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ABSTRACT 

The sediment suspension and transport process under complex breaking wave situation is investigated using large 

eddy simulation (abbreviated as LES hereafter) method. The coupled level set (LS) and volume of fluid (VOF) method is 

used to accurately capture the evolution of air−water interface. The wall effect at the bottom is modeled based on the 

wave friction term while the complicate bottom boundary condition for sediment is tackled using Chou and Fringer’s 

sediment erosion and deposition flux method. A simulation is carried out to study the sediment suspension and transport 

process under periodic plunging breaking waves. The comparison between the results by CLSVOF method and those 

obtained by the LS method is given. It shows that the latter performs as well as the CLSVOF method in the pre-breaking 

weak-surface deformation situation. However, a serious mass conservation problem in the later stages of wave breaking 

makes it inappropriate for this study by use of the LS method and thus the CLSVOF method is suggested. The flow field 

and the distribution of suspended sediment concentration are then analyzed in detail. At the early stage of breaking, the 

sediment is mainly concentrated near the bottom area. During the wave breaking process, when the entrapped large-scale 

air bubble travels downward to approach the bottom, strong shear is induced and the sediment is highly entrained. 
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1. Introduction 

It is well known that fluid‒sediment interactions in the near-shore coastal region can lead to 
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significant seabed erosion and deposition processes. It causes lots of engineering problems, such as 

decrease of navigation depth due to sedimentation, and beach erosion by scouring. In these processes, 

the powerful breaking waves play an important role in for example, entraining sediment into 

suspension, generating turbulence which mixes the sediment and other materials (Bai and Ng, 2002; 

Cao and Wang, 1993). 

Many studies have been carried out to study the sediment suspension and transport mechanism in 

the hydrodynamic complicated ocean environment. However, it is still difficult to predict the 

suspension and transport processes either by experiment study or numerical modeling (theoretical 

analysis is impossible). Observations in the field and experiment are difficult since wave breaking is a 

strongly nonlinear intermittent process and during which different scales of air bubbles are entrapped 

(Melville, 1996; Lakehal and Liovic, 2011; Kiger and Duncan, 2012).  

In the concern of mathematical simulation, currently the only practical method for this study is the 

wall-modeled LES (Zeldler and Street, 2001; Chou and Fringer, 2008) or wall-modeled RANS 

(Reynolds-averaged Navier–Stokes equations, Zeng et al., 2008; Wu et al., 2000). Since LES can 

directly resolve the large scale structures which are important for sediment suspension and transport, 

and the subgrid-scale model is more unified compared with Reynolds-stress closure model (Zhang et 

al., 2005), wall-modeled LES is an attractive tool for the sediment suspension and transport studies. 

Up till now, LES-based sediment simulation has been still challenged and limited. Zedler and Street 

(2001, 2006) simulated the sediment transport over sand ripples under both current and oscillatory 

flows with free-surface variation being neglected. The sediment suspension and deposition processes 

on sand ripples are qualitatively reproduced. However, the bottom boundary condition highly relies on 

the bottom turbulent diffusion coefficient, thus when the eddy viscosity is small near the bed, the 

results may be physically untrue. In view of this, Chou and Fringer proposed a physically-based 

bottom boundary condition for sediment transport (Chou and Fringer, 2008, 2010). In this method, van 

Rijn’s sediment pick-up function (van Rijn, 1984) is used to account for all the subgrid-scale 

contributions. Bai and Ng (2002) tries to use LES in the investigation of sediment movement under 

plunging breaking waves. The flow field is studied. However, it is a pity that the free-surface boundary 

condition is simplified by using a zero-stress condition. Namely, the effect of air flow is neglected. 

This simplification may causes serious loss of accuracy since the water region may transfer as much as 

50% of its initial energy to the air flows during wave breaking process (Iafrati, 2009; Hu et al., 2012). 

As analyzed above, the tracking of strong time-varied air−water interface is one of the intractable 

issues for numerical study on sediment movement under breaking waves. During the past decades, a 

number of different methods have been developed for complex two-phase flow simulations, among 

which the VOF and LS methods are mostly used nowadays. The VOF method is proposed by Hirt and 

Nichols (1981). With this method, a convection equation is solved for the volume fraction function in 

each control volume. Since the integration of the volume fraction in the whole domain represents the 

mass of water, accurate mass conservation can be achieved. However, since the spatial derivatives of the 

volume fraction function are not continuous near the interface, it is difficult to accurately calculate the 

interface normal or curvature (Hirt and Nichols, 1981; Sun and Tao, 2010). On the contrary, this difficulty 

has been well overcomed by use of the LS method proposed by Sussman et al. (1994). In this method, a 
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smoothly signed distance function is defined, which denotes the signed and minimal distance to the 

interface. The LS method cannot ensure mass conservation (Sussman, 2000; Sussman and Puckett, 2003; 

Sun and Tao, 2010). To overcome the demerits in both of the LS method and VOF method, the CLSVOF 

algorithm is introduced by Bourlioux (1995) and later well developed by Sussmann (2000) and Sussman 

and Puckett (2003). This method reconstructs the interface from VOF functions to ensure the mass 

conservation, while calculates the interface normal and curvature based on LS functions. 

In this paper, different interface tracking methods (LS and CLSVOF) are used and the results 

from them are compared. The wave breaking process and the sediment movement under plunging 

breaking waves are studied. 

2. Numerical Model 

2.1 Governing Equations 

The governing equations for air−water two-phase flow (vertical 2D) can be described by the 

filtered Navier-Stokes equations: 

flow momentum equation 
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and flow continuity equation 
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where, ( , )u vu  is the flow vector and u and v are the flow components in the streamwise x and the 

vertical y direction, respectively; t denotes the time; d hP P    is the total pressure, where 
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To model the subgrid-scale stress, the subgrid-scale model based on the renormalization group 

theory (abbreviated as RNG-LES hereafter) is adopted (Yakhot and Orszag, 1986). This is a theoretical 

model that has no tunable coefficients and besides, reasonable subgrid-scale viscosity near the wall is 

predicted. Besides, RNG-LES model has the self-adaption capability of switching from laminar flow to 

turbulent flow regime, thus it is appropriate for this study since physically no- or low-turbulence is 

generated in the pre-breaking stage. 

In the RNG-LES model, the subgrid-scale stress is modeled as: 

sgs

1
2

3
i ji j kk i j D      ; (6) 
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The coefficients 75C   and RNG 0.0062C   are theoretically obtained through renormalization 

group theory (Yakhot and Orszag, 1986). 

The governing equation for sediment transport is a convection-diffusion equation expressed as: 
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where, s is the suspended sediment concentration in volume; s  is the sediment settling velocity;   

is the Kronecker operator; tSc  is the Schmidt number and is chosen as 1.2 in this paper. 

2.2 LS Free-Surface Tracking Method 

In the framework of LS method, a signed distance function   is defined. The physical meaning 

of   is the signed and shortest normal distance from interface. Therefore, the interface is represented 

by the zero-isosurface of  . The evolution of   is governed by 

0
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Eq. (10) can be easily solved since   is a smooth function even near the interface. However, as 

is known that   cannot maintain as a distance function after some simulation time. This problem is 

avoided by use of the reinitilization technique. In this method, the following equation is solved to a 

steady state 
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where, 0  corresponds to the value at the last time step;   is a virtual time for iteration; d  is a 

small positive value taken as 610  in this paper to avoid zero denominator. 

2.3 Implementation of the CLSVOF Algorithm 

In the framework of VOF method, the following governing equation is solved  

( ) 0
F

F
t


  


u , (12) 

where, F is the volume function.  

A second order operator split algorithm is used for the discretizations of Eqs. (10) and (12). The 

discretization is based on a staggered grid as illustrated in Fig. 1.

 

 

 
 

 

Fig. 1. Layout of variables on a staggered grid. 

Given the LS distance function 0  and the VOF volume fraction 0F  at the last time step, for a 

general scalar c, the conservative operator split advection scheme is implemented as follows: 
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where, 1

, , 1/2,i j i j i jG u c   and 2

, , , 1/2i j i j i jG v c   denote the fluxes across the control volume faces. The 

above algorithm is of the second order accurate when the alternating sweep direction method is used at 

each time step. 

The complete algorithm for the CLSVOF method is illustrated in Fig. 2. 

2.4 Bottom Boundary Condition for Flow and Sediment 

As the staggered grid is used for discretization, the first streamwise velocity point is half grid 

away from the bed. The bottom friction velocity *u  is calculated from 
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where, bu  is the velocity parallel to the bed at the first streamwise velocity point, and wf  is the 

wave friction coefficient (Nielsen, 1992) calculated as: 
0.2
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where, 502sk d  and w/ sinh(2π / )A a h  . Here, 50d  denotes the sediment particle diameter; a  

is the wave amplitude; wh  denotes water depth and   is the wave length. 

 
Fig. 2. Sketch of the CLSVOF algorithm. 

The shear stress at the bottom is calculated from Eq. (16) and then served as boundary condition 

for flow simulation and also used to calculate Shields parameter in the sediment erosion flux described 

below. 

The nearbed sediment erosion flux E  and deposition flux D  is calculated respectively from 
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where, ( )kp t  is the sediment pick-up function and ( )t  is the instantaneous Shields parameter 

calculated from 
2

*

s w 50

( )
( / 1)

u
t

gd


 



. (20) 



LU Xin-hua et al. / China Ocean Eng., 28(5), 2014, 701  712  707

In the above equations, c  is the critical Shields parameter; s  denotes the density of sediment; 

w  is the kinematic viscosity of water; beds is the interpolated instantaneous suspended sediment 

concentration near the bed (Chou and Fringer, 2008, 2010). 

2.5 Problem Definition and Solution Method 

As a preliminary study, a 2D periodic wave propagating on a flat seabed is studied. The sketch of 

the studied problem is shown in Fig. 3. The setup of periodic 2D breaking wave is widely used in the 

previous literatures (Chen et al., 1999; Iafrati, 2009) since no additional treatment is needed to tackle 

the complex inlet and outlet reflections. 

 

Fig. 3. Schematics of the studied problem. 

The governing equation for flow is discretized by using the finite difference scheme. The 

essentially non-oscillatory scheme is used for spatial discretization. For the sediment transport 

equation, the HLPA scheme (Zhu, 1991; Icardi et al., 2011) is employed to discretize the convection 

term to resolve the strong concentration gradient. The second-order Runge−Kutta scheme is used for 

time integration. The divergence-free velocity field is obtained by using the projection method (Kim 

and Moin, 1985). MPI (Message Passing Interface) is used for parallelization. In the simulation, 

periodic boundary condition is imposed in the horizontal direction, and shear-free condition is imposed 

on the top boundary.  

Owing to the small time scale in the simulation, seabed deformation is neglected (Bai and Ng, 

2002; Chou and Fringer, 2008). The modeling of bed deformation requires implementation of complex 

boundary treatment method. One solution is to use the immersed boundary method (Mittal and 

Iaccarino, 2005), which will be incorporated into the current model in future to study the coupled 

flow-sediment-bed deformation problem. 

3. Simulation Case and Results 

In this simulation, the depth for water and air is chosen as w 0.1 mh   and a 0.24 mh  . The 

large air layer depth is used to capture all the potential air bubbles in the wave breaking process. The 

wavelength   and wave period T  is chosen as 1.4 m and 1.46 s, respectively. The initial wave 

slope 2π /a   is set to 0.25. Theoretical analysis shows that wave breaks when the breaking index 
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b w2 /a h   exceeds 0.78 (Zhou and Yan, 2009) and in our simulation b 1.11  . Therefore, as the 

wave propagates, the wave profile becomes unstable and breaks. 

The sediment particle diameter and density is chosen according to the generally practical 

situations in the ocean environment as 50 0.0001 md   and 3

s 2650 kg/m  . 

The initial condition for flow is obtained from linear theory which is widely adopted to generate 

breaking waves (Lubin et al., 2006; Hu et al., 2012). Initially the suspended sediment concentration is set 

to zero. To ensure a grid-independent solution, a grid convergence study is carried out with four different 

spatial resolutions, namely, 100 90 , 200 180 , 400 180 , and 400 360  with a time step  

0.00008 st  . The predicted near-bed suspended sediment concentration (horizontally-averaged) is 

shown in Fig. 4. It shows that the difference between the results from a 400 180  grid and a 

400 360  grid is small, and we use a 400 180  grid in the following analysis.

 

 

 

 

Fig. 4. Time history of the horizontally-averaged near-bed 

suspended sediment concentration with different 

spatial resolutions. Results are normalized by av
maxs , 

the maximum value during the simulation for the 

grid resolution 400 180 .

3.1 Instantaneous Field of Flow and Sediment 

A series of instantaneous velocity field and the distribution of suspended sediment concentration 

are illustrated in Fig. 5. The results obtained by use of the CLSVOF and pure LS method are shown. 

In the pre-breaking stage (Fig. 5a), a jet is gradually formed around the wave crest, and then 

propagates forward. During this stage, the air−water interface has become asymmetric and an 

overturning motion has occurred. It is seen that the sediment is mainly concentrated near the bottom. 

After that the jet impacts the forward air−water interface, and then successive splash-up cycles are 

observed (Fig. 5b). In this stage, the air is entrained into the water and the bottom-accumulated 

sediment is transported upward. One may note that the velocity gradient near the air−water interface is 

larger in the air-side than that in the water part. This is consistent with the results in previous studies 

(Chen et al., 1999; Iafrati, 2009; Iafrati et al., 2001). The reason is that the shear stress is continuous at 

the air−water interface, and due to a rather small viscosity in the air region, and the velocity gradient is 

larger in the air phase. 

Later on, the air bubbles either travel forward and down to approach the bottom or collapse and 

fragment into smaller air bubbles (Fig. 5c). When the large-scale air bubble approaches the bottom, 

strong shear flow is induced and the sediment is strongly entrained. The air bubbles are pushed back to 

the air−water interface by buoyancy and the local water velocity (Fig. 5d). In this stage, the sediment 
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has been distributed over the whole water depth due to the local flow field and the generated 

turbulence. 

The comparison between the results obtained by CLSVOF and LS methods shows that the 

difference is negligible in the pre-breaking stage when the surface deformation is weak (Figs. 5a and 

5e). During the strong breaking process (i.e. at 0.47t T  and 0.77t T ), the significant mass 

conservation problem has occurred by using the LS method. As seen from Figs. 5f and 5g, different 

scales of air bubbles disappear. In the post-breaking process when turbulence is generated, the 

suspended sediment concentration field is similar between Fig. 5d and Fig. 5h with a more uniform 

distribution by use of the LS method. 

 

 
Fig. 5. Instantaneous flow field and the distribution of suspended sediment concentration at t = 0.25T, t = 0.47T, t = 0.77T, and t 

= 1.30T. (a)−(d) are the results from CLSVOF algorithm, while (e)−(f) are obtained from LS method. The 

orange-colored solid line represents the air−water interface. For a clear view consideration, the suspended sediment 

concentration is shown in a logarithmic scale ( 10log s ). The suspended sediment concentration and velocity is 

normalized by av
maxs  and wave celerity c, respectively. 
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3.2 Statistics of Suspended Sediment Concentration and Sediment Fluxes 

In Fig. 6a, the time history of total sediment in the domain s  is illustrated. Here, 

, d di j i js s x y  . In Fig. 6b, the horizontally-averaged nearbed sediment erosion flux avE  and 

deposition flux avD  are shown.  

In the pre-breaking stage, the energy dissipates slowly. The friction velocity is large due to high 

bottom velocity (Fig. 5a). This causes large sediment erosion flux (Fig. 6b). Since the suspended 

sediment concentration is initially set to zero, no sediment deposits onto the bed at 0t   (Fig. 6b). 

The difference between the high erosion flux and deposition flux causes the dramatic increase of 

sediment in the water domain (Fig. 6a). In this stage, the sediment is mainly concentrated around the 

bottom, thus the nearbed-averaged suspended sediment concentration goes up significantly (Fig. 5a). 

With the increase of nearbed suspended sediment concentration, the deposition flux rises quickly as 

shown in Fig. 6b. 

During 0.40 0.50t T  , the energy has been highly dissipated after the onset of wave breaking 

and due to the bottom friction effect, the erosion flux at the bottom drops to approximately half of its 

peak value. It causes a low increasing rate of the total sediment in the whole domain in this period 

(Fig. 6a). When the erosion flux drops to lower than the deposition flux ( 5.0t T ), the sediment in the 

whole water domain decreases as shown in Fig. 6a. 

The above process continues until around 0.75t T  the large-scale air bubble approaches the 

bottom as shown in Fig. 5c. This air bubble causes strong high-shear at the bottom and the erosion flux 

thus increases again to exceed the deposition flux (Fig. 6b). The sediment in the water domain then 

reaches the second peak around 0.79t T . After that, as the air bubbles being brought up to the 

air‒water interface and due to the higher energy dissipation (Iafrati, 2009; Hu, 2012), the bottom flow 

becomes weak (Fig. 5d) and the sediment in the domain gradually deposits to the bottom as shown in 

Fig. 6a. 

 

Fig. 6. Time history of s  (a), and the horizontally-averaged sediment erosion and deposition flux at the bottom (b). The 

value of s  and the erosion/deposition flux is normalized by 2 av
maxs   and av

maxc s , respectively. 

4. Discussion and Conclusion 

In this paper, the sediment suspension and transport process under plunging breaking wave 
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situation is studied by using the large eddy simulation method. The CLSVOF method is implemented 

to capture the air−water interface. 

Results show that the CLSVOF algorithm performs well in tracking of the different scales of air 

bubbles during the wave breaking process, while the LS method shows serious mass conservation 

problem. Since the air bubbles are of great importance in this study, the CLSVOF method is suggested 

in future studies on sediment suspension under breaking waves. The results show that the sediment is 

mainly concentrated in a thin layer near the bed in the pre-breaking stage. When the large-scale air 

bubble moves to the seabed, strong shear is induced and serious erosion occurs.  
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