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Abstract: The unsteady flow around the monopile under the influence of wave and vibration is 1

studied by numerical method. Based on VOF model and SST Turbulence model, combined with 2

Intermittent Transition model and dynamic mesh method, wave generation and pile vibration in 3

numerical flume are simulated. The flow field around vibrating monopile in a calm water flume and 4

a wave flume is simulated and the simulation results are compared. The calculation results show 5

that the monopile vibration has a great disturbance to the unsteady flow around the pile, and the 6

disturbance degree intensifies with the increase of the vibration amplitude of the monopile: Under 7

the action of inertia, the vibration of the monopile leads to the reattachment of the shedding vortices; 8

Under the influence of the reattachment vortices, the asymmetry of the vorticity on the side wall of 9

the monopile intensifies; The intensification of the disturbance causes the reduction of the phase lead 10

angle of the bed shear stress on the side of the single pile, and an additional high bed shear stress 11

appears on the side of the monopile. In addition, the vortex structure formed alternately around the 12

monopile during the vibration process leads to the periodic change of the high bed shear stress. 13

Keywords: Two-phase flow; Turbulence model; Disturbance; Vortex field; Bed shear stress 14

0. Introduction 15

Offshore wind turbines have been extensively utilized because of the development of 16

renewable energy [1,2]. Monopile is a crucial foundation type of offshore wind turbines. 17

In the working environment of the turbine, monopiles are commonly subjected to the 18

operating load of the top motor, as well as complex wind, wave, and current loads, which 19

are often periodic and long-term [3]. Under the influence of such periodic loads, long-term 20

cyclic horizontal displacement is produced in monopiles. This horizontal displacement 21

causes the oscillation of the water body around the pile. Combined with the existing wind, 22

wave, and current, which results in a complex impact on the flow pattern around the 23

pile, and then affects the scouring around the pile. Therefore, it is necessary to further 24

examine the unsteady flow field adjacent to the pile under the combined action of waves 25

and vibrations. 26

For the unsteady flow field nearby the pile, the vortices around the pile have attracted 27

much attention. When the pile moves in the pulse, inertia plays a supporting role in the 28

shedding of the primary vortices, and the phenomenon of vortices reattachment caused 29

by the change of velocity pulse is detectable [4–6]. For the vortex fields around the pile 30

in the wave flume under the action of wave loading, compared with the general flow 31

around a cylinder, the vortex structure shows apparent differences: the horseshoe vortices 32

emerges only during a certain portion of the half period of the wave downwelling with 33

a significantly diminished “strength”, and the Lee-wake flow pattern presents multiple 34

vortices shedding regimes governed by the Keulegan-Carpenter number [7]. In the present 35
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scrutiny, the influence of the pile vibration on the vortex fields is of high interest since 36

making them more complex. 37

Under the influence of wave and vibration, the velocity distribution near the wall 38

dramatically varies, and the effects of the shear flow and eddy current become very notice- 39

able. The resulting changes in the bed shear stress are also of great concern. The vortex 40

structure in the flow field leads to the increase of the velocity gradient near the wall[8,9], 41

which affects the time history of the oscillating flow with periodic changes, and leads to 42

the occurrence of the peak shear stress[10–12]. The increase of shear stress caused by the 43

horseshoe vortices are also the main driving force, leading to the scouring around the 44

pile[13–15]. Additionally, the change of the overall shear stress caused by the variation of 45

the pile side accelerated flow and wake vortices, forming a high shear stress region[16]. 46

The external oscillating flow penetrates the boundary layer, which may also lead to the 47

growth of the bed shear stress[17]. 48

Another noteworthy phenomenon is that under the influence of the phase discrepancy 49

between the free stream velocity and the boundary layer one, there is a phase lead effect 50

in the bed shear stress time history. Van der[18] conducted experiments in an oscillating 51

flow tunnel with rough walls to explore the influence of acceleration skewness on sediment 52

transport in oscillating flows. This study considers that the phase leading angle changes 53

exponentially with the maximum velocity of the oscillating flow, and the leading angle 54

of the onshore half cycle is greater than the offshore half cycle. However, through the 55

conclusion of the wave flume experiment, Xie[19] pointed out that Van der’s data did not 56

support the law of exponential change, and there was no definite comparison relationship 57

between the leading angles of the shore half cycle and the offshore half cycle. 58

To summarize, the vortex fields and shear flow around the pile are the key factors to 59

characterize the flow regime around the pile. The previous research works on the local flow 60

field around the pile wave flume are mostly based on the pile under static conditions, while 61

the case of the pile under the combined action of wave and vibration is often simplified 62

to a certain extent, and there is still a lack of detailed analysis and systematic research[20]. 63

Therefore, it is of particular scientific significance to examine the unsteady flow around the 64

pile under the combined action of waves and vibrations. 65

In the current work, in order to explore the influence of the pile vibration amplitude 66

on the flow field around the monopile in the calm water flume and the wave flume, the 67

changes in vibration vortex fields and shear stress in the calm water flume, and the changes 68

of vibration vortex fields and shear stress in the wave flume are carefully simulated and 69

compared. By this view, Sections 1 and 2 introduce the numerical model employed and 70

the simulated cases in the simulation. Section 3 aims to verify the effectiveness of the 71

numerical model. In Section 4, the development of the vortex fields and the change of the 72

bed shear stress are taken as the research objects, and the simulation results for the static 73

water flume(in Section 4.2) and wave flume(in Section 4.3) are displayed, compared and 74

discussed. Finally, the simulation results are summarized in Section 5. 75

1. Numerical model 76

1.1. Governing equations 77

In this study, VOF model and SST model are used to simulate the flow pattern in 78

numerical flume. This coupling model has good effects on the simulation of waves and the 79

flow field around the cylindrical pile[21–23]. The following equations are mainly solved: 80

1
ρq

[
∂
∂t
(
αqρq

)
+∇ ·

(
αqρqv⃗q

)]
= 1

ρq

[
Sαq + ∑n

p=1
(
mpq − mqp

)]
∂
∂t (ρv⃗) +∇ · (ρv⃗v⃗) = −∇p +∇ ·

[
µ
(
∇v⃗ +∇v⃗T)]+ ρg⃗ + F⃗

∂
∂t (ρk) + ∂

∂xi
(ρkui) =

∂
∂xj

(
Γk

∂k
∂xj

)
+ Gk + Sk − Yk

∂
∂t (ρω) + ∂

∂xj

(
ρωuj

)
= ∂

∂xj

(
Γω

∂ω
∂xj

)
+ Gω + Dω + Sω − Yω

(1)
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The first two equations are volume fraction equation (continuity equation in VOF 81

model) and momentum equation, and the last two are turbulence equations. 82

In each control volume, the volume fractions of all phases sum to unity. The fields 83

for all variables and properties are shared by the phases and represent volume averaged 84

values, as long as the volume fraction of each of the phases is known at each location. 85

αq = 0, The cell is empty of the q fluid; 86

αq = 1, The cell is full of the q fluid; 87

0 < αq < 1, The cell contains the interface between the q fluid and one or more other 88

fluids. Substitute this fraction into the continuity equation: 89

ρq

[
∂

∂t
(
αqρq

)
+∇ ·

(
αqρqv⃗q

)]
=

1
ρq

[
Sαq +

n

∑
p=1

(
mpq − mqp

)]
(2)

The equation is the deformation of the continuous equation under the VOF model, 90

where m is the mass transfer between phase p and phase q, S is the source term(This term 91

is 0 in this study). 92

Based on the above phase properties, solve the momentum equation of multiphase 93

flow: 94

∂

∂t
(ρv⃗) +∇ · (ρv⃗v⃗) = −∇p +∇ ·

[
µ
(
∇v⃗ +∇v⃗T

)]
+ ρg⃗ + F⃗ (3)

It is worth noting that only one momentum equation is solved, and the phase velocity 95

obtained is shared by all phases. 96

In most hydrodynamic problems, gravity or other inertial forces dominate, so the 97

effect of surface tension is almost negligible. The critical dimensionless parameter (Weber 98

number) is usually used to characterize the effect of surface tension. The Weber number in 99

this study is 2505 (Stokes wave), which shows that the influence of inertia force is much 100

greater than that of surface tension. Therefore, in this study, the effect of surface tension is 101

very small and is almost negligible. 102

The SST model includes all the refinements of the BSL model, and in addition accounts 103

for the transport of the turbulence shear stress in the definition of the turbulent viscosity. 104

Where k is turbulence kinetic energy, ω is specific turbulence dissipation rate. Γk and 105

Γω represent the effective diffusivity of k and ω [24]: 106

Γk = µ + µt
1
σk

Γω = µ + µt
1

σω

(4)

The characteristic of SST model differ from other k − ω model is the consideration of 107

the transport of the turbulent shear stress: 108

µt =
ρk
ω

1
max

[
1

α∗ , SF2
α1ω

]
F2 = tanh

(
ϕ2

2
)

ϕ2 = max
[
2

√
k

0.09ωy , 500µ
ρy2ω

] (5)

F2 is used to manipulate the next surface condition. In ϕ2 , y is the distance to the next 109

surface. 110

F1 function is worth noting. F1 is a hyperbolic tangent function, and its variation trend 111

with parameter is as follows: 112

F1 = tanh
(
arg4

1
)

arg1 = min
[
max

( √
k

0.09ωy , 500µ
ρy2ω

)
, 4ρk

σω,2D+
ω y2

]
D+

ω = max
[
2ρ 1

σω,2
1
ω

∂k
∂xj

∂ω
∂xj

, 10−10
] (6)
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Figure 1. F1 function.

As F1 tends to 1, the model is k − ϵ model; As F1 = 0, the model is k − ω model. 113

Therefore, SST model has the characteristics of k − ϵand k − ω model. When the near wall 114

grid is dense, the near wall flow field would be directly solved by the k − ω model, and the 115

k − ϵ model used to calculate the near wall flow field when the grid is sparse. 116

G represents the production of k and ω , D represents cross-diffusion term of k and ω. 117

1.2. Intermittency transition model 118

In this study, in order to deal with standard bypass transition and shedding conditions, 119

the γ(intermittency) transition model is used[25]. 120

Transport equation of intermittency transition model: 121

∂(ργ)

∂t
+

∂
(
ρUjγ

)
∂xj

= Pγ − Eγ +
∂

∂xj

[(
µ +

µt

σγ

)
∂γ

∂xj

]
(7)

The two source terms on the right of the equation are transition source and destruc- 122

tion/relaminarization source: 123

Pγ = Flength ρSγ(1 − γ)Fonset
Eγ = ca2ρΩγFturb (ce2γ − 1) (8)

Fonset represents transition onset which calculated by the following formulas: 124

Fonset 1 = Rev
2.2 Reθc

, Fonset 2 = min(2.0, Fonset1 ),

Fonset 3 = max
(

1 −
(

RT
3.5

)3
, 0
)

,

Fonset = max(Fonset 2 − Fonset 3, 0)

Fturb = e −
(

RT
2

)4

RT = ρk
µω

ReV = ρd2
wS
µ

Reθc = f (TuL, λθL)

(9)

S represents the strain rate magnitude, Ω is the magnitude of the absolute vorticity 125

rate, Flength is the length of transition zone, Cα2=0.06, Ce2=50. 126

1.3. Wave absorbing model 127

In order to prevent the reflection wave from affecting the wave making waveform, the 128

damping source term wave elimination method is used to absorb it. The artificial viscous 129

wave elimination is insensitive to the frequency (or wavelength) of the wave, and can 130

effectively eliminate the waves of various frequencies (or wavelengths). 131
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In this study, the damping source term is set in the wave absorbing region: 132

S = − f (x)
[

C1ρV +
1
2

C2ρ|V|V
]

(10)

In order to completely eliminate wave energy in the attenuation band and not cause 133

the reflected wave as soon as it enters the attenuation band, the viscous drag coefficient 134

must not be too minute or too large. Therefore, the viscous drag coefficient according to the 135

law of quadratic function. 136

f (x) =
(

x − xs

xe − xs

)2
(11)

1.4. Boundary condition and initial condition 137

Flume inlet: Velocity inlet: 138

Inlet velocity is obtained by giving x , y and z velocity components ,in calm water 139

flume inlet: 140

ui = 0 (12)

in wave flume inlet: 141

ux = πH
T

cosh κ(y+d)
sinh κd cos(κx − ωt) + 3

4
πH
T

(
πH

L

)
cosh 2κ(y+d)

sinh4 κd
cos 2(κx − ωt)

uy = πH
T

sinh κ(y+d)
sinh κd sin(κx − ωt) + 3

4
πH
T

(
πH

L

)
sinh 2κ(y+d)

sinh4 κd
sin 2(κx − ωt)

uz = 0

κ = 2π
λ

(13)

Where H is wave height, T is wave period, λ is wavelength, h is water depth in flume. 142

Flume Outlet: Pressure outlet; 143

Flume sidewall: To reduce the influence of the sidewall, set it as a symmetry boundary; 144

Initial free surface: Set the water depth in the trough to 0.4m at the initial time. 145

Bottom of flume and side wall of pile: No-slip boundary condition; 146

k − ω: Given at the inlet and outlet, its value is estimated by the following formulas: 147

k = 3
2 (IU)2

ω =
√

k
Ωt

(14)

1.5. Numerical wave flume 148

In order to explore the characteristics of the flow pattern around the monopile under 149

the combined action of wave and vibration, a wave-vibrating cylindrical pile numerical 150

simulation flume was constructed. For the convenience of the following description, a 151

three-dimensional rectangular coordinate system is established with the positive direction 152

of wave propagation in the flume as the X-axis, the height of the flume (from bottom to 153

top) as the Y-axis, the width of the flume (from left to right facing the wave propagation 154

direction) as the Z-axis, and the center point of the calm water horizontal plane at the 155

entrance of the flume as the coordinate origin. 156
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Figure 2. Sketch of the numerical wave flume and meshes

Along the positive direction of the x-axis, the flume is divided into three parts: the 157

wave band, the test section and the end wave band. A cylindrical pile with a bottom radius 158

of 0.06m and a height of 0.5m is arranged at the geometric center of the bottom of the test 159

section. The width of the flume is 0.6m, the height is 0.5m, the water depth in the flume is 160

0.4m, and the lengths of the wave band, the test section and the end wave band are 4m, 161

1.5m and 11.2m respectively. 162

2. Working cases 163

2.1. Working cases in flume 164

This study involves 12 working conditions(Table 1), which can be classified into 3 165

groups: Cases1∼3 reproduce the classic experiments of Jesen and Koumoutsakos in flume 166

to verify the turbulence model used; Cases4∼7 explored the development process of the 167

flow field around the vibrating pile pile in the calm water flume; Cases8∼12 explored the 168

change of flow regime under the wave-non vibration and wave-vibration in a wave flume. 169

According to the boundary conditions, calm water surface would be generated in the calm 170

water flume, while a second-order Stokes wave propagating along the X-axis direction 171

would be generated in the wave flume. Dimensionless numbers KC1 and KC2 are defined 172

to determine oscillation conditions of virbration pipe and wave: 173
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KC1 =
VmaxTp

D

KC2 =
UmaxT

D

(15)

where Vmax is the maximum vibration velocity of pile, Umax is the maximum hori- 174

zontal velocity of surface water quality point under wave condition, Tp is the the period of 175

virbration pipe, T is the wave period, D is the characteristic length. In this study, D is the 176

diameter of the monopile. 177

Table 1. Validation and numerical work cases

Index H(m) T(s) λ(m) h(m) Re KC1 KC2 KC1/KC2

Case1 - 9.7200 2.0000 0.2800 612920 76.3712 - -
Case2 - - - - 550 - 10.0000 -
Case3 - - - - 9500 - 10.0000 -
Case4 - - - 0.4000 1764 - 0.5207 -
Case5 - - - 0.4000 3528 - 1.0413 -
Case6 - - - 0.4000 5292 - 1.5620 -
Case7 - - - 0.4000 7057 - 2.0827 -
Case8 0.0800 1.0572 1.6000 0.4000 14197 4.1902 0 0
Case9 0.0800 1.0572 1.6000 0.4000 14197 4.1902 0.5207 0.1243
Case10 0.0800 1.0572 1.6000 0.4000 14197 4.1902 1.0413 0.2485
Case11 0.0800 1.0572 1.6000 0.4000 14197 4.1902 1.5620 0.3728
Case12 0.0800 1.0572 1.6000 0.4000 14197 4.1902 2.0827 0.4970

Where Re is Reynolds number. 178

2.2. Monopile vibration 179

It is considered that the pile is a rigid body, there is a hinge at the bottom of the pile, 180

and the pile vibrates in the same period with the wave from a certain time. Obviously, 181

the displacement curve of the pile should conform to the characteristics of the periodic 182

function. Figure 5 shows that the waveform is not stable at the beginning of calculation. In 183

order to eliminate this effect, it is considered to start the pile after the waveform is stable. 184

Based on the above considerations, the motion mode of the pile is set as: at the initial stage, 185

the pile is fixed at the bottom of the flume, and then a small disturbance is given to it at a 186

predetermined time to obtain the initial velocity v0. Then the velocity of the pile changes 187

according to the cosine function curve, which makes the pile vibrate periodically. In order 188

to avoid the function singularity caused by the sudden change of flow velocity, a short 189

function transition is adopted in the pile start-up stage (near t0): 190

ux =


0, 0 < t < (t − δt)
Vm
2 [cos(c(t − t0)) + 1], (t0 − δt) < t < t0

Vm cos(σ(t − t0)), t > t0

(16)
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Figure 3. Movement track of monopile along X-axis.

δt determined by the time step, the value in this study is 0.0050s; t0 represents the 191

initial time of the pile, σ is frequency, σ = 2π
T , c is the constant used to control the period 192

of the transition function, c = π
δt . The initial moment of pile vibration is the same as that 193

of wave equilibrium. Based on the above considerations, the pile in Cases 8∼11 start to 194

vibrate in 6.0210s. 195

2.3. Dynamic meshes 196

The research method of Leeref-5 is that the pile is fixed, and the impulse start or stop 197

of the pile is equivalent by the change of inlet-velocity. However, due to the existence of 198

wave making inlet the change of inlet-velocity is bound to affect the generation of wave, so 199

a similar scheme cannot be adopted in this study. 200

Therefore, in order to simulate the vibration of monopile, it is necessary to use the 201

dynamic mesh method in the pile wall. In order to ensure the quality of the cells after 202

remeshing, all the cells in the domain area are marked, and the cells are stretched or 203

reconstructed in each time step. 204

Under the above settings, the remeshing is "absorbed" by all the cells in the domain, 205

so the deformation of a single cell has minor change, and the cells quality degradation and 206

calculation result error caused by a large number of grid reconstruction are avoided. 207

Figure 4. Maximum displacement cell(case7, ωt = 9◦) has minor deformation compared with the
initial cell. Through the check of the minimum cell, it can be concluded that the side length of the
minimum cell at this time is 81.6657% of the original, and it is basically stretched and tilted. It can be
seen that a single grid has minor change.

3. Validation of numerical model 208

3.1. Validation of VOF model 209

3.1.1. Results of wave making and absorbing 210

Table 2 shows the wave parameters used in this study: 211

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2022                   doi:10.20944/preprints202208.0270.v1

https://doi.org/10.20944/preprints202208.0270.v1


9 of 36

Table 2. Stokes II wave parameters

Wave h/m H/m λ/m T /s

StokesII 0.4000 0.0800 1.6000 1.0572

According to the Second order Stokes wave theory, the wave surface equation of this 212

waveform can be obtained: 213

η = − κA2

2 sinh 2κh + A cos(κx − σt) + A2κ
4

cosh κh·(cosh 2κh+2)
sinh3(κh)

cos(2κx − 2σt)

A2 = H
2

κ = 2π
λ

σ = 2π
T

(17)

Figure 5 shows the comparison between the theoretical wave surface and the numerical 214

results: 215

Figure 5. Stokes wave: theoretical waveform, calculated waveform and wave absorb

To compare the wave making effect, calculate the phase average value of the numerical 216

solution: 217

u =
1
N

N

∑
n=0

u(t + nT) (18)

u is the phase average value of wave parameters, where the peak height, trough height 218

and period are taken. Table 3 shows the phase average waveform parameters obtained by 219

numerical calculation: 220

Table 3. Phase average value of wave parameters

Index wavecrest/m wavetrough/m pried/s

Numerical solution 0.0445 -0.0336 1.0595
Theoretical solution 0.0442 -0.0359 1.0572

The error between the numerical solution and the theoretical solution is very small, 221

which reflects the well wave making result. 222

Figure 5 also shows the wave surface at one wavelength from the outlet. The wave 223

height is attenuated to less than 5% of the original wave height, and the wave absorb has 224

achieved well result. 225
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3.1.2. Influence of monopile and symmetry wall on wave propagation 226

In order to verify the influence of piles on wave propagation, the wave height time 227

history at x = 0, 0.075m from the center of the pile and 0.05m from the side wall were 228

measured. For comparison, a flume without piles is set up, and the waveform of the center 229

of the flume with x = 0 is measured. Figure 6 that the wave height time history of the 230

three are almost the same, and the influence of the pile and the side wall on the wave 231

propagation is negligible. 232

0 2 4 6 8 10 12 14

-0.04

-0.02

0.00

0.02

0.04

0.06
(m

)

time(s)

 next to the pile
 next to the symmetry
 no pile

Figure 6. The wave surfaces next to the pipe, the symmetry and in the no pile flume.

3.1.3. Wave height attenuation along the flume 233

Due to the existence of dissipation term, the wave height may decay along the flume. 234

Figure 7 shows the phase average change of wave height along the flume. The monitoring 235

results show that the phase average wave height of Stokes wave decays from 0.07892m to 236

0.07074m. Table 4 shows the attenuation waveform parameters: 237

0 1 2 3 4 5
0.065

0.070

0.075

0.080

A
(m

)

x(m)

 wave height

Figure 7. Attenuation of wave height

Table 4. Attenuation wave parameter

Index Wave steepness Relative height Ursell number

Attenuation wave 0.0442 0.1768 2.8296
Theoretical

range(StokesII) (0,0.055) (0,0.5) (0,25)

The second-order Stokes wave theory is still applicable to the attenuated wave and 238

not affect the conclusion of this study. 239

3.2. Validation of turbulence model 240

3.2.1. Analysis of meshes sensitivity 241

Before the calculation, three sets of different meshes are used to test the meshes 242

sensitivity. The height of the first layer of three sets of meshes near the bottom surface is 243
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0.1mm, 0.2mm and 0.5mm respectively (Table 5) . In this study, the velocity distribution 244

near the bottom surface is a hydraulic factor that needs special attention. 245

Figure 8 shows the velocity distribution near the bottom surface in the X-direction. As 246

comparison mainstream velocity distribution results shown, the difference among three 247

sets of different meshes is very minute. However, in the area near the bottom surface, the 248

calculated results of mesh3 are quite different from those of Mesh1 and Mesh2. By Mesh3, 249

it is difficult to accurately capture the velocity distribution characteristics in the boundary 250

layer. In comparison, the difference between the calculation results of Mesh1 and Mesh2 is 251

very minute, which indicates that setting the height of the first layer of meshes to 0.2mm is 252

enough to capture the velocity characteristics. It should be considered that too minute the 253

height of the first layer of meshes lead to too large the ratio of mesh length to height and 254

poor meshes quality, and a sharp increase in the number of meshes in the boundary layer, 255

which affect the computational efficiency. Based on the above reasons, Mesh2 is selected as 256

the near bottom mesh generation scheme. 257

Table 5. Mesh schemes of velocity distribution tests.

Index y/mm Growth rate Number of layer grids

Mesh1 0.15 1.05 30
Mesh2 0.25 1.05 20
Mesh3 0.60 1.05 10
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Figure 8. Near bed velocity distribution and bed shear stress time history of mesh1, Mesh2 and
mesh3.

The variation of the pressure coefficient and vorticity distribution of the pile side wall 258

is directly related to the development and shedding of vortices. Therefore, it is necessary to 259

test the sensitivity of the near wall meshes of the pile side wall. The test objects are Mesh4, 260

Mesh5 and Mesh6 (Table 6) . 261

The error between the pressure coefficient results of the three sets of meshes is minute, 262

but the calculation results of Mesh6 are smaller than Mesh4 and Mesh5 near the inflection 263

point of the pressure coefficient. The vorticity is significantly affected by the grid than the 264

pressure coefficient. Figure 9 shows that mesh6 scheme is not able to correctly capture 265

the vorticity distribution characteristics, while mesh4 and mesh5 have this ability. After 266

comprehensive consideration, Mesh5 is selected as the near pile side mesh generation 267

scheme. 268
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Table 6. Mesh schemes of pressure coefficient and vorticity distribution tests.

Index y/mm Growthrate Numberof layergrids

Mesh1 0.20 1.05 30
Mesh2 0.30 1.05 20
Mesh3 0.60 1.05 10

Figure 9. Distribution of monopile side wall pressure coefficient(Cp) and vorticity of mesh4, mesh5
and mesh6 (y=-0.3m) .
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3.2.2. Analysis of Yplus value 269

The precision meshes is designed for the calculation of unsteady flow under the 270

combined influence of cylindrical vibration and wave action, so the height of the first layer 271

of meshes near the wall is very important. This height is represented by the Yplus value. 272

The Yplus value is defined as: 273

y+ =
yρuτ

µ
(19)

This value indicates the ability of the near wall meshes to capture the flow field 274

characteristics. The SST model requires the Yplus value to be within (0,10) to ensure that 275

the k − ω equation is used near the wall and that the centers of the first layer of meshes falls 276

in the viscous sublayer. The mesh generation scheme of Mesh2+Mesh5 is selected, and the 277

Figure 10 shows that Yplus value is basically about 1, which meets the mesh requirements 278

of the numerical model. 279

Figure 10. Yplus value distribution of monopile side wall and bed surface shows that its value is
about 1.

3.2.3. Comparison with classical studies of oscillating flow and flow around impulsively 280

piles 281

Jensen’s test[26] showed the influence of oscillating flow on the velocity distribution 282

near the bottom surface. Figure 11 shows that the velocity distribution near the bottom of 283

the test pipe was measured using an air pump oscillating flow test device. 284
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Figure 11. Comparison of velocity distribution near the bottom in case1 and Jensen’s test. Jensen
introduced dimensionless velocity.

The flow pattern around piles is another important factor in this study. Koumoutsakos 285

summarized the change law of unsteady flow field around impulsively piles[6], which has 286

been recognized by many researchers(Figure 12). 287
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T=3 T=6 T=8

T=1.0 T=2.0 T=4.0

Re=550

Re=3000

T=3 T=6 T=8

T=1.0 T=2.0 T=4.0

Re=550

Re=3000

Re=550

Re=3000

Figure 12. The vortex fields and surface vorticity in the case of re=550 and re=3000 obtained from the
study of case2, case3 and Koumoutsakos.
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The above results show that the numerical model used in this study is effective in 288

oscillating flow simulation and pile vibration simulation. 289

4. Results and discussion 290

This section provides the calculation results of vortex fields, monopile surface vorticity, 291

shear stress distribution, shear stress time history and phase lead in calm water flume and 292

wave flume. At the same time, the causes for the change of vortex fields and shear stress are 293

discussed, and the influence of KC1 on vortex fields and shear stress is also compared and 294

discussed. In case4∼7, the time of ωt = 0◦ is 0.210s, and in case8∼12, the time of ωt = 0◦ 295

is 7.078s. 296

4.1. Vortex identification 297

The vortex is commonly caused by the combined action of the shear around the pile, 298

and the adverse pressure gradient produced due to the presence of the pile. The Ω-criterion 299

decomposes vorticity ωL into a rotating part and a non-rotating part: 300

ωL = R + S (20)

where R represents the vorticity of the rotating part and S denotes the vorticity of 301

the non-rotating part. Subsequently, a numerical value ΩL is introduced to represent the 302

proportion of the rotating vorticity to the total vorticity, that is, a threshold insensitive 303

vortex identification method is evaluated[27,28]: 304

ΩL =
∥B∥2

F
∥A∥2

F + ∥B∥2
F + ε

(21)

Evidently, the value range of Ω is (0,1). In the case of Ω higher than 0.5 (generally 305

0.52), B is the dominant factor (i.e., the rotating part), which can be considered as vortex 306

formation. 307

4.2. In calm water flume 308

4.2.1. Vortex fields around monopile in low KC1 309

Figure 13 presents the vortices shedding at the front and rear of the vibrating pile in 310

calm water. As the pile swings back and forth, shedding vortices periodically appear in 311

the front and behind of the pile. Because the velocity difference in depth is far less than 312

that under the wave condition, the vortices surfaces do not stretch obliquely with the water 313

depth direction. With the increase of KC1, the vortices field exhibits various characteristics. 314

By this view, the following two cases can be considered and discussed: 315

From the distribution of the pressure coefficient along the circumference(Figure 9), 316

it can be seen that at the equilibrium position of the pile vibration, the reverse pressure 317

gradient region appears behind the side of the pile motion direction, which is similar 318

to the general flow around the pile. The difference is that with the vibration of the pile, 319

the direction of the flow around the pile changes periodically, and the position of the 320

inverse pressure gradient region also changes periodically, and there are acceleration 321

and deceleration stages. Under the influence of periodic motion, the primary vortices 322

have reattachment and periodic reappearance. For example, the vortex fields can observe 323

the phenomenon of vortices reattachment at θ = 150◦. Due to the periodic vibration of 324

the pile, the velocity around the pile exhibits the characteristics of periodic acceleration 325

and deceleration, which makes the shedding vortices lack sufficient power to diffuse 326

forward and backward to the pile. The periodic direction changes of flow velocity and the 327

reattachment of the vortices hinders the diffusion of the shedding primary vortices to the 328

downstream. 329

In Case5 and Case6, the secondary vortices become obvious, and the vortices shedding 330

angle is θ = 160◦. However, their evolutions are limited by the primary vortices and 331

reattchment effect. The secondary vortices tend to penetrate the primary vortices, but it 332
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cannot reach the external irrotational flow field. The primary vortices shed from the side 333

wall, and their vortex strengths reduce through diffusion, preventing the growth of the 334

secondary vortices. After that, the displacement direction of the pile alters such that the 335

secondary vortices reattach to the wall again. 336

As the further increase of KC1, the vortex intensity of the primary vortices and the 337

secondary vortices increase, but the primary vortices and the secondary vortices are still 338

limited by the reattachment effect. It is worth noting that the secondary vortices are more 339

obvious, and has a more obvious shedding trend than case4 and 5 at the time of ωt = 180◦. 340

However, the influence of reattachment cannot be avoided. During the movement of the 341

pile in the negative direction of the X-axis, it can be observed that the primary vortices and 342

the secondary vortices reattach at the position of θ = 160◦and overlapped each other. 343

LE

ωt=0° ωt=720°ωt=360°

Figure 13. Lee wake vortices around the pile of case7. The Lee wake vortices of case4∼6 is not easy
to shed, and the phenomenon is not obvious. Therefore, in the following, the vortex fields section is
taken at the position of y=-0.3m.

Case4 Case5 Case6

ωt=0°

ωt=45°

ωt=90°

ωt=135°

ωt=180°

ωt=225°

ωt=270°

ωt=315°

ωt=360°

Case4 Case5 Case6

PR

SE

Figure 14. The distribution of vortex fields around the pile in case4∼6, Pr is the primary vortices, and
Se is the secondary vortices. (more obvious in case5)

4.2.2. Changes in vortex field in high KC1 344

With the growth of amplitude in the same period, the vortex fields around the pile 345

changes again. The strengths of the primary vortices are high. At the same time, as the 346

amplitude becomes larger, there is enough space for the development of the shedding 347

vortices, and the influence of the reattachment phenomenon is further weakened. Therefore, 348

the biggest difference between the distribution of the vortex fields in case7 and cases4∼6 is 349

that the vortices are completely shed, and the vortex field in case7 loses the characteristics 350

of periodic recurrence. 351
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Figure 15 illustrates that the primary vortices shed from θ = 165◦ and diffuses to 352

the "temporary" wake area under the action of inertia and negative flow. After that, the 353

displacement direction of the pile varies, the flow becomes positive flow, and the primary 354

vortices are forced to reattach. However, the energy of the vortices does not dissipate, and 355

the displacement direction of the pile turns to the positive and backward directions of the 356

X-axis again. The primary vortices quickly shed, is pulled and torn by the negative flow, 357

and small vortex shed. 358

Similarly, on the other side of the pile, the primary vortices are separated, elongated 359

and split. After that, the secondary vortices shed from the sidewall again, and the above 360

process is repeated. It is worth mentioning that the shedding small vortices are "caught up" 361

and swallowed up by the primary vortices forced to move with the pile, which once again 362

reflects that the deceleration process of vibration and the periodic direction changes of flow 363

velocity hinder the propagations of the vortices to the "downstream". 364

ωt=0° ωt=45° ωt=90°

ωt=135° ωt=180° ωt=225°

ωt=270° ωt=315° ωt=360°

ωt=450° ωt=540° ωt=630°

Figure 15. Vortex field distribution around the pile of case7. Shedding vortices are easily observed.

4.2.3. Variation of vorticity on monopile surface 365

The vorticity on the surface of the pile can more clearly show the development of 366

the vortex fields on the side wall of the pile in Figure 16. At the time of high velocity of 367

ωt = 0◦, 180◦, and 360◦, the vorticity on the pile surface increases linearly with the increase 368

of KC1. It is easy to comprehend that the velocity around the pile increases linearly with the 369

increase of KC1. At the same time, with the continuous change of the vibration direction of 370

the pile, the positive and negative values of vorticity also alternately vary. 371

In cases4∼7, the vortex fields present symmetry, which is also reflected in the figure. 372

A notable change is that at the time after ωt = 360◦, the peak value of surface vorticity of 373

case7 shifted, and at the time of ωt = 540◦, it moved to θ = 0◦ offset, and at ωt = 720◦, it 374

is θ = 180◦ offset, that is, with the increase of the surface velocity of the pile sidewall, the 375

peak value of the surface vorticity shifts to the wake region. 376

At ωt = 90◦and 270◦, the flow velocity is low, and the vorticity no longer increases 377

linearly with the increase of KC1. The peak value of surface vorticity of case7 is 2 orders 378

of magnitude higher than that of case4. It is worth noting that at ωt = 270◦, there is 379

an obvious secondary peak at θ = 150◦, which shows that with the increase of KC1, the 380

influence of the reattachment vortices on surface vorticity becomes more and more obvious. 381
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Figure 16. Vorticity distribution on the monopile surface.

4.2.4. Overall distribution of bed shear stress 382

A crucial effect of the periodical variation of the flow velocity in the main flow area is 383

that it affects the distribution of the bed shear stress. Figure 17 demonstrates the overall 384

variation of the bed shear stress around the pile with the vibration of the pile in cases4 ∼ 7. 385

At the front of the pile, the vibration of the pile causes inverse flow. With the vibration of 386

the pile, the inverse flow region alternately appears in front of and behind the pile. Due 387

to the constant change of the inverse flow velocity and weak inverse flow intensity, it is 388

difficult to configure a complete horseshoe vortex structure. Only an unformed horseshoe 389

vortex structure is configured in front of and behind the pile of case7, which affects the bed 390

shear stress in this area, making that present an irregular saddle shape. 391

Regarding the shear flow region on the side of the pile, by capturing the maximum 392

point of the bed shear stress, it can be noted that the maximum shear stress on the side 393

of the pile alternates between θ = 85◦ and θ = 95◦ on the side of the pile (case 4). The 394

distribution of shear stress in case5∼case7 is very similar to that in case4, but the alternating 395
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range of the maximum shear stress is different. Cases5∼7 reach (78◦, 102◦), (72◦, 108◦), and 396

(62◦, 118◦), respectively. In general, as the increase of KC1, the vibration intensity increase, 397

and then the area under the influence of the vibration enlarges. 398

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

P
S

K

Case4

Case5

Case6

Case7

Figure 17. The overall distribution of shear stress around the pile of case3 to case6. S is the high stress
area caused by inverse flow, P is the high stress area caused by shear flow, and K is the high stress
area elongated after the movement direction of the pile is changed.

4.2.5. Phase Lead 399

Figure 18 and Figure 19 shows the time history of flow velocity and bed shear stress at 400

the measuring points. The coordinate of bed shear stress measuring points is (0,-0.4,0.04). d 401

is the vertical distance from flow velocity measuring points to bed shear stress measuring 402

points. δϕ1 is onshore angle, δϕ2 is offshore angle. The "phase lead" effect originates from 403

the upper edge of the boundary layer, and the closer it is to the bed surface, the more 404

obvious it is. On the side of the pile, the shear stress changes periodically, but there is a 405

phase difference with the velocity of free stream. This is consistent with the conclusion of 406

the classical oscillating flow test. Compared with the research results of van der, due to the 407

low shear velocity in this study, the phase lead angle in case3 is larger, reaching 42.06◦in the 408

onshore flow and 40.86◦in the offshore flow, which is close to the analytical solution(45◦) of 409

the phase lead effect in the laminar flow. 410

It is worth noting that with the increase of KC1, the time history curve of bed shear 411

stress shows a peak shape. In this case, the phase lead effect still exists, but it is difficult to 412

measure at the equilibrium position. This phenomenon is related to the influence of pile 413

vibration on the lateral shear acceleration zone of the pile. In fact, the reciprocating motion 414

of the pile not only causes the appearance of the shear zone on the side of the pile, but 415

also causes the driving flow between the shear zone and the wake zone, resulting in the 416

deviation of the time history curve of the bed shear stress. Based on this, this study uses 417

the peak phase and valley phase of flow velocity period and shear stress period to measure 418

the phase lead angle. With the increase of the relative velocity of pile vibration, the phase 419
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leading angle decreases significantly, which is consistent with the research results of van 420

der. 421

Figure 18. Phase lead effect in calm water flume(boundary layer).

Figure 19. Phase lead effect in calm water flume (bed shear stress) and phase angle.
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4.2.6. Influence of vortices around monopile 422

In the front and behind of the pile, the vibration of the pile causes the backflow near 423

the bed surface, forming horseshoe vortices. With the vibration of the pile, horseshoe 424

vortices appear alternately in front of and behind the pile, and correspondingly, high shear 425

stress areas appear alternately in front and behind of the pile. After the movement direction 426

of the pile changes, a temporary wake zone is formed. In the area near the bed surface 427

of this region, the previously formed horseshoe vortices have not completely dissipated, 428

and are stretched and broken (Figure 21). Under its influence, a slightly stretched high 429

stress area appears on the bed surface. The difference between case4∼6 and case7 is that 430

the Lee wake vortices that fall off smoothly forms a U-shaped vortex structure near the bed 431

surface under tension, which affects the velocity distribution and bed shear stress at this 432

position. Figure 20 shows that the time history curve of bed shear stress (the coordinate of 433

bed shear stress measuring point is (-0.07,-0.4,0)) has a prominent peak, which occurs when 434

the pile approaches the measuring point. In addition, the value of the shear stress in the 435

time history of the pile approaching the measuring point is significantly higher than that 436

of the pile away from the measuring point, which reflects the influence of vortices on the 437

change of the bed shear stress in this area. 438
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Figure 20. Time history of bed shear stress.

U

H

Figure 21. Horseshoe vortices structure H broken by tension and U-shaped vortex structure U formed
by tension of Lee wake vortices in case7.
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4.3. In wave flume 439

4.3.1. Vortex fields around the monopile 440

According to wave dynamics theory, the velocity of a water particle in wave flume is 441

ux = A
[

Aκ

2
cosh 2κ(z0 + h)

sinh2 κh
ω +

cosh κ(z0 + h)
sinh κh

cos θ0 +
Aκ

2 sinh2 κh

[
1 − 3

2
cosh 2κ(z0 + h)

sinh2 κh

]
cos 2θ0

]
uy = A

[
− sinh κ(z0 + h)

sinh κh
sin θ0 +

3
4

Aκ
sinh 2κ(z0 + h)

sinh4 κh
sin 2θ0

]
uz = 0

θ0 = κx0 − ωt

(22)

Wave

O

y

x

Figure 22. The velocity of wave water particle

It can be noted that the velocity in the X-axis direction is divided into two parts: a 442

periodic term and aperiodic term, which indicates that there is horizontal displacement 443

while the water quality point moves along the periodic trajectory. Moreover, along the 444

direction of water depth, the velocity of water quality points increases from the bottom 445

to the surface. Under the influence of lateral shear flow, Lee-wake vortices are generated 446

around the pile. Figure 23 shows that the Lee-wake vortices behind the pile are more 447

obvious than those in front of the pile and are affected by the wave propagation direction. 448

This corresponds to Bakey’s result[7]. 449

ωt=0° ωt=720°ωt=360°

LE

Figure 23. The Lee wake vortices around the pile of case8 show that the Lee wake vortices behind the
pile are significantly stronger than that in front of the pile

Figure 24 shows the time history development of the vortex fields. Different from the 450

general flow around a pile, in this study, when the wave crest passes through the pile, the 451

free stream mainly moves in the positive direction of the X-axis, and the Lee-wake vortices 452

surfaces on the back of the pile are continuously elongated. In contrast, when the wave 453

trough passes through the pile, the free stream mainly moves along the negative direction 454

of the X-axis, and the Lee-wake vortices surfaces in front of the pile are continuously 455

elongated. Due to the uneven distribution of wave velocity in the direction of water depth, 456

the downstream diffusion velocity of these vortices‘ changes with the change in water 457

depth. As shown in the figure, the flow velocity near the bed surface is low, and the flow 458

velocity at the upper end of the pile column is high. Under the influence of this velocity 459

difference, the tandem vortices are elongated and tilted and may be "broken". Under the 460

wave-vibration combine influence, one wave period is divided into four stages: 461

ωt ∈ (0, 90): At this stage, the wave water quality point movement flows from 462

descending to horizontal flow in the positive direction of the X-axis, and the pile slows 463
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down along the positive direction of the X-axis. The vortex field of 90° shows that after the 464

pile moves, the vortices in front of the pile are easier to shed due to inertia than under the 465

condition of no vibration. Simultaneously, the vortices behind the pile reappear. 466

ωt ∈ (90, 180): At this stage, the wave water point movement changes from horizontal 467

flow in the positive direction of the X-axis to upwelling, and the pile accelerates along the 468

negative direction of the X-axis. When the wall-attached vortices behind the pile under the 469

combined action of the X-axis forward flow formed by the pile movement, the vortices in 470

front of the pile completely shed. 471

ωt ∈ (180, 270): At this stage, the wave water quality point movement flows from 472

rising to horizontal flow in the negative direction of the X-axis, and the pile slows down 473

along the negative direction of the X-axis. The vortices shed at 120° is reattached under the 474

action of horizontal flow in the negative direction of the X-axis. 475

ωt ∈ (270, 360): At this stage, the movement of wave water quality points changes 476

from horizontal flow in the negative direction of the X-axis to downwards flow, and the pile 477

accelerates along the positive direction of the X-axis. The movement of the pile once again 478

"helps" the shedding of the vortices in front of the pile. The vortices behind the pile that are 479

previously shed is far from the pile under the action of wave propagation and drifting, and 480

no reattachment has occurred. 481

In general, the pile vibration affects the development of the vortex fields in the form 482

of disturbance, but this small disturbance can significantly interfere with the development 483

process of the vortex field. The calculation results show that the strength of the reattachment 484

vortices change during the increase in KC1/KC2, resulting in the obvious difference between 485

the vortex fields of cases 8, 9 or 10 and cases 10 or 11. 486

4.3.2. Changes in vortex fields in low KC1/KC2 487

Comparing the calculation results of cases 8, 9 and 10, it is easy to note that the vortices 488

intensity caused by vibration in cases 9 and 10 is small, and it is not easy to cause significant 489

changes in the wave vortex fields before the time of ωt = 360◦. Compared with case 8, 490

case 9 has earlier asymmetric vortices in the wake vortices area, which is due to the larger 491

vortices strength of their shedding vortices. At ωt = 360◦ and ωt = 450◦, it can be observed 492

that with the change in the direction of pile movement, the vortices in the temporary wake 493

area is elongated due to inertia, and then the vortices morphology is different. The vortex 494

field development of case 10 is very similar to that of case 9, but the vortices more easily fall 495

off the sidewall. As the vortex intensity of the shedding vortices increases, a symmetrical 496

shedding vortices also begin to form in the area in front of the pile. At the same time, it can 497

be noted that in this study, only a pair of vortices shed from the pile, and the direction of 498

the stream has changed. After that, the reverse flow velocity prevents the vortices shed 499

from diffusing downstream. 500

Figure 24 also shows that when the velocity direction turns to the positive X-axis 501

direction in the next cycle, the swirl intensity of the vortices falling off before is significantly 502

reduced until it enters the extinction band and is dissipated. As the breakaway vortices 503

drift along the positive direction of the X-axis, due to the mutual interference of the Lee 504

wake vortices, asymmetric vortices begin to appear in the wake vortices area at ωt = 720◦. 505
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ωt=0°

ωt=90°
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ωt=270°
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Case9Case8 Case10

ωt=450°

ωt=540°

ωt=630°

ωt=720°

Case9Case8 Case10

Figure 24. Vortex fields around piles of case 8, case9 and case10. After adding the pile vibration,
the Lee wake vortices in front of the pile begin to appear, and the vortex fields are relatively messy.
Therefore, the vortex fields section are taken at the position of y = −0.3m for display.

4.3.3. Changes in vortex fields in high KC1/KC2 506

Figure 25 shows that the increase in pile amplitude causes considerable interference 507

to the vortex fields. A particularly noteworthy phenomenon is that at 450°, a pair of 508

vortices that has shed and interfered with each other to form an asymmetric structure have 509

reattachment, which has a great impact on the symmetry of the vortex fields around the 510

pile. This shows that at the next moment, asymmetric wall attached vortices immediately 511

appeared on the sidewall of the pile. Then, as the pile moves away in the positive direction 512

of the X-axis, the asymmetric wall attached vortices fall off the sidewall of the pile. 513

In case 12, with a further increase in amplitude, the pile vibration causes greater 514

interference with the vortex fields. At ωt = 360◦, it is worth noting that a pair of convex 515

shedding vortices appear at the positions of θ = 70◦ , which are very similar to the tertiary 516

vortices observed by Koumoutsakos in the pulse starting and braking pile flow. As the 517

pile turns away, the vortices shift to the temporary wake region. The reattachment of 518

asymmetric vortices in case 11 are clearer than those in case 12. At ωt = 630◦, a pair of 519

vortices that have shed and interfered with each other to form an asymmetric structure 520

have reattached. Similar to case 11, this reattachment has a great impact on the symmetry 521

of the vortices on the pile surface. Fig.25 shows that at the next moment, asymmetric wall 522

attached vortices immediately appear on the sidewall of the pile. 523
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Figure 25. Vortex fields development process of case11 and case12. T is the shedding convex vortices,
and A is the asymmetric separation vortices with reattachment.

4.3.4. Variation of vorticity on monopile surface 524

The vorticity distribution on the surface of the pile in a wave flume is much more 525

complex than that in a calm water flume (Figure 26) . At such moments as ωt = 0◦, 180◦ 526

and 360◦, upwelling and downwelling are dominant in the movement of wave water points, 527

which mainly affect the formation of unformed horseshoe vortices at the bottom of the 528

pile and make a small contribution to the sidewall vortices. The side shear flow caused 529

by pile vibration is the main contributor to the sidewall vortices. In contrast, at the times 530

of ωt = 90◦ and 270◦, the horizontal flow is dominant in the wave water point motion, 531

and the vibration of the pile is near the equilibrium position. At this time, the wave water 532

point motion is the main contributor to the sidewall vortices. The figure shows that under 533

the action of superposition, at ωt = 0◦, 180◦ and 360◦, the vibration "pulls" the vorticity 534

distribution to the distribution law of similar pile shear vorticity. At the same time, there 535

are additional peaks in the temporary wake area, which reflects the emergence of additional 536

high shear areas. At ωt = 90◦ and 270◦, there are two additional peaks, corresponding to 537

the backwards movement of the high shear zone and the additional high shear zone in 538

front of the pile side. After the ωt = 360◦moment, the vorticity distribution of case 11 and 539

case 12 shows obvious asymmetry, 540
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Figure 26. The vorticity distribution on the surface of the pile
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4.3.5. Overall distribution of bed shear stress 541

Figure 27 shows the overall change in the shear stress around the pile for the 5 cases 542

in the wave flume. In the shear flow region at the side of the pile, it can be noted that the 543

high shear stress region appears in the area around the case 8 pile, which is caused by the 544

horseshoe vortices upwelling/downwelling. Due to the insufficient backflow strength, 545

the horseshoe vortices structures are not as stable as those in cases 4∼7, and the shear 546

stress region also presents an irregular shape. It is worth noting that cases 9∼12 show great 547

changes with increasing KC1/KC2 value. When the pile moves forward to the X-axis, under 548

the action of inertia, the shear flow region moves to the rear side of the pile (Figure 28) . 549

Accordingly, the high shear stress region at the side of the pile moves to the rear side of 550

the pile. In case 11 and case 12, it is even fused with the shear stress region caused by the 551

horseshoe vortices, which is difficult to distinguish. 552

With the movement of the pile, a high shear stress region is formed in the front area of 553

the pile side, and the formation reason of this region is consistent with cases4∼7. Figure 28 554

also shows that under the superposition of wave and pile vibrations, two shear accelerated 555

flow zones appear at the side of the pile. 556

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

ωt=0° ωt=180° ωt=360°

P1S

ωt=0° ωt=180° ωt=360°

P2

P12

Case8

Case9

Case10

Case11

Case12

Figure 27. The overall distribution of shear stress around piles in case8∼12 . S is the high stress area
caused by horseshoe vortices, P1 is the high stress area caused by wave shear flow, P2 is the high
stress area caused by pile vibration shear flow, and P12 is the high stress area caused by wave shear
flow moving backward under inertia

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 16 August 2022                   doi:10.20944/preprints202208.0270.v1

https://doi.org/10.20944/preprints202208.0270.v1


30 of 36

Case9 Case10

Case11 Case12

SF1

SF2

Figure 28. Velocity distribution around piles in case9∼case12. SF1 is the wave induced shear
accelerated flow region with backward displacement, and SF2 is the additional shear accelerated flow
region caused by vibration.

4.3.6. Phase Lead 557

Take the same measuring points as case3∼6 on the side of the pile column to monitor 558

the time history of flow velocity and bed shear stress. Similar to the change of bed shear 559

stress caused by pile vibration previously discussed, the change of bed shear stress time 560

history curve here presents periodic characteristics. It is worth noting that compared with 561

case3∼6, the peak of shear stress is no longer obvious, which reflects that waves play a 562

leading role in the wave flume. Similar to the phenomenon in calm water, the phase leading 563

angle originates from the upper edge of the boundary layer and develops towards the bed 564

surface. Fig. shows that the phase lead angle decreases with the increase of KC1/KC2, 565

which reflects the promotion of the disturbance of the pile to the turbulence development 566

in the side area of the pile in the wave flume. Figure 29 and Figure 30 shows that the phase 567

lead angles of case8 and 9 are close in value, and the same is true of case10 and 11, reflecting 568

the sudden change of the influence of vibration on the phase lead angle. It is worth noting 569

that the phase lead angle in case8 and 9 shows the feature that the offshore flow is greater 570

than the onshore flow, while case8,9,10 is the opposite. This corresponds to the different 571

results of Xie’s wave flume test and van der’s oscillating flow test[18,19]. It can be noted 572

that there is no necessary value comparison relationship between the onshore and offshore 573

phase lead angles. 574
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Figure 29. Phase lead effect in wave flume (boundary layer) .
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Figure 30. Phase lead effect in wave flume (bed shear stress) and phase angle.

4.3.7. Influence of vortices around monopile 575

Figure 31 shows that the shear stress value in front of the pile fluctuates violently, and 576

the peak value of the stress value appears, which indicates the influence of the vortices 577

in front of the pile on the shear stress. Figure 32 shows a horseshoe vortices system 578

composed of several unformed horseshoe vortices in front of the pile. As mentioned above, 579

upwelling/downwelling gradually plays a leading role in the process of changing the 580

direction of flow velocity, and a horseshoe vortex structure is formed near the bottom of 581

the pile. However, due to the insufficient backflow intensity, the horseshoe vortices are not 582

fully developed, and a stable horseshoe vortex structure has not been formed in the whole 583

flow process. The peak value of shear stress in the figure appears in ωt = 180◦ and 540◦, 584

corresponding to the formation of vortices at the bottom of the pile at these moments in the 585

figure. 586

Specifically, when downwelling is dominant (such as ωt = 180◦ and ωt = 540◦), the 587

horseshoe vortices intensity increases and affects the bed surface, and the bed surface shear 588

stress peaks. When positive and negative horizontal flow is dominant (such as ωt = 270◦), 589

the main force of horseshoe vortices formation is the backflow of horizontal flow, and 590

the strength of this backflow is less than that of downwelling, so the horseshoe vortices 591

area decreases, the vortices strength decreases, and the influence on the bed shear stress 592

decreases. When upwelling (such as ωt = 360◦) is dominant, the vortices intensity is 593

further weakened, the vortices move up, and its influence on the shear stress is further 594

weakened. 595

After the pile vibration is added, the peak value of the bed shear stress of case 9 is 596

less obvious than that of case8. However, this is not because the influence of the vortices 597

structures are weakened but rather from travel of the pile away from the measuring point 598
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during the vibration process. Figure 32 shows that the unformed horseshoe vortices appear 599

within 5mm in front of the pile. When the pile is far from the measuring point, the influence 600

of the horseshoe vortices are weakened. Even so, the figure still shows the difference in the 601

change in the bed shear stress between the front and behind of the pile and the side of the 602

pile. Obvious secondary peaks can be observed in the positive half cycle of the shear stress 603

of cases 10∼12, and the secondary peak occurs when the pile approaches the measuring 604

point. Figure 31 shows that vibration leads to an increase in the backflow intensity, the 605

intensity of the horseshoe vortices also increases, and new vortices appear. Due to the 606

increase in backflow strength, the shear stress increases significantly. 607
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Figure 31. Time history of bed shear stress.
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Figure 32. Horseshoe vortices system in Case8∼Case12.

5. Conclusions 608

In this study, the flow patterns around the pile in calm water and wave flume are 609

discussed, and the changes of bed shear stress in the vortex fields around the pile are em- 610

phatically explored and summarized. The results show that the reattachment of shedding 611

vortices is the main difference between the vortex fields of this study and that of static pile 612

in calm water flume vortex fields and wave flume vortex fields; For the shear stress of the 613

bed, the shear stress of the front and rear bed of the pile is mainly affected by vortices, and 614

the shear stress of the side bed of the pile is mainly affected by shear accelerated flow. 615

The pile vibration affects the flow pattern around the pile in a disturbing way. The 616

greater the vibration intensity, the stronger the disturbance of the pile to the flow field. 617

An important effect of the increase of vibration intensity is that the shedding asymmetric 618
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vortices may reattach, and the reattachment phenomenon of vortices has a serious impact 619

on the symmetry of the vortex fields on the side wall of the pile. If the separated asymmetric 620

vortices reattach, the symmetry of the vortex fields on the side wall of the pile be destroyed, 621

and the vortex fields become more chaotic and irregular in the subsequent cycle. 622

In the side area of the pile, the vibration of the pile makes the high stress area caused 623

by wave shear flow moves back, and produce additional shear acceleration areas and 624

high stress areas at the same time. In the front and behind of the pile-around flow field, 625

the vibration of the pile leads to the increase of the backflow intensity, which leads to 626

the increase of the horseshoe vortices intensity and the increase of the bed shear stress. 627

In addition, under the influence of pile vibration, the phase lead effect of shear stress is 628

obvious. In calm water flume and wave flume, the phase leading angle decrease with the 629

increase of vibration intensity. 630
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