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Abstract. This study aimed to investigate the effects of increasing and decreasing crossflow
velocities on the fluid-elastic instability behaviors of cylinder arrays. The responses of an
elastically mounted cylinder in a rigid normal square cylinder array in a water tunnel subjected to
crossflow were tested. The responses were simultaneously obtained from both in-line and
transverse vibrations. Results show that the responses under increasing freestream velocity differ
from those under decreasing freestream velocity. Under decreasing freestream velocity,
fluid-elastic instability was accompanied by nonlinear hysteresis, and the cylinder exhibiting this
instability can remain in this state for a certain range of flow velocities. Added mass coefficients
were also obtained. Two criteria for fluid-elastic instability were applied.

Keywords: crossflow-induced vibration, fluid-elastic instability, cylinder array, increasing and
decreasing flow velocities.

Nomenclature

Ca Added mass coefficient

Ca, Added mass coefficient in the in-line direction

Ca, Added mass coefficient in the transverse direction

D Outer diameter of the cylinder, m

fa Natural frequency in vacuum (usually taken in air) in the in-line or the transverse
direction, Hz

fn Natural frequency in still water in the in-line or the transverse direction, Hz

fna,  Natural frequency in air in the in-line direction, Hz

fna,  Natural frequency in air in the transverse direction, Hz

fafiow Natural frequency in flow in the in-line or the transverse direction, Hz
faw,  Natural frequency in still water in the in-line direction, Hz

faw, Natural frequency in still water in the transverse direction, Hz

K Constant of the criterion equation of fluid-elastic instability

L The length of the cylinder

M Structural mass (including acceleration transducers inside), kg

m Mass per unit length of the cylinder, kg/m

m Mass ratio

m, Added mass, kg

my The mass of the displaced fluid, kg

P Cylinder center-to-center spacing of every two nearest cylinders, m
P/D  Pitch-to-diameter ratio

St Strouhal number
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U, Pitch flow velocity, m/s

Us Freestream velocity, m/s

ur Reduced pitch flow velocity

Y, The cylinder specific gravity

Y The fluid specific gravity

&y Damping ratio in flow

&xa Damping ratio in air in the in-line direction without flow

$ya Damping ratio in air in the transverse direction without flow
Ew Damping ratio in water in the in-line direction without flow
$yw Damping ratio in water in the transverse direction without flow
p The density of the fluid, kg/m?

* Nondimensional

n Natural

P Cylinder center-to-center spacing of every two nearest cylinders, m
0 Freestream

x In-line direction

y Transverse direction

1. Introduction

Flow-induced vibrations, especially the crossflow-induced vibration of cylinder arrays, are
important phenomena for numerous engineering applications. Fluid-elastic instability is a
self-excited vibration generally recognized as a flow-induced vibration mechanism that most
likely results in cylinder failure in cylinder-like structures [1]. Fluid-elastic instability can destroy
cylinders in a short time. Two mechanisms are generally responsible for fluid-elastic instability:
the damping mechanism [2, 3] and the stiffness mechanism [4]. Understanding the phenomenon
of fluid-elastic instability is necessary for the designers of cylinder-like structures to predict and
avoid dangerous flow conditions.

Considerable theoretical and experimental research efforts have been conducted by many
scholars over the last several decades to discover the fluid-elastic instability behaviors of cylinder
arrays. Connors [5] proposed the first criterion for fluid-elastic instability. Thereafter, Pettigrew
and Gorman [6], Paidoussis [7], and Weaver and Fitzpatrick [8] introduced criteria for different
conditions. In recent years, Khalifa, et al. [9] modeled the phase lag causing fluid-elastic instability
in a parallel triangular tube array. Yan, et al. [10] tested the shell side flow-induced vibration of a
conical spiral tube array. Shinde, et al. [11] simulated the fluid-structure interaction in a tube array
under crossflow at moderate and high Reynolds numbers. Sawadogo and Mureithi [12, 13]
measured the fluid force and time delay of a rotated triangular tube array in the state of fluid-elastic
instability.

Operating equipment with cylinder arrays involves the increase and decrease of crossflow
velocity. However, numerous scholars often only pay attention to the effort of increasing
crossflow velocity and neglect the effort of decreasing this parameter on cylinder arrays in the
state of fluid-elastic instability. Studying the effort of decreasing crossflow velocity is also very
important to understand the nature of fluid-elastic instability and reduce the cost and risk of
operating cylinder-like structures in industrial applications. This study comprehensively
investigated the effects of increasing and decreasing flow velocities on the fluid-elastic instability
behaviors of cylinder arrays. In specific, this study observed the responses of an elastically
mounted cylinder in a rigid normal square cylinder array with a pitch-to-diameter ratio (P/D)
value of 1.67 in a water tunnel under both increasing and decreasing crossflow velocities. The
responses in both in-line and transverse directions were obtained. Then, the response amplitude,
power spectral density functions, response frequencies, and added mass coefficients were
analyzed. Our research contributes to the field of flow-induced vibration and provides insights
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into the fluid-elastic instability of cylinder arrays under decreasing flow velocity. This research is
beneficial for designing and operating equipment with cylinder arrays and for further
understanding the fluid-elastic instability of cylinder arrays.

2. Experimental details
2.1. Experimental apparatus and instrumentation

Fig. 1 shows a schematic of the experimental loop used in the present work. This setup has
been extensively applied to research on the crossflow-induced vibration of cylinder arrays [12-17].
The working fluid was water. Water was pumped through a tank, an electromagnetic flowmeter
and two valves, and flowed past steady flow plates to stabilize the incoming flow before entering
the test section. The parameters of the hardwares of the experimental setup are shown in
Table 1-4.

1. Test section

2. Steady flow plates

3. Electromagnetic flowmeter

Location of the cylinder array

4. Valves 2.602m 6

5. Centrifugal pump 1.455m

6. Tank

Fig. 1. Schematic of the experimental loop
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Table 1. Parameters of the test section Table 2. Parameters of the electromagnetic flowmeter
Length 2.602 m | Measuring range | 0-200 m*/h |
Size of the cross section | 0.140 mx0.140 m
Table 3. Parameters of the centrifugal pump Table 4. Parameters of the tank
Head 20 m [ Capacity | 0.260 m® ]
Measuring range | 0-65 m’/h
d e L
The monitored cylinder which Other cylinders which were
was mounted elastically o~~~ ~ ~ ~ |fixed to be rigid cylinders
QLLLUOULOLVU _—
OO0OO00OOO0O| _ }
QOO

1 In-line direction (X) [O O O

,

P

(

L
OO
U T

Transverse direction (Y)
Flow

I —
Fig. 2. Schematic of the cylinder array installed in the test section of the experimental apparatus
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The test section is a 2.602 m long stainless steel rectangular water tunnel with a
0.140 mx0.140 m cross section containing a normal square cylinder array as shown in Fig. 2. The
center of the cylinder array is at 1.455 m downstream of the top of the steady flow plates. The
normal square cylinder array, which comprised an array of aluminum cylinders with an outer
diameter of 0.012 m, an inner diameter of 0.010 m, and a height of 0.130 m, had a P/D value of
1.67. The array contained seven rows each with seven cylinders to provide a uniform flow profile.
The problem of instability behaviors of cylinder arrays is affected by numerous parameters; thus,
modeling a fully flexible cylinder array is very complex and requires a large number of empirical
coefficients [2,3]. Reducing the problem complexity and the amount of empirical coefficients
required for a fundamental study is necessary to gain insights into the physics of the phenomenon.
Weaver and Lever [18] and Lever and Weaver [19, 20] verified that an ordinary simplified method
to solve this problem is to use a single elastically mounted cylinder in a rigid array. They showed
that a single flexible cylinder placed in a rigid array of cylinders undergo fluid-elastic instability
at essentially the same stability threshold as the same array with all the cylinders flexible. Studies
by Price and Paidoussis [21], Marn and Catton [22], and Harran [23] have been conducted on this
basis. With this background, the monitored cylinder was elastically mounted in the center of the
cylinder array, whereas others were fixed at the channel walls of the test section with bolts at two
ends to be rigid cylinders.

Stainless steel piano line
Monitored cylinder

Screw nut

O

777777

N \Screw cylinder

Support plate containing
Flow screw and clearance hole
for stainless steel piano line
Fig. 3. Half-side view of the installation schematic of the monitored cylinder

As shown in Fig. 3, the monitored cylinder was elastically mounted and was equipped with
two stainless steel piano lines, two screw cylinders, two screw nuts, two springs, and two pins.
One endpoint of each stainless steel piano line was fixed to the monitored cylinder, and the other
endpoint was fixed to a pin. Screw nuts were used to adjust the springs and, consequently, the
natural frequency of the vibration system. The displacement mechanism of the monitored cylinder
was derived from Joo and Dhir [24], Mitra [25], and Cagney and Balabani [26]. The measured
cylinder was freely moving simultaneously in both the in-line and transverse directions. Prior to
the water tunnel tests, the natural frequency and damping ratio of the monitored cylinder were
measured by using the logarithmic decrement technique. The data are summarized in Table 5.

According to Blevins [27], the mass per unit length of the cylinder m and the mass ratio m*
are calculated by using the equations below:

mg = cgmy, (D
T
my = ZpDZL, (2)
M +
m= Tma, (3)
., M+m, 4
m = md ) ( )
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where m, is the added mass, c, is the added mass coefficient, m, is the mass of the displaced
fluid, p is the density of the fluid, D is the outer diameter of the cylinder, and L is the length of
the cylinder. ¢, can be thought to be 1 in still water [28].

Table 5. Monitored cylinder data without flow

Items Data
Natural frequency in air in the in-line direction, fyq 14.639 Hz
Natural frequency in air in the transverse direction, fnay 14.639 Hz
Damping ratio in air in the in-line direction, &, 0.832 %
Damping ratio in air in the transverse direction, &, 0.847 %
Natural frequency in still water in the in-line direction, fu., 10.547 Hz
Natural frequency in still water in the transverse direction, fnwy 10.547 Hz
Damping ratio in water in the in-line direction, &, 5.100 %
Damping ratio in water in the transverse direction, &, 5.130 %
Structural mass (including acceleration transducers inside), M 0.02213 kg
Mass per unit length of the cylinder, m 0.2831 Kg/m
Mass ratio m* 2.508

Acceleration transducers with a sensitivity of 1.71 pC/g and a frequency response of
1 Hz-20 kHz were chosen to obtain the displacement signals directly and simultaneously
[16, 29-31]. The output signal was calibrated to have a linear relationship to the input signal. Two
acceleration transducers installed inside the monitored cylinder at mid-span were treated as part
of the monitored cylinder during the experiment. The orientations of the two acceleration
transducers were adjusted such that they were sensitive to cylinder vibrations only in the in-line
(X) and transverse (Y) directions, respectively. The collection and analyses of signals are shown
in Fig. 4. The output signals of the two acceleration transducers were collected by using a dynamic
signal collector with a 24-bit analog-to-digital converter. The dynamic signal collector first
transformed the output signals into voltage signals and then integrated the voltage signal twice to
provide a displacement signal. All signals were high-pass filtered in post-processing at 1.2 Hz to
prevent a “blow-up”, which commonly occurs because of low frequency noises during
acceleration-to-displacement conversion. The cut-off frequency of 1.2 Hz is significantly lower
than the response frequencies obtained from the entire experiment.

[ The in-line direction

.
acceleration transducer |
The dynamic signal The personal computer
collector for all analyses
[ The transverse direction |

acceleration transducer )

Fig. 4. Collection and analyses of digital signals process
2.2. Experimental procedure

The freestream velocity in the test section is calculated by using the equation:

|4

= 5
3600ab’ )

Us

where U, is the freestream velocity in the test section with a unit of “m/s”, V is the flow rate with
aunit of “m3/h”, a is the length of the cross section of the test section (equal to 0.140 m), and b is
the width of the cross section of the test section (equal to 0.140 m).

When the experiment began, the flow rate initially increased stepwise until the obvious
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fluid-elastic instability occurred. Thereafter, the flow rate decreased to zero stepwise in the same
way. The maximum flow rate in this experiment was 22 m3/h, which made the maximum average
water freestream velocity in the test section reached 0.3118 m/s through Eq. (5). The
corresponding maximum Reynolds number was 0.3703x10%, based on the maximum inlet flow
velocity and the outer diameter of the experimental cylinders. After reaching a steady state for
each flow rate, the measurement was initiated. At each given flow velocity, the in-line and
transverse displacement signals were simultaneously digitized at a sampling frequency of 200 Hz,
and the recorded frequency spectra and response amplitudes were the results of 64 sample
averages, which was found adequate to insure excellent repeatability. Meanwhile, the anti-aliasing
filter was turned on throughout the experiment. All data were transmitted to a personal computer
for data storage and further processing. The software MATLAB was used in data analyses.

3. Results and discussion
3.1. Response amplitude

Fig. 5 shows the amplitude responses of the monitored cylinder in the in-line and transverse
directions. The RMS cylinder amplitude expressed as a percentage of the cylinder diameter is
plotted against the reduced pitch flow velocity U* obtained from the equations below:

P
Up = —— 6
P=p_pUe (6)
u =2 )
foaD’

where Uy, is the freestream velocity in front of the cylinder array in the test section, P is the pitch
of the cylinder array, D is the outer diameter of the cylinder, U, is the pitch flow velocity, and f,
is the natural frequency of the cylinder in still water

in the in-line or transverse direction. During the experiments, the Reynolds number Re was
simply proportional to the reduced pitch flow velocity U*.

As shown in Fig. 5, whether the direction is in-line or transverse, all the amplitude curves have
similar trends as U* increases. The vibration amplitudes are very small, slightly increasing with
U*, as the U* value is below a critical value U* = 5.680. These small-amplitude vibrations can be
attributed to turbulent buffeting. After U* exceeds the critical value, the vibration amplitudes
rapidly increase as the flow velocity continuously increases, with the amplitude obtained from the
transverse vibration being larger than that obtained from the in-line vibration. This result indicates
the occurrence of fluid-elastic instability. The flow velocity begins to decrease after reaching the
maximum. As a result, the amplitudes obtained from the two directions also decrease with the
flow, except for the U* range of U* = 6.141 to U* = 5.879. However, the vibration amplitude
curves under decreasing U™ gravely deviate from those under increasing U”* in both the in-line and
transverse directions. This result indicates that nonlinear hysteresis occurred and that the
fluid-elastic instability is also a nonlinear phenomenon. When U* decreases from 4.487 to 4.262,
the amplitudes suddenly considerably drop to nearly zero, indicating the end of fluid-elastic
instability. After the critical U* = 4.262 is reached under decreasing flow velocity, the amplitudes
slightly decrease with the flow velocity, indicating the occurence of turbulent buffeting again.

The serious vibration in the fluid-elastic instability phenomenon could be explained as follows.
The flow can export energy to the cylinder. When the flow velocity is beyond the critical flow
velocity, the fluid has sufficient energy to overcome the damping of the cylinder, making it vibrate
with certain amplitude at its natural frequency. Fluid-elastic instability occurs at this time. When
fluid-elastic instability occurs in cylinder-like structures, the flow velocity should be decreased
lower than the critical flow velocity corresponding to the case of increasing flow velocity to
exclude the instability because nonlinear hysteretic effects can generate a lower stability threshold
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on decreasing the flow velocity from the unstable region.
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Fig. 5. R.M.S. response amplitude for the aluminum cylinder: a) in-line direction; b) transverse direction

3.2. Spectrum of cylinder vibration

We calculated a series of power spectral density functions of the vibration signals in the U*
ranges, wherein the response amplitude curves under increasing U* gravely deviate from those
under decreasing U* (Fig. 5), to analyze further the difference between the instability behaviors
under increasing and decreasing U*. Fig. 6 shows the power spectral density functions under
increasing U*, which are obtained from both the in-line and transverse vibrations. Meanwhile,
Fig. 7 shows the power spectral density functions under decreasing U*, which are obtained from
both the in-line and transverse vibrations.

When U* < 5.680 which is the critical value, the spectra of the monitored cylinder are
broadband (Fig. 6). The broadband power spectral density functions reflect the random nature of
the cylinder vibrations resulting from turbulent buffeting. Above the critical velocity, the spectra
of the monitored cylinder suddenly become sharp, exhibiting the occurrence of fluid-elastic
instability. When U* = 5.879, two prominent sharp peaks can be observed in the power spectral
density function obtained from the in-line vibration. According to Franzini, et al. [32] and Cetiner
and Rockwell [33], the first prominent sharp peak is the dominant peak, and the second prominent
sharp peak is the subharmonic peak. Moreover, the frequency corresponding to the subharmonic
peak is nearly twice as high as that corresponding to the dominant peak. After the flow velocities
further increase, the signal strength of the two peaks rapidly enhances; however, the dominant
peak enhances much more evidently. When U* = 5.879, only one single sharp peak (i.e., the
dominant peak) exists in the power spectral density function obtained from the transverse vibration.
After the occurrence of the fluid-elastic instability, the frequencies corresponding to the dominant
peaks in the power spectral density functions obtained from the in-line vibration at U* = 5.879
and from the transverse vibration at U* = 5.879 are all consistent with the natural frequency of
the cylinder in still water. This result indicates that the monitored cylinder is also vibrating in the
resonance state and absorbing energy at its natural frequency and at the frequencies which are
multiples of its natural frequency.
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Fig. 6. Power spectral density functions of cylinder vibrations under increasing flow velocity

As shown in Fig. 7, fluid-elastic instability does not immediately disappear under decreasing
flow velocity. The frequencies corresponding to the sharp peaks fluctuate within a very narrow
range, which indicates that the resonance state found in the fluid-elastic instability phenomenon
can sustain in a certain flow velocity range under decreasing flow velocity. The frequencies
corresponding to the dominant sharp peaks obtained in both the in-line and transverse vibrations
are the natural frequencies of the monitored cylinder in flow. This finding can further explain why
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the amplitude curves under decreasing flow velocity gravely deviate from those under increasing
flow velocity in both the in-line and transverse directions in Fig. 5. It can also be viewed as the
reason for the occurrence of hysteresis under decreasing flow velocity.
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Fig. 7. Power spectral density functions of cylinder vibrations under decreasing flow velocity
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3.3. Response frequency

The dominant in-line and transverse frequencies in the U™ range wherein the response
amplitude curves under increasing U™ gravely deviate from those under decreasing U* in Fig. 5
are shown in Fig. 8 in the form of their ratio to the natural frequency in still water. The trends of
the response frequency curves are similar in both the in-line and transverse vibrations.
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Fig. 8. Response frequency: a) in-line direction; b) transverse direction

Under increasing flow velocity, the response frequencies first approach the natural frequency
of the cylinder in still water continuously. When U™ increases to 5.879, the response frequencies
ofthe cylinder in the in-line and transverse vibrations are all 10.547 Hz, indicating that the cylinder
vibrates at its natural frequency. The vibration frequency is not the vortex shedding frequency that
is linearly related to flow velocity. The Strouhal number St of the vortex shedding of the cylinder
array applied in this experiment is estimated to be 0.26 according to the figure plotted by
Fitz-Hugh [34]. The Strouhal number St is defined below:

_hD

St ,
Up

®)

where f, is the vortex shedding frequency, D is the outer diameter of the monitored cylinder, and
Up is the pitch flow velocity in the cylinder array.

The vortex shedding frequency at this reduced pitch flow velocity U* = 5.879 is about
16.121 Hz. This calculated vortex shedding frequency is not equal to 10.547 Hz, which is the
dominant frequency obtained from both the in-line and transverse vibrations at the same flow
velocity. It is even not equal to the frequency 21.191 Hz corresponding to the subharmonic peak
of the power spectral density function obtained from the in-line vibration at U* = 5.879 under
increasing U*. Owing to the mismatch of these frequencies, vortex shedding is not likely
responsible for the instability behaviors of the monitored cylinder in this cylinder array. The
large-amplitude vibration of the monitored cylinder is due to fluid-elastic instability because the
vibration amplitudes rapidly increase when the critical crossflow velocity is exceeded, as shown
in Fig. 5.
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Similar to Fig. 5, the response frequency curves under decreasing U* also seriously deviate
from those under increasing U” in both the in-line and transverse directions. Under decreasing
flow velocity, the response frequencies obtained from both the in-line and transverse vibrations
first slightly decrease with the flow. The response frequencies can be treated as the natural
frequencies of the monitored cylinder in flow because the cylinder is in the resonance state [35, 36].
When U* decreases to 4.262, the response frequencies all increase in a certain degree. At
U* = 4.262, the response amplitudes obtained from both the in-line and transverse vibrations
considerably drop, the spectra of the cylinder obtained from the vibrations in the two directions
all change into broadband, and the signal strength of dominant frequencies reduce in a large
degree, indicating that the monitored cylinder has been in the state of turbulent buffeting (Figs. 5
and 7). When U* = 4.487, the calculated vortex shedding frequency 12.305 Hz is not equal to
9.375 Hz, which is the dominant frequency obtained from both the in-line and transverse
vibrations at the same flow velocity. It is even not equal to the frequency 18.750 Hz corresponding
to the subharmonic peak of the power spectral density function obtained from the in-line vibration
at U* =~ 4.487 under decreasing U™. This result indicates that vortex shedding did not occur in the
case of decreasing U* either. The trend of the response frequency curves under decreasing U*
reflects that the natural frequency of the monitored cylinder in the state of fluid-elastic instability
can change as the flow velocity changes.

3.4. Added mass coefficient

The natural frequencies of structures vibrating in flow are affected by the inertia of the fluid
accelerated by the structures. The inertia of the fluid accelerated by the structures is treated as
added mass m,, which can be generally determined by the Eq. (1) in Section 2.1.
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Fig. 9. Added mass coefficients versus flow velocity: a) in-line direction; b) transverse direction.

S

—+— increasing U
—x— decreasing U

X
X\X\X
T
X

LN B B N B B N B

o

o

—+— increasing U
RN —x— decreasing U

X
X\X\X
T
X

/

o

For right circular cylinders in still fluid, the added mass coefficient can be thought to be 1 [28].
However, when the cylinder is vibrating in a confined space, the effective added mass is increased;
as a result, the actual added mass coefficient becomes larger than 1. The added mass coefficient
in flow can be calculated as follows [36]:
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o () -

where f, is the natural frequency of a cylinder in vacuum (usually taken in air), frriow is the
natural frequency of a cylinder in flow, and y, and y,, are the cylinder and fluid specific gravities,
respectively.

The monitored cylinder was in the state of fluid-elastic instability in the U* ranges which are
from 5.879 to 6.141 under increasing U* and from 6.141 to 4.487 under decreasing U*. The added
mass coefficients in the in-line and transverse vibrations ¢, and Ca,, corresponding to the two U*

ranges above are plotted versus U* in Fig. 9. The curves corresponding to the in-line vibration are
same as those corresponding to the transverse vibration because of the same dominant frequencies
of the in-line and transverse vibrations obtained from the U* ranges in which the monitored
cylinder was in the state of fluid-elastic instability. All added mass coefficients are larger than 1
because of the huge vibration of the monitored cylinder. As shown in Eq. (9), from another
perspective, the natural frequency of the monitored cylinder in flow can be influenced by added
mass. This finding can explain why the dominant frequencies of the monitored cylinder in the
state of fluid-elastic instability decrease as the flow velocity decreases in Fig. 8. When the
monitored cylinder is in the state of fluid-elastic instability, the added mass increases as the flow
velocity decreases. According to Eq. (9), the natural frequencies of the monitored cylinder in flow
decrease as the added mass coefficients increase.
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Fig. 10. Criterion plots for fluid-elastic instability: a) Connors’ criterion and b) Paidoussis’ criterion

3.5. Fluid-elastic instability analysis

Two criteria [6, 7] for fluid-elastic instability have been applied in this experiment. As shown
in Fig. 10, the data obtained from both the in-line and transverse vibrations at the two critical pitch
flow velocities under increasing and decreasing U™ all lay in the unstable regions determined by
the two criteria. This result indicates that the large-amplitude vibration was a result of the
fluid-elastic instability again. Table 6 presents a summary of the fluid-elastic instability results for
the data corresponding to the critical pitch flow velocities. Corresponding dimensionless
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parameters are also given. The calculated K values, which are consistent with this experiment,
have been obtained by solving the two criterion equations with our data at the point
Upc = 0.7189 m/s under increasing flow velocity and at the point Up, = 0.5394 m/s under
decreasing flow velocity. The calculated K values are all larger than the literature values shown
in Fig. 10, considering that only one cylinder was elastically mounted in the rigid cylinder array.

Table 6. Summary of fluid-elastic instability results

Cases
Increasing U” Decreasing U”
Items - p
In-line Transverse In-line Transverse
direction direction direction direction
Ups (m/s) 0.7189 0.7189 0.5394 0.5394
Upc/fuD 5.680 5.680 4.262 4.262
2n{m/pD? 0.1756 0.4469 0.5734 0.2395
K calculated for Connors 13.55 8.497 5.628 8.709
criterion
K calculated for Paidoussis 7.223 4.528 2.999 4.641
criterion

4. Conclusions

Fluid-elastic instability was studied through an elastically mounted cylinder in a rigid normal
square cylinder array with a P/D value of 1.67 under both increasing and decreasing freestream
velocities. The following conclusions could be drawn from the present work:

1) Fluid-elastic instability occurred in both the in-line and transverse vibrations.

2) Under decreasing flow velocity, fluid-elastic instability was accompanied by nonlinear
hysteresis. The vibration response characteristic under increasing freestream velocity differed
from that under decreasing freestream velocity.

3) When the monitored cylinder was in the state of fluid-elastic instability, an obvious
subharmonic peak was found in the power spectral density functions obtained from in-line
vibrations.

4) The cylinder is in the state of resonance upon the occurrence of fluid-elastic instability.
Under decreasing flow velocity, the cylinder in the state of fluid-elastic instability can remain in
this state for a certain range of flow velocities.

5) Added mass coefficients corresponding to the state of fluid-elastic instability were all larger
than 1.

6) The criteria of Connors and Paidoussis for fluid-elastic instability were applied. The data
corresponding to the two critical flow velocities in cases of increasing and decreasing flow
velocities all lay in the unstable region determined by the two criteria. The fluid-elastic instability
constants, which are consistent with this experiment, were obtained by solving the two criterion
equations with our data. These constants were all larger than the literature values because only
one cylinder was mounted elastically in this rigid cylinder array.
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Appendix

Before conducting the experiments, the output signals of the entire data acquisition system
were calibrated following the process proposed and used by Lin and Yu [16]. The monitored
cylinder with two acceleration transducers inside was given a circular motion. The typical
time-history curves and calibration curves of the two acceleration transducers are shown in the
Fig. Al and the Fig. A2, respectively. The amplitudes of the sinusoidal output signals for the
in-line and transverse directions were recorded and then plotted against the standard vibration
amplitude, which was the radius of the circular motion. The calibration curves can be determined
by using: A = 1.000B + 0.0536 in the in-line direction, and A = 1.000B + 0.0738 in the
transverse direction.

25.0

X (mm)

Y (mm)

Fig. Al. Typical time-history curves at the time for calibration of two acceleration transducers:
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In the above equations, A represents the standard vibration amplitude and B represents the
vibration amplitude measured by the entire data acquisition system. As shown in Fig. A2, the
measured amplitude signals were all linear to the standard amplitude signals; therefore, the
measured amplitudes can linearly represent the vibration amplitudes throughout the whole
experiment.
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Fig. A2. Fitted curves for calibration of two acceleration transducers:
a) in-line direction and b) transverse direction
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