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Abstract

Splitter plates are widely used for drag reduction and vibration control or enhancement of circular cylinders. The
effects of a splitter plate on the vertical flow-induced vibrations of a circular cylinder have been well studied.
However, its effects on the vertical-torsional coupled vibrations require further investigation. In this paper, the three-
degree-of-freedom (TDoF) flow-induced vibrations of a circular cylinder with an attached splitter plate are
numerically investigated at a Reynolds number of 100. The ratio between the torsional and vertical natural
frequencies is varied within fg o/ fn0 = 6, 4, 3, 2, and 1. Numerical results show that the flow-induced vibrations of
a TDoF cylinder-plate assembly, depending on the frequency ratio, may differ significantly from those of a single-
degree-of-freedom (SDoF) vertical or torsional assembly. For cylinder-plate assemblies with fp o/ fn0 = 6 ~ 2, the
vibrations can be divided into a vertical vibration-dominated branch (V branch), a torsional vibration-dominated
branch (T branch), and a coupled vibration-dominated branch (C branch). The V branch vibration of a TDoF
assembly is similar to that of an SDoF vertical assembly at the same reduced flow velocity, while the difference
increases with decreasing the frequency ratio. The T branch vibration of a TDoF assembly is almost identical to the
vibration of an SDoF torsional assembly at the same reduced flow velocity. The ratio between the torsional and
vertical vibration amplitudes increases with decreasing the frequency ratio in the C branch. For the assembly with
fo,0/ fno = 1, vertical-torsional coupled VIVs are observed with the largest torsional amplitude as high as 46.3°. The
vibrations of TDoF assemblies with all considered frequency ratios may be more severe than those of SDoF vertical
and torsional assemblies within specific ranges of reduced flow velocities. The mean drag coefficients for the
fo,0/ fno = 6 ~ 2 assemblies are lower than a stationary circular cylinder but often higher than a stationary cylinder-
plate assembly. The mean drag coefficients for the fg o/ fh,0 = 1 assembly in the lock-in range are considerably larger
than that of a stationary circular cylinder. For TDoF assemblies with fj o/ f4 0 = 6 ~ 2, the V branch and C branch
vibrations are mainly driven by the interaction between the assembly and the shear layers, while the T branch
vibrations are excited by the typical 2S mode of vortex shedding. The 2S vortex shedding mode is also observed in
the lock-in range of the fy o/ fp,0 = 1 assembly.

Keywords: Circular cylinder; Splitter plate; Flow-induced vibration; Natural frequency ratio.
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L Introduction

Flow-induced vibrations of circular cylinders have been extensively studied as one of the most classical problems
in fluid mechanics. These vibrations are undesirable in many engineering fields since they may raise significant
concerns about the fatigue life and/or safety of a structure, e.g., marine risers," 2 bridge cables,** pipelines,> ¢ and
heat exchanger tubes.” ® More recently, these vibrations have been recognised as a competitive choice for wind and
hydro energy harvesting.*!" Various active and passive control measures have been designed to mitigate or enlarge
the flow-induced vibrations of circular cylinders.'>"
A thin rigid plate positioned in the wake of a circular cylinder has been widely investigated as a passive control

device. The device was firstly studied by Roshko?

, who showed that a splitter plate can weaken or even inhibit,
depending on its length and position, the vortex shedding from a stationary circular cylinder. Bearman?! showed that
a splitter plate substantially increases the base pressure and reduces the drag force of a stationary cylinder. Gerrard
22 experimentally measured the vortex formation length and Strouhal number for a stationary circular cylinder with
an attached splitter plate with a length of L = 0 ~ 2.0D, where D is the diameter of the circular cylinder. Following
these pioneering studies, experimental measurements and numerical simulations in an extensive range of Reynolds
numbers confirmed that a splitter plate (attached to or detached from the circular cylinder) can enlarge the base
pressure, decrease the drag, narrow the wake width, and influence the Strouhal number.?*?’ For an attached splitter
plate, there is a critical plate length beyond which vortex shedding can be completely suppressed and an optimal
length at which a minimum drag can be achieved.?: > The effect of a splitter plate also depends on the gap between
the circular cylinder and the splitter plate, with the detached splitter plate becomes ineffective once the gap exceeds
a critical value.: 2

A splitter plate is also known to influence the flow-induced vibrations of a circular cylinder. Considerable efforts
have been advanced to study the effects of a splitter plate on the vertical vibration of a circular cylinder. Kawai®
experimentally showed that, instead of vortex-induced vibrations (VIVs) for a circular cylinder, galloping-type

vibrations occur for a cylinder-plate assembly with a plate length of L = D ~ 4D. Nakamura et al.?

investigated the
vertical flow-induced vibrations of a circular cylinder with a detached splitter plate (L = 31.3D, G = 0.1D, where G
is the gap between the cylinder and the plate) through wind tunnel experiments. They showed that the cylinder-plate
assembly can gallop while the quasi-steady aerodynamic theory cannot predict the critical wind velocity for galloping
instability. Stappenbelt*’ studied the vertical flow-induced vibrations of a low-aspect-ratio circular cylinder with an
attached splitter plate through still-water towing experiments. Depending on the splitter plate length, three global
response behaviors were observed: VIVs at L <0.5D, interfered VIV and galloping vibrations at L = D ~ 2.4D, and
no significant vibrations at L = 2.8D ~ 4.0D. The transition from VIV to galloping with increasing the plate length
was confirmed numerically by Sun et al.>! for a circular cylinder with an attached splitter plate in laminar flow. Liang
et al.*? studied the vertical flow-induced vibrations of a circular cylinder with a detached splitter plate (L = 0.4D
~5.0D, G = 0.2D) through wind tunnel experiments. Different global response behaviours, i.e., VIV, interfered VIV
and galloping, and separated VIV and galloping, were also observed with increasing the plate length. More
investigations on the vertical flow-induced vibrations of a circular cylinder with an attached or detached splitter plate

can be found in several other papers.**-3¢
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In addition to vertical galloping, a circular cylinder with a splitter plate may vibrate torsionally due to the flow-
induced torsional moment. Cimbala and co-authors®” *® reported wind tunnel experiments on a cylinder-plate
assembly that is free to rotate around the centre of the circular cylinder, that is, the structural stiffness in the torsional
degree of freedom is zero. They found that a cylinder-plate assembly with an L = 4D splitter plate rotates around its
original equilibrium position. However, for an assembly with L < 3D, a symmetry-breaking bifurcation occurred,
that is, the equilibrium position migrated to a non-zero angle at either side of its central line. For the same freely
rotatable cylinder-plate assembly, Xu et al.** studied the migration of equilibrium position numerically and confirmed
that the phenomenon can be predicted based on its steady-state flow-induced moment coefficients. More recently,
Lu et al.* studied the flow-induced vibrations of a cylinder-plate assembly elastically mounted in the torsional degree
of freedom. Torsional VIVs were observed at lower reduced flow velocities, while a symmetry-breaking bifurcation
occurred as the reduced flow velocity increases, after which the cylinder-plate assembly vibrated around a non-zero
equilibrium angle. Based on further numerical simulations, Zhang et al.*! showed that for an elastically mounted
torsional cylinder-plate assembly, the peak VIV amplitude increases, and the critical flow velocity for symmetry-
breaking bifurcation reduces with decreasing the moment of inertia.

To the authors’ knowledge, all previous studies on flow-induced vibrations of a circular cylinder with a splitter
plate considered a single-degree-of-freedom (SDoF) vibration in the vertical or torsional direction, or considered a
two-degree-of-freedom vibration in vertical and in-flow directions. For a cylinder-plate assembly elastically mounted
in the vertical and in-flow directions, the response is often dominated by the vertical vibration while the in-flow
vibration is insignificant.*’ However, for a cylinder-plate assembly elastically mounted in the vertical, in-flow, and
torsional directions, the vibration response remains unknown and hence requires further investigation.

Thus, this paper studies numerically the flow-induced vibrations of a cylinder-plate assembly elastically mounted
in the vertical, in-flow, and torsional directions. The splitter plate length L equals the cylinder diameter D. The critical
Reynolds number of this configuration for the onset of vortex shedding is round Re = pUD/u = 48,% where p is the
fluid mass density, U is the flow velocity, u is the fluid dynamic viscosity. The vertical and in-flow natural frequencies
are the same, while various ratios between the torsional and vertical frequencies are considered. It is shown that the
flow-induced vibrations of a three-degree-of-freedom (TDoF) cylinder-plate assembly, depending on the frequency
ratio, may differ from those of the SDoF vertical and torsional assemblies. If the torsional frequency is higher than
two times the vertical frequency, the vibrations can be divided into three branches in which the responses of different
degrees of freedom are dominant. Vertical-torsional coupled VIVs are observed if the torsional frequency equals the
vertical frequency. The flow-induced forces and the wake patterns during the vibrations are also discussed.

The remainder of this paper is organised as follows. Section II describes the configuration of the considered
cylinder-plate assembly, the computational domain, and the mesh arrangement. Section III introduces the governing
equations of the fluid-structure interaction system and provides a validation of the developed numerical model.
Section IV presents and discusses the simulation results. Section V summarises the main conclusions.

I1. Structure configuration, computational domain, and mesh arrangement

The considered structure is a circular cylinder (diameter = D) with a rigid splitter plate (length L = D, thickness =

0.02D) connected to its rear stagnation point, as presented in Fig. 1. This specific configuration is selected because

its SDoF vertical or torsional vibrations have been well investigated in previous papers.*" *! The cylinder-plate
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assembly is subjected to a uniform flow with a constant velocity U. The assembly is elastically mounted in the vertical,
in-line, and torsional degrees of freedom. The stiffness centre is located at the centre of the circular cylinder for all
degrees of freedom.

Fig. 1 shows the computational domain and boundary conditions, which are the same as the authors’ previous
paper.*! The two-dimensional computational domain includes a rigid region that moves together with the structure,
a dynamic region that accommodates the displacement of the inner rigid region, and a static region that remains static

during the simulation process. The computational domain is 50D x 100D in size, resulting in a blockage ratio of 2%.
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FIG. 1. Model configuration, computational domain, and boundary conditions.

The mesh arrangement of the present paper is similar to that described in Zhang et al.*! Structured grids are used
in the whole computational domain and the total grid number is 76,990. The surface of the circular cylinder is
distributed evenly into 276 grid cells, and each side of the splitter plate is distributed evenly into 94 grid cells. A
mesh dependency test was conducted before the simulations, which followed the same procedure and utilised three
meshes of different grid densities described in Zhang et al.*' The test confirmed that the present mesh is refined
enough to obtain converged numerical solutions.

I11. Governing equations, numerical methodology, and code validation

The equations of motion of the cylinder-plate assembly can be expressed as

m(h + 4nfy oénoh + 4n2f25h) = Fy, 6
m(p + 41fy,08p,00 + 4T3 fZ0p) = Fp, ()
1(6 + 4 fy 089,00 + 42 f3,0) = Fyy, 3)

where m and I are the mass and moment of inertia per unit length, respectively; A, p, and 0 are the vertical, in-line,
and torsional displacements, respectively; the overdot represents the derivative with respect to time #; fi, o, fp, 0, fo. 0
are the vertical, in-line, and torsional natural frequencies, respectively; &, o, &, 0, &o, 0 are the vertical, in-line, and
torsional structural damping ratios, respectively. Fi, Fp, and Fy are fluid-induced lift, drag, and torsional moment
per unit length, respectively.

If the circular cylinder is a pipe with the same material and thickness as the splitter plate, i.e., 0.02D, the equations

of motion can be expressed in a dimensionless form as

2
" Aého 11 2_" _ 50 &
H" + Urp H + (UM) H = 25m+2m*’ @)
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T 25mtzm”
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o, 4mée0 oy 2m z 50 Fy
0" + 00 gr 0= , ©)
Urg Urg 25m+2 m*

where H = h/D and P = p/D are the dimensionless vertical and in-line displacements, respectively; the the prime
represents the derivative with respect to the dimensionless time v = Ut/D; U,,; = U/(f; od) (i = h, p, or 0) represents
the reduced flow velocity; in the following parts, U,, » and U, ¢ will be referred to as the vertical and torsional reduced
flow velocities, respectively; C and Cp are dimensionless lift coefficient and drag coefficient normalised by 0.5pUD,
respectively; Fy is the dimensionless fluid-induced torsional moment; m* is the mass ratio between the cylinder-

plate assembly and the displaced fluid.

Fu = 52y amyy )
* _ m
m = 7pD2/4+pD2/50" ®)

The governing equations of the fluid are written in an arbitrary Lagrangian-Eulerian formulation and solved by
the finite volume method. The flow field is solved in the commercial platform ANSYS Fluent. The first-order implicit
time integration scheme is adopted for temporal discretisation. The second-order upwind and least square cell-based
schemes are employed for spatial discretisations of the convection and diffusion terms, respectively. The semi-
implicit method for the pressure-linked equations (SIMPLE) algorithm is utilised to solve the pressure-velocity
coupled algebraic equations. The equations of motion of the cylinder-plate assembly are integrated by using the 4"-
order Runge-Kutta method. The fluid-structure interaction is achieved following the loosely coupled partitioned
approach. The solver has been proven accurate and stable in simulating the flows past and the flow-induced vibrations
of various bluff bodies, e.g., circular cylinders, rectangular cylinders, and bridge decks.*** As an example, Fig. 2
compares the simulated vertical vibration amplitudes /max and vibration frequencies f;, of the cylinder-plate assembly

10

in Fig. 1 with the numerical results of Sun et al.>! Both simulations were conducted at m* = PR S——
(tpD2%/4+pD2/50)

and &, o = 0. The Reynolds number is Re = 100. The in-line and torsional degrees of freedom were not considered. It

is noted that the present numerical results agree well with the previous results®! in terms of both vibration amplitude

and vibration frequency.

3. T T T T T T 1.5 T T
O Sunetal l O Sunetal
O Present simulation O Present simulation
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FIG. 2. Comparison between present results and the results of Sun et al.>': (a) vertical vibration amplitude and (b)
vertical vibration frequency.
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IV. Numerical results and discussions

For a circular-cylinder assembly elastically mounted in the vertical, in-line, and torsional degrees of freedom, the
flow-induced vibrations within a reduced flow velocity range of U, , = 2 to 42 are simulated using the numerical
procedure described in Sections II and III. The vertical and in-line natural frequencies are the same, i.e., fp 0 = fp,0-
Five torsional-to-vertical frequency ratios, i.e., fgo/fno = 6, 4, 3, 2, and 1, are considered to investigate the
influences of frequency ratio on the flow-induced vibrations. The structural damping ratios are &p, o =&p0 =8g,0 =
0. A two-dimensional and laminar flow with a Reynolds number of Re = 100 remains throughout the simulations.
The flow velocity remains constant and the reduced velocity is varied by changing the natural frequency. The circular
cylinder is assumed as a pipe with the same thickness as the splitter plate, i.e., 7, = 0.02D. Hence, the uniform mass
density ps and moment of inertia / of the cylinder-plate assembly can be calculated as

_ m*(mpD?/4+pD?/50)
- TDTy+DT,

Ps ) )]

I = pyDT, (2)2 + DT, 22 (10)

It is stated that the flow-induced vibrations of a cylinder-plate assembly depend significantly on the plate length.>"
3 Hence, more investigations are necessary to study the flow-induced vibrations of TDoF assemblies with different
splitter plate lengths.

A. Vibration amplitude, vibration frequency, and displacement signal

Fig. 3 presents the steady-state vertical vibration amplitudes /max and torsional vibration amplitudes Gmax of
cylinder-plate assemblies with various frequency ratios. The in-line vibrations are insignificant and hence not
analysed in this paper. The results for an assembly limited to vertical vibration and an assembly limited to torsional
vibration are also presented for comparison. In the following parts, the assembly elastically mounted in three degrees
of freedom will be referred to as the TDoF (three-degree-of-freedom) assembly; the assembly limited to vertical or
torsional vibration will be referred to as the SDoF (single-degree-of-freedom) vertical assembly or SDoF torsional
assembly. The shading and arrows in Fig. 3 only apply for the TDoF cases.

It is noted that for the SDoF vertical assembly, remarkable vibrations are observed as the reduced velocity U,
becomes higher than 7.5 and the vibration amplitude increases continuously with increasing U, ,. The SDoF torsional
assembly exhibits VIVs within a reduced velocity range of U, 9= 5.5 ~ 10. As shown in Fig. 3(a), the response for
the fg,0/fn,o0 = 6 assembly is dominated by the vertical vibration while the torsional amplitude is lower than 3° at U,
n = 60U, ¢ < 30. In this range of reduced velocities, both the vertical amplitude and the torsional amplitude of the
fo,0/ fno = 6 assembly increase continuously with increasing the reduced velocity. The vertical amplitude of the
fo,0/ fno = 6 assembly is close to that of the SDoF vertical assembly, while the torsional amplitude is considerably
larger than that of the SDoF torsional assembly at the same reduced velocity. At U,, s = 6U,, ¢ = 32 ~ 36, the response
for the fg o/ fno = 6 assembly is dominated by the torsional vibration while the vertical vibration amplitude is close
to zero. The torsional amplitude of the fgo/fno = 6 assembly is slightly larger than that of the SDoF torsional
assembly at the same reduced velocity. The vibrations of the fy o/ fno = 6 assembly may be more dangerous than
those of SDoF assemblies at certain reduced velocities. More specifically, the vibration of the TDoF assembly may

be more dangerous than that of the SDoF vertical assembly for U, < 30 due to the coupled torsional motion (the
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vertical vibration amplitudes are close). In addition, the vibration of the TDoF assembly is more dangerous than that
of the SDoF torsional assembly for U, < 32 ~ 36 due to the increased vibration amplitude. The torsional amplitude
of the fyo/fno = 6 assembly decreases continuously with increasing the reduced velocity while the vertical
amplitude exhibits a sharp jump at around U, = 6U,.o = 38. After this sharp jump, the fp o/ fp o = 6 assembly exhibits
vertical-torsional coupled vibrations with significant vibration amplitudes in both degrees of freedom.

Some unified observations for the vibrations of TDoF assemblies with fg o/ fy 0 = 6, 4, 3, and 2 can be noticed
from Figs. 3(a) ~ 3(d). The vibrations of TDoF assemblies are dominated by vertical vibrations at lower reduced
velocities before the lock-in range for torsional VIVs. However, within the lock-in range for torsional VIVs, the
vibrations of TDoF assemblies are dominated by torsional vibrations. At higher reduced velocities beyond this lock-
in range, the TDoF assemblies exhibit vertical-torsional coupled vibrations with significant vibration amplitudes in
both degrees of freedom. Hence, the vibrations of a TDoF assembly with fy o/ fh 0 =2 ~ 6 can be divided into three
branches, i.e., a vertical vibration-dominated branch (V branch), a torsional vibration-dominated branch (T branch),
and a coupled vibration-dominated branch (C branch). The V branch starts at around U, , = 7.5 and terminates at
around U, ¢ = 5.0, the T branch occurs at around U,, s = 5.0 ~ 6.0, and the C branch occurs at higher U, ¢ values. With
decreasing the frequency ratio, the T branch moves to a range with lower U, ; values, while the U, , ranges for the V
branch and the C branch shrinks and extends, respectively. In the V branch, the vertical vibration amplitude of the
TDoF assembly is lower than that of the SDoF vertical assembly, and the difference increases with decreasing the
frequency ratio. Considerable torsional vibration exists in the V brach, and the torsional vibration amplitude increases
with decreasing the frequency ratio. The vibration in the T branch is close to an SDoF torsional vibration, with an
amplitude slightly higher than the value of an SDoF torsional assembly. The vibration amplitude in the torsional
branch is insignificantly affected by the frequency ratio. The vibration in the C branch is a vertical-torsional coupled
vibration with significant vibration amplitudes in both degrees of freedom. The ratio between the torsional and
vertical amplitudes increases with decreasing the frequency ratio.

As seen from Fig. 3(e), the global response behavior of the TDoF assembly with fp/fy0 = 1 is significantly
different from those of TDoF assemblies with fg o/ fh 0 = 6,4, 3, and 2. The fp o/ f,0 = 1 assembly exhibits VIVs in
a lock-in range of U, » = U, ¢ = 5.0 ~ 13.0. Significant torsional vibrations are observed. The largest torsional
amplitude in the lock-in range is as high as 46.3°. The vertical vibration amplitudes of the fy o/fy 0 = 1 assembly in
the lock-in range are also higher than the SDoF vertical assembly, with some exceptions at the end of the lock-in
range. No significant vibrations exist for the fg o/ fn o = 1 assembly outside the lock-in range. Similar to the SDoF
torsional assembly*’, a symmetry-breaking bifurcation occurs as the reduced velocity increases, which will be

discussed later in this Section.
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FIG. 3. Steady-state vertical and torsional vibration amplitudes of cylinder-plate assemblies with various frequency

ratios: (a) fg,0/fno = 6; (0) fo,0/ fro =4 (© fo,0/fro =35 (D) fo,0/fro =2 (©) fo0/ fno = 1. The shading and

arrows only apply for the TDoF cases.
Fig. 4 shows the steady-state vertical vibration frequencies f; and the torsional vibration frequencies fs of cylinder-
plate assemblies with various frequency ratios. The results for the SDoF vertical assembly and the SDoF torsional
assembly are also given for comparison. It is noted that the natural frequencies change with the reduced velocity

8
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since the flow velocity remains constant in the present simulations. The global frequency response behaviors are
similar for assemblies with fj o/ fn 0 = 6, 4, 3, and 2; hence, the results for fj o/ f4 0 = 4 and 2 are not shown for
brevity. The value given in Fig. 4 represents the dominant frequency for a displacement signal that includes multiple
frequencies. The dominant frequency is observed via visual inspection of the FFT spectra. For the SDoF vertical
assembly, the vibration frequency f, is lower than the natural frequency f, o outside the lock-in range, while f;
approaches fj, o in the lock-in range. For the SDoF torsional assembly, the vibration frequency fs is also lower than
the natural frequency fy, o before the lock-in range. However, fy approaches fy, o in the lock-in range and becomes
larger than fj, ¢ after the lock-in range. Detailed analyses of the frequency responses of SDoF vertical and torsional
assemblies can be found in3! 441,

As seen from Figs. 4(a) and 4(b) for TDoF assemblies with fj o/ fr,0 =6 and 3, the vertical and torsional vibration
frequencies are consistent with some exceptions at two sides of the T branch. In the V branch and the C branch, the
vibration frequency of the TDoF assembly follows the same vibration frequency as the SDoF vertical assembly at
the same reduced velocity. However, in the T branch, the vibration frequency of the TDoF assembly follows the same
vibration frequency as the SDoF torsional assembly. At two sides of the T branch, the vertical and torsional
frequencies of the TDoF assembly follow the vibration frequencies of the SDoF vertical and SDoF torsional
assemblies, respectively.

For the TDoF assembly with fg o/ fno = 1 shown in Fig. 4(c), the vertical and torsional vibration frequencies are
always consistent. As seen from the left part of Fig. 4(c), the vibration frequencies outside the lock-in range are close
to the vortex shedding frequency of a stationary cylinder-plate assembly, while the vibration frequencies in the lock-
in range approach the natural frequency of the assembly. The frequency ratios (f},/fn, and fg/fg0) shown in the
middle and right parts of Fig. 4(c) increase linearly with increasing the reduced velocity outside the lock-in range
while they are close to one within the lock-in range. The frequency responses for the fp/fn0 = 1 assembly are

similar to the typical frequency responses for the VIVs of a circular cylinder with a relatively large mass ratio®.
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FIG. 4. Steady-state vertical and torsional vibration frequencies of cylinder-plate assemblies with various frequency

ratios: (a) fg,0/ fno = 6; (b) fo,0/fro =3; ©) fo,0/fro=1.

Typical displacement time histories of cylinder-plate assemblies with fg o/ fn 0 = 6, 3, and 1 are shown in Figs.

0.

5, 6, and 7, respectively. In these figures, the blue line represents the dimensionless vertical displacement 4/D, the
red line represents the torsional displacement @, the horizontal axis represents time ¢ in second (s), the unit of the
vertical axis on the left is 1 for the dimensionless vertical displacement, and the unit of the vertical axis on the right
is degree (°) for the torsional displacement. As shown in Fig. 5(a) for the f o/ fh,0 = 6 assembly, a well-organised
quasi-harmonic vibration with very low vibration amplitudes is developed at a very low reduced velocity of U, =4.
At U, » = 7 shown in Fig. 5(b), the vibration exhibits noticeable fluctuations due to the multiple-frequency
components involved in the vibration. The vibration amplitudes remarkably increase at U,,, = 8, and then increase
with increasing the reduced velocity until U, , = 28, as seen from Figs. 5(c) ~ 5(h). The fluctuation in the torsional
vibration becomes more serious with increasing the reduced velocity, indicating that significant higher-frequency
components exit in the torsional displacement signal. It is noted from Figs. 5(e) ~ 5(h) that for a specific reduced
velocity within U,,, = 16 ~ 28, the vibration seems to stay on a steady state at around 7 = 80 ~ 140 s, after which the
vibration amplitudes increase again until a final steady state is achieved. A similar phenomenon has been reported
for the VIV of a circular cylinder in the wind tunnel tests of Goswami et al.*® Zhang et al.*’ suggested that the first
steady state might be an unstable limit cycle while the second steady state is a stable limit cycle. Further analyses are
required to explain this phenomenon for the TDoF cylinder-plate assembly. At U,, » = 32 shown in Fig. 5(i), the
transient stage of the vibration is very long and the steady-state vibration is achieved at around ¢ = 450 s. There is a
competition between the vertical and torsional modes, i.e., the vibration is firstly dominated by the vertical vibration
at £ =200 ~ 380 s, while the torsional vibration becomes dominant after # = 380 s. The torsional amplitude dramatically

increases to a value of max = 13.60°, and the vertical amplitude reduces sharply to /max = 0. At Uy, , = 34 and 36
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shown in Figs. 5(j) an 5(k), the steady-state vibrations are still dominated by the torsional vibrations while the
transient stages are shortened. Finally, at U,, » = 40 shown in Fig. 5(1), both vertical and torsional vibrations exist and
different frequencies dominate the vibrations in two degrees of freedom. The torsional vibration seems to stay on a
steady state at around ¢ = 120 ~ 250 s, while the vertical vibration amplitude continues to increase until ¢ = 400 s.
After t = 400 s, the vertical vibration behaves as a quasi-harmonic vibration while the torsional vibration exhibits
noticeable fluctuations. It is also noted from Figs. 5(i) ~ 5(1) that, within the lock-in range for torsional VIVs, the
torsional displacements grow rapidly in a short period while the vertical displacements fluctuate in a much larger
time scale. A possible explanation is that the dominant torsional frequencies are much higher than the vertical
torsional frequencies.

As seen from Figs. 5 and 6, the displacement responses for the fg o/ fno =6 and fp o/ fno = 3 assemblies are
similar for a specific torsional reduced flow velocity U, 4. For example, there is a competition between the vertical
and torsional modes for the fg o/ fn,o = 6 assembly at U, = 6U,, ¢ = 32 and for the fg o/ fn0 = 3 assembly at U, =
3U,.¢ = 16, as seen from Figs. 5(i) and 6(f). For the fp o/ f, 0 = 6 assembly at U, = 6U,. o = 40 and for the fp o/ fno
=3 assembly at U, , = 3U,, 4 = 20, the vertical and torsional vibrations are dominated by different frequencies, as
shown in Figs. 5(1) and 6(h). However, with further increasing the reduced velocity (e.g., Uy, = 3U, g = 24 ~ 36 for
the fp o/ fno = 3 assembly, as shown in Fig. 6(i) ~ 6(1)), different frequencies dominate the vertical and torsional
vibrations at the transient stage while they are dominated by the same frequency (that is close to the vertical natural
frequency) at the steady-state stage.

Fig. 7 presents typical displacement histories of the fyo/fno = 1 assembly. Quasi-harmonic vibrations are
observed in the lock-in range, e.g., U, » = U, 9 = 6, 12, and 14, as shown in Figs. 7(b) ~ (d). The assembly vibrates
around a non-zero equilibrium angle at higher reduced velocities, e.g., U. » = U, o = 20 and 24, as given in Figs. 7(e)
and (f). According to Zhang et al.*!, the symmetry-breaking bifurcation is induced by the combined influences of the
spring restoring moment and the flow-induced moment. In the considered range of reduced velocities, the symmetry-
breaking bifurcation occurs only for the fj o/ fy 0 = 1 assembly since its torsional stiffness is much lower than other

assemblies so that the flow-induced moment is able to surpass the spring restoring moment.
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FIG. 7. Displacement signals of cylinder-plate assembly with fg o/ fh 0 = 1: (@) Ur.n=4; (b) U, 1= 6; (c) Ur.»=12;
(d) Ur.n=14; (&) U, n=20; (f) U, n=24. The blue lines show dimensionless vertical displacements, while the red
lines show torsional displacements. The horizontal axes are time in seconds. The left vertical axes are
dimensionless vertical displacements, while the right vertical axes are torsional displacements in degrees (°).

B. Flow-induced forces

Fig. 8 presents the mean values of the flow-induced drag force coefficients (Cp, mean), and the standard deviations
of the lift force (Cr, sa) and torsional moment coefficients (Cy, ) for the cylinder-plate assemblies with various
frequency ratios. The results for the SDoF vertical assembly and the SDoF torsional assembly are plotted for
comparison. In addition, the mean drag coefficients for a stationary circular cylinder and a stationary cylinder-plate
assembly are also given.

It can be seen from Figs. 8(a) and 8(b) that for cylinder-plate assemblies with fy o/ fh o= 6 and 3, the force
coefficients are close to those of the SDoF vertical assembly in the V branch while the difference increases with
decreasing the frequency ratio. This is expected since torsional vibration also exists in the V branch, and the torsional
amplitude increases with decreasing the frequency ratio, as seen from Fig. 3. On the other hand, the vibration in the
T branch is dominated by the torsional vibration, while the vertical vibration amplitude is almost zero (see Fig. 3).
Hence, the force coefficients for TDoF cylinder-plate assemblies in the T branch are almost identical to those of the
SDoF torsional assembly. In the C branch, the force coefficients for the f o/ fn0 = 6 cylinder-plate assembly are
close to those of the SDoF vertical assembly, as shown in Fig. 8(a). However, the force coefficients for TDoF
cylinder-plate assemblies in the C branch move towards the values for the SDoF torsional assembly with decreasing
the frequency ratio, as seen from Figs. 8(b). This is also expected since the ratio between the torsional and vertical
amplitudes in the T brach increases with decreasing the frequency ratio, as noticed from Fig. 3(a) ~ 3(d).

For the TDoF assembly with fy o/f0 = 6, the mean drag coefficient increases with increasing the reduced
velocity within U,,, = 6 ~ 14, and then decreases with increasing the reduced velocity. The mean drag coefficient
exhibits two peak values in the vertical and torsional lock-in ranges, respectively. The results are supported by some
previous observations that VIV is accompanied by a more significant increase of the mean drag coefficient compared
with galloping. For the TDoF assembly with fp o/ fy 0 = 3, the mean drag coefficient at a lower reduced velocity (e.g.,
U, =6 ~ 14) is lower than the SDoF vertical assembly due to the reduced vertical vibration, while the mean drag
coefficient at a higher reduced velocity (e.g., U, » = 18 ~ 42) is higher than the SDoF torsional assembly due to the
accompanied vertical motion. For both TDoF assemblies, the maximum mean drag coefficients are accompanied by
the maximum torsional vibration amplitudes. The maximum value of the mean drag coefficient seems almost
independent of the frequency ratio since the maximum torsional vibration amplitude remains almost unchanged with
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varying the frequency ratio. For all reduced flow velocities, the mean drag coefficients of the fgo/fn0 = 6 and 3

cylinder-plate assemblies are lower than that of a stationary circular cylinder. The standard deviations of the lift and

moment coefficients (Cr, s and Cy, sua) are very small at lower reduced velocities. Cy, s and Cy, s then exhibit a sharp

increase and a sharp drop. After these sharp jumps, Cr, «a and Cy, wa decrease with increasing the reduced velocity

with a discontinuity in the torsional lock-in range. The peak values of Ci, «a and Cy, su decrease with increasing the

frequency ratio.

For the fg o/ fh0 = 1 cylinder-plate assembly given in Fig. 8(c), the force coefficients almost remain unchanged

outside the lock-in range while the coefficients are larger within the lock-in range. In this lock-in range, the mean

drag coefficients for the fg o/ f,0 = 1 assembly are considerably larger than those of the SDoF assemblies and the

stationary circular cylinder. However, despite the very large torsional vibration amplitude, Cr, s and Cy, «a are

generally lower than those of the SDoF vertical assembly with some exceptions at the beginning of the lock-in range.
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Fig. 9 shows the steady-state displacement signals (4/D and 6) and flow-induced force coefficients (Cp, Ci, and
C) for five typical cases. In these figures, the solid blue line represents the displacement or force coefficients of the
cylinder-plate assembly, while the dashed green and dashed red lines represent the force coefficients of the circular
cylinder and the splitter plater, respectively. The drag coefficient of the splitter plate is close to zero, and the result
for each case is the actual value added by 1.2. The three cases of the fg o/ fp 0 = 6 cylinder-plate assembly in Figs.
9(a) ~ (c), i.e., U, = 12, 34, and 40, are representatives in the V branch, T branch, and C branch, respectively. The
case of fgo/fho =3 and U, = 24 in Fig. 9(d) is another representative in the C branch. The former representative
(fo,0/ fno = 6 and U, = 40) in the C branch is characterised by different dominant frequencies of the vertical and
torsional vibrations, while the latter one (fg 0/ fr,0 = 3 and U, = 24) is characterised by the same dominant frequency
of the vertical and torsional vibrations. The case of fg o/ fho =1 and U, = 24 is a representative after the symmetry-
breaking bifurcation. These cases are referred to as Case 1 ~ 5 in the following parts.

As seen from Figs. 9(a), 9(b), 9(d), and 9(e), the dominant frequency of the lift force and torsional moment of
Case 1, 2, 4, or 5 are the same as the vibration frequency. Since the assembly vibrates symmetrically around its
original equilibrium position, the vortices shedding from alternate sides of the assembly have the same effects on the
drag force; hence, the dominant frequency of the drag force is twice the vibration frequency. For an asymmetric case
(that vibrates around a non-zero equilibrium angle), the effects of vortices shedding from alternate sides on the drag
force are different, and hence the dominant frequency of the drag force is consistent with the vibration frequency.
For Case 3 (which is also a symmetric case), the dominant frequency of the lift force and the torsional moment is
equal to the vertical vibration frequency, and the dominant frequency of the drag force is twice the vertical vibration
frequency. However, remarkable higher-frequency components are observed due to the high torsional vibration
frequency. The mechanism for these higher-frequency components will be explained later in subsection IV.D.
Another observation from Fig. 9 is that the torsional moment on the assembly is mainly contributed by the moment
on the splitter plate. The torsional moment is mainly produced by the pressure difference between two surfaces of
the splitter plate, while the pressure on the surface of the circular cylinder cannot produce any torsional moment.

Some pressure contours on the surfaces of the plate for an SDoF torsional assembly can be found in Zhang et al.*!
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FIG. 9. Time histories of displacements and force coefficients of cylinder-plate assembly: (a) Case 1, fg o/ fno =6
and U, »=12; (b) Case 2, fg o/ fno =6 and U,.,,= 34; (c) Case 3, fp 0/ fno = 6 and U,.,=40; (d) Case 4, fg o/ fno =
3 and U, »=24; (e) Case 5, fg 0/ fho = 1 and U, = 24. Solid blue line: displacement or force coefficient of
cylinder-plate assembly; dashed green line: force coefficient of circular cylinder; dashed red line: force coefficient
of splitter plater.

C. Phase difference between displacements and forces

Fig. 10 shows the phase difference ¢, between the lift force and vertical displacement, and the phase difference
¢o between the torsional moment and torsional displacement for circular-cylinder assemblies with fgo/fn0 = 6,
fo,0/ fno =3, and fg o/ fno = 1. The results for the SDoF vertical assembly and the SDoF torsional assembly are also
given for comparison.

As shown in Fig. 10 (a) and 10(b), ¢, is approximately 0° at lower reduced flow velocities for assemblies with
fo,0/ fn,o = 6 and 3. ¢, jumps to 180° at U, = 7 and then drops back to 0°. The phase jump is also observed for the
SDOF vertical assembly by Sun et al.?' ¢, remains around 0° with increasing reduced flow velocity until a 180° phase
jump occurs in the T branch. ¢, jumps back to and remains around 0° in the C branch. For assemblies with fp o/ fp 0
=6 and 3, ¢y is around 0° throughout the considered range of reduced flow velocities. The phase jump is induced by
the changing of the timing and strength of the flow field (which is largely affected by the assembly vibration), as
discussed in detail in other papers*" . Since the frequency ratio affects the assembly vibration significantly, the
phase jump is also remarkably influenced by the frequency ratio.

For the fg,o/ fr,0 = 1 circular-cylinder assembly, ¢, and ¢, are around 0° at lower reduced flow velocities. ¢, and
¢ojump to 180° at around U, , = 10 and then remains around 180° for higher reduced velocities. The phase responses

are similar to the typical phase responses of VIVs of a circular cylinder.*
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FIG. 10. Phase differences between lift force and vertical displacement, and between torsional moment and
torsional displacement for circular-cylinder assemblies with various frequency ratios: (a) fg 0/ fno0 = 6; (b) fo,0/ fno
=3;(0) foo/fro=1.

D. Flow pattern

Fig. 11 shows the instantaneous vorticity fields for Case 1 ~ 5. The instantaneous vorticity fields are given at
eight time instants within one vibration cycle T for each case. The first image (i.e., f = 0) for each case corresponds
to a time instant when the cylinder-plate assembly moves down past the equilibrium position. The assembly then
moves to the lowest position at = 27/8 and back to the equilibrium position at # = 47/8. Then, the assembly moves
to the highest position at ¢ = 67/8 and back to the equilibrium position at r = T.

As shown in the figures, the formation length of the vortices for Case 1 in the V branch is relatively longer than
those of other cases. For Case 1, as presented in Fig. 11(a), the lower vortex reattaches to the tip of the splitter plate
as the assembly moves downward. A downward lift force is thus created, which drives the assembly into a large
amplitude vibration. A similar process repeats during the upward motion of the assembly so that a continuous

17



425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448

449

450
451

452

453
454

455

Publishing

AlP

vibration is excited. The mechanism mentioned above for large vertical vibration of the circular-plate assembly is
similar to that of a circular cylinder with a fixed fairing.’* 3! The 2P vortex mode is formed in the wake, i.e., two
pairs of vortices shed alternately within one vibration cycle. The vortex mode is consistent with that during the
vibration of the SDoF vertical assembly.’' Since the formation length is very large, the vortex sheddings do not
significantly influence the flow-induced forces of the assembly.

The vortex formation length is largely shortened in the T branch, as shown in Fig. 11(b) for Case 2. The 2S vortex
mode>? is formed, i.e., two single vortices shed alternately within one vibration cycle. The vortex mode is consistent
with that during the vibration of the SDoF torsional assembly.*>* This is expected since the torsional vibration is
dominant in the T branch. The torsional vibration of the assembly is mainly driven by the alternative vortex shedding
in its wake.

As seen from Fig. 11(c), the formation length for Case 3 in the C branch is longer than that for Case 2 in the T
branch. Therefore, the flow-induced forces are mainly influenced by the interaction between the assembly and the
shear layers. Hence, the dominant frequency of the lift force and torsional moment equals the vibration frequency.
Since the torsional vibration frequency is eight times the vertical vibration frequency (see Fig. 4(a)), eight pairs of
vortices are formed and shed during one vibration cycle. These vortices contribute to remarkable higher-frequency
components in the flow-induced forces, as shown in Fig. 9(c).

As shown in Fig. 11(d), the formation length for Case 4 in the C branch is longer than that for Case 2. The flow-
induced forces are mainly contributed by the interaction between the assembly and the shear layers. Five pairs of
vortices are formed and shed during one vibration cycle. Spectral analysis of the torsional displacement shows that
there is a peak at f'and a secondary peak at 5f, where f = f; = f» is the dominant vibration frequency. These vortices
result in significant higher-frequency components in the flow-induced forces, as shown in Fig. 9(d).

The 2S vortex mode is observed for the fp/fho = 1 assembly for all considered reduced flow velocities. Fig.

11(e) shows the vortex mode at U, ,= 24 after the symmetry-breaking bifurcation. The vortex mode for the fp o/ fn 0

40, 41

= 1 assembly is similar to that for the SDoF torsional assembly.
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FIG. 11. Instantaneous vorticity fileds within one vibration cycle: (a) Case 1, fg o/ fn,0 = 6 and U, »= 12; (b) Case
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V. Conclusions

Numerical simulations were presented to investigate the flow-induced vibrations of a circular cylinder with an
attached splitter plate at a Reynolds number of 100. The cylinder-plate assembly was elastically mounted in the
vertical, in-line, and torsional degrees of freedom. Simulations were conducted at reduced flow velocities of U, , =
2 ~ 42 for five torsional-to-vertical frequency ratios, i.e., fg 0/ fn0 = 6, 4, 3, 2, and 1. For assemblies with fy o/ fn0
= 6 ~ 2, the vibrations can be divided into three branches, i.e., a vertical vibration-dominated branch (V branch), a
torsional vibration-dominated branch (T branch), and a coupled vibration-dominated branch (C branch). In the V
branch, vertical vibration is dominant, while remarkable torsional vibration also exists. The vertical vibration
amplitude of the TDoF (three-degree-of-freedom) assembly is lower than that of the SDoF (single-degree-of-freedom)
vertical assembly at the same reduced velocity, and the difference increases with decreasing the frequency ratio. The
nearly SDoF torsional vibration in the T branch is almost identical to the vibration of the SDoF torsional assembly
at the same reduced flow velocity. The vibration in the C branch is a vertical-torsional coupled vibration, and the
ratio between the torsional and vertical amplitudes increases with decreasing the frequency ratio. For assemblies with
fo,0/ fno = 1, vertical-torsional coupled VIV were observed with the largest torsional amplitude as high as 46.3°.

For cylinder-plate assemblies with fjo/fno= 6 ~ 2 in the T branch, the flow-induced force coefficients are
almost identical to those of the SDoF torsional assembly at the same reduced flow velocity. In the V and C branches,
the force coefficients are close to those of the SDoF vertical assembly, while the difference increases with decreasing
the frequency ratio. The mean drag coefficients for the fy o/ fh,0 = 6 ~ 2 assemblies are lower than that of a stationary
circular cylinder but often higher than that of a stationary cylinder-plate assembly. The mean drag coefficients for

the fg0/fno = 1 assembly in the lock-in range are considerably larger than that of the stationary circular cylinder.
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The unsteady lift force and torsional moment coefficients for the fgo/fno = 1 assembly are generally lower than
those of the SDoF vertical assembly despite the very large torsional vibration amplitudes.

For cylinder-plate assemblies with fg o/ f,0 = 6 ~ 2, the V branch and C branch vibrations are accompanied by
larger formation lengths of the vortices, while the T branch vibrations are accompanied by shorter formation lengths.
Hence, the effects of the interaction between the assembly and the shear layers are more significant in the V and C
branches than in the T branch. The VIVs for the fg o/ fn 0 = 1 assembly are accompanied by the typical 2S mode of
vortex shedding.
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3 and U, ,=24; (e) Case 5, fg0/fho = 1 and U, ,= 24. Solid blue line: displacement or force coefficient of
cylinder-plate assembly; dashed green line: force coefficient of circular cylinder; dashed red line: force coefficient
of splitter plater.
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FIG. 10. Phase differences between lift force and vertical displacement, and between torsional moment and
torsional displacement for circular-cylinder assemblies with various frequency ratios: (a) fg,0/fh0 = 6; (b) fo.0/fno

=3;() foo/fno=1.
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FIG. 11. Instantaneous vorticity fileds within one vibration cycle: (a) Case 1, fgo/fn0 = 6 and U,.,= 12; (b) Case
2, fo,0/ fno =6 and U, »=34; (c) Case 3, fg 0/ fno = 6 and U, = 40; (d) Case 4, fg 0/ fn0 =3 and U, »=24; (e)
Case 5, fo0/ fno = 1 and U, »=24.
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