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A side-by-side configuration of floating structures is commonly used in ocean 
exploration practices, such as offshore vessels for loading and offloading, floating 
cranes, and offshore floating wind turbines. Computational Fluid Dynamics (CFD) 
method is current practice for the analysis of hydrodynamic interactions of the side-
by-side vessels. The purpose of this study is yo carry out a benchmark study of CFD 
method applied for the above analysis. URANS CFD method was applied utilizing a k-ε 
turbulence model and a volume of fluid (VOF) method to capture the free surface. 
Different ratios of wave length to vessel’s length and different gaps between between 
the vessels were considered in the study. Simulation results show that the wave length 

to vessel’s length ratio /L affects significantly the wave pattern around the vessels 
and inside the gap. For the shorter waves, the gap influences the wave pattern both 
inside and outside the gap. Further, the pressure distribution on the keel surface of the 
vessels is asymmetric about the vertical center plane along the vessel, which resulted 
in roll motion eventhough the vessel is in head seas. Roll motion was observed in all 
gap variations considered. Amplitude modulation was observed in the heave and pitch 
motions, while generation of side-band frequency components were observed in the 
roll motion, which indicate a non-linear fluid-structure interaction. 
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1. Introduction 
 

A side-by-side configuration of floating structures is commonly used in ocean exploration 
practices. This configuration is widely employed in the oil and gas industries for loading and 
offloading operations between two vessels arranged in close pair formation [1, 2]. In addition, a 
side-by-side configuration is frequently applied as floating crane vessels to lift and install structural 
modules on floating or fixed platforms [3, 4]. The renewable energy industry also uses side-by-side 
configuration in the installation of offshore floating wind turbines [5]. In all the above applications, 
special attention is required on the complex hydrodynamic interactions between the two-adjacent 
floating structures. 
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Floating body interaction studies were primarily performed through model tests in the 1960s to 
1990s, and later developed into numerical potential flow models in the early 2000s. Newton [6] 
discussed the hydrodynamic interactions of side-by-side floating vessels in deep water, in which he 
considered the interaction of two-adjacent ships in an experimental study. Experimental results 
showed a coupled force and moment effect due to the two interacting ships. Subsequently, Remery 
[7] reported an experimental study to investigate moored ship mooring forces due to passing ships 
in shallow water. The study was carried out in a wave basin using a 1:100 model scale to represent a 
fully loaded 100,000 deadweight tonnage (DWT) tanker. The interaction between moored ships and 
passing ships is crucial for the prediction of the lateral mooring forces. In addition to experimental 
studies, Newman [8] conducted a numerical study on multi-body interaction, in which he introduced 
a free surface patch to capture the hydrodynamic interaction effects. 

The fast advancement in computer and computational techniques in the last few decades has 
made computational fluid dynamics (CFD) currently a standard approach for solving complex viscous 
fluid-structure interactions. CFD methods have been applied, among others, in the following analyses 
of marine engineering applications: moored semi-submersibles in the ocean [9], slamming and green 
water loads on ships sailing in regular waves [10], added power prediction of ships sailing in head and 
oblique waves [11], and floating offshore wind turbines [12]. In addition, Koop [13] utilized CFD to 
determine the scale effects on current loads of offshore vessels in a side-by-side configuration. 
Further, Lu et al., [14] reported results of a numerical study of fluid resonance in two narrow gaps of 
three identical rectangular structures. They identified an effect of the narrow gap, which results in 
wave-structure interactions in the band of resonant frequencies. 

Zhao et al., [15] give a comprehensive review on recent problems with side-by-side offloading 
floating liquefied natural gas (FLNG). The side-by-side offloading from the FLNG to the shuttle tanker 
is relatively new, for which limited guidelines are available. Thus, research regarding hydrodynamic 
interaction is needed for safe operation at sea. There are three factors affecting the operability of 
FLNG offloading, i.e., roll motions, tank sloshing, and the free surface motion in the vessel's gap. 
Further utilization of CFD in predicting the operability of FLNG is carried out for the evaluation of 
dynamic motion prediction of the coupled offloading system of FLNG [16] and hydrodynamic 
interactions of side-by-side FLNG-LNG carrier [17, 18]. In addition to current loads, the motion 
prediction is subjected to wave loads [19]. Previous studies emphasized the importance of validating 
the loads in the design phase of offshore structures. The loads can be obtained from laboratory 
model-scale experiments, full-scale measurements, or theoretical methods. 

There are numerous attempts to benchmark the hydrodynamic interactions between two 
adjacent floating structures under wave loads. The benchmarking process involved developing a 
laboratory-scale experimental model in a towing tank and comparing the experimental results with 
numerical model results [20]. Some benchmark studies are as follows: a comparative study 
conducted numerically to analyze the effects of ship-to-ship and ship-to-wall interactions [21], ship-
shaped floating structures in a side-by-side configuration [22], and two adjacent identical floating 
boxes modeled using a CFD approach in zero Froude number [23]. Intriguing observations concerning 
the hydrodynamic interactions of two floating structures are that the gap between them significantly 
affects the loads acting on them, and the gap also affects the wave amplitude inside the gap. 

Studies utilizing CFD to investigate wave resonance phenomena in the context of two identical 
non-ship-like objects have also been reported in the literature. Jiang et al., [24] conducted CFD 
simulations on two side-by-side boxes to investigate wave resonance phenomena. The simulation 
results revealed that the gap between the models greatly influenced the transmission of waves. 
Furthermore, the waves occurring within the gap significantly impacted the wave loads acting on the 
models. Similarly, He et al., [25] and Jiang et al., [26] also reported similar findings, emphasizing the 
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significant influence of the gap on wave transmission and the resulting wave forces affecting the 
motions of the boxes. 

Following the recommendations of the International Towing Tank Conference (ITTC) [27], various 
research institutions and scholars conducted CFD benchmark studies on side-by-side floating 
structures in waves. Although many benchmark studies have been carried out, there is still a need to 
increase the accuracy of the results and to quantify the associated uncertainties. Considering the CFD 
method, there are uncertainties in the results of the six degrees of freedom motions, the wave height 
in the gap, and the forces acting on each body. These uncertainties stem from the model geometry, 
mass properties, and mooring setup. Considering experimental model tests, some uncertainties 
include the test model, instrumentation, initial test conditions, and human factors. In many cases, 
benchmark parameters are utilized in the benchmarking process to fit the experimental data. In 
addition to accuracy and uncertainties, the available scientific publications on benchmark CFD studies 
and their findings cannot easily be accessed, as indicated by Wei [28] and Peng et al., [29]. Therefore, 
further benchmark study is necessary to consider the fluid flow computation, rigid body motion, and 
interactions between adjacent floating structures. The purpose of this study is to contribute to the 
ongoing process of CFD model benchmarking by examining the hydrodynamic interactions of two 
ship-like floating structures in waves, taking into account the viscous character of the fluids. 

 
2. Methodology 
 

A computational fluid dynamics (CFD) method is utilized in this study to investigate the 
hydrodynamic interactions of two ship-like structures in regular waves with varying gap between 
them. The gap is varied as d = (1/2)B, B and 2B, where d is the gap and B is the breadth of the floating 

structure. Further, we considered three ratios of wave length to vessel's length that are /L = 0.65, 

1.5 and 2.0.  stands for the wave length and L is the length of the floating structure (see Figure 1). 
The CFD method is described in more details in the following sub-sections. 

 
2.1 Governing Equations 
 

The unsteady Reynolds-Averaged Navier-Stokes (URANS) method was employed in this study to 
predict the motion responses of two adjacent ship-like structures under regular waves at zero-
forward speed. The URANS method combines the Reynolds-averaging technique with unsteady flow 
assumptions to capture the time-averaged behavior of the fluid flow. 

The URANS approach simulates the flow field and the motions of the floating structure by solving 
the Reynolds-averaged Navier-Stokes (RANS) equations and the equations for rigid-body motions of 
the floating structure. The RANS equations, which describe the flow field of unsteady, three-
dimensional incompressible fluid, are given as follows: 

 
∂𝑈𝑖

∂𝑥𝑖
= 0  (1) 
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∂𝑥𝑗
+ 𝑓𝑖  (2) 

 
In Eq. (1) and Eq. (2), t is time, and i, j take values of 1, 2, or 3, Ui is the component of the time-

averaged velocity, P is the time-averaged pressure,  is the fluid density, v is the kinematic viscosity 
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of the fluid, ui' is the fluctuation of the velocity component, -𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ is the Reynolds stress tensor, and 

fi represents the body force component resulting from gravitational acceleration. 
For calculating the rigid body motions in the six degrees of freedom (6-DOF), it is necessary to 

determine the forces and moments acting on the rigid body mass [30]. The equations for the floating 
body motions are represented as follows: 

 

(𝑚 + 𝑎𝑧)𝑧̈ + 𝑏𝑧̇ + 𝑐𝑧 + 𝑑𝜃̈ + 𝑒𝜃̇ + ℎ𝜃 = 𝐹(𝑡)  (3) 
 

(𝐼𝑦𝑦 + 𝐴𝑦𝑦)𝜃̈ + 𝐵𝜃̇ + 𝐶𝜃 + 𝐷𝑧̈ + 𝐸𝑧̇ + 𝐻𝑧 = 𝑀(𝑡)  (4) 

 
In Eq. (3) and Eq. (4), m is the rigid body mass, a is the rigid body added mass, I is an inertial mass 

moment, and 𝑧̈, 𝑧,̇ 𝑧, 𝜃,̈ 𝜃,̇ 𝜃 denote the absolute motion variables of the floating body. Then, F is the 
excitation force, and M is the excitation moment. Eq. (3) represents the equation of motion that 
incorporates all the forces, while Eq. (4) represents the equation of angular motion that represents 
the moment of force. 

This study's modeling design incorporates heave, pitch, and roll motions. To derive the 3 degrees 
of freedom (3-DOF) motion, the researchers calculate the velocity and pressure fields of the fluid 
domain. The linear and momentum equations capture the interaction between the fluid and the body 
[31] to achieve it. The following equations for this purpose: 
 

∑ 𝐹⃗ = 𝑚𝑎⃗  (5) 
 

∑ 𝑀𝐺
⃗⃗ ⃗⃗ ⃗⃗ = 𝐼𝐺𝛼𝐺⃗⃗ ⃗⃗ ⃗ + 𝜔⃗⃗⃗ × 𝐼𝐺 𝜔⃗⃗⃗  (6) 

 
In Eq. (5) and Eq. (6), F represents the total force, m is the mass, and a is the acceleration. 

Meanwhile, M denotes the moment about the center of gravity of the rigid body, I represents the 
inertial mass moment, α is the angular acceleration, and ω is the angular speed. 

Viscous shear stress acts parallel to the plane of the rigid body, while pressure acts perpendicular 
to it. Then, the motion of the floating structure is determined based on the velocity and pressure 
occurring in the flow field. The rigid body responds to the incident waves, causing changes in its 
position. These changes are then recalculated iteratively to determine the wave-induced forces. 

 
2.2 Geometry of the Floating Structure Configurations, and Flow Similarities 
 

The floating structure utilized in this study has a simple geometry, which consists of a box shape 
and two half cylinders. The box shape represents the parallel middle body of a ship, while the half 
cylinders represent the bow and stern. Two ship-like floating structures as described above were 
considered in the experiments with varying separation distance or gap between them. The gap, d is 
defined as distance between inner sides of the two vessels. The ITTC recommends these model 
configuration for a benchmark study of CFD modeling of floating structure responses in waves. Figure 
1 shows three configurations of two ship-like floating structures considered in this study. 

The CFD simulations simulate the motions of a model of the (full-scale) floating structure with a 
geometrical scale of 1:80. To validate the CFD simulation results, they are compared with 
experimental results performed in a towing tank. Table 1 summarizes the main particulars and scales 
for the length and displacement. Since gravity force is the dominant force affecting the motions of a 
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floating structure, the kinematic similarity prescribes that the Froude number Fr of the model must 
be equal the Froude number of the prototype. The Froude number Fr is defined as 
 

𝐹𝑟 =
𝑈2

𝑔𝐿
. (7) 

 
where U, g, and L denote velocity, gravitational acceleration, and length, respectively. The kinematic 
similarity prescribes that Fr for the model is equal to Fr of the full scale structure as follows: 

 
𝑈𝑓

2

𝑔𝐿𝑓
=

𝑈𝑚
2

𝑔𝐿𝑚
  (8) 

 
Table 1 
Main dimensions of ship models 
Parameter Symbol Full scale Model A Model B Dimension Scale factor 

Length L 120 m 1.5 m 1.5 m L  
Breadth B 24 m 0.3 m 0.3 m L  

Depth D 18 m 0.225 m 0.225 m L  

Draft T 7.2 0.09 m 0.09 m L  

Displacement  6,912,000 kg 32 kg 32 kg M 3 

Gap  d 24 m 0.3 m 0.3 m L  

Wavelength  240 m 3.0 m 3.0 m L  

 
  

(a) (b) 

 

(c) 
Fig. 1. Configuration of two ship-like structures considered in this study (a) d = 2B, (b) d = B, (c) d = 
(1/2) B 
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2.3 Computational Domain and Meshing 
 

Figure 2 shows the computational domain used for the simulations with the floating structure 
located inside it. The computational domain is bounded by domain boundaries, defined as inlet, 
outlet, side wall, bottom wall, top opening and a symmetry plane. An overset grid-generation method 
was utilized for the meshing of the computational domain, where first a background domain is 
defined and latter an overset domain. The basic concept for meshing the background domain is 
similar to that for meshing the overset domains. 

A structured grid was utilized employing 3-dimensional H-type hexahedral cells. The overset mesh 
particularly aimed at capturing the free surface and flow details near the hull of the floating structure. 
The other regions were meshed by using a coarser grid of the background mesh. This overset grid 
configuration allows for efficient mesh distribution and economic computational cost. This overset 
grid system was also utilized to calculate the 3-DOF rigid body motions along with the forces and 
moments contributing to vessel motions. This overset grid technique has been successfully 
implemented in previous studies of CFD simulations of floating vessel motions such as those reported 
by Jiao and Huang [32] and Chen and Hall [33]. Figure 3 shows the grid employed near the wall of the 
floating structure to capture the boundary-layer flow. 

In summary, grid gradation was employed to simulate the rigid body motions by applying finer 
mesh near the wall and the free surface. The free surface is an interface between two different fluids, 
namely water and air. In addition, when generating regular waves with a prescribed wave height and 
wavelength, a minimum of ten cells was required to capture the wave height and one hundred cells 
to capture the wavelength. So, the grid gradation is finer near the hull and the free surface than that 
far from the hull and the free surface. Capturing the turbulent structures near the hull is critical for 
accurate calculations of the hydrodynamic loads and motion responses. 

 

 
Fig. 2. Computational domain with the floating structure located in it and bounded by inlet, outlet, side 
wall, bottom wall, top wall and a symmetry plane 
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Fig. 3. Grid gradation showing finer mesh near the hull and 
the free surface 

 
2.4 Boundary Conditions and Turbulence Model 
 

The boundary conditions are defined as follows (see Figure 2). The hull of the floating structures 
is treated as wall with a no-slip condition, in the inlet a velocity inlet is defined, at the outlet a 
pressure outlet is defined, at the side wall, bottom wall and symmetry plane, symmery boundary 
conditions are applied, and at the top opening the air can flow freely from the atmosphere. Waves 
were generated at the inlet where Stokes 5th-order waves were utilized. The waves propagated from 
the inlet to the outlet, where wave damping was placed at the outlet. Details of the boundary 
conditions in the context of modeling floating structure responses in waves can be found in Tezdogan 
et al., [34]. 

The free-surface boundary condition, applied at the interface between the water and air, needs 
special attention. In order to distinguish the water and air-fluid phases, an Eulerian multiphase 
segregated flow model is employed with distinct conservation equations for each phase. In addition, 
the volume of fluid (VOF) model was utilized to capture the free surface [37]. The interface-capturing 
method is capable of solving complex flow problems such as modeling of breaking waves. In the VOF 
method, the transport equation for the volume fraction or phase fraction c is represented in integral 
form as follows: 

 
d

d𝑡
∫ 𝑐 dV + ∫ 𝑐(𝐯 − 𝐯𝐛) ∙ 𝐧 dS = 0

𝑆𝑉
 (9) 

 
The value of c is in the range 0 ≤ c ≤ 1, where c = 1 represents water and c = 0 represents air. 

The k-  turbulence model was utilized to calculate the Reynolds stress tensor -𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ (see Eq. 

(2)). This turbulence model is a two-equation model that solves transport equations for the 
turbulence kinetic energy (k) and turbulence dissipation rate (ε), and subsequently to determine the 
eddy viscosity of turbulent flow. In the present case, turbulent flow modeling is important near the 
vessel hull, where large velocity gradient occurs. The hull surface is assumed to be smooth and 
impermeable. The k-ε turbulence model has long been employed, particularly in industrial 
applications. For instance, it has been used by Jiang et al., [35] to solve the coupled equations of 
mooring lines and floating structures, and by Lu et al., [36] to address the hydrodynamic interactions 
between ship and tug boat. 
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3. Mesh Quality Checks, Time-Step Setting, and Grid Independence Tests 
 

The quality of the mesh for the simulations was checked in accordance to the recommendation 
given by Katz [38] and Park et al., [39]. The criteria used for the mesh quality checks are skewness 
angle, face validity, cell quality metric, volume change metric, and chevron quality indicator. The 
results of the checks are summarized in Table 2, showing that the mesh satisfies all the prescribed 
criteria. 

 
Table 2 
Mesh quality checks for 2.5 million cells 
Parameter Results Acceptable value Remarks 

Cell skewness angle 0 cells > 85 degree < 85 degree Accepted 
Face validity  2.5M cells = 1 ~ 1 Accepted 
Cell quality metric 2.5M cells = 1 ~ 1 Accepted 
Volume change metric 2.5M cells = 0.3 > 0.01 Accepted 
Chevron quality indicator 2.5M cells > 0.01 ~ 0 Accepted 

 

The simulation time step determines the convergence of the numerical calculations. The value of 
the time step was determined such that the Courant-Friedrichs-Lewy (CFL) number is less than one 
in all computational cells. In particular, for VOF applications, it is recommended that the CFL < 0.5 ~ 
0.75 [40–42]. Further, to simulate rigid body motion under regular waves, the ITTC recommends 
using at least one hundred time steps per wave period. The CFL is defined as follows: 
 

𝐶𝐹𝐿 =
∆𝑡×𝑢

∆𝑧
                        (10) 

 

where t is the time step, z is the vertical size of the wave refinement zone, and u denotes the wave 

speed. The time step chosen in this study t = 0.001 s, resulting in CFL < 0.75. This value of time step 
also satisfies the ITTC criterion for regular waves with height H = 5 cm and period T = 1.39 s (wave 

length  = 3.0 m). 
In addition to mesh quality checks and proper setting of the time step, grid independence tests 

were carried out to determine the most economic grid for the simulations. Figure 4 summarizes the 
grid independence tests conducted in this study. Three mesh resolutions were considered, namely, 
the ones with 1.8 million, 2.2 million and 2.5 million cells. As shown in Figure 4, no substantial 
differences in wave elevation were observed amongst the three mesh resolutions. To achieve more 
accurate results, the number of cells used in simulations was 2.5 million. 
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Fig. 4. Grid independence test results for wave elevation 
measured at the location of the floating structure 

 
4. Validation of CFD Simulation Results 
 

A validation of CFD codes refers to a check of the correctness of the physical models implemented 
in the numerical calculations. Usually, this is done by comparing the CFD results with experimental 
results. Further, a floating structure in waves has in general six-degree of freedom (6-DOF) motions, 
which are surge, sway, and heave for the translations, and roll, pitch, and yaw for the rotations. For 
a floating structure in head seas as considered in this study, the pitch motion is the most significant 
motion. Therefore, for the validation process, the pitch motion obtained from the CFD calculations 
will be compared with that obtained from a laboratory experiment. 

Figure 5 shows a visualization of the vessel motion on the water surface obtained from a CFD 
simulation due to regular waves with wave height of 0.12 m and wave lenght of 3 m. In this 
visualization, the ratio of the wavelength to model length λ/L = 2.0. Figure 5 shows side view of snap 
shots at the instants t = 4.9, 5.2, 5.7 and 5.9 s. It can be seen in Figure 5 that the vessel undergoes a 
rather stationary periodic motion. The pitch motion of the vessel is clearly observed in Figure 5. 

To see the pitch motion in more details, Figure 6 shows a comparison of the pitch motion time 

histories obtained from the CFD simulation and laboratory experiment for /L = 2.0 and gap d = B, 
where B is the width of the floating structure. Figure 6 shows that the phase of the motion obtained 
from the CFD is in a good agreement with that obtained from the experiment. However, there are 
some discrepancies in the magnitude (amplitude) of the motion, where the CFD results tend to 
underestimate the experimental data. The observed discrepancies may be ascribed to uncertainties 
in the CFD method and the experiment. In general, uncertainty in the geometrical model may be 
neglected, but uncertainty in mass distribution may result in such discrepancies. Similar results were 
reported earlier by Ardhiansyah et al., [43]. Although further examination is necessary to account for 
uncertainties in the experiment, e.g., by analyzing the reflections of waves from the tank's end and 
investigating the tank side wall effects, Figure 6 shows that overall the CFD results are in a good 
agreement with the experimental results. 
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Fig. 5. Wave elevation and model motion at /L = 2.0  

 

 
Fig. 6. Comparison of the pitch motion obtained from CFD simulation 
and laboratory experiment 
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5. Results and Discussion 
5.1 Influence of Gap on the Wave Pattern 
 

Figure 7 shows the wave patterns surrounding the floating vessels and the hull pressure 
experienced by the floating structures for λ/L = 2.0 and varying gap, namely, d = (1/2)B, B, and 2B. In 
Figure 7(a) diffracted waves are observed around the bow and stern of the vessels. The gap 
particularly affects the wave pattern inside the gap, where the gap determines the diffracted wave 
pattern inside the gap. At the smallest gap (d = (1/2)B) short crested waves are observed inside the 
gap, while at the gap d = B the wave crests in the gap show a rather straight pattern. Changes in the 
gap influence the wave elevation and the wave height inside the gap. The wave pattern outside the 
gap looks similar for all the three gaps. The pressure distribution on the side wall of the vessels in the 
gap is similar for all the three gaps considered as shown in Figure 7(b). 

 

  
 

  
 

  
(a) (b) 

 

Fig. 7. Wave pattern (a) and hull pressure distribution (b) for /L = 2.0 and varying gap (wave direction 
from right to left) 

d=2B 

d=B 

d=(1/2)B 
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5.2 Influence of Wave Length on the Wave Pattern 
 

Figure 8 shows the wave patterns for the gap d = (1/2)B and ratios of wave length to vessel’s 

length /L = 0.65 and 1.5. The gap considered in this subsection is a rather narrow gap, for which in 
combination with rather high-frequency waves may result in wave resonance [23-25]. Figure 8 shows 

that the wave pattern for /L = 0.65 is very different from that for /L = 1.5. These wave patterns are 

in turn very different from that for /L = 2.0 described in Subsection 5.1. So, the wave length to the 

vessel’s length ratio /L affects significantly the wave pattern around the vessels and inside the gap. 
The observed wave patterns in turn affect the motions of the vessels. 

Further, an animation of the simulation results shows that the trapped waves are more easily 

released from the gap for /L = 0.65 than for λ/L = 1.5. The animation shows that the wave contours 

for /L = 0.65 propagate more easily through the gap between the floating vessels compared to the 
case with λ/L = 1.5.  

The above findings align with the results reported by Meng [28], who conducted two-body 
hydrodynamic interaction experiments in waves, where the wave length to vessel’s length ratio was 
chosen as λ/L = 0.65. He reported that nonlinear characteristics are noticeable particularly in high-
frequency waves or short waves. The relationship between gap and wave height characteristics 
becomes nonlinear when the waves are shorter than the vessel length. 

 
 
 

  
Fig. 8. Wave pattern for /L = 0.65 (left) and 1.5 (right) and gap d = (1/2)B (wave direction from right to left) 

 
5.3 Influence of Gap on Hull Pressure Distribution 
 

Figure 9 shows the hull pressure distribution on the vessel’s keel for λ/L = 2.0 and varying gap, 
namely, d = (1/2)B, d = B, and d = 2B. The pressure distributions were taken at the instant t = 5.2 s, 
when the wave crest was at the stern of the vessels. For all three gaps variations, pressure 
distribution on each vessel are symmetry about the longitudinal axis between two vessels.  Figure 9 
shows that the three different gaps resulted in different pressure contours. However, despite the 
differences, they all have non-symmetric pressure contours about the center plane of the each 
vessel. The non-symmetric hull pressure distribution will result in roll motion eventhough the 
structure under pure head seas condition. This is because the non-symmetric pressure distribution 
will result in non-symmetric wave force acting on the floating structure. This observation is consistent 
with that reported by Gao et al., [44] who found that the wave force distribution and flow patterns 
influence the vessel motion responses of the side-by-side floating structure. The side-by-side floating 
structures mutually influence each other's motion, resulting in motions that would not occur under 
a single-body condition. 

Diffracted wave 

/L = 0.65 /L = 1.5 
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Fig. 9. Hull Pressure distribution for different gaps: (a) d = 2B, (b) d = B, and (c) d = (1/2) B 
 
5.4 Influence of Gap on Vessel Motions 
 

The heave, pitch and roll motions are examined for the case of relatively long waves at /L = 2.0 
and varying gap, namely, d = (1/2)B, B and 2B, where B is the width of the floating structure. Figures 
10a, 10b and 11 show, respectively, the heave, pitch and roll motion time histories of the floating 
structure. Figure 10 shows that the heave and pitch motions display a rather regular pattern, 
although an amplitude modulation was observed. In contrast, Figure 11 shows that the roll motion 
exhibits a rather irregular pattern and the generation of side-band frequency components. Fourier 
analysis revealed that the fundamental component of the roll motion for all gaps has a period T = 
0.77 s. The observed amplitude modulation and the generation of side-band frequency components 
indicate a non-linear interaction process. The non-linear process may arise due to coupled motions 
involving the interaction between the two floating structures, and being influenced by other modes 
of motions. 

Figure 10 shows that the gap does not affect the frequency of the heave and pitch motions. 
Further, it affects the amplitude of the heave motion more significantly than that of the pitch motion. 
Figure 10(b) and 11 show that the gap has very little influence on the frequency and amplitude of the 
pitch motion, but it influences significantly the roll motion. 

Longitudinal axis between two vessels 

Inside gap 

 

Longitudinal axis of each vessel 

Around vessel (outside area) 

Around vessel (outside area) 

 

Inside gap 
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(a)      (b) 

Fig. 10. Heave (a) and pitch (b) motions for /L = 2.0 and different gaps, namely, d = (1/2)B, B and 2B 

 

  
(a) (b) 

 
(c) 

Fig. 11. Roll motion for /L = 2.0 and different gaps (a) d = (1/2)B, (b) d = B, and (c) d = 2B 

 
Figure 11 shows that roll motion occurs in all gap variations, with a maximum value 

approximately 2 degrees. Further, the gap d = 2B resulted in the largest roll motion. As observed in 
Subsection 5.3, the non-symmeric viscous force resulted in roll motion of the side-by-side vessels in 
head seas. The largest roll motion, which is observed for the gap d = 2B, is ascribed to the largest 
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viscous force acting on the floating structure. Further, a larger roll motion resulted in larger waves 
generated by the floating structure. This finding is consistent with that reported by Ok et al., [45] 
who conducted a similar study on the interaction of two identical floating production, storage and 
offloading (FPSO) models in regular waves. Utilizing a potential theory would not reveal the obove 
observations. The CFD viscous fluid method overcomes the limitations of an ideal fluid method, as 
also emphasized by Pena and McDougall [46]. 

 
6. Conclusions 

 
URANS CFD method was applied to study the hydrodynamic interactions of a side-by-side 

configuration of two ship-like structures in regular waves. Three ratios of wave length to vessel’s 

length were considered, namely, /L = 0.65, 1.5 and 2.0. In addition, three gaps between the vessels 
were investigated, namely, d = (1/2)B, B and 2B, where B is the breadth of the vessel. Simulation 

results show that the wave length to vessel’s length ratio /L affects significantly the wave pattern 
around the vessels and inside the gap. Diffracted waves were observed around the bow and stern of 

the vessels. For /L = 2.0 (longer waves) the gap affects particularly the wave pattern inside the gap. 
Outside the gap, the wave patterns look similar for all the three gaps. In contrast, for the shorter 

waves (/L = 0.65 and 1.5), the gap influences the wave pattern both inside and outside the gap. The 

trapped waves are more easily released from the gap for /L = 0.65 than for λ/L = 1.5. The observed 
wave patterns in turn affect the motions of the vessels. 

Further, the pressure distribution on the keel surface of the vessels is asymmetric about the 
vertical center plane along the vessel. The observed pressure asymmetry results in asymmetric 
viscous forces, which ultimately resulted in roll motion eventhough the vessel is in head seas. The 
gap has very little influence on the frequency and amplitude of the pitch motion, but it influences 
significantly the roll motion. Amplitude modulation was observed in the heave and pitch motions, 
while generation of side-band frequency components were observed in the roll motion. The observed 
amplitude modulation and the generation of side-band frequency components indicate a non-linear 
fluid-structure interaction. 
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