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Abstract

Two-dimensional (2D) numerical simulations are performed to investigate free

surface waves past two semi-submerged horizontal circular cylinders in tandem.

The 2D simulations are carried out by solving the Unsteady Reynolds-Averaged

Navier-Stokes (URANS) equations with the k-ω turbulence model. The level

set method is employed to model the free-surface waves. Validation studies of

a numerical wave tank have been performed by comparing the numerical sim-

ulations with free-surface waves past a partially-submerged horizontal cylinder

with the published experimental data under regular-wave and deep water condi-

tions. Cases with different submerged depths of the cylinder and incident wave

properties have been studied. The numerical results are in good agreement with

the experimental measurement in terms of hydrodynamic forces. Subsequently,

free surface waves past two semi-submerged horizontal cylinders in tandem are

computed numerically. The effect of spacing between the two cylinders is inves-
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tigated by examining the changes in the vertical hydrodynamic forces on and

the free surface elevations around the cylinders.

Keywords: free surface waves, partially submerged horizontal cylinders,

hydrodynamic forces, Computational Fluid Dynamics

1. Introduction1

Partially-submerged bluff bodies are often found in offshore and marine2

structures, e.g., wave energy converters, semisubmersible platforms and fish3

cages. Circular cylinders are usually one of the important components in these4

structures. Free surface flow around partially-submerged fixed circular cylin-5

ders is hard and expensive to achieve in an experimental setup, which requires6

appropriate experimental facilities (e.g. a well-designed wave tank), minimizing7

human and instrument errors during measuring hydrodynamic quantities etc.8

Therefore an attractive alternative is to use Computational Fluid Dynamics9

(CFD) to obtain the essential hydrodynamic quantities needed for engineering10

design. The wave condition and the submerged depth of the cylinder play im-11

portant roles in determining the hydrodynamic forces and the flow structures.12

Several sets of experimental data for free surface past a partially-submerged13

fixed circular cylinder have been published in the open literature. Dixon et al. [1]14

carried out experiments to measure regular wave forces on a partially-submerged15

fixed cylinder at low Keulegan-Carpenter (KC) numbers ranging from 0.6 to 3.1.16

They measured the vertical forces acting on the cylinder for difference levels of17

submergence and wave amplitude. They found that the interplay between iner-18

tia and buoyancy leads to entirely negative heave forces which act at twice the19

wave frequency, under certain situations. Prasad [2] investigated the slamming20

force due to non-breaking and breaking wave impact on a fixed horizontal cylin-21

der near the still water level. The vertical force data were analyzed to obtain22

the corresponding slamming and impulse coefficients. Easson et al. [3] measured23

the force spectra from partially submerged circular cylinders in random seas.24

Not many Computational Fluid Dynamic (CFD) simulations have been per-25
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formed to predict wave loads on a partially submerged fixed circular cylinder.26

Westphalen et al. [4] and Hu et al. [5] validated their CFD solvers for wave energy27

convertors by studying wave loads on the partially submerged cylinders. They28

compared their numerical results with some selected experimental data from29

Dixon et al. [1]. Turbulence contribution was not included in their numerical30

studies. Westphalen et al. [4] reported that the CFD results give good com-31

parison with the experimental data when the cylinder is partially submerged.32

However, the relative forces calculated by CFD are not in good agreement with33

the experimental data for the fully submerged case.34

To the authors’ knowledge, there are no published experimental or numerical35

studies on the free surface waves past two semi-submerged horizontal circular36

cylinders in tandem. The main objectives of the present study are to evaluate37

whether a level set method based numerical wave tank is applicable for this type38

of engineering application and study the hydrodynamic quantities on both a sin-39

gle partially submerged cylinder and two semi-submerged cylinders in tandem.40

The open-source CFD model REEF3D applied to various marine engineering41

problems such as the study of breaking waves [6, 7], wave forces on cylinders42

[8] and renewable energy devices [9] is used in the present study. First, the43

free surface flows around a partially-submerged circular cylinder in linear free44

surface waves with different submerged depth are investigated numerically. The45

numerical results will be compared with the published experimental results; and46

it will then be considered as a validation study for cases with free surface waves47

past two semi-submerged cylinders in tandem. The effect of spacing between48

the two cylinders will be investigated. The hydrodynamic forces on both the49

upstream and the downstream cylinders will be computed; and the vertical force50

on the upstream cylinder will be compared with the numerical results obtained51

for the corresponding single cylinder case. Changes of the free surface elevation52

due to the effect of the spacing will also be investigated.53
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2. Numerical Model and Setup54

2.1. Governing Equations55

In the present study, a 2D numerical wave tank is employed using REEF3D56

and the Unsteady Reynolds-averaged Navier Stokes (URANS) equations are57

solved together with the continuity equation for incompressible flow, prescrib-58

ing mass and momentum conservation:59

60
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where i, j = 1,2. Here x1 and x2 denote the horizontal and vertical directions;61

u1 and u2 are the corresponding mean velocity components; ρ is the fluid density62

(ρair = 1.205 kg/m3, ρwater= 998.2 kg/m3); p is the pressure; ν is the kine-63

matic viscosity (νair=1.41 ×10−5 m2/s, νwater=1.004 ×10−6 m2/s); νt is the64

eddy viscosity; and g the acceleration of gravity. The numerical model is used65

as a numerical wave tank. High-order schemes are selected for the current study66

to avoid unphysical damping of propagating waves. The convection term of the67

URANS equations is discretized with the Weighted Essentially Non-Oscillatory68

(WENO) scheme in the conservative finite difference version [10]. Here, a dis-69

cretization stencil consists of three sub-stencils, which are weighted according70

to the local smoothness of the discretised function. The scheme achieves a min-71

imum of 3rd-order accuracy for discontinuous solutions, and up to 5th-order72

accuracy for a smooth solution. At the same time, a robust numerical stability73

is achieved, without the negative side effects of numerical limiters. For the time74

treatment, a third-order accurate total variation diminishing (TVD) Runge-75

Kutta scheme is employed, consisting of three Euler substeps [11]. The pressure76

term is solved with the projection method [12] after each of the Euler substeps77

for the velocities. The BiCGStab algorithm [13] with Jacobi scaling precondi-78

tioning solves the Poisson equation for the pressure. The URANS equations are79
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closed with the two-equation k-ω turbulence model [14], with transport equa-80

tions for the turbulent kinetic energy k and the specific dissipation ω. Although81

the KC numbers are small in the present study, the boundary layer around the82

cylinders, the flow separation and the vortices formed after the separation could83

be turbulent when the Reynolds numbers are larger than 106. Moreover, there84

is overtopping action in the present study; non-linear effect on the free surface85

is significant.86

2.2. Numerical Grid and Parallelisation87

At the solid boundaries of the fluid domain a ghost cell immersed bound-88

ary method is employed. In this method, the solution is analytically continued89

through the solid boundary by updating fictitious ghost cells in the solid re-90

gion through extrapolation. This way, the numerical discretization does not91

need to account for the boundary conditions explicitly. The algorithm is based92

upon the local directional approach by Berthelsen and Faltinsen [15]. With this93

method, complex geometries and cut cells can be accounted for. The ghost cell94

approach has several advantages, i.e., : (1) Grid generation becomes trivial;95

(2) the numerical stability and the order of the overall scheme is not affected;96

(3) the method integrates well into the domain decomposition strategy for the97

parallelization of the numerical model. Here ghost cells are used to update the98

values from the neighbouring processors via MPI (Message Passing Interface).99

2.3. Level Set Method100

The main feature of wave interaction with partially submerged structures is101

a complex motion of the free surface. In order to account for this, the interface-102

capturing level set method is employed, describing the interface between the103

two phases water and air. With the level set method [16], the location of the104

interface is represented implicitly by the zero level set of the smooth signed105

distance function φ(~x, t). In every point of the computational domain, the106

level set function gives the closest distance to the interface and the phases are107
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distinguished by the change of the sign.This results in the following properties:108

φ(~x, t)


> 0 if ~x ∈ water

= 0 if ~x ∈ Γ

< 0 if ~x ∈ air

(3)

Also the Eikonal equation |∇φ| = 1 is valid. When the interface is moved under109

an externally generated velocity field ~u, a convection equation for the level set110

function is obtained:111

∂φ

∂t
+ uj

∂φ

∂xj
= 0 (4)

With the level set function in place, the material properties of the two phases112

can be defined for the whole domain. Without special treatment, there is a113

jump in the density ρ and the viscosity ν across the interface, which can lead114

to numerical instabilities. This is avoided by smoothing the material properties115

in the region around the interface with a regularized Heavyside function H (φ).116

This region is 2ε thick, with ε being proportional to the grid spacing ∆x. In the117

present paper it was chosen to be ε = 2.1∆x. The density and the viscosity can118

then be written as:119

ρ (φ) = ρwaterH (φ) + ρair (1−H (φ)) ,

ν (φ) = νwaterH (φ) + νair (1−H (φ))
(5)

and the regularized Heavyside function:120

H (φ) =


0 if φ < −ε

1
2

(
1 + φ

ε + 1
π sin

(
πφ
ε

))
if |φ| < ε

1 if φ > ε

(6)

2.4. Numerical Wave Tank121

A numerical wave tank needs to generate waves at the inlet boundary and122

absorb waves at the outlet boundary in order to simulate the flow and free sur-123

face dynamics of a wave flume. In the present numerical model, the relaxation124

method is selected for the generation and absorption of waves. The relaxation125
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method concept was first presented by Larsen and Dancy [17], where the ana-126

lytical solution is used to moderate the computationally generated waves. This127

method has been presented by Mayer et al. [18] and Engsig-Karup [19]. The128

relaxation function presented by Jacobsen et al. [20] is used in the present study.129

In the wave generation relaxation zone, the values for the velocities and the free130

surface are ramped up from the computational values to the values obtained by131

wave theory. This generates high quality waves and reflections traveling towards132

the generation zone are effectively absorbed. In the numerical beach relaxation133

zone, the computational values for the velocities are smoothly reduced to zero,134

the free surface modulated to the still water level and the pressure to the ac-135

cording hydrostatic distribution. The wave generation zone is generally kept136

one wavelength (L) long and the numerical beach is two wavelengths long. The137

layout of the numerical wave tank with the relaxation zones is presented in138

Figure 1.139

2.5. Calculation of Hydrodynamic Force on the Cylinder140

The calculation of the wave forces (F ) in the numerical model is rather141

straightforward. The pressure and the wall shear stress are integrated over142

the surface Ω of the structure of interest. This happens in a discrete fashion,143

evaluating the pressure p and the wall shear stress tensor τ for each of the144

structures cell surfaces:145

F =

∫
Ω

(−np+ n.τ)dΩ (7)

Because the Navier-Stokes equations in Eqn. (2) are solved including the gravity146

term, the pressure resulting from the projection method includes the hydrostatic147

part in addition to the dynamic effects. As a result, it is the total force acting148

on a structure that is determined by Eqn. (7).149

2.6. Simulation Cases150

As aforementioned, free surface waves past a partially-submerged circular151

cylinder and two semi-submerged circular cylinders in tandem will be investi-152
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gated numerically in the present study. The simulation cases which are per-153

formed are shown as follows:154

2.6.1. Free Surface Waves past a Partially-Submerged Horizontal Cylinder155

The definition sketch of free surface waves past a partially-submerged hori-156

zontal circular cylinder is shown in Figure 2. Here a′ = a/D, a= wave amplitude,157

D = diameter of the cylinder = 1 m, L′ = L/D, L= wavelength, d′ = d/D,158

d= submerged depth of the cylinder and Keulegan Carpenter number KC =159

2π a/D. Deep water linear waves are investigated in the present study. The160

incident wave properties and the corresponding submerged depth of the cylinder161

is set up according to the flow conditions reported by Dixon et al. [1]. Table162

1 shows the incident wave properties and the corresponding submerged depth163

of the cylinder. The maximum Reynolds number Remax = umaxD/ν = 106 for164

a′ = 0.5 and L′ = 15.62. Here umax is the undisturbed maximum horizontal165

water particle velocity at the free surface.166

2.6.2. Free Surface Waves past two Semi-Submerged Horizontal Cylinders in167

Tandem168

Free surface waves past two semi-submerged horizontal circular cylinders in169

tandem are computed and discussed in the present study. It should be noted that170

two cylinders have the same submerged depth. To date, there are no available171

published experimental or numerical studies on this topic. In order to discuss172

the simulation results with physical meaning, the incident wave properties and173

the submerged depth of the cylinders are set up according to Case S1, i.e. a′174

=0.5, L′=15.62 and d′=0.5; and the spacing between the two cylinders (S) are175

varied from 1D to 15D, see Figure 3 for the definition sketch. The incident176

wave condition and the submerged depth ratio for Case S1 ( a′ = 0.5 and d′=0)177

of the single cylinder study is chosen, because the flow condition is the most178

complicated among the cases due to the existence of both wave over-topping179

and wave-run up actions. Table 2 shows the incident wave properties, the sub-180

merged depth of the cylinders and different spacing between the two cylinders.181
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182

3. Grid Refinement Study183

A two-dimensional numerical wave tank is used to perform for a wave force184

convergence study for free surface waves (a′=0.5) past a semi-submerged cylin-185

der (d′=0.5), i.e. Case S1. This case is chosen for performing the grid refinement186

study because the flow condition is the most complicated among the cases (S1-187

S3) due to effects of both significant wave over-topping and run-up actions. The188

numerical wave tank is 70D long and 12D high with a still water level of 8D.189

The semi-submerged horizontal cylinder is placed at a horizontal location 30.5D190

away from the inlet.191

192

Figure 4 shows the grid refinement study in term of normalized vertical force193

F ′v on the cylinder over one wave period. Here dx is the mesh width. The ver-194

tical force Fv is defined as follows:195

196

Fv = Finertial + Fbouyancy (8)

F ′v =
Fv

ρg(πD2/4)
(9)

Fbouyancy has the initial still water buoyancy removed.197

Fbouyancy = ρg(V (t)− V0) (10)

V (t) is the instantaneous displaced water volume and V0 is the initial immersed198

volume. Three sets of meshes, i.e. Mesh 1 with dx = 0.1D and 84000 elements,199

Mesh 2 with dx = 0.05D and 336000 elements, Mesh 3 with dx = 0.025D200

and 1344000 elements, have been tested for the grid refinement study. In the201

adaptive time stepping scheme, the CFL number is kept constant at 0.1. It202

appears that Mesh 3 is considered to give sufficient numerical accuracy. This203

grid resolution (i.e. 625 elements for one wavelength) is used for all the single204

cylinder simulation cases in the present study.205
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A similar wave force convergence study has also been performed for free206

surface waves (a′ = 0.5) past two semi-submerged cylinders (d′ = 0.5) i.e. Case207

T1. Figure 5 shows the grid refinement study in terms of F ′v on each cylinder208

over one wave period. Three sets of meshes i.e. Mesh 1 with dx = 0.1D, Mesh209

2 with dx = 0.05D and Mesh 3 with dx = 0.025D have been tested. It appears210

that Mesh 3 gives sufficient numerical accuracy. This grid resolution (i.e. 625211

elements for one wavelength) is used for all the tandem cylinder simulation cases212

in the present study.213

4. Results and Discussion214

4.1. Free Surface Waves past a Partially-Submerged Horizontal Cylinder215

As mentioned in Section 2.6.1, three simulations are performed based on the216

experimental measurement reported by Dixon et al. [1], see Table 1 for the cases217

and Figure 2 for the definition sketch.218

Figure 6 shows F ′v versus t′ over one wave period for Case S1, see Table 1.219

Here t′= t/T , where T is the wave period. Here the wave amplitude is 0.5D, and220

it means that the cylinder will have the chance to be fully submerged within221

every wave period. Both wave over-topping and run-up actions can occur in222

this case. In Figure 6, the present simulation captures the overall trend of the223

F ′v distribution over one wave period as compared to the experimental data by224

Dixon et al. [1]. The feature of asymmetric force distribution over one wave225

period is well-predicted. There are two peaks in the positive F ′v region for226

t′ <0.5 reported by Dixon et al. [1], which are mainly due to over-topping wave227

action on the cylinder. This feature is predicted reasonably well by the present228

simulation. Figure 7 shows the time history of free surface elevation over a wave229

period for Case S1 with t′= (0, 0.12, 0.36, 0.6, 0.73, 1). The over-topping and230

wave run-up actions are clearly shown in the figure. The wave run-up action231

is clearly observed at t′=0.12 in Figure 7(b); therefore, the largest positive F ′v232

is observed at the same time in Figure 6. From t′= 0.3 to 0.5, the wave crest233

is over-topping the cylinder (see Figure 7(c)); the present predicted F ′v agrees234
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well with the experimental results (see Figure 6). At t′=0.73, the wave trough235

is reaching the bottom of the cylinder. The present model slightly over-predicts236

the negative F ′v as compared to the experimental data, see Figure 6. Overall,237

for Case S1, it appears that the present results agrees reasonably well with the238

experimental data reported by Dixon et al. [1].239

Figure 8 shows the time history of instantaneous vorticity (ω) contour plots240

within one wave period cycle for Case S1. The red contour lines indicate the241

positive ω (counter-clockwise) and the blue contour lines indicate the negative242

ω (clockwise). It is clearly seen that the waves are diffracted by the cylinder243

and the vortices are separated after the waves travel over the cylinder. Flow244

separation is obviously observed at the bottom of the cylinder (see Figs. 8c and245

8d), indicating the existence of viscous energy dissipation.246

For d′ = 0 and a′ = 0.2 (Case S2), the cylinder is always partially-submerged247

during every wave period. Figure 9 shows F ′v versus t′ over one wave period for248

Case S2. The feature of asymmetric force distribution over one wave period is249

also observed in this case (see also Dixon et al. [1]). This is mainly due to the250

wave run-up on the cylinder. The wave over-topping action does not occur in251

this case. Therefore, there is a smooth decrease of F ′v beyond the positive peak252

of F ′v. It appears that the present results are generally in good agreement with253

the experiment measurements by Dixon et al. [1]. The maximum positive and254

negative values of F ′v are predicted reasonably well by the present simulation.255

For Case S3, the cylinder is then moved down to the position of d′ = -0.2256

and a′ = 0.2 is kept. Both wave over-topping and run-up actions can occur in257

this case. F ′v versus t′ over one wave period for Case S3 is shown in Figure 10.258

Generally, the present model is able to capture the whole F ′v distribution well as259

compared to the experimental measurements. Small discrepancies are seen at260

the time near t′ = 0.73, where values of F ′v have the largest negative value. For261

this case, the agreement between the present simulation and the experimental262

data appears to be better than that of Case S1. This is because the degree of263

wave over-topping action in Case S3 is less than that in Case S1, i.e. smaller264

value of a′ with respect to d′ in Case S3 than that in Case S1.265
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266

Overall it appears that the present numerical model is able to predict the267

free surface waves past a partially-submerged cylinder reasonably well. These268

results are taken as a validation study for the subsequent investigation on the269

free surface waves past two semi-submerged cylinders in tandem, see Section270

4.2.271

4.2. Free Surface Waves past Two Semi-Submerged Horizontal Cylinders in272

Tandem273

Similar numerical setup as for the cases of a single partially-submerged hor-274

izontal cylinder is employed to investigate the free surface waves past two semi-275

submerged horizontal cylinder in tandem, see Table 2 for the cases and Figure276

3 for the definition sketch.277

Figure 11 shows F ′v versus t′ over one wave period for Case T1 (a′= 0.5,278

d′=0, S/D=1), and the result of the single cylinder case S1 are also included279

for discussion. The free surface elevations around the two cylinders over one280

wave period t′= (0, 0.12, 0.36, 0.6, 0.73, 1) are shown in Figure 12. In Figure281

11, it is clearly seen that there is a phase difference between the time-history F ′v282

results over a wave period of the two cylinders due to their different horizontal283

locations. Owing to the existence of Cylinder 2 at the downstream location, the284

Cylinder 1 at the upstream location experiences a larger positive peak of F ′v as285

compared to the results of Case S1 for the single cylinder. This is physically286

sound because the spacing between Cylinder 1 and Cylinder 2 is small (i.e. S/D287

=1); and the effect of flow blockage becomes significant. This makes wave run-288

up and over-topping actions on Cylinder 1 become more prominent. Therefore,289

generally Cylinder 1 experiences larger positive F ′v than that for the Case S1290

(the single cylinder) for t′ < 0.6. In Figure 12b, the water is trapped at the291

area between the two cylinders. This makes the F ′v distribution of Cylinder 2292

different from that of Cylinder 1, see Figure 11. This trapped water between the293

two cylinders (see Figure 12c and 12d) leads to Cylinder 2 experiencing larger294

positive F ′v for a longer duration as compared to Cylinder1. Due to the blocking295
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effect caused by Cylinder 1, only wave run-up action is observed on Cylinder 2296

throughout the wave period, see Figures 11 and 12.297

Figure 13 shows F ′v versus t′ over one wave period for Case T2 (a′= 0.5, d′=0,298

S/D=3), including the result of the single cylinder case S1 for comparison. The299

free surface elevations around the two cylinders over one wave period t′= (0,300

0.12, 0.36, 0.6, 0.73, 1) for Case T2 are shown in Figure 14. By comparing Figure301

11 and Figure 13, the wave run-up effect on Cylinder 1 caused by Cylinder 2302

for S/D=3 is less pronounced than that for S/D=1. The maximum positive F ′v303

of Cylinder 1 is almost the same as that of Case S1 ( the single Cylinder). This304

is physically sound because the spacing between two cylinders becomes larger;305

and Cylinder 2 creates less blockage of flow. Subsequently, less significant wave306

run-up effect on Cylinder 1 during the first half wave period is observed. For307

0.3 < t′ <0.7, the water is being trapped between the two cylinders (see Figures308

14c-14e), mainly because S/D is still small. Again, this trapped water causes309

Cylinder 2 experiencing a longer duration of positive F ′v than Cylinder 1. By310

comparing the F ′v results between Cylinder 2 for T1 (Figure 11) and Cylinder 2311

for T2 (Figure 13), it is found that the water between two cylinders is trapped312

for a longer duration for T2 than that for T1. At t′= 0.73 in Figure 13, Cylinder313

1 experiences a larger magnitude of negative F ′v as compared to that of the single314

cylinder Case S1. This is because the free surface waves are reflected upstream315

after hitting Cylinder 2; and subsequently the reflected waves further reduce the316

free surface elevation around Cylinder 1. Same as Case T1, only wave run-up317

action is observed on Cylinder 2 throughout the wave period.318

Figure 15 shows the time history of instantaneous vorticity (ω) contour plots319

over one wave cycle for Case T2. The red contour lines indicate the positive ω320

(counter-clockwise) and the blue contour lines indicate the negative ω (clock-321

wise). The waves are diffracted due to Cylinder 1. Vortices are generated around322

the cylinders and this contributes to significant viscous damping. Cylinder 2323

experiences the diffracted waves from Cylinder 1. Due to the low KC number,324

it appears that the wakes generated by Cylinder 1 do not travel to the location325

of Cylinder 2. A flow separation feature is clearly observed at the bottom side326
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of Cylinder 2.327

F ′v versus t′ over one wave period for Case T3 (a′= 0.5, d′=0, S/D=7) is328

shown in Figure 16 together with the result of the single cylinder case S1. The329

free surface elevations around the two cylinders over one wave period t′= (0,330

0.12, 0.36, 0.6, 0.73, 1) for Case T3 are shown in Figure 17. In Figure 16, It331

is observed that the time-history F ′v results over a wave period of Cylinder 1332

and Cylinder 2 are out of phase. This is physically correct because the spac-333

ing between two cylinders is close to half of the investigated wave length (i.e.334

L′=15.62). For t′ <0.5, it is observed that, due to a large spacing between two335

cylinders, the influence of Cylinder 2 on the wave run-up effect of Cylinder 1336

is much less as compared to those observed in Case T1 (Figure 11) and Case337

T2 (Figure 13). By observing the free surface elevation results in Figure 17, no338

excessive water is trapped between the two cylinders. Same as previous cases,339

only wave run-up action is observed on Cylinder 2 throughout the wave period.340

Figure 18 shows F ′v versus t′ over one wave period for Case T4 (a′= 0.5,341

d′= 0, S/D = 15), and the result of the single cylinder case S1 is also included342

for discussion. It should be noted that the spacing between the two cylinders343

(S/D = 15) is almost equal to one wave length of the incident waves (L′=15.62).344

The present simulation results shows that the time-history F ′v results over one345

wave period of Cylinder 1 and Cylinder 2 are in phase with each other; and this346

feature is physically sound. Due to the large spacing between the two cylinders,347

the time history F ′v results of Cylinder 1 almost coincides with the results of348

the single cylinder Case S1. Figure 19 shows the free surface elevations around349

the two cylinders over one wave period t′= (0, 0.12, 0.36, 0.6, 0.73, 1) for Case350

T4. It is obviously seen that the variation of the free surface elevation around351

Cylinder 2 is less significant than that around Cylinder 1. Figure 18 also shows352

that the magnitude of the negative F ′v of Cylinder 2 is less than that of Cylinder353

1. This is mainly because the wave activity has partially been damped out due354

the viscous energy dissipation due to the flow separation and the existence of355

wave diffraction at Cylinder 1.356

Overall it appears that the present numerical model is suitable for predict-357
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ing the hydrodynamic quantities and the corresponding free surface elevations358

based on the present investigation of free surface waves past partially submerged359

cylinders.360

5. Conclusions361

Free surface regular waves past partially-submerged horizontal circular cylin-362

ders under deep water conditions have been studied numerically by solving363

URANS equations together with the k-ω turbulence model and level set method364

for the free surface modeling. The main results are summarised as follows:365

(a) Free Surface Waves past a Partially-Submerged Horizontal Cylinder366

The present predicted vertical wave forces on the cylinder (F ′v) have been367

compared directly with the published experimental data by Dixon et al. [1].368

Overall, the present model is able to predict the time-history F ′v results over369

one wave period well for the cases with cylinders at different submerged depth370

subject to various incident wave properties. The present model predicts both371

maximum positive and negative F ′v and asymmetric F ′v distribution over one372

wave period well as compared with the experimental data. The present model373

is able to predict the wave run-up and over-topping actions around the cylinder374

with reasonable explanation from the time history F ′v results. This work is used375

as a validation study for the further investigation on the free surface waves past376

two semi-submerged horizontal cylinder in tandem.377

(b) Free Surface Waves past Two Semi-Submerged Horizontal Cylinders in Tan-378

dem379

Wave forces and free surface elevations around two semi-submerged horizon-380

tal cylinders in tandem have been predicted numerically by varying the spacing381

between the cylinders. For the cases with small spacing (i.e. S/D = 1 and 3)382

between the two cylinders, more prominent wave run-up and over-topping ac-383

tions and larger positive F ′v on Cylinder 1 (upstream) are observed as compared384

with that of the single cylinder case. This is mainly attributed to the blocking385
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effects caused by Cylinder 2 (downstream). Moreover, the water trapped be-386

tween the two cylinders causes Cylinder 2 experiencing larger positive F ′v for a387

longer duration as compared to Cylinder 1.388

When S/D is about half of the wave length, the time-history F ′v results over389

a wave period of Cylinder 1 and Cylinder 2 are out of phase. When S/D is390

about one wave length, the time-history F ′v of Cylinder 1 and Cylinder 2 are in391

phase with each other. For larger S/D, no excessive water is trapped between392

the two cylinders; hence, the time history F ′v results of Cylinder 1 are similar393

to the results of the single cylinder. The variation of the free surface elevation394

around Cylinder 2 is less significant than that around Cylinder 1 because the395

wave activity has partially been damped out by Cylinder 1.396

Overall it appears that the present numerical model is suitable for predict-397

ing the hydrodynamic quantities and the corresponding free surface elevations398

based on the present investigation of free surface waves past partially submerged399

cylinders. However, more experimental data are required in order to perform a400

further detailed validation study of the model. Moreover, the present work can401

be used as a validation study for the future work on wave-induced motions of402

bluff bodies.403
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Table 1: Simulation cases for the free surface waves over a partially-submerged cylinder. Here

KC= 2π a/D, a′ = a/D, d′ = d/D and L′ = L/D.

Index d′ L′ a′ KC

S1 0.0 15.62 0.5 3.14

S2 0.0 15.62 0.2 1.26

S3 -0.2 15.62 0.2 1.26

Table 2: Simulation cases for the free surface waves over two semi-submerged cylinders.

Index d′ L′ a′ KC (based on cylinder 1) S/D

T1 0.0 15.62 0.5 3.14 1

T2 0.0 15.62 0.5 3.14 3

T3 0.0 15.62 0.5 3.14 7

T4 0.0 15.62 0.5 3.14 15
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Figure 1: Definition sketch showing the layout of the numerical wave tank with the relaxation

zones

Figure 2: Definition sketch of free surface waves past a partially-submerged horizontal circular

cylinder
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Figure 3: Definition sketch of free surface waves past two Semi-Submerged Horizontal Cylin-

ders in Tandem
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Figure 4: Grid refinement study in term of vertical force F ′
v over one wave period for case S1
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(a) Cylinder 1
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(b) Cylinder 2

Figure 5: Grid refinement study in term of vertical force F ′
v over one wave period for case T1
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Figure 6: F ′
v versus t′ over one wave period for Case S1
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 7: Time history of free surface elevation over a wave period for Case S1. The water

domain is colored by 256 contours from -1.011 to 2.919 m/s
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 8: Time history of instantaneous vorticity (ω) over a wave period for Case S1. The red

contour lines indicate the positive ω (counter-clockwise) and the blue contour lines indicate

the negative ω (clockwise). 34 vorticity contours are plotted from -20 Hz to 20 Hz.
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Figure 9: F ′
v versus t′ over one wave period for Case S2
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Figure 10: F ′
v versus t′ over one wave period for Case S3.
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Figure 11: F ′
v versus t′ over one wave period for Case T1
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 12: Time history of free surface elevation over a wave period for Case T1. The water

domain is colored by 256 contours from -1.050 to 2.650 m/s
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Figure 13: F ′
v versus t′ over one wave period for Case T2
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 14: Time history of free surface elevation over a wave period for Case T2. The water

domain is colored by 256 contours from -1.050 to 2.650 m/s
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 15: Time history of instantaneous vorticity (ω) over a wave period for Case T2. The red

contour lines indicate the positive ω (counter-clockwise) and the blue contour lines indicate

the negative ω (clockwise). 34 vorticity contours are plotted from -20 Hz to 20 Hz.
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Figure 16: F ′
v versus t′ over one wave period for Case T3
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 17: Time history of free surface elevation over a wave period for Case T3. The water

domain is colored by 256 contours from -0.975 to 1.733 m/s
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Figure 18: F ′
v versus t′ over one wave period for Case T4
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(a) t′ = 0.0 (b) t′ = 0.12

(c) t′ = 0.36 (d) t′ = 0.6

(e) t′ = 0.73 (f) t′ = 1

Figure 19: Time history of free surface elevation over a wave period for Case T4. The water

domain is colored by 256 contours from -0.978 to 1.415 m/s
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