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ABSTRACT
Wind-tunnel experiments were conducted to investigate vortex-induced vibrations (VIVs) of side-by-side arrays of two and three identical 
circular cylinders mounted on flexible beams. The gap-to-diameter ratio was varied over 0:025 � G=D � 4. At large spacings, the response 
approached that of an isolated oscillator: 1 � G=D � 4 for two cylinders and 2 � G=D � 4 for three cylinders. At smaller spacings, wake 
coupling modified the lock-in response and produced distinct collective vibration modes. In the two-cylinder array, the cylinders oscillated 
either synchronously or 180� out of phase. In the three-cylinder array, additional states appeared, including cases where the two outer cylin
ders moved together while the middle cylinder moved oppositely and cases where the middle cylinder remained nearly stationary while the 
outer cylinders vibrated 180� out of phase. With increasing reduced velocity, these states transitioned toward in-phase motion. Decreasing 
G=D below 0.5 substantially increased both vibration amplitude and lock-in bandwidth, with maximum amplitudes reaching approximately 
three and four times the isolated-cylinder value for the two- and three-cylinder arrays, respectively. These results demonstrate that spacing- 
controlled wake coupling can amplify VIV response and broaden the operational bandwidth of multi-cylinder oscillator arrays for flow- 
energy harvesting applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0334722

NOMENCLATURE

A Vibration amplitude (m)
A� ¼ A=D Non-dimensional vibration amplitude

CLðtÞ Instantaneous lift coefficient
�CL Cycle-averaged lift coefficient

Cpiezo Piezoelectric capacitance (F)
c Structural damping coefficient (N s/m)
D Cylinder diameter (m)

FLðtÞ Fluid lift force (N)
f Oscillation frequency (Hz)

fn ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
Natural frequency (Hz)

fv Vortex-shedding frequency (Hz)
f � ¼ f =fn Non-dimensional oscillation frequency

G Gap between cylinder surfaces (m)
G=D Gap-to-diameter ratio

k Structural stiffness (N/m)
L Cylinder span/length (m)

m Structural (vibrating) mass (kg)

m� ¼ m=ðqpD2L=4Þ Mass ratio
Ppiezo;opt Optimal electrical power output (W)

P�diss Dimensionless instantaneous damping power
P�in Dimensionless instantaneous input power

P�piezo;opt Non-dimensional optimal electrical power
�P�diss Dimensionless mean damping power
�P�in Dimensionless mean input power

R Electrical load resistance (X)
Re ¼ U1D=� Reynolds number

SG ¼ 2p3m�f=ðU�Þ2 Skop–Griffin parameter
St ¼ fvD=U1 Strouhal number

t Time (s)
U� ¼ U1=ðfnDÞ Reduced velocity

U1 Free-stream velocity (m/s)
YðtÞ Transverse displacement (m)

Y� ¼ Y=D Non-dimensional displacement
hpiezo Electromechanical coupling coefficient

� Kinematic viscosity (m2/s)
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q Fluid density (kg/m3)
f ¼ c= 2

ffiffiffiffiffiffiffi
km
p� �

Damping ratio
s ¼ xnt Non-dimensional time

u Phase angle (rad)
x ¼ 2pf Circular oscillation frequency (rad/s)

xn ¼ 2pfn Natural circular frequency (rad/s)

I. INTRODUCTION
Vortex-induced vibration (VIV) is a fundamental form of fluid– 

structure interaction that occurs when an elastically supported bluff 
body is exposed to flow. The flow separations on either side of the 
body produces an alternating vortex street in the wake, generating 
periodic aerodynamic forces on the structure. When the frequency of 
these forces approaches the natural frequency of the oscillator, a syn
chronization process known as lock-in occurs, potentially leading to 
large periodic motions.1–3 The characteristics of this response are gov
erned by the flow conditions, structural properties, and body 
geometry.4

Among bluff-body geometries, the circular cylinder has become 
the canonical model for studying VIV because it exhibits a well- 
defined vortex-shedding process and closely represents many practical 
structures subjected to cross-flow, such as marine risers, heat 
exchanger tubes, and bridge cables. Understanding the VIV response 
of circular cylinders, therefore, provides essential insight for predict
ing, controlling, and utilizing flow-induced oscillations in real engi
neering applications.

Extensive research over the past decades has examined the 
mechanisms governing VIV of isolated circular cylinders.1–8 These 
studies have demonstrated that the system response is strongly influ
enced by parameters, such as mass ratio, structural damping, and cyl
inder size.4 The mass ratio, defined as the ratio of the structural mass 
to the displaced fluid mass, represents one of the key parameters gov
erning VIV behavior. For flexibly mounted cylinders oscillating in air, 
previous studies have shown that the vibration response depends 
strongly on the system’s mass and damping characteristics. Higher 
mass ratios generally lead to reduced vibration amplitudes and nar
rower lock-in ranges, while lower mass and damping promote stron
ger fluid–structure coupling.3,4,6

Further investigation into the effects of the single-cylinder oscil
lator parameters, such as mass, stiffness, and cylinder diameter, was 
carried out in Ref. 9, where each parameter was varied independently 
to isolate its influence. The results revealed that system mass ratio 
plays a dominant role, significantly affecting both the vibration ampli
tude and the width of the lock-in regime. While the initiation of 
oscillations was found to be nearly independent of mass ratio, the ter
mination and overall bandwidth of lock-in were strongly mass- 
dependent. In general, systems with lower mass and damping 
exhibited larger vibration amplitudes and broader lock-in ranges, 
highlighting the conditions favorable for maximizing the response of 
VIV-based energy harvesters.9

While much of the early research on VIV focused on preventing 
structural fatigue and instability, more recent studies have explored 
the potential of utilizing these self-excited oscillations for energy har
vesting from fluid flows.9–29 The periodic motion generated during 
lock-in provides a consistent source of mechanical energy that can be 
converted into electrical power through piezoelectric, electromag
netic, or electrostatic transduction mechanisms.12,15 Experimental 

investigations of single, flexibly mounted circular cylinder harvesters9 

demonstrated that the harvested power scales with the square of the 
vibration amplitude, indicating that any increase in oscillation ampli
tude can substantially enhance energy output. The question of opti
mizing energy-harvesting efficiency has been discussed in several 
studies,9,17 where the influence of system parameters and flow condi
tions on conversion performance was analyzed. Further efforts to 
improve energy-harvesting potential have involved geometric modifi
cations to the cylinder,26–29 for example, introducing a slit-offset con
figuration27 to enhance the induced vibrations and thereby increase 
the harvested power. In addition to cylinder-based harvesters, recent 
studies have investigated wake- and flow-induced vibration energy 
harvesting using flexible flapper-based configurations, highlighting 
alternative mechanisms for extracting energy from unsteady bluff- 
body wakes.30,31

When multiple bluff bodies are placed close to one another, their 
wakes interact, creating complex flow patterns and vibration 
responses that are not present in isolated configurations. The nature 
of this interference depends strongly on the relative arrangement and 
spacing between cylinders. In a tandem configuration, where one cyl
inder is placed downstream of another along the flow direction, the 
interactions are primarily wake-driven, with the downstream cylinder 
influenced by the unsteady vortices shed from the upstream one.32–38 

In contrast, side-by-side arrangements exhibit direct cross-flow cou
pling between the gaps between cylinders, leading to biased gap flow, 
bistable wake behavior, and strong aerodynamic forces that can either 
suppress or amplify oscillations.39–42

For elastically mounted cylinders, this coupling becomes even 
more pronounced, as the flow-structure feedback promotes synchro
nized or phase-shifted motion depending on bluff-body spacing. 
Experimental studies43 have shown that as the gap decreases, vibra
tion amplitudes grow substantially, and at very small separations, the 
pair can behave as a single oscillating system with enhanced motion. 
These characteristics make side-by-side cylinder arrays particularly 
promising for improving the energy-harvesting efficiency of VIV 
systems.

Despite the demonstrated potential of cylinder arrays to enhance 
flow-energy harvesting, the available experimental data on the cou
pled wake dynamics and vibration characteristics of freely responding 
cylinder–oscillator arrays remain limited. In particular, the influence 
of inter-cylinder spacing on vibration amplitude, lock-in bandwidth, 
synchronization behavior, coupled vibration modes, and the resulting 
energy-harvesting performance is not yet well understood. To address 
this gap, the present study experimentally investigates the VIV 
response of finite-length side-by-side cylinder arrays exposed to uni
form airflow. Using the isolated-cylinder response as a reference, 
two-cylinder pairs and three-cylinder arrays are examined over a sys
tematic range of gap-to-diameter ratios to determine how spacing 
governs the interaction regime and overall system dynamics.

The two-cylinder pair configuration represents the simplest cou
pled array, in which each oscillator is influenced by the neighboring 
wake from one side. In contrast, the three-cylinder array introduces a 
higher level of flow and structural complexity: the middle cylinder is 
affected by wakes from both sides, while each outer cylinder interacts 
asymmetrically with the central oscillator and the surrounding wake 
field. This comparison between isolated, two-cylinder, and three- 
cylinder configurations allows the role of inter-cylinder spacing to be 
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isolated and reveals collective vibration states that are not present in 
the single-cylinder system. Examining these representative cases 
provides insight into the mechanisms of aerodynamic coupling in 
finite-length oscillator arrays and their potential to amplify vibration 
amplitude and broaden operational bandwidth, defined here as the 
range of reduced velocities over which the system remains in the 
lock-in regime. The findings contribute to the design of more efficient 
VIV-based energy-harvesting systems and offer a foundation for 
future experimental and numerical investigations of multi-body 
fluid–structure interactions.

II. THEORETICAL BACKGROUND
For a stationary circular cylinder in uniform flow, the formation 

of periodic vortices in the wake occurs at a frequency fv is typically 
characterized by the Strouhal number St ¼ fvD

U1, where D is the cylin
der diameter and U1 is the free-stream velocity. The shedding behav
ior and value of St depend primarily on the Reynolds number, 
Re ¼ U1D

�
, which defines the flow regime based on the ratio of inertial 

to viscous forces (� being the kinematic viscosity of the fluid). Over a 
wide range of subcritical Reynolds numbers, the Strouhal number 
remains nearly constant, providing a convenient descriptor of the 
vortex-shedding frequency for a fixed cylinder.

When the cylinder is allowed to vibrate transversely to the flow, 
the problem becomes considerably more complex due to the coupling 
between structural motion and wake dynamics. In this case, the sys
tem behavior is characterized by several additional dimensionless 
parameters, namely, reduced velocity, U� ¼ U1

fnD, which relates the 
free-stream velocity U1 to the cylinder diameter and natural fre

quency (i.e., fn ¼

ffiffiffi
k
m

q

) of the oscillator, where m is the structural 
mass and k is the stiffness; mass ratio, m� ¼ m

qpD2L=4, representing the 
ratio of the structural mass to the mass of the displaced fluid, where q 

is the fluid density and L is the cylinder length; damping ratio, 
f ¼ c

2
ffiffiffiffiffi
km
p , quantifying the effect of structural damping, where c is the 

damping coefficient.
The transverse motion of a flexibly mounted cylinder can be 

modeled as a single-degree-of-freedom (SDOF) oscillator subjected to 
a fluid lift force FLðtÞ, 

m
d2Y tð Þ

dt2 þ c
dY tð Þ

dt
þ kY tð Þ ¼ FL tð Þ; (1) 

where t is the time and Y is the cylinder displacement in the cross- 
flow direction.

Expressing the fluid force in terms of the lift coefficient, 
FLðtÞ ¼ 1

2 qU2
1DLCLðtÞ, where CLðtÞ is the instantaneous lift coeffi

cient, and introducing the dimensionless displacement Y� ¼ Y=D 
and dimensionless time s ¼ xnt, with xn ¼ 2pfn, the governing 
equation can be rewritten in nondimensional form as 

d2Y� sð Þ

ds2 þ 2f
dY� sð Þ

ds
þ Y� ¼

1
2p3

� �
1

m�

� �

U�ð Þ
2CL sð Þ: (2) 

Equation (2) provides a convenient nondimensional framework 
for analyzing and comparing VIV responses across different systems 
and flow conditions. In this form, the coupled effects of the structural 
and fluid parameters are represented compactly by the reduced veloc
ity U�, mass ratio m�, and damping ratio f. These parameters govern 

the onset, amplitude, and range of the lock-in regime, where the vor
tex shedding frequency f synchronizes with the structural natural fre
quency fn and the frequency ratio f � ¼ f

fn 
tends to be very close to 1 

for high mass ratio configurations.3
In steady-state conditions, the oscillations become harmonic; 

thus, the dimensionless transverse displacement can be written as 

Y� sð Þ ¼ A�sin x�sð Þ ¼ A�sin f �sð Þ; (3) 

where A� ¼ A
D is the dimensionless amplitude of oscillation, A is the 

vibration amplitude, x� ¼ x
xn
¼

2pf
2pfn
¼ f � is the dimensionless oscilla

tion frequency (normalized by the structure’s natural frequency).
At a fixed reduced velocity (U� ¼ const), assuming that the sys

tem has reached steady-state conditions (A� ¼ const), the solution of 
Eq. (2) can be expressed in terms of the vibration amplitude and 
phase angle u, 

A� ¼
U�ð Þ

2

2p3m�
�CL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − f �ð Þ2
� �2

þ 2ff �ð Þ
2

q ; (4) 

tan uð Þ ¼
2ff �

1 − f �ð Þ2
: (5) 

At resonance (f � ¼ 1), Eq. (5) indicates that the phase angle 
approaches u ¼ 908;

tan uð Þ ¼
2f

0
! u ¼

p

2
; (6) 

and Eq. (4) simplifies to 

A� ¼
U�ð Þ

2

2p3m�
1
2f

�CL: (7) 

From the obtained solution, it follows that at resonance, the 
phase angle between the external aerodynamic force and the struc
tural response approaches 908. Under this condition, the analysis sim
plifies, allowing the definition of a reference lift coefficient, �CL;ref , 
which represents the exact lift magnitude required to balance struc
tural damping at resonance.

In VIV, however, experimental observations show that the phase 
angle u is not fixed at 90� but varies with system parameters, such as the 
reduced velocity U� and the amplitude ratio A�; within the lock-in 
regime.3,6,44 Consequently, the actual lift coefficient �CL and the phase 
angle u act jointly to provide the energy needed to sustain the oscillation.

If the reference lift coefficient corresponding to u ¼ 908 is 
known, the lift coefficient required to maintain the same vibration 
amplitude A� at a different phase angle can be obtained from the prin
ciple of energy equivalence, by equating the mean power input from 
the fluid to the mean power dissipated through structural damping.

The instantaneous power dissipated by damping is 

P�diss sð Þ ¼ 2f
dY� sð Þ

ds

� �2

: (8) 

Assuming harmonic motion of the system [Eq. (3)], the average 
power dissipated per cycle is 

�P�diss ¼
1
T

ðT

0
P�diss sð Þds ¼ f A�f �ð Þ

2
: (9) 
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The instantaneous input power is 

P�in sð Þ ¼ FL sð Þ
dY� sð Þ

ds
: (10) 

Then, the average power input per cycle is 

�P�in ¼
1

2p

ð2p

0
P�in sð Þds ¼

1
2

U�ð Þ
2 �CL

2p3m�

 !

A�f �sin uð Þ: (11) 

For the steady state vibration with the resonance condition 
(f � ¼ 1), the average power input and power dissipated are equal, 
yielding 

�CL ¼
4p3m�fA�

U�ð Þ
2sin uð Þ

: (12) 

Introducing the Skop–Griffin parameter SG ¼ 2p3m�f
U�ð Þ

2 , Eq. (7) can 
be rewritten as follows: 

A� ¼
U�ð Þ

2

2p3m�
1
2f

�CLsin uð Þ ¼
1

2SG
�CLsin uð Þ: (13) 

The Skop–Griffin parameter encapsulates the combined effects 
of mass ratio, structural damping, and reduced velocity on the VIV 
response. It appears inversely proportional to the amplitude ratio A�, 
indicating that as SG parameter increases due to higher damping, 
greater mass, or lower flow velocity, the resulting oscillation ampli
tude correspondingly decreases, resulting in lower power input.

In the context of flow-energy harvesting, the main objective is to 
maximize the mechanical energy transferred from the fluid to the 
structure and convert it efficiently into electrical power. A commonly 
investigated technique employs piezoelectric transducers, which pro
duce an electric potential when mechanically strained, as, for example, 
by VIV. Although numerous circuit configurations have been ana
lyzed for power conditioning and extraction, a simplified model is 
often adopted in which the piezoelectric element is connected to a 
purely resistive load. This approach provides analytical tractability 
and has been widely used in both theoretical modeling and experi
mental validation.9,10,45

Under these assumptions, the expression for the optimal electri
cal power output of the piezoelectric harvester can be written as9 

Ppiezo;opt ¼
xh2

piezoA2

2Cpiezo
; (14) 

where hpiezo represents the electromechanical coupling coefficient and 
Cpiezo is the piezoelectric capacitance.

The corresponding dimensionless power P�piezo;opt, can be 
obtained following the formulation in Ref. 9: 

P�piezo;opt ¼ Ppiezo;opt
Cpiezo

xnh
2
piezoD2

¼
1
2

A�ð Þ2
x

xn

� �

: (15) 

Within the lock-in regime, typical for structures oscillating in 
air, the vortex-shedding frequency synchronizes with the structural 
natural frequency (x ¼ xn).1 Under this resonance condition, 
Eq. (15) reduces to 

P�piezo;opt ¼
1
2

A�ð Þ2: (16) 

This result highlights that the harvested power increases propor
tionally with the square of the vibration amplitude ratio, implying 
that even small gains in oscillation amplitude can yield significant 
improvements in energy output.

The analytical relationships derived above establish a reference 
framework for nondimensionalizing the VIV response and estimating 
the energy-harvesting performance of an individual oscillator. Because 
these relations are formulated for a single flexibly mounted cylinder, 
they are not used here as a closed-form predictive model for the cou
pled dynamics of cylinder arrays. Instead, they provide common 
response parameters, such as A�, U�, and the dimensionless optimal 
power, for comparing the array configurations with the isolated- 
cylinder baseline. The influence of wake coupling, gap ratio, and syn
chronization behavior is determined experimentally from the measured 
amplitude, frequency, phase relationships, and vibration-mode maps.

III. MATERIALS AND METHODS
This section describes the experimental setup and procedures 

used to investigate the VIV response of two- and three-cylinder side- 
by-side arrays. The main objective of the experiments was to examine 
how the spacing between cylinders influences the vibration amplitude, 
lock-in bandwidth, phase behavior, and overall energy-harvesting 
potential.

The experimental system consists of a circular cylinder elastically 
supported to allow vibration in the transverse (cross-flow) direction 
when subjected to aerodynamic excitation. The energy harvester con
figuration follows the design reported in Ref. 9. In that single-cylinder 
experiment, a lightweight 3D-printed hollow cylinder made of poly
lactic acid (PLA) with internal rib reinforcement was mounted at the 
free ends of two slender cantilever beams (i.e., one attached at the top 
and one at the bottom), while the opposite beam ends were fixed to a 
rigid base [see Fig. 1(a)]. The cylinder was positioned upstream of the 
beams to ensure undisturbed exposure to the oncoming flow. In this 
configuration, the unsteady aerodynamic forces generated by periodic 
vortex shedding interact with the structural dynamics of the support
ing beams, producing self-excited transverse oscillations. A represen
tative example of the cylinder’s vibration response is shown in 
Fig. 1(b).

It was shown in Ref. 9 that configurations with the smallest mass 
ratio m� and damping ratio f produced the largest vibration ampli
tudes and the widest lock-in bandwidths, consistent with those 
reported in Refs. 3 and 6. The set of parameters for the energy har
vester that yielded the maximum response in Ref. 9 was adopted in 
the present study as the baseline configuration.

The elastic support consists of two aluminum cantilever beams 
with a density of 2730 kg/m3, an elastic modulus of 69 GPa, a width of 
hb ¼ 12:5 mm, a thickness of tb ¼ 1:5 mm, and a length of 
lb ¼ 451 mm, resulting in an effective stiffness of approximately 
15.75 N/m for the system. The circular cylinder used in this configura
tion has a diameter of 40 mm, a spanwise length of 400 mm, and a 
total vibrating mass of 70 g, corresponding to a mass ratio of 
m� ¼ 114. The natural frequency of the combined cantilever-cylinder 
oscillator was measured from free-decay tests in quiescent air, i.e., at 
zero free-stream velocity, and was found to be fn ¼ 2:44 Hz. The 
structural damping ratio was measured as f ¼ 0:15%. For the isolated 
single-cylinder case, this configuration produces the characteristic 
amplitude response reported in Ref. 9, with the corresponding 
response curve provided in the supplementary material (Fig. S1). The 
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experimental apparatus and data-processing procedure were bench
marked in the single-cylinder study reported in Ref. 9, where the mea
sured onset of vibration, lock-in behavior, vibration-frequency 
response, and amplitude trends were shown to be consistent with 
established single-cylinder VIV observations.1–3,6

For this configuration, the isolated oscillator reached a peak 
non-dimensional amplitude of A� ¼ 0:6 at a reduced velocity of 
U� ¼ 6:3, with vibration initiating at U� ¼ 5 and ceasing at 
U� ¼ 12:5. This oscillator configuration was adopted from the single- 
cylinder parametric study in Ref. 9, in which the effects of beam 
length, stiffness, vibrating mass, and cylinder diameter were investi
gated. That study showed that the influence of beam length enters pri
marily through the resulting change in structural stiffness and natural 
frequency. The present configuration was selected because it pro
duced the largest useful amplitude response within the target airflow 
velocity range of 1–4 m/s, which is representative of low-speed flow 
environments relevant to small-scale VIV energy harvesters, including 
building ventilation systems, roadside infrastructure, and ambient 
wind conditions. In the present study, the cylinder diameter and air 
properties were fixed; therefore, the Reynolds number varied only 
through the free-stream velocity and was not treated as an indepen
dent control parameter. The response is primarily presented in terms 
of reduced velocity, U�, because this parameter directly captures the 
relationship between the flow speed and the structural natural fre
quency governing lock-in. Over the tested velocity range of 0.2–4 m/s, 
the corresponding Reynolds number range was approximately 
Re ¼ 5:3� 102 − 1:1� 104: Thus, all measurements were conducted 
within the same low-speed air-flow regime for the selected oscillator 
geometry, while the main experimental variable was the gap-to-diam
eter ratio.

The two- and three-cylinder array configurations are shown in 
Fig. 2. In the present array experiments, the gap-to-diameter ratio was 
varied only by translating the complete oscillator units laterally rela
tive to one another using an adjustable beam holder. Thus, the 
cantilever-beam length, stiffness, vibrating mass, and natural fre
quency of the individual oscillators were kept fixed while the gap G 
was varied.

The energy harvesters were installed on a rigid support frame 
constructed from 1.5 in. aluminum extruded profiles. Each harvester 
was mounted using two flexible beams positioned at the top and bot
tom ends of the cylinder. The corresponding cylinder aspect ratio was 
AR ¼ L=D ¼ 10; therefore, the cylinders should be regarded as finite- 
length bodies rather than ideal two-dimensional cylinders. To reduce 
aerodynamic interference from the support structure and mitigate 
end-region disturbances, the beams were placed outside the primary 
wake region and enclosed within streamlined protective hoods. This 
configuration, previously validated in Ref. 9, was shown to effectively 
reduce the influence of the support elements on the cylinder’s 
dynamic response while maintaining structural rigidity. Finite-span 
effects for this type of oscillator were examined previously in Ref. 44. 
In the present array study, the aspect ratio, support arrangement, and 
end-region configuration were kept identical for all tested gap ratios, 
so the observed changes in amplitude, lock-in bandwidth, and vibra
tion modes are interpreted as effects of inter-cylinder spacing and 
wake coupling under the same finite-length conditions. The experi
mental setup for the three-cylinder array, representative of both con
figurations studied, is shown in Fig. 3. The two-cylinder arrangement 
followed the same design and mounting principles.

All experiments were carried out in the Large-Scale Atmospheric 
Wind Tunnel at the City College of New York. A schematic of the 
facility is provided in the supplementary material (Fig. S2). This facil
ity features an open-circuit, suction-type wind tunnel powered by a 
20 b.h.p. electric motor with fine speed control, enabling free-stream 
velocities up to 15 m/s in the test section. To ensure flow uniformity, 
the setup was installed 7 m downstream from the entrance of the 
8.4 m-long test section. The tunnel has a square cross section of 
1.2� 1.2 m2, with transparent side panels and a top viewing port to 
support flow visualization.

The contraction section includes a flow-conditioning assembly 
consisting of a honeycomb element followed by three layers of fine 
steel screens. This arrangement effectively straightens the inlet flow 
and reduces large-scale disturbances, resulting in a highly uniform 
velocity profile with turbulence intensity maintained below 0.1% at 
the highest operating speed of the test section.46 The blockage ratio, 

FIG. 1. (a) Schematic of a single VIV 
energy harvester, showing a finite-length 
circular cylinder mounted on elastic canti
lever beams9 and (b) schematic repre
sentation of a typical VIV amplitude 
response, illustrating the pre-lock-in, lock- 
in, and post-lock-in regimes.
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defined as the ratio of the model’s projected frontal area to the cross- 
sectional area of the wind tunnel test section, was 8.5%. This level of 
blockage remains within the generally accepted limit of approximately 
10%, below which subsonic wind tunnel testing is not expected to 
introduce significant flow interference or measurement bias.47

High-speed imaging was performed using a NOVA R3-4K cam
era in conjunction with Photron FASTCAM Viewer (PFV4) software, 
capturing 4096� 2304 pixel resolution at 500 fps. The camera frame 
rate was sufficient to resolve both the structural oscillation and the rel
evant wake dynamics. The measured natural frequency of the oscilla
tor was fn ¼ 2:44 Hz, and the VIV frequency remained close to this 
value during lock-in, corresponding to approximately 205 image 
frames per vibration cycle. A DHOM-H-532-1000 laser provided 
532 nm wavelength green-light illumination, with beam intensity 
modulated via a DC power supply adjustable between 0 and 5 V. To 
enhance visibility of flow structures, a Magnum 1200 fog generator 
using JEM PRO-FOG fluid was employed to produce dense vapor 
droplets.

Each energy harvester was equipped with a strain gauge affixed 
near the clamped end of one of the aluminum beams to measure 

strain induced by the cylinder’s motion. Calibration was conducted to 
establish the relationship between the strain-gauge output voltage and 
the transverse displacement of the cylinder axis. Following the proce
dure used in Ref. 9, known static loads were applied in the transverse 
direction, and the corresponding cylinder displacements were 
recorded. A total of nine calibration points were used for each oscilla
tor: four in the positive direction, one at zero load, and four in the 
negative direction. The calibration showed a linear relationship 
between applied force and displacement, as well as between strain- 
gauge output and displacement, with coefficients of determination 
r2 > 0:999 for all cases. The slope of the force–displacement curve was 
used to determine the static stiffness, while the voltage–displacement 
calibration was used to convert the dynamic strain-gauge signal into 
cylinder displacement during wind tunnel testing.

The strain gauge was interfaced with a strain indicator (Model 
MM120-001469, Micro-Measurements Inc.), and the signal was digi
tized using a National Instruments NI-6008 data acquisition card, 
with data collected in MATLAB at a sampling rate of 1000 Hz. This 
sampling rate was sufficient to resolve the relevant structural and 
wake-related frequencies. The Nyquist frequency of the acquisition 

FIG. 2. Energy harvester configurations: 
(a) two cylinders array and (b) three cylin
ders array.

FIG. 3. Experimental setup for the three- 
cylinder array: (a) photograph of the 
assembled system within the wind tunnel 
and (b) 3D model showing the geometric 
arrangement and mounting configuration.
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system was 500 Hz, which is well above the structural vibration 
frequency.

To determine the natural frequency of each harvester, free vibra
tion tests were conducted. Matching the natural frequencies across all 
harvesters was essential for consistent performance. Because of minor 
variations in stiffness, mass, and manufacturing tolerances, fine- 
tuning was achieved by adjusting the mass of each harvester. The nat
ural frequencies were tuned to agree within 60.01 Hz, requiring mass 
corrections of no more than 2 g.

The spacing between cylinders is characterized using the gap-to- 
diameter ratio, G=D, where G denotes the surface-to-surface distance 
between adjacent cylinders. Under this definition, G=D ¼ 0 corre
sponds to cylinders in the direct contact. The present study investi
gated two- and three-cylinder side-by-side arrays over a range of 
nominal spacings from G=D ¼ 0 to G=D ¼ 4, covering the regimes 
in which gap-flow instability, wake interference, and bistable behavior 
have been reported in the previous studies.39–43 Because physical con
tact between cylinders introduces friction that affects the vibration 
dynamics, true G=D ¼ 0 was not used in practice. Instead, the small
est achievable spacing without surface contact was G=D ¼ 0:025, cor
responding to a 1 mm gap. For the three-cylinder configuration, the 
two gaps were set to the same nominal value for all tests in order to 
maintain a geometrically symmetric array. In practice, small align
ment and gap-setting uncertainties are unavoidable; therefore, the 
symmetry referred to here should be interpreted as nominal geomet
ric symmetry rather than perfect dynamic symmetry. The vibration 
modes and phase relationships reported below were determined from 
the measured displacement signals of the three cylinders rather than 
imposed by symmetry assumptions.

The wind tunnel velocity was calibrated prior to testing using a 
calibrated hot-wire anemometer to establish the relationship between 
fan speed and free-stream velocity. During the array experiments, the 
free-stream velocity was monitored using a Pitot tube connected to a 
DSA5000 pressure scanner with an integrated data acquisition system. 
The pressure signal was sampled at 1000 Hz and used to calculate the 
free-stream velocity. The Pitot-tube measurements showed good 
agreement with the hot-wire calibration over the tested velocity range.

During testing, the free-stream velocity was increased in incre
ments of 0.02 m/s. After each velocity change, the oscillators were 
allowed to reach steady-state motion before data acquisition. Using 
the measured damping ratio f ¼ 0:15% and natural frequency 
xn ¼ 15:3 rad/s, the decay time constant was estimated as 
1=ðfxnÞ � 44 s. To ensure complete stabilization of the response, a 
conservative waiting period of 120 s was applied at every step. Steady- 
state was verified by examining the amplitude envelope over roughly 
150 vibration cycles and confirming the absence of any systematic 
drift in amplitude (assessed through a linear trend check of the peak- 
amplitude sequence). After stabilization, strain-gauge data were 
recorded over a 60 s interval, corresponding to approximately 150 
cycles of oscillation.

The main experimental uncertainties were associated with dis
placement calibration, frequency resolution, phase determination, 
and velocity-step discretization. The displacement uncertainty of the 
strain-gauge calibration was approximately 61 mm, corresponding to 
an uncertainty in amplitude ratio of DA� � 60:025. The vibration 
frequency was obtained from 60 s displacement records, giving a 
nominal spectral resolution of 1=60 � 0:017 Hz, or approximately 

Dðf =fnÞ � 0:007 when normalized by fn. The relative phase between 
cylinders was determined from the measured displacement signals; 
with a sampling rate of 1000 Hz, the time resolution corresponds to 
approximately 0.9� at the dominant vibration frequency. The free- 
stream velocity was varied in increments of 0.02 m/s, corresponding 
to a reduced-velocity resolution of approximately DU� � 0:2. 
Consequently, regime-boundary locations in the mode maps should 
be interpreted within this reduced-velocity resolution.

In summary, the experimental methodology described above 
establishes a controlled and repeatable framework for examining the 
VIV response of two- and three-cylinder side-by-side arrays. The 
combination of a precisely tunable structural support system, accurate 
strain-based displacement measurements, and carefully defined geo
metric configurations enables systematic investigation of how cylin
der–cylinder spacing and wake coupling influence vibration 
amplitude, lock-in behavior, and energy-harvesting capability. The 
validated experimental framework enables the analysis presented in 
Sec. IV, where the vibration responses and flow-structure dynamics of 
the cylinder arrays are discussed.

IV. RESULTS AND DISCUSSION
The results presented in Secs. IV A–IV D describe the vibration 

response of the two- and three-cylinder side-by-side arrays as the 
free-stream velocity is varied for different gap ratios. For each spacing, 
the vibration amplitude, dominant frequency, and relative phase 
between cylinders were determined from the measured displacement 
signals, allowing the lock-in range and coupled vibration modes to be 
identified. The measured vibration frequency remained very close to 
the natural frequency of the individual oscillator, fn ¼ 2:44 Hz, 
throughout the lock-in regime for all tested gap ratios and vibration 
modes. This indicates that the VIV response was frequency-locked to 
the natural frequency of the combined cantilever-cylinder system, 
consistent with classical VIV behavior for high-mass-ratio oscillators 
in air1–3 and with the hot-wire wake-frequency measurements 
reported for the same baseline oscillator in Ref. 9. Therefore, the dis
cussion below focuses mainly on the amplitude response, lock-in 
bandwidth, and phase relationships between neighboring cylinders.

A. Two-cylinder array
For clarity, the experimental results are presented separately for 

the ranges 1 � G=D � 4 and 0 � G=D � 1. In addition, the two cyl
inders exhibited symmetric responses across all tested spacings, with 
identical trends in amplitude, onset, and cessation of oscillations. To 
avoid redundancy, the results are presented using the vibration ampli
tude of one cylinder from the pair, which fully represents the behavior 
of both cylinders for all G=D values considered.

The experimental results for the range 1 � G=D � 4 are pre
sented in Fig. 4(a), showing the vibration amplitude as a function of 
reduced velocity and capturing the full pre-lock-in, lock-in, and post- 
lock-in behavior of the two-cylinder array. At G=D ¼ 4, the vibration 
response of each cylinder closely matches the isolated single-cylinder 
response reported in Ref. 9, indicating negligible wake coupling at this 
spacing. Therefore, the G=D ¼ 4 curve in Fig. 4(a) is used as the 
isolated-cylinder reference for comparison with smaller gap ratios. As 
the spacing is reduced from G=D ¼ 4 to G=D ¼ 1, the response 
begins to deviate gradually from the isolated case. The onset of lock- 
in remains essentially unchanged across this range, but the 
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termination of lock-in shifts to lower reduced velocities. The peak 
non-dimensional amplitude also decreases slightly with decreasing 
G=D, consistent with modest hydrodynamic damping introduced by 
emerging wake interference. A small shift in the reduced velocity cor
responding to the peak amplitude is observed as well, reflecting subtle 
changes in how vortex shedding synchronizes with the structural 
motion as the cylinders are brought closer together.

The amplitude response as a function of reduced velocity for gap 
ratios in the range 0 < G=D < 1 is presented in Fig. 4(b). It is clearly 
seen that reducing the gap ratio below G=D ¼ 1 leads to a pro
nounced change in the dynamic response of the two-cylinder array. 
For spacings within 0:5 � G=D < 1, the peak amplitude remains 
below that of the isolated single-cylinder case, and the lock-in band
width is only mildly affected. However, when the gap is reduced to 
G=D ¼ 0:25 and smaller, both the vibration amplitude and the extent 
of the lock-in region increase substantially. The most significant 
amplification occurs at the smallest tested spacing, G=D ¼ 0:025, 
where the system reaches a peak amplitude of A� ¼ 1:8 and exhibits a 
markedly broadened lock-in interval. In this configuration, oscilla
tions initiate at a lower reduced velocity (U� ¼ 4:5) and persist up to 
U� ¼ 21, nearly doubling the operational range compared to the iso
lated cylinder.

To further illustrate how spacing influences the vibration 
response, Fig. 5(a) shows the variation of the peak amplitude ratio 
A�peak as a function of the gap ratio G=D.

As the spacing decreases from G=D ¼ 4 to G=D ¼ 1, the peak 
amplitude gradually declines from A�peak ¼ 0:6 to A�peak ¼ 0:48. This 
decreasing trend continues to a minimum at G=D ¼ 0:75. Below this 
spacing, however, the behavior changes: at G=D ¼ 0:5, the amplitude 
rises slightly, though it remains below the isolated-cylinder value, 
while for G=D < 0:5, the system exhibits a clear amplification of the 
vibration response. The strongest enhancement occurs at the smallest 
tested spacing, G=D ¼ 0:025, where the peak amplitude reaches 
A�peak ¼ 1:8.

In addition to the peak amplitude, the lock-in bandwidth also 
provides a key measure of how spacing influences the system 
response. Figure 5(b) shows the variation of DU� ¼ U�end − U�start as a 
function of the gap ratio G=D.

A pronounced increase in bandwidth is observed for small gaps 
(G=D � 0:5), indicating that closely spaced cylinders experience 
more sustained fluid–structure coupling as the flow velocity increases. 

At these spacings, the oscillations persist over an extended range of 
reduced velocities, reflecting the strong aerodynamic interaction 
between the wakes. In contrast, for larger gaps, the bandwidth 
remains comparable to that of the isolated cylinder.

For reference, the isolated single-cylinder oscillator exhibits a 
lock-in bandwidth of approximately DU� � 7:5. In the two-cylinder 
pair configuration, the bandwidth at G=D ¼ 0:5 is similar to this 
value, whereas the smallest tested spacing (G=D ¼ 0:025) reaches 
DU� ¼ 16:5, more than doubling the velocity range over which syn
chronized oscillations persist. This substantial expansion of the lock- 
in interval highlights how strong wake coupling at small spacings 
modifies the stability and extent of the periodic response.

To better understand the physical origin of these trends, the 
vibration response is next examined in terms of the coupled oscilla
tion modes that emerge as the gap ratio decreases. For spacings down 
to G=D � 1, the system exhibits only gradual deviations from the 
isolated-cylinder response, characterized as a weak-interaction regime, 
in which wake interference is present but does not fundamentally alter 
the nature of the oscillation. However, once the gap becomes suffi
ciently small (G=D < 1), the wake of each cylinder interacts strongly 
with the other, producing abrupt changes in the vibration characteris
tics and altering the structure of the shared flow field. This marks the 
onset of the strong-interaction regime, within which the coupled sys
tem no longer behaves as two independent oscillators but instead sup
ports distinct, spacing-dependent vibration modes.

Within this strong-interaction regime, the two-cylinder array 
supports distinct coupled vibration modes that do not appear at larger 
spacings. At the onset of lock-in, the cylinders oscillate 180� out of 
phase with one another, a motion referred to hereafter as the anti- 
phase mode. As the reduced velocity increases, the system transitions 
into an in-phase mode, where both cylinders move synchronously 
with nearly zero phase difference. This in-phase motion persists 
through the remainder of the lock-in interval and continues until 
oscillations decay in the post-lock-in regime. The emergence and evo
lution of these modes reflect the rapid changes in the shared wake 
topology and the intensification of aerodynamic coupling as the gap 
ratio decreases. For clarity, the two observed vibration modes are 
shown in Figs. 6(a) and 6(b).

Beyond the vibration measurements themselves, the underlying 
wake interactions associated with these modes can be interpreted in 
the context of previously documented interference patterns for 

FIG. 4. Amplitude ratio vs reduced veloc
ity for two cylinders arranged side by side 
(a) 1 � G=D � 4 and (b) 0 < G=D < 1. 
The G=D ¼ 4 case coincides with the 
isolated single-cylinder response and is, 
therefore, used as the isolated-cylinder 
reference.
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side-by-side cylinders. The interference regions relevant to two- 
cylinder configurations are summarized in the regime map shown in 
Fig. 6(c), which provides a useful framework for classifying the 
observed mode transitions and for comparing the present results with 
established flow regimes reported in earlier studies.39–43 The bound
aries in the regime map were determined from the discrete velocity 
sweep. At each tested velocity, the displacement signals of the cylin
ders were analyzed to determine whether sustained vibration was pre
sent and, when present, to classify the relative phase between 
cylinders. The onset and cessation of lock-in were identified when the 
steady periodic strain-gauge signal became distinguishable from, or 
returned to, the noise level. The transition between anti-phase and in- 
phase modes was determined from the measured phase difference 
between the two cylinder displacement signals. Because the free- 
stream velocity was increased in increments of 0:02 m/s, the corre
sponding reduced-velocity resolution was DU� � 0:2. The boundary 

lines in Fig. 6(c) should, therefore, be interpreted as experimental 
regime-transition guides based on the discrete velocity sweep.

Figure 6(c) synthesizes the spacing-dependent behavior of the 
two-cylinder array by mapping the onset and cessation of oscillation 
together with the observed vibration modes. For gap ratios 
1 � G=D � 4, the cylinders fall within a weak-interaction range, 
where their responses closely mirror the isolated-cylinder case. In this 
spacing interval, vibration consistently begins at U� ¼ 5, and the pri
mary effect of decreasing G=D is a gradual reduction in the velocity at 
which oscillations cease, shifting from U� ¼ 12:5 at G=D ¼ 4 to 
U� ¼ 9 at G=D ¼ 1.

Below G=D ¼ 1, the system transitions into the strong- 
interaction regime, where spacing directly governs the mode of vibra
tion and the extent of the lock-in interval. Here, oscillations initiate 
slightly earlier than in the isolated case, typically within 
U� ¼ 3:5 − 4:5, and the cylinders first exhibit anti-phase motion 

FIG. 5. (a) Peak amplitude ratio A�peak 
and (b) lock-in bandwidth DU�, as func
tions of gap ratio G=D for two cylinders 
arranged side by side.

FIG. 6. Vibration modes and regime map for two side-by-side circular cylinders within the strong-interaction regime: (a) opposite-phase (anti-phase) oscillation; (b) in-phase 
oscillation; and (c) regime map showing the occurrence of vibration modes.
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before transitioning to synchronous in-phase vibration as the velocity 
increases. The velocity at which this mode transition occurs remains 
relatively consistent, around U� ¼ 6:5 − 7:0, for all gaps G=D � 0:5. 
These spacing-dependent variations in onset, cessation, and mode 
occurrence provide the structural framework needed to interpret the 
amplitude and bandwidth trends presented earlier and serve as a basis 
for later discussion of their implications for flow-energy harvesting.

These results demonstrate that bringing two cylinders into close 
proximity fundamentally alters the VIV response through strong 
hydrodynamic coupling. While the isolated cylinder reached a peak 
non-dimensional amplitude of A�peak ¼ 0:6, the smallest spacing 
tested (G=D ¼ 0:025) produced amplitudes up to A�peak ¼ 1:8, a 
threefold increase. Because the optimal power output of a VIV-based 
harvester scales with the square of the amplitude ratio, this amplifica
tion corresponds to roughly a ninefold increase in potential energy 
extraction per oscillator.

In addition to the increase in vibration amplitude, small gap 
ratios resulted in a substantial enlargement of the lock-in bandwidth. 
The tightly spaced configuration exhibited a lock-in interval of 
DU� ¼ 16:5, nearly twice that of the isolated cylinder (DU� � 7:5). 
This extended synchronization range enables effective vibration, and 
therefore, energy harvesting over a broader range of flow velocities, 
improving robustness under variable or unsteady flow conditions.

Overall, the two-cylinder experiments show that wake-induced 
coupling can act as an effective passive mechanism for enhancing 
vibration amplitude and prolonging sustained oscillation. At the same 
time, the sensitivity of the response to spacing underscores the neces
sity of carefully selecting inter-cylinder separation, as moderate gaps 
may suppress amplitude or reduce bandwidth.

The insights gained from the two-cylinder pair configuration 
motivate extending the investigation to a three-cylinder side-by-side 
array. The presence of a central cylinder introduces additional inter
ference pathways and asymmetric wake coupling, enabling the study 
of more complex vibration modes and their implications for multi- 
oscillator energy-harvesting systems.

B. Three-cylinder array
Having established the effects of wake coupling in the two- 

cylinder arrangement, the analysis is now extended to a three-cylinder 
array. Introducing a third cylinder alters the interaction topology, 

creating a central body influenced simultaneously by wakes from both 
sides and two outer cylinders whose dynamics depend asymmetrically 
on the behavior of the central cylinder. This configuration enables 
exploration of multi-directional wake interference and additional cou
pled vibration modes that cannot arise in two-body systems, offering 
deeper insight into collective oscillation behavior in multi-cylinder 
arrays.

Similar to the two-cylinder pair, the three-cylinder array initially 
exhibits weak wake interference as the spacing is reduced; however, 
the departure from isolated-cylinder behavior occurs at larger spacing 
because the central cylinder interacts with wakes from both neigh
bors. When the spacing is reduced from G=D ¼ 4 to G=D ¼ 2, subtle 
wake interactions appear: the onset of lock-in remains unchanged, 
but the termination shifts to lower reduced velocities, and the peak 
amplitude decreases slightly, consistent with mild hydrodynamic 
interference.

Figure 7(a) shows the amplitude response as a function of 
reduced velocity for the three-cylinder array across this range of rela
tively weak spacing effects (2 � G=D � 4). The smallest spacing at 
which the three-cylinder array still behaves in an isolated-like manner 
is G=D ¼ 2, in contrast to the two-cylinder case where this persists 
down to G=D ¼ 1. This earlier departure from isolated behavior 
occurs because the central cylinder is simultaneously influenced by 
wakes from both neighboring bodies, resulting in stronger hydrody
namic coupling at larger gaps than in the two-body configuration.

When the gap ratio is reduced below G=D ¼ 2, the interaction 
between the cylinders intensifies. In this range, the amplitude 
response and the extent of the lock-in interval change much more 
rapidly with spacing, and the array begins to exhibit several distinct 
coupled vibration patterns not present at larger gaps. These changes 
reflect the increasingly complex vortex interactions that arise as the 
spacing decreases and the cylinders no longer behave as independent 
oscillators.

Figure 7(b) shows the amplitude response as a function of 
reduced velocity for 0 < G=D < 2, illustrating how the system transi
tions into a regime dominated by strong wake coupling. While the 
amplitude–velocity curves illustrate the overall response trends, the 
effect of spacing becomes clearer when the peak vibration amplitude 
is considered directly. Figure 8(a) presents the peak amplitude ratio 
A�peak plotted against the gap ratio G=D, highlighting how the maxi
mum response changes with inter-cylinder spacing.

FIG. 7. Amplitude ratio vs reduced velocity 
for three cylinders arranged side by side 
(the results correspond to the middle cylin
der): (a) 2 � G

D � 4 and (b) 0 < G
D < 2:
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As the spacing decreases from G=D ¼ 4 to G=D ¼ 2, in which 
the cylinders behave almost independently, the peak amplitude 
decreases slightly, i.e., from A�peak ¼ 0:60 to A�peak ¼ 0:48. This trend 
mirrors the behavior observed in the two-cylinder array, reflecting 
mild hydrodynamic interference without substantial modification of 
the system’s vibration capacity.

The peak amplitude remains below the isolated-cylinder value 
down to G=D ¼ 0:5. Although several coupled vibration modes begin 
to appear within this portion of the interaction range, they do not yet 
produce an enhancement in the energy transferred from the flow to 
the structure.

A pronounced change occurs for smaller spacings ðG=D 0:5Þ. In 
this region, the array begins to exhibit significantly larger vibration 
amplitudes compared to the single-cylinder case. The strongest 
response is obtained at the smallest spacing tested ðG=D 0:025Þ, 
where the peak response occurs in the in-phase vibration mode. In 
this state, all three cylinders oscillate synchronously and exhibit simi
lar peak amplitudes, with Apeak � 2:55, representing more than a 
fourfold increase relative to isolated-cylinder behavior.

Beyond the peak amplitude trends, the role of spacing in shaping 
the three-cylinder response is most evident when considering the 
span of the lock-in region. Because the central cylinder interacts with 
wakes on both sides, even small changes in G=D can produce pro
nounced shifts in the onset and cessation of oscillation. Figure 8(b) 
shows how the lock-in bandwidth DU� evolves across the full range 
of tested spacings.

The results show that the three-cylinder array begins to exhibit a 
noticeably wider lock-in range once the spacing is reduced below 
G=D ¼ 0:75. For 0:5 � G=D � 0:75, the increase in bandwidth is 
driven primarily by a reduction in the reduced velocity at which oscil
lations begin, relative to the single-cylinder case, while the cessation 
of vibration still occurs at slightly lower velocities than in the isolated- 
cylinder configuration.

A more dramatic bandwidth expansion occurs for G=D � 0:5. 
In this region, the widening is governed mainly by an increase in 
the reduced velocity at which oscillations cease. For gap ratios 
smaller than G=D ¼ 0:125, the array attains its maximum mea
sured bandwidth of DU� ¼ 24, approximately three times larger 
than that of a single-cylinder oscillator. This substantial enlarge
ment of the lock-in interval reflects the strong hydrodynamic cou
pling and enhanced wake coherence that develop at very small 

gaps, allowing sustained fluid–structure interaction over an 
extended velocity range.

The trends in amplitude and bandwidth discussed above indicate 
that the behavior of the three-cylinder array changes qualitatively as 
the spacing is reduced. For G=D � 2, the cylinders vibrate in an 
isolated-like manner and spacing produces only gradual adjustments 
to onset, cessation, and amplitude. However, once the gap becomes 
sufficiently small, wake interference intensifies and the system no lon
ger behaves as three independent oscillators. Instead, it enters a 
strong-interaction regime in which distinct, spacing-dependent vibra
tion modes emerge. These modes are consistent with increasingly 
complex wake interactions as the center cylinder is coupled to both 
neighboring cylinders.

As the cylinders are brought closer together, four characteristic 
oscillation patterns were observed across the lock-in regime: 

• Split-phase mode (sides in-phase, middle anti-phase) [Fig. 9(a)]. 
The two outer cylinders oscillate synchronously, while the cen
tral cylinder vibrates 180� out of phase with them. This symmet
ric motion indicates strong coupling and alternating forcing on 
the middle cylinder from the wakes on either side.

• Middle-node mode (sides anti-phase, middle nearly stationary) 
[Fig. 9(b)]. The outer cylinders oscillate in the opposite phase, 
whereas the central cylinder remains nearly motionless, exhibit
ing only small residual fluctuations. The middle cylinder effec
tively forms a vibration node, dividing the flow into two 
opposing shear-layer interactions.

• In-phase mode [Fig. 9(c)]. At higher reduced velocities, all three 
cylinders oscillate synchronously with negligible phase differ
ences. This fully coupled state corresponds to a coherent vortex- 
shedding pattern and produces strong, periodic forcing on the 
array.

• Phase-wandering (or collision) mode. In this unsteady regime, 
the relative phase between cylinders does not settle into a repeat
able phase-locked state. The oscillators exhibit irregular relative 
motion and may experience intermittent contact, preventing the 
system from reaching a statistically stationary vibration response 
over the available measurement interval. For this reason, this 
regime is identified phenomenologically from the measured dis
placement signals and visual observations and is treated as an 
unsteady transitional regime rather than a distinct stable vibra
tion mode.

FIG. 8. (a) Peak amplitude ratio A�peak 
and (b) lock-in bandwidth DU�, as func
tions of gap ratio G=D for three cylinders 
arranged side by side.
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These behaviors are summarized in the vibration-mode map 
shown in Fig. 9(d), which compiles the modal structure across all 
tested spacings and reduced velocities. The map illustrates how the 
system evolves from isolated-like behavior at large gaps to strongly 
synchronized motion at very small gaps, providing a clear framework 
for interpreting how hydrodynamic coupling shapes the response.

The vibration map also reveals clear trends in the onset, progres
sion, and cessation of oscillation. As G=D decreases, the onset of 
motion shifts to lower reduced velocities, primarily because the split- 
phase mode becomes active at much smaller U� values. This mode 
persists up to the velocity corresponding to the onset of vibration in 
the isolated cylinder, after which the system transitions into the 
phase-wandering regime. The unsteady nature of this regime reflects 
rapid changes in gap-flow topology and the absence of a stable modal 
structure.

For intermediate spacings 0:75 � G=D < 2, increasing U� leads 
to a transition from split-phase or phase-wandering behavior into a 
stable in-phase mode. This synchronized state persists until the end of 
the lock-in regime and is associated with coherent vortex shedding 
and constructive wake interaction.

When the spacing is reduced below G=D ¼ 0:75, an additional 
mode appears, i.e., the middle-node mode, in which the center cylin
der remains nearly stationary while the outer cylinders oscillate in 
anti-phase. Although the motion is constrained by the narrow gaps, 
further increases in U� again lead to a transition into the fully syn
chronized in-phase mode.

Representative amplitude responses of all three cylinders are 
provided in the supplementary material as Fig. S3. Figure S3(a) shows 
the case G=D ¼ 0:25, where phase-wandering, middle-node, and in- 
phase regimes are observed as the reduced velocity increases. Figure 
S3(b) shows the case G=D ¼ 0:5, which additionally includes the 

split-phase mode. These cases illustrate how the amplitudes of the 
middle and side cylinders evolve across the principal three-cylinder 
vibration regimes.

A particularly notable finding is that the transition to in-phase 
motion occurs within a narrow and nearly constant band of reduced 
velocity, U� ¼ 6:7–7:0, for all spacings from G=D ¼ 1:5 down to the 
smallest tested gap. This consistency indicates that, within the present 
experimental conditions, the transition to fully coupled in-phase oscil
lation occurs over a narrow range of reduced velocity. At smaller 
spacings, oscillations may initiate at lower U� in split-phase, phase- 
wandering, or middle-node states; however, the stable in-phase 
response emerges only after the flow speed is increased further to this 
narrow transition band. This suggests that the onset of vibration and 
the onset of fully synchronized in-phase motion are governed by dif
ferent stages of the coupled wake-oscillator interaction.

The three-cylinder experiments demonstrate that reducing the 
gap ratio produces substantial amplification of the VIV response. 
While the array behaves similarly to an isolated oscillator at larger 
spacings, progressively smaller gaps lead to markedly higher vibration 
amplitudes—culminating in a peak value of A�peak ¼ 2:55 at 
G=D ¼ 0:025, more than four times that of the single-cylinder case. 
The lock-in bandwidth expands in a similar manner: for the smallest 
spacings, the synchronization range reaches DU� ¼ 24, roughly triple 
that of an isolated cylinder. These enhancements arise from the emer
gence of strong hydrodynamic coupling and a sequence of coupled 
vibration modes that fundamentally reshape the system’s dynamic 
response.

The structural responses observed in both the two- and three- 
cylinder arrays, particularly the appearance of distinct interaction 
regimes and spacing-dependent mode transitions, indicate that the 
underlying wake dynamics change substantially as G=D varies. To 

FIG. 9. Vibration modes and regime map for three side-by-side circular cylinders within the strong-interaction regime: (a) split-phase mode (outer cylinders in-phase, middle 
cylinder in anti-phase); (b) middle-node mode (outer cylinders in anti-phase, middle cylinder stationary); (c) in-phase mode (all cylinders oscillating synchronously); and (d) 
regime map showing the occurrence of vibration modes.
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identify the aerodynamic mechanisms responsible for these behaviors, 
qualitative flow-visualization experiments were carried out for both 
configurations. Section IV C examines how wake topology, gap flow, 
and vortex-shedding patterns evolve with spacing, providing physical 
insight into the origins of the vibration modes and their influence on 
the overall system dynamics.

C. Cylinder wake flow visualization analysis
To complement the vibration measurements and clarify the 

mechanisms underlying the observed interaction regimes, qualitative 
flow visualization was conducted for selected configurations of both 
the two-cylinder pairs and three-cylinder arrays. The objective was to 
directly observe how the wake structure evolves with decreasing gap 
ratio and how these changes relate to the transition between different 
interaction modes. The focus of this analysis was on visualizing the 
wake patterns associated with the stable and repeatable vibration 
modes, such as opposite-phase, in-phase, split-phase, and middle- 
node motion, and relating these structures to the observed variations 
in vibration amplitude and bandwidth. Representative high-speed 
flow-visualization videos corresponding to selected vibration modes 
and wake patterns are provided in the supplementary material.

The flow-visualization images were recorded near the mid-span 
of the cylinders. The camera was positioned above the model and 
shifted slightly downstream to capture the near-wake region; there
fore, the images correspond to an upper oblique view rather than a 
perfectly normal top view. In the annotated images, solid white out
lines indicate the cylinder boundaries, dashed white lines indicate the 
cantilever support beams, and colored lines are added as visual guides 
to highlight the observed vortical structures.

In the pre-lock-in regime, where structural motion is negligible, 
the wake dynamics are governed primarily by the flow arrangement 
and cylinder geometry. To establish a baseline for comparison, we 
first consider the wake behind an isolated cylinder energy harvester 
mounted on a flexible beam,9 as shown in the supplementary material 
[Fig. S4(a)]. In this configuration, no periodic vortex formation was 
observed during pre-lock-in. A later investigation by Fershalov et al.44 

demonstrated that this absence of vortex shedding is linked to the 
flexibility of the support beams and the finite aspect ratio of the cylin
der, both of which can suppress or delay the roll-up of shear layers. 
This explanation was validated experimentally by mounting the same 
cylinder on a rigid support, which resulted in clear vortex shedding 
under identical flow conditions, a behavior not present when the cyl
inder was attached to flexible beams. Consistent with these findings, 
pre-lock-in flow visualization for the two- and three-cylinder arrays 
with the minimum spacing G=D ¼ 0:025 also revealed no vortex for
mation [supplementary material Figs. S4(b) and (c)]. The wake 
boundaries remained distinct and steady, showing no periodic fluctu
ations or signs of shear-layer roll-up.

More complex wake features appeared at moderate gap ratios 
ð0:025 G=D 0:5Þ. For the two-cylinder configuration, the gap flow 
exhibited a distinct bias toward one side [supplementary material Fig. 
S5(a)], even though no organized vortices were yet present. In the 
three-cylinder array, each gap flow was biased toward its respective 
outer cylinder [supplementary material Fig. S5(b)], producing an 
asymmetric wake with unequal shear-layer development on the 
two sides.

In the strong-interaction zone ðG=D � 1Þ, once the reduced 
velocity increases beyond the pre-lock-in regime, the two-cylinder 
array first enters the anti-phase vibration mode [Fig. 6(a)]. In this 
mode, the cylinders move symmetrically in opposite directions, and 
the wake structure evolves in a repeatable sequence over each oscilla
tion cycle. When the cylinders diverge from one another, two syn
chronized and symmetric vortices form on the outer sides of the 
cylinders, where the shear layers roll up cleanly due to the unob
structed cross-flow.

As the cylinders approach their maximum separation and 
begin to the reverse direction, a gap vortex starts to develop 
between them. This vortex exhibits a characteristic mushroom- 
shaped structure, consisting of two counter-rotating shear-layer 
motions induced by the instantaneous constriction and redirection 
of the gap flow. When the cylinders move toward each other and 
the gap reaches its minimum width, the developing gap vortex is 
pushed downstream and expelled from between the cylinders. As 
this vortex convects further downstream, it merges into a single 
coherent structure.

A notable feature of the gap vortex is its systematic bias toward 
the lower cylinder. After being expelled, the vortex is consistently 
deflected downward and eventually merges with the outer vortex on 
the lower side. This bias is attributed to slight asymmetries in the 
instantaneous pressure distribution and gap-flow geometry during 
the cylinder motion, despite the nominal geometric symmetry of the 
setup. Such directional bias in the gap vortex is commonly reported 
in side-by-side configurations39–42 and is a precursor to asymmetric 
wake development at higher reduced velocities.

A sequence of photographs illustrating one complete cycle of the 
anti-phase vibration mode is presented in Fig. 10, highlighting the for
mation, advection, and merging of the gap vortex and the outer 
shear-layer structures.

The split-phase vibration mode is observed in the three-cylinder 
array within the strong-interaction range 0:25 < G=D < 2. In this 
mode, the two outer cylinders oscillate in phase, while the central cyl
inder moves 180� out of phase with them [Fig. 9(a)]. This arrange
ment effectively creates two coupled pairs: each outer cylinder 
interacts with the middle cylinder as an opposite-phase pair, while the 
outer cylinders maintain synchronous motion with one another. As a 
result, the wake generated in this mode is considerably more complex 
than that of the two-cylinder configuration.

During the outward motion of the outer cylinders, each gener
ates its own pair of outer-side vortices, formed by the roll-up of the 
shear layers on the outer faces of the array. Simultaneously, as the cyl
inders reverse direction and move toward the center, two gap vortices 
develop (i.e., one in each gap between an outer cylinder and the cen
tral one). These gap vortices exhibit a counter-rotating structure, 
shaped by the compression and redirection of the gap flow as the cyl
inders approach one another.

Once formed, the gap vortices are convected downstream, where 
they merge with the nearest outer-side vortex produced by the adja
cent outer cylinder. This merging process generates alternating vortex 
pairing occurring on each cycle.

A sequence of photographs, illustrating one complete cycle of 
the split-phase vibration mode, is presented in Fig. 11(a), highlighting 
the formation, evolution, and downstream merging of the gap and 
outer-side vortices in this strongly coupled three-body system.
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Within the strong-interaction range 0:025 < G=D < 0:75, the 
three-cylinder array can exhibit the middle-node vibration mode. In 
this mode, the central cylinder remains nearly stationary while the 
two outer cylinders oscillate in the opposite phase [Fig. 11(b)]. 

Because the middle cylinder acts as a kinematic node, the wake is 
shaped entirely by the motion of the outer cylinders.

When the outer cylinders move apart, the shear layers on their 
outer sides roll up into a pair of symmetric vortices similar to those 

FIG. 10. Chronological sequence of flow-visualization photographs illustrating one representative cycle of the opposite-phase vibration mode for the two-cylinder array at 
G=D ¼ 0:25 and U� ¼ 5. Colored lines highlight the locations and evolution of vortical structures for clarity.

FIG. 11. Sequence of flow-visualization photographs illustrating one complete cycle of vibration for the three-cylinder array: (a) split-phase vibration mode for the three- 
cylinder array at G=D ¼ 0:5 and U� ¼ 3:5 and (b) middle-node vibration mode in the three-cylinder array at G=D ¼ 0:25 and U� ¼ 5:5. Colored lines highlight the loca
tions and evolution of vortical structures for clarity.
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observed in the two-cylinder opposite-phase mode. As the cylinders 
reverse direction and move toward the middle cylinder, two 
mushroom-shaped gap vortices form—one in each gap. These vorti
ces are produced by the rapid convergence of the gap flow and the 
associated compression of the shear layers between each outer cylin
der and the stationary center body.

Once formed, the gap vortices are convected downstream, where 
they merge with the vortices shed from the inner sides of the outer 
cylinders. Each gap vortex is deflected slightly outward as it travels, 
eventually merging with the outer vortex of the corresponding outer 
cylinder. This pairing process results in a wake structure that is sym
metric but more intricate than that of the two-cylinder opposite-phase 
case, due to the presence of two interacting gap regions anchored by a 
stationary central body.

A series of photographs illustrating one full cycle of the middle- 
node vibration mode is shown in Fig. 11(b), capturing the formation, 
evolution, and downstream merging of the gap vortices in this 
strongly coupled three-body configuration.

As the reduced velocity increases within the strong-interaction 
zone ð0:025 � G=D < 2Þ, all configurations, regardless of spacing or 
array size, ultimately converge to a stable in-phase vibration mode. 
This transition consistently marks the point at which the wake 
becomes fully synchronized across cylinders, enabling sustained, 
large-amplitude oscillations. Because the wake behavior is qualita
tively similar for both the two- and three-cylinder arrays at the small
est spacing, the three-cylinder configuration is used here to illustrate 
the wake evolution in this regime.

The wake modes are described using the standard VIV nota
tion:3,5,8 2S denotes two single vortices shed per oscillation cycle, with 
one vortex shed during each half-cycle of motion, whereas 2P denotes 
two vortex pairs shed per oscillation cycle, with one pair formed dur
ing each half-cycle.

For the minimum gap case ðG=D ¼ 0:025Þ, the three-cylinder 
array remained in the in-phase mode throughout the lock-in range. 
During the initial branch, flow visualization revealed a well-organized 
2S vortex-shedding mode, characterized by the alternate shedding of 
single vortices from each side of the outer shear layers during succes
sive half-cycles. The wake was highly symmetric, indicating strong 
aerodynamic coupling among all three cylinders. A sequence of pho
tographs at U� ¼ 11 and A� ¼ 0:5, showing one full vibration cycle 
and the corresponding vortex evolution, is presented in Fig. 12(a).

As the flow velocity increased, the vibration amplitude grew 
steadily while the wake continued to exhibit a 2S shedding mode up 
to the peak response. During this stage, the vortices formed closer to 
the cylinder surfaces and exhibited larger cores, reflecting intensified 
fluid–structure coupling. A series of photographs near the peak- 
amplitude condition ðU� ¼ 19; A� ¼ 2:5Þ is shown in Fig. 12(b), 
illustrating the evolution of the wake over a complete oscillation cycle.

After the peak response, the amplitude dropped abruptly to 
approximately A� ¼ 2:0 at U� � 21. Following this transition, the 
wake shifted from a 2S to a 2P vortex-shedding mode, in which pairs 
of vortices were shed from each side during each half-cycle of motion. 
This structural change in the wake topology is documented in 
Fig. 12(c), captured at U� ¼ 22 and A� ¼ 2:0.

The observed transition from 2S to 2P shedding at higher 
reduced velocities is consistent with trends widely reported for single- 
cylinder VIV systems.3,5,8,9,44 Notably, the multi-cylinder arrays 

exhibit the same qualitative behavior, indicating that the underlying 
flow-structure mechanisms governing the shedding transition remain 
fundamentally similar even in the presence of strong multi-body 
wake coupling.

For the moderate spacing case G=D ¼ 0:25, the three-cylinder 
array exhibits additional wake features during the in-phase vibration 
regime ðU� > 7Þ. At low vibration amplitudes, flow visualization 
shows that gap vortices form during each half cycle of oscillation, 
much like the vortices shed from the outer sides of the cylinders. 
Because all three cylinders move synchronously, the instantaneous 
gap geometry is the same on both sides, and the vortices generated in 
the gaps are nearly symmetric in size and timing.

During each half cycle, the two gap vortices are drawn toward 
and entrained into the outer-side vortex located opposite to the direc
tion of cylinder motion. This merging process reflects the strong, 
coherent shear-layer interaction that develops when all cylinders 
accelerate in the same direction, causing the gap shear layers to roll 
up and convect toward the dominant outer vortex. The consistent 
pairing of gap vortices with the corresponding outer vortices produces 
a well-organized wake despite the presence of multiple interacting 
shear layers.

A sequence of photographs captured at U� ¼ 8 and A� ¼ 0:4, 
illustrating one full cycle of this behavior, is presented in Fig. 13(a).

As the vibration amplitude increases with rising U�, the gap vor
tices become progressively less distinct. At large pre-peak amplitudes, 
such as those observed at U� ¼ 15:5, the flow through the gaps no 
longer rolls up into clearly identifiable vortex structures. Instead, the 
gap shear layers merge directly with the large outer vortex formed 
downstream of the array, producing an even larger, more coherent 
structure. Despite this change in vortex organization, the wake main
tains a 2S shedding mode, with a single dominant vortex generated 
on each side during every half cycle of motion. A series of photo
graphs captured at U� ¼ 15:5 and A� ¼ 1:7, illustrating this behav
ior, is presented in Fig. 13(b).

After passing the peak vibration amplitude, the wake structure 
undergoes a transition to a 2P shedding pattern, similar to that 
observed for the smallest-gap configuration [see Fig. 12(c)]. In this 
regime, pairs of vortices are shed from each side during every half- 
cycle of motion.

In the post-lock-in regime, no periodic vortex structures were 
observed for any configuration. Instead, the wake became irregular 
and non-shedding, consistent with the loss of organized fluid– 
structure synchronization. For moderate gap ratios, however, a biased 
wake pattern was still present, similar to that seen in the pre-lock-in 
regime.

Examples of this asymmetric wake behavior at moderate spacing 
ðG=D 0:25Þ are shown in the supplementary material (Fig. S6). For 
the two-cylinder array at U� ¼ 17 [supplementary material Fig. 
S6(a)], the wake is consistently biased toward the lower cylinder. In 
the three-cylinder array at U� ¼ 24 [supplementary material Fig. 
S6(b)], the bias manifests differently: the middle cylinder’s wake is 
deflected upward toward the upper outer cylinder. These post-lock-in 
asymmetries reflect residual interactions between the gap flow and 
the outer shear layers, even after the cessation of periodic vortex 
shedding.

The flow-visualization results provide valuable qualitative insight 
into how wake dynamics shape the vibration behavior of two- and 
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three-cylinder arrays. Observations across the pre-lock-in, lock-in, 
and post-lock-in regimes clarify when and how organized vortex 
shedding emerges, how distinct wake topologies correspond to spe
cific vibration modes, and why certain configurations produce ampli
fied responses or broadened lock-in ranges. In particular, the 
visualization helps link mode transitions, such as opposite-phase, 

split-phase, middle-node, and in-phase motion, to changes in gap- 
flow behavior and vortex formation. In the post-lock-in regime, the 
disappearance of periodic shedding and the persistence of biased but 
irregular wake structures further illustrate how aerodynamic coupling 
weakens as oscillations decay. Overall, wake observations serve as a 
physical framework for interpreting the measured vibration responses 

FIG. 12. Flow-visualization photographs showing one complete cycle of the in-phase vibration mode for the three-cylinder array ðG=D ¼ 0:025Þ: (a) U� ¼ 11, A� ¼ 0:5; 
(b) U� ¼ 19, A� ¼ 2:5; and (c) U� ¼ 22, A� ¼ 2:0. Colored lines highlight the locations and evolution of vortical structures for clarity.
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and for understanding the fluid–structure mechanisms that govern 
multi-cylinder VIV behavior.

D. Energy harvesting analysis
The flow-visualization results discussed above show that the 

largest vibration amplitudes occur when the arrays reach coherent in- 
phase lock-in states, where organized vortex shedding and strong 
wake coupling sustain large-amplitude motion over an extended 
velocity range. The energy-harvesting potential of the cylinder arrays 
is, therefore, estimated using the optimal piezoelectric power model 
introduced in Sec. II and applied to the isolated-cylinder harvester in 
Ref. 9. Because this model scales with A�2, the wake-coupled regimes 
that produce the largest and most sustained mechanical response also 
correspond to the highest estimated harvesting potential. Under the 
standard resistive-load formulation and the weak electromechanical 
coupling assumption, the nondimensional optimal power reduces to 
the simple expression, i.e., P�piezo;opt ¼

1
2 A�ð Þ2; valid throughout the 

lock-in regime where x � xn. This expression shows that the har
vested power depends solely on the square of the dimensionless vibra
tion amplitude. Consequently, the significant amplification of A�
observed at small gap ratios, together with the substantial widening of 

the lock-in bandwidth, directly enhances the potential energy output 
of the multi-cylinder arrays.

To quantify these effects, the peak vibration amplitudes A�peak 
from the single-cylinder configuration and from the array cases are 
plotted together as a function of the mass-damping parameter m�f 
[Fig. 14(a)]. For the two- and three-cylinder arrays, only the gap ratios 
that produced amplified amplitudes relative to the isolated cylinder 
are included in this comparison.

Using the same amplitude data, the optimal nondimensional 
power is computed for the selected G=D configurations that exhibited 
amplified responses. These power estimates [Fig. 14(b)] are displayed 
alongside the vibration data on the A�-m�f plot, allowing direct com
parison of the energy-harvesting potential across the single-, two-, 
and three-cylinder cases. The peak-response conditions used in this 
comparison occur in the in-phase vibration regime, where all cylin
ders oscillate at the same dominant frequency, close to the measured 
natural frequency fn ¼ 2:44 Hz. Therefore, the reported power 
enhancements are per-oscillator estimates.

These comparisons highlight the strong enhancement in energy- 
harvesting performance achieved through aerodynamic coupling, 
especially for tightly spaced arrays that exhibit large amplitude growth 
and extended lock-in ranges.

FIG. 13. Flow-visualization photographs showing one complete cycle of the in-phase vibration mode for the three-cylinder array at G=D ¼ 0:25: (a) U� ¼ 8, A� ¼ 0:4 and 
(b) U� ¼ 15:5, A� ¼ 1:7. Colored lines highlight the locations and evolution of vortical structures for clarity.
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An important consideration for flow-energy harvesting is not 
only the magnitude of the peak vibration amplitude A�peak but also the 
reduced velocity at which this peak occurs. The Skop–Griffin parame
ter, SG; provides a convenient way to organize the peak-amplitude 
data by combining the effects of mass ratio, damping, and reduced 
velocity into a single nondimensional group. For a given structural 
configuration ðm�; fÞ, varying the flow speed changes SG essentially 
through U�, so that lower values of SG correspond to operation at 
higher reduced velocities.

Figure 15 presents the peak-amplitude data plotted in the A� − 
SG plane for the isolated cylinder and for those two- and three- 
cylinder configurations that displayed amplified responses. As 
expected, the single-cylinder measurements follow the classical trend 
of decreasing A�peak with increasing SG, consistent with previously 
reported VIV amplitude correlations.3,6,9,44 The multi-cylinder data
sets cluster in a distinctly different region of the plot: they reach 

substantially larger peak amplitudes while operating at lower values of 
SG. This shift arises because the arrays attain their maximum 
response at significantly higher reduced velocities than the single- 
cylinder oscillator.

Although closely spaced cylinder arrays achieve substantially 
larger vibration amplitudes than the isolated cylinder, this amplifica
tion does not indicate improved energy-conversion efficiency at a 
fixed reduced velocity. Instead, the arrays reach their peak responses 
at higher values of U�, where a greater amount of flow-induced forc
ing is available to sustain large oscillations. The increased amplitude, 
therefore, reflects operation at a different part of the velocity spec
trum, not a more efficient transfer of energy from the flow to the 
structure.

This distinction becomes apparent when comparing responses at 
the same reduced velocity. The isolated cylinder reaches its peak 
amplitude of A� ¼ 0:6 at U� ¼ 6:3. In contrast, the tightly spaced 

FIG. 14. Effect of mass-damping ratio on 
(a) peak amplitude ratio and (b) optimal 
dimensionless harvested power at peak 
vibration.

FIG. 15. Peak dimensionless amplitude 
A�peak plotted against the Skop–Griffin 
parameter.
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two- and three-cylinder arrays (G=D ¼ 0:025) exhibit almost no 
vibration at this same U�, despite producing very large amplitudes at 
higher velocities. Thus, the closely spaced arrays have a higher effec
tive cut-in reduced velocity for the amplified coupled response and 
may perform poorly at very low flow speeds if the system is not tuned 
to the intended operating range. For the closely spaced configurations 
that eventually exceed the isolated-cylinder amplitude ðG=D 0:25Þ, 
this crossover occurs approximately at U� � 7:5 − 9 for the two- 
cylinder array and U� � 9 − 11 for the three-cylinder array, depend
ing on the gap ratio. This illustrates that while close spacing can yield 
dramatic increases in the harvested power, the benefit depends 
strongly on where the amplified response occurs relative to the avail
able operating flow speed. For energy-harvesting applications, the 
effectiveness of a given spacing is, therefore, determined not by the 
magnitude of the peak response alone, but by whether the amplified 
vibration occurs within the range of flow velocities expected in the 
intended operating environment.

A key implication of this analysis is that effective energy- 
harvester design requires aligning the peak-response reduced 
velocity with the expected free-stream velocity of the application. 
Since U� depends on the free-stream velocity, natural frequency, 
and cylinder diameter, designers can tune the response by adjust
ing fn and D. To achieve large amplitudes at practical flow speeds, 
the mass should be minimized, since smaller values shift the sys
tem toward higher responsiveness and greater vibration ampli
tudes. Because of this, practical tuning is accomplished by 
adjusting the natural frequency through modifications to the 
beam stiffness (via changes in geometry, thickness, or material 
properties). Selecting an appropriate cylinder diameter provides 
an additional mechanism for positioning the peak response within 
the desired U� range. By jointly tuning fn and D while keeping the 
system with a favorable low mass, the harvester can be configured 
so that the spacing-induced amplification observed in multi- 
cylinder arrays occurs at flow velocities relevant to the intended 
environment, thereby enabling meaningful gains in harvested 
power.

To further examine this relationship, single-cylinder data from 
Refs. 6, 9, and 44 were combined and fitted with the empirical power 
law as follows: 

A� ¼ 0:198 SG−0:867: (17) 

Remarkably, when the present two- and three-cylinder array 
data are plotted alongside this correlation in Fig. 15, they also collapse 
well onto the same curve, despite occupying lower SG values due to 
their higher peak U�. This collapse indicates that the fundamental 
amplitude scaling with SG remains unchanged by wake coupling. The 
arrays do not alter the intrinsic functional dependence of the VIV 
amplitude on SG; instead, they simply shift the effective operating 
point into the low-SG, high-A� regime. From a modeling and design 
perspective, this suggests that amplitude correlations originally devel
oped for isolated cylinders may be extended to side-by-side arrays, 
provided that the effective SG value corresponding to the operating 
U� is properly accounted for.

In Ref. 9, the power output of the isolated-cylinder harvester was 
estimated using a piezoelectric patch (PZT-5A) bonded near the 
clamped end of the cantilever beam. The electromechanical coupling 
coefficient h and capacitance Cpiezo of the patch were obtained from 

beam-piezo geometry and material properties, and the optimal power 

under a resistive load was evaluated using Ppiezo;opt ¼
xh2

piezoA2

2Cpiezo
, corre

sponding to Eq. (14) in the present work. For the isolated cylinder 
configuration with diameter D ¼ 40 mm, vibrating mass m ¼ 70 g, 
and maximum displacement A ¼ 24:1 mm ðA� � 0:60Þ, the optimal 
power output was found to be Psingle

piezo;opt � 1:8 mW.9

Since all geometric, structural, and piezoelectric parameters 
ðx; h;CpÞ remain unchanged in the present study, the optimal power 
scales quadratically with the vibration amplitude as follows: 

Parray
piezo;opt ¼ Psingle

piezo;opt
Aarray

Asingle

 !2

: (18) 

For a fixed cylinder diameter D, the dimensional amplitude ratio 
is identical to the ratio of dimensionless amplitude; so that Parray

piezo;opt 

¼ Psingle
piezo;opt

�
A�array
A�single

�2
: Using A� ¼ 0:6 for the isolated cylinder, 

P ¼ 1:8 mW, and the representative per-oscillator peak amplitudes in 
the in-phase array response, A� ¼ 1:77 for each cylinder in the two- 
cylinder array at G=D ¼ 0:025 and A� � 2:55 for each cylinder in 
the three-cylinder array at G=D ¼ 0:025, the corresponding optimal 
powers per oscillator are 15.7 and 32.5 mW. Since the cylinder span 
was fixed at L ¼ 0:4 m for all configurations, these values correspond 
to peak optimal powers per unit cylinder length of 4.5 mW/m for the 
isolated cylinder, 39.3 mW/m for each oscillator in the two-cylinder 
array, and 81.3 mW/m for each oscillator in the three-cylinder array. 
Thus, under the same piezoelectric configuration and optimal resis
tive loading, the two-cylinder and three-cylinder arrays yield substan
tial increases in power per oscillator relative to the isolated-cylinder 
case. Because these estimates are based on the vibration amplitude of 
an individual oscillator, they should be interpreted as per-oscillator 
enhancements; the total array power would then scale with the num
ber of oscillators equipped with piezoelectric elements.

These estimates indicate the substantial potential gains in power 
output that could be obtained under the same piezoelectric configura
tion and optimal resistive loading by exploiting strong wake coupling 
in closely spaced multi-cylinder arrays.

The power estimates discussed above are based on the response 
in the in-phase vibration regime, where all cylinders move synchro
nously and the corresponding piezoelectric voltages are nominally in 
phase. In this configuration, electrical integration is straightforward: 
the piezo patches can be connected to a common rectifier or com
bined in parallel (with consistent poling), allowing their currents to 
add so that the total harvested power scales directly with the number 
of oscillators.

For other vibration modes, such as the opposite-phase mode 
in the two-cylinder array and the split-phase or middle-node 
modes in the three-cylinder configuration, the mechanical motion 
of individual cylinders is not phase-aligned. If the raw AC piezo
electric outputs were simply connected together, these phase dif
ferences could lead to partial voltage cancelation and a reduction 
in net power. In practice, this issue can be avoided by treating 
each oscillator as an independent electrical channel, each with its 
own rectifier and power-conditioning circuit, or by selecting the 
wiring polarity so that mechanically out-of-phase motions gener
ate electrically in-phase voltages.
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However, the present experiments show that the largest vibra
tion amplitudes and the widest lock-in ranges consistently occur in 
the in-phase regime for both two- and three-cylinder arrays. From an 
energy-harvesting perspective, this indicates that practical array 
designs should aim to promote and stabilize in-phase vibration, using 
other modes primarily as transitional or secondary states rather than 
as the desired operating condition.

V. CONCLUSIONS
This study experimentally examined VIV of two- and three- 

cylinder arrays arranged side by side and mounted on flexible beams, 
with particular emphasis on how wake coupling and inter-cylinder 
spacing govern vibration amplitude, lock-in bandwidth, modal behav
ior, and the underlying fluid–structure interaction mechanisms. The 
gap-to-diameter ratio G=D was varied from 0.025 to 4, enabling 
observation of the transition from isolated-cylinder behavior to 
strongly coupled oscillations.

An isolated single cylinder served as a reference case, exhibiting 
a peak non-dimensional amplitude of A� � 0:60 near U� � 6:3, 
with vibration initiating at U� � 5 and ceasing at U� � 12:5, corre
sponding to a lock-in bandwidth of DU� � 7:5. For both array con
figurations, a weak-interaction regime was identified at larger 
spacings, where the response closely resembled that of the isolated 
cylinder, with only modest reductions in peak amplitude and gradual 
shifts in the termination of lock-in as spacing decreased.

At smaller gap ratios, strong hydrodynamic coupling fundamen
tally altered the VIV response. In the two-cylinder array, strong inter
action emerged for G=D < 1, accompanied by the appearance of 
coupled vibration modes and pronounced amplification of both 
amplitude and lock-in bandwidth. At the smallest spacing tested 
(G=D ¼ 0:025), the peak amplitude reached A� ¼ 1:8, approximately 
three times the isolated-cylinder value, while the lock-in bandwidth 
expanded to DU� � 17.

The three-cylinder array exhibited strong-interaction effects at 
even larger spacings (G=D < 2), reflecting the central cylinder’s 
simultaneous exposure to wakes from both neighbors. Several distinct 
coupled vibration modes were observed, illustrating the increased 
dynamical complexity of the three-body system. At G=D ¼ 0:025, the 
peak amplitude increased to A� ¼ 2:55, more than four times that of 
the isolated cylinder, and the lock-in bandwidth expanded to 
DU� ¼ 24, nearly tripling the baseline value.

A notable consequence of strong wake coupling is the substantial 
broadening of the operational velocity range. Whereas the isolated 
cylinder exhibits large-amplitude oscillations only within a narrow 
interval near its peak response, the two-cylinder array sustains ampli
tudes exceeding the isolated-cylinder maximum over 9 � U� � 21, 
and the three-cylinder array over an even wider range, 
12 � U� � 31. This marked expansion of the lock-in regime high
lights the role of collective wake dynamics in maintaining synchro
nized forcing over a broad range of flow conditions.

Flow-visualization experiments provided physical insight into 
these behaviors, revealing mode-dependent wake structures during 
lock-in and the absence of coherent periodic vortex shedding in both 
pre- and post-lock-in regimes, consistent with the effects of structural 
flexibility and finite cylinder length.

Using a previously validated piezoelectric power model, the 
amplified vibration responses were shown to correspond to substan
tially higher potential energy extraction per oscillator relative to the 

isolated-cylinder case. However, the peak responses of the arrays 
occurred at progressively higher reduced velocities, indicating that 
strong wake coupling does not inherently increase harvesting effi
ciency but rather shifts the amplified-response regime to higher flow 
speeds. Realizing these large-amplitude states, therefore, requires that 
the structural natural frequency be matched to the flow conditions so 
that the operational velocity coincides with the amplified-response 
region in reduced-velocity space.

The strongest vibration amplitudes and widest lock-in band
widths were consistently associated with fully synchronized, in-phase 
oscillation, whereas out-of-phase modes were confined to the onset 
of lock-in and produced weaker responses. This highlights the impor
tance of vibration-mode selection for practical applications, particu
larly for energy-harvesting systems where synchronized motion is 
also advantageous for electrical power combination.

Overall, this study demonstrates that controlled wake coupling 
in side-by-side cylinder arrays fundamentally alters the vortex- 
structure interaction, enabling access to large-amplitude, wide-band
width VIV responses when the system is appropriately tuned. These 
findings provide physical insight into collective wake dynamics in 
multi-body systems and offer guidance for the development of multi- 
oscillator VIV energy harvesters, while also establishing a foundation 
for future experimental and numerical investigations of coupled 
fluid–structure interactions.

The present findings may also be relevant to broader engineering 
systems containing multiple cylindrical or wire-like elements exposed 
to cross-flow. Examples include tube banks, cable arrays, sensor sup
ports, and wire-electrode arrangements, where spacing-dependent 
wake interference can influence unsteady aerodynamic loading, vibra
tion levels, and long-term structural reliability. The observed sensitiv
ity of vibration amplitude, lock-in bandwidth, and synchronization 
mode to inter-cylinder spacing highlights the importance of geomet
ric arrangement when designing cylindrical arrays subjected to flow- 
induced excitation.

SUPPLEMENTARY MATERIAL
See the supplementary material for the supporting experimental 

results and flow-visualization images. It includes the isolated-cylinder 
amplitude response used as the baseline for comparison with the 
two- and three-cylinder arrays, a schematic of the wind tunnel facility 
and experimental arrangement, and representative amplitude– 
response curves for the individual cylinders in selected three-cylinder 
configurations. It also includes flow-visualization images showing 
pre- and post-lock-in wake behavior for isolated, two-cylinder, and 
three-cylinder cases at selected gap ratios. These materials provide 
additional context for the vibration responses, mode transitions, and 
wake-interaction mechanisms discussed in the main text.
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