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ABSTRACT
In this study we focus on a generic method to model the generation
of droplets from a non-resolved simulation of free surface flow. The
application is entrainment of droplets from the large-scale interface
of waves interacting with a wind field. At first, the droplets genera-
tion rate will be calculated based on the local shear stress and other
interface properties. Then, a special method is applied to detach
liquid droplets from the continuous phase such that the total mass
and momentum are conserved. Droplets trajectories will be com-
puted using Lagrangian tracking method. Droplets that collide with
the large-scale interface will again become continuous water and are
removed from the computation. The interaction between droplets
and surrounding gas will be accounted by adding a source term in
momentum equations. In order to achieve a stable result, the source
term will be handled implicitly. The model suggestions are explored
and verified through simulations. The prospects of this modelling
approach is discussed.

Keywords: Droplets, interface tracking, Shield number .

NOMENCLATURE

Greek Symbols
ρ Mass density, [kg/m3]
ν Kinematic viscosity, [m

2
/s]

κ Surface curvature, [1/m2]
λ Wave length, [m]
σ Surface tension constant, [J/m2]
τ Shear stress, [Pa]
φ Level set function, [m]
α Volume fraction,

Latin Symbols
p Pressure, [Pa].
u Velocity vector, [m/s].
g Gravity vector, [m

2
/s].

D Particle diameter, [m].
c Wave speed, [m/s].
k Wave number.

Sub/superscripts
f fluid.
g gas.
w gas.
p particle.
D Drag.

INTRODUCTION

Liquid entrainment is a phenomenon by which parts of the
liquid are injected into the gas field in the form of droplets.
A good example of this phenomenon is shown when waves
clash against marine vessels and off-shore structures. Due
to the waves breaking, droplets will be generated and most
likely end up on the dock of the vessel. Combine this with
cold climates and these droplets will freeze onto the structure,
which will cause mass accumulation on the vessel. Mass ac-
cumulation may cause big damages and even sink the vessel
or structure in a small time period. This happens only in the
most extreme cases, but still, a good physical understanding of
droplet entrainment can help predict themovement of droplets
and optimize designs of these vessels and offshore structures.
Several experimental studies (Koga; Mestayer and Lefaucon-
nier) have been performed to studywind-wave interaction and
address the source of droplets generation. Numerical meth-
ods (Richter and Sullivan, a,b) are applied to study droplet
particles transport in the turbulent Couette flow. Druzhinin
et al. (Druzhinin et al., 2017) examined the effect of droplets
movement to turbulent airflow over the surface wave. The
droplets are introduced to the simulation by injecting mech-
anism based on experimental knowledge. All computations
are performed using the Direct Numerical Simulation (DNS)
method. Tang et al. (Tang et al.) to studied the droplets gener-
ation due to thewind-wave interaction. In theirwork, theDNS
method is performed to resolve various droplet scales. The
droplet production will be handled by the interface tracking
method. Therefore, there is no need for the droplet breakup
model. However, DNS requires a lot of computational re-
sources due to small grid sizes. As a result, it is not suitable
for fast and large-scale simulation. In this study, we will de-
velop a numerical model to generate a droplet spray from a
surface wave in a coarse grid. Therefore, there is no need to
use the DNS method.
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MODEL DESCRIPTION

Governing equation and numerical implementation

The mass and momentum equation for incompressible flow
accounting the interactionwith paritcles arewritten as follows

∇u = 0,

∂u

∂t
+∇(uu) = −∇p

ρ
I + ν∇2u + g + Sm,p.

(1)

Where,Sm,p is the source termwhich represents the exchange
between discrete particles and continuous phase. In our study,
we assume that the particle density is much larger than fluid
density. Therefore, the source term can be computed as fol-
lows,

Sm,p =
1

Vf

np∑
i=1

−mp,i

tp,i
|uf − up,i|[uf − up,i], (2)

where, np is the number of particles and

tp =
4

3

ρpdp
ρfCD

, (3)

To conserve mass and the momentum equations, the cut-cell
method based on the finite volume method (Dang et al.) is
used. To prevent problems with pressure-velocity coupling,
a staggered grid is introduced in this model. The source
term is treated implicitly to ensure the stability for the nu-
merical solution. To make the sharp interface between the
two phases, a combination of the Level Set(LS) function and
the Volume of Fluid(VOF) method was used to represent the
free surface(Dang et al.; Wang et al., 2009). The advantage
of combining these two methods is that it uses the advan-
tages of both methods. The advantage of VOF type models
is that mass conversation can be simulated accurately. The
disadvantage of using a VOF type model is that the surface
normal vector is estimated less precisely based on the spatial
derivatives, however, the level-set method can calculate these
normal vectors more accurately. Thus by combining these
two methods, both the mass conservation as well as the cur-
vature of the free surface can be simulated accurately. The
transport equations for the level set function φ and volume of
fluid α are given as,

∂α

∂t
+ u · ∇α = Sα,

∂φ

∂t
+ u · ∇φ = Sφ,

(4)

where, Sα and Sφ are source terms which represent the gen-
eration of droplets. The source term for volume fraction can
be evaluated as.

Sα = − αp
∆td

, (5)

where, αp is a particle volume fraction which indicates the
amount of Eulerian liquid that is converted to Lagrangian
particles inside a given control volume, and where ∆td is
then time scale for droplet generation. In this work, we
assume that the droplets are generated in an one time step.
Firstly, we will solve the Eq. 4 without the source term. After
extracting liquid volume fraction to form droplets the level
set and liquid volume fraction in the continuous field will be
updated accordingly. Equation 4 will be solved numerically
without source term based on the interface reconstruction
method. The details are given in the work of Griebel and

Klitz(Griebel and Klitz). After droplets are produced they
are considered as Lagrangian particles. The movement of
Lagrangian particles is described as follows (Dehghani et al.),

dxp
dt

= up, (6)

mp
dup
dt

=ρpVpg − CD
πd2p
8
ρf |up − uf |(up − uf )+

ρfVp
2

d(uf − up)

dt
+ ρfVp

(duf
dt
− g
)
.

(7)

where, xp(x, y) is the location of particle, up is the particle
velocity vector. ρp is particle density, ρf is fluid density. dp
is the particle diameter. Vp is the particle volume. uf is fluid
velocity. CD is drag coefficient

Model for droplets generation

Primary droplets

The Shields number is normally used to estimate the onset of
movement in sedimentation in slurry-like streams. This num-
ber is based on the shear stress between particles and made
dimensionless with the gravitational force by the following
equation

Sh =
τ

(ρp − ρ) gD
, (8)

where, τ denotes the shear force, ρp is the particle density, ρ is
the fluid density at the location where the particle is located,
g is the gravitational constant, and D is particle diameter. The
Shield number is modified for droplet entrainment in the gas
field as,

Sh =
τ

2π
√

(ρw − ρg) gσ
, (9)

where, ρw is the water density, ρa is the gas density, and σ is
the surface tension. The curved Shields number is computed
based on shield number by

Shcurved = κ · Sh. (10)

where, κ is surface curvature which can be computed as

κ = ∇ ·
(
∇φ
|∇φ|

)
. (11)

When the curved Shield number is larger than the critical
Shield number (Shc = 1.7.10−3) droplets will be generated
from a wave. The number of droplets will be determined by

ndroplets = f(x).ndroplets,max, (12)

where, ndroplets,max is the maximum number of droplets
generated at one time step and f(x) is the scaling factor
which is evaluated by

f(x) =
e(

Shcurve−Shc
Shc

)
n

− 1

e(
Shcurve−Shc

Shc
)
n

+ 1
(13)

The droplet diameter can be determined based on the breakup
mechanism presented in the work of Marmottant and Viller-
maunx (MARMOTTANT and VILLERMAUX, 2004).
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RESULT AND DISCUSSION

Wave equation

The initial wave geometry is given by the analytical solution
of the third-order Stokes wave as

η(x) = a0 cos [k(x− ct)] +
1

2
a0ε0 cos [2k(x− ct)] +

3

8
a0ε

2
0 cos [3k(x− ct)] ,

(14)

where, η is the wave surface height, a0 is the wave amplitude,
k = 2π/λ is the wave number, ε0 = ka0 is the initial wave
steepness, and c = ω/k is the wave phase speed. In our study,
ω is evaluated by,

ω =
√
gk(1 + ε2). (15)

The values of parameters are given in table 1. The water
velocities corresponding to the wave are defined by

u = a0ω
cosh(ky)

sinh(kywater)
cos [k(x− ct)] for y ≤ ywater

v = a0ω
sinh(ky)

sinh(kywater)
sin [k(x− ct)] for y ≤ ywater,

(16)

where, y is the water height regarding to the bottom of the
computational domain.

Table 1: Computational parameters for the wave equation

λ c T ε0

5 3.19 1.57 0.55

Wind equation

In strong wind conditions, the wind can be described by the
logarithmic law (Holmes) as

ua =
u∗
κ

[
ln

(
y − d
y0

)]
for y > ywater (17)

where, u∗ = 0.27m/s is the friction velocity, κ ∼ 0.41 is the
Von Karman constant, d = 0 is the zero plane displacement,
and y0 = 0.0002 is the surface roughness (Holmes). The
wave interface is depicted in figure 1. The blue and the red
interfaces are the air and water phases respectively. Due
to blowing wind, the wave tip becomes unstable over time.
As result, the interface breaks at the t=0.6015 in figure 2e
and t=0.722 in figure 2f. Since this study is only interested in
droplet generation at the surface, only grid points at the liquid
interface will be given a value for the Shields number. This
way, the structure of the wave was visible as well as the values
of the Shields number. To prove that the theory of using the
Shields number to create droplets would work, the highest
values of the Shields number should be at the top of the wave.
This is due to the fact that spume droplets are being generated
at the wave crest in real scenarios if the velocity difference
between the two phases is big enough. Figure 2 shows the
highest values of curved Shield number are being created at
the wave crest which fits with our assumption. Since the
highest values were found at the wave crest, it was fairly easy
to determine the critical Shields number (Shc = 0.0017).The

value where the Shields number was higher at the wave crest
and lower everywhere else in the domain would be equal to
the critical Shields number. As depicted in figure 3, the grid
points that exceed the critical Shields number (depicted in
white) are indeed at the location of the wave crest. In figure
4, particles are generated at the wave interface. From figures
3 and 4, it can be seen that at the grid points where the
local Shields number surpasses the critical Shields number,
particles are being generated.

CONCLUSIONS

Numerical simulations were carried out by using an in-house
CLS-VOF model (Simcoflow) to describe droplet entrain-
ment in breaking-wave scenarios. The wave in this study
follows the analytical of the third-order Stokes wave. The
shear force will play a significant role when the velocity dif-
ference between the air- andwater stream is sufficient enough.
This causes the wave to deform and liquid sheets will be de-
veloped. These liquid sheets will split up in smaller liquid
fragments that are called ligaments. If the shear force is
big enough, small globes of liquid will be sheared off the
ligament top and droplets are being generated. The crite-
rion for primary droplet entrainment was based on the curved
Shields number. Currently, the critical Shields number is
a constant value, however, with new insights, this could or
maybe should be altered. A good starting point could be
to develop a function that is affected by different variables,
such as the turbulent properties (fluctuating velocities at local
disturbances), wave properties (wavelength, wave height, or
amplitude), the velocity at the wave tip, or what is used now in
the model, implementing a curvature in the Shields number.
When particles are being generated, the liquid fractions that
are sheared off will turn into Lagrangian particles, where it
will use the two-way coupling model until the particles are
out of the computational domain or back in the liquid stream.
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(a) t=0 (b) t=0.155

(c) t=0.3109 (d) t=0.4667

(e) t=0.6015 (f) t=0.722

Figure 1: Wave interface at different time steps

(a) t=0 (b) t=0.155

(c) t=0.3109 (d) t=0.4667

(e) t=0.6015 (f) t=0.722

Figure 2: The values of the curved Shields number
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(a) t=0.4667 (b) t=0.6015

(c) t=0.722 (d) t=0.835

Figure 3: The values that are above the critical Shields number

(a) t=0 (b) t=0.155

(c) t=0.3109 (d) t=0.4667

(e) t=0.6015 (f) t=0.722

Figure 4: Particle generation at different time steps
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