 .,0005 ,0012 ,0007 .0007 .0000 .0000 .,0DOO
+5
+0010 ,0027 .0027 @ 0066 .0042 ,0007 .0005 L00OO
+2

.0020 ,0059 ,0190 ,.0420 .0298 ,0054 L0017 .0ONOO

.0017 L0110 .0454 L1680 «1490 .0271 .0049 ,.000O

—4 -3 -2 =l 0. tl 12 +3 ==z, (Lareznc)

.0005 ,0044 ,0208 ,.1200 .1290 ,0383 L0073 ,0005
1 (+1165)(.0464)(.0073)(.0004)

.0002 .0012 .0068 .0266 | .0486 .0188 .0066 .0027
—2(.0464)(.0185)(.0029)(.0002)

.0000 ,0002 ,0010 .0039 .0103 ,0039 ,0029 .0017
-3(.0073)(.0029)(.0005)(.0000)

.0000 ,0000 ,0000 ,0015 .0012. .0024 ,0020 ,000S
—4(.0004)(.0002)(.0000)(.0000)

|

WIND

Note: Figuras within brackets are the theoretical values of a
bi=variate normal distribution

'ﬁ“‘ = 9,32 m/sec,
EXT. DAMPING: None

Joint probability distribution
for square model oscillating in turbulent shear flow

TABLE 7.3.&
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T

-LT“' = 5.66 m/EBC-

EXT.

DAMPING: None

.0000 ,0000 L0002 ,0002 T .0002 ,0000 ,0000 .000O
.0005 ,0015 .0029 ,0049 T .0020 ,0012 ,0005 ,0OOO
.0005 .0049 ,0261 ,0444 f .0415 L0100 ,0024 ,0002
.0010 ,0090 ,0542 L1370 i .1300 ,0413 ,0078 ,0000
-4 -3 -2 -l o 2 3 G —%
.0000 ,0054 .0376 ,1110 | .1180 ,0505 L0059 ,0010
.0000 ,0012 ,0105 ,0322 i“.oaeg .0225 ,0029 ,0007
.0000 .0000 ,0022 L0061 | .0085 .0051 .0000 ,000O
.0000 .0000 .0000 0010 -r .0027 ,0015 ,0010 ,0000
il
_ TJ—“' = 9,32 m/sec. l
EXT. DAMPING: Maximum
z.zn
.0000 ,0000 ,0012 ,0010 | .0007 ,00OO ,0OOO ,0OOO
.0007 ,0027 .0061 ,0088 1 .0032 ,0005 ,.0000 .00OO
.0027 ,0078 ,0288 ,0475 | .0337 .0054 L0002 ,00OO
.0020 ,0085 ,0415 L1380 i .1260 ,0291 ,0037 ,0007
-3 -2 -1 o 3 3 4—az,
.0002 ,0037 ,0242 L1360 I «1430 L0376 ,0071 .0012
.0000 ,0000 ,00S54 L0325 'T 0454 L0273 ,0066 .0022
.0000 ,0000 ,0012 .0029 —T .0088 ,0071 L0027 ,0015
.0000 ,0000 ,000OO ,00OS -T .0012 ,0007 ,0002 ,0002
-4

Joint probability distributions

for square model oscillating in turbulent shear flow

TABLE 7.3.b
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RT

Damping evaluated from UV trace with model displaced in still-wind conditions:

| Method Maxima Area Decay
Ext. Damping g x 10
None 1.872 1.518 2,120
Maximum 5193 557k 5.010
MODEL | DAMPING | FLOW Auto-spectra Aunto-correlation
Lateral In-line Lateral In-line
2 DOF 1 DOF NORMAL EXT?{. 2 DOF 1 DOF NORMAL
£ x 10
Sq None I 1.677 1336 [ 1,560 3.367 | 1.343 o0.474] 1.245
S 1.518 4. 44¢ 0.627 :
Cc None T, 1 .4—0? "257 1 .30&- 4.711-1 1 0353
S 1.055
W None T-S 1 0991 1 -991 1{-.05&. 1 .260
Sq | Maximun| T 4.973 4,340 5,462 4.690
c Maximum | Tg 5.595
¥ | Meximun| T, i 4.89k

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, , B and n

are constants made to fit the calibration.

A disadvantage of the above equation is that the assumption of a
linear relationship between E- and U“ has not always given the
desired accuracy in fitting a suitable curve to the experimental
calibration data. This has lead Siddall and Davies[84] , among

others, to propose a second-degree calibration curve of the form.
Xt TN TR T e ST

Davies and Patrick[hfj 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 —

Note:

Flow Diagram for ADCN Computer Program

( BEGIN }"‘

— — — —

Main Entry

Run No.

Type:
No.of conf
versions

Read No. of
conversions

Read ACD
Channel No.

283

0
¢ < \‘ START )-

ADCN,

The 'assembler' programme of ADCN written by P Saward has been
'microfiched! and is contained in a wallet at the back,

(- e— — — —

Restart
-1 Point
s



SELECT

CONSOLE 1 e

ENABLE

CONSOLE 1 TO
INTERRUPT

ENABLE
GPI 0, 1

CONSOLE TO
IC MODE

,.l‘

WAIT

r——“-

| SET-UP
— - ANALOGUE
| CONSOLE

b s o

Miost GIvE
— ~7| INTEGRATORS
| TIME TO REACH

LfROPER IC VALUES.,

LUNOULL LU

PP MODE

LOGIC TO
RUN

SET GPI 1
POINTER

ELECT INT,
SERVICE ROU-
TINE ACCORD.

0.0F CHNLS.

SET GPI O

ECTED SER.

DR. OF SEL~

0.5 sec.

P

284

FORM A TRAP
INSTR. TO

LOAD 'A' REG
WITH NO.OF 1t

[ — — — — —

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.




RESET ALL
FLAGS

RESET

BUFFER Eiatos

POINTER

NCH NL =

2's COMPLE-
MENT OF NO.OF
CHANNELS.

READ COMM.
CHARACTER

G ——

h-—"""-.

..--""'--

23S

COMMAND
CHARACTER

L pLa il HYBRID EXEC.
R RUN
T TEST
L LIST
C CARDS
P TAPE
S START
D DISC




INCREMENT

RUN NUMBER

ENABLE
CONSOLE 1

L

SET (A)
TO JUMP

B

{ TO INTERRUPT

L

!

COUNT = 2's

COMPLEMENT OF

NO. OF CONVER
SIONS g

- e

|

SET 0.C.L.

w0
=

SET INDEX TO
BUFFER START
RIDQR.

SET X-REG.
TC ALLOW INT
ON CHANNEL O

ga ~—ai



NO

— el

PUSH BUTTON
INTERRUPT SERA
VICE _ROUTINE

— —a -| INTERRUPT
3 I BERVICE ROUTINE
SET [ — - EXECUTE TRAP
Giem s | _ PUT T/g INSTR.TO GET
gl UN INTO NO.OF lst
L_gﬁzékL__ CHNL. TO GON-
VERT
SELECT &
ALLOW CONVERT
INTER.RUPTS lSt . CHﬁNNEL
PROGRAM IS
DIRECTED TO |
INTERRUPT - AD ADC O/P
ROUTINE VIA GISTER.SEL~
WATT TR | _z3 romrer | CT & CONVERT
INTERRURT g EXT CHANNEL
STORE RESULT
IN BUFFER
4 ( INDEXED)
RUN MODE |TEST MODE A INCREMENT
INCRE- |JUMP R
MENT AHEAD 1NDEX
INDEX _
INCREMENT |_ ey tHBS
COUNT BY |
. |
READ ADC
0/P REGISTER
YES [RESET INDEX STORE ADC
TO BUFFER IN BUFESR
5 START ( INDEXED)

2%7]

DISABLE
CONSOLE
INTERRUPTS

l

r;% THE ROUTINE
IS TO CONVERT
'N' CHNLS., THE
LAST 3 BOXES
MUST BE INSERTED

Laovw21) TmMes, | _



|

DISABLE
CONSOLE
INTERRUPTS

TYPE:
DONE

CONVERT
RUN NO. TO
DECIMAL
CHARACTERS |

TYPE:
RUN NO.

288



‘ LIST >

ALLOT

Y

LINE-PRINTER

PAUSE 2

Y

GO

SELECT
H.S. PUNCH

SET TAPE
OUTPUT FLAG

«>

ALLOT

s CARD-PUNCH

SET LIST
FLAG

PICK-UP ADR.

OF EXEC.ENTRY

FOR LINE-
PRINTER

YES

1

6

PAUSE 4

Y
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SET CARD
PUTPUT FLAG

PICK-UP ADR.
OF EXEC.ENTRY
FOR CARD-

PUNCH

1

6




SET ADR. OF
EXEC. ENTRY
FOR DEVICE

i

SET(C) TO
INCREMENT

BUFFER POINT ¢
Y NO.CHNL
GET NO. OF
CHANNELS BEING
OUTPUT.
) §
PUNCH 78 CONVERT TO
FRAMES OF DECIMAL
LEADER CHARACTERS

CONVERT RUN NO
TO DECIMAL
CHARACTERS

OUTPUT CONVERTH
ED CHANNEL AND
RUN ON SELECTE&
DEVICE

OCNT = 2's COM
> OF NO. OF CON-
YERSIONS TO BE
OUTPUT FOR THI$ CHANNEL

!

9
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OPC = -8

SET BUFFER
POINTER TO
START ADR,OF

BUFFER

Y

SET O/P
BUFFER POSN.
TO SPACE

GET DATA
WORD FROM
BUFFER

e e

MAKE DATA
WORD(+)ve.

PUT A~ IN
0/P BUFFER
SIGN POSITION

|

CONVERT DATA
WORD TO SCALE
FRACTION NO.

1

11

r;;CH 0/P RECORD

CONTAINS 8
FIELDS, EACH
WITH A WIDTH

OF 10. THE 0O/P
BUFFER HOLDS 10

CHARACTERS &
MUST BE INIT-
IALISED THUS:
CHNLS.1-3
SPACES
5-6 0,
4  SIGN
7-10 NUMBER

NO L.. — — —

CONVERT SCALEI
FRACTION NOS.,
(0 DECIMAL
CHAR.,

OUTPUT:
CONTENTS OF
0/P BUFFER.

INC -
BY
3

OoPC

IN O/P BUFFER

OPC = 07?

Y
YES

OUTPUT:
CR/LF

TO SELECTED
DEVICE

OPC = -8
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YES

NO

INCREMENT BUFA

FER POINTER |j==e= C
Y NO.OF CHNL{.
I L)




INC. OCNT

10———-—— BY
i
NO 11
YES
0/P CR/LF
TO SELECTED
DEVICE
r— — —— ——
INC.BUFFER ‘TO GET START
START ADR. X ADR, OF DATA
BY 1 ==|FOR NEXT
ICHANNEL
L — — — —
MCHNL =
MCHNL + 1
NO 8
YES
RELEASE ANY
1905 DEVICE
TYPE:
DONE
2
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APPENDIX 3.B.

SUMMARY OF PROCEDURE FOR ANALOGUE TO DIGITAL CONVERSION OF SIGNALS

1« Processing of Signals prior to Conversion
A. Decide on the total number, Ny, 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 minimieing the digital statistical errors Gection III.3.
ii,e) , this output has to be divided into 1’ groups with N data
points per group. Thus
N, = N.cb
B. Establish a sampling rate, §; , according to Emqn 3.4 .

If the resultant bandwidth
SV\ = {‘S/N

is not sufficiently low/high for subsequent analysis, alter the
playback ratio, r (= playback/record speed Z 1), of the tape
recorder so that an apparent bandwidth

Sl i B

is obtained.

The true bandwidth of analysis of the signal is then,

1 :
8n = = g5

Ce Filter the signals using a low-pass filter according to
Eqn 3.6 If the playback ratio, r /4 1, alter the filter
settings according to Egmn 3.9 If the signal requires it,

use a high-pass filter (Section II.2.ii.a).
De Amplify the signals so that their maximum peak-to-peak voltage

value ooccupies as muoh of the quantification range (% 10v) of the
EAI 680 as possible,
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E. Feed the resulting signals into the track/store amplifiers
of the EAI 680 after procedure (2.D.viii) given below.

2. Setting up the Hybrid System
A. Display Oscilloscope
(i) Switch on.
(ii) Press selector I.
(iii) Press input O.
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; éto
(iv) Set sweep time.
(v) Press parallax buttons (actually a vertical shift) until

the signal traces appear on the screen.

B. 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 sec for f_ = 500 Hz).
(v) COUPLING setting = A+Ce fast.
(vi) SOURCE setting — INT.
(vii) MODE setting — NORM.

(viii) Vertical amplitude: Trace 1 = Displays tracking/store
Set t0 A+Ce |
Range = 5v. div
Mode - NORM

1

Trace 2 = Displays timing pulses
Set to AQCO

Range = 5v. div- !
Mode = NORM
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Ce EAI 680 Analogue Computer
(i) Patch PANEL according to the logic patching shown in Fig- 3,1,
(ii) Engage PANEL.
(iii) MODE CONTROL setting — R.
DIGITAL setting = 10€

(iv) Set BCD counters to the value W -, +to obtain sampling
frequency. ;

(v) Depress sense switch '0' for BCD counter to operate when
the 640 has subsequent control over it.

(vi) Set potentiometers (P10 and P11) for ramp test.

Press SP.
Press P10 = GO = 9999 -~ GO»
Press P11 = GO = 1000 =~ GO-
(vii) Press P/C.
(viii) Set integrating timer at 010 -~ 200 - 000 to control
integrating time for ramp test. '
(ix) Set TIME SCALE to N - SEC.
(x) Press A10 - GO,

(xi) 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.

(xii) End ramp test by aotivating PC switch on 680 console.
(xiii) 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)s  This can be done by forced loading

into the hybrid loader the program written in paper
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(11)

(iii)

(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 in a
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 'Np fF CPNVERSI@NS',
The required number of digitisations per chanmel, 'N',

should then be entered on the teletype.

Output on the teletype will be 'ADC CHANNEL'es The
number of the first ADC chamnel to be scanned, p ,
should then be entered on the teletype. For the present,

the three channels to be used are ";5 Pl e

Output on teletype will be 'NJ ¢F CHNLS'. The number of
channels which require sampling, starting with 'P', should

then be entered on the teletype.

The teletype will reply with a €& <& , and will await

a directive.

The sampling can be tested as follows:

(a) Patoh the outputs from the RAMP GENERATOR into the

required ADC channels.

(v) Type 'T'.
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(viii)

(ix)

(¢) The 'I;ra.ok/atora 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 screen. This display
will indicate whether the sampling frequency is fast

enough (Section III.2.ii.b).

(d) 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 iasued.).

R = (RUN - pufa 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 H'I" P or number of channels
have to be altered)e

L = (LIST = lists results on line-printer)s
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¢ - (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 disc 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« If output is on to diso, care must be taken that a disc is

loaded in a 1905 peripheral unit and is available to the user.

2. Signals will appear on the monitor scope only when the program
ig 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 thaﬁ, 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).

S
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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=t % (W¥-Y") + % ¢, v’k = constant

P_p

u
ie T - (-,3) (1+1<)--1-1{1
or w 2 e 1 + K1
QG) T T <
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.

K1 = 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

\

u/z“ = constant
V/
80 that vwfo= (2/8)"
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" where n=1/< ,

By the continuity equation,
)

1
U.§ = ju(z).dz + U.(8-3)
Zz=0 .
i.e. SR 1'1_+_1_ ] /""
U n\é&
Cowdrey also showed that, K = d/L = ‘
(1= d/0)
n
i) 7 Ay TR i % %
g htl ] 4 SN
(1—an)*

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 s the Spacwig of the axes of
He rods.

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
An initial value for z(= 10 ) to approximate zero is given and
g ! -6
with an accuracy determining factor, € (= 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, T — temporary value.

— number of daches indicates the point in the

iteration loop.

ROD
-3
(1) z,h):lf’.a.. 2(1) —> 2(1)/2.0 —»2z(1)= 2 (1) —>h(1)=2(1)+4(1)/2.0

(2) Zi(2)—> X (2) —» L' (2)/2.0 —Z'(2)=2/(2) —> -

1f 2' (2)- 21 (2)>e , Z(2) =2 (2) —> L"(2)=> continue
1f Z(2)- 2/(2)<e , h(2) = Z'(2)+ _(_).ﬂ"g
2e

(L) z; (1) ek (3) _,l-;_%l —Z (i) = ZT(i)

rr ) - eEi (1) e z, (1) "'zr(i) -—— -U(i) —> continue

1 A1) - R (L)YE R TRa) wZ i) - L(i)

2.0

!
= - L(i -
where ZT(i) h(i 1) o+ i1_2'1—)' for i= 2'3' T |
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APPENDIX 5.4
CALCULATIONS FOR MODELLING INERTIA VALUES
The mase-inertia equation for a thin-walled cylinder of length, B, outside

cross-sectional dimension, D, and wall thickness,t, is of the following forms

For a square-section cylinder X » g;'.q\: ()-k)k [_k:‘_ + m‘,g:o-z.:]:..]
3 12

50 1 v 3

j i i T LR-wk '»-b)kl_i b+ (>-20)
For a circular-section cylinder, . gd ( 3 T —_—
where the density,. gd y of aluminium is 2.76¢ y.los kg m

To calculate I for the square-section cylinder, a program INER (Appendix B)
was written. With fixed parameters, h, and g A starting values of D’
and t’ were used. By incrementing ¢/ y corresponding D/ and I’

values were calculated. When I’.u I , the correct combination of D

and % was obtained.
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APPENDIX 5.B.
DESIGN CALCULATIONS FOR TORSION BARS

Consider a torsiom bar  of length, 1, breadthb, and thickness, t(< b),

constructed as shown below.

bt

2r

It is assumed that the effective portion of the torsion-bar is the central
flat portion. Let the torsion bar be under a torque, T, applied at the

two ends and along its longitudinal axis.

If 0 is the resulting fangle of twist, then it can be shown [36_]

that, 5 :
T1

o
GJ

where J and G are the torsional stiffness and modulus of rigidity of the

bar.

For a rectangular, prismatic bar, Gaylord and Gaylord [_37_] give the

L[ = alrann(yf]

formula,
T

To obtain a natural frequency of oscillation for the model, the stiffness
k of Een 5,7.
7 21 R %L
ie n= 4 (—-)
20\ 3

can be replaced by , k= T/9 = C“‘T/l-
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The value of the required natural frequency, n, , of the model is taken
to be known. Neglecting the inertia of the damping system, the inertia ,
I, of the model can be used as a first approximation. x and thus

J ocan be cdculated.

It can also be shown that,
bl: 4( r"" Q)
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.
i 7

A ¢

D

Gauges A and C will suffer tensile strain, €= -Ti

€

&

T

Gauges Band C " " Lol " s €eo-_46p

Vi

where Y = shear strain and &; = thermal strain

Bridge wiring:

o el i

V = bridge voltage supply (usually, 5 volts)

[
n

bridge output signal (volts)

g = gauge factor of gauges (usually 2.0)

[ ]

b
pl3
|
'I
rid
L
+
vid
|
’T\

vi<
==

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 + kx=0

or X + 20X + wx=0
. . . \ ] .
where = C = C = Cow = [o] wheee Co (¢ the feeiheal o‘.nmrmj.
5 2 mk e il 2k 2mes S

For a damped system, ny= h¢(l-§‘)y‘ where n,= r-o/(:.rr)

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 tﬁe conductor in a direction

opposite to its movement.

Van Santen[BiJ has . shown that, if a coil of volume, V » and specific
resistivity, ¢ , moves in a magnetic field of strength,B, then the
damping constant _

€ oc -BI\T/?

To ensure a high value of ¢, and hence E , 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. ), free to move in a plane between two pairs of
electro-magnet poles. The thickness of the copper plate was defined
by the gap between the pole faces. 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.

. GRP‘ ©.5 cmz.
~
g -
58- ahP= — -
3 /
\5 [

S —

ﬂ / G:r""" —
w -_—
ca

-
— / —
-
/ -
-

% (.

”

-

~

1
o ©.5 1+0
CORRENT PER coi(AmPs)

PERFORMANCE Corves (MANUFACTURERS SPECIFICATIONS)
_Fo TYPE C

, NEWPoRT INSTRomenTs 18" ELEcTRo-mAGNETS

307



APPENDIX 6l.A.
MEAN WIND CHARACTERISTICS FROM VELOCITY PROFILES

The power exponent « was obtained using Egn 4,17 from which

o | 5% 3 8
1[ :g] 3 [_’%_ .,Zr-f]

Therefore, plotting lnFll’J)}Gu}] vs L\h} 9;.] gives as its gradient the

exponent, ol .

Using the Prandtl equation ( Egn 4.1) and re-writing for completeness

- 3 (99

then if we have
}?)}b
V- = Lo (3,) (2)

Eqn 2 can be written as

% -3, [ G) ()

By plotting Ub.} Gu“ ve R (}/G )) the friction velocity, ¥ »
and the roughness length, 'j, » can be evaluated directly.

Then the surface drag coefficient

sl

N = “‘5.

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 +25u i+~'-;'x-0 ---——---(1)
The logarithimic decrement, & , is related to the critical damping

factor, ¥ by
S = 2T
=l
=2Tg for E < 0.2

The solution to Eqn 1 is[ 8¢] .

e e"Sut[xa_m(bJ’:S? l-.)+ 5:: F:;r: e (uﬁ-‘ L):l R — D)

The envelope of maximum amplitudes then has the form

s
e AT )

o= X
This curve can therefore be used to express the rapidity of the decay

of the damped oscillations.

The damping parameter, 5 y can be evaluated from its response in the

three different domains using the following methods,

F

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.



(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

p+l
Using Eqn 3 it can be shown that

S BRE2 2O S
5 21 e (’xrﬂ)

Another technique is to measure the time taken for the amplitude of

(b) Relaxation Time

the macdmum amplitude envelope to decay to g (=0.368) of its

original value.

This time is called the 'relaxation time' or 'modulus of decay' and

is given by
ko= t/(gm)

-\
such that X, =X, &

Hence £ = ‘/(’-“"“o-kr)

(¢) 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 [8‘-'!._] 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
-gcat
g_:_ 2 1 =@ 5
a (X
T S ...SuT
Since a o x(t) dt = X ll— e
g
o
From a table of a'/a vs §«T, the value of gl for a particular

a'/a can be read off. As T and < are known, € can be calculated.

Method (2) =From Auto-Correlation Plots

It has been shown E‘Io ,‘H] 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

I
R. (z ) = constant x exp (- E«71 )

x
from which damping parameter £  can be evaluated using the methods
(1) (a), (b) and (c) , described above.
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Method (3) = From auto-power spectral denmsity 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, V..

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 = 4 x maximum power

The frequency difference

is often called the half-power point bandwidth.

It can be shown [‘8%] that,
Q = “‘/8

or 5-_5%

To estimate 5 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 g while for highly damped structures, the power spectral
density plot is better. This is because, with low damping, the response

spectra is narrow band. Sinceg is estimated from the half-power band-
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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. Teghno House, Bristol, England:
Type 55 B01 = Sweep-drive unit
Type 55 D10 = Lineariser
Type 55 D26 = Signal conditioner
Type 55 D30 - Digital voltmeter
Type 55 D31 -~ Digital voltmeter
Type 55 D35 = RMS voltmeter
Type 55 D70 - Correlator
Type 55 D75 = Time-delay unit
Type 55 D90 - Calibration tunnel
Type 55 MO1 -« Main anemometer unit

 Type 55 M10 - CTA standard bridge

4, Memorex, Hounslow, Middx, England:

MEMOREX magnetic tapes

5S¢ Newport Instruments Ltd, Newport Pagnell, Bucks, England:
Type C Electro-magnets

Type VR3 DC 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 S.E. 429 carrier amplifier system

8+ Tinsley Telecon, South Norwood, London:

Type TK9/50/P/C torque strain guages

q. The Wanme- Keer Laboadores L, Swreey:

Tj?e_ 6-73‘ ﬂ UfL (&‘*\O‘V\ W\Q‘('E,( 4

\ ' elbha
e A LaLoanm;&s CEv_\ﬁlhu(lng)LH ) c Fhaw,

Z3o0b uy Recoeder.

i

Type

3IS
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APPENDIX B:- DIGITAL COMPUTER PROGRAMS

Note: Some of the SUBROUTINES are given in Anderson and Nettletnn["‘o] ’
and can be found in the wallet at the back on microfiche. These are,

FOURIER
HARMON
MOOCPOWER
NEWPOWER
CROSSPOUWER
HANNING
NEWHANN
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MASTER EARL (
DIMENSION S1(514),F1(514),c(514 L
DIMENSION STRN(514) ésxc&i(égo 28188450
DIMENSION PR(105),XX(105)TPROB(105)
DIMENSION HEAD(10),HEAD1(10)
DIMENSION TIA(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
Do 12 J=1,2
DO 9 I=1,NGP
READ (S1(L),L=l,N)
CONTINUE
CONTINUE
CONTINE
READEi,lg NBATCH

aaaaaaaaaaaaaaq

QQ
AU
o

READ(1,1) IFILT
FORMAT {1 0I0)
READ(1,1) NGP,M,N
2 FORMAT( 100F0.0)
ué6 FORMAT (8F10.4)
u7 FORMAT( 10A8)
HEADEI,2 T
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
c WHERE T IS THE SAMPLING PERIOD IN SECONDS.
IZ=N+2
© 1ZS=N/8
READ(1,47) HEAD
" WRITE(2,48) HEAD
48 FORMAT ( H1,10A8)
READ(1,501) IA(2)
501 FORMAT(AA4)
CALL FILE (5,IA(1),0,0)
DO 50 1IJ=1,NBATCH
READ(1,47) HEAD1
WRITE(2,48) HEAD]
DO 3 K=1,NP
AK=K
3 STRN (K )= (AK-1.0)*DELTAN
DO 4 K=1,N
A K§=0.

=0

CSAD (1,502) ICOUNT,IRUN,ICHANNELL,ICHANNEL2
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502 FORMAT(4IO)
ICHANNEL=ICHANNEL1
KK=1
509 CONTINUE

DO 6 K=1,105

6 PR(K)=0.
SB=0.0
SD:-"OOO
AL3=0.0
HL :"-000 4
CALL SORT(IRUN,ICHANNEL,ICOUNT

DO 9 I=1,NGP
e B G T

s1,N,SBAR,SIGMA,TPROB,XX

PSTGMA(KK,I)=SIGVMA : XK ATERS, ALY
SB=SB+SBAR
SD=SD+SIGMA
AL3=AL3+ALPH3
ALU4=ALL+ALPH4
DO 8 K= ,105

8 PR(K)=PR(K)+TPROB(K)
CALL FOURIER(S1,S,M,IFERR,IZ1,IZS)

9 WRITE (6) (S1(k},K=1,N)
SB=SB/GP
SD=SD/GP
AL3=AL3/GP
AL4=ALL/GP
WRITE(2,52) SB,SD,AL3,AL4

52 FORMAT (* HO,6HMEAN= ,E9.3,2X,THSIGMA= ,E9.3,2X,6HSKEW= E9.32 XC

1 10HKURTOSIS= ,E9.3)
DO O K=1,105
10 PR(K)=PR(K)/GP
WRITE(2,11
'1 FORMAT(iHO,7H SIGMA ,3X,UHPROB,//)
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 EACH

C SUBRECORD OF THE FIRST ENSEMBLE.
DO 13 I= ,NGP
READ (6)(SI(KE,K=1,N)
CALL NEWPOWER 81.N,121)
VARIANGE=PSIGMA(f,I)**2
DO 120 L= ,N,2
120 S1(L)=S1(L)/VARIANCE
COMMENT - SUM THE ABOVE AND STORE THE AVERAGE
POWER SPECTRA IN ARRAY A.
DO 13 K= ,N,2
13 A(K)=A(K)+S1(K)
DO 14 K=1,N,2
14 A(K)=2.0*A(KE/(DEETAN*GP)
CALL NEWHANN A,N,IZ1,1,IFILT)
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15
16

7

18

AA=A(Y)

J=1

ggITE(%,ls)J

RMAT( H1,10X,3HJ= ,I

4t K=1,ﬁp o ,1210X,14HPOWER SPECTRUM)
A(K)=A(K)*STRN(K)
gRITE(%,l?)S

ORMAT ( HO,8HFREQ(HZ),2X,15HNON. .

CALL PLUT{A,STRN,&P))’ o R
CALL THOC(A,STRN,NP,DELTAN)
A(1)=AA
DO 18 K=2,NP
A(K)=A(K)/STRN(K)

COMMENT - REPEAT THE ABOVE FOR THE SECOND

C

180

20

2l

ee

ENSEMBLE AND STORE AVERAGE IN ARRAY C
DO 19 I=1,NGP
READ (6) (F1(K),K= ,N)
CALL NEWPOWER(F1,N,IZ1)
VARIANCE=PSIGMA(2,1)**2
po 180 L=1,N,2
F1 (L)=F1(L)/VARIANCE
DO 19 K=1,N,2
c(K)=C(K)+F1(K)
DO 20 K=1,N,2
c(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
C(K)=C(K)*STRN(K)
WRITE(2,17)

CALL PLDT&C,STRN,NP)

CALL THOC(C,STRN,NP,DELTAN)
c( )=CC

DO 22 K=2,NP
c(K)=C(K)/STRN(K)

COMMENT - PROGRAM DESCRIPTION SEGMENT HAS DIVIDED

C
C
C

23

STORAGE LOCATIONS ON DISC IN BLOCKS OF N.
STORE AVERAGE POWER SPECTRA IN REAL FORM
OF 1ST ENSEMBLE IN BLOCK (2%NGP )+’

WRITE (6) (A(K),K=1,N)

REWIND 6

DO 23 K=1,N

A(K)=0.

COMMENT - COMPUTE CROSS POWER SPECTRA FROM APPROPRIATE

c

2l

25
26

260

PAIRS OF SUBRECORDS READ FROM DISC AND SUMMED
pO 29 I=1,NGP
READ (6) (S1(K),K=1,N)
IF (NGP-1)2L,26,2L
po 25 II=1,NGP-1
READ(6)
READ (6) (F1(K) K=1,N)
CALL CRDSSPDWER{SI,Fl,N,IZl)
VARIANCE=PSIGMA 1,1)*PSIGMA(2,I)
po 260 L=1,N
51(L)=51(L5/VARIANCE
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- DO 2T K=1,N
27 A(K)=A(K)+S1(K)
IF(I. EQ. NGP) GO TO 29
REWIND 6
DO 28 I1=1,I
28 READ(6)
29 CONTINUE
DO 30 K=1,N
30 A(K)=2.00*A(K)/(DELTAN*GP) y
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,IZ1)
AAA=A(1)
WRITE(2,31)
31 FORMAT (1H1,50X,19HAVERAGE CROSS POWER)
DO ?2 K=1,NP
32 A(K)=A(K)*STRN(K)
WRITE(2,17)
CALL PLOT%A,STRN,NP)
CALL THOC(A,STRN,NP,DELTAN)
WRITE(2,49)
49 FORMAT (" H1,50X,11HPHASE ANGLE)
CALL PHASE(S1,N,IZ1)
CALL PLOT(S1,STRN,NP)
A(1)=AAA
DO 33 K=2,NP
33 A(K?=A(K)/STRN(K)
REWIND 6
COMMENT - READ-BACK BLOCK (2%NGP)+1 AND STORE IN ARRAY S1
DO 34 II=1,2xNGP
34 READ £63
READ (6) (S1(K),K=1,N)
COMMENT - COMPUTE TRANSFER FUNCTION AND STORE IN ARRAY F1
AMAX=0.0
DO 35 K=1,N/2
35 TF(S1(K).GT.AMAX) AMAX=S1(K)
AMAX=AMAX/100.0
DO 102 K=1,N/2
IFESI(K%.LT.AMAX) GO TO 100
F1(K)=A(K)/51(K)
GO TO 102
100 F1(K)=0.0
102 CONTINUE
WRITE(2,36)
36 FORMAT ( H1350X,17HTRANSFER FUNCTION)

WRITE(2,37
37 FORMAT ( HO,BHFHEQ(HZ;,EX,12HMUD TRANSFER,//)

CALL PLOT(F1,STRN,NP
COMMENT - COMPUTE COHERENCE FUNCTION AND STORE IN ARRAY A
AMAX=0.0
DO 38 K=1,N/2
38 IF(C(K).GT.AMAX) AMAX=C(K)
AMAX=AMAX/10.0
DO 103 K=1,N/2
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IF(Cc(K).LT.AMAX) GO TO 101
A(K)=F1(K)*A(K)/C(K)

G0 TO 103

A(K)=0.0

CONTINUE

WRITE(2,39)

FORMAT (1H1,50X , 9HCOHERENCE )
WRITE(2,40

101
103

39

4o
CALL PLOT(A,STRN,NP)
K=0
IF(NC)u45,45,41

FORMAT ( HO,8HFREQ(HZ) ,2X , 9HCOHERENCE,//)

COMMENT - READ-BACK BLOCK (2%NGP)+2 AND STORE IN ARRAY F1l

41 READ (6) (F1(K),K=1,N)
COMMENT - COMPUTE AUTOCORRELATION

C ENSEMBLES AND CROSS CORR

DO 42 K=1,N/2

Fl&K =F1 K;*DELTAN
S1(K )=S1(K )*DELTAN
C(K)=C (K )*DELTAN
IFILT=0

CALL
CALL
CALL
CALL
CALL
CALL

L2

NEWHANN

HARMON(C,S,M-1,
HARMON (F1,S,M-1
NEWHANN(S1,N,IZ
CALL NEWHANN Z1
CALL NEWHANN 12
DO 431 K=1,NC
AK=FLDAT§K
STHNEKg= 2.0%(AK-1.0))/T

=STRN (K ) *RATIO

N,k

bl
1
C! ] L
F1,N,IZ1

3
1
’

STRN(K

431
J=1
WRITE(2,43) J

L3
NC=NC/2.0
WRITE(2,51)

51
CALL PLOT(S1,STRN,NC)

J=2

WRITEiz,M3}J
WRITE (2,51
CALL PLOT (C,STRN,NC)
NC=NC*2.0
WRITE (2, 44)

Ly

WRITE(2,51

CALL PLOT (F1,STRN,NC)

REWIND 6

CONTINUE

STOP

END

50

320

1,IFERR,
1,IFERR,I1Z1,12S)
1,IFILT)
,IFILT)
1,IFILT)

FORMAT ( 1H0, 10HTIME(SECS),//)

FUNCTIONS OF 1ST AND 2ND,

ELATION (ARRAYS S1,C,F1)

NEWHANNESI,N,IZl,E,IFIDT)
c,N,IZ1,2,IFILT)
HARMON§51,S,M-l,l,IFFER,IZl,IZS)

1Z1,1ZS)

FORMAT (1H1,50X,17HAUTO CORRELATION ,I1)

FORMAT (1H1 S 50X , 17HCROSS CORRELATION)
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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

I1=I+1

IF(ABS(X(T1)).GT.AMAX) AMAX=X(I1)
DO 1 I=1,N,2

I1=I+1

IF ABS{X Il;).DT.(AMAX/IO0.0;;

GO TO 6
IF(ABS(X(I)).LT.(X(11)/100.0)) GO TO 7
THETA=ABS (ATAN(X(I1)/X(I)))*DEG
IF(X Ig.GT.0.0.AND.X 11).GT.0.0) GO TO 8
1F(x(1).LT.0.0.AND.X(I1).GT.0.0) GO TO 9
IF(X I}.GT.0.0.AND.X I1).LT.0.0) GO TO 10
1F(x(1).LT.0.0.AND.X(I1).LT.0.0) GO TO 11
X (I)=THETA
G0 TO 1
X(1)=180.0-THETA
GO TO 1
X (I)=-THETA
GO TO 1
X(I)=-180.0+ THETA
go 10 1
X(1)=0.0
GO TO 1
IF (x(1)/%(11)) 2,2,3
X(1)=-90.00
G0 TO 1
X(I)=90.0
CONTINUE

DO 4 I=1,N/2
X(I)=X(2#%I-1)
RETURN

END
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30

20
10

(2218)]

SUBROUTINE PROB(X,NXBAR,SIGMA,Y,XX,ALPH3,ALPHU4)

DIMENSION X(N),IPROB(52),JPROB(52
DIMENSION Yf:os),xx($35 ; (52),11(1)
AN=FLOAT(N)

XBAR=0,

XN=X(N)

Do 1 I=i,N

XBAR=XBAR+X(I)

CONTINUE

XBAR=XBAR/AN

DO 2 I=1,N

X(1)=x(1}-xBAR

CONTINUE
VAR=0.
AMU4=0.0
DO 3 I=1,N
VAR=VAR+(X(T)*X(I))

AMU3=AMU3+ X(I)*(xfIg*xir));
AMUL=AMUL+( (X(T)*X(I))*(X(I)*x(1)))
CONTINUE

VAR:VAR/(AN-.O%

SIGMA=SQRT (VAR
ALPHRzAMUE/{SIGMA**B,og
ALPHL=AMUL/(SIGMA**4,0
ALPH3=ALPH3/AN
ALPH4=ALPHL/AN
RSIGMA=5.0%SIGMA

DO 4 I=1,52

IPHDBEI}=O
JPROB(I)=0
CONTINUE
1I(1)=0

DO 6 I=1,N

X1=X(I)
X2=EX1/RSIGMA)*50.0

IF (NINT(X2)) 10,20,30
IX2=INT(X2)+
IF(IX2.GT.51) IX2=52
IPROB(IX2)=IPROB(IX2)+1
GO TO 5

TI(1)=T1I(1)+

GO TO 5

X2=ABS(X2)

JX2=INT (X2 )+
IF(JX2.GT.51) JXe=52
JPROB(JX2)=JPROB(JX2)+1
GO TO 5

CONTINUE

CONTINUE

DO 7 I=1,52

¥(T)=FLOAT (JPROB(53-I))
xx(1)=-(FLoAT(53-I))/10.0
CONTINUE
y(53)=FLOAT(II(1))
xx(53)=0.0

DO 8 I=5U,105

Seh
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Y(I)=FLOAT(IPROB(I-53))
XX(I)=(FLOAT(I-53))/10.0

CONTINUE

WRITE(2,12)

FORMAT (1HO, 3X, 4HXBAR,6X , 5HSIGMA , 5X , 4HSKEW , 3X , BHKURTOSIS)
WRITE (2 9) XBAR SIGMA ALPH3 ALPH& XN

FORMAT oX ,E9.3, 2X ,E9.3,2X,E9.3,2X E9 3,2X,E10.4)
DO 11 I=1,105

Y(I)—Y(I)/(AN*O 1)

CONTINUE

RETURN

END
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SUBROUTINE PLOT(Y,F,NPTS) ;
DIMENSION IGRAPH(91,F(NPTS),Y(NPTS)
REAL MAXE,MINE :

DATA IP/4H+ /,1S/bH  /,IDOT/4H. /
DO 1 K=1,91

TGRAPH(K )=IS

MAXE=0.

MINE=0.

DO 2 K=1,NPTS

IF MAXE.LT.YEK;; 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.Oi GO TO 3
TF(MAXE.EQ.0.AND.MINE.LT.0) GO TO 5
IF(MAXE.GT.0.AND.MINE.LT.0) GO TO 7

SCALE=90./MAXE

TGRAPH(1)=IDOT

DO 4 K=1,NPTS

TSCALE=INT(SCALE*Y(K))+ 1

IGRAPH(ISCALE)=IP

WRITE(2,9) F(K),Y(K),IGRAPH

IGRAPH(ISCALE)=IS

IGRAPH lgnIDOT

IGRAPH(]

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),Y(K),IGRAPH
IGRAPH(ISCALE)=IS

IGRAPH 91;=IDDT

IGRAPH(91)=IS

GO TO 10

SCALE=90./(MAXE-MINE)
NZERO=INT (-SCALE*MINE )+1
TGRAPH(NZERO )=IDOT

DO 8 K=1,NPTS
ISCALE=INT(SCALE*(Y(K)-MINE))+1
IGRAPH(ISCALE)=IP

WRITE(2,9) F(K),¥(K),IGRAPH
IGRPH(ISCALE )=1IS

IGRAPHENZERO =IDOT
TGRAPH(NZERO)=1S

CONTINUE

FORMAT (2X ,F8.3,E13.4,6X,91A1)
RETURN

END

=18
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SUBROUTINE THOC (E,F,NP,DELTAF)
DIMENSION E(NP),FSNP
DIMENSION E1(260),E2(260),FREQ(260)
REAL LBF
K=0
IF(0.l.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
11 ALPHA=-1.0

GO TO 14
12 ALPHA=0.0

GO TO 14
13 ALPHA=1.0

GO TO 14
16  ALPHA=ALPHA+ .O
14 BETA=0.0
15 BETA=BETA+0.025

IF (BETA-1.0) 17,17,16
17 IF(ALPHA) 18,19,20
18 TOC=EXP10(BETA )/EXP10(ABS(ALPHA))

GO TO 21
19 TOC=EXP10(BETA)

GO TO 21
20 TOC=EXP10(BETA ) *EXP10 (ALPHA)
21 K=K+’

FREQ (K )=TOC
IF (FREQ(K)-F(NP
22 LBFaO.SBS*FREQEK
UBF=1.115*FREQ (K
23 SUM=0.0
DO 24 I=2,NP
IF (LBF.LE.F(I).AND.F(I).LE.UBF) GO TO 28
GO TO 24
28 IF (I.EQ.1l) GO TO 27
E1(I)=(E(I)*DELTAF)/F(I)

) 22,100,100

GO TO 29
2 SUM=SUM+E1(I)
2 CONTINUE

E2 (K )=SUM/0.057

GO TO 15
100 WRITE (2,25)

FORMAT( 1H1,19H1/3 OCTAVE ANALYSIS,5X,

* 26HENERGY*FREQ. VS. FREQUENCY )

WRITE (2,26)
26 FDHMAT((,HO,BHFREQ(HZ),lsHNON. DIM. POWER,//)

CALL PLOT(E2,FREQ,K)
RETURN
END
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SUBROUTINE SORT(IRUN,ICHANNEL,ICOUNT)
IC=1
504 READ(5,2,END=10) ITEST
2 FORMAT {Al)
L=4
CALL COMP(L,ITEST,1,4HCHAN,1)
IF(L-4) 504,3,504
3 BACKSPACE 5
READ(5,503) ICH,IR
503 FORMAT(BX,I4,6X,Ik,/)
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
505 WRITE Ee,soB) IRUN, ICOUNT , ICHANNEL
50 FORMAT ( 1H1 , 6HIRUN= ,Iu,zx,QHICUUNT= ,I4,2X,9HCHANNEL= ,I4,2X,
*»24HPROBABILITY DISTRIBUTION)
GO TO 4
10 STOP
4 RETURN
END
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10

11

131
121

120

110

100
200

21

22

25

1

MASTER GRID

DIMENSION K1(10),YTEMP(50,10),LTEMP(50,10)

DIMENSION L(50,10),Y(50,10),H(50,10)

THIS PROGRAM CALCULATES THE SPACING OF THE RODS NECESSARY TO

PRODUCE A VELOCITY PROFILE ACCORDING TO THE METHOD OF COWDREY,

THE COUNTER VLAUE OF NJ IS SET AT 10, BUT THIS CAN BE EXTENDED

TO LIMITS CONSTRAINED IN THE PRINT-0UT. 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 WIND=TUNNEL

D — DIAMETER OF THE RODS

N == POWER EXPONENT

H(MM) IS THE SPACING OF THE C/L OF THE RODS FROM THE TUNNEL FLOOR., |

REAL DEL,D,N,EPS,K1,YTENMP, LTEMP,L,Y,H

REAL KK , Y1,Y2,L1,L2

INTEGER NJ,NI

EPS=0,1 E=16

READ(1,10)  DEL,D,N

FORMAT(10F0,.0)

READ(1,11) NI

FORMAT(I0)

READ(1,11) NJ

READ(1,10) (K1(3),3=1,n3)

D0 200 J=1,NJ

YTEMP(1,3)=0.,1 E=30

Y1=YTEMP(1,3)

KK=K1(J) .

CALL CALC(DEL,D,N,KK,Y1,L1)

L(1,3)=L1 /2.0

Y(1,3)=YTEMP(1,3)

H(1,3)= Y(1,3)+L(1,3)

I=2

YTEMP(I,J)=H(I=1,3)+L(I=1,3)

Y2=YTEMP(I,3)

CALL CALC(DEL,D,N,KK,Y2,L2)

L(I,3)=L2 /2.0

Y(I,3)=H(I=1,3)+L(1,3)

IF((¥(1,3)=-YTEMP(I,3))~EPS) 110,110,120

YTEMP(I,3)=Y(I1,3)

GO TO 121

H(I,3)=Y(1,3) +L(I,3)

IF(H(I,J3)«GT.DEL) GO TO 200

IF(I-NI) 100,200,200

I=I+1

GOTO 131

CONTINUE

WRITE(2,21) DEL,D,N,EPS

FORMAT(1H1,5X,9HOEL(IN)= ,F5,2,9HDIA(IN)= oF 54345X,
10HEXPONENT= ,F3,41,5X,9HEPS(IN)= ,F8.5,//)

WRITE(2,22) (K1(3),3=1,N3)

FORMAT (5X 4 3HROD, 1X, 10(3HK1=,F4,2,1X),//)

WRITE(2,25) (I,(H(I,3),J=1,N3),I=1,NI)

FDHNAT((SX,13,1X,10(F7.3,1XS))

STOP

END
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SUBROUTINE CALC(DEL,D,AN,AK,Y,AL)
THIS PROGRAM CALCULATED EGN 3 FROM COWDREY, NPL.AERO.NOTE 1055
AK1=1,04+AK

AN1=AN+1,0

AN2=AN/AN1

AN3=(AN2)**2,0

BETA=Y/DEL
BETA1=BETA**(2,0/AN)
BETA2=1,0/BETA1

ALAMA=( (ANZ*AK1 )*BETA2 )=1,0
ALAM=1 ,0/ABS (ALAMT )
ALAM2=ALAM**2,0
ALAM3=4,0*ALAM
ALAM4=ALAM2+ALAM3
ALAMS=SQRT(ALAM4)
ALAME=2,0+ALAM
ALAM7=ALAMG=ALAMS
ALAMB=2,0%*D

AL=ALAMB/ABS (ALANT7)

RETURN

END

329



aaaaa

MASTER INER

AM- MASS OF MUDEL(LBB

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.

QaaQ

20
50

511

51
100

T--THICKNESS OF THE WALLS OF THE MODEL (IN,)

ROW-- DENSITY OF THE MATERUAL OF THE MODEL[LB/(IN*x0) ]

AT--LENGTH OF SIDES OF INNER SQUARE.

READ(1,10) AO,AL,ROW

FORMAT ( 1 00F0.0)

READ(1,20) N

FDRMA?(IO :

WRITE(2,50) AL,ROW

FORMAT (1H1,5X,7HT(IN)= ,F5.2,5X,19HROW(LB/(IN##3.0))= ,
F5.2,//

WRITE(2,511

FDRMAT(5X,3HO/L,8X,1HT,8X,2HAT,BX,2HAM,8X,2HAI,//)

DT=0.001 :

AT=A0-(2.0%T)

DO 100 I=1,N

T=T-DT

A=AT+2.0%T

Al=A-T

A2=T*Al

A3=AL*A2

AM=4,0% (ROWXA3)

Bl= AL&*2.0)/3-0

B2= A**H.O)

BU=AT*4.0

B5=(B2-Bl4)/12.0

B6=AT**200

Bg=B5/Bﬁ

B8=B1+B

AI:AMEB 51) A,T,AT,AM,AI

WRITE 2 CE 5 3 ]

FORMAT (3X, F5. 3,5, F5.+3, 5K ,F543,5X,F5.3,5X,F7.3)

CONTINUE

STOP

END

FINISH
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R
BEAL TKIORT1,K2,K22,K3,K33,K! , K
REAL L
REAL I,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*x2)],
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=[ (B*(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)]= I/(32.2#144,0)
NATURAL UNDAMPED FREQUENCY F[HZ] OF THE STRUCTURE IS GIVEI
BY: F=[1/(2*P1) ] *[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:
READE],lO? R
READ( ,10) G,L
FORMAT (2F0.0)
READ(*,lo; T.D
WRITE(2,5
FDRMAT(IHI,IOH**********)
WRITE(2,3) G,L
FORMAT (5X , 14HG (LB.FT**-2)= ,E8.2,5X,7HL(IN)= ,F5.2,//)
wHITE(z,us I,D
FORMAT (5% , 35HINERTIA OF MODEL I, (LB.(IN)*x2.0)= ,F7.2
1 5X,5H*****,5X,29HLENGTH SCALE OF MODEL,D(IN)= ,F5.25
WRITE(2,1)
FORMAT ( 1HO,4X,5HB(IN) ,4X,5HT (IN),5X ,12HK(IN**4/RAD),
v LX,14HSTT (FT.LB/RAD) , 4%, 8HFREQ{HZ ), 4X , 11HVCR(FT/SEC) ,// )
T=0.115
DO 100 J= ,400
T=T+0.001
T2= T**E.O}/h.o
B2=(R**2,0) - T2
B=2.0x%(SQRT(B2))
Kl= Bx(T**3.0)
K1ll= K1/3.0
Ke= T/B
K22= 0.63 * K2
K3= KE**E.O
K33= 0.052 *K3
Ki= 1.0-K22+K33
K=K11*Kl4
STI= (Kx*@)/(L*12.0)
KR=STI
IC=I/(32.2%144.,0)

33|



100

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

FORMAT (5X,F4.3,5X,F5.3,5X,E11.4,5X,E12.4,5X,F6.2,5X,F6.2)
CONTINUE

STOP

END

FINISH
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50

48

52

51

49

53
10

SUBRNUTINE WEIBULL(R»N»IR)
DIMENSION RON)

DIMENSI(ON PRRC110), XXC110)
IFC(IR«EQ.0) GOTO 10
AN=FLOAT(N)

DO 50 I=1sN
RCID)=ABSC(R(I))

CALL PROB(RsNs RBAKRs SI1GRs PRRs XX)

DO 48 I=1,-N
RCI)=C(RCI)+RBAR)/SIGH
WRITEC(2,52)

FORMATCIHO»5H RM »5H RMI1
RM=0.0

DR=0.25%

DO 49 J3=1,20

RM=RM+ DR

Pl=0.0

Do 51 I=15N
IFCRCI)eGTeRM) Pl=Pl+l.0
Pl=P1 /AN

IFC(Pl1«EQ+0.0) Pl=1.0E=30
P2=-ALMNG(P1)

Pe2=ALNGC(P2)

RM1=ALOGCRM)

WRITEC2,53) RMsRM1,Pl, P2

FORMATCIXsF5e25 1XsF6¢35 1X5E9¢2, 1X5F6¢3)

RETURN
END

rarszal

»5H P2 )



10

11

12

13

16

SUBROUTINE VECTORC(X»Y»H» ToN)

DIMENSINN XCN)s YCN)» RCND» TCN)
AN=FLOAT(N)

DEG=C180«0%7¢0) /2240

AMAX =040

AMAY=0.0

DN 6 I=1sN

IFCABS(XC1))«GT«AMAX) AMAX=ABS(X(I))
IFCABSCYCI))eGT+AMAY) AMAY=ABS(Y(I))

DO 13 I=1,N
IFCABSCXCI)) LT+ (AMAX/100+0)) GOTO 7
IF(ARSCYCI))«LTeC(AMAY/100+0)) GOTO 8
TMOD=ABS(XCI)/YCI))
THETA=CATANC TMOD) ) *DEG
IFCYCI)eBTe0e0eANDeXCI)«GT+040) GOTO 9
IFCYCI)eLTe0e0eANDeXCI)eGTe0+0) GOTO 10
IFCYCI)eGTe0e0sANDeXCIDeLT-0.0) GOTO 11
IFCYCI)oLTe0e0eANDeXCI)eLTe 00> GOTO 12
TCI)=THETA

GNTO 13
TCI)=180+0-THETA
GATN 13
TCI)==THETA

GNTO 13
TCI)==180+0+THETA
NTH 13
IFCYCI)eGTe0+0) T
IFCYCI)eLTe0e0) TC
GOTO 13

I
1)

nn

Uel
1800

D IFCXCI) e GTe0e0) TCID)=90.0

IFCXCI)eLTe0e0) TCI)==90+0
CNONTINUE

DN 16 I=1,N
RCI)=SQRTCXCII*XCI)+YC(I)*YC(I))
RETURN

END

234




461

45
44

46

43

42
£ 30

SUHBRIUTLNE JIFHIIBUAS T2Ns LAT )

DIMENSION X(NJ)s>Y(N)

IFCIXYEQ.0) GOTO 10

AN=FLOAT(N)

WRITE (2546A61)

FORMATC1IHO»5H X1 »6H Acs TH Y1s'/H
Xl==4s0

XR==3.5

DN 42 Jl=1,16

Y1=—""l-ll U

Y2=-305

po 43 J2=1,16

Pl=0.0

DD 44 I=1sN
IFCX1eLTeXCI)eANLeXC(I)eLE«XZ) GUTO 45
GOTO 44

IFCY1eLTeYCI)eANLeYC(I)eLE«Y2) Pl=FPl+1lel
CONTINUE

Fl=Fl/AN

WRITEC2, 46)X1K8,Y 1,251

Y2, TH

FORMATCLIH »sF5:25,2X5F 525285525 2K5F5e252X5E1003)

Yi=Y1+0.5
Y2=Y2+0.5
CONTINUE
X1=X1+0.5
X2=X2+0.5
CONTINUE
RETURN
END
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