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ABSTRACT   
 

The slamming loads of the KCS model were studied in different wave 

directions. Angles between wave and ship heading are 0 deg, 30 deg 

and 60 deg when Fr = 0.26. Numerical simulations were studied by in-

house CFD solver naoe-FOAM-SJTU, where dynamic overset grid 

technology was used to deal with the large vertical movement of the 

hull. Ship motions and the characteristics of slamming loads were 

investigated in different wave directions. Both temporal and spatial 

characteristics of pressure in bow region were illustrated. Flow 

visualizations, such as pressure distribution on hull surface, wave 

pattern, etc. were presented and analyzed. The results showed that the 

slamming loads in small heading angle were higher than that in head 

wave while it is opposite for large heading angle. 

 

KEY WORDS: Slamming loads, CFD method, Overset grid, Oblique 

waves 

 

INTRODUCTION 

 

Ships sailing in waves often encounter slamming phenomena. The 

transient and huge impact force threatens the safety of ship structure, 

passenger, device, etc. Therefore, it is necessary to predict the 

slamming load. There are two types of ship slamming: symmetric 

slamming and asymmetric slamming. The former often occurs in head 

wave while the latter occurs in oblique wave. Compared with 

symmetric slamming, the prediction of asymmetric slamming load is 

more challenging due to the influence of ship roll and wave direction. 

 

Some studies on the asymmetric slamming problem have been done. 

Iafrati (2000) directly solved the velocity potential and its derivative in 

the water entry problem of asymmetric wedges through the boundary 

element method, and discussed the free surface form and pressure 

distribution under different heel angles. Judge et al. (2004) studied the 

water entry problem of wedge with both horizontal and vertical 

velocities through the vortex distribution model. The comparison 

between the experiment showed that the theoretical method cannot 

completely explain some fluid characteristics in the experiment. Aarsne 

(1996) carried out a falling body experiment on an asymmetric ship 

section. In the experiment, the slamming loads and slamming force 

were measured, but the latter had severe oscillation. Russo et al. (2018) 

conducted an oblique water entry experiment on a wedge with 

37°deadrise angle, and measured the displacement, velocity and 

acceleration of the falling body. The results showed that with the heel 

angle increasing, the wedge decelerated faster and the side of lower 

deadrise angle was submersed faster. However, the water entry speed 

had little effect on the slamming pressure, free surface pile-up, etc. 

 

In recent years, CFD methods have been used for the research of ship 

slamming loads. Krastev et al. (2018) comprehensively considered 

motion and geometric asymmetry of a two-dimensional wedge and 

achieved the water entry of asymmetric wedges based on the coupled 

VOF (Volume of Fluid) algorithm and dynamic mesh solver. There 

were two main fluid forms emerged in the simulation process: flow 

separation and flow ventilation. Xie et al. (2018) studied the 

asymmetric water entry problem of a full-size bow-flared section from 

Ultra Large Container Ship (ULCS) using FLUENT. Both geometrical 

asymmetry and kinematic asymmetry were studied, and results showed 

that kinematic asymmetry can significantly influence pile-up water 

form and pressure if flow separation occurred. Xie et al. (2020) applied 

a hybrid two-step method to predict the bow flare slamming loads in 

oblique waves, and the results showed that the slamming loads in 

oblique wave had obvious asymmetry and were even higher than that in 

head wave. Li et al. (2022) further considered the wave-body interface 

on the basis of Xie et al. (2020) and proposed a more reasonable 

method to predict bow flare slamming loads in oblique long waves.  

 

Although asymmetric slamming has been extensively studied, most of 

them are still limited to partial structures. Considering the actual ship 

slamming condition, asymmetric slamming studies of three-

dimensional hulls still need to be expanded. Kim et al. (2019) studied 

the slamming loads of 10000TUE container ship in oblique waves 

through experiment. The results showed that the slamming loads in 

oblique wave can be higher than that in head wave as a result of the 
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decrease of relative angle between wave surface and bow. Lin et al. 

(2020) experimentally measured the asymmetric slamming loads of a 

very large container ship in oblique waves, and the results showed that 

the impact force showed the same periodic change on both sides of the 

ship.  

 

Compared with partial structure, the prediction of slamming load on a 

hull sailing in waves is closer to reality. In this paper, the CFD method 

based on dynamic overset grid technology is used to predict the ship 

slamming loads on flare area of a hull in oblique waves. 

 

NUMERICAL METHOD 

 

naoe-FOAM-SJTU Solver 
 

The in-house CFD solver naoe-FOAM-SJTU (Wang et al., 2019) is 

used for the numerical simulations of ship slamming test. This solver is 

a viscous multiphase flow solver developed based on OpenFOAM. It 

includes a 6-DOF motion system combined with overset grid, which 

enables it to handle large motion problems such as ship slamming. In 

recent years, the overset grid method in naoe-FOAM-SJTU has 

accumulated many experiences in ship hydrodynamic problems, such 

as ship seakeeping (Liu et al., 2018), ship self-propulsion (Wang et al., 

2022) and ship maneuvering in waves (Wang et al., 2018). 

 

Governing Equations 
 

In the two-phase problem, the flow is assumed as incompressible and 

viscous, then the governing equations including continuity equations 

and momentum equations are: 
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where U is the velocity field, ρ is the density of fluid, p is the pressure 

field, g is the gravity acceleration, μ is the dynamic viscosity coefficient.  

The laminar model is used in present work. 

 

To accurately capture the free surface, the volume of fluid (VOF) 

method is applied to model the interface between air and water, and the 

transport equation of VOF is as follows: 
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where α is the proportion of water in the grid and limited between 0 and 

1. 0<α<1 represents a free surface, α=0 represents air, and α=1 

represents water. Ur is the velocity of the compressed interface. 

 

Wave Generation 
 

In this study, waves are generated using waves2Foam (Jacobsen et al., 

2012), an open-source solver developed based on OpenFOAM. This 

method applies relaxation zone technology to generate waves in the 

viscous flow field, and the physical parameter ϕ (such as pressure, 

velocity, etc.) in the relaxation zone can be expressed as: 

 

R target R computed(1 )    = − +  (4) 

 

where the weight coefficient αR is between 0 and 1, ϕcomputed is the 

solution of computational domain, ϕtarget is the exact solution. Fig.1 

shows the variation of αR in the relaxation zone. In this way, both wave 

generation and wave damping can be achieved in the relaxation zone, 

and the influence of wave reflection can be avoided. 

 

 
Fig. 1. A sketch of relaxation zone 

 

Considering the different wave direction, the layout of the head wave 

relaxation zone is different from the oblique wave. Only one wave inlet 

and wave outlet need to be set for the head wave case, while two wave 

inlets and wave outlets are set for the oblique wave cases, so that the 

oblique wave can cover the entire computing domain and eliminate the 

effect of wave reflection. Different layouts of relaxation zone are 

shown in Fig. 2. 

 

  
(a) head wave condition (b) oblique wave condition 

Fig. 2. Layout of relaxation zone 

 

NUMERICAL COMPUTATION 
 

Case Condition 
 

Study of slamming loads will be carried on the KCS model used at the 

CFD workshop of Tokyo 2015. Fig. 3 shows the geometry of KCS, and 

principal dimensions of the model are shown in Table 1. 

 

 
Fig. 3. Geometric model of KCS 

 

Table 1. Main Particulars of KCS 

Main particulars Full scale Model scale 

Length between 

perpendiculars 
LPP (m) 230.0 2.700 

Maximum beam of 

waterline 
BWL (m) 32.2 0.378 

Draft T (m) 10.8 0.1268 

Displacement volume ∇ (m3) 52030 0.084 

LCG (%LPP from 

midship, fwd+) 
 -1.48 -1.48 

Vertical Center of 

Gravity 
KG (m)  0.168 

Normalized Inertia 

radius 
Kxx/B 0.40 0.39 

Normalized Inertia 

radius 

Kyy/LPP, 

Kzz/LPP 
0.250 0.250 
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Three conditions in different heading angle were simulated in this work, 

including 0 deg, 30 deg and 60 deg. Relationship between ship heading 

angle and wave was shown in Fig. 4. The ship was towed at a speed of 

Fr=0.26 with fixed surge. For head wave, the model was free to heave 

and pitch but sway, roll and yaw were fixed. For oblique waves, the roll 

motion was free. Stokes first-order wave theory was adopted in wave 

generation and all conditions were carried out at λ/LPP=1.0 and 

H/λ=0.04. The details about conditions are listed in Table 2. 

 

 
Fig. 4. Angles between ship heading and wave 

 

Table 2. Test conditions 

 Symbols and units Full scale Model scale 

Ship speed V 24kn 1.34m/s 

Froude number Fr 0.26 0.26 

Wave length λ/LPP 1.0 1.0 

Wave height H (m) 9.2 0.108 

Wave steepness H/λ 0.04 0.04 

Heading angle χ (deg) 0, 30, 60 

 

Numerical Setup 
 

Considering the large vertical movement of the ship during the 

slamming process, the dynamic overset grid technology is applied to 

predict the slamming loads. The computational domain consists of a 

background grid and a hull grid, and the overset region of two grids are 

connected through data exchange. The layout and boundary conditions 

of computational domain are shown in Fig. 5, where Uw is the velocity 

of wave. For oblique waves, the Farfield can be changed to Inlet or 

Outlet depending on the layout of relaxation zone. 

 

 
Fig. 5. Computational domain 

 

The origin of the computational domain is located at the intersection of 

forward perpendicular and design waterline. The size of the background 

grid is set as -1.0LPP<x<2.5LPP, 1.5LPP<y<1.5LPP, -1.0LPP<z<0.5LPP, 

while the hull grid is set as -0.2LPP<x<1.2LPP, -0.2LPP<y<0.2LPP, -

0.15LPP<z<0.15LPP.  

The overset grid is generated by the blockMesh and snappyHexMesh 

tools in OpenFOAM, where the mesh refinement is implemented by the 

topoSet tool and the refinement only works on x and y directions. Fig. 6 

shows the grid layout of the computational domain. 

 

 
Fig. 6. Computational grids 

 

Around the free surface and hull, the background grid is refined to level 

2, and the hull grid is further refined to level 4. In the background grid, 

there are an average of 16 grids in a wave height range and at least 80 

grids in a wavelength range. For all simulations, the total number of 

grids is 4,413,656, of which the number of background grid is 

2,752,020 and hull grid is 1,661,636, and the time step is 0.001s. 

 

To analyze the pressure at the bow of the ship, 24 pressure sensors are 

placed on the flare area of bow and symmetrically distributed on the 

starboard (PS1~PS12) and port (PP1~PP12) of the ship. Fig. 7 shows 

the distribution of pressure sensors on the starboard, and the specific 

locations at model scale are provided in Table 3. It should be noted that 

locations of pressure sensors are obtained based on the origin of the 

computational domain. 

 

 
Fig. 7. Distribution of pressure sensors on bow 

 

Table 3. Locations of pressure sensors 

 X (m) Y (m) Z (m) 

PS1 0.0000 0.0046 0.0400 

PS2 0.0000 0.0227 0.0800 

PS3 0.0000 0.0462 0.1200 

PS4 0.0900 0.0272 0.0400 

PS5 0.0900 0.0611 0.0800 

PS6 0.0900 0.0879 0.1200 

PS7 0.1800 0.0573 0.0400 

PS8 0.1800 0.0977 0.0800 

PS9 0.1800 0.1224 0.1200 

PS10 0.2700 0.0896 0.0400 

PS11 0.2700 0.1301 0.0800 

PS12 0.2700 0.1498 0.1200 
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RESULTS AND DISCUSSIONS 
 

Numerical Validation 
 

To validate the accuracy of present numerical approach, the benchmark 

case of KCS ship in waves (Tokyo 2015 CFD Workshop) was firstly 

calculated. The ship is towed at Fr=0.261 in head wave. It is free to 

pitch and heave but fixed in surge, sway, roll and yaw. The wave 

parameter is λ/LPP=1.15 and H/λ=1/60. The wave amplitude ξs=H/2 and 

wave number k=2π/λ. The results show that the present numerical 

method is reliable in predicting ship seakeeping performance. 

 

 
Fig. 8. Time history of heave and pitch 

 

Slamming in Oblique Waves 
 

Predicted heave, pitch and roll in three oblique wave conditions are 

shown in Fig. 9. It can be seen that the heave and pitch under regular 

oblique waves are in the form of harmonics, while the roll motion 

contains more nonlinear components. In addition, with the increase of 

heading angle, the motion amplitude gradually increases. In 60 deg 

wave heading angle, the peak-to-peak value of heave is 5.23m at full 

scale, which is about 1.94 times that of the head wave. 

 

 
(a) Time history of heave 

 
(b) Time history of pitch 

 
(c) Time history of roll 

Fig. 9. Time history of heave, pitch and roll in three heading angles 

 

Predicted slamming loads on selected pressure sensors (PS3, PP3, PS7, 

PP7) are shown in Fig. 10 and Fig. 11. It can be seen that the pressure 

on the hull surface presents a pulse form, which is significantly 

different from the gently varying hydrostatic pressure. The peak 

pressures on both side hulls are different in oblique wave while they are 

the same in head wave. The phases of time histories of slamming 

pressure on both side hulls are close. This is because that the roll 

motion is not severe. 

 

 
(a) 0deg 

 
(b) 30deg 

 
(c) 60deg 

Fig. 10. Time history of pressure at PP3 and PS3 in three heading 

angles 
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(a) 0deg 

 
(b) 30deg 

 
(c) 60deg 

Fig. 11. Time history of pressure at PP7 and PS7 in three heading 

angles 

 

 
Fig. 12. Distribution of slamming pressure peak value 

 

Fig. 12 shows the distribution of slamming pressure peak value at all 

sensors. It can be seen that huge slamming pressure tend to occur near 

the design water in three wave heading angles. When the heading angle 

increases from 0 deg to 30 deg, the slamming loads on the port side of 

the ship is greater than that in head wave on the whole while the 

slamming loads on the starboard is the opposite. It means that the 

slamming loads on the wave side is higher. When the heading angle 

continue to increase to 60 deg, the slamming pressure on the both sides 

of the ship are lower than that in head wave, and the slamming pressure 

on the starboard side is approaching or even exceeding that on the port 

side. These results show that the slamming loads on the bow area will 

increase when the ship heading changes from head wave to oblique 

wave, but it will decrease instead when the angle between wave and 

ship heading increases to a certain value. The maximal peak slamming 

pressure occurs in 30 deg wave heading angle case. Its location is at 

PP4 with a value of 243kPa at full scale which is approximately equal 

to a water column of 24m. This value increases around 13.6% 

compared with head wave. 

 

Fig. 13 shows the slamming events at the 0 deg and 30 deg heading 

angles. It can be found that a slamming event in waves includes the 

process of water entry of bow and bow out of water. During the process 

of water entry of the bow, green water on the deck is easy to occur. The 

splashes and pile-up water in head wave condition are symmetrically 

distributed while the splashes on the port side which is facing the wave 

are higher than that on the back side in oblique wave condition and the 

pile-up water is concentrated on the back side.  

 

  

  

  
(a) χ=0deg 
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(b) χ=30deg 

Fig. 13. Slamming event in virous heading angles 

 

Fig. 14 shows the development of pressure on the bow area in various 

wave directions during the water entry of the bow. In general, the 

pressure at the bottom of the bow increases firstly, and then the 

pressure spread to the deck along the flare. In head wave condition, the 

spread trend of pressure presents a symmetrical distribution. In 30 deg 

heading angle, the huge pressure area is more inclined to the port side 

where is directly impacted by the wave, while it is more inclined to the 

starboard side in 60 deg heading angle. This result is consistent with 

that in Fig. 10. 

 

 
(a) χ=0deg 

 
(b) χ=30deg 

 
(c) χ=60deg 

Fig. 14. Development of pressure on bow area 

 

CONCLUSION 
 

Based on the in-house hydrodynamic solver naoe-FOAM-SJTU, the 

numerical prediction of motion response and slamming loads of KCS 

ship in regular oblique waves has been carried out. The process of ship 

slamming in waves and the characteristics of slamming pressure are 

analyzed. The main conclusions of this study are as follows: 

 

(a) The amplitude of heave, pitch and roll will be increased by 

increasing the angle between ship heading and wave compared with 

head wave condition. 

(b) The slamming pressure in oblique waves is higher than that in head 

waves for small heading angle (such as 30 deg), but it will be lower 

instead when the heading angle increases to a certain value (such as 60 

deg). The maximal peak slamming pressure is 243kPa and increases 

14.6% compared with the head wave condition.  

(c) In oblique waves, the changes of slamming pressures on the both 

sides of the ship are similar. During the process of water entry of the 

bow, the pressure distribution on the left and right sides of the ship is 

asymmetric. The pressure on the wave side is higher under the small 

heading angle while the pressure back to the wave side is higher under 

the large heading angle. 

 

This paper only predicts the slamming loads at model scale and the 

scale effect is not included. It is valuable to discuss the consequences of 

scale effect in the future. In addition, this study is carried out based on 

rigid body theory, and the fluid-structure coupling method can be 

introduced in the future. It is believed that the hydroelastic model can 

more accurately predict the slamming loads under wave action. 
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