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Spray droplets, ejected from the ocean surface, are known to transport in the marine atmospheric boundary-layer, in which they exchange momentum and heat
with the atmosphere. This paper gives a numerical approach to description of sea
spray drops. Large eddy simulation is used to perform the air-flow over the sea
surface while simultaneously tracking the trajectories of Lagrangian pointparticle elements designed to represent spray particles in air, the particle momentum relaxation time, the suspension time, the velocity of particles in different
radii and different wind speeds are discussed. This simplified model shows that
the contribution of droplet particles to the air-sea momentum transport cannot be
ignored. The spray droplets suspended over the sea surface are once formed, they
will accelerate to the local wind speed in less than 1 second, and thereby the
drops can extract momentum from the wind, reduce sea surface wind speed and
eventually plunge back into the ocean. The averaged particle concentration is
balanced by an equivalent production of new particles.
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Introduction

Sea spray, or ocean spray, consists of small water droplets, formed through a number of different processes at the air-ocean interface, the region where atmosphere and ocean
meet, and is chiefly composed of three types of droplets: film, jet, and spume. Named after
their production mechanisms, film and jet droplets are both formed from whitecap bubbles
through indirect processes [1], via the bursting of bubble surfaces and from the collapse of
bubble cavities, respectively. Film droplets tend to have radii between 1 and 2.5 μm, while
distributions of jet droplets generally peak around 10 μm [2]. The spume generation mechanism yields little spray for low wind speeds, but is significant when the 10-m wind speed exceeds 7-11 m/s [3]. Spume droplets are generally larger than jet and film droplets, with spume
of radii r0 ~ 20 μm being the most common; however, 20 μm droplets are the smallest spume
droplets produced, and significant amounts of spume exist with radii up to (or beyond)
500 μm, especially at higher wind speeds [4, 5].
––––––––––––––
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Once created, spray droplets are carried up and down by turbulence. Under the comprehensive action of wind, gravity, inertia, and turbulent mix, the activity area of droplets can
be at some heights above the sea surface, so droplets may have a significant effect on the latent and sensible heat transfer between the atmosphere and the ocean. Its effects on heat transfer are also widely studied in many other areas, such as fuel combustion [6-8] and cooling
system [9, 10]. When sea spray droplets are thrown into air, they accelerate almost immediately to the local wind speed. This process extracts momentum from the near-surface wind
and therefore slows it down. When these droplets then crash back into the sea, they transfer
this momentum to the sea surface as a surface stress [11]. Thus, at least conceptually, sea
spray has the potential to change the near-surface distribution of the momentum and stress on
the interface of air and seawater. Andreas [11] concluded that spray supports about 10 % of
the surface stress for a wind of 30 m/s, and supports all of the surface stress for wind of about
60 m/s. The flux of momentum must be related to the number of droplets with different radii,
or the volume flux of droplets.
However, the sea spray generation function (SSGF) dF/dr0, which plays an important role in estimating how much spray transfers momentum to the sea surface, given by
different authors may have a tremendous difference. Andreas [12] reviewed 13 versions of the
SSGF for r0 values between 1 and 500 μm, and found that at any given wind speed and r0 these functions range over six orders of magnitude. Recently, more and more studies represent
that the influence of wind-wave interaction on the sea surface wind stress plays an important
role in the study of air-sea interaction [13]. After introducing of parameter, RB, that specified
the coupling effect of wind forcing and wind waves, Zhao et al. [14] suggested that windsea
Reynolds number, RB, not the wind speed U10 traditionally applied, should be used to describe
sea spray production and proposed a new SSGF as a function of RB for spume droplets based
on available observational data from field and laboratories.
For the simulated study of granular flow, there are two approaches, the Euler-Euler
method and Euler-Lagrange method [15]. In this paper, we attempt to develop an EulerLagrange model to simulate the spray droplet over the ocean surface.
Droplet motion and numerical details

The fluid phase is governed by the incompressible Navier-Stokes equations, including a particle feedback force in the momentum equations. These include mass conservation:

∇u =
0

(1)

and momentum conservation:

ρ

∂u
+ ρ (u∇)u = −∇p + µ∇ 2u + ρ g − Sp
∂t

(2)

where the additional source term, Sp, is a source term representing the modeled transfer of
momentum between the carrier and dispersed phases. Depending on the particle concentration, we can make assumptions and neglect the source term, Sp, in the momentum equation. If
we consider the case of a dilute suspension with a volume fraction of particles Φp lower than
10–6, the particles’ effects on the flow and turbulence are negligible. This is usually denoted
one-way coupling, i. e. the flow affects the particles but the particles don’t affect the flow. In
that case, the additional source term, Sp, is neglected.
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As a consequence of very low volume fraction of particles, inter-particle collisions
are also neglected. For a higher volume fraction, Φp Î[10–6, 10–3], the particles enhance production or dissipation. This is two-way coupling and in that case the source term is included
in eq. (2). For a dense suspension, the particle-particle interactions must also be taken into account with a model for collision, fig. 1.

Figure 1. Classification of phase-coupling mechanisms

Momentum exchange between spray and the turbulent airflow in MABL is described within the Lagrangian stochastic model of turbulent transport developed by Edson and
Fairall [16]. We consider a separate droplet and calculate the momentum delivered (or gained)
by the droplet to the airflow during its life cycle from being injected to the air to dropping on
the surface [17-19]. The droplet is considered as a small sphere of radius, r, under the forcing
of the viscous resistance and gravity, the interaction between the droplets is neglected:

4
 4 3  dv
FD + πr 3 ρ p g
 3 πr ρ p  d=
3

 t

(3)

where v is a droplet velocity, ρp – the droplet density, g – the acceleration due to gravity, and
FD – the viscous drag:
1
(4)
ρf CDp πr 2 (u − v) | u − v |
=
FD
2
In Stokes flow with small particle Reynolds number, Rep = 2r|u – v|/n, where n is the
kinematic viscosity of the air, FD = 6πrμ(u – v), and the drag coefficient is thus given by
CDp = 24/Rep. For larger Reynolds number, we use the following relationship [17, 18]:
0.0175Rep
24 
CDp = 1 + 0.15Re0.687
+
p
Rep 
1 + 4.25 ⋅ 104 Rep−1.16







(4)

Model descriptions

The simulations use a 1 km × 1 km × 500 m domain with 802 points in (x, y) and 40
points in z. The grids are distributed uniformly in the horizontal and with 10 expansion ratios
in the vertical directions. Driving winds of 10-m wind speed U10 = 60 m/s are imposed upon
the domain. The equations of governing the carrier fluid phase, eqs. (1) and (2), are solved
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numerically using a large eddy simulation code. The particle represented in the simulations
are assumed to be smaller than the Kolmogorov turbulence length scale, and the particle volume fraction is assumed small so that the interactions between droplets, such as collisions or
coalescence, can be ignored.
Spume droplets, due to their large relative size, have the potential to transfer considerably more mass, momentum, and heat than jet or film droplets. Droplets with radius of
200 μm are introduced in our case with the sea spray generation function approximated using
a bin width of 200 μm. The integrated spray generation equals to the spray generation at
200 μm multiplied by a factor of roughly 3:
 dF
dF
d
r
3
=
∫ dr0 0  dr0
1µ m


500 µ m


× 200 μm 

200 μm


(6)

To calculate the sea spray generation at 200 μm, we chose the results of Wan et al.
[20], who used the windsea Reynolds number to determine the production ratio of spume
droplets in the radius range from 10 μm to 200 μm:
−0.5
 1.43 ⋅ 10−3 R1.5
B r0

−3 1.5 −1
dF  7.84 ⋅ 10 RB r0
=
−3
dr0 4.41 ⋅ 101 R1.5
B r0

13 1.5 −8
1.41 ⋅ 10 RB r0

10 ≤ r0 ≤ 30 μm
30 ≤ r0 ≤ 75 μm
75 ≤ r0 ≤ 200 μm

(7)

200 ≤ r0 ≤ 500 μm

Therefore, the cases presented here allow preliminary examination of the effects of
large spume droplets (200 μm) on surface wind speeds.
Results and discussions

Figure 2 presents the differences of 10m-mean wind speed caused by spray droplets.
When the particles are introduced at 200 seconds, they begin obtaining the momentum from
the wind and slow it down. Clearly, the simulated spray particles reduce the 10m-mean surface wind by an average of about 5%.
Figure 3 shows the current number of parcels and each parcel contains many particles. It is obvious that, at a given wind speed, the loss of spray particles-predominantly to the
sea surface by turbulent deposition and gravitational sedimentation-will be balanced by an
equivalent production of new particles.
Figure 4 displays the particle age in the domain. As the radius of particles become
larger, the effect of gravity and fluid viscous drag will be greater when they enter the fluid.
Meanwhile, the particle drag force rises with the increase of wind speed. Therefore, the suspension period of particles with same radius will last longer at higher wind speed, but the difference decreases as the particle radius increases.
The particle enters the computational domain at a certain initial velocity, and then influenced by the velocity of the surrounding fluid, which cause it to accelerate to the local wind
speed rapidly. Figure 5 shows that the phase when the particle accelerates to the local wind
speed is very short. The smaller particle radius is, the shorter momentum relaxation time will
be, and as the wind speed becomes larger, the particle momentum relaxation time gets shorter.
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Figure 4. Particle momentum relaxation time in
different radii and different wind speeds
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Figure 3. Current number of parcels

Figure 5. Particle suspension time in different
radii and different wind speeds

Figure 6 shows that the velocity of the
particle is related to its height. Meanwhile,
the comparison of the three different speeds
also demonstrates that the fluid is affected by
not only turbulent dissipation but also particle drag, which means in the particle suspension layer. There is a great difference between the initial wind speed and the actual
wind speed.
Conclusion

In this study, an Euler-Lagrange model
is used to perform the interactions between Figure 6. Spray velocity and the profiles of wind
the particle and the fluid to represent the mo- speed in height direction
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tion of spray in the air in which particle-particle interactions are neglected. Once created,
spray droplets accelerated almost immediately to the local wind speed. This process extracts
momentum from the wind and therefore slows the wind near the surface. However, these
droplets are massive and eventually fall back into the sea, balancing the production of new
particles. Besides, the particle age and momentum relaxation time are related to its radius and
wind speed. As the wind speed increases, they tend to arrive to the wind speed more quickly
and stay longer in the flow. The velocity of the particle is related to its position over the surface and its distribution is just the same as the wind speed.
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Nomenclature
CDp
FD
dF/dr0
g
r0/r
RB
Rep
t
u
U10

– drag coefficient (= 24/Rep), [–]
– viscous drag [= 6πrμ(u – v)], [N]
– sea spray generation function, [m–2s–1μm–1]
– gravity acceleration, [ms–2]
– spray radius, [μm]
– windsea Reynolds number, [–]
– particle Reynolds number (= 2r|u – v|/n), [–]
– time, [s]
– flow velocity, [ms–1]
– 10-m wind speed, [ms–1]

v

– droplet velocity, [ms–1]

Greek symbols

Φp
ρ
ρf
ρp
μ
n

– volume fraction of particles,[–]
– flow density, [kgm–3]
– fluid density, [kgm–3]
– spray droplet density, [kgm–3]
– viscosity, [m2s–1]
– kinematic viscosity, [m2s1]

References
[1] Anguelova, M., Spume Drops Produced by the Wind Tearing of Wave Crests, J. Phys. Oceanogr., 29
(1999), 6, pp. 1156-1165
[2] Wu, J., Bubble Flux and Marine Aerosol Spectra under Various Wind Velocities, J. Geophys. Res.
Oceans, 97 (1992), C2, pp. 2327-2333
[3] Andreas, E. L., The Temperature of Evaporating Sea Spray Droplets, J. Atmos. Sci., 52 (1995), 52, pp.
852-862
[4] Kelly, M., Large-Eddy Simulation Studies of Sea Spray in the Hurricane Atmospheric Boundary Layer,
Ph. D. thesis, The Pennsylvania State University, State College, Pennsylvania, United States, 2007
[5] Zhu, J. B., et al., Modeling of Sea Spray Droplets in the Ocean, Thermal Science, 18 (2014), 5, pp. 15771582
[6] Pavlovic, R. R., A Phenomenological Model of Two-Phase (Air/Fuel) Droplet Developing and Breakup,
Thermal Science, 17 (2013), 1, pp. 299-303
[7] Behnaz, A., Hasan, K., A Comparative Study of Variant Turbulence Modeling in the Physical Behaviors
of Diesel Spray Combustion, Thermal Science, 15 (2011), 4, pp. 1081-1093
[8] Luo, C., et al., Heat-Transfer Characteristics of Ammonia Water Falling Film Generation outside a Vertical Tube, Thermal Science, 21 (2017), 3, pp. 1251-1259
[9] Vahid, E., Mofid, G, B., Two-Dimensional Modeling of Water Spray Cooling in Superheated Steam,
Thermal Science, 12 (2013), 1, pp. 299-303
[10] Hossein, A., et al., Simultaneous Effects of Water Spray and Crosswind on Performance of Natural Draft
Dry Cooling Tower, Thermal Science, 17 (2013), 2, pp. 443-455
[11] Andreas, E. L., Spray Stress Revisited, J. Phys. Oceanogr., 34 (2004), 6, pp. 1429-1440
[12] Andreas, E. L., A Review of the Sea Spray Generation Function for the Open Ocean, in: AtmosphereOcean Interactions, Vol. 1, (Ed. W. A. Perrie), WIT Press, Southampton. U. K., pp. 1-46
[13] Shi, J., et al., Dependence of Sea Surface Drag Coefficient on Wind-Wave Parameters, Acta Oceanol.
Sin., 30 (2011), 2, pp. 14-24

Xu, D., et al.: Simulation of Spray Droplets over the Ocean Surface
THERMAL SCIENCE: Year 2019, Vol. 23, No. 4, pp. 2171-2177

2177

[14] Zhao, D., et al., New Sea Spray Generation Function for Spume Droplets, J. Geophys. Res. Oceans, 111
(2006), C2, C02007
[15] Wu, Z. Q., et al., Investigation on Drag Coefficient of Super Critical Water Cross-Flow past Cylinder
Biomass Particle at Low Reynolds Numbers, Thermal Science, 22 (2018), Suppl. 2, pp. 383-389
[16] Edson, J. B., Fairall, C. W., Spray Droplet Modeling: 1. Lagrangian Model Simulation of the Turbulent
Transport of Evaporating Droplets, J. Geophys. Res. Oceans, 99 (1994), C12, pp. 25295-25311
[17] Veron, F., Ocean Spray, Annual Review of Fluid Mechanics, 47 (2015), 1, pp. 507-538
[18] Mueller, J. A., Veron, F., Impact of Sea Spray on Air-Sea Fluxes. Part I: Results from Stochastic Simulations of Sea Spray Drops over the Ocean, J. Phys. Oceanogr., 44 (2014), 11, pp. 2817-2834
[19] Troitskaya, Y., et al., On the Effect of Sea Spray on the Aerodynamic Surface Drag under Severe Winds,
Ocean Dynam., 66 (2016), 5, pp. 659-669
[20] Wan, Z. H., et al., An Integrated Turbulent Simulation and Parameter Modeling Study on Sea-Spray
Dynamics and Fluxes, Ocean Eng., 130 (2017), Jan., pp. 64-71

Paper submitted: December 16, 2017
Paper revised: January 17, 2018
Paper accepted: February 20, 2018

© 2019 Society of Thermal Engineers of Serbia.
Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia.
This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.

