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SUMMARY

The structure of the wakes of the ring models with various 

cross-sections has been studied. They are compared with the wakes 

of a solid circular disk and two flat plates arranged 

side-by-side. Measurements were carried out in the wind tunnel at 

Reynolds numbers of the order of 10^. Periodic components were 

extracted from the turbulent velocity fluctuations measured by 

hot-wires in the wake by employing a conditional averaging 

technique. Also, surface pressure distributions together with 

correlation and coherence of the velocity fluctuations in the wake 

were measured.

The wake structure of the ring model was found to be highly 

dependent on the geometry of model. A regular and coherent 

axisymmetric vortex ring shedding alternately from the inside and 

outside of ring models with d/w _> 5.0 was observed, where d is 

the mean diameter and w is the width of the ring model. There 

exists a sudden change of the correlation curves for the ring 

model between d/w = 4.5 and d/w = 5.0 and the base pressure 

coefficient rapidly decreases with increasing d/w between 

d/w = 4.0 and d/w = 6.0. Velocity fluctuations in the wake of 

the ring model with d/w £ 4.0 have a fairly weak predominate 

frequency and the velocity fluctuation components at the peak 

frequency are about 180° out of phase about the axis of symmetry.
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The counterrotating inside and outside vortex rings shed from 

the thin sharp-edged cross-section ring model with d/w = 6.0 are 

nearly 180° out of phase with each other at 3.4 w downstream from 

the ring model. However at further distances downstream they get 

closer to each other because of the opposite signed self-induced 

velocities of both sets of vortex rings. A remarkable regular 

periodic velocity fluctuation was recognised on the axis of 

symmetry in the wake of a rectangular cross-section ring model. 

It was also observed that vortex shedding from two flat plates 

arranged side-by-side with fairly wide spacing is symmetric about 

the axis of the gap and the arrangement of vortices is almost 

constant along the wake.

The vortex wakes of a ring and two flat plates were 

numerically modelled by using infinite rows of circular line 

vortices and two-dimensional point vortices respectively. The 

arrangements of vortices and their variation with downstream 

distance observed in the wind tunnel experiment were well 

predicted in spite of the simple numerical simulations used.

The streaklines and particle paths in the wakes of ring 

models and two flat plates were visualized in a water tank at

Reynolds numbers just below 10^. The results from flow

visualization agree with the results of the wind tunnel

experiments.
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CHAPTER ONE

INTRODUCTION

The flow around bluff bodies is one of the oldest subjects in 

fluid dynamics and numerous studies have been carried out because 

of its increasing importance for practical applications as well as 

its fundamental interest.

The frequency and configuration of vortices which are formed 

in the wake of bluff bodies has been one of the main objects of 

interest in these studies for a long time. The first experimental 

investigation were made by Strouhal (1878), who discovered the 

relationship that a frequency, f, of sound generated by a wire 

vibrating in an air stream is proportional to the flow velocity, 

U, and inversely proportional to the wire diameter, D . Today, 

the ratio fD /U is called "Strouhal number". The first 

theoretical treatment was made by von Karman (1911) who found the 

stability condition for a staggered array of point vortices which 

is now famous as the "Karman vortex street". Tyler (1931) 

measured frequencies of vortex formation behind various shapes of 

bluff body at low Reynolds numbers. He obtained empirical 

formulae for the relation between the Strouhal number and the 

Reynolds number for these bluff bodies. Fail et al. (1957)
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measured vortex shedding frequencies from bluff bodies of various 

aspect ratios and noticed that vortices shed more regularly from 

the bluff body of a larger aspect ratio, i.e. a longer span 

comparing to the width of the bluff body. The most intensive sets 

of experimental observations of this relation are those of Roshko 

(1954a), Berger (1964) and Gerrard (1978). Based on the concept 

that all vortex street wakes are similar, Roshko (1955) extended 

further our understanding of this relation and introduced a 

universal Strouhal number in conjunction with a modified Kirchhoff 

method to estimate the wake width. Although the universal 

Strouhal number is almost constant over a wide Reynolds number 

range for various cylinders, Bearman (1967) has devised a new 

universal Strouhal number by using Kronauer's stability condition 

to determine the lateral spacing of vortices, which can be applied 

to a wider variety of bluff body shapes, including a bluff body 

with a splitter plate or with base bleed.

On the other hand, the relationship between Strouhal number 

and Reynolds number has been utilized practically for a long 

time. Rayleigh (1945) pointed out that the Strouhal number should 

be a function of the Reynolds number and that the vortex shedding 

frequency can be linarly related to the flow velocity in a certain 

Reynolds number range. This linear relation provides one of the 

main advantages in practical applications. Kovasznay (1949) 

observed that vortex shedding behind a circular cylinder is 

regular and stable in the Reynolds number range 40 to 160. The 

remarkable regularity makes it possible to measure the vortex
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shedding frequency accurately. Roshko (1954b) suggested for the 

first time a method to determine flow velocities from frequency 

measurements in the wake of a circular cylinder immersed in a 

flow. He observed that the method is more accurate than a 

conventional Pitot-static tube and a manometer at velocities below 

4 m/s. The method was demonstrated experimentally by Webster 

(1964) who confirmed that it is a useful and practical means of

measuring low air stream velocities down to a few tenths of a

metre per second. Kohan and Schwarz (1973) examined the

experimenta 1 reproducibi1ity of the linear relation in the

Reynolds number range of 40 to 160, and presented precise 

calibration formulae in three separate Reynolds number ranges. An 

early attempt to apply this principle for industrial meters was 

made by Shiba (1960) who developed a ship speed meter which 

detects fluctuating force on a bluff body caused by vortex 

shedding. The intensive development of flowmeters applying this
o r  r r

principle in the Reynolds number range from 10 to 10 was 

started a couple of decades ago by Yamasaki et al. (1967), 

Tsuchiya et al (1967) and White et al. (1974). Today, the vortex 

shedding flowmeter is one of the most popular industrial 

flowmeters because of its many advantages such as having no moving 

parts, a wide rangeability and a frequency output which is 

suitable for digital signal processing.
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Nakaguchi et al. (1968) and Bearman and Trueman ( 1972) 

investigated the flow around rectangular cross-section cylinders 

and found that the effect of the body downstream of separation is 

extremely sensitive to the ratio of the thickness to the width of 

the section. They showed the drag coefficient increases to a 

maximum value of about 3 at a ratio of 0.6, whereas the drag 

coefficient of a thin flat plate or a square cylinder is known as 

about 2. In general, vortex shedding from a bluff body with a 

higher drag coefficient is expected to be stronger, which gives 

improved SN ratio in the detecting signal of the vortex shedding. 

A great number of investigations into vortex shedding flowmeters 

have been carried out, most of which concentrated on the afterbody 

shape of the bluff body to improve regularity of the vortex 

shedding signal and linearity of the vortex shedding frequency.

Slaouti and Gerrard (1981) investigated the end effects on 

the wake of a circular cylinder by using flow visualization and 

found that the three-dimensional structure of the wake depends 

strongly on the flow configuration at the end of the cylinder. 

Gerich and Eckelman (1982) also investigated the influence of end 

plates and free ends on the vortex shedding from a cylinder and

found that the end effect causes considerable spanwise

non-uniformity of the shedding frequency. These results

apparently suggest that the end effect has a detrimental influence 

on the characteristic of the flowmeter, because the flowmeter is 

usually used to measure flow rates in a pipe and a two-dimensional
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bluff body without a end plate is installed in a pipe. Maull and 

Young (1973), Stansby (1976) and Rooney and Peltzer (1982) 

demonstrated experimentally that the vortex shedding from a bluff 

body in a shear flow breaks down into a number of spanwise cells 

in each of which the frequency is constant. The breakdown of the 

shedding increases the uncertainty of the relation between the 

velocity and the frequency. In order to avoid the end effect 

problem and also the influence of the axisymmetric velocity 

profile in a pipe, Takamoto and Komiya (1979, 1982) and Karkhof 

(1983) used a ring as a bluff body for a vortex shedding 

flowmeter. However, their investigations were not focussed on the 

wake structure of a ring, but on the characteristics of the bluff 

body as a vortex shedding flowmeter.

Axisymmetric bluff bodies such as a disk, a sphere and a ring 

have received attention from many investigators because of their 

simple geometrical description and wide variety of practical 

applications. One of the early investigations on the wake of a 

disk were performed by Stanton and Marshall (1930), who visualized 

periodic three-dimensional vortex loops shedding from a disk in a 

water channel in a low Reynolds number range. Later, Willmarth et 

al. (1964) also observed horseshoe-shaped vortex loops in the wake 

of a freely falling disk. Fail et al (1957) measured drag, base 

pressure and the mean flow pattern of the wake of a disk. Carmody 

(1964) measured distributions of turbulence intensity and 

turbulence shear stress, and Hwang and Baldwin (1966) measured the 

decay of turbulent energy in the wake of a disk. Calvert (1967a)
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investigated the flow past an inclined disk and found that the 

periodic vortex shedding is usually rather weak and the 

orientation of the plane of the vortex shedding is not fixed and 

varies from time to time at zero incidence measured from the 

normal, but the prominence of vortex shedding increases as the 

angle of incidence increases up to at least 50° and a chain of 

irregular vortex rings sheds regularly from the trailing edge. 

Roberts (1973), Fuchs et al. (1979) and Scholz (1986) investigated 

the coherent structure in the wake of a disk by employing 

cross-spectral analysis of signals from two hot wires or 

microphones placed in the wake. A peak was observed in the power 

spectrum of the velocity or pressure fluctuation in the wake and 

the Strouhal number based on the diameter of the disk was found to 

be 0.135. They observed a high negative correlation of the 

fluctuation components at this peak frequency between two 

positions located at the same downstream distance from the disk, 

the same radial distance from the axis of symmetry and at an 

angular separation of 180°. On the other hand they found almost 

no correlation at an angular separation of 90°.

Measurements of the drag of a sphere, the turbulence and the 

vortex system in the wake of a sphere have been the subjects of a 

large number of investigations. Fage (1936), Maxwarthy (1969) and 

Achenbach (1972) measured the drag and the surface pressure 

distribution of a sphere over various Reynolds number ranges. 

Gibson et al. (1968), Uberoi and Freymuth (1970) and Riddhagni et 

al.(1971) measured turbulent energy decay in the wake of a sphere.
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Winny (1932) investigated the helical disturbance due to vortex 

shedding in the wake of a sphere by using two hot wires. Magarvey 

and MacLatchy (1965) visualized the wake of a sphere in the 

Reynolds number range 200 to 500. They observed distorted 

three-dimensional vortex loops in the wake. Calvert (1972)

measured frequencies of vortex shedding from a sphere and obtained 

a Strouhal number of 0.188 in the Reynolds number range 2 x 104 to 

6 x 104. Achenbach (1974) measured the Strouhal number at higher
5

Reynolds numbers up to 3 x 10 . He found that the flow separation 

line rotates around the sphere. Pao and Kao (1977) visualized 

vortex shedding from a sphere in a stratified fluid and Taneda 

(1978) visualized the wake in the high Reynolds number range 104 

to 10 . The latter found that the wake performs a progressive 

wave motion at Reynolds numbers between 10 and 3.8 x 10, and 

that it forms a pair of streamwise line vortices which rotate 

slowly and randomly about the streamwise axis through the centre
C  /r

of the sphere at Reynolds numbers between 3.8 x 10 and 10 .

One of the early investigations into the flow around a ring 

was performed by Relton (1931) who calculated the stream function 

for a ring moving with constant velocity in an infinite viscous 

fluid. Tchen (1954) and Johnson and Wu (1979) obtained 

approximate solutions and Goren and O'Neil (1980) obtained the 

exact solution for the drag of a ring at a very low Reynolds 

number. The drag of a ring falling freely in a fluid has been 

measured by Amarakoon et al. (1982) and Monson (1983). On the 

other hand, little seems to be known about the wake structure of a
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ring. Roshko (1954b) investigated briefly the wake of a ring made 

up of a wire with a circular cross-section in the low Reynolds 

number range 50 to 500, and found that there exists an annular 

vortex street with a Strouhal number lower than that of a straight 

wire. Although he has not come to a definite conclusion, he has 

suggested that there exists a strong interaction of the vortex 

wake of a ring, which can be similarly observed in the case of a 

pair of cylinders arranged side by side. Takamoto and Izumi 

(1981) visualized stable vortex ring shedding alternately from 

inside and outside of a ring at low Reynolds numbers in a water 

tank. Monson (1983) observed vortex shedding from rings of 

various solidity, projected area ratio of the ring to the solid disk 

with the same diameter, by visualizing the wake of a ring falling 

freely in fluid. However this may give rise to some difference 

compared to the wake of a fixed ring in a stream because of 

oscillations of the ring. He found that there is a critical 

Reynolds number at which the flow pattern suddenly shifts from the 

oblique loop wake structure to a counter-rotating vortex ring pair 

in the high solidity range of around 0.6. Also he observed two 

annular vortex patterns, either a counter-rotating vortex ring 

pair or a counter-rotating helical vortex pair, in the solidity 

range from 0.15 to 0.45. Kamemoto et al. (1986) numerically 

simulated the wake of a ring by a discrete vortex method. They 

could recognize the formation of a vortex ring street in the near 

wake only when the solidity of the ring is very low. In spite of 

these investigations, the characteristics of a ring, such as base 

pressure, vorticity and arrangement of vortices in the wake, still
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remain to be clarified.

As for other axisymmetrical bluff bodies, Calvert (1967b) 

measured vortex shedding frequencies from cones of various vortex 

angles. Maul! (1980) investigated the effect of slant base angle 

on the drag of an axisymmetric body. Xia and Bearman (1983) also 

examined the wake of an axisymmetric body with a slanted base and 

found that vortices are formed from the top and bottom of the base 

and shed out of phase for the majority of the time when the slant 

angle is greater than about 45°.

If we consider the cross-sectional view of vortex shedding 

from a ring containing the axis of symmetry, we can think of its 

two-dimensional analogue of vortex shedding from two flat plates 

placed normal to a stream in a side-by-side arrangement. Several 

investigations on the interaction between two flat plates or 

circular cylinders, which involve measurements of force, pressure 

distribution and vortex shedding frequencies and also flow 

visualization of vortex wakes, have been carried out and they have 

been reviewed by Zdravkovich (1977). Biermann and Herrnstein 

(1933) measured the interference drag which is defined as the 

difference between the drag measured on one of the circular 

cylinders in a side-by-side arrangement and the drag of the 

circular cylinder in isolation. They found that the interference 

drag can be either positive or negative for spacings less than 

four diameters, although there is practically no interference for
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spacings greater than that. Landweber (1942) visualized the wake 

of two circular cylinders and found that the vortex shedding is 

mainly in phase, i.e. the vortex shedding is 180° out of phase 

about the axis of the gap, except for a narrow range in the 

vicinity of the spacing of 2.5 diameters where the vortex shedding 

is in antiphase, i.e. the vortex shedding is symmetric about the 

axis of the gap. But his results were corrected by many people 

later. Spivack (1946) measured the vortex shedding frequency 

behind two circular cylinders in a side-by-side arrangement and 

found that there are two different frequencies, one associated 

with the two cylinders as single bodies and the other related to a 

double body for gaps of half to one diameter. Hori (1959) 

measured the surface pressure distribution around one of the two 

circular cylinders in various arrangements. Bradshaw (1965) 

visualized the asymmetric flow behind a row of circular cylinders.

Ishigai et al. (1971) visualized the wake of two circular 

cylinders by using the Schlieren method and observed markedly 

symmetric vortex formation for spacings of 3 and 2.5 diameters. 

They found that the gap flow is biased to one of the two cylinders 

bistably and the bias direction intermittently changes for 

spacings between 2 to 1.25 diameters. Andreopoulos (1972) and 

Bearman and Wadcock (1973) measured base pressures for two flat 

plates and two circular cylinders in a side-by-side arrangement 

respectively, and found that the flat plates experience asymmetric 

flow over a larger range of gap sizes and the difference in base 

pressure of the two flat plates is larger compared with circular 

cylinders. They deduced that the asymmetric flow is due to a near
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wake phenomenon rather than being related to the position of 

boundary layer separation. They also confirmed that the vortex 

shedding is mainly antiphase at wider gaps. Kamemoto and Bearman 

(1980) and Stansby (1981) numerically simulated the vortex wakes 

of two flat plates and two circular cylinders, respectively, in a 

side-by-side arrangement by using the discrete vortex method. 

Shida et al. (1984) also numerically calculated the flow around 

two circular cylinders but he used the finite difference method. 

Williamson (1985) visualized the wakes of two flat plates and two 

circular cylinders, and showed that synchronization of vortex 

shedding occurs either in phase or in antiphase. Hayashi et al. 

(1986) visualized the biased flow behind groups of flat plates 

consisting of two, three or four plates in a side-by-side 

arrangement. However, more investigation is required, especially 

measurements of vorticity and the arrangement of vortices in the 

wake.

The basic characteristics of an isolated vortex ring are well 

known and described in Lamb (1945) and Batchelor (1967) for 

example. Fraenkel (1970) and Saffman (1970) extended the theory 

for the motion of vortex rings by taking the effects of viscosity 

into account. Maxworthy (1972, 1977) investigated experimentally 

the core structure and stability of a vortex ring which was formed 

when a short pulse of fluid was ejected from an orifice. Also, a 

famous and amusing game played by two similar vortex rings moving 

along a common axis of symmetry, where the former passes through 

the latter and they repeat the slip through (Batchelor 1967), was
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clearly visualized by Yamada and Matsui (1978). But studies on 

the interference of the vortex street which consists of pairs of 

coaxial counter-rotating vortex rings can not be found.

In this thesis the structure of the wakes of rings has been

investigated and compared with the wake of a disk and the wake of

two flat plates in a side-by-side arrangement. These bluff bodies

had thin and sharp-edged cross-sections to avoid the Reynolds

number dependent effect, except for the rings with a rectangular

or triangle cross-sections which were used for the examination of

the effect of the afterbody shape. Most of the work involved

experiments in a wind tunnel at Reynolds numbers of the order of 
4

10 . The circulation, lateral and longitudinal spacings and the 

vorticity distribution of vortices were measured by employing a 

conditional averaging technique to the velocity fluctuations 

measured by hot-wire anemometers. The technique was first 

developed by Kovasznay (1970) to investigate an intermittent 

turbulent flow. Davies (1975, 1976), Cantwell (1976), Okude and 

Matsui (1982), and Steiner (1984) used the technique to 

investigate vortex wakes, which can remove random velocity 

fluctuations caused by the turbulent shear layer and extract mean 

and periodic characteristics of the fluctuations. Then, the vortex 

wakes of a ring and two flat plates are simulated numerically by 

simple vortex street models based on the experimental data 

obtained by the conditional averaging. Also, the wakes of rings 

and two flat plates in a side-by-side arrangement are visualized 

in a water tank in a low Reynolds number range and compared with
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the results of wind tunnel experiments and the numerical 

simulations. The study is a basic investigation aimed at improving 

our knowledge of vortex shedding flowmeters as well as 

understanding the coherent structures in the wakes of rings, a 

solid disk and two flat plates in a side-by-side arrangement.
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CHAPTER TWO

EXPERIMENTAL ARRANGEMENTS

The wake structures of rings, a solid disk and two flat 

plates in a side-by-side arrangement have been investigated. The 

experiments were carried out in a wind tunnel and this chapter 

describes the apparatus used and the processing of the data.

2.1 Bluff body models

The dimensions of the rings, the solid disk and the two flat 

plates used are shown in Table 2.1, and their cross-sections are 

illustrated in Figure 2.1(a). All the bluff body models, except 

for the special models, were sharp edged to fix flow separation 

points. This minimizes any Reynolds number effects and also helps 

to provide good spanwise coherence of the wake structure. The 

thickness, <5 , of the model was fixed at 4 mm, regardless of their 

widths, w, although it would be better to have compared different 

models with the same ratio of <5/w. However, Davies ( 1975) and 

Donoso (1980) measured the base pressure coefficient, Cp^, of 

sharp-edged flat plates with <tyw = 0.25 and 0.125, respectively, 

and obtained the same value of C b=-l.24 at the Reynolds number 

order of 10^. Also, Bearman and Trueman ( 1972) obtained C b=-1.3 

for the rectangular cylinder of S/w = 0.2. Therefore, the effect 

is thought to be small for all the models, of which 6/w were less
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TABLE 2.1

d/w w

(mm)

d

(mm)

do

(mm)

di

(mm)

Re at 10 m/s 

(xlO4)

Disk 1.0 100.0 100.0 200.0 0 6.8

Ring 1.2 90.9 109.1 II 18.2 6.2

II 1.5 80.0 120.0 II 40.0 5.4

II 2.0 66.7 133.4 II 66.6 4.8

II 3.0 50.0 150.0 II 100.0 3.4

II 4.0 40.0 160.0 II 120.0 2.9

II LO• 36.4 163.6 II 127.2 2.5

II 5.0 33.3 166.7 II 133.4 2.3

II 5.5 30.8 169.2 II 138.4 2.1

II 6.0 28.6 171.4 II 142.8 2.0

II 8.0 22.2 177.8 II 155.6 1.6

II

Two flat

10.0 18.2 181.8 II 163.6 1.3

plates 4.0 28.6 114.4 - - 2.0

II 6.0 " 28.6 171.4 - - 2.0

* see Figure 2.1 for symbols

** R0: Reynolds number based on w at U = 10 m/s.
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than 0.22, except for the special models. The two special ring 

models, shown in Figure 2.2, were used to examine the effect of 

the after-body shape on the wake structure of the ring. The one 

had the rectangular cross-section of S/w = 0.6, at which ratio 

the drag of a two-dimensional rectangular cylinder has been shown 

to be a maximum by Nakaguch et al. (1968) and Bearman and Trueman 

(1972). Also, the ring with the triangular cross-section was 

chosen for the other, as some commercial vortex shedding 

flowmeters install a triangular cylinder as a bluff body.

The rings and the disk were suspended normal to a free stream 

in the centre of a wind tunnel by piano wires of diameter 0.33 mm. 

In order to minimize any flow induced vibration six wires were 

used. The two flat plates spanned the wind tunnel horizontally at 

mid-height and were placed normal to a free stream in a 

side-by-side arrangement. Three-dimensional effects caused by 

interaction with the tunnel wall boundary layers were reduced by 

using the end plates, shown in Figure 2.1(b). The dimensions of 

the end plates were found by Donoso (1980) to have an influence on 

the flow. He found that there were considerable effects if the 

end plates were not large enough on the wake structure. The end 

plates for the two flat plates were fixed at about 70 mm from the 

tunnel wall, so that they were well enough outside the tunnel wall 

boundary layer. The instrumentation and a ring installed in the 

wind tunnel are shown in Photo 2.1.
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Figure 2.1(a) Cross-sectional view of a ring or two flat plates.

Figure 2.1(b) End plate for two flat plates
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142.8 200.0 mm 6/w = 0.6

Ring 

d/w = 6

Figure 2.2 Special ring models with a rectangular and 
a triangle cross-section.
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2-2 Mind tunnel and range of experimental conditions

Experiments were conducted in a low speed and low turbulence 

closed-return type wind tunnel, with a high quality stream in the

0.91 m x 0.91 m square test section. The root-mean-square 

turbulence intensity in the tunnel is about 0.03% and the 

variations in the velocity profile in the test section is about 

+0.5% (Clements and Unwin 1973). The velocity of the free stream, 

U, was measured by use of a Pitot-static tube and a Betz 

manometer. Two supports were used for hot-wire probes, one was 

fixed to the tunnel wall and the other mounted on the tunnel 

traverse gear, which is capable of describing a cube of side about 

0.7 m.

All the measurements in the wind tunnel were carried 

out at U = 10 m/s, and this gave Reynolds numbers, R , based on 

w, between 1.3 x 10^ and 6.8 x 10^ for all the different sized 

bluff body models tested. Although it is preferable to make 

measurements at the same Reynolds number, the wakes of the models 

were highly turbulent and it is thought that the effects of Rg 

were negligibly small in the above range.

2.3 Hot-wire data acquisition and reduction

The experimental work in the wind tunnel mostly involved the 

measurement of velocities by use of hot-wire anemometers. Two
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single-wires were used for measurements of cross-correlations, one

single-wire and one cross-wire were used for the conditional

averaging of fluctuating velocities. DISA type 55D01 series and 

TSI model 1053B series constant temperature hot-wire anemometers

were used. The single-sensor, DISA type 55P11, and the

cross-sensors, PSI 6525 WO 5, had 5 micron platinum wire.

King's law was applied to analyse the hot-wire data (Bradshaw 

1975).

E2 = A.+ Bj/ (2.1)

where

Â B, : constant obtained by calibration 

E : hot-wire output voltage when the probe wire is 

in the stream of velocity u 

n : constant, usually 0.45

The single-wire was calibrated in a free stream of velocity U 

by using a Pitot-static tube. The probe wire was placed normal to 

a free stream and supposed to respond only to the velocity 

component normal to the probe wire. Then, the following 

relationship for velocity is found from eqn (2.1).

*
u

2 2 
E ~ Eo
EE - E 2
LR o

U 7 ^
ij

U
( 2 . 2 )
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where

★
u : non-dimensionalized velocity of u by U 

Eq : hot-wire output voltage at velocity 0 m/s 

E^ : hot-wire output voltage at velocity U

The calibration of cross-wires, which were placed at angle of 

about +45° to a free stream was performed the same way. The 

following formulae for u, the velocity component in the free 

stream direction, and v, the normal component, are given by 

equations (2.3) and (2.4) when each wire is at +45° to the stream.

*
u

1

r E i 2 "  E ^ ]
0 . 4 5 LU1UJ

CMO
LxJ1UJ 2  2 

F - E  
l L R 2  l 0 2

1
0.45

( 2 . 3 )

*
v

fE? - - E

ER1

1 1
2 0.45 fr-2 r2 UT75"
01 ^2 “ E02
2
01J

F2 -
lLR2

F2
L02J

> (2.4)
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where
★ ★
u , v : non-dimensional velocity of u,v

suffix 1,2 : wire No. of the cross-wires.

The fluctuating parts of the signals from the hot-wire 

anemometer outputs were fed to a magnetic tape recorder or a 

microcomputer. The time mean part of the signal was removed by 

adjusting the offsets of amplifiers. An EMI SELabs 3000 analogue 

tape recorder was used to record outputs simultaneously and later 

large scale data processing was performed on a mainframe computer. 

The linearity and zero drift of the recorder are within +0.3% and 

0.5% respectively, and a flat frequency response up to 20/2N KHz 

at a tape speed of 60/2^ inches per second (N=0,l,2, ...5). 

Therefore, recording and playback speeds were decided by

considering vortex shedding frequencies and the Nyguist frequency 

of the digitizer. The microcomputer, a Commodore PET 2001-8, was 

used for on-line computation of the experimental data, such as 

cross-correlations, root-mean-square of fluctuating velocities. 

The microcomputer had an 8-bit MCS 6502 microprocessor, 14K ROM 

and 24K RAM. Machine language programs were developed which were 

capable of acquiring 3000 points simultaneously on 2-channels at 

the maximum sampling speed of about 6 KHz. A/D converters were 

used in conjunction with sample-and-hold amplifiers. The outline 

of this system is shown in Figure 2.3.
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Hot-wire probes

Figure 2.3 On-line data processing by microcomputer.
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2.4 Data processing on a mainframe computer

Large quantities of hot-wire data recorded on analogue tapes 

were converted to digital tapes and analysed by a large computer 

CDC Cyber 855 or Cyber 170 in the Imperial College Computer 

Centre.

The high speed analogue-to-digital conversion system, 

developed in the Department of Aeronautics, (Bradshaw, 1984, 

Subramanian and Bradshaw, 1984), was one of the most powerful 

tools used in the experiments. The system can convert 

simultaneously up to 16 channels of +5 volt range analogue data to 

12-bit digital data, with an accuracy of 0.25% of full scale. The 

total sampling rate is up to 1175 samples per second, and the 

system writes on to a 9-track half-inch digital tape at the 

density of 1600 bpi. An Acorn/BBC Model B microcomputer used in 

the system, controlled the number of channels, the sampling rate 

and file marks. The output of the 12-bit Datel A/D converter went 

via the 8-bit parallel IEEE-488 bus to the Cipher 900X digital 

tape recorder in the system. The 12-bit A/D converter output was 

delivered to the tape recorder in two consecutive bytes, first the 

8 most significant bits and second the 4 least significant bits 

with 4 null trailings. The data were written in blocks on the 

digital tape, so that the CDC machine could read a block of data 

at a time and the maximum block length allowed was 2048 bytes,

i.e. 1024 samples.
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Once a block of data was read into the core locations of the 

CDC machine, retrieval and analysis of the data were carried out 

by Fortran programs. Since the CDC machine's 60-bit word length 

contained 3 and 3/4 16-bit data samples, 4 words were unpacked at 

a time, i.e. 15 data samples, by use of a software masking. 

Unpacked data were recovered to voltage values and then velocity 

data were reduced using the calibration formulae together, the 

amplitude and the offsets of the recorded data. An example of the 

processing for 3-channels of hot-wire data is shown schematically 

in Figure 2.4 and Figure 2.5.

2.5 Conditional averaging

It is known that vortices shed from a bluff body fairly 

regularly even at high Reynolds numbers. However, the 

instantaneous velocity field within the wake is highly turbulent 

because of the superposition of the random velocity fluctuations 

generated in strong shear layers. Statistic characteristics of the 

turbulence can be extracted by processing a large quantity of data 

if a certain periodical phenomenon is buried in the random noise. 

The conditional averaging technique was used in the present 

experiments to recover vortex shedding velocities from fluctuating 

velocities measured in a bluff body wake by hot-wire anemometers. 

Note that the same result cannot be obtained by using a band-pass 

filter set at the vortex shedding frequency, because random noise 

at the vortex shedding frequency band cannot be removed. Also the



39

1. Experiment

Figure 2.4 Schematic diagram of data processing
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Figure 2.5 Schematic diagram of data length
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first harmonic of the vortex shedding frequency, which is 

detected around the centre of the wake will be excluded.

Three channels of velocity fluctuations were simultaneously 

sampled; two channels, u and v , measured by the cross-wires 

were conditionally averaged and the third channel, reference 

velocity fluctuation measured by the single-wire, was used for 

control of conditioning. Since the mean of random fluctuations is 

expected to be zero, a large number of u and v samples, 

corresponding to the same phase within the vortex shedding cycle, 

were averaged so that the effect of random fluctuations was 

eliminated from the averaged velocity fluctuations of the vortex 

shedding cycle. The single-wire probe was placed in a 

turbulence-free area outside the wake to sense the phase of the 

vortex shedding cycle, and the maxima of the reference signal were 

used as trigger points for each vortex shedding cycle. The exact 

maximum points were estimated by fitting a second order polynomial 

equation to the samples around the maximum point to achieve the 

least-square-error, because small random fluctuations were 

sometimes contained in the reference signal. The u and v 

fluctuations were excluded from the conditional averaging when the 

period between two consecutive trigger points did not coincide 

with the expected vortex shedding cycle. This occurred because the 

single-wire probe sometimes encountered a large scale turbulent 

eddy which gave rise to false trigger points of the vortex 

shedding cycle. Although velocity fluctuations were stored and
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conditionally averaged over three consecutive vortex shedding 

cycles, only the middle two-thirds were actually used for the 

calculation of vorticity profile, as the ends of the averaged 

records were less accurate because of slight variations in the 

period of the vortex shedding cycle. The structure of the 

conditional averaging program is shown in Figure 2.6. About 

5 x 107 data samples, which were obtained in one series of 

measurements at a plane behind a bluff body, were processed in 

several computer runs.

2.6 Vorticity calculation

The cross-wires were traversed through the wake at a fixed 

downstream position. The distribution of conditionally averaged u, 

v velocity fluctuations of 3 vortex shedding cycles were 

calculated in the (t,y) plane at a given x position downstream 

of the bluff body, where y is a distance in the direction normal 

to the x-direction and t is time. The vorticity, w , in the 

(x,y) plane is defined as

w(x,y,t)
3v_ _3u
ax " ay (2.5)

and it 

flow in

i s 

the

assumed 

(t,y) p

that

lane

3 V /  L
zd~x~ can b e 

by using the

calculated

relation

from the

3v = 3v_ at _ av 1_ 
3x "“at ' ax 'at ’ u

The validity of this relation is discussed in Appendix D.
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Figure 2.6 Flow chart of conditional averaging program
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Let (j0_ . u . ^  and . represent to and samples of conditionally 

averaged u , v velocities at (t,y) = (t.,y.) respectively, as
' J

shown in Figure 2.7, then equation (2.5) becomes

to. . 
ij

v . .
ij V l j
At u. . 

1J

u . . - u. . , 
1J 1J-1

Ay
(2.7)

where At and Ay are the sampling intervals of t and y 

respectively. The conditionally averaged u, v velocities still 

contained a small random fluctuationand this could give rise to a 

considerable fluctuation in the differencing calculation of 

equation (2.7) because of the small sampling steps, hence to was
1 vJ

calculated indirectly.

First, u , v in the (t,y) plane were regionally 

approximated by the following second order polynomial equations.

u(t,y) = a xt2 + a2ty + a 3y2 + a^t + a5y + a6 (2.8)

v(t,y) = fit2 + &2ty + fsy2 + + e5y + b6 (2.9)
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Then, the vorticity is given from equations (2.5), (2.6), (2.8) 

and (2.9) as follows

w (23it + 32y + 3i+) - (a2t + 2a3y + a5) (2.10)

Here, the parameters a., 8- were determined from the

approximations of the equations (2.8) and (2.9) by the 

least-square-error method. The region of the approximations 

consisted of 25 samples each of u. ., v. . (i:i-2^i+2, j:j-2 ^j+2),
* J  ' J

i.e. the centre and the surrounding 24 samples as shown in Figure 

2.7. The region was swept through all the samples in turn.

The square errors were given by

eu2 a iti_2 + a2ti-2yj-2 + a 3tj2-2 + 0il+ti -2

+ a 5 V j . z + a6 Ui- 2, j-2
2

a, ti+2 a2t.i +2yj+2 «3Yy+2 attti+2

- ui+2,j+2+ asyj+2 + a
2

( 2 . 11 )
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+ 3 21 -, _ 2^ j - 2  + B3y / - 2  + 3l+ti - 2  

+ 65yj_2 + - S - 2>j-2)2

+

+ + ^ t i+2y j+ 2  + e3yj2+2 + ^ i+ 2  

+ e5y j+ 2  + 3s - vi +2,j+2)

and from

9a.l

= 0, 0 (i ,j = 1^6)

next equations (2.14) and (2.15) were obtained. 

X • A = Zu , X • B = Zv

/. A = X"1 Zu , B = X"1 Zv

( 2 . 1 2 )

(2.13)

(2.14)

(2.15)
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where

r '
a i ' Bi  1

a2 62

A =
•

B =
•

. «6 . . $6 ,

I I  t 2u ' I I  t 2v
I I  t  y u I I  t y V
I I  y 2“ z = I I  y 2v
I I  t  u V I I  t  v
I I  y u I I  y V

l IE u . I I  U

I I  t 1* I I t 3y I I t 2y2 I I t 3 I I t 2y I I t 2

I I  t 3y I I  t 2y2 I I ty3 I I t 2y I I ty2 I I ty

I I  t 2y2 I I ty 3 I I y4 I I ty2 I I y 3 I I y2

I I  t3 I I t 2y I I ty2 I I t 2 I I ty I I t

I I  t 2y I I ty2 I I y 3 I I ty I I y2 I I y

I I  t 2 I I ty I I y2 I I t I I y I I l

(2.16)

(2.17)

(2.18)



and the symbol H  in the equations (2.17) and (2.18) denote that

ll t k y V  =
j+2
l

h=j-2 X (2.19)

Finally, the approximated vorticity at the centre of the region 

was given from equations (2.10) and (2.15) as follows

a
ij

[26,
'

[02
- a2 t. + 1 - 2a 3

u . . u. .
IJ 1 i J

—  " as  ( 2 . 2 0 )  
i j

The flow chart of the vorticity calculation program is shown in 

Figure 2.8.
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Figure 2.8 Flow chart of vorticity calculation program
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2.7 Spectral density function and coherence function

The complex cross-spectral functions were calculated from 

Ux(t) and U (t), velocity fluctuations measured by two

single-wires in the wake of a bluff body model. The power 

spectral density function, S (f) , is defined (Bendat and
X  X

Piersol 1971) such that

Sxx<f> av
Aim
Af-K) Af Him

T-*=°
1
T o'

Ux2 (t,f,Af) dt

( 2 . 2 1 )

where U (t,f, Af) is the portion of U (t) in the frequency
X  X

range from f to f+ Af , and

Aim 1_
T-xx> y

U 2 (t) dt x ' ' ( 2 .2 2 ]

It is also given via the Fourier transform of U (t)
X

x T-x»

rT

T J 
N o

U (t)exp(2ïïift)dt U (t)exp(-2uift)dt
X  X

(2.23)
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The cross-spectral density function, S (f) , is given in the
xy

same way.

V f)l o o 
x y

£im
iT-xx

1
T

rT rJ
U (t)exp(2-rrift)dt
X

o' y
(t)exp(-2frift)dt

(2.24)

The cross-spectra 1 density function is generally complex such that

Sxy(f > * Pxy(f> - 1(W f) (Z'25)

where the real part, Px (f), is called the coincident spectral 

density function and imaginary part, Q (f), is called the 

quadrature spectral density function. The coherence function, 

Y Xy(f)s ar|d phase angle 0 (f), between Ux(t) and U (t ) at f

are defined by

i y ( f>
> v f ) i 2

sxx(f )-syy(f)
(2.26)
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9xy(f) = tan
i Q ( f )xyv ‘ 

P (f)
l xy '

(2.27)

These functions were calculated by the mainframe computer, but 

exact calculation was not possible, since samples of U (t) and 

Uy(t) existed only in a finite interval of T. However, practical 

approximations could be obtained by FFT and the main part of the 

program used for this calculation in the present study was 

developed by Davies (1975).
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CHAPTER THREE

EXPERIMENTAL RESULTS

The main objective of the experiments was to study the

structure of the vortex wakes of rings and to compare them with

those of a circular disk and two flat plates in side-by-side

arrangements. Measurements were carried out in the wind tunnel at
4

Reynolds numbers of the order of 10 which are large enough to 

ensure a fully turbulent wake. The conditional averaging technique 

is employed to obtain vorticity profiles in the wakes from 3.4 w 

to 16.0 w downstream of the bluff bodies. The measurements are not 

corrected for the effect of wind tunnel blockage unless otherwise 

stated. This chapter describes the experimental results together 

with some discussion.

3.1 Make structure of rings

Ring models of various shapes were tested. The ratio d/w is 

chosen as the non-dimensional parameter to specify the shapes of 

the ring models instead of solidity. This parameter is also 

applied to denote the spacing of the two flat plates model in 

side-by-side arrangements. Surface pressures on the models and the 

correlations of velocity fluctuations in the wakes were measured.
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Considerable effort was concentrated on making measurements of 

vorticity profiles in the wakes. First, thin sharp-edged 

cross-section ring models and then special ring models are 

examined in this section. The coordinate system (x,y) used here 

has its origin at the centre of the models.

3.1.1 Measurements of base pressure and drag

The ring models were carefully aligned normal to the free

stream direction by adjusting the piano wires supporting the

models. Three tappings of 0.5 mm diameter were placed on the base

of the model at equal angular separation. The pressure readings

at the tappings, which were almost equal, were averaged. Several

tappings of the same diameter were also placed on the front face 
«

of the models to measure pressure distributions in the radial 

direction. The pressure measurements were made for the thin 

sharp-edged cross-section ring models with d/w = 4 to 10 and the

geometric blockage of the models varied from 1.2% to 2.4%. These

blockage area ratios are not large, but Maskell (1963) has pointed 

out the effect of wind tunnel blockage is generally greater for a 

three-dimensional body than for a two-dimensional one. Therefore, 

the pressure measurements were corrected for the effect of 

blockage, and Maskell's formulae used for correction are shown in 

Appendix A. For the pressure measurements the rings 

were supported by wires from three 80 cm long tubes of 3 

mm diameter which projected from the rear of the ring.

These tubes transmitted the pressures to a manometer.
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Figure 3.1.1 shows measurements of the base pressure

coefficient, Cp^ and corrected Cp^ plotted against the

ratio d/w for Rg = 1.3 x
4 4 

1(T - 2.9 x 10 . Measurements for a
5

solid circular disk, i.e. d/w = 1, at R = 6 x 10 by Fail et al. 

(1957) is also shown in the figure. The variation of Cp^ with 

d/w can be broadly divided into three regions: (i) region where 

Cpk gradually decreases with d/w from the Cp^ of a solid 

circular disk at the lower end of the d/w range, (ii) region 

where Cpb rapidly decreases with increasing d/w and (iii) region 

at the high end of the d/w range investigated, where Cp^ is a 

little greater than that of a two-dimensional flat plate, which is 

-1.24 according to Davies (1975) and Donoso (1980). Presumably Cp^ 

must return to the two-dimensional value as d/w + 00.

Figure 3.1.2 shows measurements of pressure coefficient, C , 

distributions across the front surface, where £ denotes 

non-dimensionalised distance in the radial direction from the 

inside edge of the ring model, i.e. £ = 0 at the inside edge and 

£ = 1 at the outside edge. The stagnation line is seen to move 

towards the inside edge as the ratio d/w decreases. Figure

3.1.3 shows the Cp distribution across the front surface, at 

centre span, of one of two flat plates arranged side-by-side 

normal to a free stream, reproduced from Andreopoulos (1972). The 

stagnation line on the ring model is located more towards the 

inside edge compared with the two flat plates model.



0.
2

57

w

Figure 3.1.1 Base pressure coefficients and drag coefficient

of thin sharp-edged cross-section ring models,

R = 1.3 x 104 - 2.9 x 104 . e
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(Inside) (Outside)

Figure 3.1.2 Pressure coefficient profiles of a front surface

of thin sharp-edged cross-section ring models,

R = 1.3 x 104 - 2 .5 x 104 . e
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(a) d/w = 3.5

Figure 3.1.3 Pressure coefficient profiles of a front surface 

of two flat plates in side-by-side arrangements, 

reproduced from Andreopoulos (1972). Theory; 

calculated by using the elliptic hodograph method.
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The drag coefficients for the rings, Cp, are roughly 

estimated from the Cp distributions, though the number of tappings 

are not sufficient to make a very accurate integration. The 

measured Cp and the corrected Cp are shown in Figure 3.1.1. It is 

found that the higher drag is a direct result of the lower suction 

on the base as usual, and the drag on only the front face part, 

i.e. Cp + Cpp, is independent of the ratio d/w. The front face 

drag coefficient contribution is about 0.8 for all the models, and 

is similar to the equivalent two-dimensional case.

3.1.2 Measurements of correlation and vortex shedding frequency

The axisymmetry of the shed vortex structures was 

investigated by measuring the degree of correlation of velocity 

fluctuations behind the ring models. The correlation measurements 

were made between the unfiltered outputs of two single hot-wires 

located outside the wake at angular separation, 0, and at the same 

radial displacement, on a plane normal to the axis of symmetry. 

The hot-wires had to be positioned close to the edge of the wake 

where the turbulent shear layer does not convect over the probes. 

Therefore, it was decided to measure the correlation at the radial 

and axial position where maximum correlation can be obtained. The 

position found by trial and error was around x = 3.4 w and 

y = d + 2.6 w, i.e. 3.4 w downstream of the model and 2.6 w 

outside the outside edge of the ring model.
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The results of measurements for the thin sharp-edged 

cross-section ring models with d/w = 4.0 to 10.0 are shown plotted 

in Figure 3.1.4 as correlation coefficients, e against 9 . 

All the models show a steady decrease of correlation with 

increasing separation up to around 9 = 80°, and then a gradual 

decrease up to 9 = 180°. It is generally understood that an 

unsteady cell-like vortex shedding structure can have a positive 

contribution to the correlation at small separations, which may 

then decrease rapidly with increasing separation. However, the 

correlation at large separations, 9 180°, is mainly due to

coherent vortex ring structures. There exists a marked sudden 

change of the correlation curves between d/w = 4.5 and d/w = 5.0, 

which suggests a structural change of the wakes of the models.

The correlations for d/w = 5.0 and d/w = 6.0 are highest for all

the models at the maximum separation, i.e. 9 = 180°. The

correlation for d/w = 4.0 is very low at large separations, but

is still positive.

The average value of e over the range 9 = 0° to 9 = 180° 

is shown in Figure 3.1.5. Figure 3.1.6 shows the e replotted 

along a spanwise separation distance, i.e. a circumferential 

distance measured as if along the mean circumference of the 

ring model and non-dimensionalised by w. Although the correlation 

versus 9 of d/w = 5.0 is highest in Figure 3.1.5, it is found

that the replotted e versus spanwise separation ofxy
d/w = 5.0 and d/w = 6.0 lie on the same curve. The correlation
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Figure 3.1.4 Variations of the correlation coefficient of

velocity fluctuations behind the thin sharp-edged 

cross-section ring models versus angular 

separation, R = 1.3 x 10^ - 2.9 x 10^.
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w

Figure 3.1.5 Averaged correlation coefficients versus d
w

o

° 0 . 0  2 . 0  < . 0  6 . 0  8 . 0  10.0
Separation (w)

Figure 3.1.6 Correlation along the span
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for a sharp-edged flat plate measured by Davies (1975) is also 

shown in the same figure for comparison. Although the correlation 

for the flat plate is slightly higher than that of the ring models 

for small separations, they both decrease to the same degree of 

correlation at a separation of about 7 w. Data for the flat plate 

is not available beyond this separation. However, the correlation 

of a rectangular cylinder of S/w = 0.2, which may not be very 

different to the sharp-edged flat plate because of the small 6/w, 

measured by Bearman and Trueman (1972) shows a steady decrease of 

the correlation with increasing separation up to 20 w. This is in 

marked contrast to the ring models which show a nearly constant 

value of £ beyond a separation of about 5w.

Further analyses of velocity fluctuations measured by two 

single hot-wires behind the thin sharp-edged cross-section of the 

ring models with d/w = 4.0 to d/w = 6.0, the region where Cp^ 

rapidly changes with d/w as shown in Figure 3.1.1, were carried 

out. The two hot-wires were located in the same positions as for 

the correlation measurements with 0 = 180°. Power spectral

density, S , coherence, y , and phase difference, 0 , between
X X  /\j Xjr

the two signals for d/w = 4.0, 4.5, 5.0 and 6.0 are shown in

Figures 3.1.7 to 3.1.10 as functions of the Strouhal number, Ŝ ., 

defined by fw/U, where f is a vortex shedding frequency.

Figure 3.1.7 (a) shows S for d/w = 4.0 and there exists
X  X

a small broad peak around = 0.10 in a high level background
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(a) Power 
spectral 
density 
function

Sxx <St>

(b) Coherence 
function

Yxy <st>

(c) Phase
difference

exy <St>

Figure 3.1.7 Analysis of velocity fluctuations behind the ring

model of d/w = 4.0



66

<a> Sx x < S

0 )  " x y ( S

(c) e (S \ j xy

Figure 3.1. Analysis of velocity fluctuations behind the ring

model of d/w = 4.5
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(b) Yx y (St)

0 0 . 0 5 0 . 1 0  0 . 1 5  0 . 2 0
recfucecf fre^u

(C) Ox y (St)

'Ceclucsd - fre ju e ^ o

Figure 3.1.9 Analysis of velocity fluctuations behind the ring

model of d/w =5.0
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<a > Sx x < St)

(b) Yx y (St)

(c) exy (st )

Figure 3.1.10 Analysis of velocity fluctuations behind the ring

model of d/w =6.0
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turbulence spectrum. Also, a weak coherence between the two 

hot-wire signals at the peak S^, with a 180° phase difference, 

can be recognised from Figure 3.1.7 (b) and (c). It should be

noted that the spectral density, P , is negative at frequenciesxy

around the peak S, , but the quadrature spectral density, Q , is
l a  y

almost zero and has some small fluctuations around zero at other 

frequencies. This gives rise to the large fluctuations between 

9 = +180° shown in Figure 3.1.7 (c). Robert (1973) found that

velocity fluctuations at the two opposite positions behind a solid 

circular disk, i.e. 0 = 180°, are in antiphase at the predominant 

frequency. The above analysis also shows that velocity 

fluctuations at the two opposite positions outside the ring model 

with d/w = 4.0 are in antiphase but have poor regularity, at the 

peak frequency. This pattern of vortex shedding is referred to as 

the 'disk-mode' hereafter.

The results of the analysis for d/w = 4.5 are shown in

Figure 3.1.8. There are two peaks in S and ^y , respectively,xx y xy

at one peak in y the signals are in antiphase at about 

Sj. = 0.10 and the other is in phase at about Ŝ. = 0.13. Single 

pronounced peaks in S are obtained for the models with
A A

d/w = 5.0 and d/w = 6.0 as shown in Figure 3.1.9 and Figure 

3.1.10, respectively. In both cases the coherences are very high 

and the fluctuations are inphase at the peak S^. it suggests 

that vortex shedding from these models has highly coherent 

axisymmetrical structures. The differences between them are that 

Sxx for d/w = 6.0 has a higher peak, whereas Y for d/w = 5.0
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is higher at low Ŝ .. Therefore, the ring model with d/w = 6.0 

is supposed to have more regular vortex wake structure, although 

the correlations for d/w = 5.0 and d/w = 6.0 are about the 

same degree as shown earlier in Figure 3.1.4. The two peaks in 

Figure 3.1.8 suggests that the pattern of vortex shedding from the 

ring model with d/w = 4.5 is changing intermittently between the 

'disk-mode' and the axisymmetrical mode.

Figure 3.1.11 shows records of the velocity fluctuations 

detected by one of the two single hot-wires used for the above 

analyses. It can also be recognised from these waveforms that the 

regularity of velocity fluctuations caused by vortex shedding 

improves with increasing d/w. It is an interesting feature that 

the low frequency modultion of velocity fluctuations, which is 

observed even in a regular vortex shedding from a two-dimensional 

bluff body, is inphase and relatively high coherent, as shown in 

Figures 3.1.7 to 3.1.10, although the mechanism of the modulation 

is not clear.

The frequency of velocity fluctuations measured on the axis 

of symmetry behind the ring models with d/w = 5.0 and d/w = 6.0 

were the same as those measured outside the ring wakes (the same 

position for the correlation measurement). Figure 3.1.12 shows 

S of velocity fluctuations measured on the axis of symmetry 

3.4 w downstream of the ring models with d/w = 4.0 and 

d/w = 4.5. It is suggested that the velocity fluctuations on the
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(a)

r&d'» <sJ frequency
0  0 . 0 5  0 . 1 0  0 - 1 5  0 . 2 0  0 - 2 5

Figure 3.1.12 Power spectral density functions S of
XX

velocity fluctuations measured on the axis 

of symmetry behind the ring model of d/w =4.0 

and d/w = 4.5.
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axis of symmetry may be similar to those obtained in the 

axisymmetrical mode, whereas, the velocity fluctuations outside 

the ring wakes have already changed to the disk mode with 

decreasing d/w as shown in Figures 3.1.7 and 3.1.8. The main 

reason is thought to be that the velocity fluctuations on the axis 

of symmetry are caused by the integrated effect of vortex shedding 

from the whole circumference of the ring model, hence, 

axisymmetrical velocity fluctuations are strengthened, whereas 

random turbulence and the 180° out-of-phase disk mode 

fluctuatons are diminished. Therefore, the low level peak in S
X X

at d/w = 4.0 shown in Figure 3.1.12 (a) suggests that the change 

in the mode is still not complete. Figure 3.1.13 shows S of
X X

velocity fluctuations on the axis of symmetry and outside the ring 

wake behind the ring model with d/w = 2.0. There exists no peak 

in S on the axis of symmetry, which suggests that the change
X  X

to the disk mode is fully accomplished.

The vortex shedding frequencies obtained by the above 

analysis are shown in Figure 3.1.14 summarized as the Strouhal 

number versus d/w. The Strouhal number of a solid circular disk 

in the figure, i.e. d/w = 1.0, is based on the radius, and the 

effect of blockage is not corrected here. Frequencies of vortex 

shedding from two flat plates arranged side-by-side measured by a 

hot-wire outside the wake 5w or 6w downstream of the bluff 

bodies are shown in Figure 3.1.15, reproduced by Andreopoulos 

(1972). Although he did not find the discontinuous change of the 

mode, the characteristics of versus d/w measured outside
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(a) On the axis of symmetry

red u ced  -frefiv& cY
0 O . l  0 . 2  0 . 3  0 . 4

(b) Outside of the ring wake

Figure 3.1.13 S of velocity fluctuations measured on the
X X

axis of symmetry and outside the ring wake 

behind the ring model of d/w = 2.0.
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the wakes of the two flat plates model and the ring models have a 

close similarity. The Ŝ. for both models is lower than that of 

an isolated flat plate, and gradually decreases with increasing 

d/w at low d/w range, then it experiences a rapid increase 

followed by a gradual increase at higher d/w range. Figure 

3.1.16 shows frequencies of vortex shedding from two circular 

cylinders arranged side-by-side, and Figure 3.1.17 shows 

correlations of velocity fluctuations across the cylinder pair, 

which are reproduced from Bearman and Wadcock (1973). They 

observed that measured outside the wake 6w downstream of the 

bluff bodies has a low value at a low d/w range compared with a 

high d/w range except at about d/w = 1.8, whereas Ŝ. measured 

outside the ring wake increases continuously with d/w. They also 

showed from correlation measurements the change in the mode where 

velocity fluctuations are symmetric about the axis of the gap in 

the range d/w > 2.0 and 180° out-of-phase at the very small 

cylinder separation range. But they were unable to clarify the 

flow structure at intermediate d/w values where Ŝ. rapidly 

changes with d/w as the measurements of the correlation were 

scattered. Also, a sudden increase and decrease of were 

measured by them at the centre of the gap between the two 

cylinders at small separations, whereas only a slightly higher 

value of Sj. at d/w = 4.0 and no other predominant frequency is 

recognised on the axis of symmetry in the present measurements. 

The cause of the difference is not clear, but the two circular 

cylinders experience different base pressures caused by a marked
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Figure 3.1.16 Strouhal number versus cylinder separation.

O, hot wire 6 diameters downstream of cylinder 

pair, outside the wake; A, hot wire at outer 

90° point; x, hot wire on gap centre line, 

reproduced from Bearman and Wadcock (1973).

Figure 3.1.17 Correlation across the cylinder pair versus 

cylinder separation, reproduced from Bearman 

and Wadcock (1973).
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asymmetric mean flow when the gap is small, which may give rise to 

some substantial differences between the wakes of the two 

cylinders and the ring model.

Figure 3.1.18 shows comparisons of velocity fluctuations on 

the axis of symmetry and outside the ring wakes behind the ring 

models with d/w = 4.0 and d/w = 6.0. It can be recognised from 

the recorded waveforms that the regularity of periodic velocity 

fluctuations on the axis of symmetry with d/w = 6.0 is high, 

since the mode of d/w = 6.0 is axisymmetrical. Therefore, it 

was possible to measure the frequency of vortex shedding from the 

velocity fluctuations on the axis of symmetry by using an 

electrical counter and a band-pass filter set. Measurements with
4

d/w = 6.0, 8.0 and 10.0 were carried out at Rg = 2 x 10 and the

results are shown in Table 3.1.1. It is supposed that the 

Maskell's formulae can be applied for blockage correction of 

here.
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TABLE 3.1.1 * **

Bluff body d/w
★

st Re

Ring 6.0 0.123 2xl04

Ring 8.0 0.135 2xl04

Ring 10.0 0.136
**

2xl04
4

Flat Plate 0.142 2x10

* Effect of blockage is corrected.

** Reproduced from Davies (1975)



3.1.3 Results of conditional averaging

The periodic component due to vortex shedding from the thin 

sharp-edged cross-section ring model with d/w = 6.0 was 

extracted from the turbulent velocity fluctuations of the u and 

v records by using the conditional averaging technique described 

in Section 2.5. Cross-wire probes were traversed from y = 0 to 

y = 20 cm on a plane normal to the axis of symmetry at x = 3.4 w 

and x = 8.0 w. The step length, Ay, was 0.5 cm, therefore there 

were 41 measurement points in the y direction. At each y 

position, analogue signals of u(t) and v(t) were sampled and 

converted into digital values at the rate of about 50 points per 

vortex shedding cycle. The reference velocity fluctuation used for 

control of conditioning was measured near the axis of symmetry. 

Although the reference signal appeared fairly regular, only about 

60 to 70% of the measured periods between the two consecutive 

maxima of the signal coincided with the expected vortex shedding 

cycle. A vortex shedding cycle was accepted if the period was 

within about +4% of the mean and the others were rejected.

Elimination of the effect of random fluctuations from the 

conditionally averaged velocity fluctuations depends on the number 

of cycles averaged and the sampling position. Figure 3.1.19 shows 

examples of the convergence of the averaged values of the velocity 

fluctuations which were measured in the wakes of the thin 

sharp-edged cross-section and the rectangular cross-section ring
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Number of averaging N

Figure 3.1.19 Convergence rates of the averaged values of 

velocity fluctuations measured in the wakes 

of ring models with d/w = 6.0.
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models with d/w = 6.0 at x = 3.4 w and y = 3.0 w, respectively. 

In the figure, the rates of changes A c (N) defined by the 

following equation

Ac V Au.2 + V Av.2
L l L i (3.1.1)

are plotted against the number of averaging cycles N, where Au. 

and Av.j denote changes of conditionally averaged u and v at 

each sampling time within three averaged vortex shedding cycles 

around N. Considering the efficiency from the convergence, the 

criteria Ac = 0.001 or N = 1000 were actually used for limiting 

the total number of averaging here.

Figures 3.1.20 and 3.1.21 show the results of conditionally 

averaged velocity fluctuations for two vortex shedding cycles 

behind the thin sharp-edged cross-section ring model with 

d/w = 6.0 at x = 3.4 w and x = 8.0 w respectively. T denotes a 

non-dimensionalized time scale based on the time for one vortex 

shedding cycle. The direction of flow corresponds to one from 

right to left in the figures as T denotes a time from a start 

of recording the signals. The coordinate y in the figures is 

defined by y = y/w. The measurements were carried out only in
k

the half plane for y > 0 and the results for the other half 

plane in the figures are merely mirror images. However some 

measurements at y* < 0 showed that the conditionally averaged 

velocity fluctuations were completely symmetric about the axis of
k k

y = 0. The velocity fluctuation v is positive in the figures
k

when v is directed radially outwards.
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Figure 3.1.20 Conditionally averaged velocity fluctuations in the

wake behind the thin sharp-edged cross-section ring

model with d/w = 6.0 at x = 3.4 w, U = 10 m/s.
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\

0.0 1-0 y* 2.0

Figure 3.1.21 Conditionally averaged velocity fluctuations in the

wake behind the thin sharp-edged cross-section ring

model with d/w = 6.0 at x = 8.0 w, U = 10 m/s.
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It is known that there are problems associated with using hot 

wires in a near wake region. The difficulties are caused by the 

existence of strong turbulence and reverse flow. In the present 

investigation two positions were chosen, x = 3.4 w and x = 8.0 w, 

to investigate the change of wake pattern. Fail et al. (1957) 

measured the time-mean flow pattern of the near wake behind a 

two-dimensional flat plate by using a Pitot-static tube. They 

obtained a bubble length, the distance from the flat plate to the 

meeting point of the time-mean free shear layers, of about 2.8 w 

at Rg = 8.9 x 104. Bradbury (1976) obtained a bubble length of 

about 1.9 w at R = 2.5 x 104 by using a pulsed-wire which can be 

used in reverse flow. Steiner (1984) obtained a bubble length of 

about 2.2 w at Rg = 2 x 104 by using a flying hot-wire. This 

instrument can be used to make accurate measurements in turbulent, 

intermittent reversed flow. The position x = 3.4 w is someway 

downstream of the bubble boundary obtained by the above 

measurements. Figure 3.1.22 shows a time-mean velocity vector 

field behind a two-dimensional flat plate, reproduced from Steiner 

(1984). The velocity u shown in the Figure 3.1.22 is still not 

large enough compared with the velocity v at around x = 3.4 w, 

which may cause a high flow angle when vortices shed which reduces 

the accuracy of the hot-wire measurements.

The first harmonic of the vortex shedding frequency, which is 

usually found in the u velocity fluctuation detected around the 

centre of the wake behind a two-dimensional bluff body, can be
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clearly recognised in Figure 3.1.20 (a). However it can not be

seen in Figure 3.1.21 (b), which suggests a substantial change in

the arrangement of vortices in the wake. The patterns of

conditionally averaged velocity fluctuations at x = 8.0 w shown in

Figure 3.1.21 are smoother on the whole compared with those at

x = 3.4 w, which suggests that flow in the wake is mixed rapidly

by turbulence. Figure 3.1.23 shows profiles of root-mean-square
. *

values of the conditionally averaged velocity fluctuations u and

v at x = 3.4 w and x = 8.0 w respectively. There exists clear

peaks at x = 3.4 w which are caused by the inside and outside

vortex rings. On the other hand, the peaks are less pronounced and
★

the amplitude of the velocity fluctuation u on the axis of 

symmetry is larger at x = 8.0 w compared with those at

x = 3.4 w. Figure 3.1.24 shows profiles of the mean velocities

u and v at x = 3.4 w and x = 8.0 w respectively. The part

of the wake on the inside of the ring model flows outwards, i.e. 

v is positive, and the part of the wake on the outside flows

inwards at x = 3.4 w, which is similar to the near wake of the 

two-dimensional bluff body shown in Figure 3.1.22. As a result, 

the velocity u on the axis of symmetry of the ring model wake 

reduces with distance downstream as shown in Figure 3.1.24 (b).

Distributions of vorticity in the (y,t) plane were 

calculated from the conditionally averaged velocity fluctuations 

at x = 3.4 w and x = 8.0 w by using equations (2.5) and (2.6), 

and contours of vorticity are plotted in Figures 3.1.25 and 3.1.26 

respectively. The patterns of the contours at x = 3.4 w are
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o

r.m.s. of u* and v* fluctuation

o

Figure 3.1.23 Root-mean-square profiles of conditionally

averaged velocity fluctuations u* and v* in the 

wake behind the thin sharp-edged cross-section 

ring model, Rg = 2.0 x 10^.
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o

*
>)

(b)
x = 8.0 w

Velocity (U)

Figure 3.1.24 Profiles of mean velocities u* and v* behind 

the thin sharp-edged cross-section ring model 

with d/w = 6.0, U = 10 m/s.
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fairly distorted from co-axial circles as the shear layers seem to 

have a strong influence on the vortex rings in the near wake. The 

strengths of the inside and outside vortex rings, and T^, were 

obtained by integrating the vorticity distributions. The lowest 

5% of the vorticity was neglected because of the uncertainty of 

the boundary for the integration. Non-dimensionalized strengths 

of the vortex rings T* (= r /Uw) and T* (= F /Uw) are 2.75 

and -3.17 respectively at x = 3.4 w. The outside vortex ring is 

a little stronger than the inside one (-r /rb = 0.87). Compared 

with the total vorticity discharged from one side of the ring 

model during one vortex shedding cycle, which is estimated from 

the measurement of the base pressure provided vorticity discharged 

from the inside and outside of the ring model is equal and can be 

calculated the same way as the two-dimensional case, about 38% and 

44% of the vorticity remains within the inside and outside 

concentrated clouds of vorticity at x = 3.4 w.

On the other hand, vortex rings at x = 8.0 w have fairly 

co-axial vorticity contours except for the distortion caused by 

proximity of the inside and outside vortex rings as shown in 

Figure 3.1.26. The strengths of the vortex rings are T* = 2.19 

and Fb * = -2.80 at x = 8.0 w, i.e. about 31% and 39% of the total 

vorticity remain within the vortex rings. Therefore, r* and 

Fb* decay at the rates of about 5% and 3% per w of vortex travel 

between x = 3.4 w and x = 8.0 w respectively. Cantwell and 

Coles (1983) measured a vorticity distribution in the wake of a 

circular cylinder at Rg = 1.4 x 10^ by using a flying hot-wire
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and the conditional averaging technique. They found that 

non-dimensional strength of vortices reaches a maximum of 2.58 at 

about x = 3.6 w, where about 44% of the total vorticity remains 

in the vortex, and then decays slowly with x at the rate of 8% 

per w of vortex travel. In spite of differences in bluff body 

shape and Reynolds number, as well as an uncertainty about the 

actual boundary of vorticity for the integration, the present 

result agrees well with theirs. It is thought that generally more 

than half of the total vorticity is destroyed quickly in the near 

wake as vorticities with opposite signs are mixed and cancel each 

other. The inside vortex ring is weaker than the outside one also 

at x = 8.0 w (-F/T^ = 0.78). The inside vortex ring is thought 

to have a higher probability of mixing with vorticity of opposite 

sign since it may interact with vorticity from its opposite half.

It is a remarkable phenomenon that the arrangement of the 

inside and outside vortex rings changes so much during their 

travel in the wake as shown in Figure 3.1.25 and Figure 3.1.26. 

Figure 3.1.27 shows vorticity profiles in the y direction 

through the centre of the inside and outside vortex rings at 

x = 3.4 w and x = 8.0 w. The location of the vortex rings, i.e. 

the position of the peak in the vorticity distribution, was 

estimated by fitting a second order polynomial equation. The 

radii of the inside and outside vortex rings, a and b, are 

about 2.5 w and 3.9 w at x = 3.4 w and about 2.7 w and 

3.9 w at x = 8.0 w respectively. The radii of both vortex
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rings are expected to grow during their travel in the wake from 

consideration of the induced velocity of the vortex rings, 

however, the radius of only the inside vortex ring actually 

increased and the radius of the outside one kept almost constant. 

The reason is not clear, but cancellation of vorticity caused by 

the proximity of the inside and outside vortex rings and the 

distorted vorticity distribution may have had some influence on 

the change of radii. Figure 3.1.28 shows the variation of 

vorticity with time at the y positions where the centres of 

vortex rings pass through at x = 3.4 w and x = 8.0 w respectively. 

The phase difference between the inside and outside vortex rings 

at x = 3.4 w is nearly 180° out of phase, whereas at x = 8.0 w 

the phase difference becomes quite small. The ratio h/ £ is 

about 0.45 at x = 3.4 w and 0.27 at x = 8.0 w, where £ is the 

longitudinal spacing of both inside and outside vortex rings and 

h is the lateral spacing between adjacent inside and outside 

vortex rings. A vortex ring has a self-induced velocity 

(Batchelor 1967), and this is thought to be the main cause of the 

difference in the arrangements between axisymmetrical vortices and 

vortices behind two-dimensional bluff bodies. The vortices shed 

from the inside and outside of the ring models, alternately at 

nearly 180° out of phase, quickly get closer to each other 

because their self-induced velocities are in the opposite 

directions.

The clouds of vorticity in the wake flow with the fluid and 

have a relative velocity to the fluid which is induced by the
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vorticity field. The convection velocity uc of an ideal

infinite row of staggered point vortices was given theoretically 

by Karrnan (1911) and values of uc of vortices from

two-dimensional bluff bodies have been estimated by many people. 

Simmons (1974) used a method to determine uc which measured the 

phase difference between the signals from two hot-wires separated 

in the wake in the direction of mean flow. He found that the two 

hot-wires should be located close to the paths of the centres of 

vortices in the wake for a good estimate of uc and the region in 

which x < 3.0 w or more than 1.5 w away from the centre line of 

the wake behind a two-dimensional bluff body, cannot be used to 

obtain a representative value for uc< In fact, an accurate and 

consistent measurement of uc is not so easy. Davies (1975) 

measured uc in the wake behind a two-dimensional flat plate and 

the results obtained at x = 6.0 w and within 1.0 w from the 

centre line of the wake were scattered between 0.72 U and 0.87 U. 

Furthermore, measurement of uc in a three-dimensional wake is 

more sensitive to position, since each vortex has a curvature 

which gives rise to a self-induced velocity. Therefore, uc 

values for vortex rings have been taken from the conditionally 

averaged velocities at the centres of each of the vortices in the 

present experiment. Figure 3.1.29 shows velocity profiles of u 

through the centres of the inside and outside vortex ring at 

x = 3.4 w and x = 8.0 w respectively. The uc of the inside 

and outside vortex rings are 0.90 U and 0.78 U at x = 3.4 w and 

0.79 U and 0.72 U at x = 8.0 w respectively. The measurements 

for vortex rings in the wake behind the thin sharp-edged



100

(a) x = 3.4 w

Figure 3.1.29 Velocity profiles through centres of 

vortex rings
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cross-section ring model with d/w = 6.0 at x = 3.4 w and 

x = 8.0 w are shown summarized in Table 3.1.2.

Figures 3.1.30 and 3.1.31 show conditionally averaged 

velocity vector fields at x = 3.4 w and x = 8.0 w respectively. 

Vortex rings can be clearly recognised in the velocity vector 

fields plotted in Figure 3.1.32 and Figure 3.1.33 in which the 

convection velocity of the inside vortex ring has been subtracted 

from the total velocity. It is an interesting observation that 

there exists a fairly large area around the centre where the fluid 

moves at almost the same velocity as the centre of the inside 

vortex ring at both x = 3.4 w and x = 8.0 w.

3.1.4 Effect of afterbody shapes

The special ring models with the triangular cross-section and 

the rectangular cross-section of <5/w = 0.6 shown in Figure 2.2 

were tested here and compared with the thin sharp-edged 

cross-section ring model with d/w = 6.0 to examine the effect of 

afterbody shape.

The base pressure of the special ring models was measured in 

the same way as previously described and the effect of wind tunnel 

blockage was corrected by using Maskell's formulae, in which Cq
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TABLE 3.1.2

Vortex rings from the thin sharp-edged cross-section ring model 

with d/w = 6.0

Downstream Position x 3.4 w 8.0 w

T* (Inside Vortex)a 2.75 2.19

ra / Total Vorticity 38% 31%

(Outside Vortex) -3.17 -2.80

rb / Total Vorticity 44% 39%

-r / 0.87 0.78

a (Inside Vortex Radius) 2.5 w 2.7 w

b (Inside Vortex Radius) 3.9 w 3.9 w

h/& (Spacing Ratio) 0.45 0.27

uc of Inside Vortex 0.90 U 0.79 U

il, of Outside Vortex 0.78 U 0.72 U
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was approximated by 0.8 - Cp^- The corrected value is Cp^ = -0.97 

for the triangular cross-section ring model, which is a little 

lower than the thin sharp-edged cross-section ring model which has 

Cpb = -0.91. On the other hand, the rectangular cross-section 

ring model has a remarkable low value of Cp^ = -1.83, though it 

is a little higher than the value of -2.18 measured on the 

two-dimensional cylinder with the same cross-section by Bearman 

and Trueman (1972). The results of the measurements are 

summarized in Table 3.1.3.

Figure 3.1.34 shows the correlations of velocity fluctuations 

in the wakes behind the special ring models versus angular 

separation. The degree of correlation of the rectangular 

cross-section ring model is markedly high and there is no 

significant difference between the triangular cross-section ring 

modeland the thin sharp-edged cross-section ring model. The low 

base pressure and the high correlation suggest that very strong 

vortex rings with a highly coherent structure are shed from the 

rectangular cross-section ring model. Figure 3.1.35 shows a 

comparison between the ring model and the two-dimensional cylinder 

with the same cross-section of <Vw = 0.6, in which the 

correlation coefficients are plotted along a spanwise separation. 

The data for the cylinder are reproduced from Bearman and Trueman 

(1972). The correlation coefficient of the ring model is still 

high even at a large spanwise separation as there exists no 

disturbance from the ends of the bluff body.
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Figure 3.1.34 Correlations of velocity fluctuations behind ring 

models with various cross-sections.

o

Figure 3.1.35 Correlations of the ring model and the two-dimensional 

cylinder with the same rectangular cross-section of 

6/w = 0.6 along the spanwise separation.
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Figure 3.1.36 shows power spectral density functions S of
X  X

velocity fluctuations detected on the axis of symmetry in the wake 

behind the ring models. The S of the thin sharp-edged 

cross-section ring model shown in Figure 3.1.36 (a) has a little 

higher peak against the background turbulence spectrum compared 

with the S measured outside the wake of the same rinq model 

shown in Figure 3.1.10 (a). This is thought to be due to the fact 

that velocity fluctuations caused by axisymmetric vortex shedding 

is strengthened on the axis of symmetry. The S of the
X  X

triangular cross-section ring model shown in Figure 3.1.36 (b) has 

a little narrower peak compared with that of the thin sharp-edged 

ring model, but there is no substantial difference between the 

two. The random fluctuations in the wake of the rectangular 

cross-section ring model at low frequencies is small, as shown in 

Figure 3.1.36 (c). It can also be recognised in the records of

the wave forms of velocity fluctuations shown in Figure 3.1.37.

The remarkably regular periodic velocity fluctuation found 

behind the rectangular cross-section ring model is thought to have 

a great potential value for industrial applications. The relation 

between the standard deviation of time intervals between 

successive pulses and the repeatability of a flowmeter, which has 

a pulse (frequency) output proportional to a flow rate, has been 

investigated by Robinson (1985) who has made a numerical 

simulation by using a Monte Carlo method. Hayward and Jelffs 

(1986) have pointed out that the repeatability of the vortex
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Figure 3.1.36 Power spectral density functions of velocity fluctuations

measured on the axis of symmetry behind the ring models with
4

various cross-sections, x = 3.4 w, d/w = 6.0, Rg = 2.0 x 10 .
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shedding flowmeter is the only obstacle to its use as a standard 

flowmeter. They have demonstrated experimentally that the 

standard deviation of shedding times is the major factor governing 

the repeatability. The standard deviation of shedding times of 

vortex shedding flowmeters is typically around 10% of the mean 

shedding time, but the remarkably regular velocity fluctuations 

shown in Figure 3.1.37 suggests the possibility of a substantial 

reduction in the standard deviation. Although it was not carried 

out in the present experiment, an investigation into the 

industrial application of the ring model as a bluff body for a 

flowmeter would be very useful.

As the correlation and base pressure measurements have proved 

that the wake of the rectangular cross-section ring model is 

fairly different from that of the thin sharp-edged cross-section 

ring model, the wake structure was investigated by using the 

conditional averaging technique. Figures 3.1.38 and 3.1.39 show 

the results of conditionally averaged velocity fluctuations for 

two vortex shedding cycles behind the rectangular cross-section 

ring model at x = 3.4 w and x = 8.0 w respectively. The 

amplitudes of the velocity fluctuations are larger and the 

patterns are more complicated at x = 3.4 w compared with that of 

the thin sharp-edged cross-section ring model shown in Figure 

3.1.20. Especially, wave forms of velocity fluctuations of v* 

around the paths of the vortex rings are distorted and quite 

different from the sinusoidal waves. It is also suggested that 

the velocity fluctuations due to vortices spreads outside the
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0-0 1-0 , 2.0
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-0.5 
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(b) v
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Figure 3.1.38 Conditionally averaged velocity fluctuations in the wake

behind the rectangular cross-section ring model at

x = 3.4 w, U = 10 m/s.
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0 . 0  1- 0 T *  2 . 0

Figure 3.1.39 Conditionally averaged velocity fluctuations in the wake 

behind the rectangular cross-section ring model at 

x = 8.0 w, U = 10 m/s.
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traverse area at x = 8.0 w. Figure 3.1.40 shows profiles of 

root-mean-square values of conditionally averaged velocity

fluctuations at x = 3.4 w and x = 8.0 w respectively. The 

patterns of the profiles are little different, but the 

root-mean-square values at x = 3.4 w are about 50% higher

compared with the thin sharp-edged cross-section ring model shown 

in Figure 3.1.23. Figure 3.1.41 shows profiles of mean velocities 

of u and v at x = 3.4 w and x = 8.0 w respectively. It 

is recognised that the positions of minimum velocities move 

towards the outside at the downstream position, and the velocity 

u near the centre at x = 3.4 w is lower than U whereas u 

is higher than U in the wake of the thin sharp-edged 

cross-section ring model as shown in Figure 3.1.24.

Figure 3.1.42 and Figure 3.1.43 show contours of vorticity 

distributions behind the rectangular cross-section ring model 

calculated from the conditionally averaged velocity fluctuations 

at x = 3.4 w and x = 8.0 w respectively. The vorticity 

distribution of the outside vortex ring is very distorted and has 

a small second peak inside the vorticity cloud at x = 3.4 w. It 

is not clear whether the distorted vorticity distribution is 

formed from the beginning or a result of interaction between the 

inside and outside vortex rings. However, it is certain that 

there exists a stronger mixing in the near wake, which gives rise 

to cancellation of the opposite signed vortices. Also the inside 

vortex ring approaches the outside vortex ring more quickly 

compared with the wake behind the thin sharp-edge cross-section
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r.m.s. of u* and v* fluctuation

(b) x = 8.0 w

o

Figure 3.1.40 Root-mean-square profiles of conditionally averaged

velocity fluctuations u* and v* in the wake behind

the rectangular cross-section ring model,

R = 2.0 x 104 . e
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(a) x = 3.4 w

o

(b) x = 8.0 w

o

Figure 3.1.41 Profiles of mean velocities u* and v* hehind the 

rectangular cross-section ring model, U = 10 m/s.
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ring model. The radii of the vortex rings are a = 3.2 w and 

b = 4.0 w at x = 3.4 w. Therefore the radius of the inside 

vortex ring has already expanded further than the mean radius of 

the ring model. Also, the spacing ratio of the vortices is 

h/A = 0.35, i.e. the inside and outside rings is already not 180° 

out of phase. The strengths of the vortices are T* = 2.83 and 

Tb* = -4.10 (-Tg/ = 0.69), i.e. about 27% and 39% of the total 

vorticity remain within the inside and outside concentrated clouds 

of vorticity respectively at x = 3.4 w. Therefore, the outside 

vortex ring is much stronger and larger percentages of the totally 

available vorticity are lost, especially from the inside vortex 

ring, compared with the case of the thin sharp-edged cross-section 

ring model.

The inside and outside vortex rings get closer to each other 

and spread further, but the inside vortex does not pass through 

the outside one at x = 8.0 w as shown in Figure 3.1.43. The 

radii of the vortex rings are a = 3.7 w and b = 4.9 w, both of 

which are about 1.0 w larger than those from the thin sharp-edged 

cross-section ring model at the same position, and the spacing 

ratio of the vortices is h/7, = 0.20. The clouds of vorticity are 

diffusing to a bigger area and the strengths of the vortex rings 

are r a* =2.23 and T b* = 3.22 (-r&/Tb = 0.69), i.e. only about 

21% and 30% of the total vorticity remain within each cloud of 

vorticity at x = 8.0 w. Therefore, Ta* and decay at the 

rates of about 4% and 5% per w of vortex travel between 

x = 3.4 w and x = 8.0 w respectively, and larger percentages of
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vorticity are lost on the whole compared with the wake of the thin 

sharp-edged cross-section ring model. Davies (1975) measured the 

strength of a vortex in the wake of a D-shape cylinder by 

calculating a line integral of the conditionally averaged velocity 

around a contour which enclosed the vortex and passed through 

points of zero vorticity. He obtained a non-dimensional strength 

of 2.39 at x = 8.0 w which was 26% of the total vorticity shed. 

The base pressure coefficient of the cylinder was Cp^ = -1.4. 

Although the shape of the afterbody is different, the magnitudes 

of his results are comparable with the present results. The 

convection velocity of the inside and outside vortex ring are 1.0 

U and 1.03 U at x = 3.4 w and 0.83 U and 0.84 U at x = 8.0 w. 

The results for the vortex rings behind the rectangular 

cross-section ring model are shown summarized in Table 3.1.4.

Figure 3.1.44 and Figure 3.1.45 show conditionally averaged 

velocity vector fields, in which the convection velocity of the 

inside vortex rings have been subtracted from the total velocity^ 

at x = 3.4 w and x = 8.0 w respectively. It is clearly 

recognised that the inside vortex ring is weaker than the outside 

one and that the radii of both vortex rings are larger than those 

behind the thin sharp-edged cross-section ring model shown in 

Figure 3.1.33 at x = 8.0 w. Also in this case there exists a 

fairly large area around the centre where the fluid moves with the 

same velocity of the inside vortex ring.
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TABLE 3.1.4

Vortex rings from the rectangular cross-section ring model with 

d/w = 6.0

Downstream Position x 3.4 w 8.0 w
'fc

Pa (Inside Vortex) 2.83 2.23

T / Total Vorticitya 27% 21%

(Outside Vortex) -4.10 -3.22

Tb / Total Vorticity 39% 30%

~r / 0.69 0.69

a (Inside Vortex Radius) 3.2 w 3.7 w

b (Inside Vortex Radius) 4.0 w 4.9 w

h/A (Spacing Ratio) 0.35 0.20

uc of Inside Vortex 1.00 U 0.83 U

uc of Outside Vortex 1.03 U 0.84 U
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3.2 Wake structure of a solid circular disk

Measurements of the wake structure of a solid circular disk,

which can be thought as a special shape of the ring model with

d/w = 1.0, were carried out for comparison. The periodic

component in the wake of the solid circular disk model described

in Table 2.1 was extracted from the turbulent velocity

fluctuations measured by the cross-wires in the wake by using the

conditional averaging technique. Here, the three-dimensional

coordinate system (x,y,z) with the origin at the centre of the

disk and y and z normal to x , the free stream direction,is
★ ★

used. Here the coordinates y and z are non-dimensionalised 

by tlfe diameter D of the disk.

There exists a fairly predominant frequency in the velocity

fluctuations in the wake of the solid circular disk. Figure

3.2.1 (a) shows the power spectral density function of the 

velocity fluctuation measured by a single hot-wire outside the 

wake behind the disk at x = 3.4 D, in which the Strouhal number 

is based on the radius of the disk. A clear peak is recognised in 

the figure, though the background turbulence is also at a 

relatively high level. It is very interesting that the ring model 

with d/w = 1.2, a disk with a small hole at the centre, has a 

very different power spectral density function as shown in figure

3.2.1 (b). The fluctuations decrease very much at high 

frequencies and increase at very low frequencies compared with the 

solid circular disk.
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reduced y
0 0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 - 7

(a) Solid circular disk at x = 3.4 D

rcijlu frĉ u«*,cy
0 0 . 1  0 . 2  0 . 3  0 - 4  O . S  0 . 6

Figure 3.2.1 Power spectral density functions Sxx of velocity

fluctuations measured outside the wakes of a solid

circular disk and a ring model with d/w = 1.2 at

x = 3.4 w. R = 6.2 - 6.8 x 104 . e
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The cross-wires were traversed from y = -25 cm to y = 25 cm 

on the plane normal to the axis of symmetry behind the disk at 

x = 3.4 D and z = 0. The traverse step Ay was about 9.6 mm, 

therefore there were 53 measurement positions altogether in the y 

direction. At each y position, the analogue signals of the 

velocity fluctuations recorded by the cross-wires were sampled at 

the rate of about 36 points per cycle. The reference velocity 

fluctuation used for control of conditioning was measured outside 

the wake behind the disk near x = 3.4 D, y = -1.25 D and z = 0. 

A conditional averaged signal was extracted at the predominant 

frequency shown in Figure 3.2.1 (a). However only 30 to 40 

percent of the total records of the velocity fluctuations were 

available for the averaging as the reference signal is not so 

regular as that of the ring model. As the shedding frequency was 

very low (7 Hz), only about 500 samples were averaged at each 

measurement point.

Figure 3.2.2 shows the results of conditionally averaged 

velocity fluctuations for two cycles behind the solid circular 

disk of x = 3.4 D. The velocity fluctuation v* is plotted 

positive when the flow is in the y direction in the figure. The 

conditionally averaged velocity fluctuations are not so smooth as 

those of the ring model because of the high level of background 

turbulence and the small numbers of samples used for averaging. 

However the periodic features are clearly shown in the figure. 

The amplitude of the fluctuations are smaller compared with those 

of the ring model. The conditionally averaged velocity
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Figure 3.2.2 Conditionally averaged velocity fluctuations in the 

wake behind the solid circular disk at x = 3.4 D 

z = 0, U = 10 m/s.
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fluctuation u at positions y > 0 and y < 0 are out of

phase. This agrees with the results of Roberts (1973) and Fuch et

al. (1979) who observed a high negative correlation of the

components of the velocity fluctuations at the predominant

frequency between two opposite positions behind a solid circular
★

disk. The pattern of velocity fluctuations of v is similar to 

the one usually observed in the wake of an isolated 

two-dimensional bluff body, but the first harmonics of the

fluctuation u cannot be recognised in the figure around the

centre of the wake. This suggests some differences in the wake

structure of the solid circular disk from the wake of 

two-dimensional bluff body.

Figure 3.2.3 shows contours of vorticity distribution in the 

(y,t) plane behind the solid circular disk at x = 3.4 D and 

z = 0, in which both positive and negative peak areas of vorticity 

are shown hatched. The vorticity distribution is distorted by the 

effect of strong shear in the near wake, however, the nearly 

staggered array of vortices can be recognised in the figure. The 

strength of the vortices is not calculated as the vorticity is 

continuously distributed. The values of vorticity at the peaks 

are only about half that found in the wake of the thin sharp-edged 

ring model at the same downstream position.

Figure 3.2.4 shows conditionally averaged velocity vector 

field in the wake behind the solid circular disk at x = 3.4 D and 

z = 0, in which the convection velocity of 0.83 U, the velocity at
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the peak of the vorticity distribution, is subtracted. Although 

the centres of vortices are not clear, it can be recognised that 

vortices shed from the two opposite sides of the axis of symmetry 

of the disk are out of phase and have opposite signs of rotation.

The cross-wires were traversed also on the z-axis, normal to 

the x-axis and y-axis, from z = 0 to z = 1.25 D. The conditional 

averaging technique was again employed to extract the periodic 

component from the measured turbulent velocity fluctuations in the 

(z,t) plane which is normal to the previous (y,t) plane. The 

reference signal for control of conditioning was measured at the 

same position as in the previous measurements. Figure 3.2.5 shows 

the results of the conditionally averaged velocity fluctuations of 

two cycles in the wake behind the solid circular disk. The 

velocity fluctuation v* is plotted positive when the flow is in 

the positive z direction. There exists no periodic feature at 

the vortex shedding frequency in the figure, which agrees with the 

result of Roberts (1973). He observed no correlation of the 

velocity fluctuation components at the predominant frequency 

between two positions located at the same x, the same radial 

distance from the axis of symmetry and at an angular separation of 

90°.

In spite of the existence of a predominant frequency in the 

velocity fluctuations measured in the (z,t) plane, a periodic 

component could not be extracted by using the conditional 

averaging technique. There are two possibilities; one is that the



134

Figure 3.2.5 Conditionally averaged velocity fluctuations in 

the wake behind the solid circular disk at 

x = 3.4 D, y = 0, U = 10 m/s.
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velocity fluctuations at the shedding frequency in the (z,t) 

plane are completely uncoupled with the reference velocity 

fluctuation at the same frequency measured in the (y,t) plane. 

The other possibility is that the velocity fluctuations at the 

predominant frequency can be divided into tv<o modes and that both 

modes have correlations with the reference velocity fluctuation, 

but they are out of phase with each other and hence they cancel 

each other when they are averaged together, assuming the two modes 

occur equally.

The second possibility was examined by dividing the velocity 

fluctuations into two modes and applying the conditional averaging 

technique to each mode individually. When the reference signal 

could sense the clear start and the end of a vortex shedding cycle 

as shown in Figure 3.2.6, the averages of both the first half and 

the second half of cycles of the velocity fluctuation u* were 

calculated. Figure 3.2.7 shows an example of a series of cycles 

indicating the mode depending on which half cycle has larger 

averages. For convenience, the (+90°) mode denotes the velocity 

fluctuation for the average of the first half cycle is larger

than the other and (-90°) mode denotes vice versa hereafter. It 

is recognised from the figure that both modes occur intermittently 

and randomly at about an even rate and the mode lasts only one 

cycle in many cases, but sometimes it lasts a few cycles.
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Figure 3.2.6 Division of (90°) mode and (-90°) mode of velocity 

fluctuation u* by comparing the averages of two 
half cycles .
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A • (90°) mode, 20%

V : (-90°) mode, 18%

; not used for averaging, 62%

(irregular reference signal)

Figure 3.2.7 Example of a series of cycles of velocity

fluctuations u* at x = 3.4 D, y = 0, z = 1.0 D.
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Figure 3.2.8 and Figure 3.2.9 show the results of 

conditionally averaged (+90°) mode and (-90°) mode velocity 

fluctuations in the (z,t) plane in the wake behind the solid 

circular disk. Although the division into modes was based on the 

velocity fluctuation of u , the same portions of the cycles of 

velocity fluctuation of v were conditionally averaged as the

same mode. It is recognised from the figure that the periodic
0 0 ★ ★ 

features of both (+90 ) mode and (-90 ) mode of u and v are

clearly extracted and that both modes have almost the same level

of amplitude and are 180° out of phase with each other. Also the

patterns and the amplitudes of both modes are almost the same as

those measured in the (y,t) plane shown in Figure 3.2.2. The

vorticity distributions of both (+90°) mode and (-90°) mode are

calculated from the conditionally averaged velocity fluctuations

and the contours of the distributions are shown plotted in Figure

3.2.10. The patterns of the distributions are similar and 180°

out of phase with each other. Also, both patterns and the levels

of vorticity are almost the same as that in the (y,t) plane

shown in Figure 3.2.3. The phase between the vorticity

distributions for the (+90°) mode and (-90°) mode and the area of

y* < 0 in the (y,t) plane are roughly 90° and -90° respectively.

The present measurements may be insufficient to describe the 

whole wake structure of the solid circular disk. However, the

following fundamental periodic features of the wake were disclosed 

by applying the conditional averaging technique to the turbulent
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(b) v* fluctuation

Figure 3.2.8 Conditionally averaged velocity fluctuations of 

(+90°) mode in the (z,t) plane in the wake of 

the solid circular disk at x = 3.4 D, y = 0,

U = 10 m/s.



140

Conditionally averaged velocity fluctuations of 

(-90°) mode in the (z,t) plane in the wake of the 

solid circular disk at x = 3.4 D, y = 0, U = 10 m/s.

Figure 3.2.9
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wake flow: (i) the clouds of vorticity shed from any two opposite 

sides of the disk are roughly 180° out of phase with each other at 

x = 3.4 D, (ii) extracted periodic clouds of vorticity in the 

(y,t) plane and (z,t) plane can be either 90° or -90° out of 

phase with each other. The simplest interpretation of the above 

limited information would be that an unstable helical 

counterrotating vortex pair is shed intermittently. The direction 

of the helices change from clock-wise to anticlock-wise or vice 

versa frequently and randomly. This structure should be confirmed 

by further measurements at various positions in the wake.

3.3 Make structure of a two flat plates arranged side-by-side

If we consider the cross-sectional view of vortex shedding 

from a ring model in a plane containing the axis of symmetry, then 

its two-dimensional analogue is vortex shedding from two flat 

plates placed normal to a free stream in a side-by-side 

arrangement. Measurements of base pressure, drag, correlation of 

velocity fluctuations and vortex shedding frequencies of two 

circular cylinders or two flat plates arranged side-by-side, with 

various gaps, have been carried out by several investigators. In 

the present research periodic components were extracted from 

turbulent velocity fluctuations measured by cross-wires in the 

wakes behind the two flat plates with end plates described in 

Table 2.1 and Figure 2.1. The conditional averaging technique was 

used in the present experiment and the results are compared with
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those from the wake of the thin sharp-edged ring model. The wakes 

of two flat plates arranged side-by-side with spacings of 

d/w = 4.0 and d/w = 6.0, where w is the width of the flat plate 

and d is the distance between the centres of the two flat 

plates, were examined. Measurements of the reference velocity 

fluctuation, the velocity fluctuation of u and v and the 

conditional averaging were achieved in the same way as for the 

thin sharp-edged ring model described in Section 3.1.3. The 

two-dimensional coordinate system (x,y) is used and the symbols 

employed here are the same as those used for the ring model in the 

last two sections, except that the discriminating symbol (') is 

used.

Biermann and Herrnstein (1933) demonstrated experimentally 

that the interference drag of two circular cylinders arranged 

side-by-side with a spacing of d/w = 4.0 is very small and that 

the interference drag is practically zero for spacings greater 

than that. Andreopoulos (1972) measured the base pressure on each 

of two sharp-edged cross-section flat plates arranged side-by-side 

and found that the flat plates experienced asymmetric flow in the 

range of spacing up to d/w = 3.0, as shown in Figure 3.3.1. This 

is a larger range of gap size than that found for asymmetric flow 

around two circular cylinders. Bearman and Wadcock (1973) 

observed that vortex shedding from two circular cylinders arranged 

side-by-side is symmetric about the axis of the gap when the 

spacing is d/w > 2.0. Although it is not clear what is the upper 

limit of spacing for antiphase (symmetric) vortex shedding from 

two flat plates, Williamson (1985) visualised the antiphase
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synchronization of vortex shedding from two circular cylinders 

with d/w = 6.0 at a low Reynolds number. He also observed that 

vortex shedding synchronization occurs either in phase or in 

anticphase in the range between d/w = 2.0 and d/w = 6.0. 

Preliminary measurements of conditionally averaged velocity 

fluctuations in the wakes behind two flat plates with d/w = 4.0 

and d/w = 6.0 were made at several positions in the present 

experiment. These showed that vortex shedding from the two flat 

plates is in antiphase on the whole, although some asymmetric 

vortex shedding,which disappeared in the process of averaging over 

a large number of cycles, was also observed.

Figure 3.3.2 to Figure 3.3.4 show the conditionally averaged 

velocity fluctuations of two vortex shedding cycles behind the two 

flat plates arranged side-by-side with d/w = 6.0 at x - 3.4 w, 

8.0 w and 16.0 w respectively. The patterns of the velocity 

fluctuations are similar to those measured in the wake of the thin 

sharp-edged cross-section ring model shown in Figures 3.1.20 and 

3.1.21, except for the pattern of the velocity fluctuation of v* 

between the paths of the inside and outside vortices at x - 3.4 w. 

The difference may be caused by the difference in the spacing 

between the rows of inside and outside vortices, which can be seen 

from the distribution of vorticity presented later. Figures 3.3.5 

and 3.3.6 show root-mean-square and mean conditionally averaged 

velocity fluctuations profiles at x = 3.4 w, 8.0 w and 16.0 w 

respectively. The profiles of r.m.s. values at the three 

positions are almost symmetric about y = 3.0, whereas the 

profiles of the thin sharp-edged cross-section ring model shown in
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u*

Figure 3.3.2 Conditionally averaged velocity fluctuations in the wake 

behind the two flat plates arranged side-by-side with 

d/w = 6.0 at x = 3.4 w, U = 10 m/s.
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0.0 1 , 0  J *  2 -0

Figure 3.3.3 Conditionally averaged velocity fluctuations in the wake

behind the two flat plates arranged side-by-side with

d/w = 6.0 at x = 8.0 w, U = 10 m/s.
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0.0 1 , 0  J *  2-0

Figure 3.3.4 Conditionally averaged velocity fluctuations in the wake

behind the two flat plates arranged side-by-side with

d/w = 6.0 at x = 16.0 w, U = 10 m/s.
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(a) X = 3.4 w

(b) X = 8.0 w

Figure 3.3.5
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r.m.s. of u* and v* fluctuation 

(c) x = 16.0 w.

Figure 3.3.5 Root-mean-square profiles of conditionally 

averaged velocity fluctuations u* and v* 

in the wake behind the two flat plates 

arranged side-by-side with d/w = 6.0,

Re = 2.0 x 104.
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o

Velocity (U) 

(a) x = 3.4 w

o

(b) x = 8.0 w

Figure 3.3.6
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Velocity (U)

(c) x = 16.0 w

Figure 3.3.6 Profiles of mean velocities u* and v* in the 

wake behind the two flat plates arranged 

side-by-side with d/w = 6.0, U = 10 m/s.
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Figure 3.1.23 are not. It suggests that vortex shedding from each 

of the two flat plates is almost symmetric about the centre of 

each flat plate and is not affected much by the existence of 

vortex shedding from the other plate except for the 

synchronization of the phase of vortex shedding. Also the r.m.s. 

values of v fluctuations are about twice as large as that of 

the u* fluctuations at the three positions, whereas the r.m.s. 

values of u and v fluctuations of the thin sharp-edged 

cross-section ring model are almost at the same level. The 

profiles of mean velocities are almost the same as those of the 

thin sharp-edged cross-section ring model as shown in Figure 

3.1.24.

Figures 3.3.7 to 3.3.9 show vorticity contours behind the two 

flat plates arranged side-by-side with d/w = 6.0 at x = 3.4 w, 

8.0 w and 16.0 w respectively. The patterns of the vorticity 

distributions of the inside and outside vortices and their 

arrangements at the three positions in the wake are almost the 

same except for the effect of diffusion of vorticity which spreads 

the vortices with distance downstream. The strengths of the 

inside and outside vortices at x = 3.4 w are r '*= 3.08 and
a

r b'*= -2.97 and their ratio is _ra'/rb' = 1.03. Therefore, about 

41% and 40% of the total vorticity remain within each concentrated 

cloud of vorticity. These values are between those for the inside 

and outside vortex rings measured at the same position in the wake 

of the thin sharp-edged cross-section ring model. The spacing 

ratio of the vortices is \ \ '/ V = 0.51, i.e. vortices of about the
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same strength shed from alternate sides of the flat plate with 

nearly 180° out of phase difference. Half the spacing between the 

two rows of inside vortices and between the two rows of outside 

vortices is a' = 2.5 w and b ‘ = 3.5w respectively. Therefore, 

the spacing between the rows of the inside and outside vortices is 

b ' - a ' = 1.0 w, which is smaller than that of the ring model of 

b - a = 1.4 w at the same position. At x = 8.0 w the strengths

of the vortices decrease to r ' *  = 2.57 and r, ' *  = -2 .58a b .
(-T 1/Tb' = 1*00) at decay rates of 4% and 3% per w of vortex 

travel. However the arrangement of vortices changes very little. 

Davies (1975) meaured the wake of an isolated D-shaped cylinder at 

x =8.0 w. He obtained a non-dimensional strength of a vortex of 

2.39 which was 26% of the total vorticity shed and a convection 

velocity of 0.8 U. The magnitudes of his results are comparable 

with the present results. The regular symmetric arrangement of 

vortices can still be recognised at x = 16.0 w, although a 

considerable diffusion of vorticity has taken place. The 

strengths of vortices decrease to Ta'*= 1.59 and F̂ ' *= -1.64 

(- T 1 / F. 1 = 0.97), i.e. only about 21% and 22% respectively of the 

total vorticity remains within the concentrated clouds. The decay 

rate of both vortices is 6% per w vortex travel between 

x = 8.0 w and x = 16.0 w. Therefore, vortices in the wake of the 

two flat plates and the ring models decay at almost the same rate. 

The width of the wake increases with distance downstream and at 

x = 16.0 w the arrangement of vortices are h '/l' = 0.43, with 

a 1 = 2.4 w and b' = 4.4 w. The results of the present 

measurements, which are summarized in Table 3.3.1, suggest that
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Table 3.3.1.

Vortices from the two flat plates arranged side-by-side 

with d/w = 6.0.

Downstream Position x 3.4 w 8.0 w 1 6.0 w

T ' * ( Inside Vortex) 3.08 2.57 1 .59

T' / Total Vorticitycl 41% 34% 21%

r ' b*  (Outside Vortex) -2.97 -2.58 -1.64

r ' b / Total Vorticity 40% 34% 22%

- r  ' / r .  1 a ' b 1 .03 1 .00 0.97

a 1 2.5 w 2.5 w 2.4 w

b' 3.5 w 3.6 w 4.4 w

h '/ V  (Spaci ng Ratio) 0.51 0.50 0.43

uc of Inside Vortex 0.96 U 0.84 U 0.81 U

u of Outside Vortex c 0.91 U 0.76 U 0.88 U
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vortices shed from one of the two flat plates arranged 

side-by-side with d/w = 6.0 are little affected by vortices from 

the other flat plate, since there exists little difference between 

the inside and outside vortices. The only major interaction 

between the wakes of the two flat plates is the synchronization of 

vortex shedding. However, it is thought that synchronization can 

be induced by quite small fluctuations in the flow field since the 

vortex shedding frequencies of both flat plates are the same.

Figures 3.3.10 to 3.3.12 show conditionally averaged velocity 

vector fields, in which the convection velocity of the inside 

vortex is subtracted, at x = 3.4 w, 8.0 w and 16.0 w 

respectively. Inside and outside vortices, 180° out of phase with 

each other, can be clearly recognised in the three figures. Also 

the strengths of the inside and outside vortices appear about the 

same from considering the scales and circumferential velocities of 

the vortices. There is no area near the axis of symmetry between 

the wakes where fluid moves with the same velocity as the inside 

vortices in contrast to the case of the ring models.

The wakes of the two flat plates arranged side-by-side with a 

narrower spacing of d/w = 4.0 was also measured in the same way 

for comparison. Figure 3.3.13 shows conditionally averaged 

velocity fluctuations at x = 8.0 w. Figure 3.3.14 and Figure 

3.3.15 show the profiles of root-mean-square values and mean 

values of conditionally averaged velocity fluctuatuons u and 

v respectively. The patterns of the velocity fluctuations are
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Figure 3.3.13 Conditionally averaged velocity fluctuations in the wake 

behind the two flat plates arranged side-by-side with 

d/w = 4.0 at x = 8.0 w, U = 10 m/s.
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Figure 3.3.14 Root-mean-square profiles of conditionally averaged 

velocity fluctuation behind the two flat plates with 

d/w = 4.0 at x = 3.0 w, Rg = 2.0 x 104 .

Figure 3.3.15 Profiles of mean velocities u* and v* in the wake

behind the two flat plates with d/w = 4.0 at x = 8.0 w, 
Rg = 2.0 x 104 .
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almost the same as those of the two flat plates with d/w = 6.0. 

Figure 3.3.16 shows contours of vorticity distribution at 

x = 8.0 w calculated from the conditionally averaged velocity 

fluctuations. Regular symmetric vortices are seen in the wake of 

two flat plates with d/w = 4.0, whereas there exists no regular 

vortex shedding from the ring model with d/w = 4.0. The 

strengths of the inside and outside vortices are ra'*= 2.10 and 

r b '* = -2.60 ( - r  ' / r b ' = 0.81), i.e. about 28% and 35% of the 

total vorticity remain within the concentrated clouds of vorticity 

respectively. Therefore, almost the same level of total vorticity 

remains within the outside clouds, but a smaller amount remains 

within the inside clouds compared with the wake of the two flat 

plates with d/w = 6.0 at the same downstream position. The 

reason is thought to be that since the inside vortices shed from 

the two flat plates are counterrotating the rate of cancellation 

between them is higher when the gap between the two flat plates is 

narrower. The arrangements of the inside and outside vortices are 

h '/£' = 0.44, a' = 1.5 w and h' = 2.9 w. The results of 

measurements are summarized in Table 3.2.2. Figure 3.3.17 shows 

conditionally averaged velocity vector field, in which the 

convection velocity of the inside vortex is subtracted, in the 

wake of the two flat plates with d/w = 4.0 at x = 8.0 w. It is 

recognised from the figure that the inside and outside vortices 

are nearly 180° out of phase, and there exists an area on the axis 

of symmetry where the fluid moves at almost the same velocity as 

the centre of the inside vortex.
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Table 3.3.2.

Vortices from the two flat plates arranged side-by-side

with d/w =4.0

Downstream Position x 8.0 w

T'a* (Inside Vortex) 2.10

r'_ / Total Vorticitya 28%

T'b* (Outside Vorticity) -2.60

r'b / Total Vorticity 35%

- V / V 0.81

a' 1.5 w

b' 2.9 w

h'/£' (Spacing Ratio) 0.44

Uc of Inside Vortex 0.85 U

Uc of Outside Vortex 0.82 U
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CHAPTER FOUR 

VORTEX WAKE MODEL

Stable vortex ring shedding from a ring with d/w > 5 has been 

observed in the experiments described in Chapter 3. This chapter 

describes a simple vortex wake model of a ring, which consists of 

a pair of infinite rows of counterrotating coaxial vortex rings. 

Also, vortex wake of two flat plates in a side-by-side 

arrangement, which consists of two parallel vortex streets in 

antiphase, is modelled. The time sequences of the arrangements of 

the models are numerically simulated and compared with the 

experimental results.

4.1 Modelling of the vortex wake of a ring

Vortex rings are assumed to be circular line vortices for the 

simplicity of the modelling, except for the calculation of 

self-induced velocity of the vortex ring, which depends on the 

distribution of vorticity in the core of the vortex. A viscous 

vortex model is used to match the vorticity profile in the core, 

and initial values for the model simulation are taken from the 

experimental results for the thin sharp-edged ring with d/w = 6.



17 0

4.1.1. Isolated vortex ring

Let us suppose that the velocity, u, of the fluid at the 

position, x, is specified by the vorticity, u> , in the fluid where 

the rate of expansion is zero everywhere, then the following 

equations can be written:

w = rot u (4.1.1)

div u = 0 (4.1.2)

For an arbitrary vector, B, vector analysis shows that

div rot 1 = 0  (4.1.3)

Therefore, the vector potential of u is defined from (4.1.2) 

such that

u = rot B (4.1.4)

Wt 9 sucX -flvdr d;v B -o

From (4.1.1) and (4.1.4), the following relation is obtained, 

w = rot rot B

= grad div B - V2B

o">
= - v 2b (4.1.5)
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This is the well-known Poisson's equation, and the solution of B 

at x is given by

(4.1.6)

s x  -  X (4.1.7)

where s is the distance between x and x 1 where the vorticity 

is distributed. The volume integral in (4.1.6) is taken over the 

region occupied by the fluid. Equations (4.1.4) and (4.1.6) have 

an analogy in electromagnetic theory, where they are related to 

the Biot-Savart's law.

If the flow has symmetry about an axis, the stream function, 

ip, can be defined, in terms of cylindrical coordinates (x, r, 9 ) 

with corresponding velocity components (u, v, 0). The axis of 

symmetry being the line r = 0, such that

(4.1.8)

1 jW 
r 9xv ( 4 . 1 . 9 )
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The vector potential in this case is given from (4.1.4), (4.1.8)

and (4.1.9), such that

B0
È
r (4.1.10)

where

B = (0, 0, B0 ) (4.1.11)

Now we consider a vortex ring at x = 0 in a cylind rical 

coordinate system, as shown in Figure 4.1. For simplicity of

r

Figure 4.1 Vortex ring
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calculation the vortex ring is approximated by a single circular 

line vortex of radius, a , and circulation strength r .  The 

approximation is thought to be acceptable if the point, p(x,r), 

under consideration is not close to the vortex filament. Then, in 

the usual way, the elements of the integration in equation (4.1.6) 

can be written as (Batchelor 1967)

w(x',r1) dx'dr' = r (4.1.12)

s = (x2+r2+a2 - 2ar cos0)2 (4.1.13)

From equations (4.1.6), (4.1.10), (4.1.12) and (4.1.13) the stream 

function ip (x,r) at point P(x,r) is given by

^(x,r) =
cos 0 d0

= Har) 

4 Tf

1
2

(4.1.14)
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where K(k) and E(k ) are the so-called complete elliptic integrals 

of the first and second kind, and

9 4ar
k  = -----------

x2 + (r+a)2
(4.1.15)

K(k) k2sin20) 2 d0 (4.1.16)

E(k)

ir

 ̂ (1 - k2sin20)2 d0. 

o
(4.1.17)

There is no azimuthal motion and the other velocity components of 

the flow are calculated from (4.1.8), (4.1.9) and (4.1.14) as

u r
87Tr {<f )j 7 T T 2 E(k) ' (? )J G(k) } (4.1.18)

( j )  G ( k ) .V ( 4 . 1 . 1 9 )
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where

G(k) = k 2 - k2 

1 - k2
E(k) - 2K(k) . (4.1.20)

Detailed calculations are presented in Appendix B.

4.1.2. Self-induced velocity of a vortex ring

There is a singularity in the velocity distribution at points 

on the approximated circular line vortex in the equations (4.1.18)

Figure 4.2 Core of a vortex ring
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and (4.1.19). It is necessary to examine the value of the 

velocity in the core area of the vortex ring in order to estimate 

the self-induced velocity of the vortex ring. This velocity 

depends on the vorticity profile in the core. When the diameter 

of the vortex core is small, compared with the vortex ring 

diameter, and the vorticity is distributed uniformly inside the 

core of radius, z , Lamb (1945) gives a proof of Kelvin's formula 

for the self-induced velocity, u , in the x-direction, of the
X j

vortex ring. The velocity is given by

When the length of the vortex core model is stretched as shown in 

Figure 4.3, and the volume of the vortex core and the strength of 

circulation remain constant, the following relations are obtained.

u (4.1.21)

where

e << a (4.1.22)

2 tt 2 a e2 = const (4.1.23)

it o) e2 = const (4.1.24)
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Experimental measurements of the vorticity distribution in 

the core of a vortex ring shows the effect of viscous diffusion 

and the vorticity distribution is far from the uniform one used in 

the Kelvin's formula. The two-dimensional vorticity equation for a 

viscous fluid is written in terms of radial coordinates (n,Q) such 

that

9co 
9t

9 2 co +  1 _3co 1

•9n2 ^ 9n ^
(4.1.25)

Figure 4.3 Stretch of a vortex core
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where v is kinematic viscosity and n = 0 is chosen as the centre 

of the core, as shown in Figure 4.2. The vorticity diffuses 

rapidly in a turbulent flow, but turbulent viscosity is not 

applied here for the simplicity of the modelling. If the 

diffusion in the core is solely viscous the solution of equation 

(4.1.25) is given by

w r

4irvt
exp

4vt

1.26 r 

R 2
exp 1.26 n2 1

R 2 o

(4.1.26)

R02 =5.04 vt (4.1.27)

where r is the initial circulation and t is the "age" of the 

vortex, and Rq denotes the radial distance from the core centre 

to the maximum in the circumferential velocity, uQ, given by

u 0
r

2irn
(4.1.28)
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Frankel (1970) and Saffman (1970) have extended Kelvin's formula 

to a vortex ring with an arbitrary vorticity distribution in the 

core. Saffman (1970) evaluated u for a viscous vortex ring 

expressed by equation (4.1.26), and gave the result

sx
_L_ hog — §i- - 0.558 
4ira / 4vt

4ira
log - 0.558 (4.1.29)

where

R < < a o (4.1.30)

When the diameter of the vortex ring changes only a little, 

the following relation given by equation (4.1.23) can be used.

aR 2 =o const (4.1.31)
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4.1.3. Double rows of vortex rings of infinite extent

Let us consider a stable vortex wake model of a ring, which 

consists of an infinite array of alternate sign vortex rings on a 

common axis of symmetry. The inside and outside vortex rings are 

approximated by circular line vortices of radii a and b with 

circulation strengths ra and ^  respectively. The line r = 0 is

chosen as the axis of symmetry in terms of cylinderical

coordinates (x, y, 6). The longitudinal spacing of both the 

inside and outside rings is i and the spacing between adjacent

inside and outside vortex rings is h as shown in Figure 4.4.

The induced velocity components u and v at a point P(x,r)

are given by superimposing the induced velocities of the isolated 

vortex ring (4.1.18) and (4.1.19).

r ( i «> k 3 i ,
u = ^  (̂ -)2 V ---—  E(kJ - (f)2 G(k )l

87Tr \ vr  2 m a v m J
m

, rb { (£>! I
k 3 n

E<kn> - (4.1.32)8iir 1-k 2 n

ra
$ > ‘ ?1 —oo

'x - mi,
) G<k™>8Trr a

, rb 1 — oo

x-h-ni,̂
G(kn) (4.1.33)8TTr b
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where

4ar
km2 = -----------------  (4.1.34)

(x - m£)2 + (a+b)2

4br
kn2 = ------------------ (4.1.35)

(x-h-n£)2 + (a+b)2

Then the velocity components of the inside and outside vortex ring 

rows, (u3, v ) and (u, , v, ) are given by
a d  D  D

871a

i 00

v - o o

m*o

k 3 am

1-k.am

-  E(k ) - 7 G(k )? v am7 L v am'
- c o

m^o

8ua
l

k 3 an

1-k 2
an

E<ka n H F > ;

4iTa

\ 8.98a
log n---
-■ oa

- 0.558 (4.1.36)

r, k i 00
(j)2 i

871a -°°
flL+dll

b G(k ) v an' (4.1.37)
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uk = ra f (.}l l  _ V _  E(kbm) - <|,i I G(khJ
8nb -oo 1-k, 2bm

bnr

r , °° k 3 °°
b ' V b" E(khn) - G(k.){ l  -l-o 1 9 bn' L "v''brr

-O O. 87Tb '■-9° 1-k. 2nVo bn n*o

r L
log - 0.558

4ub k ob
(4.1.38)

a ,a. h-m£

8iTb
(f)' I ^  G<kbm> (4.1.39)

where

4a2
k 2 
Kam (nu)2 + 4a2

(4.1.40)

4ab
k 2 _ ---------------
an (h+n£)2 + (a+b)2

(4.1.41)

4ab
k 2 - Kbm ‘ (h-m£)2 + (a+b)'

(4.1.42)

4b2

(nil)2 + 4b2
(4.1.43)

where suffixes a and b imply the inside and outside vortex 

rings respectively.
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4.1.4. Numerical simulation

The time sequence of the arrangement of vortex rings in the 

wake of a ring is numerically simulated by using the model of 

double rows of infinite vortex rings considered in the last 

section. First the parameters of the viscous vortex model 

expressed by (4.1.26) are evaluated from the vorticity profiles of 

the inside and outside vortex rings obtained by the conditional 

averaging technique described in Section 3.1.3. The profiles of 

the thin sharp-edged ring with d/w = 6 at x = 8.0 w are used, 

since they have less distorted vorticity distribution comparing 

with those at x = 3.4 w. The non-dimensional form of equation

(4.1.26) is written as

(4.1.44)

where

GJW

u

r _ r_

Uw
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n
* n

w

w
(4.1.45)

The experimental results at x = 8.0 w are matched to equation 

(4.1.44) by the least-square-error method and are shown in Figure 

4.5. The following values of the parameters are obtained

oa 1.05

ob 1.12

T = 2.01d

Roa*

= 2.67

Rob*

= 3.48

rb = 2 '78 (4.1.46)

where Rq * and RQ^ are the values of RQ* for the inside and 

outside vortex rings respectively. It should be noted that these
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(a) Inside vortex ring

O : Experiment 

r* = -2.80

—  : Model

r£ = - 2.78

- 2 . 0  - 1 . 0  0 1.0  *  2 . 0
n

(b) Outside vortex ring

Figure 4.5 Modelling of vorticity distributions in the cores of 

a vortex ring. Thin sharp-edged ring with d/w = 6.0. 

x = 8w.
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values do not satisfy the condition (4.1.30) of the approximation 

in the calculation of the self-induced velocity (4.1.29), although 

the values of r and rb * almost agree with the experimental 

values, 2.19 and -2.80 respectively.

The time sequence of the arrangement of vortex rings 

iteratively calculated by the following equations.

★ * ★ . , * 
ai+l = ai + ua 4t (4.1.47)

bi
★ ★ 
+ Ub At (4.1.48)

h
★
i+1 (ua*- % )  At* (4.1.49)

where denotes non-dimensionalized values by w or U and At
★

is the step of non-dimensional time t expressed by

(4.1.50)

In the calculation, At is set to 0.2 and 100 inside and 100 

outside vortex rings are taken into account. The initial values 

for the calculation are taken from the experimental result at
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★
x = 3.4 w (t =0) except for the vortex core models which are

taken at x = 8.0 w (see 4.1.46). The comparison between the model 

simulation and the experimental results at x = 3.4 w and x = 8.0 w 

(t = 5.8, i.e. the convection velocity of 0.8 U is used here) is 

shown in Table 4.1, and the changes of a , b and h /& with t 

are shown in Figure 4.6. Although calculated values do not 

coincide exactly with the experimental results, the order of the 

changes and the trends are well predicted by this simple model. 

The tendencies for the inside and outside vortex rings get close 

to each other and the radii to increase with time, are also 

clearly seen in the flow visualization experiments to be described 

in the next chapter. The inside vortex ring never passes through 

the outside vortex ring in the experiment nor in this simulation. 

However the simulation is thought not to be accurate enough to 

predict such a phenomenon, because when the cores of the inside 

and outside vortex rings get close to each other, the 

approximation of a line vortex gives rise to a large error in the 

calculation of induced velocities. The calculated vorticity 

distributions in the cores of the vortex rings and the velocity 

fluctuations are shown in Figures 4.7, 4.8 and 4.9. The velocity 

fluctuation in the core areas is not plotted in Figure 4.9 because 

of a large error caused by the approximation to a line vortex. 

The general features of the model simulation agree well with the 

experimental result at x = 8.0 w.

The approximation of the actual vortex ring to the simple 

circular line vortex in the calculation of the stream function,
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TABLE 4.1

Comparison of experimental and model simulation results 

Bluff body model: thin sharp-edged ring with d/w = 6.0

Experiment Model simulation

X 3.4 W 8.0 W (3.4 W) (8.0 W)
★

t (0.0) (5.8) 0.0
'k 'k 'k

5.8

★
a 2.5 2.7 2.5 2.7

b * 3.9 3.9 3.9 4.0

h ll 0.45 0.27 0.45 0.38

ra* 2.75 2.19 2.01** *** 2.01

rb * -3.19 -2.80 -2.78** -2.78

Roa - 1.05 1.05 0.91

R o b
- 1.12

**
1.12 1.04

** These values are modelled from the experimental results at 

x = 8.0 w (see 4.1.46)

*** Convection velocity of 0.8 U is used.
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(a) Change of h*/5J* with t*

5 . 0  1 0 - 0  1 5 . 0  2 0 . 0

t*
(b) Changes of a* and b* with t*

Figure 4.6 Results of numerical simulation
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(a) u fluctuation

Figure 4.9 Velocity fluctuations by model simulation at t* = 5,8.
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(4.1.14) and the assumption that the core of the vortex ring has a 

very small cross-sectional area in the calculation of the 

self-induced velocity (4.1.29), provide a certain limitation to 

the accuracy of this simulation model. Nevertheless, even an 

exact calculation using the model would not yield the values 

obtained by the experiment, since vortices just shed from the 

bluff body are in fact the beginning of some finite vortex street, 

also the existence of the bluff body affects the arrangement of 

vortices in a real wake. Therefore, a more sophisticated model is 

necessary to simulate the actual vortex wake behind the ring, and 

also vorticity diffusion by turbulence must be taken into 

account. However this simple model is thought to be adequate for 

the consideration of the fundamental nature of the vortex ring 

wake.

4.2 Modelling of the vortex wake of two flat plates in a 

side-by-side arrangement.

The double vortex streets in antiphase which are shed from 

two flat plates in a side-by-side arrangement are modelled by 4 

rows of infinite two-dimensional point vortices in the (x»y) plane 

as shown in Figure 4.10. The symbols used here are the same as 

for the axisymmetrica1 case in the last section, except the 

discriminating symbol (') is used and x - 0 is the axis of 

symmetry. The complex potential function f(z) is given by
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f(z)
Fa'
--- log
2tn

sin

si n

Tr(z-a')
V

Tr(z+a')

r

sin

si n

iT(z-b')
V

fr(z+b')
V

(4.2.1)

and the velocity components of the inside and outside vortices 

(ua', va') and Vb'̂ are 9iven

r ' „ . r ,  1
—  coth Z l L .  + J L
2 V V  zv

H(a'+b 1) + H(b'-a') (4.2.2)

Z V

I(b'-a') - I(a 1+b1) (4.2.3)

r 1 r
1 b .. 2TTb' !a = ---coth ----- + —

Z V £' Z V

H(a1+b') - H(b'-a') (4.2.4)

vb I(b'-a') I(a1+b1)

where

H(a)

cosh

sinh

2Tia'

V

2ira'
~ F ~

- cos 2-nh' 

V

(4.2.5)

(4.2.6)



197

1(a)
cosh

sin

2 - ir a ' 

£ 1

2TTh '
~ V ~

- cos 2vV  

£ 1

(4.2.7)

The time sequence of the arrangement of the modelled double 

vortex streets is numerically calculated by the following 

iterative equations.

a.'*-, = a!* + v'* At*
i • - d

(4.2.8)

bH l  =' bi* + *b* 4t* (4.2.9)

h •'*-| = h!* - (u’* - u£*) At* (4.2.10)

The initial values for the calculation are taken from the 

experimental result for two flat plates of d/w = 6 at x = 3.4 w

(t* = 0). The comparison between the results of the model

simulation and the experimental results at x = 3.4 w and x = 8.0 w 

(t* = 5.3, i.e. the convection velocity of 0.87 U is used here) is 

shown in Table 4.2. Also the change of a 1 , b 1 and h' are
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TABLE 4.2

Comparison of experimental and model simulation results 

Bluff body model: two flat plates, d/w = 6.0

Experiment Model simulation

X 3.4 w 8.0 w (3.4 w) (8.0 w)

★
t (0.0) (5.3) 0.0

**
5-3

.*
a 2.5 2.5 2.5 2.5

b '* 3.5 3.6 3.5 3.5

h' / £ ' 0.51 0.50 0.51 0.50

ra* 3.08 2.57 3.08 3.08

-2.97 -2.58 -2.97 -2.97

** Convection velocity of 0.87 U is used here.
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compared with the previous axisymmetrical case in Figure 4.6. It 

is found that the predicted changes for the plates are negligibly 

small compared with the case of the ring, which agreed well with 

the experimental results, including the flow visualization in 

Chapter 5.
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CHAPTER FIVE

FLOW VISUALIZATION

This chapter describes flow visualizations of the wakes of 

various ring models and two flat plates arranged side-by-side. 

The experiments were carried out in a low Reynolds number range, 

in a water tank by using dye and powder. The visualized wakes are 

compared with results obtained in the experiments in the wind 

tunnel in the high Reynolds number range.

5.1 Experimental apparatus and flow visualization techniques

Flow visualizations were carried out in a water tank of 0.5 m 

width, 0.5 m depth and 2 m length. The bluff body model was 

suspended from a towing carriage on the water tank by a thin 

streamline-shaped support. A schematic diagram of the apparatus 

is shown in Figure 5.1. The towing carriage shown in Photo 5.1 

can move with highly constant speeds up to 5 m/s. Although the 

system is complicated and requires a long waiting time for the 

water in the tank to become still after each run of the 

experiment, it has great advantages for flow visualization 

compared with a conventional water circulating channel, especially 

in a low Reynolds number range. In this facility the velocity 

profile is uniform and there exists no turbulence. The surface of
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water was slightly heated for stability of thermal convection. 

The bluff bodies used for the experiment were ring models of 

d/w = 4.0, 6.0 and 12.0 and two flat plates of d/w = 4.0 and 6.0. 

Most of the models had the same rectangular cross-section of 

w = 10 mm and 6 = 3  mm. Two other models were rings of d/w = 6.0 

and w = 10 mm with a thin sharp-edged cross-section and with a 

rectangular cross-section of 6/w = 0.6, which were used to examine 

the effect of the afterbody shape. The Reynolds number range 

based on w was 62 to 95.

Two methods were employed for the flow visualizations, one 

was the electrolytic precipitation method which can visualize a 

streakline and the other was the aluminimum powder method which 

can visualize particle paths.

For the electrolytic precipitation method, the bluff body 

models were electroplated with tin in a solution of tin sulphate 

beforehand. Then, water in the tank was electrolysed using the 

model as a positive electrode, and the precipitation from the 

model was used as a dye to visualize a streakline. Although this 

method requires strong lighting for pictures with good contrast, 

since the dye is fairly thin, it is easy to control the dye 

electrically. Another advantage of this method is that the dye is 

generated from within the boundary layer of the bluff body model, 

which makes it easy to observe rolling up of the separated shear 

layers. A conventional method that emits a dye upstream of the 

bluff body model may disturb the flow field (Taneda et al. 1974).
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The streakline method provides a clear picture, but its 

interpretation needs some care. It should be noted that a 

streakline merely indicates some time-integrated 'history' of a 

marked mass of fluid and the pattern of the dye at any position 

does not necessarily prove the actual existence of such movement 

of fluid at the moment observed. Photographs of streaklines were 

taken by a camera fixed to the towing carriage.

It is also useful to visualize particle paths which gives 

more accurate instantaneous information about the flow field, 

although the picture may not be so clear as that of a streakline. 

The particle paths were obtained by taking a photograph with a 

certain time exposure of the movement of the aluminium powder. To 

be exact, a particle of aluminium powder is a fine film fragment 

and tends to lie parallel to the flow in a shear layer (Taneda 

1952). Therefore, it starts and stops reflecting frequently in 

the wake as it changes its direction, which affects the particle 

paths in the picture. But an overall picture of particle paths is 

accurate enough to identify the arrangement of vortices in the 

wake, as it shows the average movement of numerous particles.

Photographs of particle paths were taken with the camera 

fixed outside the water tank, although it is better to move the 

camera with the convection speed of the vortices. A 

cross-sectional plane was obtained by using a thin sheet of light 

generated by cylinderical lenses.



5.2 Flow visualization of wakes behind ring models

The three-dimensional streakline of the wake behind the ring 

model with d/w = 4.0, and a cross-sectional view, are shown in 

Photo 5.2 and Photo 5.S, and also the particle paths of the wake 

o/'i shown in Photo 5.11. These flow patterns show that there 

exists no regular vortex shedding from the model in this low 

Reynolds number range. The flow passing through the ring model 

shown in the photographs is not biased in any direction in the 

near wake, whereas, a biased gap flow is observed in the 

two-dimensional case of two cylinders arranged side-by-side with a 

narrow gap (Ishigai et al. 1971).

The streaklines and the particle paths of the wakes behind 

the ring model of d/w = 6.0 are shown in Photographs 5.3, 5.6, 

5.7, 5.8, 5.9 and 5.12, in which regular axisymmetrical vortex 

ring shedding alternatively from the inside and outside of the 

ring model can be clearly recognised. The ring model was 

impulsively started from rest with a constant velocity. Photo 5.7 

shows a time sequence of vortex development in the initial stage. 

At first, twin vortex rings are formed at the same plane normal to 

the axis of symmetry, just behind the ring model, as shown in 

Photo 5.7 (a) and (b). Then, the inside vortex ring moves quickly 

by a self-induced velocity in the downstream direction as shown in 

Photo 5.7 (c) and (d), and gets out of the influence of the 

outside vortex ring which would have the effect of moving it in 

the opposite direction. The inside vortex ring always sheds first
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and moves independently to far downstream at an early stage, as 

shown in Photo 5.3(a). Once the inside vortex ring sheds, 

alternate vortex shedding from the inside and outside of the ring 

model continues as shown in Photo 5.7 (e) and (f). Photo 5.12

shows that the phase difference between the inside and outside 

vortex rings is nearly 180° when they shed from the ring model, 

but the inside vortex ring catches up with the outside one with 

passage downstream. However, the inside vortex ring never passes 

through the outside vortex ring. The diameters of the vortex 

rings grow slightly as they move downstream in the wake. Although 

it is very difficult to judge definitely from the photograph, the 

strength of the inside and outside vortex rings seem to be the 

same level where the vortex rings are near to the ring model, but 

the strength of vorticity of the inside vortex ring seems to be 

weaker than that of the outside vortex ring as they move 

downstream in the wake, considering the length of the particle 

paths shown in the photograph. There exists large amplitude, 

periodic velocity fluctuations on the axis of symmetry, and its 

regularity can be expected to be high as it is caused by a 

coherent axisymmetrical vortex shedding. Photo 5.8 and Photo 5.9 

show streaklines of the wakes behind the ring models of d/w = 6.0 

with the thin sharp-edged cross-section and the rectangular 

cross-section of 6/w = 0.6, respectively. The difference 

between the ring models with the thin sharp-edged cross-section 

and the rectangular cross-section of 6/w = 0.3 shown in Photo

5.6 is not considerable, which is also suggested from the
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result obtained by Bearman and Trueman (1972) who have measured 

drag and base pressure of rectangular cross-section cylinders of 

various 6/w as shown in Figure 5.2. However, the diameters of 

the vortex rings shed from the ring model with the rectangular 

cross-section of 6/w = 0.6 increase more rapidly as they move 

downstream in the wake. On the whole, the results of the 

arrangement for the ring models with d/w = 6.0 obtained by flow 

visualization agree with those obtained by the wind tunnel 

experiments and the numerical simulation.

Visualized wakes behind the ring model with d/w = 12 are 

shown in Photographs 5.4, 5.10 and 5.13. Regular axisymmetrical 

vortex ring shedding from the model is also observed as shown in

the photographs. The inside and outside vortex rings get close to

each other in the wake, similar to the case with d/w = 6.0. 

However, the vortex rings from the ring model with d/w = 6.0 get 

close to each other more quickly in the near wake. The reason for 

the difference is thought to be that a vortex ring of a smaller 

diameter has a bigger self-induced velocity (Batchelor 1967). The 

diameters of vortex rings also slightly increase as they flow 

downstream. Photo 5.13 shows that velocity fluctuations on the 

axis of symmetry are very small, as the axis is relatively far 

from the wake. Therefore, highly regular periodic velocity 

fluctuations on the axis of symmetry caused by vortex shedding

from the ring model of d/w = 12.0 cannot be expected.
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5.3 Flow visualization of wakes behind two flat plates 

arranged side-by-side

The particle paths of the wakes behind two flat plates in 

side-by-side arrangements are shown in Photographs 5.14 and 5.15. 

Regular vortex shedding from the two flat plates with d/w = 4.0 

and d/w = 6.0 are observed, whereas vortex shedding from the ring 

model with d/w = 4.0 is not regular. The patterns of the vortex 

shedding observed in the present experiment are mainly antiphase, 

i.e. symmetric about the axis of the gap. Williamson (1985) found 

that the pattern could be either inphase or antiphase, though the 

antiphase pattern was predominant. One of the possible reasons is 

that when there is a disturbance in the flow around the bluff 

bodies, such as turbulence or a non-uniform velocity profile, it 

could trigger the main stable pattern switch over to the sub 

stable pattern for a while. Also, in contrast to the wake behind 

the ring model with d/w = 6.0, the arrangement of vortices from 

the two flat plates with d/w = 6.0 keeps an almost constant 

pattern in the wake and the strengths of the inside and outside 

vortices seems almost the same level from the length of the 

particle paths. All the results obtained by flow visualization 

are in good agreement with those obtained by the wind tunnel 

experiments and the numerical simulations.



207

Figure 5.1 Schematic diagram of the apparatus

Figure 5.2 Drag coefficient and base pressure coefficient
4 4of rectangular cylinders, R0 = 2 x 10 ^ 7 x 10 . 

Reproduced from Bearman and Trueman (1972) and 

Davies (1975).
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Photo 5.2 Ring, d/w = 4.0, ó/w = 0.3, Rg = 76
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Photo 5.3(b) Ring, d/w = 6.0, <5/w = 0.3, = 66

Photo 5.4 Ring, d/w = 12, ß/w = 0.3, R = 6 6
e
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Photo 5.5 Ring, d/w = 4.0, ó/w = 0.3, R =75



212

Photo 5.7 Time sequence of vortex shedding from the

sharp-edged ring model of d/w =6.0, Rg = 95
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(d )

Photo 5.7 Time sequence of vortex shedding from the 

sharp-edged ring model of d/w = 6.0, Rg = 95
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Photo 5.7 Time sequence of vortex shedding from the

sharp-edged ring model of d/w = 6.0, R& = 95
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g »  m >

4 9

Photo 5.8 Ring with thin sharp-edged cross-section,

d/w = 6.0, R = 95

Ring with rectangular cross-section of 

6/w = 0.6, d/w - 6.0, R = 95

Photo 5.9
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Photo 5.10 Ring, d/w =12, ô/w = 0.3, Rg = 76
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Photo 5.12 Ring, d/w = 6.0, ô/w = 0.3, Re = 95
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Photo 5.13 Ring, d/w = 12, ô/w = 0.3, Rg = 72
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Photo 5.15 Two flat plates, d/w = 6.0, 6/w = 0.3, R = 9 5
e
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CHAPTER SIX

CONCLUSIONS

The wake structure of the ring models with various shapes of 

cross-section has been investigated and compared with the wake of 

a solid circular disk and the wakes of two flat plates arranged 

side-by-side. The main results obtained in the present work are 

summarised as follows:

(a) Wind tunnel experiments at Reynolds numbers of the order 

of 104.

1. Axisymmetric vortex rings shed alternately from the inside 

and outside of thin sharp-edged cross-section ring models with 

d/w > 5. The counterrotating inside and outside vortex rings shed 

from the thin sharp-edged cross-section ring model with d/w = 6.0 

are nearly 180° out of phase with each other at x = 3.4 w. 

However at further distances downstream they quickly get closer to 

each other caused by the opposite signed self-induced velocities 

of both sets of vortex rings.

2. The vorticity distribution in the (y,t) plane in the 

wake of the solid circular disk at x = 3.4 D is in nearly
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antiphase about the axis of symmetry of the disk. The vorticity 

distributions in the (y,t) plane (y >0) and (z,t) plane (z >0) 

conditionally extracted by using the same reference signal in the 

wake of the disk at x = 3.4 D can be either 90° or -90° out 

of phase with each other. Both modes occur randomly and 

intermittently and each seem to be equally likely to form.

3. Synchronisation of vortex shedding from two flat plates 

arranged side-by-side with spacings of d/w = 4.0 and d/w = 6.0 

is observed. The vortex shedding is symmetric on the whole about 

the axis of the gap between the two flat plates, though some 

irregularities are also observed. In contrast to the wake behind 

the ring model, the arrangement of vortices from the two flat 

plates keeps an almost constant pattern in the wake. 4

4. The strengths of vortex rings from the thin sharp-edged 

cross-section ring model with d/w = 6.0 and vortices from the 

two flat plates arranged side-by-side with d/w = 4.0 and 

d/w = 6.0 are roughly at the same level at the same relative 

positions in the wake. Nearly two-thirds of the total vorticity 

discharged from one side of both bluff bodies during one vortex 

shedding cycle is lost from the concentrated clouds of vorticity 

by the time they reach x = 8.0 w. The overall decay rate of 

vortex strength is about 5% per w vortex travel in both wakes 

at Rg = 2.0 x 10^, compared with 8% obtained by Cantwell and 

Coles (1983) who measured in the wake of an isolated circular 

cylinder at Rg = 1.4 x 10^.
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5. The inside vortices from the two flat plates arranged 

side-by-side with d/w = 4.0 become weaker than the outside ones. 

The reason is thought to be that since the two rows of inside 

vortices have opposite signs then the rows of vortices cancel each 

other under the mixing action of turbulence when the gap between 

the two rows is small. Also the inside vortex rings from the ring 

model are weaker than the outside ones for the same reason.

6. The base pressure coefficients of the thin sharp-edged 

cross-section ring models with d/w = 4.0 to d/w = 10.0 are 

lower than that of the solid circular disk and are higher than 

that of the thin sharp-edged cross-section flat plate. Also, the 

coefficient rapidly decreases with increasing d/w between 

d/w = 4.0 and d/w = 6.0.

7. The correlations of velocity fluctuations between two 

positions located on a plane normal to the axis of symmetry were 

measured, at the same radial displacement from the axis and at 

various angular separations, in the wakes of the thin sharp-edged 

cross-section ring models with d/w = 4.0 to d/w = 10.0. The 

correlations for d/w = 5.0 and d/w = 6.0 are the highest for 

all the models at the maximum separation. Also, there exists a 

sudden change of the correlation curves for rings between 

d/w = 4.5 and d/w = 5.0, which suggests a structural change of 

the wake of the models.
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8. The Strouhal numbers of the thin sharp-edged cross-section 

ring models with d/w = 5.0 to d/w = 10.0 are a little lower 

than that of the thin sharp-edged cross-section flat plate, and 

velocity fluctuations in the wakes of the models are correlated in 

an axisymmetric mode. On the other hand, the Strouhal numbers of 

the ring models with d/w =1.2 to d/w = 4.0 are lower than 

those for d/w = 5.0 to d/w = 10.0, but are equal or a little 

higher than that of the solid circular disk. Velocity 

fluctuations in the wakes of these models are in the same mode as 

the disk model. Both modes of velocity fluctuations are observed 

in the wake of the ring model with d/w = 4.5.

9. The spectral density function of velocity fluctuations 

measured on the axis of symmetry in the wake of the ring model has 

a narrower peak when the velocity fluctuation is in the 

axisymmetric mode compared with that measured outside the ring 

wake.

10. The Cpk of the rectangular cross-section ring model is 

much lower and the of the triangular cross-section ring 

model is a little lower than that of the thin sharp-edged 

cross-section ring model. Also, the correlation of velocity 

fluctuations in the wake of the rectangular cross-section ring 

model is markedly high.
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11. A markedly regular periodic velocity fluctuation is 

observed on the axis of symmetry in the wake of the rectangular 

cross-section ring model. The vortex rings shed from this model 

are stronger, their diameters are larger and they get close to 

each other more quickly down the wake compared with those from the 

thin sharp-edged ring model.

(b) Numerical modelling of vortex wakes

1. The vortex wakes of the ring and the two flat plates were 

modelled by using infinite rows of counterrotating coaxial 

circular line vortices and four rows of infinite two-dimensional 

point vortices respectively. The trends for both wakes observed 

in the wind tunnel experiments, i.e. that the inside and outside 

vortex rings get close to each other and the four rows of the 

two-dimensional vortices keep almost constant arrangement in the 

wake, are well predicted by the simple simulations of the temporal 

development of the wakes.

(c) Flow visualization experiment at the Reynolds numbers 

just below 10^.

1. The streakline and particle paths patterns in the wakes of 

the ring models and the two flat plates arranged side-by-side were 

visualised in a water tank. Regular axisymmetric vortex ring
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shedding from the ring model with d/w = 6.0 

clearly recognised. Also, arrangements of 

flat plates with d/w = 4.0 and d/w = 6.0 

the axis of the gap. The results obtained 

agree with those obtained in the wind tunnel

and d/w = 12.0 was 

vortices from the two 

are symmetric about 

by flow visualisation 

experiments.
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APPENDIX A

Maskell's formulae for corretion of the blockage effects

The corrected base pressure coefficient, is given by

(Al)

and kc is calculated from the following equations.

k2o

kc2

= 1 +
k2 -l

S
Ü (A2)

k2 = 1 (A3)

where

S : the representative area of the bluff body

C : the cross-sectional area of the wind tunnel
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The corrected drag coefficient, CDC , and free stream

velocity U are also given by 
J co

kc CDC U2

(A4)

Therefore, blockage can be corrected from the measurements of only

CD and Cpb* When °D iS n0t available’ the following 

approximation is sometimes used for thin plates.

CpbCD % 0.8 (A5)
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APPENDIX B

Induced velocity of an isolated vortex ring

The stream function (4.1.14) can be written as

* = ^  (ar)® J(k) (Bl)

where

J(k) ( B2)

Then, the component of the induced velocity u is given by

u 1  ^
r 9r

r
8  t it

J(k) + 2r (B3)

We can rewrite the differential in (B3) by

9J(k) _ 3J(k) dk
3r 8k ' dr ( B4)
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where

k2 . ----4ar---- (B5,
x2 + (a+r)2

2 log k = log 4ar - log { x2+ (a+r)2}

dj< _ d£ _ 2(a+r) dr

k ' r ' x2 + (a+r)2

. dk
•* 3F =

_k_
2r

1  |<2
2 K (B6)

M i l l  =
3k

_ 2 _

k2
K(k) + 9K(k)

9k

+ - | £(k)
k2

2
F

9Eikl
9k (B7)

Next formulae are available from a mathematical handbook.

3K(k) = E(k)
8k k(1-k2)

(B8)

3E(k) _ E(k) - K(k) 
9k k (B9)
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From (B8) and (B9), equation (B7) becomes

2 ^ -  = - ,,2"k2„ E(k) - 4- K(k)
k2(l-k2) k2

(BIO)

Finally we obtain the following equation from (B3), (B4), (B6) and 

(BIO)

u = orir
S k3

1 -k2
E(k)

. i2 f ?_ 1/2
k \ E(k) - 2 K(k)

1-k2
(Bll)

Next the other component of the induced velocity v is given by

v = 1 M .
r 9x

4 nr
, \h 3J(k)
<ar> T t -

. dk
(B12)

where dk/dx is calculated from (B5) and we get

dk xk3
4ar (B13)

Then we obtain the following equation from (BIO), (B12) and (B13)

8-rrr k 1 ? ^ -  E(k) - 2K(k) 
1-k2

(B14)
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APPENDIX C

Induced velocity of the two-dimensional double 

vortex streets in antiphase

Let us consider the induced velocity of two-dimensional 

double vortex streets in antiphase, which model vortex shedding 

from two flat plates in a side-by-side arrangement, when the 

vortices in each street are staggered exactly in antiphase 

(h=0.5£). The velocities of the inside and outside rows are from 

equations (4.2.2) and (4.2.4)

T 1 r
coth H(a 1 +b1) + H(b'-a') ( C l )

(C2)

where

(C3)
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When h = 0.5£, equations (Cl) and (C2) become

V .h2TTa' Fb ’
7 T  coth r ~ + i r r

tanh K | ^ )  + tanh l i b;„-a ‘)  ̂ (C4)

2 T
cotti 2-l£ +

T s r  itanh iì5f ì -) - tanh (C5)

These equations agree with those obtained by Landweber (1952), in 

which

“a' = u 2 T ' = -a 2 ( C6)

u b
= Ul r* = r

[ b h ( C7)

a 1 k
" 2 ( C8)

b 1 k + 
" 7  +

h (C9)
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APPENDIX D

Assumptions used in the calculation of vorticit.y

The vorticity in the (x,y) plane is defined as 

d V  3 U
uo -

d z a if
9 V
^-can be calculated accurately by using two hot-wire probes

spaced a small distance a x apart, provided no interference between

the probes. However in this research, time dependent measurements

were made at one x station and —  was assumed to be given by the
d z  3

relation

30r
d z

d V  J _
at ' u

where u is the local flow velocity.

The assumptions involved in this transformation are

(i) the mean flow is parallel in the x-direction

(ii) the convection speed of vorticty is equal to 

the local u-component of the flow velocity

The assumption (i) has been used by Davies (1975) and is the 

usual one employed by researchers in this field. Strictly, the 

velocity component used to transfer vorticity from the time plane 

to the space plane should be the convection velocity of the 

vortex cores. In the wake of a two-dimensional bluff body, 

vortices of opposite sign travel with the same convection 

velocity. Davies (1975) measured the convection velocity 

separately and used this velocity for his calculation. However, 

for a ring bluff body or two-dimensional bluff bodies in close
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proximity, the convection velocities of the vortic es do not have 

a common value. Hence, in this research, the local instantaneous 

velocity component u has been chosen, which will be the velocity 

of the vorticity at the centres of vortices but will cause some

error in the calculation of dir
DX

A single viscous vortex model has been used in order to 

assess the likely size of the error in calculated vorticity due 

to an incorrect convection velocity. The error a w  is given by

A  0) = —
d v  i 
d t  ' u

'dV

d V

() X

w

dx.

d t  u c

if  - o
V e ¿ ¿ n 0

K c -  VgA^nS

( see j;^ure A )

Here,

M p  A>sr\ Q 

" Tig a,inf)
, w l \ & n  Q ~y o

Tig A¿n 0
ĉ. -

Tl 9

o r  X  — y  0

Then,

f x -  e
2 7ir2
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Here,

£  ( I

dv r 
•ax 2 i r *

coK&w X —>0

Ue
- -—  ( woTt at- «. £.'

a
vĉ n r )

Therefore, A co = 0 along the

reaches a maximum along the line
¥ I « ¿«Mverror zxo*, where ¿£u= ---

u
is

A  £ 0 * =
* z

I V e

path of the vortex centre and 

x = 0. The non-dimensiona1ized 

given by

Xufverg

Hr
U

J£e

U

Typical values of vortex strength, core radius and convection



speed were taken from the actual measurements shown in figure 4.5 

( page 186 ).

Calculated values of a  oo and the distorted distribution along 

the y-axis, where the maximum error occurs, are shown in figures 

B and C.

There is some distortion but the value of the vorticity at 

the centre of the vortex is correct. Some cancellation of this 

error is expected in the calculation of circulation of the vortex 

since the error is of opposite sign on opposite sides of the 

centre. There is also an error due to the fact that not all 

components of v travel at this convection speed. For example, 

components arising from the potential flow field of other vort'u« o*«. 

going at different speeds. Moreover this error is probably also 

not too large. Davies (1975), who used a measured convection 

velocity, found that ut varied by almost 20 % across the wake 

and hence he used a mean value. Also, the measurement of uc in 

the wake of a ring model by using two hot-wires was tried here, 

but again variations of more than 20 % in uc were found. 

Therefore, it is unlikely that the use of a local velocity as the 

convection velocity gives rise to significantly larger errors

to* = 0.7£ £

0. 7 9



than using a single measured u c value. The use of the local 

velocity has the advantage that it provides a means of locating 

the vortex centres correctly and gives an accurate measurement of 

the convection speed of the vortex cores. It should be noted that 

a more accurate estimate ofl^could be obtained by calculating 

two conditionally-averaged time dependent velocity fields 

displaced a small distance apart in the x dirction. If the 

position of the reference wire is unchanged, then v would be 

known at the same instant at two points a small distance ¿xapart 

and ~ ~ could be calculated.



Figure A Isolateci viscous vortex model used to

assess error.
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Figure B Error along the y-axis
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Figure C Distorted vorticity profile along the y-axis


