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Abstract In this work, we focus on the vortex evolutions in the wake behind three

non-axisymmetric rigid cylinders under high-speed, low-damping galloping in a

wind tunnel. Laser displace sensor is used to measure the displacement amplitude

and two branches of amplitude curves are observed—rising and falling range of gal-

loping range. Particle Image Velocimetry is then used to investigate coherent vortex

structures in the wake. It has been found that a D-section cylinder has a galloping

response at the lowest free stream velocity, which also has the smallest formation

length and recirculation bubble length when at static condition. The wake widths

show a similar growth rate, which is independent of the galloping amplitudes.
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1 Introduction

Flow induced galloping is a well known phenomenon associated with

non-axisymmetric sectional slender bluff-bodies exposed in high velocity cross

flows. While there have been extensive experimental studies trying to understand

it, most of them either focused on the structure responses or the qualitative vor-

tex patterns (modes) in vortex induced vibration (VIV, happens at lower free stream

velocities) regime [1]. In this work, we conduct experimental investigations trying to

tackle quantitative vortex evolution in the wake of the galloping non-circular cylin-

ders, aiming for both initial and terminal branches of the amplitude response curves.

Our primary interest is the use of the large vibrating amplitude for potential appli-

cations in flow mixing and energy harvesting.
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2 Experimental Method and Results

Aluminium cylinders of three cross-sectional shapes are spring mounted horizontally

in a wind tunnel (outside) so that the vibration is in the transverse direction; see

Fig. 1a. The length/diameter ratio L∕D = 15, which gives a blockage ratio 𝜙 = 6% in

the wind tunnel so that the flow two-dimensionality is well preserved. The system’s

natural frequency fn and damping ratio 𝜁 are determined from the free oscillation

amplitude Ay measured by a Baumer laser displacement sensor, which operates at

1kHz with a resolution of 50 µm, and is also used to measure Ay in the galloping

states. The system’s natural frequency is given in Table 1 and they result in similar

Scruton numbers Sc ≡ (4𝜋m𝜁 )∕(𝜌D2) ≈ 10, with m being mass per unit length and

𝜌 being the density of air.

The wind tunnel velocity is set at U∞ ≈ 3 − 15 m/s. The Ay responses are pre-

sented in Fig. 1b. We target high reduced speed conditions, i.e.U∞∕Df > 20, where f
is the vibration frequency. For the D-section cylinder (DS),Ay∕D > 2.2where spring

limit is reached at U∞∕Df ≈ 25, suggesting the widest response compared to the

(a) (b)

Fig. 1 a The cylinder cross sectional shapes; from top to bottom: D-section (DS), square-section

(SQ) and Splitter plate-section (SP). The flow comes from the left to the right. b Dependence of the

oscillation amplitude on the reduced velocity, U∞ ramps up from low value. The PIV measurement

are conducted at the condition near A–D

Table 1 System natural properties

D-section Square-section Splitter plate

fn (Hz) 3.96 3.74 4.03

𝜁(×10−4) 3.53 3.73 5.65



On the Vortex Dynamics in the Wake of High-Speed . . . 265

other two cylinders. Based on the quasi-steady theory, the critical wind speed of gal-

loping is Ug ≡ 2ScfnD∕ag, where ag = −dCL∕d𝛼(0) − CD(0). It is well documented

in [2, 3] that over a wide testing conditions and cylinder shapes, −6 ≲ 𝛼g ≲ −1,

which gives 0.4 ≲ Ug ≲ 2.5. It has also been shown in [1, 3] that for general bluff

bodies in high Re flows, the Strouhal number St ≡ fsD∕U∞ ∼ 0.1, where fs is the

vortex shedding frequency, which infers the Kármán-vortex resonance wind speed

Ur ≡ fnD∕St ∼ 1. The ratio Ug∕Ur ≲ 2.5 and therefore it indicates that the vibration

observed is highly likely a full interaction of VIV and galloping.

Particle Image Velocimetry (PIV) measurements are conducted in the near wake

area of 6D × 7D(streamwise), starting from the downstream vertical dashed line in

Fig. 1a. PIV images are processed at 32 pixel interrogation window size with 50%
overlap, resulting in a spatial resolution of D∕10 based on vector spacings. PIV mea-

surements are carried out for each cylinder at both static and galloping conditions,

which are measured at U∞ = 4.5 and 12 m/s. In total 800 velocity fields are acquired

in each case. The testing points at galloping are indicated in Fig. 1b. It has been found

from the Ay spectra (figure not shown) that at these testing points, dominant oscil-

lation frequency matches fn, which is similar to the VIV resonance for large mass

ratio structures [1]. The PIV sample rate is set at 3 Hz for all the cases to allow snap-

shots to be evenly sampled at all phases (vortex shedding and Ay) of a cycle. This

is to ensure that all the ensemble averaged process are not phase-locked. The DS Ay
spectra also shows more pronounced (compared to SQ) peaks at higher frequencies

(not super-harmonics) at a similar reduced velocity, which suggests a multi-scale

vortex shedding. Further time resolved measurements will be useful to understand

this mechanism.

From the mean velocity field, the development of the wake width defined at

half deficit velocity H[(1∕2)(U∞ − U0)] is shown in Fig. 2. Evidently, the absolute

value of H is strongly correlated with Ay, whereas the growth rate is not. Galloping

cases tend to have lower growth rates at the same U∞ for x > 3D, which should be

attributed to the intensive near-field mixing between the more segmented vortices

and regions outside the wake.

Figure 3 presents the relation between the formation length Lf (determined by the

peak value of the transverse velocity fluctuations) and the recirculation bubble size

(determined by the stagnation point location) Bs. For static cases at U∞ = 12 m/s, Lf
and Bs share a similar size for SQ and DS. Noticeable differences can be observed

for other cases. For the galloping cases, it is interesting to see that Ay has no strong

influence on Bs and Lf ; see the U∞ = 12 m/s cases.

Standard snapshot based proper orthogonal decomposition (POD) is used to track

cores of the shed vortices in reduced-order reconstructed vorticity (𝜔) fields. Subse-

quently their evolution can be assessed by a conditional average process (not phase

averaging). Using DS(F4.5) as an example, Fig. 4a shows a 95% POD energy recon-

struction of an instantaneous snapshot (b). The centre of each vortex core in (a) can

then be determined after a proper image segmentation process. Comparing Fig. 4a,

b, it is not surprising to see that the reduced-order reconstruction shows more organ-

ised coherent vortex structures, but the peak 𝜔 intensity is lower than that of the true

𝜔. The vortex patterns in the cases shown in Fig. 4 are well pinched-off from the
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Fig. 2 Development of the wake width H with streamwise distance x. Legend example: DS(F12)

stands for static (fixed) DS at U∞ = 12 m/s, SQ(S4.5) for galloping (sprung) SQ at U∞ = 4.5 m/s.

This legend system is adopted hereafter

(a) (b)

(c) (d)

Fig. 3 Recirculation bubble size, defined by the distance of the cylinder centre to the wake stag-

nation point, which can be determined from the streamwise velocity U along the wake centreline,

and formation length, in this case defined by the peak spanwise Reynolds stress ⟨v′v′⟩ along the

centreline. a, c galloping cases; b, d static cases. Legends are shown in (b)

shear layers. Their strength can be estimated by the approximated circulation Γe.

Assuming circular vortices, Γe = 2𝜋
∫

Rt

0
𝜔(r)rdr, where Rt is the radius subjected

to a universal threshold or a relative one of 𝜔t = 0.1𝜔0, with 𝜔0 being the peak vor-

ticity intensity. The evolution of Γe will be presented in a future work, considering

the length of the current manuscript.
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(a) (b)

Fig. 4 a Reduced-order reconstruction using POD modes of an instantaneous snapshot shown in

b for DS(F4.5), where a contains 95% of the total energy of b

3 Conclusion

We present in this paper some wind tunnel measurements of galloping behaviour and

wakes behind three non-axisymetric cylinders. The primary results show that DS has

the widest galloping response compared to SQ and SP in terms of amplitude Ay. The

PIV measurements reveal that SQ and DS exhibit distinguishable differences in terms

of formation length, which is potentially associated with the observed different Ay
responses. DS shows to have the smallest formation length and recirculation bubble

length in fixed conditions. However, DS and SQ share a similar variation trend for the

wake width H at static conditions independently to Ay, with SP having a subtly larger

growth rate. The H magnitude is approximately proportional to Ay, not surprisingly.
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