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The impact of several ‘flavours’ of free-stream turbulence (FST) on the structural
response of a cantilever cylinder, subjected to a turbulent cross-flow is investigated.
At high enough Reynolds numbers, the cylinder generates a spectrally rich turbulent
wake that contributes significantly to the experienced loads. The presence of FST
introduces additional complexity through two primary mechanisms: directly, by imposing
a fluctuating velocity field on the cylinder’s surface, and indirectly, by altering the
vortex shedding dynamics, modifying the experienced loads. We employ concurrent
temporally resolved particle image velocimetry and distributed strain measurements using
Rayleigh backscattering fibre optic sensors to instrument the surrounding velocity field
and the structural strain respectively. By using various turbulence-generating grids, and
manipulating their distance to the cylinder, we assess a broad FST parameter space
allowing us to explore individually the influence of the transverse integral length scale
(L13/D) and turbulence intensity of the FST on the developing load dynamics. The FST
enhances the magnitude of the loads acting on the cylinder. This results from a decreased
vortex formation length, increased coherence of regular vortex shedding, and energy
associated with this flow structure in the near wake. The cylinder’s structural response
is driven mainly by the vortex shedding dynamics, and its modification induced by the
presence of FST, i.e. the indirect effect outweighs the direct effect. From the explored FST
parameter space, turbulence intensity was seen to be the main driver of enhanced loading
conditions, presenting a positive correlation with the fluctuating loads magnitude at
the root.
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1. Introduction
Free-stream turbulence (FST) plays a pivotal role in a broad range of engineering
applications, influencing the lifetime and performance of structures in several situations.
Fuel elements in nuclear reactors (Wang, Wong & Zhou 2019), wind turbines in wind
farms (Chamorro & Porté-Agel 2011; Stevens & Meneveau 2017) and buildings in cities
(Nakayama, Takemi & Nagai 2011) are often designed to accommodate the effects of FST.
The widespread presence of FST in natural flows also influences how trees grow in forests,
and is relevant to predicting forest damage induced by climate change and the modification
of wind conditions (Sellier, Brunet & Fourcaud 2008). The structures listed above share a
common feature: they act as bluff bodies. When structures are exposed to a cross-flow, an
unsteady flow is generated, exposing them to the phenomenology of the developing flow.
The study of the flow around bluff bodies holds paramount significance in fluid mechanics,
spanning several decades.

The cross-flow over a circular cylinder, a quintessential bluff body, has been a focal
point of intensive research spanning numerous works due to its duality in the simplicity
and complexity of the occurring flow phenomena. Pioneering contributions by Roshko
(1954) and Gerrard (1965) elucidated the fundamental aspects of vortex formation,
wake characteristics and flow-generated loads on this body. The comprehensive reviews
of Bearman & Morel (1983) and Williamson (1996) further distil this knowledge.
The Reynolds number plays a pivotal role in the development of the flow conditions. After
a specific regime, the interplay between a cylinder’s free shear layers gives rise to regular
vortex shedding. This phenomenon ends up dominating the loading events experienced by
the cylinder exposed to the cross-flow. Regular vortex shedding engenders a mean drag
force and a temporal oscillation of lift and drag, generated by the oscillating pressure field
developing around the cylinder.

A general case of the flow around a circular cylinder is the flow around finite cylinders
(Okamoto & Yagita 1973; Farivar 1981; Uematsu, Yamada & Ishii 1990; Fox & Adcroft
1993; Fox & Apelt 1993a,b; Porteous, Moreau & Doolan 2014; Crane et al. 2021; Essel,
Tachie & Balachandar 2021). Besides the dependence on the Reynolds number (Re), the
flow is highly sensitive to the cylinder’s aspect ratio L/D. The three-dimensionality of
this flow is frequently met in several engineering applications, such as wind turbine masts
or building wakes (Wang et al. 2018; Wang & Fan 2019), where the three-dimensional
(3-D) free-end effects generate a more complex shedding process than the classical
two-dimensional (2-D) flow case (Crane et al. 2021). Porteous et al. (2014) provided a
comprehensive review of several models to describe the wake topology of such flows, and
Essel et al. (2021) analysed how different aspect ratios influence the shedding from the
cylinder. Furthermore, Fox & Apelt (1993a,b) and Fox & Adcroft (1993) explored the
effects of different aspect ratios on the loads experienced by the cylinder, analysing the
sensitivity of the flow to the aspect ratio. In addition, Okamoto & Yagita (1973) verified
that the introduced vorticity and entrainment near the wake by 3-D flow events acting on
the wake relieve some low pressure in the wake, decreasing the drag of the cylinder when
compared to an infinite cylinder. Overall, this generates an inhomogeneous shedding of the
von Kármán street, where the energy and coherence of this flow structure grows towards
the root, imposing obliqueness into the vortex shedding. Depending on the aspect ratio
of the cylinder, the shedding process of the cylinder changes severely. In our experiment,
the cylinder is set with aspect ratio L/D ∼ 10. In these conditions, two cellular shedding
regions develop along the cylinder, with longitudinal streamwise vortices forming close to
the free end of the cylinder. Away from these and closer to the root, the shedding process
is characterised by regular vortex shedding (Porteous et al. 2014).
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The presence of FST has been associated with a modification of the entrainment
of momentum, energy and mass into the near and far wakes of a circular cylinder
(Kankanwadi & Buxton 2020, 2023; Chen & Buxton 2023). The increase of the integral
length scale (L) in the turbulent free-stream past a cylinder has been associated with
promotion of large-scale engulfment in the near wake. Contrastingly, the increase of
turbulence intensity (TI) in the free-stream has been associated with a reduced entrainment
rate in the far wake of a cylinder (Kankanwadi & Buxton 2020), and with an increase of
vibrations and forces experienced by bluff bodies (Bearman & Morel 1983; Wang et al.
2019). This is in line with the reported decrease of the recirculation region and extent of the
vortex formation region, pulling low-pressure vortex cores closer to the cylinder (Norberg
& Sunden 1987; West & Apelt 1993). Furthermore, the presence of FST influences the
development of the shear layers, modifying the position of the flow separation points over
the surface of the cylinder (Bearman & Morel 1983; Zdravkovich 1997), which in turn
modifies the wake expansion and evolution when compared to cases where no FST is
present. Maryami et al. (2020) showed how FST influences the aerodynamic performance
of a double fixed cylinder. Combining the usage of sets of turbulence-generating grids and
pressure transducers over the cylinder’s spanwise extent, the authors reported an increased
extent of spanwise correlation at the regular vortex shedding frequency with an increase
of TI.

The FST has been associated with an increased vibration, and larger fluctuating loads
on bluff bodies under cross-flows (Bearman & Morel 1983; Uematsu et al. 1990; Wang
et al. 2019; de Oliveira et al. 2024; Ramesh, Morton & Yarusevych 2024). We may
separate the impact of FST on the loads acting over a wake-generating body into two
effects: a direct impact by introducing an increasingly energetic fluctuating velocity field
into the free-stream, immediately impacting on the windward surface of the body; and
an indirect impact, modifying the regular shedding process within the cylinder’s wake
thereby impacting on the dynamic load experienced by it. The work of G. de Oliveira
et al. (2024) analysed the response of a cantilevered cylinder exposed to FST, and in
this work, the authors identified a stronger correlation of the structural dynamics to the
modification of vortex shedding when compared to a case without the presence of FST,
this flow structure being the most relevant to the structural response of the cylinder.
Ramesh et al. (2024) also reported an increased energy of regular vortex shedding with
the introduction of moderate levels of FST. The influence of FST on bluff-body flows
is often characterised by both TI and L, yet most studies have primarily focused on TI
effects. However, turbulence length scales play a crucial role in governing flow separation,
wake development and unsteady loading. Studies such as Bearman & Morel (1983) and
Kankanwadi & Buxton (2023) demonstrated that vortex shedding is significantly altered
when L/D > 1, leading to an enhanced energy content of the near-wake coherent vortex
structures. Surry (1972) investigated the effects of high-intensity, large-scale FST on a
circular cylinder at subcritical Reynolds numbers. The author reported that large-scale
turbulence can mimic an increase in the effective Reynolds number, shifting separation
points and altering vortex shedding. Norberg & Sunden (1987) observed that the vortex
formation length is influenced by a combined effect of L/D and TI in the free-stream, with
larger turbulence scales leading to a reduced vortex formation length, and consequently
stronger fluctuating forces on the cylinder. Moreover, Maryami et al. (2020) reported that
increasing L/D and TI in the free-stream resulted in a longer spanwise correlation length
at the vortex shedding frequency, along with higher energy levels and broader spectral
peaks associated with this flow structure. Given the range of length scales present in
natural and engineering flows, understanding their effect is critical when extrapolating
results to real-world applications, such as atmospheric boundary layer interactions with
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buildings or wind turbines. We explore in depth the impact introduced by different FST
‘flavours’, isolating the impact of both L/D and TI, and the different dynamics imposed,
which then correlate flow to the structural dynamics.

To measure flow-induced loads, load cells, strain gauges, microphones, pressure taps or
pressure transducers are often employed. Load cells are usually connected to the bases of
bodies, so are thus restricted to measuring the integrated effect of flow events occurring
over the entirety of the body, and pressure taps and pressure transducers as used by
Maryami et al. (2020) allow the acquisition of spatially distributed information, at the
expense of complicated and burdensome set-ups. To obtain the strain field of submerged
structures (in water), strain gauges are deemed unusable unless using waterproof coatings,
which end up affecting the aerodynamic profile of the body. Fibre optic sensors (Zhou
et al. 1999; Jin et al. 2000; Xu & Sharif Khodaei 2020; de Oliveira et al. 2024) have
the potential to overcome this problem. Their dimensions and small weight have been
proven to have a negligible effect on the structural response, and developing flow field
(Zhou et al. 1999). In the current experimental campaign, we employ novel fibre optic
Rayleigh backscattering sensors (RBS) (Xu & Sharif Khodaei 2020; de Oliveira et al.
2024; Li & Sharif Khodaei 2025) to obtain the structural response of a cantilevered
cylinder to different free-stream and flow conditions, along the spanwise direction of the
structure. Fibre optic sensors have been used previously to instrument flow-induced strain
over submerged structures (Zhou et al. 1999, 2001; Jin et al. 2000; Wang et al. 2019;
de la Torre et al. 2021). This type of sensor has shown its compatibility to accurately
represent the bending displacement on a structure induced by a cross-flow, with and
without the presence of FST, and within the neighbouring regions of other bluff bodies
(Zhou et al. 2001). The RBS rely on an optical frequency-domain reflectometry (OFDR)
system, which exploits the Rayleigh backscattering spectrum occurring in the single mode
fibres generated by random modulation of the refractive index profile along the length of
the fibre yielded by the local strain field, to instrument and capture details of the structural
response of the analysed body. The modulation of the refractive index within different
positions of the fibre changes according to the response of the structure to which the fibres
are integrated, allowing the assessment of the structural behaviour of different bodies
subjected to the different dynamic conditions (Xu & Sharif Khodaei 2020; Li & Sharif
Khodaei 2025). These measurements can be correlated directly to local strain/stresses
experienced by the structure. In addition, thanks to the high spatial resolution and large
extent of the fibres, we are able to easily instrument 520 sensing points with resolution
2.6 mm using a single channel. This strain can then be directly correlated to the local
loads acting on the structure.

The present investigation sheds light on how different FST conditions modify the
developing flow around a cantilevered cylinder with aspect ratio L/D ∼ 10, and how these
modifications impact on experienced loads. This is done by combining an RBS network
and 2-D particle image velocimetry (PIV) simultaneously, allowing us to spatially and
temporally resolve the strain and flow field surrounding the cylinder. This novel technique
was developed in de Oliveira et al. (2024). By doing this, we are able to assess different
flow conditions and their respective impact on the structural response of the cylinder.
The 2-D PIV captures the flow in two transverse planes to analyse how FST affects the
shedding events of the cylinder, and to analyse how the flow structures captured in these
planes map to the structural response of the body. The influence of FST on the flow and
structural response of the cylinder was analysed by exploring the TI and integral length
scale L13/D space upstream of the cylinder. Furthermore, the used fibre optic strain
sensing network allows us to distinguish the strain experienced locally by the cylinder
upstream and downstream of the position of the time-averaged shear layer separation,
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enabling us to differentiate the effects of the modification of the near wake (by the FST)
from the direct impact of the FST on the cylinder.

To summarise, we aim to answer the following questions. (i) How do different flavours
of FST influence the fluctuating loads experienced by a cylinder in a turbulent cross-
flow? (ii) Which of the mechanisms generated by the presence of FST (direct and indirect)
translates to larger load dynamics on the cylinder? (iii) How does FST impact the spatial
and temporal coherence of the loads along the cylinder’s spanwise extent? (iv) What are
the key flow-induced mechanisms that govern the structural response under different FST
conditions?

Following this introduction, § 2 details the experimental apparatus and methodology
used to obtain the current set of data. Major obtained results and conclusions are presented
throughout §§ 3–6. Section 8 presents a summary of the outcome of this experimental
campaign.

2. Experimental methodology
The experimental campaign was conducted in the hydrodynamics flume of the Department
of Aeronautics at Imperial College London. A novel combination of concurrent
measurements of RBS and PIV was employed. Readers are referred to de Oliveira et al.
(2024) for more details on the used methodology. The water tunnel was kept at constant
cross-section 58 × 60 cm2 during the experiments. The test specimen consisted of an
acrylic cylinder with D = 50 mm diameter and 2.5 mm wall thickness (lt ). The cylinder
was submerged with 95 % of its body underwater, representing wet length ≈ 500 mm
(see figure 1). During the submersion of the cylinder, the cylinder was also filled with
water to eliminate buoyancy effects. The tip of the cylinder was kept at distance 80 mm
away from the bottom of the tunnel, allowing the development of tip vortices and their
respective wake advection towards the fixing root of the cylinder. The distance to the
bottom of the flume also allowed the bottom wall boundary layer to develop without
interacting with the cylinder. The cylinder was fixed as a cantilever, restraining any
rotation and movement at the root. The incoming velocity without the presence of the
turbulence-generating grids was U1a = 0.46 m s−1, setting the Reynolds number based on
the cylinder’s diameter to Re ≈ 23 000. Surface deformation is not expected to interact
with the developing flow dynamics over the cylinder as the computed Froude number was
kept to Fr ≈ U1/

√
g × H ≈ 0.2 (Cicolin et al. 2021). Two PIV fields of view (FOVs)

were captured for each of the tested FST conditions, with concurrent strain data. In each
run, the flow was initiated by gradually increasing the speed of the flume until the desired
flow velocity was achieved. Data acquisition was triggered once the flow had reached
a stable state. The Strouhal number is henceforth defined as St = f × D/U1, where
U1 corresponds to the incoming mean velocity under each experimental FST condition.
This definition takes into account the dynamic modification introduced by an increase
in the incoming mean velocity field, caused by the pressure drop introduced by the
presence of the turbulence-generating grid, which yields a small decrement of the water
depth. The experienced free-stream velocities for each of the tested cases are presented
in table 2. The averaged experienced Reynolds number by the cylinder was Re ≈ 26 000.
The maximum free-stream velocity experienced by the cylinder was U2a = 0.6 m s−1. The
cylinder’s drag regime thus did not change throughout the test cases reported. The used
Cartesian system is centred at the top of the cylinder, on the rear face of its fixing region
(see figure 1), and the fluctuating velocity components obtained by applying a Reynolds
decomposition to the flow velocity corresponding to (x, y, z) will herein be referred to as
ui , where i ∈ {1, 2, 3}.
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Figure 1. (a) Experimental schematic layout: fibre optic sensing path, fields of view captured, and
representation of the main flow events over the cylinder. Both endings of the cylinder are flat-bottomed,
and the top of the cylinder is mounted directly to the frame above the water tunnel. The Cartesian spatial
coordinate system is represented in the figure, where y corresponds to the spanwise direction of the cylinder,
x to the streamwise direction, and z to the transverse direction of the flow. (b) Polar location, and respective
nomenclature, for the fibre path.

Following Kankanwadi & Buxton (2020, 2023) and Chen & Buxton (2023), we change
the FST conditions to which the cylinder is exposed by manipulating the TI (TI =√

(u2
1 + u2

3)/2/U1) and integral length scale (L13/D = ∫ ri
0 R13(r) dr/D) of the incoming

flow. The cylinder was then exposed to different ‘flavours’ of FST, by exploring the
FST parameter space (TI,L13/D). In the previous definitions, ui corresponds to the
velocity fluctuations, R13 corresponds to the autocorrelation function between u1(x, z) and
u1(x, z + r), and ri corresponds to the first zero crossing position of the autocorrelation
function. These statistics were computed 2D upstream of the cylinder. This ensures that
the measured FST characteristics accurately represent the true flow conditions influencing
the cylinder, while minimising direct interference from the cylinder itself.

Figure 2(a) details the nine ‘flavours’ of FST considered, computed from the PIV
snapshots from FOV A. Details of the turbulence-generating grids, and the distances
between these to the location of the cylinder, thereby producing the various ‘flavours’
of FST documented in the FST parameter map of figure 2(a) are presented in Appendix A.
Table 2 presents the averaged free-stream velocities for each of the explored cases
represented. The test cases were grouped with respect to their TI levels, representing
low, moderate and high TI conditions – respectively, groups 1, 2, 3. This was done to
individualise, within each group of similar TI, the relative influence of L13/D on the
experienced loads by the cylinder. Figure 2(b) corresponds to two instantaneous snapshots
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Figure 2. (a) The FST (L13/D, TI %) parameter space tested. Groups are defined based on their TI, to explore
within each group the effect of increasing L13. (b) Velocity magnitude from PIV snapshots captured in FOV
A for the FST conditions described by cases 1a, no FST, and 3b, high TI and L13/D ≈ 0.5. The black circle
corresponds to the position of the cylinder during the experimental tests, and the grey region to the shadow
originating from the positioning of the cylinder with respect to the laser sheet.

captured by FOV A, for cases 1a and 3b. The largest integral length scale achieved in the
free-stream of the cylinder is smaller than 1D, thus the outcome and statements provided
in this work are applicable to FST conditions in which L13 is smaller than the reference
length scale of the bluff body. Larger integral length scales were not tested to preserve
uniformity of the temporally averaged flow upstream of the cylinder. The results of this
study should not, therefore, be extrapolated to FST conditions in which the integral length
scale is larger than the reference length scale for the body. This ensured a maximum
gradient 10 % of the incoming temporally averaged velocity fields, across the transverse
plane of the cylinder. For the remainder of the paper, Ui refers to the velocity field as
captured in the PIV FOV, and ui refers to the fluctuating velocity field after applying a
Reynolds decomposition, removing the time-averaged velocity Ui from Ui . In addition to
generated FST, the presence of the turbulence-generating grids accounts for an increase of
the incoming mean velocity, caused by the increased blockage introduced by the presence
of an obstructing element to the flow.

2.1. Temporally resolved 2-D PIV
The analysis of the flow developing around the cylinder was achieved by performing
2-D PIV in two different planes, at two different spanwise locations. This was done
to document how the different spanwise cellular shedding mechanisms influenced the
structural response, and how they were affected by the presence of FST. The FOV A
was located at y/D = 3.4, away from the 3-D flow effects developed at the free end of
the cylinder characterising the regular vortex-shedding cell at the midspan (Porteous et al.
2014). The FOV B was at y/D = 7.4, characterising the longitudinal tip vortices shed from
the free end of the cylinder. Table 1 outlines the experimental details of the resolution and
acquisition of the PIV. For both FOVs, the streamwise and transverse extent was similar.
Both FOVs documented the region upstream and downstream of the cylinder. The region
downstream of the cylinder was large enough to capture the development of the near-wake
of the cylinder, which in this work is considered to extend up to the vortex formation
length.
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FOV Spanwise position FOV dimensions �x NV S

A y = 3.4D −4.7 < x/D < 7.4, −2.5 < z/D < 2.2 0.024D ≈ 250
B y = 7.4D −4.1 < x/D < 7.4, −2.2 < z/D < 1.8 0.020D ≈ 250

Table 1. Experimental conditions for the different captured FOVs. Here, �x and NV S correspond, respectively,
to the spatial resolution of the experiments for each acquired FOV, and the number of vortex-shedding cycles
captured.

The illumination source for the PIV measurements was a high-speed Litron LDY304
Nd:YLF laser, operating at 1000 Hz. The images were acquired with two Phantom V640L
cameras. The resulting FOVs resulted from the combination of the two velocity fields
acquired, mapping the velocity field into the same coordinate referential. The cameras
acquired a total of 12 372 images each, at full resolution (2560 px × 1600 px), with
acquisition frequency facq = 50 Hz. This resulted in ≈ 125 s of data acquisition, and
≈ 250 vortex shedding cycles. The cameras were connected to two 50 mm Nikkor lenses,
set with aperture f # = 2.8. The resulting images were processed employing a multi-pass
PIV algorithm, to estimate the average particle displacement per interrogation window.
Fourpasses were used, starting with a 32 × 32 window, ending with a 16 × 16 window,
with a 50 % overlap region in each interrogation step. The spurious vector field was
identified with a local 5 × 5 mean test. The number of spurious vectors in the used
snapshot groups was less than 1 %, and each vector, after identification, was recomputed
by a linear interpolation of the neighbouring vector field. To reduce the uncertainty in
the estimation of turbulence characteristics, the recursive PIV processing was employed
with an initial window size significantly smaller than the dominant structures present
in the flow (Scharnowski, Bross & Kähler 2019). Furthermore, we have ensured that
there was no peak-locking (Christensen 2004; Scharnowski et al. 2019), by using a set
of high-quality lenses and cameras placed in close proximity to the FOV, and fine-
tuning the PIV set-up for optimal conditions. Additionally, spectral denoising techniques
were employed to improve the estimation of turbulence characteristics from the PIV
data. Specifically, we filtered the velocity spectra to remove high-frequency noise that
arises from measurement uncertainties, preventing the artificial inflation of small-scale
turbulence statistics. This ensures a more accurate representation of the energy distribution
across scales, reducing bias in integral turbulence metrics.

2.2. Concurrent RBS measurements
The RBS were integrated onto the cylinder’s surface, as represented in figure 1, to
accurately interrogate the structural response of the cylinder subjected to the different FST
‘flavours’. The fibre optic sensing range was entirely submerged, and the polar positions
of the fibres were set using an optical rotating table. The strain data were acquired with the
OFDR system developed by LUNA Ltd (ODiSI-B). Single-mode fibre optics were used as
RBS in this study, to interrogate the cylinder’s strain response along its spanwise direction.
The sensing network configuration enables the assessment of the direct impact of FST
(on the windward face of the cylinder) through consideration of the distinct interactions
between the wake and free-stream conditions, and the leeward (θ±135◦

f ) and windward

(θ±45◦
f ) fibres attached to the cylinder (de Oliveira et al. 2024).
The strain data were acquired at frequency 50 Hz, and filtered with a low-pass filter

at 15 Hz. The low-pass frequency was set well above the characteristic frequency of the
largest shed structures by the cylinder (2 Hz), to remove high-frequency noise from the
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strain signal produced by the harmonics of the structure. An analysis of the PIV data shows
that this operation does not remove the influence of vortex shedding and other important
flow structures from the fibre optic signal. Each sensing line over each polar coordinate
acquired a total of 140 sensing points, with spatial resolution �y = 2.6 mm (�y/D ≈
0.05). The measured region spanned Li = 7.28D, with offset y/D = 1.6 at both the root
and tip, to allow enough room to pass the fibres, without compromising the maximum
bending radius (de Oliveira et al. 2024). For each FST condition, the strain data were
recorded twice, concurrently with PIV acquisitions in both FOVs. For more details on the
methodology of the data acquisition, consult de Oliveira et al. (2024). As the cylinder’s
length is larger than the extent of the measured region, we define herein a local referential
coordinate y′, spanning from the start of the measurement region until its end at y/Li = 1.

3. The FST influence on the time-averaged loads of the cylinder
The presence of FST has been associated previously with a decrease of the vortex
formation length (Gerrard 1965; Bearman & Morel 1983; Khabbouchi et al. 2014) on the
wake of a cylinder. This, in turn, modifies the mean flow around the cylinder, which results
in a modification of the cylinder’s experienced time-averaged drag (Bearman & Morel
1983; Uematsu et al. 1990). To explore the effect of the tested FST parameter space on
the cylinder’s time-averaged loads, we analyse the cylinder’s time-averaged tip deflection.
This metric reflects the overall induced force on the body, which is directly related to its
maximum deflection magnitude. Thanks to the large sensing density provided by the RBS,
we are able to reconstruct the deformed shape of the cylinder from the measured strain
using classical beam theory (Xu & Sharif Khodaei 2020; Li & Sharif Khodaei 2025):

βn = 2�L × εn−1

lt
+

n−1∑
j=1

β j , (3.1a)

δn = �L ×
(

2�L × εn−1

lt
+ βn−1

)
+ δn−1, (3.1b)

where βn and δn correspond, respectively, to the rotation and deflection of the local
sensorised regions. The deflection of the body is reconstructed using the local deformation
obtained by the strain sensors, by projecting the acquired strain together with the local
rotation experienced by each node; see (3.1). To compute the deflection field, we assume
negligible deflection before the start of the sensing network (δ(y/Li = 0) = 0). We then
define the cylinder’s tip deflection as

δti p = 1
N f ibres

N f ibres∑
i

δ(t, i, y′/Li = 1), (3.2)

reflecting the ensemble average of tip deflection captured by the four sets of fibres used, at
y′/Li = 1.

Figure 3(a) corresponds to the captured time-averaged strain field and reconstructed
deflection field from the set of four fibres, for case 1a. It shows an increased magnitude of
strain at the root of the cylinder: negative on the leeward face of the cylinder, representative
of the compressive loads in this region of the cylinder, and positive on the windward face
of the cylinder, representative of tensile loads. The root region consists of the region with
the largest magnitude of measured strain, whilst presenting negligible deflections. For a
cantilevered structure, this is the location of the peak bending moment, and the region

1011 A47-9

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
5.

39
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2025.390


F.J.G. de Oliveira, Z. Sharif Khodaei and O.R.H. Buxton

2 4 6 8

y/D

(a) (b)

−40

−30

−20

−10

0

10

20

30

40
ε

−3

−2

−1

0

1

2

3

δ
/
L

×10−5

0 3.5 7.0 10.5 14.0
TI (%)

1.5

1.7

1.9

2.1

δ t
ip
/
L

1a

1b

1c

2a

2b

2c
2d

3b

3a
0.25 0.50 0.75

L13/D

×10−5

Figure 3. (a) Time-averaged strain (ε, solid line) and reconstructed deflection field (δ, dot-dashed line)
obtained by θα

f , α ∈ {45◦, −45◦, 135◦, −135◦}, respectively represented by , , and . The waviness
in the strain distribution is related to the non-uniformity wall thickness of the cylinder, due to its manufacturing
process. (b) Averaged normalised tip deflection (δtip/L) for each FST case.

Case 1a 1b 1c 2a 2b 2c 2d 3b 3a

U1 [m s−1] 0.46 0.52 0.52 0.60 0.53 0.51 0.49 0.56 0.53

Table 2. Free-stream incoming flow velocities for each FST case.

where these bodies are prone to fail. In contrast, the tip of the cylinder consists of the
region with the largest deflection for all fibres.

Both the strain at the root and the tip deflection of the cylinder reflect the overall
integrated impact of the flow on the structure. Figure 3(b) provides an estimation of the
behaviour of the time-averaged loads experienced by the cylinder, for each FST condition.
Here, δtip presents a positive correlation with TI, with no apparent correlation with L13/D,
suggesting that TI dominates the evolution of the time-averaged loads over the bluff body.
As documented in table 2, the introduction of the turbulence-generating grids accounted
for an increase of the free-stream flow velocity introduced by an additional blockage in the
water flume. Nonetheless, no correlation between the increased free-stream velocity and
measured loads was identified. The different dynamics introduced by the presence of FST
dominated the characteristic loading regimes acting on the cylinder.

To explore the impact of the introduction of FST on the developed fluctuating loads, we
start by applying a Reynolds decomposition to the captured strain signal, extracting the
mean (ε) and fluctuating (ε′) strain fields,

ε(y/D, t, θα
f ) = ε(y/D, θα

f ) + ε′(y/D, t, θα
f ), (3.3)

where the latter is associated with the superimposition of the effects of the flow structures
shed onto the wake, and those present in the free-stream.

An ensemble average of rms(ε′) over the root region of the cylinder (y/Li ≈ 0) for
the set of four fibres is conducted, characterising the impact of the induced fluctuating
root bending moment evolution, for the different FST conditions tested. This quantity,
herein referred to as γ , provides insight into the magnitude of cyclic variations of strain
experienced by the cylinder, induced by the different fluctuating root bending moment
dynamics that it undergoes, introduced by the different FST conditions.

1011 A47-10

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
5.

39
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2025.390


Journal of Fluid Mechanics

5 10

T I (%)

(a)

(b)

T I (%) T I (%) T I (%)

2

3

4

5

6

γ
γ

m = 0.21

θf
−45° θf

−135° θf
135° θf

45°

θf
−45° θf

−135° θf
135° θf

45°

5 10

m = 0.14

5 10

m = 0.15

5 10

m = 0.23

0.25 0.50 0.75

L13/D

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

L13/D L13/D L13/D L13/D

2

3

4

5

6

2

3

4

5

6

2

3

4

5

6

2

3

4

5

6

2

3

4

5

6

2

3

4

5

6

2

3

4

5

6
5 10

T I (%)

Figure 4. Fluctuating root bending stresses, characterised by γ , with respect to (a) TI and (b) L13/D content
in the free-stream.Here, m corresponds to the slope of the linear best fit of the evolution of γ with TI.

Figure 4 depicts the evolution of γ , for the different θα
f , with respect to TI (figure 4a) and

L13/D (figure 4b). The scattered points of γ consist of the average between the two tests
conducted for each FST condition, and the associated error bars correspond to the standard
deviation of γ between the two measurements taken for the same FST conditions. Both
L13/D and TI present a positive correlation with the root bending γ . However, a stronger
positive correlation with TI is observed. The increase of TI contributes to the increase
of the experienced fluctuating root bending moment with an apparent linear behaviour.
The dark line plotted against the scatter plot in figure 4(a) corresponds to the best linear
fit of the data spread, presenting average slope m ≈ 0.14 for θ±135◦

f , and m ≈ 0.22 for

θ±45◦
f . This suggests that the two faces of the cylinder are affected by different conditions,

indicative of the direct and indirect impacts of FST. The increasingly energetic fluctuating
velocity field impacting on the windward surface of the cylinder has a clear impact on
the dynamics in this region of the cylinder, decreasing the difference in magnitude of
γ between the two surfaces for each FST case, homogenising the structural dynamics
experienced by the cylinder.

Moreover, the magnitude of γ acquired by θ±135◦
f and θ±45◦

f is shown to be larger on

the leeward side of the cylinder (θ±135◦
f ). This is consistent for each of the instrumented

regions of the cylinder, under each set of FST conditions. The surface closer to the location
of the shed vortices seemingly suffers from their impact. This is assumed to be a direct
effect of the naturally turbulent wake of the cylinder, where the generated flow structures
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Figure 5. Vortex formation length (x∗/D → max(rms(u′
3(−1.5 < z/D < 1.5)))) variation of the wake of the

cylinder, for each of the FST conditions tested, and each FOV interrogated: (a) FOV A, (b) FOV B.

impact the nearby structure surface, acting locally on the surface of the cylinder. Despite TI
seemingly dominating the dynamics of the fluctuating root bending moment, we can also
distinguish a strong secondary effect introduced by L13/D. The evolution of L13/D in
figure 4 presents a positive non-monotonic correlation, with a maximum at L13/D ≈ 0.5,
notably half of the diameter of the cylinder. The increase of L13/D on FST has been linked
to increased energy of large-scale structures shed by the cylinders, especially in their near
wakes by promoting near-wake entrainment into the cylinder’s near-wake (Kankanwadi &
Buxton 2023). The secondary effect of L13/D seen in this work may thus be linked to
increased near-wake entrainment.

4. Impact of the flow dynamics on the cylinder’s response
The observed increase in the time-averaged loads, and magnitude of the induced
fluctuating root strain introduced by FST may arise from the combination of three factors:

(i) decreased vortex formation length, bringing the low-pressure vortices closer to the
cylinder

(ii) increased energy associated with the various flow structures
(iii) increased spanwise coherence of such flow structures

which collectively contribute to the increased magnitude of the cylinder’s response.
We will start by exploring the first point represented in figure 5(a,b), by assessing the

correlation between the vortex formation length in the two FOVs instrumented, and the
FST conditions. The vortex formation length is defined as the streamwise location where
rms(u3) reaches a maximum value, denoted by x∗/D. At the midspan of the cylinder
(FOV A, figure 5a), x∗/D decreases with the increase of TI in the free-stream. This is
consisted with Gerrard (1965), and in line with Kankanwadi & Buxton (2023), where
the authors postulate that the increase of FST TI increases entrainment via large-scale
engulfment in the near wake of the cylinder.

Figure 5(b) presents smaller values of x∗/D for TI < 4 % than in figure 5(a).
The reduced vortex formation length results from the introduced momentum and
decreased pressure gradient added by the free-end condition at the tip of the cylinder (Hain
& Kähler 2008; Porteous et al. 2014; Crane et al. 2021), pulling the generated vortices
closer to the cylinder. As TI is increased, so is the vortex formation length for TI < 4 %.
However, for TI > 6 %, x∗/D seems to saturate at x∗/D ≈ 2.5. The saturation length of
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vortex formation at FOV B is close to the vortex formation extent at the midspan of the
cylinder for the same TI conditions, suggesting an increased spanwise coherence of the
vortices shed by the cylinder, and a diminished 3-D effect of the free end. Effectively, the
presence of a similar vortex formation length at the free end of the cylinder to what is
experienced at midspan suggests that both regions are subjected to similar flow physics.
Similarly, TI has been associated previously with an increased spanwise coherence of
large-scale structures (Maryami et al. 2020; de Oliveira et al. 2024).

Similarly to δtip, TI governs the evolution of the vortex formation length of the cylinder,
presenting a negative correlation with x∗/D for FOV A. Similarly, a negative correlation
between the decrease of vortex formation length and the increase of the time-averaged
loads over the cylinder may be drawn. In the current experimental campaign, no clear
correlation has been observed between L13/D and x∗/D. The energy spectra of the
fluctuating velocity fields obtained allow us to analyse the relative modification of energy
associated with the flow structures shed from the cylinder into the wake, at the two
spanwise locations, and assess the effect of the presence of FST. The energy spectra of the
strain fluctuations along the spanwise extent of the cylinder allow us to better understand
how the structural response is modified along the cylinder’s extent. By analysing the
structural response alongside the fluctuating velocity field’s spectrum, we can attribute
the structural dynamic response to specific flow structures present in both the free-stream
and the wake of the cylinder. Effectively, correlations between the energy increase of the
fluctuating strain within a specific frequency band, which may be associated with a flow
structure, may then be assessed from the relative energy, at the same frequency band, in
the fluctuating velocity spectrum.

The flow over a cantilevered cylinder is marked by the presence of tip vortices generated
at the free end of the cylinder characterised by low frequency dynamics (St = [6 ×
10−2, 10 × 10−2]), and a growing regular von Kármán vortex street towards the root
(Hain & Kähler 2008; Porteous et al. 2014). Figure 6 presents the energy spectra of the
concurrent measurements of strain, and velocity fluctuations u3 respectively obtained by
the RBS and 2-D PIV at FOVs A and B, for FST cases 1a, 2d, 3b.

We start by addressing the spectra obtained from the structural response, captured by
twoof the four sets of fibre sensing lines θα

f , α = −45◦, −135◦. Figure 6 reveals a global
increase in the overall ‘energy’ associated with the strain fluctuations of the cylinder, as
the root of the body is approached (y′/Li = 0), similarly to what has been evidenced
previously in figure 3(a). Furthermore, an ‘energy’ peak at St ≈ 0.2, associated with
the von Kármán vortex shedding, is present in every ‘energy’ spectrum, with a relative
increase of magnitude with the introduction of FST, for the fibres on both the windward
and leeward regions.

As we progress towards the tip of the cylinder (y′/Li = 1), we see an increased
broadband energy at St ≈ 0.08, representative of the impact of the tip vortices, shed from
the free end of the cylinder (Porteous et al. 2014). Moreover, the ‘energy’ associated with
the structural response introduced by these flow structures increases with the introduction
of FST. In addition, similarly to the increased root bending moment stress (γ ), the ‘energy’
of the strain dynamics is consistently larger in the leeward face of the cylinder.

The energy spectra of the transverse velocity component along the transverse direction
of the flow, acquired in FOVs A and B for FST cases 1a, 2d, 3b, show an increase of
vortex shedding intensity at St ≈ 0.2 with the introduction of FST, especially close to the
cylinder. It is clear that vortex shedding is the flow structure with the largest energy in
FOV A. Similarly, the energy spectra obtained from the velocity field acquired by FOV
B show an increase in energy in the characteristic vortex shedding frequency with the
introduction of FST, when compared to case 1a. This trend is seemingly not systematic
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Figure 6. For FST cases 1a, 2d, 3b: (a) energy spectra of the measured fluctuating strain ε′ for θα
f with

α = −45◦, −135◦ at various spanwise positions (notice how the FOV locations are highlighted); (b) energy
spectra of u3 along the transverse direction of the flow at x/D = 0.5, 1.5, 2.5.
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Figure 7. Streamwise evolution of the energy of u3/U1 associated with regular vortex shedding for the tested
FST conditions, in (a) FOV A and (b) FOV B. The greyed-out scattered points correspond to the remaining
FST cases tested, labelled and described as in figure 2(a).

with TI; case 2d presents increased energy within the vortex shedding frequency band
when compared to 3b, exposed to larger TI. To evaluate the impact of TI,L13/D on the
available energy for this flow structure, we analyse the streamwise evolution of relative
energy of the fluctuating velocity field at the vortex shedding band ΦV S , defined as

ΦV S =
〈∫ StV S+W/2

StV S−W/2
E(u3)/U1 dSt

〉
z/D

∣∣∣∣∣
1.5

−1.5

, (4.1)

where 〈Φ〉z/D|1.5
−1.5 corresponds to the ensemble average of Φ within the range −1.5 <

z/D < 1.5, St V S corresponds to the St associated with vortex shedding for each FST case
defined by the St at which the amplitude of the spectrum is largest, and W corresponds
to an integration window, defined as W = 0.08. However, despite being subjective,
W should be chosen to incorporate all frequencies from the spectrum associated with
vortex shedding. In this study, W was set to the smallest possible window, minimising the
integration window while preserving the relevant spectral content. As W increases, so will
the overall magnitude of ΦV S . However, the drawn conclusions are insensitive to W , and
the overall evolution of each ΦV S along the streamwise direction, and relative distribution
with respect to the other FST cases is preserved.

Figure 7 represents the streamwise evolution of ΦV S for the explored FST ‘flavours’,
highlighting cases 1a, 2d, 3b for FOVs A and B. The peak of ΦV S for each FST case
closely matches the vortex formation extent defined in figure 5. The increase of TI results in
an increase of the intensity of vortex shedding close to the cylinder (see insets of figure 7).
Despite presenting less energy far from the cylinder, this increased energy available at
earlier streamwise stations is postulated to be transferred more efficiently to the cylinder,
leading to an increased structural response induced by the corresponding flow structure.

Furthermore, tip vortices and low-frequency flow components in the range
St = [6 × 10−2, 10 × 10−2] (Hain & Kähler 2008; Porteous et al. 2014) are also captured
by FOV B, whilst in FOV A, these structures are less prominent. This represents the
cellular shedding of the cantilevered cylinder along its spanwise direction described in
Porteous et al. (2014), and implies the physical origin of the increased energy at St ≈ 0.08
of the fluctuating strain ‘energy’ spectra closer to the tip.

The increase in the intensity of the structural response at the characteristic Strouhal
number of the regular vortex shedding reflects the modification of these coherent flow
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structures by the presence of FST. Ramesh et al. (2024) similarly reported an increase in
the intensity of vortex shedding, and its respective influence on the structural response of
a double fixed cylinder, with the introduction of moderate levels of FST.

Overall, the introduction of FST accounts for an increase of the relative energy
associated with vortex shedding. Close to the cylinder, there is an increase of energy
in the regular vortex shedding frequency band, in line with the decrease of the vortex
formation length seen previously in figure 5(a). In addition, the introduction of FST
suggests an increased spanwise coherence of such flow structures, as seen by the energy
content presence in FOV B, at the regular vortex shedding characteristic St ≈ 0.2.
This corroborates the correlation between the increase in the structural response induced
at the regular vortex shedding characteristic frequency, driven by the combination of a
larger energy associated with the corresponding flow structure, and a stronger spanwise
presence, increasing its imprint on the body.

Having postulated an increased spanwise coherence of regular vortex shedding with the
introduction of FST ultimately resulting in a larger magnitude of the strain field, we now
analyse the impact of FST on the coherence of the fluctuating strain field by analysing the
autocorrelation function Rε′(r/D) between ε′(t, y′/Li ) and ε′(t, y′/Li + rey), on both
the windward and leeward faces of the cylinder. This metric is averaged over the first-
third measured span of the cylinder starting from the root 〈Rε′ 〉y′/Li ∈[0,1/3], to capture
the spanwise behaviour of the strain dynamics over a region close to the root of the
cylinder. This metric is presented in figure 8(a), and highlighted for cases 1a, 2d, 3b,
for the windward (θ±45◦

f ) and leeward (θ±135◦
f ) faces of the cylinder. Figure 8(b) shows

ε′
V S , computed from the raw ε′ but with a bandpass filter isolating the induced strain by

regular vortex shedding with the same limits as defined in (4.1), allowing us to analyse
how this flow structure impacts the structural dynamics along the spanwise extent of the
cylinder.

The different evolution of 〈Rε′ 〉y′/Li ∈[0,1/3] in the two faces as presented in figure 8(a)
reflects the different dynamics imposed on the two faces of the cylinder, before and
after the shear-layer separation points. This is the case even without the introduction of
FST, evidencing the aforementioned relevance of the direct/indirect impact of FST. Strain
fluctuations become uncorrelated over shorter distances (along the spanwise direction) on
the leeward side of the cylinder, and contrarily, the windward side sustains correlated strain
fluctuations for larger regions of the cylinder. Furthermore, the decreased magnitude of
〈Rε′(r/D)〉y′/Li ∈[0,1/3] as r/D increases shows that the fluctuating strain acquired at larger
distances between two points becomes increasingly uncorrelated.

By using a bandpass filter to isolate the regular vortex shedding influence on the
fluctuating strain field, we assess the direct impact of this flow structure on the coherence
of ε′ over the two faces of the cylinder, as presented in figure 8(b). For the same
spanwise location and same FST conditions, 〈Rε′

V S
〉y′/Li ∈[0,1/3] presents lower values

on the leeward face when compared to the windward face, reflecting the impact of the
proximity of the flow structure to the surface under analysis. By comparing the evolution
of 〈Rε′ 〉y′/Li ∈[0,1/3] on the windward side of the cylinder presented in figure 8(a,b), we can
see that regular vortex shedding largely contributes to the spatial dynamics of the induced
fluctuating strain, even when FST is introduced.

Overall, the introduction of FST accounts for a slower decay of autocorrelation for
both the windward and leeward face strain dynamics, and increased coherence of strain
fluctuations. The introduction of FST increased the spanwise coherence of strain induced
by vortex shedding in the windward and leeward faces, allowing us to indirectly infer
an increased coherence of the corresponding flow structure. The different behaviour of
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Figure 8. Autocorrelation functions (a) Rε′ (r/D) and (b) Rε′
V S

(r/D) along the spanwise extent of the cylinder,
highlighting cases 1a, 2d, 3b. The greyed-out scattered points correspond to the remaining FST cases tested,
labelled and described as in figure 2(a).

the correlation between θ±45◦
f and θ±135◦

f highlights that flow structures generated in the
immediate wake of the cylinder impact the experienced loads differently on both faces.

Having analysed the impact of FST on the spatial autocorrelation of the strain
fluctuations, we now characterise its impact on the temporal strain dynamics on the
leeward and windward sides. We focus on τε′ , defining the characteristic time over which
strain fluctuations remain correlated.Then τε′ is defined as

τε′(y′/Li , θα
f ) =

〈∫ τ0

0
Rε′(τ ) dτ

〉
y′

∣∣∣∣
Li /3

0
, (4.2)

where Rε′(τ ) corresponds to the autocorrelation function between ε′(t, y′/Li , θα
f ) and

ε′(t + τ, y′/Li , θα
f ), τ0 corresponds to the first zero crossing position over the time lag (τ )

of the autocorrelation function, as represented in figure 9(a) for FST cases 1a, 2d, 3b, and
〈·〉y′ |Li /3

0 refers to the ensemble average of τ0 over the first measured third of the cylinder,
i.e. 0 � y′ � Li/3.

Figure 9(b) presents τε′/tV S as a function of TI in each FST case, captured by the
windward and leeward faces of the cylinder. The increase of TI in the free-stream accounts
for a decrease of τε′/tV S in both the leeward and windward faces. This decrease of
τε′/tV S suggests that as TI increases, the structure experiences changes in fluctuating
forces faster, indicating a shorter correlation time under higher TI conditions. High-TI

1011 A47-17

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
5.

39
0 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2025.390


F.J.G. de Oliveira, Z. Sharif Khodaei and O.R.H. Buxton

0

(a) (b)

0.25 0.50 0.75 1.00 1.25 1.50

τ

−0.25

0

0.25

0.50

0.75

1.00
R ε

′ (τ
)

τ0

0 2 4 6 8 10 12 14

T I (%)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

τ ε
′/t

V
S

0.25 0.50 0.75

L13/D

〈θf
±45°〉 〈θf

±135°〉

Figure 9. (a) Autocorrelation function of Rε′ (τ ) along the spanwise extent of the cylinder, for 1a (black)
1a, 2d (yellow)2d and 3b (green)3b. (b) Autocorrelation temporal scale of the fluctuating strain signal τε′/tV S
normalised by the characteristic vortex shedding temporal scale, as a function of TI experienced by the cylinder
under each FST case considered, averaged between the two sensing lines on the windward and leeward faces
of the cylinder.

environments may then lead to more frequent stress cycles, thereby accelerating wear
and failure, especially in the leeward face of the structure. This decrease is steeper in the
windward face of the cylinder, where the direct influence of the FST is felt. In addition, the
difference between τε′/tV S values captured in the windward and leeward faces decreases
with the increase of TI in the free-stream, suggesting that TI tends to homogenise the
temporal behaviour of the structural response of the cylinder on both faces, indicating a
convergence in their temporal characteristics. Moreover, the increase of L13/D does not
seem to influence the temporal correlation time of the strain fluctuations in both faces.

The increased impact on the loading events over the cylinder is then attributed to the
combination of the three aforementioned effects, rising from an increased proximity of
the vortex formation region to the cylinder, increased energy available in the near-wake
region immediately adjacent to the cylinder, and increased spanwise coherence of the near-
wake flow structures, resulting in a larger coherence of loads acting on the cylinder. These
three effects act simultaneously, adding up to an increased effective root bending moment
experienced by the cylinder, and increased energy associated with regular vortex shedding
(figure 6).

5. Cross-correlating the flow and structural response
The cross-power spectral density (CPSD) between the flow data and the strain data at
the concurrent y/D location is now addressed, to analyse the coherence between both
fields. As the measurements were concurrent, this allows us to evaluate the spatio/temporal
correlation between these two signals. The CPSD is then defined as

C P SD(x/D, z/D, St) =F(Rε′u3(x/D, z/D, τ )), (5.1)

where F corresponds to the Fourier transform operator, and Rε′u3(x/D, z/D, τ ) is the
cross-correlation function between ε′ and u3, defined as

Rε′u3(x/D, z/D, τ ) =
∫ ∞

−∞
ε′(t) u3(x/D, z/D, t + τ) dt. (5.2)
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Figure 10 represents the magnitude of the CPSD between u3(z/D) in both FOVs A
and B, at streamwise stations x/D = −1.2, 0.5, 1.0, 2.0, 3.0, and ε′ at the respective y/D
location for each FOV, for FST cases 1a, 2d, 3b. For z/D > 0, the CPSD is computed with
the fluctuating strain field captured by θ+135◦

f , and for z/D < 0 with θ−135◦
f .

The magnitude of the CPSD at x/D = −1.2, representative of a location immediately
upstream of the cylinder’s position, in both FOVs is deprived of energy when compared to
the CPSD contours obtained from downstream of the cylinder, even with the introduction
of FST. This station shows that there is no strong coherence between the experienced loads,
and incoming flow structures. Figure 10(b) shows an increase in ‘energy’ associated with
the tip vortices shed by the cylinder, reflecting both the increased energy and spanwise
coherence of these structures. Furthermore, the presence of FST accounts for an increase
of the energy associated with regular vortex shedding, similar to what has been discussed
for the energy spectra presented in figure 6. This is true for both FOV A (figure 10a) and
FOV B (figure 10b), supporting the claim that:

(i) the introduction of FST accounts for an increase of spanwise coherence of large-scale
structures associated with vortex shedding in a cantilevered cylinder, despite the 3-D
disruption of regular shedding experienced at the tip

(ii) FST introduces more energy in the large-scale structures (as seen in the ‘energy’
spectra of the fluctuating velocity field in figure 6), increasing the corresponding
structural dynamics.

These effects combined result in an overall increased impact of the regular vortex
shedding characteristic flow structures on the structural response of cylinder. In addition,
the small scales introduced by FST do not induce a coherent structural response within the
cylinder. However, the structural response is indeed more susceptible to the generation,
modification and deformation of large coherent structures shed from the cylinder,
observable with the acquired CPSD between both the windward and leeward fibre sensors.
Based on the results provided by the CPSD, the cylinder response acts as a low-pass filter,
primarily responding to the flow’s low-frequency content and shed structures.

The magnitude of the CPSDs computed with the fluctuating velocity field at different
streamwise stations follows a trend similar to that assessed before in the evolution of the
flow spectra. As streamwise distance from the leeward face of the cylinder increases, after
reaching the maximum, the CPSD decreases in magnitude corresponding to the energy
decay of the associated flow structures impacting on the cylinder’s structural response.

The CPSDs between the strain and velocity fluctuations allowed us to examine how
coherent the two fields are, and how FST affects this coherence. To assess how FST affects
the temporal interaction between the convected flow structures and the cylinder’s structural
response, we analyse the cross-correlation between the two quantities defined in (5.2),
focusing on the documented region downstream of the cylinder (x/D > 0) and ensemble
averaging the correlation between the two fibres located on the leeward face of the cylinder
(〈·〉α|135◦

−135◦) and over the transverse direction of the flow in −1.5 < z/D < 1.5 (〈·〉zD |1.5
−1.5):

〈〈Rε′u3(x/D, z/D, τ )〉α|135◦
−135◦〉z/D|1.5

−1.5. The ensemble average over the two leeward fibres
is henceforth omitted for simplicity.

Figure 11 presents the streamwise evolution of 〈Rε′u3(x/D, z/D, τ )〉z/D|1.5
−1.5 for FST

cases 1a, 2d, 3b. The increase of TI induces a clear increase of the correlation magnitude.
The periodicity in the time lag (τ/tV S) of the correlation persists across all cases (because
vortex shedding is the dominant flow structure), but with increasing TI, the represented
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Figure 10. Magnitude of the CPSD between ε′ and u3, for cases 1a, 2d, 3b, with velocity information extracted
from (a) FOV A and (b) FOV B. The correlation is performed with the induced strain at the FOV spanwise
location. For x/D < 0, the windward fibres are used to compute the cross-correlation.
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Figure 11. Evolution of 〈Rε′u3 (x/D, τ )〉z/D |1.5
−1.5 along the streamwise direction, for FST cases 1a, 2d, 3b. The

time lag of the correlation function τ is normalised with the vortex shedding temporal scale tVS relative to each
FST case.

structures become sharper and more evident. This again highlights that the increase of TI
in FST increases the efficiency of the flow at inducing a structural response on the cylinder.

A clear transition from regions of positive to negative correlation magnitudes at fixed
streamwise positions as a function of time lag (τ/tV S) can also be seen in figure 11,
reflecting the periodic relationship between the strain response and the flow velocity
fluctuations downstream. The positive correlation peak at small x/D is indicative of an
initial region of the flow in which the fluctuating strain and velocity field are in phase,
leading to a positive correlation between the two signals. As x/D increases, the correlation
peak becomes negative, whereby the two signals become out of phase, and anti-correlated.
This behaviour is not affected by the presence of FST, and is consistent across all the tested
cases.

Furthermore, the strain temporally leads the flow as the correlation peaks repeatedly
occur at negative time lags, for all tested cases. As TI increases, this positive-to-negative
transition becomes sharper and more defined, and the correlation magnitude becomes
larger, reinforcing the idea that the strain response becomes more closely tied to the
flow structures. This further supports the notion that turbulence amplifies the interaction
between the flow and the structural response of the cylinder.

6. Contribution of regular vortex shedding as the main coherent flow structure to
induced root bending stresses

With the CPSDs presented in figure 10, regular vortex shedding and its modification by
the presence of FST has been shown to be the most relevant flow feature contributing
to the correlation between the flow and the respective structural dynamics. To assess the
influence of FST on the modification of vortex shedding, and its respective influence on
the retrieved structural dynamics, we isolate the flow structure in question. This is done by
using a modal decomposition technique to identify the vortex shedding mode(s). We are
then able to project the PIV velocity fields onto these mode(s) and thereby compute a new
set of CPSDs between the fluctuating strain and the vortex-shedding flow structures. In this
way we are able to isolate the contribution from vortex shedding to the overall CPSD, and
hence indirectly observe the contribution to the CPSDs from the remaining flow structures
present within the wake. We choose to use optimal mode decomposition (OMD) using 200
ranks (Wynn et al. 2013) to extract the vortex shedding mode(s).

The presence of FST broadens the frequency band associated with regular vortex
shedding as seen from figure 6, and in Rind & Castro (2012), Bourhis & Buxton (2024)
and Ramesh et al. (2024). The OMD yields a set of individual modes, with similar, but
ultimately slightly different characteristic eigenvalues in the frequency range occupied
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Figure 12. For FST cases (a,b,c) 1a and (d,e,f ) 3b: (a) and (d) represent the raw OMD modes, selected and
final clustered modes after application of the clustering algorithm (Beit-sadi et al. 2021); (b) and (e) represent
the reconstructed fluctuating velocity fields ũ3/U1 at a snapshot t , induced by the coherent motion represented
by the clustered mode; and (c) and ( f ) present the energy spectrum of reconstructed field ũ3/U1, and the raw
PIV velocity field.

by the vortex shedding. We employ a mode-clustering algorithm to group the relevant
modes to reconstruct the most energetic flow structure under analysis. This algorithm is
explored in Beit-Sadi, Krol & Wynn (2021) and briefly described in Appendix B, and
exploits the spatio/temporal similarity and respective energy of the individual modes, to
select and cluster them into a global coherent flow structure. Figure 12(a,d) present the
real part and characteristic frequency of the clustered OMD mode’s eigenvalues for FST
cases 1a and 3b, and the selected and clustered mode representing regular vortex shedding.
Figure 12(b,e) represent the reconstructed velocity field produced by the captured coherent
flow motion, and figure 12(c, f ) represent the quality of the mode clustering reconstruction,
by comparing the reconstructed field ũ3/U1 and the raw PIV velocity field u′

3/U1. We
focus this analysis on the location of FOV A at the midspan, where regular vortex shedding
remains relatively unaffected by 3-D events introduced by the free end of the cylinder.

We now define

Γ (x/D, y/D) =
∫ ∞

−∞

∫ 2

−2
C P SD(V (x/D, z/D, t), ε′(y/D, t)) d(z/D) dSt, (6.1)

where V consists of either the raw velocity field or the velocity field yielded through
projection onto the clustered OMD vortex shedding mode.

Figure 13 demonstrates the impact of FST on the evolution of Γ , calculated from both
the raw PIV velocity field (figure 13a) that contains all the flow dynamics, including
coherent and incoherent flow structures, and the OMD-filtered field (figure 13b) isolating
vortex shedding. In figure 13(a,b), Γ increases with downstream distance x/D, attaining
a maximum at the vortex formation extent, indicating that the influence of coherent flow
structures, such as vortex shedding, becomes more prominent as they develop in the wake
of the cylinder.
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Figure 13. Influence of FST on the evolution of Γ computed with (a) the raw PIV velocity field u3/U1, and
(b) the filtered velocity field by the OMD clustering ũ3/U1, and the fluctuating strain at the FOV A location,
similarly to the analysis in figure 10.
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Figure 14. (a) Characterisation of the contribution of regular vortex shedding to γ . (b) Relative contribution
of regular vortex shedding to γ to the global induced root bending moment, for each FST case.

The increase of TI leads to a larger magnitude of Γ computed from the raw and filtered
velocity fields. From the CPSDs analysed in figure 10, we have shown that regular vortex
shedding is the key flow motion interacting with the structure. However, by filtering this
motion and analysing the evolution of Γ along the streamwise direction of the flow, we can
indirectly see that especially in the near wake, incoherent motions introduced into the wake
largely contribute to the ‘energy’ associated with the velocity–strain correlation. As we
progress in the streamwise direction, the magnitude of Γ in figure 13(a) approximates
the magnitude of Γ in figure 13(b), representing the decay of the incoherent motions,
allowing regular vortex shedding to become the dominant flow structure contributing to
the structural dynamics.

To determine the contribution of regular vortex shedding on the previously assessed
increase in bending stresses, we analyse the previously defined metric γ , applying a
bandpass filter within the same limits defined in (4.1). This allows us to isolate the
contribution of regular vortex shedding γ V S to γ , and compare it to the present incoherent
flow motions.
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Figure 14(a) presents γ and γ V S for FST cases 1a, 2d, 3b averaged between the
windward and leeward faces (〈θ±45◦〉 and 〈θ±135◦〉). The increase of TI accounts for an
increase of both γ (as previously seen) and γ V S . The increase of γ V S is in line with
the increase of the energy associated with regular vortex shedding in the near wake of
the cylinder, introduced by the presence of FST. Both the leeward and windward faces
present similar magnitudes for γ V S , suggesting that vortex shedding contributes mainly
to the global deformation of the cylinder, inducing similar (but oppositely signed) strain
dynamics in the leeward and windward faces. Figure 14(b) presents the evolution of the
ratio γ /γ V S for each FST condition. The increase of TI in FST accounts for a global
increase in the contribution of the fluctuating root bending moment stresses in both faces,
with the leeward face consistently presenting a smaller contribution from regular vortex
shedding. This is likely to be introduced by the direct proximity between the several
flow structures generated on wake that actively impact this surface. As seen from the
autocorrelation evolution of the fluctuating strain on the windward face of the cylinder
(see figure 8), this region is mainly affected by the dynamics vortex shedding, in line with
the larger γ /γ V S .

7. Experimental outcomes
In this study, we set out to investigate the influence of FST on the fluctuating loads
experienced by a cylinder exposed to a turbulent cross-flow. The questions posed at the
outset were crucial in guiding our analysis, and the following key insights were drawn.

(i) Impact of different flavours of FST on load fluctuations. The TI presented a
positive correlation with the cylinder’s tip deflection (a surrogate for the experienced
fluctuating drag by the cylinder) and root bending stresses. Moreover, despite being
smaller than the cylinder’s reference scale (D) for all the test cases, L13/D presented
a non-monotonic correlation with the experienced root bending stresses with a local
maxima at L13/D ≈ 0.5.

(ii) Influence of FST direct and indirect mechanisms. We have successfuly identified
contributions arising from both direct and indirect mechanisms, highlighting the
different dynamics impacting the windward and leeward faces of a rigid body,
driven by the immediate surrounding flow phenomena. However, the structural
dynamics were mainly governed by the indirect mechanisms, as the presence of
FST increased the spanwise coherence of the shed vortices from the cylinder, and
their relative energy content, somewhat ‘overcoming’ the natural inhomogeneous
shedding induced by the boundary conditions at the free end of the cylinder. This
in turn resulted in a larger spectral coherence between the measured structural and
flow dynamics.

(iii) Impact of FST on the spatial and temporal coherence of loads. The introduction of
FST and relative increase of TI in the free-stream resulted in
(a) a larger coherence of the structural dynamics as a direct impact from the

increased coherence of regular shedding by the cylinder
(b) shorter correlation temporal scales of the fluctuating structural dynamics

indicating more frequent stress cycles imposed by the presence of FST.
(iv) Flow-induced mechanisms governing the cylinder’s structural response. The key

flow-induced mechanisms governing the structural response under different FST
conditions were tied to changes in the wake dynamics and vortex shedding. Increased
TI in the FST was linked to an enhanced magnitude of both the temporal and spectral
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correlations between the strain and flow dynamics. This was driven by an increased
energy of regular vortex shedding closer to the cylinder, and a larger spanwise
coherence associated with this flow structure. In addition, the introduced small-scale
dynamics by FST presented a negligible correlation with the cylinder’s structural
dynamics. This suggests that the cylinder acts as a low-pass filter, influenced mainly
by how the introduced FST dynamics modulate the regular shedding developing in
the cylinder’s wake.

The insights gained not only advance our knowledge of turbulence-induced loading but
also have practical implications for the design of structures subjected to turbulent flows,
such as in offshore engineering and wind turbine design, where similar flow conditions
are encountered. Moreover, these findings are also relevant to natural systems, such as
trees and vegetation, which are continuously exposed to turbulent wind conditions and
experience dynamic loading that influences their structural stability, growth patterns
and long-term adaptation to the environment (Vogel 1996; James 2003). Understanding
these effects is crucial for improving biomechanical models of plant response to wind,
and informing ecological and agricultural studies on the impact of turbulent flows on
vegetation.

8. Conclusions
The effect of free-stream turbulence (FST) on the flow dynamics and on the structural
response of a cantilevered cylinder with aspect ratio ≈ 10, exposed to a turbulent cross-
flow, was assessed. To do so, a combination of 2-D PIV and RBS was used, capturing the
flow velocity field and structural response concurrently. Thanks to the spatial information
retrieved by the RBS network, we are able to assess the influence of the developing
flow structures on the flow along the extent of the cylinder, before and after the shear-
layer separation of the flow, allowing us to assess the direct and indirect effects of FST.
The cylinder was exposed to different conditions of FST, exploring different ‘flavours’ of
FST, to individually explore the effects of L13/D and TI. Due to the 3-D nature of the flow
under analysis, two FOVs were used at different spanwise locations to characterise the flow
structures shed by the cylinder. The FOVs focused on regions upstream and downstream
of the cylinder, capturing the free-stream and near-wake conditions to which the cylinder
was subjected concurrently to the distributed structural strain.

The presence of FST was seen to affect the structural dynamics of the cylinder through
three mechanisms: (i) reduced vortex formation length, (ii) increased energy associated
with wake flow structures, and (iii) an enhanced spanwise coherence of these structures.
Together, these factors intensify the cylinder’s structural response. Specifically, FST
increased the time-averaged loads by shifting the vortex formation region closer to the
cylinder, thereby amplifying the root bending moment. These were further evidenced by
increased strain fluctuation coherence along the cylinder’s span, with the increase of TI
in FST.

Regular vortex shedding was seen to be energised especially in the near wake, with the
increase of TI in FST, which mapped into a larger load magnitude associated with this
flow structure. This increase was evident in the cross-power spectral densities between
the velocity and strain fields, indicating a stronger correlation between flow fluctuations
and the structural response under higher turbulence intensities. Our results also showed
that FST tended to homogenise the strain dynamics across the cylinder’s leeward and
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windward faces, suggesting that FST reduces spatial variations in response, and reinforces
the dominant role of coherent flow structures such as vortex shedding.

Through modal decomposition, we isolated the impact of vortex shedding, which was
identified as the main contributor to the increased bending stresses under FST. This
allowed us to quantify the impact of these coherent flow structures isolation, assessing their
relevance to the contribution to the global coupling of the structural and flow dynamics.
Despite being the largest contributor for the respective structural dynamics, the near-wake
correlation to the structural dynamics still shows a large impact of small scales and other
near-wake flow structures.

Declaration of interests. The authors report no conflict of interest.

Data availability statement. Data are available upon request to the corresponding author. For the purpose
of open access, the authors have applied a Creative Commons Attribution (CC BY) licence to any Author
Accepted Manuscript (AAM) version arising.

Appendix A. Details on the generation of FST
To experimentally generate a broad range of FST ‘flavours’ parametrised in the space
(TI,L13/D), we follow the same methodology as described in Kankanwadi & Buxton
(2020, 2023) and Chen & Buxton (2023). This is done by placing different turbulence-
generating grids at several distances upstream of the cylinder. By changing the distance
between the grids and the cylinder, we leverage the streamwise turbulent decay from
the flow at the grid’s location, to generate different incoming FST conditions. Grids of
two types were employed: square fractal grids (SFGs) and square regular grids (SRGs).
These grids were designed by Kankanwadi & Buxton (2020) to create varying turbulence
intensities and integral length scales. The grids were laser-cut from 10 mm thick Perspex to
ensure precision in geometry and uniformity in structure. Here, we give a brief overview of
the grid characteristics, whilst for more information on the grids and their manufacturing,
the reader is referred to Kankanwadi & Buxton (2020).

(i) The SFGs featured a multi-scale pattern with four iterative subdivisions (N = 4), each
scaled according to a predefined length ratio (RL ) and thickness ratio (Rt ). The use of
fractal grids provides greater control over turbulence characteristics, allowing for the
independent tuning of TI and integral length scale. Additionally, fractal grids elongate
both the production and decay regions of turbulence, enabling the generation of flows
with the same TI but different length scales (Melina, Bruce & Vassilicos 2016). The
blockage ratio (σ ) for the SFGs varied between 33.8 % and 34.5 %.

(ii) The SRGs comprised uniformly spaced square bars, providing a reference case for
conventional grid-generated turbulence. The two tested SRGs differed primarily in
bar spacing and characteristic length scale (L0), resulting in blockage ratios 32.0 %
and 33.9 %.

Grid type T (mm) L0 (mm) t0 (mm) σ (%)

SRG 38 569 37.6 5.2 33.94
SRG 111 569 111.3 12.7 32.01

Table 3. Regular grids nomenclature and characteristics.
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Grid type T (mm) N L0 (mm) t0 (mm) σ (%) RL Rt

SFG 5 569 4 312 15.3 33.76 0.477 0.591
SFG 7 569 4 354 21.5 34.50 0.389 0.533

Table 4. Square fractal grids nomenclature and characteristics.

FST case no. 1a 1b 1c 2a 2b 2c 2d 3a 3b

Grid type [−] SRG38 SRG38 SRG38 SFG5 SRG111 SRG111 SRG111 SFG7
xG RI D/D [−] −24.0 −39.1 −5.3 −23.8 −23.8 −68.3 −12.6 −46.0

Table 5. Grid specifications and nomenclature.

The detailed geometrical specifications of the grids are summarised in tables 3 and 4.
The grids used to generate each of the FST ‘flavours’ introduced in figure 2, and explored
in this work, are detailed in table 5, together with their respective distances to the cylinder.
The placements of the grids and respective distances to the cylinder were chosen based on
previous work conducted with the same grids, in the same facility (Kankanwadi & Buxton
2020, 2023; Chen & Buxton 2023).

Appendix B. Mode clustering algorithm
Here, we give a short and general overview of the algorithm developed in Beit-Sadi et al.
(2021). After employing OMD appealing to the modal expansion, we have

x j ≈
r∑

i=1

αiφ
∗
i eλ

∗
i , (B1)

where φi ∈ C p corresponds to the OMD modes with associated eigenvalue λ∗i , and αi ∈ C
are the coefficients associated with the modes obtained from the projection of φi onto the
temporal velocity snapshots. We cluster the available modes with characteristic frequency
Sti , taking into account their spectral and spatial similarity, defined respectively as

εi j = cos
(

sin−1(‖φi − φ j (φ
T
i φ j )‖2)

)
, (B2)

si j = 1
1 + |Sti − St j |2 . (B3)

Having computed the spatial εi j and spectral si j similarity matrices, we define the
clustering matrix:

di j =
{

1 if εi j − δi j � ε0 and si j � s0,

0 if εi j − δi j < ε0 and si j < s0,
(B4)

where ε0 and s0 represent user-defined cut-off parameters defined for 0 � ε0 � 1 and 0 �
s0 � 1. The final similarity matrix di j is then computed iteratively by scanning through the
available modes provided by OMD, grouping similar modes defined by di j = 1. Given that
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Figure 15. (a) Selection of modes from spectral similarity around the vortex shedding. (b) Convergence of the
algorithm with the increase of the spatial similarity cut-off parameter.

the most energetic and coherent flow structure present is vortex shedding, the algorithm
creates a single cluster MV S , defined by the set of modes selected, CM := {φdi j ==1}:

MV S = SVD(CM {φdi j ==1}). (B5)

The spectral similarity cut-off parameter was set to be s0 = 0.3, ensuring that enough
modes centred around vortex shedding were assessed for whether or not to be clustered.
Figure 15(a) presents the mode selection with (B3) for FST case 3b with s0 = 0.3,
resulting in NT = 38 modes to be assessed. The spatial similarity cut-off parameter was
set to be ε0 = 0.8, minimising the number of clustered modes selected, and ensuring
the algorithm’s convergence; i.e. increasing the cut-off value beyond this point did not
affect the selected modes to be clustered – see figure 15(b). The decay rate and associated
frequency of the final mode cluster are estimated from the clustered group of modes real
and imaginary parts of their respective eigenvalues as

ImMV S = 1
#φdi j == 1

∑
i∈CM {φdi j ==1}

Im(λ∗i ), (B6)

ReMV S =
⎛
⎜⎝ 1

#φdi j == 1

∑
i∈CM {φdi j ==1}

1/Re(λ∗i )

⎞
⎟⎠

−1

(B7)

,where #φi j == 1 corresponds to the number of modes forming the cluster CM {φdi j == 1}.
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