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A B S T R A C T

Contrary to previously known physics about fluid motion around two side-by-side circular cyl
inders, this study has demonstrated stably biased gap flow when excited by a flapping and sta
tionary cantilever pair - the gap flow is only deflected towards the flapping cantilever (without 
switching). Mechanisms for this behavior were presented in this study. To this end, flow visu
alization and spectral analysis of time-resolved data from hot-wire anemometers and the piezo
electric mount of a flapping cantilever were carried out. Furthermore, particle image velocimetry 
was conducted to map instantaneous and time-averaged velocity and vorticity fields. During 
measurements, a center-to-center spacing normalized by cantilever diameter (T/D, pitch ratio) 
was systematically varied in the Reynolds number range of 1800 ≤ ReD ≤ 13,000. We demon
strated that the Kelvin-Helmholtz (K-H) instability of shear layers separated from the flappable 
cantilever was intensified due to flapping, consequently inciting the earlier onset of Kármán 
vortices (evolved from K-H vortices) than those behind the stationary cantilever. Thereafter, an 
earlier velocity recovery developed, generating a transverse pressure gradient towards the flap
ping cantilever and subsequent upstream penetration (i.e., potential effect). The gap flow then 
became stably pushed towards the flapping cantilever.

1. Introduction

Flow around two side-by-side circular cylinders is a configuration that has been extensively studied to understand the physics of 
fluid motion around multiple bluff bodies in close proximity to one another. Multiple bluff bodies have many practical applications, e. 
g., the design of nuclear reactor cores, off-shore drilling platforms, heat exchanger tube bundles, and power transmission lines 
(Zdravkovich, 1997; Sumner et al., 1999; Wang et al., 2020). Side-by-side cylinders are also relevant in a renewable energy harvesting 
scheme, e.g., the motion of one cylinder or both cylinders induced by a wind current to extract the associated kinetic energy (Lee et al., 
2019).

The spacing between the two cylinders is known to strongly affect the wake shedding behavior, particularly when the gap falls 
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within the range of 1.1~1.2 ≤ T/D (defined herein as the pitch ratio) ≤ 2.0~2.5, where asymmetric wakes develop with respect to the 
axis of symmetry seen in Fig. 1(a) (Sumner et al., 1999; Zdravkovich 1988; Brun et al., 2004; Atkins et al., 2016). Here, T is the 
center-to-center distance (i.e., pitch) while D is the diameter of a single cylinder. The wake patterns are characterized by a narrow 
near-wake region behind one cylinder and a wide wake region behind the other one, where the shedding rate of narrow wakes is higher 
than wide wakes. The narrow wake shedding frequency (fn) is greater than the reference shedding rate, observed behind a single 
cylinder in isolation with the same diameter of D. In contrast, the wide wake shedding (fw) is less than the single isolated cylinder (fs). 
Importantly, the narrow and wide wake patterns switch from one cylinder to the other at irregular time intervals, often referred to as 
“flip-flopping” (Kim and Durbin, 1988; Miau et al., 1992). These two wakes are coupled by flow bled through a gap (= T - D) between 
the two side-by-side cylinders, which is called the “gap flow.” Therefore, this gap flow is seen as being biased towards one cylinder and 
displays random switching. It was recent that a third wake pattern was observed, whereby the gap flow was intermittently aligned to be 
parallel with the freestream flow, and intermediate width wakes and shedding rate equal to the reference single cylinder (i.e., in
termediate wake pattern) appeared (Alam et al., 2003; Wang et al., 2025). Thus, the wake patterns are, strictly, tri-stable. It should be 
pointed out that, in most literatures, it is often referred to as bi-stable, ignoring the intermediate wake pattern.

A notable study by Kim and Durbin (Kim and Durbin, 1988) argued that the asymmetric wake patterns and their switching event 
are attributed to a Poisson stochastic process. They conjectured that switching, or flip-flopping, was the behavior of a simple dynamical 
system between two quasi-stable states. However, no further physical explanation was given to describe the mechanisms of the 
switching process. Other efforts made include a study by Ishigai et al. (Ishigai et al., 1972) who deemed the mechanism for the for
mation of biased (strictly speaking, bi-stable) wake pattern as the “Coandă effect.” The bulk flow leaks through the cylinder gap, 
staying attached to the convex cylinder surface, and entrains fluid from the surroundings, so that a region of lower pressure on the 
cylinder’s circumference develops. However, it was later corrected that the “Coandă effect” was not the cause of the biased gap flow 
(with switching), as similar patterns were observed from two side-by-side prisms and flat plates - the convexity is a prerequisite to the 
“Coandă effect” (Miau et al., 1992, 1996; Bearman and Wadcock, 1973; Williamson, 1989). Thus far, no other plausible and convincing 
mechanism for the switching behavior of the gap flow between stationary side-by-side cylinders was provided.

In wind energy harvesting applications, a practical setup uses a short length-to-diameter ratio and a large cylinder-to-fluid mass 
ratio (m* >> 1) (Wang et al., 2025), where either a single cylinder or both cylinders are flexibly mounted, and the motion of at least 
one cylinder is induced to enable the extraction of the associated kinetic energy. Similar to stationary side-by-side cylinders, an 
elastically mounted circular cylinder placed in close proximity to a stationary one also exhibits asymmetrical wake dynamics (i.e., 
bi-stable or tri-stable wakes). An important distinction was observed by Liu and Jaiman (Liu and Jaiman, 2016) and Huera-Huarte 
(Huera-Huarte, 2018), whereby the gap flow was stably deflected towards the vibrating cylinder as a stable event, i.e., no switch
ing, as illustrated in Fig. 1(b). In their setups with low cylinder-fluid mass ratios (m* ~ 10 (Liu and Jaiman, 2016) and 2.43 
(Huera-Huarte, 2018) for a metallic cylinder submerged in water) at T/D = 1.6 (Liu and Jaiman, 2016) and T/D = 2.0 (Huera-Huarte, 
2018), stably biased gap flow occurred together with a frequency lock-in process. Here, narrow wakes developed behind the vibrating 
cylinder, causing the vibration frequency of the flexible cylinder to match the narrow wake shedding frequency. However, there has 

Fig. 1. Asymmetric wake patterns shed from side-by-side arranged cantilevers. (a) Wakes shed from two “stationary” cylindrical objects apart at 
1.1~1.2 ≤ T/D ≤ 2.0~2.5 (Sumner et al., 1999; Zdravkovich 1988; Bearman and Wadcock, 1973; Sumner, 2010; Alam and Zhou, 2007; Wang and 
Zhou, 2005), adopted from Wang et al. (Wang et al., 2025). and (b) Wakes shed from a vibrating-stationary cantilever array, adopted and 
reproduced from Liu and Jaiman (Liu and Jaiman, 2016) at T/D = 1.5 and Huera-Huarte (Huera-Huarte, 2018) at T/D = 2.0.
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been no plausible mechanism presented to explain how the stable asymmetric wake pattern is established, such that narrow wakes 
form only behind the vibrating cylinder while wide wakes are shed from the stationary cylinder, with no switching observed.

To elucidate on the fluid physics of stably biased gap flow developed behind an elastically mounted cylinder, a description of how 
wakes are shed from a circular cylinder in isolation is believed to be necessary. The most distinctive wake pattern formed behind an 
isolated cylinder is the “Kármán vortex street” or “Kármán vortices,” featuring periodically shed vortex pairs that extend downstream 
as illustrated in Fig. 2 (Von Kármán, 1911; Williamson, 1996). In the subcritical Reynolds number range of 350~400 ≤ ReD ≤ 100, 
000~200,000, the transition from laminar to turbulent shear layers (TrSL) takes place in the near wake region (Zdravkovich, 1997), 
where undulations and small-scale vortices form along transitional separated shear layers that precede the Kármán vortices. This 
Reynolds number range is relevant to wind energy harvesting since the natural wind speed varies from 0.5 m/s to 10 m/s (Burton et al., 
2011), corresponding to ReD = 700 and ReD = 14,000, respectively (if D = 2.0 cm as used in the present study).

Physical mechanisms underlying the “Kármán vortices” have long been a topic of research, with particular focus placed upon 
understanding how the shedding process evolves from a non-vortex shedding state, i.e., ReD = 49 (Von Kármán, 1911; Williamson, 
1996; Bénard, 1908; Nayler and Frazer, 1917; Zdravkovich, 1969). Specific to the subcritical Reynolds number regime characterized 
by TrSL, Gerrard (Gerrard, 1996) claimed that entrainment from the separated shear layer supplies a forming vortex on the opposite 
side and determines the shedding of mature Kármán vortices. Another account by Sumer and Fredsøe (Sumer and Fredsøe, 2006) is that 
the shedding of Kármán vortices occurs only when the two shear layers around a cylinder interact with each other. Thus, the separated 
shear layers from both sides of a cylinder and their subsequent interaction are defining characteristics of Kármán vortices.

The imbalance between the momentum of boundary layer flow and the adverse pressure gradient along the circumference of a 
cylinder causes the separation of a boundary layer (Schlichting and Gersten, 2017). In the TrSL regime, sinuous oscillation develops in 
the separated shear layers due to a susceptibility to instability caused by a velocity gradient that exhibits an inflection point in the shear 
layers, which has been referred to as the Kelvin–Helmholtz (K–H) mechanism (Bloor, 1964; Wei and Smith, 1986; Prasad and Wil
liamson, 1997; Thompson and Hourigan, 2005). Thus, it is often termed a “K-H wave.” The oscillation amplitude of the K-H wave 
increases with increasing Reynolds number (Zdravkovich, 1969), eventually developing into small-scale vortices (K-H vortices (Lin 
et al., 2002) with a specific spatial interval. These K-H vortices could be identified as a specific Reynolds number-dependent fluctuation 
frequency within the shear layers (Wei and Smith, 1986), and the associated Reynolds number scaling relation has been summarized 
(Prasad and Williamson, 1997; Thompson and Hourigan, 2005). It has been argued that K-H waves roll up into small vortices when ReD 
≥ 2000 (Gerrard, 1996; Bloor, 1964; Wei and Smith, 1986; Gerrard, 1978; Kourta et al., 1987; Unal and Rockwell, 1988). In contrast to 
“large-scale” vortices, namely, the Kármán vortices, these small-scale K-H vortices can be scaled with the thickness of separated shear 
layers, which is generally a small fraction of the cylinder diameter. Therefore, the length and time scales of shear layer instability are 
much smaller than those associated with the instability of periodic Kármán vortex shedding (Prasad and Williamson, 1997). 
Accordingly, the frequency of the K-H vortices is much higher than that of the Kármán vortices. Furthermore, Unal and Rockwell (Unal 

Fig. 2. Evolution of boundary layer separation from a circular object to Kármán vortices, at a subcritical Reynolds number regime characterized by 
the transition from laminar to turbulent shear layers (TrSL), where s0: stagnation point and s1: separation point, s2: saddle point, and b1: bifurcation 
point (Williamson, 1996; Zdravkovich, 1969; Gerrard, 1996; Bloor, 1964; Wei and Smith, 1986; Prasad and Williamson, 1997; Johnson et al., 2014).
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and Rockwell, 1988) found that the K-H instability exhibits significant amplification at the 1/2-subharmonic of the naturally occurring 
shear layer frequency.

In summary, a boundary layer on each side of a cylinder is separated. Hereafter, it is termed a separated shear layer. With reference 
to the inset of Fig. 2 (from Johnson et al. (Johnson et al., 2014)), the K-H instability grows along the separated shear layer (i). Its 
growth is indicated by sinuous oscillation or undulation (ii), also called the “K-H waves,” eventually followed by K-H vortices, i.e., 
small-scale vortices with a much higher convecting frequency. When a K-H vortex (denoted as Vortex “A” in Fig. 2) becomes strong 
enough, it entrains irrotational fluid from the outside of the upper shear layer (denoted as “Entrainment, “E1” and “E2” in Fig. 2). The 
entrained irrotational flow, E2 cannot penetrate the lower shear layer (Gerrard, 1996). Thus, it instead bifurcates (indicated by point 
“b”). One such bifurcated stream towards the back surface of the cylinder forms “reverse flow, b1”, with eventual stagnation (s0). This 
reverse flow acts to further strengthen Vortex A by feeding the same circulation. The other bifurcated stream “b2” circulates around the 
last K-H vortex, which is formed along the other shear layer while feeding a fresh irrotational fluid, thus becoming stronger. As a result, 
the strengthened Vortex B developed in the lower shear layer becomes separated, and the circulating stream of Vortex B collides with 
the entrained flow, forming a “saddle point, s2” (Nayler and Frazer, 1917; Perry et al., 1982) as shown in Fig. 2. Enhanced by this 
downward bifurcated flow leading to bifurcation point b, the fully developed Vortex B will eventually become strong enough to entrain 
fluid from the upper shear layer and, eventually, bifurcation point b vanishes. Thereafter, the strong Vortex B entrains fluid from the 
lower shear layer, causing upward entrainment into the formation region as a replenishment for the reversing flow during the next half 
cycle. Since the lower shear layer is not involved with Vortex B, it will supply fluid to the forming Vortex A and allow the cycle to 
repeat. Through the aforementioned process, the separated Vortex B from the serial K-H vortices becomes the first Kármán vortex.

Upon introducing an external acoustic excitation in the separated shear layers to force K-H instability, and thereby shorten the 
formation region of Kármán vortices (indicated in Fig. 2), Sheridan et al. (Sheridan et al., 1993) demonstrated the control of the 

Fig. 3. Test setup: photograph and schematics showing a blowdown wind-tunnel and rectangular test section with two hot-wire anemometers 
(HWAs), particle image velocimetry (PIV), and a Pitot tube instrumented (Wang et al., 2025).
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evolution process of Kármán vortices. Thus, we hypothesize that in a side-by-side flappable and stationary cantilever array, the 
flow-induced flapping motion acts to incite the forced K-H instability. Consequently, Kármán vortices that follow the K-H waves and 
K-H vortices along the separated shear layers are developed spatially earlier, thus altering the downstream wake-shedding charac
teristics. As a result, a certain flow property may trigger stably biased gap flow between these flapping and stationary cantilevers, with 
its effect being substantiated only in their close proximity.

To prove the hypothesis and stipulate the flow property that is altered due to the forced K-H instability by flapping, we carried out a 
series of experiments with a high cantilever-to-fluid mass ratio (m* ~ 1125 for a polymer resin cylinder submerged in air). Flow 
visualization and spectral analysis of time-resolved data from hot-wire anemometers and the piezoelectric mount of a flapping 
cantilever were performed. In addition, particle image velocimetry was conducted to map instantaneous and time-averaged velocity 
and vorticity fields. During measurements, the center-to-center spacing normalized by a single cantilever diameter (T/D) – pitch ratio 
of side-by-side flappable and stationary cantilevers – was systematically varied in a Reynolds number range of 1800 ≤ ReD ≤ 13,000.

2. Experimental details

2.1. Test facility

A purposely designed test rig, consisting of a blowdown wind-tunnel and rectangular test section that accommodated stationary 
and flappable cantilevers, was constructed as shown in Fig. 3. The cantilever pair had an adjustable transverse center-to-center dis
tance (T/D), while the wind-tunnel had a rectangular test section of w = 480 mm and h = 100 mm. Air at ambient conditions driven by 
a centrifugal blower of 7.5 kW passed through a set of grid meshes and honeycombs. A frequency inverter controlled the speed of air- 
stream in the test section from U∞ = 1.0 m/s to 13.5 m/s. Correspondingly, the Reynolds number based on a single cantilever’s 
diameter D = 20 mm could be varied from 1500 to 16,000 (to be defined later). These Reynolds numbers fall within the regime of wake 
patterns transitioning along free shear layers (Wieselsberger, 1922) – termed here as the “transitional shear layer” (or TrSL) (350~400 
< ReD < 100,000~200,000): similar wake shedding patterns were thus expected.

The tested objects were mounted on the test section’s upper wall. Both cantilevers had the diameter of D = 20 mm and a length of L 
= 99 mm. It follows that there was a 1.0 mm clearance gap for the cantilever’s free end from the test section’s lower wall. Both the 
stationary and flappable cantilevers were made of a photosensitive resin via 3D printing. The mounting of the flappable cantilever 
consisted of a flexible plate to allow “flapping” motion of the cylindrical rigid body, with respect to the flapping axis indicated in the 
inset of Fig. 3. The flexible mounting comprised of a lead zirconate titanate (PZT) ceramic bimorph plate (size of 20 mm × 8 mm × 0.8 
mm), which was fixed to the base through the PZT plate with the length of a = 8 mm (i.e., the distance between the body and the base). 
As a key parameter of vortex-induced-vibration, the cantilever-to-fluid mass ratio was defined (Zdravkovich, 1985) as: 

m∗ =
m

ρ(D/2)2 (1) 

where m is the per unit length mass of the cantilever immersed in the fluid (air), D is the cylinder diameter, and ρ is the fluid density. 
The calculated m* of the tested flappable cantilever assemblies – the piezoelectric (PZT) plate and rigid cylinder – was 1125 with a 
natural frequency of 30 Hz and 31 Hz separately for flappable cylinder #1 and flappable cylinder #2; correspondingly, the damping 
was expressed as a logarithmic decrement of 0.017 and 0.016.

For the side-by-side arrangement, the center-to-center spacing (pitch ratio) of two parallel cantilevers was systematically (albeit 
manually) varied, as illustrated in Fig. 3. The flappable cantilever was free to flap without contacting the lower wall, generating 
piezoelectric voltage (Vp) signals that were connected to a data acquisition system (DL350, YOKOGAWA) at a sampling rate of 2.0 kHz. 
The acquired voltage signals allowed for spectral and phase analysis of the flapping cantilever’s vibrational characteristics.

2.2. Time-averaged and time-resolved velocity measurements

To characterize the airflow interaction with the side-by-side cylinders time-averaged and time-resolved velocity measurements 
were taken using the experimental facility shown in Fig. 3. Further details of the experimental setup are provided in Wang et al. (Wang 
et al., 2025), where the freestream velocity profiles along the width (y-axis) and height (z-axis) of the test-section were measured 11D 
upstream, from the leading edge of both cantilevers, by a Pitot tube (L-type, 3.0 mm diameter) as shown in the inset of Fig. 3. Based on 
cantilever diameter D, the Reynolds number is defined as: 

ReD =
ρU∞D

μ (2) 

where, ρ is the air density, U∞ is the area averaged free stream velocity, and μ is the dynamic viscosity of air. Furthermore, the wake 
shedding patterns in the wind tunnel as the airflow interacts with the side-by-side cylinders were visualized using smoke-wire tech
nique was used as described by Wang et al. (Wang et al., 2025).

To quantify the level of turbulence in the freestream by turbulence intensity (Ti), the time-resolved velocity was measured using a 
single velocity component hot-wire probe (5 μm in diameter; MiniCTA-54T42, Dantec Dynamics), at the same plane where time- 
averaged velocity was measured by the Pitot tube (Wang et al., 2025).

The frequency characteristics of the K-H waves, the K-H and the Kármán vortices in the shear layer and wakes of the stationary and 
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flappable cantilevers, time-resolved measurements were also carried out. For this purpose, two hot-wire anemometers (HWA #1 and 
#2) were used, with each positioned behind the test specimen at lx along the x axis and ly along the y axis from the trailing edge of both 
stationary and flappable cantilevers, as indicated by the inset of Fig. 3. The hot-wire signals were processed using a Fast Fourier 
Transformation (FFT) to convert discrete signals from the time domain to frequency domain, which enabled obtaining signal infor
mation about individual spectral components (frequency) and the corresponding energy distribution (power spectral density, PSD). As 
a result, dominant vortex shedding frequencies could be determined in the form of Strouhal number, defined as: 

St =
fvD
U∞

(3) 

where fv is the dominant wake shedding frequency associated with PSD peaks in the power spectra of HWA signals, and D is the single 
cylinder diameter.

2.3. Velocity and vorticity field mappings

Downstream velocity and vorticity fields around the cantilevers, including the gap region, were mapped using particle image 
velocimetry (PIV). The PIV allowed both instantaneous and time-averaged flow properties to be mapped within the object plane 
(measurement area, as shown in Fig. 3. The laser source emitted a pulsed laser beam that was transformed into a laser sheet by the laser 
optics. Consequently, as shown in Fig. 3, laser illumination of the upstream and downstream wake regions for the pair of cylinders was 
achieved. The light-sheet thickness Δz was adjusted by the laser optics (i.e., Δz ≈ 1.0 mm).

The flow field was seeded with an atomized mineral oil with a mean particle diameter of approximately 1 μm. The particles carried 
by the flow were then illuminated by a pulsed laser light sheet that had a 1.0 mm thickness. The green light sheet was generated from a 
frequency-doubled dual-cavity Nd: YAG laser (Evergreen 70, Lumibird), with a light wavelength of 532 nm. The light sheet was 
perpendicular to the center axis of the cantilevers and located at the midspan at h/2. The measurement period was defined by two 
sequential pulses of the laser light sheet that were separated by a finite time interval (7.65 μs).

The recorded flow field was represented by the random pattern of particle images captured by the image plane of the charge- 
coupled device (CCD) sensor. These images were recorded on the sensor frame that had a 2752 × 2200-pixel resolution. The field 
of view within the light sheet was denoted in Fig. 3 as an object plane, where the physical PIV measurement area was 168.1 × 134.4 
mm, with a magnification factor of M0 = 0.15. The optical axis of the camera was perpendicular to the laser light sheet, and the camera 
focused on the midspan plane of the cantilevers, which coincided with the light sheet. Acquisition of the velocity field depended upon 
estimating the displacement field, which was achieved based on the PIV images captured and interrogated using an integrated image 
acquisition and processing software (DaVis version 10.2.0, Lavision). The PIV images were divided into subregions (referred to as 
interrogation areas), which were 48 × 48 pixels in size and overlapped by 50 %. The obtained velocity field was further processed by 
converting to a fixed grid, via interpolation, to calculate the vorticity field. Subsequently, for a specific location in the flow field, both 
the velocity and vorticity fields were evaluated over an ensemble of 100 instantaneous maps that were sampled at a frequency of 12.75 
Hz.

2.4. Static pressure measurements

The transverse variation of static pressure in the near wake of the cantilever array was measured by pneumatic pressure tappings. 
Fine steel tubes with an inner diameter of 0.6 mm were inserted into the top wall of the wind-tunnel test section, via drilled holes that 
were perpendicular to the wall surface, at a distance of 3.5 D downstream from the trailing edge of cantilevers (Fig. 3). Each tube was 
then connected to a differential pressure transducer (DSA3217, Scanivalve™), the latter sending data via a TCP/IP protocol to a data 
acquisition personal computer.

To evaluate pressure differences in the wakes of the two side-by-side arranged cantilevers, a non-dimensional pressure coefficient 
Cp was defined as: 

Cp =
ps1 − ps2

ρU2
∞

/
2

(4) 

where ps1 and ps2 were the static pressures measured behind the cantilever #1 (stationary or flappable) and cantilever #2 (stationary), 
respectively.

2.5. Measurement uncertainties

Measurement uncertainties were estimated using a method detailed by Coleman and Steele (Coleman and Steele, 2018), as follows. 
If y = f (x1, x2, …, xn), then the uncertainty propagated by xi in the variable y is given by: 

Δy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

∂y
∂x1

Δx1

)2

+

(
∂y
∂x2

Δx2

)2

+ ⋯ +

(
∂y
∂xn

Δxn

)2
√

(5) 

where Δxi is the absolute uncertainty in xi. Eq. (5) was used in this study to estimate overall experimental uncertainties associated with 
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frequency and velocity measurements. The uncertainty associated with velocities measured by the Pitot tube and Reynolds number 
was calculated to be 1.64 %. Similarly, the uncertainty associated with voltage output was estimated to be 2.31 %. The measurement 
uncertainty of the Strouhal number was determined by that of the velocity and vortex shedding frequency and was estimated to be 4.3 
%.

The instantaneous PIV velocity measurement uncertainty is primarily related to the estimation of the average particle displacement 

Fig. 4. Wakes shed from stationary-flapping cantilevers in a side-by-side arrangement. (a) Strouhal numbers (St) varying with pitch ratio (T/D) at 
two selected Reynolds numbers (ReD = 6500 and 13,000), and (b) Power spectra of hot-wire anemometer signals (HWA #1 and HWA #2) at ReD 
=13,000 (left) and visualized wake patterns, highlighting a gap flow behavior at selected pitch ratios for ReD = 1800 (right).
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within an interrogation area. The determination of measurement uncertainty relating to particle displacement was quantified 
analytically and by the generation of synthetic images with known parameter values (Westerweel, 1997, 2000; Adrian and West
erweel, 2010). A reasonable estimate of measurement error is given by Westerweel (Westerweel, 1997, 2000), which was applicable to 
the PIV algorithm used in this investigation. The total measurement error was estimated based on the contributions of the mean bias 
(εΔX) and random errors (σΔX) present during PIV interrogations. Westerweel (Westerweel, 1997, 2000) and Adrian and Westerweel 
(Adrian and Westerweel, 2010) showed that the random measurement errors are directly proportional to the particle image diameter 
(dτ) and are a function of the number of particle images (NI) within the interrogation area, and sub-pixel displacements (ΔX). In 
addition, background noise contributes to the random error. Taking these factors into consideration the random error is estimated to be 
0.17 pixels, based on an average particle image diameter of 2.8 pixels. The particle image diameter was measured using the auto
correlation of the PIV recordings, where the resulting self-correlation peak width is related to the particle image diameter as dτ√2. This 
method to determine the particle image diameter was preferred to the analytical diffraction-limited spot size estimation, which tends 
to underestimate the value of this parameter due to the non-ideal performance of the lens and imaging arrangement. The ideal number 
of particle image pairs (NI =10) for the displacement-correlation was assumed according to Adrian and Westerweel (Adrian and 
Westerweel, 2010). The bias error was estimated by Westerweel (Westerweel, 2000), which shows the error to be a function of the 
displacement correlation peak width. The present bias error was estimated to be 0.0066 pixels. Therefore, the total measurement 
uncertainty was determined to be 4.6 % based on the valid full-scale displacements of 1.2 pixels, where the total bias and random 
errors are combined by using the root-sum-square of these terms.

3. Results

Previous studies (Liu and Jaiman, 2016; Huera-Huarte, 2018) reported that the gap flow was stably biased towards the vibrating 
cylinder when the flow bled through the gap between two side-by-side stationary-elastically mounted cylinders. This stably biased gap 
flow (i.e., without switching) occurred for a water-stream when vortex shedding and vibration motion were locked-in (i.e., resonance), 
the cylinder-to-water mass ratio was low, and their center-to-center spacing was small (i.e., T/D = 1.6 & 2.0). Such stable and biased 
gap flow behavior is in contrast to the widely accepted bi-stable (or tri-stable) random switching of gap flow bled between two 
side-by-side stationary (Sumner et al., 1999; Kim and Durbin, 1988; Alam et al., 2003; Wang et al., 2025) or vibrating (Wang et al., 
2025; Huera-Huarte, 2018) cylinder pair.

The setup of two side-by-side short stationary-flappable cantilevers immersed in an air-stream is like a vibrating elastic cylinder 
pair, practically relevant to wind energy harvesting. Here, the “flappability” of a short cantilever refers to flow-induced vibration of a 
rigid cantilever, with one end fixed to a bending flexible mount and the other end free to vibrate about a single “flapping axis.” In this 
study, in the Reynolds number range of 1800 ≤ ReD ≤ 13,000, we demonstrated, for the first time, the wake shedding mechanism for 
flapping cylinders with varying center-to-center spacing, termed here as the “pitch ratio” (T/D). To this end, the characteristics of wake 
shedding including gap flow were analyzed using a dimensionless frequency, i.e., the Strouhal number (St, defined in Eq. (3)), at two 
selected Reynolds numbers (ReD = 6500 and 13,000), with HWA probes positioned at lx = 3.5D and ly = 0.5D Fig. 4(a) presented four 
distinct wake regimes in the pitch ratio range of 1.2 ≤ T/D ≤ 4.0, as: (A) Single bluff body wake regime, 1.0 < T/D ≤ 1.2; (B) Stably 
biased wake regime, 1.2 < T/D ≤ 1.9; (C) Bi-stable wake regime (i.e., biased wake regime with switching (also see, Fig. 4 for T/D =
2.3), 1.9 < T/D ≤ 2.4; (D) Parallel wake regime, 2.4 < T/D. This classification is somewhat similar to that of two side-by-side stationary 
cantilevers and two side-by-side flapping, short cantilevers (Wang et al., 2025). However, one distinction is that, for relatively small 
pitch ratios (e.g., 1.2 < T/D ≤ 1.9), the shed wakes are stably biased towards the flapping cantilever, rather than exhibiting bi- or 
tri-stability.

In the single bluff body wake regime (A), i.e., T/D ~ 1.2, a single Strouhal number (St) existed; Fig. 4(b). The power spectra of two 
HWA signals showed the same Strouhal number peak at St ~ 0.076, based on cantilever diameter D. Corresponding flow visualization 
image showed a large-scale single wake formed behind the two side-by-side stationary-flapping short cantilevers, which were shed 
from the outer sides of the cylinders. The influence of gap flow on the overall wake pattern was small. Consequently, the two can
tilevers in close proximity behaved like a single bluff body having an equivalent diameter of De = 2D, giving rise to 2 St ~ 0.16, which is 
the Strouhal number associated with a single cantilever of diameter De in isolation. As the cylinders tested in the current study were 
relatively short, this Strouhal number is slightly lower than that of “long” circular stationary cylinders (Kamemoto, 1976; Okamoto and 
Yagita, 1973; Rooney et al., 1995).

Fig. 4(b) showed flow visualization where the gap flow had a stably biased deflection towards the vibrating cylinder, with the 
switching behavior cancelled out. For example, when T/D = 1.7, low and high Strouhal numbers were separately observed in the 
wakes of the stationary and the vibrating cylinders: thus, for a given pitch ratio within 1.2 < T/D ≤ 1.9, the biased wake regime was 
classified as (B) in Fig. 4(a). The gap flow was biased towards the flapping cantilever, and no switching was involved, evidenced by the 
power spectra. Both the flow visualization image and spectral signals showed that the high St coincided with the narrow wake (denoted 
by “N”), formed behind the flapping cantilever, whereas the low St indicated the wide wake (denoted by “W”) shed from the stationary 
cantilever. In addition, the HWA signal behind each cantilever exhibited only a single dominant shedding frequency, thus confirming 
the stably biased wake behavior. As the pitch ratio was increased towards T/D = 1.9, the low St increased to approach St = 0.16, which 
was equivalent to that of a single cantilever in isolation. On the other hand, the high St decreased, approaching a value of St ~ 0.2 
(Fig. 4(a)). This wake regime was unique to the present particular setup of two side-by-side short stationary-flapping cantilevers 
immersed in air-stream.

As the pitch ratio was further increased to fall in the range of 1.9 < T/D ≤ 2.4, the bi-stable wake regime (C) was formed (Fig. 4(a)). 
In contrast to the stably biased wake region (B), the HWA signal behind each cantilever for the bi-stable wake regime (C) exhibited two 
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dominant shedding frequency peaks, thus confirming the bi-stable or switching wake behavior. Here, the intermittent, random 
switching for the bi-stable wake regime (C) was shown with flow visualization, whereby the gap flow deflection might either be 
directed towards the stationary or the vibrating (flapping) cylinder. The power spectral data of Fig. 4(b) indicated that the wake 
shedding frequency for the narrow wake (N) was St ~ 0.2 and, for the wide wake (W), St ~ 0.16. The wide wake St is coincident with 
that of a single isolated short cantilever (diameter D) as indicated by the dotted line at St = 0.16 in Fig. 4(a).

Lastly, for a large pitch ratio, i.e., T/D > 2.4, the parallel wake regime (D) was displayed. The gap between the side-by-side 
cantilevers (= T - D) was wide enough so that the gap flow behaved like a freestream passing around the two separate cantilevers. 
From flow visualization, both in-phase and anti-phase wake patterns developed, which demonstrated coupling despite the greater gap 
spacing. At T/D = 2.5, the St of the wide wake suddenly merged to the narrow wake St (Fig. 4(a)). As the pitch ratio increased further, 
the St gradually decreased, eventually approaching St = 0.16, which is equivalent to that of a single short cantilever in isolation (Wang 
et al., 2025).

In summary, the stably biased gap flow was unique to the setup of two side-by-side short (1.2 < T/D ≤ 1.9) stationary-flapping 
cantilevers immersed in air-stream, rather than the bi - or tri-stability observed in the two side-by-side arrangement of either sta
tionary or flapping cantilevers (Sumner et al., 1999; Kim and Durbin, 1988; Alam et al., 2003; Wang et al., 2025). However, the 
physical mechanism underpinning the stably biased gap flow behavior is essentially obscure.

Flow visualization of wake pattern with ReD = 1800 and T/D = 1.7 was presented in Fig. 5(a). A wide wake was formed behind the 
stationary cantilever, while narrow wakes convected downstream from the flapping cantilever. The separated shear layers on the 
flapping cantilever side evolved to a series of vortices smaller than those on the stationary cantilever side. More importantly, flow that 
was bled through the gap of T - D = 0.7D (or T/D = 1.7) was biased towards the flapping cantilever. To provide improved insight into 
how these vortices were formed behind each cantilever, the vorticity (ωz) was introduced, which was defined as: 

ωz =
dUy

dx
−

dUx

dy
(6) 

where Ux and Uy are the x- and y-velocity components at an arbitrary point, respectively. The vorticity was then mapped with the 
technique of PIV. In Fig. 5(b), the results of an instantaneous vorticity contour map at T/D = 1.7 and ReD = 13,000 demonstrated that 
small-scale K-H vortices developed in the shear layers. Note that, immediately downstream of both cantilevers, serially separated 

Fig. 5. Stably biased gap flow and shear layers developed above the flapping cantilever at ReD = 13,000 and T/D = 1.7. (a) Visualized stably biased 
gape flow, (b) Instantaneous vorticity (ωz) distribution by PIV, and (c) Time-averaged vorticity (ωz) distribution over 100 PIV images in 30.15 s.
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islands of concentrated vorticity formed along the shear layers, revealing undulating vorticity. At a certain downstream location, the 
isolated concentrations of vorticity evolved into large-scale vortices, conventionally known as the “Kármán vortices.” The detailed 
evolution sequence of these large vortices could be referred to Fig. 2.

In the present setup, the K-H vortices eventually grow to form larger-scale Kármán vortices at about 3D downstream. From Figs. 5
(b, c), it could be seen that the vorticity along the shear layers shed from the flapping cantilever was stronger than that from the 
stationary cantilever. Although the time-averaging of instantaneous vorticities blurred the details (Fig. 5(c)), it still indicated stronger 
vorticity and longer shear layers corresponding to the flapping cantilever side. The time-averaged vorticities extracted along A-A in 
Fig. 5(c) quantitatively confirmed that, at a given downstream plane before the Kármán vortices, the vorticity developed from the 
flapping cantilever was stronger (i.e., ωs_max = 4955 s-1) than that from the stationary one (i.e., ωs_max = − 3915 s-1).

To explore fluid mechanisms underpinning the strengthened vorticity due to flapping as evidenced in Fig. 5, Fig. 6 shows the results 
of power spectral analysis for ReD = 13,000. The Fast Fourier Transformation (FFT) of the velocity signals measured with hot wire 
anemometers (HWAs) provided insight into dominant vortex shedding and K-H frequencies in the shear layers. Downstream of the two 
cantilevers in the upper shear layer of each cantilever, the HWAs were positioned at lx = 0.5D, ly =0.5D, denoted as A-A in Figs. 5 (b, c), 
and lx = 3.5D, ly = 0.5D, denoted as B-B in Fig. 5(b).

Firstly, to establish a reference case and eliminate any interference from neighboring flapping or stationary cantilever, velocity 
signals of the HWA at lx = 0.5D for an isolated stationary cantilever and an isolated flapping cantilever were compared in Fig. 6(a). The 
total power of velocity signals was calculated by integrating the power spectral density (PSD) magnitude over the entire frequency 
range. Thus, the intensity of a specific periodic behavior reflected by signal fluctuations was determined by the PSD’s magnitude.

The large-scale Kármán vortices were consistently represented by a dominant frequency peak at fv = 75 Hz, giving rise to a cor
responding Strouhal number of St = fvD/U∞= 0.16 for either a stationary or flapping short (L/D = 5.0) cantilever in isolation. In 
contrast, small-scale K-H vortices developed at higher frequencies (Bloor, 1964; Prasad and Williamson, 1997). Prasad and Williamson 
(Prasad and Williamson, 1997) proposed an empirical correlation in the form of fK-H = fv(ReD/262)0.67, fK-H and fv being the frequency 
of K-H vortices and Kármán vortices, respectively. Based on the present data of fv = 75 Hz, this formula predicted fK-H = 1025 Hz, which 
coincided well with the peak of fK-H = 1050 in Fig. 6(a). Half of the K-H vortex shedding frequency (i.e., fK-H/2) was also identified, 
since it is associated with the occurrence of vortex pairing shed from both sides (Kourta et al., 1987; Khabbouchi et al., 2014; Mi et al., 
2011). For both cases, fK-H/2 was captured by another peak, also shown in Fig. 6(a). For an isolated flapping or stationary cantilever, it 
became clear that fv and fK-H had the same frequency distributions, but flapping enlarged the PSD magnitude.

At ReD = 13,000, consider next the case of stationary-flapping cantilevers with T/D = 1.7. With reference to Fig. 4, the stably biased 
gap flow featured a wide wake formed only behind the stationary cantilever and a narrow wake shed from the flapping cantilever. On 
the stationary side, the peak frequency measured at the lx = 3.5D (B-B) downstream plane indicated that the Karman vortex shed at fvW 
= 55 Hz corresponded to the wide wake. Other peaks were also captured at 600 Hz and 300 Hz, which indicated the K-H vortices and 
their pairing, respectively. It should be pointed out that these higher frequencies were measured at the lx = 0.5D (A-A) downstream 
plane. On the other hand, behind the flapping cantilever, the peak frequency associated with the Karman vortices was measured to be 
fvN = 115 Hz (representing the narrow wake), while the other two high frequencies were fK-H = 600 Hz and fK-H/2 = 300 Hz, consistent 
with those obtained for the stationary cantilever. Only the magnitude of PSD was increased.

In summary, the shedding of K-H vortices from both stationary and flapping cantilevers occurred at the same frequencies. However, 
the power concentration differed: the flapping caused a stronger PSD in both the K-H vortices and Kármán vortices. Since K-H 
instability preceded these vortices, it might be concluded that the flapping intensified K-H waves, thus facilitating their evolution to K- 
H vortices along the shear layers.

It appeared that the intensified K-H vortices spatially evolved to Kármán vortices, as shown by the contours of instantaneous 
vorticity (Fig. 5(b)) and velocity (Fig. 7(a)) mapped via PIV measurements. Furthermore, downstream of the cylinder, the pairs of 
Kármán vortices emerged sooner in the near wake. As a result, the velocity deficit caused by the narrow wake was recovered sooner 
than that by the wide wake. The contour of time-averaged velocity in Fig. 7(b) clearly depicted a faster velocity recovery behind the 
flapping cantilever, enabling a transverse pressure gradient to form. Here, static pressure was measured in the near wake using 15 flush 

Fig. 6. Power spectral density (PSD) of near-wake velocity fluctuation behind cantilevers at ReD = 13,000. (a) Stationary cantilever and flapping 
cantilever, each in isolation, and (b) Flapping-stationary cantilevers at T/D = 1.7.
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mounted pressure tappings distributed along the B-B line (at the 3.5D downstream plane, measured from the trailing edge of each 
cantilever). The measured distribution of transverse static pressure indicated that the narrow wake had a lower pressure than the wide 
wake, suggesting that a transverse pressure gradient was established in the near wake. In turn, the transverse pressure gradient pushed 
the gap flow towards the flapping cantilever, thus creating the observed stably biased gap flow.

We have now claimed that the downstream pressure gradient acting transversely (and its upstream penetration as a potential effect) 
is responsible for the stably biased gap flow, based on pressure and velocity data obtained at T/D = 1.7. In the present setup, the biased 
wake regime existed in a range of 1.2 < T/D < 1.9, as seen in Fig. 4. Therefore, we need to confirm that the claimed cause still holds for 
other pitch ratios within the regime. To this end, static pressures were measured using two pressure tappings aligned with both 
cantilever axes, positioned at 3.5D downstream each cantilever. The obtained results were presented in the form of a pressure coef
ficient Cp, defined in Eq. (6). This pressure coefficient indicated the magnitude of transverse pressure difference that existed between 
the two cantilevers while the pitch ratio was varied.

As a reference, the difference of transverse pressure (ps1 - ps2) measured in the near wake of two stationary cantilevers was firstly 
presented in Fig. 8(a). For a given pitch ratio in the entire range considered (i.e., 1.2 ≤ T/D ≤ 4.0), the pressure difference fluctuated 
with respect to a zero difference (Cp = 0), leading to the previously observed tri-stable or bi-stable gap flow with random switching 

Fig. 7. Velocity field behind flapping-stationary cantilevers in a side-by-side arrangement at ReD = 13, 000 and T/D = 1.7 by PIV. (a) Instantaneous 
velocity field (U), and (b) Time-averaged velocity (U) field and transverse distributions of U and Cp at a 3.5D downstream plane (B-B).

Fig. 8. Downstream pressure difference of the two side-by-side cantilevers at x/D = 3.5 (along B-B indicated in Fig. 7(b)) with a varying center-to- 
center distance at ReD = 13,000 and T/D = 1.7. (a) Two stationary cantilevers as reference, and (b) Flapping-stationary cantilevers.
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(Kim and Durbin, 1988). In sharp contrast, with a flapping cantilever set next to the stationary cantilever in a side-by-side manner 
(Fig. 8(b)), a stable, negative pressure difference existed in 1.2 < T/D < 1.9. It followed that a higher pressure was present behind the 
stationary cantilever, instead of the flapping one. At T/D ≥ 1.9, the pressure coefficient Cp began to fluctuate with respect to zero Cp 
difference, causing the bi-stable gap flow switching behavior to appear again. Thus, Fig. 8(b) demonstrated that, only within the pitch 
ratio range of 1.2 < T/D < 1.9, the formation of stable transverse pressure gradients in the near wake was responsible for the stably 
biased gap flow.

4. Conclusions

When a stationary cylinder is placed side-by-side with a flapping cylinder, the gap flow between them was previously observed to 
be stably biased towards the flapping cylinder, yet the mechanism underpinning this fluidic behavior remained largely obscure. This 
study squarely investigated a plausible mechanism for the stably biased gap flow behavior, which is relevant for wind energy har
vesting in which the cantilever-to-fluid mass ratio is large. Flow visualization and spectral analysis of time-resolved data from hot-wire 
anemometers and the piezoelectric mount of a flapping cantilever were carried out. Particle image velocimetry was also conducted to 
map the instantaneous and time-averaged velocity fields. We demonstrated, for the first time, how wakes were shed in this particular 
setup within the Reynolds number range of 1800 ≤ ReD ≤ 13,000, with the center-to-center distance T/D (pitch ratio) systematically 
varied. The stably biased gap flow occurred only in the pitch ratio range of 1.2 < T/D ≤ 1.9, where no switching occurred. Flapping 
intensified the Kelvin-Helmholtz (K-H) instability along shear layers separated from the flapping cantilever, leading to a longitudinally 
earlier evolution into the K-H waves and K-H vortices. Thus, the earlier onset of Kármán vortices was triggered. As a result, the velocity 
deficit caused by the narrow wake was recovered longitudinally earlier than that by the wide wake, resulting in a transverse pressure 
gradient acting towards the flapping cantilever as well as its upstream penetration due to potential effect. Consequently, the gap flow 
was stably pushed towards the flapping cantilever as observed.
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