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Wind tunnel experiments were conducted to examine the effect of grid-generated turbulence on lift forces at sections of a circular cylinder. Turbulence of longitudinal intensity
between 0.6% and 18% was employed, with cylinder Reynolds numbers in the range
1 × 105 to 5 × 105 . Addition of low intensity turbulence had the primary effect of inducing the critical transition at Reynolds numbers below that for smooth flow; above
transition there was little difference between the forces experienced by the cylinder in
smooth or turbulent flow, with no sign of organized vortex shedding.
At higher turbulence intensities effects consistent with a return to organized vortex
shedding were observed, particularly for the highest intensity and at the upper end of the
Reynolds number range; lift coefficients were greater than in smooth supercritical flow,
with a broad spectral peak centred near a Strouhal number of 0.23 accompanied by an
increase in spanwise correlation lengths of lift force.

1. Introduction
Experimental measurements of lift forces due to vortex shedding downstream of circular
cylinders in cross flow have most often been conducted in smooth flows partly as a
consequence of the interest in this fundamental flow. In many applications however,
particularly at high Reynolds numbers, the flow fields in which cylinders are immersed
are turbulent: for example, in natural flows past large chimney stacks, the longitudinal
turbulence intensity (Iu = u0 /U ), with U based on the local mean airspeed at a given
height, may lie in the range 10% to 20% or greater, while Reynolds numbers usually
exceed 1 × 105. It has long been known that the introduction of low-intensity turbulence
to the flow field promotes the so-called critical transition at lower Reynolds numbers than
is the case in smooth flows, and that increasing the surface roughness of the cylinder has
a similar effect (e.g. Fage & Warsap 1930).
The effect of free-stream turbulence and surface roughness at higher Reynolds numbers
is less clear, partly due to a lack of experimental data. With smooth cylinders, increasing Reynolds numbers above the critical transition produces (in the nomenclature of
Roshko 1961) the supercritical regime, with twin laminar/turbulent separation bubbles,
associated narrow wake and low force coefficients, followed by a gradual transition to
the transcritical regime, associated with fully-turbulent boundary layer separation and
somewhat higher force coefficients. Since both the cylinder boundary layer and the wake
will be fully turbulent, it is expected that after the transcritical regime is reached there
† Current address: CSIRO, Division of Building, Construction and Engineering, P. O. Box 56,
Highett, VIC 3190, Australia.
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will be no further transitions, with the flow and force coefficients becoming independent
of Reynolds number. In the transcritical regime, experimental data (James, Paris & Malcolm 1980, Shih et al. 1993) and boundary-layer models (Güven, Patel & Farell 1977)
suggest that increased cylinder surface roughness induces transition to transcritical flows
at lower Reynolds numbers and produces larger force coefficients.
The effect of turbulence on flows in the transcritical Reynolds regime has received
little systematic study, but data from a small number of full-scale experiments suggest
that free-stream turbulence may also produce higher force coefficients in the transcritical
regime (Vickery & Daly 1984). This effect can be partially attributed to low-frequency
cross-flow buffeting by free-stream turbulence, however examination of lift spectra suggest
another, as yet unknown, mechanism also serves to increase lift force spectral density at
the Strouhal frequency in the transcritical regime. The influence of turbulence in the
supercritical to transcritical transition is uncertain, although it has been suggested by
Zdravkovich (1991) that sufficiently high levels of turbulence would effectively obliterate
the supercritical regime by disrupting the formation of laminar/turbulent separation
bubbles, with transition to the transcritical regime occurring directly from the subcritical.
Previous wind tunnel studies (So & Savkar 1981, Cheung & Melbourne 1983, West &
Apelt 1993), conducted with Reynolds numbers near and above 1 × 105 , show that
introduction of free-stream turbulence acted to increase cylinder lift coefficients above
those for smooth supercritical flow, but do not completely characterize the nature of the
flows; for example, lift autospectra and spanwise correlations of lift were not presented.
In addition, turbulence intensities were moderate, with maximum longitudinal intensities
of 7.5% in the study of West and Apelt and 9.1% in that of Cheung and Melbourne. In
the experiments of So and Savkar, Cheung and Melbourne, the forces measured were
those acting on a finite length of cylinder, rather than at a cylinder section, and no
attempt was made to correct the results for a lack of spanwise correlation of lift. West
and Apelt employed a number of pressure transducers located on one cylinder diameter
in order to better characterize sectional lift forces.
In this paper we describe a series of wind-tunnel experiments conducted using a fixed
circular cylinder equipped with six sectional lift force transducers in which the Reynolds
number of the mean flow was varied in the range 1 × 105 to 5 × 105. Since lift forces were
measured simultaneously at six locations along the span of the cylinder, information
about the spanwise organization of lift could be extracted in addition to information
about sectional forces. A turbulence-generating screen could be inserted upstream of the
cylinder to provide longitudinal intensities up to 18%, well into the range experienced in
full scale. The longitudinal integral scale of the turbulence was approximately one-half
the cylinder diameter. Results are presented for standard deviation of coefficient of lift
Cl0 , lift autospectra SCl and dimensionless spanwise correlation length of lift force, Λ.
The data strongly suggest that the introduction of high-intensity turbulence acted to
promote a return to comparatively strong but broadband vortex shedding.

2. Equipment
The experiments were conducted using the Monash University 450 kW boundary-layer
wind tunnel, which is equipped with a variable-pitch axial-flow fan so that a range of
air speeds may be achieved. With a 2 m high by 1 m wide working section installed, the
maximum air speed in smooth flow was 55 m/s, reducing to 45 m/s with the turbulence
screen in place. A plan view and elevation of the working section are shown in figure 1.
An end elevation shows the dimensions of the turbulence screen, which was placed in the
2 m by 2 m section, upstream of the contraction. The screen was made from four flat
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Figure 1. 2 m×1 m working section of Monash University 450 kW wind tunnel, showing dimensions of end plates, turbulence screen and location of screen in position c (closest to the
cylinder).

sheets of wood. It could be installed in three positions, at distances 47.5, 29.5 and 18 D
upstream from the cylinder centreline (position a, b & c respectively; position c, the
closest to the cylinder, is indicated in fig. 1). Just upstream of position a, wire screens
and aluminium honeycomb were permanently installed to reduce the turbulence levels in
nominally smooth flow.
End plates were mounted 50 mm from the working section walls in order to isolate the
cylinder from the wind tunnel wall boundary layers, which were of the order of 50 mm
thick at the cylinder position. End plate boundary layer depth at the cylinder centreline
position was 0.1 D in the smooth flow. The end plates extended 9 D cross flow, 2.5 D
upstream and 4.5 D downstream of the cylinder centreline, after the recommendations
of Stansby (1974). Small gaps between the ends of the cylinder and the end plates were
sealed with synthetic fur.
A reference Pitot-static tube was installed upstream of the cylinder and displaced in
the cross flow direction to reduce interference with flow past the cylinder. Corrections
between the Pitot-static tube readings and mean flow velocities at the cylinder centreline
position were obtained from measurements made using hot-film probes with the cylinder
removed from the working section. Thus the Pitot-static tube readings were calibrated
to give the mean velocities in turbulent flow.
The cylinder had a diameter of 200 mm and a length of 900 mm, producing an aspect
ratio of 4.5:1 and a tunnel blockage of 10% in the cross flow direction. The moderate
values of aspect ratio and blockage were chosen as compromises between conflicting
objectives of high Reynolds number, high aspect ratio and low blockage.
The cylinder was assembled from six transducer segments and seven ‘blanks’, all
mounted on a structural aluminium tube of smaller diameter, as shown in figure 2. The
transducer segments were narrow (0.1 D) in the axial direction, with the aim of providing
good estimates of sectional lift forces. Axial spacing of the transducers was 0.75 D. The
transducer outer sections were mounted from the inner structural tube on metal beam
springs to which semiconductor strain gauges were bonded in a full bridge configuration
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Figure 2. Cylinder assembly showing locations and dimensions of the six lift force transducers.
An internal structural cylinder is responsible for the reduced diameter protrusions at cylinder
ends.

that minimized response to moments and drag forces. The resonant frequency of the
transducer segments on the beam springs was approximately 400 Hz.
Measurements of the cylinder assembly showed that the maximum variation in radius
at any section was 0.2 mm or 0.1% D, while the standard deviation of cylinder diameter
along the axis was 0.12 mm. All segments were painted with epoxy and rubbed back to a
smooth, glossy finish. Transducer and ‘blank’ segments were separated by 0.5 mm gaps
which were covered with 30 µm polyurethane film elastomer, glued in place.
Along the rear generator of the cylinder, 18 pressure tappings were installed, with
reference pressure provided by the the static pressure line of the reference Pitot-static
probe. Pressures were computed from readings obtained using an inclined tube manometer bank.
During tunnel running, measurements were taken simultaneously at the six lift force
transducers by digitizing and storing the outputs of transducer strain bridge amplifiers.
Each recording consisted of 8192 × 6 samples obtained at a frequency of 400 Hz, giving a
Nyquist frequency of 200 Hz. Prior to sampling, transducer signals were passed through a
set of analogue low-pass filters to remove components above 150 Hz. A Perkin-Elmer 3210
minicomputer was used for data collection, back-up to magnetic tape, and subsequent
off-line signal processing.
For additional detail concerning cylinder construction, transducer calibration and signal processing, consult Blackburn (1992), Blackburn & Melbourne (1992).

3. Flow Field
Four flow configurations were chosen to provide three turbulence intensities in addition to the nominally smooth flow obtained with no screen. Turbulent fluctuations in
the longitudinal and cross flow directions were measured with X-configuration hot-film
sensors at the cylinder axis position. Results are presented in terms of streamwise and
cross flow turbulence intensities (standard deviation divided by mean value) Iu = u0 /U
and Iv = v 0 /U in figure 3. Spanwise-averaged values of these quantities are provided in
table 1, together with estimates of the turbulence longitudinal integral scale ratio L xu /D,
obtained by fitting von Kármán spectra of the form
ΥSu (Υ)
4ΥLxu
=
u0 2
[1 + 70.8(ΥLxu)2 ]5/6

(3.1)
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Figure 3. Distributions of longitudinal and transverse turbulence intensities (Iu = u0 /U &
Iv = v 0 /U ) along cylinder axis position for the four flow configurations.

Configuration
1†
2
3
4

Description
Wire screens;
position
Turbulence screen; position
Turbulence screen; position
Turbulence screen; position
†

a
a
b
c

Iu %
0.6
4.2
9.6
18.0

Iv %
0.6
4.2
8.7
14.1

Lxu /D
0.10
0.50
0.53
0.53

‘Smooth Flow’

Table 1. Spanwise averaged turbulence intensities and the ratios of turbulence integral scales
to diameter for the four flow configurations.

to longitudinal turbulence spectra (Υ = f /U is the inverse wavelength of the fluctuations
under Taylor’s hypothesis).
Mean flow velocities were measured at the cylinder axis position with a hot-film probe;
the mean velocities were within 2% of the spanwise-averaged values for all flow configurations.
It can be seen in table 1 and figure 3 that as turbulence intensity increased the average
values of streamwise and cross flow intensity diverged and the spanwise distributions
became less uniform. This fact alone indicates departure from isotropy at high intensities which is largely a consequence of the relative proximity of the turbulence screen
to the cylinder position at high turbulence intensities. The screen had been made comparatively coarse (see figure 1) in an attempt to provide the largest practicable integral
scale and at position c the cylinder centreline was three mesh spacings downstream of
the screen (x/M = 3). Batchelor (1953) cites a streamwise distance of x/M = 10 for
ratios of streamwise and cross-flow grid turbulence intensities to become independent
of streamwise direction. In addition, the 2:1 contraction would have introduced some
further anisotropy in all the turbulence configurations, tending to increase the ratio of
cross-flow to streamwise intensities (Uberoi 1956). Despite these departures from homogeneous, isotropic conditions, the results for the highest turbulence intensity are felt to
be important enough to justify their inclusion here. The deviation from ideal conditions
is an inevitable consequence of using turbulence screens to generate high intensity turbulence. In full-scale applications, high turbulence intensities typically occur in boundary
layer flows which are neither homogeneous or isotropic.
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4. Results
4.1. Introductory remarks
Results concerning averaged values of sectional lift coefficients and sectional lift force
autospectra which will be described in § 4.2. Relationships between forces measured at
different cylinder sections will be covered in § 4.3.
No correction for tunnel blockage or cylinder aspect ratio has been applied to the
results as a consequence of uncertainty about the validity of correction measures over
the range of Reynolds numbers obtained in this experiment. We defer further discussion
of these effects until § 5. Lift coefficients and Reynolds numbers have been calculated
using free-stream velocities obtained using readings from the reference Pitot-static tube
and corrected to cylinder centre-position values.
As described in § 2, lift force measurements were obtained using transducers with an
axial length of 0.1 D. While this can be regarded as significant in relation to some
of the observed spanwise correlation lengths (1 D minimum), the results are described
here as sectional measurements for ease of reference. Under reasonable assumptions, the
theoretical difference between true sectional values of standard deviation of lift coefficient,
Cl0 , and those found using the very short transducers employed in this experiment is small,
of order 1% (see e.g. Blackburn 1994).
Lift spectra have been obtained from time series recorded at one transducer location,
typically one of the two central locations, and are given in dimensionless form, normalized
such that the area of the spectrum equals the variance of coefficient of lift, and with a
dimensionless frequency fr = f D/U , i.e.
Z ∞
2
SCl (fr ) dfr = Cl0 .
(4.1)
0

Spectral estimates were prepared using the method of overlapping segment-averaged periodograms with a raised-cosine data window (Press et al. 1992, § 13.4), while mean values
were removed from each segment prior to Fourier transformation. Values were obtained
at 257 frequencies over the range 0–200 Hz, giving a 0.781 Hz increment between successive estimates, while thirty estimates were averaged at each frequency point; owing to
the variation in mean flow speed with Reynolds number the reduced frequency increment
changed with Reynolds number, with a range of approximately 0.0208 < fr < 0.00417
over 1 × 105 < Re < 5 × 105 . For the method of overlapping periodograms, the standard
deviation of the spectral estimate at any frequency point is approximately [11/(9K)] 1/2
times the expected value, where K is the number of overlapping averages (see Press
et al.); this gives a standard deviation of approximately 20% of the expected value for
K = 30, which accounts for the ‘noisy’ appearance of many of the experimentally-derived
spectra of lift presented below.

4.2. Characteristics of sectional lift
Cl0

Values of
are shown as functions of Reynolds number for all flow configurations in
figure 4; the effects of increases in turbulence intensity in first promoting the transition
to the critical regime and then producing higher levels of Cl0 are immediately apparent.
The values presented in figure 4 and the remainder of the paper are the averages of the
values of Cl0 obtained at the four transducers nearest the centreline of the tunnel, with
the aim of providing representative values upon which the discussion of the effects of
Reynolds number and turbulence intensity can be based.
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Figure 4. Standard deviations of lift coefficient as functions of Reynolds number for all four
flow configurations. Values are the averages of Cl0 taken over the four most central transducers.

Figure 5. Standard deviations of sectional lift coefficient as functions of Reynolds number for
smooth flow (Iu = 0.6%). Values are the averages of coefficients from the four most central
transducers. A; Re = 1.16 × 105 , B; Re = 2.07 × 105 , C; Re = 2.43 × 105 , D; Re = 2.92 × 105 ,
E; Re = 3.23 × 105 , F; Re = 3.65 × 105 , G; Re = 5.99 × 105 .

4.2.1. Flow Configuration 1, Smooth flow, Iu = 0.6%
The values of Cl0 for smooth flow are repeated in figure 5, with points of reference
labelled A–G. Cl0 at first dropped as Re increased, progressing from Cl0 = 0.96 at Re =
1.16 × 105 (point A) to 0.42 at Re = 2.07 × 105 (point B). This regime has been called
the precritical by Zdravkovich (1991).
As Cl0 fell with increasing Re in the initial regime (A–B), the Strouhal number remained
relatively constant near 0.2. Gaussian-bell-shaped curves were fitted to the lift spectra,
as proposed by Vickery & Clark (1972), allowing SCl (fr ) to be parameterized in terms of
the Strouhal number St, variance of coefficient of lift Cl0 2 , and a dimensionless bandwidth
B;
" 
2 #
2
fr − St
Cl0
exp −
.
(4.2)
SCl (fr ) = √
π B St
B St
The outcomes of this curve fitting are presented in figure 6; they show that the major
change was a drop in Cl0 , with an accompanying slight reduction in spectral bandwidth
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Figure 6. The spectral parameters Strouhal number (St), Bandwidth (B) and standard deviation of coefficient of lift (Cl0 ) fitted to the lift forces measured in smooth flow. Values are
averages from the two central transducers.

Figure 7. Smooth flow: changes in lift spectra during the transition B–F.

B (although this latter effect can in part be attributed to reduced bias errors brought
about by lower fr increments at higher Reynolds numbers). It will be shown in § 4.3 that
the spanwise correlation of lift remained relatively constant in this regime, despite the
drop in Cl0 .
The initial fall in values of Cl0 as Reynolds numbers increased was followed by a slight
rise in Cl0 at Re = 2.92 × 105 (D) and 3.23 × 105 (E), before Cl0 dropped again at
Re = 3.65 × 105 (F) to reach an approximately constant value over the rest of the
Reynolds number range. Lift spectra for the transition B–F are shown in figure 7.
Figure 7 shows that the collapse of the spectral peak at fr = 0.2 was accompanied by
an increase in low-frequency energy. In the spectra for both C and E there are indications
of weak spectral peaks at reduced frequencies 0.18 and 0.16 respectively, but at the higher
Reynolds number of point E there was no sign of such a peak, with the lift spectral density
falling monotonically from the lowest frequency point. The large rise in low frequency
energy for points D and E was reflected in the unsteadiness of the lift forces; in particular,
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Figure 8. Spectra of lift force at points corresponding to F & G in fig. 5.

the time series for point D indicated occasional bursts of comparatively well-organized
vortex shedding interposed between large low-frequency fluctuations.
At the end of this transition Cl0 fell by nearly two-thirds, from 0.37 (at point E) to
0.13 at point F. The corresponding spectra in figure 7 reveal similar distributions of
lift spectral density over reduced frequency, but with a much reduced level for F. Note
that at point F (and over the remainder of the Re range) there was no evidence of
the high-frequency vortex shedding (St ≈ 0.48) that has been reported by some other
investigators in this regime (Bearman 1969, Achenbach & Heinecke 1981, Schewe 1983):
this issue is taken up again in § 5.2. For the remainder of the Reynolds number range
(up to 5.99 × 105 ), values of Cl0 increased to 0.17, and there was a gradual evolution of
spectral shape, eventually showing a very broad hump in the lift spectrum, centred near
fr = 0.16, in addition to low-frequency energy. This point is illustrated in figure 8.
4.2.2. Flow Configuration 2, Iu = 4.2%
This was the first of the three flow configurations in which turbulence was deliberately
introduced to the flow.
At the low end of the Reynolds number range, where values of Cl0 dropped as Re
increased, lift spectra showed broad peaks with Strouhal numbers of approximately 0.18,
while the bandwidth and ‘background noise’ were greater than for the smooth subcritical
flow. A spectrum recorded at Re ' 1.1 × 105 is presented in figure 9. At the high end of
the Reynolds number range, the values of Cl0 were similar to, but slightly higher than,
those found for smooth flow. The similarity was reflected in the lift spectra, with spectral
densities which decreased monotonically with frequency (figure 10). At the high end of
the Reynolds number range, lift spectra at all spanwise locations had a similar shape,
showing a monotonic decline in spectral density with increasing frequency.
In general, the results at the high end of the Reynolds number range for configuration 2
were similar to those obtained in the smooth flow; the increase in turbulence intensity
had little effect other than providing a slight increase in variance of coefficient of lift.
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Figure 9. Spectrum of lift near the lower end of the Reynolds number range for flow config. 2
(Iu = 4.2%), Re ' 1.1 × 105 .

Figure 10. Spectrum of lift near the upper end of the Reynolds number range for turbulence
config. 2. (Compare fig. 8 G.) Re = 5.37 × 105 .

4.2.3. Flow Configuration 3, Iu = 9.6%
Figure 4 shows that introduction of turbulence of 9.6% intensity produced a large
increase in lift coefficients at the high end of the Reynolds number range when compared
with results for lower levels of turbulence. In addition, the figure shows that there was
less variation in Cl0 with Re over the range investigated, indicating that the critical
transition (if this can be said to occur for flows with high turbulence intensities) took
place at Reynolds numbers below those which could be measured in the experiments. The
upward trend of Cl0 with Re (from 0.21 at Re = 1.13 × 105 to 0.25 at Re = 4.59 × 105 )
shows that complete Reynolds number independence was not achieved.
The distribution of Cl0 along the span was not completely uniform, and became less so
with increased Reynolds number. This trend was reflected in the lift force spectra, which
showed variation in shape along the span, particularly at the higher Reynolds numbers.
Figure 11 shows the spectra from the six force transducers at Re = 4.59 × 10 5. While the
spectra for the end-most transducers had densities which dropped monotonically with
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Figure 11. Turbulence config. 3: spectra of lift force from all six transducers at
Re = 4.59 × 105 .

frequency, those recorded at the centre of the cylinder displayed a broad plateau of lift
spectral density up to fr ∼ 0.35. Note that the shapes of the spectra at the ends of the
cylinder were similar to those for configuration 2 (figure 10).
The variation in shape of the spectra along the span and the fact that at the centre
of the span and at high Reynolds numbers the spectral density did not decrease monotonically with frequency suggests that the increases in Cl0 above those found at the lower
turbulence levels are not just due to increased buffeting by the lateral components of incident turbulence. If the increased lift were due to quasi-steady buffeting alone, it would
be expected that the spectra of lift would decrease monotonically with frequency from
low frequencies, as that is the shape of the turbulence spectra.
4.2.4. Flow Configuration 4, Iu = 18%
A further increase in turbulence intensity to 18% brought about higher values of Cl0
across the Reynolds number range than did the the two lower intensity configurations, as
shown in figure 4. Values of Cl0 rose from 0.36 at Re = 1.24×105 to 0.41 at Re = 4.95×105.
Some caution should be applied when interpreting these results, however, since as was
pointed out in § 3, the turbulence screen was quite close to the model position for this
flow configuration.
Apart from the increase in values of Cl0 brought about by increased turbulence intensity,
the most striking feature of this set of results when compared to the lower turbulence
configurations was the reappearance of dominant peaks in the lift force spectra, centred
at a Strouhal number of approximately 0.23. It is thought that this dominant peak
reflects re-establishment of organized vortex shedding. An example spectrum, recorded
at the upper end of the Reynolds number range (Re = 4.95 × 105 ) is shown in figure 12.
It is apparent that besides there being a definite peak near fr = 0.23, the spectrum was
broad, and there was considerable energy down to low frequencies (the fact that there
is no energy at the very lowest frequencies in figure 12 reflects digital high-pass filtering
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Figure 12. Turbulence config. 4: spectrum of lift force recorded at one of the central transducers
at Re = 4.95×105 . Also shown for comparison is a fitted spectrum of the form given by eq. (4.2).
Measured value of Cl0 = 0.46; fitted value 0.47.

carried out during data processing). The broadness of the spectra makes it difficult to
make definite conclusions as to the partition of lift energy into components due to vortex
shedding and cross-flow buffeting by the lateral components of turbulence, a point which
will be taken up again in § 5.
As noted above, Cl0 rose by about 12% as Reynolds numbers increased through the
range. This rise was accompanied by a slow evolution in spectral shape. To illustrate
this effect, spectra of the form (4.2) were fitted to the measured spectra using leastsquares techniques, as was done for the smooth flow data. An example of a fitted curve
is shown in figure 12, in which it can be seen that the fitted Gaussian bell folds into the
negative frequency range. This means that the fitted values of Cl0 to be presented are
over-estimates, and must be regarded as indicative of trends rather than exact (refer to
figure 4 for measured values). The results of the curve fitting procedure are shown in
figure 13 (compare figure 6 for smooth subcritical flow) where the values shown are the
average of those for the two most central transducers. The rise in the measured values of
Cl0 with Re was reflected in the fitted results, while the plot also reveals that the Strouhal
number remained relatively constant near 0.23 over the range, and that the bandwidth B
of the spectra gradually decreased. Note that the values of spectral bandwidth (B ∼ 0.6)
were much greater than those for smooth subcritical flow (B ∼ 0.07).
The spanwise distribution of Cl0 became less uniform as turbulence intensity increased
from 9.6% to 18%. This was true over the entire range of Re for configuration 4, while
non-uniformity increased with Re for configuration 3 from almost uniform values at the
lowest end of the Reynolds number range. While the general trend of an increase of C l0
towards the centre of the span for configuration 4 may be linked to the same trend at the
upper end of the Reynolds number range in configuration 3, it may well be a consequence
of increased of turbulence intensity near the centre of the span for configuration 4 as
described in § 3.
4.3. Spanwise relationships
Since measurements of lift force were obtained simultaneously with six lift force transducers, it is possible to present information about the instantaneous and statistical relationships between lift occurring at different spanwise locations. As noted in § 2, the
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Figure 13. Turbulence config. 4: Parameters for fitted sectional coefficient of lift spectra.
Values are averages of those obtained from the two most central transducers.

transducers were mounted at axial spacings of 0.75 D, distributed symmetrically about
the tunnel centreline.
4.3.1. Lift/time series surfaces
It was found that for the smooth subcritical flows, the length scales of spanwise variation of lift were large in comparison to transducer spacing. This made feasible the
interpolation along the span of time series from the six transducers to form smooth surfaces of lift time series. In the computations of the surfaces, processed time series (each
8192 × 6 points) were split into smaller blocks of 500 × 6 points, so that events of the
order of one vortex-shedding cycle in duration could be more readily identified.
Many features of the lift process are readily seen by viewing these surfaces, as illustrated by the example presented in figure 14. In the figure, two views of the same section
of surface are presented; in figure 14 (a), the viewpoint is directly above the surface,
central along the cylinder span and midway through the section of time series, while
in figure 14 (b) the viewpoint is again centrally located in time but displaced along the
spanwise direction. In figure 14 (a), the four horizontal lines of discontinuity represent
the time series from the four transducers centrally located on the cylinder; the time series
from the outer two lie on the edges of the box (the discontinuities are an artefact of the
simulated lighting of the surface).
A number of interesting features may be seen in figure 14. For most of the time
represented, lift, and hence vortex shedding, was comparatively well-organized along the
span. At approximately the middle of the record, the phase maintenance of shedding
along the span broke down, with vortex shedding drifting out of phase to the extent
that lift could be positive at one end of the cylinder and negative at the other — a phase
difference of π. Despite the phase drift, the shedding was apparently well-organized
in other ways: for example, the vortices extended over the entire span of the cylinder
without interruption, and the phase variation was linear along the span. When the lift
at the ends of the cylinder was opposed in phase (approximately sixteen vortex shedding
periods from the start of the record), a ‘vortex dislocation’ occurred, with the evolution
of an ‘extra vortex’ on one end of the cylinder. This production can more easily be
seen figure 14 (b): 30 peaks can be counted on the lift force trace at the side of the box
furthest from the viewer, with 31 on the closer side. After the dislocation, the spanwise
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(a)

(b)
5

Figure 14. Visualized lift/time series surface for smooth subcritical flow (Re = 1.6 × 10 ). Approximately 30 vortex-shedding cycles are represented. (a); View from above surface (spanwise
direction: up and down page; time coordinate: across page; coefficient of lift: normal to page).
(b); Same surface, but with the viewpoint displaced in the spanwise direction.

organization of vortex shedding was disrupted for a short time (2-3 periods) until strong
spanwise organization was re-established with shedding in phase along the cylinder.
At Reynolds numbers above the critical transition in smooth flow, and for the turbulent
flows, the spanwise length scales of lift force became smaller in relation to the spacing of
transducers (as will be discussed below), so that the lift time series surfaces became less
easy to interpret.
4.3.2. Lift Cross-Correlation
As illustrated in figure 14, the forces at the separate transducers bore some similarity to
one another. A full spectral description of the statistical relationship between the forces
at the various stations would have required a 6×6 matrix of lift force cross-spectra for each
data set; in order to reduce the description to more readily comprehended proportions
a simplified approach has been adopted. A conventional simplification used in design
calculations is to compute the cross-correlation coefficient between the forces at different
spanwise locations

(4.3)
ρz1 z2 = Cl1 Cl2 − Cl1 Cl2 /Cl01 Cl02 .

and to then approximate the real parts of the cross-spectra of lift at different stations by
the correlation coefficient multiplied by the square-root of the products of the autospectra
at each station. This is reasonable if the out-of-phase components of the cross-spectra
are small (or not important in applications) and the cross-correlation is not a function of
frequency, i.e. the cross-correlation measured over a band of frequencies is constant over
the frequency spectrum. It was found that both these conditions were closely satisfied by
the experimental data, as has also been found by other investigators (e.g. Surry 1972).
The correlation coefficients between the forces at the six transducers in each set of data
can be represented as symmetric 6×6 matrices; the symmetry is a consequence of the definition of cross-correlation. If the vortex shedding process were spanwise-homogeneous,
then the matrix elements along diagonals parallel to the leading diagonal would be ex-
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Figure 15. Spanwise distribution of the average correlation coefficient of lift force. Also
shown is a fitted curve which provides a correlation length Λ of ∼ 3.75 D.

pected equal also. In order to further condense the information, average values of the
correlation coefficient were computed for one, two, three, four and five transducer spacings by taking the average values on the diagonals successively removed from the leading
diagonal. A set of example average correlation coefficients obtained in this way are
plotted in figure 15. One graph of this type was produced from each data recording.
All the results were found to have distributions of a similar shape, and it was decided
that for the purpose of extrapolation they could be represented reasonably well by oneparameter curves of the form

 π 2 −1
ρ(λ) = 1 +
λ2
,
(4.4)
2Λ
in which λ = |z1 − z2 |/D is the dimensionless spanwise spacing at which the average
correlation coefficient is evaluated. It is easy to verify that the dimensionless correlation
length
Z ∞
Λ=
ρ(λ) dλ.
(4.5)
0

By fitting curves of the form (4.4) to diagonally-averaged values of ρ(λ), as shown in
figure 15, the correlation matrix computed for each set of results could be represented
by one number, Λ. Dimensionless correlation lengths fitted in this manner are presented
for each flow configuration as functions of Reynolds number in figure 16. It can be
seen that the spanwise correlation in smooth flow remained relatively high, near 3.75 D,
until the onset of critical transition at Re = 2.43 × 105 (point C in figure 5), when the
correlation length dropped to reach values near 1.25 D. In turbulent flow, the correlation
length had values between 1.0 and 1.25 D over most of the Reynolds number range
for configurations 2 and 3. In the highest intensity turbulence, configuration 4, the
correlation length increased to a value of 1.5 D over the entire Reynolds range. It is
thought that this is related to the re-establishment of dominant peaks in the lift force
spectra, and indicates a return to comparatively well-organized vortex shedding. It is
possible that the relative proximity and coarseness of the turbulence screen could have
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Figure 16. Dimensionless correlation lengths of lift forces as functions of Re for the four flow
configurations used.

influenced the correlation results in configuration 4, however the turbulence integral
length scale (∼ 0.5 D) is smaller than the observed lift correlation length (∼ 1.5 D).

5. Discussion
5.1. Preliminary
A number of general points need to be made as preface to the discussion.
The first concerns the comparison of measurements of lift force between experiments
in which the lengths of transducers are different proportions of cylinder diameter. Since
vortex-induced forces are not perfectly correlated along the span except at Reynolds
numbers below approximately 180, it is obvious that a fluctuating coefficient of lift obtained with a short transducer will be greater than that obtained with a long transducer,
other things equal. On the basis of analysis described by Blackburn (1994) and the observed spanwise correlation lengths of lift force, it is thought that the short (0.1 D) length
transducers used in the present work would offer good estimates of the sectional forces.
The next point concerns the effects produced by the combination of cylinder and
working section geometry. In ideal circumstances, one would wish to have measurements
of lift obtained from sectional transducers on an infinitely long cylinder in a flow of
infinite extent; in practice, it is known that the proximity of working section walls affects
the flow. There are three main aspects which are to some extent interconnected: cylinder
end conditions, cylinder aspect ratio (ratio of length to diameter) and tunnel blockage
(ratio of cylinder diameter to tunnel cross flow dimension).
Since free cylinder ends produce a large influence on the flow for many diameters along
the cylinder axis, tests are usually made with cylinder ends butted to tunnel walls or
large end-plates; geometrically there should be no difference between the two provided
the extent of the plates is sufficiently large in relation to cylinder diameter. The difference
must come from the different ratios of wall boundary layer depth to cylinder diameter
(this ratio is reduced by the use of end plates); in turn, this will influence the size of the
‘necklace’ or ‘horseshoe’ vortical structures at the junction of the cylinder and the wall.
The depth of the end-plate boundary layers is minimized by keeping the upstream extent
of the plates comparatively short (O(2D)), however a compromise must be made so that
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the plates do not become so short that the end flows are not effectively constrained by
the plates. The cross-flow and downstream extents of the plates are made as large as
possible; again the minimum size is determined by the requirement that the end-plates
effectively constrain the cylinder-wall flow. The size of the end-plates in the present
experiment was in accordance with the experimental results of Stansby (1974, see also
§ 2).
The use of properly-designed end-plates can serve only to reduce rather than eliminate
end effects, since the ‘necklace’ vortices must still interact with vortex shedding and in
addition the presence of an end wall/plate must act to locally constrain three-dimensional
wake flow. In results for the subcritical flow regime published by Fox & West (1990), end
effects were observed in measurements of base pressure for a distance of approximately
3.5 D from the end-plates, producing a maximum decrease in Cpb next to the plates of
approximately 5%; near the centre of the span, measurements of Cpb were unaffected
provided the end-plates were at least 7 D apart. Measurements of Cl0 (obtained using
circumferentially-distributed pressure taps at the tunnel centreline) were approximately
7% higher when the end-plates were 5 D apart than when the end-plates were 10, 15 or
25 D apart. These results are in accord with measurements published by Keefe in 1962,
and similar results have recently been published by Szepessy & Bearman (1992).
There is some difficulty in considering the influence of end effects and aspect ratio
separately, since a decrease in aspect ratio obviously brings the ends of a cylinder closer
together. The experimental results of Keefe, Fox & West and Szepessy & Bearman support the view that the main effect of decreasing the aspect ratio is to increase the proportion of the cylinder over which end effects are felt, although according to Szepessy &
Bearman the degree of sensitivity is Reynolds number dependent. Before turning to
discuss effects of tunnel blockage, we will record here one of the observations made by
Achenbach & Heinecke (1981) concerning the effects of aspect ratio on Strouhal numbers
in the supercritical regime (Reynolds numbers just above the critical transition). They
found that at the same blockage ratio, high frequency shedding (St ≈ 0.5) was observed
in the wake of a smooth cylinder of aspect ratio 6.75:1, while no Strouhal peak could be
found in measurements for a cylinder of aspect ratio 3.38:1.
Tunnel blockage effects are caused by the constraint which tunnel walls parallel to the
cylinder axis give the flow past any object inserted in the tunnel, so that streamlines
(pressure distributions etc.) are distorted from what they would be if the object were
placed in an infinite flow. The effects of blockage on flows past circular cylinders are
complex, mainly as a result of the fact that the separation point is free to take up any
position on the cylinder. By constraining the wake flow, blockage first influences the
separation point by changing the pressure gradients on the body. Secondly, the increase
in local velocity at the boundary of the cylinder brought about by the constraint can have
an effect similar to that of increasing the Reynolds number, which also influences where
separation occurs. As a separate consideration, the constraint imposed by blockage may
well affect the nature of three-dimensional wake features, as indicated by the results of
Blackburn (1994).
These difficulties make it impossible to reliably apply the various theoretical and semiempirical blockage correction procedures suggested in the past, even in subcritical flows
(see West & Apelt 1982); it would seem that in the Reynolds regime near the critical
transition only a systematic experimental study could determine the appropriate blockage
corrections. In the absence of such a study, no blockage correction has been applied to
the experimental results reported here, however it is known that the general effect of
increased blockage in the subcritical regime is to increase all the force coefficients, both
mean and fluctuating. The results of Richter & Naudascher (1976) show this clearly, but
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although they were careful to change only the blockage and not the aspect ratio (8.6:1) of
their cylinder, the fluctuating lift values they reported were measurements of Cl0 obtained
using an active cylinder length of 6 D; in the absence of accompanying measurements of
the effect of blockage on spanwise correlation it was not considered advisable to use their
results to correct sectional values of Cl0 obtained in this experiment.
Taken as a whole, the above considerations imply that measurements of sectional lift
in the present experiment, obtained with a cylinder of 10% blockage ratio and an aspect
ratio of 4.5:1, are likely to be higher than those obtained in an unblocked flow and with
a higher aspect ratio. Comparisons with other experimental results, to be discussed
below, confirm this expectation; for example, in smooth subcritical flow, where many
other experimental results are available for comparison, the indications are that the
measurements obtained here are higher than those for low-blockage, high-aspect ratio
flows by a factor in the range one and a half to two. The situation is less clear at
higher Reynolds numbers and in turbulence. No results are yet available which show
the effects of blockage in the supercritical and transcritical regimes, however it may be
expected that any increases in force coefficients would be smaller than in subcritical flows
since the width of the wake and hence the constraint applied by the tunnel walls will be
smaller. The effects of variations in cylinder aspect ratio should also be less noticeable
in highly turbulent, high Reynolds number flows than in smooth subcritical flows owing
to the apparently reduced correlation lengths of wake structures, and hence of lift, in
turbulence. Consequently one would expect the differences between the sectional lift
coefficients presented here and those that would be obtained on a section of an infinite
cylinder in an unconstrained flow to be smaller for the turbulent flows than for smooth
subcritical flow.
Owing in part to a lack of comparable wind tunnel results, some observations of C l0
made in full-scale natural flows past reinforced concrete structures are reviewed in the
following discussion of turbulent flow results. The justification for including these results
is that they were obtained at high Reynolds numbers and in highly turbulent flows. The
full-scale measurements of sectional coefficients of lift would be expected to be somewhat
different to those obtained here, owing to the different influence of free-end effects, higher
surface roughnesses, taper, and higher Reynolds numbers in the full-scale flows. However,
perhaps the most significant difference between the full scale flow regimes and those in the
present experiments lies in the ratio of integral scale of turbulence to cylinder diameter.
In the experiments, Lxu /D ' 0.5, but the ratio was of order 10 for the full scale results.
The likely consequences of this will be discussed below.
The main theme of the results is that a return to organized vortex shedding at supercritical Reynolds numbers was apparently promoted by introduction of turbulence to
the mean flow, an effect that is likely to be independent of details of tunnel blockage,
cylinder aspect ratio or turbulence scale.
5.2. Smooth Flow, Iu = 0.6%
The measurements conducted at the lower Reynolds numbers (Re < 2.07 × 105 ) indicate
that the flow was precritical, on the basis that the values of Cl0 fell with increased Reynolds
number while the Strouhal number remained relatively constant near 0.2 (figure 6).
An interesting feature of the measurements was that the spanwise correlation length
remained relatively constant in this regime (Λ ≈ 3.75, see figure 16). This suggests that
the drop in force coefficients often observed in this regime is a result of essentially twodimensional effects (such as a lengthening of the vortex formation region) in agreement
with the assessment of Zdravkovich (1991).
Other experimental studies provide a basis for comparison of the values of Cl0 obtained
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Experiment

Date

Measured

Lactive /D

Present Study
Gerrard
Jones et al.
Batham
So & Savkar
Schewe
Cheung
Norberg & Sundén
West & Apelt

1961
1969
1973
1981
1983
1983
1987
1993

Force
Pressure
Force
Pressure
Force
Force
Force
Pressure
Pressure

0.1
—
2.33
—
3.0
10.0
6.7 (max)
—
—

†

Slotted tunnel walls;

‡

Blockage corrected;
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Lcyl /D

Blockage%

Iu %

10

0.6
0.3
0.17
0.5
0.5
0.4
0.4
1.4
0.2

4.5
6.7

(min)

¶

15

(min)

8.83
> 10
¶

‡

18.6†
5
16
10†

5.3
6.7
8
10
3.6

(max)

¶

15

(max)

9.6
6, 10

‡

A number of different cylinders.

Table 2. Experimental details for published measurements of lift made in nominally smooth
flows, together with those from this experimental programme. Lcyl /D is the cylinder aspect
ratio, while Lactive /D is the transducer aspect ratio.

in smooth flow; graphical and tabular summaries of other measurements are provided in
table 2 and figure 17, with the results from this experimental programme included for
comparison. The smooth flow results lie in the high end of the scatter band in subcritical
flow and above the majority of other published results in supercritical regime, although
in both regimes our results are comparable with those published by So & Savkar (1981).
Some of the published experimental values for Cl0 would naturally be somewhat lower
than those presented here, since in many of the experiments lift forces were measured on
substantial lengths of cylinder, rather than on the comparatively short lengths used here.
The discrepancy would be larger in supercritical flows, where the spanwise correlation
scales of lift forces are lower (see results of Bruun & Davies, 1975). Those considerations
aside, it is expected that the values obtained here in subcritical flow would be somewhat
high, on the basis of the moderate values of tunnel blockage and cylinder aspect ratio,
as discussed in § 5.1. In subcritical flow, the results of West & Apelt (1993) are thought
to provide accurate estimates of the sectional values of Cl0 , since much care was taken
to obtain good estimates of true sectional lift coefficients and to avoid the influences of
aspect ratio and tunnel blockage. Also, West & Apelt’s measurements are similar to
those of Fox & West (1990) and Keefe (1962), also obtained with high cylinder aspect
ratios and low tunnel blockages (for clarity, these two additional sets of results are not
shown on figure 17).
The brief rise in values of Cl0 in smooth flow at the start of the critical regime (points
D & E in figure 5) was noted in § 4.2. The spectral results and observations of the
time series indicate that the rise in Cl0 was due to intermittent bouts of vortex shedding
interspersed with low frequency lift fluctuations, with energy near the precritical Strouhal
number and at low frequencies both contributing to the rise in Cl0 . This behaviour
suggests intermittent formation of single laminar-turbulent separation bubbles, on one
side of the cylinder at a time. Similar behaviour was observed in the transition range of
Reynolds number by Farell & Blessman (1983).
In the supercritical regime, the high values of Cl0 may be partly due to the fact that this
set of experimental results was obtained from measurements of force on short sections
of cylinder, while the other published results (Jones, Cincotta & Walker 1969, So &
Savkar 1981, Cheung 1983, Schewe 1983) were obtained by measuring forces on significant
lengths of cylinder (see table 2). The results of So & Savkar are coincidentally in close
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Figure 17. Published measurements of Cl0 for nominally smooth flows, compared with those
from this experimental programme.

agreement with ours, which probably indicates that their results were artificially high as
a result of high tunnel blockage (their 16% blockage is the highest of the fully-enclosed
working sections). Compensation for spanwise correlation could be attempted, however
spanwise correlation effects alone cannot account for the differences between the various
sets of results since the nature of the flow differed between experiments; for example,
Schewe found organized vortex shedding in the supercritical regime, with a Strouhal
number of 0.48, while in the remaining experiments listed in table 2 (including the
present one), the spectra of lift forces were broad, with no dominant Strouhal peaks. As
reported by Achenbach & Heinecke (1981), this difference may be due to differences in
cylinder aspect ratio; the aspect ratio of Schewe’s cylinder (10:1) was higher than those
in the other experiments. Bearman (1969), employing a hotwire anemometer in the wake
of a 12:1 aspect ratio cylinder, also observed a Strouhal number of 0.48.
5.3. Turbulent Flows
The influence of turbulence on lift force spectra is summarized in figure 18, where spectra
recorded at one transducer at the upper end of the Reynolds number range for each of
the flow configurations are compared.
A comparison of values of Cl0 measured in this programme of tests with those published
by other workers for this Reynolds number range is presented in figure 19. Turbulence
parameters for the various experiments are summarized in table 3; other physical details
were presented in table 2. It may be seen that values of Lxu /D were similar for all the
results in table 3.
5.3.1. Flow Configuration 2, Iu = 4.2%
At the low end of the Reynolds number range, the gradual loss of organized vortex
shedding, coupled with a reduction in lift coefficient, shows that the critical transition
was induced at lower Reynolds number than in smooth flow, but was spread over a wider
band of Reynolds number. The reduction in Cl0 was accompanied by a slight drop in
correlation length, but this was not as large a drop as for the smooth flow case. Once the
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Figure 18. A comparison of lift force spectra recorded at transducer 4 at Reynolds numbers
near 4.6 × 105 in smooth and turbulent flows.

Figure 19. Values of Cl0 for turbulent flow compared with those found by Batham (1973),
So & Savkar (1981), Cheung (1983) and West & Apelt (1993).

supercritical regime was reached, lift spectra and coefficients of lift were very similar to
those obtained in the nominally smooth flow, indicating that at these Reynolds numbers
the primary effect of the comparatively low intensity turbulence was to promote early
transition to supercritical flow.
In figure 19, the results of Cheung (1983), for Iu = 4.4%, may be compared with these
measurements. Cheung’s results are lower than those presented here, which is partly
attributable to the effects of low spanwise correlation (since he measured lift forces on
the entire cylinder) and partly to his blockage correction, which had greater effect at low
Reynolds numbers where the discrepancy is greatest.
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Experiment

Date

Iu %

Lxu /D

Present Study
Batham
So & Savkar
Cheung
West & Apelt

1973
1981
1983
1993

4.2–18.0
12.9
9.5
4.4–9.1
3.0–7.5

0.5
0.5
0.8
0.5
0.5

Table 3. Experimental details for published measurements of lift made in grid turbulence,
together with those from this experimental programme. Values of Lxu /D are approximate.

The two lowest turbulence intensities of West & Apelt (1993) quoted here, 3.0% and
5.5%, bracket the intensity used in our experiment, 4.2%. Their tests only extended into
the lower range of Reynolds numbers employed here, however, in the region of overlap,
West & Apelt’s sectional values of Cl0 lie either side of those presented here. Since the
tunnel blockage for those results of West & Apelt included here was 9.5%, similar to
the 10% blockage in the present sets of results, while their cylinder aspect ratio was
higher, the apparent agreement between the two sets of results encourages the view that
cylinder aspect ratio effects may be less significant in highly turbulent flows than in
smooth subcritical flows.
5.3.2. Flow Configuration 3, Iu = 9.6%
By comparison with the results for the lower turbulence intensities, the spectra of lift
force for flow configuration 3 showed evidence of the return of a broad peak, with reduced
low frequency energy at the highest Reynolds numbers (figures 11 & 18).
The results of Batham (1973, Iu = 12.9%), So & Savkar (1981, Iu = 9.5%), Cheung (1983, Iu = 9.1%), West & Apelt (1993, Iu = 7.5%) may be compared with those
presented here for configuration 3 (Iu = 9.6%). The results from this experimental programme were larger than those of the other experiments on the whole, except for the
sectional measurements of West & Apelt, where there is reasonable agreement in the
regime where the Reynolds numbers overlap.
The results of Batham, So & Savkar, and Cheung are similar, which is perhaps unexpected, since the results of Batham, obtained from fluctuating pressure measurements at
one section of the cylinder, should be higher than the other two sets if the values of C l0
were uniform along the spans of the cylinders used and if other factors were the same.
In fact, reference to table 2 shows that Batham’s results were obtained with a blockage
ratio of 5%, lower than that employed by either Cheung or So & Savkar. A possibility is
that competing effects caused by lower blockage and sectional lift force measurements in
Batham’s case cancelled out to provide the similarity between the three sets of results.
5.3.3. Flow Configuration 4, Iu = 18%
The effect of increasing the turbulence intensity to 18% was to increase the values of C l0
and Λ, together with the establishment of a clear (but broad) spectral peak in lift forces,
centred near St = 0.23. In addition, the spanwise correlation of vortex shedding increased
in this configuration above that observed at high Reynolds numbers for the other flows
(see figure 16). Taken together, these effects suggest that high intensity turbulence may
act to produce transcritical flows with associated vortex shedding at Strouhal numbers
near 0.2 at lower Reynolds numbers than in smooth flows, as proposed for example by
Zdravkovich (1991). The reader should bear in mind, however, the caveats issued earlier
concerning screen-proximity effects on the incident turbulence. The effects of tunnel
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blockage and cylinder aspect ratio should also be taken into consideration, although as
argued above, these effects are probably less significant in influencing vortex shedding in
highly turbulent than in smooth flows.
The gradual increase in Cl0 and decrease in B with Reynolds number (see figure 12)
indicate that Reynolds number independence was not fully established at the highest
Reynolds numbers in the experiment. Despite this, the prospect of Reynolds number
independence in flows of Reynolds numbers which are low compared to those experienced
in full scale makes a comparison with available full scale data obtained in turbulent flow
particularly interesting, even with the provisos mentioned above concerning data from
full scale measurements taken into consideration.
5.3.4. Full scale results
Ruscheweyh & Hirsch (1975) gave values of Cl0 and lift force spectra obtained from
pressure measurements on the Hamburg television tower, a tapered reinforced concrete
structure 275 m high (measurements were obtained at an elevation of 78.8 m). The surface
roughness of the structure was quoted as 3.7 × 10−4 D which although not large is almost
certainly large enough to have influenced the results; typically an increase in surface
roughness produces increased force coefficients in the transcritical regime. At Re =
6.7 × 106 , a value of Cl0 = 0.18 was obtained in a flow with Iu = 15% and it has been
estimated that Lxu /D was of the order of 10 for this flow. Analysis of their lift force
spectrum revealed a distinct spectral peak at St = 0.20, with a bandwidth parameter
B ≈ 0.38. There was substantial, but not dominant, energy at low frequencies, due to
the buffeting effects of turbulence.
Sanada & Nakamura (1983) and Sanada, Suzuki & Matsumoto (1992) published results measured on a 200 m high reinforced concrete stack; the readings were obtained
from pressure tappings installed at an elevation of 140 m where the diameter was 15 m.
The results have also been reproduced and discussed by Vickery & Daly (1984) and
Vickery (1991). The surface roughness for this structure is not known, but is likely to
be comparable to that for the Hamburg television tower. Narrow-band vortex shedding
(St = 0.21) was reported, again with substantial low frequency energy due to incident
turbulence contributing approximately 25% of the overall fluctuating lift. Over the range
of Reynolds numbers from 1 × 107 to 4 × 107 , Cl0 dropped from approximately 0.4 to 0.07.
Vickery & Daly (1984) and Vickery (1991) suggested that this drop could was correlated
not with increase in Reynolds number but with a decrease in turbulence intensity, as
assessed from the ratio Cd0 /Cd . Since a large proportion of the overall lift was due to
vortex shedding as opposed to buffeting, it was suggested turbulent energy in the mean
flow was able to enhance the forces produced by vortex shedding.
On the basis that it is most likely to be the fine scales of turbulence (scales less than
some fraction of the cylinder diameter) that interact with the vortex shedding processes,
−1/3
Vickery proposed that a generalized Taylor parameter of the form Ta = I u (Lxu /D)
be
used as a correlating parameter for sectional lift forces in turbulent flows, reflecting both
the energy of incident turbulence and that proportion of it which resides at wavelengths
small compared to cylinder diameter. In figure 20, estimates made by Vickery & Daly of
Ta and Cl0 from a number of full scale measurements obtained at high Reynolds numbers
(primarily those of Sanada & Nakamura) are presented, showing that there does appear
to be a trend for Cl0 to increase with Ta. Values obtained in the current experiments at
the upper end of the Reynolds number range (Re ≈ 5 × 105 ) for flow configurations 3
and 4 are also plotted on figure 20. It can be seen that these two experimental values
extend the range of the turbulence parameter Ta above the full scale results, and that
the values of Cl0 follow the trend established by the full scale results.
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Figure 20.
Estimates of sectional coefficients of lift Cl0 and turbulence parameter
x
Ta = Iu (Lu /D)−1/3 presented by Vickery and Daly (1984), together with values obtained
at the upper end of the Reynolds number range (Re ≈ 5 × 105 ) in the present experiments.

The mechanism by which fine-scale turbulence could act to enhance lift forces is uncertain, but it may cause a thickening of the cylinder boundary layer, leading to earlier
separation and consequent higher forces. It is known that increasing cylinder surface
roughness (hence, thickening the boundary layer) has the effect of reducing separation
angle and increasing mean drag coefficients in the transcritical regime (Shih et al. 1993).

6. Conclusions
6.1. Smooth flow
Cl0

In the precritical regime,
dropped with increasing Reynolds number, but the Strouhal
number remained constant at 0.20. The spanwise correlation length remained nearly
constant, Λ ' 3.75, up to the onset of the critical transition, indicating that the changes
in force coefficients in the precritical regime are due to two, rather than three-dimensional
effects. The nature of these two-dimensional effects remains to be investigated; possibly
they are associated with a lengthening of the vortex formation region rather than a
movement of separation points, since the Strouhal number remained nearly constant.
In the precritical regime, the values of Cl0 were high by comparison to values obtained by most previous investigators; this is thought to be due to the use of a cylinder
with moderate tunnel blockage and aspect ratio. In the supercritical regime, no definite
Strouhal peak was observed and the spanwise correlation length of fluctuating lift forces
was approximately one cylinder diameter. Again, it is thought that the absence of highfrequency vortex shedding in the supercritical regime could be attributed to the use of a
comparatively low cylinder aspect ratio.
6.2. Turbulent flow
Results obtained for the flow with Iu = 4.2%, Lxu /D = 0.50 indicated that the turbulence
acted mainly to promote early transition to supercritical flow, and the results obtained
at the upper end of the Reynolds number range were very similar to those obtained in
the nominally smooth flow.
The results for the two highest turbulence intensities (Iu = 9.6% & 18%, Lxu /D = 0.53)
are significant in that they extend the Reynolds number–turbulence intensity envelope
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for wind tunnel studies. The results indicated that high intensity turbulence acted to
promote transcritical flow. This effect has been anticipated, but these results are the
first clear indication in a wind tunnel experiment. However, the values of sectional C l0
and spectral bandwidth parameter B obtained in the experiments were comparatively
high, suggesting that the results cannot be used directly in the prediction of full scale
structural response to vortex shedding.
Comparison with results measured on full scale structures at higher Reynolds numbers, similar turbulence intensities, but higher turbulence length scale ratios suggest that
the turbulence length scale is also an important parameter for determining fluctuating
lift at high Reynolds numbers. A plot of sectional values of Cl0 obtained at the high
end of the Reynolds number range in this experiment (Re ' 5 × 105 ) against the turbulence parameter Ta proposed by Vickery followed an extrapolation of the trend of
values obtained from full-scale investigations. This supports Vickery’s suggestion that
coefficients of vortex-induced lift in the transcritical regime may be increasing functions
of this parameter.
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