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Abstract 
Wave breaking on ship bow, shoulder and stern waves is of great importance for the 
hydrodynamic performance of high-speed surface ships. In the present work, an unsteady 
VOF based RANS method is used to resolve and investigate wave breaking around a high-
speed surface combatant advancing in calm water. High resolution VOF method with 
artificial compression technique in OpenFOAM is used to accurately resolve ship bow waves 
as well as induced free surface scars. In order to provide physical understanding of ship 
breaking waves, simulations over two ship speeds, i.e. Fr=0.35, Fr=0.41, are carried out. The 
benchmark ship model DTMB 5415 is used for all the simulations and extensive 
experimental flow data (provided by INSEAN and IIHR) are available to validate the CFD 
results. All the computations are carried out by in-house CFD solver naoe-FOAM-SJTU. 
Predicted ship resistance, wave elevations and flow velocities around ship hull are presented 
and compared with the experimental measurement. Wave breaking on ship bow waves and 
stern waves are observed. The induced free surface scars are also resolved and its relation 
with breaking waves is also analyzed. The CFD solution of ship resistance shows good 
agreement with the experiment. Comparisons of velocity components at cross planes show 
that the present VOF based RANS method can accurately predict the wake region associated 
with breaking wave. 
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Introduction 

Towing ship in calm water is one of the most fundamental studies in the research of ship 
hydrodynamics. Despite of the high accuracy of the resistance prediction, it is still 
challenging to accurately resolve the breaking wave phenomenon, which has long been 
recognized. Extensive experiments have been performed to try to give the physical 
understanding of the breaking wave mechanism and CFD validation experimental data. 
Baba[1] identified a new component of viscous resistance from the experimental study and 
some theoretical approaches. The author noted that large contribution of resistance is due to 
the wave breaking of ship bow waves. Duncan[2] conducted measurements for the surface 
profile and the vertical distributions of velocity of a two-dimensional hydrofoil. The 
measurements were used to resolve the drag on the foil into two parts: one associate with the 
turbulent breaking region and the other associate with the remaining non-breaking wavetrain. 
The measurement showed that the drag associate with breaking reach more than three times 
the maximum drag that could theoretically be obtained with non-breaking waves. Kayo and 
Takekuma[3] investigated bow wave breaking phenomenon around full ship models by 



velocity field measurements and by a flow visualization technique. By use of dye particles 
placed in front of the bow of full form, the authors find that there exists a shear flow on the 
free surface. Dong et al.[4] performed experimental study using particle-image-velocimetry 
(PIV) measurements and free surface visualizations around a ship model at two different 
speeds, i.e. Fr=0.28 and Fr=0.45. Wave breaking phenomena was observed and the breaking 
wave associated with vorticity was further discussed. Roth et al.[5] applied the same approach 
in the experimental study for a 7-meter-long ship model at Froude number of 0.30. Negative 
vorticity was found at the toe of the wave and positive vorticity appeared on the top of the 
wave and at the ship boundary. Longo and Stern[6] performed mean velocity measurements 
using a five-hole Pitot and wave elevation measurements using capacitance wires and point 
gauges for the static drift condition showing the presence of a bow wave breaking induced 
vortex on the windward side of the model. Olivieri et al.[7] performed experimental study for 
the wave breaking of model DTMB 5415, where scars and vortices induced by ship bow and 
shoulder wave breaking is analyzed. Through measurements of several ship speeds, Fr=0.35 
was selected for the intensive study due to the large extents of quasi-steady plunging bow and 
spilling shoulder wave breaking. 
 
Despite the extensive study through experiment, numerical investigations for the ship 
breaking waves have also been used as an alternative way to predict and analyze the ship 
wave breaking phenomena. Wilson et al.[8] applied unsteady single-phase level set RANS 
method to resolve and investigate bow wave breaking around a surface combatant advancing 
in calm water, including induced vortices and free surface scars. Good agreement was 
achieved for both velocity components and axial vorticity at four cross planes and it showed 
that the CFD approach can accurately predict the detailed flow associate with breaking bow 
wave. Moraga et al.[9] proposed a sub-grid air entrainment model for breaking bow waves and 
applied for the simulation of naval surface ship DTMB 5415 and Athena. The model 
compared favorably with data at laboratory scale and also presented the right trends at full-
scale. Marrone et al.[10,11] studied ship wave breaking patterns using both 2D+t and 3D 
meshless SPH simulations. Through comparison with the experimental data, the proposed 
schemes were proved to be robust and accurate in simulating ship wave breaking. Landrini et 
al.[12] presented splashing bow wave simulations using a hybrid BEM-SPH method. A 
domain-decomposition strategy was adopted which combines two Lagrangian methods, 
where a potential-flow solution, given by a boundary element method (BEM), follows the jet 
evolution up to the breaking and then initiates a rotational solution, provided by a smoothed 
particle hydrodynamics (SPH) technique. Noblesse et al.[13] reviewed the recent results about 
the overturning and breaking bow wave regimes, and the boundary that divides these two 
basic flow regimes. Questions and conjectures about the energy of breaking ship bow waves, 
and free-surface effects on flow circulation, are also noted. 
 
Previous numerical studies on the ship wave breaking are mostly based on the level set 
approach or the meshless Lagrangian method. In the present work, high resolution Volume of 
Fluid (VOF) method is used to accurately resolve the large deformation of free surface. The 
main framework of this paper goes as following. The first part is the numerical methods, 
where VOF method and numerical schemes are presented. The second part is the geometry 
model and test conditions. Then comes the simulation part, where wave breaking simulations 
are present at different Froude numbers. In this part, extensively comparisons are performed 
against the experimental measurements including ship resistance, wave patterns and wake 
profiles at longitudinal slices. Finally, a conclusion of this paper is drawn. 



Numerical methods 

Governing equations 

The in-house CFD solver naoe-FOAM-SJTU[14–16], developed on open source platform 
OpenFOAM, applied in this study solves the Reynolds-Averaged Navier-Stokes equations for 
unsteady turbulent flows and VOF method is used to capture free surface around the complex 
geometry models. The URANS equations are written as a mass conservation equation and a 
momentum conservation equation: 
 · 0∇ =U   (1) 
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whereU is the fluid velocity field and gU is the velocity of mesh points; dp p ρ= − ⋅g x  is 
the dynamic pressure, obtained by subtracting the hydrostatic component from the total 
pressure; ρ  is the mixture density of the two-phase fluid; g  is the gravity acceleration; 

eff ( )tµ ρ ν ν= +  is the effective dynamic viscosity, in which ν  and tν are the kinematic 
viscosity and kinematic eddy viscosity respectively, the latter one is obtained by the two-
equation shear stress transport turbulence model SST  k -ω [17]; fσ is a source term due to 
surface tension. 

VOF method and surface tension 

For the wave breaking simulations, the free surface capture method plays an important role in 
the accuracy of predicted results. In the present work, VOF method with bounded 
compression technique[18] is applied to capture free surface and the transport equation is 
expressed as: 

 ( ) ( )1 0
t
α α α α∂  +∇ ⋅ − +∇ ⋅ − =   ∂ rU U Ug   (3) 

where α  is volume of fraction, 0 and 1 represent that the cell is filled with air and water 
respectively and 0 1α< <   stands for the interface between two-phase fluid. rU in Eqn. (3) is 
the velocity field used to compress the interface and it only takes effect on the free surface 
due to the term (1 )α α− . 
According to the literature concerning wave breaking, small scale wave breaking is strongly 
influenced by surface tension. The role played by the surface tension is quite different for 
breaking and non-breaking waves since the surface tension pressure jump depends on the 
magnitude of the radius of curvature of the free surface. In order to reappear the wave 
patterns of the experiment, the surface tension is taken account in the present simulation and 
the surface tension term mentioned in Eqn. (2) is expressed as:  
 fσ σκ α= ∇   (4) 
where σ  stands for the surface tension, κ  is the curvature of free surface and it is defined as: 

 
·

·
f f

f

iV
κ = −∇ = −

∑ S n
n   (5) 

iV  represents the volume of cell i , f
f
∑ S  stands for the sum of value on each face of cell. 

Finite volume method (FVM) with fully unstructured grids is used to transform the RANS 
and VOF equations from physical space into computational space. The merged PISO-
SIMPLE (PIMPLE) algorithm is applied to solve the coupled equations for velocity and 
pressure field. The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 



algorithm allows to couple the Navier-Stokes equations with an iterative procedure. And the 
Pressure Implicit Splitting Operator (PISO) algorithm enables the PIMPLE algorithm to do 
the pressure-velocity correction. Detailed description for the SIMPLE and PISO algorithm 
can be found in Ferziger and Peric[19] and Issa[20]. Near wall treatment wall functions are 
applied to the moving wall boundary. In addition, several built-in numerical schemes in 
OpenFOAM are used in discretizing and solving the partial differential equations (PDE). The 
convection terms are discretized by a second-order TVD limited linear scheme, and the 
viscous terms are approximated by a second-order central difference scheme. A second-order 
backward scheme is used for temporal discretization except the VOF advection equation, 
where Euler scheme is adopted. 

Geometry model and test conditions 

Geometry model 

The geometry model of interest is the surface combatant model DTMB 5415 and the 
numerical simulations are conducted using 5.72 m replica (INSEAN Model 2340). The 
geometry model of the ship model is shown in Fig. 1, and its principle parameters are listed 
in Table 1. Extensive experiments have been conducted for the ship model under various 
Froude numbers and photo study is also available through the experimental measurements[7]. 
The available experimental data, i.e. ship resistance, wave patterns and flow velocities around 
ship hull, can be used to validate our present computational results. 

 
Fig. 1 Geometry model of DTMB 5415 (INSEAN Model 2340) 

 
Table 1 Principle dimensions of DTMB 5415 

Main particulars Model scale Full scale 

Scale factor λ   24.824 1 
Length between perpendiculars ( )ppL m  5.719 142.0 

Maximum beam of waterline ( )WLB m  0.768 19.06 

Draft ( )T m   0.248 6.15 

Displacement volume 3( )m∆  0.554 84244 

Wetted surface area 2
0 ( )S m   4.786 2972.6 

Metacentric height ( )GM m   NA 1.95 

Moment of inertia 
/xx WLK B   NA 0.37 
/ , /yy WL zz WLK L K L

  
0.252 0.25 

 
According to the literature concerning wave breaking, the phenomena are strongly connected 
with turbulence generation, which, in other words, is a viscous phenomenon. Hence, the 
turbulence parameters should be considered carefully in the numerical simulations. Table 2 



summarizes the water quality and physical quantities adopted in the experiments and 
simulations. 
 

Table 2  Physical quantities in experiment and simulation 
Parameters Symbol Experiment Simulation Full scale 

Water density 3( / )kg mρ  998.5* 998.5 1030* 
Kinematic viscosity 2( / )m sν  61.09 10−×  61.09 10−×  61.17 10−×  
Surface tension ( / )N mσ  0.0734 0.0734 0.0734 

Gravity acceleration 2( / )g m s  9.8033* 9.81 9.806* 
*Data taken from literature. 

Test conditions 

The present work is for the wave breaking simulation DTMB 5415 bare hull model. Two 
approaching speeds corresponding to Froude number of 0.35Fr =  and 0.41Fr = , are taken 
into account to investigate the wave breaking behavior. During the simulations, the model 
was held fixed with sinkage and trim set to the values previously determined in unrestrained 
conditions[21]. The simulation conditions are tabulated in Table 3. 
 

Table 3 Simulation conditions for DTMB 5415 
Froude number Speeds (m/s) Trim(deg) Sinkage(Lpp) 

0.35 2.621 0.069 0.0032 
0.41 3.071 -0.421 0.0047 

Computational overview 

Fully unstructured grids used in this paper are generated by snappyHexMesh with the 
background grid generated by blockMesh, both are pre-processing utilities provided by 
OpenFOAM. In order to accurately capture the breaking wave phenomenon, several 
refinement regions have been adopted and the grid distribution is shown in Fig. 2. As the ship 
model is fixed with corresponding trim and sinkage, only half of the flow domain is modeled. 
The total grid number in the present simulation is 18.7 million.  
 

  
a) Profile of grid distribution b) Grid arrangement at free surface 

Fig. 2 Grid distribution around ship hull 
 



Simulation results and analysis 

The computations are carried out on a HPC cluster (IBM nx360M4) in Shanghai Jiao Tong 
University, which consist of 20 CPUs per node and 64GB accessible memory (Intel Xeon E5-
2680v2 @2.8 GHz). 128 processors are assigned to calculate the wave breaking cases under 
different ship speeds. The time step was set to 0.001t s∆ = , and time to complete the 
computation was approximately 136 wall clock hours and 17369 CPU hours with about 
35000 time steps for the wave breaking simulation. 

Fr=0.35 

As mentioned in Table 3, the simulation case for Fr=0.35 is under ship speeds of 
2.621 /U m s=  and the ship model is fixed with the initial sinkage of 0.0032Lpp and trim of 

0.069deg. Two grids are adopted in the simulation of Fr=0.35 case, one has 18.7 million cells 
as shown in Fig. 2b and another one has 12 million cells with no refinement in the bow 
region. Fig. 3 shows the wave pattern with different grids. Significant difference can be 
observed for the bow waves surrounded by the red box, which indicates that the density of 
the grid in the bow wave region can strongly affect the bow wave breaking phenomena.  
 

 
Fig. 3 Wave pattern with different grids 

 
Table 4 Total resistance comparison at Fr=0.35 

Cases Grid number 
(Million) 

Total resistance 
(N) 

Error  
(%) 

Fine grid 18.7 78.33 -2.86 
Coarse grid 12.4 78.15 -3.09 

Experiment[21] -- 80.64 -- 
 
Despite the different wave pattern with fine and coarse grids, the predicted ship resistance 
agrees very well with the experiment, which indicates that the grid density has little influence 
on the resistance when grid number is over 10 million for RANS computation. The finer 
mesh can give promising result of the bow wave pattern according to the experimental 
measurements, where two scars can be formed due to the evolution of the bow wave. As 
shown in Fig. 4a, the bow wave breaking phenomena can be obviously observed, and 
furthermore, the stern wave breaking can also be captured shown in Fig. 4b. 
 



  
a) Bow wave breaking b) Stern wave breaking 

Fig. 4  Simulation results of bow and stern wave breaking at Fr=0.35 
The simulation for present Fr=0.35 case and Fr=0.41 talked in the next section adopt the finer 
grids with about 18.7 million cells. In order to validate the present CFD results, detailed flow 
velocities at two cross sections are presented and compared with the available experimental 
measurements[7]. The two cross sections ( / 0.15, / 0.40pp ppx L x L= = ) correspond to the bow 
and shoulder waves and flow patterns, respectively. Fig. 5 and Fig. 6 illustrate the 
nondimensionalized mean velocity components (i.e. ( , , ) ( , , ) /x y zu v w U U U U= ) at 

/ 0.15ppx L =  and / 0.40ppx L = , respectively. Left figures are the CFD simulation results 
and right column are the experimental measurements. 

  

  

  
Fig. 5  Velocity components at / 0.15ppx L =  (left: CFD results, right: experiment[7]) 



The rectangle box on the CFD figures stands for the area measured experimentally. The 
agreement between CFD and EFD is satisfactory in both sections for the three-velocity 
components. It can be obviously seen that at section / 0.15ppx L = , the bow wave shows a 
plunging type breaker, while at section / 0.40ppx L = , the shoulder wave appears as spilling 
type breaker. The same phenomena have also been observed from the experiment 
measurement. Apart from the bow wave and shoulder wave that were measured in the 
experiments, the stern wave breaking shown in Fig. 4b can also be resolved. The wave 
breaking is formed as plunging type, which is the same with the bow wave breaking. 
Furthermore, the stern wave breaking can be extended to a larger area according to the 
present simulation. 
 

  

  

  
Fig. 6  Velocity components at / 0.40ppx L =  (left: CFD results, right: experiment[7])  

 
Scars in bow wave breaking of the experiments and present CFD results are shown in Fig. 7. 
It can be clearly seen with the overturning bow wave and the formation of the scars in the 
CFD slices of free surface at bow region. Dashed lines show the predicted scars in the bow 
wave and agree well with the measurements, which show that the URANS approach with 
VOF method can be robust and reliable in predicting the bow wave breaking of high speed 
naval ships. 
 



 

 
Fig. 7 Scars in bow wave breaking (top: experiment[7], bottom: present result) 

 

Fr=0.41 

The higher ship speed with Froude number of 0.41 has also been simulated with the same 
grids and numerical setup of the Fr=0.35 case. Since there is no available experimental flow 
data, only total resistance is compared with the measurement. Present CFD prediction of total 
resistance is just over-estimated by 1.59% compared with the towing tank result[21], which 
confirms that the CFD simulation is reliable. 
 

Table 5 Total resistance comparison at Fr=0.41 

Cases Grid number 
(Million) 

Total resistance 
(N) 

Error  
(%) 

CFD 18.7 155.02 1.59 
Experiment[21] -- 152.59 -- 

 
Three velocity components at two cross sections ( / 0.15, / 0.40pp ppx L x L= = ) are shown in 
Fig. 8. Left column shows the bow wave breaking region and right column is the shoulder 
wave breaking region. At section / 0.15ppx L = , the free surface shows more unsteady than 
that of Fr=0.35. This phenomenon is mainly caused by the ship speeds, where the bow wave 
formed earlier and the wave height is much larger. The bow wave breaking of ship model 
appears in the form of a plunging breaker with evidence of the overturning of the wave crest. 
Air entrainment is considerably increased in this case. At section / 0.40ppx L = , the shoulder 
wave also differs a lot with that of Fr=0.35 case, where the shoulder wave is merging with the 
hull. Furthermore, the bow wave can also be found and it forms a spilling type wave breaker 
as shown in the shoulder wave section. 
 



  

  

  
Fig. 8 Velocity components (left: / 0.15ppx L = , right: / 0.40ppx L = ) 

 
Bow wave evolution can be better recognized in Fig. 9a and Fig. 10. The unsteady plunging 
breaker extends to a larger area compared with Fig. 4a and the scars is also more obvious. 
Fig. 9b shows the stern wave at Fr=0.41 and from the figure we can see that the wave pattern 
differs a lot with Fig. 4b. A steady state is presented and the stern wave crest is higher than 
that at Fr=0.35. 
 

  
a) Bow wave breaking b) Stern wave breaking 

Fig. 9 Simulation results of bow and stern wave breaking at Fr=0.41 
 



Scars at bow wave breaking are illustrated in Fig. 10. There are two obvious overturning of 
the bow wave, thus result in severe air entrainment. Different from the Fr=0.35 case, the 
overturning bow wave appears earlier and the air entrainment extends to a larger range in 
longitudinal direction.  
 

 
Fig. 10 Scars in bow wave breaking at Fr=0.41 

 

Conclusions 

This paper presents the breaking wave simulations of surface combatant DTMB model 5415 
at two different speeds, i.e. Fr=0.35, Fr=0.41. All the simulations are performed using in-
house CFD solver naoe-FOAM-SJTU. During the simulation, high resolution VOF method 
with artificial compression technique in OpenFOAM is used to accurately resolve ship bow 
waves as well as induced free surface scars.  
 
Predicted ship resistance agrees very well with the towing tank measurement. Two grids are 
adopted for the simulation of wave breaking at Fr=0.35. Both grids give promising results of 
ship resistance, while the finer grid can better resolve the bow breaking phenomenon. Three 
velocity components at two cross sections, / 0.15ppx L =  and / 0.40ppx L =  corresponding to 
the bow wave and shoulder wave region, are compared with the available experiment 
measurements. Good agreement is achieved and bow wave evolution has also been presented 
and compared with the photo taken using high speed cameras. Plunging breaker for the bow 
wave and spilling type for the shoulder wave is captured by both CFD and experiment 
measurement. Furthermore, the CFD simulation also gives the stern wave at Fr=0.35, which 
shows unsteady plunging type wave breaking. Fr=0.41 shows much difference for the wave 
patterns with the Fr=0.35 case. Air entrainment can be obviously observed and the bow wave 
breaking is more unsteady. Shoulder wave is merging to the hull and the bow wave can affect 
a larger area in the longitudinal direction. Two overturning waves can be captured and thus 
result in the severe air entrainment. 
 
Future work will focus on the detailed analysis with the vortices associate with the breaking 
waves. More work will be done to do the wave breaking simulations for the container ship 
KCS under high speeds, which will be presented at the 2020 CFD workshop in ship 
hydrodynamics. 
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