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a b s t r a c t

This paper presents the results of a wind tunnel test campaign conducted to investigate
the aeroelastic and aerodynamic behaviour of a tapered circular cylinder in smooth
flow conditions. The model under investigation is a single-mode aeroelastic one, whose
taper ratio (in terms of diameter) is 8 %. Its global dynamic response was measured
through the use of an internally-mounted piezo-electric accelerometer. The sensitivity
of the vortex-induced response to different levels of structural damping was explored.
The harmonic content of the wake was also measured through a hot-wire anemometer
positioned downstream of the wind tunnel model at different heights: this allowed the
detection of the portion of the model whose local resonance was accountable for the
highest vortex-induced structural response. To further expand the findings of the wake
measurements, four ‘rings’ of surface-mounted pressure sensors were installed on the
wind tunnel model. The Reynolds number that was covered during the experiments
ranged between 9.3 × 103 and 3.2 × 104.

The experimental investigations revealed that the tapering has a beneficial effect
with respect to vortex-induced oscillations, reducing their magnitudes when compared
against the ones of a parallel-sided circular cylinder. On the other hand, the lock-in
region was found to be wider, exhibiting three distinct peak regions for the lowest
level of structural damping. The combined results from the accelerometer, the hot-
wire anemometer and the pressure measurements, and the application of tailored
time–frequency analyses based on the continuous wavelet transform, revealed that the
maximum dynamic response is linked to the local resonance between the fundamental
frequency and the bottom portion of the structure. Furthermore, the magnitudes of
the local mean aerodynamic drag coefficient and the local standard deviation of the
(vortex-induced) lift coefficient were found to be considerably lower than those of a
parallel-sided circular cylinder.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Vortex-induced vibrations (VIVs) caused by wind were known since ancient times and constitute the main component
f the crosswind response of slender structures (e.g., Solari, 1985, 2019). The most dangerous situation for a dynamic
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system is represented by the shedding of the vortices tuned to one of the natural frequencies of the structure. Violations
of the Strouhal law can occur, causing the lock-in of the shedding frequency over a natural one. The synchronization is
maintained within a speed range, above which the tuning vanishes and the Strouhal law is newly valid. The lock-in is
favoured when the mass and the damping ratio of the system are low and its insurgence often dominates the serviceability,
strength, and fatigue design of slender elements (e.g., Pagnini and Piccardo, 2017).

Research on vortex-shedding response dates back in the 1960s. Extensive wind tunnel testing campaigns, particularly
n bridges and stacks (Scruton, 1956, 1963; Scruton and Flint, 1964), took place within the Aerodynamic Division of the
ational Physical Laboratory in Teddington (UK) under the supervision of Cristopher ‘Kit’ Scruton. Moreover, Wooton
1969) carried out pioneering wind tunnel tests on models of vertical stacks, which still nowadays represent a reference
oint in the field, addressing the role of several parameters affecting VIVs. Another important study in this field is
epresented by the work developed by Feng (1968). Experimental investigations, combined with numerical ones, were
ital for the calibration of theoretical models (Sarpkaya, 2004). In particular, the mathematical description offered by
he van der Pol model emerged as the most appropriate choice to capture the inherently non-linear and self-governed
ature of the phenomenon. The simplification of this type of modelling, with the introduction of an equivalent linear
erodynamic damping, allowed Vickery and Basu (1983) to significantly advance the understanding of the vortex-shedding
henomenon from a technical point of view. Indeed, their semi-empirical model to predict vortex-shedding response
f slender structures is able to represent the key features of the lock-in phenomenon. In fact, the dependence of the
mplitudes on the ‘‘mass-damping parameter’’ was well-captured (see also Vickery, 1981). Theirs is just one of several
ass-damping parameters defined in the literature (all proportional to the product between the damping ratio ξ and the
ass ratio me

ρD2
ref

, where me is the equivalent mass of the model, Dref is the reference dimensions in the crosswind direction

nd ρ is the density of the fluid; see also Williamson and Govarhan, 2004; Vandiver, 2012). A commonly used expression
f this parameter is 4πmeξ

ρD2
ref

, which was denoted as the Scruton number in the early 1980s (Zdravkovich, 1982).

Contrary to the case of parallel-sided structures, the number of publications dedicated to experimental campaigns on
circular tapered structure subsequent to the pioneering works by Scruton (1956, 1963) is quite scarce. In Scruton (1956),
the effect of the taper was studied by using sectional models of circular cylinders (whose ratio between the base and the
tip diameter is 1.5, and whose taper diameter ratio is close to 3%) indicating that the aerodynamic excitation was at least as
vigorous as that for the parallel-sided cylinder. Moreover, the amplitudes of oscillation seem extremely sensitive to small
increments of damping ratio, differently from parallel-sided cylinders. Amongst the several tests mentioned in Scruton
(1963), there is one pertaining a three-dimensional aeroelastic model of a slender stack, characterized by a considerable
degree of taper (almost 4% in terms of diameter). Scruton only partially confirmed what he had found in 1956: for low
values of structural damping and smooth flow conditions, the results pointed out the presence of three different regions
of amplification of the response, corresponding to local resonances between portions of the model and one of the natural
frequencies. At least two distinct diameters were said to govern the structural behaviour: the first one was identified near
the top of the stack, while the second one was collocated further down. In both works, the experimental campaigns were
conducted at a sufficiently high Reynolds number (Re) range (close to 105).

A fundamental contribution to the subject of vortex-shedding for tapered structures was produced by Vickery and Clark
(1972). In their experimental investigation, a slender and tapered (4% in terms of diameter) circular structure was tested
making use of a 0.914 m tall static pressure and aeroelastic models, in both smooth uniform and turbulent flow, with Re<
105. The maximum response in the main structural mode occurs when the shedding frequency near the bottom third of
the stack is close to the natural frequency. On the other hand, the presence of regions where the shedding frequency was
locked on a fixed value – rather than varying according with a constant local Strouhal number – were detected under
smooth flow conditions. This finding confirms the existence of constant-frequency vortex cells (i.e., regions characterized
by a constant vortex-shedding frequency with transition zones in between) in the wake of tapered cylinders, which is
consistent with what documented in a number of references from the wider fluid dynamics literature, where it is referred
as cellular vortex-shedding. In the low Reynolds number regime, papers on this topic are by Gaster (1971), Papangelou
(1992) and Piccirillo and Van Atta (1997). For higher Reynolds numbers (Re ∼ 3.6 × 104), the cellular nature of the
ortex-shedding from fixed tapered cylinders has been documented by Balasubramanian et al. (1998), who described
he similarity and the possible additivity of the effects of shear flow and taper. Furthermore, Hsiao and Chiang (1998)
ighlighted the existence of two/three vortex cells, noting that their sizes and numbers appear to be influenced by the
eynolds number (ranging from 1.4 × 103 to 4 × 104), as well as by the taper ratio. To this extent, a tapered circular
tructure seems to behave similarly to a uniform circular cylinder in shear flow, with a ‘‘step-by-step’’ variation of the
hedding frequency along the structure, forming cells of constant frequency (e.g., Maull and Young, 1973; Griffin, 1985;
acchinetti et al., 2002).
The vortical structures forming behind a tapered cylinder are therefore known to be different than those generated

rom a parallel-sided one under the same flow condition, and so is the relevant wake dynamics, in particular in lock-in
egions. As far as parallel-sided cylinders are concerned, several investigations in literature have focused on these aspects
e.g., Williamson and Govarhan, 2004; Sarpkaya, 2004). Specifically, Williamson and Roshko (1988) clarified that the peak
f the response is associated with a change in the vortex wake modes, leading to a hysteresis of the response with a switch
etween the so-called ‘‘initial’’ and ‘‘lower’’ branches of the response (from two single vortices ‘2S’ to two vortex pairs
2P’ in one cycle of vortex-shedding). The case of a tapered system seems instead characterized by a ‘‘hybrid’’ shedding
2
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Fig. 1. Outline of WT5.

mode, as proposed by Techet et al. (1998), for which different ‘2S’ and ‘2P’ vortex patterns may coexist along the axis of
the model.

A literature review on the dynamic response of tapered structures revealed that this topic is not well developed as it
is for parallel-sided structures, especially in the context of civil engineering applications, although some contributions
do exist in the offshore engineering (e.g., Zeinoddini et al., 2013; Kaja et al., 2016). Balasubramanian et al. (2001)
experimentally studied different configurations of pivoted tapered structures and shear flows. The presence of a tapered
structure seems to lead to a wider lock-in range if compared with the corresponding parallel-sided one.

Based on the information provided, it is evident that there is a significant level of uncertainty concerning the
taper effect in relation to VIVs. Furthermore, there is currently a lack of solid technical recommendations regarding
advantageous configurations to employ. Blevins (2001), by suggesting a taper angle of 8–10 degrees in the downstream
side of the structure as an effective measure to mitigate VIVs, is one of the few references that provides some guidelines
on this subject.

To shed further light on this matter, this paper presents the outcome of an experimental investigation of a highly
tapered circular cylinder (8% in terms of taper diameter, at least double compared to the classic references mentioned
above on the circular-shaped cross section), carried out through a wind tunnel test campaign in smooth flow conditions.
The objective of this study is to elucidate the effectiveness of a substantial degree of taper in mitigating VIVs, while also
establishing a connection between such mitigation and the cellular structure of vortex shedding. The wind tunnel model
used in the investigation was initially conceived to be a single-mode aeroelastic model. This was subsequently converted
into a pressure model for a second phase of the experimental campaign. The wind tunnel test campaigns, as well as the
facility, the models and the relevant instrumentations are described in Section 2. Section 3 presents the main outcomes
of the study of the aeroelastic model. Once the model was converted into a rigid one, additional investigations on its
aerodynamic behaviour are shown in Section 4. Finally, Section 5 draws the main conclusions of this work.

2. Description of the wind tunnel test campaign

2.1. Experimental facility

The wind tunnel used to carry out the experimental work presented within this paper was the aeronautical wind tunnel
facility (Tunnel 5) of what once was the ‘Wind Engineering’ business unit of BMT Group (now inherited by NOVA Fluid
Mechanics) in Teddington (London, UK). Its closed-circuit chamber featured an octagonal test section which was 2.74 m
wide and 2.14 m high. The operational wind speed ranged from 0.2 m/s to 65 m/s. The wind speed could be accurately set
and held constant in fine increments over the full operating range. The wind speed in the wind tunnel was continuously
monitored by using two Pitot static tubes aligned with the flow.

The outline of the wind tunnel airline is indicated in Fig. 1 in schematic form.
Measurements concerning vertical profiles of mean wind speed and turbulence intensity in smooth flow were carried

out, whose outcomes are reported in Fig. 2a and b (mean wind velocity and turbulence intensity, respectively). The
maximum level of inherent turbulence in that condition above 0.2 m was not larger than 0.3%, i.e. aligned with best
industry standard for section model wind tunnel testing.
3
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Fig. 2. Vertical profiles measured in Tunnel 5, in smooth flow: (a) mean wind velocity (normalized to the measurement at 1.5 m); (b) turbulence
intensity.

2.2. Wind tunnel model and relevant instrumentation

The wind tunnel model was a single-mode model of a tapered circular cylinder. This allowed a good representation of
he first order bending modes, as well as the reproduction of the effects linked with taper and tip. The external envelope
f the model was manufactured using balsa wood; more precisely, eleven tapered thin-walled truncated cones were
onnected to a rigid carbon-fibre spine through horizontal balsa stiffeners. The model was 1.5 m tall (L); its diameter
as 0.13 m at the base and 0.01 m at the top, leading to a slope of 8% in terms of diameter (Fig. 3). The mean diameter
f the entire model was considered as reference throughout the experimental campaign, Dref = 0.07 m. The blockage
nduced by its presence in the wind tunnel was limited (less than 6%). No corrections were applied, albeit blockage
ffects on slender structures in wind tunnel are still not fully understood and may deserve further studies, especially
egarding crosswind effects (e.g., Laneville, 1990). The wind tunnel model was firstly employed as an aeroelastic one
whose structural properties are described in Section 2.2.1), enabling the study of the fluid–structure interaction. Its
ynamic response was firstly investigated by means of a purposely designed three-axial internal accelerometer mounted
nside the model, in proximity of its tip, precisely at 1.37 m from the base. Secondly, a hot-wire anemometer was installed
ownstream at different heights, to capture the variation of the harmonic content with height. In a second phase, a portion
f the model (close to the base) was instrumented with four rings of pressure sensors (Section 2.2.2), which were key for
he definition of the local aerodynamic properties.

.2.1. Aeroelastic model
The single-mode model was mounted on a gimbal system at its base (Fig. 4a); the required elastic stiffness was provided

y an arrangement of helical springs connected at the base of the spine of the model (Fig. 4b).
To study the crosswind response of the structure, the effective direction of the gimbal was chosen to be perpendicularly

o the one of the on-coming flow. Furthermore, the model was restrained from moving in the alongwind direction through
he presence of a steel wire. The layout of the dynamic rig is shown in Fig. 5a. A raised wood table (Fig. 5a) was included
o limit the influence of the boundary layer. Specifically, this was possible through the installation of a wing profile at
he upstream side of the table. In this configuration, the tip of the model was almost 0.60 m far from the ceiling, which
as noted to be sufficient to avoid boundary layer effects (Figs. 2a and 2b), as well as to limit local effects due to the
roximity between structure and wind tunnel walls. The vertical carbon-fibre stick, which connects the model to the
lastic and dissipative devices, is effectively shielded by the presence of short profiles positioned beneath the wooden
able (Fig. 5a). Fig. 5a also shows the position of the two aforementioned Pitot-static tubes. The reference wind velocity
as taken from the upstream one, since its measurement is not affected by the presence of the model itself. A picture of
he wind tunnel set-up is shown in Fig. 5b.

As first task of the preliminary tests phase, the modal shape of the structure was estimated. This was possible through
he installation of two accelerometers, located on the external envelope of the structure at different heights. In particular,
he top one was installed at 1.37 m from the base (consistently with the internal accelerometer mentioned in Section 2.2).
he other one was positioned at different heights throughout the vertical axis of the cylinder. The model shape could thus( z )1.2, being z the cylinder axis starting from the base of the model, and y the coordinate in
e identified as ψy (z) = L

4
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Fig. 3. Geometry of the wind tunnel model (dimensions in millimeters).

he crosswind direction. The natural frequency of the wind tunnel model, denoted as n0, was set to 9.1 Hz, a frequency
hat is well lower than the inherent bending frequency of the model. Moreover, the equivalent mass per unit length in
he crosswind mode, meq, was estimated as 0.312 kg/m, while the polar inertia was 0.488 Kg·m2. Dynamic tests were
onducted for a single wind direction, due to the polar-symmetry of the system, and for one configuration in terms of
tiffness and mass.
When required, additional structural damping was provided through an eddy current damping system (Fig. 4b). This

cted on the copper plate attached at the bottom end of the spine of the wind tunnel model (Fig. 4b), hence allowing
amping sensitivity studies to be conducted. Therefore, four levels of damping were investigated: their values, in terms
f structural decrement logarithm δs, were estimated through free-vibrations tests as 0.034, 0.038, 0.044 and 0.055,
orresponding to 0.54%, 0.60%, 0.70% and 0.87% in terms of damping ratio ξ . These estimated damping ratios were seen
ot to be affected by the magnitude of the vibration for the investigated range of interest. For each test (characterized
y a mean value of the wind tunnel velocity), the acquisition was 2 min long, while the sampling frequency was set at
00 Hz.
This first batch of results made possible the association of different peaks of the dynamic response with a local

esonance occurring in different regions of the structure. To corroborate these hypotheses, additional investigations were
arried out concerning the variation of the shedding frequency along the height of the model. This was possible through
he installation of an hot-wire anemometer (HWA) downstream the model. The device used in this type of measurements
as a dual-sensor probe with cylindrical sensors provided by Dantec Dynamics. In particular, the configuration 55P61 was
5
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Fig. 4. Single mode-model: (a) scheme of the structure (following the drawing by Walshe, 1972); (b) dynamic rig of the model under the wind
tunnel floor.

Fig. 5. Layout of the dynamic rig: (a) side view; (b) wind tunnel view.

he adopted one. This probe was installed at four different heights (Fig. 6a), and the tips of these sensors placed 50 cm
∼ 7Dref ) downstream the model. To investigate the aeroelastic case, the model was let free to oscillate under the effect
f the lowest level of structural damping (ξ = 0.54%) amongst those listed before. Accordingly, the wind speed range of

the tests was the same as in the accelerometer case. The sampling frequency was set at 200 Hz, and each sample was
2 min long. Fig. 6b shows a picture of the wind tunnel with the HWA installed at a height of 480 mm (position P2).

2.2.2. Pressure model
As it will be clarified in Section 3.1, the highest peak of the structural response occurs when the harmonic content

determined through the HWA in position P2 is in close agreement with n0. Consequently, the region identified by P2 seems
o be connected with the maximum dynamic response. To further study this aspect, four different rings of pressure sensors
ere installed around this portion of the wind tunnel model (Fig. 7b), named as Ring 1–4. Ring 1 and Ring 2 were installed
elow the area individuated by P2, whereas Ring 3 and 4 above it. Each ring was composed of 16 different pressure
aps, equally radially spaced along the relevant circumferences (Figs. 7a and 7c). It was not possible to have additional
6



S. Brusco, A. Bagnara, S. Cammelli et al. Journal of Fluids and Structures 122 (2023) 103983

c
h
t
s

Fig. 6. HWA measurements: (a) heights that have been investigated; (b) close-up for the HWA installed at position P2.

Fig. 7. Pressure measurements: (a) installation of pressure taps; (b) disposition of rings of taps; (c) close-up of the wind tunnel model.

regions equipped with pressure taps due to space constraints within the cylinder, as well as because of the challenges
associated with instrumenting the tip of the structure. The 64 pressure channels were measured using a simultaneous
multi-channel low range pressure scanning system. The raw pressure measurements were treated with the frequency
correction technique for both amplitude and phase distortions (e.g., Kay et al., 2020), taking the length of the tubes
into account. The sampling frequency was set at 800 Hz. A high-frequency pressure integration analysis conducted in
the frequency domain allowed the local aerodynamic properties of this region of the model to be analysed in detail, in
particular the local steady-state drag coefficient and the local unsteady lift coefficient.

The presence of the 64 tubes inside the wind tunnel model introduced additional damping to the system, making it
hallenging to directly compare its aeroelastic response with measurements obtained through the accelerometer and the
ot-wire anemometer. Therefore, the wind tunnel pressure measurements were conducted on a static model, which is
he standard set-up for aerodynamic measurements, besides it avoids the potential squeezing of the tubes induced by the
tructural oscillations.
7
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Fig. 8. VIV response of the tapered circular cylinder for the lowest level of damping (ξ = 0.54%).

. Dynamic tests

.1. Dynamic response

This section of the paper presents the results obtained from the aeroelastic model. This is assessed by evaluating from
ach time–history of the crosswind displacement y the relevant standard deviation σy. The classical VIV response curve of
hree-dimensional parallel-sided structures may be characterized by a double peak (e.g., ESDU 96030, 1998), induced by
he resonant excitation with the main span region (for a lower wind velocity) and the tip region (for a higher velocity).
he lower is the level of defence of the structure with regard vortex-shedding (i.e., low Scruton number), the larger the
urve might become, due to the occurrence of the lock-in phenomenon. In contrast to that, the non-dimensional VIV
esponse σy/Dref pictured in Fig. 8 (for the lowest level of structural damping, ξ = 0.54%), shows three distinct regions,
haracterized by three different local peaks which are separated by zones where the response drops.
Of particular interest are the responses shown in Fig. 8 around U/(n0Dref ) ≈ 4.6, 6.5 and 9.4. These three will be

referred to as Region 1, 2 and 3 in the following. The maximum response is evaluated as σy/Dref
⏐⏐
max = 0.011, found in

correspondence of Region 3. The presence of different peaks points out a large range of the dynamic response amplification
associated with vortex-shedding. As a matter of fact, this seems to be wider than those typically linked with parallel-sided
cylinders, as noted by other researchers (e.g., Balasubramanian et al., 2001).

The next set of results here presented are focused on the time-varying nature of the response of the aeroelastic model.
From the relevant literature, it is well-known that in the lock-in region the response features a sinusoidal trend, since
in this condition the vortex-shedding is governed by the movement of the structure itself on one of its modal shapes
(i.e., condition of fluid–structure interaction). Conversely, when the Scruton number is sufficiently high, the action induced
by vortex-shedding is simply an aerodynamic one, presenting therefore characteristics that are associated with ‘‘forced-
random-vibrations’’. This remark is exemplary explained by Vickery and Basu (1983). Inspecting the evolution of the
time-histories reported in Fig. 9a, it is possible to qualitatively observe different regimes occurring in the VIV response,
which continuously alternate with the variation of the wind velocity. Specifically, the first two peak regions are apparently
characterized by a marked fluid–structure interaction. The third and highest peak instead appears to be more random in
nature. Moreover, the three regions are interspaced by intermediate branches featuring a sudden drop in the response,
characterized this time by a more random character. In addition to the temporal description provided by Fig. 9a, b–d
illustrate the spectral characteristics of the three VIV regions, whose positions on the VIV response curve are indicated in
the small graphs included within each sub-plot. The spectra are evaluated through the Welch’s technique. The dominant
frequency consistently corresponds to the natural frequency of the system (i.e., 9.1 Hz, Section 2.2.1, drawn with a dash-
dotted line). However, variations can be observed as the flow velocity changes. Specifically, if the spectra associated with
Region 1 (Fig. 9b) predominantly exhibits a single resonant peak, the spectral properties in Region 2 (Fig. 9c) reveal the
presence of an additional peak, sitting on 6.5 Hz. This peak coalesces with the structural one in Region 3 (Fig. 9d), leading
to a broader peak (at 9.1 Hz) compared with the other two regions, reflecting the more random character observed in the
corresponding time-histories. Finally, an increase in the harmonic contribution at higher frequencies (i.e., greater than n0)
is noted with the increase of the wind velocity.

The pattern pictured in Fig. 9a is fairly unusual when compared to the classical finding for parallel-sided cylinders,
especially because the predominantly deterministic peaks are not associated with the highest structural response. To
further enhance the presentation of these varying trends, the peak factor g of the different measured time-histories
y

8
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Fig. 9. VIV response and evolution of the time-histories (a), and frequency content (b, c, d) for the lowest level of damping in smooth flow (ξ = 0.54
%).

has been evaluated and presented in Fig. 10. It should be noted that values close to
√
2 are associated with a response

featuring sinusoidal characteristics (i.e., it is dominated by a single harmonic), while higher values highlight the presence
of a more random vibration (3.87 corresponds to broad-banded Gaussian processes).

By combining the outcomes of Figs. 10 and 9a, it is possible to associate with Region 1 peak factors close to 2.0 –
2.15. Even lower peak factors (about 1.9) are linked with Region 2, for a considerable extension. On the other hand, the
intermediate branches which anticipate and follow them and featuring a remarkable drop of the dynamic response, are
characterized by higher peak factors. Furthermore, in Region 3 (where the maximum displacements occur), a higher peak
factor is observed compared to Regions 1 and 2 (albeit still lower than 3). This finding corroborates the visual observations
from the time-histories in Fig. 9a and aligns with the spectral analysis presented in Fig. 9b–d.

It is now considered the effects of an increase of the structural damping on the VIV response. In doing so, Fig. 11a–b–c
show the relevant response curves for damping ratio ξ = 0.60%, 0.70% and 0.87%, respectively.
9
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Fig. 10. Peak factors referred to the VIV response reported in Figs. 8 and 9.

Fig. 11. VIV responses for different levels of damping ratio: (a) ξ = 0.60 %, (b) ξ = 0.70 % and (c) ξ = 0.87 %.

These sub-plots further clarify the difference between the VIV response in the three different regions. An increase of
in the first two regions translates in a remarkable reduction of the oscillations. For instance, a growth of the structural
amping of the order of 60% (ξ varied from 0.54% to 0.87%) is reflected into a similar reduction in the amplitude of the
esponse in Region 2 ([σy/Dref]max drops from 0.0074 to 0.0029). The response near Region 1 seems to be heavily influenced
y damping, being excited for slightly higher velocities (Figs. 11a and 11b), before eventually being fully mitigated and
isappearing (Fig. 11c). On the other hand, the response linked to Region 3 undergoes a more limited reduction, of the
rder of 20% (diminishing from 0.0109 to 0.0088). These findings are yet another indication that points out the different
ature of the VIV affecting the three regions. In fact, it is well-known that deterministic vibrations generally are much more
ensitive to the damping ratio (e.g., Kwok and Melbourne, 1981), while the mitigation of random ones is less influenced
y this quantity.
Finally, additional tests have been carried out in correspondence of Region 2. In particular, a total of 13 different levels

f damping ratios have been explored for the same wind velocity. The results are enclosed in Fig. 12a–b. Taking inspiration
rom the documents by Vickery (1981) and Vickery and Basu (1983), based on the experimental data obtained by Wooton
1969) on aeroelastic tests of uniform circular cylinders, Fig. 12a shows the VIV response against the Scruton number
c = 4πmeqξ/(ρD2

ref ). The wind velocity set for these additional tests is also indicated (vertical line in the small graph
ncluded within Fig. 12a). To complement this graph, Fig. 12b depicts the corresponding evolution of the 13 time-histories
f the acquired acceleration. The order to be followed moves from the left to the right and from top to bottom, as clarified
y the numbers (1) – (13) on the top left-hand corner of the sub-plots. Furthermore, these are also enriched with the
umeric quantification of the corresponding Scruton number.
As discernible from Fig. 12a, the results are qualitatively similar to those reported by Vickery and Basu (1983), Fig. 9 of

heir paper, however in a log–log plot which tends to compress the points with higher amplitude). The VIV ‘‘transition’’
egime roughly coincides with the range Sc = 4 − 6, while for higher values of Sc the time-histories are dominated by
andom behaviour (see (7)–(13), in Fig. 12b). The first two points with lower Scruton number (Sc = 3.5 − 3.6) show a
endency towards the ‘‘lock-in’’ regime, since their time-histories unveil a quite developed VIV, as reflected by their peak
actors, these being close to 1.9–2.0 (Fig. 10). Nevertheless, the maximum response is significantly lower, approximately
f an order of magnitude, than the results presented by Wooton (1969). Indeed, Wootton’s data were characterized by
10
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t

Fig. 12. Effect of different levels of damping on the VIV response of Region 2: (a) Dimensionless across-wind response; (b) (1)–(13) evolution of
he acceleration time-histories with increasing structural damping (from the left to right and from the top to bottom).
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Table 1
Comparison between data relevant to the maximum VIV response from different studies.
Reference Wooton (1969) Lupi et al. (2021) Scruton (1963) Present paper
H
D

11.5 15.5 ∼32 21.4

Diameter taper (%) 0 0 ∼4.3 8

ξ (-) 0.0022 0.003 0.0022 0.0054

Sc (-) 3.93 2.94 – 3.5

Iu (%) Smooth flow 4.4 Smooth flow Smooth flow

Re 6 × 105 2.3 × 104 Subcritical regime 1.6 × 104

2.0 × 104

2.9 × 104

σy/Dref
⏐⏐
max 0.15 0.22 – 0.0035

0.0074
0.011

A /Dref
⏐⏐
max – 0.34 ∼ 0.06

∼ 0.08
∼ 0.13

0.0071
0.014
0.025

values of σy/Dref
⏐⏐
max up to 0.150, while the oscillations presented in this study barely reach a σy/Dref

⏐⏐
max of 0.011 (Region

3). In addition, this quantity seems to be lower also when compared with other two selected studies, herein deepened. The
first study, which focuses on a cantilevered structure characterized by a constant circular cross section, has been recently
published by Lupi et al. (2021). The second one is an investigation documented by Scruton (1963) on a full aeroelastic
model of a tapered stack with a lower taper ratio than the one adopted in the present study. Focusing on these three
references (plus the case under investigation), Table 1 lists the key parameters driving the VIV phenomenon. Clearly
the geometry of the wind tunnel model is an important parameter, in particular a higher slenderness translates into a
considerable increase of the structural peak amplitudes, as clearly identified by Wooton (1969). Structural damping ξ and
Re are also key parameters to identify the difference between the various experiments. Actually, the effects associated with
Re in all VIV experiments are known to be dominant (Sarpkaya, 2004). It is noted that the structural response presented
in the paper by Scruton (1963) has been estimated from the graphs there reported and, in particular, the oscillation
amplitude has been considered as the amplitude of the response A|max. As concerns the paper by Lupi et al. (2021), the
values in Table 1 are associated with the case having the lowest level of structural damping.

The maximum response observed in this investigation is significantly lower than the other cases, leading to a discussion
on the factors that may contribute to this discrepancy. The analysis primarily focuses on two key aspects that could
account for variations among the different studies: taper ratio and slenderness. Firstly, a comparison is made with the
results of the tapered structure tested by Scruton (1963), whose response curve is characterized by three different
structural peaks. Commenting the results, Scruton stated that ‘‘. . . a first speed range for instability occurred in the
fundamental bending mode, and was followed with increase of wind speed by two distinct speed ranges for instability in the
first harmonic mode . . . ’’. Analysing the critical velocities and the dimensions of the structure, he could associate the first
two peaks with the excitation of a diameter near the top of the stack, while he attributed the last peak to the excitation of
a diameter close to the bottom of the stack. Therefore, his explanation seems coherent with what discussed before for the
case of interest, which is regarded as simpler being a single-mode model. Comparing the 3 peaks from Scruton’s studies
(A/Dref

⏐⏐
max = 0.06, 0.08, 0.13, Table 1) with those measured in the present study (A/Dref

⏐⏐
max = 0.0071, 0.014, 0.025,

Table 1), the magnitude of the firsts leads to a higher response than what reported for the case under investigation. It
should be noted that the turbulence intensity is comparable, while the precise Reynolds number range tested by Scruton
has not been declared, but it is likely to be within the subcritical regime. On the other hand, the full aeroelastic model
tested by Scruton is characterized by a higher level of slenderness and a lower level of tapering, therefore its correlation
length for the crosswind forces along the axis should be higher. In addition, the level of structural damping is less than
half of what estimated from the experiment discussed in this paper, likely leading to a lower Scruton number. All these
factors might explain why the results reported by Scruton are higher of, at least, a factor 3.5.

Comparing the results of the present study with those of the two parallel-sided structures study, the differences become
more pronounced, in particular when considering the values by Lupi et al. (2021), which, despite similar values of Scruton
number and a higher value of turbulence, are consistently higher than the ones by Wooton (1969). This is clearly shown
in Fig. 13, which is equivalent in terms of presentation to Fig. 12a. These differences between the three studies could be
a result of the different Reynolds number range tested, as well as the slenderness ratio, but the taper effect is likely to
play the major role.

Recalling the considerations made in Introduction concerning the patterns of shed vortices along the height of a tapered
cylinder, one can attempt to establish a connection between the first two peaks, which exhibit a relatively deterministic
nature, and a variation of the shedding regime (i.e., with a variation of Strouhal number, Vickery and Clark, 1972) occurring
at different heights of the model. The first peak should be related to a local synchronization occurring in the upper part
12
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Fig. 13. Variation of the non-dimensional VIV response for different Scruton numbers: comparison between different investigations: Wooton (1969),
Lupi et al. (2021), Region 2 (Fig. 12a).

of the model, if compared with the second one. This assumption seems also to be coherent with the observed variation
of the spectral properties of the dynamic response (Fig. 9b–d). In particular, the additional peak noted in Fig. 9c at 6.5 Hz
may be likely attributed to VIV forces acting in the lower portion of the cylinder. This peak becomes resonant with the
natural frequency of the system in the third region (Fig. 9d), hence contributing to a broader spectral response compared
with the previous ones, potentially indicating an increased presence of turbulence in the flow (e.g., Vickery and Clark,
1972). As a result, this can lead to a dynamic response characterized by more random characteristics, as those observed
in Region 3. The relatively higher harmonic content observed after the predominant peak in the spectra of Regions 2 and
3, compared to the Region 1 (Fig. 9b), are likely to be attributed to vortex-induced actions occurring at frequencies higher
than the natural frequency. These actions are primarily localized in the upper portion of the tapered cylinder.

The relatively minor contribution of the fluid–structure interaction in Region 3 (in comparison to Regions 1 and 2) may
also be physically explained by considering the different magnitude of the modal amplitude associated with the analysed
portion of the model. In fact, when this value is higher (i.e., excitation of Region 1 and Region 2, located in the upper part
of the model), the dynamic effects are favoured and so is the interaction between fluid and structure. Conversely, the low
modal amplitude associated with Region 3 (located towards the bottom of the model), combined with the broadness of
the spectrum, diminishes its impact. As a result, the excitation in this region appears as more random in nature. The use
of the hot-wire anemometer, whose results are described in the following Section, will shed lights about these remarks.

3.2. Analysis of the wake

The data gathered by placing an HWA (Section 2.2.1) downstream of the model at four different heights (Fig. 6a) have
been elaborated with the aim of estimating the spectral content of the acquired signals through the Welch’s technique, in
particular focusing on the lateral component (i.e., corresponding to the crosswind response of the model). Salient results
are reported in Fig. 14a–b–c, where each sub-plot depicts the four spectra of the lateral component acquired by the HWA
for a different reduced wind velocity (indicated in the title of the sub-plot). These three graphs focus on the structural
peaks detectable in Fig. 8, which, for clarity, is also shown in small graphs included within each sub-plot, as already done
in Fig. 9b–d. Moreover, in each sub-plot a vertical dash-dotted line is drawn, which traces the natural frequency of the
model n0 (9.1 Hz).

From a general point of view, the ensemble of the data allows one to verify that, for a selected wind speed, the shedding
frequency moves from top to bottom, becoming lower. Starting with the analysis of the lower velocity (Fig. 14a), the HWA
in position P3 (upon hereinafter the term ‘‘position’’ will be avoided, and simply recalled by the corresponding ‘‘P’’ name)
captures a harmonic content definitely close to the natural frequency of the structure, suggesting that the first structural
peak might be induced by a local resonance occurring in correspondence of P3. The hot-wire anemometer in P4 shows
a much higher harmonic content (whose peak sits on ∼19.8 Hz). This means that the region associated with P4 (the
tip of the model) is not interested by a local resonance. On the other hand, the measurement in P2 and P1 depict a
peak at 5.1 Hz. The spectra associated with P3 and P2 are denoted by a quite sharp peak, conversely P1 appears to be
affected by a broader nature, perhaps because of the influence of the residual boundary layer and the complex flow in its
13
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Fig. 14. Spectral content estimated from HWA measurements at different heights and different wind velocities: (1) U/n0Dref ∼ 5.3; (2) U/n0Dref ∼

.5; (3) U/n0Dref ∼ 9.6.

roximity (Peterka et al., 1985). It is also worth noting that, in spite of the resonance occurring in P3, the spectra content
easured at P2 is higher, suggesting that the local forced excitation may be stronger that the resonant phenomenon
ccurring at 850 mm. However, as a note of caution, comparisons in terms of magnitude between the different spectra
ay be misleading since they derive from non-simultaneous measurements. Moving on to the analysis of Fig. 14b (second
tructural peak), neither P2 nor P3 captures a harmonic content close to the natural frequency of the structure, which
s in the middle of them, inferring that the second structural peak might be linked with a local resonance of the model
ccurring in a region between P2 and P3. Now the spectra of P4 and P3 are clearly broader than in Fig. 14a, whereas
he spectrum relevant to P2 is still quite narrow, and it is again higher in magnitude than all the others. Its peak sits on
.4 Hz, which is in close agreement with the aerodynamic one detected by analysing the dynamic response for this Region
Fig. 9c). Concluding the analysis with the third peak (Fig. 14c), the measurement in P2 reflects a dominating frequency
hich is in close agreement with the natural frequency of the structure. Consequently, it seems now possible to state
hat the highest structural displacement of the model may be ascribed to a local resonance happening close to P2, where
he modal amplitude is reduced and consequently the response has more forced than aeroelastic characteristics. This
onstitutes a remarkable difference with the case of parallel-sided cylinders, whose tip excitation is known to be crucial
or VIV (see, e.g., ESDU 96030, 1998). In the case here analysed, the resonance at the tip occurs for low wind speed, whose
ynchronization with the structure is associated with a modest level of energy, which is exceeded by the (albeit forced)
xcitation of the bottom of the model, occurring for higher wind velocities.
Since the region of the model associated with P2 was found to be linked with a local resonance (Fig. 14c) leading

o the highest structural response, additional studies have been conducted in its proximity, this time to investigate the
erodynamic properties of the model, which will be documented in the next Section.

. Static tests

The presence of 16 pressure sensors for each ring of taps (Fig. 7a–c) installed in the portion of the model close to P2 and
ampled simultaneously at 800 Hz, assured a great resolution in frequency to study the spectral content of the crosswind
esponse at different heights. In addition, the measured pressure time-histories data were also analysed to quantify the
erodynamic coefficients, both in the alongwind and in the crosswind directions, i.e., the drag coefficient Eq. (1a) and the
ift coefficient Eq. (1b) at different heights:

cD(t, z) =
fD(t, z)

1
2ρU

2
D(z)

, (1a)

cL(t, z) =
fL(t, z)

1
2ρU

2
D(z)

, (1b)

here fD and fL are the time-histories of the drag and lift forces, U is the mean value of the reference wind velocity and
(z) is the local diameter linked with the corresponding coordinate z (Fig. 7b).
Attention is also given to the harmonic properties of the different time-histories of cL, focusing on the variation of the

spectral peaks with the height. The relevant spectra are newly evaluated by adopting the Welch’s technique.
14
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Fig. 15. Spectral content estimated from the four rings of pressure taps and from the HWA in P2 for a U/(n0Dref ) ∼ 6.5.

Firstly, the consistency between the pressure sensors and HWA measurements, which have been conducted at similar
wind velocities, has been checked. An example is shown in Fig. 15, by reporting in the same plot the four spectra of the lift
coefficient, ScL , estimated by integrating the measurements on the four rings (R1-R4), and the harmonic content registered
by the HWA at P2 (just placed between R2 and R3) for U/(n0Dref ) ∼ 6.5 (i.e., Region 2 in Fig. 8). In both cases, the spectra
are appropriately made non-dimensional. The thicker black line represents the non-dimensional spectrum evaluated from
the HWA, while the thinner lines refer to the four rings R1-R4 that encompass P2 in their elevations. As in Figs. 9b–c–d and
14a–b–c, the natural frequency of the model is indicated through a dash-dotted grey line. This seems to be in proximity of
the spectral peak associated with R4, confirming that the resonance leading to the structural peak associated with Region
2 occurs between P2 and P3, hence validating the results from the wake measurements (Section 3.2).

From a general point of view, the comparison between the two techniques seems relatively consistent. However, it is
possible to note that the spectra from the pressure measurements are much narrower than that of the HWA, especially for
the lowest ring R1. Conversely, the spectrum estimated with the HWA appears quite broad, particularly for the frequency
range beyond its peak. Indeed, the corresponding descending slope is less steep than the ascending one, and it appears to
embrace also the whole energetic contribution displayed by the superior rings (i.e., R3, R4). The different shapes obtained
by using the pressure taps or the hot-wire anemometer might reflect the difference between the level of interference
of the measurements and the wake downstream. In fact, the acquisition of the rings is subjected to a low level of
interference, while the HWA, placed 50 cm downstream, is positioned in the far-wake, since the typical length required
for the formation of the vortices is 2.5 Dref .

Once established a link between the HWA and pressure taps measurements, the focus now moves to an in-depth
analysis of the latter ones, in particular concerning a wind velocity related to the highest structural response (i.e., Region
3). In doing so, Fig. 16a reports the relevant spectra in the alongwind direction, thus reporting the spectra of the associated
time-history of the drag coefficient Eq. (1a). Likewise, Fig. 16b presents the corresponding spectra in the crosswind
direction (i.e., spectra of the lift coefficient, Eq. (1b)). Fig. 16c singularly reports the estimated crosswind spectra for each
of the rings for the sake of clarity.

The analyses of the spectra related to the alongwind direction do not present any peak. This is strictly associated with
the effect of the taper (see, e.g., Chen et al., 2021a,b). Conversely, the analyses of the lift coefficient immediately reveal the
presence of spectral peaks, at a frequency slightly higher than n0. Fig. 16c clarifies the obvious presence of a resonance
occurring at R1 and R2, which share the same shedding frequency, 9.27 Hz. This outcome points out the cellular nature of
the vortex-shedding. Nevertheless, the spectrum from R2 is less sharp and lower. When moving to the upper part of the
instrumented portion of the model, Fig. 16b–c indicate that R3 displays the presence of several peak, suggesting that this
structural height does not belong anymore to the previous vortex cell, but rather it lies in a transition zone. Moreover, the
shape of the spectrum does not seem to decrease once the value of 10 Hz is approached, possibly linked with a different
vortex cell associated with a higher part of the model. This hypothesis is confirmed by observing the spectrum of the last
ring (R4), which indicates a modest peak sitting around 12.25 Hz. It is worth noting that these considerations were made
15
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Fig. 16. Spectral content estimated from the four rings of pressure taps, for U/(n0Dref ) ∼ 9.6: (a) alongwind direction; (b) and (c) crosswind direction.
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possible by the simultaneity of pressure taps measurements, which therefore not only confirmed but also enhanced the
preliminary findings obtained from HWA acquisitions.

This result can be evidenced by using the continuous wavelet transform (see, e.g., Buresti et al., 2004; Guo and Kareem,
016), a technique that is well-consolidated for mechanical identification (e.g., Huang and Su, 2007) and that is becoming
ore and more popular also in structural engineering, e.g., to detect changes in the mode shapes (Solìs et al., 2013).
nlike the discrete transform, the continuous wavelet transform does not have an orthogonal representation, resulting
n redundancy. The continuous transform offers, however, a stable representation and allows for the flexibility to select
avelets that possess desirable properties for interpreting the results and applying dynamic filters (e.g., Brusco et al.,
022b). In particular, the complex Morlet wavelet (e.g., Mariotti, 2018) is employed as follows:

ψ(t) = eiω0te−t2/2. (2)

The Morlet wavelet has an optimal joint time–frequency concentration and provides an excellent compromise between
ime and frequency resolution. Its output is complex, and if the values of its square modulus are integrated in time,
wavelet spectrum is obtained (e.g., Mariotti and Buresti, 2013; Mariotti et al., 2017), which may be shown to be

onnected with the Fourier power spectrum averaged by the power spectrum of the wavelet. Particularly for highly
on-stationary and modulated signals, the wavelet spectra are smoother than the Fourier spectra and the dominating
requencies may better be highlighted without the necessity of any averaging procedure (which is instead required for
he Welch’s technique). The wavelet power spectrum can thus be evaluated as:

Px,W (a) =
1
Cψ

∫
+∞

−∞

|Wx(a, τ )|2dτ . (3)

The wavelet transform may also be used to characterize the correlation between two signals, providing not only the
ime variation of the frequencies simultaneously present in the two signals that contribute to their correlation, but also
he phase between the fluctuations at those frequencies. Indeed, if Wx (a, τ ) and Wy (a, τ ) are, respectively, the wavelet
ransforms of two signals x(t) and y(t), the wavelet cross-scalogram Wxy (a, τ ) (Onorato et al., 1997) may be defined as
follows:

Wxy (a, τ ) = W ∗

x (a, τ )Wy (a, τ ) . (4)

The real part of the cross-scalogram is the co-scalogram CoWxy, which gives the time variation of the contribution of each
scale to the correlation between the two signals.

We may then introduce a wavelet local correlation coefficient (Buresti et al., 2004):

WLCC (a, τ ) =
ReWxyCoWxy (a, τ )

|Wx (a, τ )|
⏐⏐Wy (a, τ )

⏐⏐ , (5)

hich provides the time-local contribution of each frequency present in x(t) and y(t) to their correlation coefficient.
ccordingly, its values are comprehended between −1 and +1. In particular, the correlation analyses have been carried
ut in the following between the signals acquired by R1 and the other rings. Synthetically, the results may be expressed
y the time-averaged values of the WLCC , indicated as WLCC .
Applying Eq. (3) by selecting ω0 = 6π (to increase the resolution in frequency, e.g., Brusco et al., 2022a), Fig. 17 reports

the wavelet power spectra corresponding to the case of Fig. 16b.
The smoothness characterizing the wavelet technique allows one to identify the presence of a vortex-shedding cell

interesting the rings R1 and R2 in an even clearer way. Indeed, the spectral peaks of the three rings towards the bottom
(R1, R2, R3) of the model basically coincide, sitting on ∼ 9.3 Hz. However, if the spectra linked with R1 and R2 exhibit
a single peak, this is no longer true for R3, which is characterized by a second harmonic content, detectable around
∼12.2 Hz. This second peak appears to be enhanced when moving to the analyses of R4, in which the spectral content
seems definitely switched towards a higher range, hence confirming, and indeed clarifying, the findings of Fig. 16c.

Focusing again on the selected value of U/(n0Dref ) ∼ 9.6 Fig. 18 shows the results concerning WLCC , pointing out
that the correlation between the lift coefficients linked with R1 and R2 is dominated by a peak close to the natural
frequency (WLCC(9.21 Hz) = 0.88). When the correlation moves between the levels R1 and R3, the curve becomes
latter, but it still presents its peak in the same frequency as in the previous case (WLCC(9.21 Hz) = 0.53). Conversely,
he contribution to the correlation between R1 and R4 is strongly mitigated (WLCC <0.25 at each frequency). These
bservations encompass a set of information that goes beyond a simple correlation coefficient, whose action inherently
ilters out the different sources of energy that contribute to the final correlation. If one evaluates this coefficient for the
hree aforesaid correlations, the values 0.13, 0.04 and 0.03 would be obtained.

Until now, the square modulus of the transform has been used to derive the wavelet power spectrum. Nonetheless,
ts analysis may be instrumental to develop dynamic filters of the lift coefficient time-histories Eq. (1b), allowing the
efinition of the part strictly relevant to vortex-shedding and its separation from the one linked with turbulence. This
ay be done by choosing a threshold value of the energy and applying it to the map: the values above the threshold are

dentified and maintained for further analyses, while those below it are put to zero. Consequently, the inverse transform
s applied, and the extracted signal is equivalent to the application of a particular band-pass filter with continuously
17
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Fig. 17. Wavelet power spectra of the lift coefficients of the pressure rings for U/(n0Dref ) ∼ 9.6.

Fig. 18. WLCC for the lift coefficients of the pressure rings for U/(n0Dref ) ∼ 9.6.

arying multiple bands (e.g., Brusco et al., 2022b,a). For the case of interest, these will be focused on the vortex-shedding
requency.

By analysing the wavelet map of the lift coefficient time-histories of the different rings, it was found that setting a
hreshold equal to the 45% of the mean energy of the map (studied between 2.5 and 45 Hz, to filter out the presence
f turbulence and to isolate the vortex-shedding contribution) was leading to a satisfying result. Nevertheless, analyses
or different values of the threshold were carried out as well, verifying the similarity of the outcomes. Fig. 19 shows 2
elected seconds (42–44 s) of the time-histories of the lift coefficients estimated from the four different rings (from top
o bottom: R1 to R4), newly for U/(n0Dref ) ∼ 9.6. The original versions, cL, are overlapped by the filtered counterparts,
cL,W (where the subscript W recalls they have been obtained through wavelet-based procedures).

From this analysis, it is possible to estimate the numerical quantities of the standard deviation of cL,W , revealing that
these values are strongly reduced if compared with the case of a two-dimensional cylinder. For example, the standard
deviation of the coefficient for R1 is 0.06 (Fig. 19a). Once moving to the higher part of the model (i.e., Fig. 19b–c–d), a
reduction of the magnitude is observed, likely to be induced by a more pronounced random regime of the vortex-shedding
(which is evident from the sequence shown in Fig. 19a–b–c–d).
18
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Fig. 19. Original lift coefficient time-histories (black) and filtered version (grey) for U/(n0Dref ) ∼ 9.6: (a) R1, (b) R2, (c) R3 and (d) R4.

Moving to the analyses of the mean pressure distribution, the evaluation of the j-th mean pressure coefficient may be
ackled by the following equation:

cP,j(t) =
pj (t)− ps

1
2ρU

2 , (6)

where pj is the wind pressure time–history acquired by the j-th pressure tap, and ps is the mean static pressure provided
y the upstream Pitot-static tube.
Fig. 20 reports through grey triangles (Wind Tunnel Tests, WTT, R4) the mean pressure coefficient cP distribution

estimated in R4 for U/(n0Dref ) ∼ 9.6. The ordinate ranges from −180 to +180 degrees, and its midpoint portrays the
ocation of the stagnation point. The same graph also encloses (black circles) the pressure distribution corresponding to
19
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Fig. 20. Comparison between the mean pressure distribution for a 2D circular cylinder (ESDU 80025, 1986) and the one acquired in R4 for
U/(n0Dref ) ∼ 9.6.

parallel-sided circular cylinders, estimated through ESDU 80025 (1986) for the same Reynolds number. By comparing
the distributions, it stands out that all the taps in the afterbody are featured by a reduced suction if compared with the
two-dimensional case.

This remark anticipates a strong reduction of the drag coefficient (Eq. (1a)) if compared with a two-dimensional case.
ndeed, the corresponding estimated mean values from the different rings (in average ∼0.90) entail a reduction of 25%
f compared with those typical for parallel-sided circular cylinders (i.e., ∼1.2, e.g., Blevins, 2001). A similar conclusion is
ound when comparing the standard deviation of the lift coefficient in the two conditions. Indeed, a typical value for a
wo-dimensional configuration and the same Reynolds number, is almost 0.5 (see, e.g., ESDU 96030, 1998). Even taking
he potential three-dimensional effects related to the finite length of the model into account (e.g., ESDU 96030, 1998 for
he lift coefficient, or ESDU 81017a, 1987, for the drag coefficient) seems not to justify this strong reduction.

On the other hand, these coefficients may also be compared with the few contributions in scientific and technical
iterature concerning tapered circular cylinders. Specifically, the mean drag coefficients seem to be lower than what
rovided by ESDU 81017a (1987), which predicts a reduction of 10% of the two-dimensional reference for circular
tructures characterized by a taper ratio equal to 8% of its diameter. This discrepancy may be due the complexity of
he wind field at the bottom of the model due to the downward flow directions below the stagnation streamline near
he structure along with resulting horseshoe vortices (e.g., Baker, 1979; Wang and Kopp, 2021). On the other hand, it
eems coherent with the outcomes highlighted by Vickery and Clark (1972). As concerns the lift coefficient, the values
eported about Fig. 19 resemble those found by Vickery and Clark (1972), although somehow smaller, likely because of
he higher level of the taper herein documented. Another quantity to be checked regards the position of the vortex cell
n resonance with the structure, leading to the maximum response. According to the predictive equation proposed by
ickery and Clark (1972), this position should be located at the height for which the derivative with respect the vertical
xis z of the diameter raised to the fourth power, multiplied by the crosswind displacement (herein identified by the
odal shape ψy), is null. Applying this technique, this height results at 375 mm in the case under investigation, which
lmost coincides with the position ring R1, whose local excitation was indeed found to lead to the maximum structural
esponse.

. Conclusions and future perspectives

In the present paper, the outcomes of a wind tunnel test campaign carried out on a highly tapered circular cylinders in
mooth conditions are reported. In particular, the experimental campaign seeks to link the studied case with milestones
rom wind engineering concerning VIVs for tapered circular-shaped systems (Scruton, 1956, 1963; Vickery and Clark,
972, although all characterized by a lower taper ratio), as well as to point out the cellular nature of the vortex-shedding
hat occurs in their wake.

Dynamic and static tests have been performed on the structure, by using of different and appropriate instrumentation
ccording to the object of the investigation, which firstly focused on the global behaviour and subsequently moved to
ocal analyses.
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The high value of taper reduces the regularity of the detachment of the vortices, which is known to directly affect
he values of the non-dimensional aerodynamic coefficients, which may become lower if vortex-shedding is not well-
eveloped (Buresti, 1998). The lift force correlation and displacements in the crosswind direction indeed result strongly
educed when compared with results for parallel-sided cylinders tested at similar Reynolds number (e.g., Lupi et al., 2021).
he same observation applies to the values of the mean drag coefficients as well. Nonetheless, the peculiar shape of the
esponse curve (exhibiting three different regions) highlights that the wind velocity range associated with VIV is broader
ompared with the case of a parallel-sided cylinder. The whole of these results may be attributed to the presence of a
ellular vortex-type field, which significantly influences the global dynamic response of the structure. The local excitation
f the different cells leads to different response regimes, as reflected by the relevant time-histories and peak factors. The
ocal resonance of a cell closer to the top of the model (associated with an amplification of the response occurring at
ower wind velocities) is linked with regimes that look to be quite deterministic, whereas a vibration regime with more
andom characteristics is noted when the excited cell moves towards the bottom of the structure (higher wind velocities).
ccordingly, this is also testified by the role of the damping ratio, whose increase appears to be strongly efficient for the
itigation of the first two structural peaks, while its effect is not that pronounced for the reduction of the third one. The

aper is instrumental in framing the vortex-induced response in the local excitation of selected portions of the model.
hen the wind velocity is low, the excited region is close to the top of the model, being characterized by a large value of

he modal amplitude, thus favouring potential aeroelastic effects. However, these are strongly mitigated because of the
mallness of the cells and the reduced amount of energy associated with the low wind speed. On the other hand, when
he wind velocity is increased, the excited region moves to the bottom of the structure and therefore the vortex cell is
ikely to become larger, being the local diameter larger. Despite the associated limited value of the modal amplitude and
he more random nature of the response, the relevant displacements are higher than those induced by the (aeroelastic)
xcitation of the upper part of the model due to the higher flow velocity. The preliminary position of this last cell has
een detected through the hot-wire anemometer, and this location has been encompassed with the installation of four
ings of pressure taps. The linked measurements clarified that its resonance with the structural natural frequency was
ssociable with the maximum response, confirming the preliminary hot-wire anemometer outcomes. This position seems
o be predicted also by using the indications provided by Vickery and Clark (1972), therefore verifying their formulation.
his outcome is promising as it allows for a preliminary assessment of the height of the critical cell and its associated
ynamic response, to be verified in further investigations. Furthermore, the corresponding reduced values of the mean
rag coefficient and standard deviation of the lift coefficient highlight a significant mitigation of the vortex-shedding
henomenon when compared to the two-dimensional configuration. This effect is likely attributed to the high taper ratio
f the investigated element.
Wind codes and guidelines hardly provide support for engineers for the design of tapered structures, whose behaviour

o wind actions does strongly differ from a parallel-sided cases. The data herein gathered might serve as a stimulating
nput for analysing tapered structures characterized by different taper ratios and slenderness, especially with the aim of
mproving the knowledge of parameters relevant to vortex-shedding (e.g., limiting amplitude, standard deviation of lift
oefficient, drag coefficient). Additionally, these findings could have potential applications in the calibration of reduced-
rder models, as explored in previous studies (e.g., Basu and Vickery, 1983; Vickery and Basu, 1983; ESDU 96030, 1998;
agnini et al., 2020; Guo et al., 2021), the improvement of which appears crucial for the optimization of structural
ehaviour to wind loads (e.g., Zuo and Letchford, 2010). Future experimental campaigns should focus on in-depth studies
f the cellular nature of the vortex-shedding generated by such structures, by employing advanced flow visualization
echniques such as PIV.
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