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Abstract 7 

Splitter plates are widely used for drag reduction and vibration control or enhancement of circular cylinders. The 8 

effects of a splitter plate on the vertical flow-induced vibrations of a circular cylinder have been well studied. 9 

However, its effects on the vertical-torsional coupled vibrations require further investigation. In this paper, the three-10 

degree-of-freedom (TDoF) flow-induced vibrations of a circular cylinder with an attached splitter plate are 11 

numerically investigated at a Reynolds number of 100. The ratio between the torsional and vertical natural 12 

frequencies is varied within 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, 2, and 1. Numerical results show that the flow-induced vibrations of 13 

a TDoF cylinder-plate assembly, depending on the frequency ratio, may differ significantly from those of a single-14 

degree-of-freedom (SDoF) vertical or torsional assembly. For cylinder-plate assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2, the 15 

vibrations can be divided into a vertical vibration-dominated branch (V branch), a torsional vibration-dominated 16 

branch (T branch), and a coupled vibration-dominated branch (C branch). The V branch vibration of a TDoF 17 

assembly is similar to that of an SDoF vertical assembly at the same reduced flow velocity, while the difference 18 

increases with decreasing the frequency ratio. The T branch vibration of a TDoF assembly is almost identical to the 19 

vibration of an SDoF torsional assembly at the same reduced flow velocity. The ratio between the torsional and 20 

vertical vibration amplitudes increases with decreasing the frequency ratio in the C branch. For the assembly with 21 𝑓𝜃,0 𝑓ℎ,0⁄  = 1, vertical-torsional coupled VIVs are observed with the largest torsional amplitude as high as 46.3°. The 22 

vibrations of TDoF assemblies with all considered frequency ratios may be more severe than those of SDoF vertical 23 

and torsional assemblies within specific ranges of reduced flow velocities. The mean drag coefficients for the 24 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2 assemblies are lower than a stationary circular cylinder but often higher than a stationary cylinder-25 

plate assembly. The mean drag coefficients for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly in the lock-in range are considerably larger 26 

than that of a stationary circular cylinder. For TDoF assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2, the V branch and C branch 27 

vibrations are mainly driven by the interaction between the assembly and the shear layers, while the T branch 28 

vibrations are excited by the typical 2S mode of vortex shedding. The 2S vortex shedding mode is also observed in 29 

the lock-in range of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly. 30 

Keywords: Circular cylinder; Splitter plate; Flow-induced vibration; Natural frequency ratio. 31 
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I. Introduction 32 

Flow-induced vibrations of circular cylinders have been extensively studied as one of the most classical problems 33 

in fluid mechanics. These vibrations are undesirable in many engineering fields since they may raise significant 34 

concerns about the fatigue life and/or safety of a structure, e.g., marine risers,1, 2 bridge cables,3, 4 pipelines,5, 6 and 35 

heat exchanger tubes.7, 8 More recently, these vibrations have been recognised as a competitive choice for wind and 36 

hydro energy harvesting.9-11 Various active and passive control measures have been designed to mitigate or enlarge 37 

the flow-induced vibrations of circular cylinders.12-19 38 

A thin rigid plate positioned in the wake of a circular cylinder has been widely investigated as a passive control 39 

device. The device was firstly studied by Roshko20, who showed that a splitter plate can weaken or even inhibit, 40 

depending on its length and position, the vortex shedding from a stationary circular cylinder. Bearman21 showed that 41 

a splitter plate substantially increases the base pressure and reduces the drag force of a stationary cylinder. Gerrard 42 

22 experimentally measured the vortex formation length and Strouhal number for a stationary circular cylinder with 43 

an attached splitter plate with a length of L = 0 ~ 2.0D, where D is the diameter of the circular cylinder. Following 44 

these pioneering studies, experimental measurements and numerical simulations in an extensive range of Reynolds 45 

numbers confirmed that a splitter plate (attached to or detached from the circular cylinder) can enlarge the base 46 

pressure, decrease the drag, narrow the wake width, and influence the Strouhal number.23-27 For an attached splitter 47 

plate, there is a critical plate length beyond which vortex shedding can be completely suppressed and an optimal 48 

length at which a minimum drag can be achieved.23, 24 The effect of a splitter plate also depends on the gap between 49 

the circular cylinder and the splitter plate, with the detached splitter plate becomes ineffective once the gap exceeds 50 

a critical value.25, 26 51 

A splitter plate is also known to influence the flow-induced vibrations of a circular cylinder. Considerable efforts 52 

have been advanced to study the effects of a splitter plate on the vertical vibration of a circular cylinder. Kawai28 53 

experimentally showed that, instead of vortex-induced vibrations (VIVs) for a circular cylinder, galloping-type 54 

vibrations occur for a cylinder-plate assembly with a plate length of L = D ~ 4D. Nakamura et al.29 investigated the 55 

vertical flow-induced vibrations of a circular cylinder with a detached splitter plate (L = 31.3D, G = 0.1D, where G 56 

is the gap between the cylinder and the plate) through wind tunnel experiments. They showed that the cylinder-plate 57 

assembly can gallop while the quasi-steady aerodynamic theory cannot predict the critical wind velocity for galloping 58 

instability. Stappenbelt30 studied the vertical flow-induced vibrations of a low-aspect-ratio circular cylinder with an 59 

attached splitter plate through still-water towing experiments. Depending on the splitter plate length, three global 60 

response behaviors were observed: VIVs at L ≤ 0.5D, interfered VIV and galloping vibrations at L = D ~ 2.4D, and 61 

no significant vibrations at L = 2.8D ~ 4.0D. The transition from VIV to galloping with increasing the plate length 62 

was confirmed numerically by Sun et al.31 for a circular cylinder with an attached splitter plate in laminar flow. Liang 63 

et al.32 studied the vertical flow-induced vibrations of a circular cylinder with a detached splitter plate (L = 0.4D 64 

~5.0D, G = 0.2D) through wind tunnel experiments. Different global response behaviours, i.e., VIV, interfered VIV 65 

and galloping, and separated VIV and galloping, were also observed with increasing the plate length. More 66 

investigations on the vertical flow-induced vibrations of a circular cylinder with an attached or detached splitter plate 67 

can be found in several other papers.33-36 68 
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In addition to vertical galloping, a circular cylinder with a splitter plate may vibrate torsionally due to the flow-69 

induced torsional moment. Cimbala and co-authors37, 38 reported wind tunnel experiments on a cylinder-plate 70 

assembly that is free to rotate around the centre of the circular cylinder, that is, the structural stiffness in the torsional 71 

degree of freedom is zero. They found that a cylinder-plate assembly with an L = 4D splitter plate rotates around its 72 

original equilibrium position. However, for an assembly with L ≤ 3D, a symmetry-breaking bifurcation occurred, 73 

that is, the equilibrium position migrated to a non-zero angle at either side of its central line. For the same freely 74 

rotatable cylinder-plate assembly, Xu et al.39 studied the migration of equilibrium position numerically and confirmed 75 

that the phenomenon can be predicted based on its steady-state flow-induced moment coefficients. More recently, 76 

Lu et al.40 studied the flow-induced vibrations of a cylinder-plate assembly elastically mounted in the torsional degree 77 

of freedom. Torsional VIVs were observed at lower reduced flow velocities, while a symmetry-breaking bifurcation 78 

occurred as the reduced flow velocity increases, after which the cylinder-plate assembly vibrated around a non-zero 79 

equilibrium angle. Based on further numerical simulations, Zhang et al.41 showed that for an elastically mounted 80 

torsional cylinder-plate assembly, the peak VIV amplitude increases, and the critical flow velocity for symmetry-81 

breaking bifurcation reduces with decreasing the moment of inertia. 82 

To the authors’ knowledge, all previous studies on flow-induced vibrations of a circular cylinder with a splitter 83 

plate considered a single-degree-of-freedom (SDoF) vibration in the vertical or torsional direction, or considered a 84 

two-degree-of-freedom vibration in vertical and in-flow directions. For a cylinder-plate assembly elastically mounted 85 

in the vertical and in-flow directions, the response is often dominated by the vertical vibration while the in-flow 86 

vibration is insignificant.31 However, for a cylinder-plate assembly elastically mounted in the vertical, in-flow, and 87 

torsional directions, the vibration response remains unknown and hence requires further investigation. 88 

Thus, this paper studies numerically the flow-induced vibrations of a cylinder-plate assembly elastically mounted 89 

in the vertical, in-flow, and torsional directions. The splitter plate length L equals the cylinder diameter D. The critical 90 

Reynolds number of this configuration for the onset of vortex shedding is round Re = ρUD/μ = 48,39 where ρ is the 91 

fluid mass density, U is the flow velocity, μ is the fluid dynamic viscosity. The vertical and in-flow natural frequencies 92 

are the same, while various ratios between the torsional and vertical frequencies are considered. It is shown that the 93 

flow-induced vibrations of a three-degree-of-freedom (TDoF) cylinder-plate assembly, depending on the frequency 94 

ratio, may differ from those of the SDoF vertical and torsional assemblies. If the torsional frequency is higher than 95 

two times the vertical frequency, the vibrations can be divided into three branches in which the responses of different 96 

degrees of freedom are dominant. Vertical-torsional coupled VIVs are observed if the torsional frequency equals the 97 

vertical frequency. The flow-induced forces and the wake patterns during the vibrations are also discussed. 98 

The remainder of this paper is organised as follows. Section II describes the configuration of the considered 99 

cylinder-plate assembly, the computational domain, and the mesh arrangement. Section III introduces the governing 100 

equations of the fluid-structure interaction system and provides a validation of the developed numerical model. 101 

Section IV presents and discusses the simulation results. Section V summarises the main conclusions. 102 

II. Structure configuration, computational domain, and mesh arrangement 103 

The considered structure is a circular cylinder (diameter = D) with a rigid splitter plate (length L = D, thickness = 104 

0.02D) connected to its rear stagnation point, as presented in Fig. 1. This specific configuration is selected because 105 

its SDoF vertical or torsional vibrations have been well investigated in previous papers.31, 41 The cylinder-plate 106 
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assembly is subjected to a uniform flow with a constant velocity U. The assembly is elastically mounted in the vertical, 107 

in-line, and torsional degrees of freedom. The stiffness centre is located at the centre of the circular cylinder for all 108 

degrees of freedom. 109 

Fig. 1 shows the computational domain and boundary conditions, which are the same as the authors’ previous 110 

paper.41 The two-dimensional computational domain includes a rigid region that moves together with the structure, 111 

a dynamic region that accommodates the displacement of the inner rigid region, and a static region that remains static 112 

during the simulation process. The computational domain is 50D × 100D in size, resulting in a blockage ratio of 2%. 113 

 114 

FIG. 1. Model configuration, computational domain, and boundary conditions. 115 

The mesh arrangement of the present paper is similar to that described in Zhang et al.41 Structured grids are used 116 

in the whole computational domain and the total grid number is 76,990. The surface of the circular cylinder is 117 

distributed evenly into 276 grid cells, and each side of the splitter plate is distributed evenly into 94 grid cells. A 118 

mesh dependency test was conducted before the simulations, which followed the same procedure and utilised three 119 

meshes of different grid densities described in Zhang et al.41 The test confirmed that the present mesh is refined 120 

enough to obtain converged numerical solutions. 121 

III. Governing equations, numerical methodology, and code validation 122 

The equations of motion of the cylinder-plate assembly can be expressed as 123 𝑚(ℎ̈ + 4𝜋𝑓ℎ,0𝜉ℎ,0ℎ̇ + 4𝜋2𝑓ℎ,02 ℎ) = 𝐹𝐿, (1) 𝑚(𝑝̈ + 4𝜋𝑓𝑝,0𝜉𝑝,0𝑝̇ + 4𝜋2𝑓𝑝,02 𝑝) = 𝐹𝐷, (2) 𝐼(𝜃̈ + 4𝜋𝑓𝜃,0𝜉𝜃,0𝜃̇ + 4𝜋2𝑓𝜃,02 𝜃) = 𝐹𝑀, (3) 

where m and I are the mass and moment of inertia per unit length, respectively; h, p, and θ are the vertical, in-line, 124 

and torsional displacements, respectively; the overdot represents the derivative with respect to time t; fh, 0, fp, 0, fθ, 0 125 

are the vertical, in-line, and torsional natural frequencies, respectively; ξh, 0, ξp, 0, ξθ, 0 are the vertical, in-line, and 126 

torsional structural damping ratios, respectively. FL, FD, and FM are fluid-induced lift, drag, and torsional moment 127 

per unit length, respectively. 128 

If the circular cylinder is a pipe with the same material and thickness as the splitter plate, i.e., 0.02D, the equations 129 

of motion can be expressed in a dimensionless form as 130 𝐻′′ + 4𝜋𝜉ℎ,0𝑈𝑟,ℎ 𝐻′ + ( 2𝜋𝑈𝑟,ℎ)2 𝐻 = 5025𝜋+2 𝐶𝐿𝑚∗, (4) 
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𝑃′′ + 4𝜋𝜉𝑝,0𝑈𝑟,𝑝 𝑃′ + ( 2𝜋𝑈𝑟,𝑝)2 𝑃 = 5025𝜋+2 𝐶𝐷𝑚∗, (5) 

𝜃′′ + 4𝜋𝜉𝜃,0𝑈𝑟,𝜃 𝜃′ + ( 2𝜋𝑈𝑟,𝜃)2 𝜃 = 5025𝜋+2 𝐹̅𝑀𝑚∗, (6) 

where H = h/D and P = p/D are the dimensionless vertical and in-line displacements, respectively; the the prime 131 

represents the derivative with respect to the dimensionless time τ = Ut/D; Ur, i = U/(fi, 0d) (i = h, p, or θ) represents 132 

the reduced flow velocity; in the following parts, Ur, h and Ur, θ will be referred to as the vertical and torsional reduced 133 

flow velocities, respectively; CL and CD are dimensionless lift coefficient and drag coefficient normalised by 0.5ρU2D, 134 

respectively; 𝐹̅𝑀 is the dimensionless fluid-induced torsional moment; 𝑚∗ is the mass ratio between the cylinder-135 

plate assembly and the displaced fluid. 136 𝐹̅𝑀 = 𝐹𝑀𝜌𝐼𝑈2 (2𝑚𝑠⁄ ), (7) 𝑚∗ = 𝑚𝜋𝜌𝐷2 4⁄ +𝜌𝐷2 50⁄ . (8) 

The governing equations of the fluid are written in an arbitrary Lagrangian-Eulerian formulation and solved by 137 

the finite volume method. The flow field is solved in the commercial platform ANSYS Fluent. The first-order implicit 138 

time integration scheme is adopted for temporal discretisation. The second-order upwind and least square cell-based 139 

schemes are employed for spatial discretisations of the convection and diffusion terms, respectively. The semi-140 

implicit method for the pressure-linked equations (SIMPLE) algorithm is utilised to solve the pressure-velocity 141 

coupled algebraic equations. The equations of motion of the cylinder-plate assembly are integrated by using the 4th-142 

order Runge-Kutta method. The fluid-structure interaction is achieved following the loosely coupled partitioned 143 

approach. The solver has been proven accurate and stable in simulating the flows past and the flow-induced vibrations 144 

of various bluff bodies, e.g., circular cylinders, rectangular cylinders, and bridge decks.41-44 As an example, Fig. 2 145 

compares the simulated vertical vibration amplitudes hmax and vibration frequencies fh of the cylinder-plate assembly 146 

in Fig. 1 with the numerical results of Sun et al.31 Both simulations were conducted at 𝑚∗ = 𝑚𝑠(𝜋𝜌𝐷2 4⁄ +𝜌𝐷2 50)⁄ = 10 147 

and ξh, 0 = 0. The Reynolds number is Re = 100. The in-line and torsional degrees of freedom were not considered. It 148 

is noted that the present numerical results agree well with the previous results31 in terms of both vibration amplitude 149 

and vibration frequency. 150 
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FIG. 2. Comparison between present results and the results of Sun et al.31: (a) vertical vibration amplitude and (b) 152 

vertical vibration frequency. 153 
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IV. Numerical results and discussions 154 

For a circular-cylinder assembly elastically mounted in the vertical, in-line, and torsional degrees of freedom, the 155 

flow-induced vibrations within a reduced flow velocity range of Ur, h = 2 to 42 are simulated using the numerical 156 

procedure described in Sections II and III. The vertical and in-line natural frequencies are the same, i.e., 𝑓ℎ,0 = 𝑓𝑝,0. 157 

Five torsional-to-vertical frequency ratios, i.e., 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, 2, and 1, are considered to investigate the 158 

influences of frequency ratio on the flow-induced vibrations. The structural damping ratios are  𝜉ℎ,0 = 𝜉𝑝,0 = 𝜉𝜃,0 = 159 

0. A two-dimensional and laminar flow with a Reynolds number of Re = 100 remains throughout the simulations. 160 

The flow velocity remains constant and the reduced velocity is varied by changing the natural frequency. The circular 161 

cylinder is assumed as a pipe with the same thickness as the splitter plate, i.e., Tp = 0.02D. Hence, the uniform mass 162 

density 𝜌𝑠 and moment of inertia I of the cylinder-plate assembly can be calculated as 163 𝜌𝑠 = 𝑚∗∙(𝜋𝜌𝐷2 4⁄ +𝜌𝐷2 50⁄ )𝜋𝐷𝑇𝑝+𝐷𝑇𝑝 , (9) 

𝐼 = 𝜌𝑠𝜋𝐷𝑇𝑝 (𝐷2)2 + 𝜌𝑠𝐷𝑇𝑝 13𝐷212 . (10) 

It is stated that the flow-induced vibrations of a cylinder-plate assembly depend significantly on the plate length.31, 
164 

34 Hence, more investigations are necessary to study the flow-induced vibrations of TDoF assemblies with different 165 

splitter plate lengths. 166 

A. Vibration amplitude, vibration frequency, and displacement signal 167 

Fig. 3 presents the steady-state vertical vibration amplitudes hmax and torsional vibration amplitudes θmax of 168 

cylinder-plate assemblies with various frequency ratios. The in-line vibrations are insignificant and hence not 169 

analysed in this paper. The results for an assembly limited to vertical vibration and an assembly limited to torsional 170 

vibration are also presented for comparison. In the following parts, the assembly elastically mounted in three degrees 171 

of freedom will be referred to as the TDoF (three-degree-of-freedom) assembly; the assembly limited to vertical or 172 

torsional vibration will be referred to as the SDoF (single-degree-of-freedom) vertical assembly or SDoF torsional 173 

assembly. The shading and arrows in Fig. 3 only apply for the TDoF cases. 174 

It is noted that for the SDoF vertical assembly, remarkable vibrations are observed as the reduced velocity Ur, h 175 

becomes higher than 7.5 and the vibration amplitude increases continuously with increasing Ur, h. The SDoF torsional 176 

assembly exhibits VIVs within a reduced velocity range of Ur, θ = 5.5 ~ 10. As shown in Fig. 3(a), the response for 177 

the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly is dominated by the vertical vibration while the torsional amplitude is lower than 3° at Ur, 178 

h = 6Ur, θ < 30. In this range of reduced velocities, both the vertical amplitude and the torsional amplitude of the 179 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly increase continuously with increasing the reduced velocity. The vertical amplitude of the 180 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly is close to that of the SDoF vertical assembly, while the torsional amplitude is considerably 181 

larger than that of the SDoF torsional assembly at the same reduced velocity. At Ur, h = 6Ur, θ = 32 ~ 36, the response 182 

for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly is dominated by the torsional vibration while the vertical vibration amplitude is close 183 

to zero. The torsional amplitude of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly is slightly larger than that of the SDoF torsional 184 

assembly at the same reduced velocity. The vibrations of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly may be more dangerous than 185 

those of SDoF assemblies at certain reduced velocities. More specifically, the vibration of the TDoF assembly may 186 

be more dangerous than that of the SDoF vertical assembly for Ur, h < 30 due to the coupled torsional motion (the 187 
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vertical vibration amplitudes are close). In addition, the vibration of the TDoF assembly is more dangerous than that 188 

of the SDoF torsional assembly for Ur, h < 32 ~ 36 due to the increased vibration amplitude. The torsional amplitude 189 

of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly decreases continuously with increasing the reduced velocity while the vertical 190 

amplitude exhibits a sharp jump at around Ur, h = 6Ur, θ = 38. After this sharp jump, the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly exhibits 191 

vertical-torsional coupled vibrations with significant vibration amplitudes in both degrees of freedom. 192 

Some unified observations for the vibrations of TDoF assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, and 2 can be noticed 193 

from Figs. 3(a) ~ 3(d). The vibrations of TDoF assemblies are dominated by vertical vibrations at lower reduced 194 

velocities before the lock-in range for torsional VIVs. However, within the lock-in range for torsional VIVs, the 195 

vibrations of TDoF assemblies are dominated by torsional vibrations. At higher reduced velocities beyond this lock-196 

in range, the TDoF assemblies exhibit vertical-torsional coupled vibrations with significant vibration amplitudes in 197 

both degrees of freedom. Hence, the vibrations of a TDoF assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 2 ~ 6 can be divided into three 198 

branches, i.e., a vertical vibration-dominated branch (V branch), a torsional vibration-dominated branch (T branch), 199 

and a coupled vibration-dominated branch (C branch). The V branch starts at around Ur, h = 7.5 and terminates at 200 

around Ur, θ = 5.0, the T branch occurs at around Ur, θ = 5.0 ~ 6.0, and the C branch occurs at higher Ur, θ values. With 201 

decreasing the frequency ratio, the T branch moves to a range with lower Ur, h values, while the Ur, h ranges for the V 202 

branch and the C branch shrinks and extends, respectively. In the V branch, the vertical vibration amplitude of the 203 

TDoF assembly is lower than that of the SDoF vertical assembly, and the difference increases with decreasing the 204 

frequency ratio. Considerable torsional vibration exists in the V brach, and the torsional vibration amplitude increases 205 

with decreasing the frequency ratio. The vibration in the T branch is close to an SDoF torsional vibration, with an 206 

amplitude slightly higher than the value of an SDoF torsional assembly. The vibration amplitude in the torsional 207 

branch is insignificantly affected by the frequency ratio. The vibration in the C branch is a vertical-torsional coupled 208 

vibration with significant vibration amplitudes in both degrees of freedom. The ratio between the torsional and 209 

vertical amplitudes increases with decreasing the frequency ratio. 210 

As seen from Fig. 3(e), the global response behavior of the TDoF assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 is significantly 211 

different from those of TDoF assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, and 2. The 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly exhibits VIVs in 212 

a lock-in range of Ur, h = Ur, θ = 5.0 ~ 13.0. Significant torsional vibrations are observed. The largest torsional 213 

amplitude in the lock-in range is as high as 46.3°. The vertical vibration amplitudes of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly in 214 

the lock-in range are also higher than the SDoF vertical assembly, with some exceptions at the end of the lock-in 215 

range. No significant vibrations exist for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly outside the lock-in range. Similar to the SDoF 216 

torsional assembly40, a symmetry-breaking bifurcation occurs as the reduced velocity increases, which will be 217 

discussed later in this Section. 218 
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FIG. 3. Steady-state vertical and torsional vibration amplitudes of cylinder-plate assemblies with various frequency 222 

ratios: (a) 𝑓𝜃,0 𝑓ℎ,0⁄  = 6; (b) 𝑓𝜃,0 𝑓ℎ,0⁄  = 4; (c) 𝑓𝜃,0 𝑓ℎ,0⁄  = 3; (d) 𝑓𝜃,0 𝑓ℎ,0⁄  = 2; (e) 𝑓𝜃,0 𝑓ℎ,0⁄  = 1. The shading and 223 

arrows only apply for the TDoF cases. 224 

Fig. 4 shows the steady-state vertical vibration frequencies fh and the torsional vibration frequencies fθ of cylinder-225 

plate assemblies with various frequency ratios. The results for the SDoF vertical assembly and the SDoF torsional 226 

assembly are also given for comparison. It is noted that the natural frequencies change with the reduced velocity 227 
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since the flow velocity remains constant in the present simulations. The global frequency response behaviors are 228 

similar for assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, and 2; hence, the results for 𝑓𝜃,0 𝑓ℎ,0⁄  = 4 and 2 are not shown for 229 

brevity. The value given in Fig. 4 represents the dominant frequency for a displacement signal that includes multiple 230 

frequencies. The dominant frequency is observed via visual inspection of the FFT spectra. For the SDoF vertical 231 

assembly, the vibration frequency fh is lower than the natural frequency fh, 0 outside the lock-in range, while fh 232 

approaches fh, 0 in the lock-in range. For the SDoF torsional assembly, the vibration frequency fθ is also lower than 233 

the natural frequency fθ, 0 before the lock-in range. However, fθ approaches fθ, 0 in the lock-in range and becomes 234 

larger than fθ, 0 after the lock-in range. Detailed analyses of the frequency responses of SDoF vertical and torsional 235 

assemblies can be found in31, 40, 41. 236 

As seen from Figs. 4(a) and 4(b) for TDoF assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and 3, the vertical and torsional vibration 237 

frequencies are consistent with some exceptions at two sides of the T branch. In the V branch and the C branch, the 238 

vibration frequency of the TDoF assembly follows the same vibration frequency as the SDoF vertical assembly at 239 

the same reduced velocity. However, in the T branch, the vibration frequency of the TDoF assembly follows the same 240 

vibration frequency as the SDoF torsional assembly. At two sides of the T branch, the vertical and torsional 241 

frequencies of the TDoF assembly follow the vibration frequencies of the SDoF vertical and SDoF torsional 242 

assemblies, respectively. 243 

For the TDoF assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 shown in Fig. 4(c), the vertical and torsional vibration frequencies are 244 

always consistent. As seen from the left part of Fig. 4(c), the vibration frequencies outside the lock-in range are close 245 

to the vortex shedding frequency of a stationary cylinder-plate assembly, while the vibration frequencies in the lock-246 

in range approach the natural frequency of the assembly. The frequency ratios (𝑓ℎ 𝑓ℎ,0⁄  and 𝑓𝜃 𝑓𝜃,0⁄ ) shown in the 247 

middle and right parts of Fig. 4(c) increase linearly with increasing the reduced velocity outside the lock-in range 248 

while they are close to one within the lock-in range. The frequency responses for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly are 249 

similar to the typical frequency responses for the VIVs of a circular cylinder with a relatively large mass ratio45. 250 
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FIG. 4. Steady-state vertical and torsional vibration frequencies of cylinder-plate assemblies with various frequency 254 

ratios: (a) 𝑓𝜃,0 𝑓ℎ,0⁄  = 6; (b) 𝑓𝜃,0 𝑓ℎ,0⁄  = 3; (c) 𝑓𝜃,0 𝑓ℎ,0⁄  = 1. 255 

Typical displacement time histories of cylinder-plate assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 3, and 1 are shown in Figs. 256 

5, 6, and 7, respectively. In these figures, the blue line represents the dimensionless vertical displacement h/D, the 257 

red line represents the torsional displacement θ, the horizontal axis represents time t in second (s), the unit of the 258 

vertical axis on the left is 1 for the dimensionless vertical displacement, and the unit of the vertical axis on the right 259 

is degree (°) for the torsional displacement. As shown in Fig. 5(a) for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly, a well-organised 260 

quasi-harmonic vibration with very low vibration amplitudes is developed at a very low reduced velocity of Ur, h = 4. 261 

At Ur, h = 7 shown in Fig. 5(b), the vibration exhibits noticeable fluctuations due to the multiple-frequency 262 

components involved in the vibration. The vibration amplitudes remarkably increase at Ur, h = 8, and then increase 263 

with increasing the reduced velocity until Ur, h = 28, as seen from Figs. 5(c) ~ 5(h). The fluctuation in the torsional 264 

vibration becomes more serious with increasing the reduced velocity, indicating that significant higher-frequency 265 

components exit in the torsional displacement signal. It is noted from Figs. 5(e) ~ 5(h) that for a specific reduced 266 

velocity within Ur, h = 16 ~ 28, the vibration seems to stay on a steady state at around t = 80 ~ 140 s, after which the 267 

vibration amplitudes increase again until a final steady state is achieved. A similar phenomenon has been reported 268 

for the VIV of a circular cylinder in the wind tunnel tests of Goswami et al.46 Zhang et al.47 suggested that the first 269 

steady state might be an unstable limit cycle while the second steady state is a stable limit cycle. Further analyses are 270 

required to explain this phenomenon for the TDoF cylinder-plate assembly. At Ur, h = 32 shown in Fig. 5(i), the 271 

transient stage of the vibration is very long and the steady-state vibration is achieved at around t = 450 s. There is a 272 

competition between the vertical and torsional modes, i.e., the vibration is firstly dominated by the vertical vibration 273 

at t = 200 ~ 380 s, while the torsional vibration becomes dominant after t = 380 s. The torsional amplitude dramatically 274 

increases to a value of θmax = 13.60°, and the vertical amplitude reduces sharply to hmax = 0. At Ur, h = 34 and 36 275 
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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 276 

transient stages are shortened. Finally, at Ur, h = 40 shown in Fig. 5(l), both vertical and torsional vibrations exist and 277 

different frequencies dominate the vibrations in two degrees of freedom. The torsional vibration seems to stay on a 278 

steady state at around t = 120 ~ 250 s, while the vertical vibration amplitude continues to increase until t ≈ 400 s. 279 

After t ≈ 400 s, the vertical vibration behaves as a quasi-harmonic vibration while the torsional vibration exhibits 280 

noticeable fluctuations. It is also noted from Figs. 5(i) ~ 5(l) that, within the lock-in range for torsional VIVs, the 281 

torsional displacements grow rapidly in a short period while the vertical displacements fluctuate in a much larger 282 

time scale. A possible explanation is that the dominant torsional frequencies are much higher than the vertical 283 

torsional frequencies. 284 

As seen from Figs. 5 and 6, the displacement responses for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and 𝑓𝜃,0 𝑓ℎ,0⁄  = 3 assemblies are 285 

similar for a specific torsional reduced flow velocity Ur, θ. For example, there is a competition between the vertical 286 

and torsional modes for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly at Ur, h = 6Ur, θ = 32 and for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 3 assembly at Ur, h = 287 

3Ur, θ = 16, as seen from Figs. 5(i) and 6(f). For the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 assembly at Ur, h = 6Ur, θ = 40 and for the 𝑓𝜃,0 𝑓ℎ,0⁄  288 

= 3 assembly at Ur, h = 3Ur, θ = 20, the vertical and torsional vibrations are dominated by different frequencies, as 289 

shown in Figs. 5(l) and 6(h). However, with further increasing the reduced velocity (e.g., Ur, h = 3Ur, θ = 24 ~ 36 for 290 

the 𝑓𝜃,0 𝑓ℎ,0⁄  = 3 assembly, as shown in Fig. 6(i) ~ 6(l)), different frequencies dominate the vertical and torsional 291 

vibrations at the transient stage while they are dominated by the same frequency (that is close to the vertical natural 292 

frequency) at the steady-state stage. 293 

Fig. 7 presents typical displacement histories of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly. Quasi-harmonic vibrations are 294 

observed in the lock-in range, e.g., Ur, h = Ur, θ = 6, 12, and 14, as shown in Figs. 7(b) ~ (d). The assembly vibrates 295 

around a non-zero equilibrium angle at higher reduced velocities, e.g., Ur, h = Ur, θ = 20 and 24, as given in Figs. 7(e) 296 

and (f). According to Zhang et al.41, the symmetry-breaking bifurcation is induced by the combined influences of the 297 

spring restoring moment and the flow-induced moment. In the considered range of reduced velocities, the symmetry-298 

breaking bifurcation occurs only for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly since its torsional stiffness is much lower than other 299 

assemblies so that the flow-induced moment is able to surpass the spring restoring moment. 300 
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 301 

FIG. 5. Displacement signals of cylinder-plate assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6: (a) Ur, h = 4; (b) Ur, h = 7; (c) Ur, h = 8; 302 

(d) Ur, h = 12; (e) Ur, h = 16; (f) Ur, h = 20; (g) Ur, h = 24; (h) Ur, h = 28; (i) Ur, h = 32; (j) Ur, h = 34; (k) Ur, h = 36; (l) Ur, h 303 

= 40. The blue lines show dimensionless vertical displacements, while the red lines show torsional displacements. 304 

The horizontal axes are time in seconds. The left vertical axes are dimensionless vertical displacements, while the 305 

right vertical axes are torsional displacements in degrees (°). 306 

 307 

FIG. 6. Displacement signals of cylinder-plate assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 3: (a) Ur, h = 4; (b) Ur, h = 7; (c) Ur, h = 8; 308 

(d) Ur, h = 12; (e) Ur, h = 15; (f) Ur, h = 16; (g) Ur, h = 18; (h) Ur, h = 20; (i) Ur, h = 24; (j) Ur, h = 28; (k) Ur, h = 32; (l) Ur, h 309 

= 36. The blue lines show dimensionless vertical displacements, while the red lines show torsional displacements. 310 

The horizontal axes are time in seconds. The left vertical axes are dimensionless vertical displacements, while the 311 

right vertical axes are torsional displacements in degrees (°). 312 
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 313 

FIG. 7. Displacement signals of cylinder-plate assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 1: (a) Ur, h = 4; (b) Ur, h = 6; (c) Ur, h = 12; 314 

(d) Ur, h = 14; (e) Ur, h = 20; (f) Ur, h = 24. The blue lines show dimensionless vertical displacements, while the red 315 

lines show torsional displacements. The horizontal axes are time in seconds. The left vertical axes are 316 

dimensionless vertical displacements, while the right vertical axes are torsional displacements in degrees (°). 317 

B. Flow-induced forces 318 

Fig. 8 presents the mean values of the flow-induced drag force coefficients (CD, mean), and the standard deviations 319 

of the lift force (CL, std) and torsional moment coefficients (CM, std) for the cylinder-plate assemblies with various 320 

frequency ratios. The results for the SDoF vertical assembly and the SDoF torsional assembly are plotted for 321 

comparison. In addition, the mean drag coefficients for a stationary circular cylinder and a stationary cylinder-plate 322 

assembly are also given. 323 

It can be seen from Figs. 8(a) and 8(b) that for cylinder-plate assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and 3, the force 324 

coefficients are close to those of the SDoF vertical assembly in the V branch while the difference increases with 325 

decreasing the frequency ratio. This is expected since torsional vibration also exists in the V branch, and the torsional 326 

amplitude increases with decreasing the frequency ratio, as seen from Fig. 3. On the other hand, the vibration in the 327 

T branch is dominated by the torsional vibration, while the vertical vibration amplitude is almost zero (see Fig. 3). 328 

Hence, the force coefficients for TDoF cylinder-plate assemblies in the T branch are almost identical to those of the 329 

SDoF torsional assembly. In the C branch, the force coefficients for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 cylinder-plate assembly are 330 

close to those of the SDoF vertical assembly, as shown in Fig. 8(a). However, the force coefficients for TDoF 331 

cylinder-plate assemblies in the C branch move towards the values for the SDoF torsional assembly with decreasing 332 

the frequency ratio, as seen from Figs. 8(b). This is also expected since the ratio between the torsional and vertical 333 

amplitudes in the T brach increases with decreasing the frequency ratio, as noticed from Fig. 3(a) ~ 3(d). 334 

For the TDoF assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, the mean drag coefficient increases with increasing the reduced 335 

velocity within Ur, h = 6 ~ 14, and then decreases with increasing the reduced velocity. The mean drag coefficient 336 

exhibits two peak values in the vertical and torsional lock-in ranges, respectively. The results are supported by some 337 

previous observations that VIV is accompanied by a more significant increase of the mean drag coefficient compared 338 

with galloping. For the TDoF assembly with 𝑓𝜃,0 𝑓ℎ,0⁄  = 3, the mean drag coefficient at a lower reduced velocity (e.g., 339 

Ur, h = 6 ~ 14) is lower than the SDoF vertical assembly due to the reduced vertical vibration, while the mean drag 340 

coefficient at a higher reduced velocity (e.g., Ur, h = 18 ~ 42) is higher than the SDoF torsional assembly due to the 341 

accompanied vertical motion. For both TDoF assemblies, the maximum mean drag coefficients are accompanied by 342 

the maximum torsional vibration amplitudes. The maximum value of the mean drag coefficient seems almost 343 

independent of the frequency ratio since the maximum torsional vibration amplitude remains almost unchanged with 344 
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varying the frequency ratio. For all reduced flow velocities, the mean drag coefficients of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and 3 345 

cylinder-plate assemblies are lower than that of a stationary circular cylinder. The standard deviations of the lift and 346 

moment coefficients (CL, std and CM, std) are very small at lower reduced velocities. CL, std and CM, std then exhibit a sharp 347 

increase and a sharp drop. After these sharp jumps, CL, std and CM, std decrease with increasing the reduced velocity 348 

with a discontinuity in the torsional lock-in range. The peak values of CL, std and CM, std decrease with increasing the 349 

frequency ratio. 350 

For the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 cylinder-plate assembly given in Fig. 8(c), the force coefficients almost remain unchanged 351 

outside the lock-in range while the coefficients are larger within the lock-in range. In this lock-in range, the mean 352 

drag coefficients for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly are considerably larger than those of the SDoF assemblies and the 353 

stationary circular cylinder. However, despite the very large torsional vibration amplitude, CL, std and CM, std are 354 

generally lower than those of the SDoF vertical assembly with some exceptions at the beginning of the lock-in range.  355 
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FIG. 8. Flow-induced force coefficients of cylinder-plate assemblies with various frequency ratios: (a) 𝑓𝜃,0 𝑓ℎ,0⁄  = 359 

6; (b) 𝑓𝜃,0 𝑓ℎ,0⁄  = 3; (c) 𝑓𝜃,0 𝑓ℎ,0⁄  = 1. 360 
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Fig. 9 shows the steady-state displacement signals (h/D and θ) and flow-induced force coefficients (CD, CL, and 361 

CM) for five typical cases. In these figures, the solid blue line represents the displacement or force coefficients of the 362 

cylinder-plate assembly, while the dashed green and dashed red lines represent the force coefficients of the circular 363 

cylinder and the splitter plater, respectively. The drag coefficient of the splitter plate is close to zero, and the result 364 

for each case is the actual value added by 1.2. The three cases of the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 cylinder-plate assembly in Figs. 365 

9(a) ~ (c), i.e., Ur = 12, 34, and 40, are representatives in the V branch, T branch, and C branch, respectively. The 366 

case of 𝑓𝜃,0 𝑓ℎ,0⁄  = 3 and Ur = 24 in Fig. 9(d) is another representative in the C branch. The former representative 367 

(𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur = 40) in the C branch is characterised by different dominant frequencies of the vertical and 368 

torsional vibrations, while the latter one (𝑓𝜃,0 𝑓ℎ,0⁄  = 3 and Ur = 24) is characterised by the same dominant frequency 369 

of the vertical and torsional vibrations. The case of 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 and Ur = 24 is a representative after the symmetry-370 

breaking bifurcation. These cases are referred to as Case 1 ~ 5 in the following parts. 371 

As seen from Figs. 9(a), 9(b), 9(d), and 9(e), the dominant frequency of the lift force and torsional moment of 372 

Case 1, 2, 4, or 5 are the same as the vibration frequency. Since the assembly vibrates symmetrically around its 373 

original equilibrium position, the vortices shedding from alternate sides of the assembly have the same effects on the 374 

drag force; hence, the dominant frequency of the drag force is twice the vibration frequency. For an asymmetric case 375 

(that vibrates around a non-zero equilibrium angle), the effects of vortices shedding from alternate sides on the drag 376 

force are different, and hence the dominant frequency of the drag force is consistent with the vibration frequency. 377 

For Case 3 (which is also a symmetric case), the dominant frequency of the lift force and the torsional moment is 378 

equal to the vertical vibration frequency, and the dominant frequency of the drag force is twice the vertical vibration 379 

frequency. However, remarkable higher-frequency components are observed due to the high torsional vibration 380 

frequency. The mechanism for these higher-frequency components will be explained later in subsection IV.D. 381 

Another observation from Fig. 9 is that the torsional moment on the assembly is mainly contributed by the moment 382 

on the splitter plate. The torsional moment is mainly produced by the pressure difference between two surfaces of 383 

the splitter plate, while the pressure on the surface of the circular cylinder cannot produce any torsional moment. 384 

Some pressure contours on the surfaces of the plate for an SDoF torsional assembly can be found in Zhang et al.41 385 

(a) (b) (c)  386 
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(d) (e)  387 

FIG. 9. Time histories of displacements and force coefficients of cylinder-plate assembly: (a) Case 1, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 388 

and Ur, h = 12; (b) Case 2, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 34; (c) Case 3, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 40; (d) Case 4, 𝑓𝜃,0 𝑓ℎ,0⁄  = 389 

3 and Ur, h = 24; (e) Case 5, 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 and Ur, h = 24. Solid blue line: displacement or force coefficient of 390 

cylinder-plate assembly; dashed green line: force coefficient of circular cylinder; dashed red line: force coefficient 391 

of splitter plater. 392 

C. Phase difference between displacements and forces 393 

Fig. 10 shows the phase difference ϕh between the lift force and vertical displacement, and the phase difference 394 

ϕθ between the torsional moment and torsional displacement for circular-cylinder assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 395 𝑓𝜃,0 𝑓ℎ,0⁄  = 3, and 𝑓𝜃,0 𝑓ℎ,0⁄  = 1. The results for the SDoF vertical assembly and the SDoF torsional assembly are also 396 

given for comparison.  397 

As shown in Fig. 10 (a) and 10(b), ϕh is approximately 0° at lower reduced flow velocities for assemblies with 398 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and 3. ϕh jumps to 180° at Ur, h = 7 and then drops back to 0°. The phase jump is also observed for the 399 

SDoF vertical assembly by Sun et al.31 ϕh remains around 0° with increasing reduced flow velocity until a 180° phase 400 

jump occurs in the T branch. ϕh jumps back to and remains around 0° in the C branch. For assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  401 

= 6 and 3, ϕθ is around 0° throughout the considered range of reduced flow velocities. The phase jump is induced by 402 

the changing of the timing and strength of the flow field (which is largely affected by the assembly vibration), as 403 

discussed in detail in other papers41, 48. Since the frequency ratio affects the assembly vibration significantly, the 404 

phase jump is also remarkably influenced by the frequency ratio. 405 

For the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 circular-cylinder assembly, ϕh and ϕθ are around 0° at lower reduced flow velocities. ϕh and 406 

ϕθ jump to 180° at around Ur, h = 10 and then remains around 180° for higher reduced velocities. The phase responses 407 

are similar to the typical phase responses of VIVs of a circular cylinder.49 408 
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FIG. 10. Phase differences between lift force and vertical displacement, and between torsional moment and 412 

torsional displacement for circular-cylinder assemblies with various frequency ratios: (a) 𝑓𝜃,0 𝑓ℎ,0⁄  = 6; (b) 𝑓𝜃,0 𝑓ℎ,0⁄  413 

= 3; (c) 𝑓𝜃,0 𝑓ℎ,0⁄  = 1. 414 

D. Flow pattern 415 

Fig. 11 shows the instantaneous vorticity fields for Case 1 ~ 5. The instantaneous vorticity fields are given at 416 

eight time instants within one vibration cycle T for each case. The first image (i.e., t = 0) for each case corresponds 417 

to a time instant when the cylinder-plate assembly moves down past the equilibrium position. The assembly then 418 

moves to the lowest position at t = 2T/8 and back to the equilibrium position at t = 4T/8. Then, the assembly moves 419 

to the highest position at t = 6T/8 and back to the equilibrium position at t = T. 420 

As shown in the figures, the formation length of the vortices for Case 1 in the V branch is relatively longer than 421 

those of other cases. For Case 1, as presented in Fig. 11(a), the lower vortex reattaches to the tip of the splitter plate 422 

as the assembly moves downward. A downward lift force is thus created, which drives the assembly into a large 423 

amplitude vibration. A similar process repeats during the upward motion of the assembly so that a continuous 424 
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vibration is excited. The mechanism mentioned above for large vertical vibration of the circular-plate assembly is 425 

similar to that of a circular cylinder with a fixed fairing.50, 51 The 2P vortex mode52 is formed in the wake, i.e., two 426 

pairs of vortices shed alternately within one vibration cycle. The vortex mode is consistent with that during the 427 

vibration of the SDoF vertical assembly.31
 Since the formation length is very large, the vortex sheddings do not 428 

significantly influence the flow-induced forces of the assembly. 429 

The vortex formation length is largely shortened in the T branch, as shown in Fig. 11(b) for Case 2. The 2S vortex 430 

mode52 is formed, i.e., two single vortices shed alternately within one vibration cycle. The vortex mode is consistent 431 

with that during the vibration of the SDoF torsional assembly.40, 41 This is expected since the torsional vibration is 432 

dominant in the T branch. The torsional vibration of the assembly is mainly driven by the alternative vortex shedding 433 

in its wake. 434 

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 435 

branch. Therefore, the flow-induced forces are mainly influenced by the interaction between the assembly and the 436 

shear layers. Hence, the dominant frequency of the lift force and torsional moment equals the vibration frequency. 437 

Since the torsional vibration frequency is eight times the vertical vibration frequency (see Fig. 4(a)), eight pairs of 438 

vortices are formed and shed during one vibration cycle. These vortices contribute to remarkable higher-frequency 439 

components in the flow-induced forces, as shown in Fig. 9(c). 440 

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-441 

induced forces are mainly contributed by the interaction between the assembly and the shear layers. Five pairs of 442 

vortices are formed and shed during one vibration cycle. Spectral analysis of the torsional displacement shows that 443 

there is a peak at f and a secondary peak at 5f, where f = fh = fθ is the dominant vibration frequency. These vortices 444 

result in significant higher-frequency components in the flow-induced forces, as shown in Fig. 9(d). 445 

The 2S vortex mode is observed for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly for all considered reduced flow velocities. Fig. 446 

11(e) shows the vortex mode at Ur, h = 24 after the symmetry-breaking bifurcation. The vortex mode for the 𝑓𝜃,0 𝑓ℎ,0⁄  447 

= 1 assembly is similar to that for the SDoF torsional assembly.40, 41 448 
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 456 

(c) 457 

 458 

 459 

(d) 460 

 461 

 462 

(e) 463 

FIG. 11. Instantaneous vorticity fileds within one vibration cycle: (a) Case 1, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 12; (b) Case 464 

2, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 34; (c) Case 3, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 40; (d) Case 4, 𝑓𝜃,0 𝑓ℎ,0⁄  = 3 and Ur, h = 24; (e) 465 

Case 5, 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 and Ur, h = 24. 466 

V. Conclusions 467 

Numerical simulations were presented to investigate the flow-induced vibrations of a circular cylinder with an 468 

attached splitter plate at a Reynolds number of 100. The cylinder-plate assembly was elastically mounted in the 469 

vertical, in-line, and torsional degrees of freedom. Simulations were conducted at reduced flow velocities of Ur, h = 470 

2 ~ 42 for five torsional-to-vertical frequency ratios, i.e., 𝑓𝜃,0 𝑓ℎ,0⁄  = 6, 4, 3, 2, and 1. For assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  471 

= 6 ~ 2, the vibrations can be divided into three branches, i.e., a vertical vibration-dominated branch (V branch), a 472 

torsional vibration-dominated branch (T branch), and a coupled vibration-dominated branch (C branch). In the V 473 

branch, vertical vibration is dominant, while remarkable torsional vibration also exists. The vertical vibration 474 

amplitude of the TDoF (three-degree-of-freedom) assembly is lower than that of the SDoF (single-degree-of-freedom) 475 

vertical assembly at the same reduced velocity, and the difference increases with decreasing the frequency ratio. The 476 

nearly SDoF torsional vibration in the T branch is almost identical to the vibration of the SDoF torsional assembly 477 

at the same reduced flow velocity. The vibration in the C branch is a vertical-torsional coupled vibration, and the 478 

ratio between the torsional and vertical amplitudes increases with decreasing the frequency ratio. For assemblies with 479 𝑓𝜃,0 𝑓ℎ,0⁄  = 1, vertical-torsional coupled VIVs were observed with the largest torsional amplitude as high as 46.3°. 480 

For cylinder-plate assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2 in the T branch, the flow-induced force coefficients are 481 

almost identical to those of the SDoF torsional assembly at the same reduced flow velocity. In the V and C branches, 482 

the force coefficients are close to those of the SDoF vertical assembly, while the difference increases with decreasing 483 

the frequency ratio. The mean drag coefficients for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2 assemblies are lower than that of a stationary 484 

circular cylinder but often higher than that of a stationary cylinder-plate assembly. The mean drag coefficients for 485 

the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly in the lock-in range are considerably larger than that of the stationary circular cylinder. 486 
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The unsteady lift force and torsional moment coefficients for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly are generally lower than 487 

those of the SDoF vertical assembly despite the very large torsional vibration amplitudes. 488 

For cylinder-plate assemblies with 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 ~ 2, the V branch and C branch vibrations are accompanied by 489 

larger formation lengths of the vortices, while the T branch vibrations are accompanied by shorter formation lengths. 490 

Hence, the effects of the interaction between the assembly and the shear layers are more significant in the V and C 491 

branches than in the T branch. The VIVs for the 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 assembly are accompanied by the typical 2S mode of 492 

vortex shedding. 493 
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FIG. 1. Model configuration, computational domain, and boundary conditions. 
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FIG. 2. Comparison between present results and the results of Sun et al.31: (a) vertical vibration amplitude and (b) 

vertical vibration frequency. 
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FIG. 3. Steady-state vertical and torsional vibration amplitudes of cylinder-plate assemblies with various frequency 

ratios: (a) ��,� ��,�⁄  = 6; (b) ��,� ��,�⁄  = 4; (c) ��,� ��,�⁄  = 3; (d) ��,� ��,�⁄  = 2; (e) ��,� ��,�⁄  = 1. The shading and 

arrows only apply for the TDoF cases. 
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FIG. 4. Steady-state vertical and torsional vibration frequencies of cylinder-plate assemblies with various frequency 

ratios: (a) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 6; (b) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 3; (c) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 1. 
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FIG. 5. Displacement signals of cylinder-plate assembly with ��,� ��,�⁄  = 6: (a) Ur, h = 4; (b) Ur, h = 7; (c) Ur, h = 8; 

(d) Ur, h = 12; (e) Ur, h = 16; (f) Ur, h = 20; (g) Ur, h = 24; (h) Ur, h = 28; (i) Ur, h = 32; (j) Ur, h = 34; (k) Ur, h = 36; (l) Ur, h 
= 40. 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 (°). 
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FIG. 6. Displacement signals of cylinder-plate assembly with ��,� ��,�⁄  = 3: (a) Ur, h = 4; (b) Ur, h = 7; (c) Ur, h = 8; 

(d) Ur, h = 12; (e) Ur, h = 15; (f) Ur, h = 16; (g) Ur, h = 18; (h) Ur, h = 20; (i) Ur, h = 24; (j) Ur, h = 28; (k) Ur, h = 32; (l) Ur, h 
= 36. 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 (°). 
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FIG. 7. Displacement signals of cylinder-plate assembly with ��,� ��,�⁄  = 1: (a) Ur, h = 4; (b) Ur, h = 6; (c) Ur, h = 12; 

(d) Ur, h = 14; (e) Ur, h = 20; (f) Ur, h = 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 (°). 
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FIG. 8. Flow-induced force coefficients of cylinder-plate assemblies with various frequency ratios: (a) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 

6; (b) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 3; (c) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 1. 
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(a) (b) (c)  

(d) (e)  

FIG. 9. Time histories of displacements and force coefficients of cylinder-plate assembly: (a) Case 1, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 

and Ur, h = 12; (b) Case 2, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 34; (c) Case 3, 𝑓𝜃,0 𝑓ℎ,0⁄  = 6 and Ur, h = 40; (d) Case 4, 𝑓𝜃,0 𝑓ℎ,0⁄  = 

3 and Ur, h = 24; (e) Case 5, 𝑓𝜃,0 𝑓ℎ,0⁄  = 1 and Ur, h = 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) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 6; (b) 𝑓ఏ,଴ 𝑓௛,଴⁄  

= 3; (c) 𝑓ఏ,଴ 𝑓௛,଴⁄  = 1. 
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(b) 
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FIG. 11. Instantaneous vorticity fileds within one vibration cycle: (a) Case 1, 𝑓ఏ,଴ 𝑓௛,଴⁄  = 6 and Ur, h = 12; (b) Case 
2, 𝑓ఏ,଴ 𝑓௛,଴⁄  = 6 and Ur, h = 34; (c) Case 3, 𝑓ఏ,଴ 𝑓௛,଴⁄  = 6 and Ur, h = 40; (d) Case 4, 𝑓ఏ,଴ 𝑓௛,଴⁄  = 3 and Ur, h = 24; (e) 

Case 5, 𝑓ఏ,଴ 𝑓௛,଴⁄  = 1 and Ur, h = 24. 
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