International Journal of Mechanical Sciences 227 (2022) 107429

Contents lists available at ScienceDirect

International Journal of Mechanical Sciences
journal homepage: www.elsevier.com/locate/ijmecsci

Transition of FIV for a circular cylinder with splitter plates
Yuankun Sun a , Jiasong Wang a ,∗, Zhongming Hu a , Ke Lin a , Dixia Fan b
a
b

School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
School of Engineering, Westlake University, Hangzhou, Zhejiang 310024, China

ARTICLE

INFO

Keywords:
Flow-induced vibraion
Galloping
Flow visualization
Dynamic mode decompostion
Particle image velocimetry

ABSTRACT
A flow-induced vibration (FIV) investigation to show the transition from vortex-induced vibration (VIV) to
galloping for a circular cylinder equipped with a rear rigid splitter plate was undertaken in a water tunnel at
Reynolds number of 1100-7700. The length of the splitter plate is in a range of 𝐿∗ =0-4.0 (𝐿∗ = L/D, L is the
plate length, D is the cylinder diameter). The dependence of oscillation characteristics, vortex evolution, force
coefficients, mean added mass and effective added mass on 𝐿∗ is illustrated in detail. In the investigated 𝐿∗ ,
five oscillation patterns are identified successively: VIV, combined VIV–galloping, separated weak VIV (WVIV)–
galloping, WVIV and weak galloping, WVIV and desynchronized. For 𝐿∗ = 0.4–1.8, severe galloping is observed
at high reduced velocities. The oscillation can be well suppressed when 𝐿∗ > 3.2. The transition from VIV to
galloping, indeed, is the competition of vortex shedding and free shear layers attachment. At low reduced
velocities, the oscillation is always synchronized with the vortex shedding. Beyond a critical plate length
(0.4𝐷), however, galloping is found at high reduced velocities, despite of the interference of vortex shedding.
Harmonic force component at three times the oscillation frequency is identified in the galloping dominated
region for 𝐿∗ = 0.4–1.8. Although it has little energy transfer to the oscillation, considerable negative effective
added mass is induced.

1. Introduction
Flow-induced vibration (FIV) of bluff structures has received considerable attentions in practical engineering, such as mechanical, civil, offshore, heat transfer, aerospace engineering and energy harvesting [1–
6]. Plenty of investigations have been undertaken, aiming at exploring
the mechanisms of FIV as well as the methods of prediction and
suppression. Particularly, two typical phenomena of FIV of bluff structures in cross-flow: vortex-induced vibration (VIV) and galloping, have
been researched extensively for their ubiquity in nature and practical
engineering.
VIV can occur when the alternative vortex shedding from a bluff
structure generates oscillatory forces, if the body is elastically mounted
and constrained to move cross-flow. ’Lock-in’ is reached when the
vortex shedding frequency, 𝑓𝑣 , is close enough to the natural frequency,
such that the oscillatory forces induce the body to vibrate [7]. Different regimes of vibration can be classified as initial, upper and lower
branches for a low mass ratio (𝑚∗ , defined as the ratio of the total
oscillating mass to the displaced fluid mass) cylinder, following the
terminology in Willamson and Roshko [8]. Certain vortex shedding patterns can be observed during the ‘lock-in’ regime, such as the 2S mode
and 2P mode. It is established that the transition of response branches is
influenced significantly by the phase of transverse force, 𝐶𝑦 , relative to

the body motion and the timing of vortex mode. Typically, the response
amplitude of VIV is self-limited to approximately one diameter and
the peak amplitude is inversely proportional to the product of mass
ratio, 𝑚∗ , and system damping, 𝜁. The vibration frequency can differ
from the system natural frequency due to the variation of effective
added mass, 𝐶𝑒𝑎 [9], which has been proved that the fluid–structure
interaction can significantly influence the effective added mass [10].
Essentially, VIV is a resonant mechanism that depends on matching
values of system natural frequency and the vortex shedding frequency,
𝑓𝑣 . Thus, VIV is categorized as instability-induced excitation. A large
number of investigations have been devoted to conclude significant
understanding of the mechanisms of VIV. One can refer to the reviews
of Bearman [7], Williamson and Govardhan [11], Wang et al. [12],
Sarpkaya [13], and Wang et al. [14].
Galloping is another mode of FIV which is characterized by lowfrequency oscillations that increase in amplitude unbounded with flow
velocity [15–17]. Different from VIV, which relies on the downstream
vortex shedding of a structure with center symmetry cross-section,
galloping is frequently reported for structures with asymmetry crosssection structures, such as square, long rectangular and cylinder with
rear splitter plates [7,16,18,19]. The driving force of galloping is due
to the continuous variation in the angle of attack between the moving
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8, was constrained to move cross-flow only (1DOF) in 𝑅𝑒 = 1.26 × 104 −
8.40 × 104 . The mitigation of oscillation is not achieved until 𝐿∗ > 2.8.
For short plate length, the galloping response is heavily affected by
vortex shedding at low reduced velocities and an abrupt termination is
found at high reduced velocities. There seems to be a smooth transition
from VIV to galloping dominated response with the increase of velocity.
Latterly, Assi and Bearman [19] proved that the galloping mechanism
of an elastically mounted cylinder (cross-flow motion only) fitted with
rigid splitter plate is similar to that of a square cross-section cylinder.
In their experiments, two sets of solid splitter plates with 𝐿∗ = 0.5, 1.0
and one slotted plate 𝐿∗ = 1.0 were adopted in 𝑅𝑒 = 2 × 103 − 1.6 × 104 .
Galloping is found in all those cases. With the help of flow visualization,
it is found that the reattachment of the free shear layers on the plate
driving the oscillation for the cylinder with rigid plates. And the portion
of the transverse fluid force in phase with the body velocity leads to a
continue energy transfer from the fluid to the body. Table 1 summarizes
the previous published investigations of a circular cylinder with rigid
splitter plates for stationary and elastically-mounted ones, respectively.
The interference of VIV and galloping is frequently encountered
for noncircular cross-section structures. A review of VIV–galloping
instability of rectangular cylinders is given by Mannini et al. [21]. In the
early experiments performed in a water tunnel (𝑅𝑒 = 4 × 102 − 7 × 103 ),
Bokaian and Geoola [45] revealed that the galloping instability of a
square cylinder (cross-flow motion only), would be inhibited by VIV
in low reduced velocities for the low structural damping system. And
the separated VIV and galloping was detected with higher damping.
Nemes et al. [16] examined the dependence of transverse galloping of
a square cylinder on attacking angles in a recirculating water channel
(𝑅𝑒 = 2.5 × 102 − 1.25 × 104 ). They observed that the two mechanisms
remain independent when the angle of attack that leads the section
symmetric to the flow.
Despite the interference phenomenon is important, however, little
research has been undertaken on the oscillation of a circular cylinder
with fixed splitter plates. In the early experiments of Stappenbelt [40]
and Assi et al. [19,36,46] for an elastically mounted cylinder with
fixed splitter plates attached, they mentioned that the oscillation of the
cylinder appeared to be closely related to the vortex shedding for short
splitter plates at low reduced velocities. A comprehensive wind tunnel
experimental study of Liang et al. [43] pointed out that there are four
kinds of oscillation patterns for the cylinder with a detached splitter
plate in the downstream (𝑅𝑒 = 3.5 × 103 − 5.2 × 104 ): VIV for 𝐿∗
= 0.4,0.5; complete interaction of VIV–galloping for 𝐿∗ =1.0,1.5; the
combined of weak VIV and interaction of VIV and galloping for 𝐿∗ =
2.0,2.5,3.0; the combination of weak VIV and pure galloping for 𝐿∗ =
4.0, 5.0. They found that the weak oscillation in VIV could accelerate
the stabilization of galloping if the cylinder is released from rest at a
given flow velocity. Recently, Sun et al. [47] computed the transition
from VIV to galloping of a cylinder with 𝐿∗ = 0–1.5 at 𝑅𝑒 = 100.
For 𝐿∗ < 0.5, VIV is observed with stronger oscillation than a plain
cylinder. And the ‘P+S’ vortex shedding pattern is seen at high reduced
velocities. With the increase of 𝐿∗ , a transition of vortex shedding
pattern from ‘P+S’ to ‘2P’ is identified. The lift force from the plate
is believed to be the driving force of galloping, while the force from
the cylinder tends to weaken the oscillation.
In this paper, an elastically mounted cylinder coupled with rear
fixed rigid splitter plates is investigated. To explore the dependence
of oscillation patterns on plate length, a wide range of 𝐿∗ = 0–4.0 is
employed. The mechanism is illustrated by the measurement of oscillation, hydrodynamic forces and flow visualization. As little investigation
has been undertaken on the vortex transition from VIV to galloping,
the vortex coherent structures are analyzed using the dynamic mode
decomposition method. In addition, the averaged added mass and the
effective added mass for various plate length are also analyzed. Finally,
the impact of harmonic force components is summarized.
The outline of this paper is as follows. In Section 2, the experimental set-up is detailed. The experimental methodological validation
is described in Section 3. The results and discussion are presented in
Section 4. Finally, the conclusions of current investigation are drawn.

body and incoming flow. For this reason, the quasi-steady theory,
proposed firstly by Parkinson and Smith [20], considers that the driving
force is only determined by the instantaneous relative velocity between
the transverse motion and the incoming flow. Successfully prediction
of a square cylinder undergoing galloping was achieved by this theory.
However, the limitation of the classical quasi-steady theory lies in that
it is only applicable for high mass ratio and damping systems and
the vortex shedding frequency should be above the system natural
frequency. Santosham [21] ascribed the failure of quasi- steady theory
in light systems to the dramatic oscillation which is due to the action
of the Karman vortex shedding. It is found that a square section body is
also susceptible to VIV at low velocities, while galloping will persist after the resonant of VIV [17,19]. Given the frequently occurrences of VIV
and galloping in real engineering, the means to prevent the structures
from severe damage due to FIV is of paramount importance [22–24].
The rigid splitter plate is one of the earliest structures which has
been initially investigated and implemented for the flow control of
bluff structures. It is established that a cylinder with rear rigid splitter
plate attached can yield the reduction of drag force and variation of
vortex shedding [25–32]. In the light of the experiments of Apelt and
West [26,27], conducted in a water tunnel (𝑅𝑒 = 1 × 104 − 5 × 104 )
for length ratio 𝐿∗ (𝐿∕𝐷) = 0 − 7, they reported that the rear fixed
rigid plate could reduce the drag force apparently. For 𝐿∗ > 5, the
drag coefficient was found maintaining at 0.8 and the vortex shedding
of near-field was also eliminated. The nonlinear variation of Strouhal
number (𝑆𝑡 ) versus 𝐿∗ was also reported in the investigation of Apelt
and West [26]. Firstly, the increase in 𝐿∗ produces a progress decrease
of 𝑆𝑡 from 𝑆𝑡 = 0.20 at 𝐿∗ = 0 to a minimum of 𝑆𝑡 = 0.18 at 𝐿∗ = 1.
Then, the vortex shedding frequency increases up to nearly 𝑆𝑡 = 0.22
at 𝐿∗ = 2.0. Similar nonlinear variations of 𝑆𝑡 were reported in the
investigation of Anderson and Szewczyk [28].
Moving from the fixed splitter plate to the freely rotatable splitter
plate, the plate could response swiftly to the variation of the flow
direction, while it is also proved that the free-to-rotate plate could
also reduce the drag and lift force of the cylinder [30,33,34]. Cimbala
and Garg [34] performed experiments of a freely rotatable stationary
cylinder with splitter plate (𝐿∗ = 0 − 5) in a wind tunnel (𝑅𝑒 =
5 × 103 − 2 × 104 ). The splitter plate was firmly inserted into the
cylinder, which allows the whole model free to rotate together about
the cylinder axis. They found that the plate would rotate to an offaxis equilibrium position rather aligning itself exactly to the flow
direction. The offset angle shows an inverse relationship with the length
ratio. A similar experimental set-up was adopted in the wind tunnel
experiments (𝑅𝑒 = 3 × 104 − 6 × 104 ) of Gu et al. [30], while a broad
band of length (𝐿∗ = 0.5 − 6) was investigated. Despite of the difference
in 𝑅𝑒 , they reported a similar variation of the offset angle to previous
investigations [33,35,36]. Measurement of the pressure distribution
was also presented. It is found that the mean drag force coefficient
and the fluctuating of lift coefficients are largely determined by the
offset angle and are less than the bare cylinder, with reduction of 30%
and 90% respectively [30]. But an unwanted steady lift force would be
found towards to the deflected direction for the freely rotatable splitter
plates [36].
For the suppression of FIV of the elastically mounted cylinder, the
rigid splitter plate has also been investigated, due to the excellent
performance in vortex shedding suppression and drag reduction. Only
with sufficient plate length, however, can successful suppression of
FIV in one or two degree of freedoms (DOF) could be achieved with
rigid splitter plates [3,36–42]. Although the stabilization of near-field
flow could be easily achieved for the stationary cylinder with short
splitter plate, the enhancement of oscillation is often seen in existed
studies when the cylinder is elastically mounted, such as the galloping
oscillation [19,40,43,44]. A system investigation of the dependence of
response amplitudes and frequency on plate length (𝐿∗ = 0 − 4) was
performed by Stappenbelt [40] in a towing water tank. The cylinder,
with a low aspect ratio (cylinder length immersed in water/diameter) of
2
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Table 1
Summary of investigations of a circular cylinder with rigid splitter plates.
References (Year)
Stationary cylinders
Gerrard (1966)[25]
Apelt and West (1973)[26]
Apelt and West (1975)[27]
Cimbala et al.(1991)[34]
Anderson and Szewczyk(1997)[28]
Akilli et al.(2005)[29]
Gu et al.(2012)[30]
Sharma and Dutta (2020)[31]
Elastically-mounted cylinders
Nakamura et al.(1994)[39]
Assi et al.(2009)[36]
Stappenbelt (2010)[40]
Huera (2014)[41]
Assi and Bearma (2015)[19]
Liang et al. (2018)[43]
Sahu et al. (2019)[42]
Sun et al. (2020)[47]
Hu et al.(2021)[3]
a
b

Method(medium)

𝑅𝑒

𝐿∗

Exp.(air)
Exp.(water)
Exp.(water)
Exp.(air)
Exp.(air)
Exp.(water)
Exp.(air)
Num.

20,000
10,000–50,000
10,000–50,000
5000–20,000
35,000–46,000
5500
30,000–60,000
150

0–2
0–2
0–7
0–5
0-1.8
1
0.5–6
3.5

Exp.(air)
Exp.(water)
Exp.(water)
Exp.(water)
Exp.(water)
Exp.(air)
Num.
Num.
Exp.(air)

6000–42,000
3000–30,000
12,600-84,000
2400–7400
2000–16,000
3500–52,000
150
100
4000–48,000

4.2–31.3
0.25–2
0–4
2
0.5,1.0
0–5
1.5,2.5,3.5
0-1.5
0.4–20

𝑚∗

Set-up of splitter plates
Attached
Attached
Attached
Free-to-rotatea
Attached
Detached
Free-to-rotateb
Attached

291–2160
2
2.36
1.1
2.6
362
2–1000
10
333.5–390.6

Attached(1DOF)
Attached(2DOF)
Attached(1DOF)
Hinged(2DOF)
Attached(1DOF)
Detached(1DOF)
Attached(1DOF)
Attached(1DOF)
Attached(1DOF)

Rotate pivoted with respect to the cylinder axis.
Rotate together with the cylinder.

Fig. 1. A schematic showing of the present experiment setup: (a) top view; (b) back view; (c) the photo of experiment set-up.
Table 2
The experimental parameters of the cylinder fitted with rigid splitter
plates used in present study.

2. Experimental details
2.1. Experimental apparatus
The experiments were conducted in the low-speed recirculating
water channel of the Key Laboratory of Hydrodynamics Ministry of
Education, Shanghai Jiao Tong University. The test section of the water
channel has dimensions of 0.35 m in width, 0.4 m in height and
1.5 m in length. In the present experiments, the flow speed, V, varied
continuously in a range of 0.04–0.30 m/s and flow with turbulence
intensity less than 6% can be obtained up to at least 0.30 m/s.
The experimental setup is depicted in Fig. 1. The cylindrical model
is made of black plexiglass with D = 25 mm and the immersed length
of l = 200 mm, allowing it an aspect ratio (𝑙∕𝐷) of 8. Besides, the
blockage ratio of a single cylinder is 7.1% (𝐷∕𝑊 , 𝑊 is the width of
the test section) which is also adequate for current investigation.[48]
The corresponding Reynolds number based on the cylinder diameter
is 𝑅𝑒 = 1100–7700. To reduce the damping in the system, the model
is mounted to the air bearing systems at its top end that allowing the
cylinder to oscillate only in the transverse direction. The gap between
the lower end of the model and the bottom of the tunnel is less than
2 mm, hence it is judged preferable not to install end plates on the
cylinder. Rigid plates which are firmly attached to the cylinder are built
out of transparent plexiglass with thickness h = 0.08D which is stiff
enough to withstand the fluid hydrodynamics and convenient for flow
visualization as well. The plate sticks out around one centimeter above

𝐿∗

𝑓𝑛𝑎 (Hz)

𝑓𝑛𝑤 (Hz)

𝜁(%)

Plain cylinder
0.12
0.2
0.36
0.4
0.6
0.8
1.0
1.2
1.4
1.8
2.2
2.6
3.0
3.2
3.6
4.0

0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.57
0.56
0.56
0.55
0.55
0.55
0.55
0.55
0.54

0.53
0.51
0.51
0.49
0.48
0.46
0.45
0.42
0.42
0.40
0.37
0.33
0.32
0.28
0.27
0.27
0.25

0.93
0.93
0.93
0.93
0.96
0.97
0.93
0.96
0.95
0.94
0.99
0.97
1.05
0.96
0.93
0.94
1.03

the free water surface to avoid the effect of edge vortex shedding. A
flange is installed between the cylinder and the air bearing the system,
which could prevent the rotation of the model. In the current study,
the plate length, 𝐿∗ , varying from 0.12 to 4.0, is adopted to investigate
the transition from VIV to galloping.
3
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Fig. 2. Comparison of measured and calculated forces: (a) 𝑈 ∗ = 4.4, initial branch
of the plain cylinder; (b) 𝑈 ∗ = 5.2, upper branch of the plain cylinder; (c) 𝑈 ∗ = 18,
galloping for 𝐿∗ = 2.6.
Fig. 3. Comparison of present experimental results of a plain cylinder with classical
results. (a) the non-dimensional amplitudes; (b) the averaged phase difference between
the total lift and the displacement, 𝜙𝑡 , and the vortex lift and the displacement, 𝜙𝑣 ; (c)
the logarithmic-scale frequency power spectrum contour plots of the body oscillation.
On (c): the inclined dashed line in black marks the 𝑆𝑡 of the fixed plain cylinder. Two
horizontal dashed lines in blue and black represent 𝑓𝑦 = 𝑓𝑛𝑎 and 𝑓𝑦 = 𝑓𝑛𝑤 respectively.
The vertical dashed lines in red represent the boundaries of oscillation branches.

2.2. Measurements
The structural characteristics are crucial for the dynamics of the
system, herein the natural frequencies of the system in both air and
water were measured by conducting at least 3 times free decay tests
individually for the plain cylinder as well as each 𝐿∗ . Thus, the structural damping ratio, 𝜁, was also determined, In addition, the mass ratio
for the model is also summarized in Table 2.
The displacement of the model was measured using a non-contact
laser sensor (Keyence, Japan) with a resolution of 0.1 mm. The vibration amplitude, 𝐴∗𝑦 , of the model was acquired by measuring the
√
root-mean-square value of the oscillation and multiplying by 2. Displacements were all nondimensionalized by dividing D. The lift and
drag forces acting on the model were measured simultaneously along
with the cylinder displacement using a load cell (ME, Germany). For the
transverse lift force, the inertial force due to the cylinder’s acceleration
was removed [11].
𝑚𝑦̈ + 𝑐 𝑦̇ + 𝑘𝑦 = 𝐹𝑦(calculated)

Through the division of 𝐹𝑦 , the time series of the vortex lift force,
𝐹𝑣 , is determined, and the instantaneous relative phases between those
two forces and the body displacement, 𝜙𝑡 and 𝜙𝑣 , were calculated using
the Hilbert transform respectively.
To gain further insight to the vortex dynamics, flow visualization
was achieved using time-resolved particle image velocimetry (TR-PIV).
The flow was seeded with hollow glass spheres (Dantec, Denmark)
with a normal diameter of 10 μm and a specific density 1.1 gm−3 . A
high speed CMOS camera (Photron, Japan) operated at a full resolution
of 1024 × 1024, was placed beneath the channel floor (Fig. 1). And
the sampling rate was varied from 125fps–500fps. The capture plane
was illuminated by a continuous laser (MGL-W-*532 nm-8 W, China),
which produced a horizontal planar sheet with a thickness less than
2 mm. The interrogation window size was 25 × 25 pixels with a
50% overlap, yielding the spatial resolution of the velocity vectors
was 4.3 × 4.3 mm2 . The standard cross-correlation PIV algorithm, in
combination with the multi-pass scheme and sub-pixel recognition by
2 × 3 Gaussian fitting was used to determine the velocity fields. In this
paper, a phase-averaging method was adopted where the oscillations is
highly periodic. To achieve high-quality phase-averaged PIV results, at
least 8000 instantaneous velocity fields were obtained for each reduced
velocity of interest, and only if the instantaneous velocity fields were
within a complete cycle of motion were they adopted, yielding at least
13 complete cycles of motion for each case.

(1)

As the transverse force is a crucial parameter in FIV studies, it is
of importance to validate the transverse force measurement in experiments. For current model, the transverse vibration can be presented
in Eq. (1). Where 𝐹𝑦 is the transverse force, 𝑚 the system mass, 𝑐 the
system damping in air and 𝑘 the system stiffness.
Fig. 2 shows the results of the measured transverse force coefficients, 𝐶𝑦 , compared with their calculated counterparts 𝐶𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 ,
determined by Eq. (1) for the plain cylinder and the model with plate
length, 𝐿∗ = 2.6. Note that in the figure, the two curves lie almost on
top of each other, indicating the accuracy of the load cell.
As illustrated by Govardhan and Williamson [49], the total lift force
could be divided into a component due to potential flow, 𝐹𝑝 , which
is always opposing the body’s acceleration, and another component
owing to vorticity, 𝐹𝑣 , which is related to the timing of vorticity and
only considering to the dynamics of the vorticity field around the
model (Eq. (2)).
𝐹𝑦 = 𝐹𝑝 + 𝐹𝑣

3. Experimental validation
To validate the current experimental setup, previous results of
VIV [49,50], for a plain cylinder are also presented for comparison
in Fig. 3. In present experiment, the mass ratio is 𝑚∗ = 4.97, leading
to a mass-damping ratio of 𝑚∗ 𝜁 = 0.0462. In Fig. 3, the traditional
three principal oscillation branches are found in the lock-in range,

(2)
4
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Table 3
The VIV ranges and local peak values (𝐴∗𝑦 ) for 𝐿∗ = 0–0.36.
𝐿∗

𝐴∗𝑦 (peak)

𝑈 ∗ (IB)

𝑈 ∗ (UB)

𝑈 ∗ (LB)

Plain cylinder
0.12
0.20
0.36

0.73
0.65
0.84
1.12

4.61–5.09
5.12–6.20
5.20–6.80
5.40–10.56

5.09–6.90
6.2–9.62
6.80–9.34
10.56–15.39

7.19-11.61
9.62–12.93
11.23–14.37
16.0–17.62

Fig. 4. The collapse of data for elastically mounted cylinders replotted from Williamson
and Govardhan [11], and two distinct curves represent the peak amplitudes for both
the upper and the lower branches respectively. The symbols in red represent the peak
amplitudes (𝐴𝑚𝑎𝑥 ∕𝐷) of upper and lower branches acquired in present experiments.

i.e. the initial, upper and lower branch which is commonly seen for
the VIV system with low mass ratio. Corresponding to the transition of
response branches, the vortex force phase goes through an almost 180◦
shift associated with the vortex transition from ‘2S’ to ‘2P’. Another
transition can be found from the upper branch to the lower branch
where the frequency of oscillation passes beyond the system frequency
in air. At the same reduced velocity (𝑈 ∗ = 𝑉 ∕(𝑓𝑛𝑎 𝐷)), the phase angle
of the total lift force also experiences a shift of almost 180◦ .
The parameter of mass-damping ratio (𝑚∗ 𝜁) is closed related to the
peak amplitude of VIV. The classical Griffin plot was widespread used.
Latterly, the plot was further extended [51] by introducing two distinct
curves into the Griffin plot, representing the peak amplitudes for both
the upper and the lower branches. The resulting data from these diverse
experimental arrangements appear to give an approximate functional
(
)
relationship between 𝐴max ∕𝐷 and 𝑚∗ + 𝐶𝑎 𝜁 over a wide range of
parameters as shown in Fig. 4. For current experiment, the peak amplitudes for the upper and lower branch are 0.72, 0.59 respectively, which
fit the curve well.
4. Results and discussion
Fig. 5. The oscillation amplitudes and the logarithmic-scale normalized frequency
power spectral density contours versus 𝑈 ∗ for 𝐿∗ = 0.12, 0.20 and 0.36. The vertical
dashed lines represent the boundaries of the oscillation regions, and the horizontal
dashed lines represent 𝑓𝑦 = 𝑓𝑛𝑎 , while the horizontal dotted lines represent 𝑓𝑦 = 𝑓𝑛𝑤 .
The inclined dotted lines represent 𝑆𝑡 for the fixed cylinder with corresponding 𝐿∗ . (a)
oscillation amplitudes, (b) 𝐿∗ = 0.12, (c) 𝐿∗ = 0.20, (d) 𝐿∗ = 0.36.

4.1. Oscillation amplitudes and frequencies
In this section, the normalized oscillation amplitudes (𝐴∗𝑦 ) and
contours of oscillation frequencies (𝑓𝑦∗ ) are presented for 𝐿∗ = 0–4.
The oscillation of the cylinder with splitter plate can be grouped into
five patterns in terms of 𝑈 ∗ , 𝐿∗ , and the boundaries of oscillation
regions are determined by an overall examination of the oscillation
amplitude, frequency, fluid forces and phases: (I) vortex-induced vibration (VIV); (II) combined VIV–galloping; (III) separated weak vortexinduced vibration (WVIV)–galloping; (IV) WVIV and mild galloping,
and (V) WVIV and desynchronized region. The oscillation amplitude
and frequency characteristics of each pattern are clarified below.

transition of vortex shedding are also found. To illustrate this, Fig. 7
shows the phase averaged vortices of 𝐿∗ = 0.36 for three selected 𝑈 ∗ .
During IB, typical ‘2S’ vortex dynamic is found, which consists of two
opposite-signed single vortices shed per period. Further increase the
reduced velocity, the transition of wake mode from ‘2S’ to ‘P+S’ is
found. At 𝑈 ∗ = 13.55, two pairs of opposite-signed vortices shed when
the cylinder passes through the equilibrium position, while a single
vortex shed at the position far from the centerline.
Although the free shear layers reattachment to the plate tip can be
found in the evolution of vortices at 𝑈 ∗ = 11.59, 13.55 as shown in
Fig. 7, typical VIV characteristics of a plain cylinder, such as oscillation
frequency going beyond unity, the wake transition and phase jump can
be found, it is still VIV herein for 𝐿∗ = 0.36.
For classical VIV of a plain cylinder, the commencement of lockin occurred around 𝑈 ∗ = 5 (1/𝑆𝑡 , 𝑆𝑡 = 0.2).[11] For a fixed cylinder

4.1.1. VIV (𝐿∗ = 0.12 − 0.36)
Typical VIV is found for all cases 𝐿∗ = 0.12–0.36 (Fig. 5), characterized by the initial branch (IB), upper branch (UB), lower branch
(LB) and desynchronization branch (DB) subsequently, and the term
of the branch is adopted from Govardhan and Williamson [49]. The
transition between branches is found as the oscillation frequency (𝑓𝑦 )
passes through the natural frequency of the system in water, 𝑓𝑦 = 𝑓𝑛𝑤 ,
and in air, 𝑓𝑦 = 𝑓𝑛𝑎 , respectively. When the oscillation enters the upper
branch, a phase jump (𝜙𝑣 ) from 0◦ to 180◦ (Fig. 6) as well as the
5
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Fig. 6. The total phase lag (𝜙𝑡 ) and vortex phase lag (𝜙𝑣 ) in degrees as a function of 𝑈 ∗ for (a) 𝐿∗ = 0.12, (b) 𝐿∗ = 0.20, (c) 𝐿∗ = 0.36.

Fig. 7. Evolution of phase-averaged vorticity contours at (a) 𝑈 ∗ = 6.52 (IB), (b) 𝑈 ∗ =11.59 (UB) and (c) 𝑈 ∗ = 13.55 (UB) for 𝐿∗ = 0.36. The normalized vorticity range shown
here is given by 𝜔∗ = 𝜔𝐷∕𝑉 ∈ [−3, 3], where 𝜔 is the vorticity out of the x–y plane. In each subgraph, the vertical line between two horizontal bars in gray represents the
peak-to-peak vibration amplitude of the cylinder.

vortex force. Besides, the phase-averaged vorticity contours for 𝐿∗ =
0.4 at two reduced velocities (𝑈 ∗ = 6.7, 11.8) are included as well. In
the VIV region, the oscillation is triggered when the vortex shedding
frequency is close to the oscillation frequency. Meanwhile, the typical
‘2S’ vortex shedding mode is also identified. In that way, the motion
in this region is driven by the unsteady vortex shedding. The synchronization between the oscillation frequency and the vortex shedding is
confirmed by the single dominant frequency in the frequency contours
of 𝑓𝑦 and 𝑓𝐶 .
𝑣
A sudden decline in 𝑓𝑦 and continuous increase in oscillation amplitudes are seen with the further increase of 𝑈 ∗ . Interestingly, harmonic
components of 𝑓𝐶∗ and 𝑓𝐶∗ appear and tend to increase with 𝑈 ∗ in
𝑦
𝑣
the galloping dominated region. For 𝐿∗ =0.4, it should be noted that
the third harmonic becomes the dominant frequency component in the
vortex force, while 𝑓𝑦 remains closely to 𝑓𝑛𝑤 . However, the higher
components in the oscillation are still weak. This implies that the vortex
shedding force is out of synchronization with 𝑓𝑦∗ . Apparently, the vortex
force is not the driving force. As has been established that, the free
shear layers reattachment sustains the dramatic galloping of the cylinder with a rear rigid splitter plate. It can be seen that, both the ’P+S’
vortex shedding pattern as well as the reattachment have been found in
the downstream (Fig. 9d). Thus, the oscillation here is still dominated
by galloping. In fact, the emergency of harmonic components as well
as the ‘kink’ in the oscillation amplitude or frequency are frequently
noticed when galloping is found [16,18,21,52–54]. It is recognized that
a light structure that can gallop could also suffer from VIV as the

attached with rear stiff splitter plates, the Strouhal number (𝑆𝑡 ) drops
from 𝑆𝑡 = 0.2 (plain cylinder) to 𝑆𝑡 = 0.15(𝐿∗ = 0.36). Hence, the
onset of VIV is postponed a little, together with the broadening of IB,
as summarized in Table 3. In addition, the slope of IB is also observed to
decrease with the increase of 𝐿∗ , which is associated with the increased
stabilization effect of the rigid plate.
4.1.2. Combined VIV-galloping (𝐿∗ = 0.4 − 1.0)
Combined VIV–galloping is found for 𝐿∗ = 0.4–1.0 as shown in
Fig. 8. The amplitude increases steadily with the rise of the reduced
velocity, resembling the traditional galloping oscillation for a cylinder
equipped with fixed rigid splitter plates [40]. However, a ‘kink’ is
always found in the oscillation frequency with the increase of the
reduced velocity. Firstly, the oscillation starts at a frequency near the 𝑆𝑡
frequency which was measured by fixing the cylinder equipped with the
rigid splitter plates for each case. Then the oscillation frequency attains
a plateau, which denotes the occurrence of the VIV synchronization.
Nevertheless, a ‘kink’, i.e. the sudden decline of oscillation frequency is
found with the further increase of the reduced velocity, which denotes
the onset of galloping. The dominant non-dimensional frequency during
this range stays far below unity, while a non-negligible frequency
corresponding to three times the dominant 𝑓𝑦 is found in the total
transverse force and vortex force, as shown in Fig. 9.
To shed light on the combined VIV–galloping type of response, the
representative case of 𝐿∗ = 0.4 is selected for discussion. Fig. 9 shows
the dimensionless frequency contours of the total transverse force and
6
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Therefore, the total transverse force, i.e. the driving force of oscillation,
𝐹𝑦 , which is perpendicular to the oncoming flow, can be expressed
as [55]:
𝐹𝑦 (𝑡) = 𝐹𝐿 cos(𝛼) + 𝐹𝐷 sin(𝛼)

(6)

For a small angle between the oncoming flow and 𝑈𝑟𝑒𝑎𝑙 , then substitute Eqs. (6)–(7) into Eq. (6), the non-dimensional transverse force
coefficient, 𝐶𝑦 (𝑡) can be expressed as:
(
)
(
)
𝐶𝑦 (𝑡) = 𝐶1 sin 2𝜋 ⋅ 𝑓𝑦 𝑡 + 𝐶2 cos 2𝜋 ⋅ 𝑓𝑦 𝑡
(
)
(
)
+ 𝐶3 sin 2𝜋 ⋅ 3𝑓𝑦 𝑡 + 𝐶4 cos 2𝜋 ⋅ 3𝑓𝑦 𝑡
(7)
Where 𝐶1 , 𝐶2 , 𝐶3 , 𝐶4 are the coefficients which are related to 𝐹𝐿 ,
𝐹𝐷 and the phase differences [56]. From the expression of 𝐶𝑦 , it can be
seen that the third harmonic force at three times oscillation frequency
can be included. Therefore, for the cylinder fitted with rigid splitter
plates, the third harmonic component, can be easily found, considering
the contribution of both the drag and lift force in the total transverse
force.
4.1.3. Separated WVIV-galloping (𝐿∗ = 1.2 − 1.8)
In Fig. 11, representative of a ‘separated WVIV–galloping’ pattern is
shown for 𝐿∗ = 1.2–1.8. A narrow region of weak VIV with amplitude
around 0.1D is found firstly and the onset of oscillation is ahead of the
typical VIV of the plain cylinder. Surprisingly, the oscillation amplitude
together with the oscillation frequency increase firstly, following the
slope of the vortex shedding frequency of a plain cylinder (𝑆𝑡 ≈ 0.2)
rather than that of a cylinder with splitter plate at the length of 𝐿∗ . It
is fascinating to see that both the total phase and the vortex force phase
show a phase jump (Fig. 12). However, the jump in phase is not evident
in the combined VIV–galloping pattern. As pointed out in the study of
Seyed-Aghazadeh et al. [18], that the phase jump occurs only if the
frequency ratio (𝑓𝑦 /𝑓𝑛𝑎 ) gets far above unity. The oscillation frequency
for the combined VIV–galloping region never gets close to the natural
frequency of the system.
With the increase of 𝑈 ∗ , the oscillation turns into a transition
region at the end of VIV. It is interesting to note that, the oscillation
frequency lies in two branches in this region i.e. the competition of
two components (Fig. 11). One component is the vortex shedding
frequency, which is the continuation of the frequency in VIV, while
the other one is significantly lower than 𝑓𝑛𝑤 . In fact, the latter one is
the dominating oscillation frequency in the galloping region. When 𝑈 ∗
further increases, the oscillation is dominated by galloping, which is
characterized by a linear growth in 𝐴∗𝑦 .

Fig. 8. The oscillation amplitudes and the logarithmic-scale normalized frequency
power spectral density contours versus 𝑈 ∗ for 𝐿∗ = 0.4, 0.6, 0.8 and 1.0. (a) oscillation
amplitudes, (b) 𝐿∗ = 0.4, (c) 𝐿∗ = 0.6, (d) 𝐿∗ = 0.8, (e) 𝐿∗ = 1.0.

vortex shedding can easily happen at lower reduced velocities. But,
the fundamental difference of VIV and galloping lies in that VIV is
highly dependent on synchronization between the oscillation frequency
and the vortex shedding, while galloping is driven by the interaction
between the incoming flow and moving body.
Of particular interest is that the third harmonic force component is
significantly stronger than other harmonic components for 𝐿∗ = 0.4,
0.6, 0.8. The outstanding of the third harmonic force component was
also discovered in the experiments of a curve cylinder for the convex
orientation [55]. They theorized that this is due to the fact that the
relative velocity of the cylinder forming an angle with respect to the
oncoming flow. According to the non-linear force model [56], the drag
and lift forces make an angle with respect to the transverse direction,
due to the transverse velocity of the cylinder (Fig. 10). The transverse
motion of the elastically mounted cylinder could be written as:
(
)
𝑦(𝑡) = 𝐴 sin 2𝜋𝑓𝑦 𝑡
(3)

4.1.4. WIV-weak galloping (𝐿∗ = 2.2 − 3.0) and WVIV-desynchronized
(𝐿∗ = 3.6 − 4.0)
The oscillation amplitude shrinks evidently for the response patterns
of WVIV–weak galloping and WVIV–desynchronized (Fig. 13). For the
WVIV–weak galloping pattern, as can be seen that the WVIV region
is prolonged apparently with the increase of 𝐿∗ , yet the maximum
oscillation amplitudes are all still around 0.1D. However, the oscillation
frequency increases approximately linearly with the increase of flow
velocity, which is indicated in red dashed lines. The oscillation is
dominated by galloping again when 𝑈 ∗ is further increased. In contrast
to the combined VIV–galloping and the separated WVIV–galloping pattern, no harmonic components can be found in the oscillation frequency
contours, which suggests the weak free shear layers reattachment. For
the WVIV–desynchronized pattern, the oscillation is almost eliminated
for 𝐿∗ > 3.6 at high reduced velocities, and the frequency power
spectral of oscillation is chaos and wide band.
What is surprising is that a narrow band of WVIV region is always
found at low reduced velocities for the response patterns of WVIV–weak
galloping and WVIV–desynchronized. The evolution of phase-averaged
vorticity in the WVIV regime for 𝐿∗ = 1.8,2.6,3.6 is given in Fig. 14.
Typical ‘2S’ vortex shedding patterns are observed in all cases. The

The lift force, 𝐹𝐿 , and drag force, 𝐹𝐷 , with frequency 𝑓𝑦 and 2𝑓𝑦 ,
respectively, is:
(
)
𝐹𝐿 (𝑡) = 𝐴𝐿 sin 2𝜋𝑓𝑦 𝑡 + 𝜑𝐿
(4)
(
)
𝐹𝐷 (𝑡) = 𝐹𝐷 + 𝐴𝐷 sin 4𝜋𝑓𝑦 𝑡 + 𝜑𝐷
Where A is the amplitude of oscillation, and 𝐴𝐿 , 𝐴𝐷 are the amplitudes
of lift force and drag force, respectively.
Hence the relative flow incoming angle, 𝛼, i.e. the angle between
the 𝑈𝑟𝑒𝑎𝑙 and the oncoming flow is:
( )
𝑦̇
𝛼(𝑡) = arctan
(5)
𝑉
7
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Fig. 9. The logarithmic-scale normalized frequency contours of the total transverse force (a) and vortex force (b) for 𝐿∗ = 0.4; Evolution of phase-averaged vorticity contours for
𝐿∗ = 0.4 at (c) 𝑈 ∗ = 6.7 (VIV), (d) 𝑈 ∗ = 11.8 (Galloping).

Fig. 10. The schematic of flow forces acting on the cylinder.

shear layers are elongated with 𝐿∗ extending and two vortexes shed
behind the plate tip during one oscillation period.
When the oscillation is dominated by galloping for 𝐿∗ = 0.4, the
vortex shedding shows ‘P+S’ pattern. In that scenario, the evident
interference of galloping and vortex shedding is observed. However,
the rigid plate is totally surrounded by the free shear layers and no
noticeable vortex shedding emerges in the nearfield, for 𝐿∗ = 1.8–3.6
as shown in Fig. 15. The free shear layers are stretched due to the
motion of the cylinder and the vortex is not well defined as they break
up quickly in the downstream.
To recap the influence of plate length 𝐿∗ on the oscillation patterns,
Fig. 16 displays an overview of peak amplitudes versus 𝐿∗ , as well as
the slope, 𝐾 ∗ , of oscillation amplitudes versus 𝑈 ∗ for 𝐿∗ = 0.4–3.2
respectively. It is clearly that five oscillation patterns can be dived as
discussed above, the schematic of each oscillation pattern is presented
in Fig. 16(b–f). Evidently, the maximum oscillation amplitudes tend to
decline linearly for 𝐿∗ = 0.4–3.2 in the galloping dominated region
for a given 𝑈 ∗ . Besides, the slope (𝐾 ∗ ) of the oscillation amplitude
curve for each 𝐿∗ also decreases apparently with the increase of 𝐿∗ .
In addition, for the combined VIV–galloping region (II) and separated WVIV–galloping region (III), harmonic components are found in
the total transverse force and vortex force which means the strong
fluid–structure interaction in the galloping dominated region.

Fig. 11. The oscillation amplitudes and the logarithmic-scale normalized frequency
power spectral density contours versus 𝑈 ∗ for 𝐿∗ = 1.2, 1.4, 1.8. (a) oscillation
amplitudes, (b) 𝐿∗ = 1.2, (c) 𝐿∗ = 1.4, (d) 𝐿∗ = 1.8.

4.2. Transverse force coefficient
In this section, the summary of the transverse force coefficient as a
function of 𝑈 ∗ for different response patterns is presented (Fig. 17). The

characteristics of each pattern are clarified. It seems that the oscillation
amplitude of galloping is limited by the relative angle between 𝑈𝑟𝑒𝑎𝑙
8
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Fig. 12. The total phase lag (𝜙𝑡 ) and vortex phase lag (𝜙𝑣 ) in degrees as a function of 𝑈 ∗ for the combined VIV–galloping pattern: (a1) 𝐿∗ = 0.4, (a2) 𝐿∗ = 0.6, (a3) 𝐿∗ = 1.0;
and the separated WVIV–galloping pattern: (b1) 𝐿∗ = 1.2, (b2) 𝐿∗ = 1.4, (b3) 𝐿∗ = 1.8.

to the plain cylinder. The ranges of ‘lock-in’ are also extended with the
prolong of 𝐿∗ .
For the combined VIV–galloping pattern at 𝐿∗ = 0.4–1.0, 𝐶𝑦𝑟𝑚𝑠
increases linearly before reaching the peak value. The reduced velocity,
𝑈𝑙∗ , corresponding to the peak value of 𝐶𝑦𝑟𝑚𝑠 , is postponed apparently
compared to the plain cylinder as shown in Fig. 17b. After that, the
transverse force coefficient tends to decrease gradually. It is found that
the emergency of peak value corresponds to the apparent angle of
attack from which the body experiences the reattachment of the shear
layers. As shown in Fig. 18, the reduced velocity, 𝑈𝑙∗ , corresponding to
the peak value of 𝐶𝑦𝑟𝑚𝑠 , is always near the onset velocity of galloping,
𝑈𝐺∗ . In fact, a similar phenomenon for the transverse force is also
seen in the galloping investigation of a cylinder with a square section.
Parkinson [20] reported that the peak value of the transverse force of
a fixed rectangular section cylinder with SR(side ratio) = 2, acquired
by altering the incoming flow angle, 𝛼,is found at 𝛼 ≈ 13◦ . Bokaian and
Geoola [45] gave a value of 𝛼 ≈ 24◦ with SR = 0.5.
In fact, the relative angle, 𝛼, varies with the reduced velocity. Based
on Fig. 10 and Eq. (5), the maximum relative angle between 𝑈𝑟𝑒𝑎𝑙 and
the oncoming flow, V, can be yielded as:
( ∗
)
𝐴y 2𝜋𝑓𝑦
𝛼𝑚𝑎𝑥 = arctan
(8)
𝑈 ∗ 𝑓𝑛𝑤
It is found that 𝛼𝑚𝑎𝑥 increases rapidly with 𝑈𝑃∗ (Fig. 19) at low reduced
velocities, where 𝑈𝑃∗ is the reduced velocity normalized by the 𝑓𝑛𝑤 of
the plain cylinder. Then, 𝛼𝑚𝑎𝑥 tends to reach a plateau, especially for
𝐿∗ = 0.4, 0.6, 0.5 (Stappenbelt [40]). Within this range, the oscillation
amplitude increases almost linearly with the reduced velocity while the
oscillation frequency varies little in the galloping dominated range. In
Eq. (8), 𝑓𝑛𝑤 is a constant value for a fixed plate length. In that case,
the value of 𝐴∗𝑦 ∕𝑈 ∗ is also almost a constant due to the fact that 𝛼𝑚𝑎𝑥
varies little. Therefore, the following relationship can be concluded for
𝐿∗ = 0.4–1.8:

Fig. 13. The oscillation amplitudes and the logarithmic-scale normalized frequency
power spectral density contours versus 𝑈 ∗ for the WIV–weak galloping pattern (a–b)
and the WIV–desynchronized pattern (c–d). (a) oscillation amplitudes for 𝐿∗ = 2.2, 2.6,
3.0,3.2. (b) oscillation frequency contours for 𝐿∗ = 2.2; (c)oscillation amplitudes for
𝐿∗ = 3.6,4.0. (d) oscillation frequency contours for 𝐿∗ = 3.6.

𝐴∗y ∝ 𝑈 ∗

(9)

However, the linear increase of 𝐴∗𝑦 in galloping is not limitless,
an abrupt halt is discovered for 𝐿∗ = 0.4 when 𝛼𝑚𝑎𝑥 hits a plateau
about 35◦ . According to the data replot from Stappenbelt [40], similar
findings were discovered for 𝐿∗ = 0.44, 0.50, while the maximum
angles are at values of 𝛼𝑚𝑎𝑥 ≈ 30◦ and 𝛼𝑚𝑎𝑥 ≈ 27◦ , respectively. It seems
that the galloping oscillation is restricted by 𝛼𝑚𝑎𝑥 . Zhao et al. [54]
reported that, in the galloping study of a square cylinder, the collapse
of galloping would be reported unexpected given a relative incidence

and the oncoming flow, V. Given a relative angle threshold, the collapse
of galloping would be expected to occur at a higher reduced velocity.
For VIV (𝐿∗ = 0.12–0.36), 𝐶𝑦𝑟𝑚𝑠 increases steadily with the increase
of 𝑈 ∗ , the maximum values of 𝐶𝑦𝑟𝑚𝑠 are attained before the onset of
UB, which is similar to the VIV of the plain cylinder. However, the
transverse force is enhanced substantially for 𝐿∗ = 0.2,0.36 compared
9
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Fig. 14. Evolution of phase-averaged vorticity contours in VIV region showing 2S patterns at (a) 𝐿∗ =1.8, 𝑈 ∗ = 6.45, (b) 𝐿∗ = 2.6, 𝑈 ∗ = 7.57, (c) 𝐿∗ = 3.6, 𝑈 ∗ = 8.89. The
presented PIV results are all acquired at the same velocity (V = 0.06 m/s) with 𝑅𝑒 = 1500 (based on the cylinder diameter, D).

Fig. 15. Evolution of phase-averaged vorticity contours at (a) 𝐿∗ = 1.8, 𝑈 ∗ = 15.05, (b) 𝐿∗ = 2.6, 𝑈 ∗ = 17.67, (c) 𝐿∗ = 3.6, 𝑈 ∗ = 20.74. The presented PIV results are all
acquired at the same velocity (V = 0.14 m/s) with 𝑅𝑒 = 3500 (based on the cylinder diameter, D).

angle threshold. They suggested that the galloping range may be confined by the relative angle, 𝛼𝑚𝑎𝑥 , which is dependent on the section
form, afterbody and other flow characteristics. For current study, it can
be noticed that the maximum angle that the system can reach is falls
with the prolonging of 𝐿∗ (Fig. 19).
A possible explanation of the collapse of galloping is given here. In
Eq. (7), the total transverse force consists of the lift force, 𝐹𝐿 , and the
drag force, 𝐹𝐷 , in which the transverse component of 𝐹𝐿 is in phase
with the velocity of the body. However, the transverse component of
𝐹𝐷 is always opposing the motion of the body. With the increase of
the relative angle, the transverse force component of 𝐹𝐷 increases in
the total transverse force, while the contribution of 𝐹𝐿 decreases in the
same time. Hence, the total transverse coefficient decreases. For 𝐿∗ =
0.4, 𝐶𝑦𝑟𝑚𝑠 reduces to a small value which is roughly 0.5 at 𝛼𝑚𝑎𝑥 ≈ 35◦ .
In that condition, the oscillation cannot be sustained.
For the separated WVIV–galloping region, there are two peaks in
𝐶𝑦𝑟𝑚𝑠 (Fig. 17c). The first one lies in the WVIV region where the
oscillation is synchronized with the vortex shedding frequency, whereas

the second one is encountered at the onset of galloping as discussed
above. The minimum value of 𝐶𝑦𝑟𝑚𝑠 corresponds to the ending of WVIV,
i.e. the commencement of the transition region. After that, 𝐶𝑦𝑟𝑚𝑠 varies
little with 𝑈 ∗ , whereas its peak value decreases evidently with the
increase of 𝐿∗ .
4.3. DMD analysis: The transition of wake patterns
In this section, dynamic mode decomposition (DMD) [57] analysis
of the instantaneous vorticity field is performed which is used to further
clarify the interference between galloping and vortex shedding as well
as the wake transitions of different response patterns.
The DMD results of vorticity fields in the VIV region for the plain
cylinder and the cases of 𝐿∗ = 0.4, 2.6, 3.6 are presented firstly
(Fig. 20). Two prominent peaks can be identified in the power spectral
of each case, indicating two primary DMD modes. The first mode of
DMD corresponds to the time-mean mode with respect to the zero frequency in the power spectral. The contours of the mean mode exhibits
10
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Fig. 16. Variation of peak amplitude (◦) for all 𝐿∗ . The red square (□) indicates the slope (𝐾 ∗ ) of oscillation amplitudes versus 𝑈 ∗ for 𝐿∗ = 0.4–3.2 respectively. 𝐾 ∗ is calculated
from the linear fitting of 𝐴∗𝑦 through all the 𝑈 ∗ for each case. The solid line in black represents the linear fitting of peak amplitude (𝐴∗𝑦 ) through all the 𝐿∗ cases. The vertical
dashed line in gray represents the boundary of the oscillation patterns. The horizontal dashed line in green represents the oscillation amplitude of the plain cylinder of current
study. On (b–f), the schematics of each oscillation region are presented respectively. (a) peak amplitudes versus 𝐿∗ , (b) VIV, (c) combined VIV–galloping,(d) WVIV–galloping,(e)
WVIV–weak galloping, (f) WVIV–desynchronized.

symmetric vorticity bubbles. While mode 2 of the plain cylinder is at
the oscillation frequency of 𝑓𝑦 ≈ 0.49 Hz, which is approximately equal
to the vortex shedding frequency, 𝑓𝑣 = 0.49 Hz (𝑆𝑡 = 0.2). The vorticity
contour of mode 2 shows von-Karman street mode. As has been found
that VIV is detected in all cases at low velocities. The DMD results of
other cases present similar characteristics, with two distinct amplitude
peaks in the energy spectral and the second peak is marked by 𝑓𝑦 ,
corresponding to the 𝑆𝑡 frequency at each case (Fig. 20).
To clarify the interference of galloping and vortex shedding, Fig. 21
shows the power spectral of DMD modes for typical galloping cases of
𝐿∗ = 0.4, 1.8. It is known that the reattachment of separated shear layers
drives the oscillation of the body.[19] Visualization of flow fields, as
illustrated in Fig. 9 (𝐿∗ = 0.4) and Fig. 15 (𝐿∗ = 1.8), demonstrates that
a recirculation bubble is formed behind the plate when the body passes
through the equilibrium position, thus driving the body away from the
middle line. However, typical vortex shedding can still be found in
the galloping region for 𝐿∗ = 0.4. In Fig. 21, two notable peaks can
be identified aside from the mean mode (mode 1). And the frequency
of DMD modes corresponds to, 𝑓𝑦 (the oscillation frequency), 3𝑓𝑦 ,
respectively. However, there is only one mode remnant, corresponding
to the oscillation frequency, 𝑓𝑦 , when it comes to 𝐿∗ = 1.8.
As can be seen in the vorticity contours of mode 2 (Fig. 22) which is
the dominate mode, a vorticity bubble is observed at the tip of the plate
while another faint bubble is also present in the downstream for 𝐿∗ =
0.4. With the increase of reduced velocities, the latter bubble shrinks
quickly and moves further downstream (indicated by the red dotted
line). However, the near-field vorticity bubble stays stable. When it
comes to 𝐿∗ = 1.8, the bubble is stretched and enlarged, and the plate
is wrapped in the bubble. Based on the discussion above, it can be
seen that the second DMD mode (mode 2) is always dominated by the

vorticity bubble near the plate tip for the galloping dominated flow
vorticity. The faint bubble in the downstream has little effect to the
mode frequency and decays quickly with the increase of plate length
and flow velocity.
4.4. Added mass: The effect of harmonic components
In this section, the added mass of the body with fixed rigid splitter
plates are discussed. Firstly, the averaged added mass coefficients (𝐶𝑎 ),
i.e. the potential added mass coefficient are determined according to
Eq. (10) by performing the free-decay tests in air and quiescent water.
For the investigation of FIV, the effective added mass coefficient (𝐶𝑒𝑎 )
will be different from the averaged added mass in still water, due to the
variation of oscillating period from one to the other [58]. Therefore,
the effective added mass coefficients are also presented. Particularly,
the effect of harmonic force components on the effective added mass
are clarified.
4.4.1. Averaged added mass and effective added mass
√
1
𝑘
2𝜋 𝑚 + 𝑚𝑎
[(
]
)
𝑓𝑛𝑎 2
𝐶𝑎 = 𝑚 ∗
−1
𝑓𝑛𝑤
𝑓𝑛𝑤 =

(10)

Fig. 23 presents the dependency of the averaged added mass
efficients on 𝐿∗ . It can be noticed that, the natural frequency of
system in air (𝑓𝑛𝑎 ) shows mild variation. The rationale lies in that
effect of the added mass is negligible for the system in air, due to
11
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Fig. 17. Root mean square coefficients of the transverse force (𝐶𝑦𝑟𝑚𝑠 ) as a function of 𝑈 ∗ for all the 𝐿∗ cases. (a) 𝐿∗ = 0–0.36, (b) 𝐿∗ = 0.4–1.0, (c) 𝐿∗ = 1.2–1.8,(d) 𝐿∗ = 2.2–4.0.

Fig. 19. The maximum relative angle (𝛼𝑚𝑎𝑥 ) between the 𝑈𝑟𝑒𝑎𝑙 and the oncoming flow
versus 𝑈𝑃∗ . The data of 𝐿∗ = 0.44, 0.50 is replotted from Stappenbelt [40]. 𝑈𝑃∗ is
the reduced velocity normalized by the 𝑓𝑛𝑤 of the plain cylinder for the convenient
comparison with the data from Stappenbelt. The red arrows in the plot indicate the
sudden halt of the oscillation.

Fig. 18. The summary of the values of onset-𝑈 ∗ of galloping (𝑈𝐺∗ ) for 𝐿∗ = 0.4–1.8,
together with the reduced velocity (𝑈𝑙∗ ) corresponding to the peak value of 𝐶𝑦𝑟𝑚𝑠 , and
the reduced velocity (𝑈𝑚∗ ) corresponding to the minimum value of 𝐶𝑦𝑟𝑚𝑠 . 𝑈𝑇∗ indicates
the reduced velocity corresponding to onset of transition region for 𝐿∗ = 1.2–1.8.

fitted with splitter plates in practical engineering, especially for some
empirical models.

low density of air. Consequently, for the system in quiescent water, the
frequencies (𝑓𝑛𝑤 ) fall gradually versus 𝐿∗ and the deviation from 𝑓𝑛𝑎 is
likewise growing as the raised engaged water mass with the prolonging
of 𝐿∗ .

Assuming the oscillation of the body is in a sine function of Eq. (3),
𝐶𝑒𝑎 is derived as Eq. (11) [59,60]:

As expected, 𝐶𝑎 is substantially higher for the cylinder with a fixed
plate than the plain cylinder (𝐿∗ = 0). At 𝐿∗ = 4.0, 𝐶𝑎 ≈ 14.85 which
is in tens of times that of the plain cylinder (𝐶𝑎 ≈ 1.0). And a quadratic
polynomial fitting of the data for 𝐿∗ = 0–4 is given in Fig. 23. This can
be of particular important for the prediction of the frequency of a riser

𝐶𝑒𝑎 = −

2𝑉 2
⋅
𝜋𝐷2

∫𝑇 𝐶𝑦 (𝑡)𝑦(𝑡)𝑑𝑡
̈
𝑓

∫𝑇 𝑦̈2 (𝑡)𝑑𝑡

(11)

𝑓

Where 𝐶𝑦 is the instantaneous transverse force and 𝑇𝑓 is the period of
one oscillation cycle.
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Fig. 20. DMD results in VIV region for (a) 𝐿∗ = 0, 𝑈 ∗ = 4.8; (b) 𝐿∗ = 0.4, 𝑈 ∗ = 6.7;(c) 𝐿∗ = 2.6, 𝑈 ∗ = 10.1; (d) 𝐿∗ = 3.6, 𝑈 ∗ = 11.8; The first row indicates the power spectral
of DMD modes for each case. The second and third rows present the contours of the vorticity of the first and second DMD modes, respectively.

Fig. 21. The power spectral of DMD modes in galloping dominated regions for (a) 𝐿∗ = 0.4, 𝑈 ∗ = 10.1; (b) 𝐿∗ = 0.4, 𝑈 ∗ = 11.9; (c) 𝐿∗ = 1.8, 𝑈 ∗ = 15.3.

The effective added mass can vary significantly from a negative
value to a positive one due to the complex interaction between the
fluid and the structure when oscillation occurred [61]. For 𝐿∗ = 0–
0.36 (VIV), 𝐿∗ = 0.4–1.0 (combined VIV–galloping) and 𝐿∗ = 1.2–1.8
(separated WVIV–galloping), the corresponding effective added mass
coefficients for those cases are shown in Fig. 24. For the cases of
VIV, the effective added mass coefficients show similar trends. Then
the negative value is found when the oscillation enters the LB, which
signifies the oscillation frequency, 𝑓𝑦 , passes through 𝑓𝑛𝑎 . While for
cases where galloping regions are included, the effective added mass
coefficients with splitter plates are substantially larger than that in the
VIV region. Moreover, a rapid increase in 𝐶𝑒𝑎 is found at the onset of
galloping. As can be seen in Fig. 24b, for 𝐿∗ = 0.8,1.0, 𝐶𝑒𝑎 increases
suddenly to a much higher value. This is corresponding to the abrupt
drop in the oscillation frequency when the body enters the galloping
region. As for the narrow region of VIV for 𝐿∗ = 1.2–1.8, the effective
added mass coefficients decrease linearly and even negative values can
be found. But it increases sharply in the transition region.

of vortex shedding and galloping is significant. As the knowledge
of the effect of added mass in a multi-frequency is rarely seen, the
contribution of harmonic components is explored in this section.
To further evaluate the effect of the harmonic components at different center frequency (𝑓𝑦 ,2𝑓𝑦 ,3𝑓𝑦 . . . ), the experimental signals of
displacement (y/D) and the total transverse force coefficient (𝐶𝑦 ) are
filtered with narrow-band filters. Then the contribution of each component to 𝐶𝑒𝑎 can be evaluated.
Values for each force component are provided in Fig. 25. Clearly,
the harmonic component with the frequency around 3𝑓𝑦 is the most
remarkable one, which is frequently detected in the investigation of
galloping [55]. As has been established that the third harmonic component tends to rise with the increase of 𝑈 ∗ . The maximum value of 𝐶𝑦3
is around 0.45 for 𝐿∗ = 0.4, whereas it is less than 0.2 for 𝐿∗ = 1.0.
To evaluate the influence of the third harmonic components, the
effective added mass coefficients, calculated from 𝐶𝑦 , 𝐶𝑦1 , 𝐶𝑦3 respec1
tively, are presented in Fig. 26. As can be clearly seen, values of 𝐶𝑒𝑎
and 𝐶𝑒𝑎 are almost at the same positive values for small 𝑈 ∗ . However,
1 is always at
an obvious discrepancy is found at high 𝑈 ∗ , where 𝐶𝑒𝑎
3 is
a higher level than 𝐶𝑒𝑎 . Further, it is interesting to find that 𝐶𝑒𝑎
always negative during the galloping region. Besides, the phase lag
between 𝐶𝑦1 and 𝑦1 ∕𝐷 is kept at around zero (Fig. 26) which implies the
driving force is constantly in phase with the oscillation, leading to the

4.4.2. Further discussion of harmonic force components
Based on the preceding argument, apparent harmonic components
can be identified in the energy spectra of the transverse force where the
oscillation is dominated by galloping for 𝐿∗ = 0.4–1.8. The interaction
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Fig. 22. Vorticity contours of DMD modes in galloping dominated regions: mode 1 (column 1); mode 2 (column 2) and mode 3 (column 3) for (a) 𝐿∗ = 0.4, 𝑈 ∗ = 10.1; (b) 𝐿∗
= 0.4, 𝑈 ∗ = 11.9; (c) 𝐿∗ = 0.4, 𝑈 ∗ = 13.9; (d) 𝐿∗ = 1.8, 𝑈 ∗ = 15.3.

As can be observed in Fig. 28, the energy contribution of 𝐶𝑦3 can
be negligible compared to 𝐶𝑦1 . However, the harmonic components can
alter the effective added mass apparently.
Based on above discussion, we can find that the averaged added
mass (𝐶𝑎 ) of a cylinder fitted with rigid splitter plates increases significantly compared to the plain cylinder. The low value of oscillation
frequency among the galloping dominated region arises from the high
value of the effective added mass. And a dramatic increase of the
effective added mass is noticed in the VIV–galloping transition. Further,
a non-negligible third harmonic component force is detected in the
combined VIV–galloping region. Although it has little contribution to
the total oscillation amplitude, considerable negative effective added
mass is detected due to this component.
5. Conclusions
A comprehensive experimental investigation for FIV of an elastically
mounted cylinder with rear fixed splitter plates was carried out in
a water tunnel at 𝑅𝑒 = 1100–7700. A wide range of 𝐿∗ = 0–4 was
selected to investigate the dependency of oscillation patterns on the
plate length. To gain better understanding towards the evolution of
wakes, the wake transition from VIV to galloping was illustrated in
detail. Several conclusions can be drawn as follow:
Five oscillation patterns can be grouped with the increase of 𝐿∗ :
(I) VIV for 𝐿∗ = 0.12–0.36; (II) combined weak VIV–galloping for
𝐿∗ = 0.4–1.0. (III) separated weak VIV–galloping for 𝐿∗ = 1.2–1.8.
(IV) WVIV and weak galloping for 𝐿∗ = 2.2–3.2, and (V) WVIV and
desynchronized region for 𝐿∗ = 3.6–4.0. Besides, galloping is restricted
by the angle between the relative velocity of the body with respect to
the oncoming flow. Given a relative angle threshold, the collapse of
galloping would be expected to occur at a higher reduced velocity. The
maximum oscillation amplitude of galloping decreases almost linearly
versus the plate length at 𝐿∗ = 0.4–3.2.

Fig. 23. The averaged added mass coefficients (𝐶𝑎 ) versus 𝐿∗ . The dashed line in blue
represents the linear fitting of 𝐶𝑎 through all the 𝐿∗ cases.

significant positive effective added mass. However, the phase lag is at
roughly 180◦ for the third harmonic components, which would lead to
the negative 𝐶𝑒𝑎 . Sample traces at Fig. 27 demonstrate that 𝐶𝑦3 is always
opposing the oscillation at 3𝑓𝑦 . Therefore, the oscillation amplitudes at
3𝑓𝑦 are small.
In the galloping dominated region, oscillation is not synchronized to
the vortex shedding, thus the energy contribution from harmonic component forces is negligible. To further verify this, the energy transfer
from the fluid to the body can be calculated based on Eq. (12):
𝑇𝑓

𝐸𝑦 =

∫0

𝑦(𝑡)𝐶
̇
𝑦 (𝑡)𝑑𝑡

(12)
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Fig. 24. The effective added mass coefficients (𝐶𝑒𝑎 ) versus 𝐿∗ . (a) 𝐿∗ = 0–0.36 (VIV); (b) 𝐿∗ = 0.4–1.0 (combined VIV–galloping); (c) 𝐿∗ = 1.2–1.8 (separated VIV–galloping).

Fig. 25. The root mean square values of each harmonic force component for 𝐿∗ = 0.4–1.8. 𝐶𝑦 is the original total transverse force; 𝐶𝑦1 is the force component at the dominated
oscillation frequency, f ; 𝐶𝑦2 - 𝐶𝑦4 represents the data at the frequency of 2f -4f respectively. (a) 𝐿∗ = 0.4, (b) 𝐿∗ = 0.6, (c) 𝐿∗ = 0.8, (d) 𝐿∗ = 1.0, (e) 𝐿∗ = 1.4, (f) 𝐿∗ = 1.8.

The transition from VIV to galloping is highly dependent on reduced velocities and the plate length. At low reduced velocities, VIV
is dominant for all cases. The oscillation is highly synchronized with
the vortex shedding. The competition between vortex shedding and the
reattachment of free shear layers plays a key role in the transition from
VIV to galloping. Beyond the critical length (0.4𝐷), the oscillation is

driven by the attachment of free shear layers at high reduced velocities,
despite of the interference of vortex shedding. With further increase of
the plate length, the near field is utterly controlled by the free shear
layers reattachment.
A rapid increase of 𝐶𝑒𝑎 happens, corresponding to the transition
from VIV to galloping. This leads to the low frequency response of
15
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1 , 𝐶 3 are calculated from 𝐶 , 𝐶 1 , 𝐶 3 respectively. The orange region
Fig. 26. The effective added mass coefficients and phase lag calculated from the harmonic component. 𝐶𝑒𝑎 , 𝐶𝑒𝑎
𝑦
𝑒𝑎
𝑦
𝑦
denotes where the oscillation is dominated by galloping. The dashed line in blue represents the averaged added mass, 𝐶𝑎 . (a) 𝐿∗ = 0.4, (b) 𝐿∗ = 0.6, (c) 𝐿∗ = 0.8.

Fig. 27. Sample time traces of harmonic components at different center frequencies. (a) 𝐿∗ = 0.4, 𝑈 ∗ = 22.8; (b) 𝐿∗ = 0.6, 𝑈 ∗ = 26.5;(c) 𝐿∗ = 0.8, 𝑈 ∗ = 27.8.

galloping. In the galloping dominated region, the effective added mass
(𝐶𝑒𝑎 ) for the cylinder with splitter plates are substantially larger than
that in the VIV region.
Harmonic transverse force components, notably for the component
with frequency 3𝑓𝑦 , are discovered in the galloping dominated velocity
range for the combined VIV–galloping response pattern. The notably

third harmonic force component is the combination of the lift force
and drag force. Although it has little energy transfer to the oscillation,
an apparent negative value of the effective added mass due to this
component is detected. It is revealed that the prominent force component is always in phase with the oscillation, while the third harmonic
component is out phase with the oscillation.
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Fig. 28. Energy transfer of harmonic components. 𝐸𝑦 , 𝐸𝑦1 , 𝐸𝑦3 are calculated from 𝐶𝑦 , 𝐶𝑦1 , 𝐶𝑦3 respectively. (a) 𝐿∗ = 0.4, (b) 𝐿∗ = 0.6, (c) 𝐿∗ = 0.8.

Future research could be done to investigate the effect of mass ratio,
the degree of freedoms and damping ratio on the FIV response of the
cylinder with splitter plates, via new experimental designs or numerical
simulations.
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