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Abstract 
 

Accurate simulation of free-surface wave flows around a ship is very important for better hull-form design. In 
this paper, a computational fluid dynamics (CFD) code which is based on the open source libraries, OpenFOAM, 
was developed to predict the wave patterns around a ship. Additional anti-diffusion source term for minimizing a 
numerical diffusion, which was caused by convection differencing scheme, was considered in the volume-fraction 
transport equation. The influence of the anti-diffusion source term was tested by applying it to free-surface wave 
flow around the Wigley and KCS model ships. In results, the wave patterns and hull wave profiles of the Wigley 
and KCS model ships for various anti-diffusion coefficients showed quite close patterns. While, the band width of 
the water volume-fraction values between 0.1 to 0.9 at the Wigley and KCS model hull surfaces was narrowed by 
considering the anti-diffusion term. From the results, anti-diffusion source term decreased free-surface smearing. 
 
Keywords: Free-surface Smearing, Free-surface Wave Flow, Anti-diffusion Source Term, Computational Fluid 
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1. Introduction 

In marine and ship building industries, an accurate prediction of free-surface wave flow is still an im-

portant issue and of great significance. Free-surface wave flow has been studied by analytical methods, 

model tests, and numerical approaches. Analytic methods and model tests are still reliable method, but have 

limitations on complex geometries and environmental conditions.  

Along with recent developments in the fields of computational fluid dynamics (CFD) techniques and high 

performance computing technology, the flow behaviors of free-surface have been explored by CFD. To cap-

ture free-surface interface using CFD, the marker and cell method (Harlow and Welch, 1965), the volume of 

fluid (VOF) method (Hirt and Nichols, 1981), and the Level set method (Sussman et al., 1994) have been 

used. Among interface capturing methods, the VOF method, which solving the volume-fraction transport 

equation, has been broadly used (Rhee, 2009; Muzaferija et al., 1999; Ubbink, 1996, Waclawczyk and Ko-

ronowicz, 2008; Jasak, 1996; Rusche, 2002; Wang et al., 2009) and chosen in many commercial CFD codes, 
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e.g., ANSYS Fluent, ANSYS CFD, and STAR-CCM+.  

The VOF method has an advantage in that it can capture the highly distorted free-surface interface. How-

ever, results were vulnerable to discretization methods (Rhee, 2009; Muzaferija et al., 1999; Ubbink, 1996, 

Waclawczyk and Koronowicz, 2008), and shapes of the grid around the free-surface (Rhee, 2009). 

To predict accurate free-surface wave flow, the high-order discretization method (Rhee, 2009; Muzaferija 

et al., 1999; Ubbink, 1996, Waclawczyk and Koronowicz, 2008) which is incorporating the up- and down-

wind differencing schemes has long used typically. Thus studies that have employed a high-order discretiza-

tion method have been conducted diversely, while studies that have used the source term in the volume-

fraction transport equation have been slightly carried out. For studies related the source term in the volume-

fraction transport equation, Jasak (1996) calculated the numerical diffusion due to the upwind scheme and 

time discretization. Jasak (1996) and Rusche (2002) calculated the free-surface wave flow by taking the 

source term in the volume-fraction transport equation into account to reduce the numerical diffusion of the 

solution. Wang et al. (2009) also conducted the computations by taking the changed form of the source term 

into account in the volume-fraction transport equation in order to reduce the numerical diffusion.  

In this study, the free-surface wave flow around the Wigley model ship and KRISO container ship (KCS) 

were computed with and without the anti-diffusion source term (Rusche, 2002; Wang et al., 2009) in the 

volume-fraction transport equation. In addition, the numerical diffusion was quantified and the usefulness of 

anti-diffusion source term in the volume-fraction transport equation was reviewed. For the analyses of com-

putational fluid dynamics, open-source libraries were used to develop a CFD solver (Park and Rhee, 2015; 

Lee and Rhee, 2015). In the developed CFD solver, the high-order discretization schemes (Rhee, 2009; Mu-

zaferija et al., 1999; Ubbink, 1996, Waclawczyk and Koronowicz, 2008) that enabled the differencing of 

volume-fraction transport equation was incorporated for the accurate free-surface interface capturing. 

This paper is organized as follows. The computational method is described first, and the physical problems 

follow. The computational results are then presented and discussed. Finally, concluding remarks are made. 

2. Computational Method 

2.1 Mathematical Modeling 

The mass and momentum conservation equations were used to calculate the velocity and pressure fields. 

The volume-fraction transport equation was taken into account to capture the free-surface interface. For the 

turbulence closure, a turbulence model with the wall function (Park et al., 2013) was used. 

The mass and momentum conservation equations can be written, respectively, as follows 
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Here, ρ is the density, v
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is the velocity vector, and P is the static pressure. The subscript (m) indicates the 

mixture phase. S represents the source term in which the gravitational acceleration is included. t

 

denotes 

the stress tensor and is expressed as  
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Here, mm,eff = mm +mm,t, where mm is the molecular viscosity, and the subscripts eff and t denote effective 
and turbulent flows, respectively. 
The mixture density and viscosity properties are calculated as  
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airairwaterwaterm rarar +=  (4) 

 
 

airairwaterwaterm mamam +=  (5) 

 

Here, α represents the volume-fraction and the subscripts of water and air refer to water and air phases, re-

spectively. For all cells, the sum of awater and aair is one. 

Once the Reynolds averaging approach for turbulence modeling was applied, the Reynolds stress term as follows 
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Here, the value of μt is calculated by using the k-ε turbulent flow model based on the Boussinesq hypothesis 

(Shih et al., 1995). The kinetic energy of turbulent flow (k) and the dissipation rate of turbulence (ε) can be 

calculated as  
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Here, Gk represents the kinetic energy of turbulent flow created by the velocity gradient, and Gb represents 

the kinetic energy of turbulent flow created by the buoyancy. For the computation, the values of 0.09, 1.44, 

1.9, 1.0, and 1.2 corresponded to Cμ, C1ε, C2, σk, and σε are used, respectively. The value of μt is calculated 

from ρmCμk
2/ε. Sk and Sε are source terms. For the near wall treatment, the wall function (Park et al., 2013) 

was applied.  

2.2 Volume-fraction Transport Equation with Anti-diffusion Source Term  

In the present paper, the numerical diffusion term was formulated first and then formulated numerical dif-

fusion was applied on the right-hand side of the volume-fraction transport equation as the anti-diffusion 

source term. The numerical diffusion was caused from the convection term in the volume-fraction transport 

equation.  

The numerical diffusion of the convection term could be evaluated by the blend differencing scheme (Peric, 

1985). The velocity flux (f) could be calculated as following two methods. 
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where g is the mixing coefficient, and fx is the interpolation coefficient, F is the mass flux. The subscript f, 

CD, and BD indicates face, central differencing, and backward differencing, respectively. The subscript P 

and N are polar and neighbor cells, respectively. In the central differencing scheme, the face flux is calculat-

ed using neighbor cells, while, in the backward differencing scheme, the face flux is calculated using down-

wind cell after deciding the flow direction. The velocity flux difference between the central differencing and 

backward differencing schemes for the positive F is 
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The velocity flux difference for the convection term is 
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Here, G denotes the numerical diffusion tensor and S is the surface area. In the above expression, the veloci-

ty flux difference for the convection term in the volume-fraction transport equation is resembled to the dif-

fusion term. In the finite volume method, an approximate second-order numerical error could be represented 

as a numerical diffusion (Jasak, 1996) and formulated as GNÑ
2f. The magnitude of the velocity flux differ-

ence was dependent on the slope at the surface. Also it was linearly related with the distance of the meshes 

(d). The anti-diffusion source term could be taken into account by changing the sign of the velocity flux 

difference for the convection term. The numerical error generated by the first-order upwind differencing 

scheme for the interface capturing could be reduced by using the anti-diffusion source term. Therefore, the 

following volume-fraction transport equation was considered.  
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Here, 
rv
r

 

is the compression velocity, which is based on the maximum velocity magnitude in the interface 

region. The right side term was an anti-diffusion source term, which was reducing the numerical solution 

diffusion (Jasak, 1996; Rusche, 2002). The multiplication term a(1-a) was considered not to affect the solu-

tion significantly outside the interface region. For the water and air phases, the anti-diffusion source term 

was zero because the a was bounded between zero and one. The anti-diffusion coefficient (Cad) controlled 

the source term magnitude constantly. By varying the values of the Cad with 0, 0.5, and 1, the influences on 

free-surface were studied. The anti-diffusion source term was discretized by the second-order accurate 

scheme in this paper. Due to the presence of the source term, the original expression of the mass conserva-

tion was changed and thereby, the preconditioned matrix was used in the computations for the convergence 

of the solution. 

2.3 Numerical Method 

 



52  Sunho Park, Heebum Lee, and Shin Hyung Rhee 
 Journal of Advanced Research in Ocean Engineering 2(2) (2016) 48-60 

 

 Table. 1 Principal particulars of KCS 

Designation Prototype Model 

Scale ratio 1 1/31.6 

Speed (m/s) 12.3467 2.1964 

Froude number (Fr) 0.26 0.26 

Reynolds number (Re) 2.4×109 1.4×107 

Length (m) 230.0 7.2786 

Breadth (m) 32.2 1.0190 

Depth (m) 19.0 0.6013 

Draft (m) 10.8 0.3418 

Wetted surface area (m) 9,498.0 9.5121 

Displacement (m) 52,030.0 1.6490 

Block coefficient (CB) 0.6505 0.6505 

 

The mass- and momentum-conservation equation, the volume-fraction transport equation, turbulence mod-

el were solved based on unsteady pressure-based cell-centered finite volume method. The PISO algorithm 

was selected for the velocity and pressure coupling (Issa, 1985). The van Leer scheme (van Leer, 1979) was 

used for the convection term, and the central differencing scheme was employed for the diffusion term. The 

volume-fraction was calculated by the high-order accurate discretization scheme (Muzaferija et al., 1999) 

that mixed the down-wind differencing and central differencing schemes. To accelerate solution conver-

gence process, the algebraic multi-grid (AMG) method was used with the Gauss-Seidel iterative algorithm 

(Saad and van der Vorst, 2000). 

3. Problem Description 

3.1 Wigley 

The Wigley model ship has long been studied because it is simple parabolic profile and generates the wave 

pattern of general ships (Journee, 1992; Beddhu et al., 1998). The hull form of the Wigley model ship is 

defined as y = B/2[1-(2x/L)2][1-(z/T)2]. Here, L, B, and T denote the length, width, and draft of the ship, re-

spectively. The ratio of length to width (L/B) of 10 and the ratio of width to draft (B/T) of 1.6 were used. 

The length of the ship of 1 m at the draft, width of ship of 0.05 m at the draft, and 0.289 m of the length at 

the draft were selected. The orthogonal coordinates system was used for the computations. The x-, y-, and z-

axes represent the downstream, starboard, and vertical directions.  

3.2 KCS 

The 3,600 TEU KRISO Container Ship (KCS), equipped with the bow and stern bulbs like general ships, 

was also selected together with the Wigley model ship. Due to the bow and stern bulbs of the KCS, the sur-

face curvature of the KCS was more severe than that of the Wigley model ship. The hull form and experi-

mental data of KCS are opened to the public, and the general specifications are summarized in Table 1 (Kim 

et al., 2001).  

4. Result and Discussion 
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Fig.1 Domain extent, boundary conditions, and meshes for Wigley model ship 

4.1 Wigley 

Since the hull form of the Wigley model ship is of a symmetrical one, only the half of the hull form was 

considered. The computational domain is set as –1 ≤ x/L ≤ 5, 0 ≤ y/L ≤ 1.5, and -2.5 ≤ z/L ≤ 0.5 as shown in 

Fig. 1. The velocity at the inlet boundary was set with the Dirichilet boundary conditions with the hydrostat-

ic pressure. The velocity and volume-fraction at the outlet boundary were calculated using the Neumann 

condition with the hydrostatic pressure. A no-slip condition was set on the Wigley model ship surface. 

23,000 structural meshes are used as shown in Fig. 1. On the surface of the Wigley model ship, 90 and 30 

grids were employed in the longitudinal and vertical directions, respectively. The first grid height of the 

surface of the Wigley model ship was created by adjusting the average value of y+ to be approximately 100. 

The computations continued until the residual changes of all physical quantities reach the level below 10-4.  

The computations were carried out with the Froude number of 0.289. The anti-diffusion coefficient (Cad) of 

0, 0.5, and 1 were used. The anti-diffusion source term could influence on the free-surface smearing not 

wave patterns. Thus, wave patterns were investigated first. Fig. 2 shows the hull wave profile of the Wigley 

model ship. A water volume-fraction value of 0.5 was used to represent the free-surface. The distributions of 

the free-surface with the Cad of 0, 0.5, and 1 showed similar trend and favorable agreement to against the 

existing experimental data. The approach of the present to experimental results along with the increasing 

value of the Cad was observed around the mid-ship.  

 

 

Fig. 2 Wave profile at Wigley model hull surface 
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Fig. 3 shows the wave patterns around the Wigley model ship with the Cad of 0, 0.5, and 1. The wave pat-

terns were represented by employing the non-dimensionalized wave height (z/L). Although the whole wave 

patterns were not manifest perfect correspondence, the computations rendered very close results without 

completely changing wave patterns, regardless of the changed values of the Cad. From Figs. 2 and 3, the 

anti-diffusion source term does not influence to the wave patterns. Thus, the influence of the anti-diffusion 

source term to the free-surface smearing was investigated in the next Figs 4 and 5.  

 

 

(a) Cad = 0 

 

 

(b) Cad = 0.5 

 

 

(c) Cad = 1 

 

Fig. 3 Wave patterns around Wigley model ship 
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(a) Cad = 0 

 

 

(b) Cad = 0.5 

 

 

(c) Cad = 1 

 

Fig. 4 Water volume-fraction of 0.1 and 0.9 on Wigly hull surface 

 

Fig. 4 shows the distribution of the water volume-fraction of 0.1 and 0.9 at the Wigley model ship surface. 

The width corresponding to the water volume-fraction values between 0.1 and 0.9 reduced in accordance 

with the increase of the Cad value. The widths corresponding to the water volume-fraction value between 0.1 

and 0.9 that varied according to each value of the Cad are summarized in Fig 5. At the Cad of 1, the corre-

sponding width reduced below the half of that corresponding to the Cad of 0. The result suggests that the 

anti-diffusion source term could reduce the numerical solution diffusion at the free-surface. 

4.2 KCS 

The hull form of the KCS is also of a symmetrical one thus only half of the hull form is considered as 

shown in Fig. 6. The computational domain was set as –0.5 ≤ x/L ≤ 2, 0 ≤ y/L ≤ 1.7, and -1.5 ≤ z/L ≤ 0.2. 

The boundary conditions were the same with the Wigley model ship computations. 370,000 structural mesh-

es were employed for the simulation. The 180 and 45 grids were employed in the longitudinal and vertical 

directions of the ship, respectively. The grids were divided by the designed draft line. Due to the stern bulb, 

the relatively distorted grids, not in parallel with the free-surface, are created as shown in Fig. 7.  

 

 

Fig. 5 Surface area of water volume-fraction between 0.1 and 0.9 
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Fig. 6 Domain extent, boundary conditions, and meshes for KCS model ship 

 

 

Fig. 7 Typical meshes for KCS around the stern 

 

For the KCS model ship, the unsteady computations with the Cad of 0, 0.5, and 1 were carried out. The an-

ti-diffusion source term could influence on the free-surface smearing not wave patterns. Thus, wave patterns 

were investigated first. Fig. 8 shows the wave patterns around the KCS model ship with the Cad of 0, 0.5, 

and 1. A water volume-fraction value of 0.5 was used to represent the free-surface. The distribution of the 

free-surface showed almost evenly regardless of the varied values of the Cad and resulted in quite good 

agreement comparing to the experimental results.  

 

 

Fig.8 Wave profiles at KCS surface 
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Fig. 9 shows the wave patterns around the KCS model ship according to each value of the Cad. The wave 

patterns were represented by employing the non-dimensionalized wave height (z/L) corresponding to the 

water volume-fraction value of 0.5. All the wave patterns corresponded to each value of the Cad were 

showed almost similarly each other and experimental data. From Figs. 8 and 9, the anti-diffusion source 

term does not influence to the wave patterns. Thus, the influence of the anti-diffusion source term to the 

free-surface smearing is investigated in the next Figs 10 and 11. Fig. 10 shows the distribution of the water 

volume-fraction at the KCS model ship surface. The width corresponding to the water volume-fraction val-

ues between 0.1 and 0.9 decreased in accordance with the increased values of the Cad. The widths corre-

sponding to each water volume-fraction value from 0.1 to 0.9 that varied according to each value of the Cad 

are summarized in Fig. 11. The area corresponding to the value of the Cad of 1 reduced below the half of the 

area corresponding to the value of the Cad of 0. Thus, the result also suggested the anti-diffusion source term 

could reduce the numerical diffusion of the solution at the free-surface.   

 

 

(a) Data (Kim et al., 2001) 

 

 
(b) Cad = 0 

 

 
(c) Cad = 0.5 

 

 
(d) Cad = 1 

 

 

Fig. 9 Wave patterns around KCS 
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(a) Cad = 0 

 

   

(b) Cad = 0.5 

 

   

(c) Cad = 1 

 

Fig. 10 Water volume-fraction of 0.1 and 0.9 on KCS hull surface (left is bow; right is stern) 

 

 

Fig. 11 Surface area of water volume-fraction between 0.1 and 0.9 
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5. Concluding Remarks 

In the present paper, the influences of the anti-diffusion term in the volume-fraction equation to the free-

surface smearing were studied. To decrease the numerical solution diffusion, a source term was introduced 

into the volume-fraction transport equation and then the developed CFD solver included the anti-diffusion 

source term. The developed CFD solver was based on open source libraries, termed OpenFOAM. 

To study the influences of the anti-diffusion source term in the volume-fraction transport equation, the 

free-surface wave flows around the Wigley and KCS model ships were simulated. The results obtained from 

the simulations revealed the influences of the anti-diffusion source term to the wave patterns were not sig-

nificant. However, the free-surface smearing on the Wigly and KCS model ship surfaces were quite reduced. 

Consequently, the numerical diffusion was reduced approximately 50%. From the results, the anti-diffusion 

source term in the volume-fraction transport equations was utilized for free-surface interface capturing prob-

lems. 
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