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Abstract. The green water is a highly non linear hydrodynamic phenomenon that occurs 

when the wave height exceeds the freeboard of the floating structures in harsh environments, 
and may compromise the operation and security of the on deck equipment. In the present 
study, in order to assess the effects of the green water phenomenon in FPSO and FLNG 
systems, the Moving Particle Semi-implicit (MPS) method, which is a fully lagrangian 
particle-method for incompressible flow, is adopted to model the complex fluid structure 
interaction problem. This article is focused on the recent developments of the MPS based 
simulation system of Numerical Offshore Tank (TPN-USP) and its application to the real 
scale offshore engineering problem. Results of large scale simulations using distributed 
memory architecture for models from 30 million to 100 million particles are presented.  

1 INTRODUCTION 
The importance of offshore oil and gas exploitation in deepwater and ultra deepwater 

increased significantly along the past decade. The deepwater oil production grows from less 
than 2% of the worldwide oil production in 2000 to more than 10% ten years later. The oil 
exploration in deepwater and ultra deepwater is performed by floating offshore structures . In 
severe weather conditions, dangerous hydrodynamic impact phenomena related to large 
incoming waves may occur and may compromise the operation and safety of the floating 
structures. 

One of the hydrodynamic impact phenomena related to the violent waves impact is the 
green water. The green water occurs when the sea surface height surpasses the freeboard of 
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the floating structures due to the relative motion between the structure and the sea surface, 
resulting in water boarding on deck. In case of floating production, storage and offloading 
(FPSO) platforms, the water that invades the deck may damage the equipment of the 
production plant. The green water is a highly nonlinear hydrodynamic impact phenomenon 
very challenging to numerical modeling. The complexity of the phenomenon is related to 
strong fluid-structure interaction with violent impulsive loads on structures with a variety of 
geometries and large free surface deformation and fragmentation due to wave breaking and 
splashing.  

In order to study the complex green water phenomenon on FPSO, Moving Particle Semi-
Implicit (MPS) method is adopted in the present study. The MPS method was developed by 
Koshizuka et al. [1] and Koshizuka & Oka [2] to model the incompressible flow based on a 
fully lagrangian scheme in which the computational domain is entirely modeled as particles. 
The method models very well problems involving large free surface deformations, 
fragmentation and merging, as well as complex shaped, moving and deformable structures.  

The MPS method was applied to the green water investigation by Shibata & Koshizuka [3] 
and Shibata et al. [4] and Shibata et al. [5]. The validation of green water phenomenon for the 
MPS-based system developed at TPN-USP is presented by Bellezi et al. [6] based on the 
comparison between the numerical results with the experimental data obtained by Lee et al. 
[7]. Bellezi et al. [8] study the effect of the bow shaped in the green water phenomenon for 
fixed model under head seas.  

The main disadvantage of the particle method is its large demand to computational 
resources, which limits the size and the resolution of the models. To overcome this challenge, 
particle based simulation systems using domain decomposition and distributed memory 
techniques were developed [9] [10]. 

The focus of the present paper is to show the evolvements of a particle-based modeling of 
the numerical offshore tank for the investigation of the green water, from the low resolution 
fixed reduced scale models to the simulation of large real scale floating models up to 100 
million particles. The results presented in this work are divided in three parts: The first part 
shows the effects of the model resolution through the comparison of the results of a low 
resolution model with 1.6 million particle and a higher resolution model with 12 million 
particles . The second part shows the simulation of the 100 million particle model based on 
the Lee et al. [7] experiments and the performance of the distributed memory computation is 
brief analyzed. Finally, in the third part, a practical engineering application for a real scale 
model platform is carried out considering a large FLNG platform at critical weather 
conditions at Santos Basin. 

2 NUMERICAL METHOD 
The Moving Particle Semi-Implicit (MPS) method, also called Moving Particle Simulation, 

is a fully lagrangian particle-based CFD method for the incompressible free surface flow.  

2.1 Governing equations 
The governing equations solved by the MPS method are the continuity equation (eq. 1) and 

the Navier Stokes equation (eq. 2). 
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𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷 = −𝐷𝐷(𝛻𝛻. �⃗�𝑢 ) = 0 (1) 

𝐷𝐷�⃗�𝑢 
𝐷𝐷𝐷𝐷 =  − 1

𝐷𝐷 𝛻𝛻𝛻𝛻 + 𝜗𝜗𝛻𝛻2�⃗�𝑢 + 𝑓𝑓 
𝐷𝐷 + 𝑔𝑔  (2) 

where 𝐷𝐷 is the fluid density, 𝜗𝜗 is the fluid kinematic viscosity, 𝛻𝛻 the pressure, 𝑔𝑔  the gravity 
acceleration, 𝑓𝑓  any other given field force and �⃗�𝑢  the velocity of a given particle.     

The viscous term of the Navier Stokes equation is neglected in the studies carried out 
herein because the phenomena involving violent wave impact are often related to gravitational 
forces and high Reynold numbers. 

2.2 Numerical model 

The formulation of the MPS method is based on a weight function  ( ) given by. 

 ( ) = {
𝑟𝑟 
𝑟𝑟 − 1 𝑓𝑓𝑓𝑓  (0 ≤  <  𝑒𝑒)

0 𝑓𝑓𝑓𝑓  ( 𝑒𝑒 ≤  )
  , (3) 

where,  𝑒𝑒  is a neighborhood radius and  = |  ⃗⃗ −   ⃗⃗ |  is the distance between two given 
particles   and  . 

An important parameter is the particle number density (pnd). It is given by: 

[𝑝𝑝𝑝𝑝𝑝𝑝]𝑖𝑖 = ∑  (|  ⃗⃗ −   ⃗⃗ 𝑗𝑗≠𝑖𝑖 |)   . (4) 

The algebraic operators of the MPS method are derived based on the weighted contribution 
of the neighbor particles. The gradient operator for a given   scalar quantity is presented by 
the eq. 5. The laplacian operator for a   scalar quantity is given by the eq. 6. 

[𝛻𝛻 ]𝑖𝑖 = 𝑝𝑝
𝑝𝑝𝑝𝑝𝑝𝑝0∑[

( 𝑗𝑗 −  𝑖𝑖)
|  ⃗⃗ −   ⃗⃗ |

2 (  ⃗⃗ −   ⃗⃗ ) (|  ⃗⃗ −   ⃗⃗ |)]
𝑗𝑗≠𝑖𝑖

 (5) 

  
[𝛻𝛻2 ]𝑖𝑖 = 2𝑑𝑑

𝑝𝑝𝑝𝑝𝑑𝑑 𝛿𝛿 ∑ [( 𝑗𝑗 −  𝑖𝑖) (|  ⃗⃗ −   ⃗⃗ |)]𝑗𝑗≠𝑖𝑖      , (6) 

where 𝑝𝑝𝑝𝑝𝑝𝑝0 is the particle number density of regarding to initial particle configuration of a 
particle with fulfilled neighborhood, 𝑝𝑝 is the dimension of the problem (2 for two dimensional 
modeling and 3 for three dimensional problems). The parameter 𝛿𝛿 is calculated based on the 
initial particle configuration and is given by 

δ =
∫  ( ) 2𝑝𝑝𝑑𝑑𝑉𝑉

∫  ( )𝑝𝑝𝑑𝑑𝑉𝑉

 (7) 

2.3 Algorithm 
The algorithm of the MPS method is presented in Figure 1.  
The algorithm is divided into two main steps. The first step is the explicit calculation to 

estimate velocity, position and particle number density of all fluid particles based on Eq. (2), 
except the pressure gradient term. In the second step, a linear system of Poisson equations of 
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pressure (eq. 8) is solved to satisfy the mass conservation. 

[∇²𝑃𝑃𝑛𝑛+1]𝑖𝑖 = −𝑘𝑘 𝜌𝜌
∆𝑡𝑡 

[𝑝𝑝𝑛𝑛𝑝𝑝 ] −𝑝𝑝𝑛𝑛𝑝𝑝 

𝑝𝑝𝑛𝑛𝑝𝑝      , (8) 

where 𝑝𝑝𝑝𝑝𝑝𝑝  is the particle number density calculated in the explicit step. The 𝑝𝑝𝑝𝑝𝑝𝑝0 is the 
initial particle number density and ∆𝑡𝑡 is the time step. 𝑘𝑘 is the pressure smooth coefficient.  

From the pressures obtained implicitly, the pressure gradient is calculated and the velocity 
and the position of the fluid particles are corrected. 

 
Figure 1: MPS method algorithm 

2.4 Free surface boundary condition 
The free surface boundary condition proposed by Lee et al. [11] is adopted in this study. 

[𝑝𝑝𝑝𝑝𝑝𝑝 ]𝑖𝑖 = 𝛽𝛽 ∙ 𝑝𝑝𝑝𝑝𝑝𝑝0 (9) 
  

[𝑁𝑁 ]𝑖𝑖 = 𝛾𝛾 ∙ 𝑁𝑁0 (10) 

where 𝑁𝑁 is the number of particles inside the neighborhood radius for a given particle and 
𝑁𝑁0  the reference number of particles in the neighborhood, considering  a particle whose 
neighborhood is completely fulfilled in the initial configuration. Based on Lee et al. [11] 
results, the coefficients are 𝛽𝛽 = 0.   and 𝛾𝛾 = 0.  . 

2.5 Free solid modeling 
In the MPS method the entire domain is modeled as particles, including the solid surface. 

The solid surface is modeled with three rows of particles. The row of solid particles in contact 
with the fluid are modeled as wall particles.  The other two rows consist of dummy particles. 
The dummy particles are used to assure the correct calculation of the particle number density 
of the wall particles.  

For the numerical offshore tank modeling, three types of solid are considered: fixed solid, 
solid with forced motion and a free floating solid. The velocity of the fixed and the forced 
motion solids are imposed as Dirichlet boundary conditions. On the other hand, the motion of 
the free floating solid are calculated based on forces and moments obtained from the 
integration of the pressure on the solid surface. The center of gravity, the mass and the 
moment of inertia of each free floating solid are input parameters. 

This implementation of the free floating solid is based on Sueyoshi et al. [12] and Sueyoshi 
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et al. [13] work. Test and validation of the free floating solid implementation used in the 
present work are presented by Tsukamoto et al. [14] and Tsukamoto et al. [15]. 

3 FPSO NUMERICAL SIMULATION 
In the present study the development of the particle-based numerical offshore tank for the 

investigation of green water phenomena are illustrated in three parts. The first is the validation 
through the comparison between the experimental data of Lee et al. [7] and the numerical 
results for a low resolution model of Bellezi et al. [6] with 1.6 million particles, and the 
numerical result of a higher resolution model, with 12 million particles, obtained by using the 
distributed memory framework for parallel processing developed by Fernandes [9]. The 
objective of this first stage is to show how the increase of the model resolution, which was 
limited in the previous works by hardware restrictions, could improve the results.  

The second part consists of the simulation of a floating model with 100 million particles 
and the analysis is focused on the processing performance of the distributed memory version 
of MPS-TPN simulation system. Finally, the third part shows a practical engineering 
application using a very high resolution model to investigate the green water phenomenon in 
head seas on a FLNG system under Santos Basin extreme wave conditions. 

3.1 Numerical towing tank 
In the present work, the green water occurrences were investigated using a model inside a 

numerical towing tank as shown in Figure 2. 

 

 
 

Figure 2: Main dimensions of the numerical tank 

The waves were generated by a piston type wavemaker positioned in the left end of the 
tank. The piston type wavemaker was modeled as a forced solid wall with sinusoidal 
horizontal translation motion. A stair shaped beach and small fixed boxes were placed at the 
right end of the tank to absorb the waves and the disturbances due the body wave diffraction. 
The lateral walls of the tank were modeled as fixed ones. The distance between the model side 
and the tank lateral wall are equal to the beam of the model.  

The waves conditions used in the sections 3.2 and 3.3 are based on those used by Lee et al. 
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[7] and presented in Table 1. After the wave calibration, the distance between the model and 
wavemaker ( 0 ) was obtained. The determination of this distance is necessary due the 
numerical damping that reduces the wave amplitude along the tank. More details about the 
wave calibration are presented in Bellezi et al. [6].  

Table 1: Wave parameters 

Wave 
Condition Amplitude Wave length Wavemaker 

period 
Wavemaker 
amplitude 

Distance between 
wavemaker and model 

(xo) 

1 4.500 cm 225 cm 1.28 s 0.04 m 2.2 m 
2 5.625 cm 225 cm 1.28 s 0.05 m 2.2 m 
3 6.750 cm 225 cm 1.28 s 0.06 m 2.2 m 
4 6.000 cm 300 cm 1.39 s 0.05 m 2.2 m 
5 7.500 cm 300 cm 1.39 s 0.06 m 2.0 m 
6 9.000 cm 300 cm 1.39 s 0.08 m 2.7 m 
7 7.500 cm 375 cm 1.55 s 0.07 m 3.1 m 
8 9.375 cm 375 cm 1.55 s 0.08 m 2.7 m 
9 11.250 cm 375 cm 1.55 s 0.10 m 3.0 m 

3.2 Validation and convergence analysis by fixed model 
This section is focused on the validation of the particle based method for the simulation of 

green water phenomenon. The numerical results are compared to the experimental ones 
obtained by Lee et al. [7], which used a reduced scale fixed model in head seas condition. The 
model geometry and the position of the pressure probes are presented in Figure 3. 

  
(a) (b) 

Figure 3: Model main dimensions (a) and position of pressure probes on deck (b) 

In Bellezi et al. [6] the resulted obtained by a low resolution model, with 1.6 million 
particle, were compared to the experimental measurements. In the present work, taking the 
advantage of a new version of the simulation system for distributed memory architecture, a 
higher resolution model, of which the distance between particles is half of those used in the 
previous work, is used. The numerical parameters for the simulations using the low and 
higher resolution models are given in Table 2. 

The Figure 4 shows the pressure histories at the P11 pressure probe. Figure 4-a shows the 
unfiltered pressure time series, and Figure 4-b shows filtered data by local mean value.  
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Table 2: Numerical parameters of the simulations 

 Coarse resolution 
model 

High resolution 
model 

Distance between particles [m] 0.02 0.01 
Time step [s] 0.001 0.0005 

Number of particles ≈1,600,000 ≈12,000,000 
Simulation time [s] 20 20 

Subdomains 1 10 
Pressure smooth coefficient 0.075 0.05 

 

  
(a) (b) 

Figure 4: Pressure at P11 pressure probe for wave 9 –unfiltered (a) and filtered (b) numerical results 

The P11 pressure probe is located in the center of the deck in front of the vertical bulkhead 
of the model. It registers the highest pressures of all the pressure probes located at the deck. 
The pressures histories shown in Figure 4 present two peaks pattern typical of wave impact 
load: The first peak is result of the merging of the water that come from the bow and from 
both sides during the ingress phase; The second peak is associated to the collapse of water 
column that occurs in the drainage phase of the green water phenomenon. Despite the 
oscillations of the computed pressure in P11, as the magnitude of the oscillations is lower than 
the magnitude of the peak pressure, in general the behavior of the numerical simulation 
matches the behavior of the experimental data. .  

  
(a) (b) 

Figure 5: Filtered pressure at P21 (a) and P31 (b) 

On the other hand, for the pressure probes in regions where lower pressures are registered, 
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such as P21 and P31, the pressure oscillation magnitude gets closer to those of the pressure 
peaks. P21 and P31 have a lower embarking water level in relation to P11. The filtered results 
for the P21 and P31 region are presented at the Figure 5. 

The result presented at Figure 4-b shows relatively small differences between the filtered 
results at P11 using the coarse or the finer resolution and both the results fit well with the 
experimental curve. However, for the pressure computed at P21 and P31, as shown in Figure 
5, the behavior of the curve for the finer resolution is better than the coarse one. At P21 
(Figure 5-a), the two peaks observed for the coarse resolution have almost the same value. On 
the other and, the first peak is significantly lower than the second peak for the finer resolution, 
which agrees well to the measurement. For P33, which involves even lower hydrodynamic 
pressures than P21, the coarse model is unable to show the occurrence of the two peaks, while 
the higher resolution model reproduced well the experimental result. 

The simulation results showed that the coarse model predicts satisfactory the 
hydrodynamic impact at the most critical point, where the highest impact pressure occurs. 
However, for other regions where the level of embarking water is relatively low, the pressure 
oscillation magnitude is close to the magnitude of the pressure peaks and the higher resolution 
model is required for accurate assessment of the hydrodynamic loads. 

3.3 Analysis of distributed memory parallel processing performance using a very high 
resolution free floating model 

In this section simulations of the dynamic behavior of a free floating model with 100 
million particles in total, including the towing tank, were carried out using the distributed 
memory architecture [9]. The reduced scale model used in the previous section was adopted. 
Wave condition 9 shown in Table 1 was considered in this section. The numerical parameters 
used in the simulation are presented in Table 3. 

Table 3: Simulation numerical parameters 

Distance between particles [m] 0.005 
Time step [s] 0.00025 

Number of particles ≈100,000,000 
Simulation time [s] 10 

Pressure smooth coefficient 0.045 

The properties of the floating model are presented at Table 4. 
Table 4: Properties of the floating model 

Mass [kg] 229.5 
Vertical center of gravity [m] (from kell) 0.196 

Pitch moment of inertia [kg.m²] 30.83 

The performance of the parallel processing by the distributed memory architecture were 
analyzed through a high resolution model with 100 million particles partitioned in 5 to 40 
subdomains. Each subdomain was allocated to a node of computer cluster composed by 20 
core AMD Shanghai of 2.66 GHz processors with 128GB of shared memory. When 40 
subdomains are used, the 10 second simulation required around 250 hours of processing time. 

Figure 6 provides some snapshots of the simulation of the low resolution model with 1.6 
million particles, whose distance between particles is 0.02 meters, and the snapshots obtained 
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using a very high resolution model with 100 million particles, whose distance between 
particles is 0.005 meters.  

  

  

  

 
Figure 6: Snapshots of particle-based simulation of the floating models: Low resolution model with1.6 

million particles (left) and very high resolution model with 100 million particles (right) 

 

  
(a) (b) 

Figure 7: Processing time (a) and speedup (b) in relation to the number of subdomains 

Figure 7-a shows the effect of the increasing in the number of subdomains on the 
processing time. The processing time of the two most time consuming parts of the algorithm, 
the solution of the linear system and the neighborhood particle search, are also shown. Figure 
7-a shows the speedup in relation to the time consumed for the 5 subdomain model. From the 
results, when 40 subdomains are used, the processing time required is nearly 10 times lower, 
showing relatively good speed up in this case.  
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3.4 Real scale model simulations 
This section briefly presents results of the application of the particle-based numerical 

offshore tank to a practical engineering problem. It consists of a study on the green water 
occurrence of a FLNG system for the oil and gas exploitation in Santo Basin, Brazil.  

The mooring system of the FLNG consists in a turret positioned at the bow, so the floating 
structure could align itself with the most severe weather condition direction. Thus, the FLNG 
system will operate aligned in head seas for the most severe weather condition, and the 
particle-based simulations were carried out for head seas of the maximum wave height for the 
century wave of the worst weather condition of the Santos Basin. The simulations were also 
carried out for the average, the maximum and the minimum operational draught of the system. 

The particle model used in this analysis, including the numerical offshore tank,  has around 
30 million particles, and it is enough to describe the geometry of the vessel topside. The wave 
condition has approximately 20 seconds of period and the simulation of 200 seconds requires 
around 36 hours using 10 subdomains. Figure 8 presents some snapshots of the particle-based 
simulations. In the left column the sequence of the images shows the FLNG motion in wave 
for the maximum draught and in the right column for the minimum operational draught. 

 

109 s 

  

114 s 

  

119 s 

  
 (a) (b) 

Figure 8: Snapshots of the particle-based simulations for the FLNG model for the maximum draught 
condition (a) and the minimum draught condition (b) 

The maximum water levels at the bow, at the stern and at the middle section of the hull 
were evaluated in order to verify the occurrence of the green water phenomena. The water 
levels were measured in relation to the keel of the hull, in a local coordinate system. The 
Figure 9 shows the water level for the maximum and the minimum operational draught. 
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 (a) (b) 

Figure 9: Maximum water level on the hull side for critical wave condition: Maximum draught (a) and 
minimum draught (b)  

The FLNG system depth is approximately 33 meters. In Figure 9, when the water levels 
reach 33 meters, it indicates the presence of water on deck level and the occurrence of green 
water. The Figure 9 shows that the green water occurs only for the maximum draught 
condition. This behavior could also be observed at the snapshots of Figure 8, where the wave 
crest is very close to the deck level for the maximum operational draught condition. 

4 CONCLUDING REMARKS 
This paper presents the recent developments of a particle-based numerical offshore tank for 

the study of the green water phenomenon through three section: The first section shows the 
validation and convergence study based on a fixed FPSO model. The results show that the use 
of higher resolution models is more critical when accuracy is required for the regions where 
the level of embarking water is relatively low. The second section shows the importance of 
the simulation using floating models that take into account the relative motion between the 
floating body and the wave surface. A very high resolution floating model with 100 million 
particles was used to evaluate the performance of the distributed memory parallel processing. 
Finally, the third section shows an application of the numerical offshore tank. The recent 
achievements on the simulation of real scale high resolution models, with up to 100 million 
particles using the distributed memory architecture, provided speedup and scalability required 
for the application to practical engineering problems involving fluid-structure interaction 
problems with complex geometry and free surface. 
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