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Abstract

:

Sea spray droplets play an important role in the momentum, heat and mass transfer in the marine atmospheric boundary layer. We have developed a new direct numerical simulation method to study the generation and transport mechanisms of spume droplets by wind blowing over breaking waves, with the wave breaking process taken into account explicitly. In this new computational framework, the air and water are simulated as a coherent system on fixed Eulerian grid with the density and viscosity varying with the fluid phase. The air-water interface is captured accurately using a coupled level-set and volume-of-fluid method. The trajectories of sea spray droplets are tracked using a Lagrangian particle-tracking method. The generation of droplets is captured by comparing the fluid particle velocity of water and the phase speed of the wave surface. From the simulation data, we obtain for the first time a detailed description of the instantaneous distribution of droplets at different stages of wave breaking. Furthermore, the time histories of the droplet number and its generation and disappearance rates are analyzed. Simulation cases with different parameters are performed to study the effects of wave age and wave steepness. The flow and droplet fields obtained from simulation provided a detailed physical picture of the problem of interest. It is found that plunging breakers generate more droplets than spilling breakers. Droplets are generated near the wave crest at young and intermediate wave ages, but at old wave ages, droplets are generated both near and behind the wave crest. It is also elucidated that the large-scale spanwise vortex induced by the wave plunging event plays an important role in suspending droplets. Our simulation result of the vertical profile of sea spray concentration is consistent with laboratory measurement reported in the literature.
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1. Introduction


A large amount of sea spray droplets can be generated during wave breaking. Once sea spray droplets are generated, they are dispersed in the marine atmospheric boundary layer (MABL) and serve as an important component of the air-sea interface. Sea spray droplets enhance the interfacial heat flux [1,2], and small spray droplets suspended to high altitude affect the humidity and temperature profiles there through evaporation [3,4]. Moreover, the salt carried by sea spray droplets influences the radiative transfer and electro-optical properties of the MABL [4]. The investigation of the detailed flow physics associated with sea spray droplets, such as their turbulent transport by wind, the altitude they can reach and the duration they have for exchanging heat and moisture, is of great interest for developing climate and weather forecast models.



Sea spray droplets can be categorized into film droplets, jet droplets and spume droplets according to their generation processes [5,6,7,8,9,10,11,12]. Relevant to the present study, spume droplets are generated once the wind speed is high enough to provide sufficient surface shear stress to tear off the wave surface [13,14,15,16]. During measurements in the North Atlantic, Preobrazhenskii [17] observed spume droplets torn off by wind at the wave crest. He found that most droplets with    r ≥ 25    µm are spume droplets. In laboratory experiments, Koga [18] observed the generation process of spume droplets and recorded droplets of    r = 400    µm. The radii of most spume droplets range from 10 µm–500 µm with the peak of the radius spectra centered at 100 µm [12,19,20,21]. Spume droplets of a larger radius can also be present. For example, Veron et al. [22] observed spume droplets of    r = 2000    µm in laboratory experiments.



The effect of wind speed on the generation of spume droplets has been studied extensively [19,21,23,24,25,26]. Spume droplets are generated when    U 10   , the wind speed at ten meters above the sea surface, is higher than 9–11    m / s    [12,14]. The wave age, i.e., the ratio of wave phase speed to the characteristic wind speed, also influences the generation of spume droplets [24,25,27,28]. While most spume droplets are generated at the wave crest at small wave ages, some can also be generated behind (with respect to the wave propagation direction) the wave crest at large wave ages [16].



The generation of sea spray and the effect of sea spray on the wind turbulence in extreme winds have drawn strong interests in the past few decades. Kudryavtsev and Makin [29] parameterized the effect of spume droplets on the turbulence mixing through stratification and found that the wind is accelerated and turbulence is suppressed due to the presence of sea spray droplets. Rastigejev et al. [30] pointed out that the concentration of spray increases rapidly with the wind speed at extreme winds, which results in a significant flow acceleration, compared to the wind without sea spray droplets. Rastigejev and Suslov [31] further found that the sea spray droplets suppress the turbulent momentum flux in the airflow. Wu et al. [32] pointed out that the effects of sea spray droplets on both the wind stress and heat flux are important in their air-sea interaction model. Zhang et al. [33] also showed that the sea spray droplets play a dominant role in the momentum transfer between air and water in their model of the marine atmospheric boundary at extreme winds. Rastigejev and Suslov [34] found that the evaporation of sea spray imposes significant mechanical and thermodynamic effects on the temperature, humidity and turbulent kinetic energy of the air in the lower atmosphere above the ocean. The aforementioned investigations of the effects of sea spray on the transport of momentum and temperature in extreme winds are based on parameterizations, while in laboratory experiments, the generation of sea spray droplets was studied. Ortiz-Suslow et al. [35,36] discovered that the concentration of spume droplets is proportional to    r  − 3     at high wind speeds. Troitskaya et al. [37] pointed out that the breakup of large air pockets near the water surface is the major process that generates sea spray droplets at hurricane wind speeds.



Although the statistical properties of spume droplets have been studied through laboratory experiments [22,35,36], it is rather challenging to obtain the small-scale physics related to the detailed transport processes of droplets. Using numerical simulations, Richter and Sullivan [38,39] implemented a Lagrangian particle tracking (LPT) method to capture the motions of individual droplet particles in an idealized turbulent Couette flow. Based on the direct numerical simulation (DNS) of turbulence coupled with the LPT of droplet particles, they discovered that the ejection of airflow leads to accumulation of droplets. In a follow-up study, they found that droplets enhance the vertical heat flux by    25 %    or greater [40]. Druzhinin et al. [41] conducted DNS coupled with the LPT method to study the wind over a stationary wavy bottom boundary. They found that the turbulence is suppressed as the wind speed increases.



The aforementioned numerical studies on the motion of droplets were not coupled to wave breaking explicitly. As summarized in many review papers, e.g., [42,43,44,45], substantial studies have been performed to investigate wave breaking. One of the major challenges in numerical simulations of wave breaking is the algorithm for capturing the air-water interface. The maker-and-cell method [46,47,48] was developed to capture the free surface in one-fluid simulations. In two-fluids simulations, interface tracking methods include, but are not limited to the level-set (LS) method [49,50,51], volume-of-fluid (VOF) method [52,53,54] and coupled LS-VOF (CLSVOF) [55,56,57] method. In general, the VOF method can conserve the mass of each phase of the fluids precisely, while the LS method captures the geometry of the air–water interface accurately.



In this paper, we present simulation results of the generation and transport of spume droplets in wave breaking. The CLSVOS method is used to capture the wave geometry. The LPT method is adopted for capturing the motions of sea spray droplets. With the use of the CLSVOF and LPT methods, the air, water and sea spray droplets can be solved on Eulerian grids. To the authors’ knowledge, this is one of the most advanced numerical models for simulating the transport of sea spray droplets with the breaking wave resolved directly. A kinematics-based criterion is applied for the generation of droplets. The effects of wave age and wave steepness on the generation and transport of droplets are analyzed.




2. Numerical Methods and Simulation Cases


2.1. Fluid Flow Solver


Figure 1 shows the computational domain and coordinate system used in the present study. Let x, y and z (or    x 1   ,    x 2    and    x 3   ) denote respectively the wave propagation, spanwise and vertical directions, with the corresponding velocity components denoted by u, v and w (or    u 1   ,    u 2    and    u 3   ), respectively. The mean velocity of the wind is in the same direction as the wave propagation. The computational domain is a box with the size     L x  ×  L y  ×  L z  = 2 λ × 1.5 λ × 2.5 λ   , where   λ   is the wave length. The mean elevation of the water surface is set to    z = 0   . The mean depth of water and the mean height of air are    0.5 λ    and    2 λ   , respectively. The computational domain is discretized using a Cartesian grid system. The number of grid points is     N 1  ×  N 2  ×  N 3  = 320 × 192 × 360   . The grid is evenly-spaced in the x- and y-directions. In the z-direction, the grid is refined near the wave surface between    z = − 0.1 λ    and    z = 0.15 λ   , where the grid resolution is    Δ z = 0.002 λ   . The grid is stretched gradually to the bottom and top of the computational domain. Periodic boundary conditions are used in the x- and y-directions. We note here that the use of the periodic boundary condition is a common practice in simulations of breaking waves [58,59,60,61,62,63,64], because the non-periodic condition would substantially increase the computational cost. The no-slip condition is imposed at the bottom. At the top, the wind is driven by a constant shear stress in the streamwise direction, while shear-free (   ∂ v / ∂ z = 0   ) and impenetrable (   w = 0   ) conditions are prescribed for the spanwise and vertical velocity components, respectively. The initial flow field is fully-developed wind turbulence over prescribed steep waves. Following the practice of many previous two-fluid numerical simulations of wave breaking [58,59,60,61,62,63,64], the initial wave geometry is given by the analytical solution of the third-order Stokes wave as:


   η  ( x )  =  a 0  cos  [ k  ( x − c t )  ]  +  1 2   a 0   ε 0  cos  [ 2 k  ( x − c t )  ]  +  3 8   a 0   ε 0 2  cos  [ 3 k  ( x − c t )  ]     



(1)







Here,   η   is the wave surface elevation;    a 0    is the initial wave amplitude;    k = 2 π / λ    is the wave number;     ε 0  = k  a 0     is the initial wave steepness; and    c = ω / k    is the phase speed of wave propagation, where    ω =   g k ( 1 +  ε 0 2  )      is the angular frequency with g being the gravitational acceleration. The water velocities corresponding to the third-order Stokes wave are given as:


      u =  a 0  ω exp  ( k z )  cos  [ k  ( x − c t )  ]         v = 0        w =  a 0  ω exp  ( k z )  sin  [ k  ( x − c t )  ]        



(2)




where    h = 0.5 λ    is the water depth, which gives a dispersion parameter    k h = π   , representing a deep water condition.



To generate the initial flow field for simulating wind over breaking waves, the wave geometry and water velocities are prescribed using Equations (1) and (2), respectively, and the airflow is simulated using the algorithm introduced below. Once the airflow is fully developed, the time is set to    t = 0    and the two-fluid simulation of wave breaking starts.



The flows of air and water are simulated as a coherent system on a fixed Eulerian grid with the density and viscosity varying with the fluid phase. The dynamics of the two-fluid system are governed by the following continuity and momentum Equations,


     ∂  u i    ∂  x i    = 0    



(3)






     ∂  u i    ∂ t   +  u j    ∂  u i    ∂  x j    =  1  ρ ( ϕ )     ∂ p   ∂  x i    +  1  ρ ( ϕ )    ∂  ∂  x j     ( 2 μ  ( ϕ )   S  i j   )  − g  δ  i 3      



(4)







Here,    ρ ( ϕ )    and    μ ( ϕ )    are the densities and dynamic viscosities of the fluids; the LS function   ϕ   is defined as the signed distance to the air–water interface, for which the value is positive and negative in water and air, respectively; p is the pressure;     S  i j   =  ( ∂  u i  / ∂  x j  + ∂  u j  / ∂  x i  )  / 2    is the strain rate tensor; and    δ  i j     is the Kronecker delta tensor. Equations (3) and (4) are coupled to the LS function   ϕ   through the density and viscosity as [50]:


   ρ  ( ϕ )  =  ρ a  +  (  ρ w  −  ρ a  )  H  ( ϕ , Δ s )     



(5)






   μ  ( ϕ )  =  μ a  +  (  μ w  −  μ a  )  H  ( ϕ , Δ s )     



(6)




where the subscripts ‘a’ and ‘w’ denote air and water, respectively. The mollified step function    H ( ϕ , Δ s )    is expressed as:


   H  ( ϕ , Δ s )  =     0     ϕ < − Δ s          1 2   1 +  ϕ  Δ s   +  1 π  sin    ϕ π   Δ s          | ϕ | ≤ Δ s       1     ϕ > Δ s         



(7)







Here,    Δ s = 3 Δ z = 0.006 λ    is the smoothing thickness, with    Δ z = 0.002 λ    being the vertical grid size near the wave surface. Equation (4) is spatially discretized using the second-order central difference scheme. The second-order Runge–Kutta (RK2) method is used for the time integration. At each sub-step of the RK2 method, the divergence-free condition given by Equation (3) is enforced by using the fractional-step method [65] with a Poisson equation for the pressure solved by the PETSc (Portable, Extensible Toolkit for Scientific Computation) mathematic library [66].



The air-water interface is tracked by the CLSVOF method. The LS method solves the following advection equation of the LS function,


     ∂ ϕ   ∂ t   +  u j    ∂ ϕ   ∂  x j    = 0    



(8)







The VOF method is applied to keep the mass conserved for each phase of the fluids. The convection equation that governs the volume fraction   ψ   is written as:


     ∂ ψ   ∂ t   +   ∂ (  u j  ψ )   ∂  x j    = 0    



(9)







Here,   ψ   is defined as the volume fraction of water in a cell. According to its definition,    ψ = 0    in the air,    ψ = 1    in the water and    0 < ψ < 1    in cells with mixed air and water. Equations (8) and (9) are coupled using the method of Sussman and Puckett [55]. A more detailed description of the numerical method is given in Liu [57], Hu et al. [61] and Yang et al. [67].




2.2. Lagrangian Particle-Tracking Method


The LPT method has been used to simulate the motion of small particles with various sizes and geometries [68,69,70]. In the present study, we use the LPT method to track the sea spray droplets, which are treated as spherical particles. One-way coupling is considered here, with the feedback of droplets to the fluid flow and droplet-droplet interactions neglected, due to the low concentration of the droplets in the problem of interest. The kinematic equation of a spray droplet reads [71]:


     d X   d t   = U    



(10)




where    X = [ X , Y , Z ]    and    U = [ U , V , W ]    are respectively the position and velocity of the droplet. The velocity of the droplet is governed by the following equation:


     d U   d t   = −   ρ a   ρ w    3 4    C D   2 r    | U − u |   ( U − u )  − g    



(11)







Here,    u ( X , Y , Z , t )    is the fluid velocity at the position of the droplet, which may not be located exactly at any node of the Eulerian grid. Therefore, a fourth-order Lagrangian interpolation is used to calculate the fluid velocity at   X  . The two terms on the right-hand side of Equation (11) are respectively the Stokes drag force and gravity, where    g = [ 0 , 0 , g ]    is the vector of gravitational acceleration. The drag coefficient    C D    is given as [72]:


    C D  =  24  R  e d     ( 1 + 0.15 R  e d  0.687   )     



(12)




where    R  e d  = 2  ρ a  r  | U − u |  /  μ a     is the droplet Reynolds number. This empirical equation of the drag coefficient is valid for droplets with    R  e d  ≤ 800    [72], which is satisfied for sea spray droplets. Other forces exerted on a particle moving in fluid, such as the Basset history force, added mass term and Saffman lift force, are important if the densities of particle and fluid are of the same order [73]. However, the density ratio (    ρ w  /  ρ a  = 828   ) in the present study is significantly higher than unity. As a result, only the Stokes drag force and gravity are considered in the present numerical framework. A second-order Adams–Bashforth scheme is used for the integration of Equations (10) and (11) in time.




2.3. Generation of Spume Droplets


In this study, we consider two groups of spume droplets, of which the radii are    r = 100    µm and 400 µm, respectively. At the beginning of the simulation, there are no droplets. During the simulation, we search grid points in the water phase to determine if a droplet is to be generated in the air at the next time step. To save computational time, only the grid points located one cell below the wave surface need to be searched. Let    u w n    denote the velocity of a water parcel at    x w    at time step n. The position and velocity of this water parcel at time step    ( n + 1 )    are estimated as     x w  n + 1   =  x w  +  u w n  Δ t    and     u w  n + 1   =  u w n  +  a w n  Δ t   , respectively, where   a   is the right-hand side of Equation (4). If    x w  n + 1     turns out to be located in the air phase at step    ( n + 1 )   , then a droplet is generated. The position and velocity of this droplet are given as:


    X  n + 1   =  x w  n + 1   ,   U  n + 1   =  u w  n + 1      



(13)







The above droplet-generation method is based on the kinematics of air and water flows in breaking waves, i.e., spume droplets are generated if the fluid particle velocity at the water surface exceeds the wave phase speed. While it is desirable to prescribe the droplet initial location and ejection velocity based on experiment measurement, such data are currently unavailable [12,16]. In this study, we take advantage of the air-water coupled DNS that is capable of resolving the flow details in wave breaking and, thus, construct the above kinematics-based model for the mechanistic study of canonical problems. The physical meaning of the present kinematics-based model can be understood as a sea spray droplet is generated, if the velocity of a water parcel moves faster than the speed of the air-water interface, i.e., the phase speed of the wave. We remark here that the present kinematic criterion has limitations. Because the physical scale corresponding to the generation of sea spray droplets is much smaller than the present grid scale, the present model cannot address how the fluid parcels turn into droplets and what the radii of the droplets are. As a result, the droplets of different radii are generated at the same rate in the present study. It is important to study the transport of droplets of different radii systematically in the future. However, more measurement data on the initial location and ejection velocity of spray droplets of various sizes are needed. When a droplet falls back to the water phase, it is removed from the simulation.




2.4. Simulation Cases and Parameters


We have performed four simulation cases to study the motion of spume droplets over breaking waves. Table 1 summarizes the key parameters. The wave length is set to 5 m in all cases. The effect of the wave age    c /  u ∗     is investigated through Cases A55, B55 and C55, in which    c /  u ∗     is set to 3.7 (young wave), 12 (intermediate wave) and 27.7 (old wave), respectively. Here, c denotes the analytical solution of the phase speed of the third-order Stokes wave, and     u ∗  =   τ /  ρ a       represents the friction velocity of wind. Plunging breakers are generated in these three cases by setting the initial wave steepness to     ε 0  = 0.55   . In Case A38,     ε 0  = 0.38    is smaller than the value in the other three cases, and spilling breakers are generated. Note that the wave phase speed c varies with the wave steepness    ε 0   . As a result, to keep the wave ages in Cases A38 and A55 the same, the wind speeds in these two cases differ slightly. In Table 1, we also summarize    U 10    measured by Buckley and Veron [74] at the corresponding wave ages as an estimation of the wind speed. As shown, the wind speeds in Cases A55 and A35 are of practical interest, but those in Cases B55 and C55 are lower than the critical wind speed    U 10    = 9–11    m / s    at which spume droplets are generated [12,14]. Cases B55 and C55 have relevance to the transport of sea spray droplets over swell-waves in the surf zone under low wind speeds. The wave period    T = λ / c    is used as the characteristic time scale for analyzing the results. The densities of air and water are set to the values at 1 atm and 20 °C. The realistic dynamic viscosities    μ  a , r     and    μ  w , r     under the same condition are also listed in the table. The value of the Reynolds number    R  e r  =  ρ a   u ∗  λ /  μ  a , r      based on the realistic viscosity of air is    O (  10 5  )   . To perform DNS, we reduce the Reynolds number to    R  e a  =  ρ a   u ∗  λ /  μ  a , a   = 180    by using an artificially lower dynamic viscosity of air,    μ  a , a    , for which the value is given in Table 1. We remark that the present work is the first simulation-based study on sea spray droplets in wind over waves, with the wave breaking process resolved explicitly. Unfortunately, the present computing power does not allow us to resolve the Kolmogorov scale of wind turbulence and the wave geometry simultaneously. While a realistic Reynolds number enabled by large-eddy simulation (LES) is more desirable, there are many challenging issues in LES, such as the subgrid-scale (SGS) modeling in air-water mixed flows and wall-layer modeling at the surfaces of breaking waves, which need substantial research. Therefore, it is more feasible to conduct DNS with a reduced Reynolds number. In the previous DNS of wave breaking without wind, it was observed that the wave geometry is not sensitive to the Reynolds number [63,64]. In the present study, an additional complexity is the strong wind shear that was not present in the previous DNS studies of wave breaking. Using the artificially high viscosity of air overestimates the viscous wind shear stress on the water, which tends to alter the wave geometry slightly. However, benefiting from the use of the high viscosity, the airflow can be resolved to the Kolmogorov scale. Meanwhile, the major events during wave breaking, such as wave plunging and water splash-up, can be captured in the simulation. Important features of wind turbulence in response to the wave breaking, such as airflow separation and the generation of large vortices, can also be observed. At the present very early stage in the numerical research on the complex subject of the transport of sea spray droplets in wave breaking, we focus our effort on developing the numerical framework. As a result, we leverage DNS, being a powerful research tool for mechanistic study without the use of ad hoc turbulence models [75]. The viscosity ratio between air and water is not altered, i.e.,     μ  a , a   /  μ  w , a   =  μ  a , r   /  μ  w , r     . The real viscosity of air is used for calculating the drag coefficient in Equation (11), so that the motions of droplets are captured correctly.





3. Results


We first demonstrate in Figure 2 representative snapshots of the three-dimensional field of droplets in Case A55 as an example of the evolution of droplets at different stages of wave breaking. As shown in Figure 2a, no droplet is present before the plunging event. When the wave front is steepened, droplets are generated near the wave crest (Figure 2b). More droplets are generated and suspended in air during the plunging events (Figure 2c). The wind sends some of the droplets far away from the wave surface at the late stage of wave breaking (Figure 2d). Note that due to the use of the periodic boundary condition in the streamwise direction, we essentially simulate a chain of breaking waves. The sea spray droplets shown in the figure are generated by breaking waves upstream of the boundary at an earlier time. The more detailed transport process of the sea spray droplets can be seen in the Supplementary Video S1.



Figure 3 shows the instantaneous streamwise profile of the droplet concentration    C ( x )    and the projected positions of droplets in an x–z plane, together with the flow field, at different stages of wave breaking in Case A55. Here,    C ( x )    is defined as:


   C  ( x )  =  lim  δ x → 0     M ( x , δ x )   δ x      



(14)




where    M ( x , δ x )    is the number of droplets in the interval between x and    x + δ x   . In the simulation, the calculation of    C ( x )    is simplified to:


   C  ( x )  =   M ( x , Δ x )   Δ x      



(15)




where    Δ x    is the grid size in the x-direction. The value of    C ( x )    is normalized by     N  r e f   / λ   , where the reference droplet number    N  r e f     is chosen as the maximal number of droplets of    r = 100    µm over all the time instances for all the cases. According to the definition of    N  r e f    , the value of    N /  N  r e f      is between zero and one in all cases, where N is the instantaneous number of sea spray droplets. We use the same    N  r e f     to normalize the results for droplets of    r = 400    µm, as well as the results in other cases, such that the number of droplets in different cases can be compared directly to illustrate the effects of wave age, wave steepness and droplet radius.



A sharp peak occurs in the horizontal profile of    C ( x )    near each wave crest at    t = 0.54 T    (Figure 3(a1)), because droplets are generated at the wave crest when the wave front is steepened (Figure 3(a2)). The three-dimensional effect is not strong at the early stage of wave breaking, such that the projected positions of droplets collapse to the same location in the x–z plane. As a result, the real number of droplets is larger than what appears in Figure 3(a2,a3). Large negative spanwise vorticity is induced near the overturning jet, indicating the occurrence of a coherent spanwise vortex rotating in the counterclockwise direction (Figure 3(a3)). The spanwise vortex induces a positive vertical velocity in the downstream. Figure 3(b3) shows that when the spanwise vortex detaches from the wave surface at    t = 0.7 T   , the vertical motion of most droplets to the right of the vortex is upward. As a result, the profile of    C ( x )    forms a bimodal shape within each wave length, with one peak located near the wave crest and the other in the downstream of the vortex (Figure 3(b1)). From the comparison between Figure 3(b1,c1), it is known that as the vortex moves far away from the wave crest, the peak of    C ( x )    in the downstream of the vortex is flattened, because a large portion of the droplets falls back to the water.



The first plunging event ends around    t = 0.9 T   , and then, another overturning jet is formed at    t = 1.04 T    (Figure 3(d2,d3)). The occurrence of successive splash-ups during plunging wave breaking has been reported in previous studies [58,60,62,63]. The sea spray droplets generated during the first wave plunging are transported downstream with the wind. Note that the sea spray droplets near    x / λ = 0.5    are generated by the upstream wave, for which the crest is located near    x / λ = 1.76   . Due to the use of the periodic boundary condition in the streamwise direction, these droplets leave the computational domain at    x / λ = 2    and re-enter at    x / λ = 0   . The generation and transport of droplets during the second plunging event are similar to those during the first plunging event. As shown in Figure 3(d2), a large number of droplets is generated near the tip of the jet. The second plunging event also induces a spanwise vortex (Figure 3(d3)), suspending the droplets in the downstream of it, which is evident from the bimodal shape of the profile of    C ( x )    for droplets of    r = 100    µm (Figure 3(d1)). However, for droplets of    r = 400    µm, the peak of    C ( x )    in the downstream of the vortex is absent here, indicating that the coherent vortex induced by the second plunging event is not sufficiently strong to suspend droplets with larger radii. Because the wind speed near the wave trough is low due to the airflow separation, the sea spray droplets near the wave surface are decelerated due to the wind drag. As a result, the vectors of these sea spray droplets point in the upstream direction. Note that the vectors show the relative velocity of sea spray droplets with respect to the wave phase speed (Figure 3(d3)).



When the second overturning jet impinges the wave surface (Figure 3(e2,e3)), the generation of droplets becomes less active compared with that during the first plunging event, characterized by the decrease of    C ( x )    near the wave crest (Figure 3(e1)). Furthermore, Figure 3(e2) shows that some of the droplets suspended during the first plunging event reach a high altitude of    z = 0.4 λ    at    t = 1.2 T   .



At the late stage of wave breaking    ( t = 3.0 T )   , the profile of    C ( x )    is flatter than that during the first and second plunging events due to the convection of droplets in the horizontal direction. Airflow separation occurs over the wave crest, characterized by the shear layer shown in Figure 3(f2). Three shear layers can be observed from the figure. The first and third shear layers from left to right are attached to the wave crests near    x / λ = 1.7    and 0.7, respectively. Due to the use of the periodic boundary condition, the first shear layer is broken into two parts in the figure. The mechanism underlying the second shear layer is not conclusive from the present simulation. We tracked the time history of the contours of the spanwise vorticity in this case and found that this shear layer is generated during wave plunging. Figure 3(d2) shows that at    t = 1.04 T   , a shear layer detaches from the wave crest and transports downstream. This detached shear layer is still present at    t = 3.0 T   , but the magnitude of vorticity is smaller than at    t = 1.04 T   . The separated air flows upward, which tends to suspend the droplets. As a result, the droplets are accumulated along the shear layer, with their vertical velocity being positive. There are more droplets of    r = 100    µm than those of    r = 400    µm near the shear layer (Figure 3(f3)), indicating that small droplets follow the airflow better than large droplets, which is as expected and is consistent with the conclusion drawn from previous studies on the motion of solid particles in other types of flows [76,77].



Figure 4a shows the time history of the total number of droplets in the air, N, in Case A55. The time rate of change of N is determined by the summation of the production rate G and disappearance rate    − D    as:


     ∂ N   ∂ t   = G − D    



(16)







Here, G and D are defined as:


   G  ( t )  =  lim  δ t → 0      N g   ( t , δ t )    δ t   ,  D  ( t )  =  lim  δ t → 0      N d   ( t , δ t )    δ t      



(17)




where    N g    and    N d    represent respectively the numbers of droplets generated at the wave surface and settling back to the water in a finite time duration from t to    t + δ t   , and the limitation gives the instantaneous time rate of change of N due to the generation and disappearance. In the simulation, G and D at time step n are calculated as:


    G n  =    N g   (  t n  , Δ t )    Δ t   ,   D n  =    N d   (  t n  , Δ t )    Δ t      



(18)







The histories of G,    − D    and    G − D    in Case A55 are depicted in Figure 4b. As explained in Section 2.3, the effect of the droplet radius on the generation rate is not considered in the present simulations, so that the histories of G for droplets of    r = 100    µm and 400 µm are the same. Figure 4a shows that the value of N experiences a fast increase between    t = 0.48 T    and    0.7 T   , when the first overturning jet is formed. After a short-term decrease, the value of N increases again between    t = 0.9 T    and    1.3 T    during the second plunging event. The magnitude of    − D    for droplets of    r = 400    µm is larger than that of    r = 100    µm. As a result, the total number of droplets of    r = 100    µm is larger than that of    r = 400    µm. Note that the difference in N for droplets of different radii is caused by the time integration of the difference in    G − D   . Although the values of    G − D    for droplets of different radii are close to each other (Figure 4b), the difference of their time integrations can be more pronounced (Figure 4a).



Next, we discuss the effects of wave steepness. Figure 5 shows the instantaneous distribution of droplets in Case A38, while Figure 6 demonstrates the time histories of the total number of droplets N, generation rate G and disappearance rate    − D   . The generation of droplets takes place later in Case A38 than in Case A55. Figure 6 shows that no droplet is generated before    t = 1.4 T   . The droplets are generated when a bulge is formed at the wave crest (Figure 5(a1)). The values of N and G increase at this stage. The number of droplets in Case A38 is much smaller than that in Case A55. Note that the vertical scale in Figure 6 is much smaller than that in Figure 4. A spanwise vortex is also found near the wave crest in Case A38. However, the size of the vortex in Case A38 is smaller than that in Case A55. Although the suspension effect of the vortex sends some droplets of    r = 100    µm to the altitude of    z = 0.2 λ    at the late stage of wave breaking (Figure 5(b3)), most droplets fall back into water. As a result, the total number of droplets decreases after    t = 1.7 T   . The value of N for droplets of    r = 400    µm decreases faster than that of    r = 100    µm, consistent with the results in Case A55.



Thus far, we have shown the effects of wave steepness on the generation and transport of droplets by comparing Cases A55 and A38. Next, we further study the influences of the wave age through Cases B55 and C55. Figure 7 displays the distribution of droplets at different stages of wave breaking in Case B55, where the wave age    c /  u ∗     is 12.0 as opposed to 3.7 in Case A55. From the comparisons between Figure 3a and Figure 7a and between Figure 3b and Figure 7b, it can be seen that the distribution of droplets in Case B55 is similar to that in Case A55 during the first plunging event. Large quantities of droplets are generated near the wave crest, when the overturning jet is formed (Figure 7a), and the upward-directed airflow in the downstream of the large-scale spanwise vortex suspends the droplets (Figure 7b). However, the second plunging event in Case B55 is not as violent as in Case A55, and as a result, less droplets are generated at this stage in Case B55. This is evident from the comparison between Figure 3(c1) and Figure 7(c1), which show that the horizontal profile of C forms a bimodal shape within each wave length in Case A55, while there is only one peak in each wave length in Case B55. At the late stage of wave breaking    ( t = 3.0 T )   , the airflow separation is not shown in Case B55 (Figure 7d). The present observations of the airflow separation at different wave ages are consistent with the experimental results of Buckley and Veron [74], who found that airflow separation happens over young waves in their experiments, but not over more mature waves. Therefore, the spatial accumulation of droplets is absent at    t = 3.0 T    in Case B55. Due to the absence of the suspension effect caused by the airflow separation, the highest altitude that droplets reach in Case B55 is lower than that in Case A55, as evident from the comparison between Figure 3(f2) and Figure 7(d2).



Figure 8 shows the time histories of N, G and    − D    in Case B55. Different from Case A55, there is only one peak in the time histories of N and G in Case B55. As discussed above, the second peak is absent because the second plunging event in Case B55 is less violent. The values of    − D    for droplets of different radii are close to each other. As a result, the difference in the value of N between different droplet sizes in Case B55 is less significant than that in Case A55.



Figure 9 shows the distribution of droplets after the first plunging event in Case C55, for which the wave age is 27.7 (Table 1). The generation and transport of droplets during the first plunging event in Case C55 are similar to those in Cases A55 and B55. From Figure 10a, which shows the time history of N in Case C55, it is known that the total number of droplets also experiences a fast increase during the first plunging event. However, the value of N in Case C55 is smaller than that in Case A55, indicating that the high-speed wind in Case A55 (see Table 1) tends to enhance the generation of droplets, which is consistent with the observation in field measurements and laboratory experiments [12,16].



An interesting phenomenon in Case C55 is that from the comparison between Figure 3(e1) and Figure 9(a1), it can be seen that the number of droplets in the upstream of the wave crest is larger in Case C55 than in Case A55. This indicates that droplets are generated behind the wave crest in Case C55. Such a process of droplet generation over old waves has been observed by Veron [16] in laboratory experiments. The generation of droplets behind the wave crest lasts till    t = 1.2 T   , which in turn sustains the value of G at a high level (Figure 9b). As a result, the peak in the time history of N is wider in Case C55 than in Case A55.



The distribution of droplets at the late stage of wave breaking in Case C55 is similar to that in Case B55. Because there is no airflow separation in Cases B55 and C55, in these two cases, we observe no accumulation of droplets, in contrast to Case A55. It is known from the comparison among Figure 4a, Figure 8a and Figure 10a that after    t = 2.5 T   , the number of droplets of    r = 100    µm is significantly smaller in Cases B55 and C55 than in Case A55, due to the absence of airflow separation in Cases B55 and C55. In contrast, the numbers of droplets of    r = 400    µm in these three cases are close. As discussed above, this is because the airflow separation in Case A55 is not sufficiently strong to suspend large droplets.



Finally, we study the vertical distribution of the concentration of sea spray droplets    C ( z )   , defined as:


   C  ( z )  =  lim  δ z → 0     M ( z , δ z )   δ z      



(19)




where    M ( z , δ z )    is the number of droplets in the interval between z and    z + δ z   . In the simulation, the calculation of    C ( z )    is simplified to:


   C  ( z )  =   M ( z , Δ z )   Δ z      



(20)




where    Δ z    is the grid size in the z-direction. Figure 11 compares the vertical profile of    C ( z )    at the late stage of wave plunging (   t = 3.0 T   ) in all cases. The value of    C ( z )    is normalized by     N  r e f   / λ   , and the altitude z is normalized by the wave height    H s   . It is evident from Figure 11 that there are more droplets in Cases A55, B55 and C55 with plunging breakers than in Case A38 with spilling breakers. In the cases with plunging breakers, the concentration of droplets decreases as the altitude increases. The integral volume fraction of sea spray droplets of all scales at     U 10  = 36  m / s    obtained from the laboratory experiment of Ortiz-Suslow et al. [36] is superposed in the figure for comparison. Note that the vertical profile of    C  ( z )  λ /  N  r e f      obtained from the simulation cannot be compared with the measurement results quantitatively, because the absolute value of the droplet number is unknown from the simulation. The lower horizontal axis gives the scale of    C  ( z )  λ /  N  r e f      of our simulation, and the upper horizontal axis gives the scale of the integral spray volume fraction of Ortiz-Suslow et al. [36]. However, the shape of the profile of    C ( z )    in Case A55 is in agreement with that of the integral spray volume fraction obtained from the laboratory experiments of Ortiz-Suslow et al. [36]. Furthermore, both numerical and experimental results show that the sea spray droplets reach a high altitude at    z /  H s  = 6   . In contrast, the droplets reach a lower altitude in Cases B55 and C55 with medium and old waves. As shown in Figure 11, sea spray droplets of both    r = 100    µm and    r = 400    µm only reach    z /  H s  = 4    approximately.




4. Discussion


While the results demonstrated in this paper indicate that fine-scale high-resolution numerical simulations can serve as a useful tool for studying the generation and transport of sea spray droplets, the present simulations are only the first step towards the computation and prediction of the sea spray droplets in the complex wind and wave system. There are some limitations in the present study. For example, the results analysis in the present simulation is limited by the unsteadiness of wave breaking. We cannot perform time-averaging as has been done in many studies for other types of flows with simpler configurations [38,39,40,77] to define turbulence statistics. In the future, it is important to perform multiple runs with the same wave geometry and wind profile, but different instantaneous turbulence fluctuations to define turbulence statistics based on the ensemble-averaging over different runs. Furthermore, due to the lack of the detailed information on the sea spray generation function (SSGF) at the air–water interface, the effect of wind speed and droplet radius on the generation rate of sea spray cannot be addressed in the present simulations, and as a consequence, direct comparison of the present numerical results with the measurement results cannot be conducted. It is unrealistic to expect that numerical simulation can resolve everything, and it is more appropriate to rely on measurement data. The radius spectra of droplets measured in experiments will be needed to determine the numbers of droplets generated at different radii, and the measurement of the droplet ejection velocity will also be valuable. Furthermore, the feedback of droplets to the airflow is not considered in the present study. The Reynolds number and wind speed of practical interest also need to be considered in the future. Although the wind speeds in Cases A35 and A55 are close to a hurricane wind speed, the Reynolds number is not realistic because of the use of the artificial viscosity. LES with the proper wall-layer model near the wave surface needs to be developed to conduct simulations with parameters of practical interest. The encouraging results shown in this paper indicate that the computational framework established in this study can serve as a useful tool to investigate these effects and to incorporate measurement data from advanced experiments in the future.




5. Conclusions


In this study, a DNS method has been developed to study the generation and transport of spume droplets in wind over breaking waves, with the wave breaking process resolved explicitly. In the simulation, the air and water are treated as a coupled system, with the interface captured using the CLSVOF method. The trajectories of droplets are tracked using the LPT method. Droplets of two different radii are considered. The effects of wave age and wave steepness are analyzed through four simulation cases.



Plunging breakers generate a large amount of droplets. At young and intermediate wave ages, droplets are generated at the wave crest, but at the old wave age, droplets are also generated behind the wave crest with respect to the wave-propagation direction. The large-scale spanwise vortex induced in the plunging event plays an important role in suspending the droplets. There are two violent plunging events in the young wave case, and consequently, two peaks occur in the time history of the number of droplets. In the intermediate and old wave age cases, there is only one peak in the time history of the total number of droplets, because the second plunging event is much milder. Large droplets are more difficult to suspend, such that the disappearance rate of large droplets is higher than that of small droplets. At the late stage of wave breaking, the airflow separation over the wave crest causes small droplets to accumulate along the shear layer. Over intermediate and old waves, compared with the young wave case, airflow separation is not present, and no spatial accumulation of droplets is observed at the late stage of wave breaking. Different from the plunging breakers, spilling breakers generate much less droplets. Because no large-scale spanwise vortex occurs in the spilling event, the process of droplet suspension is absent during spilling wave breaking. As a result, the number of droplets in air over spilling breakers is much smaller than that over plunging breakers.








Supplementary Materials


The following are available online at www.mdpi.com/2073-4433/8/12/248/s1, Video S1: Spume droplets’ motion in Case A55.
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Figure 1. Computational domain and coordinate system in the simulations. 
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Figure 2. Successive snapshots of the three-dimensional field of droplets at (a) t = 0.4T, (b) t = 0.5T, (c) t = 1.0T, and (d) t = 3.0T in Case A55. 
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Figure 3. Instantaneous distribution of droplets in Case A55 at (a) t = 0.54T, (b) t = 0.70T, (c) t = 0.90T, (d) t = 1.04T, (e) t = 1.20T, and (f) t = 3.00T. The upper panels of each figure show the streamwise profile of the droplet concentration    C λ /  N  r e f     . The middle panels show the projected positions of droplets in a spanwise plane. Green and blue dots denote droplets of    r = 100    µm and 400 µm, respectively. Only    10 %    of the droplets are shown in the figure for clearer visualization. The vectors represent the in-plane relative velocity with respect to the wave phase speed c. Contours of the instantaneous spanwise vorticity of the airflow in the plane    y = 0    are superimposed. The thick solid lines represent the instantaneous air–water interface in the same plane. The lower panels show the zoom-in view of the region denoted by the box in the middle panel, and only    50 %    of the droplets are demonstrated for clearer visualization. The wave propagates in the    + x   -direction. 
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Figure 4. Time histories of (a) the number of droplets    N /  N  r e f     , and (b) generation rate    G T /  N  r e f      and disappearance rate    − D T /  N  r e f      of droplets in Case A55. 
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Figure 5. See Figure 3 for the caption. Here, the results of Case A38 at (a) t = 1.60T and (b) t = 3.00T are shown instead. 
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Figure 6. Time histories of (a) the number of droplets    N /  N  r e f     , and (b) generation rate    G T /  N  r e f      and disappearance rate    − D T /  N  r e f      of droplets in Case A38. 
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Figure 7. See Figure 3 for the caption. Here, the results of Case B55 at (a) t = 0.54T, (b) t = 0.70T, (c) t = 1.20T, and (d) t = 3.00T are shown instead. 
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Figure 8. Time histories of (a) the number of droplets    N /  N  r e f     , and (b) generation rate    G T /  N  r e f      and disappearance rate    − D T /  N  r e f      of droplets in Case B55. 
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Figure 9. See Figure 3 for the caption. Here, the results of Case C55 at (a) t = 1.20T and (b) t = 3.00T are shown instead. 
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Figure 10. Time histories of (a) the number of droplets    N /  N  r e f     , and (b) generation rate    G T /  N  r e f      and disappearance rate    − D T /  N  r e f      of droplets in Case C55. 
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Figure 11. Instantaneous vertical profile of the concentration of sea spray droplets of (a)    r = 100    µm and (b)    r = 400    µm at the late stage of wave plunging (   t = 3.0 T   ). The integral volume fraction of sea spray droplets of all scales at     U 10  = 36  m / s    obtained from the laboratory experiment of Ortiz-Suslow et al. [36] is superposed in the figure for comparison. The lower horizontal axis gives the scale of    C  ( z )  λ /  N  r e f      of our simulation. The upper horizontal axis gives the scale of the integral spray volume fraction of Ortiz-Suslow et al. [36]. 
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Table 1. Computational parameters for the simulation cases considered in this study.
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Dimensional Parameters




	
Case

	
  λ  

	
   H s   

	
  c  

	
   u ∗   

	
   u 10   

	
  T  




	
   ( m )   

	
   ( m )   

	
   ( m / s )   

	
   ( m / s )   

	
   ( m / s )   

	
   ( s )   




	
A55

	
5

	
0.88

	
3.19

	
0.86

	
25.8

	
1.57




	
A38

	
0.60

	
2.99

	
0.81

	
24.1

	
1.68




	
B55

	
0.88

	
3.19

	
0.27

	
8.1

	
1.57




	
C55

	
0.88

	
3.19

	
0.12

	
3.4

	
1.57




	
Dimensional Parameters




	
Case

	
   ρ a   

	
   ρ w   

	
   μ  a , r    

	
   μ  w , r    

	
   μ  a , a    

	
   μ  w , a    




	
   ( kg /  m 3  )   

	
   ( kg /  m 3  )   

	
   ( kg / ms )   

	
   ( kg / ms )   

	
   ( kg / ms )   

	
   ( kg / ms )   




	
A55

	
1.205

	
998

	
   1.75 ×  10  − 5     

	
   1.14 ×  10  − 3     

	
   2.87 ×  10  − 2     

	
1.87




	
A38

	
   2.71 ×  10  − 2     

	
1.76




	
B55

	
   0.90 ×  10  − 2     

	
0.59




	
C55

	
   0.40 ×  10  − 2     

	
0.26




	
Dimensionless Parameters




	
Case

	
   c /  u ∗    

	
   ε 0   

	
   Re r   

	
   Re a   

	
    ρ a  /  ρ w    

	
    μ a  /  μ w    




	
A55

	
3.7

	
0.55

	
   2.96 ×  10 5    

	
180

	
   1.2 ×  10  − 3     

	
   1.54 ×  10  − 2     




	
A38

	
3.7

	
0.38

	
   2.78 ×  10 5    




	
B55

	
12.0

	
0.55

	
   0.93 ×  10 5    




	
C55

	
27.7

	
0.55

	
   0.41 ×  10 5    
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