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Measurements of oscillating lift coefficient, spanwise correlation length, Strouhal 
number, and radiated sound intensity were made on the same cylinder under the same test 
conditions over a Reynolds number range of 4000 to 6450. These measurements verified 
that the Curie theory of dipole radiation as expressed by Phillips for the Aeolian tone holds 
for a cylinder resonantly excited by a periodic wake in air. For small amplitude vibration, 
the increase of the oscillating lift coefficient with Reynolds number accounts for the increase 
of sound intensity. 

I. INTRODUCTION 

The study of the Aeolian tone has assumed added significance recently because ofits role in the 
verification of the Lighthill-Curle theory of aerodynamic sound [1, 2]. By applying Curie's 
theory, Phillips [3] obtained a relation which gave the sound intensity and dipole radiation 
pattern from a rigid cylinder in a flow field. The effect of cylinder vibration did not enter the 
analysis directly although it was known long ago (Rayleigh [4]) that resonant vibrations 
reinforced the sound intensity considerably. Phillips reasoned that the effect of resonance 
would be to increase the spanwise correlation length of the shed vortices which, in turn, 
would increase the intensity of sound radiated. 

On the other hand, Gerrard [5] found that if the cylinder is not resonantly excited, i.e. 
nearly rigid, the oscillatory sectional lift coefficient increased by two orders of magnitude 
over the Reynolds number range from 4 x 103 to 7 • 104 and stated that this effect alone was 
sufficient to explain the increase in radiated sound. A survey of measurements of correlation 
lengths by various techniques for supposedly rigid cylinders showed wide variations (Graham 
[6]), but the absence of any systematic increase of correlation length with Reynolds number 
inthe transition region supported Gerrard's conjecture. 

Evidence is developing that large phase correlations are directly associated with the 
"16ek-in" effect where the frequency of vortex shedding is fixed to that of the resonant or 
forced cylinder vibration frequency (Koopman [7], Ferguson and Parkinson [8], Bishop and 
Hassan [9], and Berger [10]). The occurrence of"Iock-in" and large phase correlation appears 
to i'equire increasing vibratory amplitudes with increasing Reynolds number. 

It is possible, by use of sufficient tension, to produce small resonant vibration amplitudes 
at Reynolds numbers in the transition region, even when the cylinder is lightly damped. 
The investigation reported here is concerned with this circumstance. Its purpose is twofold. 
First, it affords a means of direct experimental verification of the theory of aerodynamic 
dipole radiation on a single test apparatus. This is necessary for conclusive verification of the 
theory because of the extreme sensitivity of the essential parameters to variations in Reynolds 
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number or test environment (Lighthill [11]). Second, it provides further insight into the 
manner in which cylinder vibration interacts with the flow in the generation of Aeolian tones. 

2. THE THEORY OF THE AEOLIAN TONE 

The theory of  aerodynamic sound is based upon the wave equation for the fluid density p 

V2 I 02 p 1 a2 Tu 
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where 
Tu = p.~. 70 - n j  -- c ] P 3u 

is the Lighthill stress tensor [1]. Here Co is the sound speed, u~ a velocity vector, ~'u the stress 
in the fluid and 3tj the Kronecker delta. 

Using Kirchhoff's formula for the retarded potential and the momentum equations, 
Curle [2] obtained an exact expression for the flow exterior to a surface S, 
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where r = ]x - y], [ ] is the retardation operator t -~- t - r[co and n is the unit inward normal 
to S. 

We may apply this result to determine the acoustic radiation from the periodic wake of a 
cylinder of length land  diameter d in  a uniform flow of velocity u normal to the cylinder axis. 
We consider the cylinder to be a taut wire, hence incompressible, but capable of  vibrating 
under the influence of the periodic wake with an amplitude s small compared to d. The 
fluctuating Reynolds stress pth.uj  is assumed small compared to the actual stress ~'u 
exerted by the surface S upon the fluid. We further assume that r ~. A ~. d, where A is the 
acoustic wavelength corresponding to the predominant frequency of the periodic wake. 
Hence the Mach numbers U[co and s]A are small. We may thus neglect the final quadrupole 
radiation term in (1) and assume p ,v Po on S. The resulting linearized equation for the far- 
field radiation is (see Fitzpatrick and Strasberg [12]) 
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where cos01 = (x~-y i ) / r ,  Yt = (0,0,y3), A is the cross-sectional area of the cylinder, ~ is 
the velocity of  the centroid of a cross-section andf~ is the force per length of the cylinder on 
the fluid. 

If  the cylinder is rigid, ~ is zero a n d - f t  is the fluctuating force per length ofthe wake on the 
cylinder. Over a wide range of the Reynolds number Po Ud/t~, the wake is strongly periodic 
with a fundamental frequency v given by a near constant value of the Strouhal number S = 
vd]U. We shall focus our attention on the fluctuating lift per length -f2. We assume this to be 
a very narrow-band random process of average frequency v, with a root-mean-square 
sectional lift coefficient 

Po 2 d(f22)l/2 C, = -~ V 
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and a random phase of  vortex shedding along the cylinder characterized by an integral 
correlation length Ic and a centroid ~, related to the moment of positive correlation area. 
Under the further assumption that x = Ixl ~ I and I~ < ,~, the intensity I of far-field radiation 
at frequency v is (Phillips [3], Keefe [13]) 

1 p c o s  z 0 C? U6(l- ~,)l~, (3)  
I(x)- 16 Cd x 2 

where 0 is the polar angle of  the observer at x from the normal to the cylinder axis and to the 
direction of  the uniform inflow U. We have assumed the origin of the co-ordinate system to be 
located at the mid-span of  the cylinder. 

A fully satisfactory experimental verification of (3) has heretofore not been accomplished. 
Phillips [3] attempted an experimental verification using results from three separate experi- 
ments. A whirling arm device was used to determine the sound intensity 1, the spanwise 
correlation length lc was estimated from visual observation of the wake of a cylinder towed 
in water, the sectional lift coefficient Ct was inferred from Kovasnay's [14] measurements 
of the fluctuating velocities behind a cylinder. More refined experiments were performed by 
Keefe [13], but once again the data from three separate experiments were collected to verify 
equation (3). He measured the sound intensity 1radiated from various cylinders in the flow 
of an open jet  within an anechoic room. The lift coefficient Cz was measured on another 
cylinder in a closed test section of the subsonic wind tunnel at the University of  Toronto 
Institute of  Aerophysics, and spanwise correlation length lc was taken from an average of  
pressure correlations on the surface of a cylinder by Prendergast [15] and velocity correlations 
near a cylinder by el Baroudi [16]. Because the quantities Cz, lc and y are strongly dependent 
on the Reynolds number, cylinder end conditions, upstream turbulence and cylinder vibra- 
tion, these experiments afforded only a qualitative verification of equation (3). Lighthil! [11] 
suggested that a satisfactory verification of  the theory for a rigid cylinder would require that 
all quantities in equation (3) be measured on the same cylinder under the same test condi- 
tions.t 

We have endeavored to carry out such a program, modified only by the observation that 
equation (3) should be valid for a vibrating cylinder in air provided that the radiation from 
vibration alone is insignificant compared to the radiation associated with oscillatory forces 
on the cylinder resulting from the periodic wake. Thus the root-mean-square sectional lift 
coefficient is determined by the wake forces alone, the force component due to cylinder 
motion being neglected. The influence of vibration upon the wake is not likely to be in- 
significant, however, and the effect of  this upon radiated sound could be studied through 
changes in the quantities C~, lc and ~,. 

We shall be concerned with the vibration of a taut cylindrical wire in a uniform normal 
flo3v, particularly when the Strouhal frequency of  vortex shedding is coincident with a 
resonant frequency of  the wire. We shall also be concerned with the forced vibration of  the 
wife by electromotive action at this resonant frequency in the absence of mean flow. I f  the 
dahaping at resonance is sufficiently small, and if we can neglect higher harmonic and broad- 
band components of  the excitations, the wire will vibrate in both cases in the corresponding 

1" While completing the writing of this paper, the authors became aware of a parallel investigation by 
Koopman [17]. Koopman performed an experimental verification of the near-field equation corresponding to 
our equation (2), using direct measurements of the total lift force on a resonantly vibrating cylinder. It appears, 
however, that he neglected to include the independent contribution from cylinder vibration, poA(O~tdOt) in 
the near field. His calculated values of near-field sound pressure correspond rather well with measured values, 
however. This is not surprising in light of the fact, as we show later, that both the independent contribution 
from cylinder vibration and the component of total lift due to cylinder vibration yield small contributions to 
the acoustic field compared to that contributed by the lift from vortex shedding. 
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mode. If  the same vibration amplitude is established in the two cases, Cz for the flow excitation 
can be determined by a comparison technique to be described more fully in the next section. 

Let us identify the following cases: 

case I, rigid cylinder with periodic wake flow of frequency v; 

case II, resonantly vibrating cylinder with periodic wake flow of  frequency v; 

case III, resonantly vibrating cylinder driven electromagnetically at frequency v to the 
same amplitude as in case II but with no mean flow. 

In principle, equation (2) could be used to predict the acoustic radiation in all three cases. 
Equation (3), however, applies strictly to case I alone. Furthermore, both retarded terms of 
the integrand of equation (2) are dependent on fit. If  we can determine that the radiation 
associated with cylinder vibration is negligible compared to that associated with periodic 
wake forces on the cylinder, then equation (3) applies to case II as well. 

Let us separate the fluctuating lift per length into a component-ft2~) due to excitation plus 
a component-ft2~) due solely to vibration. In case I , f t2  ~ is zero, hence -f2 = -ft2~). In case II, 
we define - f t 2 ~ ) = - ~  +ft2v), where ft2 ~) is the same as for case Ill.  We determined experi- 
mentally that the sound pressure level measured in the lift direction was at least 25 dB higher 
in case II than in case II1. Thus in equation (2), for case II, 

is negligible compared to 

�9 azzt2 . a f t2  ~ 
p o ,a - - ~ -  -r  at  

a f t2  ~' 

at  

in determining the radiated sound. Hence equation (3) can be applied to case II provided the 
lift coefficient is determined from -ft2e) as we have defined it. 

In substantiation of our experimental result, a calculation of the radiation into an inviscid 
medium by a cylinder vibrating in a resonant mode was carried out, Appendix I. The cylinder 
was assumed simply supported between two semi-infinite rigid cylindrical baffles of the same 
radius. For conditions typical of our experiments, the radiation was found to be nearly end 
fire along the cylinder axis and of level no greater than measured in case III. 

The comparison technique requires that the frequency response function of the cylinder 
be the same in cases II and III. Although the cylinder motion is essentially the same in the 
two cases, the presence of  a mean flow in case II will alter the added mass, radiation damping 
and viscous damping from their case III values. Intuitively, we might expect these changes 
to be small. Our definition of the excitation for case II, however, avoids the necessity of 
estimating the changes, for it ensures that the frequency response function, although it cannot 
be calculated exactly, will be the same in the two cases. 

We do assume that the quantities lc and 7, which strictly speaking shoul~l be determined 
from the spatial correlation of-ft2"),  can be inferred from the spatial correlation of  the 

longitudinal component  of wake velocity. The physical plausibility of this assumption is 
reinforced by the fact that we have extracted those surface forces whose correlations would 
be unrelated to the wake. 

For our experimental conditions in case III, an estimate of the radiation damping for 
inviscid flow is given in Appendix I and, following Batchelor [18], an estimate of  the viscous 
damping for incompressible flow is given in Appendix II. (It is unnecessary to consider the 
more general viscous, compress!ble case as the Mach number s/)t  is extremely small.) Both 
estimatedvalues are very small compared to the measured total damping. 
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3. THE COMPARISON TECfINIQUE FOR MEASUREMENT OF THE SECTIONAL 
LIFT COEFFICIENT 

From the arguments in section 2, we may write the dynamical equation for small vibration 
amplitude s of  a wire under large tension T as 

02s _Os 02s r r (4a) 
p + = - - , 2  - J 2 ,  

where p is the mass per length of  the wire,/3 is a material damping coefficient and z = x3 is 
the spatial co-ordinate along the wire axis, 

I f  the wire is resonantly excited at the same natural frequency to the same vibration ampli- 
we may incluaej2 in the inertial tude with very small total damping in both cases II and III, " ~'(~) 

and damping terms of  the left-hand side of equation (4a) to arrive at 

OZ s Os 2 02 s f(z ~) (4b) + /3' r = p-7 ' 

where c 2 -- T/pt is the wave speed in the wire, Pt is the total mass per length of the wire including 
the inertial effect of  fluid loading and/3t is an ad hoc damping coefficient representing the 
combined effects of  material damping, vibratory power flow through the end supports and 
viscous and radiation damping. We emphasize here, from our arguments in section 2, that 
the response function.of the wire, implicit in equation (4b), will be the same in cases II and III 
and that the excitation - f ( f )  in case II is the difference between the total fluid force on the 
wire and that which would be imposed if the wire vibrates as in case III. It  i s  this excitation 
that yields the lift coefficient Cz required for the application ofequation (3) to our experiments. 

For  very large tension T, non-linear effects due to fluctuations of tension with displacement 
s and stiffness effects near the end supports of  the wire may be neglected and the wire will 
oscillate in the plane of  the excitation (Miles [19]). I f  the transverse impedance of  the end 
supports is also very large, we may, insofar as we are concerned with the wire, assume the 
end conditions to be "l', 

s(O, t)  = s(l, t) = 0. (5) 

The generalized Fourier transform of wire displacement is 
co 

The generalized Fourier transform of  oscillatory lift per length f (z ,  to) is defined similarly. 
For case II, we consider the lift per length to be a stationary random process in z and t. We 
assume that the integral correlation length lc is very much less than L We further assume that 
the cross-spectral density, 

, t Z t  
 s(g, to) = E l ( z ,  t o ) f  (z  , to) dto, C = - z,  (6) 

where E is the expectation and * denotes the complex conjugate (Cramdr and Leadbetter 

[201), is of the form 

~I(~ ,  to) = � 8 9  z) Ir ~(~) {~(to -- too) + 8(to + too)}. (7) 

Here 3 is the Dirac delta function. The oscillatory lift per length is thus essentially pure tone 
at the frequency too = 2try of vortex shedding, weakly phase-correlated along the wire axis. 

i" For convenience in this section we set the z-co-ordinate origin at one end of the cylinder. 
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The effects of deviations from these properties at the ends of the wire are considered 
negligible. 

We expand g and f i n  terms of the orthonormal functions 

4 . .  / ~  . . , ~ z  .tz) = ~/-~sln ~- , 

a s  

and 

~(z,~o)= ~ A.(,o)~,.(~) 
/'1~1 

r ( z , , o )  = ~ / ~ o ( ~ ) ~ ~  
n - I  

The functions ~b,(z) are the normal modes of  undamped free oscillation of the wire and 
hence satisfy the boundary conditions (5). 

By elementary methods, we find that 

Ao(,o) = B.(,,,)/tV.(~o), (8) 
where, for fl = ~/[co l, 

w. (~ )  = T(k. ~ - Z:(1 + i,~)}, I.. = n,-4t, k = o,lc, o ~ , , , .  

The cross-spectral density of wire displacement is thus 

~,(z) ~,(z') E ( f  z) l,(8(to - o%) + 8(~o + too) } 
~5(z, z'. oO = ES(z, ~)S*(z' .  o,) d~, _~ Zl W.(,o0)l 2 

for loss factor r /~  1, where COo = 2 r r u =  ( I -~2 /4) tPnr rc / l  indicating coincidence of  the 
shedding frequency with the damped natural frequency of  the wire in mode n. 

The mean square value of any temporarily stationary quantity, linearly dependent on wire 
amplitude s, may be used as a comparison quantity to be matched with a case III experiment. 
If  a steady magnetic field of  flux B(z) per length is impressed across the wire normal to the 
lift direction, a voltage 

! 

0 

is generated in the wire. Writing B(z) as a Fourier series, 

BCz) = ~ D.  ~.(z), 

we find that 

where 

E(v 2) E ( f Z ) l c w ] - 2  = z ' . ,  

! 

z). = j" B(z) ~ ( z )  dz. 
0 

Case III may b e  treated deterministically. Here, 

f ( z ,  t) = ~r B(z) et~ 
s(z, t) = So(Z) e ''~~ 
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where'I,.m.s is the current passed through the wire at frequency COo = 2rw. Then, taking a time 
average over a period, 

! ! 

j S(z)dz f S(z')dz'Re(�89 
0 0 ' 

We expand so(z) similarly to above as 

s0(z) = A.q  Cz). 

Whence, from cquation (8) and thc orthonormality property, we obtain 

42I,.m.,.  
A .  = w.(COo----Y 

I f  COo equals the damped natural frequency of  mode n and 71 < l, So(Z) ~- A. ~.(z) and hence 

v ~ = CO2oI~.m.,. 
i W.(coo)12 D..  

I f  v 2 and [ W,(COo)l 2 are the same in cases II  and III ,  we have 

Xf.m.$. 
= D,. (9) 

The crgodic hypothcsis has bccn used to equate cnscmble with timc avcragcs. 
Relation (9) forms the basis of the comparison tcchniquc. Iflr is known indcpendcntly, the 

currcnt ncccssary to drivc thc wirc at rcsonancc to the same displacement as that caused by 
a periodic wake at a shedding frcqucncy cqual to the rcsonancc frcqucncy dctcrmincs the 
sectional r.m.s, lift. A harmonic analysis of the flux per length B(z) is the only additional 
information required. It is obviously good cxpcrimcntal proccdurc to arrangc permanent 
magnets providing B(z) in such a way as to augment the response of the mode under study. 

Two experimental frccdoms may bc noted. First, only a minor modification ofthc analysis 
is rcquircd if diffcrcnt flux ficlds arc used in cascs II and Ill. Second, the flux ficld may be 
dispensed with in casc II and the voltage comparison can be rcplaccd by a comparison of an 
end support accclcration in thc lift dircction, since the forcc F of thc wire on the end support 
at z = 0 in the lift direction is 

F ~ - T~z(O,t)  

and the transfer impedance from z = 0, to the accelerometer is the same in both cases. 

4. TEST APPARATUS 

4.1. WIND TUNNEL 

The flow facility used in this investigation is the low-noise, low-turbulence wind tunnel in 
the Acoustics and Vibration Laboratory at M.I.T. The test section of this wind tunnel 
provides a 15-in. square open-jet, 22 in. long. The center-line velocity in the open jet ranges 
between 1 and 65 m/see with an axial r.m.s, turbulence level of  0.04% of  mean velocity at 31 
m/see. The test section is enclosed in a sound-isolated concrete chamber with sound- 
absorbing treatment on walls, floor and ceiling. Complete characteristics of  the wind tunnel 

are described by Hanson [21]. 
32 
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4.2. TEST Rm 

AS shown in Figure 1, the test rig holds a cylinder in tension vertically in the open-jet flow 
by two cantilever arms spaced so that only the cylinder is in the flow. The cylinder is exposed 
to uniform flow of very low turbulence level except within about 1.25 in. from either end 
support where there is some disturbance from the low-velocity turbulent free shear layers. 
Tension is controlled by a turn-buckle on the lower arm. Clamps on each cantilever arm hold 
the cylinder in place and either provides a flat surface on which to mount an accelerometer 
with principal axis of sensitivity in the direction of oscillatory lift. 

A magnetic field is provided by permanent magnets placed outside the open-jet flow and 
oriented such that the flux lines are parallel to the flow stream at the cylinder. The cylinder 
vibrating in the lift direction therefore cuts normally across the lines of flux. The number of 
magnets and the polarity can be changed to augment the response of any desired mode. 

J 

Do',,,'nslream ducl 

.~. -. 

I 
j 

t / .  
/ j 
t . _  / 

f 

Figure 1. Aeolian tone test rig. 

Each magnet has a flux intensity of 1.4 kgauss at the center of a 1.75 in. gap. The flux dis- 
tribution along the wire is essentially a pure sinusoid and is uniform transversely within the 
amplitude range of wire motion. 

The test cylinder consists of a piano wire 0.091 in. in diameter and an insulated strand of 
fine magnet wire within a Teflon covering of 0.154 in. outside diameter. The Teflon cover 
fits tightly around the inner wires and maintains external diameter to within q-0"5yo even 
when the piano wire is under considerable tension. The outside surface is free from scratches 
and is kept clean by wiping with an acetone solution before each experiment. 

The piano wire and the fine magnet wire connect to the two separate electrical circuits 
shown in Figure 2. A sinusoidal current from the oscillator and the power amplifier passes 
through the piano wire. The force which arises from this alternating current in the permanent 
magnet field causes the cylinder to oscillate in the desired mode. In turn, the voltage induced 
in the fine wire by cylinder oscillation in the magnetic field is displayed and measured on an 
oscilloscope. Compensation for the voltage induced in the fine wire from its proximity to 
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the parallel current-carrying wire is carried out by winding their connecting leads in opposite 
directions around a common air core. 

_[~Cylinder $upporl clamp 
[Oscilloscope I ,k- --~"~-I 

IcodmU CP te~ ~ r ;I I! l}l--ll 'l'l PiT;::n ":'r~e r 
l |  Magnet ~l[I I 

I c~n:~ [ . . . . . .  

Figure 2. Schematic of experimental apparatus. 

4.3. TRANSDUCERS AND EQUIPMENT FOR ANALYSIS 

The transducers for measuring end-support acceleration, radiated sound pressure level and 
wake velocity structure are a Briiel and Kjzer accelerometer, type 4332, a Briiel and Kjzer 
1 in. condenser microphone, type 4131 and two DISA, type 55A22, constant temperature 
hot-wire anemometer probes, respectively. The associated instrumentation is a BriJel and 
Kj,'er cathode follower for the microphone and the accelerometer and two DISA constant 
temperature anemometer units, type 55D05, for the hot-wire probes. 

Equipment for analysis is a Briiel and Kj~er frequency analyzer, type 2107, for constant 
percentage bandwidth spectrum analysis, a Spectral Dynamics spectral analyzer, type 
SD 101A with 5 Hz bandwidth and a Princeton Applied Research correlation function 
computer, model 100. 

5. MEASUREMENT PROGRAM 

5.1. RADIATED SOUND PRESSURE LEVEL AND DIRECTIVITY 

The cylinder in tension was placed in the open-jet test section within the anechoic chamber. 
As the flow velocity past the cylinder increased, the discrete Aeolian tone became un- 
mistakable. With the microphone on a swinging boom pivoted beneath the cylinder on axis, 

�9 the radiated sound pressure level was measured at distances of 6, 12, 18, 24 and 36 in. from 
�9 the center of the cylinder on the x-axis (see Figure 4) and at 15 ~ and 30 ~ off axis. The micro- 
phone signal was analyzed by the Brtiel and Kj~r wave analyzer with a 6 ~ bandwidth filter. 
Some of the recorded spectra are shown in Figure 3, where the peaks at the shedding fre- 
quencies are evident. The sound intensity of the Aeolian tone at these frequencies is shown in 
Figure 4 as a function of x;elocity. 

Dipole directivity with axis in the cross-flow direction of oscillatory lift was determined 
within the angular limits of-t- 30 ~ from axis fixed by the presence ofupstream and downstream 
ducting. A slight reduction of sound pressure level of about 1 dB was measured, confirming 
expectations. The wire had been tested previously in another low-turbulence wind tunnel 
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which lacked an anechoic chamber but had no downstream duct to cause interference. 
There we were able to confirm qualitatively the strong dipole directivity with axis, that of 
oscillatory lift. 

The microphone was also traversed parallel to the wire at a distance of 6 in. from the wire 
in the direction of  the oscillatory lift dipole axis. Sound pressure level reductions of  ap- 
proximately 3 dB from the mid-span level were obtained when the microphone was opposite 
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Figure 3. Six percent 
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Figure 4. Sound intensity at shedding frequency measured at x = 12 in. Dimensions of cylinder are 0-154 
in. x 15 in. 

either end of  the wire. These reductions are what one would expect from a distribution of 
uncorrelated dipoles along the wire, each of  length equal to the correlation l~ngth lc of vortex 
shedding reported in section 5.4 following. 

No significant standing wave effects were found in the anechoic chamber. The calibration 
of  this chamber by a sound source placed at the wire location is shown in Figure 11. Spherical 
spreading loss existed for the frequencies and distances used in these experiments. 

5.2. END SUPPORT ACCELERATION 

With the cylinder still in position in the flow, an accelerometer was mounted on the lower 
support clamp with its sensitive axis aligned with oscillating lift. The end support accelera- 
tion response was displayed visually on an oscilloscope and was recorded in the form of a 
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spectrum by either the Briiel and Kj~er 6 ~o bandwidth wave analyzer or the Spectral Dynamics 
analyzer with 5 Hz bandwidth. For example, the acceleration response at a number of vel- 
ocities shown in Figure 5 was obtained with the 6~o bandwidth filter. The vortex shedding 
frequency marked S was clearly discernible as well as each of the first three harmonic reson- 
ances of the cylinder, marked 1,2 and 3. The peak labeled Fwas caused by a structural excita- 
tion not related to the flow excitation and hence ignored. 

The investigation ofa possible"lock-in" effect as the vortex shedding frequency approached 
and passed through a harmonic resonance of the cylinder was accomplished by sweeping the 
5 Hz bandwidth spectral analyzer very slowly through the frequencies containing both peaks 
at each of several increments of velocity. The plots shown in Figure 6 were the results of this 
procedure near the third harmonic resonance of the cylinder. 
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Figure 5. Six percent bandwidth end-support acceleration levels. 
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F igure  6. F ive  H z  b a n d w i d t h  end-suppor t  acce lera t ion levels show ing  the shedding f requency  passing 
th rgugh  the th i rd  h a r m o n i c  resonance f requency.  Veloc i t ies  equal  (a) 24-2 m/see, (b) 24.7 m/see, (c) 24.9 m/see, 
(d) 25.2 m/see, (e) 26.0 m/see. 

5.31 COMPARISON TECIINIQUE 

In the discussion of the comparison technique earlier, it was pointed out that the lift force 
on the wire could be measured by a voltage comparison method or by an end-support 
acceleration method. Both meth6ds were used with good results. 

5.3.1. Acceleration comparison method 
With the cylinder in air flow, the end-support acceleration was obtained at coincidence of 

shedding frequency with one of the harmonic resonance frequencies of the cylinder. Then the 
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flow was stopped and was replaced by a magnetic flux field. A current at the frequency of 
resonance was passed through the piano wire at a level which gave the same end-support 
acceleration level as was obtained in flow. After measuring the flux field intensity along the 
cylinder with a rotating coil gauss-meter, the r.m.s, force was determined using the method 
outlined in section 3. 

5.3.2. Voltage comparison method 

While using this procedure, it was necessary to place the magnets just outside the open jet 
so that the magnets did not disturb the flow. As described in section 4, the fine wire within the 
cylinder was connected to an oscilloscope. Once again the flow velocity was adjusted so that 
coincidence between shedding frequency and cylinder resonance frequency occurred. As the 
cylinder oscillated in the lift direction, a voltage was induced in the fine wire and was measured 
on the oscilloscope. Then the flow was stopped and a current at the same frequency was sent 
through the piano wire, causing it to vibrate in the magnetic field. The current was adjusted 
so that the voltage induced in the fine wire matched its previous level under flow. Once again 
the force on the wire was calculated from the known current value and the measured flux 
field. 

Here we ran into the practical difficulty of obtaining the same flux fields under flow and 
under no-flow conditions. The analysis leading to equation (9) was suitably modified to obtain, 
for the r.m.s, force, 

/ 2 
f r .m.s.D.( ,)  
~,.m.,.  V'Ic D , ( , ) '  

where subscript 1 refers to conditions under flow and subscript 2 refers to conditions under 
no flow, and the subscript n refers to the number of  the mode being resonantly excited. 

5.4. LATERAL SPATIAL CORRELATION OF SHED VORTICES 

This series of  measurements was concerned with the effective correlation length of  the shed 
vortices. As shown in Figure 7, two hot-wire anemometer probes, one fixed and one movable, 
were placed in the wake of  the cylinder to obtain the longitudinal component of  fluctuating 
velocity. The probes were positioned by traversing across and along the wake until the signals 
showed both a sinusoidal wave form and the maximum r.m.s, velocity on a dual channel 
oscilloscope. 

Wind funnel 
duct li 

DISA 55 A22 DISA 55 D05 It hoco 255 P.,L.R Mcdel I00 
probes Constant I ~ 

~temperature ~[Preomps ~ 

' I Cylinder I Oscilloscope 

Tektronix 502 A 

Figure 7. Apparatus used for determination of correlation length. 

The output signals from the DISA anemometer units were then amplified by two Ithaco 
255-A preamplifiers and the normalized cross-correlation was obtained using a Princeton 
Applied Research model 100 correlator. 
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Afte'r finding the optimum position for one probe, the other was brought as close to it as 
possible without actual contact while keeping a vertical alignment parallel to the cylinder 
axis. Alignment was checked by measuring directly the positions of  the probes and also by 
checking the autocorrelation function of  each signal at various positions. A safe working 
distance was 0.0625 in. center-to-center ofthe 1-mm long hot wires. The correlation coefficient 
was obtained for this spacing, after which the movable probe was raised to a new position. 
A typical correlation curve is shown in Figure 9. 

From the plot of  lateral spatial correlation coefficient the correlation length l# and the 
centroid Y were determined. The correlation length was the area under the curve: 

o0 

6 = 9 I R(~)d~, 
0 

and the centroid y was related to the moment of  positive area under the curve by 

Y = 2 f ~:R(r d~:. 6 
0 

i 1 I I i I I i I I 
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Figure 8. Downstream distance from cylinder center and amplitude of maximum r.m.s, velocity (Ballou 
[24l). 
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Figure 9. Lateral spatial correlation coefficient of fluctuating longitudinal velocity in wake of cylinder at 
Re D = 6-05 x 103. 

The lateral spatial correlation curve was unchanged for various positions along the 
cylinder to within 1"25 in. from an end where the cylinder was immersed in the shear layer of 
the open jet. Correlation curves were obtained at several flow speeds with resulting values 
of  !c and Y tabulated in Table 2. No significant influence of  coincidence of shedding with 
resonant frequency upon lc or y was observed as shown in the plot ofl~ vs. Reynolds number 
in Figure 10. 
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Figure 10. Lateral spatial correlation length and centroid of positive correlation area as a function of 
A, correlation length; 0 o,  centroid. 
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5 . 5 .  D A M P I N G  M E A S U R E b I E N T  

The  qual i ty  fac tor  Q = l / r / a t  each resonance  was de te rmined  with no mean  flow. This was 
done  by  measur ing  decay rates o f  the v ib ra t ion  af ter  exci ta t ion was suddenly  s topped.  The 
exci ta t ion  was p rov ided  once again by current  at  resonance  frequency th rough  the p iano wire 
immersed  in a magnet ic  flux field. Curren t  was s topped  by a micro-switch and  the vibrat ion 
decay rate  was observed f rom the decaying  signal f rom an  accelerometer  on the end supports .  
The  results  a re  shown in Table  1. 

TABLE 1 

ResuRsofdamphtgmeasurements 

Harmonics Hz Q = l/r/ 

1 470 515 
2 923 420 
3 1387 1387 
4 1863 1950 
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These ~,alues of  Q are considered sufficiently high that only the mode in question is excited 
significantly. 

5.6. CYLINDER DISPLACEMENT 

The displacement of  the cylinder under flow excitation in the presence of  a known magnetic 
field was determined from measuring the voltage induced in the fine wire. Using the expression 

! 

a straightforward harmonic analysis yields the r.m.s, displacement as a function of  the r.m.s. 
voltage induced in the free wire, the frequency, the length of the wire, and the harmonic 
component of  the B-field. 

By this method, we obtained a displacement at third harmonic resonance ofs,.m.,. = 3.03 x 
I0 -J in. The peak single amplitude displacement to diameter ratio was sr~,k/d = 2.8 Yo. 

6. DISCUSSION AND CONCLUSIONS 

Measurements of  oscillating lift coefficient, spanwise correlation length, Strouhal number 
and radiated sound intensity were made on the same cylinder under the same test conditions 
over a Reynolds number range of 4000 to 6450. Additional spanwise correlation lengths 
were measured over a Reynolds number range of  3000 to 9700. These measured values were 
then used as terms in equation (3) for the intensity radiated from a cylinder in a flow field 
and this predicted intensity was compared with the actual measured value. The comparison 
and tabulation of  all the results are given in Table 2. 

TABLE 2 

Summary of measured and predicted values 

Reynolds r.m.s, sectional 
number lift coefficient 
(Vd/O 

Correlation Centroid of Predicted Measured 
length correlation intensity at intensity at 

(diameters) (diameters) r = 36 in. (dB) r = 36 in. (dB) 

4000 0.04 15.0 5.2 47 46 
4090 0.03 13.0 4.0 46 46 
4140 0.08 12-5 4.0 55 54 
6050 0.42 9.7 3.7 78 76 
6260 0.43 9.2 3.5 79 77 
6450 0.51 8.5 3.2 80 77 

The agreement between the measured and the predicted intensity serves to verify (3) for 
the dipole sound radiation from a cylinder in a flow field. The comparison was made at 
x --- 36 in. from the center of  the cylinder. At this distance the directivity effect of  the cylinder 
acting as a 15-in. long distribution of uncorrelated dipoles requires negligible correction. 

The results show that the oscillating lift coefficient is the controlling factor in the radiated 
sound intensity. In the Reynolds number range of this investigation, the rise in intensity level 
with velocity is accompanied by a sharp increase in the lift coefficient while the spanwise 
correlation length decreases steadily. We observe little dependence of  the correlation length 
on resonance of the cylinder and no sign of"lock-in"  of the shedding frequency with vibrating 
frequency. As shown in Figure 6, we were able to separate shedding frequency and resonant 
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fi:equency within 2~o. These results are likely due to the vibration amplitude of  3 ~o of the 
cylinder diameter at resonance being insufficient to cause any increase in the correlation 
length. It is felt that the phenomenon of" lock- in"  accompanied by large increases in correla. 
tion length is observed only in cases where there is considerable amplitude of vibration. 

The  lift coefficient increase corresponds to that found by Gerrard [5] in this Reynolds 
number range. It is significant that this result is found in two investigations which use very 
low-turbulence wind tunnels. This is an indication that any destabilizing influence such as 
upstream turbulence or cylinder vibration increases the lift coefficient. This is likely due to the 
decrease in the length of the formation region and perhaps an increase in the vortex strength 
from such an influence. The measurements shown in Figure 8 tend to confirm this. In Figure 
8, we show the downstream distance from the cylinder to the position of  maximum r.m.s. 
velocity which is a direct measure of  the length of  the formation region. The length decreases 
linearly with an increase in Reynolds number, a result which agrees with the measurements 
of  Bloor [22] in this Reynolds number range. Moreover, the amplitude of  the maximum 
r.m.s, longitudinal velocity component increases linearly with Reynolds number (Ballou 
[24]). This suggests an increase in vortex strength, although Bloor and Gerrard [25] caution 
against such an interpretation. It should be emphasized, however, that the vibration 
amplitude of  our cylinder increases to a maximum at the third harmonic resonance which 
occurs at the upper end ofthis Reynolds number range, hence our results should be somewhat 
different from those obtained for rigid cylinders. 

Measurements of  the sound intensity radiated from the cylinder excited by motor action 
alone were 25 dB lower at x = 12 in. than those radiated in flow with the same vibration 
amplitude in each case. Also, the radiated sound spectrum in Figure 3 shows a peak onlyat the 
Strouhal frequency and at none of the cylinder harmonic resonances. Moreover, the analysis 
in Appendix I shows that in this case the sound radiation from vibration alone is largely 
end-fire and, as such, does not enter into the dipole radiation of cylinder in flow. Thus the 
vibration of  the cylinder alone does not contribute significantly to the radiated sound. 
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APPENDIX I 

RADIATION FROM A VIBRATING CYLINDER IN AN INFINITE CYLINDRICAL BAFFLE 

Our  analysis follows that  o f  Laird and Cohen [23], hence we shall only outline the steps. 
We assume no deformat ion of  a cylindrical cross-section o f  radius a and small vibration o f  
its axis in an odd standing wave mode 

Os l 
v = ~ = v = c o s ( l , ' m z ) e  - ' '~  , Izl <~, 

1 =0, Izl>~, 
w h e r e  k , .  = ( 2 m  - 1 ) = / / ,  m = 1, 2 . . . . .  

The acoustic pressure p must  satisfy the wave equat ion and the matching boundary  
condit ion in cylindrical ( r ,$ , z )  co-ordinates 

~r ,_, = it~176 v c o s  r 

Suppressing the factor  c o s ~ e  -I'~* we find readily that  

( - I )  =+' ~ ^,kx cOS (kll2) Hii)(t<r) dk  (AI)  
p(r , z )  = lr iwpovmkm_j~ k Z _ k  2 KH~I),(Ka) 

where HI  t) is the Hankel  function o f  first kind o f  first order  and 

,< = V ' k o  z - k2(--> ko as  k --> 0) ,  k0 = cO~Co, 

with Co the sound speed. 
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We obtain the far-field pressure by converting to spherical co-ordinates (R,d?,O), where 
z = Rcos 0, r = Rsin0, and applying the method ofstat ionary phase to (AI). For koR ~ I we 
have 

(-1)m i k 2 a 2 . . ,, cos (ko 1/2) cos 0 
P(R'O)~-- 2 PoCoVm----'R--KmSlntI k~_k2ocOS2 0 �9 , (A2) 

For km <ko,  [p(R,O)I has maxima at 00 = arccos(k,,/ko) and at r r - 0 0 .  Resolving the 
indeterminate form, we find the intensity I of  radiation at these angles to be 

I(R, ~, 0o) = I p21 
2,o0 Co 

A typical example from our experiments is the resonant excitation of  the wire third 
harmonic by current drive to an r.m.s, displacement of 3 % of wire diameter. Numerical values 
are 

co/2~r = 1400 Hz, R = 2 ft, 

l =  15 in., vz = 1-48 m/sec, 

2a = 0.154 in., PoCo =415 MKS rayls. 

For these conditions k2 = 24.5 m -x, ko = 25.6 m -~ and 0o = 4 ~ 48'. The radiation is thus 
essentially end fire along the cylinder axis. At 0 = 0o and cos~ = 1 the intensity I is 1.5 x 10 .7 
w/m 2, corresponding to a sound pressure level of  52 dB (relative to 0.0002 dynes/cmZ). 

An estimate of  the radiation damping is also possible. The power radiated is 
2rz 

f ,, ~ . .  3,,/cos(kZo/2)cosO\ z 
l d~ f dOR2sinOIPl2= 8 P~176176 J sm V[,k2_k2cos20 j d0. (A4) 

2,o0 Co o o o 

A crude upper bound on the integral in (A4) is ~rlZ/16k 2. Alternatively, the power radiated is 
112 

f I vl 2,ix = �88 v 21, (A5) �89 
-112 

where 
rc = ev ~a 2,~,,, (A6) 

is the radiation damping coefficient, Pb is the wire density and 7/is the radiation loss factor. 
Comparing (A4) with (A5) and (A6) we obtain the bound on the quality factor Q = ~/-t : 

Q > 32Pblk3oa2. (A7) 
7r/90 

Using the numerical values of parameters given above and Pb = 4060 kg/m 3 as the average 
density of our cylinder, we get 

Q > 1 . 3 2 x  106 , 

signifying negligible radiation damping. 

APPENDIX II 

ESTIMATE OF THE VISCOUS DAMPING OF AN OSCILLATING CYLINDER 

Batchelor [17, p. 357] extending earlier work by Stokes and Schlichting, obtained the 
quality factor 

po \ 8 , , /  
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for a wlinder  of  radius a and density gb oscillating in a viscous incompressible fluid at 
frequency w, His solution is valid to first order in the ratio of  amplitude of  vibration to 
cylinder diameter, Equal contributions to the damping force were found from the tangential 
and normal stresses. 

It is evident that this solution must be valid for any mode of  resonant vibration. Using 
numerical values ofthe parameters for the example ofAppendix I together with v = 1.5 x l0 -5 
m2/sec, we obtain Q _~ 6 x 104. This value is about 60 times greater than the measured values 
of Q reported in section 5.5. 


