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Abstract:  With the booming of marine resources, it is vital to ensure the safety of offshore 

platforms under extreme waves. In the present study, the marine semi-submersible platform 

serves as the research target. The VOF method is employed for wave front tracking. In 

combination with the SST K-Omega model, the Navier-Stokes equation is solved to simulate the 

slamming effect under extreme waves. Mesh refinement is performed both on free surface and in 

fluid region around the platform. The wave conditions are selected following the DNV 

specification, and the rationality of the wave generation is proven by comparing the analytical 

wave height and the numerical wave height. Based on that, the slamming on fixed 

semi-submersible platform and freely moving semi-submersible platform under one-way regular 

wave is investigated. The deformation of the three dimensional free surface is simulated. The 

variation of impact pressure in time domain as well as its maximum magnitude are fully analyzed 

in every typical areas including the front and rear column, the lower deck and the front deck 

facing the wave flow. It is found that the slamming is most serious in the trapped area before the 

rear column and below the lower deck. 
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1  Introduction 

The semi-submersible is considered as a major platform for exploiting marine resources. With the 

continuous development of marine resources, how to ensure the safety of semi-submersible platforms 

under extreme waves becomes increasingly important[1]. Wave slamming is a strong nonlinear 
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problem, which is a complicated coupling problem between the air, liquid and structure[2]. There exist 

three types of methods to study slamming problems. The first is the theoretical analysis, which usually 

simplifies the three-dimensional physical problem into a two-dimensional model which is solved 

based on the governing equations of fluid-structure and relevant theories subsequently[3]. The second 

is experimental research. The scale model, combined with a specific physical sensor, is built in line 

with a certain scale ratio, and the experimental research is conducted in the tank to analyze the 

relevant experimental phenomena[4]. The third one is numerical simulation, which selects the 

appropriate physical model, sets reasonable parameters, and solves related slamming problems using 

the current CFD software[5]. 

In this study, the extreme sea conditions are selected. The wave slamming effect of the 

semi-submersible platform is numerically simulated under the action of one-way incident wave. The 

slamming of waves on large-scale offshore structures can be generally simplified as that on platform 

decks and columns. By building a numerical tank model, the rationality of the wave is first verified. 

Subsequently, the wave slamming on a fixed platform is simulated without considering the structural 

response. Then, the platform is released with two degrees of freedom, that are pitch and heave motion 

activated by the incident wave. During the above slamming process, the emphasis is laid on the 

slamming effect on the platform's lower deck and column. Besides, the numerical simulation results 

are fully analyzed to draw relevant conclusions. 

 

2  Theoretical basis 
 

Marine structures are subjected to various forces during service in which wave load is considered 

here. After years of research by scholars, a mature theoretical basis has been developed for the 

simulation of the marine environment.  

The mass conservation equation is written as: 

                    
డఘడ௧ + ቂడ(ఘ௨)డ௫ + డ(ఘ௩)డ௬ + డ(ఘ௪)డ௭ ቃ = 0																																																											(1) 

The momentum conservation equations in directions of x, y and z have the following form: డ(ఘ௨)డ௧ + డ(ఘ௨௨)డ௫ + డ(ఘ௨௩)డ௬ + డ(ఘ௨௪)డ௭ = − డడ௫ + డఛೣೣడ௫ + డఛೣడ௬ + డఛೣడ௭ + ߩ ௫݂																																										(2) 

డ(ఘ௩)డ௧ + డ(ఘ௩௨)డ௫ + డ(ఘ௩௩)డ௬ + డ(ఘ௩௪)డ௭ = − డడ௬ + డఛೣడ௫ + డఛడ௬ + డఛడ௭ + ߩ ௬݂                 (3) 

డ(ఘ௪)డ௧ + డ(ఘ௪௨)డ௫ + డ(ఘ௪௩)డ௬ + డ(ఘ௪௪)డ௭ = − డడ௭ + డఛೣడ௫ + డఛడ௬ + డఛడ௭ + ߩ ௭݂																					(4) 
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where ݓ ,ݒ ,ݑdenote the components of flow velocity in the ݕ ,ݔ and ݖ directions, respectively; ߬௫௫,߬௫௬,߬௫௭etc. refer to the components of the viscous stress;  is the pressure; ௫݂, ௬݂and ௭݂are 

components of the volume force[6]. 

For the boundary and initial conditions, the numerical wave tank here is considered as a transient 

problem of gas-liquid two-phase flow. At the initial moment, the water body is stationary. Thus, the 

velocity in the flow field is 0, and the pressure is consistent with the hydrostatic pressure distribution: ܲ = ܲ +  (5)																																																																										ghߩ

The free surface is solved using the VOF (Volume of Fluid) method. The principle of the method 

is to trace the distortion of the free surface using the fluid and mesh volume ratio function ߙin the 

grid unit.ߙdenotes a scalar representing the volume fraction of the qth phase fluid in the grid. ߙ = 1indicates that the grid cells are overall occupied by the specified phase fluid; ߙ = 0 means 

that no designated phase fluid exists in the grid unit; 0 < ߙ < 1 reflects that there exists a part of 

the specified phase fluid in the grid unit. For the qth phase, the equation is written as: డఈడ௧ + డ൫௨ఈ൯డ௫ = 0, (݅ = 1,2,3)																																																													(6) ∑ ߙ = 1, ݍ) = 0,1)ଵୀ 																																																																				(7) 

where ݍ = 0denotes the air phase; ݍ = 1is the aqueous phase[7]. 

 

3  Wave simulation 

Following the DNV specifications, long term wave conditions are given as joint probabilities for 

significant wave height ܪ௦and zero up-crossing period ௭ܶor for ܪ௦ and spectrum peak period ܶ. 

The most critical sea states for air gap of column stabilized units are the steep and high sea states. The 

steepness criterion is definedby a boundaryܪ௦ = )௦ܪ ௭ܶ)given in terms of the average steepness of the 

sea state ܵ௦ = ௦ܪߨ2 ݃ ௭ܶଶ⁄ .The limiting values of ܵ௦ are taken as ܵ௦ = 1 10⁄ for ௭ܶ ≤ 6s and ܵ௦ = 1 15⁄  for ௭ܶ ≥ 12s and interpolatedlinearly between the boundaries. The steepness criterion 

curve is shown in Fig. 2.1. The design seastate should be searched along the steepness criterion curve 

for ܪ௦ < ௦,௫ܪ = 17.3m[8]. 

 
Fig. 1 (ܪ௦, ௭ܶ) steepness criterion 
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Since irregular waves are largely uncertain, it is not conducive to systematic research. 

Accordingly, the Stokes fifth-order regular wave is applied here. The wave height of the sea state 

reaches 17.3m. According to the steep curve, the minimum wave period of this case is greater than 

12s. Given this, the wave steepness is taken as 1/15, and the wave period is12.8s. 

With the STAR CCM+ computing platform, in this example, a numerical tank is established with 

a length of 600m, a width of 300m, a water depth of 250m and an air layer height of 150m. The N-S 

equation is solved using a two-dimensional separation implicit transient method; the changes in free 

surface are monitored in accordance with VOF theory; the wave field information near the wall area is 

calculated using the wall function method; the discrete method of the center difference format is 

selected to discretely solve the governing equation of the wave field. At the beginning of the 

submission of the calculation, the first-order up-style can be selected for initial calculation and 

analysis, which is easier to converge. When the calculation of the wave field is stable, it can be 

transformed into a second-order up-style. The PISO pressure and velocity coupling method is adopted 

for the iterative calculation of discrete forms of momentum equations and continuous equations[9]. 

In terms of grid convergence verification, the accuracy of wave simulation varies with mesh 

density. Grid convergence study is required to determin the optimal mesh density. According to 

experience, at least 20 grids should be set in the unit wave height direction, and at least 80 grids 

should be set in the unit wavelength direction[10]. Therefore, 3 grids A, B and C are verified. In the 

unit wave height direction, Grid A contains 20 grids, Grid B contains 28 grids and Grid C includes 35 

grids. 

Table1  Grid size and quantity  

 Min size in the X  Min size in the Y Min size in the Z Total number  

A 0.875m 3.500m 3.500m 525192 

B 0.625m 2.500m 2.500m 1267200 

C 0.500m 2.000m 2.000m 2565736 

For comparing the difference between the theoretical and the actual wave height, a virtual wave 

height instrument is arranged in the numerical tank to verify the accuracy of the wave. The position of 

the wave height instrument from the speed entrance is listed in Table 2. 
Table2  Position of the wave height instrument 

Point 1/2 3/4 5/6 7/8 9/10 11/12 13/14

Distance/m 1 100 200 300 400 500 599 

It is noteworthy that this example refers to the Convective Courant Number as the reference 

standard for calculation to ensure the stable calculation of the flow field during the wave-making 

process. Moreover, the Convective Courant Number is ensured to be less than 0.1[11]. 
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After calculation, the theoretical and actual values of each measuring point are obtained, and the 

effects of different mesh densities on the wave precision are selected by measuring point 6 and 

measuring point 8. The results are shown in Fig. 2 and Fig. 3, respectively. 

 
   Fig. 2  measuring Point 6                      Fig. 3 measuring point 8 

By comparing the theoretical wave shape with the actual wave shape at different grid densities, 

the accuracy in three cases meets requirements. 

The detailed error analysis is conducted to clarify the effect of grid density in the wave 

simulation. The following is to briefly describe the error analysis method, and two methods are 

considered in this study. The first is the average error and the second is the maximum error.  

 
  Fig.4 The percentage of average error              Fig. 5 The percentage of maximum error 

It can be seen from the Fig.4 and Fig.5 that the accuracy of wave simulation under the three grid 

densities is very high, and all meet the requirements. Considering the limitation of computing 

resources and time, grid B is employed in the subsequent calculation of semi-submersible platform 

wave slamming. 

 
4  Platform wave slamming simulation 
 
4.1 The platform and main particulars 

Based on the ensured wave accuracy, this study explores the slamming effect of extreme waves 

on semi-submersible platforms. The platform model is shown in Fig.6. The main scale parameters are 

shown in Table 3. 
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Table3  The main scale of Platform 

Deck size 97.75m×87m×8.8m 

Column size 19.25m×18.5m×25m 

Attached body size 123.6m×20.5m×11.5m 

Draught Depth 23m 

Hydrostatic air gap 13.5m 

Since the semi-submersible platform is affected by waves, there exists a coupling divided into 

one-way coupling and two-way coupling between the structure and the wave field in the marine 

engineering. One-way coupling considers the effect of fluid on structure, solving structural stress field 

must be based on solving flow field. Structural stress field analysis should be dependent on flow field 

analysis results, yet it does not affect flow field analysis. In two-way coupling, the analysis of the 

stress field in turn affects the state of the flow field. In this chapter, the one-way coupling example is 

first analyzed, and then the two-way coupling is explored[12]. 

 

     Fig. 6 Semi-submersible platform model          Fig. 7 The layout of computational domain 

 

4.2 Wave slamming on fixed platform 

For computational domain setting, given the symmetry of the platform and the consumption of 

computing resources, the example employs semi-domain calculation. The computational domain is 

600m long, 300m wide and 250m deep, with air layer of 150m. For boundary conditions, the surface 

above the platform is set to pressure outlet. The center plane of the platform is set to symmetry plane, 

and the rest is set to velocity inlet, as shown in Fig.7. The wave conditions use the extreme waves of 

Section 2, with a wave height of 17.3 m and a wave period of 12.8 s. 

The three-dimensional unsteady implicit method is adopted where the fluid is consumed to be 

incompressible. The governing equation is solved based on the finite volume method (FVM) by using 

the “collocated grid” to store the flow field parameters. The pressure and velocity are stored in the 

center of the control unit. The SST K-Omega turbulence model is employed. Since this problem 

belongs to the non-steadyinteraction between wave and structure in time domain, the pressure-velocity 

coupling method (PISO) is used to solve the discrete form of the momentum equation iteratively, 
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    Fig.12 Pressure at measuring point DA2-2         Fig.13 Pressure at measuring point H2-7 

The maximum value is picked from the above time history curves of the pressure and then plotted 

in Figs 14–18 for the measuring points in different regions. 

 

     Fig.14 Max pressure at points of front column      Fig.15 Max pressure at points of rear column 

 

  Fig.16 Max pressure at points of lower deck DA      Fig.17 Max pressure at points of lower deck D 

 

Fig.18 Max pressure at points of deck facing wave flow 
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The total simulation time is 15 wave periods, which is nearly 192s. For the front column, the 

maximum slamming pressure increases when the measuring point is placed lower. For the rear 

column, the slamming phenomenon is similar to that on the front column, yet there is still differences. 

Since the top of the rear column is confined by the lower deck, the fluid is found to strenuously move 

in a limited space, creating a small air gap and even a negative air gap. In turn, the local velocity of 

the wave suddenly increases, causing a severe slamming phenomenon. It should be noticed that 

sometimes the slamming pressure on the high positioned measuring points is even larger than that on 

the low positioned measuring points. For instance, the minimum pressure usually appears on the 

highest positioned measuring points H-8. But an exception is that the slamming pressure on the 

measuring points H1-8 and H2-8 is much larger than the minimum value within the same line, and the 

minimum value stays at about H1-6 and H2-6.  

For the lower deck denoted by DA as shown in Fig.19, the slamming pressure on the measuring 

points DA2-1, DA2-2, DA2-3, DA2-4 is relatively large, which is noteworthy. This is because these 

measuring points not only face the wave, but also are placed in trapped area within 4 columns. The 

back-wave surfaces numbered 9, 10 and 11 are blocked by the columns, resulting in the slamming 

effect almost negligible. The rest measuring points on the lower deck have some distance from the 4 

columns and the disturbed wave there is relatively smaller, and thus the slamming rarely occurs due to 

the large air gap. There is no slamming on the deck marked by C facing the wave flow, as it is high 

positioned and away from the wave surface.  

 
 

Fig.19  Wave surface at different times 
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4.3 Wave slamming on the platform in pitch and heave motions 

The fixed platform is studied in Section 3.2. Based on that, the moving platform in wave is 

investigated in the present section. The two degrees of freedoms are released, namely pitch and heave. 

The parameter setting of the platform motion is briefly described[14]. 

Table4  The parameters of the moving platform 

Body Mass 3.68E7 kg 

Body Motion Option Free Motion 

∟ Z motion / Y Rotation 

Center of Mass  ൣ﹣1.11m, 0.0m,﹣0.37m൧ 
Moment of Inertia ሾ7.675E9, 8.525E9, 1.3055E10ሿkg · mଶ   

Orientation Laboratory 

Overlapping meshes are applied here, and the size of the nested mesh is consistent with the 

background mesh in the three directions of X, Y, and Z. The initial mesh is illustrated in Fig. 3.15. 

After the calculation, the mesh changes and are shown in Fig. 3.16. 

 

  Fig.20  Initial grid                         Fig.21  Grid after a while 

 

The total simulation time is 10 wave periods, which is nearly 128s. The time history curve of 

heave and pitch under the action of the wave is obtained. They are respectively shown in Figs 22-23. 

It is shown that heave and pitch exhibit the similar periodicity to waves. In the initial stage of 

calculation, the moving amplitude is large and not regular due to the instability of the flow field. 

Gradually, heave and pitch becomes stabilized. In this case, only two degrees of freedoms are 

released, and the constraints are not considered. The largest pitch angle reached 20o, which exceeds 

the standard requirements [15], which requires special attention.  
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Fig.22  Heave                                   Fig.23  Pitch 

Figs 24–28 show the maximum impact pressure in different regions. The overall variation trend 

for a moving platform case is similar to that for the fixed one. For example, the interaction area 

between the lower deck and the column is also most dangerous here. 

 

 

    Fig.24 Max pressure at points of front column     Fig.25 Max pressure at points of rear column 

 

Fig. 26 Max pressure at points of lower deck DA    Fig.27 Max pressure at points of lower deck D 
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Fig.28  Max pressure at points of deck facing wave flow 

The initial air gap between the lower deck and the undisturbed wave surface is 13.5 meters, and 

the wave height is 17.3 meters. The wave climbs along the column and crashes the lower deck, 

thereby generating a large slamming pressure. In such a case, the slamming pressure only affects the 

local structure without affecting the overall strength of the platform; the wave impact platform column 

can be considered as a huge fluid micelle against the column, thereby affecting the overall strength of 

the platform. 

 
5  Conclusions 
 

The problem of incident waves impacting on a platform is simulated. The incident wave is 

convergent with respect to mesh size and conforms with the analytical solution. The simulation covers 

slamming on a fixed platform and a freely moving one. At least 20 grids in the wave height direction 

is meshed to ensure the accuracy. The conclusions are drawn as follows: 

The wave slamming near the area before the rear column and below the lower deck is very 

serious. When the wave propagates to that area, the space is confined to a small space, the velocity of 

the fluid particles will increase, the disturbed wave becomes larger, and thus the wave crashes on that 

region which leads to large impact pressure there. The maximum slamming pressure overall increases 

when the measuring point is placed lower both for front and rear column. But there may be an 

exception that the slamming pressure on the high positioned measuring points is larger than that on 

the low positioned points. The back-wave surface is blocked by the columns, resulting in the 

slamming effect almost negligible. For the measuring points on lower deck that have some distance 

from the 4 columns, the disturbed wave there is relatively smaller, and thus the slamming rarely 

occurs due to the large air gap. In the case of moving platform, only two degrees of freedoms are 

released, and the constraints are not considered. The largest pitch angle reached 20o, which exceeds 

the standard requirements, which requires special attention. 
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