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ABSTRACT

Vortex-induced vibration {(VIV) of two transversely vibrating cylinders in a side-by-side (SBS) arrangement is numerically investigated using
a combination of direct-forcing immersed boundary and large eddy simulation techniques. The VIV responses of vibrating SBS cylinders at
two reduced velocities (U =4.0 and 6.0) are studied for a range of gap ratio 1.0 < g" < 3.0. Moreover, the influence of mass ratio, damping
ratio, and Reynolds number in the amplitude response and efficiency of VIVACE (Vortex-Induced Vibration for Aquatic Clean Energy)
from vibrating SBS cylinders are investigated at moderate Reynolds numbers (Re = 1000 and 10 000). The optimal gap ratio for Uj =4.0 is
in the range of 1.0 < g* < 1.2. Larger than this range, the VIV responses are close to single-cylinder responses. At Uj, = 6.0, all gap ratios
show lower responses than a single-cylinder case. The vibrating SBS cylinder with a larger damping ratio results in higher maximum
VIVACE efficiency with a narrower U}, range for significant efficiency. With almost the same amplitude response, the SBS cylinders with a
lower mass ratio result in lower VIVACE efficiency. Using the same mass-damping parameters, it appears that a low mass ratio could be
desirable to increase the U}, range of significant VIVACE efficiency and pick the proper damping ratio to reach a high value of maximum
VIVACE efficiency. The effect of flow conditions on the amplitude response and VIVACE efficiency of vibrating SBS cylinders with the
gme VIV parameters is not significant.

ublished under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0139301

I. INTRODUCTION
Vortex-induced vibration (VIV) of bluff bodies has been inten-

region, where the frequency ratio is not exactly equal to one.  In
these regions, the frequency ratio remains almost constant over the

sively studied as an attractive fluid-structure interaction (FSI) problem
inrecent decades.” " The drcular cylinder is one of the most common
bluff bodies in engineering applications, such as risers, heat exchang-
ers, chimneys, and so on. When fluid flow passes an elastically
mounted cylinder, a cydlical sequence of vortices is released.
Whenever the frequency of these vortices approaches the natural fre-
quency of the vibrating cylinder, the cylinder will turn into synchroni-
zation with the fluid flow. This phenomenon occurs in a range of
reduced velocity,” which is defined as Uy = U.. /f, D, where U, rep-
resents the uniform velocity, f,, represents the natural frequency of the
vibrating cylinder, and D represents the cylinder diameter. In this situ-
ation, the vortex-shedding frequency f, is locked into the vibration fre-
quency of cylinder f;, and these frequencies will synchronize with the
natural frequency so that f* = f./f, = f./f. = 1.0." This regime is
known as a lock-in region. Some VIV studies found a soft lock-in

range of reduced velocity, and the vibration amplitude becomes very
large. VIV is usually known for its destructive effect in engineering
applications with fluid flow past a bluff body because it can cause
fatigue damage. In such types of cases, the goal is to reduce VIV so
that structural integrity can be assured. In contrast to these applica-
tions, several recent studies have focused on enhancing VIV phenom-
ena for use in energy harvesting devices, such as VIVACE (Vortex
Induced Vibration for Aquatic Clean Energy). The VIVACE converter
is designed to generate power by hamessing the potentially destructive
effects of VIV, which is contrary to the past efforts that mostly concen-
trated on avoiding VIV.

When dealing with the problem of multiple cylinders, the
responses for both cylinders are fairly complex, and proximity inter-
vention or a pairing of both could appear depending on the gap
between cylinders. Recent comprehensive reviews of the interaction of
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multiple cylindrical structures within a fluid flow can be found in the
following articles.” " Due to their practical importance in engineer-
ing applications, two cylinders in a side-by-side (SBS) arrangement are
one of the most commonly encountered in multiple-cylinders configu-
rations. Kang' " investigated the characteristics of the flow past two cyl-
indersin the SBS arrangement at a low Reynolds number using a two-
dimensional (2-D) numerical simulation. This study showed that the
gap between cylinders had a significant effect on the characteristics of
drag and lift. In addition, the wake pattern and vortex shedding fre-
quency were also strongly influenced by the gap between cylinders.
The wake patterns behind the cylinders were classified into six pat-
terns, namely, anti-phase-synchronized, in-phase-synchronized, flip-
flopping, single bluff-body, deflected, and steady wake pattern. Each
pattern has different fluid force characteristics.

Once the SBS cylinders are elastically mounted or allowed to
vibrate freely, the gap between cylinders has a significant effect on the
VIV responses. The current knowledge about VIV of two circular cyl-
inders in the SBS arrangement is still far from complete because of sev-
eral influencing factors, such as the gap ratio (g" = g/D, where g
represents the gap or surface-to-surface distance between two cylin-
ders), the mass ratio (m" = 4m,/npD’L, where m, represents the cyl-
inder mass, p represents the fluid density, and L represents the
spanwise length of the cylinder), the damping ratio ({ = ¢/(2y/m.k),
where ¢ and k represent the damping and stiffness of the structure and
the Reynolds number (Re= U..D/v, where v represents the kine-
matic viscosity of fluid). A number of 2-D numerical studies of the
VIV of two circular cylinders in the SBS arrangement have been car-
ried out to observe the VIV responses of circular cylinders when both
are free to vibrate. Chen et al. " used a 2-D numerical simulation to
observe the VIV responses and wake pattern of two elastically sup-
ported SBS cylinders with g" = 1.0-4.0, Re = 100, and m" = 2.0. The
observations were made in the range of 3.0 < U, = 100.
Furthermore, { = 0.0 was used to obtain the maximum vibration
amplitude. They divided the wake patterns into six groups, namely,
irregular, in-phase flip-flopping, out-of-phase flip-flopping, in-phase-
synchronized, anti-phase-synchronized, and biased-anti-phase-syn-
chronized. Each of these patterns resulted from a different combina-
tion of gap ratio and reduced velodty. Moreover, using the same
numerical method and VIV parameters, Chen et al " investigated hys-
teresis and asymmetric vibration phenomena in the vibrating SBS cyl-
inders with ¢"=15 and Re=80-125. Asymmetric vibration is
distinguished by the inequality of vibration amplitudes of two cylin-
ders, while symmetric hysteresis occurs when different vibration
responses are obtained using increasing or decreasing initial condi-
tions. The blockage ratio and the downstream length of the computa-
tional domain have a strong influence on asymmetric vibration and
symmetric hysteresis. Chen et al. extended the earlier study to inves-
tigate wake pattems. In this study, smaller increments of reduced
velocity and gap ratio were used, requiring more than 1500 simulation
cases to complete. The results were eight distinct wake patterns in the
laminar flow regime, which can be used as a reference for similar
research on transition or turbulent flow regimes. Chen et al. " investi-
gated the VIV of two vibrating SBS cylinders. All cylinders are allowed
to vibrate only in the cross-flow direction. The simulation parameters
for this study were Re=60-200, g"=10-4.0, Uy =20-100,
m* =2.0-20.0, and { = 0.0. For the case with g* < 1.3, they reported a
very strong interaction between the cylinders, as seen by the relatively
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larger vibration amplitudes and fluid forces For the case with
g¢" = 2.5, the vibration response was almost the same as in the case of
asingle cylinder. In other words, the interaction between SBS cylinders
was very small.

For three-dimensional (3-D) numerical simulation, Liu and
Jaiman ' numerically investigated the VIV of an upper circular cylin-
der in the SBS position and kept a lower cylinder in a stationary struc-
ture. This simulation was performed in the range of Reynolds number
100 < Re < 500 with the following VIV parameters: m" = 10.0,
(=001, and Uy, = 0.0-10.0. The range of gap ratio, 03 < g" < 30,
was used to investigate the VIV responses. An early onset of lock-in
has been found for the vibrating cylinder (upper cylinder).
Furthermore, a greater interference between the gap flow and the
vibrating cylinder was found to affect the energy transfer between the
flow and the cylinder while reducing the lock-in range. When the SBS
cylinders are rigidly coupled, the wakes and vibration responses
become more complex. Munir et al.” investigated the VIV responses
of two rigidly coupled cylinders in the SBS arrangement using the 3-D
numerical simulation. In this study, they used m" = 2.0, (=00,
U}, = 1.0-20.0, and Re= 1000. They performed the investigation in
the range of 0.5 < ¢" < 3.0 and discovered that for a small gap ratio,
the range of high vibration amplitude response is divided into two
regions: lock-in and sub-harmonic. The sub-harmonic region is a
region in which the frequency of oscillation is half the resonant fre-
quency of the lift coetficient. It was found that for g* = 0.5, the interac-
tion between cylinders was very strong, as characterized by a longer
duration of the lock-in region and a larger amplitude. Moreover, for
¢" =130, the response of two cylinders was found to be similar to the
response of the single cylinder.

The VIVACE system consists of multiple vibrating cylinders
immersed in the water flow. As the water flows past the vibrating cyl-
inders, it creates vortices that cause the cylinders to vibrate. This vibra-
tion is, then, converted to electrical energy using a linear generator or
other energy conversion device. Vortex-induced vibration has the
potential to provide a renewable and reliable source of energy. It has
the added benefits of being relatively low-impact and environmentally
friendly, as it does not involve the use of dams or other structures that
can disrupt the natural flow of water. There are still some difficulties
to be resolved in order to make vortex-induced vibration a practical
and efficient source of renewable energy, such as improving the effi-
ciency of energy conversion and developing robust and durable devi-
ces that can withstand the harsh conditions of the aquatic
environment. Recently, Lv et al,” Ding et al,” Lee et al,” Yuan
et al,” and Li et al.”" conducted several experimental and computa-
tional investigations on VIVACE to explore the performance of multi-
ple cylinders in a tandem arrangement. According to these studies,
there is a potential for investigating the VIV response of the side-by-
side (SBS) cylinders, especially, the features of the SBS configuration
for optimizing the performance of a VIVACE system.

According to the studies described above, it is important to note
that several parameters, such as the gap ratio, mass ratio, damping
ratio, and reduced velocity, have strong effects on the VIV responses
of vibrating circular cylinders in the SBS arrangement. Over the last
few years, several studies of two freely vibrating cylinders in the SBS
arrangement have been intently investigated by Chen etal. " All of
these studies used 2-D numerical simulation to get the solution from
the laminar flow regime with Re < 200. A number of studies using
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3-D numerical simulations at moderate Reynolds numbers, such as
Liu and Jaiman ~ and Munir et al,”" have not focused on the case of
freely vibrating cylinders in the SBS arrangement. Because of the prac-
tical importance in engineering applications, there is an opportunity to
study the response of two transversely vibrating cylinders in the SBS
arrangement using 3-D numerical simulation. In the present work, a
3-D numerical simulation of two transversely vibrating cylinders in
the SBS arrangement is performed at moderate Reynolds numbers.
The present numerical investigation is divided into two sections. The
first investigation focuses on the influence of gap ratios in the VIV
responses of SBS cylinders at Re = 1000. The numerical investigation
is conducted at Uy =4.0 and 6.0 with m" =10.0 and {=0.01. The
VIV responses of the two cylinders, such as amplitude and frequency,
are studied for a range of gap ratio L0 < g* < 3.0. In addition, the
correlation of VIV responses between the two vibrating cylinders, in
particular the displacement, is also analyzed to determine the behavior
of the two cylinders during vibration. Moreover, the efficiency of
energy conversion is analyzed to evaluate the potential energy conver-
sion of SBS cylinders in the VIVACE system. The second investigation
focuses on the influence of VIV parameters and flow conditions in the
amplitude response and VIVACE efficiency of SBS cylinders for a
range of reduced velocities. This investigation is performed in the
range of 2.0 < U}, < 10.0 with the following parameters: g" =1.2;
m" =4.0; and 10.0; { =0.01, 0.025, 0.035; and 0.0625; and Re = 1000
and 10000. According to the selected mass and damping ratios,
the range of mass-damping parameter for this investigation is 0.04
< m"( < 0.625. The previous study conducted by Barrero-Gil et al ™
also used a similar mass-damping parameter to investigate the flow
energy extraction from VIV at moderate Reynolds numbers (up to
10 000). In addition, Liu and Jaiman'’ and Chen et al.” also employed
the same U}, range to study the VIV responses of vibrating SBS
cylinders.

Il. NUMERICAL METHODOLOGY
A. Fluid-structure interaction (FSI) modeling

In this present study, it is assumed that the fluid flow is incom-
pressible and governed by the non-dimensional filtered continuity and
Navier-Stokes equations,

-
Mg 0j=1.2.3, (1

i
1 v g
' (ﬂ ' UXD) o i @)

where (x), x3, x3) = (x, y, ) represent three directions in the Cartesian
coordinate system, and (@, @i, i) =(u, ¥, w) are the non-
dimensional filtered velocity components in the x, y, and z directions.
The terms, p and v, are the non-dimensional filtered pressure and the
turbulent viscosity (U.. and D are used to normalize 1). The
Reynolds number, Re = U..D/w, in the right-hand side of Eq. (2) is
used as an input parameter in order to specify the flow condition in
this simulation. A direct-forcing immersed boundary (DFIB) tech-
nique is employed to perform the fluid-structure interaction (FSI)
simulation. A volume-of-solid (VoS) function, 1, is introduced here to
allow the interaction between a moving structure and fluid flow
around it. The calculation of i is performed in all computational grids
to identify the immersed solid structure. Here, =1 implies the

o 0w _ _0p
o oy T o
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computational grid filled by the solid structure, iy =0 means the com-
putational grid occupied by the fluid, and 0 < i < 1 represents a vir-
tual wall boundary of the solid structure. In order to get a finer virtual
wall boundary, a sub-grid method is used to recalculate VoS at 0 < p
< 1. This method has been applied successfully to capture the virtual
wall boundary of 3-D structures.” ~ Furthermore, (fi fo. f) = (fu fyr
f-) in the last term of Eq. (2) represent the virtual forces for the
immersed solid structure in the x, y and z directions, and this term will
only be calculated on the computational grids with i > 0.

Zhao et al” studied the transition flow regime from laminar to
turbulent on a freely vibrating cylinder and concluded that the wake
behind the vibrating structure becomes turbulent if Re > 300. In order
to model the turbulent wake in this present investigation, large eddy
simulation (LES) with the Smagorinsky-Lilly model is used. The tur-

bulent viscosity, v, in Eq. (2), is calculated using the following
equations:

v = (GA)S), (3)

§ = /SiSi. 4

where S; represents the rate of strain of resolved velocity scale,
A =(AxAyAz) is the filter width calculated from finer computational
grids near the vibrating structure, and C; represents the Smagorinsky
constant. The present investigation employs a constant value of
C,=0.1. The calculation of turbulent viscosity is performed for all
computational grids. As long as the gradient of resolved velocity scale
is greater than zero, Eq. (3 introduces turbulent fluctuation at the vir-
tual wall boundary, which must be canceled in order to enforce the
no-slip boundary condition. In this present study, the Van-Driest
damping function f; is incorporated in the calculation of turbulent vis-
cosity. Hence, Eq. (3) can be rewritten as

ve = (f1C.A)S), (5)

ot
fi=1—exp (7"25), (6)

where the dimensionless wall distance, y+, is calculated from the finest
orid size near the vibrating structure. Equation (5) is only used to cal-
culate the turbulent viscosity on computational grids with 0 < << 1
(virtual wall boundary). The combination of DFIB-LES techniques has
been proven to predict the flow field in the case of flow past a circular
cylinder at Re = 3900.""

The freely vibrating structure is modeled by the following non-
dimensional mass-spring-damper equation:

di? l Uy dt

U; (7)

*

d*Y*  4rldY"  f2n ZY‘ _2C.(1)
- T !
where Y represents the non-dimensional displacement of the vibrat-

ing structure in the cross-flow direction. Further, Eq. (7) is split into
Egs. (#) and (9) in order to get the numerical solution,

dy*
=5, 8
Eralal (8)
ds, 2C(t) 4nl 2m\ 2,
Sy sl AL Y’ 9
dt ~ mm Uy (Uﬁ) ©

where s, represents the velocity of vibrating structures in the cross-
flow direction. Furthermore, this method has also been used to model
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VIV simulations of a single cylinder and multiple cylinders with
Reynolds numbers up to 1000, More details about parameters
involved in Eq. (7) will be explained clearly in Subsection [1C.

B. TIGER-C solver and computational environment

An in-house solver based on the C+-+ programing language,
named TIGER-C, is used to perform the present numerical study. This
solver employs the DFIB-LES techniques on which the governing
equations in Eqs. (1) and (2) are discretized using the finite volume
method with a staggered grid. The projection algorithm is used to
solve the goveming equation of the incompressible fluid flow in Egs.
(1) and (2). In order to advance the flow field, a time-splitting tech-
nique with three steps is used. [n the first stage, the velocity is updated
from the n-th time level, u}, to the first intermediate level u; by solv-
ing the advection and diffusion terms. Following that, this procedure
may be expressed in the following forms:

ul —ul' 1

LT 234" — 164" 4 54" 2, 10
Ar 12[ }-5 ] (10)

where A represents the advection and diffusion terms in Eq. (2). The
quadratic upstream interpolation for the convective kinematic
(QUICK) scheme is used to discretize the advection term, and for the
diffusion term, the second-order central difference scheme is used to
calculate the velocity gradient in Eq. (4). This step uses the third-order
Adams-Bashforth method for the temporal discretization, as shown in
Eq. (10). For the second stage, the first intermediate velocity, u;, is
updated to the second intermediate velocity i by solving pressure
term,

‘_“F‘ _EF B r')‘Erlll )
At O
Taking the divergence on both sides and substituting the conservation
of mass, % = 0,1in Eq. (11) yield the pressure Poisson equation,
Fpmtt 1 du;

=— . 12
O At dx; (12)
The bi-conjugate gradient stabilized (Bi-CGSTAB) method is used to
solve the pressure field in Eq. (12). After Eq. (12) is resolved, the sec-
ond intermediate velocity in Eq. (11) can be updated. The third stage
is updating the flow field to u""" by solving the virtual force term,

L -

u
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This virtual force only exists on the computational grids occupied by
solid structures (i > 0). The governing equations for structure motion,
Egs. (#) and (9), are solved by using the fourth-order Runge-Kutta
method. The numerical solutions from Eqgs. (#) and (9] are used to
update the location of 1 and to calculate the virtual force in Eq. (14).
This step ensures two ways fluid-structure interaction (FSI) modeling
between the fluid flow and the vibrating structure. Furthermore,
Simpson’s 1/3 rule is used to integrate the virtual force in all computa-
tional grids occupied by solid structures. The presented algorithm was
successfully used to simulate FSI problems for 2-D and 3-D solid
structures in laminar and turbulent flow regimes. """

The numerical computations are carried out on the
TAIWANIA-3 supercomputer at the National Center for High-
performance Computing (NCHC), Taiwan. Each computing node has
two Intel® Xeon® Platinum 8280 2.4 GHz (28 Cores/CPU). The Open
Multi-Processing (OpenMP) method is used to divide the computa-
tional load for each core in order to optimize multi-core processors.
TIGER-C achieves a maximum speedup of more than 14 times, or
parallel calculations using multi-cores in this solver are 14 times faster
than serial calculations using single core. The source code for this
numerical solver is compiled using GNU Compiler Collection GCC
9.4.0. The time increment At = 0.001 is used in this investigation, and
the Courant-Friedrichs-Lewy (CFL) criterion is less than 0.05. This
solver takes 2740 h to achieve t* =2000 at Re = 1000 using 28 cores.
The computing time required to attain "= 2000 in the case study
with Re= 10000 is 51-67 h using 28 cores. This research includes 99
3-D numerical simulations, including 82 cases for the primary investi-
gation, ten cases for the validation section, and seven cases for the grid
independence test. For the primary study, there are 16 cases for VIV
of SBS cylinders with various gap ratios, 44 cases for VIV of SBS cylin-
ders with different VIV parameters at Re = 1000, and 22 cases for VIV
of SBS cylinders with varying VIV parameters at Re = 10 000.

C. Computational domain and simulation parameters

shows the details of the computational domain for VIV
simulation incorporating two cylinders in the SBS arrangement. The
SBS cylinders are located at 20D behind the inlet domain. This struc-
ture arrangement forms 20D upstream flow direction distance, x,, and
30D downstream flow direction distance, x4 According to the previ-
ous study performed by Prasanth ef al,”” the downstream flow direc-
tion distance, x;, beyond 25.5D had no significant effect on the near
wake flow and the cylinder response. The length of the domain in the

Figure 1

f

i [— 13
A if; (13)
In Eq. (2], the virtual force term, if;, represents the effect of a solid
structure on a fluid flow. This virtual force maintains or moves a sta-
tionary or moving structure. To keep the no-slip boundary condition k
for the solid structure, the virtual force in the solid structure should —> y
guarantee that fluid velocity, &, is equal to the structure velocity, s, at —
the (n + l)m time step (" L= s Y, where (sy, 5, 53 =5, Sy, 52) Tep- L gl K
resent the structure velocity in the x, y, and z directions. Hence, the v
virtual force is the rate of change in momentum of a solid structure —> fero)
and is comparable to the difference between the structure velocity at —> 7 X ‘D' /{
the (1 + 1)" time step and the fluid velocity at the " time step, b
_ _ i X, Xa
ul:lll_ul:l Sl:lll_ul:l
iUr'rlll:iJ1 i r:”r i (14} . .
At At FIG. 1. Computational domain.
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cross-flow direction, y, is 40D, so the blockage ratio for this present
study, 2D/y, is around 5%. Previous VIV simulations conducted by
Prasanth et al. " also employed the same blockage ratio. The spanwise
length, z, for this simulation is 3D, and the periodic boundary condi-
tion is imposed at two spanwise boundaries. The shorter spanwise
length can be used with this periodic boundary condition since the
flows at the two spanwise boundaries are the same when the periodic
boundary condition is employed.” Kondo ™" also used the periodic
boundary condition with short spanwise length (z=2.5D) to perform
a 3-D numerical investigation of multiple cylinders. The free-stream
and zero-gradient boundary conditions are utilized at the inlet and
outlet of the computational domain. At the two cross-flow boundaries,
the symmetry boundary condition is applied, where the velocity com-
ponent in the direction perpendicular to the boundary is zero. Finally,
the no-slip boundary condition is imposed on the cylinder surfaces.
The combination of boundary conditions used in this study was suc-
cessfully implemented by Raza et al ~ to predict the physical phenom-
ena of flow past a circular cylinder in the turbulent flow using similar
DFIB-LES techniques. Liu and Jaiman,  Pastrana et al,” and Wang
et al."" also used a similar combination of boundary conditions to sim-
ulate 3-D VIV simulation. Figure 2 shows details of the grid composi-
tion of this simulation. The fine grids are uniformly distributed near
the cylinder surfaces to capture solid boundaries, near wake and dis-
placement of the vibrating cylinders. In the far wake region, the grids
will not be uniformly distributed to the streamwise and cross-flow
directions until the end of the computational domain. The non-
uniform grid expansion in this study is constructed based on a previ-
ous study conducted by Chern et al.” The uniform grids are also
applied in the spanwise direction.

l'able [ shows the input parameters in this present study. Herein,
U.,. D, v, t, p, and g refer to the free stream velocity, cylinder diame-
ter, kinematic viscosity of a fluid, simulation time, fluid density, and
gap between cylinders, respectively. The structure parameters for this
simulation are structure damping ¢, structure mass m,, structure stiff-
ness k, spanwise length L, and structure natural frequency f,. Table [I

10 20 30 40 50

FIG. 2. Grid composition (side view of the computational domain).
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TABLE |. Dimensionless parameters for the VIV simulation of 8BS cylinders (input
parameters).

Parameter Value Description
Re — U.D 1000 and 10000 Reynolds number
v
oo rU_Y_ 0-2000 Time
D
g = & 1.0-3.0 Gap ratio
D
r= £ 0.01,0.025, 0.035, and 0.0625 Damping ratio
T 2mk
. 4mg 4.0 and 10.0 Mass ratio
" oapD?
U — & 2.0-10.0 Reduced velocity
RTFD
. fuD 0.1-05 Natural frequency
=y

TABLE Il Derived dmensionless parameters for detailed analysis (output
parameters).

Parameter Description
Ch 2f, Drag coefficient
P pUZDL
c _ 2f, Lift coefficient
b pUZDL
v — ¥ Transverse displacement
D
, A . Amplitude response
A= B = \/EYrms P P

-
=]

Vortex-shedding frequency
(Strouhal frequency)

o
I
|

bt
o]

Structure frequency

AT
A7) Autocorrelation function [Eq. (15]]
Wy v AcE VIVACE efficiency [Eq. (20)]

shows the output parameters for detailed analysis. The resultant force
is calculated from the integral of the virtual force exerted on a solid
structure. This integration process employs Simpson’s 1/3 rule. The
subscripts x and y indicate the direction of the virtual force in the in-
flow and cross-flow. Y, f,, and f, represent the root mean square of
dimensionless transverse displacement, vortex-shedding frequency,
and vibration frequency of the structure. Fast Fourier transform (FFT)
and Hilbert-Huang transform (HHT) are used to analyze those fre-
quency responses. Due to the turbulent wake behind the cylinder,
some fluctuations in the time-series data will sometimes induce multi-
ple harmonics. This current study employs fast Fourier transform
(FFT) to get the dominant harmonic of the time-series signal and then
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verify the frequency in the Hilbert spectrum produced by Hilbert—
Huang transform (HHT). HHT is divided into two sections: empirical
mode decomposition and Hilbert spectral analysis. This technique
reveals time-frequency-amplitude representations for non-stationary
data analysis. Hilbert spectrum provides information about the instan-
taneous frequency and instantaneous amplitude along the time-series
data. The autocorrelation function A;(t") is used to determine the cor-
relation of the displacement response between the lower and upper
cylinders. The autocorrelation A, (t*) for two time series data is calcu-
lated from the following equations:

. YUyL
Adt) = —., (15)
(yv)
iy
YUYL = lim ; [ YY) Y )dr, (16)
fr—ocdy — & )y,
v
(YUY = lim [ (YU (e de, 17
' gty =t )y

where t; and t;represent the initial time and final time, and the super-
scripts U and L stand for upper and lower cylinders, respectively. If Y
is the same as Y*, then A(t") = 1. This condition represents an in-
phase state. Moreover, A¢(t") = — 1 when YYand Y* are equal in mag-
nitude but opposite in signs. Hence, Y” and ¥* are in an anti-phase
state. If Y is completely uncorrelated to Y%, then A, (t") will become
close to 0. The efficiency of VIVACE represents the amount of the
extracted energy from the available energy in the fluid flow. The fol-
lowing equation evaluates the converted power from the vibrating cyl-
inder in the VIVACE system:

Pyiyace = 87 (mg + my )AL f (18)

where m, is the structure mass, m, is the added mass, ( is the damping
ratio, A is the vibration amplitude, f, is the vibration frequency, and f,
is the natural frequency in a quiescent water. In this study, the value of
m, is equal to the displaced fluid mass my; = n/(4pD*L),"" where
p, D, and L represent the fluid density, cylinder diameter, and cylinder
length. The displaced fluid mass is used to normalize the structure
mass and added mass in Eq. (18); hence, (m, + m,)=(m" + 1),
where m* = m, /my is the mass ratio. The cylinder diameter is used as
a reference length to normalize the vibration amplitude A* = A/D. In
order to normalize both frequencies in Eq. (1), the reference length D
and reference velocity U.. are used; hence, f’ =fD/U. and
Uy, = Uw./fuD. This study uses the reduced velocity U}, as the input
simulation parameter. Using a constant Reynolds number,
Re =U..D/v, the change in U} means the changing f,, in quiescent
water. The available power in a fluid flow is calculated by using the fol-
lowing equation:

1 i
Ppia = E;JU;[ZA F D)L. (19)

Here, the swept area of the vibrating cylinder (24 + D)L is used,
where A, D, and L are also normalized by using the reference length.
In theory, the Betz limit, where the maximum value is 16/27, is equal
to the maximum efficiency of extracting power by a fluid flow energy
converter. Therefore, the efficiency of VIVACE is determined by the
following equation:™
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TABLE Ill. Grid independence study at U, — 4.0 for investigation with Re — 1000
(percentage error inside a brackel is calculated based on the finest grid).

Number
Case Ax Ay »r of elements A* FATI M
Grid A 0.050D 5.13 281 880 0.3498 0.8880
(27.98%)  (1.81%)
Grid B 0.025D 2.56 1115730 0.4832 09012
(0.51%)  (0.35%)
Grid C 0.020D 2.05 1722825 04857 0.9044
N Pyrvace
Nvivace [%) L 100. (20}

= X
Pgig % Betzlimit

D. Grid independence study

['able 11l presents the grid independence study at Uy = 4.0 for
investigation with Re=1000. The output parameters represent the
VIV responses from the lower cylinder only due to the identical VIV
response of SBS cylinders. The previous numerical study also found
this similar behavior. * Various grid compositions are used to model
the transverse oscillations of SBS circular cylinders in order to find the
grid independent results, espedially for the free vibration of SBS drcu-
lar cylinders. Herein, grid A, grid B, and grid C are composed of differ-
ent grid spacings near the structures in the streamwise {Ax) and cross-
flow (Ay) directions. The additional grid parameters, such as y" and
the number of elements, are also calculated based on grid spacing near
the structures. Furthermore, as the grid spacing decreases, y*
decreases, and the total number of grids increases. The input VIV
parameters are structure damping ratio ({=0.01) and mass ratio
(m*" =10). This grid independence study is performed with the con-
stant gap ratio between cylinders, ¢" = 1. Dimensionless vibration
amplitude, A, and its frequency, f, are analyzed to justify the grid
independence criteria. Grid B and grid C produce almost similar
results with the largest difference of less than 1%. As a result, grid B is
adopted in this present investigation at Re = 1000 to get the accuracy
of numerical results while also minimizing computational time.

lable [V presents the grid independence study at Uj, = 5.0 for
the investigation with Re=10000. The same mass, damping, and gap
ratios as the previous grid-independent test are used. The differences

TABLE V. Grid independence study at U} — 5.0 for investigation with Re = 10 000
(percentage error inside a brackel is calculated based on the finest grid).

f
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blished under an exclusive license by AIP Publishing

Number

Case Ax Ay »r of elements A" AT
Grid A 0.050D 35.60 281 880 0.4482 0.91

(10.89%) (1.09%)
Grid B 0.025D 17.83 1115730 0.4772 09165

(5.13%)  (0.38%)
Grid C 0.020D 14.26 1722825 0.5028 0.92

(0.04%)  (0.0%)
Grid D 0.015D 10.69 2743800 0.503 0.92
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are the reduced velocity and the flow condition. An additional grid
composition, grid D, is introduced here to investigate the VIV
responses in a further grid refinement. The result of y* value is differ-
ent due to the difference in the flow condition used in this grid inde-
pendence study. The same amplitude and frequency responses of the
lower cylinder are used to analyze the grid independence criteria.
The results from grid C and grid D are quite close to each other, with
the highest difference being less than 1%. Therefore, in order to get accu-
rate numerical predictions while simultaneously reducing calculation
time, grid C is employed in the current investigation at Re = 10 000.

Several researchers have proposed that additional assessments
are needed to ensure the grid independence of the resolved scale simu-
lations, such as LES." Celik et al.” proposed a quality evaluation
approach known as LES_IQ (LES index of quality) to analyze the accu-
racy of LES. A quality index is produced in this assessment based on a
comparison of resolved scales in the computational domain with two
distinct grid resolutions. For acceptable resolved scale simulation, a
quality index equal to or better than 0.8 is suggested. " The following
equations are used to perform the calculation of LES_IQ:

) |ax AY|
LESIQ =1 — %21 21
Q ks ag A @)
.érl‘l
LEs 1Qine — 1 - 14471 (22)
K k5Sag Ay

where subscripts 1 and 2 represent coarse and fine grids, m is associ-
ated with the accuracy of the adopted numerical scheme (m =3 for
the QUICK scheme), A is the filter length (A = (AxAyAz)'™), & is

ARTICLE pubs.aip.orglaip/phf

the resolved turbulence kinetic energy, and aj is a coeffident that can
be determined by performing the LES simulation with coarse and fine
grid resolutions,

1 [k -k

Az

Figures 3 and 4 show the results for the LES_[Q assessment for
flow past SBS cylinders at Re = 1000 and Re = 10 000. Four plot loca-
tions near SBS cylinders are selected to show the LES_IQ. Grid A and
grid B are coarse and fine grid resolutions for the LES_IQ assessment
at Re = 1000. For the LES_IQ assessment at Re = 10000, grid A and
grid C represent coarse and fine grid resolutions. As shown in Figs. 3
and 4, the results of LES_IQ for grid B (at Re = 1000) and grid C (at
Re =10 000) are within the suggested range of good LES simulation
(LES_IQ = 0.8). According to these results, grid B and grid C are suffi-
cient to perform the resolved scale simulation at Re=1000 and
Re = 10 000, respectively.

g (23}

E. Validation case

To assess the capability of the TIGER-C solver under the higher
Reynolds number condition, a validation case for VIV of a single cylinder
is carried out. The VIV simulation is executed using the following VIV
parameters: m" =24, [=00054, and U} = 1.0-12.0 for the range of
900 < Re <0 12000. The VIV simulation begins in an increasing-Uy; con-
dition to replicate the data sampling techniques in the published studies.

——— Grid-A —— Grid-A —————— Grid-A
(El) —— Grid-B (b) —— Grid-B (C) — Grid-B
1845 2041 02l
Plot location
~
0.2
182 . 22
N ok ot s
® o O
18 218
| 198+ FIG. 3. Results for LES IO assessment
for flow past SBS cylinders at Re = 1000:
Plot location (a) lower plot line (x, y, z =200, 17.75D-
178k 06k 2168 185D, 150}, (b) gap plot line (x, .
, . , , z=20D, 19.50-20.5D, 1.5D), (c) upper
0 0.3 1 0 0.3 1 0 0.3 1 plot line (x, y, z=20D, 21.50-2225D,
LES_IQ LES_IQ LES_IQ 1.5D), and (d) horizontal plot line (x, y,
2 =200-30D, 20D, 1.50).
(d) —————— Gnd-A (coarse grid)
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| 198+ FIG. 4. Results for LES_IQ assessment
for flow past SBS cylinders at
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1785k 9.6k 216 220D, 17.75D-185D, 1.5D), (b) gap
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b
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Moreover, the VIV responses for the range of U}, and Re are shown as
a normalized maximum amplitude, maximum lift coefficient, and max-
imum drag coefficent. Figure 5 shows the VIV responses of a single
cylinder for the selected range of Reynolds numbers: (a) maximum
amplitude, (b} maximum lift coeffident, and () maximum drag coeffi-
cient. The published results from Khalak and Williamson,

Guilmineau and Queutey,” Pan et al,” Khan ef al,” and Matin
Nikoo et al " are used for comparison. Khalak and Williamson  used
the measurement data to classify the VIV responses of a single cylinder
into three distinct branches: initial, upper, and lower. When compared
with the experimental result from Khalak and Williamson,  the cur-
rent results are in good agreement at the beginning of the upper and
lower branches. However, the present results are somewhat over-
predicted in the initial branch and at the end of the lower branch. As
shown in Fig 5, none of the numerical solutions is able to provide an
accurate prediction of the upper branch from the experiment measure-
ment. The presence of a finite cylinder in the VIV experiment, which
caused fluid flow between the cylinder tip and the channel wall, is one
of the possible factors of this issue. The published results from 2-D
RANS simulation,”" in which the cylinder length impact is totally
removed from the computation, shows a substantially distinct pattern
of maximum amplitude on the upper branch, as presented in Fig. 5(a).
Technically, the 3-D numerical simulation provides a more precise
result, particularly in the case of turbulent flow. At the onset of the
upper branch, both the present study and Matin Nikoo et al.” provide
accurate numerical results. After that, both results are under-predicted
until the termination of the upper branch. Possibly, the spanwise

28 30

boundary condition is the cause of this disparity. For the spanwise
boundary, the 3-D LES applies the periodic condition, whereas the 3-D
RANS uses the symmetry condition. Both boundary conditions are
clearly different from the physical condition in the VIV measurement
conducted by Khalak and Williamson. * In general, the present numer-
ical solver is capable of grasping all three branches of the VIV
responses, in contrast to the earlier 2-D numerical studies, which have
difficulty, primarily in the upper branch.

In order to validate the numerical method for multiple structures
problem, the VIV of an upper cylinder in the SBS arrangement is
selected as the benchmark case. Liu and Jaiman' investigated this case
to analyze the influence of gap tlow in the VIV of an upper cylinder in
the SBS arrangement. The influence of gap flow in VIV is included by
allowing an upper cylinder to vibrate freely in the cross-flow direction.
In this validation case, the flow condition and VIV parameters are
selected according to Liu and Jaiman " (Re = 500, g =08 m" =100,
(=001, and U, =3.0 to 9.0). Liu and Jaiman * solved this problem
until " =350 and employed time window t"= 250 to 350 (20 vortex-
shedding cycles) for the calculation of vibration responses. Twenty
vortex-shedding cycles were also used in this study to calculate the
vibration responses. This present study collected data until #* = 2000
(more than 200 vortex-shedding cycles) and selected 20 vortex-
shedding cycles from time-series data for validation cases. Figure 6
shows the validation results of (a) amplitude response and (b) fre-
quency ratio of an upper cylinder in the SBS arrangement. The pub-
lished result from Liu and Jaiman ' is attached for comparison. The
present results are in good agreement with those of Liu and Jaiman'’
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in terms of the vibration amplitude and the frequency ratio, as demon-
strated in Fig. 6. Both validation results show that the current solver is
reliable and accurate. More validation examples are included in the
previous investigations by the authors. ™"

Ill. RESULTS AND DISCUSSION

The results and discussion are divided into three sections. Section
[II A presents the instantaneous responses of the elastically mounted
vibrating cylinder, such as displacement, frequency, and flow field.
Section [I15 presents the results and discussion of the first investiga-
tion. The VIV responses of vibrating SBS cylinders at Re= 1000 are
investigated in this section, induding amplitude, frequency ratio, and
the response correlation between two cylinders. Furthermore, the
energy conversion efficency is investigated to determine the potential
energy conversion of SBS cylinders for the VIVACE system. The SBS
cylinders are only allowed to vibrate in the cross-flow direction. The
surface-to-surface spacing ratio or the gap ratio is in the range of 1.0
< g < 3.0. The following VIV parameters are used: U}, =40 and 6.0,
m' =10.0, and (= 0.01. The result from the 3-D VIV simulation of a

single-cylinder with the same relevant parameters is presented for data
comparison. The second investigation on the effect of VIV parameters
and flow conditions on the amplitude response and the energy conver-
sion efficiency of SBS cylinders over a range of reduced velocities are
presented and discussed in Sec. [l C. This section investigates the
influence of mass ratio, damping ratio, and Reynolds number for vari-
ous reduced velocities using the amplitude response and VIVACE effi-
ciency of vibrating SBS cylinders with ¢* =1.2. This investigation is
conducted with the following parameters: m" =4.0 and 10.0; { = 0.01,
0.025, 0.035, and 0.0625; and Re=1000 and 10000, with U}, values
from 2.0 to 10.0.

A. Time-series data and instantaneous flow field

Figure 7 shows the time-series data of (a) cylinder displacement
and (b) Lift coefficient from a single-cylinder case with the following
parameters: m" =100, { =0.01, U, =6, and Re= 1000. In order to
capture vibration responses in the VIV simulation at Re = 1000, at least
40 cycles of vibration are recorded.” All cases in this study are simulated
until +* = 2000, while the time duration for average calculation or the
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FIG. 6. Validation results of (a) amplitude

io response and (b) frequency ratio of an
upper cylinder in the SBS arrangement.

The published result from Liu and
Jaiman  is attached for comparison.

(a} ——— Present study
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FIG. 7. Time-series data of (a) cylinder

displacement and {b) lift coefficient from a
single-cylinder case with the following

(b)

parameters: m* =100, { =0.01, U; =6,
and Re = 1000.

time window for data analysis is ¢* = 500-2000, where the flow solu-
tion is fully established for flow statistics collection. The output simula-
tion parameters, such as hydrodynamic forces and vibration responses,
undergo at least 100 cycles in the adopted time window. This current
study employs Uj-from-rest initial condition to start the VIV simula-
tion at the constant Reynolds number. In this condition, the cylinder is
maintained in a fixed position until t* = 250. After this, the elastically
mounted cylinder is enabled to vibrate as the lift force oscillates periodi-
cally. " Figure 7 also illustrates the selected initial condition and time
window for VIV simulation on the particular time-series data, where
the displacement during U}, from rest initial condition is zero (only
flow past a stationary cylinder on the Uy -from-rest initial condition).

L.
1500 2000

A slight fluctuation is observed in the time-series data of cylinder
displacement, as presented in Fig. 7. This slight fluctuation is induced by
a turbulent wake downstream of the vibrating cylinder. Zhao et al " used
3-D direct numerical simulation (DNS) to simulate the VIV of a circular
cylinder at Re= 1000 and observed the same slight fluctuation in the
time-series data of cylinder displacement. In addition, an experimental
study of VIV of a dreular cylinder in the turbulent flow regime per-
formed by Govardhan and Williamson = showed similar fluctuation in
time-series data of displacement.

The Important data that can be exported from time-series data
are the frequency domain data. Figures & and 9 show the results from
FFT and HHT analyses of displacement data from a single-cylinder
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case with the following parameters: m" = 10.0, { =0.01, Uj = 6.0, and
Re =1000. FFT and HHT analyses are applied to the time-series data
of cylinder displacement in the predefined time window. In this case,
FFT analysis shows the dominant harmonic with frequency
£ =0.1586. HHT analysis for this case also indicates an almost con-
stant value of instantaneous frequency in the Hilbert spectrum
throughout the time window. There is only a slight disturbance at
t* = 1100, and this disturbance is a consequence of the slight fluctua-
tion of time-series datain Iz, 7.

Figure 10 illustrates the instantaneous flow field captured and
colored by Q-criterion and spanwise vorticity for single and SBS

ARTICLE pubs.aip.orglfaip/phf

cylinders (g* =1.5) cases with the following parameters: m" =100,
[=001, Uy=6.0, and Re=1000. The turbulent wake structure
behind the cylinder, which is similar to the results presented by Zhao
et al” (Fig #), is clearly observed in this study. The vortex-shedding
behind the single cylinder forms two single (2S) mode pattems, where
two single vortices are released every vibration cycle. The wake pattern
behind the SBS cylinders is associated with the response correlation of
vibrating SBS cylinders. In this case, the response correlation between
SBS cylinders (g" = 1.5) at Uy = 6 is in-phase, so the wake pattern also
becomes in-phase. The vortices merge immediately after being
released from each cylinder and then move in pairs together. Section

04} |
il fr=0.1667 FIG. 8. FFT analysis of displacement
£ BT data from a single-cylinder case with the
02} ;i following parameters: m* =10.0, { = 0.01,
! U = 6.0, and Re = 1000.
W
b i i
o (18] 0.2 }.: 03 0.4 05
e Hilbert Spectrum Y
0.50
0.4
0.45
0.3 .38 FIG. 9. HHT analysis of displacement
L L] . " . N
data from a single-cylinder case with the
0.2 bida following parameters: m* =100, { = 0.01,
i e . Ug = 6.0, and Re = 1000.
0.1 0.22
0 L L L L L L L 0.00
500 700 900 1100 1300 1500 1700 1900

Single cylinder

Spunwisc vorticity -1.00 -0.60 -0.20 0.20 0.60 1.00

Spanwisc vorticity -1.00 -0.60 -0.20 0.20 0.60 1.00

FIG. 10. Instantaneous flow field captured
and colored by Q-criterion and spanwise
vorticity for single and SBS cylinders
(g* = 1.5) cases with the following param-
elers: m* =100, { =0.01, U; =6.0, and
Re = 1000.
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[II B will present more examples and detail of responses correlation
analysis. In addition, the mixing of vortices behind the SBS cylinders
changes the vortex-shedding frequency of each cylinder and reduces
the vibration amplitude.”

B. VIV responses with different gap ratios

Figures 11 and 12 show the amplitude and frequency responses
for VIV of SBS cylinders at U =4.0 and 6.0 for a range of gap ratios
between cylinders. At Uy =4.0, the SBS cylinders with g" =1.0-1.2
show a significant increase in the amplitude response, where the
amplitude response is much larger. The amplitude responses of SBS
cylinders with g* > 1.3 are slightly larger than the response from the
single cylinder case at Uy =4.0. In this situation, the effect of gap flow
interference between SBS cylinders decreases slowly. The same pattern
also occurs in the frequency response. The frequency ratio from SBS
cylinders comes closer to the frequency ratio of a single cylinder as the
gap ratio between cylinders increases. The optimal gap ratio for
U}, = 4.0 is in the range of 1.0-1.2. Larger than that, the VIV responses
are close to single-cylinder responses. The different responses appear
in the VIV of SBS cylinders at U}, = 6.0. The small gap ratio between
cylinders decreases the amplitude and frequency responses for upper
and lower cylinders. As the gap ratio increases, the amplitude and fre-
quency responses increase until reaching the response of a single-
cylinder case. For the SBS cylinders with a larger gap ratio, the effect of
gap flow between cylinders disappears, where the vibration responses
of SBS cylinders are close to the responses of a single cylinder. Based
on this observation, the same gap ratio gives different responses for
different reduced velocities, which means the optimal gap ratio will be
different as long as the reduced velocity is altered.

0.6

pubs.aip.orglaip/phf

Figure 13 shows the response correlation between upper and
lower cylinders for (a) U =4.0 and (b) Uy =6.0. In Fig. 13(a), the
perfect anti-phase is observed for SBS cylinders with g* = 1.0-1.2. The
perfect anti-phase correlation is identified with the value of
A(t")=—1, and the straight line of the autocorrelation function
appears throughout the time window. This perfect anti-phase correla-
tion leads to a significant increase in the amplitude response of SBS
cylinders at Uy, =4.0, as shown in Fig. 11, In Fig. 13(b), the response
correlation from SBS cylinders at Uy = 6.0 is close to one or in the in-
phase correlation. All gap ratios produce almost the same response
correlations for this reduced velocity. It can be concluded that there is
no significant effect of the gap flow interference in the response corre-
lation of SBS cylinders at Uy = 6.0. The in-phase correlation leads to
the lower amplitude response, as shown in Fig 12, The anti-phase cor-
relation leads to the strong interaction between SBS cylinders and then
significantly increases the vibration response. In contrast, the in-phase
correlation leads to the weak interaction between SBS cylinders and
does not increase or even decrease the amplitude response.

In the VIV of SBS cylinders, the response correlation between
upper and lower cylinders is closely related to the wake pattern from
both cylinders. In this case, the VIV responses are dominantly induced
by vortex shedding behind the SBS cylinders. The instantaneous flow
fields behind the SBS cylinders case with different response correla-
tions are analyzed to observe this relation. The instantaneous flow
fields from the single cylinder case in the same reduced velocity are
presented to investigate the visible change in the wake pattern near the
cylinder. Eight instantaneous flow fields are selected within a complete
vibration cycle to see the wake pattern as well as the vortex-shedding
modes. The instantaneous flow field is rendered using a spanwise vor-
ticity contour in the interval of — 1 to 1 to investigate positive and neg-
ative spanwise vorticities. The extracted plane is located at the center
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FIG. 11. Results for (a) amplitude response and (b) frequency ratio of two cylinders in the SBS arrangement with different gap ratios (m* =10.0, { = 0.01, U; =4.0, and

Re = 1000).
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FIG. 12. Results for (a) amplitude response and (b) frequency ratio of two cylinders in the SBS arrangement with different gap ratios (m" =100, {=0.01, U; =6.0, and
Re = 1000).
of the z-plane (z= 1.5). For the single-cylinder case, a square symbol Figure 14 reveals the instantaneous spanwise vorticity contour N
(=3
in red in the time series data represents the position of the selected for the single cylinder at Uy =4.0. In this figure, two single vortices 5
instantaneous flow field. For the SBS cylinders, square symbols in red with reverse circulation are shed from the cylinder during one com- E
and blue represent the position of the instantaneous flow field of lower plete vibration cycle (28 mode). Figures 15 and 16 show the instanta- 2
and upper cylinders, respectively. neous spanwise vorticity contours for SBS cylinders with g* = 1.2 and @
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FIG.13. Response correlation between upper and lower cylinders for (a) Uy, = 4.0 and (b} Uy = 6.0.
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3.0 at U =4.0. The case of SBS cylinders with g* = 3.0 (see Fig. 16)
shows a similar pattern to the case of the singde cylinder (Fig. 14). In
Fig. 15,1t is found that the SBS cylinders with g* = 1.2 show a different
pattern. This result is also reflected in the amplitude and frequency

responses of SBS cylinders in Iz, 11, where the responses from the
SBS case with g* = 3.0 are close to the single-cylinder response. The
clear flow field comparison in Figs. 14-16 is presented with the video

animation on the following link (https://www.youtube.com/watch?
v=5psVjsfoOoY).

The wake patten behind SBS cylinders with g" =12 (see
Fig 15) shows the anti-phase pattern. The inner vortices released by
the two cylinders immediately merge when the upper cylinder moves
upward, and the lower cylinder moves downward. When both cylin-
ders move in reverse directions, it seems that the gap between the two
cylinders is narrowed. The outer vortices merge a little further away
from SBS cylinders. The anti-phase wake pattern leads the SBS cylin-
ders to vibrate in opposite directions. This condition allows a collision
between the two cylinders if the gap ratio is small enough. The case of

05 .
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FIG. 14. Instantaneous spanwise vorticity contours for the case of the single cylin-
der at Uj, =4.0.

pubs.aip.orglaip/phf

FIG. 15. Instantaneous spanwise vorticity contours for the case of SBS cylinders
(g°=12)at Uy =4.0.

SBS cylinders with g* =3.0 (Fig. 16) shows the irregular wake pattern
where the vortex coalescence occurs in the far wake region. This find-
ing explains the result in Fig. 13(a), where the autocorrelation function
for SBS cylinders with ¢* =3.0 is more close to zero. Figure 17 shows
the instantaneous spanwise vorticity contours for SBS cylinders
(g"=12) at U; =6.0. The in-phase wake pattern is observed, where
the inner and outer vortices merge after being released from the SBS
cylinders. The in-phase wake pattern leads the SBS cylinders to vibrate
in the same direction. This condition keeps the constant gap between
cylinders during oscillation. The video animation of the in-phase and
anti-phase wake pattern of SBS cylinders is presented in the following
link (https://www.youtube.com/watch?v=gtu2] 5SFnNEU).

The crucial information that should be observed in energy har-
vesting devices is efficiency. This information usually represents the
amount of energy converted from the available potential energy. This
present study uses the efficiency formula of the VIVACE converter
proposed by Li et al.”"" and Ding et al.” [Eq. (20)] to get the
VIVACE efficiency of the vibrating cylinder with respect to the gap
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FIG. 16. Instantaneous spanwise vorticity contours for the case of SBS cylinders
(g* =3) at Us =4.0.

ratio. Figure 18 shows the VIVACE efficiency for single cylinder and
SBS cylinders for the gap ratio at Uy=4.0 and U, =60. The
VIVACE efficiency from SBS cylinders with g = 3.0 is close to the
one of the single-cylinder. Therefore, the effect of the SBS arrangement
is minimal at this gap ratio. At Uy =4.0, the SBS cylinders with the
gap ratio g" = 1.0-1.2 show a significant increase in the VIVACE effi-
ciency. The SBS cylinders with g* = 1.2 produce the highest efficiency
in this reduced velocity. That is, the optimal gap ratio for this reduced
velocity is g =1.2. At Uy =6.0, the VIVACE efficiency is less than
the single-cylinder case. In this case, the smaller gap ratio reduces the
VIVACE efficiency. The larger gap ratio leads to the same efficiency as
the single cylinder. The VIVACE efficiency of the single cylinder is i,
v ace=0.0051 at Uy, = 4.0. For the SBS cylinders with ¢* = 1.2, the
efficiency is #y v ace =0.1332 at Uy = 4.0. Based on Figs. 13 and 15,
the anti-phase correlation between SBS cylinders leads to higher effi-
ciency. However, the in-phase correlation between SBS cylinders
reduces the efficiency in comparison with the single-cylinder case.

FIG. 17. Instantaneous spanwise vorticity contours for the case of SBS cylinders
(g"=12)at Uy =6.0.

C. Amplitude response and VIVACE efficiency
with different VIV parameters and flow conditions

Figure 19 shows a comparison of the amplitude response of two
vibrating SBS cylinders with different VIV parameters and flow condi-
tions. Chen et al~ investigated the VIV responses of SBS cylinders
(g" =10} at Re=500 with the following VIV parameters: m* =20,
(=00, and U; =20 to 100. Due to the differences in the VIV
parameters and the flow conditions, the amplitude response of this
current study and the published result from Chen et al”~ are generally
different from one another. In the present investigation, m" =4.0,
[ =10.025, and Re = 1000 are used. In addition, the gap ratio is slightly
larger, specifically ¢* =1.2. Even though the simulation parameters
are different, some behaviors of the vibrating SBS cylinders are similar
in both cases. The amplitude response in the upper and lower cylin-
ders is almost identical in both cases. For Uy, < 4.0, the amplitude
response of vibrating SBS cylinders will increase as Uy, increases. The
maximum amplitude response from both cases is also observed at

&
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FIG. 19. Amplitude response of the vibrating SBS cylinders. The published result from Chen et al.”" is attached for comparison.

Uy =4.0. When U}, > 4.0, the amplitude response of bath upper and
lower cylinders will gradually decrease as U}, increases. In terms of
these results, it tums out that the present numerical solver has been
proven to predict the VIV response of vibrating SBS cylinders for the
selected range of Uj.

In order to nvestigate the effect of VIV parameters and flow con-
ditions on the amplitude response and VIVACE efficiency, each
parameter will be altered while the other parameters remain
unchanged. The amplitude response and VIVACE efficiency will be
observed in the same Uj range. Figure 20 shows the amplitude
response and VIVACE efficiency of vibrating SBS cylinders with dif-
ferent damping ratios at Re = 1000. The vibrating SBS cylinders with a
smaller damping ratio tend to produce a larger amplitude response.
Only at Uy =5.0, the amplitude response is slightly smaller than that
with a larger damping ratio. When the cylinder vibrates, a lower
damping ratio results in less resistance, which allows for the cylinder

to achieve a greater amplitude. When the amplitude response increases
drastically, the VIVACE efficiency will also increase significantly. In
this case, the SBS cylinders with { = 0.01 produce a significant ampli-
tude and efficiency at Uj; =4.0. However, for the SBS cylinders with
[ =0.025, the significant amplitude and efficiency start to appear at
Uy, =4.5. According to Eq. (20), the VIVACE efficiency is inherently
linked to the value of the damping ratio. In the VIVACE system, the
converted energy is the amount of energy dissipated by the damper.
With nearly identical amplitude responses (Uy, = 4.5-5.0), the SBS cyl-
inders with a lower damping ratio dissipate less energy, resulting in
poorer efficiencies than those with a larger damping ratio, as shown in
Fig. 20(b). The SBS cylinders with a larger damping ratio result in a
higher maximum efficiency with a narrower U}, range for significant
efficiency. Similar results were also observed by Barrero-Gil et al™
when analyzing the energy conversion efficdency of an elastically
mounted single cylinder, where a single vibrating cylinder with a
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FIG. 20. Results for (a) amplitude response and (b) VIVACE efficiency of vibrating SBS cylinders with different damping ratios at Re = 1000.
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FIG. 21. Results for (a) amplitude response and (b) VIVACE effidency of vibrating SBS cylinders with different mass ratios at Re = 1000.

higher damping ratio resulted in a higher maximum efficiency with a
narrower U}, range for significant efficiency. The results from experi-
ments with a single cylinder of VIVACE by Sun et al. and Li et al
also demonstrated that the harvesting energy system performed better
with a higher damping ratio.

)

Figure 21 shows the amplitude response and VIVACE efficiency
of the vibrating SBS cylinders with different mass ratios at Re = 1000.
The case of SBS cylinders with a smaller mass ratio tends to produce a
larger amplitude response, except at Uj, = 5.0. With the same damping
ratio, the case of SBS cylinders with a small mass ratio shows a wider
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FIG. 22. Results for (a) amplitude response and (b) VIVACE efficiency of vibrating SBS cylinders with m*{ = 0.1 at Re = 1000.
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FIG. 23. Results for (a) amplitude response and (b) VIVACE efficiency of vibrating SBS cylinders with m*{ = 0.25 at Re = 1000.

U}, range of significant amplitude response. The SBS cylinders with
m" =4.0 start to produce high amplitudes at Uj, = 3.5, while the SBS
cylinders with m* =10.0 produce high amplitudes starting from
Up =4.5. A similar pattern was also observed by Barrero-Gil et al”™
for a single vibrating cylinder with different mass ratios. Similar to the

damping ratio, the mass ratio is also directly related to the efficiency of
the VIVACE system. As explained in Eqgs. (18) and (20], in the
VIVACE efficiency calculation, the mass ratio is at the numerator
position. So with almost the same amplitude response, the SBS cylin-
ders with a low mass ratio will result in lower VIVACE efficiency. In
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FIG. 24. Results for (a) amplitude response and (b) VIVACE efficiency of vibrating SBS cylinders with m* { = 0.25 at different flow conditions.
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FIG.25. Results for (a) amplitude response and (b) VIVACE efficiency of vibrating SBS cylinders with different damping ratios at Re= 10000.

Fig. 21, the amplitude responses of SBS cylinders with m" =4.0 show
a significant increase at Uj =3.5-4.0, so the VIVACE efficiency at
these U}, also increases significantly. In the other Uy, the difference in
amplitude response of the two cases is insignificant, so the VIVACE
efficiency of SBS cylinders with the higher mass ratio is better, as
shown in Fig. 21(b).

Barrero-Gil et al.” found that the energy extraction process from
the VIV of a single cylinder at the constant Re is affected by the mass-
damping parameter m* (. The combination of mass ratio and damping
ratio with the same mass-damping parameters produces almost simi-
lar maximum values of amplitude response and VIVACE efficiency.
Figure 22 shows the amplitude response and VIVACE efficiency of
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FIG. 26. Amplitude response for (a) upper cylinder and (b) lower cylinder of vibrating SBS cylinders with different parameters.

vibrating SBS cylinders with m"(=0.1 at Re = 1000. The maximum
amplitude response of both SBS cases is almost the same. The only dif-
ference is the starting point of the significant amplitude. With the
same m"(, SBS cylinders with m" =4.0 result in a significant ampli-
tude response starting from Uj = 3.5, while for SBS cylinders with
m" =10.0, a high amplitude response begins at U}, = 4.0. Based on
Fig. 22(a), the maximum amplitude response for both cases is almost
similar (A" 7= 0.57). The only difference is the value of U}, with maxi-
mum amplitude. In this case, the pattern of significant amplitude
response from SBS cylinders with lower m" shifts to the lower Uy

region. A slightly different pattern is observed in the VIVACE effi-
ciency, where SBS cylinders with a lower m" result in slightly better
maximum efficiency, as shown in Fig. 22(b). In addition, the U range
for significant efficency is also slightly wider. Figure 23 shows the
amplitude response and VIVACE efficiency of vibrating SBS cylinders
with m"( =025 at Re=1000. Almost the same pattern is alo
observed in Fig 23, where the maximum amplitude of two SBS cases
is nearly the same, and the maximum VIVACE efficiency of SBS cylin-
ders with smaller m* is slightly better. In addition, a significant shift in
the amplitude and efficiency response pattems is also clearly observed
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FIG. 27. VIVACE efficiency for (a) upper cylinder and (b) lower cylinder of vibrating SBS cylinders with different parameters.
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in Fig. 23. These results indicate that the effect of m*l on vibrating
SBS cylinders is slightly different from that of a single vibrating cylin-
der. This difference is caused by the gap flow between vibrating SBS
cylinders, which results in disturbance so that the VIV response is dif-
ferent from that of a single cylinder. ~ Based on the supplied data, it
appears that a low m" could be desirable in order to increase the Uy
range of significant VIVACE efficiency and pick the right  to reach
a high value of maximum VIVACE efficiency. The reason for this is
that a broader range of effective VIV ACE operations is possible with
alowm®.

Figure 24 shows the amplitude response and VIVACE efficiency
of vibrating SBS cylinders with different flow conditions. Here, the
same VIV parameters (m" =100 and = 0.025) are used for both
SBS cases with different flow conditions. The amplitude response from
both SBS cases is almost identical, and only at U}, > 6.0, the amplitude
responses from the SBS case with Re = 10 000 are slightly larger than
the SBS case with Re=1000. Even so, the resulting response pattern
also remains the same. An identical result is observed for the VIVACE
efficiency of SBS cylinders with different Re, as shown in Fig. 24(b).
Based on these results, it can be concluded that the effect of flow con-
ditions on the amplitude response and VIVACE efficiency of vibrating
SBS cylinders with the same VIV parameters is not significant. Figure
25 shows the amplitude response and VIVACE efficiency of vibrating
SBS cylinders with different damping ratios at Re= 10000. For this
case, the effect of the damping ratio looks similar to the previous case
with a lower Re (Fig. 20), where the vibrating SBS cylinders with a
larger damping ratio produce higher maximum VIVACE efficiency.
In addition, the value of U; with maximum efficiency also shifts to the
right (toward a higher Uj) when the damping ratio increases. From
the results, it appears that the effect of VIV parameters looks similar
under different flow conditions.

Figures 26 and 27 present the amplitude response and VIVACE
efficiency for upper and lower cylinders with different parameters. A
previous study conducted by Chen et al " investigated the 1-DoF
(degree of freedom) VIV of vibrating SBS cylinders at Re = 60-200.
It was found that the amplitude response of vibrating SBS cylinders is
almost identical. A similar result was observed by Chen et al.™ for the
1-DoF VIV case of vibrating SBS cylinders at Re =500. As presented
in Fig. 26, the amplitude responses from upper and lower cylinders are
almost identical as well. There is no significant difference between the
amplitude responses of upper and lower cylinders for different VIV
parameters. At Re= 1000, two cases with m"=10; {=0.01 and
m" =4.0; and [ = 0.025 show better amplitude responses with a wider
U}, range for the significant amplitude. At Re= 10000, the case with
m* =10; { =0.025 shows a slightly better amplitude result, especially
at Uy =4.5. Based on these results, it can be concluded that the ampli-
tude response from vibrating SBS cylinders is identical up to
Re =10 000. As presented in Fig. 27, a similar pattern is found in the
response of VIVACE efficiency, where the results from upper and
lower cylinders are almost identical. The case with m"=4.0 and
{ =0.0625 produces the maximum VIVACE efficiency at U, = 4.0 for
Re = 1000. For Re = 10 000, the case with m" = 10 and { = 0.035 pro-
duces the maximum VIVACE effidency at U =5.0.

IV. CONCLUSIONS

The 3-D numerical simulation for VIV of an elastically mounted
cylinder in the SBS arrangement was performed using the DFIB-LES

ARTICLE pubs.aip.orglfaip/phf

techniques. Both vibrating cylinders were allowed to vibrate freely in
the transverse direction. The numerical investigation was divided into
two parts. The first numerical investigation studied the VIV responses
and VIVACE effidency of vibrating SBS cylinders with varying gap
ratios, g =1.0-3.0. The VIV parameters and flow condition for this
investigation were Up=40 and 60, m"=10.0, (=001, and
Re = 1000. The second numerical investigation studied the influence of
VIV parameters and flow conditions in the amplitude response and
VIVACE efficiency of SBS cylinders for a range of reduced velocities.
This investigation is performed in the range of 2.0 < Uy < 10.0 with
following parameters: ¢* =1.2; m' =40 and 10.0; (=001, 0.025,
0.035, and 0.0625; and Re = 1000 and 10000.

The first numerical investigation showed that the optimal gap
ratio for U =4.0 is in the range of 1.0 < g* <0 1.2. Larger than that,
the VIV responses are close to single-cylinder responses. At Uy =6.0,
all gap ratios show lower responses compared with a single-cylinder
case. The anti-phase correlation between vibrating SBS cylinders leads
to higher VIVACE effidency. The same gap ratio gives different
responses for different reduced velocities. The influence of the gap
ratio may be investigated to find the optimal gap ratio in the selected
range of reduced velocities. For the second numerical investigation, it
was found that the vibrating SBS cylinders with a larger { result in
higher maximum VIVACE efficiency with a narrower Uy range for
significant efficiency. With almost the same amplitude response, the
SBS cylinders with a lower m" will result in lower VIVACE efficiency.
By using the same m*( parameters, it appears that a low m" could be
desirable in order to increase the Uy range of significant VIVACE effi-
ciency and pick the right { to reach a high value of maximum
VIVACE efficiency. The reason for this is that a broader range of effec-
tive VIVACE operations is possible with a low m". Based on the result
of VIVACE efficiency, the optimum mass and damping ratios for
vibrating SBS cylinders at Re = 1000 are m" =4.0 and { =0.0625. At
Re = 10000, the optimum mass and damping ratios are m" = 10 and
[ =0.035. The effect of flow conditions on the amplitude response and
VIVACE efficiency of vibrating SBS cylinders with the same VIV
parameters is not significant. In this study, vibrating SBS cylinders are
simulated at Re = 1000 and Re = 10000. In the future, it would be
necessary to perform an investigation fora range of Re to uncover the
influence of Re in the amplitude response and VIVACE efficiency of
vibrating SBS cylinders.
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