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ABSTRACT. 

The present work deals with the response and interaction 

with the flow of structures immersed in turbulent flow fields. 

For ease of ,reference the work is subdivided in three parts. 

In the first part of the Vlork, experiments are described in 

wh~ch the interaction of the flow of the oscillating and rigidly held 

, models - under various conditions - is examined. The experiments were 

carried out in turbulent flow fields of relatively large scale and high 

intensity. The second part of the report includes the results of a 

series of measurements of the fluctuating drag forces on low aspect 

ratio, plates, prisms and cylinders. In the third part of t~e thesis 
. 

'an attempt is being made to produce a mathematical model of the turbulent 

flow field in front of the model. .r 

, 'The interaction ot: the flow-model system is studied experi_ 

mentally by considering the lateral cross-correlation coefficient, 

the probability density function of the longitudinal velocity component 

and thespectru~ variation of the longitudinal velocity component in 

front of'the rigidly arid free to oscillate models. It is shown that 

the interaction of the model with the f,low results in a reduction of 

the flow fluctuating kinetic energy when the model oscillates compared 
• 

with the case when the model is held rigidly. 

The eXperiments being b~sic in nature no attempt is being 
, , 

made to use complicated modelD, and the experiments are conduct~d usinG 

simple geometric shapes. 

A deeper understandlnr, of the varia.tion of the flow,parnmetf'!rs 

1s nttempted by considerinc the varintion of the energy level of the 

e' 
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different eddies as they approach the.model. The results show ~hat 

the energy level variation depe~ds 9n .the.frequency range considered, 

the greatest variation in the energy level of the different eddies 

being present in the stagnation line flow • 
. o. 

The relation between the pressure fluctuations at the sta-

gnation point on a flat plate model and the upstream flow velocity 

is also examined. It is shown that at .low frequencies the pressure 

spectra ·are the same. as the velocity spectra., measured just in front 

of the stagnation point. At higher frequencies the pressure spectra 

.tall below the respective velocity spectra. 

Aaa preliminary in considering the dynamic response of 

bluff bodies immersed in turbulent flow fields, the correlation ot 

the. forces along the length and width of the models is looked at. 

This is achieved by. considering the variation of the integral scale 

of turbulence (in the three directions) as the flbw approaches the 

model, for the following cases: 
I 

1. ~pty tunnel (reference case) 

2. Model held rigidly 

3. Model free to oscillate . 
4. Hodel externally exc·ited at discreet frequencies B.nd 

amplitudes. 
• 

In the last case the harmonic content of the model osci1~ 
• .. 

lations is of primary interest. It is shown that the integral scale 

of turbulence decreases as the frequency of vibration or amplitude 

of oscillations increases. 

Three turbulent fields were used, one of ·them beinr, a two-

dimensional jet produced from n slit across the wind tunnel worltinr, 

section. 

The power spectral density of the forc~roGPonse is co~-

., . 
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pared with the respective povler spectral density of the velocity' 

and it is shown that the concluded aerodynamic admittance has a 

high, frequency decline which usually starts at about <fA)/(ttLy)=O.l. 

'. 
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GENERAL INTRODUCTIOn --------------------
In 1759 when John Smeaton designed the shape of the 

.third Eddystone Lighthouse, he chose the shape of a tree in the 

·belief that over. the aeons evolution Md designed a structure to 

withstand the force of the wind. The first Eddyst9ne Lighthouse 

built about 50 years earlier had perished in a gale. The second 

by fire. 

In the near past there have been failures of maj,?r 

engineering vrorks such as the Tacome NarroVls Bridge in the U.S.A. 

and that of the Ferrybridge Cooling Towers in England. In the 

case of the Ferrybridge Towers the fluctuating components of the 

wind, due to the proximity of the other towers, substantially 

fincreased the stress levels in the downstream towers •. 

·Turbulence is a·subject which, even today, presents 

"classicallt problems which are far from being solved. It has been 

tentatively established that turbulence is characterized by a 

unique and universal flow pattern. At the same time the turbulent 

field can be looked upon as consisting of two components, one sta

tic and one dynamic. That is, we have an oscillating turbulent 

velocity component superimposed on some mean flow. For the pas~ 

several decades is has been tacitly assumed that real turbulence 

as· it occurs in nature is too complex to make a useful problem 

of direct research and most work was directed towards an arti-

ficially defined turbulence. The inherent comple~ity of the terms 

in the equation of motion did not permit more than a general re-

cognition of effects and no general solution of the flow pattern 

of turbulence was attained. As a matter of fact, the early authors 

were just as close to a solution as were later authors. Indeed, 

the subject of turbulence, in general, has stimulated so~~ of 

1 
! 
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the keenest intellects in historical times, yet.many areas of the· 

turbulence problem remain unconquered. 

In recent years, the desired for more realistic design 

criteria for both Earth-fixed structures and aircraft has focussed 

. increasing attentioh upon the prediction of the response of such 

structures to turbulence in the wind. Although the present work is 

primarily interes~in Earth-fixed structures, applications of the 

present investtgation could also be· met with in aircraft aerodyna-

.. mics,e.g. the aerodynamic characteristics of flat plates could be 

l 

}.~-....~ 

· ... t· 

related to air brakes. 

The general solution of the problem requires: 

(i) to·obtain an adequate description of the atmosphe-

ric environment; 

to relate the atmospheric wind velocity (input) 

to pressures, forces, and moments on the body 

(outputs) ; 

(iii) to derive the motion response of the body, know

ing the forces acting upon it. 

The first two subproblems are currently under intensive 

investigation ~n many quarters, and the methods and information need

ed are slowly becoming available. 

From the first two. pro~lems the second one presents the 

most interesting challange as it involves the interaction of the 

model-flow system. 

Unsteadiness of the flow affects the total resistance 

of an immersed body in three ways which could be assumed dinstinct 

and to some extent predictable. The velo.city-dependent drag is so 

affected that it is not the same as for steady flow. A force is 

exerted on the body because of the pressure gradient required to 

-·-:r:.·r.", 
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accelerate the ambient flow. An inertial force occurs because of ad-

ditional accelerations throughout the fluid caused by the presence 

of the body. It follows that if separation occurs (as it usually 

does.) the geometry of the wake varies with time and both the drag 

and the inertial force are affected markedly. 

One way of estimating the three contributing effects is a 

series of experiDcnts. In the present work the investigation is car

ried out only on the upstream ( to the model) turbulent field. 

The downstream turbulent field has. already been studied by a number 

of workers, (Ref .::1,., :.2 "'3: ,:'4). 

The way the different parameters change as these turbulent 

field parameters approach the model is the subject of the first 

,part of the present thesis. Bearman (Ref.S) has shown ·that the 

turbulence level-:.~. based on the local mean veloci ty- increases 

as a.flat pla.te is approached from upstream. This is taken further 

by investigating the change in the longitudinal turbulence leve?-, 

by considering the field in front of the square and circular section 

cylinders. 

·The last of the above subproblems involves the application 

of well-known principles by Vlell developed techniques, and hence the 

investigation methans used could be considered to be in a quite 

satisfactory state. 

The dynamic response of bluff struct~res immeraed in 

turbulent flow fields could exhibit a variety of features depending 

on the mechanism by which a bluff body may be set into somo mode 

of vibration by the action of the wind. Oscillations may be in

duced by some form 6f aerodynamic instability such as galloping or 

caused by regular shedding of vortices. The oscillatory forces 

may devolope f~om the general unsteady nature of the structure's 
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immedia.te wake • 

. In general the oscillations could be divided into the 

following categories: 

a) iri-line oscillations, 

b) oscillations at right angl~s to the mean flow 

direction, 

c) a combination of the above two cases which refers 

to the general case. 

In the second part of the present work, in-line oscilla

tions are of primary importance. These oscillations are produced 

by fluctuating forces induced in the direction of the mean flow 

velocitY,i.e. the fluctuating drag forces. Prediction of these 

,forces in any degree of accur~cy presents an extremely difficult 

problem in. fluid dynamics. It is for this reason that a high pro

portion of research effort has b~eri directed t~wards predicting 
- . 

fluctuating drag forces •. A series of highly sophisticated wind. 

tunnel e~periments, in which the properties of the atmosphere and 

the structure were correctly modelled, could probably lead to an a~

curate estimation of the above forces. At the same time the required 

sophistication of the wind tunnel experiments are not a pra.cticable 

proposition and consequently the need arises of some form of em-

pirical prediction method. 

As a first step in the analysiS of t~e experimen~al data 

a linear system could be assumed in which the power spectral densi-

ty function of the random input disturbance Rnd the output respon-

se are related through the frequency-response characteiistics of 

the system. The. general relations for linear systems between power 

spectra of the random input disturbance·and the output response 

are used to relate the spectrum of the structure load in ro~ch air 
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to the spectrum of the atmospheric turbulent velocity. 

The cohorerice function being one" of the most important 

functions by which t~c turbulent field could be described ( in 

relation to the correlation of the forces over the body) an at-

tempt is being made, in the third part of the present thesis, in 

producing an analytiual model by which the coherence function 

could be calculated from the velocity power spectrum. 

, . " 
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PART I 

ON THE FLOW PHENOHEIiA RELATED TO BLUFF BODIES 

IHHERSED IU TURBULEHT FLOW FIELDS 

1. INTRODUCTION. --. -------------
The first sub-problem of the overall problem of predi- . 

. cting the dynamic response of structures to turbulence in the at-

mospheric boundary layer - as pointed out in the "General Introdu-

ction" of the present thesis - is the statistical description 

. of the turbulent wind properties. To date the research effort in-

to the fundamental aerodynamics of even simple shapes exposed to 
r . 

turbulence has been sparse. Notable exc~tions are the investiga-

tions of Bearman (Ref •. 5) into the forces on rigid flat plates and 

of Vickery (Ref •. 6) into those on rigid square cross-sectionned 

cylinders. no work, known to the author, has been carried out on 

the interaction of the structure-flow field when the model vibrates, 

or on how the turbulent field changes as the structure is approached, 

especially for in-line phenomena. This part of the report presents 

an investigation of this question. The investigation goes on 

further than a mere statistical description of the turbulence 

field itself, in that, it tries to show how the turbulence field 

ch&nges as it approaches the model. In this way an attem~t is 

being made to look deeper into the questions arising when we 

consider J the second sub problem nlentionnod in the "General In-

troductio~'. Oscillations of the model produce their own 

chances in the approaching ( the model ) turbulent field and 

this interaction is looked at. 
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Definition of the atmospheric e~vironment requires an 

adequate presentation of t"E? ground atmospheric boundary layer 

formed by the wind blowing over the earth's surface~ It.extends 

to altitudes of , the order of four hundred metres arid hence is 

shared both by buildings and low-flying aircraft. It is typi6al-

ly a non-homogeneous region of strong vertical shear and severe 

·turbulence with intensities of the order of 20%" or ·more •. Further-

more, its properties dep~nd on such variables as atmospher.ic 

stability, type of terrain, altitude, e.t.c. ( Ref. :1..,.:9, 

Following standard procedure the definition of the 

turbulent field is carried out by determining tlH~ velocity 

profiles, the turbulence leuel profiles, the three integral 

scales of turbulence, Lx,Ly' Lz ' by considering. the respective 

space. correlations, the spectra of. the ~ongitudinal velocity 

components at the test section,the variation of the longitudinal 

velocity spectrum in the x-direction as well as the probabili

ty density fu~cti6n of the longitudinal velocity component at 

the test section. 

An overall picture of the turbulent wind properties 

could be obtained, as it has been shown by Davenport ( Ref.!O), 

by Etkin ( Ref.}n, and Harris ( Ref.1:1), by specifying the 

general two-point cross-spectrum or, more conveniently the 

coherence function. The coherence of the free flow ( without 

the model ), as well as the change of the coherence function 

in front of the model when this is held rigidly and when it is 

free to oscillate, are looked at. At the. present there are few 

. '''~. -" . . t· 
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measurements of the coherence function in the atmopheric 

boundary layer and for the purpose of predicting the structural 

response, it is n~cessary to resort to a simplified model 

of the natural wind, which retains as many of its essential 

features as possible. The Simplest and most useful model, iso

tropic turbulence, has been adopted by several authors, Daven

port ( Ref.10) Vicker~ ( Ref. 6' ). The turbulence fields in this 

investigation are also ( almost ) isotropic and their use 

could be justified by th~ fact that a number of fundamental 

wind tunnel studies of the interaction of structures with the 

turbulent wind ·.have employed grid-generated turbulence as a 

simulation of the natural wind. It is well known that such 

·turbulence has approximately isotropic characteristics~ (pro

vided the suitable test section downstream of the grid is 

found) • 

In the present. work no attempt is being made to 
I 

simulate the atmospheric boundary layer precisely, but rather 

the approach has been to provide a variety of controlled 

turbulence fields so as to study the effect of turbulence 

parameter changes. However, an·awar'eness of the atmospheric 

problem is reflected in the ch~~ce of the turbulent field 

paraneters to be realistic atmospheric values as far as the 

restriction of uniformity, homogeneity and isotr~picity 

allows. 

Attenuation 6r amplification of the. ut-component, 

as the model is approached from upstream is investigated by 

considering the probability distribution of the u'~compo~ent. 

The way the enorgy level of the different eddies developes 
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as they approach the mo~el is investigated and at the same time 

the way the spectrum of the lonGitudinal component of the velocity 

changes when the model is held rigidly and when the model is free 

to oscillate is looked at. 

Great interest is attached to the integral scale of turbu-

lence in relation .to the dimensions of the body. 'l'he scale of turbu-

lence could dictate,up to a certain extent~ the degree of the corre

lation of the fructuating for'ces on the model. Consequently the vari-

tion of the integral scale of turbulence in front of the model is 

investigated. 'l'his is done under the following conditions and for 

the undermentionned reasons: 

r :. 

1. For the empty wind tunnel along its central .line 

and upstream of the test section; this constitutes part 

of the definition of the turbulence field under considera-, 

tion • 

. 2. Investigation of the variation of the scale of turbulen-

ce in front of the rigidly held model. 

3. Investigation of the change of the turbulence macrosca-

le in front of the freely oscillating model. 

Examination of the change occuring in the scale of tur-

bulence under the last two conditions give us an indi-

cation of the effect the o.scillating model has on the ~: . 

scale of turbulence in comparison with the case of the 

rigidly held model."In this way the model-flow interaction 

is partly examined. 

4. Looking at the problem more deeply the effect of indivi-

dual vibration ~requencies have on the macroscale of 

turbulence ls looked at. for this reason tho model is 

externally excited nt discroet frequencies. 

. "';' -. . ... " , 
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In understanding t~ flow induced vibrations of structu-' 

res immersed in turbulent flow fields it is important to study both 

the d~tortion of the turbulence field as it approaches the body 

and the pressure fluctuations· on the body, (Ref •. 1'3', 1.4-, 15; 1.6). 

Until recently the structural engineer has been concerned a~out wind 

loading on structures primarily in regard to design of the structural 

frame of the building. However, current architectural practice is to 

use large ar~as of glass windows, thin cladding panels of marble~ gr~-

nite, stainless steel or aluminium and exterior surfaces with features 

which project outward from the generally plane wall. This,combination 

of trends results in the outer skin of modern high-rise buildings . 

being susceptible to wind damage. Unfortunately, the instantaneous 

wind pressure on a localized area of a building varies greatly with 

both time and position and of course, with the geometry of the sur~a-
-ce. F'or both the above reasons a study of the fluctuating pressureq 

was carried out. The pr~ssure spectrum on the surfaCe of the AR=2 

-flat plate at the stagnation point w~s measured; measurements were 
'.~~ 

also made of the correlation between the fluc~uating pressures at the 

stagnation point and the upstream velocity • 

• 
_ . . 
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LI'xERATURE SURVEY A.i.D' GENEl<AL DiSCUSSION OF THE FLOW ----------------------------------------------------
PHEUOHEHOrr ----------

In comparison with steady streamline flow, the atmosphere 

possesses remarkable variability. The flow ~f air over surfaces of 

varying roughness alld temperatures produces a random motion termed 

turbulence •. ·.l:his is the significant characteristic of air flow, 

on which depends the rapid diffusion of properties such as momentum, 

heat, water vapour and pollutants.Lhe presence of buildings, especial-

ly tall buildings, increases surface roughness and this has considera-

ble influence on the· structure o:f the, wind.: about them. 

[ . In the early study of atmospheric turbulence, detailed pro-

parties of the flow. were avoided, since complex equipment Vias requi- . 

red for their observation, recording, and analysis 9 Instead. virtual di 

fnsivities, analogous to.molecular diffusion, were derived with mean 

values of the.motion. Since about 1950, statistical concepts have 

been employed with field 'data to understand the processes involved 

and the resultant structure of turbulence. 

2.1.1 The Structure of Turbulence. ----- ----------------------------
·In general the scattering and ~ixing of the flow is indica-

ted by the intensity or level of turbulence. The turbulence intensi-

ties probable in the at~nsphere, and of interest in building research 

~ st~dies, are, at ~east 20% - 35% and possibly greater. uontributions 

to the kinetic energy can be determined from analysis of the continu-

ous range of eddy sizes involved in the motion via spectral analysis 

or correlations within the fluctuating component, (Ref.I~). There 
~ 

is a range of scale lcnghts, or eddy sizen, through which the tur-
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bttlent fIovl exists. Huch of the energy is availD.ble in eddies of a 

scale characterictic of the' distribution of the mean velocity (the 

integral or macroscale of turbulence, Li ). Significant eddies 

would be expected to be about the average building height. In the 

6 - 30m air layer above the ground important eddies would lie in 

the range 3 - 90m. Heasurements taken by pressure gauges indicate 

the presence of gusts of period O.ls so that a range pf frequencies 

of up to 10Hz at least should be examined~ 

The unsteadiness of the wind both in magnitude and direction 

is the resultt of several diffrent phenomena; there are large-scale 

low-frequency phenomena associated with diurnal effects and the 

movement of large air nasses on a continental basis; there are rela-

tively high frequency effects caused by thermal, convective instability 

due to the absorption, of the heat from the sun and, finally, what 

turns out to be of most importance from the standpoint of aerodynamic 

loads, the turbulence from surface roughness and the high viscous 

shear in the boundary layer. 

From the point of view of estimating wind loads, it is im-

portant to know certain statistical properties of the turbulence. 

Of particular importance are the probability density and the power 

spectral density functions of the velocity components and the power 

spectral density function of the cross-correlation coefficients. 

2.1.2 Probability Density Function of the Horizontal 
----- ----~-----------------------------------------

The probability dennity function of the \'rind velocity has 

been examined bYa number O'f writers (Ref. 18,19,20 ,21) and shown to 

agree fairly \'Iell with the familiar Gaussian probability density 
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From a study o'f "one - second'; wind velocity measurements 

taken over a large number of separate five-minutes periods on a 

350 ft. mast, Huss and Portmann ~:ef. i.t> concluded that:"~he as-

sumption of a normal frequency distribution curve for representing 

the wind - velocity distribution, while not accurate for any given 

case, would appear to be justifiable for a large number of cases ll
• 

j 

In this context it must be noted that turbulenue, although 

'it is the sum of a large number of proc~sses \ve10cityfie1ds of e1e

'mentary vortex lines), these processes are not completely independent. 

This independence is a prerequisite for a true (taussian process. 

~he sma1l.departures from a uaussian probability distribution are, 

moreover, the most interesting feature of turbulence; for instance, 

the triple products like u'~v' which would be zero in a ~aussian 

process, ·are connected with energy transfer by the turbulence, either 

, from one point to another or one eddy size to another. ~he non-1ine-

p.rity of the .Navier-Stokes equations is responsible. 

Power Snectral Uensity of the ~orinzonta1 _______ 4 ________________________________ _ 

The energy of the wind is widely distributed in frequen-
\ 

cy ns shown in riS.l (Hef .~O'). The enerGY of particular importance 

1s reprenented by the peak at the r1eht-hand end of this curve which 

1s caused by surface roughness, viscous shear, and thermal instabi~ 

lily. !jince the effects of viscosity nnd rOUGhness vary as the r.qunro 
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'of the ve]ocity the thermal effects become relatively small at the 

higher velocities. It is reasonable, therefore, to conclude that this 

peak, is due to rougnness and viscosity. 

'rhe very 10\7· energy level in the gap between that peak and 

the next one that has a period of 12 hours or greater is of importan-
" 

ca. First of all, it becomes a relatively simple matter to simUlate 

this right hand peak with reasonable accuracy in the wind tunnel, 

while ignoring the lower frequencies; secondly, the natural frequencies 

of ~arge modern builgings characteristically lie in this range. 

'1'he shape of the spectrum will depend, to a large extent, 

on the local surface roughness. On the other hand, it has been shown 

by Davenport (Ref ~ that if .the spectrum is· plotted in the non-dimen-
.;~. cl) . . 

sional formk u 2. ~ where K is a surface friction coefficient) 

against a wavenumber -?;;. ,available data are in reasonable agreement 

over a large range of the value of the coefficient Kt representing, 

for example, 11 open grassland:; conditions with say, "wooded areas". 

~patialCorrelations. ---------------------
When conSidering the fluctuating loads on large buildings 

or generally large structures, the spatial correlation of the veloci-

ty fluctuations is clearly important. A measure of the s~tial cor-

relation can be obtained by considering the cO-\G. riance u; u~ ·of 

simultaneously fluctuating velocity components at two poiuts displa-

ced by a distance y. 

A convenient correlation is then: 

--

.- ",'. , . .,' 
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then 

In turbulent flow, when the displacement between the 

probes approacires zero, it can be expected that this coefficient 

will approach unity in the limit, whereas it will approach zero as 

y becomes large. The mean integral scale of turbulence is giuen by 

the integral of this coefficient wtth respect to y. 

It is also useful to consider a frequency-dependent corre

lal;ion coefficient based on the cross-spectrum' Su 'u .C:/) of the 
I :.t r. 

veIoci ties U, and 1!~ I a distance y apart. 

Then 
i "1-f J'~; C-/J ~;. (-/)] :<. 

where U,'= v'C:t) and. u..:J.::;:; U'C/j~) 

or 

if \7e assume that 

Generally it is found that the correlation can be expres-

sed in the form: 

R~~ (oJ ~~o) { {'!f) .. 

wilt:re the value of c \,lill depend on the surface roughnes~ 

. and thermal st~bility. 

J~his relation, dedticcd by curve fitting to experirn~ntal 

data should be Laken only as an approximation. 

The so called scale of turbulence is, as pointed out above, 

. the intecral of the correlation coefficient over all values of y, so 

that the integral of the above coefficient will give the scale of 
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turbulbnce at a specific.frequency. 

±hescale therefore becomes: 

- 0<' / .' 

j -r1.! 
-c.-=-~ . e U _ 

, -
" 

If the turbulence is thought of as consisting of.eddies 

occuring at different frequencies then with each frequency there is 
-

a corresponding wavelength u. 

7 • T~efore we can look upon the 

frequency-dependent scale as the longitudinal wavelength divided by 

the- constant c. 

Davenport {Ref.1~ has reviewed available measurements of 

the correlation·coefficient in the earth's atmosphere for different 

surface conditions and sugge~s that the vertical scale of the longitu

dinal veloci'ty is about 1/6 to 1/8 of the longitudinal wavelength 

(i.e. c=6-8), and the along-wind scale is about 1/6 of the wavelength. 
-

'l'he cross-wind scale was found to be about 1/10 the wavelength in 

unsteble conditions but as snaIl as 1/25 to 1/40 in stable conditions. 

Unlike the spectrun itself, the cross-spectrutr ~,. u,t' (/) 
can be a complex quantity having both in-phase and quadrature com-

ponents. The existence of the quadrature component can be taken to 

indicate a preferred orientation of the eddies and therefore only 

occurs when there is asymmetry present in the flow. 

~he square of the absolu~e value of the cross-correlation 

spectrum is termed the "coherence".. For practical purposes it is 
-

probably quite adequate to neglect the quadrature spectrum, as' such, 

and take the cross-correlation as equal to the square root of.the 

coherence. _ 

Coherence = 

. :yt~ 

1 
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The coherence is expected to present" the degree of corre1a-

tion of the velocity input siena1s at the twti positions. 

Know1~dge of th~ coherence (or a coherence function) 

"provides information about the reliability of linear approximations 

or viewed from another directi01l. it furnishes an estimation of the 
" " 

degree of the uncorre1ation of the turbulent field. ~s the correlation 
. . 

of the signals is looked "at as a function of frequency (within a 

certain frequency band).the coherence is equal to I when the signals 

are completely correlated and it is equal. to zero when the signals 

are completely uncorrelated. 

Development of the Energy-content of the Different Eddic::; 
------------------------~--------------------------------

In considering the eddy development, as the different eddies 

approacn the model tha aspect of the problem under investigation 

is the change that "occurs in:the enert;y l~vel of each wavenumber as 

it approaches the model from upstream. When the flow incident on a 

body is turbulent the uxternal flow obviously is turbulent even in 

the region outside the boundary lay'ers and the wake. Provided the Ray-:

nolds' No. is high enough for the boundary layers ~o:be tu~btil~nt,the 

effects of the incident turbulence on the boundary layers.are proba-" 

bly not very significant .. 
" " 

On the wake there must be some effects, but it a:ppears" fro~ 

experiments by:", petty ~Re"f • .23) that the effects of the wake on 

the turbulchce in tbe region outside the"bo~ndary layers "are stati~ 

stically unrelated to the effects of the incidence turbulence. ±he 

latter e.(fects are amenable to analysis (Ref • .24) which is a [;ene1'ali-

zation of tCIO "R:tpid uistortion ·J.hoory" d~v('lopcd by batchclor and 

Proudman (Ref.j.-5). 'rho essenti.:ll physical basis of the theory iD thnt 

if the turbuloDce i3 disturbed rapidly enough by chnnces in the 

- , 
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mean velocity (produced, by the body) then each wavenumber or eddy 

is diot6rted separately before it can exchange energy, non-li~early, 

with the other v/avenumbers. This variation 'in '_the 'energy level con- , 

stitutcs pa.rt of- the investieation in the present th,esis. 

Pressure Fluctuati6ns. 

Pressure fluctuations in turbulence were first inve~tigated 

by Heisenberg "Ref~~6), ObukofflHef .,i.1-), and .6atchelor lRef .!tS) 

for the case of isotropi,c homogeneo1ls turbulence. 'l:his work has 

'been summarised by Batchelor \Ref .~}~). l"rom e'xperimental data, for 

the practical realisation of isotropic turbulence, namely tilat be~ 

hind a grid pl~ced in a uniform air st~eamt natchelor estimated the 

, root mean square pressure rJtuctuation, .JiJf to be: 

~.,[ffi = 0:58 e. ~ 
,Uberoi \Ref. ~o)evaluated th~ root mean square pressure 

from measurements of second order velocity CDrrelations in grid 

turbulence and obtained values at several Fteynolds I No. 'l'heaverage 

value was about: 

It has not yet been possiule to wa.K~ ail'ect measurements 

of pressure fluctuations within a turbulent flow since no general 
. 

purpose ins~ru~ent capable of measuring static pressure fluctuations 

without intr6ducing a major flowdistur~ance has 'yet becn:~~vis~d~ 

lTcssure measurements have been made in isolated cases, for example 

by Kobashi ~Hef.al) who measured correlations between pressure and 

·velbcity in tile wake of a circular cylinder in order to obt!lin the 

pressure transport terms in the turbulent enerey b~lance. iiowever 

in one particular type of flow ,::"na:;lcly·~tuat 01 turuulcnt snear flO','f 

in tilt) preGence 01' a solid ourfaco it io pOG~iolo to mensure pres-
, \ 

~ .. : - "'-T' 
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sure fluctua.tions on the surface without disturbing the flow in any 

way, since the pressure sensitive element can be mounted so as to form 

an essentially integral part of the baundary surface • 
. 

A turbulent flow on a rigid surface gives rise to acoustic 

radiation, the acoustic power of which can be expressed in terms of 

the pressure fluctuations on the surface \Ref. 5:2). If the surface· 

is f1e):io1e tLle acoust.ic radiation is amplified. The phenomenon of . 

sound generation by turbulent flow over a flexible structure is im-

portan~ in relation ~o problems of submarine detection and noise 

levels inside the fuselage of high speed aircraft •. In·these problems 

and more important - in the.context of the present work - in the 

. problem of structure fatigu-e due to boundary layer pre·ssure fluctunti-

'ons, where calculation of the response of the structure is required, 

the excitation must. be deq~ned in terms of the_ statistical properties 

of the wall pressure field. Anotner interesting aspect of. the problem 

is considered to be the interaction ~etween turbulenc~ in the oncoming 

air stream and the separation induced pressure disturbances on the 

model surface. Heasureinents· made by Cermak (Ref .33) on the Bank of 

America Headquarters Building indicat~d that turbulence can increase 

the maximum pressure fluctuations substantially. 

On tHe i"lechanics of ;':-low Around ....... luff· Dodiecr. ---------------------------------------------
In general the basic equations defining the cnief characte-

r~stics of the mecHanics of fluid flow past·a solid body are the· 

~avier - ~~okes equations together with the equation of conservation 

of mass. 

'l'he uavlcr - St·olfos equations aloe not, general~y, inteGra

ble over the whole domain of the floW and it has usually bccn_ncces-_ 

sary to discard the hithest ordor terms involvtne tno viscosity of 
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the fluid. ", 

Ihe Uavier - Stokes equation is given by: 

Du" is 9 p :J f t) I ce _.!.. Ll J.,) '2 e -'. =.JO ~ - - ..,. '?')- .A.fN .. ~ IS J 
p~, ~ D:t:.i ~~. "5 u 

, 
If,we discard viscosity, the above equation reduces to: 

· ,o'it" . aw.cL P _ 
_ of" .4 -0 
'0,6 e 

This Is the Eul~r equation, which together with,the'equation 

conservation" of mass, they.are said to define the motion of an ideal 

fluid. If we also assume that the floW is irrotational, the equations 

define a po~ential flow. 

The ,equations of potential flow cannot describa a physical-

ly real floVl past a solid boundary as the order of the 1:uler equation 

alloVls only one, boundary cohdition at the surface to be satisfied, 

'wh1l3t physical considerations reveal that it is necessary to stipu~ 

late two. In addition the condition of zero vO'xtidity is invalid [01" 

a streamline which lies on the surface of a solid body. 

In tae case of a real flow, the streamlines follow the sur-

face of a solid body for some time, and then become separated from it 

and continue into the fluid. ihe resultl.ng flow' pattern is characte-

rised by a surface of discontinuity which corresponds to a surface 

on which the vorticity is non-zero.' 

When such discontinuities are admitted, the equations of 

motion for an id'eal fluid do not Give El "unique solution. In addition, 

to a f10~ in whica the streamlines follow the surface of the body, 

there 1.S an infinite number 'of separated flow solutions. If the equa-

tions of an ideal flui~are being usrid it is now necessary to intro

duce some criterion which will allow a particular solution to be chosen. 

There arc problems, however, in which- no flow separation 

takes place from the surface of t ~:e body, and the body is said to be 
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strealJ1lined. In such a .caoo ttle effec"t 01' viscositY.is negligible 

except in very small reg~ons along tlle b~undary ~r the body and in 

the wake, waich in "this case is very thin and "takes the l·orm of a vortex 

stree~. .1 

Refinement;s to etle potent1al flow solution fDr a streamlined 

"" body have been rnade w1th the advent of boundary layer theory, which 

essentially constitutes a pe~turba~ion technique~ A first approximation 

in toe ~stimation or the flow characteristics is made using a classical 

potential tlow met.hod. "1;11en knowing the pressure and velocl.ty distri

but10n approximately a~ "the boundary of "t~e body it is possible to 

use the boundary layers equat"ions tV/hich include viscosity t~rms) to 

refine "the solu"ion. lins"teady effects in ~ile .wake can be" QS"tima"ted 

using t;he classical "tileory 01' vortex motion toge"her with the poten

tial mO"tion around t;he body iLselt. 

When flow separadon is admitted, as in the" case ot floVl 

around bluff b~dies, it is immediately obvious that no pertubation 

techniques are possible. The fluid can no l.onger be treated as a 

quasi-concinuu~ w~ere the effect ot viscosity and consequently rota

tion can be considered as conlined to very small regions of the flow 

field ot interest. 

Many attempts have been made to obtain solu"tions to the 

case 01 steady flow past blurr bodies uS.ing the equations of potem:ial 

flow. 'l'his has ta!\:en "tne I"orm of obtaining particular solu"tions to 

t~e equa~l.ons defining po"tcncial flow wl.th the help of arbitrary cii

"te~ia, t~c~eby se"t"in~ up 11.0W models. ~umerl.cal solutions of "the 

fiavicr-S'tokes equ3.tions together with the equations of conservation 

of LIaos, nave been used to otudy- "the case of unoi.eady 1'10\'1, bu~ only 

fo~ low Reynolds ' Uo~. 

'".-. .J- ---' '--.-'-. 
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~.. . 

." 
J\.irchllo.i.',l (Ref .54) has developed· a free streamline , 

model for steady flow pa~t a flat plate at 900 incidence. The free 

atremline solution predict~ a coefficient of resistance but it 

describes an unrelistic ·type of" flow which ~annot persist as the 

surface of discontinuity defined,by-the free streamline soon breaks 

up into individual vortices. 
"" , "' 

An interesting flow model which is a modification of 
, ~"'\. 

... . . . "/"',' . . . 

Kirchhoff's method has been developed by Roshko (Ref. 30) in which 

th~ base pressu"re is taken as a disposable parameter which is adjusted 
\. 

to fit the experimental. data.' 

The problem of unsteady floVl past bluff. bodies has been 

mainly studied by numerical means. Thom~ (Ref. ;36) 1'ni tiated" " an 

rapproach which has been fathered by Fromr;t (Ref. '57'> and in which 

the Navier-Stokes equations and the equation of "conservation.of mass 

for an incompressible fluid are solved numerically. Flows past 

bluff bodies up to Reyn~lds' numbers of 300 are investigated, and 

wake development and variation of induoed drag 1s studied. 

Recently unsteady flows past bluff bodies ,have been sturaed 

semi-empirically \'lith the use of flow models. Sar:9kaya (Ref .39) 

has provided a 'f19\'1 model which. ~:in~ludes the effect of an" accelara-

tion of" the ambient flow. The strenght and location of these vorti-

ces and the rate of ehanse of" circulation is !lot specif~ 'd, and can 

only be determined by experiment. 

To"tal~e a broad vie1r of the -probler.t of unst·;"Jyflo\'l rast a 

bluff body, it is obvious ":hat the tcchniqucs used i~ Derofoil 

theory, i.e. an outer potential motion and a boundary layer effect, 

areineffectunl as the wake induced by a bluff body cannot be treated 

" ns n perturbation of a steady flow. Potential flow Modclu c~n noL 

C~Ll.ulc closed solutiollS, \'luicil arc rcal..1.s t.1.C a.ld e:-:,I]. i.d. t [lealo 

ciic~I..S, Lo iJo outa.1.lIcd .. 

~ I 

I 



'20 

2.: THEORETICAL CONSIDERATIONS 

'l'he Prohability Distribution of the Lonr;itudinal ------------------------------------------------

The velocity of the flow at a point in a turbulent field 

is subjected to the influence of a large number of random ,eddies. ' 

If we' could make a roubh use of the Central Li:1it 'iheorem, -",for 

an arbitra~y population with mean 
.t 

and finite varianc~ ():oo::,. , 
the cumulative distribution function G,., ex:) of the sampling distribu-

tion of , for samples of size n, approaches 

the normal distribution (uniformly in x ) as n ~co , that, is, 

-00 

i = sarnp-l c mean 

-we might expect that this velocity has approximately a normal 

probability distribution~ 

Stated homehow differently it could be said that, under 

general conditions the distribution of the sum of a large number 

of randoms variables tends towards a normal distribution. 

The energy containing eddies have their oriein in a mechani-

cal stirring action, i.e. the passage of air through the baffle holes, 

and it is therefore expected to give rise to a velocity at a point 

distributed ap?roximately according to an error law. 

In general we are much more interested ia tne interrelation 

between tHe veloci ties at two points i. e. w.:e jo1n~ dis i.,ri,bution of 

tile velocities. in ottler words it could oe said t:ilat we are int:erested 

not at. vr'.at ~.appens at ono point in the flow field or at a point on 

tne surface of tne body but on how Good is tho correlation of the 

"'_~:, __ M". _. 
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impact of tho eddies over the whole model surface. 

It is thought that the argument used above for the pro

bability distribution of th~ velocity at a point would not serve 

for the jo~nt distribution. Tho equations of motion and of con

tinuity dictate the velocities at the two points and these are 

unlikely to permit a distribution of the pure chance type. The 

inertia terms of the equat.ion of motion, in particular, will· exor

cise a strong influence on the relation between the two velocities 

and will lead to such effects as diffe~ence between the probability 

distribution of positive relative velocities, i.e. the extension 

of the fluid between the two points, and a difference between the 

probability distribution of-negative relative velocities, i.e. the 

'contraction of the fluid between the two points •. The analysis that 

should be. followed in considering the joint probability distribu':" 

tion is presented in appendixA. 

The relation between the velocities at the two points is 

very strong when the points are close together and the difference 

between the velocities will have a prob~bility distribution which 

is governed to a large extent by the Navier-Stokes equation. 

Eddies smaller than a certain size owe their eXistence 

entirely to the linear transfer down the spectrum, and the smal

ler the eddy the more prolonged, so to speak, has been the influ

ence of the non-linear terms. We may expect that the statistical 

characteristics of the small eddies would reflect this influen-
, , 

ce, and that the distribution of the velocity difference u,(-U:z. 

will probably depart furthest from a normal distribution at very 

small values of.r; er = separation distance between t~e points 

considered). 

. "'-,' . --~-: - . • - ~--. -~ -> ~ - .. - ... - ... ~ ......... --~ 
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be analysed according to. its distribution over the various fre

quencies occuring in these fluctuations. If Sel) cLl' is the con

.tribution to u,'J. of the frequencies f and f+df, then the dis-' 

tribution function f L /) has to s~tisfy the condition: 

~~$CI)cll =;? .. 

As it can be prove~ ~_in ,any, book on the treatment of ran-
,< 

dom quantities, e.g. (Ref.S9;40J/the spectral density function 
, I • -

S~, [I) and ',the correlation function: I ex.) form ~ Fourier 

transform ~air. Consequentl~ it could bi'said that the one c~uld 

be found from the ,other, either analytically (if an analytical 

equation of the function to be integrated is known) or graphical

ly. This is only a 'theoretical method. The experimental determi-
-

nation of'the spectrum function as well as that of the correla-

tion function, with our present methods, are not free from inac-

curacies. In general" a correlation function is measured more 

accurately when the distance between the two points is not too 

small while the spectrum function is measured more accurately " 

in the higher frequency range. 

The spectrum measured by the hot-wire is a one-dimen

sional' section of what is in fact a three-dimensional spectrum 

function. 

It has been known empirically, for m3ny years, that 
I,' ... 

a ~hnrp contraction in th~ area of'a pipe, with the consequent 

....... ": . "-'-'-,., 
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acccleration·of the stream, produces a substantial decrease in 

the kinetic energy of the turbulence relative to that of the 

stream. 
J. 

Theoretically the flow round a bluff body could be 

assumed to represent the opposite to the above case. If we con-

sider an imaginary pipe, in the flow, as shown in the figure below, 

i:~==================~====~~~~==~~ ~~P'PE i ~--

~ ... --------

------- , T""'SOR.e:,-tc. AI.. 
- _____ ..:._~-ru~e . 

1:, ========================;;;;:;7"'> EX PANS ION 

.then as we move downstream the principle of conservation of mass 

would require that: . crossection' 51 <:rossection 52. (Both 

crossections are taken in front of the model) • 

. In such a case Batchelor's "Rapid Distortion Theory"CRer.~-S) 

could be assumed to apply. The turbulence will be distorted by 

stretching and twisting of the vortox line filements as they are 

convected past the body. 

The above theory requires the following assumptions 

to be made: 

. a) The mean flow is irrotational. This in turn requires 

that the analysis is limited to that region of the 

flow outside the bound~!y layers and the wake. 

b) The fluctuating component is ",~t! smaller than the 

mean flow velocity, i.e.(~;~ ~ and the only 

contribution to vortex lino stretching and twist-

inc comes from changes in the mean flow • 

• 

\ 

I 
I 
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c) The time a fluid element requir~s to be swept past 

the body is small so that the turbulent energy dis-

sipated by the viscous stresses is small. This.leads 

tlo the condition -; ~ /:,", 

. Hunt.-.(Ref .2I~)." with these assumptions, has shoVln that the problem 

reduces to the solution of a number of linear equations in which 

there will be no interaction between the different wavenurnbers of 
/ 

the turbulence as they approach the model. 

/ 
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liENERATION OF TURBULE.~CE 

'jlhe basic baffle desiGn obDective ffbr this Vlork' VIas ·to 

produce uniform and homogeneous turbulence of various scales but 

of approxi~ately the ma~nitude of the model width ( a characteristic 

body dimension), together with turbulence intensities in the ran~e 

10% - 20%. In gen~ral, these baffle design requirements are 

essentially separable. The primary determinants of the turbulent 

flow are: 

1. The drag per unit are~t since it directly determines 

... -.... the amount of· turbulent e~ergy created by the baffle • 

2. Some physical dimension associated with the baffle 

since this determines the' di.mensions of the initial 

wakes. 

It was thought that by using a baffle instead of a grid, 

use could be made of the fact that the flow in a free jet attains 

high levels of turbulence intensity and that the turbulent scale 

increases with the jet dimensions downstream of its origin, so that 

relatively larg~-scale turbulence can exist in large free jets. It 

was intended that the test section could be situated in the turbulent 

region of the. jets where the jet central core and the mixing region 

blend into a com"Dlete burhulent stream. The· fact Vias also considered 

that the turbulence intensity varies rapidly with downstream distance, 

while trie turpulence scale increases slowly. due to the dissi~ation 
t 

of the high frequency tur.bulence cO!l1~onents~' Studies by Van der 
;, . 

liegge Zijnen (Ref.4f) sUG.se~ted.that at about 20 slot diameters 
/ . 

downstream of the baffle the intensity of turbulence would be 

roughly 15 to 20 ~ercent and other work by Corssin and U~eroi 

(Ref."4.ti on a round jet sue:rested that, at this dista~ce, the tur-
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bulence would be approximately isotropic ~nd th~ scale would be 

about 1/2.0 of the jet width.' 

The desiGn process for a baffle usinG the above is 

straight forward. The ~idth of the slot ~etcrmines the scale rind 

the required intensity is obtained by using a certain solidity and 

d6wnstreaw distance. Two more baffles were used with only circular 

holes of different diameters to produce different turbulent flow 

flelds. 

4.2 Baffle Develoument 

When the baffle desien was finalized as atove and built, 

it was generally found that the slotted baffle did not conform 

closely enouGh to design requirements., '~his baffle was equi~ped 

with two movable plates so that the slot height could be varied at 

will and thus producing differeht turbule~t fields. 

~he first problem encountered was that, with the slotted 

bafflo the issuing jet was oscillating in a plane perpendicular to 

the tlotis length. This effect; was later found, was also observed 

by Whitelaw \Ref.~8). Three raws'of holes-on eadh-Side of the,slot were 

therefore drilled with the hope of stabilizing the jet and preventing 

its oscillations. 

However J a furtrer' problem ~emained, in that the flow ,at 

the working section was not as uniform as desired. ~t became ap~arent, 

and has ~lso been reported by others, tna& the flow is more sensitive 

than expec~e~ to t~e ~~~d construction tolerances ~wnich in this 

c~oe w1tn the movable plates in the slot were quite loose), ~spe-

cially tor large solidities. A non-un1formity of the i10*.fleld 

was'tlm.ced back - by a tr"ial and errol'," met:hod - to these plat~ 

which were made of ratncr thick - in:comparison to the thickness 'of 

the baffle itsel!'-' pcrspex. ~onsequently it was decided to totally 
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remove the platen .. This decis:l.on resulted in the use of the other 

baffles for the production of different turbulent fieids. Photo

graphs of the baffles used arc shown in Plate I. 
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'l'HEs:rRUC1'UIm OF TIt}; BAl''FLE Gl:.:NERA'l'Eu 1'URBULENCE FIELD ------------------------------------------------------

In connection with the different aspects of the 'problem 

examined in this investigation the turbulent field generated by each 

bnffle was defined by considerinG the following parameters of the 

turbulent fiold in the empty test section: 

a) Intehsity of turbulence
t 

b) Scale of turbulence and variRtion of the turbulent 

acale in the longitudinal direction, 

c) The spectrum of the longitudinal velocity component, 

d) Pr!obability densj.ty function of the longitudinal velo-

city component, 

e) Space correlations and tV/a-point cross-spectrum of the 

turbulent fiels, 

f) Spectrum variation along the stagnation line flow. 

A sine1e hot wire was use~ to measure the u'- com?onent of 

the turbulent intonsi ty. The method of 'calibration of· the hot-v/ire is 

presented in appen~ix 8. ~he intensity measurements were made at 

various values of y/Yfor different values of z/Z, at the test section. 

i-he variation of the u '-component of the tUrbulence intensity in the 

longitudinal direction along the star,nation line for the empty tunnel 

was also investigated. 

Scale of ~urbulence and Variation of the Iurbulent Scale --------------------------------------------------------
in the Longitudinal Direction -----------------------------. 
The scale of turbulence in t~e three directions, (x,y,z) 

was determined from the respective sp~ce correlation. These meazure-
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wents were made at ~he test section. j.he variation of the lonl~i tu-

o.il1al turbulent sCcl.le along the wind tunnel central line' and in front 

of the test section was also investigated. '.l'hp effect the model 

presenc£! han on this varicl. tion \'las looked at. 

The spectrum of u' was mcastn~ed (,l.t three lateral pooi tions 

at the test section for each turbulent field, i.e. y!Y~O.5, z!Z=Cr.O 
~ 

and y/Y:.:;O .. '.;, z/Z=+O .. 3ld D.lld y/Y= +0 .. 582, ~jz==O.O " 
2 2 

Component" --- .... _._----
,. 

The probability density ll(u) represents the rate of chall-

ge of probability with a.!11pli tude; \\'here pro~abili ty deli.otes the pro

bability that the 8.L1pli tude of the simple record will be in a parti-

cular narrow amplitude window'at various amplitude levels. 

The' probability density function of the u'-component for 

tile empty tunnel was only investigated for the slotted' baffle Pl'O-

duced turbulent field. Tilis was because of time limitations. The 

way the probability density function changes along the wind tunnel 

central line (vhich corresponds to the stagnation line flow when the 

model is present) was investigated. The results obtained ~ere compa-

red with those obtained when the model was present. 

The space correlation of the u'-component of the veloci~ 

ty was measured in order to obtain tile integral scales of turbulen-

ce.The meas~ement8 made are reported in section 5.3. 
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As the experiments were concerned with the forces on 

bodies the la'teral correlation of the velocity (Le. the correla~ 

tion along the length of the model) is of the utmost importance. 

The lateral correlation ip also of interest if it is 

considered in ternrs of frequency. 

The correlation coeffici~nt of the longitudinal veloci-

ty perturbatioBG HI and u~ at two points y nparts is: 

n" Co "CJ. oJ /<\. U .J ) 

I d e an 
I 

""1-", .' 
Vl- U-z 

.f u,.!L L '-I 

eJ. a:re corresponding hot-wire voltf'.r;es 

it can be shown (appendix C), that, if the hot-wires sensitivities 
--"-

are nearly equal, and if u 1tt 

I 
u.~.!tthen: 

, ')?~ C. e, - e~ 
L_ 

C ' e~).t e., .,. 04 

If the Signal can be presented by a stationary time se- " 
" l- " 

ries (i.e. its statistical properties do not vary with time), 
~ 

then the correlation coefficient ~I COJ't.t~o) can be calculated 

from 
" . 2 t 

measurements of ce/re;) and c.~r_ e.c:) m.ade at different times. 

By obtaining the spectrum of each in turn, a frequency-

~dependent correlation coef!icipnt of the turbulence could be obtain-

ed as: 

Spectrum of sum - Spectrum of difference 
----------.-----!-----------------~-- ... ------
Spectr~~ of sum - Spectrum of differenc~ 

The iristrum~ntation used in measuring the above quantities 

is shown in a block diagram depicted in Fig. 278. 
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Spoctrum Varlation Along the Stagnation Line 11'].0i'1 .. --------------------------------------------------
'ihe florl field in front of number of models was investi-

gateu to examine thevarlation of the spectrum along the' stagnat:i.oll 

line flow. In order to have somo measure of comparison, between the 

changes inducod. in tiLe spectrwn by the different modeli3, the varia-

tionof the spectrlU11 0.1 :;ile l.ont;i~udinal cOillponent of the voloctty 

alolIg tne centre,line of the wind tu.nnel and ups"Cl'eam Q.{" the test 

secti.oIl at different pos:"t tiollO \'![l.smcasured.. 

:Lhe results ov tained from all tile measurements menttolJlled 

in tids chapter are discussed in sectir;Jl 8. 

" 
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6~ DESCHIP'J,'IC?{ OF APPARATUS • 

. Conventional wind tunnel prncticn restricts the' i'rontnl 

area of a rnod8l to about five percent of the test section cros-

sectional area, so that blocksge effects are kept at a reasonable 

lov; 10·"01. Consequently ill these oxporil:1cntc whencvel~ possible 

the ho:Oo·dimensional fl['l.t plntes, and solid bodice used had a vddth 

of 3cm, thus keepin~ the model frontil urc~ within or near the 

above limit. The purpose of the investigation required nodeln 

of greater frontal aren to be used. In these cases blocka.ge co1'-· 

rections wore applied. The plate edges were chamferred at an 

angle of It5° and mounted with the largest plane sur face look-

ing upsti'ea~. 

The models included: 

) '2 Rectangular plates of: a 3Ox3011m 

Circular plates of: 

Parallepipeds of: 

Circular cylindcr~ of 

30mm dia. and AR of: 

b) 30x60l5m2 

, 2 
c) 3Ox120mt:l (blockage cor. applied) 

c) 6Ox60mm2 (b~ockage 

f) 85r.85mm2 (blockage 

g) 12Ox120mm2 (block. 

a) 20mm dia. 

b) 40mm dia. 

a) 3Ox30x,30m.'1l3 
• 

cor. applied) 

cor. applied) 

cor. a-pplied) 

b) 30x3OxfO~~3(blocknee cor. anpl.) 

c) 3Cx30A12Omm3 (blocknge cor. a~pl1 

a) .AR=J. 

b) AR=2 (blockaGe cor.aDplic~) 
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c) AR = 4 Cblockage co;. applind) 

All modols \'loro made of. perspex with the pa.ralleplpeds 

and circtilnr cylind0ra hoIloo to eliminate adverse effects. i.e. 

to reduce tho inertia of. the ~ystem and decrease the friction 

between the stj.ng -and the sleeve \'Ii thin \":h:i.ch it slides (Part A 

9£ Plato X ), and cc:nsequcntly proserying a high frequency ;rcsponDe. 

The modols u80d ar-e shdwn in Plate II and Plate Ill. 

6~2 .. 1 Hodel Held Rir.:i_dly~ . ----- -------------------
The models WC3'~C mounted on a It!iilZl diameter tubular sting 

which V!C~S at.tached on the mechanism shown in Plate XIV. The mecha.-

niSID was installed on the top of a zero camber, about 7cm chord, 

aerofoil section. In ol'der to r.:rlnimizc the effect of general tun~el. 

a.nd ground vibrations the aerbfo:i.l section was extended through the 

wind tunnel floor and rigidly attached (r.lth three lc~ thick screws) 

to a 1l:eavy frame }reBting en the laboratory floor; ~h.I'kinCluded rub-

ber damping pads. 

HodeJ.-Free to Oscillnte. ------------------------
. The models were again m:o.tnted cn ··the 4mm diarn~ter tubular 

sting (each niodel had its own sting) which vie.s attached to a stril.in-

gauge balance. The balance was shielded from the airflow by Mounting 

it inside a ze~o-camber aerofoil scction~ The~initial balance use~ . 

is shown in PI. VI~ With this arrangement it was found (by manually 

.. displacing, by s::1a11 distances, the model in the z-direction in no 

fl'ow condltiono) that transverse oscillations of - the - lllodn.ls resulted 

in additional in~utD to the balanco. 

ootho rc:.:ultof tile coupling of t~o lone;i tudinnl and 



trans'J'erse oscillations was difficult to interpret, the balance was 

modified by extending the distance between the two m<'lmbers of the ba-

lanco and by incorporating a pin jointed upper spa.cer. In this way 

it wa.s thought that tho effect of the transverse oscillations of 

the l:lodels did not introduce unwanted inputn to the balance. Compa-

rison between the results obtained with the modified balance (pre-

sent work) and the ,results obtained with the initial balance 

V.K.L report lIo. 74-12, by G. Skordilis t Ref •. '41,) show conside-

rable ioprovernent. The modified balance is shm'in in PI.IX. 

The mechanism used in externally exciting the model at 

discreet frequencies and amplitudes is shoun in Pl. X. The mechnniB!n • 

consisted of a variablc-spedi motor v7hich drove a mechanism below 

th~ wind tunnel floor ir~osing a front and back reciprocating ~o-

tion on the model in the wind tunnel above and in thE' drag direction. 

The eccontricitv of the mechanism shown in PI. X could be adjusted 
"Y I 

for the desired amplitude of motion. because of the complicated ar-

rangement it was not possible to shield the mechanis::n from the 1.111'-

flow. The reason for using the present mechanism, and not using a 

Simpler one, was t that the mechanism used was already ready at the ' I 

time required, and the time availabll.e to the author for the investi-

gation was limited. The fact that the mechanism was not shielded fro~ 

th~ iirflow, it is not considered to have a great influence 

of the flow fl:eld in front of the model or on the motion of the 

model its~lf as In this case the latter is driven from the outside. 

The components of the mechanism were made of aluminium and "as thin 

as possible to reduce inertial effects. Even w"ith' these inprove,rtl'?nts 

it Vias found advisable not to exceed an OScillation freque,ncy of 

12 - 15Hz. 
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the open-return 1-2 wind tunnel at Von.;.,.Karman Institute 

was used. A n8Vl wind· tunnel intake was used. to eliminate some unstea-

dillOSS and spatial non-uniformity present with the oriGinal intake ... 

It general veloei ty profile sm'vey carried out before tile actual ex-

periments proved that the change in the intaJ,-e section gave a satisfa-

ctory uniformity, the maximum velocity variation with respect to the 

'1'11e test scc'tion has a rectangular cross-section of 

0.3:5 x 0.18 m.2 at the end of the contraction. The top wall of the 

test section was made of perspex, which allowed observation inside 

the test section and it was removable. 

To aVQid the growth of a thick boun~ary layer the initial 

test section of 5.3m length was reduced to about 1.3m, while unwan-

ted vibration Irom the fan motor was avoide~ by joiniub the test sect~~ 

with the downstream section - carrying the fan - with a rubber band 

ring thus eliminating any contact between the two sections. ~ sehe-

mat;lc - not to scale - .diagram is shown in f'ig.5. 'l'he tunnel' s 

reference wind speed was taken as tile equivalent test. see i,ion speed 

~t and was derived from measurement of, the test section dynamic 
, , -~ . 

pressure 3: f u. • This was ~ed directly from a Betz manometer connected 

to a U.PL standard pito~-static ~ube at the test section. Long :pla

stic tubing connections of about 3m from tile pitot-static tube to . 
the manometer helped iri damping down the tur~ulence oscillations. 

Hot-wlre instrumentation-. 

The fluctu~tin8 properties of the floW were investigated 

, . 
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using hoc-wirc,.,techniqucs. The hot-wires used in the present \lorl~ 

were the DISA constant teuperature anemometcrti 5~AOl and 55DOl des-. ~') . 

cri bed in Ref .45 and Hef ;4-6. '1'''110 other constant-tel';Jperature anemo-

me~ers built at i.K.I. were also used. 

The reasons for the use of ooristant-temperature anemome-

... 
'/ 

tors - instead of constant current anemometers - -:';.:'J. \'/hi.ch were thour,b.t 

to be necessary in the present worh:, are presented below: 

1. The wire current is controlled by an electronic servo-

syotcm that protects the wire against accidental burn-

out wbcn the flow is suddenly changed (reduced). 

2. Since the bridse balance is maintained during flow chan-

ges, there are no compensation controls to set ~nd no 

testing to determine whether the compensation is effe-

ctive .. 

3. Finally, tlre instrument can foll0\1 large fluctuations 

in the flow,without .ppreciable error. 

fl'he unlj,nearized hot-tire.: signals were fed into the linearizer 

55DlO as far as ,tile 55iiOl anemometer was concerned v/hj.le all the 

other anemometers had their own 1inearizers built in them. '.i'he same 

was true for the square wave generators used in the calibration of 

the instruments. 

All hot-.... Iires employed were Single hot-wire probes. Th..~~ . 

used 0.002" dia. tungsten wire with an active length of 0.125". l'he 

non-ac.'ti ve length of ,the wire Vias copper plated. The probes ?lere ma-

de at V.K.I. ~nd tnis ~elped in adjustibg the length of theprobe's,bo-

d7Bccording to requirements. 
u..~eoL 

'i'he three degrees of freedom mechanism~ the hot wires 

is shown in PJq,iIV. A four degrees of· :freedom mechanism was used in 

measuring the turbulent enorgy. ihe first mechanism, mcntionned abo-· 
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ve, ,was used for measuring the longitudinal and lateral space cor··, 

relation coefficients, the probability density function of the lon-

gitudinal component of the' wind as \'lell as the spectrum and its va

riation (of the longitudinal velocity component) in front of the mo-

dels ... 

Repeatability of the position was within ~ O.003cm. 

The hot-Wires, while in operation, could p~ ,observed through . #,. 

a set of lenses ;~;Thus, any vibrations 'detected 'could be elimina,.ted o 

:;:'ho calibration of the hot;"wires together with t.tle fre-

quency response of tile system and the effect of the finite hot-wire 

lengtll on the measurement of the three-dimensional turbulence arc' 

considered in appendix c. 

A Bruel :.. Kjaer .I.: .cequency Analyser Type 2120 was used for 

non line" spectral analysis. It is a constant percentage bandwidth 

analyser whose central frequencies are continuously tunable from 

2Hz to 20kHz. It could be used as a constant bandwidth filter ha-

ving four selectable bandwidths, 1%, 3;-6, 10%, and 1/3 octave. In the 

present work the 3% bandpass filter was used. As no level recorder 

was available ,the central frequency~ each time it 'was changed,. it vlO-t 

selected by hand. This was proved cumbersome and time consumming bu~ 

at .the time of the experiments",no other method was· available .. 

In general the accuracy of the power spectral density fun-

ction measured, is a function of the bandwidth and the averaging ti-
" 

me. ~he bandwidth is associated with the spectr~l precition of the 

power spectral density function, i.e. the measurement resolution, 

while the averaging tirr.~ is associated with the statistical varia-

bility of the power spectral density' function,. i.e. the measurement 
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uncertainty ~_ 

In-obtaining the readings fr6m the frequency analyser 

the t61lowing random signal analysis was assumed: 

The re-mrs .. value of u,l'cj) is defined as: 

--(-f) 

where T is the analysis averaging time, which for 100% 

accuracy must tend to infinity. In practise thi.3 is imposs:i.blo, and 

T must be restricted to a finite value. ~his restriction leads to an 

error in the r.m.s. measurement. A commonly used expression for the 

normo.lized standard deviation (or error) + 8. of a r.m.s. measu-

remcnt is: 

________ (9..) 

where B is the analysis bandwidth in Hz and T the averaginG 

tiffie of the analysis in seconds. . 

A comoon parameter in analyses of this type is the number 

of statistical dezrees of freedom k, which is given by: 

k =2BT • • • . . • • • • • • • • • • • • • • • • . • • • • • . . . 0. . ~ . . (3) 

It is common practice to v:orlI with a value of 50 for k, 

this being an efficient analysis value. 

Therefore if: 2BT=50 •••••.••••••. 0 • ••••••••••••• • (4). 

BT=25 •••••••••• ~ ••••••• ~ ••••••••• (5) 

Substituting back for BT in 0qn.(2) gives: 

C =10% for BT=25 

This is the value that is taken in the subsequent analysis, 

With constant bandwidth analysis B assumes a constant 
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value, but for' a constant percentage bandwidth analysis B increases 

linearly with frequency according to the relat~onship: 

B=(rf )/100 •........ ...................• '" ... (6) , 

where r is the percentage bandwidth. The minimum analy-

sis averaging ti~c, 'l'AV$ can be calculated for a .uT product of 25 
a C'Oo. 

for 

The analysis rate may be cohnected5with the calculated 

averaGing time by specifying that one bandwidth r.lUst noV"Ol? be scan-

ned in less than two ?veraging times. 'ihe time taken to scall olie 

bandwidth is given by the "dwell-timell
, TD, where in the present 

case: 

Hicrouhone~ -----:.-----
'l'he fluctuating and mean pressures at the stagnation point 

of the AR::2 plate for all three turbulent fields were investigated 

with the use of an ultra miniature pressure sensor made by l\.ulite 

Semiconductors Products Inc~ 

It consists of a miniature silicon diaphragm on which a , 

fully active four arm \!heatstone bridge ha~ been atomically bonded 

using solid state diffusion. 'ibis monolithic constructnon affords 

excellent nysteresis and thermal charqcteris i..ics •. J.he silicon dJ.uphragm 
. ~, 

and the i;ransducer housing are constructed to eliminate all intcnml 

lead flexin6_ This removes any lead -.fat:1&.:w and undesirable seconda-

.ry resonances caused by intern:11 lead Vibrations. The pressures for 

whicH tile i;railSQUCCr rtas applicable \':&tefrom 5p.s.i. to 50p.s.i. 

and it had a natural frequency of about 1251c~~z. A reference tube 
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emerging from the back of the transducer made its calibration extre-

~cly caGY. ~hc calibration was carried out in the wind tunnel in no 

flo\'i conditions against a pi tot tube by merely sucking o~ the refc-

The typical installation of the transducer requireS. the 

use of silicon rubber so that it is pcrrJcnantly stuck on the model. 

'rho transducer. in this way comes flush to the surface without ,. ~ ~~ .. 
'- .. ",: 

any cavltj.es. 'l'h1s eliminates any frequency resonance coupled to tho 

cavity characteristics. 

Because of .the, expense involved in the transducer it was 

found necessary·not to install the transducer permenantly so avoiding 

any posilile damage to it when it was time to remove it from the mo-

C del. 'i'he method of installation using rubber "OH ringsis shown in 

PlcJ.XVI J w11ile a photobTaph of the transducer is included in f'i<tt.x VIr. 

The overall dimensions of the transducer are shOVln in PtcdJV. 

Probability Density ~unction Disulayer. 
--------------~-----------------~------

/ 
/ 

In general, the following three functions, though not suf-

ficient to describe the random·process involved in turbulence, are 

very useful in its s~udy: 

1. The autocorrelation function or the space correlations. 

2. i'he power spectral density function .... 

3. ~he amplitude probability density function. 

'l'his last function was investie:ated using an amplitude 

probability analyser. l':ollowing t:1e nomenclature used at I/.1'..I. 

- Vlhere;"he analyser VIas designed and built - the whole sy?tem of the 

analyser and the x-y recorder used in the presenta-cion of the data 

was given the name of probability density function displayer. 
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Accuracy of Neasurmonts. 
-------~----------------. 

Rcf.1·:;r and i(e f .f1-S discuss the accuracy of the hot-wire 

measurements made ~itn a constant-temperature anemome~er9 It is 

sufJ~cient to say here that the present mca~uremcnts were made as 

accurately as any usual hot-wire measurements.Particular attontion 

has been pa±d in the c~se of investigating the energy level variation 

as' the different eddies approach the mOdel. DUB to the small varia-

tions in the reading for the ener~y level for each wavenumber the 

mean of four readings was taken as a representative value of t~e si-

tuation. Generally when measuring 'quant:t tics that vary randomly Vii th 

time, a certain amount of discretion must be used in obtaining average 

readings of metre pointers that are jumping about. 

Ifo correcciQ:ns have been made to any of the hot-wire results 

for the finitto length of the wire. At the same time it must be taken 
I 

into account that in the present work the scales of turbulence were 

25 - 30 times tile length of the hot-v/ires. In measuring the intensi-

ties of the "turbulent fields the usual method of erlploying the r.m .. s. 

of the voltage flu9tuatfons was used in place of tneir instantaneous 

values. ~his approximation is valid onlly for small values of t~e flu-

ctuations. iievertl1elc3s, Vibration studies ,(Refc-4:'3) have shown that , 

the hot-wire anemometer is capable of follorung fluctuations in a 

Single c1.irect1'on fai thf~t1ly up to 60 - 70 percent. When tne fluctu-

ations in u' become large,errors will be introduced because of the 

interaction of the components of th~ turbuJence; that is, the effect 

ot u', v' and w' on u' and on each other. ~hese errors are considered 

in Ref.:4-B, where actual corrections are worked out. i-';o such corrections 

have been applied to the results shown in this report. 

'.L'he coherence of tne turbulence measured using sum:ling and 

~-..... -,.~ .. ,,,, . ..,. . - .', 
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substrac-cins circui-cs shows negative values or values greater than 

unity. This is, of course, impossibleantl such readinGs must be the 

resu.lt of inaccuracies in the process. In 1:10"8(. of these cases enoueh . . 

points were availalJ])c to show the trend without considering the poj_llts 

forrlil.tch R",((o.J'f~O) c./J,zo or R",{Oj-'C:z,o)C/J>do 

To h:eep the clarity of "t;he graphs to a reas:onable leve]1_ 

when curves lh tue same figure collapse towards a single curve not alJ 

points arc s-llovm. 'l'h1S was the case in the i:tlvestigation of the ener-

gy level variation of the difierent eddies as they approach the model 

The same was "true iIl tile case of the investiGation of the variation 

of the integral scale s 01- turbulence in iront of the model when the 

latter wasextefnally oscillated. 

In meusu:cine the surIace pressure the only fundamental 

difficulty present in using the flush mounted pressure transducer 

of finite size was in calculating its spatial resolution. The distri-

bU"t;ion of the sensi ti vi ty over the area of the hole is unl'l'.CJ\Tm and therv 

may be sopm response, via the fluid flow, to pressures applied at a 

shorl:; distance trom tHe hole; tIds makes correccions for the effect 

of transducer size conject;ural. Consequently no such corrections 

were applied. ~he largest sources of error in l:;hese experiments were: 

1. Inaccuracies in repeating set ups after the probes 

V/ere chanGed; 

2. Effects of the preoence in "t;he flow of perioaic 

fluctuations due to sound, pressure waves in general or 

floor viorations.; 

':1.-0 find how much of a given set of readings wa·s due to 

electrical noise in tue instrumentation and ex"tr~neous v:i.brations 

frolfi ~Jle test stand, the hOl..-Wlre was shielded using a cup, the flo.." 

was stopped and tIlen the overall noise spectrum was obtainod. This 

,. 



is S110W11 1.11 i'ig.'30. In General the nOise spectrum presented a noiso 

level that was. nc(;li<,:,;iale for the measurements repol' ted here. 

For the forced oscillations tests two sources of error could 

be possible. l"jicst:, tnere rnight be errors in settil1g up: the shnke7,' __ am-

plitudes. Altiwugn the set ampli tude was checlred before and after each 

te~t thero is always a cer~ain play in the bearings of ilie mechanism. 

Phe eifec~s of tI~t play when the model oscillates at ~he frequencies 

used, :lS no'c known. -i'ile second source of errors could be any vibrations 

of tHe sLlalcer linkaGe alld vertical channel, from the motor itself <> 

These resulted in keeping the oscillation frequencies used comparati-

vely. 101'/.~. 

Wall Intel'ference Corrections. ------------------------------
For some of tIle models the lateral dimensions were a little 

larger tnan mit~rd; have been deSirable from the point of vim"' of wind 

tunnel blocKage.'ith a ~)reatil oi tne Ulodel of d=120.ilITI and tunnel 

breath of z=2jOmm, the largest bloclcage ratio was dlz = l20/c50 = 0.1-!-6 . 

..... " -['0 cor.t'€IH; for wall intel'iel'ence eiiects use Vias made 01" tae l'ormulae " 

p,cesenced 'below .... 

Tbeoc .lo.emu.lae were g:i. van by ... ·11en and 'Ilnceni;i (Rei .5,0 

and give tiLC COl.:rected va1'-les 01' ve10ci c,Y and draG COel"licienl;, ~ 

and C I in terms 01. tiie measured values ;:;;- and r..1 
~~~ ~ ~~~ 

-iZ - - CA) " -

~~n) _ 

Gc.nea:."J..,..., 
. Those formulae were obtained folloi'ling tHe eariier \'lork of 

Lock, ulauert and vqldstoln, by using 10ago doublets to represont .. ' .... ne 
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interference be~ween wall and model, and image sources to rbproscnt 

the interference between wall and wake; the two effects Give the 

third and second te:cl:ls , respectively, in the formu~ao. ~he drawbacl::: 

in these rorlflulac. is the fact that such an analysis does not tah:e 

into account possible interference effects on the separation mecha-

nism and the structure of the wake cloSG behind the body; changes 

in those could nave an important effect on the drag. ihe maximum 

corrections to ~ 
n-"l. and't;/, were about 9id and lllo respectively. 

I~)nz. 

, .. 

! i :. 
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8. RESULTS AHDj uIDCUSSION 

In the present otudy it was desirable to \'Iorkin a rnr,ion 

where t!1~ distributions of both the mean velocity and the fluctuD_ting 

component were uniformly distribut0d across the t~nnel. 

A survey of the moan velocity at the test section is shown 

in FI&. G to Fig.IO. The lateral mean velocity profiles investiGated 

were determined at di f-fercnt positions on the y-z plane at the tent 

section, ( l .. e .. witlJout variation in the value of the x-coordinate). 

The plots include mean velocity profiles for the three turbulent 

fields used. 

As a first step the above mentionned lateral mean valocily 

profiles were determined at differcnt y-z planes,' for difforent va-. 

lues of x. In this way the location of the best position for the 

test section, downstream of the baffle, folloy/.ed a trial and error 

method. As the test section had to be fixed, tho uniformity of the 

three turbulent fields used at the test section, required some degree 

of compromise between them. 

Consequently the initial mean velocity profile survey was 

carried out for two interrelated reasons, i.e. a) to find a~ opti-

mum position,as explained below, along the wind tunnel length for 

the location of the test section and b) to have rin idea on how good. 

was the uniformity of the turbulent field with respect to ~he mean 

veloei ty. 'The optir:li.zntion wasconcerll')c! in keepinG the int€:""ral t 1:r-
.-

bul~nt scale, ~nd the respective turbulent levels at high values. 

At the same time the investigation required an acceptabl~ unifor-

mity in the flow field. 

According to Corrsin and Van der HCl,ge Zi jnen, (Rc f .4J) 

Irote: ThrOUGhout the thesis the wordin'g "Empty Tunnel" refers to 
------ the absence of the model and its support only. The reo'pcctive 

. baffle is always presont; 

, . r'·-......--r-- ~' 
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and .(Re f 1 i ), an accoptablo:unifor'lli ty in the flow field could be 

expected at a distance downstream from the batfle equal to 20 

hole diameters. Additionally, previous studies, such as those 
,", 

reported by Batchelor, (Rof .. ;iq), have shown. that both the mean veloci-
; 

·ty and the intcnsfty are uniform at about ten mesh sizes downstream 

from the grid. In order to increase the scale of turbul~nce and 

obtain the uniformity sug&ested by Corrsin tlnd Van der Hegge 

Zijnen it was, ~n this case, preferred to work further downstream 

than the distance suggested by Batchelor. At the test section 

chosen the development of the wind tunnel walls boundary layers 

was not expected to be significant. 

As shown in Fig.5 the test section was situated at about 

o.1·1rn dowllstrCSl!) from the baffles; or at about x/ds = 21.3. 

Fig.6 to }<'ig.10 present the results in terms of a norma-

lized velocity and a normal~zed length. The wind tunnel's height 

and width arc taken as·the respective normalizin& length for the 

z and y velocity distribu,tiol1s. For the y-.distrlbution of the mean 

veloei ty the normaliza ti,on velocity is taken as the veloei ty Uo at 

z/Z = 0 .. 5 and y/Y = 0.5, while for each for the z distributions 

the normalization velocity Uc is taken as the velocity at z/Z = 0.5 

and at the y/Y section considered. 

Fig. 11 presents the variation of the mean velocity in 

the longitudinal direction along the wind tunnel longitudinal cen

tral axis. At an x/d~-0.6 distance upstream from the test section 

the mean velocity shows a sharp rate of increase. 

WheFever possible curves. are drawn through thc data noints. 

To avoid r.Qnfusion, in those curves for which the points intermingl~ 

for the different cases, the curves arc not traced. 

With the turbulence bafflcs installed the menn velocity 

-I 
I 



47 

attained as registered by a pitot static tube connected to a 

Betz manometer and spot galvanometer was given by U ~ 1"'086, 
z.(.o 

with u for the' slotted baffle of about 12.5m/s. 

From Fj.g.6J the variation of the normalized velocity in 
I 

the y-direction, above y/Y :: +O.74,·.shollls a mean variation, as the 

+ walls of the wind tunnel are approached, of about ..;,. 2% of the medi-

an. Except from this fact the distribution.seems to have an ac-

ceptable level of uniformity. Near the wind tunnel walls the ve

locity profile is expected to change, an~vay, because of the wall 

boundary layer. 

The z-distribution of the mean velocity seems satisfa-

ctory between y/Y :: +0.284 and y/Y = +0.740. Below and above the 

y/Y limits given above the mean velocity profiles - for the z-dis~ 

tribution - are no longer uniform. The interaction of ~he bounda

ry layers at the corners of the wind tunnel section with the mean 

flow is thought to be responsible for the chariges observed in the 

z-distribution. of the normalized mean velocity profiles at 

y/Y = 0.228 and y/Y :: 0.795. 

It should be noted that for Fig.6 to Fig.IO, y is measured 

from one of the \!alls of the wind tunnel and not as shown in the 

definition sket~h of Fig.2. 

The Reynold's No. based on the mean velocity and the width 

of the models tested ( or the diameters of the cylinders) was 

Reb = 2.6xlol~ • Although in this work t3e in'fluence of the varia

tion of the Rcynold's No. is not considered it should be pointed 

out that: 

a) for sharp edged bodies there is little effect of Reb~ 

b) for rounded sections, the points of separation of 

r;.,~.' 
I.~ . 



the airflovl from the s.urface- move back at a critica.l 

value of the Beynold's No., with a. decrease in the .. :;~ .. ~ 

wjjdth of the wake and a consequent decrease~in CD-
, 

In general the mean flow velocity field of the present 

case cou:td be a reasonable representation of the actual atmospheric 

wind, only for a case where the velocity distribution of the latter 

is near unifor~ and the structure of turbulence is independent of the 

detail of the terrain. 

8 .. 2 

Th~ values 6f the turbulence level were measured using 

.a. typical r.m.s. voltmeter and all values were derived froM hot 

wire anemometer me~suroments. '1'he intensi ties have not been C01"-

rected for any hot-wire frequency response effects (appendix B.;;) 

or measurinG instrumentation truncation errors. At the same time 

it should be remembered that all hot-wire outputs were linearized. 

It Vias noted that variation of the wind tunnel's running speed 

produced a change in turbulence level; specifically an increase 

in the tunnel~ speed produced a decrease in turbulence level. 

The intensity of turbulence based on the local mean 
-" 

velocity-at y/Y:: 0.5 for the y-distribution and at z/Z:: 0.5 

for each y-section for the z-distribution, are shown in Flg.l4 

to Fig. 18. A typical hot-wire calibration curve followed by a 

typical hol-wire veri fication curve are shown in Fig .12 and 

Fig.13. 

f~'Q From Fig.14 presentin~ the y-distribution of at 
'U. 

the test section, it can be seen that for-the slofted baffle the 

value of the t~rbulence level was about 11%, for the 30!:Uil holes 

baffle n ttlrbulenc~ level of nbout 9. 5~~, ,.hile the 50W.1 holN3 
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baffle produced a turbulence level of about 8%. A peculiar fea

ture of the level of turbulence profile, for the y-distribution, 

produced by the 30mm holes baffle is the sharp increase in the le

vel of turbulence as the wind tunnel walls are approached. This is 

thouGht to result f~om some pecularity of the baffle produc~ng a 

flow pattern which when it interacts with the wind tunnel boundary 

layer results in the above mentionnned increase in turbulence le

vel. For Fig.14 to Fig.18 the distance y. is measured from one of 

,the walls of the wind tunnel and no~t as shown in the definition 

sketch of'Fig.2. 

Fig.19 presents the intensity variation - for the three 

turbulent fields - along the x-axis and, along the wind tunnel's 

'central axis. A very small increase in turbulence level is noted 

as we move upstream. 

An indication of the degree of anisotropy present at the 

working section is given by Fig.19a, which shows mean values (at 

the expected stagnation point) of the three turbulent velocity 

components for each turbulence case considered. A certain a~ount 

of anisotropy is present in all cases, but it io most severe for 

the 50mm holes baffl0 turbulent field. In this context it should 

be remembered that a certain amount of anisotropy is inherent in 

grid generated turbulence. 

In'general the in~ensity level achieved is lower than 

that normally encountered in urban areas. On the other hand it 

would be expected to occur frequently at elevations of 30m or, 

higher in open country. 

§~2 , !!!~~G!:~!_~£~!!::~_~!_!~:~~!::~£~.! 

The physical size of the eddies (in a statistical manner) 



couDd be found from measurements of the correlations between the· 

velocity components. However it should be noted that in a stati-

stical method,' average values are used and consequently individual· 

configurations and events disappear in the process. This, on the 
, 

. other hand, is of no great importance in the study of turbulence. 

The immediate engineering application of correlation measurements 

( in the coutext of the present work) is to give an astimate of the 

size of the eddies acting on the structure or on n part thereof. 

For example, when the size of the structure is small in compari-

son with the size of the eddies, i,t can be assumed that the relatj.ve 

velocity and angle of-attack with which the wind strikes the structu-

re, are variable with time, but practically constant over the 

iength or width o~the structure. It is interesting to note that 

between the two wires, in measuring. the longitudinal correlation co-

efficient new eddies are expected to be c~eated from the old ones at 

a rate given by the decay of the correlation curve. 

The longitudinal scale of turbulence as r.9l1 as the two 

lateral scales were determined by integrating the area under the 

respective space correlation curves. A sample of these curves is 

presented in Fig.20, while the integral scales for tbe remaining 

cases are tabula,ted in Fig.21. The values presented include a 

certain apprOXimation as it was impOSsible to determine the space 

correlation for separation distances very near to ~ero and for se-

paration distances tending to infinity. The correlation coefficients 

for the slotted and 30mm holes baffles ~ould be correlated by divi-

ding the sepa!ation distance of the two hot~w1res by the slot and 

and hole diameters respectively. Th~~ way of plotting the results 

is shown in Fig. 20. This is ,not. t!1.Q caSB. for the 50m.m holes 

baflle generated turbulence field. In this case it is thought that 

--~ ... -- .... ,----. '"' 
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the wind tunnel test section is found at the beginning of the 

turbulent region of the air jeta generated by the baffle. This is 

o~ly'a conjecture. 

The turbul~nt Bcales, in general, are approximately the _ 

name as the width of the model. 

The values of the integral scales of turbulence in the 

longitudinal direction could also be compared with those obtained 

from the large scale normalization spoctra of the longitudinal velo

city component for the three turbulent fields, shown in Fig. 2:1, 2:;, 

and 2~. It should be'remcmbered._,that the values of the respective 

integral scale~ of turbulence found in this V18.y are not more accurate 

than those found from the respective space correlations curv~s men

tionned above. The reason for this is that the determination of the 

spectrum in the lower. frequency range suffers from comparatively 
/ , 

high inaccuracies. The values of the integral scales of turbulence 

fo:und in this way could be used as a check for those obtained from 

the space'correlation curves. 

Starting from' the' fact that there is a FOllrier transfornl 

relationship between the spectral density S(f) and the correlation 

function f(x) we could get the following relation, (assuming an 

or expressed with the normalization factors used in the graphs of 

Fig. 2~, 2a and 2*, ( these factors are explained in section 8.4) 
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~ {R:>!t. ;Z _7/ Ic/;}" 
,L-;G = -I~ f2.7T( cfz. U,2 7- ~" 

B = Q.."1'\.Q./y.&e'C. oCLlf,G.l.i. 
I 

Therefore the integral Lx can be obtained from the inter-

section of the [ S (jj:' 1/ ) K 01; J curve wit h the S !f:,. I(,:i.) axis. 

In this nay the longitudinal int~eralscales of turbulen-

ce are given by: 

"SI tt d b ffl / - 5000 x -lot ?> • .f4 v o,o5 r 
_..f1- 9.SmTJ'l. o e a e: ..£-~- -10 6 :.t." \:) " 

From the above results it is seen that for the slotted as 

well as the 30mm holes baffles the values of Lx obtained by both ways 

agree fairiy well. There is a difference in the value of Lx for the 

50nm holes baffle. The inaccuracies involved in the spectrum deter-

mination a:it lower frqucncies could be the reason for this. It is 

thought that the value of Lx obtained for the 50mm holes baffle, 

from the space correlation~ curve is more accurate. 

In defining a tUrbul!.ence field the ~requency with Vlhich 

a velocity of a given magnitude occurs is of primar~ importance~ 

~he spectrum of the longitudinal ~o~ponent of turbu-

lence for three positions at the test section and for the three 

turbulent fields considered are presented in Fig~ 22 to Fig. 24. 

For convenience both spectral den~ities and frQquencies ( or re-

duced frequencies) are plotted on a ~~garithmic scale. Planimetric 

r:-:'.-:rrT· 
f··· " . ~ . 
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measurement-'of the area under the spectrum curve no longer has 

an~ importance or significance; on the other hand logarithmic •. 

presentation is appropriate for the following reasons: 

a) The ratio of maximum to minimum spectral densities 

to be shown in one figure is about 1000 to 1 or 

1000000 to 1 for the large scale normalization plot. 

The frequency scale exhibits similar high values. 

b) The logarithmic· plot displays the power law followed 

by the high frequency end of the spectrum. 

c) The apparent scatter of plotted points is reduced 

and this enables the trend of the spectrum to be more 

easily discerned. 

As mentionned above the spectra are plotted using· a lar-

ge scale normalizat~on with the normalized power density plotted 

against a normalized wave number, i.e~ 

(= 
where B = analyser output. 

Most ot the results were obtained using a Monroe pro

grammable printing calculator, model 1665. 

Up to a normalized wavenumber of about 0.4 the energy level 

remains constant. A range eXists, 0.5~Jdi ~ in which the 

energy variation is 0<:: lel while as we move to higher wavenumbers 

the inertial subrange is reached, where Kolmogoroff's -5/3 law 

seems to apply. This inertial subrange extends between 5 ~,di40. 
Above this range Hei~eribcrg 's solution of SCK)d;) c< I<-'} seems 
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to be in good agreement witk the results. All spectra, for all 

turbulent fields, measured at the test section, seem to have similar 

characteristics without any appreciable deviation from the above 

limits.: 
v-

It is interesting to consider the peak of the s~ectra . 

when they are plotted in the more conventional form of A·(/),...., i..1Ti .L,G. . . ut u~ 

An example of this .way of ~lotting the turbulenc'e spectra Is shown 

in Fig. 25. It presents the turbulent spectrum of the slotted baf-

fIe generated turbulent field at the test section. The peak value 

/h.'l/J . 
u_:t =:::=: 0.00004-. For this 
u 

of this spectrum is given by: 

as to correspond to natural wind peak values of ./fu· (" ./) J\- '/'6 
uu,." :-

. suggested by Davenport for a height, of say; 10m would. require a 

value of k of about 0.0003 which is about 1/10 of the value of k 

for, say, open grassland. If on the other hand we conside~ that the 

turbulence intensity decreases while the mean velocity u increases 

with increasing height above the ground, the present reduced spec

trum.of the simulated environment with a peak at 0.00004 could be 

assumed. to be typical of open grassland,(Ref.:~), at an elevation of 
,.', . 

about 20m. The high energy portion' of the spectrum is at much . 

higher frequencies ( around a wavenumber of about 10), than in 

natural wind ( around a wavenumber of about 10-3). This is compa-

tibIe with the requirements for the use of small - ~cale experi-

mental models. 

Typical plots of the lateral (y-direction) cross-correlati-

on coefficient of the lon~itudinnl velocity are shown in FiG.2~ ·to 

Fig.28. The positions of measuremf'lnts are shown in the definition 

sketches of Fir.. 5c, 5d, 5e, and 5f. 

Fig.26 presents the cross-corrolation RII (0,r2,0)(f) 

plotted aGainst ll. reduced frequency • The coefficient wno 

.. , 
. "-
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determined at the test section, for the nmpty tunnel, for three 

separation distances of the hot-wires, i.e. IOmm, 20mm and l.O:nm, 

in the y-dire~tion. Fig.27 and Fig.28 present the variation of the 

cross-correlation coeffiecient in front of the AR=4 ,~late when the 

Tatter is-free to oscillate and when it is held rigidly. This 

variation of the cross-correlation coefficient for all the models 

under investigation and for~the three turbulent fields is present-

ed in Fig. 29. The value of the coefficient at specific , increasing, 

reduced frequencies ofO.I, 0.2 and 0.3 is presented. 

From the determination of the cross-correlation coefficient 

i.e. from the curv~s plotted and the results tabulated in the fi-

gures mentionned above, a measure of the coherence of the turbu-

lence is expected to be achieved. By considering the same coeffi-

cient in front of the rigidly held and free to vibrate models, the 

way this coherence of the turbu~ent field changes as the flow 

approaches the model could be examined. The variation of'the cross-

-correlation coefficient at the test section for the empty tunnel 

case serves two purposes: 

1. It helps in defining the turbulent field in general, 

2. It is taken as the reference case for comparison with 

the different cases when the model is present. 

From Fig. 29 it can be seen that in front of the AR=4 pla- ' 

te and paral1epi~ed the coherence decreases considerably, the 

Rl 1(0,r2,O)(f) being reduced by a factor of 1/4. It,is interesting 

to note that the coherence increases When the model is free to 

oscillate compared with the cas& when the model is held ritidly. 

An improvement of R11 (0,r2 ,0)(f) by a factor of 2 seems to be the 

case. Possibly this i~ the result - in the case the model ie free 

,~'-

I 
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to oscillate - of the freedom cif the model to mo~e acc6rding to 
. . 1~ . 

the structure of turbulence impingin~ onfcJ:r. coming inside the 

influence zone of the model presence. In other words the model 

moves with the flow reducing its resistance to the flow. This is 

not the case for the ~igidly held model. In this case the whole 

change had to be experienced by the flow field, the model remain-

ing totally an external to the flow factor. 

For the caoe of the circular cylinder this reduction in 

the coherence function is much less. This could be the result of 

the more streamlined profile prese.nted by the cylinder to the 

flow compared with that of the plate and the parallepiped •. 

In general it must be noted that all these measurements 

are expected to suffer from considerable inaccuracies. It should 

also be born in mind that any noise in the input measuring device 

reduces the coherence function to less than unity and further that 

as the input signal to the measuring device noise ratio becomes 

small, the coherence function becomes small. These ideas are fully 

treated in(Hef .40). Consequently these plots must be treated with 

caution. 

For the turbulent field in the emnty wind tunnel the 

lateral frequency-dependent correlation coefficient could be 

expressed reasonably well, by an exponential function. In the 

present case the constant c, in the ex~ression ~ll (O,r2 ,OHf) = 

= e-c(fy/u) has the value of 8, so that the lateral scale on 

a spectral basis will be about 1/8 of the lon~itudinnl wave-

length, which seems to be in reasonable agreement with mensure-

ments in the n~turnl wind. 

It could also be seen that the frequnncy ran~e of the 

velocity spectrum' containinr, the majority of the wind enerey, 

results in turbulent DenIes of the snme order of mnRnitude 

.. ' 
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I 

as the model sizes. If, for example, we have n = l2m/s and let· 

the lateral scale (ixU/f) be equal to. the model length of l20mm 

the trequencyis given by 1-- ~ >t :~2 ::!=: 1f1.'/t~, which corresponds 

.t~ a wavenumber of lm-l coincident with the peak in the velocity 
~,~" 

spectrumJVShorter model lengths (considering the models used 'in 

the present investigation) will result to higher frequencles which 

will also be found within the range of maximum wind ener~y reeion 

of the velocity spectrum due to the flatness of the spectrum peak. 

The method employed in measuring the cross-correlation 

coefficient in described in appendix C. Due to the relative comple-

xity of the method the coefficient could only be obtained for the 

frequency range 10Hz <f <300Hz. This range is assumed to be 

sufficient as the force spectrum (measured) does not exceed this 

limit. 

Model. 

The flow field,I'~:front of a number of models Vias inve

stigated in a general way in order to examine the variation of the 

longitudinal velocity spectrum along the stagnation line. This 

was carried .out in fr~nt of the rigidly and free to oscillate 

mod.~ls. ( A more detailed investigation VIas carried out for a feVl 

of the models; the r~sults are discussed in section 8.8). The 

change of the turbulence level alon~ the stagnation line flo~· 

was also recorded .The results are tabulated in Fig.4l, 4la, and 

4lb, while Fig.32 to.Fig.40 present a specimen of the resulted 

plots with regnrds to tIle Gpcctrum nnd turbulence levels vnria-

tions. The spectrn, in these graphs, are being plotted ar,ainst 

......... 



a normalized frequency based on the respectiv~ turbulence scale. 

In·order to see whether the instruments produced an 

acceptable noise level the noise spectrum is plotted, together 

with the 30mm holes baffle produced turbulent field.velocity 

spectrum, iU; Fig. 30. The plot shows that apart for the 50Hz fre

quency value (corresponding to the mains) the noise spectrum is 

of acceptable form. 

. As the model is approached the energy spectrum is 

shifted to higher wavenumbers., the. shift being increased at a 
-

higher rate the _nn.arer weget:·. ~to .. the, model:. The:: distOrtion of1.::the 

energy spectrum as the model is approached could be taken as an 

indication that near the object the turbulence field is quite 

·different from that of the free flow .. The change in the longitu

dinal level of turbulence along the stagnation line flow is com

pared with Bearman'sresults for Lx/D = 0.75 and a turbulence le-

vel of 8.3%. This comparison shows that the floVl couM .be assumed 

to obey Batchelor's rapid distortion_.theory. According to Batche

lor the two extreme cases for Lx/D~O and Lx/D -to- c::o are 

presented in the figure below: 

&i +-
1<. 

J:ft 
- --==-u., 

For Lx/D. ~ 1, which is the present caso, the curve should 

be between the above limits, an~ ~~low Bearman's renults . (Ref .. 5) 

r 
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which are for a smaller Lx/D ratio. 

The results also show the existence of a difference in the 

turbulence levels, especially as the model is approached, between 

the cases when the model is held rigidly and the model is left 

free to oscillate. The turbulence level reaches higher values in 

front of the rigidly held model than if the model were free to 

oscillate. The same indication cou~d be obtained from the spectrum 

variation plots for the two cases. The spectra at x/D = - lIlO, 

for the rigidly held models show a. small but systematic increase 

of the peak energy region compared with the spectra at x/D = -1/10 

for the freely oscillating model. To examine further the above phe

nomenon, the fluctuating kinetic energy in front of the 3(} .. d20mm2 

plate was directly measured as sh~n in appendix D. 

§~Z ~£~~!!!!l_~~~~!~~_!~~:~!~~_~!~~E~_~~~~!!~~!~~! 

"!2!~£!~~_£~~E~~£~!.! 

The probability density function of the longitudinal 

velocity component was studied for a limited number of cases in 

order to get some idea of the. way it varies in front of the models. 

The results as plotted by the x-y recorder are presented in Fig.42 

to Fig.68. 

Fig. 42 to Fig. 44 present the results of tthe variation of 

the probability denSity function along the stagnation. line flow in front 

of the empty test section. These results are obtained only 

for the slotted baffle" produced turbulence field. 

For all the probability density curves produced, the respe

ctive probability density of a triangular wave of known frequency 

and r.m.s. value equal to the overall r.rn.s. value of the turbulent 

field at the point in question, is ~hownl co that some kind of COr.l

parison between the diffe~ent curves could be possible. 



The curves representing the turbulence field of the 

empty tunnel show n~ appreciable positive or negativeskew 

alth'ough there is a decrease in the overall r ~m.s. value of the 

fluctuating longitudinal velocity component as we move downstream. 

(Note that -x indicates the distance upstream from the test section). 

With reference to the above it should be noted that in 

work carried out by Singer (Ref.5~ it is reported that in expe

rimentally determined probability density distributions of the natu

rai wind varying amounts of both positive and negative skew are ap

parent. Singer also suggests that, on the average, the distribution 

may be regarded as Gaussian. 

The plots of Fig.45 to Fig.G8 present the variation ofthc 

'probability density of the longitudinal velocity component in 

front of the 30mm side cube and the AR=2 parallepiped for the slot

ted and 30rnm holes baffles produced turbulent fields. The respective 

results for the oscillat'ing and rigidly held models Vlere obtained 

at the same position in space, i.e. in both cases the probability 

density function of the longitudinal velocity component was deter

mined at x/D = -1, ~t,-l/lO. 

A general decrease in the r.m.s. value of the loneitudinal 

velocity component in front of t~e model is apparent, the decreaEe 

being slightly higher in the case of the rigidly held model for the 

respective pOSitions in front of the models. 

As the model is approached from u~strenm th~ skewness of 

the curve to smaller velocities becomes apparent. The skewncss should 

not be tal\.·n as representin:c negative v.:l.lues. The ordinate axis 

representil~':' p(u '-) could alno have been drawn at the beginning of 

the curve. ~'h~ way it is dr~~n in thin report facilitates the dctccti-

on of any sb!'.'iness in the curves more 0.'8i1y. Thls skewnens is 

it 
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expected as the longitudinal velocity component decreases as the 

model is approached •. The same is true(statisticnlly) for ooth oscil

lating and rigidly held model;'confi~urations. Whether there is any , 

di'f'ference between the skewness of the curves at Y. = -1/10 between 

the cases of the oscillating and rigidly held models could not be 

said with certaihty. 

,8.8 The Development of the Energy Level of the Eddies as ----------------------------------------------------

The ~xpression "development of the' ener,gy level of' the 

eddies as they approach the model" i~ used to signify the develop

ment or variation of the energy level of' the different eddies as 

they approach the model from upstream. To follow a single indivi-

dual eddy as it moves downstream with the convective velocity in 

order to investigate its changes, as it approaches the model, is 

extremely difficult. Instead we consider how each individual wave

number, i.e. :!LvI ,where Uc = convective velocity, or more loose
Kc.. 

ly flu" changes as the model is approached from upstream. At the 

same time it should be pointed out that because of the way th~ wavcnum-

ber is defined, the w~venumber itself contains some qualit~tive 

measure of the eddy size. It was shown in section 8.6 that as 

the model is approached from upstream t!le spectrum of the lon~itudi-

nal velocity'component is disPlaced to higher wavcnumbers. This 

as mentionned in previous sections indicates that tiln larr,el' eddies 

brenk up into G~aller eodies as the ~odel, is appro~ched. In t~c pre8ent 

section this variation of eddy size, or rather bccnuse we arc intcrcr;tod 

in the encri;y transfer from the !'low to the body and vlc~ vcrr;o, 

_ ..... .' 
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we look at the variation of the energy content of the different 

eddies. At the same time it should be born in mind that in a ful-

ly developed turbulent field it is not the largest eddies thut will 

have the maximum kinetic energy but the eddies in a higher wavenu::l-

ber range. 

In considering the distortion of '.;he. stream, in the present 

case, the ques~1on arises whether we could assu~e that the distortion 

takes place so rapidly that inertial an~viscous forces arising 

from the turbulent motion could be assumed to have no effect. In 

such a case the problem becomes linear. The present problem could 

. be assuT.1Cd to repreccnt the reverse problem .to that studied by_ 

G.I.Taylor (Ref:~~), i.e. the flow field through a sudden contraction 

in a pipe. Theoretically, on this basis, the problem can be solved 

by imagining that in the regions upstream and downstream of the 

distorting settion the mean flow is uniform and the turbulen~e is 

homogeneous. Assuming a linearizo~ theory, only the initial and 
< , 

final stages of the turbulence field is of consequence, and any field 

changes that occur during the distortion process is immaterial. Ir. 

other words the assumptiqn required 'for the linearized theory to 

hold is that the decay o~ turbulence as it passes the mode~ is ne~li

gible. The condition to be satisfied, for the assumption to hold, 

exp~esscd analytically is: 

11 «-;-
where D could be taken .:t:J a ch.'lractC!rintic body dimcnsi.:-n, 

(the width of the 

It is known th.::l.t 

Con~~quently the t. ('t : 
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)r~ , 
(~ «_.L_~_ 

u p 

- ~ . Usually ('U:II,]:.t is small compared with U and therefore 
- .t 
C~-J <~ { 

u-
In the experi~ents described in 

..L.,c = 0 c .(.J 
o 

. ...Lx.~y {Ufi J. .. e. - _ 
D . U. 

- I~ 
this work (~~ .« { 

z.<. 

~nd consequently, in the 

flow region outside the body influence the conditions of the theo-

ry are met. 

It was shown in previous ·sections that high levels of 

turbulence were recorded near and in front of the model and clearly 
(~)~ k .. 

. the condition U ~ /.-/' _ will no longer be satis fied. U ......... -... p .. 
The qUestions thus arising in considering the turbulent 

field just in front of the model, - the region of the turbulent 

field where no general theory known to the author exists - led the 

author in investigating what happens to the different eddies as 

they get closer to the model from upstream. 

The results of the above mentionned·investigation are 

shown plotted in Fig.Z:t to Fig.12l. -.... -.~ ... ". 

The graphs show the power spectral density of the longitu-

dinal velocity component normalized with the local mean velocity 

plotted against the distance in front of the model normalized with 

a characteristic .body dimension.t the widt:h or diameter of thu model. 

Because of the length of time required for the mensurem~nts 

three reprcscntative models were used, i.e. a) circular riisc of 

hOmm disc, b) circular cylinder of AR=2 t c) squ'arc section cylinder. 

of AR=2. All models were rigidly h~ld and the turbulent field 

I 
I. 
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utilized was the one genorated by the slotted baffle. This parti-

cular choise of turbulent field was based on its turbulence level 

which Vias approachinOg the nn tural conditions (atmospheric wind) 

more closely compared with the other two turbulent fields used. 

The factor 106 present in the ordinates of the eraphs 

resul ted from the vray the power snectral Q('n8i ty "las l!wasul'ed. 

The r.m.s. of t.he power spectral density was measured in mV ~',hi-

le the mean velocity was measured in volts. Consequently the expres-

siOll /J;C/.J has units: 

Consequently in order to avoid being presented 

with small numerical values and at the same time making comparison 

easier the expression was multiplied by 106, i.e. the values of 

tkC/J 
p(,Q. in the ordinates of the graphs are the true values 

multiplied by the factor 106 • 

The absciscae of the graphs show the variation of the 

vravenumbcrs instead of the frequencies. Use of the vlavenumbl9rs 

makes the understanding of the spatial structure of the field 

at any given insta~t more pronounced; the field visualization just 

as the field presents itself to an observer who is at rest relative 

to the field is accentuated. 

It was found rather difficult to measure the vRl'iation 

of the energy level above 100Hz with th.:: method used (no other method 

Ylas available at the time) and consequently the investigation was 

limited to freqUencies 2H~ < r <100IIz. 

In cons!derinr, the enerey level variation of the differpnt 

wavenu;,:~cr~ in front of th,:, ~(I,101 i.t [,lhH~'!.(1 be notp.r1 t.h-I.t 1'01' tll(' ~,'I~~" . 
distanco, i·.e. x/D = -0.1 to about. x/Do = -1;1 there is also a decrcA.se ° 

L 
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of the froe turbulent field (wind tunnel empty),. '1'h1s dceo.y of the 

enercy spectrum :ts presented in FiG .. 69, where the mcasnrer.1Cuts arc 

the ntaenution line; distances are mensured do~nstrcam from the 

the same distance in space within which the mai~ Measurements were 

taken pJ.ac e. 

As the docayof the energy spectrum was measured in th6 

mal"ized by the longitudinal j.TLtogral seD,le of the turbulent fie:t.d 

at the position of measurement. 'l'he variation of the intc~r<il scale 

of turbulence in ~he longitudinal direction is shown in Fig.69a. 
. 1 

From, the decay of the energy spectrum plots it can be seen that as 

we move downstream this decay is morc· prono~nced in the ~ceion of 

the energy-containing edd~cs;.at X/ds :;; 20~ 5 the peak value of 

. (.rr,/ C'I.J_ -rI_ 0,000/5 ':;hile at x/d :: 21.3 the peak valuci of 
-~ - s 

, 'U.( 
:flu' Cl) ::!!:"o,oooo4 At the s,:l!ne time, as we move dO\'mstreat!l, thc 

u:I''> 

region~f the energy - containing eddios moves to higher wave num-

bers •. 

In the ~nivcrsalequilibriun range and especially in the 

- inertial subrabge the rate of deray Seo~s to decrease as· we move 

,. 

dO\'lnstrca=:l. This statement should b"J 'trea.ted with Cl certain cautio~ 

because, at the s",m~ time attention must be paid to thf! qh:L·t:t ,·t.h~.~ oc-

!clirs-· to~ the.; region of' the :energy-containing eddies tOY!C3.rds· .high~~_ ~V{?--:. 

;ve.numbers •.. 

·In consider1n~ the v~riation of the energy level of the 

different wavenumbcrs.in front of the ~odcls attention hn~ b~cn 

p.'\id to po~~sible trancvcr!3t~ vlbr<:).tion of the thrcn-climcnr;lon:ll hodtcn 
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resultinG from v6rtex sheddine phenomena. Any vibrations caused in 

the. z-dircction could ha.ve udvcrsely affected the me.:l.surements by 

prov:J,.dinc additional unwanted inputs to the mcasurlng system. It is 

known that such vibrations, if present, an the modeln were considered 

ri~idly· held, wouRd have the ereatest effect if the Strouhal frequ~n

cy of vortex shedding coincided w~th the natural frequencies of 

body-attachment ~ysterns in the z-direction. The definition sketch 

of Fig. 3 depicts the situ.:l.tion. For the above reason the free clamp

ed yibrations of the models-attachments sustems uncd, in the z-dire

ction, were measured in stil~ air. An example is presented in Fig.70 , 

.depicting the oscillations in the z-direction of the rigidly held 

square section cylinder, AR=2, wh~n placed in the wind tunnel test 

position and with no flo\'! conditions. The results of the oscillations 

in determining the damped natural frequencies of the systems are 

summarized below: 

AR=2, circular cylinder : f~32.2Hz 

.(I.R=2, square section cylinder: rft = 3l.3Hz 

l~Omnr dia. circular plate: f" = 34. 9Hz 

Vortex shedding~could be expected to have its greatest ef

fect in the cases of the circular and square section cylinders. 

For the circular - section cylinder large am~litude oscil

lations are expected to occur at a mean flow speed of: 

u = (32.2 x 0.03)/0.2 = 4.84 m/s 

where Strouhal No. = .2 

For the square-section cylinder larea amplitude oscilloti

ons are expected to occur at a mean flow speed of: 

u = (31.3 x ·0.03)/0.15 = 6.28m/n 
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·This last value of the Strouhal No. io questionable. 

Discussion of the Reoulted Plots. 

Fig. 71 to Fig.83·present the results of the energy level 

variation in front of the ltOmm dia. circular disc at different late-

ral· positions. In general the variation of the energy level at low 

frequenctes (small wanenumbers) 2Hz (f <6Hz. in front of the model 

seems to be rather small compared with the energy level variation 

at higher frequencies. All the same this increase in energy level, 

as the model is approached, is present in all lateral positions 

examined, i.e. stagnation line flow, y = +IOmm z = OmID, and y = +20mm 

z = Omm. The enercy lavel variation seems to be insignificant· .for the 

floVl at y = +30mm z = Omnr. The reason for this is thought to be 

the f&ct that we. are outside the zone of direct influence of the 

body. At the same time it must be noted that (for the same frequency 

range, 2Hz <f <6Hz ) there is a decreas~ in the level of energy for 
~g3 . . 

the same vQ.lue of x/DiaS- we move away from the stagnation line in a 

lateral direction, i.e. the +y-direction. It is a.lso wortp noting t!::l.t 

the rate of increase of the energy level as the model is approached 

increas'es as the frequency increases from 2Hz to 6Hz. The increas~ 

in the energy level becomes apparent below an absolute value of x/D 

of atout 0.4 while· above this '/a1ue the energy level remains approxi-

mately constant. The reason for thio comparative small chan~e in en~r-

gy level could be the ~ore or less permanent stnte of the larr,est 

eddies and in any way these lar~e eddies are not expecte~ to h~vc 

more than 20% of the total Idnetic enerr;y. 

The frequency r.'1nce, 7Hz <f<1.2!!Z presents a much r.r~:l.t"r 

encrcy level v~ri~tion~ thnn the previous frequoncy rnngc, as th~ 

model is npproa.ched [room upstren1lJcomp'l.r~d with the enerr;y lr.-ve1 f<lr 

"t. 



upstreCJ.m;e.-g .. for f = 9Hz the normalized energy level far upstream 

is about 10 while it reaches the value of about 90 near the model. 

As it ViaS pointed out. -previously this increase in the Emer~y level 

is present in all lateral positions examined although the increase 

is less compared with that at the stagnation line, as we move late-

rally in the+y~direction. This increase tends to disappear .at the 

position y = +30mm z = Omm, i.e. outside the zone of influence of the 

body. As 'for' therpre,"ious ·'·frequency range, in this frequency range, 

7Hz <f (J.2Hz, (which is found at the beginning of the region of the 
. 

. energy containing eddies) the rate of increase o-f the energy level 

is greater at higher frequencies. At the same. time this incr~ase 

in energy level becomes apparent at about an absolute value of x/D of 

about 0.6. Above this value the energy level becomes approximately 

constant. It seems that for corresponding wavenumbers the effect of 

the model is to increase the normalized energy level considerably. 

It could be said that as the size of the eddies decreases - as we 

move to higher frequencies - the presence of the model has a greater 

effect on the eddies. At this point it m~st be noted that the increa-

se in turbulent energy as the model is approached could be due to 

a) an increase of the energy level itself anJ b) a decrease of the 

local mean velocity, which, decreases any way as the model is approached. 

The range of frequency 14Hz (r<l~OHz pr~sents sorne peculi-

ar characteristics in that the energy level variation for each f:!"equl"?n-
1.. 

cy does not follow a smooth nower law decay curve. There seems to 

be a relat:ii.vely high scatter of the points reprenentint; the enerp;y 

level at different positions in front of the model and for different 

frequencies. All the same the n3turc of 3 power law .docny curve iR 

m3intaincd. Thin ncatter 900m3 to be more pronounc~d n~ wc move n~~r-

er tho ~odel. This could lead to tho po~siblc conclusion 
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that the reason for the discrepencies· in the energy level lies on 

the model itself. This could be true if we bear in mind that the 

natural frequency of the vibrations of the dice in thez-direction 

is about 34.9nz~· At the same time it is rather difficult to see how 

alternate vortex shedding could be strong enough, if they do exist 

at all, for a circular plate with 450 chamfernd:perimeter~ Perhaps 

it could be easier to assume th'at additional inputs are fed into 

the measuring system.by oscillations of the ~odcl caused by the im-

pact 'of. the eddies on the model and somehow exciting the latter in 

the region of its natural frequency. Above 40Hz and for the frequency 

range. 50Hz (r (l?OHZ the ener~y lavel variation attains again its 

normal character as the one met with below 14Hz. These peculari-

. ties of the different frequencies are present in all lateral, +y-di-

rection, positions· except for they = +30mm z = Omm where, as men-

tionned above t we are
J 

possibly; outside the direct zone of influen

ce, of the body. 

Fig.84 to Fig.95 present the results for the energy level 

variation in front of the AR = 2 circular cylinder at z = Omrn and 

for different 1atera1,+y-girection, Positions. A general comparison 

of the'results between the energy levels near the model between 

the circular disc and the circular cylinder shaw that the energy 10-

vel In front of the cylinder is considerably less than that in 

front of the disc. This could be explain~d by the fact that the €x-

ternal shape of the cylinder presents a compar~tivel~ sm~ller dic-

tortion to the flo~ field thnn the disc. The cylinder pre3~nts to 

the flow field a more strea~lined shaped than a flat plat~ p1ac~d nor-

mal to the flow. By the same reasonl.np; we could p.xplain the fnet 

that the cnerey·levol 'increase, n9 t~e mod~l in appro"chcd, is rnth~r 

small for the frequency ran(;e 2Hz <r <l(,Hz for nIl latera.l pOf:i t:1-

onn exn!:lfned. Above 18Hz nnd for th~· fre'luency range 18Hz <r <501 /:;-, 

"". 



thccncrGY variation preDcnts some pecu~aritics regarding the 

smooth dcca,y of t.he, :.:urve, but whIch cor:ip:'l.rcd "11th those occu~':tng 

in front of the circ~tlar disc for the Bamo frequency ranGc and for 

the different lateral pos:i,tions arc comparatively small. 

The cw:rcy level var1a tion for the frcq \loney, ranG(~ 

60Hz (f <loonzucos not prc::;ent any features out of the ordin<u'y 

Hnd its bch:l.Viour is the sarL~C as that of the enerGY level in front 

of the circular. disc (for the same frequency rangc). 

Fir, .. 96 to F:i.g.lOl rrosent the results for the energy level 

variation for the different, frequencies in front of the circular 

~yJ.inclcr and for the ~i~fcrcnt.lateral, Z-di!cction, positions. In 

'general the cnc~GY level inc~ease in the z-direction is smaller 

than t1.1e energy- level 1.ncreqje:±rr ,the lateral,- y;....uirection, for :','" !"':., 

the ':corresponding frequency. 

The frequency ranee 2Hz (r (12Hz follow the tc'ndencics 

oDservod in the 'Orevious confi~urations while the pr::cularities in . , -
the smoo,th power In:.\" decay curve arc still present in the frequen

cy ra~Ge ,14Hz <f (Ii-OHz. Vortex sh~ddinr~ oscillations could be pos

sible in this case, which coul~ provid~ additional inputs to the 

measuring system·. Above 40Hz the previously tn!:ntionncd trend is 

obvious. 

The variation of the enercy level at diffcrAnt frequcnci~s 

waR also ·measured in front of the AR = 2 square section cylinder, 

'for both lat~~nl, y- and z-dircctions. The results are sho~n in 

the eraphF' of Firr.103 to·Fig.120. 

The nor~~lized cncr~y level achieved in front of the 

model i~; :::;li;~htly nicher thnn th'lt ob~('rvcd :for the circul:lI' cy

linder :\t the r'?=:;p.::,ctiv~ ro!>ltion. Tht::: could hr; t!::':) r~~ult of U:~ 

nature- of the profllc the s'iu~rc-s('ction cylindor !'r"'~~nt:-l to thp. 

i., 
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, flew compared to. the comparati~cly mere streamlined prefile ef t~e ' 

circular cylinder. 

The ,regien ef frequencies 2Hz (r <8Hz seems to. fellew 

( as far as the vnriatien ef the energy level in ~rent of the medel 

. is cence~n'Jd) the usuo.l pattern mentienned abeve • 

. A sudden increase in the energ~:levelt which is maintained 

fer ~O.3(:': <-O.lf is ebvieus at f = 9Hz. In the opinien of the 

author this is ef ne impertance Rnd it is suspected that it is the 

result of mistaken readings. All the same it must be neted th~t br 

t~o frequency range 2Hz <f <8Hz this effect is present in two. ether 

.' .lateral positions i.e. at z = Omm y = l5mm and z :: OmrJl and y = 30mm, 

se that the rrobability that the results represen~ mistaken readines 

decreases while the pessibility that the results are due to. seme 

unexplained pecularity ef the flew presents itself • 

. In the immediately higher frequency range i.e. 10Hz (r (12Hz 

the variatien of the cne~gy level dees net present any special 

features eut ef the general trend. 

The general trend, with the energy level everl~pping fer 

different .frequencies is apparent in the frequency range 16Hz <f <l~OHz. 

Above this range the flew fello.ws its previeusly ebserved pattern 

as far as the energy level is cencerned. 

In this part ef the investiga,tien, e.nd as the eppertuni ty 

presented itself, the turbulence level in front ef the models under 

connideratien fer different yand z, l~teral ~ositiens, ~ns measu-

red. The results are shewn in Fie. 83, 102, and 121. 

The g~ncral trend, with the nermalized turbulonce leovf')l 

incrr:0.~:;inr; us the medel is approneh~d from upotrcllm i3 the S:lM'~ 'l~~ 

the one cX:lmtn~d in 8~etions 5. 7 nnd ~.~. Th~ nddltien~l fnet ... ~ .. '0 

was ebserved, nnJ wan expcet~dt wns thnt thin iner~~se in the 
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lized turbulence level was reduced as we moved away from from the 

stagnation line along the +y- and +z-directions. 

§~2 .. !!!~_Y~!:!~~!~~_~f_~!!~_!~!~!.l!:~±_~£~±~_~f_!~!:~~!£!:!£~_!!:!, 

Et2~!_2f_~!!~_~~~~!_~!!£~_!!!~~~!!~!:_!~_~~~~~~~!!r 

Excited. -------
The variation of the integral scale of turbulence in front 

of the model, when the latter was executing simple harmonic oscillati-

ons of known amplitude and frequency, was investigated. '. 
The intension was to examine what effect - the variation 

of the no~ of cycles as well as the magnitude of the oscillations 

, amplitude, for a number of models - had on the correlation of the 

tu~bulence inputs over the model surface. Therefore the work was car-. 

ried out in an effort to isolate the effect of periodic model mo-

tion in the drag direction, to the upstream flow field. In.particu-

lar the change of the turbulence scale and consequently the degre~ 

of correlat~on of the eddies along the· length of the model is look-

ed at. The higher the integral ~cale in front of the model,the higher 

would be the correlation of the eddies envelopment of the model. 

The integral scales <!Df. turbulence were deduced from' measurements 

of the respective ~ongitudinal and lateral space correlations in 

front Gf the models. 

The available time did not allow a great nu~ber of mod~ls 

to be examined.The tw~ models exnmined were the AR=2. circular cylinder 

and the AR=2 fl3t plate, while the frequencien uned did not exceed 

the 12Hz. The reasons for the limited fre1uency range used ~cr~ th~ 

adverse effects of the oscillation r:lCchanisM exhibited at hil~h('r 

frequencl~s. In order to reduce the inertia of the m~ch~nism's or.cil-

latinr, pnrto th~ lin:dn~ ar:':! 3hown in Plat. X. W3fi r.1~de of nluntntu'!1 ':1:11~ 
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as thin as possible. This resulted - as the frequency was increased 

in the bending of the arm. The fin3.1 design Vr:J.S the result of a 

compromise between tp-e bro effects. The oscillation tests were car

ried out with a!:r~)litudes of 2mm, 3.5mrn., 5mnr, for all three turbulent 

fields. The results for the AR = 2 circular cylinder and AR = 2 

flat plate are t~ .... bulatcd In Fig.128 to Fig.133. The tabula.ted results 

present the value of the integral scale of turbulence for the fol-

lowing cases: 

a) 

b) 

c) 

d) 

empty tunnel, 

model free to oscillate J 

model held rigidly, 

model externa.lly e~cited'at discreet frequencies, for 

diffnrent pOSitions of coincidence of the velocity measu

ring hot-wires, different oscillation frequencies and 

different amplitudes. 

Fig.l22to Fig.127 are representative examples of the respe

ctive space correlation coefficients for the different cases. Fig.128 

presents. the results of the variation of the different space correla

tions (and consequently the respective integral scales - the area 

under the respective correlation curve could be taken as a quanti

tative measure of the respective integral scale of turbulence-) in 

front of the AR = 2 circular cylinder when the oscillation ampli-

tude is 2mm. In the graphn the correlation coefficient io ~lotted 

againnt a norr.lnli~t:d,. by the slot or rcs!,ectivc hole diom'1 tor t di

stance. The estimnted intecrnl scale for the different cases mnn

tionncd above nnd for three x/d i values are presented for all tur

bulent fieldo UDCU. In the case of the externally ~xcited model 

for ~~ch excitin~ rrequon~y two valucn of t~o intr~rnl Gcolc are 

presented. 'rhe f:i.rnt valul) refers to the ValUe deduced from the 

correlation of thl) unfiltcr~d :;i[;n"lo, Le. wh(!n the inputrl of 

.... ..... .... 
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the mean flow are not eliminutc:d from the measuring system, while· 

the bottom value indicates the value of the estimated integral 

6cal~ of turb~lence when the inputs of the oscillations of the 

mean floV! are eliminated. 

•. A 

It is interesting to note that the value of the correlation 

coefficient of the unfiltered siennl reaches the value of 1 as 

X/di-c.O. The respective reading for the space correlation curve 

as x/d£~O for the filtered signal seems to be about 10% below the 

aboye value, for most cases. For the~estimated values· of the integral 

scales of turbulence. the differenc.e between the scales calculated 

,from the space correlation curves of the unfiltered signals com

pared with those calculated from the curves obtained from the fil

tered ~ignals,is about 50~, tho scales obtained from the filtered 

signals being the lower. 

Concidering the longiturtinal s,ace correlation the follow

ing points are noted. 

Near the model,i.e. when the· hot-wires become coincident 

at X/ds :: -0.49 from the centre of the oscil18.tions the space cor

relation coefficient of the unfilter-ed sienal reaches w1.lues abo

ve those of the ~mpty tunnel while those of the filtered signal 

fall below those of the Cl:lpty tunnel. Com::idcring the correlation 

coefficient of the unfiltcrcd signal near the model it is seen that 

an the fre~uency of the model oscillations tncreas~s th~re is a 

tendency for the correlation to increase for modt cases, nIl cor

r~1~tion3 rcmainin~ above those of the em~ty tunnel. The t~nrlcncy 

reverses itself in some cases,i.e. the scnle deduced from the unfil

tcrc~ 81&n,ls apace corrclntion coefficients decrc~s~o with increa

sine oscillntion rrcqti~ncy • On thn other h~nd 1t 1s o~vioun thnt tIle 

values of the correlation coefficient of the filt~rcd s1~nnl fnll 
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below those of the empty tunnel, the values decreasing. ·as the 

frequency of the model oscillations increases .. 

Results are also presented of the variation of the space 

correlation coefficient and thus.the integral scale of turbulence 

when the model is held rigidly and when it·is free to oscillate. In 

the case of the freely oscillating model (not externally excited) the 

integral scale of turbulence is higher compared with that in front 

of the rigidly held model. This could be the result of the model 

( in the case when the model is left free to oscillate) moving 
. " 

partly in unison with the OSCillating flow thus incre~sing the 

correlation of the signals,compared with the case of the rigidly 

held model. At the same time it should b.e no:ted that both fall be-

low the respective values of the empty tunnel indicating that the 

'" 
mere presence of the model results in a decrease of the integral 

scale of tUrbulence and a consequent decrease of the degree of the 

simultaneous envelopment .of the model by the eddies. 

As we move away from the model,. fllrther.upstream, at 

X/dB = -0 .• 64 and X/ds = -0.96 (these distar:ces are the same for 

all turbulent fields used. except that the normalizing distance charl

ges) there seems to be a reduction to the values of the space cor·· 
( 

relation coefficient both for the unfiltcred and filtered si5na1s. 

The tendency of a reduction in the values of the correlation coef-
. 

ficient as the frequency of the externally excited model incrcasen 

i:s present. A small reduction in the values of the correla.tion coo f-

ficient of the crrpty tunnel is also present. This is expected <lS Li 

decreases as we move nearer the baffle. The further upstream we movo 

the renults for tho riCidly hold and freely oscillatin~ ~orlclD neem 

to tend to coincide sllowfn~ that the effect of t"e o~clllati('lnf3 0('

creates as JX/dil increases. 

\'- -".- ... 
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'The rC:Htlto for the la tcral (y-tlircction) sp:wc co1're la-

tion coefficient arc alGO presented. A concidcrabln decrease in the 

" . th~' .' of the lon~o vn.)luCG of the c:ocfi'ic:i.ent is shm'!l1 in C0l;11):~rl::;.on Yn; : , CiD2~ ,', 

gitucUnal dircc:~:ion. ,It is intcrcntlng to note tl;iJ.t, ill 1'108t ca[;(:8, 

even tho values of the unf11tcrcd signal, fall below those of the empty 

tunnelvThis could be explained by the fact that no matter what th~ 

separation distD.llCe bctWCf)D the hot-~i':il'oS the mo-del osd.llatiol1s art~ 

-
felt equally [;;trongly .. '1'he other ::wpc:cts 0 f the;, problC!;) follow tlw 

prevIous tr,end, \'11 t11 Cl. c1.(~crcasc in the values of the coe ff:i.cient as 

the froquency of the externally excited model increa~os and as wc 
" 

moye further upsh'cam; 

The l'osults for the lateral (z-dir;ction) GPO.CC corr.:;1::,--

tion coefficient are included. ThcD~ show a sindlar trend 'as, the 

Previous reou!.ts although there is a certain increase in the values 

conm"'~'er:l ' .. :Jth t.h~ T'081i::cttve values for the lateral (y-directiou) .. .. • ,~ ',.'. I' 

l:;pac e 60rr1:flation~·'co'e1fici~nt. 
The tab].e also .includes the results for 'the 30:,m holes 

baffle the.amplitude of the oscillations remaining constant at 2m2. 

An c:-tt'err;;t to :r;:cep the different frcqucncj.e::::,for th-a rcsp,ective co.-

sem of the lon~itudinal a~d lateral ;pace correlation coefficient, 

constant was found to be impossible. In general there seems to b~ 

a decrease in the values· of the slYlce corrcln.tion coefficient' CO::1-

pared v!ith those of the slctfed baffl'c produced 'turbu,I~~1- k· .field. 

The results for the 50.::n:l' holeD baffle which show 'no di ffcrr.-nc c fro::\ 

the general trend discussed above arc also ~r~~~ntcd: It ohould be no-

tad that for all turbulent fleleD the rcspcciiVt' . :,nsur~ment1;; \,:crc 

made at the samcpqsitinn3 in s~acc (RD wc move upDtr~nm fro~ the 

model) ~ 
, '. 

Fig.129 sh6ws the rcnultu for the ,conri~ur~tions diccuc-

'sed n.bc.vo with the only diffcrcnc~ th~t the nr.J:1litul{C! of occill"tl0n:J 

of the cxtern(tlly excit~d nonel W"-IS ch:lnr,cd -to 3.5m:rr. Thtn incr(',~;!:~ 
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ill umplituc!c seems to recult. to a [jc:11t::ral decrcD.se of ' the rcspcct:i.-

VO f3IflCC cOl'relat:i.on coe ff:i.cicnt v!J.l'nes cOr.!rorcd with the cases for 

2mm amu)j.tude o~3cillatiol1s. 'rhis dc:crcD.::;o in thu'Valuc of the cor1'o-. , ' 

'lo.tion cocfficlent seems to be prcscint for the oscillntion.s of 5m:.-l 

amplitude presented in Fi[j,130 • 

The results for th0 AR ::::2 flat plato' for an oscillo.tion 

amplitude of 2mm arc presented in FiG.131. Apart from the general 

trcndD which th~ ne.mo DS those of the AR ::: 2 circular cylindcr, 
. I ' . 

the only diffcrence :ts·'agr;eatel\'. decrease in thc level of the va .. 

lueg of the space correlation cocfficient. This might be expected 

because of the mor~ streamlined profilo presented to the f~ow by 

,the circular cylinder' compared to that of the flat plate. Increa .. 

se in the oscillo.!ion amplitude results in a general dccrcaoc in . 

the value of the correJL1.tion cocfftcient as shown in F5.g. 132 and 

Fi&.133~ 

,From examination of all graphs it is found that there 

SOOIUS to lie-a. tonc1<)llcy for all valucB of the correlation coefficient 

- to colla~se to a single curve as wc move far upstream of the model. 

This is expected as the effect of the ~odcl should decrease the 

further': away we move. 

In a general sense it could be said that the effects,of 
. . 

unsteady aerodynGomics d.ecrease and becom'c less im,?ortmlt aB, the 

inteGral scale of tur~ulcnce bc~om0s lnrge relative to the ch~racte-

ristfc body dimension. 

8.10 PreB:Jure - Vclocit~r Corrcldt:i.on~. ---------------------------------
'As pointed but in citr1ie1' sections .in order to undcr~]t:ln(l 

the 'stl'uctUl'C of the .(low in frl)nt of n body il!1:ner:;0d in a. turbu <:ent 

, strcJ.!l nllr! the con.,,;c1uent induc('d vibr.1.tio~s it:bim~)ortnnt to ctudy 
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both the prcsGU):-c fluctuatioJJG on the body and the distol'U.ou 

of the tur111.tlollCC field as :i. t. approD.chcs the bocly. The second 

nGpcct of the. prol)lom was c1iscusflCd in previous sections. 

In this fJCct:i.on 1:i\-:o..::;urCr.lcnts tl::tdc 0 f the f:luctul"J. t:lng 

pressures on the An = 2 flat pl~tc and of the relation bct~Qcn thc-

GC pressures alld the upstrt!o.m veloei t:r nrc discussed. The c01'1'018.-

U.on bctv/oen ther,e pi-cssures and· the upstream v810ci ty io QJ.so 

pr-csented. 

Fig 131t to Fig,,13G prcocmt the ,reo'ults of the relation 

between t~e velocity spectra - normalized with the local mean 

velocity - at X(D = .,1/=1,0 on t~c stD.gnation line, and the prcs-

sure spectra - normalized i'l:Lt~ the loe;ll mean preosurc D.t the sta:... 

e;hatiol1 point on th9 fIlodel .. The reanons for the e:';:<1minat:i.ol1 
I 

pressure spcctrfL:"arc .~Jlat -Y1CJT~JSu:;-e nuC-:t~it1..!?~ er? af?"e :;l..t.mo,!?t 

of th~ 

.... - .. ,~ 

il1por-ta nce in the understnndine; of flow induced structural vibra .. 

tions of bodies. As the velocity and presDure'opcctra arenon-di-
i 

mension~lized and if we assume that the pressure flUctuations 

behave quasistatically, th~n the pressure spectra would b~ the sa~G 
. 

as the velocity spoctra. In the above :nentio~ncd graphs it is seen 

. Q.7T J 0 that for low reduced frequencies, up to ~ . .Lx;. ~ fO for the 
u.,t. . 

slotted and 30mt'l holes 'baffles and up to .2-711./.):. ~.(O( for the 
. u~ . 

50mm holes bafflc~ this is true. At hj.gher reduced frequr:ncics 

the pr9csure spectra fall below the velocity spectra. Benrman 

(Rei', 5) has also measured staGnation pressures nnd f:i.n(ls a slmi-

lar behaviour • 

. The pr~~sure fluctuations ~cre correlntcd with the vclo-

city fluctu").tion!3 o.hcnd 'of tht:: plnt(: •. Thc rr:.suIts nI'e shown in 

Fir;. 137 to F!g~ 139. 'It occr~!J thnt nt the oi.:1,F:nntion ~olnt th" 
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pres~ure - velocity space correlation coefficient tends to z::. va.:.. 

lue of about 0.6 and .as x/Lx increases falls rapidly to CL'low value 

of about 0.1. 'The l~ow value of the pressure - velocity space corre

lation coefficient of 0.1 starts at. about xl.~,O~9 remaining 

about constant as x/Lx increases, at least up to a value of 

X/Lx = 2.2 where the r.reasurements stopped., 

./ 

I 

\ . . ~,.-
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The followtn~ general conclusions were reached from the 

exam:lnation of the interaction of the flow with the model. 

1) The cross-correlation coefficient of the' cmpty tunnel.,toy) 

. (b] - e-«"!fi" Becms to follo'l; an exponential law of the form R\, C~~,O) ii -

This correlatj.on coefficient· decreaseD rapldly in front of the mo

del~ the decrease'being higher in front of the rigidly held model 

compared with tha.t in front of' the frecly oscillD,ting model. The 

greater the degree of the streamlining of the model the s~aller 

the decrease of the cross-correlation coefficient. This observation. 

applies for the. region of the flow near and u~stream of the model. 

2) The spectrum of, the longitudinal velocity moves to 

higher wavenurnbers as the model is aP"9roached from upstrea.m. 

3) The turbulence levcl (based on. thc local mean veloci~ 

ty) increase a in front of the model, the-increase being higher in 

t&e case of the rigidly held model comparcd with the case of the 

. freely oscillating model. 

4) The decrease of the r.m.s. value of the fluctuating 

velocity component as the' model is approached could be deduced from 

consideration of the probability denSity function of the longitu-

dinal velocity component. 

5) The variation of the energy ~evel of the different 
, 

eddies as the model is approached seem3 to be rath~r smaB:Jfor the 
r 

frequency rango 2Hz <r <6Hz incrensint~ for the frequency ranGe 

7Hz <! <J.2Ib. Generally the decay seem!) to follow a power law. 

This tn not quite true Cor the ran{je 111Hz <r <J,OHz • The rnn!:e 

50H<~ <!"<100Hz !3how no eren.t variation. The r.r()<lt~nt varin tion in 

the cn~r~y levol of tho diff~r~nt ed~trn in nrcn~nt in th~ ~t~~n~-

.. , 
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tiori line flow compared with the other lateral positions. 

6) The integral scale of turbulence decreases as the fre

quency of vibration or amplitude of oscillations increases. The more 

the degree of streamlining of the body the less the decrease of the 

scale of turbulence. 

7) In 10\'1 frequencies the pressure spectra ( at the st~gna

tion point) are th6 same as the velocity spectra 6ensurcd at 

x/D = -1/10. l~t higher frequencies the pressure spectra fall below 

the "respective velocity spectra. The maximum pressure- velocity space 

correlation coefficient reCl.ches the value of 0.6. 

,.. 
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HEhH VELOCITY PROFIl,~;S AT TEST SECTION -------- --------

(D.llpty tunnel) 

(Throughout the work the turbulence ,. 

baffles are always present) 
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IHTENSITY PROFIJJES AT THE TEST SECTION --------- --------

(:&J1pty . Tunnel) 
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SPACE CORRELA'rrONS AT ~'HE TEs'r SECTIOn 

(Empty Tunnel) 
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Space Correlations at the Ij"l(!::-;t Section 
----------------------------~-------------
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SPECTRA O~' l' LONGITUDINAL VELOCITY ------------ --------

AT THI~ TES'r SECTION 

(Empty Tunnel) . 

(Refer to Fii.5b for dofinition 

sketch) 











CRO.5S_COHHELA'I'ION COEFFICIEnT OF THE LONGITUDINAL 

VELOCITY 

(For the empty tunneT at the test section 

and in front of the mcrdels) 

(Refer to Fig.5c, 5d, 50; and 5f, for 

dpfin:f.tion slcetches) 
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SPECTRtrr-I VARIATION OF THE LONGITUDINAL VELOCITY 

I 
ALONG THE STAGNATION LInE FLOW. 

(INCLUDInG TURBUL~NCE LEVZL VARIATION) ---------- ----- ---------
i 

(For the empty tunnel at the test section 

and in front of the models) 

(Refer to FiC.5g, 5h, 5i, and 5j for -

definition sketches) 
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RESULTS OH THE; ENERGY LEVEL VARIATION 
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(Refer to Fig. 5k for definition sketch) 
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VARIA'rIOH OF 'lIBE IHTEGRAL SCALE "OF rrUHBULEHCE 

IN FROrrf OF THE HODELS 

(Refer to Fig. 5m for definition sketch) 
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PRE..C)SUR:t~ VELOCITY CORRELATIOIW 

AND SPEC'rRA 

(Refer to Fie.51 for definition 

sketch) 
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