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Abstract:11

Vibration and rotation represent two common fluid-structure-interaction phenomena, which12

can occur independently or concurrently. While extensive research has been conducted on13

individual vibration/rotation cases, there is relatively limited literature on coupled cases. However,14

it is crucial to recognize that coupled responses, such as those observed in falling leaves, are more15

prevalent in both natural occurrences and engineering scenarios. Hence, this study aims to16

investigate the influence of cross-flow vibrations on the flow-induced rotations of an elastically17

mounted cylinder-plate system. A broad range of rotational reduced velocities, spanning Uθ = 2–18,18

is examined across four distinct vibrational reduced velocities, namely Uy = 5, 8, 12, and 18.19

Numerical results indicated that a bifurcation phenomenon, wherein the cylinder-plate deflects to a20

non-zero equilibrium position, occurs at relatively high values of Uθ and Uy. Four distinct response21

modes have been identified: vibration-dominated, rotation-dominated, augmentation (VIV-like),22

and augmentation (galloping-like) mode. These response modes exert significant influence on23

phase angles between rotary angle and displacement as well as vortex shedding modes. In the24

rotation-dominated region, VIV-like region, and galloping-like region, phase angles exhibit a25

continuous decreasing trend, a consistent level of 180° and 90°, respectively. Transitions between26

vibration and rotation responses result in sharp increases in phase angles. The wake flow in the27

rotation-dominated mode and VIV-like mode demonstrates a 2S mode (two single vortices), while28

the vibration-dominated mode is characterized by a predominant 2T mode (two triplets of29

vortices). In the galloping-like region, large amplitudes lead to the increase in numbers of vortices,30

presenting 2S, 2S*, and 2P (two pairs of vortices) mode at Uy = 8, and 2P, P+S (one pair and one31
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single vortices) and 2P+S (two pairs and one single vortices) mode at Uy = 12, where the 2S*32

mode consists of two single vortices, each exhibiting a tendency to split into two smaller vortices33

as they migrate downwards. The mechanism behind the notable amplification of rotation/vibration34

responses is elucidated. Apart from the pressure difference induced by vortex shedding, the35

additional driving force resulting from relative motion in the transverse direction contributes to the36

total torsional force, thereby leading to significant rotary responses. Furthermore, the streamlined37

profile accounts for the escalation in vibration amplitudes.38

Ⅰ. INTRODUCTION39

The study of flow past a circular cylinder is a fundamental problem in fluid dynamics,40

providing crucial insights into boundary layer separations, vortex dynamics, and wake41

characteristics. These phenomena are highly relevant to various natural occurrences and42

engineering applications, such as offshore risers and heat exchangers. Vortex shedding from the43

circular cylinder induces periodic pressure fluctuations, resulting in lift forces that act as44

significant sources of flow-induced vibrations. One of the most widely recognized and effective45

passive control methods involves the use of rigid splitter plates placed in the wake of a circular46

cylinder, initially investigated by Roshko1 in 1954. This device induces notable changes in both47

wake characteristics and fluid forces acting on the cylinder, as evidenced by a lot of studies.2-548

Furthermore, research by Nakamura6 and Zhu et al.7 has suggested that splitter plates can delay49

the interaction between shear layers from the circular cylinder, leading to more stable near-wake50

flows and consequently reducing fluid forces.51

In numerous real-world scenarios, inflow directions, such as ocean currents and atmospheric52

winds, often vary over time. Therefore, a rotatable splitter plate, allowing the system to53

accommodate different flow directions, proves to be a better choice than a fixed one. The54

freely-rotating and elastically mounted cylinder-plate bodies represent two fundamental scenarios.55

Xu et al.8 were the first to investigate laminar flow past a circular cylinder equipped with a56

freely-rotating splitter plate. They reported a symmetry-breaking bifurcation phenomenon957

wherein the cylinder-plate system shifted to an asymmetric equilibrium position. Later, Xu et al.1058

further elucidated that the uneven flows within the separation bubble on the plate's upper and59

lower surfaces are the primary factors contributing to the asymmetric pressures and subsequent60

bifurcation phenomenon. The length of the plate plays a crucial role in determining the occurrence61
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of bifurcation. Both experimental results11-14 and numerical findings15 have demonstrated that a62

longer plate leads to smaller deflections, reducing the likelihood of observing bifurcation when63

attached to the circular cylinder. Additionally, the Reynolds number significantly influences the64

rotation dynamics of a rotatable cylinder-plate. For instance, at a low Reynolds number of 50,65

bifurcation disappears when the plate length exceeds 1.7 times the cylinder diameter.8 However,66

the critical plate length associated with the disappearance of bifurcation shifts to a larger value of67

approximately 4 times the cylinder diameter when considering Reynolds numbers ranging68

between 5×103 and 5×104.11, 12, 14 Considering rotational stiffness and damping, Lu et al.1669

investigated the rotation responses of an elastically mounted cylinder-plate at Re = 100. Their70

findings indicated that for a longer splitter plate, the critical reduced velocity required for the71

symmetry-breaking bifurcation to occur is lower. Moreover, the rotation amplitudes of an72

elastically mounted cylinder-plate are substantially greater than those observed in a freely-rotating73

case. Zhang et al.17 identified that the symmetry-breaking bifurcation results from a combined74

effect of the structural restoring moment and the flow-induced moment.75

In nature, phenomena involving flow-induced vibration in the transverse direction and76

flow-induced rotation in the torsional direction often coexist, as seen in the fluttering motion of77

leaves. Therefore, investigating the coupled responses of flow-induced vibration and rotation of a78

cylinder-plate holds significant importance. However, literature on this topic is relatively scarce,79

with most studies focusing on the effect of rotational oscillations on flow-induced vibration80

responses. Previous findings suggest that after accounting for rotational oscillations, the81

flow-induced vibrations of a cylinder-plate can either be enhanced or suppressed.18-20 For instance,82

Assi et al.18 conducted a study comparing the significant impact of torsional friction on vibration83

responses. They found that enhanced vibration responses occur at a low torsional friction of τf =84

0.009Nm/m. Conversely, when relatively large torsional friction of τf = 0.035Nm/m is considered,85

the transverse vibration amplitudes of the rotatable cylinder-plate are significantly reduced. In our86

previous work,20 we also demonstrated that for a specific cylinder-plate, passive rotations can87

substantially alter not only the flow-induced vibration response modes but also the vibration88

amplitudes. We observed a mode transformation from a full interaction between VIV and89

galloping to a typical VIV mode. Additionally, vibration amplitudes are reduced at low rotational90

reduced velocities but amplified at high rotational reduced velocities91
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Based on the literature reviews and analyses presented above, it is evident that there is a gap92

in the research concerning the effect of vibrations on the flow-induced rotation responses of a93

cylinder-plate. Therefore, several open questions need to be addressed: Can the vibration reduce94

rotation responses or not? What are the differences in movement postures between the95

rotation-only case and those cases considering both vibrations and rotations? Is there a96

relationship between response modes and wake patterns? What is the flow mechanism underlying97

the interaction between rotation and vibration? To this end, this work conducts numerical98

simulations to investigate the role of cross-flow vibrations in flow-induced rotation responses of99

an elastically mounted cylinder-plate. The rotation-only case with a wide rotational reduced100

velocity Uθ range of 2–18 is set as a benchmark case. Then four different simulation groups,101

spanning Uθ = 2–18 under four vibrational reduced velocities Uy = 5, 8, 12, and 18, are considered.102

Referring to our previous work,20, 24 the selection of these four vibrational reduced velocities not103

only cover the VIV-galloping band, but also can investigate the effect of vibrational damping and104

stiffness.105

Nomenclature
D Diameter of the circular cylinder [m]
U Incoming flow velocity [m s-1]
μ Dynamic viscosity of fluid [Pa s]
ρ Density of fluid [kg m-3]
Re Reynolds number, ρUD/μ [-]
x, y Cartesian coordinates [-]
u, v velocity component in x- and y-directions [m s-1]
p Pressure [Pa]
t Flow time [s]
m Structural mass [kg]
m* Mass ratio [-]
y0 Displacement in transverse direction [m]
Y Non-dimensional displacement, y0/D [-]

Y Time-averaged displacement [-]
YA Amplitudes of displacement [-]

0y (uy) Translational velocity in transverse direction [m s-1]

0y (a) Translational acceleration in transverse direction [m s-2]

Ky Vibrational stiffness constant [kg s-2]
Cy Vibrational damping constant [kg s-1]
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y Vibrational damping ratio, (2 )y yC K m [-]

FL Lift force [N]

CL Lift coefficient, 22 ( )LF U D [-]

yU Vibrational reduced velocity, ( )nyU f D [-]

nyf Vibrational natural frequency,  1 2 yK m [s-1]

*
yf Vibrational frequency ratio, normalized by fny [-]

θ Rotary angle [radian]

 Time-averaged rotary angle [radian]
θA Amplitudes of rotary angle [radian]

 Rotary velocity [radian s-1]

 Rotary acceleration [radian s-2]
Iθ Mass moment of inertia [kg m2]

*I Normalized mass moment of inertia, 4( )I D  [-]

Kθ Rotational stiffness constant [kg s-2]
Cθ Rotational damping constant [kg s-1]

 Rotational damping ratio, (2 )C K I   [-]

Mθ Moment with respect to the cylinder center [N m]

MC Pitching moment coefficient, 2 22 ( )M D U  [-]

U Rotational reduced velocity, ( )nU f D [-]

nf  Rotational natural frequency,  1 2 K I  [s-1]

*f Rotational frequency ratio, normalized by fnθ [-]

Y  Phase angle between displacement and rotary angle [°]

U* Resultant velocity, composed of U and -uy [m s-1]

Ⅱ. PROBLEM DESCRIPTION AND METHODOLOGY106

As illustrated in Fig. 1, a rigid splitter plate is affixed to the rear of a circular cylinder, where107

the cylinder diameter, plate length, and plate width are D, D, and 0.1D, respectively. The whole108

cylinder-plate system is elastically mounted in both transverse and torsional directions. When the109

fluid-structure interaction occurs, the cylinder-plate triggers transverse vibration and torsional110

rotation responses and moves to a new position (y0, θ), where the transitional displacement y0 and111
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rotary angle θ are positive when the cylinder-plate oscillates in upward and counterclockwise112

directions, respectively.113

114

FIG. 1. Sketch of flow over an elastically mounted cylinder-plate system.115

In this work, the dynamics of the cylinder-plate is numerically investigated at a low Reynolds116

number of Re = 120. Therefore, the two-dimensional laminar flow field can be described by the117

incompressible Navier-Stokes equations including the continuity and momentum equations.21118
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where x and y are the coordinates in the inline and cross-flow direction, respectively; u and v the122

velocity component in the x- and y-directions, respectively; ρ the fluid density; p the pressure; t the123

time; and μ the dynamic viscosity.124

According to Newton’s second law of motion, the equations governing flow-induced125

vibration and rotation of the present system can be expressed by equations (4) and (5), respectively.126

Equations (6) and (7) show the associated non-dimensional formats, respectively. Definition of127

symbols in equations (4)–(7) can be found in nomenclature and key parameters in this work are set128
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as: m* = 6.9, 0.01y  , * 1.426I  , 0.001  .129
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133

To solve the fluid-structure interaction, ANSYS-FLUENT package was employed with the134

help of in-house developed user-defined function (UDF). The finite volume method (FVM) and135

the coupled scheme was adopted for the pressure-velocity coupling. As shown in Fig.2, in each136

time-step, the flow field is first obtained by solving equations (1)–(3). After that, the137

hydrodynamic forces are calculated by conducting an integration involving the pressure and138

viscous stress. Finally, the displacement and rotary angle are computed by substituting the139

hydrodynamic forces into equations (4) and (5), which are discretized by an improved fourth-order140

Runge-Kutta method.22 Accordingly, the cylinder-plate moves to a new position and the141

computational mesh is updated for the calculation of flow field at the next time step. For reliable142

statistical analysis, the residual of 10–5 was selected as the convergent criteria for the iterations,143

and the calculation was running until sufficient periodic results (more than 50 cycles) were144

obtained.145
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146

FIG. 2. Numerical calculation procedure.147

In this study, the overlapping mesh method is employed to address both the vibration and148

rotation motions. The computational domain and boundary conditions are described in Fig. 1. In149

the current two-dimensional simulations, a rectangular background domain of 60D length and 40D150

width is utilized. The distances from the cylinder center to the upstream boundary and two151

bilateral boundaries are all 20D. A concentric circle containing the cylinder-plate is specified as152

the overlapping domain, and its diameter is 20D according to the independence study result.20153

Regarding the boundary conditions, a steady uniform velocity is applied at the inlet. The154

pressure-outlet condition is set at the downstream boundary to ensure a fully developed flow. At155

two lateral boundaries, the normal component of the velocity and the tangential component of the156

wall shear stress are set to zero. A no-slip condition is specified at the surface of the cylinder-plate.157

Given that the physical model in this work is identical to that used in our previous research,20158

details regarding the CFD mesh, grid and time-step independence study, and numerical method159

validation are not reiterated here.160

Ⅲ. RESULTS AND DISCUSSION161

A. Bifurcation phenomenon162

According to Crawford and Knobloch,9 when an equilibrium system undergoes a163

symmetry-breaking bifurcation, new fluid states appear that have less symmetry and frequently164
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more complicated dynamics. The loss of symmetry is manifested by the appearance of a new165

pattern. In this work, symmetry-breaking bifurcation refers to a phenomenon wherein the166

symmetric cylinder-plate body transitions to an asymmetric equilibrium position, resulting in167

non-zero time-averaged displacements or rotary angles. Figure 3 illustrates typical results of both168

non-bifurcation and bifurcation cases, showcasing the time histories of displacement and rotary169

angle, as well as the trajectories of vibration velocity versus displacement, and rotary velocity170

versus rotary angle171

As depicted in Fig. 3(a), both the rotary angle and displacement exhibit an initial increase172

with time, followed by noticeable flapping motions observed around t* ≈ 80, and subsequently173

transitioning into well-organized and harmonic responses. Furthermore, during the quasi-steady174

stage of t* = 200–280, both the time-averaged rotary angle and displacement are zero, indicating175

the absence of bifurcation phenomenon. As noted by Lu et al.16 and Tang et al.23, the spiral176

patterns in terms of  v.s. θ and Y v.s. Y not only illustrate the rotating and vibrating process177

but also signify the presence of bifurcation, offering valuable insights into fluid-structure178

interactions. As shown in Figs. 3(c) and 3(e), the Lissajous figures display a convergent solution179

with a single clear limit cycle, as highlighted by the red dashed lines. These steady cycle180

trajectories are consistently symmetrical about Y = 0 and θ = 0, indicating non-bifurcation181

responses. However, upon increasing the reduced velocity to Uθ = 14, the rotation and vibration182

developments markedly differ from those at Uθ = 5. The rotary angle and displacement signals183

depicted in Fig. 3(b) undergo three stages: an unstable flapping stage, a deflection form zero to184

negative values, and a stable stage with regular flapping motions. Notably, the deflection185

processes confirm the existence of symmetry-breaking bifurcation. As shown in Figs. 3(d) and 3(f),186

the Lissajous figures in bifurcation region reveal two loops and a transition stage, which187

correspond to the three stages observed in Fig. 3(b). The unstable stage, highlighted by blue188

dashed lines, originates from the initial conditions of Y = 0 and θ = 0, while the stable solution189

develops from the former loop after the deflection.190
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191

FIG. 3. Non-bifurcation (left column) and bifurcation (right column) signals: (a) and (b) are time192

histories of displacement and rotary angle; (c) and (d) show the trajectory of vibration velocity v.s.193

displacement; (e) and (f) show the trajectory of rotary velocity v.s. rotary angle. Blue and red194

points represent the initial position and final equilibrium position, respectively.195

Figure 4 provides an overview of non-bifurcation and bifurcation phenomena to explore the196

effects of Uθ and Uy, including the rotation-only case for comparisons. For relatively low197

vibrational reduced velocities of Uy = 5 and Uy = 8 in Figs. 4(a) and 4(c), horizontal lines of198

0Y  and 0  are evident across the entire Uθ range of 2–18, indicating the non-bifurcation199

responses. However, an increase in the vibrational reduced velocity leads to the occurrence of200

bifurcation phenomenon. As displayed in Fig. 4(b) and 4(d), the time-averaged rotary angle and201

displacement remain zero in the range of Uθ = 2–12, while distinct net deflections to either202
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positive or negative values are clearly observed in the rest range, confirming the appearance of203

bifurcation. Within the bifurcation region, both Y and  are dependent on Uθ and Uy. Figure204

4(b) shows that Y at Uy = 18 firstly experiences a sharp increase in the range of Uθ = 12–14,205

then following by a slight decrease. In contrast, Y at Uy = 12 show a smoothly increasing trend.206

As depicted in Fig. 4(d), the variations of  at Uy = 18 closely follow the trend of rotation-only207

case, This can be attributed to the smaller vibrational damping and stiffness at higher Uy,208

consequently resulting in less impact on rotation responses.209

To further understand the appearance of symmetry-breaking bifurcation, the associated210

physical reason can be provided with the help of assumptions by Xu et al.10. There is a region of211

separated flow behind a bare circular cylinder where there are two stationary or alternatively212

shedding vortices. Now consider a splitter plate of such small plate length that it does not affect213

the flow pattern. If free to rotate, the θ = 0 position of this cylinder-plate system will not be stable,214

since the flow near the splitter plate is towards the cylinder. The cylinder-plate system will rotate215

and the splitter plate will migrate to an angle near the point at the surface of the cylinder where216

separation begins. Experimentally, this angle was found to be nearly 80° for a very small plate217

length of 0.06D, the splitter plate used by Cimbala and Garg.12 With increasing the plate length,218

the offsetting angle will decrease and finally become to be zero. For a 1D splitter plate, the219

offsetting angle is about 20 degrees when the cylinder-plate system can rotate freely.11-14220

In this work, both the vibrational and rotational damping and stiffness are considered, which221

present distinct dynamic behaviors as compared with the freely-rotating case. As depicted in Fig. 4,222

the symmetry-breaking bifurcation is not observed in the entire Uθ range at Uy = 5 and Uy = 8 as223

well as the range of Uθ = 2–12 at Uy = 12 and Uy = 18. However, when both Uθ and Uy are224

relatively large, symmetry-breaking bifurcation appears, indicating the less influence of damping225

and stiffness. This finding also shows that cylinder-plate system at larger reduced velocities is226

much similar to the freely-rotating case.227
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228

FIG. 4. An overview of the non-bifurcation (left column) and bifurcation (right column)229

phenomena: (a) and (b) show the time-averaged displacements; (c) and (d) show the230

time-averaged rotary angles.231

B. Response modes232

Based on the variations of vibration and rotation amplitudes and frequencies depicted in Figs.233

6 and 7, four distinct response modes are identified, as shown in Fig. 5. The line of St = 0.145 in234

the frequency variations present the non-dimensional vortex shedding frequency of the stationary235

cylinder-plate system, which has been obtained in our previous work.23 These four response236

modes are categorized as follows: vibration-dominated mode, rotation-dominated mode,237

augmentation with a VIV-like mode, and augmentation with a galloping-like mode. The238

vibration-dominated mode refers to such a configuration in which the vibration amplitudes of the239

cylinder-plate considering both vibration and rotation closely resemble those of vibration-only240

case, while the rotation amplitudes remain nearly zero. This mode is primarily observed at241

relatively low rotational reduced velocities, as indicated by the white circles in Fig. 5, and it can242

be attributed to the larger rotational damping and stiffness, which resist rotations despite the243

relatively large vibration amplitudes in some cases. In contrast, the second response mode244

(rotation-dominated mode) signifies that the rotation amplitudes of current case closely match245

those of rotation-only case, while the vibration amplitudes are nearly zero. This mode is observed246

in the range of Uθ = 2.5–7 at Uy = 8, Uθ = 4.5–11 at Uy = 12, and Uθ = 4.5–18 at Uy = 18, as shown247
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in Fig. 5. It is evident that the a wider Uθ range for the rotation-dominated mode is achieved at248

larger Uy, primarily due to the smaller vibrational damping and stiffness, resulting in reduced249

vibrational influence.250

In other cases, both the vibration and rotation responses are significantly enhanced, and two251

augmentation modes (VIV-like and galloping-like) are identified. The VIV-like mode appears252

within the range of Uθ = 5–18 at Uy = 5, as depicted in Fig. 5. The amplitudes of this mode in Fig.253

6(a) and Fig. 7(a) are larger than those of vibration-only/rotation-only cases, although exhibiting a254

decreasing trend with increasing Uθ. Besides, the dimensionless frequencies closely adhere a255

Strouhal law, further confirming the VIV response. Referring to Fig. 5, the galloping-like mode is256

observed in the range of Uθ = 7.5–18 at Uy = 8 and Uθ = 12–18 at Uy = 12. The vibration and257

rotation amplitudes in Figs. 6(b), 6(c), 7(b), and 7(c) rise sharply at the onset reduced velocity of258

Uθ = 7.5 and Uθ = 12, respectively, followed by continuous growth. Consequently, the amplitudes259

exceed those of vibration-only/rotation-only case. Additionally, the frequencies deviate from the260

Strouhal law, exhibiting lower values that confirm the presence of galloping responses.261

262

FIG. 5.An overview of response modes.263
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264

FIG. 6. Vibration amplitude and frequency responses: (a) Uy = 5, (b) Uy = 8, (c) Uy = 12, and (d)265

Uy = 18.266
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267

FIG. 7. Rotation amplitude and frequency responses: (a) Uy = 5, (b) Uy = 8, (c) Uy = 12, and (d)268

Uy = 18.269

Figure 8 compares the phase angles φθ-Y at four different vibrational reduced velocities. At Uy270

= 5, phase angles vary smoothly with increasing Uθ: starting from φθ-Y ≈ 60°, then gradually rising,271

and finally remaining at a steady horizontal line of φθ-Y ≈ 180°. This procession reflects a shift of272

response modes from vibration-dominated mode to VIV-like mode, as depicted in Fig. 5. In273

contrast, variations of φθ-Y at Uy = 8, Uy = 12, and Uy = 18 are relatively complex. Specifically, two274

sharp rises are observed at Uy = 8 and Uy = 12, as shown in Figs. 8(b) and 8(c): the first one occurs275

at low rotational reduced velocities, corresponding to the switch from vibration-dominated mode276

to rotation-dominated mode, and the second rise is observed when the response mode changes277

from rotation-dominated mode to galloping-like mode. In Figs. 8(d), only one sharp rise from278

vibration-dominated mode to rotation-dominated mode is observed. Generally, phase angles in279

rotation-dominated region show a continuous decreasing trend while remain nearly 90° in280

galloping-like region. Besides, it can be concluded that the switch between rotation and vibration281
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responses leads to the sharp rise in phase angle of displacement versus rotary angle.282

283

FIG. 8. Phase angles of displacement versus rotary angle: (a) Uy = 5, (b) Uy = 8, (c) Uy = 12, and284

(d) Uy = 18.285

Phase angles of displacement versus rotary angle can be used to reflect the movement posture286

of the cylinder-plate. Figure 9 illustrates four typical motion types to elucidate the relationship287

between vibration and rotation responses. As shown in Fig. 9(a), the cylinder-plate primarily288

maintains a horizontal posture, exhibiting relatively large amplitudes in transverse direction while289

undergoing minor adjustments in the torsional direction, indicative of the vibration-dominated290

mode. In contrast, the cylinder-plate in rotation-dominated region appears relatively static, as291

depicted in Fig. 9(b). For galloping-like mode in Fig. 9(c), the instantaneous structural postures292

consistently maintain a streamlined configuration, with the phase angle of φθ-Y ≈ 90°. Here,293

“streamlined” refers to a configuration wherein the splitter plate remains positioned rearward of294

the circular cylinder concerning the resultant velocity. The resultant velocity is defined as a vector295

composed of incoming flow velocity and vibrational velocity. At positions corresponding to the296

maximum or minimum displacement, the vibrational velocity is zero, causing the resultant297

velocity to align nearly horizontally. Simultaneously, the cylinder-plate maintains a predominantly298

horizontal orientation, resulting in a streamlined profile. As the body moves between its maximum299

positive and negative positions, the splitter plate remains concealed behind the circular cylinder,300

further contributing to the streamlined profile. This dynamic response illustrates the301
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cylinder-plate's ability to adjust its posture, aiming for drag reduction and consequently302

augmenting both vibration and rotation. The coupled movements at φθ-Y ≈ 180° are displayed in303

Fig. 9(d). Observations reveal a notable difference in the projected area between the VIV-like304

region in Fig. 9(d) and galloping-like region in Fig. 9(c), particularly in the transverse direction.305

This disparity suggests a higher allocation of energy towards inducing rotation of the splitter plate306

when the cylinder-plate undergoes vibration, consequently leading to relatively reduced vibration307

and rotation amplitudes in the VIV-like mode.308

309
FIG. 9. Typical motion types: (a) φθ-Y ≈ 0° at Uθ = 2 and Uy = 18 in vibration-dominated region; (b)310

φθ-Y ≈ 0° at Uθ = 18 and Uy = 18 in rotation-dominated region; (c) φθ-Y ≈ 90° at Uθ = 18 and Uy = 8311

in galloping-like region; and (d) φθ-Y ≈ 180° at Uθ = 18 and Uy = 5 in VIV-like region, where the312

black arrow represents the vibration direction.313

C. Vortex shedding modes314

In our previous investigation20 where Uy = 3–18 under Uθ = 5, 8, 12, and 18 were studied,315

four different vortex shedding modes including 2S (two single vortices), 2P (two pairs of vortices),316

2S*, and 2T (two triplets of vortices) were identified, where the 2S* mode consists of two single317

vortices, each exhibiting a tendency to split into two smaller vortices as they migrate downwards.318

In this work, a range of Uθ = 2–18 under Uy = 5, 8, 12, and 18 are considered, and more vortex319

shedding modes are observed. Figure 10 summarizes the vortex shedding modes, responses modes,320

and bifurcation region of the present cylinder-plate. For the rotation-only case, 2S mode appears321

across the entire Uθ range, regardless of the presence of bifurcation or non-bifurcation region. The322

difference observed in 2S mode between the bifurcation and non-bifurcation region will be323
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detailed and discussed in Fig. 11. Similarly at Uy = 5, the 2S mode spans the entire Uθ range,324

which can be attributed to the relatively small vibration and rotation amplitudes in the325

vibration-dominated mode and VIV-like region. As the vibrational reduced velocity increases,326

more complex vortex shedding modes emerge. At Uy = 8, 12, and 18, the 2T mode dominates the327

vibration-dominated region due to the large vibration amplitudes. However, as the cylinder-plate328

enters the the rotation-dominated region, the vibration amplitudes diminish, resulting in the329

prevalence of the 2S mode. In the galloping-like region where amplitudes increase continuously330

with Uθ, the wake modes successively transition from 2S to 2S* and then to 2P mode for Uy = 8.331

For Uy = 12, the wake modes transition from 2P to P+S (one pair and one single vortices), and332

finally to 2P+S (two pairs and one single vortices). Referring to our previous study24, only 2S and333

2P mode were observed for the vibration-only case under the same simulation conditions. In334

contrast, the current study reveals seven distinctly different wake modes, indicating significant335

interactions between rotation and vibration responses. To further elucidate these vortex shedding336

modes, Figs. 11–15 depict typical evolutions over one vibration period. Eight instantaneous337

instants, starting from the maximum vibration displacement curve, are plotted to capture key338

movements and vorticity fields. The yellow solid lines in vorticity snapshots represent the contour339

of u = 0, facilitating the identification of the recirculation region.340

341

FIG. 10. Overview of vortex shedding modes for the present cylinder-plate system.342

(1) 2S and 2S* mode343

Figure 15 compares the 2S mode in non-bifurcation and bifurcation region. In contrast to the344

2S mode observed in the vibration-only case24 where the shear layers directly skim over the345

cylinder-plate, reattachment behaviors occur more easily for the cylinder-plate considering both346
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vibration and rotation responses. This phenomenon is primarily attributed to the rotational347

oscillations. As shown in Fig. 11(a), shear layers separated from the cylinder surface alternatively348

bypass and are cut off by the plate tip, leading to regular single vortices and hence the typical 2S349

mode. After the symmetry-breaking bifurcation, the wake flow and reattachment behavior exhibit350

notable differences compared to the case without bifurcation, despite both cases featuring the351

same vortex shedding mode. As seen in Fig. 11(b), the cylinder-plate rotates clockwise and settles352

into a new equilibrium position, causing an asymmetric configuration relative to the flow direction.353

Due to the relatively small vibration and rotation amplitudes, the cylinder-plate appears nearly354

stationary. A noteworthy observation is that in the presence of the bifurcation, the lower shear355

layer consistently reattaches to the plate tip, while reattachment does not occur on the upper side356

of the cylinder-plate. Consequently, vortices S1 and S2, characterized by different sizes, are shed357

from the upper surface of the cylinder and the plate tip, respectively. The contour line of u = 0358

highlights the simplified reattachment behavior in the bifurcation region. Additionally, the359

recirculation region exhibits a significantly increased length compared to the non-bifurcation360

region.361
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362

FIG. 11. Comparison of 2S mode in (a) non-bifurcation region at Uy = 18 and Uθ = 5 and (b)363

bifurcation region at Uy = 18 and Uθ = 18, where the eight continuous snapshots are picked in one364

vibration cycle and t0 represents the instant corresponding to the maximum displacement.365

As shown in Fig. 12, following the shedding from the cylinder-plate, the isolated vortex tends366

to split into two smaller vortices, leading to 2S* mode. This unique vortex shedding mode can be367

attributed to the presence of a splitter plate and coupled responses of flow-induced vibration and368

rotation. The vortex splitting phenomenon was also reported by Govardhan and Williamson25 for a369

single circular cylinder, and they believed that it is primarily due to high-amplitude oscillations.370

However, it should be noted that the complete splitting process is not fully realized as the vortex371

migrates downwards. Instead, only one core is observed in each vortex within the far wake field.372

This observation indicates that the 2S* vortex shedding mode arises as a combined result of373
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high-amplitude vibrations and influence of viscous forces.374

375

FIG. 12. Evolution of 2S* mode within one vibration cycle starting from the maximum376

displacement (Uy = 8 and Uθ = 8).377

(2) P+S and 2P+S mode378

Usually, irregular vortex shedding behaviors can be observed for bluff bodies with379

asymmetrical cross-sections like trapezoidal and triangular cylinder.26 In this work, after the380

symmetry-breaking bifurcation, the cylinder-plate moves to a new equilibrium position which is381

not parallel to the oncoming flow direction, leading to an asymmetrical configuration and thus382

irregular vortex shedding modes. Referring to Fig. 10, P+S and 2P+S mode are clearly confirmed383

in bifurcation region. Figures 13–14 present these two wake modes within one vibration period.384

For P+S mode in Fig. 13, the cylinder-plate undergoes a downward motion from t0 to t0+4T/8, and385

a pair of vortices are shed behind the plate. In the next half period where the bluff body moves386

upwards, just a single vortices is observed to be shed from the lower side of the cylinder-plate,387

which is attributed to the negative deflection. As a result, P+S mode is identified.388
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389

FIG. 13. Evolution of P+S mode within one vibration cycle starting from the maximum390

displacement (Uy = 12 and Uθ = 14).391

Large-amplitude oscillations in the transverse direction is helpful to vortex splitting25 and392

causes more complex vortex shedding modes. For the case at Uy = 12 and Uθ = 18 in Fig. 14, the393

vibration amplitude is larger than that in Fig. 13. Therefore, more vortices are shed from the394

cylinder-plate, and 2P+S mode is observed. Interestingly, the shedding order of these vortices is395

P1, S, and P2, and the single vortex S is situated in the middle between P1 and P2. Besides, it can396

be clearly found that the two vorteices in P1 are similar in size while totally different for those in397

P2, revealing the effect of bifurcation.398
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399

FIG. 14. Evolution of 2P+S mode within one vibration cycle starting from the maximum400

displacement (Uy = 12 and Uθ = 18).401

(3) 2P and 2T mode402

The 2P vortex shedding mode appears in the non-bifurcation region, exhibiting a symmetric403

configuration. As shown in Fig. 15, two pairs of vortices are identical and shed alternately from404

the two sides of the cylinder-plate. Due to the large-amplitude oscillations, the vortex size in each405

pair of vortices shows significant differences: one appears as a circle while another one presents in406

a strip form. Consequently, the striped vortices dissipate so quickly and two-rowed wake mode407

like 2S mode is clearly observed in the far-wake filed.408
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409
FIG. 15. Evolution of 2P mode within one vibration cycle starting from the maximum410

displacement (Uy = 8 and Uθ = 18).411

According to Williamson and Jauvtis27, the 2T vortex shedding mode comprises two triplets412

of vortices in each period. As depicted in Fig. 16, T1 and T2 alternately shed behind the413

cylinder-plate, and those three vortices in T1/T2 possess similar size. In this work, 2T mode414

appears in the vibration-dominated region where vibration amplitudes are similar with those of415

vibration-only case while rotation amplitudes are relatively much smaller. However, it is416

noteworthy that the influence of rotation oscillations can not be ignored. For the vibration-only417

case at Uy = 1824, galloping response was identified and associated 2P vortex shedding mode was418

observed. After taking into account rotation oscillations, 2T mode appears as shown in Fig. 16,419

indicating that the rotating splitter plate is helpful to cut off the shear layers, thereby generating420

more vortices.421
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422

FIG. 16. Evolution of 2T mode within one vibration cycle starting from the maximum423

displacement (Uy = 18 and Uθ = 2).424

D. Understanding of rotary and vibrating augmentation425

Vortex-induced vibration (VIV) and galloping are two typical FIV motions. As a self-excited426

nonlinear motion, VIV amplitudes are usually limited. Large amplitudes can be observed within a427

restricted Reynolds number range when the well-known “lock-in” phenomenon appears. In428

contrast, galloping represents a fluid instability phenomenon with larger or even uncontrollable429

amplitudes. Exposed to large-amplitude galloping over an extended period, structures are430

susceptible to stability and integrity issues, potentially shortening their lifespan. For this reason, it431

is imperative to discuss and understand the augmentation in the galloping region. This study has432

observed significant amplifications of rotation/vibration responses in the galloping-like region433

(Figs. 5–7). The mechanism underlying rotary augmentation is firstly elucidated through Figs.434

17–19. Zhu et al.28 suggested that the force torque exerted from ambient fluid including the435

pressure and shear stress can be used to explain rotation responses of a rotatable cylinder-plate.436

However, only the pressure exerted on the splitter plate needs to be considered, because (1) the437

torque from the wall shear stress on the splitter plate can be ignored because of the quite small arm438

with respect to the rotation center (0.1D in this work); (2) the pressure acting on the cylinder439

surface cannot produce torque as the pressure is always perpendicular to the cylinder surface; and440
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(3) the shear stress on the cylinder can be also ignored as the stress distributions on the upper and441

lower surface are almost identical. Figure 17 compares the variations of pressure coefficient442

contours for two typical cases: the rotation-only case at Uθ = 18 and the case considering both443

vibration and rotation responses at Uy = 8 and Uθ = 18. It is clearly seen that the pressure444

distributions of the rotation-only case remain relatively consistent throughout one rotation period445

despite the regular vortex shedding behaviour. The high-pressure zone is situated around the front446

stagnation point due to the direct oncoming flow, while the low-pressure zone is proximate to the447

lower surface of the cylinder-plate. These pressure distributions result in continuous pressure448

differences, thereby inducing the clockwise rotation of the splitter plate. Pressure contours for the449

case considering both vibration and rotation responses in Fig. 17(b) significantly differ from those450

in Fig. 17(a). The position and extent of both high-pressure and low-pressure zone vary with time.451

At instant t0, where the cylinder-plate reaches to the position corresponding to the maximum angle,452

the high-pressure with a large control region is situated below the front stagnation point. At the453

same time, the lower surface of the cylinder-plate is entirely enveloped by the low-pressure zone,454

exhibiting a wide range. Consequently, the pressure difference across the splitter plate generates a455

driving force, propelling the cylinder-plate to rotate clockwise. From t0 to t0+4T/8 corresponding456

to the rotation process from maximum positive to maximum negative angle, the high-pressure457

zone gradually shifts to a position higher than the front stagnation point, while the control region458

initially decreases before returning to the same level as that at t0. A similar variation in pressure459

distributions is observed in the next half cycle of rotation, albeit in the opposite direction. Overall,460

the comparisons of pressure coefficients depicted in Fig. 17 indicate that the pressure zone of the461

cylinder-plate considering both vibration and rotation responses is substantially larger and462

temporally varying, resulting in significantly larger rotary angles compared with the rotation-only463

case.464
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465

FIG. 17. Comparison of pressure coefficients in one rotation period between (a) the rotation-only466

case at Uθ = 18 and (b) the case considering both vibration and rotation responses at Uy = 8 and Uθ467

= 18.468

To further understand the flow mechanism of rotary augmentation, a specific moment469

denoted as P in Fig. 18(a) is selected to analyze the forces acting on the cylinder-plate. At moment470

P in Fig. 18(a), the rotary angle θ is zero, while the displacement Y reaches its maximum negative471

value, indicating a phase difference of 90° between θ and Y. Additionally, the normalized moving472

velocity uy/Y in the cross-flow direction is also equal to zero due to the 90° phase lag between uy/Y473

and Y as depicted in Fig. 18(a). However, the accelerated velocity reaches to its maximum value474

because of the maximum slope of the uy/Y curve at moment P, consequently resulting in the475

maximum inertia force. Figure 18(b) compares the driving force components between476

rotation-only case and the case considering both vibration and rotation responses. In both cases, a477

low pressure zone is observed near the lower side of the cylinder-plate when the vortex is shed478

from the lower surface of the circular cylinder. This pressure difference generates a torsional force,479
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causing the cylinder-plate to rotate clockwise. However, an extra force needs to be considered480

when both vibration and rotation are taken into consideration. As analyzed in Fig. 18(b), the481

direction of both the accelerated velocity and the inertia force F is upward, leading to a downward482

direction for the extra force acting on the splitter plate, consistent with the pressure difference483

direction. Consequently, the total torsional force for the case considering both vibration and484

rotation responses, comprising the pressure difference due to vortex shedding and the extra force485

due to relative motion, is significantly augmented (Fig. 19(a)), resulting in much greater rotary486

responses (Fig. 19(b)).487

488

FIG. 18. (a) time-histories of rotary angle θ, displacement Y, and vibrating velocity uy/U; (b)489

components of driving force between rotation-only case and the case considering both vibration490

and rotation responses.491
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492
FIG. 19. Comparisons of (a) time histories of pitching moment coefficients and (b) rotary angles493

for the rotation-only case at Uθ = 18 and the case considering both vibration and rotation responses494

at Uy = 8 and Uθ = 18.495

To understand the vibration augmentation, eight typical configurations of the cylinder-plate496

in one vibration period are presented in Fig. 20. Evidently, the projected area relative to the497

resultant velocity U* remains constrained within the cylinder diameter D, indicating the persistent498

concealment of the splitter plate behind the circular cylinder and thereby maintaining a499

streamlined profile. This dynamic response underscores the cylinder-plate's capability to adapt its500

configuration with the objective of mitigating drag force and thus enhancing vibration.501

In conclusion, for the cylinder-plate considering both vibration and rotation responses, rotary502

augmentations can be attributed to the introduction of an extra force stemming from the relative503

transverse motion, and the streamlined profile is responsible for the vibrating augmentation.504
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505
FIG. 20.Analysis of vibration responses at Uy = 8 and Uθ = 18.506

Ⅳ. CONCLUSIONS507

In this work, two-dimensional numerical simulations were employed to investigate the role of508

cross-flow vibrations in the flow-induced rotations of an elastically mounted cylinder-plate system509

at a Reynolds number of 120. Comparative simulations were performed across a wide rotational510

reduced velocity range of Uθ = 2–18 under varying vibrational reduced velocities of Uy = 5, 8, 12,511

and 18. The main conclusions drawn from this work are summarized below.512

(1) The bifurcation region varies with both Uθ and Uy, which actually reflect the damping and513

stiffness effect. At low vibrational reduced velocities of Uy = 5 and 8, no bifurcation phenomena514

are observed across the entire Uθ range. However, increasing Uy which effectively diminishes the515

influence of vibration oscillations will lead to evident bifurcation. The boundary between516

bifurcation and non-bifurcation region locates at Uθ = 12 for both Uy = 5 and 8. Within bifurcation517

region, the time-averaged rotary angle and displacement rise with the increasing Uθ. Furthermore,518

the variations of time-averaged values at larger Uy closely follow the trend observed in the519

rotation-only case, indicating a reduced influence of vibrational damping and stiffness.520

(2) Variations of amplitudes and frequencies depict four distinct response modes:521
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vibration-dominated, rotation-dominated, augmentation (VIV-like), and augmentation522

(galloping-like) mode. Vibration-dominated mode, characterized by similar vibration amplitudes523

to those of the vibration-only case while nearly zero rotary amplitudes, appears at low Uθ.524

Following the vibration-dominated mode, the rotation-dominated mode is observed in the range of525

Uθ = 2.5–7, 4.5–11, and 4.5–18 for Uy = 8, 12, and 18, respectively. In this mode, In this mode, the526

rotation amplitudes approach those observed in the rotation-only scenario, whereas the vibration527

amplitudes tend towards zero. At Uy = 5, VIV-like mode appears after the vibration-dominated528

mode. The amplitudes of this mode are larger than those of pure rotation/vibration case, although529

showing a decreasing trend with increasing Uθ. Additionally, the frequencies basically follow a530

Strouhal law. Conversely, the galloping-like mode manifests as amplitudes rise sharply at the531

onset Uθ and grow continuously with Uθ. Furthermore, the non-dimensional frequencies deviate532

from the Strouhal line, being lower. This mode is observed in the range of Uθ = 7.5–18 and 12–18533

for Uy = 8 and 12, respectively.534

(3) Phase angles between rotary angle and displacement exhibit a close relationship with535

response modes. In the VIV-like region, a phase angle of 180° is observed, while the galloping-like536

region is marked by a phase angle of 90°. Phase angles in rotation-dominated show a continuous537

decreasing trend. Significant increases in phase angles can be clearly observed during transitions538

between response modes, such as the shift from the vibration-dominated mode to the539

rotation-dominated mode, as well as the transition from the rotation-dominated mode to540

galloping-like mode. In contrast, phase angles at Uy = 5 vary smoothly, reflecting a shift from the541

vibration-dominated mode to the VIV-like mode.542

(4) Vortex shedding modes are closely linked to response modes. In the rotation-dominated543

and VIV-like modes, the wake predominantly exhibits a 2S mode. Conversely, the544

vibration-dominated mode is characterized by a dominant 2T mode. In the galloping-like region,545

the wake patterns become more complex. At Uy = 8 where bifurcation is absent, the wake546

undergoes a sequence of 2S, 2S*, and 2P mode. In contrast, the bifurcation occurs at Uy = 12,547

resulting in asymmetrical wake flows and the appearance of P+S and 2P+S mode. The six548

distinctly different vortex shedding modes indicates the significant interaction between549

flow-induced vibration and flow-induced rotation.550

(5) The mechanism behind rotary and vibrating augmentation is elucidated through551
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qualitative analyses. Compared with the rotation-only case, the high and low pressure zone around552

the cylinder-plate are substantially larger and vary with time, consequently leading to greater553

pressure differences and larger rotary angles. Further, qualitative analyses of components of the554

driving torsional force are conducted. For the rotation-only case, the torsional force originates555

from the pressure difference between two sides of the splitter plate, which is due to the vortex556

shedding behavior. In contrast, the total torsional force considering both vibration and rotation557

responses consists of the pressure difference due to vortex and the extra force due to the relative558

motion in the transverse direction. These two component forces share the same direction, resulting559

in greater rotary responses. The vibration augmentation is mainly attributed to a streamlined560

profile, where the splitter plate maintains its position rearward of the circular cylinder concerning561

the resultant velocity, devoid of direct interaction. The streamlined profile is helpful to reduce drag562

force and thus enhance vibration.563

While valuable insights have been gained from current investigations, it's essential to564

acknowledge the limitations of this study and identify areas for future research. One notable565

limitation is the restriction to two-dimensional conditions, which may not fully capture the566

complexities of the flow dynamics in three-dimensional manner. Therefore, future studies could567

explore three-dimensional simulations to provide a more comprehensive understanding of the568

flow-induced responses. Additionally, the length of the splitter plate could influence the flow569

patterns and response characteristics. Investigating the effects of varying splitter plate lengths570

could offer valuable insights into the fluid-structure interaction phenomena. Furthermore,571

expanding the ranges of rotational and vibrational reduced velocity could provide a more thorough572

exploration of the system behavior. By studying a wider range of parameter values, we can better573

understand the transitional behaviors and identify critical thresholds for different response modes.574

In conclusion, future studies should aim to address these limitations by exploring575

three-dimensional conditions, investigating varying splitter plate lengths, and expanding the576

ranges of rotational and vibrational parameters. These efforts will contribute to a deeper577

understanding of flow-induced responses and improve the predictive capabilities of fluid-structure578

interaction models.579
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