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Introduction

Flow-induced vibrations (FIVs) are a type of vibration that is caused by the interaction of a structure
with a fluid flow. FIVs can occur in a variety of structures, including bridges, buildings, and offshore
structures. In the case of tandem cylinders, FIVs can be caused by the interaction of the two cylinders
with the fluid flow.

FIVs are suppressed because of their destructive nature. MRElab managed to convert the kinetic
energy of water flows into electricity by enhancing FIV (Bernitsas, 2016; Bernitsas et al., 2008). In
MRElab, Flow Induced Vibrations (FIV) are studied to convert marine hydrokinetic energy, from
oceans, tidal and rivers to electricity using the VIVACE energy harvester. Vortex Induced Vibrations
for Aquatic Clean Energy Converter is probably the closest to commercialization because it has
suffered extensive laboratory testing and many field deployments since its introduction in 2006. The
objective of the Marine Renewable Energy Lab (MRELab) is to investigate FIV of single and
multiple cylinders and find different ways to enhance FIV to design VIVACE Converters and
optimize the power output for various flow velocities. Vortex-induced vibration (VIV) to a cylinder
has been studied experimentally (Alam et al., 2003; Park, 2012) and numerically (Ding et al., 2013;
Kim et al., 2021) by researchers in order to eliminate or at least regulate this unsteady fluid-structure
interaction phenomenon since it has been identified as the cause for many structural failures. But it is
challenging, and it is still being debated due to the complexity of the interaction between body
dynamics and fluid dynamics. The two cylinders arrangement has been studied in many types of
research as the simplest arrangement. In this research, both cylinders can oscillate which has not been
done very often in previous papers up to now. Moreover, most of the previous experiments on VIV
were conducted in TrSL2 regime which fluctuating lift coefficient rises as the Re increases. But in
this research, experiments placed in TrSL3 that shear layer becomes fully turbulent, and the
fluctuating lift coefficient of a smooth cylinder reaches its maximum value.
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Methodology

An experiment was conducted to study the flow-induced vibrations (FIVs) of two tandem
cylinders in a fluid flow. The experiment was conducted in the LTFSW Channel of the Marine
Renewable Energy Laboratory (MRElab) at the University of Michigan. The channel has the
potential to re-circulate about 37,854 liters of water at a speed up to 1.4 m/s by an impeller powered
by a 20hp induction motor. The test section is 2.44 m long, 1 m wide and 1.52 m deep and made of
transparent flex-glass, thus allowing for visualization of the VIV and galloping characteristics. The
stoppers were installed to keep safe the bottom flex-glass of the test section from breaking by the
cylinder impact.

Two PTC circular cylinders of diameter D = 0.0889m and length L = 0.914m were utilized for
these experiments. The test cylinders were mounted on two linear end springs and the cylinder
motion was allowed in the cross-flow direction only. In this study, center to center distance between
two cylinders is between 1.57D and 2.57D. Specific design of the two single-cylinder Converter
modules is listed in Table 1. The added mass inclusion through a constant added mass coefficient
(from potential theory) is still debated. In this study, it is accepted that added mass coefficient is
equal to 1. It also has a power take-off (PTO) system consisting of a heat bank for dissipation of the
generated energy. The excitation comes from the fluid-structure interaction (FSI) and is applied to
the cylinders throughout the forces imparted by the motion of the fluid.

Findings
The hydrodynamic interaction between the cylinders can have a significant impact on the FIVs.

Hydrodynamic interaction can lead to the formation of vortices that can excite the vibrations of the

cylinders. The nonlinear nature of VIV and galloping can also contribute to the drops and jumps in

harnessed power.

The effects of damping and stiffness can also affect the FIVs. In general, increasing the damping
or stiffness of the cylinders will tend to suppress the vibrations. However, there is an optimal level of
damping and stiffness that will maximize the power output of the FIVs.

The findings of this study provide new insights into the hydrodynamic interaction between
multiple cylinders in tandem and can be used to improve the design and performance of VIVACE
Converters and other FIM-based energy harvesters. In addition to the factors mentioned above, it is
also important to consider the following factors that may affect the FIVs of tandem cylinders:

o The shape of the cylinders: The shape of the cylinders can have a significant impact on the FIVs.
In general, cylinders with a larger cross-section will be more susceptible to FIVs.

e The surface roughness of the cylinders: The surface roughness of the cylinders can also affect the
FIVs. In general, cylinders with a rougher surface will be more susceptible to FIVs.

o The presence of other objects in the flow field: The presence of other objects in the flow field can
also affect the FIVs. In general, cylinders that are in close proximity to other objects will be more
susceptible to FIVs.

The study of FIVs of tandem cylinders is a complex and challenging problem, but it is an
important one for the design of efficient and reliable FIM-based energy harvesters. The study found
that the cylinders go up and down out of phase before a drop occurs, and they don't affect each other
negatively. However, at the drop point, the cylinders move approximately in phase, and the upstream
cylinder affects the downstream cylinder negatively. This interaction causes the galloping instability
to disappear, and the harnessed power decreases sharply. The study concludes that there is a firm
interaction between cylinders, and this interaction can cause the galloping instability to disappear and
the harnessed power to decrease sharply.
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Table 1- Cahracteristics of two cylinders in tandem

Parameters Symbol 1st device 2nd device
Diameter (m) D 0.0889 0.0889
Length (m) L 0.914 0.914
Oscillating mass m 7.286 7.286
(kg)

Spring Const. (N/m) k 1200-400 1200-400
Damping ratio d 0.24 0.24
Total Damping C 8.55 8.55
(Ns/m)

Natural Freq. in Fn,w 1.67 ~0.97 1.67 ~0.97
water

Added Mass (kg) my 5.425 5.425
Mass ratio m* 1.342 1.342

K 36 (e Gz palis (sl 0 Jlaeo olg5 polie ) lasby
Glaal el sdalie JB (V) Jodo 50 Chamess (s (22lya0 9
oy (8L S g Sl Heds Lo pwyp B pl S0
or Slp bl Oly ldge )3 S g <8l cnl Hedx Sl
Oeie o8l oBinlejl j3 (¢l oS Clinlin gasge oy
Sy org> S ookl b e tlesl e gy 50 285 plox
28] poinagl s 38 Al 5 Ve WSl S e
W8S Sopge oyl e zesg by S8 )byl
DS dey b & il Spse ol 4 bl sl i,
JBS 55 T o yislefl ool ey 5o 5 005 JUS 35lg o camy
5 el pilejl (slajtel)l Sladals oled 29 g0 CedgS prus
e bawgi Sllug gately 5 (i ol (I oy
2 ke (313518 L g ke (s p 2 335 oo el Ve
28k & Gl 3)g b Al pe et BB daxie sV
Caw Jl a3 cpl a8 ouds dbl slaaly )5 juilw (ool

ooy JB) PPl Slaz (V) Josa 5 (A) S8

oy b olg ST Wg daiolejl plovl 5l Lol Ciun
$xSo3lnl (dlp (ol lagtale]] jolaia cpas bl YU
Syl b e o culy juls 9 5l GI6 Gl OB
S f‘.?ol (m*:\.\”\‘\’) Py Cund g (L/D)
DB ooy 2y90 G5 cpl 3 &S lagilel ol ) ot
- Stalofl ol sl o odmliie B (¥) g 55 ] 005 43,8
4l 3 30 1.0 5+ Y0 oo (U) olys oy (g0d900 jo a
)5 bl o TISL3 w3, 55 &5 V- <Re<VA-" 5ulgiy) sas g
ol @m0 e ol ) ol @l (2l b0y o0
S Ygane 4l > o +A<USLY s o (40390500 > &S A

5 el pl 53)5 o oblie 0l Hlos g 0 Lies S5 5 il



VeO

-+ o NP Y L) o,led ¥ 653

ST (ign 5 p5le

5 dled bled loges 0 a5 <l LID Hlade (o il
5t swlss ol 355 ) saessh ol {5 o ) U
5l i o iy il b il 95 oy ol Ltlial | oS
Sly gl Gl gy g wiS el Gy Jhgel ) by
Zdravkovich V<L/D<V.Y-V/A Ly ,85) So o Joolgh s
4 4w (2006)  Yui 4 Zhou V< L/D<Y | (1987)
Pl gy S b judw 9 (Ul dae (godg00x0
S o s, (extended-body) "eus saniS a4k Ml
i SIS S5 gadate 3155 cudpnly ik s
oy a4 (1972) Ishigai et al 5,5 o )5 canYl
3Ot awd ol jaies Slbl s cussVl jaibs 1 e
Cuwd ol jaides cudy Lolie 4o)5 (58 laah 5 as
Lol 9 48 (Von Karman vortices) b, oS is >
N L) Lawgte Juolh a5 o e
y< L/D<a L (1987) Zdravkovich \/y—=\/A<L/D<v/¥
Oljee &2 ks 93 (50l Sae 0394500 ) i Y+ +F e52 9 93)
Jash by oy cbaY b b ablb Kuss 5 Bl
IS S jpame |y Camdpml jilaw Wles cundYl jaibw
ety Gl a5 el ol 5N e (10)
s > Jgl 09,5 93 )3 pole Bui Amd g0 (L5 1) oy

ol s adew Jlasl Jdbay g el candYL juibw oy
155 b 35 el it 33,5 o S 5 4 Sy
lp S (o Loy & ggpd CandVl pailew QUS> (85
aLal by 43S ol > Cllug pl yipe sosalin
g odalie JB ol o8l j3d h8 ol L& end
sy (g1t S by 50 Vi i bl oo (61 ualid
oS5 e 5 03,5 Lo |y i o bl (52 5
@l @ ity 3 a8 bl ad e g 250 sl

ol 01 0391 L yiulojl sa5me plol I Juols

layiolojl 51 acgere dus cid 031 prusgi it 45 jobojlon

cilise K 8 5w e dw 5 calise LID dlold s aw b
st sl (15l e Aol a4 bgyye dings ol 45)
ey 3l 0 Gyt |y 03 Jlae (g (9 o 1) S
S5 Se sy oS e olg5 e S e Gl ol
A 35 dgly (e ki g e ki gloply ks il
e 5 Cesd by s sVl yhils (gl 005 g s
mie QL (RA) UK 3 & skl aad e oLt |y (55
K oS Ko\Yer 5 it L/D=).0Y alols caus (gl amd

39“9‘;" C_,hamESSZ'.Y\‘ w @l)a.a 9 ‘.\mbga Aty s 5 ).\_9 L;ou»
b2yl dgg jeSde (godgize (slp (g Hloges o 8l s
PTC
Roughness
Placement ey ) Coverage Area T T
angle (prc) (width of strip) T
Dguble-sidetd
- e, PTC P
=<5 777777777777777

slagnéﬁon Cylinder (Front)
point

\\Cylinder Surface

8- Configuration of the passive turbulence control (PTC) on the cylinder.Fig
ke (595 23 Ng Oloz —A IS

2P ek - Jsu
Table 2- PTC parameters (P60)

Item

Strip placement angle

Angular coverage of
strip

Sandpaper thickness
Average grit height

Total thickness of strip

Index Value
oprc(degree) 20
0 (degree) 16
P(mm) 0.586
K(mm) 0.26
T= P+k(mm) 0.847
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Table 3- Experiment parameters
Phase VeloCity  Chamess  SPring Const.  Length ratio
(m/s) (N/m) (L/D)
- - 0.24 1200 1.57
Jump 1.06 0.24 800 2.01

Drop 1.15 0.24 400 2.57
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Fig. 9- Harnessed Power curves fbr m* = 1.343 and Cparmess = 0.24 (a) with K = 1,200 N/m spacing L/D
=1.57 (b) with K =800 N/m spacing L/D = 2.01 (c) with K =400 N/m spacing L/D = 2.57
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Fig. 10- Simplified classification scheme of the flow patterns for two tandem circular cylinders in
cross-flow, from (Xu and Zhou, 2004) and (Zhou and Yiu, 2006).
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