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SUMMARY

A sfudy has been made of the pressure fluctuations on a stationary
and oscillating square section cylinder. Among the measurements taken
are - mean and fluctuating pressures, chordwise and gpanwise 1lift
correiations,-the phase angle between the fluctuating lift and cylinder's
displacement, vortex shedding frequency, vortex convection velocity,
gpectra of fluctuating pressures and the variation in the phage angle
at the shedding frequency around.a section of the cylinder. Also
investigated are the effects of end plates on the stationary model
mean pressuregs., To compliment these measurements, a film of the vortex
shedding phenomenon was made using smoke as the flow indicator. Of
particular interest are the changes in the flow during wake synchronisation
or lock-in. Under this condition, it is showm that the sectional mean
drag is always lower than the stationary cylinder value and that, due
largely to a decrease in amplitude modulation, there is an increase

in RIS pressure fluctuations. The spanwise correlation is shom to be
Us
£.d

N
windspeed at which the 1ift pressure fluctuations are maximum) where

greatly increased especially around = 7.8 (the reduced

the correlation is practically unity over the whole span. Both the

measured values of -Li%;;%gb—- (the non-dimensional

vorticity shed by each shear layer into the wake per cycle of vortex

shedding) and the values of ?#%T??" obtained using a potential
w0

vortex wake drag formula are shown to indicate that the lock-in value

of non-dimensional vortex strength is less than the stationary cylinder
value. An important result, as far as flow-induced vibration is
concerned, is the variation in the lift phase angle ¢ . The

measured values of ¢) are shown to indicate trends that are consistent
~with the observations of previous workers on square section cylinders
undergoing flow-induced lateral oscillations.

The potential flow model of vortex-induced fluctuating pressures



proposed by McGregor (1957) is improved to include the effects of the
wake vortex street and applied to an oscillating as well as a stationary
circular c¢ylinder. For the_gtationary cylinder, it is shown that the
improved model can predict reasonagble values of vortex strength. The
model is also shown to be useful in studying the fluctuating pressures
and, particularly for the oscillating model,the harmonic contént of
velocity fluctuations.

With a different choice of forcing function, it is shown that the
' 1ift oscillator model proposed by Hartlen & Currie (1970) can be used

to model the fluctuating 1lift on a forced square section cylindex.



ACKNOWLEDCMENTS

I would like to express my thénks to all those who have helped me
&uring the course of this'work'particularly the following: |

a) My supervisor, Dr P.VW. Bearman, who was very patient and
understanding throughout.

b) The Imperial College Aeronauntics Department's academic,
technical and pecretarial staff including the photographer -
Mr J. O'Leary and the Librarian - Mrs A. Barrack. All were
friendly and co-operative. 7

' c) My friends particularly Mr Jide laiye, ¥Mr Olupomi A. Medaiyedu,

Femi & Christine Kolade, lMr Paul B. Fadunmiyo and, more
importantly, Miss Martina Earpe. This work would ﬁever have
been completed without them,

d) The members of the OBASAJU family - for their love and encouragement .

. The experimental phase of this work was supported by the‘Commonwealth
Scholarship Commission in the United Kingdom. The writing=-up phase
‘wag euppbrted by loans end/or grants from various organisations and
friends and I thank all these., I am greatly indebted - to Professor
P.R. Owen for allowing me this opportunity, to the 0ld Centralians
end to Mrs P, Mumford of the British Council's Commonwealth Bducation

Awards Department.



CONTENTS

Summary
Acknowledgement

Contentsg .

Chapter 1 INTRODUCTION
1f1 The problem
1.2 Engineering applications
1.3 A brief review of previous work
1.3.1 ZIefore 1940
1.3.2 After 1940
1.3.2.1 Characterigsticg of the
body-wake interaction during
resonant vibrations.
1.3.2,2 The wake as a non-linear
- oscillator.
1¢3.2.3 After~body effects.
1.4 DPrevious work on square-gection cylinders.r
1.4.1 Stationary square-section cylinders.
1.4.1.1 Veriations of Cy , Gy , C

pb
and § with incidence

Page No.

13
13
13
14
14
16
17

19

20
22
22

22

1.4.1.2 Fluctuating 1ift and drag forces25

1.4.1,3 The effects of turbulence
length scale,
1.4.2 0scillating square-section cylinders,
1.4.2.1 Galloping oscillations.
1.4.2,2 Vortex-dominated cross-wind

oscillations.

28

30
30
34



1.5 Purposes and scope of present investigation

Chapter 2 EXPERTMENTAL APPARATUS

Chapter 3

2.1
2.2
2.3

2.4

2.5
2.6

Wind tunnel;

The oscillating mechanism
The pressure transducers
The models

2.4.1 General details.
2%4.2 The stationary model
2.4.3 The oscillating model
Magnetic tape recording

Other electronic equipment

EXPERTMENTAL TECHNIQUES AND DATA REDUGTION

3.1
3.2

3.3

354'
3.5

Wind tunnel cglibration

Pressure transducerg - calibration procedure

3.2.1 Effects of tube length on the
transducers' frequency response

3.2,2 Static calibration of pressure
transducer, |

Evaluation of mean and fluctuating pressure

3.3.1 Mean pressure

3.3.2 Fluctuating pressure

3.3.2.1 Determination of C on

Prong
the oscillating model

"Pressure correlation measurements

Summary of experiments
3.5.1 Stationary model experiments

3.5.1.1 Generzal details of the

experiments

41

42
42
42
42

44
44
45
46
46

47
47
48
48

51

51
51
52
53

53
54
54
54



3.5.1;2 Brief description of the
experiments
3.5.2 Oécillating model experiments
3.5.2.1 General details of the
experiments
3.5.2.2 List of oscillating model
experiments’
3.6 Data reduction .
3,6.1 Digital énalysie: spectral measurements
3.6.2 Blockege correction

3.6.3 Calculation of the RMS pectional 1lift

54

56
56

56

57
57

57
59

coefficient on the gide face of the square

gection cylinder.

Chapter 4 MATHEMATICAL 10DELS OF VORTEXJINDUCED LIFT FPORCES
4.1 Introduction
4.2 Potential flow models
4.2.1 Model I : The Von Karman-type wake

model

61
61

4.2.2 Model IL Potential flow model of floww65

around an oscillating circular cylinder

4.2.2,1 Derivation of

4.2.2.2 P;essure equation referred
to the moving axes

4.2.2.3 Model predictions

4.2.2.4 Possible improvements to the
potential flow model

4.2.2.5 Conclusion

4.3 The lift-oscillator model of vortex-~induced

vibration

66
69

73
82

82

83



Chapter .5 FLOW

5.1
5.2

5.3

5.4

5.5

4.3.1 Introduction

4.3.2 Equation for 1lift coefficient CL

4.3.3 MNodel predictions

83
83
88

4.3.4 Determination of the 1lift phase angle ¢ 91

4.3.5 The limits (U — 0 and W —> o0
4.3.6 Discussion of model predictions

4.3.7 Concluding remarks

92
94
95

VISUALISATION OF THE VORTEX SHEDDING PHENOMENON 97

Introduction

Stationary body (fS = 3,38, £, =0)

N
5.2,1 YVortex shedding and flow configuration
around the model

5.2.2 Wake flow configuration

Synchronised oscillations (fy = £,=3.38, .

A/D = 0.25 )

5.3.1 Vortex shedding and flow coﬁfiguration
around the model

5.3.2 Wake flow configuration

fN/fB = 2.0 , A/D = 0.25

5.4.1 Vortex shedding and flow configuration
around the model

5.4.2 Wake flow configuration

fN/fS = 0.5 , A/D = 0,25 (Quasi-steady

oscillations?)

5.5.1 YVortex shedding and flow configuration
around the model

5.5.2 Vake flow configuration

Discussion of flow visualisation results

5.6.1 Preliminary considerations

97
97
9T

98

98

98

99
100

100

101

101

101

102

102

102



9

5.6.1.1 The effects of oscillating 102
the flow separation position
5.6.1.2 . The effects of changing 103
7 incidence
5.6.1.3 The effects of the fluctuating 104
pressures due to body
acceleration ('virtual mass'
‘ pressures)
5.6.2 General discussion 105
5.6.2.1 The flow pattern around the 105
body |
5.6.2.2 Vortex formation process 106
5.6.2,3 The wake flow configuration 110

5.7 Conclusions : 111

5.7.1 Flow configuration around the body 111

5.7.2 Vortex formation process 111

5.7.3 Wake flow pattern 112

Chapter 6 STATIONARY CYLINDER: RESULTS AND DISCUSSION 113
| 6.1 Notation : - 113
6.2 Flow normal to the cylinder ( o = 0°) 114

6.2.1 ﬁean pressure distribution including 114

the effects‘of end plates and Reynolds
mmber
6.2.2 The effects of the end clearance holes 117
6.3 Flow at incidence to the cylinder 118
6.3.1 Mean pressure distribution including 118

the effects of end plates



10

6.3.2 Variation of CPA ’ CPB ’ CPC ’ CPD 121

CD and CL with .
6.4 Fluctuating pressure measurement 123
6.5 Correlation of fluctuating pressures 126
6.5.1 Spanwise correlation 126
6.5.2  Chordwise correlation at « = 0° 126
6.6 Spectral measurement 127
6.6.1 Shedding frequency measurement 127
"6.6.1.1 Description of spectra 127

6.6.1.2 Variation of Strouhal Number, 128
s , with of .
6.6.,2 The spectral distribution of sectional 130
fluctuating preséures
6.6.2.1 Description of spectra 130
6.6.2.2 Estimafion of the mean square 130
pressure in the spectral peaks
6.6.3 Variation of the phase angle at the | 131

shedding frequency around the mid-section

6.6.4 Longitudinal vortex spacing a/d 132
. A
6.7 Calculation of Toog ¢+ € end b/a 133

from the measured values of Cp, §, Cpb and a/d

6.8 Photographs of pressure transducer signals at 136

0° incidence
6.9 Further discussion | 137
Chapter 7 OSCILLATING MODEL : RESULTS AND DISCUSSION | 141 -
7;1 Power spectra of pressure and velocity 141
fluctuations
T.1.1 Descpiption of power spectra 141

T.1.2 Variation of the shedding frequency, - 143

£ , with Mo

so {‘Nd .



11

7.2 Mean pressure measurement 144
T.2.1 Spanwise digtribution of base pressure 144
T.2.2 Measprements of mean pressure at 145
centre-span
7.2.2.1 Variation of base pressure with -%fir 145

7.2.2.2 The distribution of mean pressure 146

ground the mid-section

7.3 Fluctuating pressure measurements 150
T.3.1 Notations 150
7.3.2 CQCorrection of RNS pressures for the 150

acceleration effects produced by the
colum of air in the tubing connecting the:
nmodel surface to the transducer's diaphragm
7;3.3 Fluctuating pressure measurements: results 153
and some discussion
7.3.3.1 Variation of (Cprmg)1C at each 153
7 . tapping around the mid-section
Te343.2 ‘The distribution of (CPNM); 155
around the mid-section
7.3;3.3 Comparison betwéen tﬁe present 157
results and Wilkinson's (1974)

T.4 Correlation of fluctuating pressures 158
T.4.1 Spanwise cgrrelation, R(P,Z) 158
T7.4.2 Chordwise correlation including estimates 160

of the peak values of sectional WIS
lift coefficient during lock-in

7.5 The phase angle, ¢)5 between the fluctuating 162
1ift and cylinder's displacement
7¢5.1 Present resulis 162
T.5.2 Compérison between the present values of <F 164

and those of previous workers



12

7.6 Measurement of longitudinal vortex spacing and 168
calculation of non-dimensional vortex strength |
7.7 Pressure and displacement transducer signals 171
during body oscillation
7.8 Further discussion 176
7.8.1 The flow around the square section cylinder
during wake synchronisation or 'lock~in'
7.8.2 Application of the results obtained during
forced vibration to the problem of flow-
induced vibration
" Chapter 8 CONCLUSIONS 184
8.1 Flow visualisations 184
8.2 Mathematical models of vortex induced 184
1ift forces
8.3 Stationary model : results and discussion 185
8.4 Oscillating model : results and diécussion 188
References 192
Tables 203
Figures 208

176

179



13
CHAPTER I

INTRODUCTION

1.1 THE PROBLEM

Despite more than one hundred years of systematic study there is still
no doubt that we do not fully understand the problem of fluid flow past a
long obstacle of bluff cross-section. A very important feature of such flow
is the instability of the two shear layersAseparating from the body and the
suﬁsequent non~1inear‘interaction of these shear layers to form vortices
that are shed alternately from each side of the body. This shedding of
vortices is approximately periodic and it causes the generation on the
'obétacle of periodic forces which can, under suitable conditions of damping
etc., cause structural oscillations. Thus apart from adding to fundamental
knowledge a study of the phenomenon of vortex shedding has many useful
engineering‘applications.

Althoﬁgh the motion of fluid around a bluff obstacle is governed by the
Navier Stokes equations, a full analytic solution of the equations are
unknéwn. Because of the énormous amount of computer time and space required
a numerical éolution of the equations for cases of engineering importance is
stiil out of reach of modern day computers, Our basic uﬁderstanding of the
flow a2nd the predictions of important flow characteristics, like fluid
dynamics loadings, must therfore come mainly from wind-tunmel experiments.
This is why wind-tunnel investigations, such as the one presented in this thesis

are necessarye.

1.2 ENGINEERING APPLICATIONS.

Modern design technigues often result in structure and buildings which are
light in weight, tall and have low mechanical damping. These structures

invariably'have a bluff cross-section and are therefore susceptible to vortex
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induced oscillation. The designers of stuctures like chimney stacks, piles,
electric power transmission lines, tall buildings, suspension bridges etc.
must therefore take into consideratioﬁ the possibility of vortex-indgced
structural osciilations. Structural oscillations, even when they are not by
themselves immediately catastrophic, can lead to fatigue failure.

It is not only the possibility of failure due to oscillations that worry
designers. There are applications, such as in the missile and radio-telescope
fields for example, where minor movements ﬁake systems inoperative without
acfually destroying them. ﬁven when oscillation does not occur, the
periodicity introduced into the flow by vortex shedding can create problems
by, for example, producing undesirable aerodynamic noise or by, as in heat
EXGBanger tubes (see Wilkinson (1974)), downgrading the performance of pumps
located downstream of the vortex source.

The above examples éhow that the phenomenon of vortex shedding is of
interest to engineers of various disciplines. Most of the past research
~ work on blgff body flows (particularly those on oscillating bluff bodies)
were stimulated primarily by the needs of engineers rather than the need for
a Basic understanding of the flow, ~Although the title of this thesis suggests
only force measurements, considerable attention is also given to the basic

flow mechanisms involved.

1.3 A BRIEF REVIEW OF PREUVIQUS WORK

1.3.1 Before 1940
Strouhal, 1878, and Rayleigh, 1896, started the guantitative study of

periodic flow past dbluff bodies. They investigated the aeolian tones
generated by the relative motion of a wire (or circular cylinder) and the
air. Their findings as reported in Bishop & Hassan (19644) are:

1) The frequency, {% , of thé aeolian tone varies with the diameter, 4 ,

and with the speed, U gof the relative motion such that ;

b= f (%) o (B = (Y
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(The dimensionless group fsd_ is now known as Strouhal number)

2) Vhen the speed is such that tﬁé aeolian tone coincides with one of the
‘natura; frequencies of the wife, which is supported so as to be capaﬁle
of performing free vibration, the sound is greatly reinforced.

3) It is not essential that the wire should vibrate for a fluctuating force
to be applied to it by the flowing fluid, o

4) Vibrations of the wire are performed in a plane perpendicular to the
-direction of the wind. |

5) The production of these vibrations is doubtless connected with the
instability of vortex sheets. '

1According to Birkhoff & Zarantonello (1957), it was Benard who in 1908
first correlated the aeolian tones of Strouhal and Reyleigh wifh a wake
vortex street.

In 1911 - 1912 Karman and later Karman & Rubach investigated the stability
of an infinite vortex street. They found, see Rosenhead (1953), that if all
the vo;tioes were given a itwo-dimensional disturbance according to a
stated general law, first order analysis showed instability unless the
spécing ratio was 0.281 . The above works of Karman, Karman & Rubach and -
subsequent works concerning the stability of idealised vortex streets are
reviewed by Rosenhead (1953). Rosenhead stresses in his review that Karman
conclusions regarding staﬁility aﬁply only to disturbances of the kind
specified and not to the more general ﬁjpes of disturbance which probably -
occur in normal experimental conditions.

Farly attempts to determine the fluctuating 1ift on bluff bodies are
reviewed by Bishop & Hassan (19644). Only three af the invéstigations
(Thom‘1931, Schwabe 1935 and Ruedy 1935) reviewed took place before 1940,
Probébly due to the lack of suitable instrumentation none of these three
attempts involved direct meésuremenfs of either surface pressure or total

force. Thom (1931) suspended his circular cylinder as a pendulum free to
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swing across the stream. He then estimated the fluctuating lift from the semi-
anguiar amplitude of the cylinder's swing during vortex-—excited oscillation.
Schwabe is said, see Wilkinson (1974), to have calculated pressures from the
velocity field obtained by time lapse photography. Ruedy (1935) assumed that
a true Karman vortex street existed in the wake of his circular cylinder and
estimated the fluctuating lift by considering momentum balance far downstrean
of the cylinder. Ruedy's results are certainly incorrect because he did not
consider the rate of change of the momentumrof that part of the wake where

thé vortices are formed., It is interesting to note that Ruedy's investigation
was conducted to solve the engineering problem of vibration of power lines

in a steady wind.

The failure of the Tacoma Narrow bridge in 1940 demonstrated that despite
the practical significance of the above works of Thom and Ruedy, most ’
engineers and designeré of long flexible structures were not giving enocugh
consideration to dynamic wind loading. Karman who was involved in the
post-morfem is said, see Davenport (1975), to have written:

" I hadn't reckoned on the depth .and long standing of the prejudices of
the bridge designers. Their thinking was still largely influenced by
consideration of'static forces' like weight and pressures which create

no motion instead of "dynamic forces" which produces'motion or ChQngeS
motion., Bridges had been observed to oscillate in the wind before, but
nobody had thought such motion is important. Bridge failures were
usually blamed on other things."

-The above extract sumg up the attitude adopted, beforé 1940, by most
engineers and designers of structures to dynamic wind loadings such as those
due to vortex shedding.

1.3.2 After 1940

The need to predict the dynamié wind loading on structures stimulated an

extensive amount of research into bluff body flows. No attempt will be made

to discuss references in chronological order, instead the major findings that
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are relevant to vortex induced vibrations will be discussed. The interested
reader is referred to the Wofks of Bisphop & Hassan (1964 A & B), Markovin
(1964), Berger & Wille (1972) and Mair & Maull (1971) for references.,

Other sources of references are the proceedings of international conferences

‘See for example Nandascher (1974) and Eaton (1977).

1.3.2.1 Characteristics of the body-wake interaction during resonant vibrations
The characteristics of the body-wake interaction presented in this section |
are collected from the works of various Workers on bluff bodies undergoing
eifher forced or vortex-induced resonant vibrations. A1l the characteristics
are dependent on after-body shape, and experimental conditions such as
frequency ratio E& , amplitude to diameter ratio A/D , and in some

s

cases Reynolds number. (f

N is the frequency of body oscillation, fs- is ’

the natural vortex shedding frequency that would occur if the body were
stationary).

a) Synchronisation or "Lock-in"

Vibraﬁions of an elastic cylinder due to the periodic force resulting from
vortex shedding do not occur at one particular flow velocity. Instead vibration
starts when the frequency bf‘vortex shedding is near the natural frequency of
the cylinder and continues over a range of windspeed called the "synchronisation"
or ﬁlock—in" range. In the "lock-in" range vorticeslare Ehed at the body
oscillation frequency in violation of the strouhal relationship
S = jié. = constant.

Uo

References and further discussion on the "lock-in" phenomenon can be found
in“Berger & Wille (1972).

b) Hysterisis

The characteristic properties of the,cyiinder—wake interaction (i.e.
extent of "lock-in" range, cylinder amplitude, fluid forces etc.) can be
‘different depending on whether windspeed or ﬁ?f is increasing or

$

decreasing.

It appears that whether or not hysterisis is observed depends on whether
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oscillation is forced or vortex-induced. Lightly-damped, spring-mounted
' cylinders undergoing vortex-induced vibrations have been reported by
various workers, see for example Feng (1968) and Landl (1975), to display
hysterisis effects. Hysterisis is rarely reported in forced oscillation
experiments except on a circular cylinder as in Bishop & Hassan (19643).

c) Phase Angle variation in the "lock-in" range

All investigators have reported that within the "lock-in" range very
large variations exist in the phase angle between the fluctuating 1ift and
displacement. Some workers like Bishop & Hassan (19643) ha&e pointed out
that the phase angle changes in a manner comparable with the response of a
simple oscillator,

‘Typical values of the phase angle observed on various bluff body shapes can
be found in the works of Protos et al (1968), Nakamura & Mizota (1975) and
Feng (1968) . All except Feng used externally forced bluff'cylinders.

The phase angle between 1ift and displacement is very important because it
shows whether or not energy can be transferred from the fluid. to the body to
- promote instability.

a) Force Amplification at "lock-in"

In addition to the above phase angle changes within "lock-in" , large
variations in the amplitudes of the total fluctuating 1lift and drag forces
have been reported. The nature of the fluid force variations is best shown by
experiments on externally forced cylinders. TFor constant amplitude of forcing
it has been shown by workers like Bishop & Hassan (1964B) and Protos_et al
(1968) that within the "lock-in" range, the amplitudes of the fluctuating
1lift and drag forces increase and decrease in a manner comparable with the
response of a non-linear oscillator. Generally.thé maximum total dynamic
force measured at "lock-in" on an osqillating body has been found to be larger
than‘that on the stationary body at the same Reynolds number.

It must however be pointed out that total dynamic force amplification

does not necessarily imply amplifications of the sectional dynamic forces.
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Experiments (see Berger & Wille (1972) for references) have shown that body
‘oscillations align the axes of the wake vortices parallel to the axis of the
cylinder. The alignment of the wake vortices greatly increases the spanswise
correlation of the dynamic forces, It is therefore possible that the increased
total dynamic forces measured on some. bluff bodies during resonant vibration
are due solely to increased spanwiseAcorrelations° It is in particular even
possible that the increases in total dynamic forces reported by some workers
at "lock-in" are accompanied by decreases in sectional dynamic forces.

Some workers like Tanida et al (1973) have reported that within the "lock-
in" range, the mean drag force cazn have a response pattern similar to those
of the dynamic forces.

€) Frequency demultiplication or frequency division

This is the phenomenon whereby wake synchronisation or "lock-in" is
produced when the wake is forced at hormonics and subharmonics of the natural
shedding frequency fé . Vake synchronisation is reported by Bishop & iHassan
(1964B) at a forcing frequency f = fs/3 ’ fs/2 . fs ’ 2fs~ and 3fs ’

-and by Stansby (1976) at £ = £ 4 2f  gnd 3f_ . Other references

concerning this phenomenon can be found in Berger & Wille (1972).

1.3.2.2 The wake as a non-linear oscillator.

The characteristics of the body wake interaction discussed in the preceeding
section led Bishop & Hassan (1964B) to suggest that the wake behaves like a
-non-linear self-excited fluid oscillator. Hartlen & Currie (1970) took this
suggestion further by showing that when the fluid oscillator is modelled with
the Van der Pol equation, the predicted and observed characteristics of
fluctuating 1ift on a circular cylinder are in good qualitative agreement.
Other workers like Landl (1975) and Skop & Griff'in' (1973) have modelled
fluc@uating lift forces on oscillating circular cylinders with different
versions of the Van der Pol equation that are more complicated than the basic
equation of Hartlen & Currie. The difficulty in this field is in relating

the parameters of a proposed oscillator to the physical characteristics of
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the flow. The dependence of the fluctuating 1ift characteristics on body
shape also makes it unlikely that a single non-linear oscillator, which can
generate the 1ift characteristics on all bluff body shapes, can be found.
Nevertﬁeless modelling vortex-induced vibration by a non-linear oscillator is
still Yerj attractive because the analytical alternative is the formidable
task of solving the full Navier-Stokes equation for separated flow around an

oscillating boundary.

1.3.2.3 After-body effects.

It was reported in sectidns 1.3.2;1 and 1.3.2.2 that for a bluff body
undergoing resonant vibration the characteristics of the body-wake interaction
'(i.e. dynamic forces, lift phase angles etc) are aependent on body shape,

The most important part of the body is that part downstream of the flow
separation lines ¢a11ed the afterbody. Workers like Parkinson et al (1968)
and Parkinson (1972) have pointed out that the aercelastic behaviour of hluff
cylinders is dominated by the shape of their afterbodies. Consideration of
af terbody effects makes it incorrect to generalise results obtained from a
particular bluff body. The investigator is thus compelied, in the absence of
a2 unifying bluff-body theory, to determine the aerodynamic and aercelastic
‘characteristics of each bluff body shape from separate experiments.

Recfangular cylinders having various side ratios provide a vivid demonstration
of afterbody effects. Fig 1.1A , which has been taken from Parkinson (1972),
summarises the results of several workers. The mean drag coe@ficient ’ CD '
1is seen to be very sensitive to changes in the side ratio, d/h , (where 4
is section depth and h is section Wiﬁth normal to the wind direction)
particuiarl§ when d/h is close to g critical value of 0.62 for which
CD is mextimum. Experiments, see for example Fig 1.1B , have shown that the
'variaticn.of CD with d/h is due solely to variation in the base pressure,
-Cpb s Which according to Bearman & Trueman (1971)is in turn due to variation
in‘the distance, {; y between the back face of the model and the position of

the fully formed vortex, In an earlier work, which can also be viewed as
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a subtle demonstration of afterbody effects, Bearman (1965) has already shown
' using splitter plates that an inverse relationship exists between the” base
suction, --Cpb , and the distance 1f « The ipterested reader is referred to
Bearman & Trueman (1971) where a more detailed discussion of the variation
of Cj with d/h is presented.

From the discussion of Bearman & Trueman (1971) on afterbody effects on
stationary rectangular cylinders, one can make some deductions about afterbody
effects under dynamic conditions. If d/h< 0.62 the afterbody is such that
oscillation can cause the vortex formation region length , lf , and base pressure
CPb , to assume values that are either higher or lower or equal to the
‘stationery cylinder values. For 0.62 & d/h< 2,5 oscillation will either
increase 1f and CPb (either by causing flow reattachment or by causing the
flow to readjust to give less shear layer curvature) or cause them to stay the
same. For d¢/h> 2.5 flow reattachment has occured, oscillation would again
cause lf_ and CPb to behave as in the case d/h < 0.62 . (However the
higher values of CPb and strouhal number S for the sections with
d/n> 2.5 easily distinguish them under dynamic conditions from the sections
with a/hli 0.62 .) Thus under dynamic conditions the behaviour of 1, and
Cph- will again be dependent on the aftertody. The works of Wilkinson (1974)
and Davies (1975) confirm this view. Davies (1975) investigated bluff
cylinders of three different crosé-sectional shapes including a flat plate
for which he reported that synchronised oscillation caused large reductions
in 1f and Cpb . By contrast Wilkinson (1974) feported that for a square
section cylinder (d/h =1), undergoing synchronised oscillation Cpb ’
when compared to the stationary cylinder value, was either increased or
unaltered but never decreased. Now the base préséure will, by determining
the'total amount of vorticity shed'by the body into the wake, also determine
the strength‘of the wake vortices. It therefore follows that the afterbody

will affect the aerodynamic -and aeroelastic characteristics of an oscillating

bluff body - particularly those characteristics (like aerodynamic forces, 1lift
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phase angles etc.) that result from vortex shedding. This view is supported
by the measurements of Nakamura & Mizota (1975) on rectangular cylinders with

d/h of 1.0, 2,0 and 4.0 - See Figs 1.2 and 1.3 .

1.4 P3EVTOUS ORI, ON SQUARE=STCTION CYLINDERS

The present dissertation is on the aerodynamic and aerce¢lastic character-
istics of square-section cylinders in a uniform approach flow. It is known,
however, that natural wind is highly turbulent. If wind tunnel results are to
be used to predict wind effects on eﬁgineering structures, it is important to
know how the interactions between the wind and the structure are affected by
turtulence., It is for this reason that the effecfs of turbulence are considered
briefly in this review.

1.4.1 Stationary square-section cylinders

1.4.1.1 Variation of CD ’ CL s Cpb and S with incidence

A

Cpb = average mean pressure on face C . Sketeh (1.1)

§ =1 _d where fs is the frequency of vortex shedding.
U
FL = steady sectional 1ift force.

FD = steady sectional drag force.

(:D o= {%. 5 (: — F

2 L=, - s - -4
LoUSd Z0Usd

Many workers including Cowdrey & Lawes (1959), Vickery (1966), Pocha (1971)
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c and S with «

and Lee (1974) have measured the variations of CD , CL v Cop

The works of Vickery and lee, particularly thelatter, also include force
measurements in turbulent flow. Fig 1.4 taken from Lee shows the important
features of the variations of CD', Cp, » Cpb and S with & .

Perhaps the most interesting feature of Fig 1.4 is the sharp minimum in
both CL and CD at a critical ¢ , henceforth denoted by c<crit y which
for a smooth flow has a value of 13.5o . Flow visualisation (see for
example Mulhearn (1973), Pocha (1971) and Laneville et al (1975)) has shovwn
that C(Grit corresponds very closely to the incidence at which flow first
reattaches steadily to corner B/C - see sketch (1.1) . With increaéing
free stream turbulence intensity, Fig 1.4 shows that Kopit becomes smaller
suggesting, as confirmed by the flow visualisations of Mulhearn (1973) and
Laneville et al (1975), that turbulence causés earlier flow reéttachment. For
a given rectangular cylinder in smooth flow, it is known (see for example
Laneville (1975)) that increasing the depth‘of the section parallel to the

wind direction decreases the value of ¢ This has lead investigators

erit °
"like Parkinson (1971) and Laneville et al (1975) to suggest that turbulence
makes a section behave like a longer section in smooth flow,

The overéll behaviour of C and S will now be discussed.

D’ cL ' Cpb

0O é D(é o(cr»t

From flow visualisation Pocha (1971) reported that the vortex formation
region length increases with increasing'incidence. This, according to the
works of Bearman (1965) and Bearman & Trueman (1971) already discussed in

section 1.3 , should increase Cpb and decrease C The same mechanism is

D *
suggested by Lee (1974) for the minimum value of Cp, at °<;rit .

The increase in the magnitude of ‘CL with increasing ¢ has been
attributed to the increase shear layers asymmetry observed by many workers

including Pocha (1971) . As & increases the lower shear layer (see sketch

(1.1)) moves nearer to side B than the upper one does to side D ., Side B
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therefore experiences a higher suction than side D so that there is a net
downward side force which increases with o . The maximum in !CLl at

A = d-crit is attributed, see Lee (1974), to the maximum in the length of
the ‘seperation bubble caused by flow reattachment at corner B/C . '

Lee (1974) suggests that the increase in the strouhal Number , S , is due
to decreases in wake width with increases in ¢ . He argues that the minimum
value of CD at °<crit is associated with a minimum &ake width and hence with
a minimum longitudinal vortex épacing if a cdonstant ratio of vortex spacing to
wake width is maintained. This, he further suggesté, leads to an increase in
the frequency of vortex shedding frequency and an increase in S .

Fig. 1.4 confirms the observation by Vickery (1966) that the influence of
turbulence is most marked at low angles of incidence. In the present range of
A Lee (1974) explains the decreases in cy and —Cpb (negatiﬁe base pressure)
with increase in free stream turbulence intensity in terms of a thickening of
the shear layers and their subsequent defléction by the ends of the prism which
causes weaker vortices to form further downstream of the body thus reducing

'-Cpb ?nd CD .

Measurements of -the mean pressure distribution around 2 section by Lee
(1974) are bresented in Fig 1.5 + They show that, for o = 0 and So ’
increase in the level of free strgam turbulence intensity leads to more
complete pressure recovery towards the rear of the side faces. This supports
the remark by Mulhearn (1?73) that even at low angles of incidence where flow
reattachment does not occur, turbulence'brings the separated shear layers cloger
to the body. |

The lowering of the value of X oprit by increased free stream turbulence

intensity has already been discussed.

App <A < L5°

The lower shear layer readttaches to the side face B of sketch (1.1)

and finally separates from corner B/C . As o{ increases the reattachment
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position on the side face B moves near corner A/B (see for example Mulhearn
(1973)) thus decreasing both the size of the separation bubble and the net
suction on that face (see ESDU (1971)). The negative C thus falls,
Another effect of increasing ok is to.cause the shear layers from either
side of the body to diverge and thus decrease S . In the present range of
A —Cpb and CD are shown, see Fig 1.4 , to increase with &{ . These
increases are usually attributed, see for example Lee (1974), to corresponding
decreases in the vortex formation region length, 1f , shown, for example, in
the flow visualisation of Pocha (1971) .
Fige 1.4 shows the influence.of turbulence in the present range of « +to
be small and not to follow an obvious consistent trend. For of close to
Cicfit , Mulhearn (1973) has shown that turbulence moves the position of flow
reattachment nearer corner A/B thus decreasing the length of the separation
bubble on face B . This, according to Lee (1974), is the reason why turbulence

. o]
decreases the magnitude of CL .when 13.5 <: A fé 25" .

1.4.1.2 'Fluctuating Lift and Drag forces

A, Plow at O0 incidence

(i) The distribution of fiuctuatinggpressure

Vickery (1966), Chaplin & Shaw (1971), Pocha (1971), Lee (1974) and
Wilkinson (1974) have measured fhe sectional distribﬁtion'of surface
fluctﬁating pressures. The works of Vickery (1966) and Lee (1974),
particular the latter, include pressure measurements in turbulent flow.

Fig 1.6A shows the smooth flow results of these workers in a range oﬁ Reynolds
. nuhber -104 to 1.76 x 10S . The_sca.tter is seen to be very large.

Ixamination of the fluctuating pressure at the centre of the side face, see

Fig 1.6B, shows that it does not follow a chsistent trend with Reynolds

nunber. * Since all the measurements are said to have been made in nominally

smooth f£lows, the spread of resulfs may therefore be due, at least in part,

to instrumentation problems thus showing that flﬁctuating pressures are

difficult to measure,
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The sectional RUS 1ift coefficient, Cp measured by the above
workers range, with the exception of that of Chaplin & Shaw, between 1.2
and 1.4 » GChaplin & Shaw reported that their Cers increased from 0,90
to 1.2 (without any correction for blockage)with increasing Reynolds number

Re , over the range 5.15 x 1O3<1 Re < 1.3 x 104 . When the free stream

velocity is corrected for blockage, this gives CLr

s ranging from 0,739

to 0.985 which is much lower than those of other workers. It is worth
noting that Chaplin & Shaw used a model which has an aspect ratio of only
2,95 and produced a blockage ratio df 11.1% and that their results are
likely to be greatly influenced by the tunnel wall boundary layer.
, ié much less than C

The sectional RMS drag coefficient,- CD

rms Lrms

Vickery (1966), Pocha (1971) and Lee (1974) have reported Cp . of 0.17 ,
0.175 and 0.23 respectively in smooth flow.

(ii) Spanwise correlation of fluctuating pressure.

Measurements of spanwise correlations in smooth flow by Vickery (1966),
Pocha (1971), Lee (1974) and Wilkinson (1974) are presented in Fig 1.7. M1
the measurements, except those of Wilkinson (1974), indicate, as reported in
Vickery (1966), a smooth flow spanwise correlation length of 5.6 body
" diameters.

Wiikinson (5974) reported a spanwise correlation length of 2.5 body
diameters in his smooth flow. Although his experimental set-up (blockage
free stream turbulence, aspect ratio, end conditions etc) appears comparable

.with those of other workers, he still suggested that his low value of
correlation may be due to these same factors., It is however interesting to
note thét for circular cylinders measurements, see for example Novak &
Tanaka (1975), indicate a smooth flow spenwise correlation length of 3.5
diameters at subcritical Reynolds number,  Generally one expects bluff

_ cylinders with fixed flow separation lines (like the square-section cylinder)
to produce straighter wake vortex filaments and hence have higher spanwise

correlations than circular cylinders for which the flow separation positions
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are free to osecillate.

(iii) Effects of turbulence.

- It has been reported in section 1.4.1.1 that for small angles of incidence
c . . .
(04 XL osrit) the base pressure, Cpb , increases with increasing free
stream .tﬁrbulence intensity. Vickery (1966) has observed that the reduction
in the oscillating 1ift and the change in base pressure are closcly related,
This notion is also supported by the measurements of Lee (1974), see Fig 1.8,

~

where an approximately inverse relation between Cpb and © , for flow

» Lrms
at 0° incidence, is seen. Thus Cers decreases with increasing free
stream turbulence intensity - a behaviour similar to those of 'Cpﬁ and CD

already discussed in section 1.4.1.1 . Typically Vickery (1966) reported a

500 decrease in C with a turbulence intensity of 10% in the free

Lrms
stream.

The measurements of Lee (1974) indicate that spanwise correlation measured
along the centerline of a side face ig very little affected by free stream
turbulence when the intensity of the turbulence is less than 8% . With a
free stream turbulence intensity of 127 , Lee's (1974) ﬁeasurements indicate
a marked reduction in the spanwise correlation length. Vickery (1966) has
also reported that a free stream turbulence intensity of 107 reduced the
spanwiée correlation length, ;\ y from the smooth flow value of 5.6
diameters to only 3.3 _diameters. In view of these results, the already
discussed low value of A\ (i.e. 2.5 diameters) reported by Wilkinson (1974)
is all the more surprising as the turbulence intensity in his nominally smooth
free stream is reported td be only 1.5%.

The existing measurements, see for example Vickery (1966) and Lee (1974)
indicate that the fluctuating drag coefficient is 1little affected by free

stream turbulence when the intensity is not higher than 12%.
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Y{"rns
B. FPlow at an angle to the cylinder

Comparison of Figs 1.4 anéd 1,8

Uso

shows that the trends in the

Y

sectional fluctuating force - ‘ 0
ers
coefficients Cy.png . and

Cyrms (see sketch 1.2 for

notation) are identical to the sketch (1.2)

trend in --Cp.b .  The overall level of the surface pressure fluctuations
around a section (see Fig 1.9) , particularly in the separated flow region,
also follow the trend in _Cpb « Thus at A =g

miniwam, surface pressure fluctuations are also minimum so thet Cyrms

orit where --Cp.b is

and Cyrmg aTe minimum,

The effects of free stream turbulence is éhown in Fig 1.8 . Cers is
seen to be little affected by #urbulence. CYrmS s with the exception of the
results for Grid A4 which produces free sfream turbulence of intensity 12.5%
and L&és of 0.94 - see Lee (1974) , follows broadly the qualitative trend
"in -Cpb e It is interesting to note that on face A where floﬁ is always
attached, the level of pressure fluctuations, see Fig 1.9, increases with

increasing free stream turbulence intensity.

1.4.1.3 The effects of turbulence length scale

Laneville et al (1975) have demonstrated that turbulence need only be
present along the front sfagnation.streamline to produce the major effects
of free stream turbulence on the flow around rectangular cylinders. They argued
that because the effects of free-streaﬁ turbulencé cannot be produced simply
by increasing Reynolds number, the mechanism responsible for the observed
effects is the modifications to the turbulence strﬁcture of the shear layers
rather than earlier transition. Furthermore they suggestéd that the distortion
of the turbulence (by the nean flow field) as it approaches the stagnation
region of the cylinder is a very impértant feature of the turbulence

mechanism as it determines the amount of turbulence actually fed into the
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gseparated shear layers, Now measurements, see for exa;nple Bearman (19;]2),
have shown that the distortion of turbulence approaching the stagnation region
of a two-dimensional bluff body depends on the scale, Lx s of the turbulence
relative to the body diameter D . For Lx/D>> 1 Bearman (1972) reported
that aloné the mean stagnation streamline the turbulence fluctuation, Ca—i)}é
attenuates like the mean flow whereas if L’% 44, 1 the turbulence is
distorted by the mean flow field and ( u )% will amplify because of vortex
stretching., One therefore expects, i"rom theée works, that the influence of
turbulence on the square section cylinder will depend on the scale as well as
the intensity of the turbulence.

Surprisingly Laneviile et al (1975) reported that, for L"/:I’) é 5,
théy detected 1it’§1e turbulence scale effect in their measurements of CD .
In direct contrast Nclaren et al (1969)and Lee (1975/1976) reported that Cy
is sensitive to Lxé s particularly for L% around unity. Mclaren

et al reported that at incidence, d ,oF 0° y C.., has a distinct maximum when LX/

D

is in the range 1.2 to 1.6 and that for large L% s C.. appears to

D
level off rather than decrease continuously - see Fig 1.10 . They also reported
that when of 1is 450 y all the CD results, regardless of the free stream
‘turbulence intensity, collapse onto one curve similar in shape to the curves

for o( =0 wit}i maximum CD occuring when L% is approximately equal to ‘

1e4 and CD again tending to become constant at large values of Lx-/D

Lee (1975/1976) made measurements at ¢ = 0° only and reported that they

broadly substantiate the trends outline_zd by Mclaren et al for the variation of

CD with L%‘ Lee reported that CD and -Cpb show a distinct maximum at Lx/D k
of apprc:iimately unity, followed by a munimum at I-Jc/..Do,Fbetween 1.5 and

2.0 and tbat_ for high values of Lx/D7 both CD and _Cpb tends to a

‘constant value greater than that at low values. The results of Mclaren et al

and Cpb ‘measurements by Lee are presented in Fig 1.10 s

NMelaren et al and Lee did not provide any explanation for the maximum

they observed in CD' when L?/D is around unity. Examination of the
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report by Lee shows that his results for L%%; £ 1.5 where obtained using
cylindgrs with aspect ratios of 9.27 and 10 whereas those for

‘-%%S > 1.5 were obtained using cylinders with aspect ratios of 24.4
and 30 . The sharp maximum and minimum reported by Lee at l_?%é of around
unity - (see Fig 1.10C) occur at the position of transitiOn from low aspect
ratio cylinders to high aspect ratio ones., It is known, see for example
SU (1971), that for square section cylinders, CD is gensitive to changes
in aspect ratio particularly when aspect rafio is low (below 30 Yand when
as in Lee (1975/1976) no end plates are used. Other factors that may have
influenced Lee's results are the changes in blockage and the variations in
the distance between the turbulence grid and the model; The work of Mclaren
et al similarly suffer from aspect ratio and blockage variations as they used
cylinders with five different diameters and aspeét ratios.

The situation,-theréfore, is still generally very confusing. Further work

is needed in this field to identify more clearly the effects of turbulence

" seale.

1.4.2 Oscillating square-section cylinders

We are concerned in this section with transverse oscillations rerpendicular
to the free stream direction, Self;excited oscillations of this type can be
caused either by the periodic shedding of vortices (fortei-induced oscillations)
or by'the steady 1ift and drag forces following an initial transverse
disturbence motion (transverse galloping). Parkinson (1971) has remarked
that "an observer of an oscillating cylinder susceptible to both vortex-
-induced and galloping oscillations wouid be unable to determine which form
was present unless the amplitude 9 was appreciable greater than the
transverse cylinder dimension  h ." Thus small amplitude self-excited
transverse oscillations of a square section cylinder are difficult to classify
ﬁhen they occur at 4%/& of éround unity. It is for this reasoﬁ that
both transverse galloping gnd vortex-induced oscillations are reviewed here,

1.4.2.1 Galloping Oscillations

Consider a stationary square section cylinder in a free stream of



-
"
A

3 /
dheet
velocity Lln at 0° incidence.
A
Impressing a downward motion ) /’/,,,Va
‘ Uo el ]
with velocity Y on the cylinder . - L l' d
. : ‘ g
induces a relative wind, U . , l/u'g/:/
. . -1 *
at an incidence d‘raL = ftap (‘d/U.o)
to the cylinder. The steady ' sketch (1.3)

gsectional 1ift and drag forces FL and FD respectively will have a resultant‘
,-FY , in the direction of the motion. . Let ﬁs_assume that at every instant

duiing the motion, fhe aerodynamic forces _(FD and FL ) on the cylinder are

the same.as those on a stationary body gt the instantaneous angle of incidence

od =0 (this is the quasi-steady assumption), Then the resultant

rel

force ’ —FY , in the direction of motion can be expressed as

I

—FY ‘=-CFY‘

seUsd

- SQCC;((C\L'l'CDtoJLo(}- - - 2)

Wiere C; and Cj are defined as in equation (1.1) and are obtained from
measurements on the stationary cylinder at the instantaneous incidence of = C(ﬁil’
Fig 1.11 shows that in smooth flow, the excitation, CFY , is positive

(i.e. in the direction of the disturbance velocity) and increases with

when 04 o é; 13° . CFY will therefore promote instébility by

assisting the initial small transverse disturbance motion.
If the cylinder of sketeh (1.3) is elastically mounted transverse oscillations

_ called transverse galloping can occur when CFY ig large enough to overcome

the strﬁctural'damping. This oscillation will grow in amplitude until a

lipit set by either the flow or the structural damping is reached. Since the
excitation, —FY ,'increases with windspeed, Uso , the steady state

oscillaﬁion amplitude will also increase with Uwo so that oscillation
.amplitudes many times the cylinder diameter, d , can occur, These are the

main featurés of trangverse galloping.

Transverse galloping of a square section cylinder has been investigated
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experimentally and theoretically by many workers including Parkinson &
Brooks (1961), and Parkinson & Smith (1962, 1964). Theoretically the
structure is idealised as an elastic cylinder with both linear spring and
damping forces. The cuxve of'the'excitation, CFY , versus 6( , seé Fig 1.11,
is next approximated by a polynomial in (QGGSOr tan_1(<x) over the
rélevant range of & « The resulting equation is then solved for motion
characteristics such as steady-state amplitude and build-up time,

The above theory is called the quasi-steady theory because of the quasi-
steady assumption employed in the derivation of the.excitation CFY « It has
been reported, see for example Parkinson & Smith (1964), thét the theory
predicfs instability for all wvalues of Ve greater than a critical value

defined as

U = 2 )
where A = Cijy ( A is positive for a square section cylinder
de [ 4=0  see Pig 1.12)

:
7

Thus when structural damping is negligible, the quasi-steady theory predicts

n

damping parameter

dimensionless mass parameter .

]

~instability on a square section cylinder at all values of wind speed Us .
Contrary to theoretical pfedictioﬁ self-excited oscillations have never been
observed on elastic équare section cy;ihders when ﬁv/ is below unity
even when the damping parameter, B , is made sd small tgat instability
should, according to the quasi-steady theory, occur - see Otsuki et al (1974)
It has been reported, see for example Parkinsén & Brooks (1961) and
Parkinson & Smith (1962,1964), that the quasi-steady theory predicts accurate

. /e
values of steady-state amplitude and build up time when £é/ > 2.0,

. . : N
Otsuki et al (1974) and Nakamura & Mizota (1975) have also reported that the

measured aerodynamic force at the body's frequency on forced square section
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cylinders are in good agreement with the quasi-steady predictions when-
ﬁy j¥ 2,0 , Nakamira & Mizota (1975) also measured the phase angle,d)9
betiSen the force and the displacement and reported that it tends to the
quasi-sfeady theoretical values at large values of F%/ .
At £%/ of around unity, the agreement between the'kheory and experiment
is poo?. Tﬁgs is usually attributed, see for example Parkinson & Smith

(1964), to the dominance of the vortex shedding effect.

Iffects of turbulence opn Galloping

It has been reported, see for example Laneville et al (1975) that the
quasi-steady theory is still valid for rectangular cylinders in turbulent flow.
To determine the effects of turbulence .on galloping one therefore only has to
éxamine‘how the C versus o curve is affected by the turbulence. In

FY
other words one oﬁly need to examine how CL and CD (or infact the mean
pressure distribution) on tﬁe stationary cylinder changes with turbulence.
This has alfeady been considered in section (1.4.1,1).
Fig 1.11 shows the variation of CFY with o in turbulent flow calculated
by the author from Lee (1974) values of C, and Cp . It is seen that:
a) Turbulence reduces the range of & for which Cicpy‘id ig positive
(i.e. range of instability)

b) The maximum value of CFY s Co , occurs at a lower value of incidence

PYmax
in turbulent flow
c) CFYmax in turbulent flow is less than the value in smooth flow,

Thus for. a square-section cylinder, turbulence will not only reduce the
range of incidence for which transversé galloping can occur, the steady-state
amplitude of oscillation‘at a given windspeed, Uq; , will also be reduced.
This is confirmed by the measurements of Novak reported in Parkinson (1971).
" The redncfion of gélloping amplitude by turbulence was so marked that

Parkinson (1971) suggested that a sufficient intensity of turbulence would

Sufpress galloping.

It is, perhaps, interesting to note that the incidence, A , for which
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CFY has a maximum value of CFYmax corresponds very closely to the o at

which flow reattachment first occur - this ol has been denoted by o orit in

section (1.4.1.1). Thus the reduction of galloping amplitude by turbulence

is due to the way in which turbulence causes earlier flow reattachment.

1.4.2.2 Vortex-dominated cross-wind oscillations

We are concerned in this section with cross-wind oscillations of square-
section cylinders in the frequency range 0.5 4_¥$$ { 2.0 . 1In this
range of ﬁ;/ the oscillating square section cy;inder is still 1likely to
experience flugtuating pressures caused by the aerodynamic 1ift and drag
forces as a result of the cyclic variation in the instantaneous angle of .
incidence although the magnitude of such excitations may be different from
the prediction of the quasi-steady theory of section 1.4.2.1 . Thus the
aerodynamic and seroelastic characteristics observed on square section cylinders
oscillating in the present range of ﬁyi cannot be attributed solely to
vortex shedding., It is for this reason th:t the term 'vortex-dominated!
rather than 'vortex-induced' is used in the heading of this section,

We have remarked in the preceeding section that self-excited cross-wind
oscillétions have never been observed on spring-mounted square section
sylinders at 45/ below unity., A full investigation of the square
section cylinder iiﬂthe range 0.5 £ {%/ £ 2.0 therefore requires

external forcing. This is the method of eiperimentation in the three works
(Wilkinson (1974), Otsuki et al (1974) and Nakamura & Mizota (1975)) so far
published. All three publications only became available during the course of
the present investigation. .

Otsuki et al (1974) and Nakamura & Mizota (1975) measured Lm(t) which is
the component of the total force L (&) — V (1)

(See-footnote 1.1 for definition) at the body's frequency and the phase
angle , CP , between Ln1(t) and the cylinder's displacement.

.Wilkinson (1974) measured mean and fluctuating surface pressures around

a section, 1lift phase angle ¢) s and correlations - particularly . spanwise



35

ones. He complimented these measurements with a smoke flow visualisation of
the vortex shedding phenomenon. The range and scope of his measurements are
similar to those_presented in thiS»dissertation.

Before assessing Wilkinson results it must be pointed out that he mounted
his pressure transducer outside the wind tunnel. His pressure tappings were
therefore connected to the transducer by very long plastic tubing which he
himself showed , see Fig 1.12, to suffer from resonance effects and phasé o
distortion in his declared frequency range of interest of around 50Hz .
Quite apart from the distortion produced by the long length of tubing, cyclic
distortion (i.e. 'flappings') of the long tubings during model oscillation is
bound to create spgrious pressure signals particularly at high values of ﬁv? .
Thus Wilkinson's measurements of dynamic pressures and phase angles, ’
particularly during model oscillations, can at best indicate only broad
qualitative trends.

The main findings of the three workers are discussed below.

A. Effects of oscillation on vortex shedding frequency

The‘results of Otsuki et al (1974) indicate that oscillation at amplitude
to diameter ratios, A/D ,.of 0.013 and 0.033 do not affect vortex
shedding frequency (i.e. vortices are shed at the frequency, fs , that would
exist if body were stationary). For A/D of 0.067 , 0.1 and 0.133 he

reported wake synchronisation or 'lock-in' when F%$ is around
|

Footnote (1.1)

~L{(t) is the total fluctuating lift on the oscillating cylinder,

v(t) isAthe total fluctuating 1ift on the cylinder during oscillation in
still air,

Lm(t) is the component of L(t) - V(t) at the frequency of oscillation

ACLM = ll@-{';lzt))l . le(t)i is the amplitude of Im(t) .
2 w

"g" and "1" are cylinders diameter and span respectively.
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unity with the lock-in range increasing with increasing A/D . His measurements
outsid¢ the lock-in range indicate that vortex shedding frequency is either

less than or equal to the stationary cylinder value, fs , depanding on whether
4%/ is lesé or greater than unity - see Fig 1.13 .

W;;kinson (1974) reported that at the high '@ extremity of the 'lock-
in' range, lock-in was intermittent with the amount %f time shent in the
lock-in position increasing with decreasing 45@ « He also reported
that for large values of A/D (his maximum'value ;} A/D was 0;134 )
there appeared to be no lower limit to the lock-in region and that there was
no sign of any appreciable energy at the strouhal frequency.

B. Exgjérisis
‘Wilkinson reported that tests conducted to detect hysterisis indicated that

there wes none. The other two workers did not report hysterisis.

C. Phase angle variation in the lock-in range

The measurements of the three workers indicate that within the lock-in
' range, the phase angle, éb s between the fluctuating 1lift and displacement
rises very sharply with increasing . ﬁvi « The approximate values
of. 4) reported by each worker at the lowerﬂ(i.e. low E@? ) and the
upper (i.e. high {%/ ) extremes of the lock-in range a:e respectively
280° and 110° - Obsuki et al (1974) see Fig 1.148, -105° and 150° -
Wilkinson (1974) see Fig 1.16A, and -120° and 60° - Nakamura & Nizota
(1975) see Fig 1.34 . The three works are best compared by examining the
values of ﬁ%/ and A/D at which q) becomes zero, These zero
) crdssings are plﬁ%ted in Pig 1.15>. .

Now when 67 4; (b £ 1800, the oscillating cylinder experiences an
exciting force in phase with the velocity (i.e. negative damping). When
the qylinder is spring-mounted, this negative damping will input energy into
the system so that the oscillation'amplitude increases either until this energy

input per cycle is balanced by the energy dissipated per cycle by structural

damping or, when structural damping forces are very small; until the phase
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angle, (P, becomes 0° or 180° so that the flow itself cuts off the
excitation energy. A small damping force can be the result of either small
damping parameter or small amplitude of oscillation, The zero crossing in
foroed‘oscillation experiments therefore indicgte both the steady state
oscillation amplitude and the corresponding value of 4;/ or windspeed
that a.light1y~damped spring-mounted cylinder will experieéie when.undergoing
small amplitude self-excited lateral oscillations. This view is confirmed by
the work of Nakamura & Mizota (1975) where values of A/D and {%ﬁ measured
on three different spring-mounted rectangular cylinders (including aquuare
section cylinder) undergoing self-excited oscillations are shown, see
Fig 1.2 ,bo be in good agreement with the values deduced from the zero
érossings in forced oscillation experiments.

Returning to Fig 1.15 the 4) values of Otsuki et al (1974) and Nakamura &
Mizota (1975) indicate that the spring-mounted square section cylinder will
experience self-excited oscillation at 4%/ above unity with the steady-

. N
state amplitude of lateral oscillations increasing with increasing windspeed

or & (note that Us = Y L where S is the
/,u fud S /%q :

stationary cylinder strouhal number). In direct contrast Wilkinson

values indicate self-excited oscillation with amplituﬁe that decreases

sharply with increasing windspéed. Wilkinson's results are odd because all
known observations of steady=state self-excited oscillation amplitude on spring
mounted square section c&linders, see for example Parkinson & Smith (1966),
support the trend indicated by the measurements of Otsuki et al and Nakamura

& Mizota.

After comparing his square section cylinder 4) values with those measured
on an oscillating ci£ou1ar cylinder by Hassan in 1962, see Fig 1.16B,
‘Wilkinson remarked that the difference between the two results are "mainly the
result ofAdifferenoes in amplitude ratio and are more or less independent of
.body shape". In other words at same values of A/D and {a4g , 47

values on a forced circular cylinder should be identical to those on a forced
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square section cylinder. This is most unlikely. We have already remarked in
the preceeding paragraph that the phase angle, 4) , determines the mode of
energy transfer between the flow and the oscillating cylinder. Experiments,
see forrexample Feng (1969), have shown that the lightly damped spring-mounted
circular cylinder will undergo vortex-indﬁced oscillations only within a
DISCREfE range ofi $g/¥ ~ starting approximately from ﬁy? =1.0,
In direct contrast the 1igﬁlly damped spring-mounted square sectionriylinder
will undergo, see the preceeding paragraph, self-excited oscillation at ALL
values of {g/ above a critical value (fé/ ) ( (fa/ ) has

' {:n fulenr fal cat
never been found to be less than unity) with the amplitude of oscillation
increasing with increasing {Q/N . » These results show that the mode
6f energy transfer between the flow and the body is different for the two
cylinders, (b values obtained on a forced square section cylinder at given
values of A/D and 4%/ will therefore generally be different from
those obtained on a forced‘;ircular cylinder under identical conditions. This

casts further suspicion on the accuracy of Wilkinson's measurements .

D. Force Amplification at lock-in

(i) Mean drag forces. "ilkinson (1974) compared the mean drag coefficient‘
(13(4) during oscillation with that of the stationary cylinder,
‘ CDO - gee Fig 1,174 , Except at ﬁvﬁ of around 1.2 where Cb(;}é
™ Do
is approximately unity, oscillation is shown to decrease the mean
drag throughout fhe lock-~in range. Wilkinson attributed the drop in
the mean drag to a rise in base pressure.
Wilkinsonmélso reported that his flow visualisation indicated
that at lock-in, the vortex formation region length was decreased
below the stationary cylinder value. This, from work on oscillating
cylinders, see for example Davies (1975), and on stationary cylinders,
see for example Bearman (1965), leads one to expéct increases in the

mean drag and base suction. Surprisingly Wilkinson measurements,

see Fig 1.174 and‘the preceeding paragraph,indicated decreases in mean



39

drag and base suclion .

(ii) Spanwise correlation

Only Wilkinson measured spanwise correlgtion. His results indicate

that oscillation produces very lagrge increases in the spanwise
correlation length particularly at lock-in - see Fig 1.18 . He

reported that maximum spanwise correlation occured at {%/ of

about 0.85 to 0,90 . He expressed the maximum correlatiog length %y )
at lock-in approximately dby: D

My = R-50 t+ 250 My

where A 1is the amplitude of oscillation and D is the diameter of

4

- the cylinder.

(iii) Sectional fluctuating 1lift coefficient, Cers

Measurements by Wilkinson (1974) indicate that at 1ock;in, oscillation
greatly increases Cers - see Fig 1.19 . He reported that Cers
.wgs maximum, in the lock-in range, at 4&/& of about 0,90 ,
He compared this maximum value of Cers withskhat on a stationary
: cylinder and reported, see Fig 1.19B , 1lift amplifications of 1.45 ,
1.92 and 2.2 for A/D of 0.022 , 0,067 and 0.134 respectively.
| Otsuki et al (1974) and Nakamura & Mizota (1975) measured the
coefficient, C; , of the amplitude of the total force Lm(t) where
Lm(t) is the component of L(t) - v(t) at the body's frequency
(see footnote 1.1. for definition). Experimental peasurements, see
for example Fig 1.17B , suggesﬁlthat V(t) is much less than L(t)
even when -A/D is as high as 0.134 and 'E%% is around unity.
Now for a stationary square section cylinder igua smooth stream at
0° incidence Vickery (1966) has reported that 95% of the total
energy of the fluctuating 1lift is contained in a 2% band width
centered on the strouhal freguency. It is known that at lock-in

lateral oscillation makes vortex shedding frequency even more regular‘

(i.e. more nearly periodic) than on the stationary body so that
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almost all the fluctuating lift energy will be contained in a

narrow band width centered on the common frequency of oscillation

and vortex shedding. Furthermore the measurements of Wilkinson already
discussed indicate excellent spanwise correlation at lock-in. The

CLm values of Otsuki et al and Nakamura & Mizota will therefore
correspond very closely to the amplitude of the sectional 1ift
coefficient (i.e. Crm = Crrms x,ié ) particularly when A/D is
large. The result of Otsuki et al therefore indicate, see Fig 1.14A

a maximm € of 1.06 at A/D of 0,133 and g/u = 0,92,
Those of Nakamura & Mizota indicate, see Fig 1.2B , a maximum Cers
of 1.50 at A/D = 0,15 and 4%, = 0.9 . As the

3

stationary cylinder value of C has been reported in section

Lrms
1.4.1.2 to range between 1.2 and 1.4 , the two works indicate
that when A/D £ 0.15 , the maximum value of Cooms 2t lock-in is
approximately equal to the stationaiy cylinder value. This does not
agree with the measurements of YWilkinson, see Fig 1.195 , where

amplifications of over 220% is reported at lock-in in the same

range of A/D .

E. Magnification of surface dynamic pressures at high values of ﬁﬁﬂﬂ

Wélkinson measurements, see Fig 1.17B , show.that the magnification,
Co(s=9)
CP ({: 0)

centre of the side face ié very large at high values of oscillation frequency

( see Footnote 1.2), of the fluctuating pressure at the

£7? . For example his results for A/D = 0.134 for which he also
presénted measurements of the virtual ﬁass pressures (see Footnote (1,2))
show that for %¢ > 1.2 the magnificatioq, even after virtual mass
pressures have bee;Ssubstracted, increasges with iﬁoreasing' +§¢ _so
FOOTROTE (1.2) °
a)"gfiiifl
Cocg=0)

= RMS pressure coefficient on the oscillating model
divided by RMS pressure coefficient on the stationary

model.

B) Virtual mass pressure -~ The dynamic pressure on the model during oscillation'.
in still air
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that at #@? of about 1.8 +the value of the magnification less the
contribution o;sthe virtual mass pressures is already more than the maximum
magnification in the lock-in range. Wilkinson suggested that this may be due
to a first harmonic locking range. Even then his results are still rather

unugual because his measurements of mean drag amplification, see Fig 1.174 ,

indicate large reductions at high values of ﬁy& . LIsually one
5
expects large drag reductions to indicate reduced vortex activities so that
£ s Cogg=9)
at large values of ﬁ/ one expects Wilkinson's wvalues of ————2=
.FS Cp ({:O)

to tend to his virtual mass pressure values, as the total force measurements
of Nakamura & Mizota (1975) indicate, rather than diverge even more from them

as Wilkinson's meagurements of Fig 1.17B show.

1.5 PURPOSTS AND SCOPE OF PRESENT INVESTIGATION

The present investigation is aimedyprimarily at improving our understanding
of the body-wake interaction that takes place during vortex-induced and
forczd vibrations. There is also generally insufficient data on the fluctuating
surface pressures experienced by bluff bodies - particularly stationary and
oscillating non-circular bluff bodies, The secondary aim of this investigation
.is therefore to add to existing sparse fluctuating surface pressure data.

In the present investigation, the characteristics of surface fluctuating
preésures (particularly those contributing to fluctuating 1ift) have been
examined on a stationary and oscillating square sectioﬁ cylinder. Observations
on the oscillating cylinder were conducted at forcing frequencies at and
around resonance. Other flow charactefistics observed include surface mean
pressures, pressure correlatiQns, vortex longitudinal spacings and the phase
angle between the fluctuatingxggd the displacement of the oscillating
‘eylinder., ‘Finally é smoke visualisation of_the vortex shedding phenomenon
was conducted to complement the above observations and to provide more insight

into the complex body-wake interaction that takes during body oscillation.
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CHAPTER 2

ERTINTAL APPARATUS

2,1 WIND TUNNIL

All experiments were performed in the 3' x 3' wind tunnel of the
Department of Aeronautics, Imperial College of Science and Technology,
London. The wind tunnel is a low speed, low turbulence closed-return
type. Details of the wind tunnel can be found in the work of Clements &
Unwin (1973) where it is reported that the turbuience level in the tunnel
warking section is less than 0.04% .

2.2 THE OSCILLATING MECHANISM

Mounted underneath the floor of the tunnel working section is the
oscillating mechanism., This device is capable of producing.simple
harmonic oscillations at a continuously variable frequency and peak-to-peak
amplitude up to a maximum value of 40Hz and 30mm respectively. The
detailed design is due to Mr. Gasson of the Departiment of Aeronautics,
Impgrial College, London, The operating principles are outlined in Davies
(1975).
‘ Boay amplitude and frequency were detected with a D.C Linéar
Variable Differential Transformer (24V, Voltage Electro Mechanisms ,
type 500 DC) mounted on one arm of the oscillating mechanism. This
produced a voltage outﬁut of 5V for 12.5mm displacement and the output
signal was fed to a Muirhead Wave Agélyser (Model K-134-A) for body
displacement frequency measurement.,

2.3 THE PRESSURE TRANSDUCIRS

Two capacitive pressure transducers werelused. The majority of the
fluctuating pressure measurements on the stationary model were conducted
with the B & X 24" microphone., A %" Setra Pressure Transducer which
was more sensitive and almost drift—free was used for ﬁeasurements of

me=n and fluctuating pressures, correlations and 1ift phase angles on the
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oscillating models. Details of the transducers and the associated
mounting systems are summarised below.

B & XK 3" Condenser Microphone Type 4136

This was used in a resonant circuit consisting of a Disa Oscillator
51 E32 and a Disa Reactance Converter type 51501 . The same circuitry
was used earlier by Fackrell (1973) and the operating principle and
description of the system can be found in his Ph.D Thesis. The
sensitivity of the system was adjustable; Under the present experimental
‘conditions the most appropiate.value of sensitivity was found to be
7.5 millivolts[mm of water gauge pressure.

4" Setra Low Range Pressure Transducer Model 237

The setra systems transducer has built-in electronics and only
requires external D.C. excitation voltage in the range 15 +to 30 wvolts
The excitation voltage was kept at the nominal value of 24 wvolts throughout
the experiments. The sensitivity was found to be 35.4 Millivplt/mm'of
watervgauge pressure.

The lNountings for the Pressure Transducers'!

The setra pressure transducer as supplied by the manufacturer is
sketched in Fig. (2.1A) . TFor the purpose of the experiment, which is
sﬁrface pressure measurement, the mounting techniéue described below was
employed.

A-cap terminating in a short tube of bore 0.078" was fitted above
the diaphragm. The cap which rested on an '0' ring placed on the
Atransducer's mounting flange, was held in place by a nut - See Fig,
(2.18) . The '0' ring seals the diaphragm from the external air so
that pressure can only be applied to the diaphragm either through the tube
on the cap or through the equalisation tube. When the cap is properly
tightened the clearance betweeﬁ the transducer's diaphragm and the inside
of the cap is as small as 0.03" . More details of the transducer and

cap system are provided in Figs. (2.1A) and(2.13).
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The setra transducer/cap system was ciamped firmly to the inside of
the model by two insulating holders. The first holder grips the transducer's
cap unit very firmly while the second gently supports the tail of the
transducer. Details of the holders are given in Fig. (2.1C).

The above cap and nut principle was also used to mount the
B & X 1" microphone ingide the model, Due to the small size of the
B & K microphone, only one insulating holder was required to fix the
microphone/cap unit to the inside of the model.

2.4 THE NODELS

2.4;1 General Details

Four 2-inch square section cylinders with sharp edges were
tested., All spanned the 3' x 3' low speed wind tunnel horizontally at
mid-height. During the experiments three of the models to be referred to
ag the oscillating models, were subjected to oscillations. The remaining
model, was kept stationary throughout. important details about the models

are outlined below,

2.4.2 The Stationary Model,

. This model was mounted on turntables located on the side walls of
the wind tunnel as sketched in Fig. (2.2) . It has two types of pressure
tapping labelled tyve (A) ahd type (B) . More details about the model
and pressure tappings are provided below.

Type (A) Pressure tappings

They were manufactured from brass tubing of external diameter 5/64"
and vere used exclusively for mean éressure measurements. Narrow-bore |
plastic tubing runhing through the model connected these pressure tappings
to two inclined Alcohol Multitube lManometers,

Forty type (A) pressure tappings are provided on the stationary
model, The locations of these tappings are given in Fig. (2.3).

‘Type (B) Pressure Tappings

Nine type (E) pressure tappings are positioned on one of the side




45

faces of the stationary model as indicated in Fig. (2.4). The tappings
are provided by brass tubing of internal and external diameters of
1/16" and 3/32" respectively.. During pressure measurement each
tapping was connected in turn to the Pressure transducer inside the
model by plastic tubings of internal diameter 3/32" .. From consideration
of frequency responsé (see Chapter 3 for more details) the total length
of brass and plastic tubing between the surface of the model (where
fluctuating pressure is to be measured) and the transducer's ‘diaphragm was
kept below 3" .

End Plates

Five sets of sharp-edged end plates with rounded corners were tested
‘'on- the stationary model., The end plates of each set were located
seventeen model diameters (34") apart. More details including the
dimensions of the end plates are provided in Pig. (2.5).

2.4.3 The Oscillating Models

These rigid models were mounted externally on the arms of the
oscillating mechanism through two circular slots, each of diameter 6.5",
on tﬁe side walls of the wind tunnel. (To obtain the circular slots, the
turntables, see Fig. (2.2) used to mount the stationary model on the wind
tunnel side walls were simply removed). The mounting procedure of the
models is sketched in Fig (2.6). Each oscillating model carried a set
of end plates of the type labelled No.2 in Fig. (2.5).

More details about each model are provided below.

Oscillating lodel 1

This mocdel was used first for mean pressure measurement during
body oscillations and later for flow visualisétion. Eight of the type (&)
pressure tappings described in section 2.4.2 were positioneg along the
span on the centerline of the model's back face as indicated in Fig. (2.73,

Oscillating lodel 2

Eight type (B) pressure tappings were distributed around the

mid-section of the model as indicated in Fig. (2.7) . These tappings
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were used for fluctuating and mean pressure measurements. Tapping details
are given in Section 2.4.2.

Oscillating Model 3

This model was built primarily for pressure correlation measurements,
Type (B) pressure tappings were distributed on this model as indicated
in Pig, (2.7).

2.5 LAGNETIC TAPE RECORDING

The fluctuating signals related to wake velocities, model surface
pressures and body displacements wére recorded on an Ampex FR 1300
analogue tape recorder. These recorded signals were later digitised on
the Imperial College Aeronautics Depariment Data Logging Systemp. A
description of the analogue tape recorder and the assocliated data

logging system can be found in Davies (1975) and Bradshaw (1972).

2.6 OTHZR ELECTRONIC EQUIPMENT

These were standard instruments normally employed in turbulence
réséarch. A hot-wire probe with a S-micron platinum wire as sensor
was used with a Disa D01 Anemometer to detect vortex éhedding. Other
ingtruments used in the experiments are listed below.

Yoltmeters Disa 55 D35 R.M.S. voltmeters, Disa 55 D30 Digital D.C.
Yoltmeters, Datron R.M.S. Voltmeter Model 1030a , Solatron
digital voltmeters.

Filters Rockland Dual Filter Model 452-01 , Kemo Duél Variable Filter

Type VBF/1 .

Oscilloscope Tecktronix Type 549 Storage Oscilloscope.

Sum and Difference Units Disa Test Sum & diff. (PHI Module); Op. Amps.

(PHI Analogue Module 16).
Amplifiers Fixed Gain Amplifier ; Data Amplifier (PHI Analogue modules
19 and 17 respectively) .

Power Supply Units 30V Power Supply, Startronic Ltd. Model 119.6 .

¥ootncte P.H.I. - Patchable Hybrid Instrumentation ..
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CEAPTER 3

FXPERIL=NTAL TZCHNIQUES AND DATA REDUCTION

3.1 WIID TUNNEL CALIBRATION

Below is a sketch of the contraction and working section of the wind
tunnel. Gp is the desired mean pressure coefficient on the model, With

the notation in the sketch

o P~ P ' :
Cp = jfe-gz— - (30) /

eﬂ
7 Ue :? :%
MODEL— .
Equation (3.1) can be written as |
G = [Pm-jJrﬁ-eo B -f
i g k2R BoR ] 0Us
ith the definition
Pao-P | P p
k = 221 Ko = 220 __ _ _ (4
I 9 2= (3.2)
k-f | . —'ieui
C _(Pm"P. ) |
o= (=B )k, - R
;E -p ] 2 | .
where ¥, and,%je Lﬁ; | are thé static and the dynamic pressures at

the location of the center section of the model in the empty wind

tunnel,

P, and P

o 4 are static pressures at the begining and the end of

the wind tunnel contraction respectively.
P~ mean pressure at the surface of the model.

With the tunnel empiy a pitot-static tube was located at the position to



be occupied by the model center section. Variation of (Po - P1) and

(p

e
= Ty ) with.-%;etlw were ohserved., In the Geynolds number range of

interest, K1 was found to be constent at 1.006 (see Fig (3.1)). K1
varied with

mable (3.1%],

2 -
el)w but was fownd to be never higher than 0,02 {usee

Pl

Betz Manomater

reading in mm of ‘ K1

HZO
8.08 0,020
11,40 0.018
19.12 | 0.011
20,70 : 0.0M1
51.65 0,010
57.85 0.011
71.50 0,015

TOR ¥ LESS THAN 511, K, =0

1
TJEI‘JJ (’%.’i 2

3,2 PRwgSuURD TRAWSDICIRS - CALIBZATION P?O“fﬁTYH.

t1be lenoth on the transducers'freguency response

It i3 known that any connecting tubing or cavity above the diaphragm will
degrade the frequency response of a diaphragm pressure transducer. The
connecting tubing and cavity have th61£ own frequency response characteristics
so that the joint responsc of the transducer/tubing or volume may be radically
gifferent from the flat freguency response qf the transducer on its own,
inalyticael treatment of this problem can be found in tex:bocks such as
Doebelin (1988).

Doebzlin {166}  treats the transducer/tubing system as a second order

rmechanizal system. IHe presents the cguivelent natural freguency and damping
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. | .
. . FIAY
parameter of the system as L_see footnote (3.&;J

Wy o Y% o _C

Y ] \r/
‘“\Y%'%ng L.Ji;% N

¢ CONNEC TING
TRANSDUCER'S TUEING
DWHH&RGNLQ ‘
YA { l
ol < . dt
Ny N T'
B L O~
' MODEL
where

SURFHCE
V = Volume of the cavity labelled 1
VJc = Internal volune of tubing of lensglh L
d, = Internal diameter of tubing

C = YVelocity of sound

Thus if the resonant frequency fN is to be removed fer above the maximum

frequency of interest, L must be made small. To minimise damping and the

ili

autenudnu attenuation it is necessary to make dt 2g large as possible.

FOOTHOTE (3.1) Equations (3.4) and (3.5) hola only when the tube volume,
VT s becomes a significant part of the total volume of the system - see
Doebelin (1966) pase 401 .

In the experiments V was 0.006128 cub. in.; dt was 3/’9" g0 that
for a tubing of length 3" V]/v = 3.38 . Bquations (3.4) and (3.5) then

suggests

]
N

€

_S = 0,003 and {' ~ 803 HZ
X
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The offect of the comnecting tubing was measured experimentally by obsexving
the dynamic response of the transducer with various lengths of tubing attached

to the end. A B & I pistonphone type 4220 gave a constant awmplitude pressure

signal with frequency , f , variable in the range 12 < £ < 600 cps .
Typical %rans'ucer/connecting tubing response curves are shown in Fig (3.2).
3.2) shows that when the tube length , T, is less than 3" , the
microphone response is flat up 1o at least 300 BZ and that resonance
occur far above 8C0 EZ . This flaé response suggests that the phase shifi

between the pressure source and the transducer is negligible. It is

intercsting to note that when T = 51" ecquation (3.4) predicts a resonant

frequency of atout 460 HZ which is, see Tig (3.2) , in good agreement with

the experimentally observed trend,

Wo means of producing a constant amplitude pressure signal at freguencies
below 12 1IZ& was available. There was therefore no direct way of determining
whether or not the pressure transducers used in the experimenis suffer from
sensitivity changes at low frequencies. ¥From private communication with
the manufecturers, it was learnt that the. static sengitivity of the B & K
%5 Type 4136 microphone was 0.25 dB (3ﬂ) higher thawn the dynamic
gsensitivity and that the transformation from the static to the dynamic
sensitivity factor occurs between 0.5 and 5 HZ . The 2" Setra pressure

transducer is not expected to suffer significantly from sensitivity changes

at low frequencies as measurements of fluctuating pressures at such

-frequencies display no features that are atiributable to sensitivity variation,

For fluctuating pressure measurement the total length of tubing between
the pressure source and the transducer's disphragm was kept below 2.75"

A low Tags filter was then emploved to give a sharp cut-off at a frequency

of 30

(]

HZ  which wes by far higher than boeth the vorter shedding f[requency

f , ard”
s

P

che bhody oscillation frequency o I,. » On the stationary model fs
N
was alvays below 46 HZ except on one occasion when, in order to

investigate the effcsis of Reymolds number, I wag Increaced up to 91 [i7Z.
(w3
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On the oszillating model fs and fN varied between 3 and 25 HZ o

3.

[

.2 8taztic Calibration of Pressure Transducer

Q
i

The static czlibration of the transducer (with the mounting system and
connecting tubing in pla wce) was conducied by comparing its response to pressure
with that of a Betz manometer, The static pressuve difference -across the
wind tunnel coniraction (labelled P2 - 91 in section 3.1) was used for the
calitration.

Pig (: 3) shows the results obiained with the %" Setra pressure
transducer over a veriod of six months, That the points all lie on a straight
line indicates the stability of the transducer's static sensitivity to changes
in environmental conditions. Typically the static sensitivity of the
transducer calcalated from the best fit straight line (least square method)
was Tound to be 35.4 millivolt/mm which is in good agreement with the value
of 35 mil}ivolt/mﬁ specified by the manufacturers.

A similar progedure was used to determine the sfatic sengitiviiy of the
B & K " microphone system of section 2.3 . Great care was however
required as the gystem suffers se?erély from output voltage drift. The
static sensitivity of the B & ¥ microphcne system depended on the
adjustments of the Disa Oscillator and the Reactan n(Converter (sce section

2.3). . The most appropriate value of the static sensitivity was found fo be

7.6 millivolt/rm o This value was also found to be stable to envirommentsl

15

conditions - see Fig (3.4)

3,3 EVATUATION OF AT LD FLUCTUATING PUmesURs

|9

3.1 lean Pressure

mha

In agreement with Packrell (1973) , the B & microphone system described

in gection 2.3 was found to suffer severcly from cutput voltage drift.

‘This systen wag therefore unsuitable for measuring. 1ezn pressure,

b
The " Betra pressure transducer wes in contrast found to be drift-free

ar a wari up period of about six hourse To measure mean pressure on the
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models, the reference side of the transducer was connected to the wind

tunnel -static pressure tapping at the end of the contraction (this tapping

s
labelled P1 in section 3.1). By veing the ifvansducer's static sensitivit;
changes in the transducer's mean voltage oubput due to the

converted to the differential pressures labelled T - P, in gection 3.1 .

m i
Bouation (2.3) was then used to calculabte the mern pressure cocfficient €
, De
3.3.2 TFluctuatine Prescure
The B.1.S8. conponent of output voltage of each transducer was converied to
- [ . . . . . .
R.M.S. pressures P < by using the transducer's static sensitivity - see
Rt ;
n o7 FAR A 3 4 ( —PN' / '2
Footnotes{3.2). The R.1.S. pressure coefficient PR r”kvﬁ‘eij wes
LS RA o

2
then determined by non-dimensionalising with the dynamic head - % pPUx:
é

Yeasvrements of on the oscillating model were found

CPQMS

to require special care, The procedure adopted is deseribed in the section

bel OWe

FOOTXOT:S (3.2) This in effect means that all the 'S pressure coefficients
measured with the B & ¥ 1" microphone system are 3% +too low, (It was
reported under section 3.2.1 that the manufacturers of the B & K" micro-
phone expect the static sensitivity to be about 0.25 dB ka) higher than
the djmamic sensitivity). This applies only %o the stationary model
measurenents as the B & K system wag not used in body oscillation

experinants,
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3.3.2.17 Deterpination of Cﬁrnu; on the oseillating model.

Yhen a long flexible tube was attached to the equalisation tube of the

1 Setra pressure transducer, it was found that cyclic distortions of the

flexible tube With model oscillétion affected the transducers WS voltage
output. After some investigation it was found that it was necessary to seal

off the egualisation tube when RNS pressure is to be measured during model
oscillation. Pressure measurements to be presented later confirm that sealing
off the equalisation tube does not affect the transducers dynamic response.

Mean pressure coefficient EP qannot however be measursd with the equalisation
tube sezled because as equation (3.3) demonstrates every 65 is measured

relative to the staltic pressure P at the end of the wind tunnel contraction
k] 1 s

(i.e. with  the equalisation tube connected by plastic tubing to tapping P1).

3.4 PRGASURT COMATLATION DOASURELT TS

The correlation coefficients of two signals, P, and P, 1is defined ag

1 2

=3

, o irﬁf
Ry = LB o
) lrmSPZrms

. .
As reported by g?ndergast (1958) equation (3.6) can be written as:

2 y W2 | ’ i

, — P+RY) — - p) '

Row = 4| = el |,
L" . Irms . PernS

Patchable Hybrid Instrumentation (PHI) module see section 2.6 , provided

P1 + P, ard P, - P2 . The squaring end averaging facilities on two

2 1 !
. - . 2
Disa 55035 WS voltmeters then gave simultaneous values of (P, + P,)
" N2 '

and (P1 - P2) . . These were then combined with Errﬁﬂ anda P e
_ ' 2rnts

as in equation (3.7) to obiain g?p!q . % Setraz pressure transducers

. b

were us2d in all pressure correlation measurements,
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3.5 ST LAY O FTIPERIMENTS

3.5.1 - STATTONARY LODEL FHDEIMERTS

A description of this model and its pressure toppings has been giver

section 2.4.2 «

3.5.1.1 General DNebails of the Experiments

Reynolds Fumber Range; 1.0 x 10

. 0 o
Incidence Range: 0 £ & £ A5

Ind Conditions; Tive sets of end plates described in ccetion 2.4.2 were

tested on the model,

The particular Reynolds Number, incidence ané end-plates used in each

experiment are indicated where necessary on the appropriate graph of results.

5

3.5.1.2 Brief descrivtion of the Eyreriments.

a) leasurenent of Vean pressure coefficients, ©

~

Mean pressure coefficients , Cp , were rieasured aground the mid-

of the model znd along the span on the centerline of the back face (face

using an inclined alcohol multi-tube manometex.
“Detailed distribution of C

around the mid-section of the

Ue

model was obtained by making

observations under identical

conditions at incidences o = P

O 0 mreeen e
) anG DrCgenving

¢
resulis under a single incidence o) = E} R (This was necessary because

there sre fewer nean pressure tappings on faces T & D then on faces

b) Fluctvatine Pressure Leasurement

A

2.

411 measurements of pressure fluctuations on this model were

made with the 3B & K 1" microphone system described in section 2.3 .

micropkone was connected in turn to each of the Type (B) pressure tapping
~descritbed in section 2.4.2 o All type (u) resgure tappings on this model

are positioned on face B, TFor each tapping, setting the model at incid

3

<)

r
A4

0

ction

).

cg

L
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N ny O :
of o, (of +90%°, (o % 180)° and ( of + 270)° gave the
fluctuating pressures on faces B, C, D and A respectively.

c) ghedding Frequency lfeasurement

Vortex shedding was detected both with the pressure transducer
system_aﬁl with a hot-wire suitably located dowvmsiream of the model ocutside
the waka, The shedding frequency was either counted on a storage Oscilloscope
or obtained dizitally from spectral analysis (see sections 2.5 and '3.6.1)
of the tazpe-recorded vortex shedding signal,

d) feasnremenl of the lonzitudinal svacing of the vortex street

¥ REFERENCE X Hot wire

¥
/{ MICROPHOHE
P .

____..qm : ’ = K

The surface pressure signel from the tapping at the center of the
top side face was used as reference. A hot-wire was transversed streamwise
in the game spanwise plane as that containing the refefence pressure
transducer. At each streamwise location, ¥ , of the hot~wire simultancous
tape recording of the hot-wire and pressure signals were made., Subsequent
digitél analysig of the recorded signals (see gections 2.5 eand 3.6 )
then yielded the rphase difference, 4&(@), between the hot-wire and the
e longitudinal vortex spacing was determined

microptone signals. The averag

(&

n . . o . .
 from the change in X required io produce a 360 degree change in d)(%)o
. w

e) Other Tnformation obtained from Succtral Analysis

(i) Sveciral distribution of fluctuating pressures at various
location around the mid-scction of the model,

(ii) Variation of phase angle ab the shedding lrequency around
the mid-secticsn of the model. (4 fixed hot-wire located

dowm-stream of the model outside the wake produced the refereace



3.5.2 O3CILLATING I

These models have been deser

3,5.2.1 General Details of the

mxperinents

Reynolds Number Range: 4 x 1

o
Incidstice A= 0

Amplitude to dismeter ratios,

Reduced Windgpeed Range ¢ 3

03¢ Te & 1.2 %107 .

.4
Us L e ¢
et was veried either by varylng Uwe or by verying T *

f.d

Ind Conditions ;¢ To. 2 get

The particular condition prs

g.0f end plates (see section 2.4.2 for details)
throughout,

svailing in each experiment is indicated in

the approniate graph of results.

3.5.2.2 Ligt of Oscillating lio

del_Txperimont

3, t o~
a) Neasurement of mean vresg

.

sure coefficicents,

-

(‘P were measured either with a Betz manometer or with the 2"

Setra pressure transducer,

b) Flucbuabing Pressure leasurement

, .
The 5" Setra pressure transducer was used -

¢c) Shedding Freguency Veasy

rements

‘Performed as in section 3.5.1.2 (c) .

¢) Neasurement of longitudinzl vortex gsireet svacing
Terformed as in section 3.5.1.2 (d).
sometines used as the refercnce gignal.

gignal was

e) Frcosare Corrolation Nessuremants

-

Obtainsd with iwo " Setra prezsure transducer as described in

s

scction 3.4.

£) Phzsoo

wle betusen fluctogtineg Lift gnd Digrionenent

Obtained digibally from simultaneous tape recording of the fluctua

- L=
1ift znd displacement signals (see section 2.5 and 3.6 for

relavant digital instrimentation and references).

At lock-in the displacement

i
;
;




g) Flow Visualisation

-Eee Chanter 5 for details.

3.6 DATA RIDUCTION

3.6.1 Digital Analvsis: Spectral

T

Geasurenshts

Analogue recordings of unsteady pressures and velocities (see section 2.5)
were digitised on the ITmperigl College ﬁerqnautics Department Data-Logging
System. The rosulting computer~compatible dizital magnetic tapes were processed
on the Imperial College CDC 6400 computer using cither the 'Powspec' or
tCophase' described in Davies (1974) and (1975)« The 'Powspec’ computes
the power spectral density for a single chamnel of input data. The 'Cophase!’
bc01 tes the complex cross-spectral density function for two simultancocus
input channelg. The output of'Copha ' include the power spectral density of
each channel of input data, coherence and phgse angle. Detailed discussion

of the Bpectral Analyeis Programs, Powapec and Cophase, are provided by

Davies (1974) and (1975).

3.6.2 3lockage Correction .

Stationary lodel

The blockage corrcction method proposed by Waskell (1963) was used.

The appropiate eguations are:

‘<£ Kc - [ -

2
1= = .(.:.E,. = UCZ — _,_f:,._... - - - 43.9)
i~ Cp,- CDC - UZ - E’ Je7

The suffix ¢ refers to corrected uantLLLes
q .

DP - mean pressure coefficient
CD ~ meen drag coeLf1c1en{

5/C - Vlockage ratio
2
o= - Cpb where Cpb iz the bese-pressure coefflicient,

values of (. and C_, and known velues of 5/0 ; X
b oh c
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was calculated from equation (3.8) using the expression :

2 1+ K- (S J[CDS/C — (e - e k®

- -~ - - (3.10)
‘6 .

Tguation (3.9) was then used to correct the measured valves of

c

c and C
p’ b ° n e
The velocitby, [jx, , used to formulate the fluctualing pressure
. Pls/ y Y
coefficient (. = PG 4 - and the Strouvhal number § = !5&
2 ¥ S b (D LICO . U
. ’ £ ]
was corrected for blockage using equation (3.9) .
2
1 : . . 1 K/ - .
Table (3.2) gives the values of the correction ratio, /1;g , that
\{’L Ne
obtained at each angle of incidence. \/1<z was found to be
r
1%
independent of Reynolds number,
— e SO e N —
- . o} o} o o] G C o} o} e 0 o}
Angle of Incidencey O 5 1071 13.571157 | 2071257 | 307 | 357 {407 {45

{090 1093 |1102 {1,102 11095 [+099 {1102 111051107 DB {1106

Maskell correction

2
factor, ‘S/,z
“ fl

AP (3.2)

Oscillatings body

No- blockage correction method has been proposed for oscillating bluff bodies
Daring bedy oscillation the values of CU and Cpb were observed to
p

vary coatimiously with amplitude to diemeter ratio 4/D  and reduced windspeed

Us
:?j;» . A3 a result of flow reattachment to the side faces the values
Lt .
' ; . . Yo - .
of Cpb becamre g0 high at low values of 4 , see Figo, 7.3 , that
N

K, could no longer be determined from equation (3.10) because the quantity

L 2 .
%;[ CTf%Q . (‘+ K )J - K } became negative. Thus rather

than use a dubious correction metlhiod, it was decided not to correct the dava

for the oscillating body.
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A g R
of the square section cylinder. | i |
Consider a section of | fg}_—; B &ZJ"(/ \
small depth 53 into the
H Um
paper. The instantaneous “1C =<
fluctuating side force Fé
on face B is given by: D
‘ L
Ppo= (REG 4 B8t + 0g,+ - - - P 8tq) 8y
where P1 s P2 escesocss Pn are the instantaneous values of the
fluctlia'ting pressures on elements M-z —-tm m = = S'e-n respectively.
— Y vt 2 052 32
Fjb = ‘{ A 82, + Pzé\i'z t P3 8(‘3 - - - - - Pﬂgﬁﬂ’

vO2ARSLSL, + 2RROLIL + 2RBELOL,

}8;

Thi_s can be written as

2 2 13
e = 83 ZP"PJ'&iMj e G R IR
B | |
choosing 8L, = 8L, = Sz - - - - - . =8, = 8L .
;;2 2 2 T

From the definition of pressure correlation coefficient
e = RP! , % P

where Rp,|2 is the correlation coefficient of the fluctuating pressures

rmg X Pz.rms

Py end P,

Equation (3.12) then becomes
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L3J

o«
i

(=1
j:l

In this investigation the side 3BC of the 2-inch square

cylinder was divicded into eight ecual paris so that

Because the fluctuating pressures on face B are 180

those on face D , the gectional S 1ift coeflficient,

estimated from the expression

C

rv'-:vv S e —
2

oL A F
Ly (5 eus)

Lrens

e f‘l N :
8{’ O[.SZ RP% P-‘.'.rms ij‘ms T "'(3-13)

section

g,? _ In

p ¥ - ;, »
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CHAPTER 4

4.0 VATHFMATICAL MODELS OF VORTEX-IWDUCHD LIFT FORCES

4.1 INTRODUCTION

It is impossible to solve amalytically the full Havier-Stokes equétions
for unsteady separated flow around g bluff body. The complexity and the
large amounts of computer time required has so far limited numericzl solutions
of the equations to low Reynolds Number. TFor cases of Engineering importance
it is therefore necessary éo abandon the full Navier-Stokes equations and
rescxrt to simpler {low models.

Two basic types of models will be discussed in this chspter, The first,
the potential flow model, represents the real wake vortex system by potential
vortices, Two potential flow models will be discussed. The second basic
model, the Lift-Oscillator model, has its origin in illectrical ﬁhgineering
and is based on the notion that the fluctuating lift due to vortex shedding
may be considered to be generated by a non—iinear oscillator in the wake,

The models are incomplete in the sense that they require experimentally
determined inputs.

It m;st be remembered that models are crude, two-dimensional approximations
of the oompiicated three~-dimensional real flow situation. The models
cannot therefore be expected to prgdict all the observed characteristics of

the ungteady 1ift in flow around bluff bodies,

4.2 POTINTIAL FLOV ¥ODILS

4.2.1 L1ODEL T ¢ The von Karman-iyme wale model,

This assumes thal an ideal von Karman voriex street is Tormed in the wzke
of a bluff body. The usual assumptions made in voftex drag calculation apply
here,  They are listed in Kilne-Thomson (1968) as :

(i) 'Phe wake vortices can be represented by point voritices .

(ii) The origin heing taken in the midst of the regular portion of the

wake, the complex potential will be neaxrly the same as that for an

infinite vortex street.
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BCD  moves with the wake velocity \/ so thai

th
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(iii) If we surround the cylinder by a contour which advances with the
same velocity as the wake and whose dimensions are large compared
with the e¢ylinder and distances beiween successive voritices and the
rows, the motion on the boundaries of the contour will be steady.

(iv)_ That the formation of the vorbices is truly periodice.

The cylinder in sketch (4.1) moves with velocity LJ along the x-axis.

e vortices which are shed from the body at a frequency fs form a vortex

reet which advances along the x-axis with velocity \/ shown in HMilne-

omson (1968) to be \/ oz 7 a [anil ﬂEL ] The large contour

he =z-~directed velodcity of

e cylinder relative both to the contour and to the wake is U-V
given by fﬁa . W
» A
B, B C
n o
i"j‘/ = a T
e 0 6 e % 0
Y
- 1 = - - — B — AN
o' o 0 o) 0
i ;
. |
| |
i *.
| R VP S )
3] D, D

th

contour whose new houndary is A1B1C1D

AB

‘Th

di

SKETCH (4.1)

LT the end of one cycle of shedding, the cylinder has njoved forward along
e XY-gxis by a distance 'a' . Two more vortices are now included in the

4 — see sketch (4.1). The picture in

C1D1 which is common fto contours ABCD and ﬁ1B1C1D1 is the same,
e inciease in the Y-momentum, Jy s of the control volume is then the

ffererce in Y-momzntum enclosed by contours A181BA and D1C1CD -~ which

can be shown in this case to be zero.

when half a cycle of shedding is considered the situaiion is dilferent.
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The new contour AjB1C1D1 ig shown in sketch (4.2)
! 1
B B ¢c ¢
i 1
I
a
Y NEW .
V, L /’ VORTEX |
(o] (0 1‘D: 0] 6] © 7\ |
SN Y & N T R
© o} o 1o o oj L
|
| I
{
I !
| ]
A D D
SKETCH (4.2)
Let J#raeg?ﬂ and :TYDccﬁf be the Y momenta of the

fluid inside rectangles ABB‘A1 and DCC‘1D1 respectively. It is shown by

Ruedy (1935) that
MY T IYHBB'Hl JYDCC‘D‘ = x 'L; FC- " T T (4.201)

The time interval Z&t for half a cycle of shedding is

A :--—92-—;- —~. - = = = A{4.2.2)
‘ 2(U-V) - -

E{ _ é& + %(Uﬁ\‘,)p - ~ oo o (4.2.3)

i

[Ehe actual signs of 1&3\’ and F? depends on the sign of the
vortex . Vl . {(i.e. depends on whether the V} vortex appears above or helow
the =x-axis in sketch (4.2)—1

Ruedy (1935) eguates F% to the instantaneous 1ift on the bluff body.
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rom consideration of rate of change of momentum in a control. volume

bounded by ASID  in sketch (4.3), the instantaneous 1ift 1L(%t) on the bluff

is given by :

C B

o
o
o
~
'_)
[92]

—,[s
: TLM
‘ @ 0] o 0 o}
U )
= 25, - - - - = == s - -
E o] 0] 6] @]
y . .

X

SKETCH (4.3)

L) = -S Pdx + ¢ &v(udﬂ- vdx) +¢ d s ly - {4.2.4)
¢

i'.L
A ;’t\ 5 A
L, () L, (&) le

In the limit as Sl approzches infinity :

L,y = 0.

Lz(t) is the flow of momentum out of AR and 0D . This is the

expression represented by equation (4.2.3). When, as in Ruedy (1935), Lz(t)

is taken as the instantaneous 1ift, L(t) , the assumption is that L3(t) is

zero. Tnais is incorrect because the continuous formation and discharge of

vortices from the near wake region of the bhody ensures that LB(t) does not

vanish,

Recenély Chen (1972) using essentially the above principle (equating
L3(t) in equation (4.2,4) to zero and therefore neglesting Y-momentum
Achanges‘in the near wake region of the body) reported a value for

FT - T ¢ v’ . e claims "that the curve of the caleculated

fluctuating 1ift coefficient plotted over the Reynolds number practically

gogs just throush the points of mavimim velues measursd." FEe concluded "ih

2

i
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the idegl vortex street model is adequate not only for the determination of
the steady drag force as done by XKarman, bub also for the calculation of the
fluctuating 1ift force as well."

The velidity of equation (4.2.3) is strengthencd by the argament: that

the circulation, lz s in a formation region which includes the body
must change by Q, - eech time a vortex of strength f; is shed.

From consideration of symmetry it is seen that the only possibility is for ';

Al
. o+ e . .
to oscillate between I E@g . Taking into account the convection
£ .
velocity, U -V s of the vortices then gives a lift force oscillating
- 1
4+ N . . + N ;
between -~ L)lﬁ U=V as in eguation «2.3) . However = J; U-N
< y i / )
foet

in this ergument is the 1ift force on a formation region that includes the
! 1
body. Lo extract the 1ift force on the body iteelf from = Q E; (()—-V)
. [

one requires an understanding of the flow in the vortex formation region close
to the body.

Finally let us consider the example of a very thin flat plate quoted in
Belving & Purton (1976). 4 very thin flat plate held perpendicular to a
free stream produces a regular vortex street which has aAmeaShreable
circulation, & s and a measureable convection velocity, U "\J . By
equation (4.2.3) the 1ift force on the very thin flat plate should be comparable
to the iift force 'on say a circular cylinder. PBut becazuse the plate has no
projected area on which pressures can act, the 1lift force on the plate must
by negligibly small even though its vortex street may be compzrable to thal
of a circular cylinder. VYe therefore conclude that it is extremely
difficult, if not impossible, to directly relate the transverse momentum of
the vortex street to the fluid forces on the tripping cylinder because of the
uncertairty in the magnitude of the transverse momenium of the flow in the
near wake,

4.2.2 1TCDLEL ITI : DPotential Jlow Iodel of Flow around an oscillating

circulsr cylinder,
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4.2.2.1 Derivation of 4)

In this section the potential flow model used by McGregor (1957) is

extended to include both the effects of the wake vortex street and of

cylfnder oscillations.

'jc = Asinwt

N

P (x,v)

| Co

OTHER  WAKE

VYORTICES
ASSUMED To
BE AT

INFINITY WITH
NET CIRCULATIOH

oF - E”

SKETCH (4.4)

The circular cylinder of sketch (4.4) is produced by a uniform flow

and a doublet at the origin. The circulation in the vortex formation region

of the cylinder is assumed to be concentrated at position B .

vortex + r'B

The bound

at the origin 0 is the image of all the shed vortices

that have drifted to infinity (strictly infinity in this case means

X >Cp)e

The arguments of Davies (1975) will now be used to determine [

B L

Ueo

SKETCH (4.5)
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A17ow rgt

of the flow i.e. before the steady state production of alternating vortices

to represent the net circulation produced in the starting-up

of strength il: . 1If [zt is positive, the first full vortex
should be negative and thus '+{; completes a cycle. Proceeding from the
right of sketenh (4.5), at the end of the first half cycle the net circulation

i e wak i oS, i - . T ose L _pt
in the wake (i.e. at X > (s ) is (Et [;) so that ﬁg is (f;t {L),

At the end of the first complete cycle the wake has net circulation +f1t

so that E; is —[;t . Thus (é oscillates between ((; - YE&)
and‘(—fgt> . Since the vortex shedding process is symmetrical, we
have: [: -l = - (.- r;t) o7 ‘5(: = l:/?' .
ﬂ;  therefore oscillate between = l;' - where El is the
P
magnitude of the circulation of a fully formed vortex. In this simple
t

analysis ré will be approximated by :

B = Lempt--- - - - - - - —(43.5)

2

Following NcGregor (1957) the wake vortex at B and iis image at A

will be ascribed a harmonically varying circulation so that

[‘1 e QS;n F)‘t - - - - - - - _(4'2'5b)

The complex potential, Lot, of a circular cylinder moving with velocity V

along the positive direction of the y-axis is:

A |
(_U‘ — {/ va _ __ - - —_ — - - ‘-"(40296)

In cquatioq (4.2.6) the origin is. at the center of the moving cylinder,
For an oscillating cylinder with motion described by equation (4.2.7),
HC = Aan wl

. ST O P
"j -V = fwces wt
[
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substituiing for V in equation (4.2.6) gives

W, = CLZ Aw Cos wt (4.2.8)
. 3 \

bai

rom equations (4.2.5) to (4.2.8) the complex potential function,‘h!(f}

the combined system in sketch (4.4) is

1 . i -7
W@ = Uo7+ v)-ba,ﬁw(oauif oy h &n%u[lﬂ EZZa L, %
A 5 7 ¢ 7 - 2 eF, ]

cee == (12.9)

The origin in equation (4.2.9) is fixed at the displaced center of the

Mo

oscillating leinder gt the time + conzidered sc that although the wake
vortex st B in sketeh (4.4) is fixed in space, its coorvdinates and those
of its image at A relative to the displaced center of the oscillating

cylinder are given at time t when the amplitude of oscillation, A , is

small by

ZB = C, - & A gin wl
. - --{4.2.10)
, _ o o - wt
.ZA = a.(l ‘L:éggu WL)

In equation (4.2.9) 'ZNJ, which ig the representative distance of all the

wake vortices that are downstream of the formation region, is taken as

Fo = Xy - - = = - = o L (4201)

where ¥, Tmeans very large X .

“ubstitubting for §ﬂ ' ZB and Ein in equation (4.2.9) and noting that
WiE = & + 1 W and 7 = X 1LY gives:

d = U (35-#* E..:L.) - Q?’Hr"\w(:asuﬁi
" Xy Ty YR

ar -t - - -
- { %E“_:f Ceus ( .21.._..:{ ﬂ.%‘.,_.n,}_k_ﬁ) !Cq {( U(’ + Q .‘\ S1n u't) N R o I”J L
2 K-ty g g Tt

\-/'vf ‘C} L‘O
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4.2.2.2 Pressure eounabion referred to the moving axes

i
From the unsteady Bernoulli's eguation for incompressible flow we have: i

, 2
R = l} + "%ljw -
¢

.C_)_ib_ - 21 %?'__ o ‘(4,2.'13)
ot

According to Milne-Thomson (19638) the rate of change of (§ at a fixed

point as measured by an cobserver in a frame of reference moving with velocity

vector V is :

_?\_’fii -V Vgp o - _ _(4.2.12)
ot ~

In this particular example the motion of the cylinder is given by

W, =0, Vv = Awcos wl

The pressure equation referred to the moving axes therefore becomes

Ty S WL A
= _Fé? 1 'zUw -‘ée.é) 1 AL&ACOS[U‘E-QQ-—%CG -1

P
¢ 5 2y

-

——
~~>
[BX

et

S
where Q) is the velocity potential given by equation (4.2.12)

’ %— is the velocity determined from the velocity potentigl
Ud.’.

e ig the fluid density

and Bm are velocity and pressure respectively at infinity.
with

-~

g* = (U+ u’)L b (\/{»v,)z

L — o o _(4.2.16)
oF = 2 ¢ (9@)'
ot ot ot

t
% = P +op

Using equation {4.2.16

L—-—-—-r‘"‘“\_f"‘"’"’"""

) in equation (4.2.15) and taking time averages

give

5

.
-
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s b h(g)- {Zwuzu' AN 4 Loty v (4115)
. g ] - s e S B ’:"’,-
QU- Ux L L bm Uw U:; U:/.
It can be seen from equations (4.2.17) and (4.2.18) that the evaluation of

ji and -rliﬁr« requires knowledgce of the valves of (éﬁ@) 3 W ana V¥

4 7 QU3 at

on the oscillating cylinder, These quantities can be obtained from

equations (4.2.12) by using the equations

C - - - (4.2.19)

With the definitions

ot ! s\ ok
- . 2 7 _ —
CP' . - l_zﬂz‘_‘_ T ’Lu' ‘ CP = - [p_zj u’ . {4.2.20D)
* " Us 2 Us

SYRCHIONIZATION OR '1LOUH-TNH' CASE

ihen the frequency of body oscillation ig synchronizecd to the
¥ J ' s

vortex shedding frequency, @.? we have

()t _ (_Ut .‘ (jPi o L - __(4.,2.22‘)




T
where ({:)' is the phase angle betwesn the circulation l" and the

displacement

]
Co  ana (p can be evaluated from equations (4.2.20) and (4.2.21) by

first evaluating (%@),’ U anda” V using equations (4.2.12) and (4.2.19)
t
The result after all terms of higher order than unity in A (except for the

terms of order A2 that are required in latter analysis where r; = Up = O)
have been neglected are as follows.
C = - Azwzcos?,e - Awl s'mch B, N\
f - 2 Py v
an Z‘IT Uoo
i . t 2 . t
C = -2Awsin26Ceswl - 2AW Y Sinw
Fl u U2.
. © ot
: 2 2 .
_ N weosleCos 2wl - Awﬂ,’ B, Sm(:!wt+cm (4-2 23>
Uk 2m Yk | '

HEL cutarr st () e (2

U2
- [a,y{"( ':1C.,2+ Addsin wt) ox
xcbz - CLz Co 2

K

' 2 2 2 .2 2
- ] L B
P, = - -‘Uz {(Uw(l— Cos 20) - BéACOS(#) t —Az—w- sun 26 4 ?‘2 ﬂ
2 2 , :
B A g, Aw5m295'"4’,:[
2
b, = - 2("UC:-‘>29) Aw Sin 26 Cos n ;z(.J:ogze)est(thf@,) %(u.Z.Zu)
- 28,8¢ A cos c‘)}SLn(wt 1¢) - BsBy A Son wt
V2 ' ' H |
~ Bg Cos (a0t +24) B, Aw Sm 26 S (2wt )
| ZUZE ' UZ

L Azwz SI.YL229COS dwl

U J

| 4 ABSBB Sin (Bwt*f'(k)
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L

2
C% = - [(Uﬂogln 26+ B:,,)ACOS (’)I) + Ang‘Coszge -’—

NICD

|
[RE
2 2
+ B,

+ B, Aw Cos 26 5w &, ]
2

2
- B, Cos(lwt+247,> - _/_1‘_260539 By Swm (2Wt+d).)
3 202 U2
t BByiA [ sun (3wl + §)- Sum wit |

- LA__(,_\_)_S(AlLeCos'wt - __LZJ_BZ?%ZGQVQ(wt-l'd{)
U U

b 250020 By A Cos (awl + 4) = 26,8 Alos  Sun (bt 4)

Us Ug

- Al_wz COSlze Cos 2wl
203

where

8 - [mc&- ¢t -2xc) | (- ¢) ]

20 (4 (2 - 2mt) 0 Gl CF -2,

_' BZ = __r;__ (30»2— Coz - Qxco)x
|  hmd? & + 2 < ) %o

B. = o (¢ -a)sm 26
b (@t 4 68 - 2 Co)

BS o l: (j ZXCQ + Co2 - 20.2
hmat ¢ v d® - 2xc

864 - E'ﬂz 0 - C:'
' am @ (501 +a = 2x,)f

?(q.z'. 25)

Ct(ua26)
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4.2.2.3 Model Predictions

‘A. Stationary Cvlinder

{

Cprnﬁ

A.(i) Prediction of

© For a stationary cylinder A = 0 . Noting that wl + 4)‘ = E)-t y See
equation (4.2.22), and considering only the fundamental (i.e. gt )
component, CPFUN . 4 of pressure fluctuations, equations (4.2.23)

to (4.2.25) give :

1 . 1 )

i

X~ Co

‘ﬁ E Cos Bt [é’tan_'(%&) + Canf'(_ﬁL_ >

=
%

,[M" ‘jCoz \ Tr/] 7(4.2:1’7)
XCZ - 62C, ¢

+ 2 (I—UCos 26) BS S v Bt

- %_ B, Swm 26 Sw BE

]

The quantity ——— can be expressed as

T Vo

b _ Rt 5 ~(4.2.28)

T Us Us a

where {:5 = vortex shedding frequency.

S = strouhal Number,

By su.bstitu‘ting for }32 and B5 in equation' (4.2.27), the fluctuating
pressure, CPFUN , at a given position €& on the stationary cylinder is
segn- to be d‘ependent on the parameter;s UEO. and (o . The
non~-dimensional vortex strength, ____rﬂ______ s will now be estimated

2T UuOr
following a method due to Roshko (1954&). Roshko (19544) has shom"x that the



4

S
. . by 4
circulzation from the bhody, 5’&@ V., ;

~

rate of shedding of can be related

to the rate at which circulation passes downstreom es discrete vortices by

%, 2
ﬂ — ¢ K U, L (4.2.29)
which ¢ar be expressed as
B c ¥<2 :
A - BRI . (qu 2-30)
2w U, a AT '
where K = \{TTTE;Z and CFb is the mean base pressure coefficient.

5 -
£ -

gtrouhal numbsr
the fraction of the vorticity of fthe shear layers that is

present in the discrete vortices of the wake.

To calculate £ , Roshko {19544) assumed that

a) the vortex spacing ratio, h/1 , has the Karman theoretical value of

0.281
b) the lateral spacing h of the vortex street is equal to d' where
d' , the distance between the free streamlines (oﬁ vortex sireets)
when parallel, is obtained from the free-streamline theory presented
in Boshko (1954R)

He then exprestsed equation (4.2.29) as

PRI
LJ(}D Ud)fa

.2
e o]

2

(4.2.31)

where WU is the induced velocity of the vortex street.
/A - . . .
{ is the distance between consecuiive vortices in & row.

From the assumviion that h/1 = 0.281 we have

Substituting this value in equation (4.2.31) gives
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__(:.{.. pung ;2!* (’ i— \j! - C’_'Ez ) - - - -~ - - - ‘(4.2033)
U:o Z

With h/1 = 0.281 the Farman drag formula cen be written as

ol = 545 -5— - 2.25 (%—)- S o (42230

Using equations (4.2.33) and 4.2.34) Roshko plotted CD iib as a
function of K with & appearing as-a pavameter - see Fig 4.1 « On the
same graph Roshko also plotted the variation of CD‘ia' with ¥ where

CD ‘ié’ was calculated from his free~streamline theory, see Roshko
(1954B) .. ihen K is known (from measurement of CW: for example), €
can be determined from the intersection of the curves CD f%; and Cb(éé‘

Bloor & Gerrard (1966) have reported that although Roshko's assumptions

that h/1 =0.281 and h = d' are incorrect (see Footnote 4.1), Hoshko's
nethod gtill yield values of ~Jz*_—- that are in excellent agreement
i Ua:, a F
with their experimenizl measurements. The values of 2 irm_ calculated
TUe
by Roshko's {19544) methéd using Roshko's (19544) and Bloor & Gerrard (1966)
1
values of K will be denoted by 7—JZ«~—mw> and (;T—EL———— respectively.
: AT Us 0 /g inUg o Zog
Bloor & Gerrard (1966) have shown, see Fig 4.4, that C_j; ) is less
r i 2uls e /g,
then [—-%— and also that (;”2“"T”“‘ agrees with their measured
At Us a /p 2 Vg /0 G :

value of vortex strength at 10 diameters downstream of the cylinder. In

X

21 Usq
fully formed vortex. 4#s it is known that the strength of a vortex diminishes

the present analysis is asgumed to be initial strength of a
&

with downstream distence, the intitial strength of the fully formed voritex

n st L A it et e 087 A T e K EE

FOOUIOTE 4.1 Bloor & Gerrard (1966) reported that h/l1 was 0.14 at 10

diameters downstream and they also sugpested that d'/h was 2.4
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will be higher than the value measured at 10 diameters downstream., It is

: . :

will be represented by ( ————— in the
2HiUea T \2nUs Qg

Fig 8 of Cerrard (1965) suggests that Roshko's (19544) value of K at
KeGregor's (19)7) Reynolds number of 4.3 x 10Jr is 1.46 . Using this value
of K 'ir Fig'461 gives 6' = 0.454 wnich when substituted into equation

-

(/ 2, 30) gives TTH%TEI‘ of 0,83 when, as in Keefe (1961) for example, the
strouhal nunber , 8, at Re of 4.3.3 104 is taken as 0.185 . The length (,
is assumed to be vortex formation reg:gn length. At his Heynolds Number of
4.3 x 104 s MeGregor (1957) suggested that (, was 2a where "ot ig
cylinder radius, This value of C(, is in good agreement with the measurement
of Bloor & Gerrard (1966) and will also be used in the present calculation.

with Co = 2a , and _m{:

2 mUqo
prescsure coefficients av the fundamental frequency by the present model and

= 0,83 the predictions of RIS

that of licGregor are compared in Fig 4.2 with the experimental measurements
of McGregor (1957) and Gerrard (1961). The prediciions of the present model
are seen to agree bebier with experimental measurements than those of
lieGregor.
Generally the predictions of the potential flow models are seen, see Figl+-25

to be better at the front, 900 < e 4 180°

s of the cylinder. Good
agreement, between model predictions and experimentzl measurements is not
expected at the back of the cylinder becausé in the potential flow model flow
is always attached whereas there is separaticn In the real {low,

e

A£(ii) Prediction of the non-dimensionalised vortex sirensth, it Usscd

. s
When CPFUH and (o are known, the potential flow model can

l“l

predict LT « On the cylinder at 6 = 13% the predictiong of
-1 <
\ \

(sz d)( P;rgr) by equation (4.2.27) of the present model are

presented in Fig 4.3 together with the predictions of lcGregor's (1957) model.
i + Y - - 4
For exemple at a Reynolds number of 1.45 x 10 the measurements of

Roshko (%9544) on a circular cylinder sugrests thot  C, is 2.26a . It
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has already been reported that at IeGregor's (1957) Reynolds number of

4.3 x 104 , an appropiate value of (, 1s 2a . Using the above values

¢

of Co and the values of CPFUN on the cylinder at £ = 'E@ observed
by leGregor (1957) and Gerrard (1961), the predicted values of _?E (
Vag

were obtained from 7ig 4.3 and tabulated in Table 4.1 .

Reynolds Col.3 | Col.4 Prediction of JE/‘E/ wdl
number C“/EEL <CP“"“>0=T}{Z (Cp;'um/\'oz"% oregent model ]’.‘TcGz,‘eg:o.‘c(’l9‘3",')11‘.{)@emlw
GERRAQT) MGREGOR |Prom | From From | From
(196 1) (1951) |Col.3 | Col.4 | Col.3 {Col.4
1.5x10% | 2.26]  0.15 0.306 0.075
4.3}:10Ar 2 0.465 | 0.254 1.501 0.820 0,260 10,142

TABLE 4.1

o
T Vs d

with values obtained by the other workers in Fig 4.4. The present model is

The predictions of by the potential flow models are compared

seen to predict values of ‘1___ that are compatible with the measurement
T Uas d
of Bloor & Gerrard (1966) and also in good agreement with the values of

b

T Usd 1

particularly when HcGregort's value' of (C?‘:UM>O"K/ ig used. NeGregor'S
-2

calculated by the already described Roshko (1954A) method

model on the other hand predicts values of J ‘ that are much too
TVec

small, )

2
) MUyl
can still produce increases in Cp?um - (The real flow situation is,

Fige 4.3 also shows that even when is constant, changes in C,

\x
of course, more complicated as ;7?() | will generally be a function of Ce).
TV

According to the potential flow model it is even possible for a decrease in

P . ‘

o .

/anCX to produce an increase in Cpﬂup; if it is accompanied
by a sufficiently large increase in _Co . The potential flow model thus shows

that unless the formation region length, (, , is known to be unchanged,

changes in [luctuating pregsures cannot be attributed solely to changes in
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the non-dimensional vortex strength,

TUsd

B. Cylinder Oscillating in still air

It is now more convenient to work with fluctuating pressure
{ 1 Z, .
P= Cp. 5 ¢ Vo . Multiplying both sides of equations (4.2.23)

Lou> ing 1o U ~
to (4.2.26) by .?QU=° and then equating !, and Ve to zero gives:

(‘3)', ' = - Azw2 (l + 2 Cos 26)- . - - .(4.2.35)

¢z Uu=0 /{. _

! , 2 . . ¢ 1 2

(P>|"—U -0 = ~€Awasm69mw - QA_‘;U_(H":ICDSZ@)COS 2wl
o = Ud — L‘“’ .

- - - -.(4-2.36)

Considering only the fundamental (i.e. wt) component of P gives !

(PFIUM> = —eAuua <6 Simwl - . - - —-(4.2.37)

E:er’-'o
Equation (4.2.37) indicates that for a cylinder performing simple harmonic

oscillation in still air, the components of the fluctuating lift at the

oscillation frequency are everywhere in phase with the cylinders displacement .

C. Circular Cylinder Oscillating at lock-in a uniform flow with circulation

as in sketch (4.4)

For this case ﬁt = wl + ¢z " -~ see equation (4.2.22). For
small amplitudes of oscillation, the fundamental (i.e. wt) component of the
coefficient of fluctuating pressure on the oscillating cylinder is given by

equations (4.2.23) to (4.2.26) as:



19

P' = (PFUrsj)r;:Uw:O + (CP FUN)A:O
10 Ua
-1 n
t GECosgt lan, <."j+l\5!'nwt)_ Lan (E‘j )
_TT_U—Z—— ' x- Co X~ (g
- ta,ﬂ' (tjfa:‘ + Aalﬁuviwt> _‘.I tcm:‘((j C: \
%5 ~ a2 Co X, - 6o
— 2Aw Sin 26 Los Wl ~ _2_@_—_50_5_2_62 Aw Sin 8Cos wt
Vo Ueo | Ly 2. 3¢)
_ R B,BsAcos d)' Gia(wt t 4{) - 858& A<in wt
Us Us
_ ByBy ASin wi — Aw Su 116 Cos wt
Uag U

_ 28,85 Acos sen(wtt§)
U

] - t
where (CPFUN >A“O is the fundamental component of CP experienced by

the stationary cylinder with =2 and (p having the same values as on
©

the oscillating model. (C;,Fw )A_O is defined by equation (4.2.27),

(P;UN )I"~U o is wt - component 61‘ the fluctuating pressure experienced

by model Dd-urn:.iuvlg oscillation in still air, (P;U,q) is
. F=Ux=0
defined by equation (4.2.37),

At lock-in the potential flow model shows, see equations (4.2.23) to
(4.2.26), that in addition to terms at the common angular frequency of body
oscillation and vortex shedding, W , the fluctuating pressure on the
oscillating model; | P! also contain terms in Jw y 3Weeessoetco
Furtherﬁlore equation (4.2.38) shows that Pc'Jsc cannot be obtained ‘simply by
- adding vectorially the fluctuating pressures (P')Azo and (P)r Uy O

. . = Up=
where (P,)l\zo is the fluctuating pressure on the stationary mode‘f’L and

L .
(P ) is the fluctuating pressure on the model during vibration is

h=Uwzo0
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still air,

An important implication of equation (4.2.38) is that even when

2 and C,
Us @

are unéffected by model oscillation, the fluctuating pressure on the

oscillating model can still be 1érger than that on the stationary cylinder

l
even after inertia pressure, (P )

R:qu=0

s, has been taken into account.

N
Thug , even after inertia affects have been considered, amplification of

surface fluctuating pressures during model oscillation cannot always be

attributed solely to changes in non-dimensionalised vortex strength, {} 9

and the formation region length C, .

D. Off-locked flow case.

<0

To demonstrate the usefulness of the potential flow model consideration

will be given to the instantaneous velocities at two fixed points,

P and

P' located on either side of the cylinder having co-ordinates ( 0 , Y )

and ( 0, -Y ), see sketch (4.5), relative to the MEAN position of the center .

of the oscillating cylinder.

To further simplify the analysis it
4will 5e assumed that Zé = Co |
"~ (i.e. that the wake vortex at B iﬁ
sketch (4.4) also oscillates with the
circular cylinder).

BEquation (4.2.10) then becomes

ZB = €

E, = oy

A (P D)

P(0o,Y)
“'\.‘\ - -
,\\ - L
Ve /‘/} je L
».\\\“ _/,//
P (0, -Y)

sketch (4.5)

Substituting these values of Z, and %, in equation (4.2.9) and

differentiating ¢.>With respect to X gives:

0 L Vot _Ueod 2V o'’ + "—“""Zzai\jl;; Awcos wt

ax Xli' HZ Xl + Lj'l X% + (

. IR 4.2 4o)
~Dswmpt| Y yeo Y |

2T Y* 1 (- ¢

3

Yoot (x¢,-a)? 204"+’



The co-~ordinates

cylinder is

g

Now

where

i

o/
x
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of P relative to the displaced center of the oscillating

il
(@]

- Asin wt }~ S —‘(4"2041)

= ¢y (éfi’)

- X oX

_a_f_? = U and (ad) )' - n with overbar
OX AWPT?

o
=<

denoting time mean.

Substituting equation (4.2.41) into equation (4.2.40) and then separating

the resulting

u' into its frequency components we have, after terms of

higher order than A2 have béen'neglected, that:

(W), = 20 hsinict + B sinpt (k + £k,

— BUQOO.«?'AZS('NL le)t ¥ _l::__ AKZ COS (ﬁ_w)t

=

—

whore K,

Replacing Y

q

4T

LY T (4242)
& AKZCos(Eer)t - _E_Angsm(g-gw)t
4 g
I Asz S (g + 2w)t
g -~/
N S €S

Y*4Co Y+ ot 2

- e Y oL

2 2 2 g4 \2 2
Yor G (\{ ¢ a/c§> 2y
4

_ovrR ) oy (YE 3 %) l
A 2\3 2 a \2 t a9 w3
(1 +6) (Y + /C§> 2y

in equation (4.2.42) with -Y gives the velocity u' at
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the fixed point P' - see sketeh (4:5).
The predicted phase differences of the frequency compenents of u' at

the fixed points P and P' are presented in Table 4.2,

180? oﬁt of phase terms In phase terms
wt Bt (b - 2wt 20t , (p -wit, (B+W)t

and (B + 20t

TATLE 4.2

The predicted vhase relationships of Table 4.2 are in agreement with the
hotwire measuremenis of Davies (1975) (see his Fig 54, 55, 56 and 57) in the
weke of an oscillating flat plate. Thus in addition to predicting terms with
frequencics W, ﬁ s W p s (U-—ﬁ etc which are observed in practice,
the potential flow model also predict accurately the phase difference belween
the fluctuating velocities at two fixed points on eithef side of the

oscilla®ting cylinder.

4.2.2.4 Possible imorovements to the potential flow model

a) -Include the effects of the separated shezr layers prior to their
2oll-up to form vortices.

b) Include flow separation in the description of the mean flow field
around the cylinder .

¢) In the calenlations (, was assumed constant. This is, strictly,
nﬁt true because the induced velocity of the rest of the field om
the wake vo:tex at B, see sketch (4.4), is not zero. There should

'
therefore be z contribuation to Cp due to the wvelocity of the voriex

The potential {low model appears to be a very useful tool for studying
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the fluctueting pressures on a bluff body. It shows that the fluctuating
pressures are dependent on vortex strength, formation region length and
local velocities. However the present model is very far from "correct" as a
thorough understanding of both the vortex formation region and the vortex
shedding processAare required before one can correctly model vortex

shedding potentially or otherwise.

4.3 THE LIFT-08CTLLATOR VODEL OF VORTIN~T TDUCFD VIZRATION.

4.3.1T Introduction

This is not an attempt to model the flow around bluff bodies. The
underlying idea of the model is that the fluctuating 1ift on bluff hodies may
be considered to arise from the action of something akin fto an oscillater in
the separated flow. The problem is then reduced to finding the equation of
an oscillator which can pgenerate the important characteristics of the 1ift
on bluff bodies undergoing either forced or vortex-induced synchronised
oscillabion.

Of the large number of possib}e oscillator eguations that can be used to
describzs 1ift characteristics the basic equation used by investigetors, so
far, is the Van der Pol equation. This equation was first used fto model
vor{ex-induced vibration by Hartlen & Currie (1970).. What follows is an
inves%igation into how well the Van der Pol oscitlator as used by Hartlen &
Currie predicts the 1ift characteristics of a square section cylinder in
forced oscillation.

4.3.2 Eguation for 1ift coefficient Ly

Using the cdimensionless variables defined as

A,

i

>"\r

oy ‘/2" ,
‘ _ 4 _ - - - - - (4.3.1)
U = 1(% = Wyt

bbﬁ‘;_c
a P®

(W, = ﬁ%/h . ::: ES

Yhy

e — »-4'/

N
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Hartlen & Currie (1970) proposed the following equation for Cpt

C

. . 3 7. » )
LT d W, CL + ’[\{)-O<CLj -}-UJO(JL :.bq_xr - - - - -(4.3.2)

The only criteria used to formulate eczualion (4.3.2) are:
(a) The damping term must be such that the oscillator is self-excited
end self-limited, This is to account for the presence of a finite
fluctuating 1lift coefficient, CLo s on a stationary bluff body.
. 3 . L . ‘>’/ =0
£ stationary Lody corresponds in equation (4.3.2) to the case A =0
(b) The frequency, W

) of the free oscillation occurring in equation

(4.3.2) is chosen to obey the sirouhal relation
k= 5L /5
(¢) Finally the choice of the forcing function is arbitrary. This
implies that a forcing function that is proportional to acceleration
or displacement could equally well have been used in equation (4:3.2).
It is important to note that other non-linear oscillators satisfying the
preceeding criteria {(a) to {c) could as well have been used to define C
The advantage of the Van der Pol Oscillator is that its solution is readily
available -  see for example Stoker (1950) ,
The solution of equation (4.3.2) depends on the three unknown parameters
A , Y, and b4 . |
Self-Excited Oscillation (Fluctuating Lift on a Stationary body)

For szlf-excited oscillations the forcing ferm qu Xr in equation
(4.3.2) is zero.

Introducing new parameters defined as:

t, = W, T
C \}w C L o o (4.3.3)

K ) g ' 3 (O —-l A L
CL; N D\[(M“! - é(CLi) ] : ‘Vl’l - O (L¥ ) i>
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The solution of equation (4.3.4}, depends on the single parameter o and
is discussed in Stoker (1950). For smell o , j.e. o &< 1.0, the
steady state free oscillation given by the solution of equation (4.3.2) is
nearly siwple harmonic - and can be approximated, see for example Stoker

(1950), by:
CL ~ 2 CGS t; - - - - so — - — ~(40305)
Substitutingvfor CL‘ and t1 using eguation (4.3.3) we have:

3Y

i
r /;,
I ey
L, = Q&ﬁ&) Cos W, T - - - = = - -(4.3.6)

The amplitude of the 1ift coefficient, CLD 9 on the stationary

body is therefore given by

C,,

Ll y S‘{2’. '
. - - - - - - - - (4.3.7)
5 4

The fact that the fluctuating lifts observed experimentally on stationary
bluff bodies ere approximately simple harmonic thevefore restricts the
choice of o, in cguation (4.3.7) to small values much less than unity.

Cylinder forced externally

With the Fartlen & Currie (1970) definition that

,X ‘ = —'xr COS U‘)T’

6 =  buW
UJ:,

equation (4.3.2) becomes

C

L.

. . L2 N _
- duw, (. F X (Cl_\))4- W CL = Buw?smwt - - - - —-( 3¢
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Van der Pol suggests a general solution for eguation (4.3.9) of the form:

(, = b omwt + bloswT - - - ~ - --(43.10)

in which b1 and b2 are slowly varying functions of time. That b1 and

b, are slowly varying functions of time is inferpreted in Stoker (1950) as

. e

meaning that the quantities bi and bL gre gmall of first and second oxder
respectively in o,

.Substituting equation (4.3.10) in (4.3.9) and neglecting terms of higher
order than unity in <o , we have after separafely equating coefficients of

terms containing sinwy and coswl that:

Z Z 12" z
! i Lod |- O = BLUO
oby 4o () b [Inh ] u

2b, + .bz(ﬂ%ﬁ’:) - b, [! - @az] -0

A 2 % z
where b = b t+ b,
A, = AU, (4.3.12)

| .
Of‘ - Gdw,
%‘((»f‘.

Terms 'involving frequency 2WT have been neglected .

Synchrénised or "lock-in" oscillation

This is the condition where the free oscillations of frequency (UO are
completely supressed by the forced oscillations of frequency (¢} . The
solution of equation (4.3.9) therefore contains only the frequency component

W . Tris condition is expressed as:

t% ot tk' = .C)

Tquetion (4.3.11) then becomes
. L

- , R oo = (4.3013)
b,z — &b, [1 - by ?_] = 0
L a” 1

-\*"—“—-s...)

v e
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from equation (4.3.12) we have

. 2, 2 2 9
ZZ +. 0(’ ‘\‘ — "ba ] — B‘ U\)o o ) (}_l_ ?; f[})
Cl;~ bZ
2 2
whee g Z = W - Ww '7
30,
o {305
B = Bw.
' 9]

The particular solution of equation (4.3.9) given by equations (4.3.13)
to (453.15)'repreaents the "lock-in" phencmenon where the natural vortex
9 - f,D

shedding frequency given by the Strouhal relation 2O = .
Uso

-completely suppressed or ‘captured' by the body oscillation frequency, f .

is

For the synchronised or 'lock-in' case, the stability of equations (4.3.13)
and (4.3.14) can be investigated by replacing b‘1 and b2 in eguation
(4.3.11) by b, + gi% and tﬁ + SEZ respectively. VYhen
%1 = %2 = 0 1is gubstituted in the resulting equation, the stability conditions

can be expressed as in Van der Pol (1927) as:

b > 7 T OO T

20 2 TE
o [t—— ba? ] L}.ﬂ a

1

\L\,
T

:')«
}Jr £ >0 - - - - 4347

EaN

Equations (4.2.16) and (4.3.17) are discussed by Van der Pol (1927).

" They determine the extent of the synchronised or lock-in zone where only
oscillations of the forcing angular freguency () are present in the solution
of equetion (4.3.9). Tor moderately stron; forcing, it is demonstrated in
Tig. 2 of Van der I'ol (1927) that the extent of the lock-in zone is defined

solely by equation (4.3.16) as:

2

f
5,2 = 7 Coo oL (4.3.18)
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Substituting equation (4.3.18) into equation (4.3.14) and assgming that:

- w’ 5
F o= W W 2 (W w)
{ 2 2
and -~ o L4 (w,~w
gives _
Wy~ - T @L“,“ 5 w = W, l.i _§L_ ]
0y, Jz G, J2 @,
or that ZlLL) - . .éirgﬁ___ . e ~ (4.3.19)
Jz &
. Alf
ALU is the bandwidth, L of the lock~in zone,
Thus from the experimental %alue of ,ﬁu) we have another equation,
equation (4.3.19), for determining the unknown parameters ¢, \{, and b4.

4-3-3

Calculation of Paremeters

YModel Predictions

B,d, Y

The model parameters B?m ondY will be determined from experiments on a

square section cylinder oscillating with amplitude to diameter ratio,

Of_ 0.1 .

a)

AD

The following observations can be made from the experiments:

¥easurements show that at lock-in, the pressure disiributions on side

faces B & D of sketch (4.6) are, for A/D = 0.1 , scaled versions

of the pressure distribution on the same faces with model stationary.

This is demeonstrated in PFig. 4.5 .
the oscillating model with

A/D = 0.1 can therefore

be assumed proporiional

to the fluctuating pressure
on the cenfér of the side

face B , marked 1/B in

sketeh (4.6). The
fluctuating pressure at hole 1/B will

instead of the fluctuating lift.

At lock-in the 1ift coefficient on

7 HOLE /%

4

e i
d —

sketch (4.6)

therefore be used in the model

PN
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b) The lock-in range for 4/D = 0.1 wzs observed to lie between reduced
U,
td

c) In most of the experiments ~LJ¢ wag kept constant while the |

~windspeed , 5 of 7.0 and 9,0 «

requency of body oscillation f was varied. Since L)w constant

o]

means a constant natural vortex shedding frequency f, » the angular
{reguency U)ﬁ used to non-dimensionalise t in equation (4.3.1)

&
will be replaced by W, in thig analysis.

The preceeding observations can be expressed as:

2) C, = J2 x 012 =102 - - - - - (4.3.200)

coefficient

Since the rmz value of the measured uncorrecited fluctuating pressureAat

hole 1/B on a stationary model was 0.72 .

b) At lock=ing 7.9 ( %}z 4 9.0
g
So that T.0x 0,134 £ K, £ 9.0 x0.134
T

-

- A - Aw =024 - . .- (u-3.20p)
£

Y

To arrive at equation (4.3.20b) the uncorrected Strouhal number, gvd
U 52

of 0.134 measured on a stationary square section cylinder has been used.

o

Zﬁ(A) is the band-width of the lock-~in zone.

c) W, =1.0, w = £ -~ (4.3.200)
. {:O
2. X
At resonance W= 1.0, P = W, —W -0, equation (4.3.14) then becomes -
2 2 2 T2
&, [\ m% ] = B w L - oo (4.3.27)
{

To obtain a third equation for the three unknown parameters B , o and
Y y the maximum fluctuating pressure coefficient measured in the lock-in

range at hole 1/8 for A/D = 0.1 will be substituted arbitrarily for b

in equation (4.3.21), That is:

b = (b >
max - Wt Jsared

EXPERUMENT A{D:.Od
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It must however be pointed out that in the experiment, the maximum

fluctuating pressure was observed at (U = ;£ = 0.957 rather than 2ot

_(- o
LU = ’_{__ = 1.0 - See F‘igc 4»7 Ll
o
With the measured values Cp = 1.02 and b = 1.37 and Aw = 0,24

equations (4.37) , (4.3.19) and (4.3.21) give:
ol = 0,15 ¢ B = 017 P and Y = 0,20 .

Calculation of the predicted anmplitude and phase at lock-in

With the definition b, = bcos 411 and by = B Sum (kﬂ equation (4.3.10)

beconses

C, = bsn(wr + CP}) Lo o= (4.3.22)

where #D = tan-1 (bz/b1) is the phase angle between the fluctuating
m
. 2
1ift output, C. , and the forcing function, B, Sin wi . The
interpretation of 411 is discussed in section 4.3.4

The solution of equation (4.3.13) gives:

b Z . BUJ: :

! 7% 2w
A oL (ae3e3)
b7 hung —-———-——«-—m—}\| ? Bwo
* z*+ Al w
So that | 414 = tan™ (Aq/ﬁ) (4.3.24)
| :
‘where Al = & (‘ - /_'Q?'>
. 2 ! ,
With the definition Y = l}%f , equation (4.3.14) can be written as
i
2
2 7 7
I‘j {:Z -‘— d‘l (t-— (ﬂ\) :{ - _,.8— - - - —_ - . (403025)
| 0o

By taking a value for (VU in the lock-in range, Z was determined using
equation (4.3.15), With Z& knovm, Y was obtained by solving equation

5\ . ) 3 .
(4.2.25) mimerically. A1~= &1(1 - Y) was next determined so that the phase
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‘ N 03 . )
engle ©  can be calculated {rom equation (4.3.24). Determination of b1
!nﬂt =

and b2 using equation (4.3.23) fixed the phase angle in the right quadrant .

The model predictions are compared with experimental measurements on a

square secction cyiinder in Fig 4.6 - where it is assumed that (P = %VL :
L‘ > . s . -
Since -Q‘ in Fig 4.6 1is the phase angle between the {luctuating 1ift and

the cylinder's displacement, equating <¢ to (P meana that the forcing
m
') : 3 S . . T Py . .
function is proportional to the c¢ylinders displacdement. +futher discussion
A

about the interpretation of @ is presented belows
L :

4.3.4 Tetermination of the 1ift vhase angle ¢’ from (hﬂ

é} has been defined in equation (4.3.22) as the phase angle by which
M
the fluctuating 1ift leads the forcing funciion., Usually one is interested
i ) . . . 7
in the phase angle, (P , between the fluctuating 1ift and the cylinders
displacement, To determine ¢ from 4) , one must first aspecify the

'
phase relationship between the forcing function and-the displacement,
Hartlené: Currie (1970) overcame this situation by assuming arbitrarily that

the forcing function is proportional fo the velocity. A rather more

general approach is to redifine the cylinders displacement X, as :

Xe = A Sin (u)"E - @\} - = =~ = = = (4.,3.26)

so that the forcing function EH&% Sift WT leads the cylinders

‘displacement by the phase angle O . 4) is then given by:

¢

e ¢ the unknown phase angle by which the forcing function leads the

i

‘?m + 0 - - (4.3.27)

displaoemént, can now be chosen so that the predicied #7 agrees as best as

possible with experimental measurements,

‘ 0 ! . . . .
For example when 8 = 907 , 4) = @ -+ G0  the foreing function is
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in phass with the velocity. This is the came considered by hartlen & Currie
« » . 4 EATN
(1970) and ig indicated by ¢J - curve 1 of Fig 4.6 «
When & =0, o = (P s the forcing function is in phase with the
. . a, -
displacsment. This is the case presented in fig 4.6 as 4} -curve 2 ,
s J ~
The good agreement between the measured and q) - curve 2 of tig 4.6
demoristrates that Harlen & Currie's choice of forcing function, which they
showed to be suitable for modelling d) on oscillating circular cylinders,
is not suitable for modelling 4> on oscillating square gcction cylinders.

The difference between the values of square and circular cylinders may
q

be due to the difference in afterbody shapes,

4.3.5 The Limits W —> 0 and W —s o0

Since ) = i’ , the limits W—> 0 and ! —> 9 gy be viewed
o

respectively as the case of periodic vortex shedding on a stationary body
and the case of a body oscillating in still air.

One is no longer within the range of synchronisation or 'lock-in' and
the previous solution given by eauations (4.3.13) and (4.3.14) no longer apply.
The general solution of equation (4.3.9) now consists of two frequencies f
“and £ and is given by Van der Pol (1927) as:

0

C, = by Stm(w,t ¢ ch) + bh sin (wt +cb>., ~ . - (4.3.30)

I

b

.fo , of the free oscillations,

b

5 is "the amplitude of the harmonic oscillaticn having the frequency,

h is the amplitude of the harmonic oscillation at the forcing frequency

From the equation (4.3.30) we have

- Z
;= by 4 b Y
i 1E T ) R (43 31)

2
(‘JN]
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By substituting equation (4.3.30) in equation (4.3.9) and retaining only

terms having the fretuencies W, and W, it [ollows, after terms contuining

,¢> and q> have been eliminated from the resulting equations, that:
i . 2

citn T -] - 28]

o

"
{

13

§

T

i
—~~
I
.
(98]
.
L
A
e

yA

. 2 2 2 2 I _
KA A o N L) I
by, [Zz b <§ _(y_ﬁ) _ ) (Q} ) ]z b g
(e . e .l )

The parameters Z s aq, and B are still ag they have been defined.

When b{ # O equation (4.3.32) becomes

-
/ /1

R - k) =0 (4.3.34)
3 0"0

By substituting the value of b, from equation (4.3.34) into equation

(4.3.33) we have

2 2 2 b 2 Y s
Z ot 4wy <l - 3(&_ :_@_f_‘_)ﬁ“ o (4.3.39)
A, B ow®
4
Consider the limit bh ——2z (O
2
From equation (4.3.35) L e o0
' 2
. b
Uz, " s e "‘ ,
From equation (4 3 34) — — —= |0
o 2
So that . in equation (4.3.31) _EL e -%

Fae

The fluctuating 1ift, CIJ 5 prediéted by equation (4.3.2) has amplitude
tending to the freec oscillation amplitude CLO , and is dominated by the
component having the free oscillation frequency W, as ( tends to either
" zero or iﬁfinity. This is shown diagramatically in fig 3 of Van der Pol

(1927) « .
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4.3.6 Discussion of model vprediciions

Lock-in Henge.

Fig 4.6 shows that within the 'lock-in' range, the predictions of C

(=

by the 1lift oscillator model of Hartlen & Currie (1970) are in good ' %
qualitati&e agreenent with experimental measurements on a square section
cylinder. Good qualitative agreement was obtained, see Fig 4.6, between
the predicted and the measured ¢ by assuming that the forcing function is
proportional to the cylinder's displécement, txr (i.e. O in equation
(4.3.27) is equated to zero). When the forcing function is assumed to be
proporticnal to the cylinder's velocity as in Hartlen & Currie (1970) s the

predicted phase angle 4> is shown as 'q> ~curve 2 in Fig 4.6 . Thus

within the lock-in range, the 1ift characteristics on a sguare section

cylinder are better predicted with a forcing function that is proportional to

the cylinder's displacement.

It is interesting to note that in Fig 4.6 the predicted maximum CL is
at f. = 0.978 ( %%i = 7.63) instead of ai resonance, é? = 1.0,
as oneomay at first expect. This shift in the position of maxiéam CL
awey from resonance towards slightly lower values of %_ (or higher .%i )

‘was alsc observed experimentally on the sguare section %ylinder'as shown in
Fig 4.6 .

The‘general features .of Fig 4.6 are such that one cannot help but speculate
about tre possibilities of obtaining even betier sgreement between model and
‘experiment by a different selection of‘the parameters B, of and Y of
equatior (4.3.9) together with a suitable choice of § in equation (4.3.27)
It is tkérefore concluded that in the lock~in range, the Van der TYol
oscillator of Hartlen & Currie (1970) is capable of representing the 1ift
characteristics of a square gsection cylinder in forced oscillation,

e OO

. Limits Jg# Cmeeze 0 and

% 5

— (R, ]

According to the 1ift oscillator model the 1ift amplitude should tend to

the stationary cylinder value, (@ , and should be deminated hy the
G
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stationary cylinder shedding frequency fo as F/£ tends to either zero or
' [

infinity, As {>& tends to zero (i.e. Lip —_— B ) the experimental
-+
i
O

fd

characteristics of the flucituating 1ift on a square section cylinder is seen

at swall amplitude of oscillation, see Fig 4.7 , to behave as predicted by

Ir
B

the model. Wowever as £ ——=s o (i.e. L&& —3~ 0) exverimental

)

obgservations show that the hody freguency I dominates and that the 1ift

-

mplitudz tends to the value that would exist when the cylinder is oscillating

5

in still air. The Van der Pol oscillator of equation (4.3.9) cennot

w3

predict the characteris

f

I
. . LAt
limit L. s O e > 0 .

g

.3.7 Concluding Remarks
fd

Other forms of the Van der Pol equation have been used by Landl (1975} and
Skop & Griffin (1973) . *“ssentially these investigabtors added extra terms to
the basic Hartlen & Currie equation in order to obtain good agreement between
nodel and experimental measurement for the specisl case of a circular cylinder
oscillating in the lock-in range. However the 1ift characteristics of bluff
bodies depend on the nalture of their afterbodies. Thus an oscillator which
‘has been modelled specifically for a circular cylinder may not give good
predictions of the 1lift charscteristics for other bluff body shapes, It
is for this rezoson that the equations of Landl (1975) and Skop & Griffin
(1973) ere not considered hexe,

Finally it is acknowledged that for‘a given set of experimental results,
it is possible to find an oscillator wiich mey predict 1ift characteristics
better than equation (4.3.7). The problem is whether the parareters of such
an oscillator can be linked with the characteristics of the flow field.
.Unless the parameters can be linked to the physics of the flow, 1t may be
cvery difficult to apply an oscillator equation developed snecificeally for a
particular test flow case to other flow situztions., It is therefore sugsested

that the "correctness" of an oscillator egquation should be judged not only
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from how well it simulates a special test case but also from how well the

parameters of the eguation can be linked to the physics of the flow.
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CHAPTER 5

5. FLOW VISUALISATION OF THE VORDPEX SHEIDDING PHIOMEION

5.1 INTRODUCTION

To complement measurements of pressures, 1ift phase angles,
velocities etc., a film of the vortex shedding phenomenon wes made. [low
visﬁalisation was by a éingle stream of smoke introduced upsiream of the
model along the position of the stationary model stasgmation sireamline.

The tunnel wind-speed was adjusted to produce a vortex shedding frequency

L
i

9 g , of 3.38 cps on the stationary model. (This value of &% wag

chosen from consideration of the stability of the smoke siream). The
films were taken at 32 fr .es/sec fo give approximately 10 frames of
pictures per vortex shedding cycle. By projecting the Trames of the film
one at a time, a study of the flow around the body duvuring the process of
vortex formation was conducted., The result of this study is presented in
this chapter. |

& detailed study of the entrainment process was not made because
there was no way of discerning, in the near wake, the smoke particles from
the opposing shear layers. Nevertheless the flow visualisation study is
still very useful because one can observe the effects of body oscillation

on vortex shedding and near wake flow configuration,

5.2 STATICNARY BoDY ( WCs = 3,38, fﬁ = 0 )

5.2¢71 Voitex shedding and flow configuration around the model.

-The shear layers appear to swing generally towards the side where

a vortex is forming ( i.e. swing direction appears to be upwards when
a vortex is forning in the upper shear layer and vice versa). The shear
layers sgwing so vigorously that although there is no steady reattachment,
the lower shear layer in Fig. (5.1) appears to touch the trailing corner,
D , due to the induced field of the vortex forming in the upper shear

layer. Similarly the formation of a vortex in the lower shear layer brings
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the upper shear layver very close to the trailing corner C . It is as if
a growing vortex pulls across the opposing shear layer. Thus the
mechanism of vortex shedding appears to be that proposed by Gerrard -(1966)
where a fully grown vortex is said to draw the opposing shear layér across
the wake to effect shedding. The flow patterns predicted by the

mmerical models of Abernathy & Kronauer (1962) and Clements (1373)

also suggest a similar interaction betweén a fully grown vortex and the
opposing shear layer.

The region between the shear layers and the side faces have traces
of smoke indicating the secondary flows which exist on the side faces.
This has also been shown by Hulhearn (1973).

The vortices are formed so close to the body that smoke sweeps
continuously over the back face of he mode. Thus there is ﬁo 'dead-air!
behind the model.

5.2.2 Vake flow configuration.

Fige. (5.7) shows the wake flow pattern. The smoke is so diffused
that for nearly all the time one cannot discern distinct vortices. The
wake, however, still looks ‘sneky' or wavy suggesting the presence of a

turbulent vortex street.

5.3 SYNCHRONISED OSCILLATIONS ( ﬁq' = 155 = 3.33, A/MD = 0,25 )

5.3.17 Vortex shedding and flow configuration around the model.

The observed flow pattern is sketched in Fig. (5.2) at every one-
eight of a cycle interval as the body moves from the extreme top to the
bottom extremity ol its motion.

e

Fig. 5.2 (a)gj T =0 . & vortex, \4 , can be seen forming in the

lover shear layer. The upper shear layer on the other hand appears to be
attached to the back face near the trailing corner ( .

Fig, 5.2 (b) , T = T/8 . The vortex V; has grown bigger. A new

vortex Vé is now forming in the upper shear layer.
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Fig, 5.2 {c) | f: = T/4., The body has now reoched the centerline position

The lower shear layer seems to have reatiached to the side face DA at
" the position S .- Vortex \4 looks fully grown and seems to be 'pushed!’
downstrean by the growing vortex Vé .

Pigs. 5.2 (d) & (e) , { - 37/8 and T/2 . As the body moves from

thé centerline position-to the extreme bottom position, vortex \4 drifts
further downstream wihile vortex \é, grows. The rcecattachment position 5
of Fig. 5.2 (¢) moves nearer to tﬂg trailing corner, L) 4 until at the
position in Fig. 5.2 (e) the flow appears to reattach to the back face
very near corner D . The groving vortex Vé will be shed soﬁewhere
around the centerline position as the body moves upward.

Although it is difficult to discern the exact instant of vortex
shedding, it is apparent that the bottom vortex \4 is shed somewhere
between positions (b) and (d) of Fig. 5.2 . Generally a vortex is
shed from a shear layer when the body is around the centerline position
and is moving towards the shear layer in question.

+ Because of the growing vortices \ﬂ and \iz in Figs. 5.2 (a) and
(e) the shear layers appear to swing in the direction of the body's
motion' as the body starts to move away from the extremities of the motion .
In eontrast for a cireular cylinder, Griffin & Ramberg (1974) reports
that as the cylinder moves downward the shear layers appear to move
upward while as the cylinder begins its upward motion, the shear layers
appear to move downwards. The relevance of this observation to vortex

inducsd vibrations is discussed in section 5.6.2.2 .

5.3.2 V¥ake flow configuration,

| Fig. 5.8 shows the wake flow pattern. In contrast to the
stationary cylinder wake of Fig. 5.7 where no distinet vortex is visible,
about fonr vortices can now be discerned in the wake. The vortices
appear to errange themselves in the wake on a single straight line and

thoy are joined tegether by shear layer bridges labelled S, and §

1 2
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in Fig 5.2 (e) . Because of the very small lateral separation between

the vortices the apparent vortex spacing ratios appear to tend to zero.

5.4 f/fa = 2.0 8/D = 0.25

5.4.,1 Vortex shedding and flow configuration around the model.,

The observed flow pattern is sketched in TFig. 5.3 at every one-
sixth of a cycle interval as the body moves from the extreme top to the
bottom extremity of its motion.

Pie, 5.3 (a) , C - 0. The fully formed vortex vortex \4 appears ito be

dravwing across the shear layer joining the lower vortex Vﬁ to the bedy.
The flow has reattached +to the upper side face.

Fig. 5.3 (b) , t. = T/6, A vortex \% is now forming in the lower shear

layer. 4 large separation bubble has formed on the upper side face EC .

Fige 5.3 (¢) o L. T/3. The bubble on face BC has grown bigger and has
moved nearer corner C « The reverse fiow due to the bubble gives thé
impression that a vortex is forming on the side face. The lower shear '
layer has reattached to side face DA. The vortex Vé has gréwn bigger

and has displzced vortex \4 further dowmstirean.

Fig., 5.3 (4) , t - T/2., The fully grown vortex V% has displaced

vortex % downstream. The upper shear layer no longer looks attached to
the upper side face. The lower shear layer is on the other hand still
attached to the lower §ide face.,

The overall impression created is that vortices are shed at each -
extremity of the motion at the body frequency,. ﬁg , from the shear
layer nearer the extremity. The vortices seem to form at the back face
of the model. |

In Figs. 5.3 (a) and (d) the vortices V| and V%( can be seen inter-
‘adting with the shear layers opposite to them. This leads to the
suggestion that vortices are shed.by interaction of the opposing shear

layers just as for the cases Ei/ = 0 (stationary) and
s '
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gy? = 1.0 already discussed. Wilkingon (1974) sugeests that a
vorﬁéz is shed not by interaction of the opposing shear layers but
"by reason of its shear layer being drawn into the side face of the
cylindexr". Tﬁis point is discussed in .section 5.6.2.2 .

5.4.2 VWake flow configurabion.

Pig. 5.9 shows the wake flow pattern. Unlike the case

{Ef = 1.0 (Fig.5.8) the vortices are 'packed! close to the back face.

Thethear layer bridges between consecutive vortices marked S, and Sﬁ

in Fig. 5.2 (e) seéms to have been rotated in Fig. 5.3(d) and Fig. 5.9
almost through 900 + Thus the few vortices visible in the wake appear

to have a spacing ratic of about unity. As the smoke probe is fixed, the
movenant of the stagnation line as the body oscillates may have caused the

snmokelessness of the vortex centers in Figs 5.9,

fu
5¢5 "/{q= 0.5 , A/D = 0.25 (QUASI-STEADY OSCILLATIONS?)

5¢541 Vortex shedding and flow configuration around the model.

The flow pattern observgd during half a cycle of the bordy motion is
éketched in Fige. 5.4 .

As the body moves downwards, the lower shear layer first reattaches
to the side face roughly at { = ©/6 - see Fig. 5;4 (¢J . For the

remainder of the downward journey, the lower shear layer continues to

remain close to the side face. For '% <t « T the body moves
~ e

upwards and the shear layers' position for a given t=1 can be

: ’ 1

obtained by lateral inversion of the sketch for Tt = T- 1% in

Fige 5.4 . 1In general, therefore, the shear layer seenm to reattach on the
side of the vody towards which the motion is directed. This may be due
largely to the effects of changing incidence.

Although the vortices aré no longer shed at the body's frequency

they still seem to form close to the back face of the modsl.
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5.5.2 Wake flow configuration,

Fig. 5.10 shows the wake flow pattern and as in the siationary body's
case the near wake appears wavy. It is impossible, due to the diffusion
of the smoke, to discern digtinet vortices.

5.6 DISCUSSICNT OF FLOW VISUALISATION. RESULIS

5.6.1 Preliminary considerations.

Before starting a detailed discussion of the flow visualisation
results, some of the factors which can, for an oscillating body, affect
the position of the shear layers relative to the body are first considered
Some of these factors are:

(a) The effects of oscillating the flow separation positions.

(b) The effects of changing incidence.

(¢) The effects of the fluctuating pressures due to the acceleration of
the body -~ i.e. "virtual mass'" pressures.

5.6.1.1 The effects of oscillating the flow sevaration positions.

It is not clear if the oscillation of the flow separation points
will cause the shear layers to.lie asymmetrical relative to the body.
VIt iz pointed out by Davies (1975) that this effect can, by modifying
flow separation velocity cause a modification of the vorticity shed by
the body into the wake. This modification of the'shed’vorticity may in
tufn alter the equilibrium position of a fully grown vortex. Thus
oscillating the flow separation points may cause the flow pattern around
the tody particularly in the vortex formation region to depart from that
.around a stationary bodye.

Wilkinson (1974) discusses another effect of oscillating the flow
separation points. He suggests that pékgrbihg the shear layer separation
position can, according to the work of Rosenhead in 1232, cause premature
roll-up of the shear layers. For the moment however ﬁhe main interest is
in those factors which can cause 'quantifyable' asymmetry in the config-

uration of the shear layers. The effects of oscillating the separation
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positions on vortex formation will not be pursued further here bai
further discussion can be found in the works of Davies (1975) and
Wilkinson (1974).

5.6.1.2 The effects of changing incidence.

For a body performing U
X !
. ) ] _ s 1P
simple harmonic motion normal +
i
~ U . . . v
to a Tree stream Uy as in the sketch, ¥

the instantaneous angle of incidence, € , of the free stream relative

to the body is given by:

-1 ! ! ';¢t
& = lan (Awtfj i >

The peak incidence QLAQX 15

. S
Cunx = taﬂl(%\) = Lan (%'27‘ P:«'é)

The values of mey gre listed in table 5.1

'{jn / -kl)f 0 MAX TN DEGRSES
gs ?NID Afy = 010 ) A/D = 0,25
2.0 ' 4e2 8.51 20,51
1.0 741 4485 11.95
0.5 15 2.40 5.98

TABLE 5.1

If it is assumed that the flow has had sufficient time to adjust
to the changing incidénce, the chénges in the flow pattern would be
similar to those on a body performing galloping oscillations. The
resulting flow pattern would be as gketched in Fig. 5.5 for E%ﬂnx
sufficient to cause flow reattachment. As the body pulled out from the
extreminties of the motion, the shear layers would swing against the
direction of the body's motion - see Fig. 5.5.

Tlow patterns similar o those in.Fig. 5.5 have been observed by
Parkinson (1971) around a galloping square section cylinder. In
galloping instability, Féé‘ is usually so large that the flow has time

TH
to adjust to the changing incidence so that the problem can be analysed
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quasi-statically. It is very unlikely that the quasi-steady analysis

will be applicable without some modifications in the present case where
FH _and, §5 are of the same order of magnitude. However it is to be

cxpected that the changing incidence which causes the shear layers to be

asymmetrical at high ¥5/ will still cause esymmetry in the shear
~
layers configuration at low 4%4 » That the quagi-steady analysis mey
T ‘
not hold at low g%% is meant to imply that the megnitude of the shear
i .
layer asymmetry and the induced fluid dynamic forces may be different

from thet predicted by the quasi-steady theory alone.

5,6.1.3 The effects of the fluctuating pressures due to_body acceleration

('virtual mass' pressures):

An oscillating body will exverience fluctuating pressures due to
the scceleration imparted to the fluid surrcunding the body.

Very crudely as the body oscillates, the surrounding fluid may
be considered to perform simple harmonic motion and so exert a reaction
on the body equal but opposite to the force it experiences due to the body.
Thus on the upper side face of an oscillating squarev section cylinder,
the ecceleration pressures would be ninimum when the body is fully up,
gzero when the body is at the centerline gnd maximum when the body is
fuliy down. The pressures on the lower side face would be exactly out of
phase with those on the upper side face.

In separated flow the effects of the above acceleration pressures
on shear layers configuration would be as sketched in Fig. 5.6 . As
the body moves dovnwards the shear layers would swving upwards while as
the bbdy moves upwards the shear layersvwould. siing dovmwards.

Although‘some acceleration pressures can be expected on an
oscilléting body at all {Eﬁ , they are likely to  be important (or
even dominant ) at high ﬂ%j. Under dynamic conditions the acceleration
cr inertia effect of this :;ction should by introducing & phase lag in

the shear layer response, cause the shear layers configuration to depart
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from that produced by purely changing the incidence as discussed in
section 5.6.1.2 .

5.6.2 General Discussion.

The flow visualisabion waé conducted primarily to determineithe
effects of body oscillations on

a) The flow pattérn around the body.

b) The voriex formation process.

¢) The wake flow configuration.

The observations are important as they help in providing a physical
explanation for some of the pressure measurement resulits to be presented
in létter chapters. Tor the moment this section will be resiricted in
écope és mach as possible to just a discussion of the observed flow
configurations. In latter chapters the relevance of these fiow configurations
to the measured pressures will be discussed.

5.6.2.1 The flow pattern around the body.

) Oscillabing Yodel; A/D = 0.25 3 ‘'w/fe - 2.0, 1.0 and 0.5.

In Tigs. 5.2 to 5.4 comparison of the shear layer configurations

at the extremities of the motion with corresponding parts of Fig. 5.6
édggests gtrong accelerétion or 'virtual mass' effects. TFor the case

{@ﬁs = 2.0 - TFig. 5.3, this is to be expected because it was
pointed out in section 5.6.1.3 that acceleration effects are likely to be
important at high values of $§¢ . For the case

ﬂg@g = 1.0 , Fig. 5.2 , thi; rgéult may not be due to acceleration
effects alone because the growing vortices \A and. VZ of Fig. 5.2 (a)

and (e) may have 'pulled across' their opposing shear layers. The case

§$f = 0.5, Yig. 5.4 , is surprising because acceleration or inertia -
(=
effects were expected to be small at such low values of QV@ ¢

ts the body passes the centerline position on its way down, the
lower shear layer in Figs. 5.2 and 5.4 tend to reattach to the side

face., This from the discussion of section 5.6.7.2 and ¥ig. 5.5 (c)
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suggests that the body may be responding to the instantaneous flow incidence .
For {Qﬁ = 1.0 - (Fig. 5.2) and %y? = 0.5 (Fig. 5.4) Table 5.1

shows thaé the instantaneous angles of in:idence for A/D = 0.25

are approximately 12° ana 6% respectively as the body passes the
ceﬁterline of the motion. Since for a stationary square section cylinder
flow reattachment first -occurs at an incidence of 13050 , the results
suggest that under dynamic conditions reattachment may occﬁr earlier,

The case {%¢%=: 2.0 1is more complex for Fig. 5.3 (c) suggests
the possibility of simultaneous reattachment in the upper and lower shear
layers as the body passes the centerline of the motion.

Generally it seems that both the acceleration and changing -
incidence effects contribute to the observed flow configuration. It is
difficult to separate the individual effects because one must also consider
the natural tendency (even when body oscillations are absent) of the
shear layers to move in the direction ofl& growing vortex. Furthermore
on a stationary body, Eyé = 0 , there may be intermittent reattachment
in the shear layers. It is therefore possible, particularly for the
case. ﬂv%s = 0,5 , that random reattachment of the shear layers may

already be affecting the observed flow configuration,

b) ﬁV@g = 0 , Stationary Model., No steady reattachment was observed.
It was pointed out in section 5.2.1 that the shear layers appear to swing
towards the direction of & growing vortex. These swings create the
impression that the shear layers are flapping about the body.

5.6.2.2 Vortex Formation Process.

Formation resion length.

For the cases FN/£.= 0, 1.0 and 0;5' the vortices form so
close to the back face ofﬁ1he model that fluid can be seen sweeping
contiruously across the back face. For the flow case {ﬁf. = 2,0,
the vortices form even closer to the model - one has the iépression that

the vortices are actually shed from the back face of the model.
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So far in this chapter, the changes in the magnitudes of the
formation region length due to body oscillations have not been quantified.
Inétead the vortices have been said to form close to the back face of the
model. This is not meant to impiy that under all circumstances boéy
oscillations do not affect the size-of the formation region. In the
case ﬁ%/ = 2.0 the vortices seemed to be shed from the back face
of the modé; suggesting a marked reduction of the formation region length
from the stationary cylinder value.

Davies (1975) has shown that synchronised oscillations, %&xc; 1.0,
producss marked reductions in the formation region lengths of a fggt plate
and avD-shaped cylinder, For a circular cylinder in the Reynolds number
range 120 € Re £ 350 Griffin (1971) has shown that synchronised oscillations

can, in some cases, reduce the size of the formation region to as little

as 50% of the stationary cylinder value. In contrast for a square
section cylinder it seems that the vorticés, in the stationary body
cane, already form close to the model and synchronised oscillations do
not produce marked reductions in the formation region length.

Mechanism and Phase Angle of Vortex Shedding.

For.all the flow cases visualised, the shear layers, see Fig.5.1
té 5.4 , seem to interact in a manner suggesting that the mechanism of
vortex shedding is that suggested by CGerrard (1966). According to
Gerrard a vortex grows uhtil it is strong enough to draw the opposing
shear layer across the wake in order to effect shedding.

f%s = 2.0

Vortex shedding for the case ﬁy& = 2f0 is further discussed in
the recent work by Wilkinson (1974). Wilkinson describes this flow case
as the side vortex regime. The following extracts from Wilkinson sets
out his views on the mechanism of vortex shedding.

a) "The most striking aspect of the process was the manner in

which each vortex was shed. This was a direct result of the
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supplying shear layer being drawn onto the side face of the
eylinder, thus cutting off the supply of vorticity to the
fornming eddy and foreing it to be shed. This happened as the
bédy passed through the extreme position of the motion on the
side of the shear layer in question.'

b) "The shed vortices were stronger during the side vortex regime
because whilst one eddy was forming on the rear face prior to
being shed, the other shear layer had all its Vorticity
entrained in the side forming vortex,and thus there is no
annihilation of worticity on the rear face by entrainmént of
oprosite signed vorticity. The shedding in this regime was
a consequence of the shear layer supplying the next vortex
being pulled onto the side face.”

The present results agree with Wilkinson's only to the extent that

the shear layers reattaéﬁfﬂmaside faces and that a vortex is shed from a
shear layer when the body passes through the extreme position of ithe
motion on the side of the shear layer in question. TFig. 5.3 (a) and (d)
definitely show that there is some interaction between a formed vortex and
the opposing shear layer. It is true that the large bubble in Fig. 5.3 (c)
give the impression that the vortices 'start their érowth on the side faces
but - that does not preclude the interaction of the shear layers as in
Fig. 5.3 (a) and (d) at the instant of vortex shedding. It appears that
the mechanism of vortex shedding, at;least for ¥${ = 2.0‘, is still
the szme as for a stationary body i.e. interaction ofsthe shear layers
leading to cancellation of vorticity. It is of course possible that as
¥N’ —_— 0 s the shear layers may interact less and 'shedding!

S
may then be more as a resilt of single shear layer instability.

s

Contraury to the views of Wilkinson, no evidence from flow
X s L . £
visualisation suggests that the vortices are stronger at l%/ = 2,0

. A a s S
than &t ﬁy = 1,0 . . Yeasurements both by Wilkinson and the author

~

13



109

show that the base pressure is higher (less negative) at Q&z& = 2.0
than at %% = 1.0 . This means that at ﬁvk = 2.0, less
vorticity perssecond is shed into the wake than aé ﬁﬁé=: 1.0 .
Flow visuelisation reveals that vortices are shed in thertwo flow'cases

at ths body freaquency, gn . One therefore expects non-dimensional

vortex strength, ,£1_ ﬁ"at‘ 'ﬁ% = 2.0 +to be considerably less than
s

VoD
at ¥N4,:: 1.0 Dbecause a lesser vorticity producing vortices at twice
/
LS
the frequency suggests more than 50% reduction in vortex strength.
fy i X .
fs = 1.0 It was reported in section 5.3.1 that a vortex is

shed from a shear layer when the body is around the centerline on its way
to  the extremity of the motion on the side of the shear layer in question,
As a result of the shedding the shear layers appear to swing dovnwards

" when the body commences its downwards journey and upwards as the body
commences its upwards Journey.

In contrast to the above observations, for a circular cylindex
externally vibrated at 4§£ = 0.85 and A/D = 0.25 ( 'A' is half
amplitude and not peak—to—peék anplitude). Griffin & Ramberg'(1974)
reported from flow visualisation that:

a) A vortex is shed from a shear layer as the body passés the
centerline of the motion on its way FROM the extremity of the
motion on the side of the shear layer in question (exactly
180° out of'phase with present observations on a square section
cylinder).

' b) As the cylinder moves downwards the shear layers appear to
move upwards and vice versa (also» 130° out of phase with the
shear layer motion reported here for.a square section cylinder)

Wow it is generally accepted that the shed vortices are fesponsible
for most of the fluctuating forces observed on long bluff cylinders.
Bearing in mind that phase anglevcan be critically dependent on ﬁ?@

S

the zbove observation implies that for a square section cylinder oscillating
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at apvroximately E&/ = 1.0 -and 4/D = 0.25 , the phase angle

£ .
between 1ift and displacement may differ by as much as 180" from
. corresponding value on a circular cylinder. Furthermore for a bluff
cylinder in a uniform crossflow, whether or not an imposed transient
osci}létion is damped out by the vortices depends on the resulting phase
angle between the 1ift and displacement. The flow visualisation result
therelore suggests that significant differences exist between the
suscentibilities of a circular cyiinder and & square cylinder to vortex
induced vibrations.

5,6.2.3 The Wake Flow Configuration.

Pigs. 5.7 to 5.10 show the wake flow vattern at a Reynolds Number
of 5200 both for the stationary model and for the model oscillating at
4%{‘ = 1.0', 2.0 and 0.5 ., The amplitude to diameter ratio, A/D ,
is 0.55 in all cases of body oscillation. Comparison of Fig. 5.7 , 5.8
and 5.9 show that oscillation at £$¢ = 4.0 and 2.0 improves the
clarity of the wake vorfices. However téé diffusion of the separated
shear layers and the rapid dissipation of the vortices with downsirean
distance sugpests that the vortices in Fig. 5.7 to 5.9 contain
turbulent fluid.

Vilkinson (1974) injected smoke into the flow at seventeen
discrete points along the span of a sguare section cylinder and photographed
the resulting flow pattern. For the stationary cylinder he reporied that
the smoke was dispersed evenly along the span in a very short distance of
zbout one diamecter downstream of thé body. By contrast he reported that
for £é£ = 0,95 to 2.0 the smoke does not disperse fully along the

span until a distaence of ahout 3 to 4 diameters downstream of the

cylirder. Although he conducted his flow visualisation at a Ieynolds

Kumber.of 1.31 x 104 , he went on to suggest that the vortices in the
cases Tﬂ/ = 1.0 and 2.0 are formed from laminar fluid. The

=
q

implification of this suggestion is that body oscillation has extended the
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stable regime of voritex shedding {rom an upper Reynolds Kumber limit of
150 (see Roshke (1953)) to a Reynolds Number of 1.31 x 104,
Griffin & Votaw (1972) among others have reported that synchronised body
oécillations can extend the sﬁaﬁle regime of vortex shedding.fromAa
cireular cylinder to a Reynolds Fumber of 350 . XNowhere in the
literature has the stable regime of vortex shedding been reported to
extend beyond 400 . It scems odd that laminar vortices can be shed, as
reported by Wilkinson, from a square section at a Reynolds Number of
1.31 = 104 .

That the wake vortices are gleasrcr in Figs. 5.8 and 5.9 than in *
Fig; 5.7 at best suggest that turbulence levels are lower in the shear
iayers‘at f, = 1.0 and 2.0 than at ﬁ}é = 0 (this may be due to
the greatly rzduced spanwise flows at ﬁyls= 1.0 and 2.0 reported
by Wilkinson) . The diffusion of the separated shear layers and the
rapid dissipation of the vortices with dovnstreazm distance are evidence
that.even at Reynolds Number as low as 5200 , the vortices at ﬁyﬁ = 1,0

' )

and 2.0 contain turbulent fluid.

5.7 CONCLUSIONS

5.7.1 Flow Configuration around the body.

Cbservations of the flow configuration around the body suggest
that at ﬁy = 2,0, 1.0 and 0.5 both acceleration ("virtual mass")
and changing jéﬁidence (galloping?)~forces affect the position of the
shear layers relative to the body. The periodic rsetachment of the shear
layers to the side faces which are most noticeable at f@? = 1.0 and
2.0 are probably caused mainly by a nonlinear éombination o% the two
effects,

‘5.7.2 Vortex Formation Process

a) Oscillations at £??'= 2.0 , 1.0 and 0.5 do not appear to affect
the mechanism of vortex shedding . It seems, in all the flow cases

visualised, that vortices are shed by interaction between the opposing
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shear layers. This supports the vortex shedding mechanisu proposed'by
Gerrard (1966). A
b) It was reported by Griffin (1971) that body oscillations at Eﬂ@ ={<0
markedly reduced the vortex formation region length from the statioAZry
cylinde¥ values Davies (1975) similarly rcported that body oscillations
at'approximately ‘ﬁyé'z 1.0 produced large reductions in the vortex
formation region lengtgg of a flat plate and a D-shaped cylinder.
By contrast the present results iﬁdicate that for a stationary square
section cylinder, the vortices are already forming so close to the body
that body oscillation at 4%% = 1,0 does not spectacularly cﬁange the
vortex formation region lengtggfrom the stationary cylinder value.
é) Tor ﬁyé = 1.0 the observed vortex shedding phenomenon on a
square section cylinder is compared with the observations of Griffin &
Rambeng (1974) on a vibrating circular cylinder., It appears that the
phase angle between fluctuating 1ift and displacement could differ by as
much as 180° for the two bodies. This suggests that the responses to
vortex shedding of the cylinders are significantly different when both
are spring mounted undexr identical conditions of damping, ﬁi/ s etc.
This is because the vortices which tend to promote instability in one
case will tend to damp out instability in the other.

5.7.3 Wake Flow Pattern

a) At {g? = 1,0 the few wake vortices visible appear collinear -
.8 f
sugpgesting a very small spacing ratio. By contrast at @? = 2.0 the
S

spacing ratioc appears very close to unity.

Ag ﬁy' = 0.5 +the wake structure looks very much like that of a

3
-t
stationary body. Fo distinct vortices couid be discerned in the wake.

b) The vortices in the wake were observed to be more distinct at

=
=

by

= 1.0 and 2.0 than at ﬁﬁ? = 0 (stationary model) and Q-5
5

o
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CHAPTER 6
6. STATIONARY CSYLINDFR : RESULDS AND DHISCUSSIOH.

hY
|

6.1 HOTATION _ A€y
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HOLE %/

Sketch (6.1)

Cp - mean pressure coefficient

A - angle of incidence «

- =
®pr v Op r Cro

coefficients on faces A, B, C and D respectively ~see

and EPD -~ these are the average mean pressure

sketch (6.1) .

.

Cpb - the average value of CP on the baze. This 1s the same as CPC

(Cask'_ the value of Cn at the center of face C . This will sometimes

&

.

be called the base pressure,

4.
GSe

CL and Cy are the sectional 1ift and drag ccefficien

0f the thirty mean pressure tappings distributed around the mid-section of
e model as in Fig.e 2. o} hree are positioned each of the side faces
the model n Fig. 2.3, only th I tioned on each of tl de face
B eand 3. Detailed neasurements of Cp on the feces B and D were there-

. . N ] . .
fore obtained at cach @A by rotating the model throuszh 907 . This rotation

curation of the end plates relative to the wind direction

[

~

e the confli
from the one shown in sketch (6.24) to that in sketch (6.2B). To minimise
confusion all the results presented on faces B mnd D of the plots of

Cp distribution, see Fig 6.2 to 6.8 , are for the end configuration shown

&

in sketch (6.23) o The resalts presented on faces A and C of Yig

.

6.2 to 6.8 correspond to the end configuration ghown in sketeh (6.24) ,
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Ue

Sketeh (6.24)

Uw

2]

h = (& +90)° where 0 & B £ 45°

Sketch (6.2B)

6.2 FLOZ RORAL TO TUD CYLDDR (A = 09)

6.2.1 lean pressare distribution including the effrcts of end plates and

The niean pressure distribution was measured ab several values of Reynolds

. . 4 4
number, R’e s, in the range 4 x 10% £ Re < 12 x 10% . 4% each value
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of Re ., the model was tested with and without one of the five sets of end
plates referred to simply as H0.1 , F0.2 , NO.3 , RO.4 cand  N0.5 end
plates. Some of the interestiug pointsg obserﬁed ares

Poin 1. The effect of end plates on the Cp at mid-sccltion is small,

For example the average value of Cpb observed with the five sets of end

-1.40 obgerved without

S
£11
p}
@
jol]
ot
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+
=
)
<
il
=
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o
ety

plates is ~1.43 as ¢
end plates - see Fig 6.14 . VWhen end plates are used, the Cp distribution'
was also  found to be unchanged, withiﬁ the accuracy of measurement, when
Athe nodel was rotated through 900 thus changing the end configuration
from that in sketch (6.24) to that in sketch (6.2B). It can however be
seen in Fig 6.10 that the —Cpb (and hence CD ) measured with end plates
are consistently higher than those meagured withont using end plates.
This indicates that the effects of end plates, even thcugh small, are
genuine.

At Re = 4.74 x 104 the observed Cpb of -1.43 , see Pig 6.15 , is
in gobd agreement both with the EDSU (1971) wvalue of ~1.42 and the value
of «1.39 reported by Bearmaq'&ATrueman (1971) at 2 x 10441 Re<. T x 104
ABy contrast the present‘value of CPb is surprisingly lower (i.e. more
negative) than the values of =1,27 and =1.26 measured respectively by

Pocha (1971) at R, = 9 x 10% and Lee (1974) at = 175 x 107 even

though Cpb vas observed in the present study, see Fig 6.10, to decrease
with increasing Re o This could be due to the influence of aspsct ratio.
Bearmnan & Trueman, Pocha and Lee tested, without using end plates,
“cylinders of aspect ratios 17.0 4 8.7 and 9.3 respectively., In the
present work the aspect ratio is 18.0 andv 17.0 resvectively without

and with end plates (the end plates are fitted 17 diameters apart). Tt
is reported in TDSU (1971) that CD (and therefore —“pb ) decreases with
decreasing aspect ratio particﬁlarly vhen the aspect ratio ig lower than

20.

The above results show.that care must be taken to isolate the effects
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of aspect ratio in experiments, like those of Lee (1975/1976) and
WMcLaren et al (1969), where aspect ratios are varied over a wide range.
Tor example Lee (1975/1976)tested, without using end plates, square
cylinders with aspect ratios of 9.27 , 10 , 24.4 and 30 . The results
of this section show that even without considering other factors (like
changes in blockare, and the variations in the distance between the turbulence
grid and the model), the changes in "Cpb . see Tig 1,100, that were
attributed by Lee to the influence of turbulent length scale,
coulé be accounted for by changes in aspect ratio. Clearly the conclusions
arrived at in Lee (1975/1976) and other similar works, should be
re-exanined,
Point 2. The Cp on the base (i.e. face C), contrary to FDSU (1971)91°
not wniform but, in agreement with Bearman & Trueman (1971)
mininum at the centre tapping and a maximum at approximately 0.1 diameters
from each edze of the base - see Tig 6.2 and 6.11 . The measurcments
Pocha (1971) and Lee (1974) also indicate minimum base pressure at the
cen?re tapping.

Non-uniformity of base pressure is consistent with flow visualisatilon
which shéws, see Chapter 5 , that the flow sweeps continuously
over the base,
Point 3. As R, increases in the range 4 x 1O4J4 He & 1.2 x 105 s
CD and --Cpb can be éeen in Fig 6.10 to ris e. This is in agreecment with
Bearman & Trueman (1971) who reported that sharp edged rectangular cylinders
with side ratios d/h (@ is section width normel to the stream) in the

range 0.5 to 1.0 are not free from Reynolaﬂ number effects, The present

results do not agree with EDSY (1971) where force coefficients are

N
3

reported to be independent of Reynolds number when 104'<; Re < 10
Since the free stream turbulence intensity is less than 0.04% the
Reynolds nunber effects reported here could be ceaussd by the upstrean

1

movenent of the transition in the separaied shear layers. Earlier
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transition could, by causing increased shear laycrs' entrainment, increase

- b and CD . At higher Reynolds number transition conld occur just
p
dovnstrcam of the separation points so that furither increases in Re

wbuld have little effect on C and "Cpb » This could explain why CD

Lo T w

and -—CTb (Fig 6.10) level off at high Reynclds nurber.
J

Point 4, leasurements of the spanwise distribution of base pressure with
and without end plates show, see Fig 6.9 , that over at least the mid
60" of the span, the base pressure, measured along the center-line of the
bese, is within X0 of the value at mid-span . The values of spanwise
base rrassure can be seen in Fig 6.9 to be always slightly higher without
than with end plates., This supports the remark mede under point 1 thati

the effects of end plates are genuine.

6.2.2 The effects of the end clearance holes,

As reported in section 2.4.3 and Fig 2.6, the models that were oscillated
were mounted externally on the arms of the oscillating mechanism through two
circular slots (or clearvance holes), each of diameter 6.5", on the wind
'tunnelfs side walls. The large clearance holes allow the modelé to move
freely during oscillation. Although each model mounted through the clearance
holes was fitted with the 0.2 set of end plates to reduce spanwise'flow, it
was still thought worthwhile to investigate the effects of the clearance holes
~on the pressure measurements,

Fig 6.12 shows that the values.of (CP>8AC measurced, when Re is below
4 x 104 s, on the model mounted with thgvclearanca holes merge swmoothly with
those observed at higher Re on models that are fitted with end plates but
are mounted without the clearance holes. This shows that the clearance holes
do not affect mean pressure measurement at center;span when Re ig below
4 x 104,

By comparing the itwo results vpressnted for the N0.2 end plates it can be
_ ' 4
seen in Fig 6.9 that when Re is as high as 4.74 x 107 , the end clearance

holes reduce the extent of the -gpan over which th
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rom approximately the mid (05 of the span to the mid 40 . MNost of the
tests on the models mounted through the clearance holes was conducted at Re

. 4 .
of about 1.1 x 107 . Ileasurements

8]

4
b Rc = 1.1 x 10" ghow, see chapter T

Tig 7.1 , that the base pressare is uniform over at least the mid 80 of the

span.

6.3 FLOW AT INCIDANCE 70 THE CYLINDER

6.3.1 Iean pressure disbtribution including the effects of end plates.

The pressure distribution around the mid-section was measured at

Re = 4.74 x 104 with the model set at 10 angles of incidence namely

59, 10°, 13.5°, 15°, 20° , 25°

, 30°, 35°, 40° and 45° . In addition
measurerents were also made ab several other values of Re in the range

2,3 x 10% ¢ R_ £ 10.54 x 109 when of = 13.5° . Some of the results
obtained are presented in Fig 6.3 to 6.8,

Some of the interesting points about the results are:

Point A1 At small values of b , particularly K = 50 (Fig 6.3), there
'is some scatter in the Cp observed on faces B, C and D . This is
mainly due to measurement difficulties. Despite the use of long small bore
plaétic tubiﬁgs, difficulties were experienced in demping out the flﬁctuating
component of surface pressure. From time to time the surface pressures in
“the seperated flow region of the model were seen on the multitube manometers
to surge in unison.

Point 82 On fzce A , the stagnatiqﬁ position (i.e. position at which

CD = 1.0) can be seen to move from the centre of the face t> the leading

=

: . 0 o
edge A4/B as . increases from O to 45 . Other workers , see for

example Pocha (1971), have also reported similar findings.

o]

Point 43 At of = 5%, 10°

0 /fa- .
and 13.5 (Figs 6.3 and 6.4) there is,
towards the rear of face DB , a pressure recovery that is most marked at
o o 1 KR . o i
A = 13.5 and least marked at ol = 10" . The pressure recovery

indizatcs, see Pocha (1971); the pessase of the separated shear layer close
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to the trailing edge B/C - see skefch 6.1 .

N
(6]

4is ¢, increases f{ronm 13.50 to 450 it czn be seen in Fig 6.4 to
6.6 that the position of maximum Cp on face . B3 moves from the trailing
to tﬁe leading edge of the face. it was reported in section 1.4.1.1- that
for smoosh flow, the shear layer Tirst reattaches steadily to corner 3B/C
when o is agpproximately 13.5 . It is a widely held visw, see for
exemple Pocha (1971) and Roberston (1976), that this reatltachment occurs in

r

the region of maximum Cp o Thus the movement of

L3

the position of maximum

s . 0 ' , Cps
€, ‘indicates that as ¢ increases beyond 13.5 , the reattachment position

on face B moves nearer edge A/B thus decreasing the size of the separaticn
bubble oa that face. This upstream movement of ithe reattachment position az

. 0 0 s . _
A increases from 13.5 to 45 cen be seen in Fig 6,13 %o produce large

reductions in the average suction, -Cpg , on the reattachment face.

Point A4 KNodel set at A =8° . where 0° £ B 2 45° g0 that the

end plates are as in sketch (6.24)

Although Cp was measured on all faces, only the results shown on faces
A and C of Fig 0.2 to 6.8 correspond to the present situatioﬁ.

The CP on the rear faces C and D were observed to be more negative
with than wiﬁhout end plates particularly at high values of .(see
the resulis presented on face C of Figs 6.3(b) , 6.4 , 6.6 , 6.7(b) and
6.8) . This point is also demonstrated in Fig 6.14 where Cpb is plotted
against ol o These results demonstrate the effectiveness of end plates.
In addition, at each & y the G, qﬁserved at each tapping was, within
the accuracy of measurement, the same regardless of the end plates used -

sce face C of Figs 6.2 to 6.8 and also the Cp, versus o curve presented

in Pig €.14 . This shows that under the present condition (i.e, A = 60
. [2]
wnere 0 é 6 £ 450), the smellest pair of end plates, the TO.1

end plates is sufficient,
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. . . . o) '
Point A% lodel and end-plaotes rotated through o0 so that the end

. . . . o
plates are ags in sketch (G.BB) rzveo A = (90 -+ ej

where 0° < 6 £ 450]

Ais reported in section 6.1 , because of the distribution of the pressure
taprings, a detailed distribution of CP on faces B and D could only be
obtaiﬁed by rotating the model through 900 . Although Cp was measured on
21l faces after the 900 rotation , only the results for faces B and D
are shovn in Fig 6.2 1o 6.8 .

When @ is between 13.5O and 450, the values of Cp on the rear
faces C 1d D were found to be very sensitive to the type of eﬁd plates
used. For exanmple it can be seen on Face D of Figs 6.4 , 6.6 , 6.7(b)
end 6.5 , that the Cpig wmeasured with the ¥0.1 end plates are much
higher (less negapive) than thoge measured without using end plates particularly
at A = 450 (Fig 6.8) - see also the EéD versus & curve presented in
Fig 6.14 . By contrast it can be seen in the same Figures that the Cpig
measured on face D with the NW0.3 end plates are more negative than those
measured with the H0.2 end plates which are in turn more negrabtive than
those measvured without end plates., The results for the NO.1 ond plates

.indicgte that end plates will have negetive effects (i.e. decrease base
suction) if they'are not wide enough.

Although not shown in Fig 6.4 to 6.8, it was also found that the Cp
distributions observed, when A =(904+ b >o ; with the 0,3 end
‘plates weré, within the accuracy of mezsurement, the sare as those measured
when, as already reported under point A4 , all end plates are set at o = &,
This shows that the N0.3 end plates ave large enough when o = (90 +~@)O'

This is the reason why the curves of Cp distribution have been drawn through

the points for the N0.3 end plates on face D of TPig 6.2 to 6.8 .
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Poipt £6 It was reported in section 6.2 than an increase in Reynolds
number could cause earlier transition. Barlier transition could, at low
angles of incidence, cause earlier reattachment., To find out whether higher
Reynélds rumber causes carlier reaftachment, the CP distribution oﬁ the
reattachment face was measured at several values of Reynolds number, Re s
in the range 4.27 x 104 < Re < 10.54 x 104 when A = 13.50 . ‘;It
has already been reported in section 1.4.1.71 that in smooth flow,.steady
flow reattachment first occurs at A = 13.50 ] . The results obtained
at Re = 4.27 % 104 and 10.54 x 104 are presented in Fig 6.11.B.

There is an overall trend towards higher wvalues of Cp as He increases
such that the pressure recovery towards the rcar of face B becomes less
marked at higher values of Re - gee Fig 6.11B . It can be seen in Fig 6.113
that the increzse in Re does not make the pressure recovery Begin nearer
to the upstream edge A/B . This suggests that in the small range of Re
investigated, an increase in Re does not éause earlier reattachment.,

, C

6.3.2 Variation of CPA , C and: Cp with o .

PB ’ CPO D’ CD

&b = (Cpg"'CpD)Slﬂoi + (Gm —EpcBC&SO’(

6, =( ~pe 'CPD) cosa T (CPC - EPA sin o

(6.1)

o

See section 6.1 for notations.

- - -—

ig ows 1 al ‘ a C t wer
Fig 6.13 shows the values of Cpp » CPB » Cpg and  Cpp that were

estimated from the plots of CP distribution. The values of CD and CL'

that were estimated from Fig 6.13 using equation (6.1) are presented in

Figs 6.16 and 6.17 .

In the range OO<: A £ 13.50 —EPB can be seen in Fig 6.13 +to be
greater than _6PD « This has already been attributed in section 1.4.1.1

to asymetry in the shear layers configuration. The shear layer separating
from edge A/B is closer to side face B than the opposing shear layer is

to side face D . This is why €., decreases, see Fig 6.17, as ok increases
L
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Beyond o= 13.5 6PB can be seen in Fig 6.13 to rise sharply with

inereasirg Jd . This behaviocux of.QPB is responsible for the rise in CL
s - . . 0 0 . . = .
(Flg 6.1() as o, increases from 13.5° to 45 . The rise in CPB is,
see sections 1.4.1.1 and 6.3.1 , due to the movement of the reattachment

position from the trailing to the leading edge of face B as ol increases

from 13.5° to 45° .

CD and ~C pb
o]

same trend. However unlike _Cpb' which is maximum at A =0, CU is
P

can be seen in Figs 6.15 and 6.16 to follow broadly the

maximum at A = 450 o This is because CD wag calculated using the

cylinder diameter, 4 , rather than the frontal width, d(sin &4 + cos o )

as refercnce length., The fall in C, and “Cpb (Figs 6,15 and 6.16) as o
increases from 0% to 13.50 has already been atiributed in section 1.4.1.1
to increases in the vortex formation region length 1f o The increase of

CD and —Cpb as o4 increases from 13.50 to 450 has also been attribqted
in section 1.4.1.1 to decreases in 1f + The changes in 1f as oL increases

o}

from 0° to 45° can be seen in-the flow visualisation of Pocha (1971).

The present values of C C. and C.. are compared in Figs 6.15 %o
) I & 2

pb * L

6.17 with those Parkinson & Brooks (1961), EDSU(1971), Pocha {1971) and

Lee (1974). The author has corrected the results of Parkinson & Brooks
(1961) for wind tunnel blockage effects using Maskell (1963). Lee's (1974)
results,which were originally corrected for blockage effects by the method of
Allen & Vincenti, were also recorrected by Waskell (1963). The present

V vaiﬁes of‘ CD and "Cpb are, sce Fig.6.15 and 6.16 , generally higher,
particularly at large A, than those reported by these other workers.

For example at o = 450 s the present value of CD is 2.42 compared to
the values of 2.21 and 2.18 =reported respectively by TDSU(1371) end

te)

Lee (1974). This is thought to be because the present results were obtained

The effects of end plates on- Cp% and CﬁD are shown in Fig 6.14 . A
b od
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ts A4 and

4

discussicn of the effects of end piates cen be found under poin

A% of section 6.3.71 ,

6.4 TFUICTTATING PRESSURTE WRASURT T

o}

. . . 0
The - Cp... distribations that were measured at & =0 , 10
-

, 13.5°,
aﬁd 450 without usiﬁg end plates‘are presented in Fig 6.18 to 6.21
along with those of Viekery (1966), Pocha (1971), Lee (1974) eand Wilkinson
(1974). To confoxm with the present %esults, the author has corrected the
results of Lee and Wilkinson for blockage using liaskell's (1963). Although
some measurements were made, see rigs 6.22 and 6f23 , uging end piates,
the effects of end plates on CPrm5 were not investigated.

The digtribution of C at various values of A will now be

Primg

discugsed.

[L- d\ = OO

On Taces A and C , the present results can be scen to be in good
te
quaq&ative agreement with those of Lee (1974). On cach of these faces,

CPrms
f2lls with disbtance from the edges to a minimum at the cenire - sce Fig 6.19.
4 simila» Srerd was also observed by Pocha (1971) and Wilkinson (1974).

The position of minimum on face A corresponds to the stagnation

{1
YPems
position,

There is some discrenancy between the present resulis and those of Lee
(1974) around the center of the side faces B and D ., Lee's resalts, sce

Figs 1.9 and 6.19 , indicate a very large drop in Cpppyy Close to the center

aces. By contrast the present results snd those of other workers

[

of the side

indicate, sce Fig 6.19 , only a small variation of CPrms . Both the

present and Lee's results, particulathee's,indicate that the variation of
mean pressures on the side faces are small = sce Fig 6.2 ¢ The CPrMS
results of Lee (1974) therefore may be suspect because experience, see for

exanple FPocha (1971), has shown that larpge variations in C

accormsanied by large ron-uniformiiy in mean pressures,.
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Generally the present values of CPrmg are lower than those of Vickery

(1966) and Pocha (1971) but higher than those of Wilkinson (1974) - see

Tig 6.197. The average vaiues of Cpig In the senarated flow region (faces
B, C and D) are also much higher than on the front face & where flow is
Fig 6.23 shows the effects of Reynolds number, Re , On <'Prw;>WB?nd
6:?W@ g/C".w.r‘nJ‘.ch are respectively the fluciuating prcssurés at the centers of
the side and back faces of the model. (CPrwnbe/c increases with Re up to
Re of atout 6 x 104 and then remains practically constant. This is

similar to the behaviour of C_ and "Cpb presented in Fig 6.10 o By

-
7

contrast (CWW“>8/6 is , see Fig (.23 , unaffected by R_ o The values
of Cpppme oOn all of the base and on the parts of the side faces that are
very close to the trailing corners behave like a:ﬂqngaﬂ: as Re
increases.

It can be seen in Fig 6.23 that the Cppp, measured with the 4
Setra pressure transducer are generally slightly higher than those measured
with the B & X I" microphone., This is as it should be.. Because of changes
in dymamic sensitivity factors at low frequencies, the B & X 2" microphone is
expected, see section 3.3.2 , to yield values of Cprag that are 3% too
low. |

The results for the 0.2 end plates in Fig 6.23 also show that
mounting the model through end clearance holes as in Fig 2.6 (also see
section 2.4.3) does not affect CPrms at center-span when Reynolds number
is low.

B. & =10 . 13.5° , 15° ana  45°

The results‘obtained are presented in Figs 6.20 and 6.21 . Only two
ﬁorkers, Pocha (1971) and Lee (1974), are known to  have publised measurements
of Cprpe Gistribution on a sguare section cylinder at incidence. Because
of the different values of & investigated comparison between these works

. . . o o
and the present one is only possible at o = 15 and 45 . The
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agreement between the present results and those of Lee (1974) con be seen,
at &8 = 15 and 450 , to be generally good on face D and very good on
faces A, B, and C - see Fig 6.21, Pocha (1971) results are generally
slightly higher than the present ones but the trends indicated by the two
sets of results are, see Fig 6.21 , the same.

Some interesting aspects of the Cpppyq distribution are:

Point (a) On face A , the position of minimum Cp., czn be seen in

Tigs 6.2C and 6.21 to move from the center of the face to the leading
edge. 4/B as o, increases from 0° to 450 . This movement corresponds
to the mcvement of the stagnation position from the center of face A to
the leading edge as ol increases from 0° to 450 - gee point A2 of
section 6.3.1 «
Point (b) At & = 13.5° and 15° , the Cppyg distribution on face B
has a minimum near the trailing edge 3/C - see Fig 6.20 and 6.21 . This
minimam is well defined at & = 15° and is located, see Fig 6.21, at
approximaﬁely 0.3 diemeter from edge B/C » At Ak = 45° the position
of this minimum is, see Fig 6.21, at .the leading edge of face B

Pocha (1971) has reported for a sguare sechion cylinder thal the position
of the above minimum ig the same as the flow realtachment position. The
position of meximum mean pressure, Cp , on face B h“b aiso been linked
when 13.50 L o L 450 to the flow reattachment position - see undexr
point A3 of section 6.31 . One thus expects the position of maximum C
to coincide with that of minimim Cprms.' By comparing Figs 6.20 and 6.21
.respCCquply to Figs 6.4 and 6.5 it can be seen that at oA = 13.50
end 15° , particularly ¢ = 157 , thet the position of minimum Cprn
on face B is upstream thaet of maxirum Cp e It would thus seem that flow
reattachrient occur upstream of the po ition of maxiwum mean pregsure = atb
}cast when o\ is close to 13.5
Point (c) Tt was expected, as in Pocha (1971) and section 1.4.1.2B, that the

behaviour of (C“””i)&k and .(CPrms )%/D (see Fooitnotes (6.1) for definition)
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as o incrcases will be similar to that of =Syt Surprisingly (Cprms>8/c

is maximun, see Fig 6.22, somewhere around o =5 unlike -C which,

b
. e . 0 ) . v 50 -0
gsee Pig 6,15, is maximus at o = 0 . Furthermore in the range 154 « £ 45
e - . o . , —— g 2y v oy o P
(CPNﬂs)Sk; remains practically constant whereas “ob increases with of,

The present results also show, see Fig 6.22, that (Cpnﬂs)&@ (see

s,
Footnotes (£.1) for definition) is maximum around h =5 ingtead of at
0 i e . L
A =0 as indicated by the results of Pocha (1971). This is in zccordance

with Rockwell (1976) wno measured pressures at two tappings on face B and

' . ; . . o
reportgd that CPnng is meximum gt each tapping when & =57 o
6.5 CORRITATION OF FLUCTUATING PRESSURES
6.5.1 Spenwise Correlation ,
r . . 0 .
lieasurements of spanwise correlation at o =0 are presented in

Fig 6.24 . 4s in Vickery (1966) the present results can be scen, particularly
ét large spanwise geparation, to lie within a broad band.

As the separation increases from 0 {0 Ad the correlation decreases
rapidly from 1.0 fo 0.5 = see Fig 6.24 . Beyond a separation of 4d
the correlation falls steadily to zero at a separation of 11.5d . In
direct contrast Wilkinson (1974) measurements indicate, sec Fig 6.24, that
the éorrelation decreases very rapidly from 1.0 at Zero separation to 0.5
at a separation of only 2.1d and then falls to 0 at a separation of only
74, The present results agree very closely, see Pig 6.24, with those of
Vickery (1966), Pocha (1971) and Lee (1974). The spanwisze correlation length
‘indicated by the present resulis is 5.6 diameters.

- . ol
6.5.2 Chordwise Correlstion at & = 0

Some neasurcnents of chordwise correlation on a side face at center-span

Fooinotes (6.1) As in Fig 6.22 Cprms 2t the centers of faces B, C and

D are denoted respectively by (CPnns) and (C

g/g ? (CPrms )8/5 Primg )B/D ’
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with o = 0% are presented in Pig 6.25 . The correlation is seen to be
higher than 0.92 over the mid 75% of the side face. Because of the high
chordwise correlation there is practically no difference between the

sectionzl RS 1ift coefficients, Cirmg o Of 1.21 and 1.23 estimated

respectively with and without consideration of chordwise correlation. These

values of are close to the results of other workers, The values of

Cers
Clrmg mMeasured by Vickery (1966), Pocha (1971), Lee (1974) and

Wilkinson {1974) have already been reported, sce section 1.4.1.2, to lie

between 1.2 and 1.4 .

6.6 SPIOTRAL VEASURTIENT

6.6.1 Sheddine Frecuency leasurement

6.6.1.1 Description of Spectra

AY

e Y

%

e . . \\
Ficrophone Position \\\Hotrwire Position

1/12 @ from edge A4/B (z,7) = (3.5 4, -3d)

Sketch (G.3)

A selection of the power spectra of pressure and velocity fluctuations,
that were computed as described in section 3.6.71.1, is presented in Figs 6.28
and '6.29 . Measurements were made at selected values of o/ in the range
0 'é; d & '450 . The pogitions ofvthe pressure transducer and hot-wire

are indicated in sketeh (6.3). All tests were conducted at a Reynolds number

of 4.74 x 104 °
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Ls expected there is on each plot shown in Figs 6.28 and 6.29 , a
dominant peak centered on the vortex shedding frequency, fs « Thig peak can
be seen o be fairly broad-band -~ an indication. that the shedding frequency

in fact varies around fs . Due to mains and electronic noise, there are

2 v}

also sharp line-like peaks at 5C cycles and its harmonics. At A =0

5° and 10° snall peaks can also be discerned at 2f  and 3f_ .

o]

. N 4nC
Surprisingly there are, at o =5 and 10 , broad-band peaks centered

at approximately i‘c‘/2 in both the spectra of velocity and pressure - see
ol

in particular the plots of Figs 6.28 and 6.29 +that correspond to & = 16,

These low frequency peaks could be caused by oscillation of the vortex

formation position. At v 400 and 450 there are also very broad-band

peaks at approximately fs/ in the spectra of pressure but not in those of

4
velocity - see Figs 6.28.

6.6.1.2 Variation of Strouhal Number, S , with «

§ = %d
W

Because the Heynolds rumber is fixed, the movement of the dominant peaks

in Figs 6.28 and 6.29 indicate the variation of § with o | . Thusg
S can be seen in Fig 6.28 , despite the small scale, to be maximum and
minimnum at | o =13.5° and 45° respectively.

The Strouhal nuumber calculated from spectral analysis (i.e. from the
_frequency of the dominant spectral peaks) are presented in Fig 6.26
together with the 5 obtained by *peak-count' on a storage oscilloscope.
Also shovm in Fig 6.26 are the results of Bearman & Trueman (1971), Pocha
(1971) aud Lee (1974) together with the values of S estimated from the
spectral plots in the unpublished work of Rookwell (1976). Bearman & Trueman
(1971) measared fs using a wave analyser whereas‘Pocha (1971) obtained f
by 'peal-count' on an oscilloscope. Lee (1974) did not state how he determinzd
S .

Despite the scatter Fig 6.27 indicate that at O = 0° there is a trend

towards lower values of S for higher values of Reymolds nurmber. Tor this
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reason comparison between the present values of S and those of other workers
will be limited only to gualitative tlrends.

All measurements indicate, see Fig 6.26, that S is maximum when
is approximately 13.50 and that for 13.50 L ok 4 450 S décreases
with increasing o .« Discrepancies ekist when & ig between 0° ana
13.50 +  The measurenments of Lee and Pocha and the values of S obtained in
the present study by fpeak-count'! indicate that § increase with increasing
when 0 £ o < 13.50 o [?his sugrests that Lee's results were obtained by
'peak-count!? {} The S obtained in the present study by spectral analysis
decreases slightly at first with increasing of when 0 L o £ 10°
before rising very sharply to a meximum at o = 13.5° - see Fig 6.26,
Rockwell's (1976) S (also obtained from spectral analysis) also decreases
slightly with increasing oA when o is between 0° and SO before
rising sharply to a maximum at A = 13.50 ;

Consideration will now be given to two réasons why when ol is between
0° and 13.50 y the trend indicated by the !'peak-count' values of § could
be different from that of the spectral analysis. Tirstly thc"péak—count'
results could be inaccurate partly because a significant amount of energy ig
present, see & =5° and 10° of Figs 6.28 and 6.29 , at other
frequencies apart from fs and also because of the variation in the
shedding frequency shown by the spectral broadening around fs . Variation
of shedding frequency willlparticularly affect the 'peak-count' results
because only about 20 cycles (or even iess) of the vortex shedding signal
are usually averaged at a time when fs is counted on oscilloscope. By
contrast the present spectral analysis methed inyolved the processing of over
7000 cycles of the vortex shedding signal. Secondiy, and perhaps more
important, the 'peak-count' results indicate the average shedding frequency
whereas the spectral analysis results indicate the dominant shedding frequency

Lven neglecting inaccuracies in measurement, the dominant vortex shedding

frequency, f_, could be different from the averaze vortex shedding frequency if,
(=}
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as spectral anzlysis suggests, the spectral peak is not symmetrical about 4%»

6.6.2 The speciral distribution of sectional fluctusting pressures

6.6,2,17 Description of Spectra

The digital analvsis required for the determination of spectra has been
outlined irn section 3.6.1 .

At o =0 the spettra of fluctuating pressure were measured around
the mid-section of the model at the seven positions shown in Fig 6.31 .
The resuliing spectral plots are presented in Fig 6.30 (a) to (g) « On
each plot fs , 2fs and 3fs correspond to Frequéncy (1og) 1.65 , 1.95
and 2.13 wrespectively. fs denotes the vortex shedding frequency.

At the center of the front face (Hole 8/4) , the pressure fluctuations
are so small that the pressure specirum (Fig 6.30 (a)) is dominated by
line-like peaks at 50 cycles and its harmonics, These peaks are caused
by mains hums and electronic noise. The vortex shedding activities can
still however be discerned in the backgroﬁnd of Fig 6.30 (a) in the form of
a broad-band peak at ZfS .

Fig 6.30 (c) to (&) show that on the side face (Foles 6/B , 8/B
and 6/B ) mogt of the pressure energy is centered on the shedding frequency
fé~, and that there is also a small amount of energy at 2fs . The same
is also true on the parts of the'front and baclk faces, particularly the
former, that are near the corners -~ see Fig 6.30 (a) and (f) .

There are, surprisingly, faitly prominent spectral peaks at BfS on
the side and back faces near to the trailing corners - see Fig 6.30 (e).
and (c¢) . This phenomenon has not ﬁeen previously reported in the
literature,

The precsure spectrum at the center of the béck face (Fig 6.20 (g))
has a dominant peak at Zfs and no peak at fs « There is a large amount
6f-énergy at the low frequency end of the spectrum which is due to the
pressure fluctuétions caugseéd by turbulence in the wake,

6.6.2.2 Tstimation of the mesn sauare pressure in the spectral peaks

.Due to normalisation, the total area under each spectral plot is unity .



131

The power centcred on a pezk frequency fp , was estimated from the product
of P1 and Zlf) where P1 and ,Afp are respectively the power at

1
fD and the bendwidth of the half-power points .

The resulis obtained in this way are presented in Fig (.31 . Fig 6.31
shows very clearly the rodistribution of spectral energy on the side face.
Tor example near the trailing edge of the side face (Fole 6/2) the

percensage of the total pressure energy at fS s 2f

(=]

, and 3f_ are C6.9%
>4

.

6.9 and 3.9 respectively. By contrast at the center of the side face

v
(:icle 8/B) the percentage of energy at £, and ZfS are 82,2 and

1.6 wespectively and there is no discernable peak at 3fs . This
redistzibution of spectral energy is largely responsible for the reduction
observed, see Fig 6.25 , in the chordwise correlation of pressure fluctuations
at large separations. Previous workers, see for example Wilkinson (1974),

have attributed reductions in chordwise pressure fluctuations to both
turbulence and to differences in phase angles al the vortex shedding frequency.

Fig 6.31 shows, as reported earlier, that the spectral peaks at 3f_ are
el

prominent only near the trailing corners - Holes 6/D and 6/C .

6.6.3 Variztion of the phase angle at the shedding frequency around the
mid;section

The measurement procedure is described in scction 3.5.1.2 (e) o The
measured phase angles are presented in Fig 6.32 .

It can be seen in TFig 6.32 that the phase differences measured over
the mid 83% of the top and bottom ;ide faces are respectively only 13;90
and 14.70 . 'This shows that changes in phase angle do not contribute much
to the decreases shown, see Fig 6.25, in the chordwige pressure correlation

9
L

at large separations. Two points that are situated one diameter apart on

the upper and lower side faces can be seen in Fig 6.32 to have a phase .
difference of 180° , By contrast points 6 and 3 that are located one

dieauweter apart on the front and back faces respectively can be seen to have

orly 2 phese differcnce of 6.5° .
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On the whole the phase engle around the section does not vary in any
consistent way with downstream distance. For example on the side faces the
phase angle increases, see Fig 6.32, with downstream distance. By contrast
aro;nd the lower corners A/b aﬁd D/C of Fig 6.32 the phase angle can
be seenn to decrease with increasing downstream distance.

Cheaplin (1970) has re@orted from measurenent of correlation time delay
that the phase angle on the side face of a square scction decreages with
increasing downstream distance. He suggested tﬁat this can be explained in
terms of velocity fluctuations in the shear layers passing dowmstream at
the flow separation velocity K Uw . According to this hypothesis
the pﬁase angle near the leading edge of the side face should lead that near
tﬁe trailing edge by zhout 290 . This hypothesis is not borne out by the
present results. On the side faces, the phase angle near the.leading edge
can be seen in Fig 6,32 to lag that nearvthe trailing edge by approximately
140 o The present results thus suggest an influence (produced by the
forming vortex?) that is convected upstream.

6.6.4 Longitudinal vortex spacing a/d

The measuremeﬁt procedure has been described in section 3.5.71.2 ,
The results obtained at % = 0° , 10°, 13.5°%, 20° and 45° are
presented in Fig 6.33 together with the results of Chaplin (1970) at
® = 0° ’ 150 ' 300 ~and 450 . The locations of the reference microphone
and the moving hot~wire are also indicated in Fig 6.33 .
Some of the interesting points are;
1) The values of a/d measured at K = 0° with the wake hot-wire at
vertical heights (¥/a) of 3.0, 3.7 and 5.0 are practically
the same - see Fig 6.33 (a) . This is in contrast to Simmons (19744)
- who reported that on a D -shaped body, a/d is dependent on Y/d when
Y/d is between 0.5 and 3.0 . Simmons used two hot-wires that were
mouﬁted together a fixed distaﬁce apart in a holder that was transversed

in the flow, In the present study the phase angle of a single moving
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hot-wire was, see section 3.5.1.2 , compared to that of a fixed
microphone that was connected to the side face of the model,
Observations at Re = 104 and 4.74 x 104 can also be seen to

yieid the same value of a/d at = 0° .

2) Despite the difference in experimental methods the a/d of 6.58 and
6.88 that were measured at A =0 and 450 respectively are, see
Fig 6.33 (a) , close to the values of 6.54 and 7.26 reported by the
Chaplin (1970) . Chaplin used two hot-wires, one fixed and the other
traversed up and downstream. |

3) In the present study a/d appears to be inversely proportional to the
Sfrouhal'number S o This is demonstrated in Fig 6.33 (b) where the
pﬁoduot of § and a/d is shown at each %o be practically
constant at 0.85 when the Us wused to form § is unéorrected for
wird ftunnel blockage effects. Vhen S 1s corrected for blockage effects
S.(a/d) is, see Fig 6.33 (b) , praotiéally constant at 0.81.

s.(a/d) is the convection velocity of -the vortices,

6.7 CLLCULATION OF Wikcl 9 € ARD  b/a TROM THD NTASURTD VALUES OF
oo, 8, ¢, A a/a
J%wd — the non-dimensional gtrength .of .each vortex in the wake.
b — lateral,spacing‘between the rows of vortices .
b/a —  vortex spacing ratio .

6 - the circulation defect ratio i.e. the fraction of the
ﬁorticity in the sghear layers that is present in the discrete
vortices of the wake,

The circulation ¥ ischarged into the wake per second by each shear

Vv

layer can be shown, see for example Roshko (19544) to be:

2

Ke =4Us oo s

1
14

where US is the separation velocity.
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Neasurements, sece for example Fage & Johansen (1927) and Simmons (1974B)
have shown that lJS is related to the free stream velocity, LLD 5

and the base pressure coefficient, Cpb , DY:-

2

From equations (6.2) and (6.3) %the non-dimensional vorticity, —_—

S.T\de
that is shed by each shear layer ver cycle of vortex shedding is:
-
_ﬁ/__-_ - I .._.ﬂ)_— - - - - - - _(6'4>
A TMUed 25
-
50 that £ = l. L= Cob S .. .o L {6.5)

When the wake of a bluff body is idealized as e double row of
staggered point potential vortices, the associated drag can be expressed,

see for exarple Bearman & Trueman (1971), in the form:

o LR @ ) - men]] 6o

il

Us
. — I—Sca U, —
where U . 43 (6.7)
The non-dimensional strength of each potential vortex in the vortex

street is (see Milne-Thomson (1965)

- 2U5a coth (“b> _ .~ _(6.8)
WUagd 'IT m
Fig 6.34 shows the values of C,-8 obtained from equation (6.6) against
b/a‘ using the values of ik‘ (u.e |— § QAd:) indicated by
U .
Fig 6.33 (b) .

The predictions of b/a (and hence [; . /4 and € ) were

) H Uao d
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obtained from Fig 6.34 by using the measuved values of CD , 5 and 2/4.

Yhen CD and S were corrected for wind tunnei blockage effects, C. .S

o)
was so snmall at A = 10

D
that no value of b/a could be obtained from
thé corresponding %&l = 0,19 cuxrve of Fig 6.34 . It was therefore
0

c , C and S and obtain values
pb D
Us

Us

The results obtained in this way are presented in Fig 6.35 .

decided to use wncorrected values of”

= 0.15) in Fig 6.34.

of b/e, from the corresponding curve (i.e.

Fig 6.35 shows that:

(1) The predicted values of the circulation. defec¢t ratio , € , are

o 0 . o 0
0.54 vhen 0 4 o & 100 apd 0.59 when 13.5° & A £ 45°,
These values of €& are within the range 0.403 5; é é; 0.66 said,

see Berger & Wille (1972), to have been observed on bluff bodies by various

[+

T Uad

workers. The predicted values of b/a (and hence and b/d)

thus seem reasonable.

4

(ii)  The curves of --CPb (Fig 6.15) and Fig 6.35) follow

TUsd
the same trend except that -—CPb is maximum gt K = 0° whereas
—J;*—- is maximun at A = 450 « It was weported in Chapter 1
M-Us d

that the overall level of surface fluctuating pregssures, CPrms s around

a.section, particularly in the separated flow region, follow the trend in
_Cpb when & is in the range, 0 £ & < 45° . Within this range of « o
changes in "Cpb (and hence CD ) have been attributed, see Chapter 1 , to

opposite changes in the voriex formation region length 1

£ - The predicted
P _ .
e thus support the notion that decreases in 1 are
171 Rete] acoa ] __9._.._.__. -
accompoanied by increases in TUed R Cpb R CD and CPrms and

vice versa.

(i1i) As & increases from 0° to 10° the predicted‘lateral spacing
of .the vortex street, b/d (Fig 6.35) , increases whercas the measured
drag coefficient, Cp (Fig 6.16) , decreases., Beyond o = 13.5° .

b/d (Pig 6.35) remains virtually éonstant whilst Cp (Fig 6.16) increases

with O\ . Assuming that the wake width is proportional to b/d , these
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results suggest that changes in CD are not accompanied by corresponding
changes in wake width. This does not agree with Lee (1974). Lee suggested
. o} ~ O .

that as o increases from 0  -to 13.5° , decreases in CD are
accompanied by decreases in wake width which in turn produce increases §
It has zlready been demonstrated in section 6.6.1.2 that because the
waveform of the vortex shedding signal is complex, & would incorrectly

. . o o ., . oy
appear to increase as o increases from O to 107 4if the 'peak-count
method is used to determine the shedding frequency.

Griffin & Ramberg (1975) have also reported that for a vibrating

circuler cylinder CD , calculated from the vortex street drag formula,
increases as b/d decreasess

6.8 PUOTOGRATHS OF PRTSSURN TRANSDUCER SIGNALS AT 0° TNCTDENG

=3

The photographs of the simultaneous signals of surface pressure
fluctuations indicated by two pressure transducers placed along the
center—iine of the side faces are presented in Fig 6.36 . The cross—
cgrrelation coefficient, RP12 s between the two pressure signals are
indicated underneath each picture together with the values of fs and Re-

Some points to note in Fig 6.36 are:

(i)‘ The amplitudes of pressure fluctuations are high1§ modulated. This
can be seen in Fig 6.36 (a) , (¢) and (d) where the horizontal or.
time scales are compressed to emphasize the amplitude modulations,
Previous workers on stationary ciycular and square cylinders have
reported similar findings. This phenomenon could be caused by
variations in the strength of the vortices,

(ii) The shedding frequency at a given windspeed is not constant. This
is demonstrated in the upper trace of Fig 6.36 (b) where there are
slightly more shedding cycles.to the left than to the right of the
center-line. The broadening of the spectral peaks at fs has already

been attributed, see section 6.6.1.1, to variations in shedding
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frequencye.
(iii) The correlation between the uvpper and lower traces of Fig 6.36 (a)

can be seen to be excellent but there is, see Fig 6.36 (b), a phase

. 0 A . . :
shift of 1807 . As an indication of the very high degree of correlation,

the amplitude modulation can be seen in Fig 6.36 (a) to occur
sinultanebusly in both the upper and lower traces. Neasurement also
indicate that RP12 is -~ 0.97 .

Figs 6.36 (b) support the earlier finding, see section 6.6.3, that
two points located one diameter apart on the upper and lower side face
have a phase difference of 1800 .

(iv) | ¥hen the pﬁessure transducers are separated on the top side face by
a sﬁanwise distance of 2.5 diameters, the correlation is, see Fig
6.36 (c) s 8111 good although occasionally the amplitude modulations
do not appear simultaneously in both pressure traces. The phase angle
(not shown) between the two pressure signals was observed to vary.

At a spanwise separation of 9.5 diemeters the preséupe can be seen
in Pig 6.36 (4) to be poorly correlated. The amplitude modulations are
no longer corfelatod. The phase difference between the two pressure

" signals is random. For example the phase difference can be seen 1o
chenge from approximately 180° at one instant (Fig 6.36 (e)) to 0°

at another iﬁstant (Fig 6.36 (£)) .

The above results are consistent with measurement of spenwise

correlation of fluctuating pressures, R( showm in Fig 6.24 .

P,2) !

The variation in phase angle reported above is largely responsible for

the scatter observed, see Fig 6.24 , in the data of R when the

(,2)

spenvise separation is large.

6.9 TFURTHER DISCUSSION

TET FLOW ARDUND THID CYLINDIER

Bearman & Trueman (1971) investigated the flow around reciangular
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cylinders with values of d/h (where d is section devth and h is
section width normal to the wind direction) ranging from 0.2 to 1.205 ., They
explained the decreased base suction (and hence decreased drag) which they
measured for higher values of d/h , when d/h > 0.6 , by suggesting

that the vortices are forced to form further dowmstream because of the
influence of the trailing corners. For the section with d/h = 0.62 , they
demonsitrated that increasing the incidence from 0° produced the same
effect as increasing &/h = i.e. decrease base suction. They argued that
tﬁis is to be expected because flow visualisation shows, when d/h = 0.6,
that the shear layers pass close to the trailing corners as the vortices
form very close to the base¢. Therefore, the trailing edge corﬁer (when

the model is set at incidence) and the downsitream corners (when of = O
and d/h increases beyond 0,62 ) would produce the same effect - in this
case force vortices to form further downstream. For a square section eylinder
(d/h = 1.0 ) at & = 0°, flow visualisation, see for example chapter 5
and Pocﬁa (1971), showsthat the vortices form close to the base with the
separated shear layers passing close to the trailing corners. It is
therefore to be expected fhat setting the section at incidence will produce
thg sane effects (on C;, end _Cpb )} as increasing .d/h when A = 0°
provided flow does not reattach (see footnotes (6.2)). éy comparing the
present results (Figs 6.15> and 6,16 ) to Figs 1.14 and 1.1B it can be
scen that this is the case, It thus appears that for a square section
cylinder, it is the trailing cormer that forces the vortices to form further
downstresn (as observed by for example Pocha (1971) when K increases

from 0° to 13950 thereby decreasing CD and =C .

FTootnotes (6.2) In smooth flow, flow reattachuent occur on rectangular

. \ o .
cylinders that are set at o = 0 when d/h :> 2.5 , see Parkinson

(1971), ond on square section cylinders when K a 13.5° ,
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Up to reattachment (see foothotes (6.2)) the 8 wversus X cufve of
the square section cylinder, Pig (6.26), can be seen to similar to the §
versus a/h , Fig (1.14), curve of rectangular cylinders. In both figures
S dacreases before reattachment and rises very sherply at reattachment.

Thig furéher suggests that the same mechanism, the influence of the trailing
cornsrs, governs the flow in both cases. Some workers, see for cxample .
Pocha (1971) and Lee (1974), have reported (incorrectly - see section 6.6.1.2)

0
thus

that & increases sbteadily with 'CK vhen Oo 4 A £ 13.5
masking, at least to some extent, the flow mechanism involved. A factor
that could contribute to the initial decrease in S as A inéreases
from 0° is , see Bearman & Trueman (1971), increased diffusion. The
shear Layers could be more diffused and thicker at small o because the
distance from the separation points to the position of vortex formation is
(sec Pocha (1971)) longer at small & ( & £ 13.5° ) than at oA = 0°
Another factor that could contribute to this initial decrease in § is the
divefgenoe of the shear layers. As o increases from OO the frontal
width , d{cos & + sin o ) , (see sketch 6.4) , increases. Thus if

there ia to be no flow reattachment, the shear layers would diverge if they

are to completely clear the corners of the body.
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Yhen oA = 450 flow visualisation, see for example Pocha (1971),
show that the vortices form very close to the irailing corner D/C « Thus
it is %o be expected that as ol decreases from 450 , the trailing corner
would interfere with the shear layer and so force vortices to_ form .fur‘ther
downstream thereby decreasing -Cp‘b - and CD . Results obtained on a square

section cylinder when 13‘.50 £ A & 450 appecry to demonsitrate this

effect: Beyond A = 13.5° G, and Cp can be seen in Figs 6.15 and

D

6.16 'to decrease with increasing ™ .
Lfter flow reattachment ( A > 13.5°)  the frontal width ,

d(coset = sinol ) , is also the lateral distance between the shear layers

at separation. Thus as ¢{ increases from 13.50 5 d(cos o + sin« )

also increases causing the shear layers to diverge . This could cause the

. . . ‘ ) o
decrease in S , see Fig 6.26 , as o increases from 13.5  to 45 .
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gg‘ILLATING MODEL ¢ RESULTS AWD DISCUSSION,

7.1 PORER SPECTRA OF PRESSURE AND VELOCITY FLUCTUATIONS,

T.1.1 Description of Power Svectra.

Powér spectra of pressure and velocity fluotuaticns vere compuﬁed
digitally (as described in sections 2.5 and 3.6 ) for A/D = 0.05 ,
0,10 and 0.25 with é#fr ranging from 3.0 to 15.0 « A gelection
of the results obtaineﬁnis presenéed in Figs T.40 Yo T.43 .

N

body osciliaxion frequency and the natural vortex shedding freqﬁency.

In the following discussion, £ and fs denote respeotively the

The wncorrected Strouhal number, $ or f%fi_ s ls taken as Q.134 80
| Uso * .
that ~%//<éq =l3.134(§;£) « Thus regsongnce (l.G.
= ' & - | 1
fH g ) occurs at ﬁqd = oF or T.46 « This resonant value
of _Ue will be denoted by [-U=) .
ﬁ%a ' 1CNd R

As in the stationary model flow case, the specira measured during model
oscillation have sharp line-like peaks at 50 cyles ( Frequency (log)x1.70)
and its harmonics. These peeks are caused by mains and electronic noise,

The characterigtice of the spectra measured ot the different values
of A/D will now be described.

_A_Z;D = 0005 and. O¢1O

The spectra measured at A/D = 0.05 and 0.10 can be classed into
Vo
fd
off-lock' regime. In the lock-in regime vortices are ghed at the body's

two regimes of namely the *lock-in' regime and the
frequency so that the spectral plots are dominated by pesks at fH and
its harmonics - see Fig 7.40(f) %o (i) and Fig 7.41(¢) & (a) .

These harmonics are, at A/D = 0.10 , particularly prominent in the spectra

of velocity fluctuations at {U; of about 7.8 , see Fig T.41
' M
(8) , vhich, see sections 7.3 eand 7.4 , is the value of 7 2
N

et which 11ft pressure fluctuations and spanwise correlations are maximum,



142

Compared to both the body displacement pressure spectrun (Fig 7.40(&))
and the line-like peaks at 50 oycles, the dominant pesks in the spectra
are, gee Fig 7.40(f) to (3) end Fig 7.4/(c) & (d) , broad band. This
ghows that there is still some variation in vortex shedding frequency during
'lockyiﬁ'.

In the off-lock regimes, the spectra of pressure and velocity fluctuations
have peaks at two baslc frequencies nemely the ‘body frequency, ;N sand
another frequency, fﬂo s which is'close to fs particularly when -ELE

, £.d -
ig far above ( U ) « There are alse peaks in the spectra at
p\

fud

combirations and harmonics of these basic frequencies particularly the

difference, fN - fso ¢ and the sum fH + fso K The complexity
of the spectra cen be seen in Fig 7.40 (c) , (&) , (e) s (3) 5 (¥) and
(1) end also in Fig 7.41 (a) , (b) , (e) end (£f) « Davies (1975) has
also obgerved similar peaks in the spectra of velocity fluctuations
measured domstream of three oscillating cylinde:s namely a D-ghaped
cylinder, a flat plate and a triangular cylinder. It is interesting to
note that the results of workers like Otsuki et al (1974) and Protos et
al (1968), who measured total fluctuating 1lift, indicate peaks only at
fN gnd fao e This is hscause some of the frequency components of
pressure fluctuations will be in phase acrogs the wake end so cannot -
contribute to total fluctuating lift, »

The potential flow model presented in Chapter 4, also predicts peaks
at f

Nt fN + fso . ﬁﬂ - fso. , iIn the off-locked flow case. Thisg

model almo predicis across-the-wake phase relations between the frequency

go '’

components of velocity fluctuations that agree with those measured by
Davies (1975) .
AN = 0.25

Power spectra of pressure and velocity fluctuations at A/D = 0.25 are
presented in Fig 7.42 and 7.43 respectively.

When liE, is between 5.37 and T.18 , there is a very pronounced
N
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peek in each spectral plot at £, =- see plotz (2) to (e) of Fig 7.42

H
end T.43 « This pesk is surrounded by very small poeks which arve

. particularly noticeable in the spectre of velocity fluctuations atl

})“"d s 5.70 and 6.50 - see plots (a) end (b) of Fig T.43.
N ' ‘
These small peaks were not present at 4/D = 0,05 and 0.10 .
‘Batween 7!$m of T.18 eand . 9.0 the dominent peak is again at
Ty d '

fN but there is a prominent low frequency peak in the specire - see plots
(¢} to (£) of Figs T.42 and 7T.43 . This low frequency peak may not

be the difference frequency, fso - fN » because there ig no other

§istinct peak near fN that can be taken gs fso « Furthermore flow

visualizaetion at HQEL. o~ T«b shows, gee Chapter 5 , that vortices

N
are shed at the body frequency ﬁﬁ .
U
ﬁqd

pek at £, a peak just below 2f (gee Fig 7.42 (g) and (h) ) which,

At = 10,00 and 12,67 there is, apact from the dominant
Judging from the flow visualisation of Chapter 5, is caused by vortex
shedding. However unlike the previously described A/D = 0.05 and 0.10
flow cases, ther appesrs to be no prominent peaks at fao -y and
fN + fSO °

o
T.1.2 Variation of the shedding frequency, £ _, with T.d

. 850
For A/D = 0.05 2nd 0.10 , the variations of £ with e

f.d

ave presented in Fig 7.39 + Also shown on the same figure are the

verigtions of fE/fN vwith gjz vhen S = 0.134 and 0.130 .
_ N
¥hen -%Li- is much higher than the resonant windspeed C%%§> 9
! R
N N
fso/fﬂ cen be geen in fig T7.39 'to be equal to fS/:Hii is 8= 0.130 .

Thig would seem to ouggest that S should be more nearly 0.130 instead
of the valve of 0.134 chosen. Some difficulty was experienced in
choosing S ©because soma of the testo were conducted by keeping fN

‘constaht and varying U . S has been shown in Chapter 6 to

be weakly dependent on U (i.e. Reynolds number),
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At A/D = 0.10 , i‘so/fN can be seen Lo be lower than fs/f‘N at low

velues of %U:& . This finding is in agreement with those of
 Otsuki et alr%1974) » The lock-in regime (the range of %g%i in

wniciz fso/fm = 1.0 ) can be seen in Fig 7.39 to be wideg at

A/D 5_0.10 s where lock-in starts and ends gpproximately at %iﬂ_

of - 7.0 and 8.8 respectively,thanat A/D = 0.05 where the bg&ndaries

Us

of the lock-in are given by of 7.0 and 8.0 . An increase of

the leock-in zone with cylindegg amplitude is consistent with the findings
of previous workers on various bluff body shapes like equare section
cylinders (see for exzemple Otsuki et al (1974)), circular cylinders (see
for example Koopman (1967)), end trismgular cylinders (see for example
Protos et al (1968))., |

7.2 KEAY PRUSSURE MEASUREMENTS

Te2.1 Spanwise distribution of base pressure

Yeasurements of the spanwise distribution of basé pressure are presented

in Figs 7.1 A& B . The oscillating model measureménts were made ab

A/D = 0.10 and three values of ‘JZ namely 4.34 , 7.0 eand 17.9
that corrasponds respectively to ﬁéynolds nunher, Re sy of 1.11 x 104,
1.86 x 104 end 4.74 x 104 » The stationary model measurements were
made at R = 1.09 x 10% and 4.74 x 104 .

Some of the interesting points indicated by Figsv7.1 A and B are :

(a) Vhen Re is fixed, both the ghape of the spanwise base pressure
distribution and the extent of‘the span over which the base pressure
is uniform are unaffected by oscillation. This is shown by curves
() end @ of Fig T.1 A and the two curves in Fig 7.1 B .

(v) ‘The extent‘of the central span over which the base pressure, C

PB ?

ie vniform is higher at lower values of Re « For example cPB

can be seen in Figs 7.1 A and B to be uniform over epproximately

the mid 807 and 40% of the span respectively st R, = 1.09 = 104
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and 4.T4 x 104 . The decrease in the spanvise unifcrmity of base

. pressure at high Re is caused, at least in pavri, by the clearance
holes on the wind tunnel side walls. (As Teported in seotion 2.4.3
the models that were oscillat;d were mounted externally through
circular slots, or clearance holes, on the wind tunnel gide wallg).
Results obtained on the stationary model at Re = 4oT4d X 104
indicate, see section 6.2.2, that these clearance holes reduce the
extent of the span over which the bage pressure is uniform.

(c) Tho results obtained at R_ = 1.09 x 10* , 1.11 x 10* =na 1.86 x 10%
(i.e. Fig T.14) are particulerly interesting because the tents
values of windspeed and body oscillation freguency, fN s VeYe
chosenvsuch that weke synchronisation occurred either ground
£

I
R, & 19x 104 ) . Since it was reported under point (s) above

= 8.6 (e B 2y 1.1 x 10%) or avound £ = 14.9 (iee.

that oscillation did not elter the extent of the span over which
fhe base pressure is uniform, the results of Fig 7.1A, particularly
curves C} & C) » indicate that the base pressure is uniform
over most of the gpan during lockein,

T.2.2 HMessurements of mean pressure at centre-~gpan.

, Us
7.2.2.1 Variation of base pressure with {4 .

Fig T.2 shows the variation of (CP>Z/C -, the base pressure
coefficient at the centre tapping with .%EL at A/D = 0,10 and O
1]

(A/D = 0 indicates that model is stationary).

During an experiment both A/D and fH were held consiant vhilst

the tunnel windapeed, Uew s was changed to Vary-ﬁgéf « Increases
o : Ty
in -er. therefore corresponds to increases in Reynolds number. The
M U\i‘)

increase of base suction with shovni by the stationary medel

» fud
results of Fig 7.2 demonstrates an influence of R@ o This influence

of R has already been discussed in section 6.2.1 .
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For 4/D = 0.10 4, Pig 7.2 shows thzt with increasing ~Lﬁ? )

f.d
Y
the base suction, —_ (CP>‘8 P , Tises very rapidly from 0.42

Ue

at gwd = 2.6 %o a local maximum of 1.58 at - 7.3
N . N
(this maximum value of — (Cﬁ)%@ is, see Fig T.2; Jjust under the

statioﬁary cylinder value) and then falls equally rapidly to a local
U
fud

the stationary cylinder value. Thug for an oscillating square section

minimum of 1.28 =&t = 8,43 before rising steadily towards

eylinder, . (CP)‘B:’C y 18 alﬁaya legs than the stationary cylinder

U

value and maximum base suction occurs during lock-in vwhen

NU.
ig below the resonant wvalue (..g.t) ¢« The measurements of
N d /e
Deviecs (1975) on en oncillating triangular cylinder with vertex
‘poin"f;ing dowmstream, indicate a similar trend. By contrast the results

of Davies (1975) for & flat plate and D-shaped cylinder indicate,

during locke-in, that — (CP)B /o ig far higher than the stationary
cylinder value and also thet — (C p) 8/c is maximum when .qu_ is
: d
abovo ( g“’ d) . The face presented to the flow (i.e. the forabody)
NOR '

of each of the above cylinders is flat. The dissimilarity in the
behaviour of base suction therefore demonstrate the influence of the
af terbody.

T.2.2.2 The distribution of meen pressure around the mid-section.

I'igs T.3 A, By, and C ghow the distributions of CP around the

mid—:zed‘tion a.t A/D = 0,10 and Um o 5.3 'y 7053 ' 1090 M 8.46

H
and 11.91 . The stationary model results presented in Figs 7.3 A ’

B and C are respectively for 492’;! 5¢3 5 Te53 and 11.91
. H "
The results for A/D = 0.25 and U“'d -  6.51 4 7.03, 7.18 ,
N

Te54 y 7.81 and B8.51 are presented in Fig 7.4 together with the
corresgponding stationary cylinder results. The values of the pectional
drag coefficlient, CD ; and the agverage mean pressure coefficient on

the base, Cp‘b sare indicated on each figure.
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For A/D = 0.10 (Figs 7.3 4, B and C ) the shape of the base pressure
distribution is not very much changed by oscillation. This means that
changes in — (CF‘> 8/ (the base pressure at the centre tapping)
indicate corresponding changes in ”cpb end hence CD » Thus Fig 7.2
indicates that during lock-in C. ab A/D = 0,10 has a maximun value,

which is lesz then the siationary cylinder velue, at ¥Ud)d = Te3
N
and s minimum value at ,%)::I = 8.43 » This agrees gualitatively with
N
the results of Wilkinson (1974) who messured ¢

eylinder oscillating at A/D of 0,022 %0 0.134 . VWilkinsonSresults

on 2 square gection

indicate that with decreasing FUE ’ CD decreages from
approximately the stationary cylinger velue at 2 very high value ofg—”;
o a lécal minimum at #iz{ &  8.70 (i.e. fN/fs = 0.85 ) an3
then rises until a meximam value equal to the stationary cyiinrler value
is attained at —{E:—j- = 6,72 and theg falls off.

For A/D = 0.25 , Fig 7.4 shows that C, is egain less than the
gtationary cylinder when‘ ;:’Z‘ is st and around resonance. »
Results for Us = 6,51 ¢ 7.03 and 7.18 , can be seen inFig T.4

f,d

H
to indicate practically the same values of mean pressures whercas these

‘for ¥U—°§ e T.54 , T.81 and B8.51 indicate that the suctions on the

N
and back faces decrease with increasing U « This is unlike the

A/D = 0.10 flow case for which base pressures are highly sengitive to

1CUGZS throughout lock-in (see Fig 7.2) end for which, in
M .
gddition, there are well=defined maximum and minimum in the base suction

et -Fy_"d—- of . 7.3 and 8.43 respsctively.
N
It is interesting to use Figs 7.3 and 7.4 to deduce the behaviour

~C N -
of _fb during lock-in., As showm in chepter 6 , | = Cop
2TS 205
is equal to the non-dimensional vorticity thal is sghed by each shear
v ~ €
layer per oycle of vortex shedding. The veriation of .l~2————§f—b—
U _ o
gith —?—3—— could thue give some information about the likely trend in
. X , :
____r,g____ s the non-dimengional strength of cach vortex in the



148

~ L ,
wake. Values of ,Z Ef?' calculated from the lock-in base
T

pressure distributions at A/D = 0.10 end 0.25 are compared with

the stationary cylinder values in Table 1 where it can be seen that

- C
the oscillating model wvalues of 15”—?52 are legss than the
a\
stationary cylinder values.  Assuming that the value of the ciroulation
: -1
defect ratio, ‘: ( | = Cpb > 5 during wake synchronisastion
T‘de 2 T S

is, as indicated by the results of Davies (1975) for a D-ghaped
oylinder, vexry close to‘the stationary éylinder value, Table 1 guggests
-that the value of‘the non~dimensional vortex strength during weke
synchronisation is less than the stationary cylinder value.
It is interesting to compare the mean pressure distribution observed

on the oscillating square section cylinder during leck-in with‘that on
a stationary cylinder placed normal to a turbulent free stream. Compared
to the gtationary cylinder smooth flow cage, it can be seen in FPig 7.3B
that, at A/D = 0,10 and U = 7.53 , 7.90 and 8.46 , the side

. nel
face suction is more pronounced around the centre but less pronounced

towards the rear so that the lower base suction on the osoillating
model is accompanied by a more marked pressure recovery towards the

rear of the side face. A similar effect is demonsirzted more markedly

Ue

HC
8.51 by Fig 7.4 . A gimilar finding was algo reported by Wilkinson

e 651 5 7.03 , 718 , To54 , T.81 and

at A/D = 0.25 and

(1974) for a square section cylinder undergoing synchronised oscillation
et A/D = 0.134 . The above is similar to the finding of Lee (1974)

| whose measurements on a statibnary square section cylinder at 0°

incidence indicate that free stream turbulence incresse the suction

around the centre of the side faces Whiist decreasing the suction both

at the rear of the side faces and on the base. Now previous workers,

gee for example Mulhearn (1973), have reported thet free stresm turbulence

brings the separated sheer layers closer to the stationary squere section

eylinder when the angle of incidence is small. The above similarity in
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mean pressuze distribution therefore suggests that in the mean, the
shear layers arc closer to the body during lock-in than when the model
is gtationarre
The gbove result suggests & way of explaining the overall behaviour
of ,Cﬁ and "Cpb during lock-in. It was reported in chapter 6 that
for the stationary square section cylinder, the shear layers pass very
close to the tralling edgs corners - go close that when the section is
put at incidence, the influence of the trailing edge corners on the
gsheer layerg force vortices to foim further dowmngtream thus decreasing
'Cpb and CD « Thus when the ghear layers on the oscillating'model
come closer to the body during lock-in as suggested by the mean pressure
>'distribution, the shear layers would, assuming that there is no steady
flow reattachment, be deflected by the trailing edge corners. This
deflection would decrease the base suction (and hence the drsg) by
increasing the base cavity volume and/or by incressing the distance to

vorter formation. The values attained by =C and C., during lock-

pb D
in vould thus be generally lesg than the stationary cylinder values.

Lccording to the above discussion, the mean flow pattern would be

as in sketch (7.1)

| L/ . : |
~ N

e

rd

STATIONARY MODEL OSCILLATING MODEL
(HIGHER  DRAG) (LoWwER DRAG)

Sketch (7.1).
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7.3 FLUCTUATING PRESSURE MEASUREMENTS.

Te«3.1 Notations.
(CP(‘mf) )5 -

(Cprms )g -

the RIS pressure coefficient on the stationary model.
the RKS preésure coefficient produced by the air in
the tubing connecting the model surface to the

transducer's diaphragm.

(Corms )y and (Lopppg )4 are tho R¥S pressure coefficients on

the model during oscillation in still ( Us =0)

and flowing fluid respectively.

CLnﬂs and Cwaﬁ)- denote the sectional wvalues of RMS 1lift and

drgg coefficients respectively. %he gubgeripis f,
8, 8 and v have the same meanings as for CPrn15
above. For example ( Cer§)4 indicate the sectional
RMS 1ift coefficient on the model during oscillation

in flowing fluid.

T.3.2 Correction of RMS pressures for the acceleration effecis produced

by the colurn of air in the tubing connecting the model surface

to the transducer's diaphrasm.

J@C o
NI AL
h .
—> | v C d oc D

'A —~ AMPLLTUDE.

D

Sketch (7.2)

Becauge it 'was mot possible to mount the pressure transducer flush
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with the model surface, fluctuating pressure will be generated within
the pressure tube connecting the model surface to the transducer
diaphragm due to the acceleration of the model. Assuming that the air
colum within the pressure’tubé oscillates with the model as a s&lid
body, the fluctuating pressure, Pé ; generated at the transducer's
diaphragm by the acceleration of the air column within the pressure tube

is given, sec gketch (7.2), by :

Po= oYh oo - o o o LT

Al

where Y is the acceleration of the model and h 1is the vertical

height of the air colum - see sketch (7.2).

2
Tor Y = Asin umt s Y= =AW gin Wyt

go that
P = - phAws Smwd - - - - - —(r2)

The lift fluctuations produced by Pa is thus in phase with the
cylinderts displacement.,

lixpressed as a pressure coefficient

. . ) 2 :
(CPrmG)q - (Pﬂ“fﬁ)a, = J'Z ..LLT( % % (]CNC( T (7'3)

1o U? Us

Denoting the pressure measured by the transducer by Pf s

(%), - % - - W

where (@): is the pressure generated on the model surface by
the flow. The arrows in'equatioh (7.4) indicate that the quantities

are vectors in the phase plane (i.e. they heve magnitude as well as
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. phase engles).
].’a will therefore generally affect the magnitude =8 well as the

phase angle ¢ of (&)C « Both the rms values of Pf

and the
phase angle QJP will thus gemerally require correction. |

The pressure spectra presented in Figs T7.40 to T.43 show that
Pf is generally s multi-frequency force especizlly when the wake
frequency is not synchronised or 'locked! to the body frequency. Thus
to determine (a >c and Ci)c (the subscript ¢ indicates
corrected quantities) from measurements of Pf and C;D in flowing
flu_"ui one must also meagure the component of Pf at the body frequenoy,
fN ', and the phase angle between this component and the body's »
displécement. This is obviously very time-consuming especially when,
as in the present work, nume.;.rous measurements of I!?‘f and d? are
involved.

hen the model ig oscillating in gtill air ( Us =0 ) most of
the power of Pf is concentrated at fN when A/D is small. Pf has
alsg the smame phase relationghip with the cylinder's displacement as
P_. (fl)c " can thus be obtained by substracting P_ from P,
'algebraiéally. Typically P 1is sbout 40% of P,
so that the correction involved is large. These corrections were not

(see Fig 7.21)

applied to the results obtained at A4/D = 0.05 and 0.10 because both
(CPrm% I and (Cprmg)\{ arc plotied on ithe same graph and it
was not thought prudent to correct _the RMS pressurs coefficients
7

\ _
meagured during oscillation in still air, i.e. (CPrm%)v 4 without

ra
correcting the ones measured during oscillation in flowing fluid - i.e /\CPrms)p .

Consider the flow cases A/D = 0,05 and 0.30 . The correction to

‘ (C [’rr%) i is significant only at low values of ]CUZ
: ] N
(values below lock-in) where (CPrm§>a is large. From

meagurenents of <C P rmsl,_ and ¢ on the side faces during lock-
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in, it was estimated that the correction to (Cpmg“ and (é) is

very small (about 2%) . Therefore dP will require correction only
in the off-locked flow cases whereas (CPrm's){ will requirs

.

correction only at low values of (i.0. below lock-in).

N
The situation at 4/D = 0.25 is different. (CFrmS>Q is a

substantiel fraction of (CF’““S>§ st all values of = in the

ild

range of measurement i.e. U £ 12.0 o The correctiona to
fud
C ¢ and will therefore be generally appreciszble,
Prms { .

Estinates of the corrected values of (C 575.{7.‘5) ¢ y (CP,, *“5>v
and (f) are indicated respectively in Figs 7.21 c;nd 744 « To obtein
these estimates all the power of <C Pras s){ was assumed to be
concentrated st fN « This assumption is, Jjudging from the spectra of
pressure fluctuations (see Fig 7.42), quite reamsonable.

7.3.3 Fluctuating pressure measurements: results and some discussion.

7+3.3.1 Variation of (CPrnﬁ){l at _each tappingz around the mid-section

leasurements of fluctuating pressures at the centre section of the

‘model at A/D = 0 (stationary model), 0.05 , 0.10 and 0.25 and gwd
U,. ¥
in the range 4.0 < 7 z Vs 12.0 are presented in Figs
N

T.5 %0 Te22 , Measurements at A/D = 0 and O.‘lQ vere made at sixteen
tappings distributed around the mid-section whilst tho’se at

A/D = 0.05 and 0.25 were made principally at one tapping positioned
at the centre of the top side face. The values of <Cprm5>v s the
'RMS pressure coefficient on the model during oscillation in still eix,
are indicated on each figure,

;onsider first the behaviour of (Cprms>§ at low values
Ue | U | ’ 4 ht

~ ioee o 4 . . - and C .

_FN C‘ ( <FN d —~ 5 5) (CPI‘MS/I \ Pr;h_})\f

are generally, fairly close to each other and fol,lt‘)Yi' the mame trend -

of

see Figs 7.5 to 7.22. The higher the value of A/D , the closer the

N &

values of {‘Cpr,".é){_ and <C9rms)v - compare Figs 7.5, 7.20 and T7.21.

Thig behavicur of (CP “;‘75); derongbrates that inertia effects are
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Vs
£.d

""here are, however, departures from the above general trend. There

significant at low values of

is, on the back face - see Figs 7.12 40 7.15 , a small peak in (Cprm ),

X Use . : Uso w
t == o~ +1 but for l al f — — L 4.
a £ d ~ 5 or lower values o T <ﬁ\1 ] 4.5 >
(CP"‘“S)_F ig close to and follows the trend in (CPr"“)V .
There is also a pesk at Uo = 4.7 in the (C‘Prmﬁ)_p
. -FN d

measured at teppings 2/D (Fig 7.8) and 6/D (Fig 7.7) which are the
tappings on the side face next to the trailing corner. For tapping
2/D (thig is the tapping nearest the trailing corner), this peak is,
see Fig 7.8, even more pronounced than the peak near resonance., It ias
as if there are two flow natural frequencies: one near f . = fg and

N

the other near 2f_ =f .
N 8

Consider next the behaviour of <Cprms>‘{: in the :r:énge

~ L e

6.2 <4 Us Z. 8.8 when A/D‘n 0.10 . The lock-in range,

of 7.0 and 8075 * is

N .
- which for A/D = 0,10 1ies between

N d
included in this range. There is a peak in '(CPPW‘-‘); at a value of
—%—)-‘a— that will be denoted by ( Us > + At each tapping around
o ' N MQ Y
- t ) / U

the mid-section, the value of ((_pfmg)_p at . Fd )MM‘ is

‘Bee Figs 7.5 to T.19 , higher than the stationary cylinder value, (CPrms>5 N
. ! Un
On the side faces, (C?rms_F is, at \TCN d >m” " abqut

130% of \ Frmcjs except at the tapping nearest the trailing cormer
(Fig 7.8) where ( rm$> attains e level as high as 150% of (CPrMS>5 )

x C )
Away from Fod Jmax ’ (Prms ¢ falls to two minima at
—2 .~  B.75 and 6.2 which are most marked at the tappings on
the side faces - see Figas 7.5 to 7.12 . The above variations in \C Prm<> ¢

are similar to that of -~ ( )8/ (Pig 7. 2), the base suction at the

centre tapping, except that — (CP)S /e has a peak at TL—’;E— =730

‘and only one local minimum at ..l_".‘_’?_ P 8-q—see Fig T.2.

Rd

‘The above measurements suggest that during lock-in, naximum sectional
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Uso ~

N 7@8

RMS 1lift ccefficient, <CLFMS>WQ>' s occurs atb T
, Ma N

(i.e. sbove resonance) whereas maximum sectional R¥S drag coefficient,
’ Uoo
C ) occurs between —=—r— of gbout Te1 and 7.3
( Vrens)onax ! c {'\N d ‘

(below resonsnce). At A/D = 0,10 , maximum sectional mean drag
U
f.d

The position of (CD) may vhorefore seemsto agree closely with that

— 7-3.

coefficient, (CD>WIQ): » occurs, see section 7.2, at

of (CDFM 5>mm\ but is different frqm that of (CerS>mczy.

Wilkinson (1974) has also reported that _ (CLr‘mS)MM and <CD)max
| s
fud ' c
report measurements of drag RMS pressures but he reported that ( 'ums)mm,‘
Uso
fud

&o not occur at the seme value of Wilkinson did not

for which the sectional

appeared o occur at the value of
nean dreg is minimum,

Except at A&/D = 0.25 , ((,Prms)p approaches (CPrmS>5
T .

essymptoticaelly at high values of —_—F-U—“‘d—- ( g” ] > 8.75).
N N
At A/D = 0.25 (CPrnﬂ); falls rapidly with ?:Uil_ up to
: N
the meximum value of ;UZ investigated ~ see Fig 7.21 and T.22 .
N

Measurements of (CP e ¢ at the centre of the side face
et A/D = 0.05, 0,10 and 0.25 are compared with the stationary

oylinder value in Pig T7.22 . These results chow, see Fig T.22 , that

at a given value of FU""d ’ : (Cprms> [ ' s generally does
‘ N
not follow eny consistent trend with A/D except in the range

T4 fmd -/t 8.3 vhere (C?rm)g increases with A/D . It
N

can also be seen in Fig 7.22 that during lock~in (CPrms)_g has a

maximim at approximately ?Uif = 7.8 , regardless of the value
N

of A/D . This maximum value of <CPrms>£ ‘is not very gensitive to

A/D - see curve (3) of Tig T.32 .

7+303.2 The distributicn of xCPrms>§ around the mid-section.

The distributionsg (CPr ms) around the mid-gection at
| " |
A/D = 0,10 and -FU;; = 408 M 6025 » 7.0 ¢ 7&5 ’ 798 » 8.75 and
N

12.0 ore presented in Figs 7.24 %o 7.30 . For comparison purposes,
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the stationary model results (A/D = 0) ere presented in Fig 7.23 .
All values of LCPrms)g are teken from Fig 7.5 to T.19 .

There is not much change in the  Cprng  distribution on the
front and baﬁk faces during .oscillaticn. On each of these feaces, (C prmg\>£
generally falls with distance from the edges {0 a minimum at the centre -
& trend sinilar to that on the stationary model. During lock-in, (CPrms)J;
rises markedly at the edges thus meking the minimun at the centres of

the side and back faces more pronounced - Bee Figs T.26 to 7.28 .

The distribution of (CPrmS)_‘; on the side faces differ at

high and low values of })w ] o At high values of {umd
U N N
( ; = y > 6.75) , particularly during lock-in, oscillation
N

changeg the level of LC Prms)i but the shape of the distribution

is close to that on the stationary model - compare Figs 7.26 to T7.29
Uso '

with 7.23 . 3By contrast for low values of s See

>
ng 23 ULO PJ /
ko i 1) P - 625 w1290 s (e

rises very sharply towards the trailing edge of the side face thus

changing the shape of the dis?:ribution totally from that on the

| stationary model, ‘

The distributions of (C P‘"ms>1£ on the side face at o
| —1—%%« =7.85 and A/D=0, 0,10 -and 0.25 are presented in Fig T.31.
For the stationary cylinder (4/D = 0) , it cen be seen that the shapz

of the distribution in Fig 7.31 differs slightly from the one in Fig

7.23 « This is because more data poinis are available for Fig 7.31 .

" The results for A/D = 0.10 aga.in‘demonstrate that synchronised
oscillation at this amplitude changes the level but not the shape of the

. (CPrme: - distribution. By contrast fhe results for A/D = 0.25
‘indicate that synchronised oscillation at high amplitude changes both

the level and the shape of the distribution.
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7+.3¢3.3 Comparison between the present results and Wilkinson's (1974)

Only Wilkinson (1974) is known to have publighed measurements of
gsurface RMS pressures on an oscillating square section cylinder. His
va.lues of (Cprm_,l: are generally very much higher than the'present
ones. This can be seen by comparing the present variation of (Cprmg i
at the centre of the side face, Fig T.22 mth that of Wilkinson (Fig
1.17B) . Mo illustrate this further, the peak values of Ccprms /(Cpm )
during lock-in are plotted in Fig T7.32 togeﬁher with the values of

P(‘u‘lr /k(:prmﬁ g and (Cprm /‘\ Ff”‘”_j attained at

= 4.5 « At lock-in the present peak values of

{? d
N
( PrmS) /(CP“ ) are very much lower than those of
' Wilkinson - compare curves and @ of Fig T.32 « For example at

A/D = 0.10 the present resulis (curve @ of Fig 7.32 ) indicate a
peak value of 1,35 whereas Wilkinson results (Curve @ of Fig 7.32)

indicate a peak value of 2.2 . The discrepancy between the va.ll_J.es of

(CPrM‘o){ /(CPrms>S is even larger at ;:Jd = 4.5 + For
eanple Wilkingon result (Curve@of Fig 7.32) indicate a va.lue of 2.3
at A/D = 0.10 - whereas the present results (Curve 4 of Pig 7.32)
‘indicate only 0.96 . It is to be noted that Wilkinson reported a

(C Pr;‘-?S) e of 0.65 which is comparable with the present value
of 0.71 . It is thus fair to compare the two results in this way.
Another point of disagreemént between the present resultis and
Wilkinson*s is the following : Wilkinson's results show, see Tig 1.17B,
that (C Prm5>{: is always hig;?her than (Cprms> , end that

k(‘, or m$>{ inoreases with A/D in the range of his experiment (his
Ve

. !
[y«
his maximum value of A/D was 0.134 ) . The present results

measurements were made bebween of sbout 3.8 sand 14.9 and

. (Fig 7.22) show that KCPF‘M){ generally does not follow a

congistent trend with A/D excepﬁ in the narrow range T7.14 =2 U £ 8.3

' N({

where (\CPrms/\)‘.\ increases with A/D . Furthermore it was observed
T

!’
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in the present study that (Cprwm)gl can, under certain circumstances,
fall to a valvne as low as '%'<CPrm6 5 particularly at around
_7%%T~ = 6.15 -~ pee for example Fig 7.5 » |
Wilkinson's work has alreédy been reviewed in section 1.4.2.2 . It
was noted in this review that he used such a long length of tubing
between the pressure tappings and the transducer that his dynamic
calibration indiceted, see Fig 1.12, resonance and phase shift in his
frequency range of interest. It was also remarked that 'flappings' of
-the tubing during oscillation will create spurious pressure signals
particularly at high values of fﬂ/is (i.e. low values of ?52T ).
Because of these sources of inaccuracy it was concluded in the review
 that Wilkinson results can at best indicate only broasd qualitative trends

The interested reader is referredto section 1.4.2.2 where'a more detailed

discussion of Wilkinson work is presented.

T.4 CORBRELATION OF FLUCTUATING PRESSURES.

Te4.1 Spanwise Correlation, R(P 2)

Measurements of R(P 2) were made along the centreline of the top
. ’ _

side face at A/D = 0,05 , 0,10 and 0.25 end 5.0 / fu,; £ 12.0 .
N _

The results obtained at spanwise separations, 2, of 2.5, 6.0 , 9.5
and 13.25 body diameters are presented in Figs 7.33 and 7.34 . The

spanwise distribution of R

(P,Z) igdicated by these figures at several
values of éf; are presented in Figs 7.35 and 7.36 «
- It can be seen in Figs 7.33 and 7.34 that at A/D = 0.10 , R(P,Z)
is,lax high values of -%fi— s higher at fN = 8,6 cps than at

fN = 13.9 cps «+ This means that under the present test condition,
EiP'Z) is lower at higher values of Re « This may not however be a
' genuine Reynolds number effect bgcause it was reported in section 7.2
-that the spanwise uniformity of mean base pressure is less at higher

values of Re « This behaviour was attributed, at least in part, to the
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existence of clearance holes on the wind tunnel side walls.

The Tesults of Figa 7.33 and 7.34 indicate that the values of R(P 2)

]
are higher during oscillation than when the model is stationary. These
figures also show that R(P 7) generally incresses with A/D within
. § i
the range of - ?:1— investigated.
Nd
The behaviour of R(P z) at A/D = 0,05 and 0.10 is, during
$ .
lock-in, broadly similar to that of (CPHnw Iy « Toke for
example the flow case A/D = 0.10 for which lock-in starts and ends at
Us : U
of 7.0 snd 8.75 respectively. As

fud r fud

increases from about 6.2 4R rises very rapidly, particularly at

approximately
(P,2)
large spanwise separations, to a broad maximum centered at approximately

U

ffii— = T8  see Figs 7.33 and 7.34 . This maximum value of

N
R(P 7) is very close to uniiy even when the spanwise separation , 2 ,

4

is as large as 13.25 body diameters ~ sece Fig T.34 . R(P Z)
b J
Uo
¥Nd
increases to about 8.75 which is the

maintains this maximum value up to about
Us
fid
end of the lock-in range. This is similar to the behaviour of the

= 8,3 and then

falls very rapidly as

(Cp“nék measured at the centre of the side face, see Fig 7.5 ,
except that the peak in (Fprm%% at 7¥%{ ~ 7.8 is
gharper. The measurements of Wilkinson (1974) alsg indicate that during
lock~in, the positianof maximmm R(P,Z) agrees closely with that of
maximin CPnns>g ~ where (ph‘“gﬁ is measured at the
centre of the side face.

?he plots of R(P,Z) against spanwise separation; 2 , agein show,
gsee Fig 7.35 and 7.36, that R(P,Z) on the oscillating model is higher
than that on the stationary model., Curves (1) of Pigs 7.35 (4/D = 0.10)
end 7.36 (A/D = 0.25) also further demonstrate the excellent spanwise

' correlation that exists within lock-in range - especially in the

central part of the range where 1lift RMS pressures ere maximum,
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T7.4.2 Chordwise Correlation ihcluding estimates of the pesk valueé of

gectional RMS 1ift coefficient during lock-in.

Measurements of chordwise correlation atb A/D = 0,10 and

—gi— = 7.85 are compared in Fig 7.37 with the stationary cylinder

fd -
res&gis. Other values of chordwige correlations measured at
A/D = 0,10 and 0.25 are presented in Table 4 .

The results indicate that oscillation generally decrezses chordwise
correlation. This is demonstratéd in Fig 7.37 where the fall in ohord-
wige correlation towards the trailing edge of the side face can be seen
to be more marked during lock-in than when the model is statioﬁary.
Table 4 also show that there is generally a decrease in chordwise

'corralation at A/D = 0.10 and 0.25 especially near the trailing edges

of the side faces ~ see in particular cases (:) and <:) of Table 4 .

The sectional 1ift coefficient, C » ¥as calculated
Lrms)f
at 4/D = 0,10 and ]gf? = T.85 by usging the distributions
N

of Q:Pmﬂ5>£ and the chordwise correlation presgnted in Figs 7.31
and 7.37 respectively. The value of (Cer5> calculated without
taking chordwise correlation into consideration é;s found to be 5%
higher than the value obtained by the method of section 3.6.3 which

takes chordwise correlation into account. This flat rate value of 5%

was used to estimate. the values of (Cerﬂ;>£ ~at 4/D = 0.05

and 0.25 vhen éjg = 7.85 (the few measurements made, see
Table 4 , indicate that there is little difference between the chordwlse
corrclations at A/D = 0,10 and 0.25 when 1CU§ is about 7.85),
For .A/D = 0.25 , (CLfﬁﬁ)§ was caloulated from the

distribution of (C rresented in Fig 7.31 whereas it was

5

Pr msj‘{‘
assunmed, at A/D = 0,05 , that the distribution of (Cprmg& on the
side face during lock-in is, as suggested by the results obtained at

A/D « 0.10 , similer to that on the stationary model. The valuves of

(C L 5>{ obtained at éjd
N

= 7.85 are called the peak
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values (or the maximum value) because this is the value of ‘C_Ni
at which the 1ift RMS surface pressures are maximum during lock-in. The
peak values of <CUMS>-P obtained in the present study are 1.51,
.65 and 1.95 at A/D = 0,05 , 0,10 and 0.25 respectively whereas
the stationary cylinder value of - (C\_rmls\)(_ is 1.33 . These values
of ((:ergj-C are not corrected for wind turmel blockage effects.
They are however corrected for the acceleration effects of the column
of air in"che tubing connecting the model surface to the transducer's
diaphragm. The corrections applied to ('Cerslc are 2.6% ,
2.9% and 3% at A/D = 0.05, 0,10 and 0.25 respectively.

" The above peak values of sectional (CerS)-F are compared in
Fig 7.38 with those of Wilkinson (1974) and the values estimated from
the total force measurements of Otsuki et al (1974) and Nakammira &

Kizota (1975). For all __workers except Wilkinson (1974), the ordinate

of Fig T7.38 1is (CerSJ;; - (Cera)v which is the
difference when (Cers y is substracted vectoria}ly (i.e.
phase angles taken into account) from (Cerg){ « - In
Wilkinson's case, (CerS) : has been plotted because his
‘measurement indicate that (CUMS)V is very much smaller than
—— TR
(C Lem 5>¥ ) (C L ﬂ1-5>¥ s (C L S>V 8 plotted

becaitze as reported in section 1.4.2.2 , both Hakamura & Mizota (1975)
and Otsuki et al (1974) measured Lin(‘L) which is the component of the
total force L(t) - V(t) at the b‘oay‘s frequency where L(t) and
V(t) denote the total fluctuating lift on the square section cylinderv
when oscillated respectively in flowing fluid and still air. Since the
present results and Wilkinson's (1974) indica.té very high spanwise
correlation during lock-in particularly at high values of A/D , the

- peak value of the average RMS lift coefficienta calculated from the
results of Otsuki et al (1974) and Nakamra & Mizota (1975) will be very

close to the peak gectional CerS particularly at high values
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of A/D . Thus if agreement between the measurements is good, the
resultz of Otsukl et al and Ifakamura & HMizota should approach the present
results and Wilkinson's at high values of A/D . The present results
can be seen in FPig 7.38 to indicate thie tremnd. By contrast the results
of ,Ots.uki et al and Nakamure & Mizota can be seen in Fig T.38 to

diverge away from those of Wilkinson at high values of A/D » Thus the
present values of (CLM“SZC appear 10 be -in good agreement with
those of Otsuki et 2l and Wakemira & Mizota by contrast to Wilkinson's

values which appear to be much too high. .

7.5 THE FPHASE ANGLE, CP , BETVEEN THE PLUCTUATIRG LIFT AND CYLINDER'S

- DISPLACEMERT

7.5.1 Present Resulta.

The phase angle, C#J, by which the 1lift fluctuation, measured at
the centre of the side face, leads cylinder's displacement was computed

digitally (as described in section 3.6.1) at A/D = 0,05 , 0,10 and

U
f.d

0.25 . The resulting verietions of ¢ with are presented
in Fig T.44 .

Por each value of A/D , very large variation can be observed, gee

Pig 7.44 , in 4) just ebove the resonance windspeed, ( Us > o
R

fud
q) = 0 can also be seen to occur gbove resonance el value of 1-% s
H
<~pi— s that increases with A/D . For exemple Ua is
{N d b= O . -FN C\{ C{): o
(see Pig T.44) 7.93 , 8.43 and 10,13 at A/D of 0.05, 0,10 and
0.25 7regpectively. Beyond ( IUZ qﬁ ’ ({) riges very sharply with
. N =0
?Qi up to a maximum value of between 450 ond 60° and then
] (Zf

decreasess For 4/D = 0.05 and 0,10 , this maxrimum value of 43

occours very cloge to the end of the lock-in range. Below Us ) 9
¢ fud/¢=0

. (i? © falls very sharply to a minimum value of between -98° and

--‘IOS0 '« Again for A/D = 0.05 and 0.10 , the position of this minimm

U
is very clozse to the low -2 end of the lock-in renge. Below

Twd
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U 0
ﬁN C{

the position of this minimum, ¢ riges rapidly with decreasing
when A/D = 0,05 and 0.10 whereas for A/D = 0.25, ¢ remains
virtually constant at this minimum value over g range of windspeed before
increasing very rapidly with deoreasing %f§~ '

Generally it is interesting to note that ¢ does not follow a

consistent trend with A/D except in the range 7.13 < ¥Ua;l £ 8.6
vhere (P decreases with increasing A/D o " A
The large variations in <b during lock-in indicate that the flow
configuration is highly sensitive to %g%( . In particular
the behaviour of (ﬁ indicate thet the ;%rtices, vhich are largely

respongible for the fluctuating lift on the cylinder, are being shed at

Ve

different stages during the cylinder's motion for different vzlues of Iy
N

It is interesting to compare the present results with the flow
visualisation results presented in Chapter 5 . It was reported in chapter
5 that for A/D = 0.25 and fs/fN 2~ 1.0 , vortices are shed from the
lower shear layer when the body is moving dowmwards and is around the
- centreline of its motion. The phase angle maasuremént indicate, see
Fig T.44 , that ¢ 1is approximately -90° when A/D = 0.25 end
fs/fN ~ 1.0 (note fs/i‘N = 0,134 7%%3 ) -Ai.eg'that the 1ift is
maximum as the body passes the centreline on its downwards journey.
These results suggest the oscillating square section cylinder
experiences maximum fluctuating 1lift during lock-in when a vortex shed
from the lower shear layer. (One could also have deduced this from the
notion thgt & ghed vortex induces an equal but oppoaité circuletion on
the body). Thus generally during lock-=in, a negative (ﬁ appears to
suggest that vbftices are shed from a shesr layer when the body is

moving towards the shear layer in question whereas a positive ¢

suggests the reverse,
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7.5.2 Comparison between the present values of 43 end those of

previous workers.

Only three workers ( Wilkinson (1974), Otsuki et al (1974) and
'Nekamira & JMizota (1975) > are known to have published measurements
of Ci) on square section cylinders ogcillating at and around
resonance. These works have been reviewed in section 1.4.2.2 . The
reéulté of Wilkinson will be considered first because the range znd
scope of his measurements are similar to the present ones.

WILKINSON (1974).

As in the present study, Wilkinson measured the phase angle, 4’) ’
by which the lift fluctuation measured at the centre of the top aide

face leads the cylinder's displacement. He reported that below

'fN/fszo.B (i.e. above {U‘; 2 9.33) 43 is about 120° and

N

. X U X
thet above f£,/f = 0.9 (i.e. below il 8.29) ¢  is about

-120°% . In other words there is a large change in (b during lock-in

Wilkinson also reported that his results at small values of A/D

indicate that as {le 1g increased from about 8.29 to
- 'MC
9.33 , qd deoreases from =-120° through -180° to -240° (or 120°)

" whilst his high A/D repults indicate that 4) incresges from -120°
through 0° to 120° . He also reported that increasing A/D increases
47 in any particular situation and accordingly his results indicate
thet the value of Yo at which (b =0, ( Ve
f.d : ¢=0
decreases very rapidly with increasing A/D .
The only point of agreement between the present regults and Wilkinson's

is that there is a large change in Cl? dt_lring lock~in. The present

results (Fig 7.44) indicate that the direction of the change in Qb
U

f.d
In addition the present values of q; generally do not follow a

as increases is through o° regardless of the value of A4/D.

corgistent trend with A/D excépt between of 7.12 and 8.6

fd
where (f) decreases with increasing A/D . The values of [ Uo
m———— 7 , \f o /¢=0
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vere also found in the present studyvto increase with increasing A/D .
An examination of the measurement technique usedAby Wilkinson reveals

vhy hig results are likely {o be highly insceurate. Wilkinson

" agsumed that all the power of the fluctuating preasure, measurea at

the centre cof the side face, is concentrated at the body frequency

£y @ll through the range 6.2 £ éjtl £ 12.4 where his 4)
y

megsurements are made. He then measured the normalised cross-correlation,
6) y between the fluctuating pressure and the acceleration of the
. bedy and went on to calculate ¢) from the relationship (0 = CoS d>~

Wilkinson assumption does not hold in practice because the 'lock-in!

< Pe g
. qu
et his meximum value of A/D, A/D = 0.134 « The spectra of fluctuating

range is much narrower than the range 6.2 12.4 even

pressurelwill, as reported in 7.1 , have power at fN ’ fso ’ fN+fso

is outside the lock-in range. Even

Us
fN- fso s etc when FNcl
during lock-in, the spectral peak centered on fN is, because of the
variation in vortex shedding frequency, comparatively brdad-band, see
Fig 7.40 for which A/D = 0,10 , thus indicating that the péwer is
distributed around fN ingtead of being concentrated at fN as
‘-assumed‘by Wilkinson. Other major sources of error in Wilkinson's
case are the substantial amount of turbulence in the free stream and
the fact that he, as reported in section 1.4.2.2 , connected the
pressure transducer fo the model surface with pressure tubing that
was g0 long that it guffered from regonance and phase lag in his
frequency range of interest. One therefore cannot put mueh trast in

Wilkinson's results.

B. OTSUKL =T AL (1974) AWD NAKAMURA & MIZOTA (1975).

. As reported in section 1.4.2.2 Otsuki et al (1974) and Kakamura &
‘Mizota (1975) measured the phase angle 41“ between Lm(t) and the
- oylinder's displacement where L (t) is the component of the total

force IL(t) - V(t) at the body's frequency. L(t) and V(t) denote
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the total fluctuating 1ift on the body during oscillation in flowing
and still fluid respectively. Since (b is the phase angle between
L(t) and the cylinder's displacement, 421 will generally be

different from 4> particularly at low values of (or high

Ueo
f,d
values of fN/fs ) where V(i) ocan be large. Because Otsuki et al

ané Nakamra & Mizota did not report values of V(t) , d) was

deduce . from their values of 4L, by using the values of V(%)
estimated from the still-air results of the present study. The resulting

values of (b are compared with the present ones in Fig 7.45 A & B.

It is interesting to note however that Cb = Chyl at the
UGO ( Uot’ >
lock-in value of vhere =0~ i.ee at |—— *
{:Nd C!) ﬂqd ¢:O

This is because measurements indicate that V(t) is in phase with the

oylinders displacement and also that IL(t) is greater than V(%) .

The zero crossings (i.e. the values of A/D and %g%;— at which
N
¢ = CEn = 0 ) of Otsuki et al and Nakemura & Mizota can

thus be compared directly both with the present results and Wilkinson
(1974). This comparison is made in Fig T.46.

Starting with Fig T.46, it was argued in section 1.4.2.2 that the
zero crossings measured on a cylinder undergoing forced oscillation

should indicate the steady state value of A/D ‘that'will be attained
U
f.d

spring-mounted cylinder when undergoing self-excited oscillation. 4ny

at a given value of (or fs/fN) by the undamped
plansible values of A/D and fB/fN that are obtained from gero
crossings in forced oscillation eﬁperiments should then at least indicate
the same trend as the steady-state values meagured on the lightly-
damped, or preferably undamped, cylindgr dﬁring free oscillation, This
_is the reason why the free oscillation results of Otsuki et al (1574)

and Nekarura & Mizota (1975) are also presented in Fig T7.46. Fronm

the above arguments Fig 7.46 demonstrate that the zero crossings
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obtained from the present results are plausible because they follow
very closely the trends indicated by the free and the forced oscillation
results of Otsuki et al (1974) and Nakamra & Mizots (1975) .
"Wilkinson's (1974) results can be seen in Fig 7.46 to follow a fotally

different trend and are, as already noted, therefore highdy suspect.

The above discussion is for (l&im) s the value of ?yf—
'FNd CP”:O U ‘ Nd
at which ¢) = 4%\ = 0 . At other values of ¥‘3 y it
N
can. be seen in Fig 7.45 A, where 43 ig plotted against Ueo at

fud
N
. A/D = 0.05 and 0.10 , that the present results are very similar to

those of Nakamura & Mizota (1975) but the results of the latter appear

shifted to the right on the q%%i- axis. This ghift is less when
N
is plotted against fs/fH (i.e. 8 x Yo ) , see Fig 7.45B,

£d

because Nakamura & Mizota reported S to be 0.125 wheréas in the
present study S 1is taken as 0.134 . When Nakamura & Mizota's vzlue
of S is assumed to be 0.118 (i.e. éssuming an error of 6% in S
vwhich is possible when, as in the pregent situation, fs‘ and Uo

are fairly low), their results can be brought even closer t§ the
present results - see Fig T7.45B. The shift betweén the two mets of

. results presented in Fig 7.45 A & B may thus be caused, at least in
part, by difficulties in measuring S . It must also be noted that
Nekamura & Mizota values of ¢> indicate the phase angle by which

the total fluctuatiné 1ift leads the cylinder's displacement

whereas the present values indicaﬁé the phase angle by which the
fluctuating 1ift at the centre of the side face leads the cylinder's
digplacement. There will generally be a chordwisé (see for example
section 6.6.3) and spanwise variation of phasé angle, ﬁhe latter being
.most likely to occur when the spanwise correlation is not unity over

" the whole span. The value of ¢ obtained from total force
megsurement may thus differ froh the one obtained from one-point

surface fluctuating pressure especially away from the central portion
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of the lock-in range. Strictly therefore comparison between the values
of ¢) obtained from total force measurement and the ones obtained
from one-point surface pressure measurement should be limited to
qualitative trends. In this respect the agreement between the present
results and those of Nakamura & Mizote is, see Figs T.45 A & B,
excellent. |

By comparing Fig T.44 tovFig 1.14B it can also be geen that there is
good qualitative agreement between the-present values of 4) and
those of Otsuki ét al (1974) who like Nakamura & Mizota above obtained

phase angle from total 1lift force measurement.

7.6 XEASURIMENT OF LONGITUDINAL VORTEX SPACING AND CALCULATIOR OF

RON-DIMENSIONAL VORTEX STRENGTH.

The 1oﬁgitudinal vortex spacing, a/d , (and hence vortex convection
velocity, S.a/d ) was measured digitally, as described in Chapter
3, Sy computing the phase angle 4%U(f;) at the vortex shedding
frequency between the signal of a reference pressure transducer
connected to the top éide face of the model and that of a single hot-

wire traversed up and downstream in the wake. The average value of

. : I
a/d (and hence 5. a/d or %%Q' )} calculated from the slope
' o
of the best fit straight line to the plot of q) ({g) againat
w
the downstream displacement, 7%&. s 0f the hot-wire is presented
Ue

in Table 2. Fig T7.47 shows the variations of with x/d

Uw
U . : .
where Ifi- is calculated from the change in 41)({;) during

- d

a step change of typically one cylinder diameter in x/d .
There ig a large amount of scatter in the data for the variation
U
of —Ui~ with x/d (Fig 7.47) particularly at A/D = 0,10 .
0 .

Thie scatter may be caused more by inaccuracies in measuring the

reduced windspeed, .?Uz s rather then by inaccuracies in
N
. , U
measuri : . Tor ex e =T
ng ¢LJ({S> r example at T d T.91 and

N
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A/D = 0.10 , where the scatter in Fig 7.47 seems most pronounced, the
coherence at the voritex shedding frequencybbetween the hot-wire and
the pressure transducer signals varied between 0.985 and 0.998
‘(i.e. practically unity)'in the range of measurcment. Under this
condition, the digital analysis should, see for example Davies (1975) )

produce very reliable estimates of 4%)({;) « On the other

. U
hand 410(95) was found to be very semsitive to fd
N

especially at low values of A/D . For example at a domstrean

‘distance of 12,0 diameters, a change of 75° was observed in (£

when é%a wes increased from 7.21 to 7.91 at A/D = 0.10 .
) N
Thus an error of 1% in %ﬂ%; at A/D = 0,10 could produce a
‘ N ‘
7.70 error in ¢> (g ) leading to about 15% error in the
o S

instantaneous values of a/d and J%f— « Becaugse of the large amount
Jo - .

of scatter in the data for A/D = 0,10 , see Fig 7.47, not much
confidence can be placed on the values of Ue obtained at this

o
amplitude. It wag therefore decided not to caleculate other

_chgracteristics of the vortex street in the A/D = 0.10 flow case.
Concentrating therefore on the results for A/D = 0.25 , it can be
seen in.Table 2 that during lock~in, the average value of the
longitudinal vortex spacing, a/d , débreases from the stationary
¢ylinder value when the body frequency fN igs increased above the
natural vortex shedding frequéncy fs +« The trend in a/d:i see

Table 2 , reverged when fN is dgcieased below fs + As a result of
this behaviour, the vortex convection velocity, Y& (ox S.a/d),

o

can be seen in Table 2 and Fig 7.47 to maintain the stationary

cylinder value, Similar findings have also been reported for circular
cylinders by workers like Griffin & Votaw (1972).
" For A/D = 0.25 , calculation of vortex spacing ratic, b/a , was

~made during lock-in, by.using the measured values of CD (Fig 7.4)
Ue

%

and (Table 2) in the potential vortex weke drag formula of
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equation (6.6) - (see section 6.7). These values of b/a were then
used, as described in section 6.7, to calculate the non-dimensional
vortex strength (1ﬁ¥i:a;> s the circulation defect ratio (?J,
“and the lateral vortex apaciﬂg (h/d). The results sre presented in
Table 3.

Before discusging Table 3, it is useful to comment on how well the
trends predicted by the potential vortex wake drag formula compare with
real flow situation. Comparison can only be made for the ecircular

- eylinder because thig is the bluff-body shape for which there is

sufficient data. As previously reported the measurements of Griffin

& Votaw (1972) indicate during lock-in that the vortex convection
Ue

(1]

drag measurements of Tanida et al (1974) show that C

velocity, . maintains the stationary cylinder value. The mean

D is higher

during lock-in than when the model is stationary. Thus at resonance
the product CD‘S will be higher for‘the oscillating circular cylinder
then for the stationary one.> This, according to the potential wake
drag formila, means that relative to the stationary cylindei values,

the vortex spacing ratio (b/a) and the lateral vortex spacing
r

nU.,d

is increased. These theoretical predictions are in agreement with the

'(b/d> are decreased whereas the non-dimensional vortex strength,

flow visualisations of Eoopman (1967) and Griffin & Votaw (1972)
where wake synchroniéation is shomn to decrease b/d . Griffin &
Ramberg (1975) also reported that_fhey'observed in their earlier work
(Griffin & Ramberg (1974), vhere a mathematical model for the vortex

street was matched with the RMS and pean velocity profiles measured
' Il

U, d
.and b/d were respectively incressed and decreased from the stationary

behind an oscillating circular cylinder ) that, during lock-in,

cylinder values. These results puggeat that the potential vortex
‘ vake drag formula is oapable of indicating the correct itrends,

Returning to Table 3 it can be seen that the predicted wvalues of

.
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non-dimensional vortex strength, ﬁfﬁui? s are lower during lock-in
w t

than when the model is stationery. As reported in section 7.2.2.2 ,

the measured values of the non-dimensional circulation shed by each

| - CPb
: 2T5
Pgble 1 , also lower during lock-in than when the model is stationary

shear layer per cycle of vortex shedding, s 1s, see

- C
 in fact it cen be seen in Table 3 that -——b follows the same

2T S
trend am “%%73 o This adds credibility to the trend
“- <
indicated by the predicted valuezs of ——E;——— N
. T(UQQCl

The sbove finding is interesting because it suggests, contrary to
Wilkinson (1974), that the increase reported, see section 7.3, in
gsectional BMS pressures during lock-in is not caused by increased vortex
str-ex;gth. To account for his unusually high values of (CP""”); during
lock-~in , Wilkinson suggested that the non-dimensional strength of the
vortices are higher than the Btationéry cylinder values even though -

his mean pressurc measurcments indicate the opposite.

7.7 PRESSURE AND DISPLACE ZXT TRANSDUCER SIGNALS DURING BODY OSCILLATION

The photographs of the simltaneous outputs of pressure and displacement
transducers during body oscillation at A/D = 0,10 and 0.25 are
pfesented in Pigs T7.48 and 7.49 respectively. To complement these
photographs pen-reocordings of the waveform of the_pressure transgducer
output at A/D = 0.0 (stationary model) and 0,10 are presented in
Figs 7,50 and 7.51 »

Some points of interest are:

(1)' The amplitudes of pressure fluctuations are less modulated
during wake synchronisation, or *lock=in', than when the body is
stationary. Comparing the pressure transducer cutput during
*lock-in' (gee the lower traces of Figs T.48, 7.49(b), and 7.49(d))
to the output when the model is stationary (see Figs 6.36 (a),

(¢) and (d)) illustrates this point.



(11)

(iii)

(iv)
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Outside the synchronisation range, the waveform of the pressure
fluctuation can be seen in Figs 7.51 (b), (a) and (e) to be

very complex. It is particularly interesting to note the exisitence
Us

N
shedding frequency, fao s is slightly higher than the body

of beats in Fig 7.51 (d) st = 9.0 where the vortex

frequency, fN + Thege findings are consistent with spectral

analysis which shows, see section T.1, that there_are generally

peaks at :N ’ fso ’ fN o fso ’ fso - £y, etc when

is outside the lock-in range.

Uao
fd

There is a variation in vortex shedding frequency during
lock~in even when 7y21 (or windspeed) is maintained at
N

practically the resonant value. Counting the shedding frequencies
in the lower traces of Figs 7.48 (&) (4/D = 0.10) and Fig7.4q(b)
(A/D = O.25)demonstra£es this. This finding is consistent

w;th gpectral analysis which shows during lock-in, seelsection
7.1, that the spectral peaks at £, are less highly tuned than

)it
the line-like 50HZ peéek., These results are surprising

\
because it was thought that synchronised oscillation would force
vortices to shed precisely at the body frequency.

Pig 7.48(0) explains why the spanwise correlation can be so

high during lockfin. This figure ghows that at ‘gii = T.78
and A/D = 6.10 , there is no phage difference bet$éen the signals
of the two pressure transdugers placed 9.5 body diameters

apart along the centreline of the top side face. Thus even
though the shedding frequency may vary (see point (iii) above)

it appears that vortices are shed similtaneously all along the
span.

By contrast to the above finding it can be seen in Fig 7.50

that at _g5 = 9.0 and A/D = 0,10 , there is a
3 ,
variation in beat frequency on each trace and in addition the
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(vi)
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beating does not always occur simultaneously in the outputs of
"the two pressure transducers (the transducers are placed 9.5
body diesmeters apart on the centreline of the top side face).
This indicates that fhere is gome variation in shedding frequency
at each section and also that vortices are not always shed
gimultaneously along the span, This explains why the spanwise
correlation £alls as indicated in Figs 7.33 and 7.34 when

is above the lock-in values. .

The phase angies, (F y indicated by the photographs agree

closely with the resulte obtained, see Fig T7.44, from digital
analysis. For example Figs 7.49 (2), (c) and (e) indicate that

at A/D = 0.25 , c# is approximately =108° , -90° and 0°
Uew
ﬁqd

the pressure trace is not inverted in Fig 7.49 (e)). These values

at = 6.14 , 7.52 and 10.0 respectively (Note that

of 4> are close %o the measured values of -98° ,-90° and

5% - gee A/D = 0.25 Fig T.44 .

The pen-recorder traces of Fig 7.51 illustrate the behaviour
of the 1ift RMS pressures at A/D = 0.10 . The windspeed and
the amplification are the same for each trace in Fig 7.51 « Thus

the relative amplitudes of the traces indicate the relative

values of <CPr " S)F « The variation of (Cf’rm‘)‘{: at
the centre of the side face,(where the traces in Fig 7.51 are
.recorded) with ;LZ is_presented in Fig 7.5 .

Figs 7.51 (b) aﬁd (d) demonstrate why the RMS 1ift fluctuations
on the model oscillating at 4/D = 0.10 are, at éiii = 6.26

and 9.0, lower than the stationary cylinder value. It can be
seen in these figures that the amplitudes of the 1lift fluctuations

are, during oscillation, more highly modulated, particularly at
U,
fud
Figs 7.51 (b) and (d) to Fig 7.51 (a).

= 6,26 , than when the model is stationary - Compare
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By comparing traces (c) and (a) of Fig 7.51 it can be seen that
the value of <Cp”“;)$ is high during lock-in because there
is less modulation in the pressure signal. It is particularly
interesting to observe that the overall level of the pressure

| signal at %@—l— = 7.81 (Fig 7.51 (e)) (where the 1ift (C Prmfu){‘_

is, as reporged in section 7.3, maxirunm during lock-injis not
higher than the peak level attained from time to time, see Fig
7.51 (a), on the stationaiy model., Thus synchronised oscillations
increases the 1ift (Cp;mszﬂ by regularising the level of the
amplitude of pressure fluctuaéions to approximately the'peak
level that occurs on the stationary model.

The above results explain why the maximum value attained by
the 1ift <?Prwm.g during lock-in tends, as shown by curve (:)
of Fig 7.32, to level off at high values of A/D . For assuming.
that the contribution of inertia and other non-vortex-induced
effects are small, the maximum value attained by the 1lift
during lock-in would level off at high values of A/D becaunse
once an initial value of A/D has made the 1ift RMS pressure
signal fairly regular, further increases in A/D would produce
1ittlé increase in (CPrm5> ;o

The results of this section are also compatible with those of

section 7.6 which indicate that the lock-in values of non~

I
T Us d
the stationary cylinder value. The results presented in section

¢ are not higher than

dimensional vortex strength,

6.8 indicate that in the stationary model case, vortices are
not usually shed simultaneously along the span. There will, at
g glven ingtant, be spanwise flow acroms a section if a vortex
" is fully formed at this section whilst the vortices‘of adjacent
sections are not yet fully formed. This spanwice flow will

decrease the amplitude of fluctuating pressure (at the section
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with the fully formed vortex) below the level that would occur

when the vortices of this section and those of adjacent sections
N

T U dl
same constant value all along the span, the amplitude of the

are formed simltaneously. Thus even when has the

stationary model surface fluctuating 1lift pressure signal will
be modulated with peak amplitude occuring at a section when
vortices of this section and those of ‘adjecent sections are shed

simltaneously. Now for lock-in oscillation at A/D = 0,10
Us
i d

of this section, shed simmltaneously all along the span; The

and

= 7.8 , vortices are, as reported under point (iv)

amplitude of surfece fluctuating pressure will be less modulated

and may , neglecting other effects (like inertia for example)

and assuming that both the vortex formation region length and 7%%:;
. (4]

are little affected by oscillation, have a level that is close
to the pezk value observed on the stationary model, Thus the

lock-in BMS pregsure coefficient can be higher than the staticnary
' B

'lTUwC‘
is glightly lower than the stationary cylinder value.

eylinder value even when the lock-in value of

Keefe (1961) reported a substantial increase in the RMS 1ift
coefficient of a stationary cylinder when two circular disks are
placed in close proximity on either side of the transducer. He reported
that when this increase occured, the amplitude of the fluctuating 1ift
signal had leass modulation and that there was no noticeable increase
in the RUMS drag coefficient. He then went on to suggest that the
proﬁimity of the disks made the flow between them more two dimensional
so that the 1ift is accordingly well correlated spanwise between the
disks in contrast to the limited spanwise correlation in the absence
of the disks. Keefe's observations and suggestion appear to fit

exactly with what happens on the oscillating square section cylinder

during wake synchronisation. For the square section cylinder the 1ift
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o2
flud
reported in section 7.4 , the lift is well correlated over the whole

vhere, as

RMS pressure is maximum during lock-in at the

span. Where this maximum occur, the 1lift amplitude modulation is, as
reported under points (i) and (vi) of this section, less. Maximun
lift.fluctuation on the oscillating square section cylinder is, as
reported in section 7.3 , also not accompanied by maximum drag
fluctuation. Thus it appears that for the square section cylinder,
the primary effect of synchroniéed oscillation is to correlate the

1ift along the span thus making the flow more two-dimenaional.

7.8 FURTHER DISCUSSION

7.8.1 The flow around the souare section cylinder during wake

synchronisation or 'lock-in’

To explain the overall behaviour of -C and C, during lock-in,

Pb D
it was suggested in section 7.2 that oscillation brings the shear layers
cloder to the body thus causing them to be deflected by the trailing
edge corners. If this is the flow mechanism that éperates, the values
attained by -Cp£ and CD during lock-in should be very sensitive to
the 'effective' position of the trailing edge corners. The position

of the trailing edge corners varies during body oscillation but it

seems reasonable to assume that. it is the position (of the corners)

at the time vortices are fully formed and are about to be shed that

will be crucial. For example if ﬁhe body is away from the centreline
around the time a vortex is about the shed, one would expect the
trailing corners to interfere with one of the shear layers and so force
vortiges to ehed further downstream thus lowering —Cpb and CD .

The further agway the body is from the centreline, the bigger the
interference and the smaller should be the values of --Cpb and CD .
Thus from knowledge of the position of the body at the time vortices

are shed, one should be able to deduce the trend in "Cpb and CD .
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The relationship between the phase angle, (P ¢ and the position of
the body when vortices are about to be shed wes discussed in section
7.5 where it was argued that the fluctuating 1ift is maximum whep a
vortex is sﬁed from the lowér shear layer. Assuming this is the
case, one can d&termine the position of the body when vortices are
about to be shed from the values of C# presented in Fig T.44 .

Putting the argumentg together: one should, during lock-in, be able
U

Iy

changes

to deduce the trend in ~Cop (and hence Cy ) as

from the variation of q) with 2 .
' {}1d
Consider then the situation at A/D = 0.10 . The lock-in range lies .

see Fig 7.39 , betveen ;)ﬂ of 7.0 and 8.75 . During lock-

nd 0 U 0 o
in ¢ (Fig 7.44) rises from -97° at i 7.0 to =90° , 0
and 500 at éjt! = T.2 , 8.4 and 8.75 respectively. From

N o

the arguments, see section 7.5, that fluctuating 1ift is maximum when
a vortex is shed from the lower layer, Cb =0 or 180° indicate
that vortices are shed when the body is at the extreme ends of its
travel whereas 4> =t 900; indicate that vortices are shed as the
body passes the centreline. F:om the arguments of the preceeding
paragraph, the further away the body is from the centreline at the_

time of vortex shedding, the smaller should be the value of =C

i pb )
Thus one would, from the changes in 43 s expect -CPb to increase
from its value at Up = 7.0 to a maximum at Vo ~ T.2

o« Tud fud
(where CP = = 90" ) and then decrease to a minimum at
U 3\ - U
= = 8.4 (where Cb =0%) ., From —=- of 8.4 +to
ad

8.75 , "Cpb should again increase with

because Cb
increases from 0° . The base pressure me;;ured during 1éck-in can
‘be seen in Fig 7.2 to follow exactly this trend. This appears to
suggest that the basis of the.argument is correct and that it is the

positién of the trailing edge cormers at the time vortices are shed

that determine the base suction and drag during locke-in,
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At A/D = 0.25 , the behaviour of -.cpb during lock-in also
follows broadly the trend expected from the above line of reasoning.
The measured values of —Cpb can be seen in Fig T.4 to be constant

* Uva . '
in the range 5.61<:7?Er <  T.18 where ¢ , see Pig T.44 , is
N

concstant at -98° . As %jz inereases from 7.18 to 8.51, <b
(Fig T.44) rises to -90° at ézg— ~ T.4 and thence to -47°
at EJ” = 8,51 « The mea: pressure measurenent (Fig T.4) = .
suggestNthat "Cpb decreases continuously with increasing %i%r
- when éka ;> 7.18 instead of rising first to a maximum at
jéﬁg— § = T.4 9where q) = -90°$ before decreasing. Thus the
behaviour of ¢, bebween Ve of 7.18 and T7.40

pb £.d
. N
apparently seem to contradict the ideas of the preceeding paragraph.

This contradiction may however not be real because the coﬁtribution
of other factors (like inertia and changing incidence effects for
example)i:HMS 1ift are likely to be apbreciable when A/D is as high
as 0.25 . So that the resultant value of 4) may differ, at
1gast a little, from - 90° when the contribution of the vortices to
RMS 1ift has a phase angle of -90° . In other words it is possible
' that at' A/D = 0,25, 43 may have a value of sy -98° when the
vortices are shed as the body passes through the centreline. When
this is the case -Cpb would be maximum when %D = -980 and
decrease as <P ‘moves away from -980 - a trend similar to one
actually observed. .A

It thus seems, at least when 4/D 1is small, that the afterbody of
the oscillating square section cylinder behaves, during lock-in, like
treiling edge spoilers. Bearman & Trueman (1971) have.demonstrated
- that —Cpb decreases when small spoilers are attached, normal to the
'vsection, at the trailing edge cormers of a stationary rectangular
cylinder with d/h = 0.62 ( d .is section depth and h 1s seciion

width normal to the wind direction). Theip measurements show that
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the higher the spoilers the smaller the value of -Cpb + For the
oscillating square section leinder, the trailing edge corners appear
to behave like the gpoilers. Thg farther away the trailing corners
are, at the'time of vortex éhedding,.from their mean positions the
¢maller "the value =C appears to take. |

b ,
T.8.2 Application of the results obiained during forced vibration to

the problem of flow-induced vibration.

Consider the cylinder as a rigid body of mass M , oscillating on
spring of stiffnéss X in opposition to a damping force of
coefficient C .

The equation of motion is:

)

Myt Cy ¥ Ky :}L(t)-—--——-('ﬂ)

L(t) is the periodic fluid forcing given by Lo Sin (UJNt + (b)
where 4) is the phase angle between the fluctuating 1lift and the
cylinder's displacemenf 3;'=‘ Asin UJNt ‘

Writing L(t) in terms of components that are parallel to the
cylinder displacement (Y) and velocity (9) gives

L) = LZ_EE’E_d_’ﬁ 4 l—g.?."iétj . (1.2)

AWN'

Equation (7.1) can then be written as

My o+ (C- )y +(K-K)y =0 - - - -

where Ca = legﬂlfé " ‘<a’ = ElLEﬁijé - = - (7.4)
AWy A
L ‘can be written as

0

L, = ¢ U. dL 2 (C“”‘S)A\!
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where d and L are the cylinder diameter and span respectively,

(C| rm5> is the average RS lift coefficient,
. AV
Ga can then be written as _
: ' 2 -1 2 '
' fdL
C = (C > sin ¢ (—Ui- (A- AT — - (7.5)
0 Lrms AN {)Nd D 2& T

From equation (7.3) the undamped natural frequency of the combined

I
system, W, , is S jiﬁ%fﬁL instead of the value i ;R that

. exists in the absence of aerodynamic forcing.

Consider first the component *Qa % of the exciting force,
Usually the exciting force is, see Sachs (1972), considerably smaller
than the inertia or stiffness forces. Walshe (1972) also remarked that
the fact that wind-excited oscillation of structures, are usually .
observed to take place at a f:equency close to a natural frequency
indates that KCl ig small compared tb K « Thus any oscillation
resulting from the component, Kag y of the exciting force will ususally
be small and insignificant., ‘

‘Consider next the component Carg of the exciting force.

' Comsider the following cases: (C - Ca) >0 and (C - Ca) £0.
When (C - Ca) > 0 in equation (7.3), any transient
oscillation will be damped out. The case Ca £ 0 1is particularly
interesting because it indicates that instability cannot exist no
matter how small the structural damping , C , is made. From equation
(7.4) C, < O means that 180° & b < 360° or -180°« 4) < o
Apblying this finding to the oscillating square section cylinder, it
can be seen iﬁ Fig 7.44 that (p lies betweén 0° and -180° when
?g;'; < %‘é\——)R or 'fs/fN £ :h;(z « The phase angle
measurement (Fig 7.44) therefore indicate,significant self-excited
lateral oscillation of a sp:ingFmounted square section cylinder cannot

occur when fs/fN is below unity. This finding is, as reported in
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sections 1.4.2.71 and 1.4.2.2, consistent with experimental observations .
Then (C - CQB < 0 osciilation will grow in amplitude until, barring

structural failure, a steady state amplitude is reached where

) (C — CCL> = (O ‘. Vhen C = 0 (no structural damping), steady

stzte amplitude will be reached when Ca = 0 . From equation T.4

Ca = 0 means <¢ =0° or 180° s For the oscillating square

section cylinder 4) (Fig 7.44) is always less then 180° . Thus at
Us A >
FN D 4)::0

~ thet would occur on the undamped square section cylinder during self-

a given value of

, the steady state amplitude, (

excited oscillation is given by the value of A/D at which ¢ = 0.

The values of C—%r—sé 5 ‘deduced from the present values of q)

are shown in Fig 7.46 to be in good qualitative agreement with steady
state amplitude measured by Otsuki et al (1974) and Nakamura & Mizota
(1975) during self-excited oscillation.. A discussion of Fig 7.46 has
already been presented in section 7.5.2 .

When (- C, £ 0 and C > 0 (i.e. there is structural
damping), steady state amplitude will be attained when C'-‘CCL = 0
i;e. C = C, = Eﬁfﬂﬂlt « Thus measurements of 4) and

A Wy

. LO during forced oscillation can give the steady state amplitude that

will occur on the spring-mounted model during self-excited oscillation
when the damping parameter, C , is specified. An interesting point

worth noticing in Fig T.44 is this: it can be seen that for values
Vs
NC
(and hence Ca) equals zero, ¢) (and hence c, ) increases from .

where 43

of A/D that are very close the value at the

zero as A/D decreases from (—ér:>4)_o .« Since a positive
value of Ca is required to balance the damping force, this shows;
~at least for small damping, that the amplitude of damped free
-‘'oscillation will be less than the undamped one. This is consistent
with experimental observations of workers like Parkinson & Brooks

(1961) who reported that structural damping decreases the steady state
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amplitude o.f self-excited oscillation. It is interesting to note that
if in every situation C§> increases with A/D as reported by
Vilkinson (1974), the undemped self-cxcited oscillation amplitude will
be. less than the damped one - i.e. demping will increase rather than
dgcréase the emplitude of gelf—excited oscillation. This beheviour
is, of course, unrealistic,

Consider the situation in which f, and A/D are fixed vhile U
is varied to obtain the variations in CP and <CPrM5>\C presented
in Figs 7.44 and 7.22 respec:'bive.ly. Take in particular the case
A/D = 0,10 . The behaviour of CP (Fig 7.44) at A/D = 0.10 and

(Cprm5>§ (Fig 7.22 or 7.5) suggests that C, (sec equation (7.5))

riges very sharply from 0O at ?UZ = 8.4 vwhere (TJ =0 %o

a maximum at -Fl:Z N 8.7 w;lxere CP is maximum. Beyond

_f%i\“ = 8.7 the very sharp initial fall in 43 (Fig 7.418

suggeat that -Ca at first falls before rising,a.t high valueszof 7 2

because of the influence, see equation (7.5) , of the ( $U°; 5 tegm
N

in the expression for Ca « Thus the resulting -trénd in ca will be
as shown in sketch (7.3).

C,

o) | -

lax

C—,*

Sketeh (7.3)
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If during self-excited oscillation, the damping parameter of the
system is say C , where C is , as shown in sketch (7.3), less than
(C£1> M Y , the steady state amplitude of gelf-excited osclllation
will be less than A/D = 0,10 when C > C_ and greater than
A/D = 0.10 where C < C, - The resulting response pattern can
therefore be similar to the one presented in sketch (7.4)0 A Tesponge

pattern of the type showm

%

0-10 -

¥

1

N 81 | =
RESONRNCE Sketeh (7.4) 1CNd

in sketech (7.4) is conéistent with the stability diagram presented by
~Scruton, see for example Scruton & Rogers (1971), f?r a square gection
cylinder.

The discussion of this section demonstrates that the characteristics
of the body-wzke interaction observed on a square section cylinder
during self-excited oscillation can be deduced from results obtained
inb foréed vibration experiments. Forced-vibration experiments can
in addition, indicate the aero-elastic behaviour of the cylinder when
there is no Bffuctural damping -~ something that is impossible to

‘obtain from free-oscillation experiments.
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CHAYTER 8

8.0 CORCLUSIONS

8.1 FLOW VISUALISATION

a) For the stationary model at 0° incidence, vortices are seen to
form very close to the back face. No change was discerned in the
vortex formation region length during synchronised oscillation.
b) Fox all the flow cases visualised (i.e. fN/fs =0, 0.5, 1.0 and
2,0 ) , the opposing éhear layers are seen to iﬁteract in a manner
that suggests that the vortex shedding mechanism is similar to the one
proposed by Gerrard (1966) - «t4k/ﬁg C 1.0 and 2.0 then
¢) The wake vortices were seen more distinctly»sx fN/fs = 0 (model
stationary) end fN/fB = 0,50 + The wake vortices seen at. fN/fs = 1.0
appesr collinear whereas those seen at fN/f8 = 2,0 appear packed
close together with a spacing ratio of ébout unity.
d) Observations of the near-wake flow configuration at fﬁ/fs = 2,0,
1.0 and 0.5 suggest that both inertia and changing incideﬁce effects
affect the position of the shear leyers relative to the body. For
'fN/fg = 1.0 and 0.5 , flow reattachment was seen %o ocecur earlier -

than indicated by quasi-steady considerations.

8.2 MATHEMATICAL MODELS OF VORTEX-INDUCEZD LIFT FORCES

a) Consideration was given to the‘Vbn Karman~type potential flow wake
model proposed-first by Ruedy (1935) where the fluctuating 1ift
experienced by the body is equated to the rate of flow of Y-momentum
out of a large control volume surrounding the Eody. It 1s noted that
this is incorrect because no consideration is given to the rate of
change of momentum in the vortex formation region of the body.

b) The potential flow model probosed by McGregor (1957) is improved

by including a bound vortex to represent the effect of the wake vortex
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street. This improved model ig applied to both the stationary and
oacillating body flow cases. For the stationary model, the improved

model appears to predict reagonable values of non-dimensional vortex

strength, 7¥%r_a~_ ¢+ vwhen realistic values of surface fluctuating
K]
pressures and vortex formation region length (Co) are used.
With realistic valueg of WEJ g and co s the sectional fluectueting
]

pressures predicted by the improved model are better than McGregor's
(1957).

During body osciliation, the bresent potential flow model is shown
to be useful for studying both the surface fluctuating pressures and
the harmonic contents of velocity fluctuationé.

" ¢) The Van der Pol oscillator model proposed by Hartlen & Currie (1970)
has been used.to model the 1ift characteristics of a forced square
section cylinder, When the parameters of the oscillator are selected
carefully, it is shown that the model can predict good lock-in values
of fluctueting 1ift. Thé predicted lock-in values of 1lift phase angle
was made to agree fairly well with the sguare sectién cylinder values
by assuming that the forcing function of the oscillator is proportional
to the cylinder's displacement, (Hartlen & Currie (1970) assumed

that the forcing function is proportional to cylinder's velocity).

8.3 STATIONARY MODEL : RESULTS AND DISCUSSION

a) Even though the aspect ratio of the square gection cylinder is as
high as 18.0 , the basze suction ’cpb (and hence the sectional drag
coefficient, ¢y ) was found to change, particularly at high angles of
incidence, whep end plates were fitted. End plates were found to have
a detrimental effeét (i.e. decrease base suction) if they were not
wide enough laterally; By contrast large end plates were found, at
high angles of incidence, to produce up to 12% increase in base

suction., With large end plates, the values of _Cpb observed at high
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angles of incidence were found to be higher than previously reported

values.

b)  Even without end plates, the values of -Cpb and CD observed
in the present study are higher than those reported by Pocha (1971)

and Lee (1974) who used cylinders of smaller aspect ratios, This, it
was noted, indicates the need to isolate the influence of aspect ratio
in experiments such as those of Lee (1975/1976) and Mclaren et al (1969)

where aspect ratio 1s varied over a wide range.

¢) For flow normal to the cylinder and Reynolds number in the range

2x 104 < Re £ 12 x 104 , an Influence of Reynolds number was detected

p @nd the fluctuating pressure coefficients measured on
the back face and around the trailing corners of the side faces.

d) The sectional distributions of surface fluctuating pressure coeff-
icients measured at several angleg of incidence are generally - in good
agreement with Lee?s (1974), higher than Wilkinson'é (1974) and lower
than both Vickery's (1966) and Pocha's (1971).

e) At 0° incidence, the spanwise correlation length of fluctuating

lift was found to be 5.6 body diameters. This result is in agreement

with Vickery (1966), Pocha (1971), Lee (1974) but not Wilkinson (1974).
At 0° incidence, the sectional RMS 1ift coefficients estimated

ﬁith and without consideration of chordwise correlatién are 1.21

and 1.23 respectively. These values are within the range of results

obéerved'by previous workers.

f) The strouhal number, § , was calculated both from spectral

analysis (i.e. the dominant shedding frequency) and from !'peak-count'
(i.e. the average shedding frequency) on a storage oscilloscope.
The spectral analysis results indicate that S decreases with increasing
of upto ol = 10° and then rises very sharply to a maximum at
o = 13.5o o By contrast the 'peak-count' results appear to

suggest, as reported by Pocha (1971) and Lee (1974), that as

e o i e e s e
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increases from 0° , S increases steadily to a maximum at o = 13;5 .
Measurement of the longitudinal vortex spacing, a/d , indicates

that the convection velocity, § .é% » does not vary with incidence
s, C

Using the measured values of 'CD ’ and a/d in the potential

?
pb
vortex street wake drag formula, ——B————— ' € 9 b/a and b/d

Thd

were calculateds, The calculated values of
W Uw d

. o o
ag o increases from 0 to 4% .

follow. the
qualitative trend in .Cpb
The calculated values of b/d increase as ok increases from 0°

® but remain virtually constant beyond A = 13.5° » It is

“to 10
noted that the calculated trend in b/d and the above observation that
S - (measured from spectral analysis) decreases as (X increases
from 0° do not support the notion (see for example Lee (1974)) that
decreases in GD as K increases from 0° are eccompanied by - .
decreases in wake width which in turn produce increases in § .
) At A = 0° s the spectra of surface fluctuating pressures
were measured at several locations around the mid-~-section. of the \
cylinder. The results indicate the usual dominant peaks at fs (on
thé side facesz.and the parts of the front and back faces that are
- near the corners) and, at the centre of the back face, at 2fB .
Fairly prominent peaks were also observed at 3fS on the side and
back faces near to the trailing corners - a phenomenon zpparently
unreported in the litersture.

The phase angles at f8 were measured at gseveral positions
around the mid-section for  (( « 0° . Over the mid 83% of the
side face, only a phage difference of approximately 140 was observed
with the phase angle at the leading edge 1@@’::& that near the
_trailing edge. This finding, it was noted, is contrary to the notion s
gee for example Chaplin (1971), that the variation of phase angle on
the side face is caused by a disturbance that is convected downstreem

at the flow separation velocity.
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h) It is shown that the amplitudes of the signals of 1ift

fluctuating éreSSures are randomly modulated., For two positions

thal gre many cylinder diameters apart along the centreline of the

side face, it is shown that the amplitude modulation is poorly correlated
It_waé also noted that there is a variation in shedding frequency and
that vortices are not usually shed simultaneously along the whole span.
1) Following the vwork of Beerman & Trueman (1971),the variations of

c 'Cpb and S with O\ were explained from consideration of

D!
the influence of the afte¥body.

8.4 OSCILLATING MODEL : RESULTS AND DISCUSSION

a) . It is shown - that at A/D = 0,10 and 0.25 , Cj and—cp are

b
always less than the stationary cylinder velues and also that during
wake synchronisaxioﬁ:at A/D = 0,10 , "Cpb (and hence Cp ) hag a |
resonant response pattern broadly similar to that of a non-linear
oscillator but with maximum "cpb
during lock-in is explained from

oceuring below the resonant windepeed

The overall trend in --Cpb

congideration of the influence of the trailing edge corners.

b) For low values of Ue s the fluctuating pressure

: N
coefficient, " (CPF”’QM? s tends to the value attained during

oscillation in still air whereas for high values of ;i; ' (CPrnﬁ§¥
N
tends towards the stationary cylinder value. During lock-in, (?prwﬁg£

generally has a resonant response pattern similar to that of a non-
lincar oscillator with the 1lift pressure fluctuation attaining a
meximum above the resonant windspeed whilst the drag pressure

fluctuation, by contrast, generally attains a maximum below resonance

Va
£.d
mean base suction. These maximam values of (pprnwgg are higher than

at & value of that is very close to that of maximum

the corresponding stationary cylinder values.

c) Vhen no correction is applied for wind tunnel blockage effects,
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the maximum values attained by the sectional HMS 1lift coefficients
(1.0 'Q:Lrnﬁ ¢ ) are estimated to be 1.51 , 1.65 and 1.95 at
A/D = 0,05 , 0,10 and 0.25 respectively compared to the stationary
cylinder value of 1.33 . It is shown that these maximum values of

( Clrms {  @ve compatible with the total TS 1ift cosfficients
measured by Otsuki et al (1974) and Nakamura & Mizota (1975) .
d) For 4/D = 0.25 , the vortex convection velocity (i.e. §. <3a j

was, during lock-in, found to maintain the stationary cylinder value.

- C
Both the measurement of .—L———Jﬂl (Fhe non-dimensional
2MmMS
vorticity shed by each shear layer into the wake per cycle of vortex
shedding) and the calculation %} 1 (using the potential vortex
T Uy

wake drag formula) suggest that the lock~-in values of non-dimensional
vortex strength are less than the stationary cylinder value,

e) The spanwise correlation of lift fluctuations, R(P,Z) ’ is
improved during oscillation especially at lock-in. For A/D = 0.05
and 0,10 , the lock=in value of R(P,Z) has a resonant response

| pattern with mifimum R(P,Z) ‘oceuring at about ;iz
¥Qti at which the lock-in values of RMS lift

pressure fluctuations are maximum, This maximum value of R(P z) is
. ]

= 7.8 which

is also the

éhown to be practically unity over the whole span.
During oscillation, a reduction was generally observed in the
chordwise correlation of fluctuating pressures especially near the
trailing edges of the side faces,
| f) During lock-in, variations of up to 160° were observed in (b
(in the present work (b is the phase angle by which the fluctuating
1lift pressure at the centre of the side-face leads the cylinder's
displacement). Results at 4/D = 0.05 , 0.10 and 0.25 indicate
that (q%EL—) (the valﬁe of JJEL— at which (b =0 )
nd /$=0 , fud
increases with A/D . This, it was noted, indicates that the steady-

state amplitude attained by an undamped spring-mounted cylinder during
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Ve

free oscillation increases with f?“:}ﬁ" -~ a trend compatible

\ M
with the free oscillation results of previous workers. The present
values of (P are also shown to suggest, as observed experimentally by

previous workers, firstly that the square section cylinder cannot

is below

undergo significant self-excited oscillation when éjtg
resonance and secondly that structural damping will ;gduce the
amplitude of self-excited oscillation,

It is shown that the present values of (b are in good qualitative
agreement with the values deduced from the total force measurements of
Otsuki et al (1974) and Nakamra & Mizota (1975) - particularly the
former (the (F values of these other workers indicate the phase
angie by which the total fluctuating 1ift leads the cylinder's
displacement).

g) The presént values c;f (CPrms> and 4) are compared with
those of Wilkinson (1974) - the only g&her worker known to have
conducted such measurements on forced square section cylinderg. The
lack of agreement between the two investigations is attributed, at
least in part, to instrumentation problems on Wilkinson's part.

Wilkinson's (1974) results are also shown to be incompatible
'firstly with the total force measurements of Otsuki eé 2l (1974) and
Nakemmira & Mizota (1975) and secondly with experimental observations
on squaré section cylinders undergoing self-excited oscillation.

) h) Outside the lock-in range, the waveform of the 1lift pressure
fluctuation is, in agreement with spectral analysis, shown to be
complex with beats occuring when the vortex shedding frequency is
slightly higher'than the body oseillation frequency. Using these
beats, it is shown that there_is a spanwise as well as timewise
variation in vortex shedding frequency.

During lock~in, the amplitude of the gignal of surface 1ift pressure

Us

fluctuation is shown t0 be less modulated. At ——ee = 7.8

f,d
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Ue
€N

pressure and spanwise correlation are maximam), it is shown firstly

at which both the 1lift fluctuating

(the lock-in value of

that vortices are shed simultaneously all along the span and secondly
that the amplitude of the lift pressure fluctuation is approximately
constant at the peak level that occurs on the stationary model, From

these findings and from the trends indicated both by the measured

L
T Ve ¢
suggested that the primary effect of synchronised oscillation is to

pressures and the calculated values of s 1t is
correlate the 1ift along the span thus making the flow more two
dimensional.

i) By combining the measured values of {b and Cpb with flow
visvalisation results, it was deduced that there is an inverse relation
betveen the base sqction and the lateral displacement of the
oscillating body away from the centreline at the time a vortex is about

to be shed. This finding is likened to the effect of trailing edge

spoilers on the base suction of certain stationary rectangular cylinders.

¢
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' ON THE NEXT PAGE _
Fig. 21(c)

Fig. 21 7’he§7 Setra pressure transducer and
associated mounting procedure
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HOLDER A ' HOLDER B
L = 0.4" ' ' L = 0.4"
D = 09" . D = 0.5"
b = 1.5" b = 1.5"

71: - . . 7 “
e = g e - 5
f = 0.6" : f = 0.4"

EXACT VALUES OF D WERE CHOSEN SO THAT HOLDERS A & B
PROVIDE TIGHT-FITS WITH THE CAP AND THE TATL OF THE 4"
SETRA MICROPHONE RESPECTIVELY.

HOLDERS ARE MADE FROM ELECTRICALLY INSULATING MATERIAL.

Fig. 2.1(C) CONTINUED.
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END PLATES

7 ‘////////////////,@éé,éi-'///////////////x

36" >

TURN-TABLES ON
WIND TUNNEL
SIDE WALLS

Fig. 2-2 Stationary model mounting procedure



Fig. 223 Location of type (B)'pr‘essure tappings on the stationary model

Ay ‘
- BACK PLATE
2 3
B
Uoo
- A o X
C
D
1 4
MODEL MID-SECTION
1Y
POSITION OF HOLE 6a (HOLE 6a IS
THE SAME AS HOLE 1)
ffa10a9a _8 _7a  ea)f _ sa 43 33 23w} %
MODEL BACK PLATE
CO-ORDINATES OF PRESSURE TAPPINGS AT MODEL MID-SECTION
HOLE X&Y HOLE X&Y HOLE X &Y HOLE X&Y
NO. CO-~ORDINATES NO. CO-ORDINATES NO. - CO-ORDINATES NO. CO~ORDINATES
1 (111’ 0) R 9 (_1n, 19’16) 17 (_1n, _9/‘;) 25 (1n’ __11/‘6")
2 (mam) 10 (v E) e (< -t 26 (17, - 3t )
3 (11, e) 11 (1" % ) 19 (=1, =The) 27 (1M, - %)
4 (1", %) 12 (-1", %e) 20 (-1, =%e) 28 (1, Vi)
5 (" He) 13 (<1, Us) 21 (=T - 1) 29 (%, - 1)
6 (-3, 1) 14 (<1my, 0) 22 (=", -1m) . 30 (%, 1)
7 .(_7/5", 1,:) 15 (_1"’_3/16 ) 23 : (1n’ _15/1;)
8 (-1"%e) 16 - (=1"-T%e) 24 (1, ="%g)
i CO—ORDINATES OF SPANWISE PRESSURE TAPPINGS ON MODEL BACK
FACE. ALL TAPPINGS ARE LOCATED ALONG Y = 0, X = 1"
laZ= 15"; 2aZ2 = 13"; 3a Z = 11"; 4aZ2 = 8";53 %2 = 4", 6a 2= 0
T7a Z = = 4", 8a 2 =-8", 93 Z = -11", 10a 2 = -13";11a Z = =-15"



Fig. 2-4 Details of a type (B) pressure tapping

-+——— MODEL SURFACE

BRASS TUBING
TO _

MICROPHONE —
"DIAPHRAGM T~ pLasTIC TUBING

.D. OF BRASS TUBING = &
O.D. OF BRASS TUBING =3

Maximum allowable length of brass and plastic tubing between
model surface and microphone diaphragm is 23

CO-ORDINATES OF TYPE (B) PRESSURE TAPPINGS ON THE
STATIONARY MODEL (AXES ARE AS DEFINED IN FIG.3)

HOLE NO.  golonr mms HOLE N0 " oo e riates
o CE a6 (F )
> (2, 1, 2av) 7 ¢4, 1 2R)
s (F.man o (oD
4 (=%, 1", 2") 9 (4, 2%)
5 0 (=¥, 2")

‘ Z POSITIVE IS TOWARDS THE INSTRUMENTS' END OF THE - -
MODEL.
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Fig. 2-5 Details of end plates
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SHARPENED EDGES

s
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s
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L L L
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MODEL FRONT PLATE

34"~

DIMENSION OF END PLATES

TYPE OF END PLATE DIMENSTON
| a b c d e
- No. 1 i 6" 3 g" A
No. 2 4" 6" ZAn gn 12"
No. 3 4" 8" 6" 14" 14"
No. 4 . 4" 6" 6" 14" 12"
No. 5 4 a" 34N gn 14"

PLAN
VIEW
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CIRCULAR SLOTS (OR CLEARANCE HOLES) ON
TUNNEL SIDE WALLS

/ =he PLATES\

72277 7 st 7 777 77 777777

- \WIND TUNNEL/

OSCILLATING
MECHANISM

OSCILLATING
MECHANISM

ASSSNANNNERENNNNNNNNNN

_Fig. 2-6 Oscillating model mounting procedure
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" Fig.2:7 Location of pressure tappings on the oscillating models

Y
2 B3
Uo . -
- A c =X
D
1 4

OSCILLATING MODEL 1

ALL TAPPINGS ARE POSITIONED SPANWISE ALONG THE CENTRELINE OF
FACE (Y = 0, X = 1" FOR ALL TAPPINGS) :

HOLE NO. S 2 3 4 5 6
7 - CO-ORDINATES 16" 8" 0 —4" ~ion 14"
Z = 0 CORRESPONDS TO THE MODEL CENTER SECTION

OSCILLATING MODEL 2

ALL TAPPINGS ARE POSITIONED AROUND THE MODEL CENTER SECTION'

(z2 = 0)
HOLE NO. 1 2 3 4 5 6 7 . .8
- CO- - 27" 5" '
X nggRDI 0 - 35 -1? -1n -3 ) %n 10 qn
Y - CO-ORDI-  _, o 2 e o g =

NATE 32

OSCILLATING MODEL- 3

A) THIRTEEN PRESSURE TAPPINGS ARE POSITIONED AROUND THE MID-
SECTION OF THE MODEL (Z = 0) AS BELOW .

HOLE NO. 1 2 3 4 5 6 7T 8 9 10 11 12 13
X - CO-ORDI- 3" n " ,__§_” " n U -2" n ] "
NATE 3 4" 0 "7 -1v-1ra1r 0 g " 1
Y - gz;gRDI— 1" mn 1n 1u 111 :T” O —%v' pu L ~n ";:—-', (0] i-‘
B) THIRTEEN ADDITIONAL PRESSURE TAPPINGS ARE POSITIONED SPANWISE
ON THE CENTERLINE OF SIDE-FACE B (X =0, Y = 1")
HOLE NO, 1 2 3 A 5 6 T .8 9 10 11 12 13
Z - gﬁ%ggDI— 16%11 15" 12_%n 10" en on ~3n 6" -9" 1 1_%._11 -4 _16_%_11'

HOLE 3 IN (® IS THE SAME AS HOLE 7 IN ®

Z POSITIVE IS TOWARDS THE INSTRUMENTS' END OF THE MODEL.
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L
e
T\

x 0
x
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( ALL PRESSURES WERE MEASURED WITH AN INCLINED ALCOHOL
MULTI-TUBE MANOMETER)

Fig.31 Wind tunnel calibration



L = LENGTH OF TUBING BETWEEN THE SOUND SOURCE AND THE PRESSURE

TRANSDUCER’S DIAPHRAGM
18— EXACT SPL. INPUT UNKNOWN BUT ESTIMATED TO BE APPROXIMATELY 124-15 dB
16—
14}— —O0—0—0—0— L=2" |
Bls —d—r—y— L =27
z ; 190 _ —ppet—p L= 3
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Fig. 3-2 Frequency response of the z,’-”Setré pressure transducer Model 237
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BETZ MANOMETER READING IN mm H,0 —>
o

Qe POINTS OBTAINED ON 20-11-74
o e e e POINTS OBTAINED ON  9-4-75

o ey /e POINTS OBTAINED ON 13-4-75

V = TRANSDUCER OUTPUT MEAN VOLTAGE

V,, = TRANSDUCER 'ZERO’ VOLTAGE QUTPUT

| l 1 | l | | | 1 |

300 400 - 500 600 700 800 900 1000 1100 1200 1300

TRANSDUCERS RELATIVE RESPONSE (V-V,) IN mV——»

Fig. 3-3 Static calibration of the 3’”Setr‘a pressure transducer Model 237

€7



-t
(%)

-
PN

—
N

e

BETZ MANOMETER READING IN mm OF H,0 —»—
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V, = TRANSDUCERS ‘ZERO' VOLTAGE OUTPUT
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Fig. 34 Static calibration of the 1 B & K microphone system
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A =) g A FUNDAMENTAL FREQUENCY

" a EXPERIMENTAL MEASUREMENT OF
McGREGOR (1957) R, = 4.3 x 10

A a4 EXPERIMENTAL MEASUREMENT OF
' GERRARD (1961) R, = 4.3 x 10

McGREGOR (1957) THEORETICAL
MODEL, Co = 2a, —lo _ = 0.830
2n A
o go PRESENT THEQRETICAL MODEL
Co = 2a, —°0__ = 0.830
: : 2nt 4.2
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=
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Logio {CPFUN } —_—
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Fig. 42 Comparison of theoretical and experimental values of C,QFUN for a stationary circular cylinder




Fig. 4-3 Potential flow model -variation of ( To
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U, d

O5—
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O.
10

2 4

10° 10
REYNOLDS NUMBER — =

10

Fig.4-4 Non-dimensional vortex strength as a function of
Reynolds number
o BLOOR & GERRARD (1967) measurement %/d = 10.0

8] n " n " X/d = 6.0

Cui-ve 1 ROSHKO'S (1954A) method using his observation of K

Curve 2 ROSHKO'S (1954A) method using Bloor & Gerrard (1967) 'va.lue of K
©  McGREGOR'S (1957) model using his value of (CpeynJe = J;_C,
X  McGREGOR'S (1957) model using Gerrard (1961) value of (CPFUN)ez%

Y  Present model using McGregor's (1957) value of (Cprun)g It

nfA o]

V  Present model using.Gerrard (1961) value of (Cerun) o=

" Curves 1 and 2 are taken from Bloor & Gerrard (1967).
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PREDICTIONS OF THE LIFT-OSCILLATOR MODEL
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Fig. 51 Wake of a stationary square section
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Fig. 6-2 Mean pressure distribution on a square section cylinder at 0°incidence

852



See Fig. 61 for notation

-1.0F—
A °
- ;2 Ca o4 A oda © 4 4 Aok 4 o)
eI W
goe '
' -2.0 FACE A FACE C FACE D~

Fig. 6:3(a) Mean pressure distribution on a square section cylinder at 5° incidence
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- Fig. 63(b) Mean

pressure distribution on a square section cylinder at 10" incidence
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Fig. 6-4 Mean pressure distribution on a square section cylinder at 13-5° incidence
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Fig.6-5 Mean pressure distribution on a‘square section cylinder at 75°incidence
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Fig. 6:6 Mean pressure distribution on a square section cylinder at 25° incidence
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Fig. 6:7(a) Mean pressure distribution on a square section cylinder at 30° incidence
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Fig. 6-11 (b) Mean pressure distribution on Face B at 13-5"inclination



270

A
1.60—
" 1-50— -
-(Cplg/c
1-40{—
1-30}—
| | I | I |
2 4 6 R 10 12
(Cplgjc - MEAN PRESSURE COEFFICIENT B
AT THE CENTRE OF FACE C _ Ug

HOLE 8/ D

v Vv v NO END PLATES
o1 TES i

a4 a4 & N END PLATE STATIONARY MODEL.

O O © No. 2 END PLATES MODEL BUILT \IAY;IT[(-) WIND
TUNNEL SIDEWALLS

o o o No. 3 END PLATES

X X X No. 4 END PLATES
MODEL STATIONARY B8UT

® [ ] [ ]

No.2 END PLATES { MOUNTED THROUGH CLEARANCE
HOLES AS IN Fig. 2:6

Fig. 612 Variation of (CpJ,, with Reynolds numbenr



Ol

INCIDENCE

1.0p—
S o =0 O o Uoo
e e
05—
0 ! I | § I }
¥ |l o LIPS LS U o o |
5 10 15 . 20 25 30° _~"35 40 45
ANGLE OF INCIDENCE,d — ~
: P .
// Coa,Cpalpc,& Cpp ARE AVERAGE MEAN PRESSURE COEFFICIENTS

ON FACES A,B,C,&D RESPECTIVELY

épo AND c_:pB WERE MEASURED AT EACH VALUE OF INCIDENCE,Q,
BY ROTATING THE MODEL THROUGH 90°

Cpp WAS USING THE No. 3 END PLATES ONLY

Fig.613 Variation of Cpa, Cpos, Coc & Cpo On a stationary square section cylinder with incidence

1L



272

180— -
Cpb AND CpD ARE AVERAGE MEAN PRESSURE
COEFFICIENTS ON FACES € AND D
RESPECTIVELY
1-60t—
~
\\
RN
a0~
1 —
o \ ,/6’ ————————— ~B_
J} /’D' O
\ -~ e
\ ,/’ ®
1-20}— \ PR
— 7
—CDD A \\\ : ,L'.V
3 . A # A A 4
o Iy A
Nt
100— Tl \~J A A R A
A
A
¢ Cop WAS MEASURED AT EACH VALUE OF QL BY
A ROTATING BOTH THE MODEL AND THE END
0-80}— A ' PLATES THROUGH 90° '
| l 1 | l,
10° 20° 30° 40° 50
- ANGLE OF INCIDENCE, 040 ————
1-60p— :
1-4oﬁ:\ ! B-
' o ——b8-""0
\ — /g’ (o)
A A \ _ - /6 °®
\ ,zg °
J 1-20}— \ A"
- \ s ° ()
- Cpb \ e
\8 ‘A/, " A A
a / A A
N ’
1.00— o A
A A NOTATION
s @ © @ NOEND PLATES
A A A Noi END PLATES PRESENT RESULTS
0-80l— 0 00 No.2ENDPLATES | Re=4-74 x10%
N O DO No3ENDPLATES
‘ A A A POCHA (1971), Re=92 x10%
NO END PLATES, OPEN JET
060 L . L, |
10 20 30 40 50
| ANGLE OF INCIDENCE, & -
Fig. 614 Effects of end plates on Cpp and Cpp



—Cpb

04

Q {INCIDENCE)

Cpb = AVERAGE MEAN PRESSURE
COEFFICIENT ON FACE C

A & A B.E.LEE, 1974, Re= 175 x 105 SMOOTH FLOW, NO END PLATES

A A A ESDU DATA ITEM 71016, 1971, SMOOTH FLOW

=OumOueOme  PRESENT RESULTS Re=4-74 x 104 SMOOTH FLOW, END PLATES USED
o X BEARMAN & TRUEMAN, 1971, Re=2 x10% = 7x 1¢? SMOOTH FLOW

OO O POCHA (1971), Re=9-2 x10% OPEN JET,NO END PLATES

I | | | I | I
5° 10° 15° 20° 25°
ANGLE OF INCIDENCE Q

[ l

30° 35° 40° 45°

’-

F/g 6-15 Base pressure coeff:c;ent on a square section cylinder

CL?



25—

2-04

- SECTIONAL DRAG
1 2
3 pU,d

D

LEE (1974), SMOOTH FLOW, Res175 x10°

ESDU DATA ITEM 7106, 1971, SMOOTH FLOW

PRESENT RESULTS Re=4:74 x 109 SMOOTH FLOW

BEARMAN & TRUEMAN, 1971, Re= 2 x 10%—7 x 104, sMoOTH FLOW
PARKINSON & BROOKS ,1961, Re=6-6 x 10° SMOOTH FLOW

(§)]
«
(o]
4 X O O b
o o b

«

1,0}.1 D | | | | | |

5° 10° 15° 20° 25° 30° 35° 40° 45°
ANGLE OF INCIDENCE —

Fig. 6.16 Sectional drag coefficient of a square section cylinder

hie




it

;-C( (INCIDENCE)

Re=6-6 x 104, SMOOTH FLOW

SMOOTH FLOW

SMOOTH FLOW

+ 0.2 Uco
. —_—
a o
: )
/0'" o) \n
0-0 O— 0
o
A
. 'CL SECTIONAL LIFT
- 2
0 1pUsd
C v
L V V¥V PARKINSON & BROOKS (1961)
_05—
O O O ESDU DATA ITEM 71016, 1971
o —OmeeQmmeO=  PRESENT RESULTS, Re=4-74 x 10%
v
o
1.0 | 1 | 1 L 1 |
' 5° 10° 15° 20° 25° 30° 35° 40° 45°
ANGLE OF INCIDENCE a —_— '
coefficient of a square section cylinder

Fig. 617 Lift

GL?



276

a° (INCIDENCE)

—O—O——O—O==O=—O=  PRESENT RESULT, B& K ; MICROPHONE
MODEL 4136, STATIONARY MODEL, Re=6-06 x 10"

SMOOTH FLOW
0 0O OO G O BE.LEE; 1974, Re=1-76 x10° SMOOTH FLOW

A A A A A A JJPOCHA; 1971, Re=~9-2 x 10%
V .V ¥V V V V  B.J.VICKERY;1966, Re= 4 x 10° 1.6 x 10°

X X X X X X  RHWILKINSON; 1974, Re=10%10°

B.E. Lee & R.H.Wilkinson measurements are corrected
for blockage by the author using Maskell’s method.

Fig. 618 D)'sz‘ribution of fluctuating pressures (Cppus)
on a stationary model at &.” incidence.’



o
o
|
>4
q
q

o
an
l

a° INCIDENCE

0:-25}1La A

A A See Fig.618 for notation

FLUCTUATING PRESSURE COEFFICIENT Copus

L

6 57 463952 1 6 5748392 1 6 5746362 1 6 57483
FACE A FACE B FACE C FACE D

9 2 1.

Fig. 6-19 Fluctuating pressure distribution on a stationary square section at 0° incidence

LL?



05

0-4

03

02

CPRMS

01

0-2

01

CPRMS

Fig. 6:20 Distribution of Cpps0n a square section cylinder at Q° incidence

a °
— A a A A A a'-:']O
A
See Fig. 6-18 for notation
FACEV A FACE B FACE C FACE D
L w
W | | a=132 '
6§ 5748392 1 6 5746392 1 6 57486382 1 57 48 36 2.
FACE A FACE B FACE C FACE D

LT



05

04

03

CPRMS

CF'RMS

0

INCIDENCE &’

See Fig. 618 for notation

1 L 1

L 1

6

5 748 39 3
FACE A

| S | S|
6 5 7 4 9 2 1

E
FACE C

Fig. 6-21 Distribution of CepysOn a square section cylinder at ° incidence

bL?



230

~ (Cprms) 8/c
o / b
°
(V)
o
)
b3
@
]
5 10 15 20 25 30 35 40 45
INCIDENCE, @ IN DEGREES —————
O7—
® 0 @ NOEND PLATES :
A A A No.1END PLATES § HOLES 8/c & 8/B
O O O No.2END PLATES
0.6 A A A NOEND PLATES
\ vV VvV No.1ENDPLATES ¢ HOLE 8/D ONLY
‘\ X X X Na2 END PLATES :
\ ‘
0 5p— \\ - HOLE 8/8
\
o
: \
0O-4}—
2
w
2
s
&
O O03F—
oJ
m
3
& 02—
>3
&
o
O1p—
[ l | l | l I |
5 10 15 20 25 30 35 40 45

INCIDENCE, @ IN DEGREES ————

Fig. 6-22 Variation of Cppys at tappings 8/B, 8/C and 8/D with
incidence Q°on a stationary model



298]

0.4 —
o
. T 2 (CPRMS)S/C
03— o
I 02—
O
Y
— 01—
w
b3
o
o
Q
s
o | | | | ! ‘
2 4 6 , B 10 12
Re X 10 -
071
A A
%o .o ® &
- ® g A (CprMs)als
o U g 0
0:6}— o o® o
(HOLE 8/8)
!/
05— . B
] Voo
C A e
(HOLEB/C)/ D
04—
MODEL BUILT INTO TUNNEL |} O 0O O NO END PLATES Bk Ve
SIDE WALLS AS DESCRIBED A A& No1ENDPLATES § BRX 3
IN SECTION 24-2 O O O No 2 END PLATES
T O3  MODEL MOUNTED EXTERNALLY
THROUGH CLEARANCE HOLES 1/" '
ON TUNNEL SIDE WALLS AS (© ® ® No.2 END PLATES (2 SETRA MICROPHONE )
IN FIG. 26
o] 0'2 —
3 8/B 1S THE MID-POINT OF FACE B,
4 8/C 1S THE MID-POINT OF FACE C
S
QO 01—
L —g
0 L | | | | |
2 4 6 8 10 12

Re X 10—4

Fig. 623 Variation of fluctuating pressure at tappings 8/B and
8/C with Reynolds number at a=0" on a stat:onary square
section cylinder: _



10 9 " R(pz) - SPANWISE CORRELATION OF

: MEASUREMENT LINE
X
) FLUCTUATING PRESSURES -~ |7/
X Ueo
- Dlc A -—
| D
0-6|— -0-0-0- PRESENT RESULTS, R=0-94 x1o‘“-2-95x1of>56-‘5
X a a4 POCHA(1971),Rg9-4 x10, X/
V V'V VICKERY(1966),Re=4x10- 16><1o5 %3
04— DDO LEE(1974),Re=176X10, ‘3/D %
X : 4_
« XXX WILKINSON(1974), R=10%-10; %= 1
N ™
0_‘ 02 e X ° o0
- Do
o
XX
o]
0 o
o]
-0-2}—
0.4 | | ! | | I | | | | | l |

1 2 3 4 5 6 7 8 9 10 1 12 13
‘ SPANWISE SEPARATION Z/D -

Fig. 6:24 Spanwise distribution of R(F Z) on face B of a stationary square section cylinder at a=0°




u.
08— C A —_—
D
zZ
o —O-+=O=--O=- REFERENCE POSITION HOLE 5
|——
j = X==X==X== REFERENCE POSITION HOLE 8
m _
(04 i Jef = REFERENCE POSITION HOLE 2
@ 06 | ’
8 e = A= REFERENCE POSITION HOLE 3
w
x
o
w
wn
w
xx
a.
1 2 3 4 5 8 7 8 9--HOLE No.
SI FAC U
EDGE A/B DE E B EDGE C/B

Fig. 6:25 Pressure correlation on side face B of a

stationary square section cylinder



STROUHAL NUMBER,S ——

015—

014}—

013

o
N

oMf— | | o oo

o
8
|

>

>
>

= kd
S = 3=

fs = VORTEX SHEDDING FREQUENCY

PRESENT RESULTS, Rew~ 4-74 x 10%SMOOTH FLOW
fs OBTAINED BY COUNTING ON OSCILLOSCOPE

PRESENT RESULTS, Re =4-74 x 104, SMOOTH FLOW
f; OBTAINED FROM DIGITAL SPECTRAL ANALYSIS

LEE (1974), Re=1-75 x 107 SMOOTH FLOW
BEARMAN & TRUEMAN (1971), Re=2 x10% 7 x104 SMOOTH FLOW
POCHA (1971), Re=9-2 x 109 OPEN JET

ROCKWELL (1976), Re = 6 x 10%-2.5 x 10°, SMOOTH FLOW

aEn
O-OQL v VvVVv
0-08 1 | _ | | | | a
0° 5° 10° 15° 20° 25° 30° 35° 40° 45°

ANGLE OF INCIDENCE ¢ ————»

Fig 6.26 Variation of Strouhal number, S,with incidence, .

hg 2



STROUHAL NUMBER, S ————»

014

0l2

e
o

Q
5
&

| d <o
fs = VORTEX SHEDDING FREQUENCY
A
O, (e}
A A OQ) (o)
— A ol o
6 A a -0 &
A o0
o_ fsd
Uoo
©c 00 S OBTAINED BY COUNTING fs ON AN OSCILLOSCOPE,
 SMOOTH FLOW
A A A S OBTAINED FROM DIGITAL SPECTRAL ANALYSIS ON
VORTEX SHEDDING SIGNAL, SMOOTH FLOW
1 2 .3 4 5 6 7 8 e} 10 1 12
-4
Re X 10 —

Fig. 6-27 Variation of Strouhal number S, with Reynolds number R., incidence Q- 0°

58 °¢



2%6

e
2 EXP 4 16/4/75 STATRGD STRSUNRL KO VS INCICENCE FL 101 0 3 EXP 4 16/4/75 STATMAD STROUHAL NGO 13 IHCIGENCE "'-“"" 121.05
S - T R R TR TR TR T I U oo g0 080 123 dwe RN 14 ey 3
. gl .
g * 0
; A =125
8
2 o :
v 3 9.
; g [=]
S8 T i
= A e
[ 24 =
.
- g
g 3
5 x g
1‘ 2 1
g H
Ky
g
8
o ¥ :
»— FREQUENCY(LOOI—> »—FREQUENCYILOGI—>
% EXP 4 16/4/75 STATHOD STROUMAL MO VS INCIDENCE FL 102 § % EXP 4 1674775 STRTFDD S°RI1waL ND /3 INCIZINZE FL 125 13.5
afse g.0 .80 .20 180 .00 t.4 t-% 1 ‘s 0.40 0.8 1.20 180 2.00  2.40 7.8 1.20
g ] ' '
5 N :
° o
g 5 : 2 A= 13.5
1 t
s s
R . 8¢
E =
e " s
3 x
w [
g1 g N
0. -~
w "
x 8 O
1% [RR
3 e
H . L
L] 2
5 . +
+— FREQUENCYLLOO)—> — FREQUENCYILOGI—»
g EXP 4 1674775 STATRDD STROUMAL ND V8 IKCICENCE FLIO3 10 e o e . — -
G G4n O Tas it 00 fas 1.8 3an < STATROD STROUMAL NO vS INCIOENCE FL 107 20
; to 6.48 0,90 1.20 1.80 1.5 FAT) T 3.
‘g .
R &
3 . = 2 0
- -
1A } % 0
s 3
S S s
s I
2 Z
5 g 5 g
g7 S 5
. wh
o a
[] L]
x § * =
I 13
g 2
) $
g ]
v i
»— FREQUENCYILOG )=
. »— FREQUENCY (LOG )—»

Fic. 6-29 (@) - SpecTRA  OF PRESSURE  FLUCTUATIONS AT
SELECTED  VALUES OF INCIDENCE | o .

( Peosure  tramscucer ositioned on dhe reattaclinunt

faw ot Uy d from e Leadwg 2dqe)



287

8 EXP 4 15/4/75 STRTEID STROJ~AL M) ¥S INCIDENIE FL 189 33

EXP 4 16/4/75 STRTHCO STROUMAL NO VS INCICENCE FL 112 45-
00 0.40 0.8 1.20 160 1.00 140 .60 3.3 o -
e
@
b oo 0.40 0.80 o0 1.80 7.8 T T s
4 ., ~O
! t 7 A =15
o -
2 g s
s 7
& 2
a g -
S . 2
B g ¥
5 5
i i3
L #
8 )
4 YJ{L
®
"
?-

»— FREQUENCYILOG1—> *— FREQUENCYILOD }—>

g EXP 4 16/4/75 STATHGD STROUMRL NO VS INCIOENCE FL 111 40
T 0.40 o.80 V.20 180 7.00 7.4 T e

0

40

-9.98

L300 -pad =300

»—N-8PEC. DENS.{LOO)—>

-4.00

«4.80

4.0

#— FREQUERCYILDD)Y >

Fig. 6.28 (b)) SPecTRA oF FPreSSURE

FLUCTUATIONS AT SELECTED VALUES
OF INCIDENCE , & .

(Pmssum {roms ducer f)os;(w'vud cm_ e
ceatiach momt fau, ol led gro\M. e

/&Lad VVL(} ad 3,9, )



288

8 EXP 4 16/4/75 STATHOD STROUHAL NO ¥S INCIDENCE FL 101 @ € EXP 4 1674775 STATNOD STROU=RL NO VS INCICENCE FL 102 §°
Hoa a-40 (AT 1.20 1.80 2.00 740 1.0 s L) [RT) 0-60 120 1480 1.00 1,40 T 3.
g 0 g .
! T
- i 3 -
A= O : A=5
g 2 :
'Y b
3 g
38 'S s
: : 7
w
& &
o 4 3 <
w ot g T
. a.
% g
= 8 >~ B
19 L%
g 3
by ks
g g
" ki
»—FREQUENCY(LOD)—> »—FREQUENCY(LOOI—>
8 EXP 4 16/4/75 STATHMOD STROUMAL NO VS INCIDENCE FLID3 10 8 EXP 4 1674775 STATRID STRIYAL NO vS TRCICENCE FL 105 13.S
Y oa 040 ©.80 V.20 1.80 2.00 2.40 7.80 3. j co 9.40 5.60 1.20 1.80 2.80 T.40 1.0 3.2
(4]
3 g A= [3-5
D O

(¢]
[0

-2.00

o2

»—Y~SPEC. DENS.(LOD)—>
~4.00

-§.00

-5.00

-3.00

»—FREQUENCYLLOGLI—>

EXP 4 16/4/75 STR(NDOD STROUMAL NO V5 INCIOENCE FL 112 45
90 ) .80 [T ) 2.00 1.40 [

3.0 .00

-2.00

-2.00

~4.08

>—Y¥-SPEC. OENS.(LOC)~—»

o 9.

>

>—FREQUENGY (L0G)

FIG. 6-29
AT SELECTED VALUES OF

o V-8PEC. DEN3.(LOOI—>

.3.00  -2.00

~3:08

-§.00

22,00 ~§.00

= FREQUENCYILDOD)~>

SPECTRA OF

VELOCITY FLUCTUATIONS
INCIDENCE | o .

[Ho.f—culw posifioned tn He wake al (xﬂj)= (3.5d, -3d)
re on te same  Side  as Hie reaflachment fa(.cj



0.00

_JTECTRAL GENSITYLOOL,

2%9

‘ SPECTRAL RNALYSIS POHSPEC STATHOD .

. SPECTRAL RNALYSIS POKSPEC STATHOO 2
08assIv ui11) VMEAOERS FILE 302 b 98asATU (1977) UMEAORY  EnF 303

g

o

_?PECTR%‘%ENS I_I‘_fﬁfoLOD ,'P- o0

20

8 2
T 1
4 S
.‘.u-no 0.40 0.60 1-20 1.60 2.00 2.40 7.80 T T v v -y v v ¥
FREQUENCY(LOG) ‘9.00 £ 0.00 1420 '??EOUEI&OYU(LOGIZM 2.80
?3 SPECTRAL RNALY . ' ) 8
°] LYSIS PORSPEC STATHOD 8
2 PE
P8RSATU (1)  uUMEAosS FILE 303 : © QIan::vn('Eﬁ:i“ UM‘NI;I:“SPEC':;:RTHOO
FILE 305
8
o 8.
hd
2
5 g
s -
[~]
2 S
£ £
2 5
&g £
2% o3
: g
= -~
&% £
% g
Ry i
z 2
70.00 0040 0.00 v \ 7
B . o 1.20 1.60 2.00 v T Tu . r \ v v
FREQUENCY(LOGY ©° " e T O

C) HoLe 6/B d) HoLE 8/p

Fie. 6.30(«) SPECTRAL DisTRIBUTIONS OF

PRESSURE  ELUCTUATIONS AROUND  THE
MID - SECTION OF A  SQUARE  SECTION
CYLINDER AT 0° [INCIDENCE.

[SEE Fcc,.vé_'.’sl' FOR‘ LOCATtoNS OF HOLES]




2 90

axsaIL (192n) UMER

Q O FL.3)0
SPECTRAL ANALYSIS POHSPEC STATNOD

SPECTRAL ANALYSIS POWSPE
Qeasajyu (1991}  umeao T F“EC”?T‘“’"PD

]
b L e )

*\,.J

SPECTRQ}. l!aENSl_;!‘(nLOG l_’ -
_gsscTRe}.‘gENﬂ !I.Va!oLOO l-‘:"

-3.9

: 2
™ e
2 8
K 128 1.80 7.00 T.40 ) 70 T
‘s 004D 020 . g A x r r
FRECUENCYILOG] 1.20

1.80 2.0 . .
FREQUENCTILOGT 0 ¥

¢) WOLE 6/D 1 HoLe 6/c

3 .
- SPECTRAL #MRLYSIS PONSPEC STATNMOD
osAIv (W7D VMEADRS FIE 307

-3.10

ST gesiprygo0n,

-3

PRy

00 ) .0 e "

1.00 2.60 [
FREQUENCYILOO)

g) HoLE 8/c

FIG. &-30(6) SPECTRAL DiSTRIBUTIONS  OF
PRESSURE  FLUCTUATIONS AROUND  THE
MID-SECTION OF A SQUARE SECTION
CYLINDER AT 0" INCIDENCE.

(ser  Fic. 631 ForR  LOCATIONS OF HoLeS)



TR 4 kT S e A W bt h LKl

Y
A
6[6 8/8 6/p
- 6/a L B 16/
Uo . C | |
> S/A TA 8/C >- X
D
e | X Y | PEAK | % OF PRESGURE ENERGY AT ’
HOLE d ANDd C PoWER () M_O/
NO  |tooRDINATES | “PRMS | FREQUENCY £, fo
OF HOLE £, £ 21, 3¢ 'LHCS
8/A |(-0.5, 0) |o.01 | Rf - |13 | - Traces| 4.3
6/A o5, %,) | 014 | £ 4.5 {08 [Traws | — |71
6/B (‘542 .,0-5) 0.62 -FS T8-6 |15 |Traces - 9.1
8/8 {(0, 0:5) [0.63| 82.2 16 | - - 9.8
6/ (%2 ,08) (054 | £ [66:9|6:9 (39 |- |9
6/c |05, %) lowz | £ 4Tl |T5 |66 |Taus| 8.5
8/c |05, 0) 032 | 2f | = |386| - [Tacs|IT3
fo - VoRTEX  SHEDDING FREQUENCY.
fo - Peax POWER FREQUENCY.
Af - BANDWIDTH OF THE HALF PEAK

PoWweR PoINTS.

FIG. b- 3] Specrgﬂ_gﬂcmgp_@_nou OF FLUCTUATING

PREGSURES  ARIUND  THE MID- SECTION OF A
SQUARE  SECTION CYLINDER AT O INCIDENCE,

o G AR . sl s oS A i



il - TNt sl Ot e T s MAATIANL S SR (N Am 8 ST R oA mrfes LA Miseas mrntSemenieer ny 0 v =T et chee s are e mvmem S asiseseie dum ol i

Yo . | ¢

(181-3) 6] 3 (174 8°)

D
—i
(1719:99  (194:6")

o

_ hoLg | s THE REFERENCE POSITION

- EACH HOLE 1S T%TH OF A DIAMETER FR‘oNll

THE CORNER NEAREST T0 (T .

Fig, 632 . VariaTiON  OF THE PHasE ANGLE

AT _THE _ SHEDDING FREQUENCY ARoUND  THE

MID- SECTION  OF A SQUARE _ SECTION

CYLINDER AT 0°  INCIDENCE.




'-u.,, b/A | ~ _ﬁAQ QF
| ' - X

7
{

. (AL MEASUREMENTS ©OF  &// WERE MADE IN
THE  RANGE M5 < %/ £ n.5)

INCTDENCE [RevnoLDs [REFERENCE [WOT-WIKE] MEASURED  |eyppumqro) PResent

A° NUMBER |MICROPHONE \(/d a/d YALUE OF |VALUE OF
Re POSITION a/ S

0 ot | 8/ |-3-7 |648 b-54 |02
0 10 8/6  |-5-9 |67} 6:58
0 payxot| 6/ -320 |655
10 ot 3/D TRy 653 0-120
135 | 10f 3/6 | -%71 | 563 | 0. Iyl
15 . : , ' 5177
20 1ot %/D T 6. 04 o136
20 | T-16
us | 10t 8 | w4 | 689 126 |03

Fig. 6-33(a) MEASUREMENTS OF  THE
LONGITUDINAL  VORTEX  SPACING ﬁ/d




20U

INCIDENCE |MEASURED [UNCORRECTED VALVES |CORRECTED VALUES OF
OF

LA s Y% s [R5 %
0o |6:58 |0:129 |o-85 ) 02l o8
10 6:53 10.126 |0.82 0.120 [0.78
13.5 | 5.63 0451 [0-85 7085 {o.14y [0.8) 708l
20 | 604 {0,143 [0.86 0.136 0.3
L5 6-88 10-124 |0.85) O11%  |0-81]

FIt. 633 (b) EﬂﬂLCULﬂTiON OF THE VORTEX

CONVECTION  VELOCITY Ug
| 0




STREET DRAG COEFFICIENT CpS — ™

0-40

030

020—

\")(ﬁx —-x-——X/x

| | | ] |

o1

0o 05 06

0-3 0-4
SPACING RATIO b/a -—
Fig. 634 VORTEX STREET DRAG COEFFICIENT VERSUS SPACING RATIO

0.7

G562



296

X ==X

Xoo o= oy ‘ //’
’ =X , ~X7  (1-Cpp) -
N\ X 21 S

N ”

e —D—— =0
—'0 .
- o (PREDICTED)

/X\OKO ’
| . N\_k\’( (b/a)x 10 (PreDICTED)
[ E—

X

A X
1-Of—
//A\\
” \ :
- A \ (b/d) (PreDICTED

L= — ———— - 0— — == == pg— — = — — - a
rB- -_—— 00— ——g.-~- : . € (PREDICTED)

| | | [ | L | | 1
5° 10°  15°  20° 25° 30° 35" 40° 45°

INCIDENCE, Q -

Fig. 6-35 PREDICTIONS OF THE VORTEX STREET DRAG FORMULA
WHEN S, ajd=0-85

Note: Cp,S and Crp are not corrected forwind tunnel blockage
effects.



297

THE SIMULTANEOUS OUTPUT OF TWO PRESSURE TRANSDUCERS
PLACED ALONG THE CENTRELINE OF THE SIDE FACES OF A

. STATIONARY SQUARE SECTION CYLINDER AT & =0°,

(CL) RF’lZ -0 967; 83|‘)R ‘09“0&’ (b)‘:)qme, Suj.nats as (a) but
e horizontal”  Scale expanded.

......

R T w,ugﬂm
R L IS e A
R AP

©) Reiz = 0.13; = 155 Ry=099xi0% @) Rpj2=0.085 fi= T-55; Ro= 0.99x10%
Spanwise sq;araron £=25d Spanuwise Sebamtwn, Z =95d

Ve Uso

© Same Slna(,s as (d) but

| nal.s ‘as (d) bu
hornsonfo.(. Scale expanded. Sqma, 3 (

horizontal Scale expanded.
Fig. 6 - 36

*)



TUNNEL TUNNEL

WALL /}ALL
N ,
/ \:L V) X | X @ v Y‘/ ;
/] 1.6I X %
] (o] 0 @ 4
/ o o /

L/
ﬁ - 14+ g

V
/ 4
A /

A CURVE(@ x x x MODEL KEPT STATIONARY

/ A/D =010 , 1.24 Re=109 x 10% ;
/] _
/ ' CURVE® © 0 o OSCILLATING MODEL, A/D=01, [
Y Yoo . 7.00, Re=1-86 x10° %
y 1.0+ - fnd “
Y, CURVE ® 00 O OSCILLATING MODEL, A/D=0-1 %
/ @ Yoo _4.34, Re=1-11x10% ¢
/] (n) o-8r Cpp ISUNCORRECTED FOR BLOCKAGE EFFECTS 5
/]
/ ® g 4
A T8 __ g o o A o 0 n_ 8 —a |,
4 061 ¢ %
/ N /
/ MEASUREMENT
/] POSITION \ ® Uso C
/] 047 e | Al —— ¥
/] /
/] D L/
/ ] e
/ !

o

-0 -81-0 -7l~0 -6|.O -Sl-O —4IO -3EO -~2"0 -1f0 0] 1-'0 21-0 30 4f0 51-0 6'-0 730 BI'O- 9
SPANWISE DISTANCE Z/d ——

©

Fig 7-1a Effects of oscillation on the sbanwise distribution of mean base pressure coefficient

86 ¢



TUNNEL

TUNNEL

WALL ~
/] 184
e : ,
/] x 2 : 1.6 L) A A
/]
/
A
/ 1-4+
/
/]
/ A/D =010
ﬁ 121 | =%—x%—%~ MODEL KEPT STATIONARY,
, =474 X
g ~—a—t—t~  OSCILLATING MODEL, A/D=0-1,
y o 17.9, Re=4:74 x10°
/ @ 1.0+ N™.
@10 _
/] | B
/| Ueo
/ 081 g c Al ——
/] ALL MEASUREMENTS
A WERE MADE ALONG THE D
A CENTRE-LINE OF FACE C
“ 0-64
; Cog IS UNCORRECTED FOR BLOCKAGE EFFECTS
y A
/] { 1 1 | | 1 A 1 1 1 1 I 1 1 1 1
-9 -8 -7 -6 -5 -4 -3 .-2 - o 1 2 3 4 5 6 7 8

SPANWISE DISTANCE Z/d

Fig71b Effects of oscillation on the spanwise distribution of mean base pressure coefficient

A2 A\ N VNN N N N ) A A ) N RS ) R RS ) B S B B R B NN

WALL

66¢C



UNCORRECTED -(Cp)g/c

1-80 —

" —X
Xx
1 '60 [ _____x._——-v'—’
LOCATION OF MEAN
| ,~~ PRESSURE TAPPING 8/C
140 - t ~
D
120 i
(Cols), - 8/~ Foo
P8k = _1/_?_
1.0 "+ 2PV
——¥—¥—%— MODEL KEPT STATIONARY (A/D = O)
~—O0—0—0~ OSCILLATING MODEL f, = 14:96 cps A/D=0-10 -
0-80}-
A/D AMPLITUDE TO DIAMETER RATIO
0-601
. |_~RESONANCE Y=/t ,d=7'46

0-40— ‘© | fs'/ = 0134 (li'e.) } Re = (b) x f, x 176-1

: N~ fy d fyd/ = N ‘

| Re = Reynolds number

|
0-20 L | L1 l l L 1 I 1

! l ]
40 6-0 80 100 12.0 14-0 16-0 18-0 200 220 240 . 260
REDUCED WINDSPEED (Uwft o) ——m

Fig 7-2 Effects of oscillation on mean base pressure coefficient

00¢



UNCORRECTED Cp

| ‘ [ [ ¥
10 X X X STATIONARY CYLINDER, Re=138x10% Cpp=-1.45, Cp=2:20
0o o OSCILLATING CYLINDER, Re_1 .38x 104 c B A Uso
-5.3, A/D 01, 7- 0-71 5 Cop= —0:82, Cp =1-61 X
fo ~ NATURAL VORTEX S ING FREQUE .
- OSC‘IJLL:T\:ON ::EQHUEEDNDCY e " T =149 cps
- AMPLITUDE TO DIAMETER RATIO
Cpb AVERAGE VALUE OF Cp ON FACE C AlD=01
olBA am  7Aya . lam ee  wmss | el 4fc | 7eyc | 2fp &b s
' 3/A a/a 8la . sb1p 6b 2/p " 3;c 4lc sic| s5/a1/8 efs 2B
FACE A i . FACE B ‘ FACE C ' FACE D
o o
-1-0b—
o )
o W‘\ . O
x 04 o o 00 X
X X
X x % X X X x X
X X
_2.0

Fig7-3a The effects of oscillation on mean pressure distribution

log



UNCORRECTED Cp
S

-2:0

8 4lA 7/ 34

L i

2/8 68

e
~h

-l D

R

fn=14-96 cps

Re

00O

ooo
- -A
AA A

8lc 4fc | 7[c3jc

L 1

AMPLITUDE TO DIAMETER RATIO A/p=0-1
1-90 x 10%-2-13x10*

%% STATIONARY BODY,
-o—oo} OSCILLATING MODEL, fwf;-gg, Voo = 7.53

fN= (0]
fud

“00-0 osciLLaTiNG MODEL, Yt =88 Yo _ g.46

' de

}OSCILLATING MODEL,&/ff 94, %&:790

2o 6o 1pslo

3/A
FACE A

—

4a  8fA

5,b1'/o
FACE B

38 8

s/o

2/o

4/c 8§lc

3/c
FACE C

A/D =010

s/81/8
FACE D

6/8

f
M. | Ceo | Co

2-:26
218

2:07
2-02

0 [-1-51
0-99 |-1.43
094 | —1-31
0-88 | -1.26

Cpp S THE AVERAGE VALUE
OF .-Cp ON FACE C

>0

2/5_

Fig7:3b The effects of oscillation on mean pressure distribution

20¢



10}~ o f=14-96 cps
A l U *—¥%—% STATIONARY BoDY, f=O 4
d e Al =2 -0-0-O- OSCILLATING MODEL, N 63 Yo _41.0] Re=3-01x10
' ) s fnd
1 AMPLITUDE TO DIAMETER RATIO AJD=0-1
olL_BA 4/a 7A3a . {2/ 6B  1B5B Blc 4lc 7[c3lc ., |20 6o  1psip .
3lA 4/a  8la 5/01/p 8o 2/p 3¢ 4c e 5/81/B 68 2/B
FACE A FACE B FACE C FACE D
: v "
a 7/ C C
f Pb D .
S A[D=010 :
0 o -1.59 | 2-33
i 0-63 |~1-48 | 2-23
|.-
Lu).l Cpp IS THE AVERAGE VALUE
8:: -1.0}- oF Cp ON FACEC
0
@)
=
)
'0.-—-
# 2o 2-9”
-2:0

Fig 73¢c The effects of oscillation on mean pressure distribution

go¢



UNCORRECTED MEAN PRESSURE COEFFICIENT ——

Uoo

4 fa |fad |Ceb | Cp
if" «0=0—0— STATIONARY BODY | 7-22| 7.46|-160 | 234
10 X X X OSCILLATINGBODY | 89 | 718|-1485] 2.23
e B U D O O OSCILLATINGBODY | 7.51| 7-54(-1388 | 2-23
A/D =025 A8 = ® © ® OSCILLATING BODY | 7.22| 781|-1275 | 2:23
D . . -
(FOR THE STATIONARY _ A A A OSCILLATING BODY | 721| 7.03|-1-a85 | 204
MODEL A]|D=0) : v
N 8 ! A A& A OSCILLATINGBODY | 774} 6-51)-1.485| 1:76
B E B OSCILLATING BODY |5-92| 851 | -0-975| 214
Cpb AVERAGE PRESSURE ON
BASE FACE C
3/a 2/a 44 1/A 5(8 6/ 3lc 2lc 4lcile
O 1 1 r L L T T T 1 T ' 1 T 1 L = T
1/A 2A 3/ 6/D 5/ 1/c 2/c 3lc
FACE A. : ‘FACE B : FACE C FACE D
PRESSURE DISTRIBUTION ON FACE D
SAME AS ON FACE B
—10—_ -] L = n u = [}
o o ® © © o ()
3§ 3°% 8§
W—W
B (] ‘
°
—2_-0——— ® a -]
[
s g R
A

Fig 74 Mean pressure distribution on sides A,B.& C of an oscillating square section, in}cidence-O,‘ amplitude=0-5"

hog



UNCORRECTED Cprms ————

1-20——

1-Of—

Q
@

o
o

%
S

0-2

TAPPINGS /B AND 1/D, ARE

305

fn
POSITIONED AT THE CENTRES Jl/ HOLE 1/8
OF FACES A & B RESPECTIVELY 5
| Ugy
Re=0-99 x10= 316 x10 '
D
» HOLE I/o,
Y
8& .
oK« A = AMPLITUDE

dor D =DIAMETER

fy = FREQUENCY OF FORCED
X OSCILLATION

o — e —— —— - ———— — — —— — —— — — — o — =] —

oo } HOLE t/B

O O » CprMs ON OSCILLATING MODEL
e o A[D=0-1
HOLE 1/0,
X X X Cprms ON OSCILLATING MOOEL
A[D=0"1

— —— —— CprMsS ON A STATIONARY MODEL

~—A—A—A— MODEL OSCILLATING IN STILL AIR
A[D=0"1

RESONANCE
: | I | I | l I I
4.0 5-0 6.0 70 8-0 90 10-0 11:0 12.0
U .
Un = -4 =
Fig.75 Variation of Cegys with X2 | A|D=01

fwd



Corms

UNCORRECTED

306

fn=14-46

(Tapemis, 5/ B)), }

{ —&—A—4A  STATIONARY MODEL, fy = O, Uy >0

_____ MODEL OSCILLATING‘ IN STILL AI'R
fn=14-46, A/D=0.1, Up=0

‘ -0—0—0—~ OSCILLATING MODEL, Uoo>0,
10 . ) fy=1446, A/D=01
l A/D — AMPLITUDE TO DIAMETER RATIO
0-8—
A A
&
T - -~ S— -~ .
—— — —_— — -
RESONANCE —
| | L7 ! ! 1 |
4 5 6 7 8 9 U 10 1 12
REDUCED WINDSPEED =~ ———»

fid
Fig 7-6 Comys AT TAPPING 5/B VERSUS ﬁi% ,A/D=0-7



UNCORRECTED Crrus

1:0

08

06

Q
&

02

307

Uoo

TAPPING 6/D
( =0.25d )

A
—A—A—A—  STATIONARY MODEL; fy=0; Uy, >0
— —— —  MODEL OSCILLATING IN STILL AIR,
fy=14.96, A/D=01, Up=0
-0—0—0- OSCILLATING MODEL, Up >0

fn=14-96 ; A/D=01

AID—AMPL[TUDE TO DIAMETER RATIO

RESONANCE. ==

| | |~ L [ | 1 I

5 6 ) 7 9 10 11 12
REDUCED WINDSPEED f_Uam -

Fig 77 Coans AT TAPPING 6]D VERSUS 7, AlD= 01



UNCORRECTED CprMS

TAPPING 2/D ——

X,=0-078d

10—

|
B
C A
™ |p
pary
A

——A—#— STATIONARY MODEL; fy =0, Uy >0

~0—0—0— OSCILLATING MQDEL,

MODEL OSCILLATING IN STILL AIR,
fy=14:96, A/[D=01, Up=0

fn=14.96, A/D=01, Uw >0
A/D - AMPLITUDE TO DIAMETER RATIO

Q
N A
A A
0-4{—
\ ’
\
\
\
\
N
\ .
N
N
02 Sa
~
' ~
N
~
S
S
~d
h.\h“
" _Resonance T - -
| | L ¥ : | 1 ¥
4 5 6 7 8 e} 10 " 12
-L—,-°°——o-

REDUCED WINDSPEED

fud

Fig7-8 Coams AT TAPPING 2/D VERSUS f% A[D=01



L 2e

12—

UNCORRECTED Cpgus

1-Ob—

TAPPING 5]0/

X,=0-42d

309

STATIONARY MODEL; fy=0, Up>0
MODEL OSCILLATING IN STILL AIR
fy=14-96, A/D=01, Ugp=0
—0-0-0-  OSCILLATING MODEL; f\ =14-96,
A[D=0-1, Ug?0
*¥%* Uy, 20, f=14-96, A|D=0-1

A/D— AMPLITUDE TO DIAMETER RATIO

-~ - )

RESONANCE T ——
| I | | | | | |
5 6 7 8 9 10 - 1 12

REDUCED WINDSPEED Yo —

fnd

Fig7-9 Cpaus AT TAPPING 5[D VERSUSX® A[D 0-1



UNCORRECTED CpprMms

1-0

TAPPING 6/B — fn=14-96
X,=0"25d N X
r——.
> |
Uso
o |
1 A A A STATIONARY MODEL; fy =0; Ug>0

o e MODEL OSCILLATING IN STILL AIR,
— ’ ‘ ‘ fn=14-96, A/D =01, Uo0=0

© O O  OSCILLATING MODEL, fy=14-96,
A[D=0-1, Uy >0 .

A/D— AMPLITUDE TO DIAMETER RATIO

—~——

—
= e~ —
—
S e —
e . o

S RESONANCE
| | N ! | | |

4 5 6 7 8 9 10 11 12.

REDUCED WINDSPEED fU:; o—
N

Fig7-10 Coaus AT TAPPING 6/B VERSUS Yz plD-01
: N




UNCORRECTED Cppps

3U

N TAPPING 2/B
(\_ X,=0-08d
J
X

l‘-.-
B

Uo

1-0— D

cC Ajj‘
#

0-8—

e
-~

= —

—A—A—A— STATIONARY MODEL; f=0; Ugp >0

MODEL OSCILLATING IN STILL AIR,
fy=1496; A/D =01, U0

O O O OSCILLATING MODEL ; Uy, 20

fy =14:96, A/JD=0-1

A|D - AMPLITUDE TO DIAMETER RATIO

—

| [ RESONANCE & —~ =~ = — — —
| y

l I I J

|
4 5 6 7 8

9 10 11 12

REDUCED WINDSPEED f%&do — =

Fig7-11 CausAT TAPPING 2B VERSUS f%, A1D=0.1



UNCORRECTED Cpgrms —

0-6

o
b

Q
R

312

fy 1496

‘ .

TAPPING 7[c 7 "|C Ald  ———
X=0-5d D *

[
~f&—A—£—  STATIONARY MODEL; fy=0; Uy >0

= emememes— MODEL OSCILLATING IN STILL AIR),
fy=14:96, U=0, A|D=01

~0—0—0— OSCILLATING MODEL; fy=14-96 ; A/D=0-1;Uoe>0
"A/D - AMPLITUDE TO DIAMETER RATIO :

RESONANCE
SO Y N
S 9 10 1 12
REDUCED WINDSPEED 2% ——m

Fig7-12 Copys AT TAPPING 7/C VERSUS =2, A/D=01
| . W



UNCORRECTED Cprms

313

B 1 y
TAPPING 3/C
Xi=0~42dl ™, c Al d —-—
x,f

[
—&—N—d— STATIONARY MODEL; fN=0, U >0

o-6r0—— MODEL OSCILLATING IN STILL AIR;
. _ fn=14-96, Uo=0, A/D=0"1

O O O  OSCILLATING MODEL; fN=14-96;A/D=-0-1;U°o>0
A/D - AMPLITUDE TO DIAMETER RATIO

0-4 b
N\ . _ A
A \\HQ‘O/O/“/_

0.2 '

\\‘~-.~~ _ ' RESONANCE : :

R Btk et T 7/ S LU WU MU
3 4 5 6 7 5] 9 10 11 12 o
REDUCED WINDSPEED #% ——>
N

Fig 7-13 Cpems AT TAPPING 3[C VERSUS 22  A/D=01
) A N



Xlt B 1 Uoo
TAPPING 4/C - c Ald ~—vr
X,=0-25d ‘

—b—&—4— STATIONARY MODEL; fy=0; Up >0

UNCORRECTED Cpgms

o6r—— - MODEL OSCILLATING IN STILL AR
fy=14-96, Up=0, A|D=01 |
—-0—0—0— OSCILLATING MODEL; va14-96;A/D=0'1;Uoo>O
A[D - AMPLITUDE TO DIAMETER RATIO - '
0-4}— '
A
V
0.2 o
| RESQNANCE _ e
l l L | = —T-—-|

_ I
3 4 5 6 7

| REDUCED WINDSPEED
" Fig7-14 Corws AT TAPPING 4[C VERSUS

& RS 11 12
Vo
U ind :
== ,A/D=01

fyd ’



UNCORRECTED Cpgrums

X,

TAPPING 8/C
X, = 01d

»

-

—f—t—2A—~  STATIONARY MODEL; fy=0,; Uy 20

06— MODEL OSCILLATING IN STILL AIR;
fy =14-96, Up=0, A[D=01 o
-0—0—0~ OSCILLATING MODEL; fN=14-96;A/D=-0-1;U°o>0
q —X—%—3%  OSCILLATING MODEL ; fy=14-46; A|D=01;Uy, >0
0.4
AA e
0.2
S RESONANCE _ _ ‘
l ] | L 1 | T=~
3 4 5 6 7 B 9 10 1" 12
U '

REDUCED WINDSPEED =

ind

Fig 715 Cerws AT TAPPING 8/C VERSUS,%';,A/D=0_-1

oy

e, o

e g e mar et

. ew



316

0-8;
[ t B 1x, _
Uoo
d|C A - :
gy D TAPPING 7[A ( X =05d)
3 '
- —t—A—A—  STATIONARY MODEL; fy=0, U >0
06—\ MODEL OSCILLATING IN STILL AR
. fy=14-96, Uo=0, A[D=0-1
\\ —0—0—0— OSCILLATING MODEL ; f~=14-96;A/D=0~1;U°°>0
\ A/D - AMPLITUDE TO DIAMETER RATIO
Q \ '
X \
S04 ——\\
="
o
O
A
el
-
O
Yoz
x
S “
zZ T~
D ~4
. RESONANCE ™ ™ — — o _ _ ___
| L L | | |
3 4 5 6 7 8 9 U 10 L
REDUCED WINDSPEED :f—f; —
N

Fig 7-16 Corys AT TAPPING 7|4 VERSUS 22 A/D=01
: N



UNCORRECTED Cpgums X 10

317

10 — )
fy=14-96 |
08— ] TAPPING 3[A(X,=0- 42d)
"
Ueo
dic A —~—
Lo |
e
—h—A—H—  STATIONARY MODEL; fy=0, Ugp >0
0-6 " WU MODEL OSCILLATING IN STILL AIR}
\ fy=14-96, Up=0, A/D=011
\ —0—0—0— 'OSCILLATING MODEL; fy=14-96 ; A/D=01;Ux>0

\ A/D ~ AMPLITUDE TO DiAMETER RATIO
0-4 i
0.2
‘ : RESONANCE & — == — — .
| l l L W | | !
3 4 S 6 7 te) e} 10 11 12
REDUCED WINDSPEED 5 — ‘
N

| oy
Fig 7-17 Cerus AT TAPPING 3|A VERSUS @i‘g , A/D=01



UNCORRECTED Cpgrums

318

U

dle | A ~—2-
H o

]
~h—aA—A— STATIONARY MODEL; fy=0,; Uy >0

0-6—m . MODEL OSCILLATING IN STILL AIR ;
fy =14-96, Usp=0, AJD=0-1

—O0—0—O— OSCILLATING MODEL; fN=14~96';A/D=O-1 ;Uoe >0
' A/D - AMPLITUDE TO DIAMETER RATIO.

fN.1496 TAPPING 4/A (X, =0-25d)
4 '
I F s/

T

o
o

B =y ot v T — ‘ A
T —— 4‘_ RESONANCE
| l I I
3 4 5 &) 7 8 9 10 1 12

REDUCED WINDSPEED f:—"-‘g

Fig 718 Ceaus AT TAPPING 4f4 VERSUS 7%, A/D=01



319

B
Uoo
diC A ~-~— :
} D TX, —— TAPPING 8/A (X,=0411)
'

—A—A—— STATIONARY MODEL; fy=0; U >0
06— - _____ MODEL OSCILLATING IN STILL AIR ;

UNCORRECTED Cpgms

fN =1496, U(x)=o, A/D=01
O 0 O  OSCILLATING MODEL; fN=14-96;A/D=O~1‘;Uoo>O
A/D - AMPLITUDE TO DIAMETER RATIO
04—
0.2
A = oA A
=~
N
1 | | | g REPONANCE | I I
3 4 5 6 7 8 9 U 10 1 12
REDUCED WINDSPEED ﬁ —_—

Fig 719 Corus AT TAPPING 8[A VERSUS £ , A[D=01



320

12— Jf"
X woLe 1/B(X,=0-5d)
B
U
D
1.0 —
© I
B . L\/?f\t— —
) v
=
X 0.6
) —O—0— HOLE {[B8 Cpgpmg ON OSCILLATING -
a ) i MODEL, A/D=0-05
E '=— =— —  CpRMS ON A STATIONARY MODEL
8 ——A—t— MODEL OSCILLATING IN STILL AIR
W .
S 04—
O
P4
o
0-2
\_\
Mi‘ ’ — R
I I | | RESONANCE | | i T
4.0 5.0 6-0 7-0 8-0 9.0 10-0 110 120
fnd

Fig7-20 Copys AT TAPPING 1/B VERsusf:—jg A/D=0-05



521

-
4 N TAPPING 1/B(X,= 0-5d) -

1.2— I o
. ' B

o c | Al —2-

D

)

A = AMPLITUDE
= DIAMETER

1-0

(CrrMms )y

o8

0-6 ‘ o o} HoLE I/B
w o o | CprMs ON OSCILLATING
s \ '/(CPRMS)V MODEL, AD=0-25 (Cprpms ),
& \ —=-0-0-- (Cprms )¢ CORRECTED FOR THE
) ACCELERATION EFFECTS OF THE
: AIR INSIDE THE PRESSURE TUBING
LDU \ o e CpRMS ON A STATIONARY MODEL
— 04— : —2—A— MODEL OSCILLATING IN STILL AIR
8 \ A/D=0-25, (CprMS ly
m -
@ \
O .
O \
3 (CprMs )y CORRECTED N,
0-2|_FOR THE ACCELERATION
|~ EFFECTS INTRODUCED BY .

[

THE AIRWITHIN THE
PRESSURE TUBING

/, RESONANCE
1 l { | 1
40 5.0 6.0 7.0 8-0 9.0 10-0 1.0 12-0

Uoo

] | A

Y

fnd

Fig 7.21 Conms AT TAPPING 1/B VERSUS %, A/D-0-25



322

t/noun/e
12— | | c | Al Yo

D

N\ Y

/. \ A- AMPLITUDE
\ - / , . d,D~DIAMETER

)

2

o

o

QO

a

w :

S —— —— STATIONARY MODEL, A[D=0-0
g:-' \ = === = OSCILLATING MODEL, A[D=0-05
% OSCILLATING MODEL, A[D=0-10
g —— - —= OSCILLATING MODEL, A D=0-25
> 02

X RESONANCE .

| L /| | L1

50 - 60 70 9*0 10-0 10 12:0
._Lli” .
fnd

Fig7:22 Cenus AT TAPPING 1/B VERSUS =% ; A[D 0-0,0050108025
N .




0 -8 —
A/D=0
INCIDENCE,a =0

[ 0-6{—

W

>

(a4

o

=
0-4+—

()

13}

(-

Q

(11}

(aed

[ad

O

@

=

o 02

CLEARANCE HOLES ON WIND TUNNEL WALLS
ASIN FIG. 2. 6. V2"SETRA MICROPHONE USED

MODEL MOUNTED EXTERNALLY THROUGH
P, W, S
Re=1x10%—3.2 x 104

(STATIONARY MODEL). B&K1/4"MICROPHONE USED

) MODEL BUILT INTO TUNNEL SIDE WALLS
X X X
Re=6-06 x 104

FACE A . . FACE B FACE C FACE D
Fig7-23 DISTRIBUTION OF Cpays AT THE CENTRE-SPAN OF THE “OSCILLATING MODEL”

€Z¢



1-0

09

08

o o
r e o

UNCORRECTED Cppums
Q
N

Fig7-24 DISTRIBUTION OF Cpgys AT CENTRE-SPAN DURING OSCILLATION

AfD =01

Yo _ 4.
F 4 =4-8

FACE A

FACE B

FACE C

FACE D

heg



o o
D [s)]
| I

UNCORRECTED Cpryg ———
o
A
I

FACE A FACE B '
Fig 7-:25 DISTRIBUTION OF Cpeus AT CENTRE -SPAN

FACE C
DURING OSCILLATION

FACE D

G2¢



A/D =01
08— Vo =/
AN
B
Uoo
0-6}— c | Al =———
D
0 /
=
o
Q.
O
]
w
'—-
O
91
(0l
(0l
O
>
FACE A FACE B | FACE C | FACE D

Fig 7-26 DISTRIBUTION OF Cogys AT CENTRE-SPAN DURING ‘OSCILLATION

9¢¢



0-9

0-8

0.6

%
I

UNCORRECTED Cpruvs
o
n

FACE A _ B FACE B
Fig 727 DISTRIBUTION OF Cpgrus AT CENTRE-SPAN

FACE C FACE D
DURING OSCILLATION

LZ¢



UNCORRECTED CpgrMs

FACE A FACE B
Fig7-28 DISTRIBUTION OF Cpms AT CENTRE-SPAN

FACE C
DURING OSCILLATION

82¢



UNCORRECTED Cpgums

o
)

08— | 22 =875

0-6 f—

o
'
|

FACE A FACE B FACE C
Fig 729 DISTRIBUTION OF Cprus AT CENTRE-SPAN DURING OSCILLATION

FACE D

62¢



A[D =0
o8l—
Ueo =12:0
fn ,
JRN
O0-6t—
B |
U
C A
D .
0 '
b
& 04—
O
Q
lJ
}—.
O
lJ
& 02
x o
QO
Z
)
FACE A FACE B FACE C FACE D

Fig 7-30 DISTRIBUTION OF Cpgys AT CENTRE-SPAN DURING OSCILLATION

ace



331

120

1-0

o8

Q
o

UNCORRECTED Cprus
o
D

} STATIONARY MODEL

"‘—""*‘} OSCILLATING MODEL

o) Uy _7.85 A o4
f,d D

0.2}~ O~ OSCILLATING MODEL

U, — 0

ek 85 f£=025

1 12 13 4 15 16 17 18 9
i« _SIDE FACE B ~|

Fig.731 Effects of model oscillation on the fluctuating pressures
of side face B



332

30—

(Cerms )y
?
(Crrms)s

(Cerms )t
(Crrmsls

| |
010 020 030
AMPLITUDE TO DIAMETER RATIO,A/D———>

CURVE (1), WILKINSON (1974) ; (Cerms)t . Um_ 4.5 o %‘-1-66

?
(Crrms )s  fnd s
CURVE (2); WILKINSON (1974) (Crrms )t . | N
CURVE @; PRESENT RESULTS | MAXIMUM VALUE OF (E;R_MS_); DURING "LOCK IN

CURVE (4); PRESENT RESULTS ; (CrrmsS) . U 4.5 or N _ 166
CprMs)s fnd fs

curve (B); PRESENT RESULTS}(CPRMS)V , IN_ 166
curVE(®); WILKINSON (1974) [ (Cprms)s s

(Cprms)t and (Cprms )y DENOTE THE RMS PRESSURE COEFFICIENT ON THE MODEL
WHEN OSCILLATED RESPECTIVELY IN FLOWING FLUID AND
STILL AIR

(CPRMS)S — RMS PRESSURE COEFFICIENT ON THE STATIONARY MODEL {N FLOWING
: ‘ FLUID

fjy — FREQUENCY OF OSCILLATION
fg — FREQUENCY OF VORTEX SHEDDING

Fig7-32 MAGNIFICATION OF SURFACE DYNAMIC PRESSURE AT THE
CENTRE OF THE SIDE FACE DURING OSCILLATION.



1-0p— S =0 -0
/ X& O -
’ - Voket O=~-~__0 o
x ) o4 -0 o N_
’/'e d « o , '
o-8— O,l fo) X ®
s X:
2 X
p'
X
A 06l—
' 48y T s A/D=O-25,f~=8-6
0.4} — - =
A SPANWISE SEPARATION, Z, OF © 00 A[D=0-10, =86
~N PRESSURE TRANSDUCERS=2-5DIA. ] x x X A[D=0-05,fy=13-6
o ‘ oo o A|D=0.10, f{y=13.9
% 02— |
STATIONARY CYLINDER R(pz)=0-725 . o
l I | I | | |
5.0 60 7.0 80 90 . 100 10 12:0
Uco -
oo — -
fnd

hd

PRESSURE CORRELATION COEFFICIENT, R(PZ) vs Y2 : SEPARATION Z=2-5D

R(PRZ) —————

~O0~0-D- A[D=025, fy=8-6
. Z=6pIAy & -0--0- A/D=0-10,f;=8"6

A A A =0-05, fy =8
0.21— | A|D=0-05,fy=86
Z - SPANWISE SEPARATION OF PRESSURE TRANSDUCERS
STATIONARY CYLINDER R(pz) =034
5.0 80 7-oU 80 90 10-0 10 - 120
X -

 fyd

Fig7-33 PRESSURE CORRELATION COEFFICIENT, R(PZ) vs é% - SEPARATION .Z=6-0D



R(P,Z)

i 0
X
x 1 °
o >
! \
! ° \
o8— (A
i
1
, : X
06— |
]
19
o
X /‘6
04— o) s
Yo 2 ®
s./
. x X
Z =95D
02— '
Z - SPANWISE SEPARATION OFvPRESSURE TRANSDUCERS
STATIONARY CYLINDER R¢pz)= 0.07
I l l | l L
50 6-0 7OU 80 9-0 10-0 1-0 12.0
(o]
o
fnd
o0-0-0- A/D=0-25, {y=86
~-00-0- A/D=0-10, fy=8'6
eo® ® A/D=0.10, fy=13'9
Xx X A[D=0-05,fy=8'6
10—
06—
0-44+—
- ’
L 2 Z=1325D < e
0-2f—
STATIONARY CYLINDER R¢pz) =0 X
5.0 6-0 70 80 9:0 10-0 1.0 12:0
Yo o
fnd '

Fig.7-34 PRESSURE CORRELATION COEFFICIENT, R(RZ)vs ’%%




335

1-0

0.6 }—

R(PZ) ————»
O
A
I

| | 1 l

|
2 4 6 8 10 fg 14
SPANWISE SEPARATION Z/D - _

corve @) P9-75,775and 83 ie. ‘;—;- ot
: 1-01, 1:04 and 111 respectively

cunvs@ 1%00:8'75 or s =147

fn
CURVE @ fligg =120 or ;'_5 =1.61 - A/D =010
N N ,

cunve@ Yo _ 7.0 or fL’-=O-94

N
curve (3) flﬁ% 625 or -:-2 = 0-84 , /
N N

curvE (6) STATIONARY MODEL

Fig735 THE EFFECTS OF OSCILLATION ON THE SPANWISE
CORRELATION OF FLUCTUATING PRESSURES, A/D:0-7



336 -

~ —C O -
~
\x\\,\ | ®
08— A | \\\\
. ~
. \\\
X \\\~ 4

\~
O6— e \\\~
\~\

- -

a
. 04— ' \\
N .
" ‘ | x
= N\,
02— ' . \x
%
| | | | I\x\,( [ I
2 4 6 8 10 12 - 14
SPANWISE SEPARATION Z/D - = :
curve (1) 675 s’f%‘(’f.s 9.75 or 090 %N—51-31 .
CURVE @ %- 6-25 or I_: = 084 » A/D: 0-25
curve (3) Uoo fs

fN—d‘ =12.0 or

CURVE @ " STATIONARY MODEL, fN=O

17;'=1~61 J

Fig7-:36 THE EFFECTS OF OSCILLATION ON THE SPANWISE
- CORRELATION OF FLUCTUATING PRESSURES, A/D=0-25



331

T W/M~

0.9

STATIONARY - \
b o

1-0

o
©

Q
®

%
&

PRESSURE CORRELATION Rpy
O
~N

0.5 O O O REFERENCE POSITION POINT 5

X X REFERENCE POSITION POINT 8

0O © ® REFERENCE POSITION POINT 2

A A A REFERENCE POSITION POINT 3

04}
1 2 3 4 8 6 7 8 9
| 1 L | l 1 1

A]B SIDE FACE B C/B
B 2" o

Fig 7-37 PRESSURE CORRELATION ON THE SIDE FACE B OF A
SQUARE SECTION



338

30
ﬁ>
£
c 2-0
.
Q
S
ﬁ‘-
g
|
.
O
S
e
W A
- 10—
Q A
L
(é A !
@) (Clrms)t — (CiLrms )v INDICATES VECTORAL
O A SUBSTRACTION
Z
o
A
010 0-20 0-30 .
AMPLITUDE TO DIAMETER RATIO, A[D——
0 00 PRESENT Resuus} : ‘
ESTIMATED FROM THE DISTRIBUTION OF SECTIONAL
X X X - WILKINSON (1974) FLUCTUATING PRESSURES
aoan NAKAMURA & MIZOTA (1975)
ESTIMATED FROM TOTAL FORCE MEASUREMENT
A A A OT SUKI et al (1974)

(chms)f — SECTIONAL RMS LIFT COEFFI CIENT ON THE MODEL DURING OSCILLATION
INFLOWING FLUID

(CLrms v —)SECTIONAL RMS LIFT COEFFICIENT ON THE MODEL DURING OSCILLATION
IN STILL AIR

Fig7-38 ESTIMATES OF THE MAXIMUM VALUES OF THE SECTIONAL
FLUCTUATING LIFTS DURING LOCK-IN' : <



fs/t, & fsof,

fs /fN & fsq/fN

14

339

12
1.0 f- FREQUENCY OF VORTEX SHEDDING
ON THE STATIONARY MODEL
fso ~ FREQUENCY OF VORTEX SHEDDING
ON THE OSCILLATING MODEL
0-8 fy— FREQUENCY OF MODEL OSCILLATION
A/D - AMPLITUDE TO DIAMETER RATIO
0.6 1 l | | 1 L
4 5 6 7 8 e 10 1 12
‘ Vo W ’
fnd
— fyy (5252 = 0134)
STQTIONARY{ . @
. ODEL _fsd _ <
1.6 ———— fs/m(s_%;_o-mo) | .
o 0o o fv e
1.4 fn s
0.4 l l | | ! | | I
5 6 7 B8 e 10 11 12
Vo

fnd

Fig 7-39 EFFECTS OF OSCILLATION ON VORTEX SHEDDING FREQUENCY



340

EXP DPT2 JULYYS DM FPRES ON MIDSLOE FACE ®  Exp2 FEB.78 PRESSURE CORRELATION RUNS t

%
o1 ]
00 . g A . ¥
: ) 0.90 [ ) 200 1 8| T Tc0
5 o N
d 2!
¢ 3 ( ) 1e
é a g °
38 3 7
2’ g
z 5
SR G & b
N 5 )
1 )
= 8 i f
1 '.'1 L w= 0
: Ay = O] l i(STRTIONnKY
+ ’ ) B8ODY Y
Boby DiseLace- My 2
5 MENT T
FREQUCHEYLLOG)-
*— FREQUENCYILDD) —> e
B EXP OPT2 JULYYS DSM FPRES ON HIDSIOE FAC 2, XP DPTZ JULYIS OSH FPRES OM MIOSIDE FA)
Hoa o o0 0 180 .00 kN T
FILE 10 f 2 ( ) o
’?ﬂ N kd fu- Fso %
g
1 I
- (-]
g L I
= K
S g % - O‘I
a e g
t.: -.l:;‘ 7'1 U" - 6' 53
g E
z T3
i iy ()
8
N
L]
? .
o FREGUENCYILODI—> »— FREQUENCTILAO)-
‘8_5 EXP OPT2 JULYIS 031 FPRES DN NIQSIDE FR 8 EXP 6PT2 JULY?S 05" FPRES ON MIOSIDE FACE
00 a.40 ) 1,20 [ 5.0 oo 0.4 9.0 ‘10 8 2.00 [}
8
3 3 N
~
g
t :
: ;|
N ‘
3y g
e ! 5
S £
- o ¥
Y ki
: ~ B
I 19
2
2 x
* )
3 3
I

> FREQUEWCYILOD)- D—FHEBUENCHLO!;I—D '

FIG. 740 () -(f) THE  SPECTRA ©OF LIFT  PRESSURE FLUCTATIONS
MEASURED AT THE CENTRE OF THE TOP GIDE FACE OF A

SQUARE  SECTION ~CYLINDER 0SCILLATING NORMAL To A
UNIFORM FREE STREAM,



34l

EXP OFT2 JULY?S OS54 FPRES OK NIOYI0E FACE

Exp OFT2 JULYIS O3m FrRES ON NICSIZE pi

8 8
Y T 4 os 0.4 7.80 .20 1.60 )
g g
2 g
1 1
1+ 18 U= 1w
H] 8
. N 'F (h,> Jd
2 g
. »— FREQUENCY(LEO)—> +—FREQUENCTILES 1-
‘S;Nur :r.raz JUL:f;IaS osn ::nzs lo_.»:anlus.x.t: fAe ie:x’ ?7'.:.:2 Ju’i:: li".:::“s ,l?_:,,mus:‘i: rm::
: !
2
' 3 1
Se 2 8
. 2 G 1
g7 5
7, :
14 1
2
1w !
. At !
" — FREQUENCTILO0)— - FREQUENCY{LOO 1~
3 ExP OPT2 JULTIS O34 FrALS ON hi1OSIOL 8§ EXP 0PT2 JULY?S 03N FPRES CN RMICSISE #5
Hoa  ea0  emp T . T re S[o0  o-ea  o..0 1.0, 0.8 .03
. ﬁd £ ’ R
o ¢ ) s0 g £,
b Yy N ' s
P (4,(\%,) (2{;0- FN) (;So- Fu)
g \ 2|
t PRI 1
s g s ) -
N,
S 7 s Ay =01
g ; %
- S - 8_
1 by 1 -~ U“ = 12.0
2 2
3 L
8 2
w o~
»— FREQUENCY(L0G1 »— FREQUENCTILDS)-
FiG. T.40(g)-(L) THE SPECTRA OF LIFT PRESSURE  FLUCTUATIONS
AT THE CENTRE oF THE ToP SIDE FACE OF A

MEASURED
SQUARE
T0 A

OSCILLATING PERPENDICULAR
STREAM.

SECTION € YLINDER

UNIFOR M FREE



342

g SPECTAAL RNALYSIS

@N-%O)
\

.03

SPECTRAL DENSITTILEO)

-
—

A/D 010
U« = 569 -

POUSPEC QSCROD $MACFLO QOEQ

%

2.0 .20

. SPECTRengENSIYYILOM_} e

-4, 2

e~

SPECTRAL RNRLYSIS

(fi-%0)

PONSPEC OSCMOD 3MOQFLA OQEGQ

0-10
b-53

[\

-

. &
: - o # ; % " ¥ v " ¥
¢.00 [£7) [AT) dee . o 1,00 1,29 1e8d 1.88 3 ® o-2 e o .r':muﬂ:cevquoml 1 10 16 1.
FREQUENCYILAG)
: , . .
¥ SPECTRAL RKALTSIS PONSPEC 0SCMOD SHODFLO GDED : SPECTRAL RNALYSIS PONSPEC OSCMOQ SHOOFLO ODED
N ‘ f
. g N
8 . : .
g Ay« Ol0 ¥ Ay = 010
) g
E W s 1 53 ] U.. - 1 90
-t o
8 S
g =3
4 =N
= 2
£ y
Do 2
£ 5
g 2
i 1
&
: i ¢
. Yeon . g g . ¥ . 1040 V.80 1. E 0.20 0 ) g ¥ W W Ty
S e ew S kauencTiLoel ‘FReouentTitool T TR Tm
g SPECTRAL ANALYSIS PONSPEC OSCHOD HOTWIRE OCEG FILE
h : i SPECTRAL ANALYSIS PONSPEC OSCHOD HOTHIRE D0EQ -
S0 :
D g A - o 3
) /N = 010
2 - D .
< Ui = 965 )
v - 11-83 (2{ -{
w1 { ” Uy 5o TN

=383

(ﬂo - ‘Crl). (Zf“_ so)

C_ISETRY SenstTviLo0)

-4.0
Lorag
®
"

L]

_F'stulxg}..‘%uux‘ 'l'«oww_g.“

S
=

900 1,00 1.20
FREQUENCY(LOD)

Fig. 7. ki SPECTRA  OF

a1 (x,) = (30d, 3.0d) DOWNSTREAM OF

0SCILL ATING SQUARE

()

]

VELOCITY

SECTION

D.r 0.6

*MReauentiiLood
FLUCTURTIONS MEA SURED
AN

CYLINDER.



~a

343

@ EXP2 FEB.76 PRESSURE CORR. RUNS FL.113

1.00  p.00
2
s}
s
o
]
a
»
g

—
S

»—~Y-SPEC. DENS.{LOC]—>
w300 -2 -1
=

8
3 A/ - 0.25
s

8

o t}u = 537
8. .

hy

»— FREQUENCY(LOG)—»

5 EXP2 FEB.76 PRESSURE CORRELRTION RUNS FL

t

:hou 940 n'lo. 120 1.0 .00

% Zf .
1 B N
: 5 (C>
Iy
11 A <0725

. D

g Ui = T18

2

e

»—FREQUENCTILOO)~»

% EXP2 UULY 76 PRESSURE CORRELATION RUNS A
°

.ﬁ. n

*—Y=3PEC. DENS.(LOO)—»

% -

0-25
8.0y

<
z
]

»— FREQUENCYILOG I~

= Y¥-SPEC. DENS.(LOG)~»

@ EXP2 JULY 76 PRESSURE CORRELATION RUNS

™
: ™ P 0.1 120 1.50 700
1 ()
s Nl
13 A <025 M

-5.10

Uu - 6’50 I

=418

>—FREQUENCTLLOG)-

E‘ EXP2 JULY 756 PRESSURE CORRELATION RUNS

IN

90
8

1-20 (¥ .00

-390

2.9

»—FREQUENCTILOOS.

r._ EXP2 JULY 76 PRESSURE CORRELATION RUNS
o

.}
j&ca e f-u Y TR
. | *h
1 ()
J
x A4)= 025 |
1 R - q
S

»— FREQUENCYILOG)-

Fie. 742 @ -(F). The  SPECTRA OF LIFT  PRESSURE FLUCTUATIONS
MEASURED AT THE CENTRE OF THE . ToP SIDE FACE OF A
SQUARE SECTION CYLINDER  OSCILLATING NORMAL TO0 A



344

.8;- EXP2 JULY 76 PRESSURE CORRELATION RUNS

N

‘g"‘ 0.80 1.20 1.60 1,00

g 28
I D N ?
S: 9) g
;3
B iy
Lgl o y %

g

1 U, = 1000

2|

= FREQUENCYILOD}—
Fie. 142 (9) & (h), THE "SPECTRA

8 EXP.1 FED.76 PRESSURE CORR. RUNS FL.11

: f
o 1.80 .00
:
i.
|
i /y - 025 '
. P |
TR NS
8
™ .
— FREQUENCYILOD)
OF LIFT PRESSURE

FLUCTUATIONS MEASURED AT THE
A SOURIQE. SECTION  CYLINDER OSC(LLHTING
NORMAL TO A UNIFORM FREE STREAM,

ToP SIDE ‘FACE OF



000 €0

AL TR N P

-4.00

SPECTRRL RNALYSIS

Uu - 510 A

345

BAY €XP. EXRMINATION OF

‘bwm“}

o l‘l

b

FREOUENCY(LOGI

_P.PoECTRB}&gENS!'I.YJOLUM.) 0

0.1

SPECTRAL AMALYS!S RAY EXP. EXANINRTION

-p.10

-1.10

e

Aﬁ‘ 0.25

_‘?.P;ECTRF*. 'EENS 1TY(L00 )_’."

g ) Url = 6 . 50

' r.
&

Yoo ©.20 [AT) [T DT

0.0 .00 V.20
FREQUENKCYILOG)

200" <1.00

_?.PQSC‘IRE} DgENSXYYH.OO)

ﬂ SPECTRAL ANALYSIS FAY EXP. EXRNIKATION OF LOCK- 8 SPECTARL RNALYSIS MAY EXP. EXARINATION OF LOCK
2
< 3
-
£
e "
2 8
=3 fg
.'?4 »"
g £
H g
‘”.:‘ - -
e o3
a. e
= ¢
g A/ = 0.25 p = A = 025
L2 D s : \
¥ ' 5 D
= . - 1.
g 3 |
E‘i'w v : [
g 020 -edl 6.80 6.0 1.0 1.20 [T 60 e * ¥ g ~ —
FREQUENCTLLOO) ' . o 6w . e DR N R R T R
' L3 SPECTIRAL ANALTSIS RAY EXP. EXRMINATION OF LOCK-IN
4 SPECTRAL RNALYSIS WAY EXP. EXRNINATION OF LOCK-IN = -
£
g 2
.

= 0.25
Uy, = %00

FIG. 43

MEASURED AT

0F AN

1.0 1.0 1.20
€REQUENCT(LOD)

SPECTRA

OSCILLATING

' g
! X
' £
E e
T T e e [T 1.8 18 )

OF

(x,4)

VELOCITY
(od , 59d) DOWNSTREAM
SQUARE

6.90 1.00 1.
FREQUEKRCTILOO) e

FLUCTUATIONS

SECTION CYLINDER.



346
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