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Abstract 8 

With the expansion of offshore development, the application of multi-columns offshore 9 

platforms has become more widespread. The slamming on the deck of the platform becomes 10 

one of the critical issues relevant to the air gap design. In the present study, a number of factors 11 

influencing the surface elevation around array of truncated cylinders are investigated. The 12 

influence of the distance between cylinders, wave directions, scatter parameter and wave 13 

steepness are examined. Based on the potential theory, the first-order and the second-order 14 

surface elevation are calculated, and the nonlinear characteristics of surface elevation around 15 

cylinders is discussed. Further investigation of the detailed components of surface elevation 16 

revealed that not only the first-order but also the second-order surface elevation component is 17 

significant for some particular incident wave frequencies. The near-trapping phenomenon 18 

observed from the numerical simulation further demonstrated that the second-order surface 19 

elevation is dominated by the strong near-trapping phenomenon of the surface elevation.  20 

 21 

Introduction  22 

With the continuing development of the offshore structures, the platform with a group of 23 

cylinders becomes more widespread. The hydrodynamic interaction between incident wave 24 

and the structures attracted much attention in recent decades. The surface elevation amplitude 25 

between cylinders of offshore structures plays an important role in the ocean engineering 26 

design, in particular to the air gap design of the platform to avoid the slamming. Therefore, the 27 



prediction of surface elevation between the cylinders of structures is very important in platform 28 

design stage. 29 

There are many factors having impact on the surface elevation between cylinders of offshore 30 

structure. To investigate the relationship between these factors and surface elevation, several 31 

experiments have been conducted. Niedzwecki and Huston (1992) reported a significant impact 32 

on the surface elevation with different leg space between fixed truncated columns. By 33 

comparing the experimental results of platforms with pontoons and without pontoons linked 34 

the columns, the surface elevation is found to be slightly smaller in the absence of the pontoons. 35 

Morris-Thomas and Thiagarajan (2004) investigated the wave runup on the single fixed bottom 36 

seated cylinder in gravity waves. It was shown that the second-order harmonic component in 37 

the incident wave is important to the runup for a single column. Siow et al. (2013) performed 38 

small-scale model tests of air-gap response of a floating semi-submersible. It was revealed that 39 

the first-order numerical solution seriously underestimates the wave run up. Xiong et al. (2015) 40 

measured the inline force for a single truncated circular cylinder in a wave tank under different 41 

submergence depths. The experimental result showed that the submergence depth, wave 42 

steepness and scatter parameters have great impacts on inline force acting on the single 43 

truncated cylinder. Cong et al. (2015) carried out the experiment on the diffraction of regular 44 

waves by four-cylinder structures and reported that near-trapping wave motion was observed 45 

inside the structure for a specific incident wave frequency. By analysing the experimental result, 46 

it is found that the nonlinearity has great impact on the surface elevation around the cylinders 47 

of structure. However, there are many factors impact on the surface elevation. Many numerical 48 

simulations are carried out to study the characteristics of surface elevation around the cylinders 49 

of platform. Kristiansen et al. (2004) conducted the mesh sensitivity study of columns and free 50 

surface for the second-order nonlinear wave run up. Wang and Wu (2010) investigated an array 51 

of cylinders in a numerical wave tank. Wave elevation and hydrodynamic force were obtained 52 

for both bottom mounted and truncated cylinders. Grice et al. (2013) investigated the near-53 

trapping effects for multi-column structures using potential theory program DIFFACT. The 54 

result indicated that near-trapping has significant impact on the surface elevation between four 55 

bottom-seated columns.  56 

In the present paper, the surface elevation around a group of four truncated cylinders similar to 57 

TLP or Semisubmersible is investigated based on the potential theory. The first-order and the 58 

second-order surface elevation are explicated calculated, and the nonlinear characteristics of 59 

surface elevation around cylinders is discussed. The peak surface elevation is further examined.  60 



 61 

Methodology  62 

In this study, the numerical simulation is based on the potential theory. The fluid is assumed 63 

as ideal fluid and governed by Laplace equation. The incident wave is assumed to be small 64 

amplitude, a condition for applying perturbation technique. To obtain the nonlinear solutions 65 

for both surface elevation and the wave load, the velocity potential has been perturbed to the 66 

second-order in diffraction analysis (Kim and Yue, 1989, 1990).  67 
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where   is the total velocity potential, 
(1)  is the first-order velocity potential and 

(2)  is the 71 

second-order wave potential. 
(1)  and 

(2)  is time independent velocity potential and 
(2)

  is 72 

the mean level of the velocity potential.  73 

The first-order and the second-order velocity potential satisfies Laplace equation and the 74 

boundary conditions in diffraction analysis. For the first-order, 75 
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and the second-order diffraction analysis, 81 

2 (2) 0D     0z    (5a) 82 



2 (2)( 4 ) Dg q
z

 


  


    0 Fz S   (5b) 83 

(2)

0D

z





   z h    (5c) 84 

(2) (2)

D I

n n

  
 

 
  (5d) 85 

1/2 (2)lim ( ) 0D
k

ik


 



 


  (5e) 86 

where D  is the diffracted wave potential, ω is the incident wave frequency, and k is the 87 

incident wave number. The right-hand side term “q” in (5b) is the non-homogeneous term 88 

which represents the free surface condition and shows the quadratic production of the first-89 

order potential.  90 

2.1 Free surface elevation  91 

The free surface elevation is decomposed into four parts: the first-order component, the time-92 

independent component, the second-order quadratic component, and the second-order potential 93 

component. Therefore, the elevation is written as: 94 
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where the 
(1)  and 

(2)  is the first-order wave potential and the second-order wave potential, 97 

respectively, z is the z-axis direction, and t is time. 98 

The total surface elevation up to the second-order is given as 99 

(1) (2)       (8) 100 

where the  ,
1（ ）

and 
2（ ）

is the total surface elevation, the first-order elevation and the 101 

second-order elevation respectively. g  is the gravitational acceleration. In this study, wave 102 

upwelling will be considered under the combination of the incident wave and diffraction wave. 103 

Therefore, the velocity potential in (1) can be written as (Wang and Wu, 2007), 104 
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The boundary value problem governing the wave-structure interaction has been decomposed 107 

into the first-order and second-order problems, and the diffracted velocity potential of the first- 108 

and the second-order is solved by the BVPs respectively.  109 

2.2 Wave force 110 

The wave force is split into three parts, 111 
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The second-order force can be decomposed into three components, 115 
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(21)

jF  is due to the first-order velocity potential and surface elevation, and 
(22)

jF is dependent 121 

on the second-order velocity potential, 
(2)

jF  is the steady term.  122 

 123 

Result and discussion 124 



3.1 Case model 125 

In this study, a single cylinder and a four cylinders structure were used to study the influence 126 

of different factors on the surface elevation. The single cylinder structure is used to verify the 127 

calculation method of the surface elevation. The four cylinders structure is used to explore the 128 

effect of different leg space on the surface elevation of the structure. In this paper, three 129 

different leg space (distance from the centre to the centre of the cylinders) are used in the four 130 

cylinders structure, which are 2 times, 2.5 times, and 5 times of the cylinder’s diameter. Since 131 

the shape of the upstream area of the four-column structure with incident waves from different 132 

angles is completely different as shown in Figure 1, in this study, waves with different periods 133 

for incident angles of 0 degree and 45 degree respectively are used to investigate the surface 134 

elevation around the structure. The incident wave parameters are shown in Table 1. 135 

 136 

Figure 1 Arrangement of the four fixed circular cylinders and incident wave direction 137 

 138 

Period(s) Scatter 

parameters(ka) 

Wave direction 

4.38 0.8 

0deg/45deg 

4.8 0.7 

5.19 0.59 

5.72 0.49 

6.21 0.417 

6.95 0.33 

8.8 0.208 

Table 1 Incident wave parameters using in the simulation 139 

3.2 Mesh convergence study 140 

Before performing numerical simulation, a mesh convergence study is carried out on the 141 

numerical model. In this study, there are two types of mesh that affect the calculation accuracy 142 

of numerical simulations. The first type is the panel mesh on structures, and the second type is 143 

the free surface mesh on the water surface. In this paper, the convergence of different grid 144 

0deg

(a)

45deg

(b)



schemes for these two types of mesh is analyzed. The specific grid scheme is shown in Table 145 

2. 146 

No. Column surface mesh (1/4) No. Free surface mesh (1/4) 

C1 400 F1 2700 

C2 2400 F2 3920 

C3 4800 F3 5070 

C4 7200 F4 7800 

C5 9600 F5 9250 

Table 2 Mesh options for the 4 cylinders and the second-order free surface mesh 147 

In Table 2, model of five different meshes with increasing grid numbers are used for the 148 

structural boundary mesh and the free surface mesh convergence studies respectively. In order 149 

to ensure that the convergence of the two types of meshes does not affect each other, when 150 

studying the convergence of one type of mesh, take the maximum number of meshes of the 151 

other type. Different incident wave periods and structure layouts lead to different mesh 152 

accuracy requirements. Higher incident wave frequencies and structure with narrow leg space 153 

tend to require finer mesh. Therefore, in the mesh convergence study, the incident wave with 154 

ka = 0.8 and the structure arrangement with leg space of 2 times of the cylinder’s diameter is 155 

used. As shown in Figure 2, non-dimensional inline force acting on the structure discretized 156 

with different grid numbers of meshes is employed to measure whether the mesh is converged. 157 

 158 

Figure 2 Mesh convergence of panel mesh on structure (a) and free surface mesh (b) 159 

It can be seen in Figure 2 (a) and (b) that when the structure boundary adopts the C2 mesh, the 160 

obtained results begin to converge while the obtained results begin to converge when the free 161 

surface adopts the F4 mesh. In summary, for the numerical simulation in this paper, the C3F4 162 

mesh is chosen by considering both convergence and computational efficiency. 163 

3.3 Numerical Results 164 

3.3.1 Validation 165 

(a) (b)



In this paper, the results of the surface elevation around a single cylinder are used to verify the 166 

calculation method and compare with the experimental results. The results of different incident 167 

wave scatter parameters (ka, ‘k’ is wave number and ‘a’ is the radius of cylinders) with 168 

increasing wave steepness (kA, ‘k’ is wave number and ‘A’ is the incident wave amplitude) are 169 

compared as shown in Figure 3. 170 

 171 

 172 

Figure 3 Surface elevation around the single cylinder. (a) Experiment result vs. numerical result with ka = 173 
0.417. (b) Experiment result (Morris-Thomas et al. 2004) vs. numerical result with ka = 0.698.  174 

As shown in Figure 3, the surface elevation near the single column agrees well with the 175 

experimental results Morris-Thomas et al (2004). This indicates that the numerical simulation 176 

carried out in this study is reliable in the subsequent analysis.  177 

3.3.2 Surface elevation around the four cylinders structure with different leg 178 

space 179 

Figure 4 shows the maximum surface elevation with increasing scatter parameter at different 180 

incident wave angles and different leg space (2D, 2.5D, and 5D). The incident wave angles are 181 

0 degrees (a) and 45 degrees (b), respectively. Incident wave steepness is kA = 0.2.  182 

 183 

Figure 4 Maximum surface elevation around the 4 fixed circular cylinders with different leg space 184 
(distance between centre to center) a) 0 deg incident wave b) 45 deg incident wave 185 

kA kA



The surface elevation around the four fixed cylinders structures shows a rising trend with the 186 

increase of the scatter parameter at different leg spaces. However, for the leg space 2D, a 187 

distinct peak surface elevation is observed under certain scatter parameters (ka = 0.49 and ka 188 

= 0.417 for 0 deg and 45 deg incident angles respectively) as shown in Figure 4. Under the 2D 189 

leg space, the peak surface elevation is approximately 32.8% (0 degree incident wave) and 190 

49.7% (45 degree incident wave) higher than the highest values of the surface elevation in the 191 

case of 2.5D spacing. In addition, the peak surface elevation is higher than the highest value of 192 

the surface elevation in the 5D spacing cases 31.4% (0-degree incident wave) and 48.9% (45-193 

degree incident wave). These distinct peaks of surface elevation are mainly due to the strong 194 

interaction of the cylinders with small leg space, which results in a large increase in waves 195 

caused by the superposition of incident and diffractive waves. Since 2D leg space between 196 

cylinders is small and the waves are oscillating between cylinders, near-trapping would happen 197 

under some incident wave frequency. It is associated with the resonance of the waves between 198 

columns of the platforms. With the resonance phenomenon, the surface elevation becomes 199 

higher than usual at some particular areas or positions near midstream and downstream 200 

columns. In some cases, the extreme high surface elevation is caused by nonlinearity of wave 201 

between cylinders due to near-trapping phenomenon. The reason of the peak surface elevation 202 

occurrence under the 2D leg space in Figure 4 will be further investigated in the following 203 

discussion.  204 

In addition, comparing the maximum surface elevation around the 2.5D leg space and the 5D 205 

leg space, a general trend accompanying with modest fluctuation of rising maximum surface 206 

elevation with the increase of the scatter parameter. When the incident wave is 0 degree, the 207 

surface elevation of the 2.5D leg space is generally higher than that of the 5D. But the 208 

difference gradually narrows with the increase of the scatter parameter. For the 45 degree 209 

incident wave, the surface elevation under the 2.5D and 5D are similar. This shows that when 210 

the incident wave is 0 degree, as the scatter parameter increases, the effect of the leg space on 211 

amplitude of the surface elevation around the structure is smaller. When the incident wave is 212 

45 degree, the leg space has no obvious impact on the surface elevation around four fixed 213 

cylinders structure. 214 

In order to further study the peak value observed in the cases of the 2D leg space in Figure 4, 215 

the contour of surface elevation is plotted in Figure 5 and Figure 6.  216 



 217 

Figure 5 Contour of surface elevation amplitude around 4 fixed cylinders with 0 deg incident wave at ka = 218 
0.49 & kA = 0.2 (a)The 3D view of the surface elevation distribution (b) Top view contour of surface 219 

elevation distribution.  220 

  221 

Figure 6 Contour of surface elevation amplitude around 4 fixed cylinders with 45 deg incident wave at ka 222 
= 0.417 & kA = 0.2(a)The 3D view of the surface elevation distribution (b) Top view contour of surface 223 

elevation distribution. 224 

As shown in Figure 5, the peak of the surface elevation under 0 degree of the incident wave 225 

occurs near the centre of the configuration. Figure 6 shows that the position of the peak surface 226 

elevation occurs near the inner side of the midstream and downstream cylinders for the incident 227 

waves approaching at 45 degree. In both cases, the position of the peak surface elevation did 228 

not occur near the upstream cylinder. This is very similar to the near-trapping phenomenon 229 

observed in Grice et al (2013) . Judging from this, the peak of surface elevation may be caused 230 

by near-trapping due to the nonlinear components of the diffracted waves between the cylinders 231 

and the incident wave. To examine this in more detail, the different components of the surface 232 

elevation at different positions under the 0 ° and 45 ° incident waves will be selected for further 233 

analysis. 234 



 235 

Figure 7 Arrangement of analysis point 1# and 2#.  236 

As shown in Figure 7, when the incident wave is 0 degree, the analysis point 1 of the wave is 237 

selected at the origin point O (0, 0). When the incident wave is 45 degree, point A (7.3, 0) in 238 

front of the downstream column is selected as analysis point 2. Since the peak of surface 239 

elevation occurs at these positions, these two points are selected to analyze the wave 240 

components.  241 

 242 

Figure 8 Different components of surface elevation at point 1#. a) 1st order surface elevation components. 243 
b) 2nd order surface elevation components 244 

 245 

Figure 9 Different components of surface elevation at point 2#. a) 1st order surface elevation components. 246 
b) 2nd order surface elevation components 247 

As shown in Figure 8, the dimensionless first-order wave and the second-order wave 248 

components at the analysis point 1# with 0 degree incident wave are shown in (a) and (b), 249 

respectively. It can be seen in Figure 8 that in the range of the scatter parameter calculated, 250 
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there is no distinct peak of the surface elevation occurrence. However, it can be seen in Figure 251 

4 (a) and Figure 5 that the surface elevation at the analysis point 1# has a significant peak. This 252 

indicates that the peak of the surface elevation here is caused by the superposition of the 253 

incident wave and the diffracted wave, not the nonlinear phenomenon due to the interaction 254 

between the waves and the structures.  255 

The wave components contained in the dimensionless first-order wave and the second-order 256 

wave at the analysis point 2# at 45 degree incident wave are shown in Figure 9 a) and b), 257 

respectively. It can be seen in Figure 9 a) that the first-order wave component at the analysis 258 

point 2# does not vary significantly with the increase of the scatter parameter. The second-259 

order wave component in Figure 9 b) shows that as the scatter parameter increases, the 260 

dimensionless second-order wave component exhibits a significant peak at ka = 0.417. Thus, 261 

the peak of the surface elevation observed at point 2# is caused by near-trapping since the 262 

second-order nonlinear components in the wave. Therefore, the cause of the surface elevation 263 

peak here is different from the that for the peak the surface elevation occurred at the analysis 264 

point 1# when the incident wave is 0 degree.  265 

Based on the analysis of Figure 8 and Figure 9, the peak of surface elevation in this paper is 266 

caused by different mechanism principle, the superposition of diffracted waves and incident 267 

waves, and the near-trapping phenomenon caused by the nonlinear components of the waves. 268 

Both types The peak of surface elevation observed for both of the above causes are occurring 269 

at small leg space. In this paper, the analysis of the wave components is used to distinguish the 270 

wave surface elevation caused by these two reasons. 271 

Conclusion 272 

Based on the study of surface elevation near multi-column structures in this paper, the 273 

following conclusions can be drawn. The surface elevation around the multi-columns structure 274 

shows a rising trend with the increase of the scatter parameter. Under the 0 degree incident 275 

wave, the surface elevation decreases with the increase of the leg space, however the effect of 276 

the leg space on the surface elevation decreases with the increase of the scatter parameter. 277 

When the incident wave is 45 degree, there is no significant difference in the surface elevation 278 

around the 4 fixed cylinders structure between 2.5D leg space cases and 5D leg space cases. 279 

Based on the present study, one of the main reasons for the increase in the surface elevation is 280 

the superposition of diffracted waves and incident waves, and the other is near-trapping caused 281 

by the second-order nonlinear components due to the strong interaction between waves and 282 



structures. The analysis of different wave components in this paper is employed to distinguish 283 

the wave surface elevation caused by different reasons.  284 

 285 
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