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ABSTRACT

This paper presents an experimental investigatiothe
response characteristics of the pendulum motiortanfiem
cylinders undergoing wake-induced vibrations (WIWhich
was first devised by Lee et al. (2021). In thisgadom system
of tandem cylinders (PSTC), the downstream cylinder
suspended from a pivot on the spanwise axis olutigtream
cylinder oscillates in the circumferential directim response to
the incoming wake flow from the upstream cylind@he
governing parameters of the PSTC are the torsiopahgs
stiffness, the cylinder spacing, and the momernn@rfia of the
system. The response characteristics for the WIthefPSTC
were measured experimentally by varying these main
parameters. In addition, the relationship betweengarameters,
moment of inertia and torsional spring stiffnesssvobserved
by changing individual values.

INTRODUCTION

When a cylinder is immersed in an incoming flowrtices
shed periodically from the cylinder exert an alsimg lift force
on the cylinder. If the cylinder is mounted on #stc support,
it undergoes periodic vibration, which is calledfiex-induced
vibration (VIV).” If a cylinder is placed in frondf a moving
cylinder undergoing VIV at a distance close enotighthe
wakes from both cylinders to interact with eacheotthe motion
of the downstream cylinder is affected by the wgdeerated by
the upstream cylinder. This motion is called “walkduced
vibration (WIV).” This phenomenon can usually balieed by
placing a stationary cylinder in front of the ekigtVIV system
in a tandem arrangement. Many experimental stutdigs been
attempted to observe and analyze this WIV phenomeAssi
et al. (2010, 2013) conducted experiments with aggsred
arrangement of two cylinders and found that WiNhituenced
by the mean lift force by the wake within a specifinear range
along the cross-flow direction, showing no resomanc
characteristics of VIV. This linearity of mean lifirce along the
cross-flow direction is called “wake stiffness,”dawas proven
in the WIV experimental setup without a spring. Fandem
cylinders with different diameters, Assi (2014) sled that
displacement in the cross-flow direction of the detweam
cylinder became smaller as the downstream cylih@eomes
larger.

In a recent study by the authors (Lee et al. 202Tjovel
swinging WIV was devised and analyzed numericdilptigh
large eddy simulation (LES). While the existing Wgystem
consists of a tandem arrangement of cylindersansiational
motion, the present swinging WIV system, callecharfdulum
system of tandem cylinders (PSTC),” exhibits an l@gory,
revolving motion of the downstream cylinder pivotex the
upstream cylinder. In a numerical simulation by keal. (2021),
the present PSTC was observed to have higher ecengerting
capability compared to that of the conventionahfiglational
system of tandem cylinders (TSTC).” The higher &fficy of
the PSTC was attributed to an increase in the atoitl
frequency due to the additional restoring forcetdbation from
drag force.

In this study, the response characteristics ofRB&C are
investigated experimentally in detail by varyinggraeters such
as torsional spring stiffness, the weight of thewdstream
cylinder, and the distance between the cylindeosa3sess the
mechanical energy conversion performance of thegmtePSTC,
the mechanical power was calculated based on thesured
torque and the angular velocity. This power cantiized as a
comprehensive measure to evaluate the spectrahatbeistics
of torque and angular displacement of the presentdplum
oscillation system.

EXPERIMENTAL SETUP

The experimental apparatus used in this study dsvshin
Fig. 1. It was mounted on the measurement raihefdarriage
of a towing tank in Pusan National University. Tbeing tank
dimensions are 100 m (lengtk)8 m (width)x 3.5 m (depth).
Uniform inflow to the PSTC was generated by movihg t
carriage. In this study, the carriage speed wadirto 4 m/s
due to the excessive VIV of the fixed upstreamrojéir beyond
this speed.

The rotating pipe pivots on the fixed inner cylindehich
extends downward to form the upstream cylindethefRSTC.
The downstream cylinder is supported at both engls b
connecting plates that connect the downstream astiio the
rotating pipe. Thus, the pipe rotates in accordanith the
swinging motion of the downstream cylinder, whosgdar
displacement is measured by a potentiometer. leraocamplify
the potentiometer response, multiplying gear wigear ratio of
5 is installed between the rotating pipe and theeqometer.
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The external hydrodynamic torque acting on thetirugepipe is
measured by the dynamometer. The connecting flatesfour
holes, by which the cylinder spaciSgan be varied a&/D =
2,3,4,5.

CHARACTERISTICS OF WIV RESPONSE

The response characteristics of the present pemdsyatem
(PSTC) depend on three main parameters: the cylsuharing
S, the moment of inertid and the natural frequency of the
rotating systenf,. In this study, a total of 14 cases were selected
to investigate the effect of the three parametarthe pendulum
motion response, as shown in Table 1. Each case nansists
of five strings (case identifiers), which signityet approximate
values of spring stiffness (KXX), nondimensionallirgter
spacingS/D (SX), mass of the downstream cylinder (MXX),
moment of inertia (IXX) and natural frequency (FXX)

Table 1. List of test cases

No. Case name
1 K00-S4-M047-1035-F00
2 K00-S4-M230-1108-F00
3 K10-S4-M047-1035-F27
4 K10-S4-M230-1108-F15
5 K21-S4-M047-1035-F39
6 K26-S4-M047-1035-F43
7 K26-S4-M230-1108-F24
8 K29-S2-M290-1045-F40
9 K29-S3-M130-1045-F40
10 K29-S4-M073-1045-F40
11 K29-S5-M047-1045-F40
12 K40-S4-M047-1035-F54
13 K40-S4-M117-1063-F40
14 K40-S4-M230-1108-F31

The 14 cases can be subdivided into four groupthdrfirst
group listed in Table 2, the nondimensional cylindpacing
S/D is varied. Here, the mass of the downstream cglirfdr
each case was chosen such that the moment oBiheetnains
unchanged in spite of the varying cylinder spacihgsddition,
the spring stiffnes& was kept constant, thereby making the
natural frequency constant. In this manner, thecé®fS/D on
the WIV response was able to be isolated. Testscésted in
Table 3 correspond to the variation of the natfrejuencyf,
by means of changing spring stiffndss

Assi et al. (2013) showed that the wake behindiffstream
cylinder can operate as a stiffness element areldctiis “wake
stiffness” in the WIV response. Here, the word ffsiss” is
used because the mean lift changes linearly witptisition of
the downstream cylinder in the cross-flow directiothe wake
of the upstream cylinder. With the wake stiffnessing
dominant, the amplitude of the lift force and cansatly the
response of the downstream cylinder becomes linearl
proportional to the reduced velocity. Assi et 2013) noted that
the WIV response characteristics can be divided thrree
regions, the VIV response region, the wake stiffrregion, and
the pure wake region. It is noteworthy that thengivig WIV
response for the present PSTC shows similar belwasthose
observed for the translational WIV of Assi et 013).

Table 2. Variation of the cylinder spacing

k

M 1 fo
No.| Case name [|r\1£}/ /P (kg | kg | [H2]

K29-S2-
8 | M290-1045- 2 |2.90
F40
K29-S3-
9 |M130-1045- 3 [1.30
F40
K29-S4-
10 | M073-1045- 4 1073
F40
K29-S5-
11 | M047-1045- 5 |0.47
F40

0.0260

0.0321
0.404—
0.0330

0.293 0.045

0.0385

Table 3. Variation of spring stiffness

k

No.| Case name [N/ |S/D
rad] (k]

M [ fo
[kgm¥] | [HZ]

K00-S4-
2 |M230-1108- 0.000
FOO
K10-S4-
4 |M230-1108-0.0976
F15

K26-S4-
7 |M230-1108-0.2553
F24
K40-S4-
14 | M230-1108-0.4022
F31

0.000(0.0070

0.151/0.0077

4 |2.30| 0.108

0.245|0.0062

0.307|0.0077

Figure 2 presents 2D contour plots of four majorVWwi
response variables, i.e., the root mean square ngtlar
displacemend, dominant frequencyj,, torque coefficient,
and powerP as a function of Reynolds numbRe and the
natural frequency,. Here, the dominant frequency is defined as
the peak frequency where the power spectrum of langu
displacement becomes maximum. The torque coefficleand
the powerP can be calculated as follows:

= (1)

Cr=———=
T 0.5pV2D3

P == [6]at @)

Here,? represents the root mean square of torque flionsat

In Fig. 2 (a), it is observed that angular disptaeatd
becomes larger in the lower right corner of the diomi.e., a
high Reynolds number and low natural frequency. l@nather
hand, the dominant frequengy is maximized for higiRe and
high f,, as in Fig. 2 (b). Although bothandf, increase with
increasingRe in general, the tendency of increase appears
differently for each natural frequengy case. For instance, for
the low natural frequency regidify < 0.1Hz), the increase in
& with increasingRe occurs rather abruptly fdte > 1.2 x 10,
while the increase il appears more gradually for higher natural
frequencies, as shown in Fig. 2 (a). In Fig. 2 #dpw frequency
domain withfy < 0.45Hz for low natural frequencies is marked.
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This implies that the frequency of WIV does not essarily
follow monotonically increasing trend.

In summary, it is observed that the swinging Wigpense
depends not only on the natural frequefichut also on other
parameters such as the moment of inertia and Reymaichber
in rather complicated manners.

Effect of nondimensional cylinder spacing S/D with
constant natural frequency

Figure 3 plots the RMS angular displacem@&ntiominant
frequencyfy, torque coefficient, and powelP as a function of
Reynolds number. It is worthwhile to mention thas fmower is
not the actual power harnessed from the generatdr,the
mechanically converted energy from the hydrokinetiergy.
ForS/D = 2, the cylinder spacing is too close for the gapvflo
to develop. Thus, case S2 shows a much smalleomasponse
than other cases do. The RMS angular displacefhbatome
largest for cases S3 and S4. While S3 and S4 Henestthe
same magnitude of RMS angular displacement, S4uisdfdo
have a slightly higher frequency than S3. As altesase S4
shows the largest power, as in Fig. 3 (d). Foistile of brevity,
the nondimensional spacing is fixed 8§D =4 in the
following parametric investigations.

Effect of spring stiffness with high moment of inertia

In this group of cases, the moment of inertia wasdased
about three timed (= 0.108 kg - m?) and other parameters were
kept the same as the previous group. The resudtgplatted in
Fig. 4. As seen, a noticeable change was foufidwith respect
to Re. As seen in Fig. 4 (a), the motion respofider the case
without a spring (KOO case) becomes largesRioe 1.5 x 104,
which is in contrast to the smallest responseio 1.1 x 10%.
On the other hand, the case with highest spriritnasis (K40
case) shows a significantly smaller respafi$er Re > 1.2 x
10*. In Fig. 14 (b), the dominant frequengy follows the
constant Strouhal number lindt=fD/U =0.2 in the
Reynolds number up tRe = 0.6 x 10*. Beyond this, the
dominant frequency becomes larger with increasiifiness,
which follows the same trends as the natural fraqué, =

1 .
Z’/k/l' Similar to before, the power becomes smallestter
highest stiffness case.

FREQUENCY SIGNATURES OF DOWNSTREAM
CYLINDER

For the first group of test conditions explainedwah the
normalized power spectral density (PSD) for the ueng
displacemen® and the torque acting on the downstream
cylinder are plotted in Fig. 5. Here, the PSD ifirdsl as the
Fourier transform of autocorrelation functions atlke quantity
(angular displacement and torque) measured at\edobity as
follows:

Sxx(f) = f_o:oRxx(t)e_jznftdt. (3)

Here, the subscriptx denotes the quantity under
consideration, which corresponds to either the kmgu
displacemen® or the torquer. The normalized PSD is then
calculated by dividingS,,(f) by maximum valueS,, max ;
therefore, its value ranges from 0 to 1. Such néeed PSDs at
each velocity are gathered together to representdhation of
dominant frequency components in 2D velocity-frampyespace

with the dark grey cells representing dominant destey
component. It is worthwhile to mention that thegfiency axis
for the 2D contours is defined differently depengdion the
existence of a torsional spring. In every plotpastant Strouhal
number lineSt = fD/U = 0.2 is drawn to visualize the lock-in
region in the 2D velocity-frequency space.Referetzesiginal
sources for cited material should be listed togetiti¢he end of
the paper; footnotes should not be used for thipqae.

Figure 5 demonstrates the frequency signature fiotthe
first group of test cases involved in the variatiwicylinder
spacingS. For the smallest spacisgD = 2 in Fig. 5 (a), the
major frequency component féris found along the horizontal
axis, i.e.,f/f, = 0. In other words, the angular displacement for
this case hardly presents periodic oscillation, cwhis in
accordance with the noticeably small values oRMS angular
displacemend in Fig. 5 (a). In addition, th@é—contour on the
left and ther—contour on the right are poorly correlated, which
accounts for the near-zero power for this case showFig. 5
(d). For the case df/D =3 in Fig. 5 (b), it is found that
frequency components are spread in a rather wielguéncy
range. This is in contrast to the narrow, sharpditas observed
for the caseS/D = 4 in Fig. 5 (c) and/D = 5 in Fig. 5 (d). In
all cases in this group, the major branches dofeitiw the
constant Strouhal number lisé = 0.2.

CONCLUSIONS

In this study, the swinging WIV response charast&s of
the pendulum system of tandem cylinders (PSTC) ddvisy
Lee et al. (2021) were investigated with a serfeg®wing tank
measurements. The aim of the present study wasalgze the
effect of the system parameters on the WIV response
characteristics. It is observed that the RMS angiitgmiacement
& becomes smaller and the dominant frequefichecomes
larger with increasing spring stiffness, and thimracteristic
becomes clearer as the moment of inertia becomgs. [@his is
attributable to the smaller damping ratio assodiatéth the
large moment of inertia cases. It can be conclukatithe effect
of the moment of inertia is larger than that of speing stiffness.

ACKNOWLDEGEMENT

This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Miyistf
Science and ICT of Korea (No. 2022R1A2C2010824 which
deep gratitude is expressed.

REFERENCES

Assi, G. R. S., Bearman, P. W., Carmo, B. S., Menéghin
R., Sherwin, S. J., Willden, R. H. J., 2013he role of wake
stiffness on the wake-induced vibration of the dstream
cylinder of a tandem palirJournal of Fluid Mechanics, Vol. 718,
pp. 210-245.

Assi, G. R. S., 2014'Wake-induced vibration of tandem
cylinders of different diametefs,Journal of Fluids and
Structures, Vol. 50, pp. 329-339.

Lee, C. M., Paik, K-J., Kim, E. S., Lee, 1., 202A, fluid—
structure interaction simulation on the wake-indLigération
of tandem cylinders with pivoted rotational motiériRhysics of
Fluids, Vol. 33, 045107



12th International Symposium on Turbulence and Shear Flow Phenomena (TSFP12)
Osaka, Japan (Online), July 19-22, 2022

Torque ]
Dynamometer Potentiometer
Torsional
spring Multiplying
gear
Rotating pipe
Downstream
g : . cylinder
Fixed inner axis &
upstream cylinder Connecting
plates

Figure 1. The PSTC apparatus
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displacemet 8, (b) dominant frequencfy, (c) torque coefficienC;, (d) powetP
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Figure 3. WIV response for varying cylinder spasimgth constant natural frequency: (a) RMS anguispldcemend,
(b) dominant frequencyj, (c) torque coefficient,, (d) powerP
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