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A B S T R A C T   

Shipping water, the flow washing over and impacting the upper decks of ships and offshore structures, occurs 
frequently during their service life and often causes structural problems. For engineers to design safe floating 
structures subjected to shipping water it is essential to gain an in-depth understanding of its depth and flow field, 
and the resulting impact forces. In this work, Computational Fluid Dynamics (CFD) is applied to understand the 
physics of shipping water washing over a stepped platform. We find that the most accurate solutions are obtained 
with the k � ε turbulence closure. The hydrodynamic load generated by the shipping water is found to strongly 
depends on the kinematic energy of the water hitting the step. It is shown that with smaller values of the 
freeboard a more dynamic flow ensues, with a stronger vortex and larger velocity gradient resulting in deeper 
shipping water and a larger impact force.   

1. Introduction 

Shipping water, also known as green water, is the water flow 
washing the upper deck of ships and offshore structures, which can exert 
large forces (responsible for 10% of sea loads, see Hirdaris et al., 2014) 
and result in motions (Dillingham, 1981; Greco et al., 2015), de
formations (Buchner, 1995), and the loss of transverse stability as the 
centre of gravity can be shifted upwards (Ersdal and Kvitrud, 2000). 
These problems have a complicated nature and can be caused by 
different mechanisms, e.g., waves and hurricanes (O’Dea et al., 1992; 
Mori and Cox, 2003; Faltinsen et al., 2005). In the last decades, intensive 
efforts have been devoted to modelling this problem, using various 
physical, analytical and numerical models. It is essential to understand 
the impact loads, their physics, and the kinematic of the flow washing 
the body, amongst other issues, to provide safer operating conditions for 
ships or offshore structures (, 2005Foneseca and Soares; Faltinsen et al., 
2004). 

Shipping water occurs when water overtops the freeboard of the 

floating object (Faltinsen et al., 2002), and is induced by any pertur
bation, typically water waves (Longuett Higgins and Cokelet, 1976; Cox 
and Scott, 2001). The wave then collapses and runs on the upper surface 
of the floating object (Dolatshah et al., 2018), which can be either a ship 
or an offshore structure. Depending on the nature of the source (the 
mechanism of formation), the impact forces acting on the deck can be 
different, i.e., the water column collapsing can have different values of 
kinematic and potential energy, which may lead to different impact 
forces (Ariyarathne et al., 2012). One of the most common types of 
shipping water is via plunging waves, i.e., the wave crest exceeds the 
freeboard and then runs across the deck, eventually adopting a shallow 
water pattern (Greco et al., 2005). In this case, it is expected that the 
kinematic energy is the highest contributor to the external forces. Such 
phenomenon is probable when the freeboard of the floating object is 
small, so that gentle waves can propagate on the deck. It has been found 
that a very steep wave breaking in the vicinity of the deck can lead to an 
energetic plunging pattern, which then washes the upper surface of the 
deck (Greco and Colicchio, 2007). The plunging pattern that appears 
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after the breaking can run acroskhojasts the water surface (following a 
highly nonlinear pattern) and then wash the surface of the deck, 
resulting in large forces (Chan and Melville, 1988; Cuomo et al., 2010). 
A combination of kinematic energy and potential energy contributes to 
the generation of an impact force. This pattern is seen to occur when the 
water column exceeds the deck height (Buchner, 2002). Such a mech
anism is more probable when motions of the vessel or floating object are 
large (Ogawa et al., 2002). A dam-break behaviour has also been 
described as another type of shipping water, for which analytical solu
tions exist, as will be explained later. 

The modelling of the shipping problem can be performed using 
mathematical methods (Greco et al., 2004), with certain assumptions, 
including the neglection of the viscosity and vorticity. One of the most 
common methods implemented to simulate the waters running on the 
upper surface of a floating object is to use the dam-breaking solution 
(Schonberg and Rainey, 2002; Ryu et al., 2007). The dam-break problem 
can be solved analytically (e.g., Yilmaz et al., 2013), and hence, the 
details of the flow field (Chuang et al., 2015) or the loads (Greco et al., 
2001) can be obtained. These theoretical solutions are helpful in the 
early understanding of the physics of the problem (Stansby et al., 1998; 
Yilmaz et al., 2003). However, many aspects of the problem are dis
regarded such as energy dissipation, wave breaking, motion coupling, 
etc. 

To overcome these limitations, a shallow-wave numerical modelling 
approach has been used (Huang and Hsiung, 1996; Greco and Lungi 
2012a,b; Skene et al., 2018). In this approach, single-phase flow is 
assumed, i.e., no air flow is considered, implying that breaking processes 
cannot be modelled. For this reason, the energy of the shipping water is 
likely to be overpredicted (Hern�andez-Fontes et al., 2019b) and so are 
the loads if breaking of running water occurs. 

As an alternative, Computational Fluid Dynamics (CFD) can be used 
to simulate the washing of shipping water over any floating object (Stern 
et al., 2001). This method has shown significant potential in modelling 
sea loads (Izadi et al., 2018a), dynamic responses (Zhou et al., 2019; 
Esfandiari et al., 2019), resistance (Tezdongan et al., 2015; Kim et al., 
2017; Demirel et al., 2017; Khojasteh and Kamali, 2017; Ghadimi et al., 
2019; Huang et al., 2019b, 2020; Nazmand Bilandi et al., 2020; Dash
timanesh et al., 2020) and wave energy (Bayoumi et al., 2015; Khojasteh 
and Kamali, 2016; Khojasteh et al., 2018a; Khojasteh et al., 2018b; 
Lopez et al., 2014; Masida et al., 2019) in the last three decades, and its 
application has become ever more common in recent years (Larsson 
et al., 2013). 

Different computational methods, including Finite Volume Method 
(FVM) and Smoothed Particle Hydrodynamics (SPH), can adequately 
simulate two-phase flow (Stern et al., 2006). Among these methods, SPH 
has been found to accurately model the free water surface, while it can 
under-predict the pressure of the fluid field (Landrini et al., 2012; 
Dashtimanesh and Ghadimi, 2013; Ghadimi et al., 2012). The FVM, 
which uses different numerical techniques, has been shown to effec
tively predict both sea loads and water surfaces (Ghadimi et al., 2013). 
CFD methods can be successfully applied to capture different properties 
of the fluid, including shear stresses, energy flux, and mass flux (Kho
jasteh et al., 2017; Javanmardi et al., 2018), while they can also be 
coupled with solid mechanic solvers (Izadi et al., 2018b; Huang and 
Thomas, 2019; Huang et al., 2019a). With recent advances in 
high-performance computing, CFD methods have taken a valuable po
sition in the early stage deign of ships and offshore structures (Xie et al., 
2019). 

In recent years, CFD studies have been undertaken to model the 
green water running on the upper surface of ships/offshore structures 
with good accuracy (Nielsen and Mayer, 2004; Silva et al., 2017; Amaro 
Jr et al., 2019; Zhang et al., 2019; Chen et al., 2019; Gatin et al., 2018a, 
2019). However, there is still an opportunity for CFD studies of shipping 
water since the behaviour of the flow, including the velocity field and 
the energy flux is not fully understood. One of the most important as
pects of the shipping water relates to the energy of the water, and its 

relationship with force and other physical aspect of the problem. Such 
phenomenon can be studied through modelling of isolated waves that 
can be generated using the dam-breaking near step. In the recent years, 
experiments have been performed, reporting on the behaviour of the 
fluid field when water, caused by dam-breaking, is transported across 
the upper surface of the deck. 

In the current paper, CFD simulations are used to improve the un
derstanding of the physics of the dam-break water washing on a stepped 
platform. First, the accuracy of the CFD method is shown to be fit for 
purpose (i.e., it is shown that it can compute the fluid field accurately). 
Then, detailed results are presented to deepen the understanding of the 
fundamental physics (velocity field, velocity gradient, energy flux, 
impact force and how they are linked to each other) of shipping water 
caused by a dam-break. In all, this study seeks to compute the energy of 
the fluid, the forces acting on the stepped platform, and the velocity 
profile of the fluid in different conditions. 

The paper is organized as follows: In Section 2, the numerical model 
is discussed by explaining the problem, case study, governing equations, 
and the CFD set-up. In Section 3, the obtained results are provided; 
initially focusing on the optimal grid size for the problem simulation. A 
validation study is performed and the CFD data are compared against 
the experimental data. Finally, the changes in flow field are discussed in 
detail. In Section 4, the concluding remarks and potential future 
research are presented. 

2. Numerical model 

2.1. Problem statement 

The breaking of a dam is simulated in the current problem to 
numerically replicate the experimental work performed by Hern�andez 
et al. (2018) and Hern�andez-Fontes et al. (2018), and further elucidate 
the underlying physics. A 0.195 m long step with a height of hs is located 
in the right end of a tank. A virtual gate, located at a longitudinal 
location of lg with respect to the left end of the tank, is assumed to be in 
the tank, and keeps the water column in a steady condition. This gate is 
suddenly removed, triggering a dam break, which can then run onto the 
stepped platform. Such phenomenon resembles the shipping water on 
the deck of a fixed floating structure subjected to solitary waves and 
helps to understand the behaviour of green water in absence of reflec
tion effects. The tank is three-dimensional and is bT wide. The depth of 
the water located in the left side of the gate is shown by hd (dam height) 
and the water depth on the right side is denoted with hw (water height). 
A sketch of the tank is shown in Fig. 1. The freeboard of the step, is 
computed as: 

hFB¼ hs � hw (1)  

2.2. Governing equations 

The fluid is assumed to be viscous and two phases are considered, 
water and air. The relationship between viscosity and shear stresses in a 
Newtonian fluid governs the flow. Both phases behave as an incom
pressible fluid. The fluid field is denoted by u ¼ uxiþ uyjþ uzk. The 
Navier-Stokes equations hold in the entire domain: 

r ⋅ u ¼ 0; (2)  

∂tðρeuÞþr ⋅ ðρeuÞuT ¼ � rpþr:ðμeþ μtÞ
�
ruþðruÞT

�
þ ρe fb; (3)  

where the subscript e refers to the effective value of the parameter; ρ 
and μ refer to the density and viscosity of the fluid, respectively; p is the 
pressure and fb ¼ � gk, is the body force. Note that μt refers to the 
turbulence viscosity and is found using the k � ε model. The effective 
values of density and viscosity are computed by means of a volume 
fraction parameter, which is set to vary between 0 and 1 (Hirt and 
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Nichols, 1981). Whenever the parameter takes a value of 0 it denotes the 
pure air, whereas value of 1 denotes the pure water. Using the value of α, 
Equations (4) and (5) are used to find effective values of density and 
viscosity, respectively. 

ρe¼ αρw þ ð1 � αÞρa (4)  

μe¼ αμw þ ð1 � αÞμa (5) 

The parameter α obeys a conservation law itself, which can be 
formulated as: 

∂t αþr ⋅ ðαuÞþr:½urαð1 � αÞ�¼ 0 ; (6)  

where ur is the surface compression velocity. 

2.3. Numerical set-up 

The problem is numerically solved using a CFD code, based on FVM. 
The numerical set-up and simulations are performed using the Open
Foam library, which has shown promising ability to model free surface 
flows (e. g. in Higuara et al., 2013; 2014a, b; Gatin et al., 2018b). To 
perform the simulations, the tank is numerically generated using the 
BlockMeshDict. The schematic of the tank is shown in Fig. 2. The walls of 
the tank, both right and left sides, satisfy a no-slip condition. This means 
that both the zero-gradient speed and pressure conditions are governed 
there. The same condition is also set on the walls of the step. The upper 
patch of the domain is set to behave as an area from which fluid can 
leave the domain. The velocity in the whole domain is initially set to 
zero. The value of the volume fraction is set to 1 at the left and right side 
of the virtual gate. For the rest of the domain, α is set to 0. The cells in the 
domain are produced using a structured grid with a rectangular cube 
shape. The cells have a smaller size near the step and at the free water 
surface, with larger mesh sizes with distance from the domain of inter
est. The numerical mesh is shown in Fig. 2. 

All diffusion terms are discretised using a second-order central 
scheme and the convection terms are turned into algebra equations 
using a linear approximation. The unsteady terms are discretised in the 
time domain by means of a Euler Scheme. The simulations are 

performed for more than a second after the dam-break occurs (like the 
experiments). The time step is set to be adjusted automatically by 
forcing the Courant number to be less than 0.5. The Navier-Stokes 
equations are solved using the PISO (Pressure-Implicit with Splitting 
of Operators) algorithm, and the InterFoam solver (Jasak, 2009; Vuk
cevic et al., 2018). 

2.4. Computation of different parameters 

The water surface elevation at any point is found using a virtual 
probe. To serve this purpose, the OpenFoam library is used to sample all 
data at different plans. The values of α, u and p are extracted at all-time 
steps. All data are sampled at a frequency of 50 Hz. The instantaneous 
elevation of the free surface is computed as: 

η ðx; zÞ¼
Z zu

zf or zs

αðx; zÞ dy (7) 

Note that zu refers to the vertical position of the upper boundary of 
the domain. zf and zs denote the vertical position of the lower boundary 
(tank floor) and the step, respectively. The vorticity is calculated by: 

ωðx; y; zÞ¼ 1
2
r� uðx; y; zÞ (8) 

The force acting on the step is calculated by integrating the pressure 
and stresses on the surface of the step as follows: 

F¼
Z

S

ðp nþσ:nÞ dS (9)  

where σ denotes the stresses and n is the unit normal vector. 
The energy flux, related to kinetic energy and potential energy, 

passing through the water column (Whitham, 1962) is measured as: 

_E ¼
Z zu

zf of zs

�
1
2
juj2 þ gz

�

ρwαun dz (10)  

2.5. Case studies 

Seven cases were modelled numerically (Table 1), corresponding to 
the laboratory tests conducted by Hern�andez-Fontes et al. (2018, 
2019a). In each case, different values of hd and hw are used. Note that the 
ratios of hd/hw are set to be 0.4 and 0.6 during the tests, which satisfy the 
bore generation condition during the dam-breaking (Nakagawa et al., 

Fig. 2. Computational domain (up) and computational grid (down). A struc
tured grid is used and the spacing near the tank floor and upper surface of the 
tank are set to be larger. 

Table 1 
Case studies considered in the present study.  

Case No. hd hw hd/hw hFB  

1 0.108 0.180 0.6 0.042 
2 0.120 0.200 0.6 0.030 
3 0.126 0.210 0.6 0.024 
4 0.132 0.220 0.6 0.018 
5 0.144 0.240 0.6 0.006 
6 0.108 0.270 0.4 0.042 
7 0.120 0.300 0.4 0.030  

Fig. 1. Schematic of shipping water caused by a dam-break. The filled area shows the water level before the gate is released. The thick line shows the gate. The 
dashed red line is the water surface as water reaches the step. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

D. Khojasteh et al.                                                                                                                                                                                                                              



Ocean Engineering 209 (2020) 107517

4

1969). The details of the numerical tests are given in Table 2. Technical 
information related to the experiments is reported in Hern�andez-Fontes 
et al. (2017). The length of the tank varies because two different tanks 
were used by Hern�andez-Fontes et al. (2018, 2019a). 

3. Results and discussion 

3.1. Grid convergence study 

A grid study was performed to determine the optimal numerical 
mesh resolution for the simulations. To this end, different grids, 
including coarse, medium, fine and finest are used. The coarse grid mesh 
contains cells with a dimension of 5� 5 � 5mm3 around the step, and 
the finest grid contains cells with dimension of 0:5� 0: 5 � 0:5mm3 in 
the proximity of the step. Details of different grids tested are presented 
in Table 3. Simulations are performed for all cases using different mesh 
resolutions. Throughout the mesh study, it has been found that the re
sults, including water surface elevation, time energy flux, forces acting 
on the step, and the vorticity field converged for the fine mesh resolu
tion. The mesh study results are summarised in Fig. 3. 

The maximum values for the water surface elevation and maximum 
depth of the shipping water are indicated in Fig. 3. This simulated depth 
versus the modelled depth was shown to converge for a mesh size of 1�
1 � 1mm3. Also, the vorticity field around the step is found to 

converge for a mesh size of 1� 1 � 1mm3 (fine mesh). The results 
found using the fine and finest mesh are similar. 

Note that the water surface elevation is computed at a point with a 
non-dimensional longitudinal distance of 0.0130Ls (Ls is the length of 
step) from the front edge of step. The computed vorticity fields around 
the body were also found, demonstrating that the vorticity fields using 
the fine and finest mesh are in good agreement as illustrated in Fig. 4. 
However, the vorticity fields computed using the medium and coarse 
mesh resolution are different. For the case of coarse and medium grids, 
the water surface is not smooth and larger energy dissipation occurs near 

Table 2 
Features of the tanks used for simulation of the shipping water (details can be 
found in Hern�andez-Fontes et al. (2018, 2019a).  

Tank No. ls LT ld (mm) bT (mm) hs (mm) hT (mm) 

1 195 1000 300 335 150 450 
2 392 1950 300 500 150 450  

Fig. 3. Mesh convergence study showing maximum water surface elevation 
(hp) versus freeboard (hFB) for the shipping water at a distance of 0.0130L from 
the front edge of the step. (Dam-break in Tank 1). 

Fig. 4. Vorticity (ω) for Case 4 with different grid sizes. (Dam-break in Tank 1).  

Table 3 
Details of the computational grids tested in this study.  

Grid type Mesh size (mm3) 

Coarse 5� 5 � 5  
Medium 2:5� 2:5 � 2:5  
Fine 1� 1 � 1  
Finest 0:5� 0:5 � 0:5   

Table 4 
Water surface elevation maxima and corresponding errors between numerical 
and experimental results for different simulation cases in Tank 1. The recorded 
values correspond to the point with a longitudinal position of 0.0130Ls from the 
step edge. Experimental data is taken from the work published by Hern�andez-
Fontes et al. (2018).  

Case No. hp-t (mm) hp-l (mm) hp-exp (mm) et el 

1 48.34 52.96 47.65 1.45 11.14 
2 65.35 67.11 61.95 5.49 8.33 
3 69.37 72.83 66.10 4.95 10.18 
4 71.19 73.41 67.95 4.77 8.04 
5 78.22 81.16 74.00 5.70 9.68 
6 104.97 108.32 99.85 5.13 8.48 
7 124.41 129.83 118.30 5.16 9.75  
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the free surface (the red colour). Therefore, the fine mesh is used for all 
the simulation cases in the present study. 

3.2. Experimental data versus CFD data 

Here, the obtained CFD data are compared against the experimental 
measurements of Hern�andez-Fontes et al. (2018, 2019a) to check the 
accuracy of the numerical platform. Both the laminar and the turbulent 
simulations are employed to evaluate the accuracy of both methods. 
Three groups of comparisons are performed. At the first step, the water 
surface elevation in the left side of the step (not on the step) is computed, 
and its value is compared against laboratory measurements of Hern�an
dez-Fontes et al. (2018). Subsequently, the water surface elevation on 
the stepped platform is found and quantitively compared against ex
periments of Hern�andez-Fontes et al. (2019a) and Hern�andez-Fontes 
et al. (2018). In the last step, the computed impact force is qualitatively 
compared against measurements of Hern�andez-Fontes et al. (2019a, 
2019b). 

3.2.1. Water surface level in the front field: left side of the step 
Water surface elevations at two different locations in the front field, 

the field at which the dam-breaking occurs, are computed. Two (virtual) 
probes are assumed and the water height is found using Equation (7). 
These probes were located at the centreline of the tank at longitudinal 
positions of 0.15 and 0.45 m, with respect to the left wall of the tank. 

Simulations were performed for Case 2 (see Table 1). The values of 
the free surface elevation at these two points have been reported by 

Hern�andez-Fontes et al. (2018). The time histories of water surface 
elevation at x ¼ 0:15 m (left panel) and x ¼ 0:45 m (right panel) are 
shown in Fig. 5. Two different numerical simulations, laminar and tur
bulent flows are used. The water surface elevation is observed to 
decrease on the left side of the gate as expected (since it is breaking) and 
then slightly increase again (left panel). Both CFD models are found to 
follow the experimental results, but the laminar simulation is observed 
to marginally over-predict the water level. There is also a hallow (be
tween t ¼ 1 to t ¼ 1.2 s) in the plot which was not detected by the 
laminar simulation. This behaviour of the water surface on the left side 
of the dam is observed by different researchers (e. g. Kleefsman et al., 
2005). The water surface increases and reaches a peak value on the right 
side of the gate. Note that the dam break phenomenon occurs, and water 
is running toward the right side of the gate (Zech and Soares-Frazao, 
2007). As the water level reaches a peak, its value decreases and then 
it starts to increase around t ¼ 1 s, i.e., a slight harmonic behaviour, 
which is being dampened. Further, the water surface tends to reach an 
equilibrium (Hui et al., 2017). The turbulent simulation presents more 
accurate results as the real nature of the flow (turbulence) is captured 
(Na et al., 2016). The laminar simulation results in larger water surface 
and the peak is predicted to occur sooner as found by Taha et al. (2018). 
This difference occurs as the turbulent behaviour is neglected and less 
energy dissipation is predicted. 

3.2.2. Water surface level on the step 
Computed water depth on the stepped platform were compared 

against experimental data. Water height at four different points with 
longitudinal locations of x=Ls ¼ 0:0388; 0:0898; 0:1408and 0:1918 are 
reported below with laminar and turbulent simulations performed for all 
cases. The results corresponding to Case 1 are shown in Fig. 6. The water 
surface elevation is seen to reach a peak value and then decrease and 
converge to zero. The further the location from the wave break results in 
a smaller peak value. Note that this peak value is experimentally 
observed when waves wash the deck of a floating object (Greco et al., 
2012b). In the current research, the shipping wave is generated using a 
dam-break flow approach and hence, only one peak is evident. 

Both CFD simulations predict the time-history of water surface 
elevation as per the experimental data, but the turbulent simulation is 
found to be more accurate, especially for the points near the edge of the 
step. The laminar simulations lead to over-prediction of the water sur
face elevation, due to the smaller amount of energy dissipation 
computed under the laminar assumptions (Gush et al., 2007). 

Fig. 5. Time evolution of the water surface elevation in front of the step at two 
longitudinal positions: x ¼ 0:15 m (left panel), and x ¼ 0:45 m (right panel). 
Both panels correspond to Case 2 in Tank 1. 

Fig. 6. Time histories of the water surface elevation at different points on the 
step. (Case 1, Tank 2). 

Fig. 7. Time histories of the water surface elevation at different points on the 
step. (Case 3, Tank 2). 
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Computed values of water surface elevation corresponding to Case 3 
and Tank 2 are presented in Fig. 7. Experimental and numerical simu
lations are plotted. CFD results are more accurate for the turbulent 
simulation (as seen in Fig. 6). The tail of the water surface elevation vs. 
time plot is seen to fluctuate when the laminar flow simulation is used. 
The water surface, again, is higher, especially at the tail when turbu
lence behaviour of the fluid is neglected. The results corresponding to 
Case 5 and Tank 2 are also illustrated in Fig. 8. Note that water reaches a 
higher peak in this case (as compared to the two previous cases) and 
corresponding freeboard is lower. CFD data is shown to agree well with 
the experimental data, i.e., numerically computed water surface is rising 
at the time the experimentally measured water surfaces rise. The time at 
which the peaks of water surface elevation occurs are found to be 
similar. Laminar simulations may over-predict the water surface level as 
was reported in Figs. 6 and 7. 

The CFD results are also compared against the measurements per
formed in Tank 1. The maximum value of the water level (the wave 
crest) at a distance of 0.0130Ls from the edge of the step is found and 
compared against experiments. Note that Hern�andez-Fontes et al. 
(2018) reported the peak height of shipping water only for this point. 
Therefore, the quantitative comparisons are only performed for water 
depth at 0.0130Ls. Table 3 shows the experimental and numerical re
sults, as found using both laminar (shown by the l) and turbulent 
(subscript t) models. The computed values using the turbulent simula
tions are closer to the experimental data. Errors between numerical and 
experimental results are computed as per: 

e¼
�
�hp� exp � hp� num

�
�

�
�hp� exp

�
�

� 100 (11)  

where exp and num refer to experimental and numerical values, 
respectively. Errors are found to vary between 1.5 and 5.7 percent for 
the case of turbulent simulations, but they range between 8.3 and 11.1 
percent for the case of laminar simulations. 

3.2.3. Impact force acting on the step 
The impact force (vertical force) acting on the step is computed for 

different cases in Tank 2. Note that the impact force was previously 
measured and reported by Hern�andez-Fontes et al. (2019b). An area 
with width of 334 mm (0.852L) and length of 195 mm (0.4794L) is 
considered to calculate the external forces as per Hern�andez-Fontes et al. 
(2019b). Time histories of the vertical force for three cases are 

presented. The vertical force is seen to increase and reach a maximum 
value for all cases and then converge to zero. The largest impact force 
occurs for Case 5, where the step has the lowest freeboard. CFD results 
are shown to follow the experimental data for all cases. However, the 
turbulent simulations have less error compared to the laminar simula
tions. The force is seen to be over-predicted when simulations are per
formed for the case of a laminar fluid. Over-predictions are most 
significant at the peak and tail of the plots. Overall, the results show that 
current CFD model predicts the impact force accurately if turbulent flow 
is applied. 

3.3. An overview of the flow washing the step 

An example of the water washing over the step is depicted in Fig. 10. 
This corresponds to Case 3, with different snapshots over time at a 0.05s 
interval. The vorticity, computed by Equation (8), is also shown. Before 
the water reaches the step, a plunging wave caused by the dam-break 
moves towards the step, on which positive or negative vorticities 
occur due to energy dissipation as observed by De Padova et al. (2019). 
As the water reaches the step, the vorticities of the front edge of the bore 
become less significant, while considerable vorticities can be found 
further back. As the water impacts the step, a cavity occurs. As the bores 
move forward on the step, large vortices occur and energy dissipation 
becomes more significant (Skene et al., 2018). At the early stage of 
impact, the force acts on a very small area, but then the water column 
collapses and the force acts on the whole surface of the step, while the air 
cavity becomes smaller (Zhou et al., 1991). Examples of the vorticities 
found for Case 5 are also shown in Fig. 10, with similar behaviour 
observed at different time steps. As the bore moves toward the step, a 
small amount of vorticity exits on the front bore as it reaches the step. An 
air cavity is generated that directs the water flow forward. Water im
pacts a very small area at the beginning and then the area becomes 
larger while the vortices become significant near the surface of the step 
(see Fig. 11). 

3.4. Physical understanding 

In order to investigate the different physical mechanisms from each 
case, the numerical data is used to examine the behaviour of the energy, 
mass flux, pressure and cavity area. At an early stage, the energy fluxes 
of different cases have been calculated at the front edge of the step. 
Samples of the time history of the energy flux are shown in Fig. 12. 
Comparison between the energy fluxes of Cases 1 and 3 in Tank 2 are 
shown in the right panel. The energy fluxes are seen to increase at the 
early stage of shipping and then reach a peak. Following this peak, the 
flux of energy decreases and reaches negative values, meaning that en
ergy is moving toward the tank again (mean velocity of the water flow is 
negative). Case 1 has seen to be less energetic compared to Case 3. Note 
that the step freeboard of the Case 3 is lower compared to Case 1. The 
smaller freeboard leads to more energetic flow on the surface of the step, 
resulting in a larger impact force (see Fig. 9) and free surface elevation 
(see Figs. 6 and 7). The right panel of Fig. 12 shows the comparison 
between energy fluxes at the edge of the step caused by Case 1 in Tanks 1 

Fig. 8. Time histories of the water surface elevation at different points on the 
step. (Case 5, Tank 2). 

Fig. 9. Time histories of the impact force acting on the step.  
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and 2. Similar behaviour (to what was observed in the left panel) is 
noted. Energy fluxes reach a peak and then decrease, reaching negative 
values. The dam-break occurring in the Tank 1 is seen to lead to a more 
pronounced energy peak. Note that when water is running in the Tank 1, 
it travels a shorter distance to reach the step, thus it is more energetic (its 
kinematic energy is expected to be larger). This increased amount of 
energy is expected to lead to larger pressures and impact forces, as will 
be discussed later. 

The time histories of the hydrodynamic pressure caused by the 
shipping water are evaluated. The hydrodynamic pressure is sampled at 
a point located at x¼0.005 m from the step for different cases, and ex
amples of the computations are shown in Fig. 13. The pressure increases 
sharply as the water reaches the surface, in line with previous research 
on wave impacts on structures (Jalalisendi et al., 2018; Tavakoli and 
Dashtimanesh, 2019). After the sudden rise in hydrodynamic pressure, 
the pressure drops drastically, tending to zero. The pressures caused by 
the dam-break of Cases 1 and 3 in Tank 2 are displayed in the left panel 
of Fig. 13. Case 3 results in a larger impact pressure, which was expected 
given as the shipping flow of Case 3 is more energetic (left panel of 
Fig. 12). The impact pressure from Case 1 in the two Tanks of 1 and 2 is 
shown in the right panel of Fig. 13. When dam-break occurs in Tank 1, 
the peak pressure occurs earlier, and its value is more remarkable. This 
larger pressure occurs since water flow is more energetic in Tank 1 (as 
seen in the right panel of Fig. 12). 

The profile of horizontal velocity, u, at the front edge of the step is 
illustrated in Fig. 14. Results corresponding to four different time steps 
are highlighted in this figure. Note that, t*, refers to the difference be
tween the current time and the time at which water has reached the step. 
The horizontal velocity is seen to be negative near the step at the early 
stage of shipping. The velocity then increases and becomes positive (t* ¼
0:05s). With time, the gradient of the velocity becomes more significant, 
i.e., the magnitude of the negative values become larger compared to the 
previous time step as reported by Yan et al. (2018). Also, the speed value 
near the free surface (the height vertical position) becomes larger (t* ¼
0:1s). Later, the gradient of the horizontal velocity become less, while 
the horizontal velocity is still negative near the step (t* ¼ 0:15s). Then, 
the velocity decreases strongly (see Skene et al., 2018), and negative 
values disappear (t* ¼ 0:2s). Such a behaviour agrees with previous 
observations (Fig. 12), where it was seen that the energy flux reaches a 
peak value (which corresponds with large velocity observed at t* ¼ 0:1s) 
and then highly decreases (which corresponds with large velocity 
observed at t* ¼ 0:2s). The velocity profiles of different conditions are 
also compared. In the upper panel, velocity profiles of Cases 1 and 3 are 
compared (dam-break occurs in Tank 2). Case 3 has larger velocity 
gradient in comparison to Case 1 at the early stage of the shipping, 
which means that, when the freeboard becomes smaller, the flow is more 
turbulent, i.e., magnitude of negative and positive values of velocity 
profile become larger at the early stage (t* ¼ 0:05s and t* ¼ 0:1s). 

Fig. 10. Shipping water washing the deck of a step. Temporal snapshots pre
sent the vorticity field (ω) and correspond to Case 3 in Tank 1. The step is 
depicted by the grey box. 

Fig. 11. Shipping water washing the deck of a step. Temporal snapshots pre
sent the vorticity field (ω) and correspond to Case 4 in Tank 1. The step is 
depicted by the grey box. 

Fig. 12. Energy flux of the shipping water caused by the dam break washing 
the surface of a step. The left panel shows the comparison between the energy 
fluxes of Cases 1 and 3 (Tank 2). The right panel shows the energy fluxes of Case 
1 in Tanks 1 and 2. 

Fig. 13. Shipping water impact pressure caused by the dam break. The plot 
shows the time history of pressure at x ¼ 0.005 m. Left panel shows comparison 
between energy fluxes of Cases 1 and 3 when dam-break occurs in Tank 2. Right 
panel shows the energy fluxes of Case 1 in Tanks 1 and 2. 
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However, the velocity of Case 1 becomes larger later. The lower panel of 
Fig. 14 shows comparisons between velocity profiles of Case 1 when the 
dam-break happens in Tanks 1 and 2. The velocity profile is observed to 
have larger gradient when the flow is running in Tank 1 (in which water 
travels less till it reaches the step) at the early stage of the washing. 
However, the velocity gradient of the shipping water occurring in Tank 2 
becomes larger. 

Fig. 15 shows the flow velocity direction and magnitude for Case 5 in 
Tank 1 at three times. The velocity magnitude is seen to be large near the 
edge of the step at the early stage (Fig. 15, left panel; the yellow arrow is 
pointing to the large value of the speed). The flow on the left side of the 
step is oriented upwards. At the next stage (Fig. 15, middle panel), the 

water depth on the step has increased, and the edge of the bore 
(signalled by the black arrow in the figure) propagates at the highest 
speed. The vertical flow on the left side of the step presents a consid
erably lower speed compared to the front edge of the bore. A vortex 
appears on the step, near its front edge (green arrow). Finally, when the 
water has flowed over the entire step and reached the end wall of the 
tank (Fig. 15, right panel), it is driven upwards by the wall and large 
flow velocities occur. Compared to the previous stage, the flow velocity 
at the edge of the step is lower. There are three vortices now: one at the 
end of the step (at the angle with the wall), the previous one (which 
moved to the right) and a new one that appeared near the front edge (the 
two latter are indicated by green arrows in the figure). The velocity of 
the flow field on the left side of the step is lower than in the previous 
stages. 

The summary of the results for the dam-break simulations in Tank 1 
with hd/hw ¼ 0.6 is illustrated in Fig. 16. The results presented in this 
figure include the peak value of water surface elevation (at a point with 
longitudinal position of 0.0130Ls), maximum value of the energy flux, 
peak pressure and mean value of the horizontal velocity at an arbitrary 
point. The value of the mean velocity corresponds to 0.02 s after water 
reaches the front edge. The results presented show that the peak energy 
flux and the pressure increase as the freeboard decreases. Such a 
dependence (higher slope at smaller freeboard) is not observed for the 
surface elevation and velocity. Note that the velocity increases linearly 
with a decrease in freeboard, as reported by Song et al. (2015). The 
proportion of the kinematic energy has been computed for different 
cases (Fig. 17). The contribution of the kinematic energy of the fluid 
increases as the freeboard decreases, in line with the observations of 
Fig. 16. 

4. Conclusions 

Shipping water washing the upper surface of a fixed object was 
numerically modelled to improve our understanding of the physics of 
the flow (the velocity field, the vorticity, velocity profile and energy 
flux) as it impacts the deck and runs forward. 

Numerical results were compared against the experimental data, and 
it was found that the turbulent simulations provide more accurate re
sults of the shipping water phenomenon. When the laminar flow was 
considered, the free surface elevation and the impact force were over- 

Fig. 14. Profile of the horizontal velocity of the shipping water at the front edge of the step at different times. The upper panels show a comparison between the 
velocity profiles of Cases 1 and 3 (Tank 2). The lower panels show the comparison between the velocity profiles for Case 1 in Tanks 1 and 2. 

Fig. 15. Samples of the velocity plot of shipping water washing the step (grey 
box). The left panel shows the early stage of the washing as water reaches the 
step. The middle panel shows a point in time when the water has travelled some 
length over the step. The right panel shows a point in time at which water has 
reached the right wall of the tank. All simulations correspond to Case 5 and 
Tank 1. 

Fig. 16. Maximum values of (from left to right): water height (hp), energy flux 
(Emax), hydrodynamic pressure (Pmax) and mean horizontal velocity (�u, at time t 
¼ 0.02 s after water reaches the front edge of the step) as a function of freeboard 
(hFB). (All results correspond to Tank 1). 
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predicted both in the tank and over the step. It was shown that the 
maximum water height of the shipping flow washing the step increases 
as the freeboard decreases, which was associated with the energy flux. 
The energy flux of the water at the front edge of the step was observed to 
increase with a decrease in the freeboard. Moreover, the energy flux was 
found to be highly dependent on the mean velocity of the flow field as it 
reaches the edge of the step. For the cases with a small freeboard, the 
mean velocity was shown to be larger. Overall, it was shown that the role 
of kinematic energy in total energy flux becomes more significant as the 
freeboard becomes smaller. The energy flux of the tested cases in which 
the flow (caused by the dam-break) travels further to reach the step was 
found to be smaller, leading to smaller impact force and water height. 

It was also observed that the energy flux of the solitary shipping 
water propagating over the step approaches negative values after a 
while, implying that water is driven back to the tank. The sampled ve
locity vectors showed that the horizontal velocity of the shipping water 
can become negative near the step, the extent of which is more signifi
cant for the cases with smaller freeboard. In such circumstances, a large 
velocity gradient occurs, and a moving-forward vortex appears. A 
further vortex, which is weaker compared to the previous one, was seen 
to emerge, following the previous vortex. 

These conclusions can help ocean engineers to ensure safer condi
tions for the floating objects. In real sea conditions, ships and floating 
structures are subjected to ocean waves resulting in wave-induced ver
tical and flexural motions, which is the subject of the continuation of this 
work. 
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