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MEASUREMENT OF SECTIONAL LIFT FORCES ON AN
OSCILLATING CYLINDER

H.M. Blackburn and W.H. Melbourne
Department of Mechanical Engineering, Monash University, Australia.

ABSTRACT An experimental method is presented for the measure-
ment of lift forces and coherence on a vibrating cylinder in transcritical
turbulent flow. The force measurements were made on six sections of
a cylinder and the method by which the inertial component of the
load signal was removed is described. Timeseries of lift forces on rigid
and vibrating cylinders at subcritical and critical Reynolds Numbers
are presented.

1. Introduction

The response prediction of chimneys in turbulent air flow depends upon
an understanding of the vortex-shedding process and lock-in. Specifically
this requires knowledge of the magnitude and coherence of the fluctuating
lift forces acting on an oscillating cylinder over a range of Reynolds Numbers
in turbulent flow. A method has been developed of measuring cross-flow
forces acting on short sections of a circular cylinder undergoing forced sinu-
soidal oscillations in a wind tunnel. A critical aspect of these measurements
compared to those made before is that aerodynamic forces are measured
simultaneously on six short segments of the cylinder, so that changes in cor-
relation length can be observed as amplitude of oscillations increase. In this
paper the equipment and the computational methods used will be described,
and sample results in the form of aerodynamic force timeseries for a rigid
and a vibrating cylinder in smooth flow will be presented.

2. Equipment
2.1 Wind tunnel model
In the experimental programme, cross-flow aerodynamic loads were mea-
sured on short (0.1 diameter) sections of a smooth circular cylinder which
could be forced into harmonic motion at amplitudes up to 0.03 diameter.

The part of the equipment exposed to the flow is a 200mm diameter,
900mm long circular cylinder. A sketch of the cylinder installed in the

APPENDIX B. SUPPORTING PAPERS>



Figure 1: Sketch of cylinder installed in wind tunnel. 1: Cylinder with 6 force
transducers; 2: Support truss, yoke, electromagnetic shaker, beam springs;
3: Wire support harness; 4: End plates; 5: Turbulence grid.

2mx1m working section of the Monash University 400kW wind tunmnel is
shown in Figure 1. Six force transducer shells are mounted in each mea-
surement section as part of the cylinder, equispaced along the axis. The
cylinder is supported on a structural yoke which passes through the inside of
the cylinder, through the tunnel walls, then extends down below the tunnel.
The yoke is mounted on beam springs atop a trussed structure which also

holds a 450N electromagnetic shaker. The yoke is guided by a wire restraint
" harness which resists the drag forces, prevents axial movement and supresses
undesirable vibration modes. The cylinder thus constrained can only move
up and down, driven by the shaker at the natural frequency of cylinder-yoke
assembly on the beam springs. The frequency can be adjusted by changing
the length or stiffness of the springs.

There are two large end plates reaching from the floor to the roof of
the wind tunnel, extending 2.5 diameters upstream and 4.5 diameters down-
stream of the cylinder centreline. The gap of 3mm between each end of the
cylinder and the plates is effectively sealed using synthetic fur, while freedom
of movement is retained.

2.2 Transducers

The transducers consist of very light, stiff cylindrical shells of compos-
ite construction which distribute aerodynamic load to four cantilever beam



springs. The springs are mounted on a central ring which clamps onto the
structural inner cylinder; each beam has a semiconductor strain gauge glued
to 1t, thus providing a full strain bridge. On the central ring is also mounted
an accelerometer, so that the cross-flow acceleration (hence velocity and dis-
placement) can be measured. The accelerometer provides output to enable

the cancellation of the part of the strain bridge signal due to the mass of the
outer shells, as described in Section 3.

2.3 Remainder of construction

The construction of the remainder of the cylindrical shape (between the
force measurement transducers) uses thin plywood, balsawood and fibreglass
to minimize weight. The outer surface of the cylinder was rubbed back to a
smooth finish. The maximum deviation from circular shape measured at any
section on the assembled cylinder was 0.2mm — 0.001 diameter; the average
maximum deviation was 0.14mm.

Gaps of 0.5mm to 0.8mm between the force measurement transducers
and the aerodynamic shells remained after assembly; these were sealed using
strips cut from latex condoms, stretched and glued in place. The stretched
thickness of the latex material was about 0.03mm.

3. Data Processing

3.1 The basis of the method

The method used for extracting that part of the transducer signal due to
aerodynamic force on each section is based on the fact that the force sensed
by the transducer should just be the sum of the aerodynamic force acting
on it and the inertial force caused by the acceleration of the cylinder and
the mass of the light, spring-mounted cylindrical shell sections. This inertial
force should be highly coherent with the output signal of the accelerometer
mounted at each station, and so can be estimated either in the time domain
using the impulse response function of the transducer to acceleration, or
in the frequency domain using the frequency response function of the trans-
ducer to acceleration, in conjunction with the signal from each accelerometer.
Thus the inertial force can be computed and subtracted from the total leav-
ing the aerodynamic component. It was decided to do the computations of
the acceleration-coherent part of the force in the frequency domain, making
extensive use of FFT-based techniques.

This method requires that estimates of the frequency response function
between cylinder acceleration and transducer output be available. These were
computed from timeseries recorded in the absence of airflow, while the cylin-
der was excited by broadband random noise by the electromagnetic shaker
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Figure 2: Force transducer frequency response function to acceleration.

mounted underneath the wind tunnel. To remove the influence of the added
mass of the surrounding fluid in the results of the frequency response func-
tion estimation, thin plastic shields were wrapped around the cylinder at
each transducer location during this phase of the experiment. The frequency
response function estimates for each transducer are used as look-up tables
later in the computational technique. A typical example of such a frequency
response function estimated from recorded timeseries using standard digital
procedures is shown in Figure 2.

3.2 Data recordings

The output from all six transducers mounted in the cylinder were re-
corded at the same time by 12-channel data collection on one of the De-
partment’s Perkin-Elmer minicomputers. A typical data collection is 8152
records long, sampling rate 200Hz, thus allowing sufficient data for meaning-
ful averages to be extracted after processing is done.

3.3 Dynamic calibration of transducers

To check that the procedures employed could in fact recover estimates
of external force in the presence of shaking of the cylinder, a dynamic cal-
ibration method was used. A load-beam of comparatively low stiffness and
mass was made and strain gauges attached, so that it could also act as a
force transducer. After static calibration of this load-beam, it was mounted



underneath each transducer in turn so that it applied an external load to the
transducer, and the electromagnetic shaker was switched on, thus forcing the
cylinder to vibrate on the load-beam.

Using a similar procedure to that outlined in Section 3.1, the accel-
eration-coherent part of the total tranducer signal was removed and the re-
mainder was fitted to the output of the load-beam strain bridge amplifier
using a multiplicative calibration constant determined by the method of lin-
ear least-squared error. This constant is made available to the correction
and calibration procedures carried out in the main processing. Agreement
between the predicted and measured force signals was good.

4. Experimental Results

4.1 Range of results presented

The results presented here are corrected and calibrated aerodynamic
force, measured in Newtons, for smooth flow tests conducted on a rigid cylin-
der and a cylinder undergoing forced harmonic vibrations. Only 201 points
out of the total 8192 collected for each channel are displayed.

4.2 Fixed base timeseries

For this experiment, the cylinder support yoke was clamped to the sup-
porting structure to rigidly fix the cylinder. Figures 3(a) & (b) show cor-
rected force timeseries at blockage corrected Reynolds Numbers of 1.41 x 10°
and 4.80 x 10° respectively.

In Figure 3(a) the flow is clearly subcritical, as evidenced by the narrow
band vortex shedding which had a centre frequency of 9.3Hz. Note that the
vortex-shedding is not completely coherent along the length of the cylinder,
with the phase of shedding at each station changing a small amount, appar-
ently at random. The average computed R.M.S. Coefficient of Lift was 0.44,
while the Strouhal Number was 0.18.

In Figure 3(b) the flow has made the transition to the range of critical
Reynolds Numbers, and the cross-flow processes are much more wide- banded
than before, with no discernable spectral peak. The R.M.S. Coefficient of
Lift was 0.10.

4.3 Vibrating cylinder

For the data shown in Figures 4(a) & (b) , the cylinder was forced to
oscillate at a frequency of 25.5Hz, with an peak-to-peak amplitude of 2.25%
of diameter. The blockage corrected Reynolds Numbers are 1.45 x 105 and
4.75 x 10° respectively.
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Figure 3: Force timeseries measured on a rigid cylinder at Reynolds Numbers
{(a) 1.4 x 10° and (b) 4.8 x 10°.

Figure 4(a}, with the Reynolds Number close to that for the data used
in Figure 3(a), again exhibits subcritical flow, with a vortex-shedding centre
frequency of 9.7Hz, however significant energy also appears at the first and
third harmonics of the shaking frequency. Otherwise the data appear sim-
ilar to those presented in Figure 3(a), for the fixed-base case. The R.M.S.
Coefhicient of Lift was 0.50, and the Strouhal Number was 0.18.

The data of Figure 4(b) likewise show critical flow with broadbanded
force signals, and as in Figure 4(a) there are significant spectral peaks at the

first and third harmonics of the shaking frequency. The R.M.S. Coefficient
of Lift was 0.11.
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Figure 4: Force timeseries measured on a vibrating cylinder at Reynolds
Numbers (a) 1.4 x 10° and (b) 4.8 x 10°.

An autospectrum of one of the channels of Figure 4(b) is shown as
Figure 5. The broadband nature of the cross-flow force can be clearly seen, as
can spectral peaks at the first and third harmonics of the shaking frequency.

5. Conclusions

The experimental method described has been shown capable of mea-
suring aerodynamic force at six subsections of a fixed or vibrating circular
cylinder simultaneously. It is possible that some residual errors exist in the
estimated forces near the shaking frequency of the cylinder, since the method
is not capable of acheiving complete accuracy in the absence of flow, however
the residue is small. The relative size of the aeroelastic component of force at
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Figure 5: Autospectrum of force transducer timeseries of data used for Fig-
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the third harmonic of the shaking frequency was surprising, and has not been
commented on before in the literature. This is not an artifact of the data
processing (which is inherently linear in any case}, since the third harmonic
component is also present in the raw data.

The data presented for R.M.S. Coefficient of Lift and Strouhal Number
for the rigid cylinder compare favourably with those presented by Cheung &
Melbourne [1]. For instance, at the lower Reynolds Number of 1.41 x 10,
they report R.M.S. Coeflicient of Lift as 0.41, compared with 0.44 here. At
Reynolds Number 4.8 x 10° their R.M.S. Coefficient of Lift is 0.05, comparing
in this case with 0.10. It is to be expected that lift coeficients measured at
sections (length 0.1 diameter} should be greater than those over the whole
cylinder, as per Cheung & Melbourne'’s measurements (length approximately
5 diameters), particularly in the critical Reynolds Number regime where the
spanwise coherence is lower. The value of Strouhal Number of 0.18 at the

lower Reynolds Number in these experiments compares well with theirs of
0.19.

In future work the range of parameters investigated will be extended,
with particular emphasis on turbulent flow at Reynolds Numbers up to
6 x 10°%, and aeroelastic coefficients will be computed.

Reference

[1] Cueung J.C.K. & MELBOURNE W.H. Turbulence effects on some
aerodynamic parameters of a circular cylinder at supercritical Reynolds
Numbers Jnl. Wind Eng. and Indust. Aero. 14 (1983) pp 393 — 410.
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Frequency and Time Domain Cancellation of Inertial
Signal from an Accelerating Force Transducer

H.M. Blackburn
W.H. Melbourne
Department of Mechanical Engineering
Monash University, Clayton 3168, Australia

Measuring the unsteady fluid forces acting on
an oscillating structure usually entnils some cor-
rection of force transducer output to account for
the inertial component of the response due to the
mass and acceleration of the sensor element, In
the application discussed here, the interaction be-
tween structural oscillation and cross flow vortex
shedding forces acting on a cirenlar eylinder in
wind tunnel flow is being studied. Short (0.1 di-
ameter axial length) seginents of the cylinder are
mounted from an inner slructural tube on still
beam springs which have strain gauges bonded
to them in a {ull bridge circuit. The mechanieal
arrangement of the springs and gauges provides
a sensor element which is only sensitive to ¢ross-
flow force. The cylinder can be forced to oscillate
in & cross flow direction at amplitudes of up to
8% of diameter peak-to-peak.

The sections of the cylinder which distribute
force to the four beam springs have been made ag
light as possible, consistent with the need for in-
ternal stiffness, by use of fibre-composites, foamed
plastics and balsa wood. The sensor elenents
have a finished mass of 16gm for & 20mm long
segment of a 200mm diameter cylinder. The nat-
ural frequency of the sensor segmente on their
spring mounts is about 400Hz, Despite the at-
tention given to weight reduction, the magnitude
of sensor response to acceleration when oscillating
is of the order of 10 times larger than response to
acrodynamic force, go that some means must he
applied to cancel the inertinl signal,

Various methods have been used Lo address this
measurement problem in the past. Historically
the first was mechanicnl cancellation of inertinl
signal, with another niass attached to the oscil-
lating structure via strain-gauged springs. The

Figure 1: End view of force transducer station,
showing beam springs, cylinder segment, and ac-
celerometer.

response of this sensor was adjusted until it can-
celled the inertial component of the aerodynamic
scnsor response at the frequency of interest. A
second method employed was analogue electronic,
with the input to the cancellation circuit coming
from an accelerometer attached to the structure.
This method also needed adjustment of system
parameters, either electronically or by the opera-
tor, to give correct cancellation.

The more recent development of digital signal
processing techniques has made possible new ap-
proaches to the problem. In the present appli-
cation, an accelerometer is placed at each trans-
ducer station to provide a signal from which a
cancellation signal can be derived. The signal pro-
cessing problem is then one of tdentification, that
is, modelling the relationship between accelerom-
eter signal and force transducer signal in the ab-
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Figure 2: Transducer FRF magnitude for accel-
eration input, showing sunall variation with exci-
tation level,

sence of flow. This relntionship can be used to
predict the inertial component of signal given the
output from the accelerometer.

Two methods have been tried. In the first, the
frequency response function (FRF) of the force
tranducer to acceleration is estitnated in the ab-
sence of flow using random vibration input to the
structure, recording a long timeseries of the two
transducer respoures, and using FIV1-brsed fre-
quency domnin procednres to estimate the trans-
ducer FRF. The inertinl component of tranaducer
signal is estimated hy transforming recorded Lime-
series into the frequency domain and multiplying
the Discrete Fourier 'rnusforns of the necelerom-
eter signai and the tranaducer FRE. The product
is subtracted from the DI'U of the force trans-
ducer output and the remninder is transformed
back to the time domain to give an ealininte of the
force tranadiicer response to acrodynamic force
alone. The method works reasonably well, but
suflers from the difficulty that the transducers
have slightly nonlinear characteristics when as-
sembled. This isreflected in the fact that the FRF
estimates can dilfer by a few percent when the
level of excitation is varicd (Figure 2). Attempts
to overcome this by multiplying the input time-
series of the foree transducer by an inverse non-
linear {unction belore further processing achieves
some improvement in cancellation but the results
are not entirely satisfactory.

A second method has more recently been de-

b

Figure 3: Transducer impulse response, fitted us-
ing recursive least squared error techniques.

i
L]

veloped, in which the impulse response function
{1RF) of the force transducer to acceleration is es-
timated in the time domain using recursive least
squared error procedures {Figure 3). The IRF
is then convolved with the accelerometer time-
series recorded with the flow on to produce an es-
tiimate of the inertial response. This method has
the practical advantage that the length of time-
series needed to produce a satisfactory estimate is
much shorter than that needed for the frequency
domain procedures previously discussed, so that
short records of response to acceleration can be
taken in the abgence of flow before each run. The
fact that these can be recorded while the cylinder
ia oncillating at the amplitude and frequency of in-
terest also effectively overcomes the problems of
nonlinear transducer characteristics and any drift
in characteristica of the apparatus with tempera-
ture.

Comparison of the two methods shows the time
domnin modelling to be more successful, both in
practical terms and in size of errors as assessed by
examining the timeseries of residual force trans-
ducer output recorded in the absence of low. The
size of the RMS error achieved using the fre-
quency domain correction method is of the order
of ten analogue-to-digital digitization increments,
while that of the time domain method is typically
of the order of one digitization increment (the the-
oretical minimum).
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MEASHREMENTS OF COEFFICIERTS OF LIFT AND SPANWISE CORRELATION FOR A
CIRCUGLAR CYLINDER OSCYLLATING IN A TURBULENT FLOW

H.M. Blackburn and W.H. Melbourne
Department of Mechanical Engineering
Monash Universlty, Clayton, Vic. 3168, AUSTRALIA

ARBSTRACT

For structures such as chlmney stacks in the
atmospherle  boundary layer, measurements  of
cross—-flow asrodynamic forces at hlgh Reynolds
Numbers and low response amplitudes are needed
before wmore accurate mndels for structural
response can be developed,

A prediction technlque has been developed
for the, measurement of cross-flow forces acting
on slx short sectlens of a c¢ylinder undergolng
forced slnuseidal osclllaticns in a wind tunnel.
Aerodynamlc 1ift forces measured using this
technlque are decomposed intao terms corrasponding
te aerodynamle damplng, added mass and a resldual
random component. These measurements can then be
used ln the prediction of structural responsa.

Measurements of 1lift forces from a cylinder
oselilating in a turbulent flow of 4% intensity
at a Reynolds Number of 1.7 x 105 are presented.
Oscillatlion amplltudes vary up to 3% of dlameter
and Reduced Veloeclty between 4 and 6. The
rasults Indlicate that varying the oscillation
amplitude and Reduced Veloclty Iin thls range has
an effect on aercdynamic damplng but that the
rasldual forces are unaffected by the motion,
both locally at each measurement positlon and iIn
spanwlse correlatlon,

INTRODUCTION

The predictlion of cross-flow response of
slender clrecular cylindrical structures to vortex
shedding 1s stlll a relatively {naccurate
process. This s due partly to a lack of
understanding of the vortex shedding process
ltself and in particular the Interaction of
structural and fluld oscillations and also a lack
of measurements of critlical aercdynamic data.

When the amplitude of structural osclillatlon
is wvery small the structural response ls of a
narrow banded random nature and predictlon of
response  amplitudes may be carrlied out using
random  vibratlon technicues such as  those
pregented by Vickery and Clark {1372). As the
osclllations of the structure Lincrease Ln
amplitude, particularly when the structural
frequencles and vortex shedding frequencles
colinclde, there 1s an interactlon between the
structural and fluld oscllilations and the
aerodynamic forces can !ncrease dramatically.
Data presented by Jones ({1968) and Sarpkaya
(1878}, have shown that thls Interaction can
occur I{n smooth flows at ampllitudes of a few
percent of dlameter.

If the relatlve mass and structural damping
of the structure are very low the cross-flow
amplitudes can become of the same order as the
cylinder diameter and the response timeserlies
becomas very narrow-handed, approaching a
sinusoldal waveform. In this case Sarpkaya
(1978) suggested that the response parameter Sg
may be used to derive an estimate of the response
amplitude.

In the widdle ground where the response
amplitudes are small and the fluld forces and
structural response are stlll of a random nature
but there ls significant interaction betwsen the
Elow and structural oscillations, comparatively
few engineering models exist that enable the
prediction of response amplitudes. One signifi-
cant model for thias regime 1s that provided by
vickery and Basu (1983), which 1ls essentially
that of Vvigkery and Clark (1972) but altered to
Inciude an aerodynamic damplng term which depends
non-linearly on response amplitude, however at
low amplitudes the effect Ls predominantly
linear, 1Inherent in this model {s the assumption
that the Interaction between the structural and
fluld motlon is entlrely {ncorporated in the
aesrodynamlc damping term, which implles motion-
dependent forces which are fully correlated in
the spanwise direction. The remalining
aerodynamle forces preducing random structural
vibration are gupposed to be unaffected by the
structural response amplltade.

In order to Linvestlgate the Iinfluence of
cross=-flow osclilation on aercdynamic forces due
to vortex shedding, a wind-tunnel model was
manufactured which enables forces to be measured
slimultaneously at several sections of a circular
cylinder whille the ©cylinder Is forced to
osclliate In a cross-flow direction. From the
recorded timeseries of forces estimates of
aerodynamie damplng and mass can be extracted by
correlating aerodynamic forces with the veloclty
and acceleration of the structure, leaving forces
which are uncorrelated with cylinder motlon.

In this paper experimental results are
presented which demonstrate negative aerodynamic
damping at vibratlon amplitudes of 3% of diameter
and below at a Reynolds Number just at the start
af the crlitical reglme in & turbulent flow of 4%
streamwlise intensity. The parts of zerodynamic
force which are uncorrelated wlth the motlon of
the e¢ylinder are shown to be unaffected by the
motlon, both locally and in spanwlse correlatlon.
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EXPERIMENTAL TECHMIQUE

A sketch showlng the general arrangement of
the wind tunnel model Is presented In Flqure 1,
The cvlinder 1s 200mm dlameter with an aspect
ratlio of 4.5. There are slx force measurement
transducers oach supporting a sectlon of cylinder
0.1 dlameter long, spaced egually along the
cylinder axls with a spacing of 0.75 dlameter,
Narrow alr-gaps between the sectlons of cyllinder
are sealed wlth thln polyurethane elastomer, To
mount the ¢ylinder gections each transducer
contalns four beam springs with bonded semi~
conductor straln gauges, The beams are allgned
so that cross-flow forces lnduce bending stresses
in the sprlngs. An accelarometer which measures
cross-~Flow acceleration ls also contalned at each
transducer statlion. The cylinder can be forced
to oswlilliate [n a dlrection normal to the flow by
an eolectromagnetlc shaker at a maxlmum amplitude
of 3% of dlameter (6% peak-to-peak).

‘Fiqure 1
wind tunnel. 1: Cylinder with & force trans-

Sketch of cylinder Installed in

ducers; 2: Suppord truss, vyoke, electro-
magnetlic shaker, beam springs; 3: Wire
support harness; 4: end plates;
5: Turbulence grid.

When the cyllnder 13 osclllating, the force
measured by each transducer contalns a component
due *to aerodynamlc force and a component due to
the mass and acceleration of the section of
cyllinder supported by the transducer, DFT=-based
technigues are used to extract the aerodynamic
porticn of the measured forces, using
simultaneous records of foree transducer and
accalarometer ontputs together with
experimentally-determined estimates of the
frequency responge functions of the transducers
to acceleration. Detalls of the experimental
apparatus and data processing have heen presented
by Blackburn and Melbourne {1989).

The aerodynamle forces computed to act at
each measurement statlon can be further processed
by extractling components which are corvelated
wlth cylinder crogs-flow velocity and
acceleratlion on a least-sgquares basis, Slnce
veloclty and acceleration are uncorrelated in
harmonle motlon, the components thus extracted
are also mutually uncorrelated, These components
of motlion~correlated force correspond to
aervodynamlc damplng and added mass forces.

RESULTS

The aerodynamle force data presented here
were collected In a turbulent flow at a blockage-—
corrected Reynolds Number of 1,7 x 105,  The
turbulence of 4% longltudinal Intensity and an
integral length scale of 1.3 dlameters was
produced by a turbulence grid located 50 cylinder
dlameters upstream of the model.

A comparison of cross-flow force autospectra
at a Reynolds Number of 1.7 x 0% i{s shown in
Flgure 2,
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Flgure 2{a} Autospectrum of cross~-flow
aerodynamlc forces measured at one feorce
transducer with the eyiinder 1In forced
oscillation at 3% of dlameter amplitude.
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Flgure 2(b) Comparisen of spectra of
reslidual cross-flow forces after removal of
motlon-correlated forces and forces recorded
in the absence of shaking.

In Flgure 2{a) the cylinder {s drlven by the
shaker to an amplitude of 3% of dlameter at a
frequency of 12 Hz; the presence of aerodynamic
forees at the shaklng frequency can be clearly
gaen., Flgure 2(b) shows the spectrum of the same
data wused to generate Figare 2{a) but after
removal of terms correlated with motlon, together
with a gpectrum recorded at +the same Reynolds
Mumber with the cylinder held fixed. In the
spectrum of residwal forces, the sharp peak at
the shaking frequency has heen removed but there
is stlll some energy there, also of interest 1is
the presence of components at the third harmonic
of the shaklng frequency. Higher harmonlcs are
not removed by the correlatlion process since they
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are orthogonal to the flrst harmonic and hence
uncorrelated with lt., When the cylinder 1s held
statlonary the other spectrum of Flgure 2{b)
shows that the vortex sheddlng process ls qulte
wlde-handed at Reynolds Wumber 1.7 x 107, but
with a distinct spectral peak at 3 Hz (Strounhal
Number = 0.14), Comparing the two spectra of
Flgqura 2(b), intreduction aof shaklng causes the
dlstinct peak at 9 Hz *o dlsappear and the
restdual R.M.5. 1lft to forces drop sllghtly.
However ralising the Revnolds Number to 1.8 x 165
In the absence of shaking also caused the
Alstinct peak at 9 Hz to dlsappear, indlcating
that boundary layer effects are just bringlng on
the transiftion to critical flow, maklng the 1lift
forces sensltlve to small wvarlations in Reynolds
Number.
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Flgure 3{a) Pilot of Force components
decomposed into  those correlated with

motlon, and residual.

Typlecal force timeseries from which spectra
and Coefflclents of ©Tift are prepared are
{ilustrated in Flgures 3{a) and {b}. Flgure 3{a)
indlcates the relative sizes of the acceleration-
correlated, veloclty=-correlated and residual
force terms at 3% of dlameter amplitude. Flgure
1{b) shows timeserles of force before and after
removal of motlion-correlated terms.

Cnefflclents of TLift can be prepared from
the force tlmeserles decomposed as previocusly
described, Flgure 4 shows the Coefficlents of
LLft of the resldual forces from one of the force
measurement rings at amplitudes of 1%, 2% and 3%
of dlameter as fanctions of Reduced Veloelty.
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Flgure 3(b} comparison of aerodynamle
forces before and after remcval of motlon-
correlated terms.
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Flgure 4. R.M.S. Coefflelents of LLft from

forces uncorrelated with motlon as functlons
aof Reduced Veloclty and amplitude, The
R.M,8. ¢, at the same Reynolds Number for no
motion 1s 0.21.

Magnitudes of Coefficlent of LLIft of uncorrelated
forces for the four most central transducers are
all of a simllar magnitude although there is some
varfation from ring to ring, as shown in ¥Flgure
5. ALl the Coefficients of LLIft of residual
forces display the same relatlve independence of
rReduced veloclty,
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Flgure S5 H.M.§5. Coefflclents of Lift from

forces uncorrelated with motlon at 3% of
dliameter ampiftude. Comparison of results
from four most central transducers.

The Coeffliclents of Lift of the veloclty-
correlated forces at 3% of dlameter amplltude are
shown 1n Flgure 6. These forces correspond to

aerodynamic damping: a positive value of
Coefficlent of Tift indicates negatlve
aercdynamle  damping, that Ls the flow 1is
transferring energy to the structure,

Coefficlents measured at lower amplitudes show
the same trends.

The Coefflclents of LLft of the accelera-
tion-correlated forces at the same amplitude are
shown LIn Figure 7. These forces corresgpond to
added Mass of fluid: a posltive value of
Coefflclent of Lift Aindicates a negative added
mass.
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Flgure 7. Acceleration-correlated R.M.S.
Coefficlents of Lift measured at four
transducers as functions of Reduced veloclity
at Ix of dlameter amplitude.

The slgns of the motlon-correlated Coeffl-
clents of Lift and thelr trends with Reduced
valoclty correspond broadly wlth those found by
ather workars, For example Sarpkaya (1978} who
conducted forced osclllatlon experiments in
subcritical flow, It seems from an Inspection of
Flgures 6 and 7 that there is an offset In mean
value between the Coeffleclents of Lift found at
each of the four central force measurement
stations, but a similar +trend wlth Reduced
valocity for each. At this stage 1t is uwncertaln
Lf this effect 1ls due to experimental error or
aesrodynamic effects caused perhaps by spanwlse
varlation in bhoundary layer flows at the onset of
the critical Reynolds Number reglime.

Wwhile motion-depandent forces are by definl-
tlon perfectly correlated in a spanwlse dlrectlon
although perhaps with a varlation 1n sign, the
residual forces show a reducling degree of
coharence 1in the spanwise directlon as the
maazsurement stations become further apart, as has
been known for some time. From cross-correlations
computed between the aerodynamle forces at the
various locations plots have been prepared,

hlthough of limlted spanwlse resolution, they can
stlll be used to compare the spanwise correlation
of resldual aerodynamlec forge as a functlon of
ogsclllation ampllitude. Filgure 8 indlcates that
there was no observable change in spanwlse

correlation wlth increase of osclllation
amplitude,
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Flgure 8, ©Plot of spanwlse correlatlion of
residnal force as a function of amplitude at
Reduced Veloclty of 5.25.

CONCLUSION

The experimental resulis Lndicate that in
the flow reqlme {nvegtigated, cross—-flow
ogcillation has 1little influence on the portion
of the aercdynamic forces which are not correw
lated with the motion of the structure, both
locally and in spanwlse correlation.

analysis of motion correlated forces
suggests that a negative aerodynamlec damping
exlats and wvaries wilth Reduced Velocity in a
manner breoadly similar to studles conducted both
in subcrltical [sarpkaya (1978)] anéd posteritical
[Jones (1980)] smooth flows.

There 1s agreement between experimental
results and Vickery and Basu’s (1983) model in
that there was no ocbserved lnteraction between
motion and uncorrelated local foreex and spanwise
corraelation.
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Promotion of Instability During Lock-In
H.M. Blackburn
W.H. Melbourne
Monash University

Introduction

Lock-in is the phenomenon of phase-locking of vortex shedding to the oscillatory motion of
slender cylindrical structures. The process by which this takes place is poorly understood,
but the phenomenon is important in the design of slender, lightly damped structures such
as steel chimney stacks and towers. This is because lock-in is associated with a form of
aeroelastic instability which can lead to large amplitudes of cross flow motion for these kinds
of structures. The instability mechanism can be thought of as a negative-damping type; in
physical terms, vortex formation becomes correlated with the motion of the structure with
a relative phase such that power is transferred to the structure from the passing air-stream.
Large amplitudes of motion can result if the rate at which power is transferred to the structure
exceeds the rate at which internal damping forces can dissipate it. Ultimately, the amplitude
of motion is limited to about +1 diameter by non-linear aerodynamic effects.

Experimental Method

During an experimental programme conducted in the 450 kW wind tunnel at Monash Univer-
sity, cross flow (lift) forces which acted on short sections of a circular cylinder were measured.
A feature of the equipment was that the cylinder could be forced to oscillate in a cross fow
direction at amplitudes up to 3% of diameter. Since the frequency of oscillation could be var-
led, it was possible to vary the Reduced Velocity of oscillation (V, = U/ fD) while keeping the
Reynolds number constant. The motion of the cylinder was measured using accelerometers
installed within it.

Motion-Correlated Forces

As a part of the data reduction, lift forces which were correlated with the motion of the
cylinder were calculated. Motion-correlated forces measured in smooth suberitical flow (Re =
1.6 x 10°, I, = 0.6%) showed the most interesting variation with Reduced Velocity and form
the basis for discussion here. An important preliminary observation is that, even during lock-
in, when the frequency of cylinder oscillation coincided with the vortex-shedding frequency,
a large portion of the vortex shedding forces remained uncorrelated with motion.

The motion-correlated forces are presented here in the form of dimensionless coefficients:
the Coeflicient of Added Mass, C,, and the Aerodynamic Damping Parameter K.
C, = —-C, V27

K, = C,V}/167%a

where Cl, is the coefficient of lift correlated with cylinder acceleration and C), is the coefficient
of lift correlated with cylinder velocity. The amplitude of oscillation occurs in the dimension-
less form & = yay/D. The Coefficient of Added Mass describes the acceleration-correlated
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forces in terms of an equivalent mass of fluid, i.e.

7 D?
4

l,=—C,-p (2 ) aD

where [, is the lift force correlated with cylinder acceleration per unit length. The Aero-
dynamic Damping Parameter is a form of mass-damping coefficient; for a uniform cylinder
moving as a rigid body, an equivalent structural damping coefficient can be computed:

pD?
=K,
Caero a m

where m is the mass per unit length of the structure. This shows that a positive value of K,
corresponds to negative damping, that is, the structure extracts power from the flow.

Values of C; and K, are shown as functions of Reduced Velocity in figure 1. During the
measurements, the cylinder was forced to oscillate at a nominal amplitude & = 3%. As can
be seen, there was a rapid change in the sign of K, with change in V, near V, = 5 (this
corresponds to a Strouhal number of 0.2). This change has been observed before, and has its
physical basis in the change of phase of vortex shedding with respect to cylinder motion (see
for example Zdravkovich 1982). More surprising were the high values of Coefficient of Added
Mass observed near synchronization (V; = 5), and the negative values observed at higher V.
Again, there are precedents for the measurements (e.g. Nakamura, Kaku & Mizota 1971), but
in this case the physical basis is less clear, although it may be associated with the formation of
vortices at peak values of cylinder acceleration (as reported by Williamson & Roshko 1938).

10 H t 1 T I T T T T

1
L o C, 4
L A K, ;j .

S Y A OV
Dﬁ C e = O l \ ]
o =D | \ ;

O e i —
[ A o ]
] ~ NG
-5 ] i 1 L ] | : f ! | | L L ] L ]
3 4 5 6

v,

Figure 1: Values of Coefficient of Added Mass (C,) and Aerodynamic Damping Parameter
(K,) as functions of Reduced Velocity (V).

Promotion of Instability

The results presented in figure 1 are replotted in polar form in figure 2, with V; as a parameter.
The asymptotic value of K, as V. — oo is derived on a quasi-steady basis which gives
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K, = —C;V, /87, where C, is the Coefficient of Drag. As V., — 0 (f — o0), it is expected (and
observed) that C, — 1, the value for a cylinder oscillating at small amplitude in stationary
fluid.
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o
/ r
5
/j

c,

Figure 2: Values of Coefficient of Added Mass (C,) and Aerodynamic Damping Parameter
{K,) in polar form with V; as a parameter.

Instability, corresponding to positive values of K,, is promoted near V, = 5 by the follow-
ing means. At V, > 5.25, C, is negative; this tends to increase the frequency of structural
oscillation, thus decreasing the Reduced Velocity. Conversely, at V, < 5.25, C, is positive,
which tends to reduce the frequency of structural oscillation, increasing V; towards the zone
of highest K.

To put the effect in perspective, the ratio of added mass to structural mass needs to be
considered. For lightly-constructed steel chimney stacks, a typical ratio of structural mass
per unit length to displaced mass of fluid per unit length is 50:1. This means that with
Coper = 10, as shown here, the effective structural mass per unit length is reduced by about
20%.
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Lift on an Oscillating Cylinder in Smooth and Turbulent Flow
H.M. Blackburn and W.H. Melbourne

Department of Mechanical Engineering, Monash University, Clayton 3168, Australia.

Abstract

Lift forces were measured at six sections of a circular cylinder in smooth and turbulent
flows over the Reynolds number range 1.1 x10% to 5.5 x 10°. Introduction of turbulence of
18% longitudinal intensity produced a return to organized vortex shedding, characterized
by large lift forces with a broad spectral peak centred near St = 0.23. With the cylinder
in forced oscillation of amplitudes up to 3% of diameter, motion-correlated forces were
observed. Adaptive digital filter techniques were used to remove inertial components of
force transducer signal.

1. INTRODUCTION

The prediction of amplitudes of cross wind vibration response of slender structures of
circular cross section is one of the fundamental problems of Wind Engineering. Among
the structures encompassed by this description are chimney stacks, masts and space-frame
members. Typically, cross wind response amplitudes to vortex shedding must be limited
to less than 5% of diameter in order to prevent the possibility of large amplitudes and
stresses caused by lock-in effects.

I'or Reynolds numbers typical of structures and flows in Wind Engineering applications,
vortex shedding is quasi-periodic, and prediction models are often based in random vibra-
tion theory, with estimates of mean-squared modal response amplitudes as the outcome.
Models of this kind have been described by Vickery and Basu (1983), and the Engineering
Sciences Data Unit in ESDU Item 85038. Both these models incorporate a description of
vortex-induced lift forces on rigid cylinders in terms of the cross-spectra of lift acting at
different points on the span and models of motion-correlated forces, which comprise an
increasing proportion of lift force as oscillation amplitude increases. Both models give a
coeflicient of variation between predicted and observed response amplitudes of about 25%
(Vickery & Basu 1984, ESDU 1985). A part of the variation can be attributed to a lack
of data for the aerodynamic parameters which underly the models.

Only a limited amount of data are available to assist in the description of lift forces on
rigid cylinders at transcritical Reynolds numbers, from a mixture of wind tunnel measure-
ments made in smooth flows and a scattering of measurements conducted on full scale
structures in turbulent flows., The extent of spanwise correlation of lift forces in tran-
scritical flows has not been studied. In addition, the role of turbulence in establishing
transcritical flows at comparatively low Reynolds numbers is poorly understood.

Motion-correlated forces referred to above are an aspect of the phenomenon of lock-in,
in which it is observed that for large oscillation amplitudes, vortex shedding and structural
oscillation become phase-locked, with the relative phase being a function of reduced veloc-
ity V., = U/ fD. At low amplitudes of oscillation it has been found that some proportion
of lift force becomes correlated motion, with the remainder being uncorrelated over long
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time periods (see e.g. Toebes & Ramamurthy 1967, Jones, Cincotta & Walker 1969). The
consequences and nature of this partition of force into motion-correlated and uncorrelated
components are pootly understood, although it has been implicit in many experiments in
which lift forces on oscillating cylinders were measured.

These points served as motivation for a wind tunnel study of the local and spanwise
distribution of lilt force on a circular cylinder in smooth and turbulent flows (I, = 18%)
over a range of Re up to 5.5 x 10°. The model could be forced to oscillate cross flow at
amplitudes up to £3% of diameter, thus permitting study of the interaction of lift and

motion in these flows.

2. WIND TUNNEL MODEL

2.1. Model geometry

A cylinder model was designed to suit the 2m high, 1 m wide working section of the
Monash University 450kW wind tunnel. In a compromise between desires for high
Reynolds number, low tunnel blockage and high aspect ratio, a cylinder geometry of
200 mm diameter and 900 mm length was selected, giving a blockage ratio of 10% and an
aspect ratio of 4.5:1. While it is known that this combination of blockage and aspect ra-
tio leads to over-estimates of force coeflicients in smooth subcritical flow (see e.g. West &
Apelt 1982), it is expected that the eflect would be smaller in super- and transcritical
flows, where the wake is narrower and the spanwise coherence of vortices is expected to
be lower.

‘T'o minimize the effect of tunnel wall boundary layers on the measurements, large end
plates were mounted 50 mm clear of the wind tunnel walls, with the cylinder spanning
the 900 mm gap between them. The plates were rectangular, extending 2.5 D upstream,
4.5 D downstream of the cylinder centreline, 9 D cross flow. Since the model was designed
to oscillate in the cross flow direction it was not attached to the end plates: a central
supporting tube passed through holes in the end plates and the wind tunnel walls, with
the clearance gap between the cylinder and the end plates sealed using synthetic fur,
which allowed relative movement but prevented air flow through the gap.

The cylinder geometry is shown in figure 1, which indicates that the cylinder was
constructed in segments, supported on an inner structural tube of 100 mm diameter.
The thin (0.1 D axial length) cylinder segments contained lift force transducers, while
the remainder were ‘blank’ segments that contained no instrumentation. The clearance
gaps between the segments were sealed using narrow strips of 30 um thick polyurethane
clastomer, glued on. The use of six force transducers spaced along the span allowed
measuremnents of lift force to be made simultaneously at the six locations. Since the lift
transducers were narrow compared to typical lift force correlation lengths (order 1Dy,
the measurements obtained were assumed to be good approximations to the sectional lift
forces.

2.2. Transducer construction

Transducer construction is illustrated in figure 2. The outer segments of the transducers
were made as light as possible, consistent with the need for stiffness, by use of fibre
composites, foamed plastics and balsa wood, giving a mass of 16 gm. Lift force was
transmitted to the support cylinder by beam springs which had semi-conductor strain
gauges bonded to them. The natural frequency of the outer segments on the springs
was 400 Iz, well above the frequency content of the lift forces. Each transducer also
contained an accelerometer for the measurement of cylinder motion and cancellation of
inertial forces.

The mechanical arrangement of the springs and gauges provided sensor elements which
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Figure 1: Cylinder geometry: six 0.1 D/20 mm long lift force transducers separated by
‘blank’ sections, all supported from an inner structural tube.

were sensitive only to lift force. Measurements showed the transducers to be about 150
times more sensitive to lift than to drag forces. The sensitivity to applied moments was
also low; when cross flow force was applied at one cylinder radius from the centreline,
strain bridge output changed by approximately 1/60th of the full reading obtained with
the force centrally applied.

2.3. Oscillation system

The elements of the systemn can be seen in the sketch of figure 3. The system was designed
to produce forced sinusoidal oscillations of up to 2:3% D amplitude over a frequency range
10 Hz to 30 Hz. The part of the model described so far occupied the working section; out-
side this, it was supported and guided by a rectangular aluminium tube yoke and a harness
of taut music wires which constrained motion to the cross flow direction. Underneath the
tunnel floor, the yoke was clamped to two steel beam springs, and the assembly was driven
at its resonant frequency by an electromagnetic shaker. The frequency could be adjusted
by changing the length or section of the springs. A steel truss assembly held the shaker
and the ends of the beam springs, and was clamped down to the main floor beams of the
laboratory. Plenum boxes were used to surround the wire harness and the cylinder ends
where they penetrated the working section walls. The yoke struts passed through the
lower faces of the boxes, with a small clearance limiting the flow of air into the w0rk1ng
section.

_Carbon Fibre-
e Epoxy flange o
-~ Balsa Waod ;- Beam Spring
Glass Clotte [ T
Epoxy Web L §

Section A- A' c‘é??s 4

Twice Scale

Figure 2: End view of lift force
transducer station, showing con-
struction. A full bridge of
semiconductor strain gauges were
bonded to the beam springs.

Clamp Ring -~ -
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Figure 3: Sketch of cylinder installed
in wind tunnel. 1: Cylinder with six
force transducers; 2: Driving yoke
and wire harness; 3: Support truss,
springs and electromagnetic shaker;
4: Plenum box; 5: End plate; 8:
Contraction.

3. FLOW

Five turbulence configurations were selected. Smooth flow was obtained using a com-
bination of wire meshes and an aluminium honeycomb screen, while turbulent flow was
produced using a bi-planar array of slats located upstream of the contraction. The span-
wise average values of the longitudinal and transverse turbulence intensities (I, & I,),
together with the turbulence integral length scales are shown in table 1.

Table 1: Spanwise-averaged turbulence intensities and integral scales at the model cen-

treline position for the five flow configurations.
Configuration [, I Li/D

i 18.0 14.1 0.53
2 96 87 0.53
3 42 4.2 0.50
4 36 3.6 0.25
‘Smooth Flow® 0.6 0.6 0.10

The close agreement between I, and I, except for the highest intensity case, indicates
that the turbulence was approaching isotropy after distortion caused by the contraction.
For Configuration 1, differing longitudinal and transverse intensities ([, = 18%, I, =
14%) indicate that the turbulence was still approaching isotropy, but it was felt that the
high values, similar to those found in many full scale applications, made its inclusion
worthwhile.

Turbulence integral scales LY were obtained by fitting von Karméan spectra to the
measured velocity spectra.

4, SIGNAIL PROCESSING

Signals from the transducers (six accelerometers, six strain bridge amplifiers) were low-
pass filtered, then digitized and stored on magnetic tape using a minicomputer. All
subsequent signal processing was carried out digitally.
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I 3” { [!Ii' l ] B ”z function of a digital filter used for

cancellation of inertial signal.

4.1. Inertial signal cancellation

When the cylinder was oscillating, forces due to the mass and acceleration of the trans-
ducer outer segments were produced, in addition to aerodynamic forces. Adaptive digital
filter techniques described by Bellanger (1987) were used to identify the relationship be-
tween accelerometer outputs and strain bridge signals found when the cylinder was forced
to oscillate without flow. An example of a digital filter produced by this technique is
illustrated in figure 4. To remove the inertial component of force transducer output in the
presence of flow, the accelerometer signals were convolved with the digital filters and the
result subtracted from the total force transducer signals, leaving aerodynamic forces as
residual. An example of force transducer signal before and after removal of inertjal force
component is shown in figure 5.

To check the accuracy of the cancellation method, tests were run in which data for both
the identification and measurement phases were recorded without flow. The removal of
inertial signal typically left a residual with RMS magnitude less than one analogue to
digital conversion level (5 mV). When flow was applied, the typical RMS level of the
aerodynamic force signal was 0.5 V, giving a signal to noise ratio of approximately 40 dB.
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Accelerometer | |Low Pass
Amplifier Fitter

Strain Bridge | |Low Pass| | Mini-
Amplifier Fitter Computer

Stroin Bridge | _|Low Pass
Amplifier Filter

Figure 6: Schematic of equipment set-up for dynamic calibration of force transducer.
Transducer forced to oscillate cross flow while in contact with load beam.

4.2. Re-introduction of ‘added mass’ forces

Although the cancellation system effectively removed all forces due to the acceleration of
the transducer segment mass, it is known from both theory (Milne-Thomson 1960} and
measurements (Lundgren et al. 1979) that ‘added mass’ forces per unit length equivalent
to accelerating the mass per unit length of one cylinder’s cross-section of fluid exist at
small oscillation amplitudes in still fluild. These forces were also cancelled using the system
described above, so forces of the appropriate magnitude were subsequently calculated with
the aid of the accelerometer timeseries, and added back to the force transducer signals.
While viscous forces proportional to cylinder velocity must also have arisen when the
cylinder oscillated in still fluid, it can be shown with the use of theoretical results for
oscillatory boundary layers (Batchelor 1967) that at the cylinder Reynolds numbers for
oscillation in still fluid, the resulting viscous forces were small enough to lie within the
noise level of the measurements, and so were ignored.

4.3. Integration of accelerometer timeseries

Since both velocity and acceleration of the cylinder were required for subsequent analysis
of results, the cylinder acceleration timeseries were integrated to obtain velocity time-
series. In order to avoid phase errors inherent in typical numerical integration formulae, a
numerical integration procedure was devised in which DFT coefficients were manipulated
in the {requency domain (effectively by dividing them by j2r f). Data were then returned
to the time domain for further processing.

4.4. Dynamic calibration
It was found that the polyurethane film used to seal the clearance gaps between the trans-
ducer and ‘blank’ cylinder segments had slightly viscoelastic properties. Upon application
of a steady load to a transducer, strain bridge amplifier output would jump nearly instan-
taneously to about 90% of its full value, then relax slowly to the full value over a period
of several minutes. It was established experimentally that over the frequency range of
interest (5 Iz to 150 Hz), the effect was almost purely elastic.

In response, a dynamic calibration procedure was devised. The layout of the equipment
is illustrated in figure 6. The method relied on applying a fluctuating force to the force
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transducer segment, using a pre-calibrated lightweight steel load beam.

Calibration proceeded as follows. First, the model was forced to oscillate without the
load beam, and data collected from the transducer strain gauge bridge and accelerometer
amplifiers. These data were used to identify the digital filter which related acceleration and
inertial transducer response. Then the load beam was pre-loaded against the transducer
segment with sufficient deflection that it would not lose contact when the cylinder was
oscillated. The cylinder was forced to oscillate again, and outputs from the three amplifiers
(load beam and transducer strain bridges, transducer accelerometer) were recorded. Next,
the inertial component of force transducer output was estimated by convolution of the
digital filter with the accelerometer signal, and subtracted to leave a remainder due to
the force applied by the load beam. Finally, this remainder was scaled to match the load
beam signal using a least-squares fit. The resulting scale factor was multiplied by the load
beam force-voltage calibration factor to produce a calibration for the transducer strain
bridge.

Advantages of the method were that it provided a cross-check on the inertial signal
removal technique, and enabled the force measurement procedure to be checked under
simulated experimental conditions. An example of part of the calibration procedure is
shown in figure 7, where the fitted residual transducer signal is shown with the signal
from the load beam.

5. RESULTS

5.1. Plan of experiments

It was decided to first carry out a series of experiments in which the model was held
fixed and the range of achievable Reynolds numbers was traversed for each of the five flow
configurations.

With the oscillation system described above, it was possible to vary the Reynolds
number Re = UD /v and the reduced velocity V, = U/fD independently, since the
frequency of osciilation could be readily changed. Traverses of reduced velocity (3 < V, <
6) were carried out at each end of the Reynolds number envelope (1.1 x 10° < Re <
5.5 x 10°) with the aim of studying the interaction of motion and lift both in smooth
subcritical flow and in turbulent transcritical lows. Amplitudes @ = ymax/D = 1%, 2%
and 3% were used.

Due to uncertainty about blockage correction at these Reynolds numbers, none was
applied.
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5.2. Effect of turbulence

With the cylinder held fixed in smooth flow, it was found that the critical transition
occurred at Ite = 2.3 x 10°%. At higher Reynolds numbers, no distinct peak was observed
in the lift force spectra, with spectral densities decreasing monotonically from maxima at
low frequencies.

Introduction of low intensity turbulence (Configs. 3 & 4) produced critical transition at
lower Reynolds numbers, as expected. Above transition, lift force spectra and variances
were very similar to those observed in smooth flow.

For the two highest turbulence intensities (Configs. 1 & 2), critical transition occurred
at Reynolds numbers below the minimum attainable in the experiment. for each intensity,
there was only a comparatively slight change in properties of lift with Reynolds number
over the range investigated. The change in properties of lift with turbulence intensity,
however, was pronounced. At the highest intensity (I, = 18%), a clear but very broad
peak existed in the lift force spectra, centred around St = fD/U = 0.23. RMS sectional
lift was approximately three times greater than in smooth flow. In addition, the spanwise
correlation of lift increased above that in the supercritical flows at lower Reynolds num-
bers. The second highest intensity produced results between those for the lower intensities
and the highest, with intermediate RMS sectional lift and some evidence of a peak in the
lift force spectra.

The influence of turbulence intensity is clearly shown in the comparison of spectra of
sectional lift for four of the five turbulence configurations, all recorded at Re =~ 4.6 x 10°,
presented in figure 8.

5.3. Motion-correlated forces in subcritical smooth flow

When the cylinder was forced to oscillate cross flow, it was found, as in other experiments
(e.g. Toebes & Ramamurthy 1967, Jones, Cincotta & Walker 1969) that some proportion
of lift force could be correlated with cylinder motion over extended time periods. In
this experiment, the amount of force correlated with motion was estimated by extracting
least-squares fits of lift force timeseries to cylinder acceleration and velocity timeseries.
The residual force timeseries was thus uncorrelated with motion on a least-squares basis.
This processing is the digital equivalent of analogue procedures which have been applied
in the past, for example by Jones, Cincotta and Walker. An example of this process is
shown in figure 9, where the decomposition just described is illustrated, with velocity-
and acceleration-correlated force timeseries extracted from the total to leave a residual
uncorrelated timeseries of lift coefficient.
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Figure 10: Spectra of sectional lift forces in smooth subcritical flow, showing the relative
contribution of motion-correlated forces with the cylinder oscillating near the critical
reduced velocity, with amplitude @ = 3%. a: Spectra prior to extraction of motion
correlated force components; b: Spectra of residual forces.

Lift spectra An examination of the spectra of total lift forces shows that two peaks
are often visible, one at the frequency of cylinder oscillation, the other at the Strouhal
frequency (fig. 10 (a)). After extraction of motion-correlated terms from the timeseries of
force, the associated spectra reveal that the peaks at the cylinder oscillation frequencies
have been removed (fig. 10(b)). It can be seen, as for the timeseries of lift in figure 9,
that the motion-correlated lift makes only a small contribution to the total lift force at
these amplitudes of motion.

Force coefficients The motion-correlated coefficients of lift extracted by the procedure
described above have been converted to force coefficients €, and X, for the acceleration-
and velocity-correlated lift respectively. In these forms they are more directly comparable
with structural mass and damping.



B-28 APPENDIX B. SUPPORTING PAPERS

Figure 11: Variation with re-

2 };/ t“'\fﬁ-\k ] duced velocity V. of coefficients
G b e 0 =0 O / \ ] C, and K, of motion-correlated
© 0 e vt f \ ] forces in smooth subcritical flow.
[ e X Re ~ 1.6 x 10°, o & 3%.
- o~
-5 i i {
3 4 5 6

vr

The coefficient of added mass, C,, describes the acceleration-correlated force per unit
length, l,, as a proportion of the force per unit length required to accelerate the mass of
fluid displaced by the cylinder:

7 D2
4

The velocity-correlated force per unit length, {,, is described in terms of an aerodynamic
damping parameter, K,.

lo==C4-p - i

7w D?

ly= K, 16f pote .y
Here, the term K, - 16f - prD?/4 has the same dimensions and form as a coefficient
of structural damping per unit length. For convenience of comparison, an equivalent
structural damping ratio can be computed; for a uniform cylinder with mass per unit
length m, oscillating with a uniform mode shape,
D2
(:aero = _-[(a.'e'""—
m
The variation in smooth subcritical flow of C, and K, with reduced velocity V, for

a = 3% is shown in figure 11. The rapid variation of C, and K, near the critical reduced

velocity V. A 5 is apparent; this represents a change in phase angle of the motion-
correlated forces with respect to cylinder motion,
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5.4. Motion-correlated forces in transcritical turbulent flow
Motion-correlated forced were observed for all Reynolds numbers and flow configurations,
but in general the magnitudes were smaller than in suberitical smooth flow, and the
magnitudes and phases with respect to motion of the forces showed more scatter and
little influence of reduced velocity.

An example of a lift force spectrum from one transducer in the I, = 18% turbulence
configuration with Re = 4.6 x 10°% is shown in figure 12, while the variation of ¢, and K,
with V; for this flow are given in figure 13.

6. DISCUSSION

As has been known for many decades, smooth ows with Reynolds numbers in the range
available in this experiment (1.1 x 105 < Re < 5.5 x 10%), produce both subcritical
and supercritical behaviour, while introduction of turbulence brings about the critical
transition at lower Reynolds numbers. It has been anticipated that turbulence would also
promote the appearance of transcritical flow at lower Reynolds numbers than in smooth
flow (see e.g. Zdravkovich 1990). The results presented here for the two highest turbulence
intensities support this view; in particular the lift force spectrum for [, = 18%, which has
a broad spectral peak centred at St = 0.23, indicates that strong vortex shedding was
re-established at Re = 4.6 x 10°, despite the disruptive influence of turbulence.

The measurements of lift on the oscillating cylinder in subcritical smooth flow show
similar characteristics to previous measurements obtained in smooth flows. The rapid
variation in motion-correlated force near the critical velocity is probably associated with
a change in phase of motion-correlated vortex shedding with respect to cylinder motion, as
indicated by previous flow-visualization experiments (see Zdravkovich 1982). It should be
emphasized that the force coefficients for motion-correlated forces represent time-averaged
values and do not imply, as may be suggested by figure 9, that steadily-fluctuating motion-
correlated forces exist during each cycle of cylinder motion.

The measurements of motion-correlated forces obtajned in turbulent transcritical Aow
are significant for the design of full scale structures in Wind Engineering applications. The
scatter in the results probably reflects the fact that vortex shedding was less well-organized
than for the subcritical smooth flow. The absence of any clear trend of motion-correlated
forces with V. is also likely to be a reflection of this lack of organization. Average values
of motion-correlated force coefficients suggest that long-time-average values are likely to
be small in these flows. Taken overall, the results for I, = 18%, Re = 4.6 x 105 suggested
slight positive values for I(,, of order 0.2.
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7. CONCLUSIONS

In many experiments in which the objective is to measure loads on oscillating structures, it
is necessary to cancel out transducer signals which are caused by motion of the structure,
so that {luid-induced forces or pressures may be analysed separately. Adaptive digital
filter techniques were shown to be well suited to the task.

On the evidence of a broad but well-defined peak in the spectra of lift force, high
intensity turbulence promoted transition to transeritical flow at Reynolds numbers which
would produce supercritical behaviour in smooth flow. The broadness of the peak reflects
the fact that vortex shedding was poorly organized when compared to smooth subcritical
and transcritical flows.

Introduction of forced cross-flow oscillation produced motion-correlated lift forces. In
smooth subcritical flow, variation of these forces with reduced velocity was similar to that
observed in previous experiments, with rapid variation near the critical reduced velocity.
Examination of the spectra of lift force produced before and after removal of motion-
correlated forces showed that removal of motion-correlated forces also removed spectral
peaks at frequencies of cylinder oscillation.

Motion-correlated forces in transcritical turbulent flows showed a good deal of scatter
and small average values.
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