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Abstract

Wave forces and the flow field around cylinders placed in a periodic wave field

are investigated with a numerical model using the Reynolds-averaged Navier-

Stokes equations. The numerical model is validated by simulating the wave

interaction with a single cylinder and comparing the numerical results with ex-

perimental data from a large scale experiment. Then, the wave interaction with

a single large cylinder and a pair of large cylinders placed in tandem for different

incident wave steepnesses is studied. The numerically calculated forces are com-

pared with predictions from potential theory. The numerical results are seen

to match the predictions at low incident wave steepness but differ at higher

incident wave steepnesses. The wave diffraction pattern around the tandem

cylinders for waves of low and high steepness is investigated and the evolution

of a strong diffraction pattern is seen in the case of high steepness waves, which

results in the difference between the wave forces predicted by potential theory

and the numerical model at higher steepnesses.
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1. Introduction1

Circular cylindrical structures are commonly used in the support structures2

of offshore wind turbines, oil and gas platforms, offshore mooring dolphins in3

deep and intermediate waters and nearshore coastal structures. Understand-4

ing the interaction of waves with these structures is important for the accurate5

prediction of the hydrodynamic loads on them. Moreover, the interaction of6

waves with large cylindrical structures always modifies the characteristics of7

the incident wave field and influences the wave induced processes of wave ra-8

diation and diffraction. The modified kinematics of the flow field changes the9

flow processes such as the wave run-up, reflection and transmission. In the case10

of a circular cylinder, the contribution of drag and inertia forces to the total11

forces is determined by the KC number and the diffraction parameter. When12

the diffraction parameter, which is the ratio of the cylinder diameter (D) to the13

incident wavelength (L), is greater than 0.2 (D/L > 0.2) and the KC number14

is smaller than 2, the flow is inertia dominated and wave diffraction effects are15

important (Isaacson, 1979). Lower-order solutions can be obtained with ana-16

lytical formulations based on potential theory by assuming the fluid is inviscid,17

the flow irrotational and the wave amplitude small compared to the diameter18

of the cylinder. The methods based on potential theory are limited by these19

assumptions, when the incident wave is steep. The importance of non-linear20

interactions arising from diffracted waves and the viscous effects in an unsep-21

arated flow regime have to be investigated by accounting for these phenomena22

and comparing the results with predictions from potential theory.23

MacCamy and Fuchs (1954) derived an equation using linear potential the-24

ory to obtain the first-order wave force on a single large cylinder using the wave25

diffraction potential. This equation is commonly used to determine wave forces26

on a single large cylinder exposed to regular waves. Chakrabarti and Tam (1973)27

carried out experimental studies on large cylinders exposed to small amplitude28

waves and found good agreement with predictions from linear potential theory.29

Some studies proposed certain methods to evaluate higher order forces using po-30
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tential theory (Lighthill (1979), Molin (1979)), but had difficulties in obtaining31

convergent solutions.32

In a diffraction regime, the incident wave train is affected by its interaction33

with the cylinder and its effects are seen even outside the immediate vicinity of34

the cylinder. This results in a complex hydrodynamic problem when groups of35

large cylinders are placed in a wave field. Ohkusu (1974) proposed an iterative36

method to evaluate successive water wave scattering by floating bodies, based37

on the work by Twersky (1952) for electromagnetic and acoustic waves. The38

velocity potential functions used in this approach become harder to work with39

as the number of cylinders is increased. Spring and Monkmeyer (1974) proposed40

a method where all the boundary conditions are enforced at once and the wave41

forces are determined by solving a set of linear equations. Linton and Evans42

(1990) improved the method by Spring and Monkmeyer (1974) and proposed43

a method with a simplified expression for the velocity potential to obtain the44

maximum first-order force, the mean second-order force on the cylinder and45

to calculate the free surface amplitudes for equally spaced identical cylinders.46

Using this analytical method, it is possible to evaluate the amplitude of the wave47

forces on cylinders placed in a group and to determine the maximum variation48

of the free surface around the cylinders.49

The limitation of analytical formulae based on potential theory is that they50

have to be modified to deal with different scenarios, for example, to study struc-51

tures of different geometries, to study non-linear wave-wave and wave-body52

interactions due to waves of high steepnesses. Numerical modeling based on53

boundary integral equations (Ferrant (1995), Boo (2002), Song et al. (2010))54

have the same limitations as potential theory, on which they are based. On the55

other hand, Computational Fluid Dynamics (CFD) modeling provides an im-56

mense amount of detail regarding the wave hydrodynamics by representing most57

of the wave physics with few assumptions. CFD modeling of wave interaction58

with large cylinders placed close to each other can provide more insight into the59

physical processes, such as the effect of wave diffraction on neighboring objects60

including the wave elevation, wave forces, water particle velocities, the influence61
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of the center-to-center distance and the incident wave steepness. The scale and62

geometries considered in studies using a CFD model may not be directly ap-63

plicable to determining the hydrodynamic loads on an offshore structure, but64

the validation of such a model provide the first step towards establishing such65

methods to an eventual application to larger and more complicated problems,66

with realistic geometries and scales in the future, since full scale data and field67

observations are generally lacking. Another application is to extend the studies68

to random wave forces Boccotti et al. (2012) after establishing the numerical69

model for regular waves in this study. The validated numerical model can be70

used to gain further insight into the applicability of the Morison equation in71

the case of random waves and build upon the knowledge gained from the field72

experiments in recent literature Boccotti et al. (2013).73

In this study, the open source CFD model, REEF3D (Alagan Chella et al.,74

2015) is used to analyse wave interaction with bottom-fixed vertical cylinders75

in a 3D numerical wave tank. The paper presents studies with a large num-76

ber of simulations investigating the changes in the wave hydrodynamics with77

small incremental changes in parameters using CFD simulations. The model78

is validated by comparing the computed wave forces on a single cylinder, free79

surface elevations around the cylinder and the water particle velocities with the80

experimental data from the large-scale experiments carried out at the Large81

Wave Flume (GWK) in Hannover, Germany by Mo et al. (2007). Then, the82

wave forces on a single cylinder and on a pair of tandem cylinders for different83

wave steepnesses and center-to-center distances is calculated in 108 numerical84

simulations. The wave forces on a single cylinder due to waves of different steep-85

nesses are studied, along with the wave elevation around the cylinder. The wave86

forces experienced by a pair of tandem cylinders with different center-to-center87

distances and different incident wave steepnesses are evaluated. A total of 9688

simulations are carried out to investigate the change in the wave forces with89

respect to the center-to-center distance and the wave steepness. The wave ele-90

vation in the vicinity of the cylinders is studied to gain more knowledge about91

the wave propagation and the evolution of wave diffraction patterns between the92
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neighboring cylinders. In addition, the analytical formula proposed by Linton93

and Evans (1990) is used to compare the wave forces on the tandem cylinders94

for low wave steepnesses where linear potential theory is valid.95

2. Numerical Model96

2.1. Governing equations97

REEF3D uses the incompressible Reynolds-averaged Navier-Stokes (RANS)98

equations together with the continuity equation to solve the fluid flow problem:99

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

[
(ν + νt)

(
∂ui
∂xj

+
∂uj
∂xi

)]
+ gi (2)

where u is the time averaged velocity, ρ is the density of the fluid, p is the pres-100

sure, ν is the kinematic viscosity, νt is the eddy viscosity and g the acceleration101

due to gravity.102

The pressure is determined using the projection method (Chorin, 1968) and103

the resulting Poisson equation is solved with a preconditioned BiCGStab solver104

(van der Vorst, 1992). Turbulence modeling is carried out using the two equa-105

tion k-ω model proposed by Wilcox (1994). The strain in the flow due to the106

waves leads to unphysical overproduction of turbulence in the wave tank. To107

avoid this, eddy viscosity limiters are used as shown by Durbin (2009). Also,108

the strain due to the large difference in density at the interface between air and109

water causes an overproduction of turbulence at the interface. This is avoided110

by free surface turbulence damping around the interface as shown by Naot and111

Rodi (1982). The damping is carried out only around the interface using the112

Dirac delta function. REEF3D is fully parallelised using the domain decompo-113

sition strategy and MPI (Message Passing Interface).114
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2.2. Free Surface115

The free surface is determined with the level set method. The zero level set116

of a signed distance function φ(~x, t) is used to represent the interface between117

air and water (Osher and Sethian, 1988). Moving away from the interface, the118

level set function gives the shortest distance from the interface. The sign of the119

function distinguishes between the two fluids across the interface as shown in120

Eq. (3):121

φ(~x, t)


> 0 if ~x is in phase 1

= 0 if ~x is at the interface

< 0 if ~x is in phase 2

(3)

The level set function is moved under the influence of an external velocity field122

uj with the convection equation in Eq. (4):123

∂φ

∂t
+ uj

∂φ

∂xj
= 0 (4)

The level set function loses its signed distance property on convection and is124

reinitialised after every iteration using a partial differential equation based reini-125

tialisation procedure by Peng et al. (1999) to regain its signed distance property.126

2.3. Discretization schemes127

The fifth-order conservative finite difference Weighted Essentially Non-Oscillatory128

(WENO) scheme proposed by Jiang and Shu (1996) is applied for the discretiza-129

tion of the convective terms of the RANS equation. The level set function,130

turbulent kinetic energy and the specific turbulent dissipation rate are discre-131

tised using the Hamilton-Jacobi formulation of the WENO scheme by Jiang132

and Peng (2000). The WENO scheme is a minimum third-order accurate and133

numerically stable even in the presence of large gradients. Time advancement134

for the momentum and level set equations is carried out using a Total Variation135

Diminishing (TVD) third-order Runge-Kutta explicit time scheme proposed by136

Shu and Osher (1988). Adaptive time stepping is employed to satisfy the CFL137
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criterion based on the maximum velocity in the domain. This ensures numeri-138

cal stability throughout the simulation with an optimal value of time step size.139

A first-order scheme is utilised for the time advancement of the turbulent ki-140

netic energy and the specific turbulent dissipation, as these variables are mostly141

source term driven with a low influence of the convective terms. Diffusion terms142

of the velocities are also subjected to implicit treatment in order to remove the143

diffusion terms from the CFL criterion. The convergence studies for the simu-144

lations are then just carried out for the grid size to determine the accuracy of145

the results, since the adaptive time stepping approach determines the optimal146

time step required to maintain the numerical stability. As an example, in the147

case of non-breaking wave interaction with a vertical cylinder presented in this148

study, time steps are smaller, about 0.002 s during the first few seconds of the149

simulation as the waves are introduced into the wave tank and then increase to150

about 0.004 s as the periodic waves are established in the tank. In this way, the151

adaptive time stepping approach determines the optimal time step, reducing the152

cost of the simulation and avoiding numerical instability in a simulation which153

could occur with a fixed time step approach.154

The numerical model uses a uniform Cartesian grid for the spatial discretiza-155

tion together with the Immersed Boundary Method (IBM) to represent the ir-156

regular boundaries in the domain. Berthelsen and Faltinsen (2008) developed157

the local directional ghost cell IBM to extend the solution smoothly in the158

same direction as the discretization, which is adapted to three dimensions in159

the current model.160

2.4. Numerical wave tank161

The numerical wave tank uses the relaxation method (Larsen and Dancy,162

1983) for wave generation and absorption. This method requires a certain length163

of the wave tank to be reserved as wave generation and absorption zones. Re-164

laxation functions are used to moderate the velocity and the free surface using165
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a wave theory in the relaxation zones with Eq. (5):166

urelaxed = Γ(x)uanalytical + (1− Γ(x))ucomputational

φrelaxed = Γ(x)φanalytical + (1− Γ(x))φcomputational

(5)

where Γ(x) is the relaxation function and x ∈ [0, 1] is the x-coordinate scaled to167

the length of the relaxation zone. The relaxation function proposed by Jacobsen168

et al. (2011), shown in Eq. (6) is used in the numerical model.169

Γ(x) = 1− ex
3.5 − 1

e− 1
(6)

The wave theory for moderating the numerical values is chosen according to170

the wave steepness and the water depth in the simulation. Typically, the wave171

generation zone is one wavelength long and the absorption zone is two wave-172

lengths long. In the wave generation zone, the computational values of velocity173

and free surface are raised to the analytical values prescribed by wave theory.174

The generation zone releases waves into the working zone of the tank. The ob-175

jects to be studied are placed in the working zone of the tank. The relaxation176

function in the generation zone also absorbs reflections from structures in the177

wave tank and prevents them from affecting wave generation. At the end of the178

tank, the wave enters the numerical beach. Here, the computational values of179

velocity and free surface are reduced to zero in a smooth manner. This simu-180

lates the effect of a beach where the wave energy is removed from the wave tank.181

182

3. Calculation of Wave Forces183

3.1. Numerical evaluation of wave forces184

The numerical model evaluates the wave force F on an object as the integral185

of the pressure p and the surface normal component of the viscous shear stress186
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tensor τ on the object according to Eq. (7):187

F =

∫
Ω

(−np+ n · τ)dΩ (7)

where n is the unit normal vector pointing into the fluid and Ω is the surface of188

the object.189

This is readily accomplished by the numerical model as the values for pressure190

and shear stress are available at every point in the domain at any given time of191

the simulation.192

3.2. Analytical formulae for wave forces193

Potential theory is used to obtain the wave diffraction potential and calculate194

the force on a single cylinder using the equation presented by MacCamy and195

Fuchs (1954), shown in Eq. (8):196

|F | =
∣∣∣∣4ρgia tanh(kd)

k2H ′1(kr)

∣∣∣∣ (8)

where i =
√
−1, a is the incident wave amplitude, k = 2π/L the wave number,197

d the water depth and H ′1 the first derivative of the Hankel function of the first198

kind and r the radius of the cylinder.199

An extension of the diffraction theory proposed by Linton and Evans (1990) to200

calculate wave forces on multiple cylinders placed in proximity is presented in201

Eq. (9):202

Alm +

N∑
j=1
6=l

M∑
n=−M

Anj Z
j
ne
i(n−m)αjlHn−m(kRjl) = −Ileim(π2−β)

l = 1, . . . , N, m = −M, . . . ,M. (9)

where, M is the order of the solution, N is the number of cylinders, I is the203

incident wave potential, β is the angle of wave propagation with respect to the204

x-axis, H is the Hankel function of the first kind, Rjl is the length of the line205

joining the centers of the jth and the lth cylinder, αjk is the angle between the206

9



x-axis and the line joining the centers of the cylinders and Z = J ′(krj)/H
′(krj),207

where J is the Bessel function of the first kind. The unknown coefficients A are208

to be evaluated. This results in a set of N(2M+1) equations. Linton and Evans209

(1990) suggest that a value of M = 6 provides sufficiently accurate solutions.210

So, M = 6 is used in the equations to obtain the analytical prediction of wave211

forces in this study.212

The unknown coefficients A are evaluated by solving Eq. (9) and the wave forces213

are obtained using Eq. (10):214 ∣∣∣∣F jF
∣∣∣∣ =

1

2

∣∣∣Aj−1 ±A
j
1

∣∣∣ (10)

The subtraction of the coefficients on the right hand side gives the wave force215

along the x-axis and the addition of the terms gives the wave force along the y-216

axis. In the current study, the angle of incidence β = 0 and the waves propagate217

along the x-axis.218

4. Results219

4.1. Validation of the numerical model220

The numerical model is validated by simulating the experiments carried out221

at the Large Wave Flume (GWK), Hannover, Germany by Mo et al. (2007). The222

numerically computed values for the free surface elevation around the cylinder,223

the water particle velocity in the numerical wave tank and the wave force on the224

cylinder are compared with the experimental data to confirm that the numerical225

model accurately calculates the wave kinematics and dynamics. The wave flume226

in the experiments is 309m long, 5m wide and 7m deep. A cylinder of diameter227

D = 0.7m is placed 111m from the wavemaker and strain gages are placed at228

the top and bottom of the cylinder in order to measure wave forces. Wave gages229

are placed at several locations around the cylinder to measure the time histories230

of the free surface elevation. Four acoustic Doppler velocimeters (ADVs) are231

placed at the side wall along the front line of the cylinder at various depths to232

measure the water particle velocities.233
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The numerical wave tank used in this simulation is 132m long, 5m wide and234

8m high. Fifth-order Stokes waves with wave height H = 1.2m, wave period235

T = 4.0s, wavelength L = 21.9m are generated with a water depth d = 4.76m236

on a grid of dx = 0.1m. The grid in the numerical wave tank is 1320× 50× 80237

cells resulting in a total number of 5.28 million cells. The cylinder is placed238

in the center with respect to the side walls as seen in the numerical setup in239

Fig. (1). The diffraction parameter D/L = 0.032 and KC=6.1 in this case.240

A net inline force acts on the cylinder due a difference in pressure in front241

and behind the cylinder. The calculated force on the cylinder is compared with242

the experimental data and a good agreement is seen in Fig. (2a). Mo et al.243

(2007) noted that the force measured in the experiments matched the inertial244

force given by the Morison formula with Cm = 2. So, it appears that the245

forces are inertia dominated, although the KC number is 6.1 in this case. A246

grid convergence study for the forces is carried out by repeating the simulations247

with grid sizes of dx = 0.15m and 0.2m. The force in these cases is compared248

with the calculated force using a grid size of dx = 0.1m and the experimental249

result. It is seen that the numerical result converges to the experimental value250

at a grid size of dx = 0.1m in Fig. (2b). Thus, the selected grid size is sufficiently251

small to accurately calculate the force on the cylinder.252

The numerically obtained free surface elevation near the wall along the front253

line of the cylinder is compared with the experimental data in Fig. (3a). The254

amplitude at the first crest is considered the maximum amplitude of the wave255

elevation recorded by the gage near the wall, ηmax,wall. The comparisons of the256

computed and measured free surface elevation in front, at the side and behind257

the cylinder are presented in Fig. (3b), (3c) and (3d) respectively. The difference258

in pressure in front and behind the cylinder is seen in the free surface elevation259

around the cylinder. The numerically obtained free surface elevation data shows260

a good match with the experimental measurements. The water particle velocity261

calculated by the numerical model is compared with the experimental measure-262

ments at 0.93m, 1.53m and 2.73m below the still water level at the side wall of263

the tank along the front line of the cylinder in Fig. (4). The numerical results264
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are scaled with the numerically calculated wave celerity, C = 5.48m/s. The265

water particle velocity is expected to reduce with increasing distance from the266

free surface as seen in Fig. (4) with the amplitude of the velocity being the267

lowest in Fig. (4a) at 2.73m from the still water level. The water particle veloci-268

ties calculated by the model match the values observed in the experiments very269

well, showing that the numerical model is able to represent the wave kinematics270

correctly.271

272

4.2. Grid convergence study for wave propagation273

Accurate wave generation and propagation in the numerical wave tank is274

verified with a grid convergence study. A two-dimensional wave tank with a275

length of 15m, height of 1.0m and water depth d = 0.5m is used. Fifth-order276

Stokes waves are generated with a wave height of H = 0.1m, a wavelength of277

L = 2.0m and wave period T = 1.14s. This setup of the numerical wave tank278

is used in the following sections to simulate the wave interaction with large279

cylinders. The grid convergence is carried out for the most stringent case with280

the highest wave steepness used in the study. The grid size dx in the wave tank281

is varied from 0.1m to 0.01m. The results are presented in Fig. (5). It is seen282

that the free surface elevation η conforms to the required value at a grid size283

of dx = 0.025m. The damping of the wave amplitude at grid sizes of 0.1m and284

0.05m is seen in the figure. This is reduced as the grid size is reduced to 0.025m285

and the improvement in the results on further reducing the grid size is negligible.286

Thus, a grid size of dx = 0.025m is selected for the following simulations in the287

current study.288

4.3. Wave interaction with a single large cylinder289

Simulations are carried out with a cylinder of diameter D = 0.5m in a290

wave tank 15m long, 5m wide and 1m high with a water depth of d = 0.5m.291

Linear waves of height H=0.006m and 0.02m, second-order Stokes waves with292

H=0.06m and 0.1m, fifth-order Stokes waves with H=0.11m, 0.12m, 0.13m,293
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0.14m, 0.15m, 0.16m, 0.18m and 0.2m with a wavelength L = 2m are incident294

on the cylinders resulting in D/L=0.25. The KC numbers for these simulations295

are between 0.04 and 1.37. The resulting wave steepnesses and the incident296

wave frequency for the different cases are listed in Table (1). The linear and297

2nd-order Stokes waves have the same wave frequency for different incident298

wave heights but in the case of 5th-order Stokes waves the wave height is in-299

cluded in the dispersion relation and a small decrease in the wave frequency300

is seen with increasing wave height. The computed inline wave force on the301

cylinder for H/L = 0.003 is compared to the analytically predicted maximum302

and minimum value from the MacCamy-Fuchs equation and a good agreement303

is seen in Fig. (6a). The computed wave force on the cylinder for different wave304

steepnesses is compared with the prediction from the MacCamy-Fuchs equation305

in Fig. (6b). It is seen that the numerical results agree with the predictions at306

lower wave steepnesses but the numerical results for the higher wave steepnesses307

are seen to be lower than the predictions from the equation. According to the308

MacCamy-Fuchs equation, the wave force on the cylinder increases linearly with309

an increase in the incident wave height H for a given cylinder diameter D. The310

variation of the computed force on the cylinder with increasing steepness sug-311

gests that the total force on the cylinder is reduced due to non-linear interaction312

of high-steepness waves with the cylinder and the diffracted waves.313

The variation of the free surface elevation η in front, behind and beside the314

cylinder for an incident wave of low steepness H/L = 0.003 shows 1.72 times315

the incident wave crest height ηci in front of the cylinder in Fig. (7a). The316

phase difference in the wave elevations in front and behind the cylinder is 0.78π317

and 0.24π for the wave elevations in front and beside the cylinder. In the case318

of an incident wave with the high steepness of H/L = 0.1 in Fig. (7b), the319

evolution of wave asymmetry is apparent with the crest height 1.55ηci and the320

trough 0.95ηci in front of the cylinder. The phase difference between the wave321

elevations in front and behind the cylinder is 0.80π and 0.20π for the elevation322

in front and beside the cylinder. Thus, the high steepness waves move faster323

around the upstream half of the cylinder but slower around the downstream324
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half of the cylinder, in comparison to the waves of low steepness. This points325

towards a deceleration of the water particles in the region after the upstream half326

of the cylinder. The waveform behind the cylinder is also highly asymmetrical,327

resulting in shallower troughs behind the cylinder, when a crest is incident328

in front of the cylinder. This increased asymmetry points towards a different329

pressure difference regime in the case of the high-steepness waves. As a result of330

the deceleration of the water particles and the asymmetry of the wave, the force331

acting on the cylinder due to an incident wave of high steepness is lower than332

the prediction from MacCamy-Fuchs equation based on linear potential theory.333

4.4. Wave interaction with a pair of tandem cylinders334

A set of simulations is carried out to study the wave interaction with two335

cylinders placed in tandem in the direction of wave propagation. Cylinders336

with diameter D = 0.5m are placed in a wave tank that is 15m long, 5m337

wide and 1m high with a water depth d = 0.5m on a grid of dx = 0.025m.338

A schematic diagram illustrating the numerical setup is given in Fig. (8). The339

grid is 600×200×40 cells resulting in a total of 4.80 million cells in the numerical340

wave tank. Linear waves with wave height H=0.006m and 0.02m, second-order341

Stokes waves with H=0.06m and 0.1m, fifth-order Stokes waves with H=0.11m,342

0.12m, 0.13m, 0.14m, 0.15m, 0.16m, 0.18m and 0.2m with a wavelength L = 2m343

are incident on the cylinders. The KC numbers in these cases range between344

0.04 and 1.37. For each of the incident wave heights, centre-to-centre distance345

between the two cylinders, S=0.8m, 1.2m, 1.6m, 1.8m, 2.0m, 2.3m and 3.37m are346

simulated. The different combinations of incident wave steepness and the center-347

to-center distance for the 96 simulations are listed in Table (2). The cylinder348

directly facing the incident waves is cylinder 1 and the downstream cylinder is349

cylinder 2. Previous works using analytical methods (Linton and Evans (1990),350

McIver and Evans (1984), Malenica et al. (1999)) have shown that the wave351

forces on tandem cylinders are influenced by not only the incident wave height352

and the spacing between the cylinder, but also by the incident wave frequency.353

In order to maintain the focus on the effect of the incident wave height with354
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small increments in wave steepness for different distances between the cylinder,355

the effect of the incident wave frequency is not analysed in this paper.356

The variation of the computed inline wave force on the cylinders with center-357

to-center distances S for different incident wave steepnesses H/L is presented358

in Fig. (9). The prediction from the formula by Linton and Evans (1990) is359

also included for obtaining a baseline comparison. It is clearly seen that the360

analytical prediction matches the computed wave force closely at the lowest361

wave steepness of H/L = 0.003 for both cylinders, in Fig. (9a) and (9b). The362

computed wave forces show a similar form of variation for H/L = 0.05 as pre-363

dicted by the analytical formula but with lower magnitudes in Fig. (9c) and364

(9d). The deviation from the predictions by the analytical formula is clear in365

Figs.(9e) and (9f) for the highest wave steepness simulated, H/L = 0.1. In366

addition to the amplitude of the force, the form of the variation is also differ-367

ent at longer distances of separation S. Cylinder 1 experiences large changes368

in the wave force when the center-to-center distance between the cylinders is369

changed. The difference between the largest force at S = 0.8m and the lowest370

force at S = 3.37m is 35% for H/L = 0.003 and H/L = 0.05, but about 22%371

for H/L = 0.1. The change in the center-to-center distance S strongly affects372

cylinder 2 at small values of S = 0.8m and S = 1.2m, with a change of 17.4%373

for H/L = 0.003, 18% for H/L = 0.05 and 16% for H/L = 0.1. Whereas, the374

difference in the forces at S = 2.0m and S = 3.37m is 8% for H/L = 0.003, 4%375

for H/L = 0.05 and 2.5% for H/L = 0.1. It is observed that the Bessel wave-376

like variation of the wave forces with the center-to-center distance is damped377

out with increasing incident wave steepness for both cylinders. Even though,378

the analytically predicted wave force on cylinder 1 matches the computed wave379

force at S = 3.37m for H/L = 0.05 in Fig. (9c) and S = 2.3m, S = 3.37m for380

H/L = 0.1 in Fig. (9e), the wave force variation with S is clearly different.381

The variation of the wave forces on the two cylinders for different center-382

to-center distances S at various incident wave steepnesses H/L is presented in383

Fig. (10). It is seen that the wave forces on both cylinders match the analytical384

prediction at lower H/L = 0.003 and 0.01. On increasing the wave steepness,385
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the computed wave forces gradually deviate from the analytical prediction. The386

computed forces are lower than the predictions from the analytical formula. The387

computed wave force on cylinder 1 at S = 0.8m for H/L = 0.1 is 30% lower388

than the analytical prediction and 35% lower on cylinder 2 (Fig. 10a). It is389

also observed that at a center-to-center distance of S = 3.37m (Fig. 10h), the390

wave forces on both the cylinders are almost equal. At this point, the effect of391

diffraction in between the two cylinders is reduced significantly and it does not392

influence the wave forces on the cylinders anymore.393

Wave gages are placed in front (F1, F2), behind (B1, B2), beside each of394

the cylinders (C1, C2) and at the midpoint between the two cylinders (C0) at395

locations shown in Fig. (11) for H/L = 0.003 and H/L = 0.1 with S = 0.8m.396

In the case of low steepness incident waves of H/L = 0.003, the variation of the397

free surface elevation is sinusoidal around both the cylinders in Figs. (12a) and398

(12b). It is observed that the crest height is increased in front of the cylinders399

due to the incident wave interaction with the cylinders (F1, F2) and due to the400

superposing of the incident waves and the reflected waves behind the cylinder401

(B1). The computed free surface elevations at B1, F2 and C0 have the same402

amplitude and phase, implying uniform heave motion of the water along the403

line joining the centers of the two cylinders.404

In the case of high steepness incident waves of H/L = 0.1, the incident wave-405

form is asymmetrical with shallow troughs and sharp crests in Figs. (12c) and406

(12d), characteristic of fifth-order Stokes waves. The waveform computed at C1407

shows increased asymmetry compared to the incident waves. This is attributed408

to the interaction of the incident waves with the out of phase reflected waves409

from the cylinder. Wage gages B1, C0 and F2 show a continuously increasing410

crest elevation as the wave propagates away from cylinder 1 and towards cylin-411

der 2, due to the strong diffraction regime between the two cylinders. The crest412

elevation then reduces at C2 and B2, as the wave propagates around cylinder413

2. Also, the free surface elevations at B1, C0 and F2 are slightly out of phase414

and have different amplitudes signifying a complex wave diffraction regime in415

the region between the cylinders.416
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Several differences are observed between the interaction of low and high417

steepness waves with a pair of tandem cylinders. The incident high steepness418

fifth-order waves are asymmetrical by nature with a shallow trough and a sharp419

crest. This characteristic of the waves is magnified as it interacts with the large420

cylinders and the waveform becomes more asymmetrical. This is in contrast to421

the interaction of the low steepness linear waves, where the waveforms remain422

sinusoidal. The relative crest height η/ηci in front of the cylinders is similar423

for both high and low steepness waves. This is clearly seen in the case of the424

downstream cylinder 2, where the relative crest height in front of the cylinder425

looks similar in Fig. (12b) and (12d) but the waveform is highly asymmetrical426

for H/L = 0.1. Also, the free surface elevation is seen to continuously increase427

as the wave propagates away from cylinder 1 and towards cylinder 2. This428

large variation is not seen for the low steepness waves, where the free surface429

elevation behind cylinder 1, in front of cylinder 2 and at the midpoint between430

the two cylinders is seen to be the same. A uniform heave motion of the water431

is observed along the line joining the centers of the cylinders for low steepness432

waves and this is absent in the case of high steepness waves. These changes433

seen in the wave interaction with a pair of tandem cylinders for incident waves434

of low and high steepness result in different flow regimes in the two cases. This435

justifies the large deviation observed in the calculated wave force compared to436

the analytical predictions for high wave steepnesses.437

In order to obtain further clarity on the wave field around the two tan-438

dem cylinders with S = 0.8m, the diffraction patterns around the cylinders for439

H/L = 0.003 and H/L = 0.1 are studied. The free surface elevation around the440

cylinders in the numerical wave tank for H/L = 0.003 over one wave period is441

presented in Fig. (13). The increase in the free surface elevation when the crest442

is incident on cylinder 1 is seen in Fig. (13a) and Fig. (13b) shows the change443

in the wavefront due to wave diffraction around cylinder 1. The decrease in the444

free surface elevation as the wave travels around the upstream half of cylinder445

1 is seen in Fig. (13c). Figure (13d) shows the increase in the free surface ele-446

vation as the crest is incident on cylinder 2 and reduced free surface elevations447
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are seen in behind cylinder 2 in Figs. (13e) and (13f). The region between the448

two cylinders with equal free surface elevation contours in all the figures is the449

region with the uniform heave motion of the free surface.450

Figure (14) shows the variation of the free surface elevation around the two451

tandem cylinders with S = 0.8m for H/L = 0.1 over one wave period. The452

increase in the free surface elevation in front of the cylinder and the formation453

of distinct reflected waves is seen in Figs. (14a) and (14b). The incident and454

reflected waves meet behind cylinder 1 in Fig. (14c) and the intersection of455

two semi-circular waves is seen. The constructive interference of the two semi-456

circular waves in the region between the two cylinders leading to a continuous457

increase in the free surface elevation around the line joining the centers of the458

cylinders in Fig. (14d). The resulting large free surface elevation in front of459

cylinder 2 is also seen in the figure. Figure (14e) shows the reflected waves460

in between the cylinders over the trough of the incident wave. The circular461

diffracted waves formed in the wave tank around the two cylinders is seen in462

Fig. (14f).463

The free surface elevation contours around the tandem cylinders in the sim-464

ulations with a low wave steepness of H/L = 0.003 and a high wave steepness465

of H/L = 0.1 show that the wave regime is different in the two cases. The466

incident straight wavefronts transform to a bent wavefront due to diffraction in467

the case of low steepness waves. In the case of the high steepness waves, for-468

mation of several semi-circular diffracted wavefronts are seen in addition to the469

bending of the incident wavefront. A uniform heave motion of the free surface470

is seen for the waves of low steepness in the region between the two cylinders.471

In the case of the high steepness waves, distinct semi-circular diffracted waves472

interfere constructively in the region between the two cylinders. The large free473

surface elevation is concentrated around the line joining the centers of the two474

cylinders. It is seen in the numerical results that the interaction of high steep-475

ness waves is different from low steepness waves due to the strong diffraction476

pattern and the transformation of the high steepness waves. The non-linear477

wave interaction in the case of high steepness waves are not accounted for in478
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the analytical formulae based on potential theory. This results in the difference479

between the computed wave forces on the cylinders compared to those predicted480

by the analytical formulae.481

5. Conclusions482

The calculation of wave forces on a single cylinder using the open source483

CFD model REEF3D is validated by comparison of experimental data for wave484

forces, wave elevation around the cylinder and water particle velocity with the485

computed results from the numerical wave tank. Simulations are carried out to486

study the wave interaction with a large cylinder for different wave steepnesses.487

The numerically calculated wave forces match the predictions by MacCamy-488

Fuchs equation for low wave steepnesses. Whereas for higher wave steepnesses,489

the computed wave forces are lower than the predictions by the equation. The490

wave elevation around the cylinder is investigated and the evolution of an asym-491

metrical waveform is seen in the case of high steepness waves, whereas low steep-492

ness waves maintain their symmetrical sinusoidal form. The difference in the493

wave phase in front, beside and behind the cylinder suggest a deceleration of494

water particles around the downstream half of the cylinder in the case of high495

steepness waves.496

Further, simulations with a pair of large tandem cylinders are carried out497

with different incident wave steepnesses and center-to-center distances between498

the two cylinders. The computed wave forces are compared with the predictions499

from an analytical formula based on potential theory. It is observed that the500

computed wave forces match the predicted wave forces for lower wave steep-501

nesses. The computed wave forces are lower than the analytically predicted502

wave forces for higher wave steepness, with about a 35% lower force for the503

highest wave steepness simulated in the study. The analytical formulae predict504

a linear increase in the wave force with an increase in the incident wave height,505

for a given cylinder diameter and incident wavelength. The numerical results506

show that due to the wave transformation and the resulting asymmetrical na-507
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ture of the higher steepness waves, the computed wave forces on the cylinders508

from these waves are lower than the predictions based on potential theory. The509

predictions from the CFD model at the scales considered in these studies is510

good and provides insight into the interaction between two relatively closely511

spaced cylinders. In the case of longer arrays of cylinders additional resonant512

effects such as wave near-trapping can occur, which have not been studied int513

his paper.514

The diffraction patterns around tandem cylinders at different wave steep-515

nesses and the wave elevation around the tandem cylinders are also studied. The516

evolution of semi-circular diffracted waves are seen in the case of high steepness517

waves, which meet on the downstream side of the first cylinder. Whereas, in518

the case of low steepness waves, the wavefront is only bent as a result of wave519

diffraction. A uniform heave motion of the free surface elevation is observed520

in the region in between the cylinders in the case of low steepness waves. The521

complex diffraction regime in the case of high steepness with clearly formed522

semi-circular diffracted waves results in an increasing free surface elevation as523

the wave crest propagates away from the upstream cylinder and towards the524

downstream cylinder.525

Thus, clear differences are seen between the interaction of low and high526

steepness waves with large cylinders. In the case of a single large cylinder, the527

asymmetry of the steep incident waves results in a different diffraction regime,528

which results in lower forces on the cylinders than predicted by linear potential529

theory. For a pair of tandem cylinders, the center-to-center-distance between530

the cylinders contributes to further change the diffraction regime, in addition531

to the effects due to wave asymmetry. The evolution of distinct semi-circular532

reflected waves around the cylinders in the case of high incident wave steepness533

has a consequence on objects close to the cylinders. The current results show534

a smooth deviation from the linear results as the incident wave steepness is535

increased. Further work is needed to determine the transition of the wave force536

regime from non-breaking wave forces where the wave forces vary at a frequency537

similar to the incident wave to breaking wave forces which are impulsive in538
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nature with a sharp peak over a period much shorter than the incident wave539

period. Application of the numerical model to determine random wave forces540

can also be explored.541
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H/L

L [m] linear waves 2nd-order Stokes 5th-order Stokes

2.0 0.003 0.01 0.03 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.09 0.10

f [Hz] 0.846 0.846 0.846 0.846 0.862 0.865 0.868 0.872 0.876 0.880 0.889 0.899

Table 1: Combination of parameters for simulations with a single large cylinder of diameter

D = 0.5m in a water depth of d = 0.5m
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H/L

S [m] linear waves 2nd-order Stokes 5th-order Stokes

0.8 0.003 0.01 0.03 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.09 0.10

1.2 0.003 0.01 0.03 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.09 0.10

1.6
...

...
...

...
...

...
...

...
...

...
...

...

1.8
...

...
...

...
...

...
...

...
...

...
...

...

2.0
...

...
...

...
...

...
...

...
...

...
...

...

2.3
...

...
...

...
...

...
...

...
...

...
...

...

2.8
...

...
...

...
...

...
...

...
...

...
...

...

3.37 0.003 0.01 0.03 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.09 0.10

Table 2: Combination of parameters for simulations with two tandem large cylinders with

diameter D = 0.5m, incident wavelength L = 2.0m in a water depth d = 0.5m
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Figure 1: Numerical setup used for validation of the model
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Figure 2: Comparison of experimental and numerical results for the inline wave force on the

cylinder
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Figure 3: Comparison of experimental and numerical results for free surface elevations around

the cylinder
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Figure 4: Comparison of experimental and numerical results for wave particle velocity in the

wave tank
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Figure 6: Comparison of analytical and numerical results for the inline wave force on a single

large cylinder
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Figure 7: Relative free surface elevations around the single cylinder for incident waves of low

and high steepness
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Figure 8: Schematic diagram of the setup used for the simulations with two tandem cylinders
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Figure 9: Variation of the inline wave forces on tandem cylinders with center-to-center distance

for different wave steepnesses
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Figure 10: Variation of the inline wave forces on tandem cylinders with wave steepness for

different center-to-center distances
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Figure 12: Relative free surface elevations around two cylinders placed in tandem with S =

0.8m for incident waves of low and high steepnesses
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(a) t/T=32.2 (b) t/T=32.4

(c) t/T=32.6 (d) t/T=32.8

(e) t/T=33.0 (f) t/T=33.2

Figure 13: Free surface elevation in a part of the domain around the cylinders with S = 0.8m

for H/L = 0.003
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(a) t/T=32.2 (b) t/T=32.4

(c) t/T=32.6 (d) t/T=32.8

(e) t/T=33.0 (f) t/T=33.2

Figure 14: Free surface elevation in a part of the domain around the cylinders with S = 0.8m

for H/L = 0.1
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