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ABSTRACT

The‘present work deals with the response and interaction
vwith 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 work, experiments are described in
which 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 secondvpart of the report includes the results_of a ‘
- series of measurements of the fluctuating drag forces on low asoect. , ‘
ratio plates, prisms and cylinders, In the third part of tge thesis
‘an attempt is being made to produce a mathematical model of the turbulent
flow field in front of the model, o |

- The interaction of the flow-modeél system is studied experi- -
mentally by considering the lateral cross-correlation coefficient,
the probabilitj density function of the longitudinal velocity component
and thee spectrum variation of the longitudinal velocity component in
front of'the rigidly aﬁd free.to oscillate models; It is shown that
the interaction of the model with the flow results in a reduction of
the flow fluctuatinv kinetic energy when the model oscillates compared -
" with the case when the model is held rigidly. '

The ekperiments being basic in nature no attempt is being
made to'uso complicated models, and the experiments are conducted usimg

- simple geometric shapes, v .

A deeper understandinr of the variation of the rlow paramcters

is attempted by censidering the variation of the energy level of the
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- the energy level variation depends on the. frequency range Considered,”

vI

different eddies as they aoproach:the.model; The results show that

the greatest variation in the energy level of the different eddies

being present -in thc stagnation line flow.
i?‘ 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 spectre,measured just in front

of the stagnatian point At higher frequencies the pressure spectra -

fall below the respective velocity spectra,

As a preliminary in considering the dynamic response-of
bluff bodies immersed in turbulent flow fields, the correlation of
the.forces_along thejlength and width of the models 15 looked at,
This is achieved by;conoiiering the veriation.of the integral scale
of turbulence (in the three directions) as'the f16w approaches the
model, for the following cases: . |

. t
1, Empty tunnel (reference case)

2, Model held rigidly
-3. Model free to oscillate |
'4, Model externally excited at discreet frcquencies end
amplitudes, . - o
In the last case the'harmonic content of the model oscil-
lations is of primary interest. It is shown that the integral scale
of turbnlencc decneases as the freouency of vibration or amplitude
of oscillations increases.
‘Three turbulent fields were used, one of ‘them being a two-

dimensional jet produced from a slit across the wind tunnel working

section,

The power spectral density of the force“rocponse is com-
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péredAwith the respective power spectral density of the velocity-
~ . and it is shown that_fhe concluded aerodynamic admittance has a

high frequency decline which usually starts at about (fA)/(uLy)=0.l.
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- In 1759.when John Smeaton designed fhé shape of the‘

third Eddystone Lighthouse, he chose the shape of a tree in the
_~belief’that over the aeons evolution had designed a structure to

'-witﬁsténd the force of the wind. Thq first Eddystone Zighthouse

built about 50 years earlier had perished in a gale. The second
by fire, '

Ih the near‘past there have been failures of ma jor

-engineering works such as the Tacome Narrows Bfidge 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 proximit# of the other fowefs; substantialiy
increased the stress levels in the downstream towers, .

. .Turbulence is a subject which, even today, presents
"classical" problems which are far from being solved., It has ﬁeén

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
velocify.componept superimposéd on some mean flow, For the past
several decades is(has been tacitly éésumed that real turbulence
as it occurs in nature is too complei to make a uséful problem

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

ficially defined turbulence, The inherent complexity of the terms -

in the equation of motion did not permit more than a general re-
cégnition of effects_and no general solutlion of the flow patfern

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

‘were just as close to a solution as were later authors.'Indecd,

thé subject of turbulence, in general, has stimulated somne of
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the keenest ihtelleCts in historical‘times, yet many areas of the
'furﬁulence problem-femain unconquered, |
. Ih recent years, the.desifed for more realistic déSign‘
criteria for both Earth-fixed structures and aircraft has foéuséed
" . increasing attentioh upon the prcdictioﬁ 6f the response of éuch
structures to turbulence in the wind. Althéugh the preseﬁt_work is
primarily intereswin Earth-fixed strﬁcfﬁres, applications of the
present investigation could also be met with in aircraft aerddyna-
‘. mics,e.g. the,aefodynamic dharacteristicé of flét plates could be '
relaied.to air-brakes.'. |
The general sdlution of the problem'requires:
(1) | to obtain an adequate description_bf the afmosphe-
o . rie environment; .
| (i1) . to relate the atmospheric wind velocity (input)
to pressures, forces, and mpments on the body
(outputs); |
(i11) to derive the motion response of the body, know-
' ing the forces acting upon it,
The first two subproblems arevcurrently_under inteﬁsive,
vinvestigation in many quarters, and the methads and information ﬁeed-
ed are slowly beéoming avaiiable.

h From the first tWo,proﬁlems.the second one presents the
ﬁost interesting challange as it involves the interaction of thé
model-flow system, . : , o S | oo

Unsteadiness of the flow affects the total resistance
of an immersed body in threg ways which could be‘assumed dinstinct
and'to some extent prcdictablé; The velocityédepéndent drag is so
.affected that it is not the same as for steady flow, A force is .

exerted on the body because of the vressure gradient required to
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accelerate the ambient flow, Aﬁiinertial force occurs because of ad~-

ditional accelerations throughoutfthe_fluid caused by the presence

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

does) the geometfy of the wake varies with time and both the drag

and the inertial force are affected markedly.

One way of estimating the three contributing effeéts is a

series‘of experinents, In the present work the investigation is car-"

ried out only on the upstream ( to the model) turbulent field.
- The downstream turbuleﬁt field has already been studiedAby a number
of.wcrkerS, (Ref, 71.,:2,%3,4),

| The way the different parémeters change as these turbulent
field parametersvapprdach the model is the subject of the first

.part of the present thesis. Bearman (Ref.5) has shown that the

turbulenée level '=—= based on the local mean velocity- increaseé
as a.flat plate is approached from upstreém. This is taken further_

- by investigating the change in the léngitudiﬁal turbulence level,

by conéidering the field in front of the square énd circular'section
c&linders. ‘ |

- "The last of thé'above.subproblems invochs'the application
of well-known principleé bf well developed techniques, and hence the
inveétigation methads used could be considered:to be in a quite
satisfactory state; . |

The dynamic response of bluff structﬁres i@merSed in

turbulent flow fields céuldvexhibit a variety of features dépending
.on the mechanism by whiéh a bluff body may be.éet into some mode

of vibrétion by thc action of the wind. Oscillations may be in-
duced by some form of aerodynamic instability such as galloping or
caused by regular shedding of vortices, The dscillatory forces

may develope from the general unsteady nature of the structuré‘a.
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" immediate wake. .
'ln general the oscillations could be divided.intovthe

following categories. . | . |

a) ‘1n-1ine oscillations

b) 'oscillations at right anglss to the mean flow

direction, ' | |
¢) a combination of the aono two.cases which:iefers
" to tho general osse. '

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 directlon of ihe mean flow

| velocity,i,e., the fluctuating drag forces, P?ediction of these
,fofces in any degree of accurscy oresehts an extreosly'difficult
problom'ih.fluid.dynamics, It is for tbis reason that a high pro-A
portion of research effort has been directed towards predicting
fluctuétlﬁg drag foroes._A series of highly sOphisticated wind

tunnel experiments, in which the propertles of the atmosphere and

. the structure were correctly modelled, could probably lead to an az-

" curate estimation of the sbove forces, At the same time the reoulfed
sophisticafion'og the wind sunnel experiments are not a practicable
proposition and consequently the need arises of some form of em-
pirical prediction method,
As & first step in the analysis of the experimental data

a lincar system could be assumed in which the power spectral densi-
| ty function of the random input disturbance and the output respon—
se are rclated through the frequency-reSponse characteristics of
the system, The general relations for linear systems betweon power
spectra of the random input disturbance-and tﬁe output response

arc used to relate the spectrum of the structure load in rough air
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-to the sbéctrumiof the atﬁospheric turbulent velocity.
The'cohcfehce function being one of the'mdst.important
functidhs by which éhe tufbulent field could be described ( in
rélation to the correlation of the fofces.over the body) an at; |
‘tenpt is being made, iﬁ the third part of the ?fesent thesis, in'
producing an anaiytival.quel by which thé eoherénce function

could be calculated from the_velocit& power spectrum,

g
S



(References are on pp 131 - 139
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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 poinfed out in the "Generai Intrqdu; '

ction" of the present thesis - is the statistical description

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

to the fundamental aerodynamics of even simple shapes exposed to

. fufbulence has been sparse. Notable excé€bhtions are the investiga-

tions of Bearman (Ref.’S) into the forces on rigid flat plates and
of Vlckery (Ref. 6) into those on rigid square cross-sectionned
cyllnders 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 pﬁenomena. This part of the report presents

an investigation of this question. The investigation’gocs 6n
further than a mere statistical description of the turbulence
field itself in that, it tries to show how the turbulence field
changes as it approaches the model In this way an attempt is

being made to look decper into the questions arising when we

consider.the second subproblem mentionned in the "General In-

troduction', Oscillations of the model produce their own
éhangcs in the approaching ( the model ) turbulent field and

this interaction is looked at,

El
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Definifion of the atmospheric environment requires an
adequate presentaticn of tﬁg ground atmospheric boundary layer -
formed by the wiﬁd blowing over the earth's surface. It extends E
“to altifudes of ,the order of four hundred metreé and hence.is
shared both by buildings and low-flying aireraft. It is typical-
ly a non-homogenequs region of strong vertical shear and.sevére :
~turbuléqce.with intensities of the order of 20% or more..Further-
mofe,'its proﬁerties depend on sucﬁ variables as atmospheric
stability, type of terrain, altitule, e.t. c. ( Ret. 7., '8,

9 e |

' Following standard proéedure the‘definition of the
turbulent field is carried out by deterﬁining theAQelocity
profiles, the turbulence lewel profiles, the threé integral

L

scales of turbulence; Ly, L 29

9 by considering. the respeétive :
space.corfelations,.the spectra of the longitudinal velocity |
components at the test section,the variation”pf the longitudinal
velocity.spectrum in the-x-direction as well as the probabili-
ty density fuaction of the 1ongitudinal velocity component at
the test section.

An overall picture of the turbuient wind pronerfies
could be obtalned as it has been shown by Davenport ( Ref. 40)
by Etkin ( Ref, {{) and Harris ( Ref m by specifying the .
general two-point cross—suectrum or, more conveniently the
'coherence function, The coherence of the.free flow ( Withbut
~ the model ) és 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
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'méasurements of thé-cohefence function in the atmépheric
boundaryhlayer'and for the purpose of predictingvthb structural
response, if is neceséary to resort to a simplified model
of the naﬁural wind, which retains as many 6f its essentiai
features as possible. The simplest'and most useful model, iso-
tropic'tufbulence, has been adépfed by several authors, Daven-
port ( Re;.?b) Vickery ( Ref,§ ). The turbulence fields in this
investigatioh are also ( almost ) isotroplic and their ﬁse |
could be justified by the fact that a number of fundamental
‘ﬁind tunnel studies'of the interaction.of structures with the A
turbulent wind - -have employed grid—generaﬁéd turbulence as a
simulation of the natural wind, It is well known that such
;tdrbulenqe has approximately isotropic'characteristicsi_(pro-
.vided the suitable test sectién downstreém of the grid:is
:oﬁnd). | | L | |
~ In the present. work no attempt is being made.to
sfmulate the atmospheric'boundar& layer precisely, but réther
the approach‘has been to provide a variety of controlled
turbulence fields so as to study thé effect of tufbulencé-
paraméter changes. However, an .awareness of the atﬁospheric
problemtis reflécted in the cheice of the turbulent field
paraneters to be realisfic atmospheric values as far as the
 restriction of uniformity,‘homogeneity and isotropicity
allows, |

Attenuation or amplificationyof the u'-component,

as the model is approached from upstream is investigated by

considering the probability distribution of the u'-component.

The way the energy level of the different eddies developes
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"'as they approach the modél is investigated éﬂd at the same timg.
‘the‘way the spectrﬁm ofséhe iongitudinal component of the velocity
changes when the model is held riglidly 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. the scale of turbu-
1ence'cquld dictate;up to a certain ektent, the degree of the corre-
'latibn of the fluctuating forces on the model. Conséq#ently the vari-
Atioﬁ of the.integral scale of turbulence in front of the model is
;nvestigated. I'his is done under the following coﬁditions and for
the undermentionned reasons: : .
1. For the empty wind tunnel along its central line
| and upstream of the test section; this constitutes part
of the definition of the turbﬁlence.field uﬁder considera~
ition. |
"2. Investigétion of the variation of the scale of-tuybulen—
" ce in front of the rigidly held model.
3,'Invéstigation of fhe change of the turbulence-macrosca-
le in front of thé freely oscillating model.
Examination of the change pccuring in thé’scale of tur-
bulence under the last two.conditions give us an indi-
cation of the effect the oscillating model has on the -
~scale of turbulence in comparisoﬁ with the case of the‘
rigidly held model, In this way the model-flow interaction
is partly examined, _ | | '
h.‘Lookiné af the problem more deeply the effeét 6f indivi-
dual vibration frequencies have on the macroscale of |
tu;bulence 1s looked at, tor this reason the model is

externally ecxcited at discrecet frequencies.




In understanding the flow induced vibrations of structu-’
res 1mme£scd ip turbulent flow fields it is importaht to study both
fhé dﬁstortion ofvthe turbulence field as it appfoaches tﬁe body
vand the pressure fluctuations-on the bddy, (Ref. fﬁ; 14, 15; 16).
Until recently the structural engincer has'been concerned about wind
ioading on structﬁres prima;ily in regard to design 6f the structural
.frame of the building, However, current érchitectural practice is to |
‘use large areas of glass windowé thin clﬁddingApanels of marble, gra-
nitc, 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 instantaneouq
wind pressure on a localized area of a building var*cs greatly with
both time and position and of course, with the geometry of the surfa-
ce; For both the aﬁove reasons a study df the fluctuating pressures
.ﬁas carri;d out, The pressure spectrum on the'surfacebof the AR=2
"fiat plate at the stagnation point was measured:‘measuréments were
- also made of the coﬁ%elation between the fluctuating pressures at the

stagnation point and the upstream velocity,
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In comparison with steady streamline flow, the atnosphere
possesses remarkable variability. The flow of air over sﬁrfaces of
varying'noughness and temperatures produces a random motion termed
turbulence, this is the 'significant characteristic of air flow,
on which dopends the rapid diffusion of properties such as momentum,
heat, water vapour'and pollutants. rhe presence of buildings, especial-
ly.tall buildings, increases surface roughness and this has considera-
ble influence on‘the.structure of the.wind;about then,

o In the early study of atmospheric turbulence; detailed pro-

nortles of the flow were avoided, since complex equlpment was requi- -

red for their observation, recording, and analysis, Instead virtual dif-

fusivitles, analogous to molecular diffusion, were derived with mean |
values of the motion, Since about 1950, stat*stlcal concepts have

been employed with field data to understand the processes involved

and the reoultant structure of turbulence,

g_l 1 The Structure of Turbulence.
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‘In general the écattering and mixing of the flow is indica--
ted by the intensity or level of turbulonce. The turbulence intensi-
ties probable in the atmoephere, and of interest in building research
5-Btudies, are, at.least420% - 35% and possibly greater.vuontributionsf'
to the_kinetic energy can be dotermined from analysis of the oontinu-
ous range of eddy sizes involved in the motion via spectral analysis
~or correlations within the fluctuating component, (Refij#). There

is a range of scale lenghts, or eddy sizes, through which the tur-
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bulent flow exists. Much of the energy is»available'in eddies of a
scale characteristic of the distribution of the.mean velocity (the
integral orimacroscalé of turbulence, Li)‘ Significant eddies
would be expecfed to be about the average bullding height. In the

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

the range 3 - 90m, Measurements taken by pressufe gaugeé indicaté
the presence of gusts of beriod O.1s so that a range of frequencies
of up to 1O0Hz at least should be examined,

The unsteadiness of the wind both in magnitude and direction
.is the result: of several diffrent phenomena; there aré large-scale
low~frequency phenomena associated with diurnal effects and the
movenent of Jarge alr masses on a continental basis; there are rela-
tively high frequency effects caused by thermal convective instability
due to the absorption_of the heaf from the sun and, finaliy, what
tufns out to be of most importance from the standpoint of aerodynamic
1oads, the turbulence from surface roughness énd the high viscous
shear in the boundary layer. |
 From the point of view of astlmating 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 Denuity Function of the Horizontal
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The probability density function of the wind velocity has

been examined bys number of writers (Ref, 18,19,20,21) and shown to

, agree fairly well with the familiar Gausslan probability density
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"function:
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From a study oi “one - second" wind velocity meas urementul
taken over a large numbér of separate flve-mlnutes periods on a
" 350 ft, mast, huss arid' Pértmann Reef, 1.1) ¢oncluded that:"The as-
smmptibnvof a normal frequency distributioﬁ curve for repreéenting
the wind - velocity distribution, while not accurate for any given
‘éase, would‘appear to be justifiaﬁle for a large numﬁer of caées".

In this context it must be noted that turbulenve, although
‘it is the sum of a large nuhber of processes (velocity.fields of ele-
'mentarj vortex lines), these processes are not completely independent.
This independence is a prérequisite fof_a true Gaussian process,
The small.departures from a vaussian probability distribuéion are,

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

the triple products like 2’*v’ which would be zero in a vaussian
process, -are connected with energy transfer by the turbulence, either
:from one point to another or one eddy size to another. Yhe non-line-

arity of the .Vavier-Stokes equations is resrponsitle.

..-—.-— .—--—_—--— -y T -y —— - — T — T P G B> T Yy Sy —— ——— . -

o o S0 - -._--

The energy of thc wind is'widely distributed in frequen-
¢y as shown in rig.lb(ﬂefdo), The energy of particular importance

" 15 represented by the peak at the right-hand end of this curve which

is cauued by surface rougnneos, viscous shear, and thermal instabi-

11ty. Since the cffects of viscosity and roughncgs vary as the square
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'ofAthe' veliocity the thermal effects become relatively smail at the

‘higher velocities. It'is'reaSOnable,gtherefore, to conclude that this

peak. is due to roughness and viscoéify.
The very low energy levgl in the gap betweeh.that peak and
the néxt'one’that has a périod of 12 hours or greafer is of importan-
- ce, First of all, it 5eéo&es a reiatively simple matter to simulate
this right hand peak with geasonable accurac& in the wind tunnel, |
while ignoring thé lover frequehéies' secondly, the natural frequencies
of large éodern builgings characterlstically lie in this range,.
The shape of the Spectrum will denend to a large extent,
oﬁ the local surface foughness. On the other hand, it has been shown
| by Davenport (Ref;u) that if the spectruh is - plotted in the non-dimen=

f/;/

- . sional forn = kwhere K 1$ a surface_friction coefficient)
against a wavenumber z;f; ’ available data are in reasonable agreement
over a large range of the value of the coefficient X, representing,

for example, "open grassland” conditions with say,"”wooded areas',

gzgzq spatial Correlations,

When considering the fluctuaﬁiﬁg loads on large buildings
or generally large structures, the spatial correlation of the veloci-
ty fluctuatipns is clearly important. A measure of the spatial cor-

relation can be obtained by considering the co-variance u;2(, -of

simultaneously fluctuating velocity components at two points displa-
ced by a distance y.'

A convenient correlation is then:

2 ¢ 20°C o
R, ¢co, %,0) = y) < yrely)

Juepy weegelpf ™

and if u'*(J) = z:o'gfj+ )




then R, Co,i;,0) - Q{’cy) 2 Cyrcly)
- : - ) : %"2631_) .

| In turbulent flow, when the displacement betweéﬁ the
probes approactxes. zero, it can be expected that this coefficient
will approach unity in tne linmit, whereas it will approach zero as
'y becomes large. The mean integral scale of turbulence is giwxen by
vthe integrél of this coefficient with i‘espect to y.-

It is also uséi‘ul to consider a frequency-dependent corre-
lation coefficient based on the cross-spectrun '.f;.(l'uz'({,) of the

velocities ' and #,” a distance y apart,

Then R, s (o, 12,0 CL) = _ S22 (A ;
‘ ) ;fw;(;(.) -/3'5&('/)] 2

where 2¢ "= 2/’6‘7) and u'z'.—.: 2«6'(‘740%)

.J"z/,':v(z’ . (/)
fu '(7!.)

or R,y Co,%y,0) L) =

, a7 , :
if we assume that fu, (¥~) = ‘f“‘.z (%)
Gene'rally it is found that the correlation can be expres-

<)

sed in the form:

R, (o "2:03[%‘?) =, <

wiiere the value of ¢ will ciepend on the surface foughness

“and thermal stability. |

"ihis relation, deduced by curve fitting to‘ experiméntal
data should be ivaken only as an apoproximation,

The so called scale of turbulence is, as pointed out af:ove,

-the integral 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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turbulence at a specific frequency.

fhe scale therefore beconmes:

If the turbﬁlen¢e is thodght of as consisting of eddies
occuring at different freduencies then with each frequency there is

——

a corresronding wavelength o . Trefore we can look upon the

£

frequency-dependent scale as the longitudinal wavelength divided by
the;constant Ce | | |
Davehport‘(Refﬁﬁj has reviewed available measurements of
the correlationfcoeffiéiént_in the earth's atmosphere for different
. v
surface conditions and suggetts that the vertical scale of the longitu-~
-dinal velqcity is abouf 1/6 to 1/8 of the longitudinal wavelengih |
(i.e., c=6-8), and the along-wind scale is about‘l/6 of the wavelength,
The'crosé-wind‘scale was found to be aboﬁt 1/10 the wavelength in
unstablé conditions but as small as 1/25 to 1/40 in stable conditions,
Unlike the spectrum itself, the cross-spectrum ~£g%a’(%0
can be a complex quantity having both in-phase and quadrature com;
poﬁents. The exiétence 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 fioﬁ. )
AThe square of the absolute vélﬁe of the cross-~correlation
spectrum ?s termed the *coherence', For practical purposes it is
probably quite adequate to neglect the guadfature spectfum, as- such,
and take the cross~correlation as equal to the square root of .the

coherence,. )

x o _zef¥
EA <L) ’ e ¥
Surcd) |

Coherence =

sl
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The coherence is expected toApreJcnt the degree of correla-
tion of the velocify input sirnals at the two pooltions.
| Knowledge of the coherence (or a coherence function)

‘provides information about the réliability of lincar approximations
~or viewed from another direction if furoishes an eetimation of the
degree of rhe'uncorrelatfon of ﬁhe turbulent field, as the_cOrrelation
of the signals is looked'at as a function of frequency (wiﬁhin a |
certain frequency band),the coherence is cqual to 1 when the sighals
are'completely correlated ard it is'equal.to.zero when the'signais

are completely uncorrelated, .

2.1 5 Develoument of the Energy~content of the Different Eddic

--o--o- _—-.-o—-a--.---—-—.-—-—_————-.—-~~~~-——--————————-——-.—-—-—-———-——.—

In considering the'eddy development as the different eddies'
approacn the model the aopect of tne problem under 1nvestigatlon
is the cnange that occurs in- the energy level of each wavenumber as
it approaches the model from upstream. When the flow 1nc1dent on a
5ody is'turbulent the pxternal flow obviously is turbulcnt eren in
:the‘region outside the boﬁndary layers and the wake. Provided the Rey-
nolds' No. is high enough for the boundary layers to:be turbulent,fhe
“effects of the incident turbulence on the boundary layers .are proba—'
bly not very signiiicant, ° o

On the wake fhere must be some effects; out it abppears- fron .
experlmento : H}”' Petty \Ref éé) that the effects of the wake on
_the turbulenice in the region oatside the boundary layers ‘are stati-
stically unrelated to the effects of the incidence turbulence. the
" latter effects are amenable to analysis (Ref.24) which is a.generali—
zation of tne “Rapid vistortion 1heory“ aaveloped by‘bafchclor and
Proudman (ReerS). The essential physical basis of the theory is that

if the turbulence is disturbed ravidly enough by changes in the
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nean velocity (produced. by the.body) then each wavenumber or eddy
is distarted separately before it can exchange energy, non-linearly,
‘with the other wavenumbers, This variation in'the ‘energy level con~ .

. stitutes part of_fhe.invéstigatidn in the present thesis,

2.1.6 Pressure rluctuatlons

--‘--- T R S . ]

Pressure fluctuations in turbulesce were first investigaied
by ﬁeisenberg (Refxié), Obukoff(Ref.L?#), and Batchelor (Ref.ié)
for the case of isotropic homogeneous turbulence. ‘fhis work has
‘been summarised by natchelo“ \Ref. 29). From ekperlmental data, for
the practlcal reallsation of 1sotropic turbulence, namely tnat be-

 hind a grid plecnd in a unlform air st:eam, patchelor estimated the
- root mean square pressure fluctuatlon, \fo to be:
WPt =058 oun

-Uberoi \Ref. 30sevaluated fhe root mean square pressure
from measurements of second order‘velecity c¢orrelations in grid
turbulence and obtained values at several keynolds' No. Theeaverage

value was about:

pra——_ 4
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It has not yet been pessible to uake airect measurements
of pressure fluctuations within a turbulent flow since ne general
purpose inscrument capable of measuring static pressure fluctdatiohs
ﬁithout‘ inéreducihg a majof flow4disturgance'5ss'yet becn;&evisedi
rressure measurements have been made in 1so;ated cases, for example

by kobasni (Ref.3f) who measured corrclations between pressure and

‘velocity ian the wake of a circular cylinder in order to obtain the

pressurc transport terms in the turbulent energy balance. iiowever
in one particular type of flow,innmelywthatvox turbulent snear flow

in tne ﬁrcsgﬁce of a solid surface it is possible to measure pres-
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sure'fluctuqtions on the surface witheut disterbing the'flow in an&
way, since the pressure sensitiﬁe element can be meunted so as to form
an essentially ietegral-part of the baundery surface,

A turbﬁlent flow on a figid surface gives rise to acoustic’
radiation, the acoustic power of which can be expressed in tefms of
the pressure fiuctuafions:on tue surface \Ref.3). If the surface’
2is flexible tue acoﬁstic radiation is amplified. The phenomenon ef-
‘sound generation by turbulent flow over a flexible structure.is im-
portant in reletion_te problems of submarine detection and‘noise
1evels inside the fuselage of high speedvaircreft._In-tnese problens -

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

,preblem'of'structure fatigue due to boundary layer pressure fluctuati-

‘ons, where calculation of the response of the structure is required
the excitation must be dellned in terms of the statistical propertleo

of the wall pressure fleld Anotner interestlng aspect of the problem

is con31dered to be the interaction between turbulence in the onconlng

air stream and the separatlon induced pressure disturbances on the
" model surface. Measurements made by Cermak (Ref,33) on the Bank of
Ameriea Headquarters Building‘indicaéed'that‘turbuiencefcan increase

the maximum pressure fluctuations substantially.

2 2 On tne Mechanics of & 1ow Around luff podiems,

In general the basic equations defining the cnief characte-
ristics of the mecananics of fluid flow past’'a s0lid body are tne -

navier -~ otokes equations togetner with the equation of conservation

of mass,

The mavier - Stbkes»equations_are not, generally, integra-li

ble over the whole domain of the'flow and-it has-usually been _neces-

sary to discard the uigheut order terms 1nvolvjng tne ViuCOSity of
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the fluid.

ihe Navier - Stokes équation is given by:
Doy _ F'--'.._S_.P {2 “"AJ)}
e_’:‘_.,_‘ez a;c L ad I"Ce.l .

If we discard V1scosity, the above equatlon reduces to:
D - qeacl P _

‘DL c
Thls is the Euler equation, which toyether with the’ equation @

=0

censervatioh of mass, they.are said to define the motion of an ideal
fluid. If we also assume that the flow is irrbtational, the eduations
define a potential flow, |
The equations of potential flow cannot describe a physical-
ly real f;ow pest 2 solid boundary as the order of the kuler equetion'
aiiews only one‘boundary cohgitﬂ>n at the surfece to be satisfied,
‘whilst physical censiderations‘reveal that it is necessary_tp sti?ué
late two, In addition the condition of zero vortidity is inyalid’for '
a streamline which lies on the surface of a solid body.
In tie 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 resulting flow pattern is characte-
'fised by e surfacevef discontinuity which corresponds to a surface
on which-ﬁhe vorticity is non-zero,- |
When sﬁch discontinuities are admitted, the equations of
motion forvan ideal f;uid do not give a;unique solution, 1ln addition,
to a flow in whici the streamlines tollow the surrace of the body,
there 1s an intinite number of Separated flow solutions, If the equa-

~tiomns of an ideal fluid are belng used it is now necessary to 1ntro—

duce some criterlon wnich will allow a particular solution cobe choscn.

There are. problems, however, in which no rlow separation

takes place trom the surrace of the'bodﬁ, and the body is said to be
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stréamlined. In suqh a pas;tné effecu of»viscosity.is negligible
except in very small regions along the bqundafy or the body and in
thé wake, wnich in this case is very thin and takes the torm of a vortéx
_street. - L ; ’ |
Refiﬁemenus:to the potential flow solution fnr-a streamlined
-.bodf nave been made with';he advent of boundary layer theor&, which
essentially conétitgtes a berturbacion technique; A first approximation:
in tne estimation of tie flow characteristics is made using a classical
pqtential rlow mechod. Then knowing the pressure and velocity distri-
.bution approximately'ac tné boundary of the body it is possible to
use the boundary layers equations (which in@lude viScositj terms) to
refine the soluuion, unsteady erfects in itne.wake can be astimaved
using the classical theory of vorcex motion.togeuhér with the poten—
tial movion arouﬁd tine dbody iiself, | _ C
- When 1low separation is admitted, as in the case or tlow
around bluf® bvodies, it is immediaiely obvious that no perfubation
techniques are possible., The fluid can no longer be treated as a
quasi—continuuﬁ wuere the effect of viscosity and consequenfly rota-
tion can ve considered_as conrined to very small regions of the flow
field or interest,

Many attempts have been made to obtain'solutions to the
caseroz steady flow past bluff bodies.using the equations of'potential
flow, ‘I'nis has taken tne rorm ér obtaining particular solucions to
tne equavions defining potential flow with the help ot arbitrary cri-
teria, thereby setiving up 1low modeis. sumerical solucions of'the

navier-Stokes equations together witnh the equations of conservation

ot wass, nave been used to study the case of unsieady rlow, but only

.fo: low‘Reynoids' fos,
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nirchihorys (Ref.349‘has developedvvé free streamline
model for steady.flow past é flat plate atf90° incidence. The free
stregiine solﬁtion predicts a coefficiené of resistance but it
" describes an unré&isticitype of'flow which qannot peréistfas the
surface of discontinﬁiiy definedﬂby_the‘free_gtreamline soon breaks
up into'individual'vorti¢eé, | ' |

Ah intéresting‘flawAmodel which i;fa modificafio@'of
Kirchhoff's method hééibeen de#eloped by Roshko (ﬁef;.é§55iin which

*

the base pressure is taken as a disposable parameter which is adjusted
to‘fit the experimental.data,* | ' _ "\H

The problem of unsteady flow past bquf.bodies has been.'
mainly studied by numerical.méans. Thom,(Ref.}36)_initiatgé” an
rapproach which has been t@thered by Froﬁm-(Ref.fY?) and in which
the-Naviér—Stokes eduations and the equation of.conservation.of‘mass
for an ihéompressible”fluid are solved numerically. Flows pést
.Bluff bodies up to Reynalds' numbers of 300 are investigated, and
wake development and variation of induced drag 1is Studied.

Recently unsteady flows-past bluff bodiee :have beén stuﬁied
semi-empirically with the use of flow models. Sarckaya (Re'f;38)
has provided a flow model which. :includes the effect of an.accelera- |
tion of the ambient flow, The strenght and location of these vorti-
ces and the rate of change of circulation is not specif’ .d, and can
only be determined by. experiment. |

| To-take a bdbroad view of the vroblen of ﬁnstc;dyfldw rast a

bluff body, it is obyious‘:hat the techniques used in asrofoil
theory, i.e. an outer potential motion and a bouhdary layer ;ffcct,
are ineffectual as the wake induced by a bluff btody cannot be tréated
.as a pefturbation of a steady flow. Pocencial flow models cun noi
ctuule closed solutious, wulch are reallsc;c.aud exuloult scaie

erreces, Lo ve obtained,
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3. TFEOQETICAL CONoID“RATIONS

- . - o - - - —— e . - -

The velocity of the flow at a point in a turbulent fleld
is subJeCted to the 1nfluence of a large number of random eddies,
If we could make a rough use of the Central Limit tfheorem, "For
" an arbitrary population with mean ;c' and finite variance o";:' ’
the cumulative distribﬁtion function éa,CxJ of the sampliné distribu-
tion of v = C"Z"f)’/;/o‘,—. R for'samples of size n, approaches

the normal distribution (uniformly in % ) as »n —oo , that is,

-

-

 . | ,{M:ao ~¢ /9:7?] u/a

X = sariple mean

. ~we mipht expect that this velocity has apvroximately a nofmal
'probabilit_y ;listribution.

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 origin 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 aporoximately according to an error law.

In general we ai;e much more interested i tae interrelation
' bétween tue. velocities at two points i.e, the joini disi.ri.bution' of
tie velocities. in other ivords it could ve said tiat we are interested
not at wiat Lappens at one point in the flow field or at a point on'

tne surface of tae vody but on how good is tho correlation of the
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impact of the eddlies over the whole model surface,
It is thought that the argument used above for the pro—
tetility distribution of the velocity at'avpoint would not serbe
for the joint distribution. The equations of motion and of con-
tinuity dictate the velocities at the tﬁc points and these are
unlikely to permit a distribution of the pure chance type. The
inertia terms of the equation of motion, in particular, willtexer;
cise a Strong influence‘on the relation.between the two velocities
and will Jead to such effects as difference between the probabllity
distribution of positive relative velocities i e. the extension
of the fluld between the two points, and a difference between the .
probability distribution of- negative relative veloc1ties, i.e, the
«contraction of the fluid between the two points. .The analysis that
ehoeld be followed in considering the joint probability distribu-
tion is presented in appendix A, B _ _'

| 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 probability distribﬁtion which
is.governed to a large exteht 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-lineaf terms, Ve may expect that the statistical
characteristics of the small eddies would reflect this influen-
ce, and that the distribution cf the veiocity difference 2¢, -2,
will probably depart furthest from a normal distribution at very

small values of .r; (r = separation distance between the points

c0nsidered).
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3.2 The One-Dimensional Spectrum

The kinetic energy of the tuibnleonce fluctuntionsicnnld

be analysed according to its distribution over the various fre-
‘quencies occuring in these fluctﬁations. If 5[?):1}!‘18 the con- .
' 2 '

tribution to 2z of the frequencies f.and f+df, then the dis-

tribution function.ff?/ﬁ has to satisfy the condition:

o0 .
. . —=
. S;qu)alf/:z 2L
o" .
As 1t can be proved'in any book on the treatment of ran-

dom quantitles, e.g. (Ref. 394HDthe spectral density function

5 C;/) and ‘the correlation function: /Cx? form a Fourier

transform pair. Consequently it could bé said that the one could

'be.found from the ,other, either analytically (1f an analytical
.'equation of the function to be integrated is known) or gfaphica1~
ly. This isronly a theoretical method. The experimental determi-
ﬁétion of the spectrum function as well as that of the correla-
tion functiom, with our present methods, are not free from inac;
curacies., In general, a correiation function is measured more
aﬁcurately when the distance between the two points is not too
small while the spectrum fuﬁction is measﬁred 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

functiqn.

23 2EE-Y%YSEETESE-YEEZEEESB_Eﬁ Ehe_EEEW Approaches
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It has been known empirically, for many years, that

é,sharp contraction in the area of-a”pine, with the consequent
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acce;eration'of'the stream, produces a substantiél decrease in
the kineéic eﬁergy.of the turbulence relative to that of the
strean, o o b_ | ‘ v
Theoretically the flow round a.bluff body‘ébuld-be
assumed to'represénf the opposite to the above case. If we con-

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

e /PIPE
A S

e s ot Pt o ey e " n e — s

X

/5"/ )
R
BoDY
i R S ——
——————— — e -l | THEORETICAL
. ¥ ExPANSloN

then as we move downstream‘the principle of conservation of mass
would require that: Acrossectionf S1 v crossecfion_Sz. (Both
crossections are taken in front of the model)

-In such a case Batchelor s "Rapid Distortion Theory"CReF15)
could be assumed to apply. The turbulence will be distorted by
'stfetching.and éwisting of the vorta; line.filements as they are
convected past the body.

" The above theory requires the following.aésumptions
to be made: |
| @) The mean flow is irrotational. Thié in turn requires
that the analysis is limited to that region of the

flov outside the boundnary layers and the wake,

b) The fluctuating component is much smaller than the

mean flow velocity, i.e.V;Ei<3§: i and the only
contribution to vortex line stretchineg and twist-

ing comes from changes in the mean flow,
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¢) The time a fluid element requires to be swept past
;- the body is small so that the turbulent energy dis-
sipaﬁéd by the viscous stresses is smail. This .leads

to the condition .:{f..>>
D

-H&htﬂ(Ref.an);'with these assumptions, has shown that the problem

ez
— *
2

reduces to the solution of a number of linear equations in which
~there will be no interaction betweeﬁ the different wavenumbers of

the turbulence as they approach the model,
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Ly, GENERATION OF TURBULEWCE

B L Ty e~ Py

‘"he basic baffle design obfective fdr this workﬁwaS~td‘
~produce uniform and ﬁomogeneous turbtulence of variqus scales but
of'approximately the magnitudé of the model width ( a characteristic
body dimenéion), together with turbulence intenéities in the range
. 10% - 20%. In general, these baffle design requirements are
ésseﬁtially separable, The primary deterﬁinanfs of the turhulent
flow are:

1. The drag per unit areg, since it directly determines
. | ' the amount of.turbulent energy created byAthe baffle.
. 2. Some physical dimension éssociated with the baffle

X since this determines the dimensions of the initial
vakes. | |

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 sgale
1ncréases witn the jet dimensions downstream of its origin, so that
relatively large-scale turbulence can exist in iarge free jets., It
was intended that the test section could be situated‘in tae turtulent
fegion of the;jets wnere the jet centfél core and the mixing-region
blend into a comnletfzburbuient stream. The fact was also considered
that the turbulence intensitv varies raéidly with downstream distance,
wvhile tne turpulence scale increases slowly. due to the dissipéfion‘
of the high fréquency turbulence compoﬁenfsi‘ Studies by Van der -
Hegge Zijnen (Ref;f%fﬁ'suggested.thai at about 20 slot diameters
dowﬁstream of tae bakfle the inténsity of tuibglence would be
roﬁghly 15 to 20 pefcent and other work by Corssin and U?er014

'(Ref.{fz)'¢n a round’jet sugrested'that, at this distance, the tur-

»
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ﬁulence would Be approximately isotrovic and thé’scéle‘would be
about 1/20 of the jet width. | |

‘.-The design vrocess for a baffle using the above is -
.straight-forward. The width of the slot determines the scale and
the required intensity is obtained by using a certéin solidity and
downstream distance. fwo mnore bafflesvwere used with only circular
hoies of different diameter; to préduce different turbﬁlent flow
fields.

4,2 BaF¥le Develovment

T e D  aw dy wp  — Sa - s e S . o tan

%hen the baffle design was finaiized_as4ah§ve and builtk,
it was generally found that the slotted baffle dia not conforﬁ
closely enough to design réquirements. ‘This bvaffle was equivnped
'wiﬁh two movable plateé so0 that the slot height could be varied at
>will and thus producing diffcreht turbulent fields.

The first problem encountered was that, with the slotted
‘baffle the issuing jet was oscillating in a plane.perpéndicular to
the slotis lengtn., This effect; was later found, ﬁas also oﬁserved
by Whitelaw \Refh-?a). Three raws of holes-on eacn’ side of the-slot wére
therefore drilled witp the hope of sfabiliZing the>jet and preventing
its oscillations. |

However, a further problem remained, in that the flow at

the working section was not as uniform as desired. Lt becane appafent;
and has also been reported by others; tnai the flow is more sensitive
than exrvecced to tiie grid construccion tolerancos*x&nich in this
case witn the movable plates in the slot were quite loqée), e3pe-
cially ror large solidities, A noﬁ—unlformicy of tihe flowwfield_

. Has'tnaéed back - by a triai énd error method - to these plates
winich were made of ratner thice - 1n3;omparison to the thickness of

the baffle itself - perspex. Gonsequénfly it was decided to totally
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remove the plates, This decision resulted in the use of the other
.baffles for the production of different turbulent fields. Photo-

graphs of the baffles used are shown in Plate I,

_.—-—...——_..—.-,.-—-._....—_.—-...——_—.-—‘...—-‘-.—-..-

The final outcome of the above considerations was three
baffles producing longitudinal scales betwcen, approximately, 23mm
and 26mm and intensities from 8% to 11% at the intended modcl po-
sition, The sldtted baffle had a 36,5mm wide slot along the centre-
liné width bf the wind tunnel test section., The holes mentionned
parag, 4.2 were proved satisfactory in stabilizing the jet. The other
two baffles had holes of 30mm and SOmm; In the subsequent paragraphs
the different turbulent fields are named affer the baffle pvoducing
them, The overall dimensions of the baffles were 350mm x 180mm, as
‘shown in Plate I,

An indication of the degree of anisotropybpresent at the
working section is given in Fig, 19a, which shows mean values (ovér
the test section) of the three turbulent velocity components for
cach turbulent case consedered. Anisotropy is present in all cases
but itkis most severe for the case of the S5Omm holes baffle. Other
workers in the past have found that some anisotropy is inhefent in
‘grid or baffle generated turbulence, The flow at fhe teét section
was also investigated to defermine the local gradiehts of the mean
velocity tliere,

‘The location of the baffle in the wind tunnel as well aé

the distance between the baffle and the test section are showh in
Fig. 5. The insert to Fig, 5 presents the method of the bvaffle

attachmeht to the walls of the wind tunnel.
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in connection with thc dlflercnt as cts of.the{froblem
exanined in this investigation the furbulent fiela generated bj each
baffle was defined by considering the fpllo&ing parameters of the
turbulent field in the empty test sections: |
a) Intefisity of furbulence,
b) Scale 6f_turbulence and variztion of the turbulentl
scale in the longitudinal direction,
¢} The spectrum of the 1ongitudinal velocity component,
d). Pyobability density function of the longitudinal.velo-
city component,
e) Space correlations and thOupoint cross—spectruﬁ of the
turbulent fiels, .

f) Spectrum variation along the stagmation line flow,
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A single hot wire was used to measure the u'- comronent of
the turbulent intensity. The method Of‘calibfation'of'thelhot~wire is
pfesented in appendix B. she intensity measurements ﬁere made at
various values of y/Yfor different values of Z/Z,'at the test section,
The variation of the u'-component of the turbulence intensity in the
longitudinal directién along the stagnaticn 1iné for the empty'tunnel

was also investigated.

3

§;3 Scale of ‘urbulence and Varlatlon of the Lurbulent bcale

The scale of turbulence in the taree directions, (x,y,z)

was determined from the resnective space correlation. These measure—
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ments were made at the test section, Z“he vnriation of the longitu-'
ainal turbulent scale along thne ulnd tunnel coptral line and in front
of the test section was lso 1nveotlgated “an effect the model

presence haa on this variation was looked at

[ ...........--..m.._-...—-----.-_-..—.—-—....._.m..—..-..._u.-— .r....-.-—-.-—.—_...-.—--.-.__._-q—._.—.—.

The spectrun of u' was rcasured at three lateral po itions
at the test section for each turbulent field,'i;e. y/YaO,sjvz/g:O;O

- and y/Y=0 s 2,/1; +0,318 and y/¥= +0,582, z/72=0.0 ,
2

5.5 Prob hability Density Function of the LOU“liUdlnd1 Velocity
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The probability density p(d3 reppesents the rate of chan-
ge of probability with amplitude; where pro?ability deﬁotes the pro-
bability that the amplitude of the simple record will be in a parti-
cular nparrow amplitude windowtat various amplitude levels.

The probability density function of the u —comnovent for
'the empty tunnel was only 1nvestivated for the slotted’ baffle pro-
duced turbuleat field. Tnis was because of time llmltat;ons. The
way the probability density function changes alpﬁg tﬁe wind tunnel
central line (wanich correspoﬁds to the stagnation line flow when the
model is present) was investigated., The results Obtéined were compé—

red witn those obtained when the model was preéent.

090 e O e B e

The space correlation of the u'-component of the veloci-
ty was measured in order to obtain tqé integral scales of turbulen-

ce.The meagurements made are reportéd in section 5.3.




'_As the experiments were concerned with the forces on
. ;bédies the la%eral correlation of the velocity (i.e. the cbrrelau
- tion along the length of the model) is of the utmosu imnortance.
| Tha 1aucral correlation is also of intorcot wf it is
conoldured in terps of frequency

The correlation COnfflCiCnb of the lonwltudlnal veloci~
ty rerturbations uL and u2 gt two points y apart, is:

_” e
A {.4‘50) “Ls, o) - i %;2_ ?1,;" }//,z_

‘Z,_':‘fi _ o ‘

. 14 - >
It e,' and €, are corresponding hot-wire voltages |

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

are nearly equal, and if z,{, - z/"’thon.

|
\
\
| o celr erd? — ce — el)* »

/24( Co, %, ©) Ce’+ 63'_)“1 + E‘e',__ 6.2'52
If the olgnal can ba presented by a ogationary time se~

ries (i.,e. its statlstical Dropertﬁes do not vary with time),
then the correlation coefficient 1?“ €o,%, ©)can be calculated ‘
from measuremenfé: of ce,?e_,’)zand AT Q)zmade at different times,

By obtaining the spectrum of each in turn, a frequ'ency-'

. —dependent correlation coefficient of the turbulence could be obtain-

ed as:

S'oectrum of sum -~ Spectrum of difference
The 1nstru'nentation used in measuring the above quantltie..,

is shown in a block diagram depicted in F:Lg. 278.
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5.7 Snoctruﬁ Varia ion Along the Stagnation Line #ow

The flow field in front of number of models was investi-
gated to examine the_vériation of the SPec{rum’along tneﬁstagnation
line flqw; In order to have sbme measure of compqu sonn, between the
‘changes 1ndacc"iﬁ tue specirum by the diiferent models, the varia-
tion of the spéctyum o1 lne 1ongiéudinal component of thovvolocity
aloug tne contré;line oi tie wind tunnel and upstream of the‘tesc
section at different positions vwas measured.

rhe results oviained from all the measurcments mentionned

in tuis chapter are discussed in section 8.
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6.1 Model Hardware,

- Conventional wind tunnel pvactlco rnstrlct the frontal
B arca of a nod"l to about flve r"rcent 01 the test section cros-—
'scctlonal areca, so that blockage effccts are kept 2t a reasonadble
- low level, Consegquently in these eY.perimenis vhenever possible
- the two-dimensional flat plates and solid bodies used had a width
jof SCm, thus keeping the model frontal area wifhin or near the
above limit. The purpose of the investigatlion required models
of greater frontal area {o be usedf In thesec cases‘blockage cor-
'fections wefe applied. The plate edges were chamferred at an
angle of 45° and mounted with the largest plﬁne surface look- *
ing upstream. |
The moaels inecluded:
-Rectangular plates of: a) 3023Omm2
| | b) 30x60mm2 .
cs 30x1204,2 (blockage cor. applied)
d) 42,5x42, Suw
e) 60x60um? ~ (bBockage cor. applied)
£) 85x85mm2 (blockage cor. applied)
g) 120x120mn° (block. cor. applied)
_Circulaf plates of: '2) 20mm dié.
b) 4Omna dia,
Pa?allepipeds of: ' a) 30x30x30mm3
- b) 3ox3ox%omm3(blockage cor. anpl,)
c) }0x30x120mm3(b19ckage cor, aﬁpli
61rcu1ar cylinders of
30mm dia, and AR of:  a) AR=)

b) AR=2 (blockage cor.applied)
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c) AR = & ¢blockage cor. applied)
ALl models vere méde of perspex with the parallepipeds
and circﬁlar cylinders hollow to eliminate adverse effects; 1.2,
to reducgvthe inerti&iof_the system and decrease the friction
betﬁeen the stiﬁé'and the sleeve within.which it slides (Part A~
of Plate X ), and censequently preserving a high'frcquencj response,

The models used are shown in Plate IT and Plate IIT,

U s S P G e v e B St e By B S Sk W P v S on v mab i

The mbdels_were mounted on a hnm diameter tubular sting
which was attached on the mechanism shown in Plate XIV, The mécha-
niém was installed on the ﬁop of & zero camber, about 7cm chord,
~ aerofoll section, In order Lo miﬁiﬁize the effect of generzl tunnel

and ground vibrations the’aerbfoil section vas extended throug@lthe
wind tunncl floor and rigidly attached (with three lem thick screws)
"ﬁo’a heavy frame,resting en the laboratory‘floanqhQLincluded rub-

ber damping pads, ~

- v o T T . Sy et s A e s et Bt e s o B Wt P i S e Pt Wy

‘The models were again mcunted on -the Lmn diameter tubular

sting (each ﬁodel had its own sting) which was attached to a strain-
gauge balance, The balance vas shielded from the airflow by méunting
it inside a_zéfq—camber aerofoil section; The%initial balance usea',
is shown in P1, VI, With this arrangement it was found (by manually‘
) d1Sp1a§ihg, by smazl'distancés, ihe model in the z~direction in no
AfIBchdnditions) that transverse oscillations df'the'models.resultcd
in additional inputs to the balance.

hs tho result of the coupling of the longitudinal and
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. transverse'oscillations was difficult to interpret, the balance was
modified by extending the distance between the two members of the ba-~
lance and by incorporating a pin Jointed up,cr spacer, In this way

it was thought that the effect of the txansvcrce oscillations of

the models did not introduce unwanted inputs to the valance. Compa~
rison between the results obtained with the modificd balance (vre-
sent work) and the .results obtained with the initial balance

V.K.I. report Wo. 74-12, by G. Skordilis, Ref. '44) show conside-

rable improvement, The modified balance is shown in P1,IX,

6.2 3 Model. Externa’l' Excited.
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The mechanism used in externally exciting the model at
discreet frequencies and amplitudes is shown in P1l, X, The mechanism .
consisted of a variable-specd motor which drove a mechanism below
the-windrtunnel floor imﬁosingka front and back reciprocating mo-
tion or the model in the wind tunnel above and in the drag direction,
The eccentricity of the méchanism shown in P1, X conld te zdjusted
for the desired amplitude of motion, because of the complicated ar-
rangement it was not possible to shield the mechanism from the air-
flow, The reason for using the present mechanism, and not using a
simpler one, was, that the mechanism used was already ready at the
time required, and the time availabﬁe to the author for the invesfi-
gation was limited, The fact tﬁat the mechanism was not shielded from
the airflow, it is not‘consideréd tohave a great influence
of the fiow field in front of the model or on the motion of the
model 1tse1f as in this case the latter is driven from the outside,
The components of the mcchaniom vere made of aluminium and 'as thin
as possible to reduce inertial effects. Even with thesq inprovenents
it was_fognd advisable nﬁt_to exceed an oscillation frequency of

12 - 15Hz,
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The open—réturn L-2 wind tunnel_at VonéKafman Institute
was used, A new wind;tunnel intake wés used to eliminate some unstea-
dincss and spatial non-uniformity present with the original intaké,
A general velocity profile survey Carried out before the acfual exX—
pn“imﬂuto proved that the cihange in the intake seccion gave a satista-
-ctoryvunlformlty, the maximum velocity varlablon.with respect to the
mean_veiocity was abolit O L% to 0.5%,

The test section has a rectangﬁlarAcross—section of
0.%5 x 0.18.m2 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 remcvable.

To avgid the growth of a thick bsundar& layer the initial
test section of 5.32m length was reduced to about 1l.3m, while unwan-
ted vibration irom the fan umotor was avoided® by joihingvthe test sectinm
with the dornscrcam section - carrying the fan - with a rubber band
ring thus eliminating any contact between the twovsections. H gsche-
maﬁié - not to scale - diagram is shown in Ffig,5. The tunnel' s o
reference wind sbeéd was taken as the equivaleat test secbién speed
@, and was derived fronm meésurehent of the test section dynamic
préssure _’;Z{,oiiz . this was 1:ed dirgci:ly from .é Betz manometer connected
to a N, PL sténdard pltot-static tube at the teét section, Long vla-
‘stic tubing conncctioné_of about 3m from the pitot-static tube to

the manometer helped in damping down the turbulence oscillatiohs..

Z:Z uot-wire Instrumentation.
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The fluctuating properties of the flow were investigated




using hot-wire:.techniques. The hot-wires used in tne present vork
vere the DISA COnstant temperature anenometeru SbAOI °nd 55001 des

[

cribed in Rei‘x%aand Ref. 115 Two other consi ant—bomperature aneno-
" meters built at v.K.I. were also used, |

The reasons for the use of oohstant—témperafure anembme-
ters - instead of comnstant current anemometers -~ <. whith were thougat
to be neccsséry in thg present work are présented belof;

1, The wire current is controlled-by an electronlc servo-
system that protects tine wire againét accidental burn~.
out wnen the flow is suddeﬁly changed (reduced),

2, Since the bridge balance is maintained during flow chan-

'ges, there are no compensation controls to set and no
testiﬁg to determine whether the compensation is effe-
‘ctive&

3. Finally, the instruwment can follow large fluctuations
in the flow-without ‘appreciable error.'

The unlinearized hob%n&Qsignals were fed into the linearizer

55DlQ as far as tine 55&01 anenomaeter was concerned whilelall the
other anemometers had their own iiﬁearizers built in them. LThe sane
was true for the square wave genératofs used in the calibration of
the instruments,

A1l hot-wires employed were single ﬂot-wire proves. They
used 0,002 dia. tungsten wire with aﬁ active length of 0,125", The
non-active length of the wire was éép“ér plated. The prnbes were ma-
de at V.K.I, and this helped in adjustiho the len”th of the probe's: bo-
dy according to requirements,

useo(.
The tnree degrees of freedom mechanlsﬁ7f;;'the hot wires

is shown in FlgliV, A four degrees of- freedom mechanism was used in

easuring the turbulent enﬂrgy. Lhe first mechanism, mentionned abo«




ve, -was used for measuring theklongitudinal and latcral space cor--

relation coefficients, the probability densify_fun;tion of_thg_lon—
gifﬁdinal‘component of the wind as well as the épéctfum;and its.va;
‘riation-(of the longifudinal veiocity éoﬁponent) in frépé of the wo-
dels. |

Repeafability of the poéition was within-i C.OOBEm.

The hot-wires, whilgtin pperation, could bg,obsér&ed through
a set of lemnses ;uThusAany'vibrations-detecfed could be elimingted,

rhe calibration of the hot-wires toééther with the fre~
quency rasponse of tqe system and the effect>d£ the finite hot-wire
length on the measurement of the three—dimensionél turbulence are -

considered in appendix ¢,
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A Bruel & Kjaer crequency Analyser Type 2120 was uéedAfor
"on line" spectral aﬁalysis; It is a constant percentage bandwidth
analyser whose cenfral irequencies aré continuously tunable from
2Hz to 20kHz., It could be used as a constant bandwidth filter ha-
ving four selectable bandwidths, i%, %, 10%, aﬁd 1/3 octave. In the
present work the 3% bandpass filter was used, #s no level recorder .
vas available ,the central frequency? each time it‘wés changed, it aod
selected by hand, This was p:oved éuhbersome and time consumming but, |
at .the time of the experimentg}ho other method was’availabIe,.

In general the accuracy of the.powef sﬁectral density fun-

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

-

me. The bandwidth is associated with the spectral precision of the
powér spectral density function, i.e. the measurement resolution,

while the averaging time 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 readlngs from the froquency analyoer

Lhe follominv random signal analysis was assumed:

The r.m.s. value of 24'(12)15 defined as:

(\/ ) — z?ﬂ é%' 20 cﬂgjcxéé "'."‘" _C4)

o

where T is the analysis averaging time, which for 100%
accuracy must tend to infinity. In practise this is im?ossible, and
T must be restricted to a finite value, This restriction leéds to an
érror in the r.m.s. measurcnent. A commonly used e¥ pre531on for the
normalized standard deviation (or error) * €  of a r.m.s.'measuu
- rement is:

E = dort BTDOB coceoemo-= C2)
2/BT for BT -

whefe B.is the analysis bandwidth in Hz and T the averaging
time of the analysis in seconds,

A comzon parameter‘inbanalyses of thié type ié the number

~ of statistical degrees of frecedom k, which is given by:

) SIS €. 9

It is cqmmon_practiée to wérh with a value of 50 for k;
this being an efficient analysis value,
| Therefore if: asTgso....,..,.....;.;..Q.;.......(a)--
Br=25 e tiereiesorscocecracassnaal5)
Substituting back for BT in éqﬁ.(a) givés:
| & =10% for BT:ZS. |

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

With constant bandwidth analysis B assumes a constant




value, but for a constant percentage bandwidth analysis B increases

linearly with‘frequency.according to the relationship:
B:(rf)/loo'i....‘...."..-'.".‘.....’.“"..’.(6)
where r is the percentage bandﬁidth. The minimum analy-

sis averaging time, Tpy, can be calculated for a LT product of 25

as

(3]

TAV~> 25/B *  for &<+ 10%

The apalysis rate may be connected with the calculated
averaging tinme by specifying fhat one bandwidtﬁ nust never be scan-
ned in less than two averaging times. The time taken to scan one
bandwidth is given by fhe "dwell—time"; Tp, where in the'present

case:
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7:5 Microphone.
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The fluctuating and mean pressures at the stagnation point
of the-ARza plate for all three turbulent fields were investigated
with the use of an ulfra miniature pressure sensor made by sulite ‘
Semiconductirs Products Inc,

It consists of a miniature silicon diaphragm on which a
fully active four arm‘h@eatstone bridge has been atomically bonded
using solid state difrusion., This monolithic consfruqtﬁon affords
excellent nysteresis and thermal chargcterisiics. she silicon dlaphrggm.
and tne transaucer housing are constructed to eliminate all interwmal
lead flexing. This removes any lead -fatigue andvundesirable seconda-
Ty resonances caused by internal lead vibrat;ons. The’pressureé for
wiicn tne traiasducer was anplicable wﬁ%efrom 5p.s.i. to 50p.s.i,

and it had a natural frequency of about 125kiz. A reference tube




emerging from the back of the transducer madé its calibration extre-
mely easy. whc-calibration was carried out ih the wind tunnel.in no
flow conditions against a ﬁitot tube by merely suoking on tho rofe4
reuce tube.

Tﬁe typical installation of tho transducer requires. the
use of silicon rﬁbber so that it 15 pernenantly stuck on the model,
The transducer in this way comés flush to the surface without AR
any cavities, This eliminates any frequency resonance coupled to the
caviuy charactellotlcs. ’

Because of the expense involved in the transducer it was
found nccessary not to install the transducer nermenantly so av01d1n"
any possble damage to it when it was time to remove it from the mo-

“del. ‘The method of installatlon using rubber "O'" ringsis shown in
Plel XV, while a photograpﬁ of the transducer is included’infﬁat.KVII.

) /
The overall dimensions of the transducer are shownoinfﬁci,£V. ‘c

v
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In general, the following three functions, though not suf-
ficient to describe the random procéss involved in turbulence, are
very useful in its study: |

1. Tho autocorrelation function or the spaco cdrreiations.

2, The power spectral density functlon, _

3. ihe amplitude probability density function.

This last function oas 1nvest15ated u51ng an amplitudc
probadbility analyser, rollowlno tae nomenclature used at v.K.I.
~ where i‘he analyser was designed and built - the mhole system of the

analyser and the x-y recorder used in the presentation of the data

/as glven the name of probability density function displayer,
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neasurenents made witn a constant-temperature anemomeuefé Ly is
sufricient to say here that the present mcaSurementé vere made as
accurately aé any usual hot-wire measurements, Particular atcention

has becn paid in the cuse of investigating the energy level variation.
as’ the different cddies approach the model., Due to the small varia-
tions in the redding for the enefgy.leVel for each‘wavenumber the

mean ol four readings was taken as a representatlve value of tne si-
tuation. Generally when measuring quantJtles that vary randomly with
time, a certain amoun% of discretion must be used in obtaining average
‘readings of metre pointers fhat are Jjumping about,

No corrections have been made to any of the_hot-wire results
for.the finite length ot the wire. At the same tiﬁe it must be taken
into account that in the pfesent work the scales of turbulence were
25 ~730 times tiie length of the hot-wires., In measufing'the intensi-
ties of the furbulent fields the usual method ofAemployinv the r.m,s.
of the voltage fluctuatlons was us ed in placg of tneir 1nstantangouo
valueo. this aporox1matlon is valid onlly for small values of the flu~
ctuations.~Hevertheless; vibration studies,(Refﬁ4S) have shown that .
the hot-wire anemometer is capable of following fluétﬁafions in a
single direction faithfully up to &0 —.?0 percent, When tne fluctu-
ations in u' become large,errors will.be introduced because of the
interactlon of the components of the turbu]ence' that is, the effect
of ut, v!' and w' on u!' and on each other. rhese errors are conuiderpd
in Ref, 48, where actual corrections are worked out. ii0 such correctioﬁs

have teen applied to the results shown in this report.

The coherence of tne turbulence measured using summing and

Vi e oot rye
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substracting circuits shows negative values or valuqs:greater than
unity. This is, of course, impoééble'and such readings must be the
result of inaccuracies in thé.prqcess. In mas¢ of these cases enough
points were availab®e to show the trend without considering ;he points
for winich K,,(o,%,0) C /.) <o or R, Co0 72,0 (/)>c{° |

To keep the clarity of che grapns to a féasbnable level
when curves in fue same figure collapse towérds a single curve not all
points are shown, This was the casé in the investigation of the ener-
gy level variation of the difrerent eddies as théy approach the model
The same was true in the case of the investigation of the variation
of the integral scales ot turbulence in front of the model when the
lJatter was externally ozcillated.

In measuring the suriace pressure the only fundamental
difficulty present in using the flusa mounted pressure transducer
'.of tinite size was iﬁ‘calculating‘its spatial resolution. The distri-
bution of the sensitivi?y over tihe area of the hole is unlnown and there
may be some response, viu the fluid flow, to pressures applied at a

short distance from tiie hole; tnis makes correciions for the effect

~—

of transducer size conjgptural. vonsequently no such corrections
were applied. The largest sources of‘error-in these experiments were:

1. Inaccuracies in repeating set'upé after the probes
were caanged; -

2, Effects of the presence in the flow of periodic
fluctuations due to sound, pressure waves in general or
floor viﬁrations.:

Io‘find how mucih of a given set of feadings Wgs éue to
elecirical noise in tue instrumentation aﬁd ex:r#neous Qibrations'
from tue test stand, the hoi-wire was shielded using a cup, the flow
was stopppd and tanen the overall noisé spectrum was obtainecd. This
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is shown i Eig.BO. In general.the noise specirun presented a noisc
ievel that Was‘negligible for the meésurcmenté reporied here,

For tuhe torced oscillations tosts two sources of error could
‘be possible. ¥iirst, tnere might be errors’in setting up-the shaker am-~
'plitudos. Alincugn the set émplitude.was checked'before and after eéch
test there is alwvays a certain ﬁlay_in the bearings o1 the mechénism.
:The erfeccs of tnat play when tne model oscillates at €he frequencies
used, is not known, wihe second source 6f errors could be any vibrations
-of tue suaker linkage and vertical éhannel, from the motor itself.
Taese resuitéd in keeging the oscillation frequencies used comparati-

vely. low. .

7.6.1 Wall Interference Correctionms,

For some of tue models the lateral dime nQ1oﬁs were a littic
larger tnan wighi have been desirable from the p01nt of view of wind
“tunnel blockage. 1th a breatih or tne wode) of d=128am and tunnel
treath of z=250mm, the largest blockage ratio was d/z = 120/250 = 0,143,

~.

To correst ror wall inierierence eriects use was made ot tue tormulae -
p&esented below,

These lormulae were given'by sllen and Yincenii (Ref . 51)

and give tne corrected values or velocity and drag coeriicient, 24

and in terms o (i a : YA
C;QM¢Q7Q i rus L tue measured values 2¢_ and Czéﬁnﬂwﬂ1m°

— . : : 2 4
2L = /4—,}1 Q: -—OL—PO.QQ ,o_(_ _..‘-.--(A)
N . ‘l . ,‘2
AL, / o 5 oAV - (B
_Cmexn) _  f ECO(Cm&"nJm _;) 2. (22) )
- These formulae were obtained following tue earlier work of

Lock, Jlauert and qudstein, by using image doublets to represent the
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interterence between wall and model, and image sources to roprcsent‘
the interference between wall and ﬁake; the two efrfects give the
third and second terms, respectively, in the formulac., ihe drawbaclk
in these rormulae.is the fact that such an analysis does noﬁ take
into account possible interference:effécts on the separation mecha-~
nism and the structure of the wake élose behind the body; changesv
-in these could have an important effect on the drag. rhe maximum
corrections to Eﬁ andfgé. were about 9, and 174 respectivély.
\\'




8, RESULTS AND, 01.,cu SION

8.1 Mean Veloclty Pxofi]eo.

In the prcsent study it.was desirable to ﬁﬁrk'in é_region
where the distributions of both the mean veiocity and the'fluctﬁating
cémponent werc uniformly distributed acroés the tunnel,

A survey of the mcan velocity at'the test section is shown
in Fig. 6 to Fig.10, The. lato al mean veloc1tv vrofiles inves Llrated
wore dctermlned at dififerent noqition° on the y-z plane at the test
scct*on, ( i C. witlLout varlatlon in the value of thc x-coordinate),
The plots 1nclude mean velocity profiles for the three turbulent
fields usecd,

As a first otep the above. mentlonned lateral mean volocily
pfoflles wvere uete;mlneu at different y-2z nlanca, for different va-
1ues of x. In this wvay the location of the best position for the
test sectlon, downstream of the baffle, folloygd a trial and error
method, As the test section»had to be fixed, the uniformity 6f the
thfce turbﬁlent fields ﬁsed_at the test section, requireé some degree
of.compromise between them,
¢ »Consequéntly the initial mean vélocity,profile survey wa§
carrie&'out for two interrelated rcaéons,-i.é. a) to find_aﬁ oﬁti~
mum position,as ex tplained below, along the wind tunqei length for
the location of the test section and b) to have an idea on how good
vas tbe unlformity of the turbulent field with respect to the mean
'velocity. The Optlﬁjzatlon was concerned in kecpinr the interral tur-
bulent scale, and the reopectlve turbu’ent lcvels at high valueq.

At the same_tlme the investigation required an acceptable unifor-

mity in the flow field.

According to Corrsin and Van der Hegge Zijnen, (Ref, 4&)

T gy o o oy o -

Note: Throughout the thesis the wordlnr "Enpty Tunnel” refers to

""""" the absence of the model and its support only. The respective
"baffle is alwayu present; .

r«...‘:.-'w— [
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and (Ref.44), an acceptabloruniformity in the flow field could be
expected at a distance downstream from the baffle equal to 20
hole diameters. Additionally, previous studies, such as those

reported by Batchelor, (Ref,29, have shown that both the mean veloci-

'ty and the intensity are uniform at about ten mesh sizes’downstream

from the grid. In order to increase the scale of turbulence and
obtain the uniformity suggested by Corrsin and Van &ér Hegge
Zijnen it was, in this case, preferred to work further downstreanm

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

~d7?h downstream from the bafersi'or at about x/dS = 21.3.

Fig.6 to Fig.1l0 present the resuits in terms of a norma-
lized velocity and a normalized length. The ﬁind tunnel's height
and width are taken as the réspective normalizing length for the
2 and y velocity distributions, For the y-distribution of the mean

velocity the normalization velocity 1s taken as the velocity ﬁo at

i

z/Z = 0,5 and y/Y = 0.5, while for each for the z distributions

the normalizatiorn velocity u_ is taken as the velocity at 2z/Z

i
O
W

and at the y/Y section considered.
, Fig. 11 presents the variafion_of the mean velocity in
the longitudinal direction along the wiﬁd tunnei-longitudinal cen-
tral axis, At an x/dfﬂ=-0.6 distance uvstream from the test section
the mean velocity shoyé a sharp rate of increase,
Wherever possible curves are drawn through the data voints,
To avoid confusion, in those curves fbf which the points intermingie

for the different cases, the curves are not traced.

With the turbulence baffles installed the mean velocity
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.attained as registered by a nitoﬁ static tube éonnécted to-a.

Betz manometer and spot galvanometer was glven by z{o“t/~'0‘76
~with u for the slotted baffle of about 12,5m/s,

" From Fig.6 the variation of the ﬁérmalized Velocity in
:“the y-direction, above y/Y = 40,74, shows a mean vuriation as the
_ wa;ls of the wind tunnel are approached, of about I 2% of the medi-
~an, Except from this féct the distrihutiqn.Seéms to have an ac- |

. cepfabie»level of uniformity. Near the wind tunnel walls the ve-

. locity profile is expected to change, anyway, because of the wall
'bounAary layer., |

The z-distributiqn of thevmean velocity seems satisfa-
ctory between y/Y = 40,284 and y/Y = +0,740, Below and above the
»-j/Y-iimi£s given above the mean velocity vrofiles - for the znais%
tribution - are no longer uniforé.‘The interacﬁion of the bognda—
ry layers at the corners of the wihd tunngi section with the mean
fiow is thought to be responsible for the changes observed in the
~Z-distribution of the normalized mean velocity profiles at
y/¥ = 0,228 and y/Y = 01,795.

It should be noted that for Fig.6 to Fig.10, y is measured
from.one of the walls of the wind tunnel and not as shown in the
deflnitlon sketeh of Fig.2,

The Reynold‘s No, based on the mean velocity and the width
of the models itested ( or the diameters of the cylinders) was
Réb = 2.6x10% . Although in‘this work the influence of the varia-
fion_of the Reynold's No, is not considered it shouid be pointed

out that:

a) for sharp edged bodies %here is little effect of Rey,.

. b) for rounded sections, the points of separation of

e e e e e e . o L0 . - - AMhavit i >aaus-ioy
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the éirflow from the surface move back at a critical
value of the eynold's No,, with a decrease in the WL
width of the wake and a consequent decrease: in Che
In general the mean flow ve1001ty fleld of the present
case couid be a reasonable representation of the actual atmospheric
wind, only for a case where the velocity distribution of the lattef
is near uniform and the structure of turﬁulencevis independent of the

.

detall of tne terraln.

8 2 Intensity Profiles of the rpuxou]cnt Fields.
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The values of the turbulence level were measured using
.a typical r.m,s, voltmeter and all values were derived from hot
wire ancmometer measurements, The intensities have not been cor-

rected for any hot-wire frequency response effects (appendix B.2)

or'meésuring instrumcﬁtation truncation errors. At the sane tine
'A it should be remembered that all ﬁotnwiré outputs were linearized,
. It‘was noted that variation of the wind tunnel's running speed

produced a change in turbulence level; specifically an increasec

o in the tunnelé p?ed produced a decrease in turbulence lével

The 1ntenolty of turbulence based on the local mean

-

velocity ‘at y/Y = 0.5 for the y-distribution and at z/% .= O 0.5
for each y—section‘fof the‘z-distribution, are shown in Fig.lh
to Fig, ;8. A'typical hot-wire calibration curye-follqwed by a .
typical hotl-wire verification curve are shown in Fig.12 and

Fig.13.

P

Q

From Fig, 14 preséntinﬁ the y-distribution of V¢ at

—

the test section, it can be seen that for-the slotted baffle the

value of the turbulence level was about 11, for the 30mm holes

baffle a turbulence level of about 9.5%, while the 50ma holes




‘baffle produced a turbulence level of about 8%, A peculiar feca-

ture pf the level of turbulence profilc{ for the y-distribution, -
vproduced by tge 20mm holes baffle is the shafp increase in the le-
vel of turbulence as the wind tunnel walls are approached. This is.
:.thougﬁt to result from some pecularity of the baffle producjing a
flow pattern which when it interaets with thelwind4tunnel boundary
" layer results in the_aboﬁe mentionﬁned incfease'in turbulence le-
vel;IFor Fig.lh to Fig.1l8 the distance y. 1s measured from one of
";the.walls of the wind tunnel and not as shown in the definition
sketch of Fig.2, - |

Fig.1l9 presents the intensity variation -~ for the three

turbulent flelds - along the xX-axis and.along the wind tunnel's

“central axis. A very small increase in turbulence level is noted
as we move unstream, | |
An indicatien of‘the degree of anisotropy present at the
working section is given by Fig.19a, which shows mean valueé (at
the expected stagnation point) of the three turbulent velocity
" components for each turbulence case considered. A certain amount
of ahisotropy ivaresent in ali cases, but it is most severe for
the Sdmm holes baffle turbulent field, In this context it should
.be remembered that a certain amount of anisotropy is inherent in
grid generated turbulence, .
In general the intensity level achleved is lower than
. that normally encountered in urban areas. On the other hand it
would be expected to occur freduently at elevatiens of 30m or

higher in opén'country. - o v

8.3 Intevral Scales of Turbulence,

The physical size of the eddies (in a statistical manner)

[T
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coulld ﬁe founé from measurcments of the correlafioﬁs betweenlthe'
velbéity components, However it should be noted that in a stati- ‘
stical methodd,’ average values are used and consequently individﬁa1"
configﬁrations and e&ents disappear in tﬁe process, This, on the

- other hand, is of no greatvimportanée in the study of tufﬁulence.

The immediate engincéring applicatibh of correlation measurements

.( in the coﬁtexf of the present work) is to give an astimate of the
size of fhe eddies acting on the structure of én a part thereof,

.:Fof examéle, when the size of the structure is small in compari-

'son ﬁith the size of the eddies, it éan be assumed that the relative -
velocity and angle of-attack with which the wind strikes the structu-
re, are variable with time, but practically coﬁstant over the . |

' iength or width of the structure, It is interesting to note.that

between the two wires, in measuring the longitudinal correlation co-

efficiént new eddies are expected to be created from the o0ld ones at
aurate‘given by the decay of the correlation curve, |
“The longitudinél scale of turbuldnce as'well aé the two
lateral scales were determined by integrating the area under the
'reSpective space correlation curves, A sample of these curves is
'presénted in ¥ig,20, while the integral scales forlthe remaining
cases are tabulated in Fig,21, The values presented include a
cerfain approximation as it was.impossible to‘determine the space
correlation for separatioﬁ diétances very near to zero and fér se-
paration.distances tending fo'infinity. The correlation coefficients
. for the slotted and 30mm holes baffles zould be correlated by divi-
ding the sépayation distance of the two hotTwires by the slot and
aﬁd hole diameters respectively, This Qay bé plotfing the results’
is shown in Fig, 20. ThisvisAnot.thé case for thé §Omm holes

v baffle generated tu;bulence field. In this césq it 1s'thought that
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the wind tuqnel tésé section is found at the beginning of the
turbulent regioﬁ of the air jets generated by the baffle. This is
only a conjecture |

The turbulent scales, in general,.are approximately fhe s
same és the width of the model,

The values of the integral scales of turbulence in the
longitudinal direction could also be cdmpafed with th§se obtained
from the large scale normalization spectra of the longitudinal velo-
city component for the‘three turbulent fields, shown in Fig, ai,‘za,
and 24, It should»be'remembereduthat the values of the fespective
integral scales of turbulenpe found ih thié way are not more accuraté‘
than those found frdm the respéctive space correlations curves men~
tionned above,lTh; reason for thisbis that the determination of the
spectrum in the lower frequency range suffers from comparatively
| high inaccuracics, The vélées'of the integral scales of turbulence
found in this way could be used as a check for those obtained from
the space correlation cufves.

starting from/the"fact that there is avFourier transfofm
relationship between the spectral dénsity s(f) and.the correlation
fundtion f(x) we could get the following relation, (assuming an

‘isotropic turbulent field):

L i f’(;/) L 3_1_ ollsc(Femd)eos -%-;’_-_ia

?/—go 9(-"0

2 [Tl (for) = 2
o = (4, 12 JD

[.8.‘ #_*O ’b(_'

or expressed with the normalization factors used in the graphs of

Fig., 22, 23 and 24, ( these factors are explained in section 8,1)

e .,,‘_;} e . ) RO . .7"7 N SRR R .- - r—-r:r—wy-«
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we get:

- B 7 v T /a{ {
B = am.on:et oc«.:éé:.u{

Therefore the integral Ly can be obtained from the inter~

. section of the {._S__Q%Z__? KO/ gcurve with the -—‘S‘-—C—f—’f‘%} | axis,
g C R d

In this way the longltudinal integral .scales of turbulen-

ce are given by:

'Slotted baffle: Lo = §—9-93Q <10k 844 % 0.036 22 25mm
40 o

BOmm holes baffle: Z = -5——753000 » {0 i""‘xo LOD =23 Smm

50mm holes baffle: Lo = 2‘,?—0%9" 107 6514& D.0D =2 475, T

From the above rgsults it is seen that for the slotted as
well as the 50mm holes baffles the values of Ly obtained by both ways
agree fairiy well. There is é differenpe in the value of Lx for the
50mm holes baffle, The inaccuracies involved in the spectfum deter-
mination at lower frquencieé could be 'the reason for this. If is
thought that the value of L obtained for thé 50mm holes taffie,

from the space correlation; curve is more accurate,

§_._l_+ The Sgectrum of .the Longitudinal Velocity Component,

—— S — ——-—_..._-——_-——-..-.-.—...-——--.-.—-—_—..___.-_-..—_—..-———

In defining a turbullence field the frequency with vzhich '
a_velocity of a‘given magnitude occurs 1s of p-rimary. importance,

The Spectrﬁm of the longitudinal _cbmpon_gnt of'turbu-
lence for th;'ee positions at the test seétion-and for the three
turbulent fields considered are presented in Fig, 22 to Fig. 24.

For convemience both spectral densities and frequencies ( or re-

duced frequencies) are plotted on a 1’ogarithmic scale. Planimetric
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measurement’ of the area under the spectrum curve no longer has
: éhy importance or sigﬁificénce; on the other hand logarithmic - .
presentation ié appropriate for the followiﬁg reasons:

a) The ratio of maximum to minimum spectral densities
to be shown in one figure is about 10CO0 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 spectrunm,

o) 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 plottédbuéiﬂg'a lar-

ge scale normaiization with the normalized power &ensity plotted

against a normalized wave number, i,e,

Scwdl) [ . } Ka/{ '2‘7’/0/}
w2ol . 27/0/ %

where B = analyser output,

Most ot the results were obtaiﬁed using a Monroe pro--
grammable printing calculator, model 1665.

Up to a normalized wavenumber of about d;u the energy level
remains constant, A range exists, O.B-Q,dié in which the
energy variation is o< L while as we move to higher wavenumbers
“the inertial subrange is reached, where Kolmogoroff's -5/3 law
seens to apply., This inértial subrange extends between 5~<?;df<§b.

Above this range Heisenberg's solution of 'SCKJa{‘-)oc K-,’ seems
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to be in good agreement withkr the results, All spectra, for all
turbulent fields, measured at the test séction,'seem to have similar
chara&teristics without any appreciable deviation from the above

’ limitSJ | | S |

| | It is interestihg to consider the peaﬁfof the spectra

when they are plotted in the more conventional form of “L/‘&zf.//,v .‘.Q__’_ié.[ac,
' , " H¢
An example of this way of ¥lotting the turbulence spectra is shown

in Fig. 25. It prescnts the turbulent spectrum of the slotted baf-

fle generated turbulent field at the test section. The peak value

A a4 :
of this spectrum is given by: /f’:‘ 2L 2= 0.00004-, For this
. YA A0
to correspond to natural wind peak values of______£:f;ldm-lf5 as
F 4 u, .
"suggested by Davenport for a helght of say, 10m would. requlre 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 consider that the
turbulence intensity decreases whiie tﬁe mean velocity u increases
with increasing height above the ground, the presentbreduded spec-

. trum.of the simulated environment with a peak at O. 00004 could be
assumed. to be typical of open grassland (Refr. 3;, at an elevation of
about 20m, The high energy portion of the spectrum is at much -
highér fréquencies ( around a wavenumber of about 10); than in
natural wind ( around a wavenumber of about 10-3). Tﬁis is compa-
tible with the requirements for the use of small - scale experi-

mental models, i

-t e e 8 2 o o e e S e i o o T B e s ot o s o e ot e S A o . S e S s e s = e e a2 e ——.—__...-

Typical plots of the lateral (y-direction) cross-correlati-
on coefficient of the lonritudinal velocity are shown in Fig.2A -to
Fig.28. The positions of measurements are shown in the dofinition
gketches of Fig. 5c¢, 5d, Se, and 5f. | |

Fig.26 presents the cross-corrolation Ryy (0,r,,0)(f)

plotted against a reduced frequency %ég . The coefficlent wous
73 )
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determined at the test seétion, for the nmpty‘tunnel, for three
separation distances of the hot-wires, i.e, 10mm, 20mm and 40mm,
in the y-direption.'fig.27 and Fig.28 present the variation of the
cross-correlation coeffiecient in front of the AR=4 plate when ‘the
Yatter 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 s increasing,
reduced frequencies of 0,1, 0,2 and 0.3 is presented,

From the de?ermination/of the_cross-correlation coefficient
i,e, from the curves plqﬁted and the results tabulated in the fi-
gures mentionned above, a measure of the coﬁerence of the turbu-
lence is expected to be achieved. By conside:ing'the‘same coeffi-
cient in front of the rigidly held and free to vibrate models, the
way this coherence of the turbuzent field changes as the flow
approaches the model could be examined. The variafion of the croéé—
-correlation coefficient at the test section for the empty tunnel
case serves two purposes: _ H

‘1. It helps in defining tﬂe 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 parallepived the coherence decreases considerably, the

Ry (0,r2,0)(f) being reducéd 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 case when the model is held rigidly.
An improvement of Ry3(0,r,,0)(f) by a factor of 2 seems to be the

case, Possibly this is the result - in the case the model is frce

-..-..!
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~to oscillate - of the freedom of the model to move according to
the structure of turbulence impinging on/5?'coming inside the
influence zone of the model presence, In other words the model
moves vith thé flow ;educing its resistance to the flow., This is
'not>the-case for the figidly held model. In this casé the whole
changé had to be'eXpériénced by the flow field, the model remain-
ing totaily an external to the flow_factor.

’ For the case of the circular cylinder this reduction in
the céherence function ié,much less, This could be the result of
the more streamlined profile presented by the cylinder to the
flow compgred with that of the plété and the paralleﬁiped..

In general it must be ﬁoted that all thése measurements
are eipected to suffer from considerabie inaccuracies. It should
alsb 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 noisé ratio becomes

small, the coherence function becomes small, These ideas are fuily

treated in(Ref.ﬁ(ﬂ. Consequently these plots'must be treated with .

caufion.

For'the turbulent field in the emnty wind tunnel the
lateral freéuency-dependent correlation coefficient could be
expressed reasonably well, by an exponential function. In the
present ﬁase the constant ¢, in the exvression R11(0,r,,0)(f) =
= e-c(fy/ﬁ) has the value of 8, so that the lateral.scale on
a spectral basis will be about 1/8 of the longitudinal wave-
length, which seems to bé in reasonabie agreement with measure-
‘ments in the natural wind,

1t could.a;so be seen that the frequency range of the

velocity snectrum containing the majority of the wind energy,

results in turbulent scales of the same order of maghitudc
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as the model sizes, If, for exémple, we have U = 12m/s and let -

the 1dteral scale (%xﬁ/f) be equal to the model length of 120mm
the frequency is given by ;{—-£d¢132 == [27Z%, which corresponds
'to a wavgﬁumb?? of Im~1 coincideht with the peak in the velocity
~ spectrum, cShorter model lengths (con51dering the models used "in
the present investig;tion) will result to higher frequencies which
wili also be found within the range of maximum ﬁind ener@y region
of the velocity spectrum due to the flatness of the spectrum peak,
The method employed in measuring thé Eross-correlation
coefficient is describgd in appendix €, Due to the relative comple=-
xity of the method the coefficient could only be.obtained for the
frequency range AlOHz<<:f‘<:300Hz. This range is assumed to be
sufficient as the force spectrum (measured) does not exceed this

limit,

8 6 Spectrun Variation of the Longitudinal Velocity

--————————-————-‘———--—-——.__—-—.——-.-_—-.-..—._....—————
T~

o S - o —

The flow field;jﬂafront of a number of models was inve-
stigated inla general way in order to examine fhe variaéidh of the
longitudinal velocity srvectrum along the sfagnation line, This
was carried .out in frent of the rigidly and free to oscillate
mbdelé. ( A more detailed investigation was carrfed out for a few
of the models; the results are discussed in sectson 8,8), The
change of the turbulencé level along the stagnation line flow
wvas also recorded ,The results are tabulated in Fig.4l, 4la, and
41b, while Fig.32 to Fig.40 present a specimen of the resulted
plots with regards to the spectrum and turbulence levels varia-

tions. The spectra, in these graphs, are being plotted against
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a normalized frequency based on the réspectivp turbulencelscale..
| In order to see whethef the instruments produced an
acceptable noise level the poise spectrum is plotted, tégether
with the 30mm holes baffle produced turbulent fleld velocity
spectrum, iy Fig. 30. The-plot shows that apart for the 5CHz fre-
qﬁency value (corresponding to the mains) the noise spectrum is
of accéptable form, ) |

As the model 1s approached the energy spectrum is
shifted to higher wavgnumbers, the,shift-being increased at a
higher rate the nearer we’gétwﬁ;.thé:mbdé1;~Thé:distbrtionkoﬁ:the
energy spectrum as the model is_approached could be taken as an
indication-that near the object thé turbuleénce field is quite
‘different from that of the free flow. The change in the longitu-

dinal level of turbulence along the stagnation iine flow is com-

pared with Bearman's results for Ly/D = 0,75 and a turbulence le-
vel of 8.3%, This comparison shows that the flow coukd be assumed
to obey Batchelor's rapid distortionhtheory.'According to Batche-
lor the two‘éxtremé cases for L#/D—q»O and L /D —»co are

presented in the figure below:

+
A

-~

it
—
(2%

For L,/D — 1, which is the present case, the curve should

-

be between the above‘limits, and below Bearman's results - (Ref, 5)
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which are for a smaller 1x/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 could be obtained from the spectrum\
variation plots for the two cases. The spectra at x/D = - 1/10,
for the rigidly held models show a smali 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 30x120mm2

plate was directly measured as shawm in appendix D,

e o o ) e 2w o i oo e o) i 20 o o e e

Velocity Componcnt,

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 the 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.m.s., value of the turbulent
field at the point in question, is shown,co that some kind of con-

/
parison between the different curves could be possible,
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The curves represénting the turbulehce field of the
emptj tunnel show no appreciable positive or negative skew
although there is a decrease in tﬁe»ovefall r.m.s. value of the
fluctuatiﬁg longitudinal vélocity component as we move downstrean,
‘(Note tﬁat ~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.SQJ it is reporécd that in expe-
rimentally determined probability density distributioné of the natu-
ral wind varying amounts of both positive and negative skew are ap;
parenf. Singer also spggests that, on the average, the distribution
may be regarded as Gaussian, _ _ .

The plots of Fig.45 to Fig.68 present the variatioh_of thc
‘probability density of the longitudinal velocity component in
front of the 30Omm side cube and the AR=2 parallepiped for the slot-
ted and 30mm holes baffles produced turbulent fields, The respective
results for the oscillating and rigidly held models were obtained
~at the same position in‘space, i.e. in both cases the probability
density functioﬁ of the longitudinal velocity component was deter-
mined at x/D = -1, -%,-1/10, |

| A general decrease in the}r.m.s; value of the longitudinal
velocity componenﬁ in front of the model is apparent, the decreace
being slightly higher in the case of the-rigidlx held model for the
respective positions in front of the models,

As the_model is aprroached from qpsfream the skewness of
the curve to smaller velocities becomes apparent. The skewness should
not be taken as representing negative values, The ordinafé axis
representin:’p(u') could also have been drawn at the,beginniﬁg of
the curve, 7he way if ié drawn in this réport facilitates the detecti-

on of any skewness in the curves more easily, This skewness is
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expected as the longitudinal velocity component decreases as the

model is approached.. The same is true(statistically) for both oscil-

lating and rigidly held model: configurations, Whether there is any
difference between the skewness of the curves at » = -1/10 between
the cases of the oscillating and rigidly held models could not be

said with certainty,

8.8 The Development of the Energy Level of the Eddies as
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The expression "development of tﬁe'energy level of the
.eddies as they approach the model™ is.used to signify the develop-
ment or variation of the energy 1evé1'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 individﬁal'ﬁave-

number, i.e, 2wf » where uc = convective velocity, or more loose-

€

ly f/ﬁ., changes as the model is approached from upstream, At the

same time it should be pointed out that because of the way the wavenum-

ber is defined, the wavenumber itself contains some qualitative
measure of the eddy size, It was shown in section 8.6 that as

the model is approached from upstream the svectrum of the lonritudi-
nal velocity'compOnent is displaced to hizher wavenumﬁers. This

as mentionned in previous sections indicates that the larger eddies

break up into smaller eddies as the model. is anproached. In the present

section this variation of eddy size or rather because we are interestod

"in the énerpy transfer from the flow to the body and vice versa,
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we look at the variation of ihe energy content'of the differeﬁt
eddies, At the same time it should be born in mind that in a ful-
1yAdevelopedrturbulent field it is not the largest eddies that will
have the maximum kinetic ehergy bﬁt the eddies in a higher wavenur-
ber range |

In considering the distortion of the stream, in the present
case, the question arioes whether we could assume that the distorticn
takes place so rapidly that inertial and‘viscous forces arising
from the iurbulent motion c&uld be asSumedAto have no effect. In
"such a case the problem becomes 1inear.vTh¢ present problem could

-be assumed to represent the reverse problem.to that studied by ““5

G.I.Taylor (Ref;SQ), i.e, the flow field through a sudden contraction

in a pipe. Theoretically, .on this bésis, the problem can be solved

- by imagining that in the regions upstream and downstream of the
distorting section tﬁe nean flovw is uniform and the turbulenzce is
homogeneous. Assuming a 1inearizég theory, bnly the initial and

final stages of the turbulence fi;ld is of conseouence; and any field
chanves that occur during the dlstortion prOCCSo is immaterial. iﬁ
other words the assumption required for the linca“lzed theory to

hold is that the decay of turbulence as it passes_the model is negli-
gible, The condition to be satisfiéd, for the assumption to hold,

expressed analytically is:

r

L <<-————

where D could be taken as a characteristic body dimension,

(the width of the model), 3/,
It is k that 5 O c 7/‘—‘2') X
S nown aQ %——— = .

Consequently the ntove condition could b~ chrnrmed to:d

B W
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"Usually C1¢m) zlS small compared with u and therefore
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: In the experiments described in this work Qﬁéri <:?<‘{
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and =3 cf) i.e. =2 >> ' = and consequently, in the

‘flow region outside the body influence the conditions of the theo-

.

ry are net,
It was shown in ﬁfcvious'sections that high levels of
turbulence were reccorded near and in front of the model and clearly

’“?)/
-the condltlon

<:;:' w111 no longer be satisfied.

The questlono thus arlsing in con81dering the turbulent _
field just in front_o:‘the model, - the region of the turbulent /-
figld where no general theory known to thé author exists - led the
author in investigating what happens to the.different éddies as

they get closer to the model from upstream, ’
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The results of the above mentionnéd-investigation are
shown plottcd in Fig. 71 to Fig, 12}

The graphs show the power époctral density of the longitu-
dinal vciocity component normalized with *he local ‘mean velocity
plotted against the distance in front of the model normalized with
a characteristic .body dimension, the width or diameter of the model.

Becéuse the length of time required for the measurements
three representative models were used, i.e. a) circular disc of

v

iomm dis¢, b)circular cylinder of AR=2, c¢)square section cylinder

of AR=2, All models were rigidly. held and the turbulent field
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utilized was the one generated by the slotted bvaffle, This parti-
cular choise.éf turbhlent field was based on'its_turbulence levei
which wés approaching the natural conditions (atmospheric wind)
more closely compared with the other two turbulent ficlds used,

The factor 1O6vpresent in the ordinates 6f the graphs

resulted from the way the powér snectrél density was ﬁo@sured.
The r.m,s, of the power spectral density was measured in nV vwhi-
le the mean velocity was measured in volts, Consezquently the expres-

§ion '/f/*!y has units:

| . -¢
C‘""-V-) on:( ;/—g—; on C""”V) 40

e S

Consequently in order to avoid.Zéé;gzz beir? presented
with small numorlcal values and at the same time making comparison
easler the expresslon was multiplied by 106, i.e., the values of

.z££%%?1 in the ordinates of the graphs are the true values  .“
multiplied by the factor 100, -

The'absciscae.of the graphs show the variation of the
wavenuﬁbors instead of the ffequencies, Use of the wavenumbers
makes the understanding of the spatial structure of the field
at any given instant more pronounced; the field visualizatioﬁ Just
as the field presents itself»to an qbserver wﬁo is at rest relative
to the field is accentuated, “

It was found rather difficult to measure the variation
of the energy level above 100Hz with ths method used (no other method
was available at the time) and consequently the investigation was
limited to frequencies 2Hz<<ff-<:loonz.

In considefing the energy level variation of the different
wavenumbers in front of the molel it shou%d be noted that for thv fame

distance, i.e. x/D = -0,1 to about.x/D'= -1;1 there is also a decrease,




of the frée tufbulent field (wind tunnel cmpty), This decay of the
energy uprct“um L" pre ented in Fig,. 69, where the mﬁqrurcmontg are

presentcd for the p01ntu %/ dg

ll

- 21.3, x/dg= 20,9, and’ x/dg= 20,5 on
the uLagnAiion line; dlstances are measured ~downgtrecam from the
sletted baffle., The range'x/dsz 20.5 to x/d 2)..% represents about
the same distance in space within which the main measurcuments were

“taken place

"As the uocay of the energy svectrum was measu%ed in the
empty vind Lunnel the energy Jevel?muplotiedagqmnqt a-viavenumber jpore
mallzed by the longltudlnal integral scale of the turbulcnt field.
at the position of measurement. The variatlon of th° integ al °cale
of turbulence in the 1on¢1tudlnml derCulOD 1; ohomn 1n Flg 69a,
From the dec“y of the energy sncctrﬁh ﬁlots it can be scen that as
ve move dovmstream tnls dccay is morc pronounced in the region of
the energy—ﬁdntainiﬁg‘edd@eé;,atvx/dsi 20,5 fhé peak valuc‘of

.Z£C~.5341_-—6l00075 while at x/d = 21,3 the vpeak vélué of
j/j;,cﬂlj JLC,00004A¢ the same time as we move downstream, the

1724
reglon‘bf the energy - containing eddles moves to higher wavenum-

bers., . . -

in the univcrsal;equilibriuﬁ fange and especiaiiy in the
inertial subrange thé‘rate of dcrayNSecms to decrecase as we %ovn
downstrcan. This statement should be treated Wlth a certain caution,
bncause, at the same time attention must be paid to the shift. that oc-
fcurS-to:theJregion of'the:energy-cqntaining éddies towardSwhighggﬂwgg-
;venumbersr . | |

In cbnsiﬁering the Qariétion QY the energy level of the

different wavenumbcfs.in front of the models attention has been

~

" padd to pqssiblc trangverse vibration of the three-dimenslonal bhodiss
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resulting from vortex shedding phenomena. Any vjbrations cauaed in
the z-direction could have adversely affected the meaouromcntu by
providing additional unwanted inputs to the measuring system, It is
known that such vibrations, if present; aé the models were considered
rigidly-held would have the greatest effect if the Strouhal frequnn-
cy of vortex shedding coincided with the natural frequencies of
body-attachment systenms in the z-direction. The definition sketch
of Fig., 3 depicts the situatioﬁ. For the above reason the free damp-
ed vibrations of the models-attachments systems used, iﬁ the z-dire-
ction, were measured in still air. An example is presented in Fig. 70,
.depictinv the osc¢llatlons in the. z-direction of the rigidly hnld
square oectwon cyllnder AR=2, whzn placed in the wind tunnel test
- position and with no flow conditions. The results of the oscillations
in determining the damped natural frequencies of the systems are
summarized below: | |

AR=2, circular cylinder : £z32,2Hz

AR:Z, square section cylinder: f,= 31,3Hz

4Omm dia. circular plate: f,= 34,9Hz

Vortex shedding‘could be gkpected to have its éreatest ef-
fect in the cases of the circular and square section cylind?rs.

For the circular - section cylinder large amplitude-oscil-

lations are expected to occur at a mean flow speed of:

u = (32.2 x 0.03)/0,2 = 4.84 n/s

where Strouhal No, = ,2

For the sauare~ucction cylinder large amplitude oscillati-

. ons are expected to occur at a mean flow speed of:

= (31.3 x 0.03)/0.15 = 6,28%n/s

mhara Styecuhnal Na, - 0,768
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"This last value of the Strouhal No, is qﬁestionable{

8.8. 3 Discussion of the Resulted Plots.
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Fig. 71 to Fig.83'present the results of the energy 1¢§e1
variation in front of the 40mm dia, circular disc at different late-
ral positions., In general the variation of the energ&.level at iow
frequencies (small wanenumbers) 2Hz<<f<:6Hz, in front of the model
seems to be rather smalllcompared with the eﬁergy level vapiation
at higher frequehcies. A1l the same this increase in eneréy level,
as the médel is approached, ié present in ail lateral positions -
examined, i.e. stagnation line flow, y = *10mm z = Omm, and y = +20mm'
2 = Omm. Tﬂe energy lavel variation seems.to.be insignificantnfor the
'flow at y = +30mm z = Omm, The reason for this is thought to be
the fact that we are outside the zone of direct influence of the
body. At tne same time it must bde noted that (for the same frequency
range, 2Hz<<%<<€Hz ) there is a decrease in the level of energy for
the same value of X/foliwe move away from the stagnatlon line in a
lateral direction, i.e. the +y-direction. It is also worth noting that
the rate ;t increase of the energy level as.the model is approaghed
increases as the frequency increases from 2Hz to 6Hz. The increase
in the energy level becomes apparent below an absolute value 6f x/D
' §f abtout 0.4 while above this wvalue thé energy'ieVGl remains apprbgi-
mately constant. The reason for this comparative.émall change in ener-
8y ievel could be the more or less permanent state of thchlargest
eddies and in any ﬁay these large eddles are not expected to have
more than 20% of the total kinetic energy.

The frequency range, 7Hz<<f<<12Hz presents a much pgreater
energy level variation} than the previous frequency range, as the

‘model is approached from‘uustreaq’compared with the energy level for

¥




S — - . NP i Tavae . T el PR el P e et A e

upstrcam;é;g. for £ = 9Hz the normalized encrgy 1e§e1’far upstream"
'is about 10 while it reaches the valué of about 90 near the model.

As it was pointed out previously this increase in.the energy level

is pfesent in all lateral positioﬁs examined although the increase

is 1ess.compared with that at the stagnation line, as we move iate-
fally in.the-+yﬁdirection. This increase tends to disappear at fhe
position y = +30mm z = Omm, i.e. outside the zone of infigence 6f the
body.’As‘for'therpreViousfffrequency range, in this frequency range,
7Hz<<f<<i2Hz, (vhich is found at the beginning of the region of the
“éneré§ COntaining eddies) the rate of inérease of the energy level

is greater at higher frequencies., At the same time this increase

in énergy leVeltbecomes apparent at about an absolute value of x/D of
about 0,6, Above this value the energy leVel becomes_approximétely
constant, It seems that for corresponding wavenumbers the effect of
:the_modei 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 frequ9ncies‘-'the presence of the model has a greater
-effect on.the cddies, At this point it mvst be noted that fhe’increa-
se in turbulentvenergy as the model is approached could be due to

a) an increase of thé energy level itself and b) a decrease of the

local mean velocity, which, decreases any way as the model is apvroached.

The range of frequency 14Hz<<?<<LOHz presents some peculi-

ar characteristics in that the energy level variatioquor each frequen-

cy does not follow & smooth vower law decay curve, There scems to

be a relatively hiéh scétter of the points repfeéenting the energy
level at different vositions in front of the model and for different
frequencies, All the same the nature of a power law decay curve is
maintained. This scatter scema to be more pronouncad A we riove neir-

er the model, This could lead to the nozsibie coﬁclusion




that the réason for the diécrépencies'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 disc in the z-direction
ié_about 34,9ﬁz.’At the same timé 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 45° chamfered perimeter. Perhaps
it could be easier to assume that:additional inputs are fed’into'
the measuring systen.by oscillations of the model caused by the im-
pact ‘of the eddies on the model and somehow exciting the latter in
the region of its natural frequency. Above LOHz and for the frequency
range'SOHz'<;'<§pOHz the eneréy lavel variatién attains agaih its
normal éharacter as the one met with below léHz. These peculari-
'fies of the different frequencies are present in all lateral, +y.di-~
rection, positions'exéept for the y = +30mm z = Omm where, as men-
tionned abbve, we arg}pqssiblx,outside the direct zone of influen-
ce- of the body. '

_Eig.8u to Fig.95 presént the resulfs for the energy levecl
variétion in front of the AR = 2 circular cylinder at z = Omm and
for different lateral,ty-direction, pnsitioﬁs. A general comparison
of the results between the energy levels near the model between
the circular disc and the circular cylinder show that the enefgy le~
vel ln front of the cylinder is considerabdbly less than that in
front of the disc. This could be explainsd by the fact that the ex-
ternal shape of the 6ylinder presents a comparativgly smaller dic-
tortion to the flov field than the disc, The cylinder presents to
the flow field a more streamlined shaped than a flat plate placed nor-
mal to the flow. By the same reasoning Qe could explain.thc fact
that the cnergyllevél‘increase, as the model is apvroached, is rather

small for the frequency range 2Hz<<f<<16ﬂz for all lateral positi-

ons examitned, Above 18Hz and for thc‘frequcncy range 18}h:<:f<<50Hz

g
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thc'cncrgy.variation.prcscnts some pecularities regoarding the
smooth deccay of thé.gurvc, but which.compircd with those occwring
in front of the circular disc for the same frqucncy range and for .
the diffcrént iatcral positions éfc comparativély small,

Thc cenersy lavcl‘variation for tﬁe frequency range
GOHz <3W<ﬁQOHZ'docs not preseunt any fcaﬁures out of the ordinar&
and its behaviour is the éame as that of the energy level in f{ront
of the circular.diéo (for the sane frequéncy rangé).

Fig@96 to Fig.10) present the results for éhe enerygy 1§vel
Variétion for the differcent freguencies in front of the circular
cylinder and for the éiﬁfcrcnt[lateral, z~diréctioﬁ,-positi6ns. In
" ‘general the cnérgy level increase in the z-direction is smaller
'théﬁ the energy‘levelpinérea§e:in,thé lateral,‘yAdirécéion, for Toeral,
thé%éorrésponding frequency, o : E _

| The f{requency range 2Hz <?”<12Hz folloﬁ the tdﬁdencies

observed in tho previous;configurations while the pszcularities in
the smogth powcr.law dec;y curve arc still present in the frequen-
cy réhge 14Tz <f <l;OHz. Vortex shadding oscillations could be pos-
sible in this cese, which could provide additional Lnputs to the
,measﬁring systém; Above LOHz the previously mentiénnéd trend is
obvious, |

The variation of the energy level at diffcrent frequencie§
was qisoAmeasured_in front of the AR = 2 square section cylinder,
“for both lateral, y- and z-directions._Thc pesulté are shown in

the graphs of Fig,103 to Fig.120, ' | R |

[

The normalized energy level achieved in front of the
model is slightly bigher than that observed .for the circular cy-
linder at the respactive position. This could bhe tha result of the

‘nature of the prbfile the square~seclion cylinder vresents to the



7

"flow comparecd to the comparatively more streamlined profile of the

circular cyllnder.

The revion of frequencies 2Hz <i‘ <8Hz secms to follow

( as far as the variation of thb energy lcvel in front of the model

is concernad) the usual pattern mentionned above ,

. A sudden increase in the energy, level, which is maintained
for ~0.,3 x'<20.1, is obvious at £ = 9Hz, In the opinion of the .
author this is of no importance and it is suspccted that it is the
result of mistaken readings AlY the same it must be noted that Dr

the frequency range 2Hz <f <8‘{z this effect is present in two other

" lateral positions i.e. at z = Omm y = 15mm and z = Omx and y = 3Omm,

so that the probability that the results represent mistaken readings

) decreases while the possibility that the results are due to some

unexplained pecularity of the flow presents itself '

In the immediately higher frequency range i.e. lOHz<: <32Hz
the variation of the cnergy level does not present any special
features onf of the general trend. |

The general trend, with the snergy level overl;pping for
differentifrequencies is apparent in the ffequency range 16H2<<F 40Hz,
Above fhis range ﬁhe flow follows its previohsly observéd psttcrn |
as far as the energy level is concerned. |

In this part of the investigation, and as the opportunity.
presented itself, the turbulence level in front sf the models undsr
cohsideratioh for different y and z, lateral no sitions, wss measu-
red, The results sre shown in Fig. 83, 102, and 121.

The gencralitrcnd, with the normalized turbulence level
increasing as the model is approachnd f}om ubstreﬂm i3 the sanm- o5

the one examin=d iﬁ sections 5.7 and %.4. The additional fact *:-*

was observed, and was expected, was that this increase in the nornne
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1lized turbulence level was reduced as we moved away from from the

stagnation line along the +y- and tz-directions,

8.9 The Variation of the Integral Scale of Turbulence in
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The Qariation of the integral scale of turbulence in front
of the ﬁodel, when the latter was executing simple harmonic oscillati-
ons‘of_known amplitude and frequéncy, was'invesfigated, g o

The intension was to examine what effect -~ thé variation
of the no, of cycles as well as the magnitude of the oscillations
-amplitude,'for a number of models - had on the'éorrelation.of the
. turbulence inputs over the model surface, Therefore the work wés 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-
-lqr the'change of the turbulence scale and cbnseéuentiy the degres
of correla?fon of the ed&ies along the-lcngth.of the model is look~
-ed at, The higher ﬁhe integral s=scale in_front of the mbde1 the higher
would be fhé correlation of the gddies envelopment of'the model,

The 1ntegra1 scales of. tu;bulence were deduced from measurements
of the respective longitudinal and lateral space ccrrelatlons in
front of the models,

The available time did not allow a gre;t number of models
to be examinéd.Tﬁe two models examined were the AR=2 circular cylinder
and fhe AR=2 flat.plate, while the frequencie5 used did not exceed
the 12Hz, The reascns for the limited frequency.fange usea vere the
adverse e¢ffects of the oscillation mechanism exhibited at hirher

frequencles, In order to reduce the inertia of the mechanism's oncil-

lating parts the linking arm shown in Plat.X, was made of alumininm and
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as thin as possible, This resulted - as the frequency was increased -
in.fhc bending of.the.arm. The finalldesign was the result of a -
~compromise between the tvo effects, The oscillation tests were car-
ried out with amplitudes 6f emm, 3,5mm, Smm, for all three turbulent
fields, The results for the AR = 2 circular cylinder and AR =.2
flat plate are tabulated in ?ig,128 té Fig.l}}.'The'tabﬁlated'fesults
présent.the value of the integral scale of turbulence fdr‘the fol-
lowing cases:

| a) empty tunnel,

b) model free to oscillate,

¢) model held rigidly,

a) msdcl exterqally excited at discreet frequencies, for
different positions of coincidence of the velocify measu-
ring hot-wires, different oscillation frequencies and
different amplitudes.

Fig.122 to Fig.127 are revpresentative examples of the respe-
ctive space correlation cocefficlents for the different cases. Fig,128
4'presents‘the results of the variation of fhé different space correla-
tioﬁs (and conséqucntly the resvective integral scales - the area
undef the respective correlation curve could ve taken as a quanfi—
tative measure of the respective integral scale of turbulence-) in
front of the AR = 2 circular cyiinder when the gscillation ampli-
tude is 2mm, In the gravhs the correlation coefficient is prlotted
against a narmaliced, by the slot or respective hole diamater, di-
stance, The estimated iﬁtegral scale for the difforcnf cacses men-
tiorned above and for threc x/di values are presented for all tur-
bulent fields used., In the case of the externally excited model
for each exciting [réqucncy two values of the interral scole are
presented, The first valuc refers to the value deduced from the

corrclation of the unfiltered signals, i,e. when the invuts of
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the mean flow are not eliminated from the meqéuring system, while
the bottom value indicates the value of the estimatecd integral
scale of tﬁrhqlence &hen tﬁc iﬁputs of the oscillations of the
mean flow are eliminated, |

It is interesting to ndte that fhe value of the correlation
coefficient éf the unfiltered signal reaches the value of'l.as
x/éi-po. The respective reading for thp space‘cOrrclation curve
as x/giao for the filtered signal seems to be about 10% below the |
dboye value, for most cases, For the estimated values of the integral
scalesvof turbulencn, the difference between the scales calculated
from the srace cor“clatlon curves of the unfiltered °Jgnals com=~
pared with those calculated from the curves obtainnd from the fil-
- tered signals.is about 50%,_the scales obtained from the filtered

signals being the lower,

Conalderiﬂb the lonbltudinal onaée correlation the follow-
ing points are noted. |

Near the model,i,e. wheh the'hot-ﬁires become coincident
-at X/dsz -0.,49 from the centre of the oscillations the sy pace cor-
vfelation.coefficient of tﬁe unfiltered sigﬁal reéches values abo-
ve those of the empﬁy tunnel while thoée of the filtered signal
fall below those of the cnpty tunnel, Concidering the correlation
coefs icien* of the unfiltered signal hear the model it is seen that
as the freouency of the model oscillations incre;ses there is a
tendency for the corrclation to increase for wmodt cases, all cor-
relations remaining above those of the emvty tunnel, The tendency
reverses itself in somc'cases,i.e. the scale deduced from the unfil-
tere¢ signnls space correlation coeflicients decreases with increa-
sing oscillation frequency . On the other hand it is obvious that the

values of the corrclation coefficicnt of the filtered diﬁnnl fall
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below those of the émpty tunﬁel, the_values'depreasing;as the
ffcquency of the modél oscillations increases, |
Resukts are also presented of the Qariaﬁion'éf the space
correlation coefficient and thus the intégral scale of turbulence
when thé model 1is held‘rigidly and ﬁhen it -is free to oscillate. In
the case of the freely oscillating model (not externally excited) the
integral scale of turbulence is higher caempared 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 frqe to oscillate) moving
partly in unison with the oscillating flow thus increasing the
correlation df ;he signals,compared ﬁith the case of the rigldly
held model, At the same time it should be noted that both fall be-
C low the resPectlve values of the empty tunnel indicating thqt 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
simultanéous envelopment .0of the model by the’eddiés.
As we move away from the model,:fﬁrther.upstream, at
X/dS = -0,64 and X/dS = ~«0,96 (these éléfgnées are the same for
‘all turbulent fields used.except that the normalizing distance chan-
ges) there seems to be a reduction to the Qalues'of the space cor-
relation coefficient both for the unfiltered and filtered signals;
. The tendency of a reduction in the values of thé correlation coef-,.
ficient as the frequency of the externally excitéd model increases
is prescnt. A small reduction in the values of the correlation coef-
ficient of the ermpty tunnel is also present, This is cxpectcd as Iy
decreases as we méve nearer the baffle. The further upstream we move
the results for the rigidly held and freecly oscillating models seen
to tend to coincide sﬁowing that the'effccf of t"e oscillations do;

creases as }x/di‘ increases,
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Thc re sults for the 1Licr al (y~d7r“ctlon) ‘)100 corrola~
tlon coefficient éfe alco prescented, A considcfghln decrease in.thé
vallies of the cocfiicient is shovn in counl*1>on‘”ih tpze of the lon-
.gitudihal dir;ction.'It i lntch>tJD5 to note that, in‘mést cascs,
cvén the values of the unfiltercd signal. fall below those of the cnpty
tunnel ., This could be cxplained by the fact phat'no matter what t;e
separation distance between thc hot»wirc _1he nadel o<ﬁjllationsiara-
erlt equally strongly. The oiher aspects of Lhc probl 21 follow the
previous trend, with a decrease in the values of the cocfficient aé
the frequency of the exlernally excited modcl increascs ggd’as NG

nove lav*her uuuir’aw

~
v

Thn resulis for the 1atcr al (Z-diféction) space corrsla.-
tlon coefflcncnt are 1ncluded Tnvue show &« similaf trend as the
prcvious resulis glthough there is a bertain inérea=e in the v°lﬁe$iv

éom“”“en '5th the resnce ctive values for the latcral (j~01rect1ou,;

pace COrrelation“coe1f¢c1ent
The table also includes tne results for ‘the jOmm holes

bafiln the. an llLade of the oscillations reomc i ning constant at 2#:.

(9

An attempt 0 xeep the different frequonc1°~,ior the rc»nectlve ca-

ess of thellpngitudinal and lateral space correlation cocfficient,
coﬁstant_wés fouéd_to be impossiblg. In gensral there seems to be
a decrease in the values-of the space correlation coefficient com-
.'pared with thnée of the slctted bafffc produccd'turbuJonﬁt\ficld.
The results for thé SO0mry héles baffle which chow no difference froa
fhc géncral trend_discuésed above aré also préscntcd; It should ﬁc no-

ted that for éll—turbulcnt fields the réspccﬁin - rasurements vere

o

made at the same vositions in snace (as we move upstream from the
medel), - l ‘ SR -
Fip.lPQ shdws thc results for the.confirurations discu

‘sed abav mith the onlj difference that tho an wli»udo of 0°cillntiﬂn,

'of the ekterna]]y cxcitnd rod 1 was chanrcd to 2.5mm, This incresase

s
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in amplitude scems to resullt to a geﬁcral decrecase of the respéctin
Ve space corrpiation cocfficient values compared with the casés.for
2mrm avu]ituuo o*cnllgtlonv. This decrcase in the -value of the corro-
flqtion cocfficiont eems to be pres ont for the OoCi]]dthIu‘bf Sm
amplitude pres nncu in PJg 170, . .
The results for tho AR "2 flat plauc for an o%r111ationA.

xulvtudo of 2mm are presented in Fig,131, Apart fron the general
”trcnou wvhich are tha same a5 those of the AR = ? circular cylinder,
.the only diffcr nce_gswavgr@aﬁera occreuoe in the level of the va-
1ues of the space corrclation coefficient, Thiu ﬂLﬂhb be ezpccted
because of the more streamlincd profllo p;coentcd to the f“ w by
.the circular cylinder c;mparcd to that of the flat plate. Incrcau
s¢ in tbe 0801110ﬁ10n amplitude result in a general decrease in
the value of the corre13t¢on cocfiicient as shown in Fig. 132'and
Fig,133, : T 5
' From ekamwnation of all gr fhs it is found that there
scems tobezz“n lezcy for all values of the correlatlon coefflcient
to collapoe to a single curve as we move far uwpstream of the nodel
Th+u is cxpected as the effect of the rodel should‘decrcasc the
further-avay ve ﬁoﬁe. |

In a general sense it could be. said that the cffﬁct .of

hnéteady acrodynamicsAdecrease and become less important as. the
integrallscaie of turbulence becoumes large rclative to the characte~

ristic body'dimension.

—_.__......................._............._......_..,_..-.....

As pointcd out in carilier s cctJono in order to undorntﬂnd
“the structure of tqo Elo% in front of a body imdersed in a turbuLent

~stream and Lhe'con;cqucnt induced vibrntions it iz dmvortant to study
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both the pressure fluctuatioﬁs on the body and tﬁe distortion.
of the turbulence ficlﬁ as it approachcs the bodj, The seconad
as _“ct 01 the pronion was discuk.cd in previous scctions;

In this sectioﬁ reasurenents made of the fluctﬁating'
pfessurws on the AR = 2 flat plate.and of the rclation between the-
e pressuves and the ﬁpstraam velocitly are discussed. The correlae-
tion between these prc;uurcs and the upstfcam vélocity is also
- presented, | ) .

. - Fig 13L to Fig.1%6 present thé reéults of the relation
betwegﬁ the veiocity sp&ctra‘» normalized with fhe lecal wean
velocity «_at X/D = ~1/10 on the stagnation line, and the pres-

sure spectra - nornalized with the local mean pressurc ot the sta-

ﬂgnation nomnt on the model, The reasons for the cxamination of the

pre ssure Specty{irarc j;hatr e __’@m essure lluc'nt}o*r; ere aof ’ae :}zjc.mo_st

-

'inportance in the understqndlnv of {low induced structura3 V1brau

ttons of bodies, As the velocity and pressure'Spectra are non-di-

i’ . - .
mensionalized and if we assume that the pressure fluctuations
behave quasistatically, than the'pfossure spectra would te the sanc

as the velocity spectra. In the above mentionned graphs it is secen

that for low reduced frequencies, up to Q‘: ’!l,v == {O° for the
slotted and 30mm holes baffles and up to 555j{;4x == 40" for the
':50mm holes bafflc, this is true, At higher rednced frequencies
the rressure spectra fall below the velocify sp ctra, Bearman
(Ref, 55) has also measured stabnwtion pr seures and finds a simi-
jar beh1v1our

The Drp-sufc fluctumtionb wvere correlated with the velo-
city flhctu“tlono ahead of the plat( The results are shown in

Fir. 13? fo Fig. 139.'ItAsccns that nt the staﬁnntion coint the .
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pfeégure - velocity space correlationbcoefficieni tends to a va-
lue of aboﬁt 0.6 and.as x/1y increases falls fapidly toalow value
of about 0.1, The Tow value of the pressure - velocity space corre-.
lation coefficient of 0,1 starts.at'about 211&;20.9 remaining

about constant as x/LX increases, at least up to a value of

x/Lx = 2,2 where the measurements stopﬁed.'
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examination of the interaction of the flow with the model,

1) The cross—correlation cocfficient of the empty tunnel

~(£2)

This correlation coefficient ‘decreases rapidly in front of the mo-

rd

seens to follow an ewponential law of the form QHC°¢=03(zL

\
|
|
\
The following general conclﬁsions verc recached from the
del, the decrcase being highér in front of the rigidly held model
conpared with that in front of tﬁe fréely oscillating-model The
greater the degrne of the streamlining of the model the smaller
the decreaae of the crosu—rorrelation coefflclent This obocrvatlon
applies for the. region of the flow near and upstream of the model,
2) The spectrum of the 1ongitudin§l velocity moves to
higher.wavenumbers as the model is app:oached fromiupstream.
3) The turbulence level (based on the local mean veloci-
ty) increases in front of the model, the: increa°e being higher in
the c1ce of the rigidly held model comnared with the case of the
"freely oscillatlnm model,

) The decrease of the r.m,s, value of the flﬁctuatinv
velocity component as the model is approached could be deduced from
consideration of the probability density fqnction of the longitu-
dinal velocity component, . '

5) The &ariation of the energy level of the diffc¥cnt
eddies as the model is approached seems to be rather sma;iffor the
frequenqy range 2Hz<<?<<@Hz increasing for the fréquency range
?Hz<<?<<3?H~ Generally the decay scems to follow a power 1av
This is not quite true for the range th"<<f<$OHz . The ranse

SOHu-<3<<iOOdz show no great variation, The greatest variation in

the cnersy level of the different eddies is vresent in the stamna-
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tion line flow comfared &ith fhé other laﬁeral positions,

6) The integral scéle of-turbulcnce decreases as the fre-
quency of vibpation ;r ampiitudg of oécillations increases, The m§re
the degrce of streamlining of the body the less the decrease of the
scale of turbulence, = .

?7) In low frequencies the pressure sbectra ( at the stagna-.
tion point) are thé.same as the velocity specfra neasured at _
x/D = -1/10, At higher frequéncies.the press&re spectra fall below .
thé-respective’yeléciﬁy spectra, The maximum pressure- velocity space

correlation coefficient reaches the value of 0.6.
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ABANT VELOCITY PROFILES AT TaST  SECTION

(Bapty tunnel)

(Throughout the work the turbulence

‘

baffles arc always present)




jasis

—T1
o od

BASS SORES Sy

E

24

——
eveyyemet

12
g8 sodas

ITaeterTe

L

!

ret

Pp=s §anraeeens

Pt bl

Bty

PRPP QU vy

SR

DG S

PETET Segnd
SONTS pugs

[ESasoays

T

: e tey e ot sh e ot SESL

LIt

Seatganty 8 = : : T TIminIipmminioon : sl eaiad
= smponpoin it pTIor I

T
o

[ eadaaths

rrrrbereris

PP N Pt

by

LITIyIEITVITIIIToIILILT

2335224

H

T

PP

P

; SLTITIIITpIIITLLLL
TUITIIl

Ceeyeeact
3801

i




Teeebyeex
PORSS SO

(SRS SROPE &

Tt j3east] paealirsss

[ 8ot

Sty

bore

1SS
S8




PP 24 3¢

e

Fazngeassegreun resss pasey

i

+rey
oy T

3
Yerr

P

T
MARS
ITH

1

hay

-
aaha

Y 4

1580

[RSRY SRy

Fo ooud

3 e
35S ST




[ppet

i1
33321

v

phptuSuuis

PRS SOSuS ST

[RRTY P

Fiaud thedd
(2954 Sargd

bt iIITY

Sy — e ®




4
REIeT

o 4 g et

reee

any grews

R e

i

Y Yoo beeee
s By

Peavs

222 1232222222224

it
[2odeund

IEETS

et

Chetee







- s e 4 o e — . -

(Eapty Tunnel) -

v




Qs
il
gt

T+

.§.+.L
+
L

-+

‘
1

+
H
1

R o

i

i

Lbaa

i
4
T
1

»...é..

-

P e
PRSI NI

1
Jo b b

Y S
T
i

RPN T Sk

~+—-:>~--'o —t—
!
Sl
i

+

l
V

]2
&

RN
+

14

=

e e 4

[l

+_
X,

N VL S S

1

——
Py

£

¥ Sy

A

1

P R

SRS TR SO SO S
I

'_'_'_i?-/j

.”

-+

1
1

e

T
-
v

-t

-
L
Pl

T

T+ - .\_

4

g 4

i
v

-1—4 o= 5

PENDUINNS SEY

e b §

'

+

PRI Sp S I
i

4

%

Ty
[ &
-+

-+

L.+

.
i
o e
=1
hhs
e
;

i

-

g
L YE

~4

[ 0%

et
S

—

§

s

B
6
_

7
>
¢

bebdoi bl

L.
.

X

{ - e

- I.xdt — xn&‘lv|.+£';

— ..J!l. -

4
VL
[BEED i

R

S O .

.l...
-
! :
- +--1- -+

.

-

*

4

2
:8'

.
.

}

T

.OO.oJYIIbXI‘V
e
R

b.l— R e e

PR N

T

L et S
!

-

— et ot 44

i.n.l“.' L“ln |.w'IlL

i .
SRS S

o7 ©.8

i
T
i

b
i

Ly

1

i

—
+4+-4-

bt

et e e R B

-

—

-4

S8 B

4§

,.TL 7

T

N UEDO
tc.L,ll.Jllb. -

——y— A.TI dewe

o s

¢

+

i
|
i
$

4-4-4 -
-+
T

.-

i
+

-t

|
i
.

- b
H

T
L

s el

s

IR S TN DU W

e

e

L
Ja

PR QT R S0

o

cécr'gy_, U4

1]

)
4

10

09
Flow




Cevibiens

{

e

ilcacd

¢

CEHEE

2%

Terig

i
1

p3se
aes
gy

ies
Tees

u!{

rb by feeet

2L
jos

]

Pere

o3t

1
+ e

.‘ﬁﬂ

vt

e

T PR SR pe
o
i

vy

bingd
prrd

T fv ey
+

veo

84

L

v

v s preeedesevivy

L lapenae
s 1S

[pegt peaes

<eevieee

FABRICALION S50 E




-

e
Jeatdve

IR F gt ga by
3 reeyere

IS 00A 6404
et bt gae

e

1

Cpre ey

I228)
it

JRa e Shdnd

[REER

[ Senbard
bt e

3 Somua Ty Spady shged
e e
Sbndddugd

SRS Sy
PR Sen s

ey

wyusaRy S Btz mp A

PO IS SIS SRS Py PO SO

(2300 e poae




Teis

o

pRuetess
HR0S SOAGE St 56 Abey)

PROPPRIg Spga

srie

ST
4oy -y
SE33 7 E30td paadl han

4

Ir

pone

1

jacse bu i
joned sednt
jgbedpeney
IS4

H

g SAES1

I
Tevetrers

tibeomr

3
R85 Sobay

jegd
foadey

ISR3Rg00gs haa s

SPhY

SrAgaveetaeee

P S g
ST TIY

1231

“idiad

+

e

Q424 -0

phate

[S Sy

pReer gy
ppges Sugad
PROSIPSASY
[ aSgeewin

[REo ey

3

1K

nm.flfo

IR




Q1Y OYFF

S,






N o0y EE
-If’!‘ (
< oV F




4 %
Loyt
Lol

o

. ...m n.:h...... . - m . .
i : 1
4 [l (3] i

H .

. :u. .
...icN\.S.;.\..\:w...f.f m
S \N / ..,\... . .

H : ! . ! | [

-~




//ITZ‘M o

1
o

tle u
affle
L.

Sad
L
et

(Gt

-
.

cv //cﬁ

.
S

O

e S b i ek et % bt S ane ek e

b

g B d
(.,

.!(

2360
v

¢!

¥

DChmen nrrie s
“ en “(a

e

: 1/(‘;’;

17

7

i Few

A

=y ot o

-y




SPACE CORRELATIONS AT THE TEST SECTION
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(Empty Tunnel)
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Space__Correlations at_the Yoot Scction
. Integral Scale Slotted Baffle |30mm Holes Baffle! 50mm Holes Baffle
03¢ Turbulence
Lx 26 23 23
(mm)
L., 16 13.5 36.5
(mmtﬁ
L 1h 12,9 26.5
(mm% _




.SPECTRA OF LONGITUDINAL VELOCITY

- LR T™Y B T Ly

- B0 s et e w2 i

AT THE TEST SECTION

(Empty Tunnel).
(Refer to Fig(.5b for definition

sketch)
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;. - (For the empty tunnel at the test section

and in front of the models)

(Refer to Fig.5c, 5d, 5e, and 5f, for

ddéfinition sketches)
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definition sketches)
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