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ABSTRACT

Overtopping plumes from wave impact is relevant to coastal defence for overtopping
analysis of sea walls, levees, and gates. Improved insight into this phenomenon will further
enhance the prediction of wave overtopping and its induced hazard, e.g., erosion, saltwater
ingress, and a hindrance to traffic. A series of small-scale experiments have been carried
out in the WaterLab at TU Delft to characterize the droplets formed by wave impacts.
Focused waves were generated by the piston-type wavemaker to control the wave breaking
point on the wall, which allowed the creation of different types of wave impact. Impacts
were investigated respectively: non-breaking, flip-through, and air pocket. After the wave
impact, all the stages of the plume formation were filmed using a high-speed camera at a
frame rate of 500fps. In this study, the spray sheet breakup and droplet formation are
investigated. A simple approach to estimate the maximum spray height is proposed, which
can be used for the splash type overtopping in the future.

Introduction

There are two types of wave overtopping for steep or vertical seawalls; one is called
pulsating overtopping, and the other is impulsive overtopping. The differences between
the two types can be observed from the physical form. Pulsating overtopping is generally
generated when waves break onto or over the vertical wall where the overtopping volume
is relatively continuous (Allsop et al., 2003). Impulsive overtopping generally occurs
when waves break at the seaward of the face of the steep walls. It may also be generated
from the violent impact directly between waves when the reflected waves from vertical
walls crash into the incoming waves. In engineering applications, the impulsiveness
parameter h* is often used to distinguish between pulsating and impulsive overtopping
(EurOtop manual, 2018).
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The impulsive overtopping produces sea spray with fine droplets in the form of an
overtopping plume or a spray cloud (see Figure 1a). Although there were limited direct
in-site measurements of impulsive overtopping, it is roughly estimated that violent waves
impacting on vertical walls result in sea sprays rising several meters into the air in large-
scale tests (Hofland et al., 2011) (see Figure 1b), and in several tens of meters in reality
(Allsop et al., 2003).

(a) )

Figure 1 (a) Overtopping plume at the sea wall (Pullen et al. 2009) (b) Spray
induced by wave impact on a wall during a large-scale physical model test
(Hofland et al. 2011).

Tests by de Waal et al. (1996) suggest that onshore winds will have relatively little effect
on green water overtopping, but that wind may increase overtopping of vertical walls by
up to a factor of three for mean discharges under 11/s per m where much of the overtopping
may take the form of a spray. Pullen et al. (2009) report experiments to measure the
influence of wind on overtopping distributions for vertical walls. As for the impulsive
overtopping, the effects of wind on the sea spray are seldom modelled, primarily due to
inherent difficulties in scaling wind effects in laboratory tests and because the importance
of wind effects has not yet been established.

Generally, the interaction between a wave and a vertical wall includes wave impact, air
entrainment and bubble generation during the wave-wall interaction process, wave
breakup, spray sheet formation, and droplet trajectory (Hendrickson et al.,2003). The
stages of this complicated phenomenon are shown schematically in Figure 2. In addition,
the hydrodynamic process of spray clouds formed from waves impacting on structures
determines the trajectory of the volumes of overtopping the structure under the influence
of wind. Over the past few decades, wave interactions with vertical and sloping walls have
been extensively studied to mimic the wave impact and overtopping phenomena.



However, sea spray generated from wave impact and overtopping on steep walls is paid
less attention.
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Figure 2 Formation of sea spray from wave impacting on the wall consists of four
stages basically, A-1: Wave impacts on a vertical wall, A-2: Air entrainment and
bubble generation during the impact process, B: Jet or sheet is built up due to wave
runup

Therefore, understanding the relationship between violent wave impacts and their
resulting sea spray and the characteristics of sea spray has become interesting and essential
for the safety of sea walls, levees and gates etc.

This study aims to understand the droplet generation mechanisms of different wave
impacts and droplet characterization to develop a simple model to predict the sea spray
height that may link to impulsive overtopping. It is noticed that the experiments were
conducted in the lab environment without the effect of wind.

Experiment set-up

Facility

The experiments are carried out in a wave flume of the Hydraulic Engineering Laboratory
at the Delft University of Technology. The wave flume is 39 m long, 0.79 m wide, and 1
m deep. The wave flume is equipped with a piston-type 2" order wave maker with an
active reflection compensation system.

A 20 mm thick transparent acrylic wall is installed at x=0 in the wave flume with a height
of 1.2 m. The acrylic wall is attached to a stiff aluminium frame, fixed to a stable concrete
block placed in the flume with dimensions of 0.78 x 0.80 x 1.00 m® and a weight of



approximately 1500 kg. The water depth is maintained at hg=0.5 m for this study. The
setup is shown in Figure 3.

Wave generation and wave impacts

In order to generate different types of wave impacts, a focused wave signal is applied to
produce a large wave that propagates over a flatbed and breaks at a designated location.
This approach uses several sine waves extending over the entire wave flume with their
own group speed and phase speed. These sines will be summed at the focal point to obtain
the large wave. The focal point defines the wave shape on impact. It is expressed as xf,
which is the distance from the focal point of the focused wave group to the wall, as shown
in Figure 3(a). By shifting xf, the generated focused wave results in broken wave impact,
air pocket (AP) wave impact, flip through (FT) impact and vertical jet (\VJ) or slosh impact,
respectively. Details about this wave generation approach can be referred to Hofland et al.
(2011).

In Hofland et al. (2011), the range of xf for a different type of wave impact is suggested.
For a broken wave impact, where the wave has been broken, an aerated water mass hits
the wall. This impact occurs for waves that break far in front of the wall with xf>h. For
AP impact, the wave crest and the wall enclose an air bubble at the moment of the impact.
This kind of impact occurs when xf falls in a range of roughly 0.7h. For FT impact, the
wave trough and wave crest meet at the moment of impact on the wall when all air has
escaped from the air pocket (Peregrine, 2003). Xp of FT impact stays in a narrow range
of focal points of less than 0.05h. For slosh impact or VJ impact, the runup of the wave is
higher than the wave crest so that the wave crest hits the runup water jet instead of the
wall. Xf of this impact is negative, which means the wave would break far behind the wall.
In this study, the focal point of xf =[0.24, 0.01, -0.04] are selected to obtain the desired
wave impact: VJ (slosh impact), FT and AP impacts (Hattori et al., 1994). Figure 3(b)
shows an example of the measured wave signal at WG1 concerning 7.4 m to the wave
paddle.

Droplet and ligament measurement

Spray induced by wave impact consists of droplets and ligaments. The term ligament used
here is to describe the liquid in a shape of a piece of string or a narrow or wide band. The
setup of the measurement system is shown in Figure 4.

A high-speed (HS) camera with 500 fps is placed at x=6.1 m at four elevations (see Figure
4c) to measure the droplets within each FOV. Each FOV is 0.33x0.59 m2. A high-power
pulsed LED system (referred to as the LED line light) is applied to quantify the
instantaneous flow field of a wave impacting a structure. The LED line light consists of
an array of LEDs 60 cm in length. It provides proper light sheet conditions to illuminate
measurement regions in either 0.3 x 0.3 m? or 1 x 1 m?, at a sufficiently constant light
sheet thickness of 5 mm (Bakker et al., 2021). In this study, the LED line light is used to
directly illuminate the spray during wave impact measurements, including the wave runup
jet and droplets.



The droplet and ligaments recorded in each frame will first be identified using image
analysis techniques. Then the detected individual droplet and ligament in each frame will
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Figure 3 (a) Schematic side view of wave generation (b) The wave elevation signal
at wave gauge 1 for air-pock impact (7.4 m with respect to wave paddle) with
initial water depth he=0.5 m.

be tracked from continuous frames. The tracking step is illustrated in Figure 5(1)-(2), and
Figure 5(3) shows an example of the tracked droplets. After the steps of detection and
tracking, the results of the tracked individual droplet and ligament are stored, including
equivalent diameter, circularity, initial horizontal and vertical velocity of each tracked
droplet and ligament and the number of continuous frames of the droplet/ligament.

Test program

The focused wave height of the three impacts is 0.2 m, and the wave period is 1.86 s for
FT and AP and 1.82 s for VJ. For each impact in each FOV, 3 or 4 tests were repeated.
Therefore, 12-16 tests were conducted for each impact for different wave impacts. The
test program is shown in Table 1

Table 1 Test program

Wave impact type Xf[m] Repetitions
Vertical jet (VJ) -0.04 12
Flip through (FT) 0.01 16
Air pocket (AP) 0.24 12
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Figure 4 Schematic of the experimental facility. (a) Side view of the wave flume

and the set-up. (b) Top view of the wave flume and the set-up. (c) Locations of
the high-speed camera's four Field Of View (FOV).
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Figure 5 Method of image analysis and droplet tracking. During the tracking
process, the identified droplet/ligament is tracked using a predictive three-frame
best-estimate algorithm based on Lagrangian particle tracking.
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Results

General observations

After the impacts, the deflected runup wave resembles a water sheet. Based on the
observations, the uprising water sheet's front presents different patterns depending on the
type of impact (as shown in Figure 6). The section presents the wavefront pattern and
droplet generation mechanisms of each wave impact.

Vertical jet wave impact

The vertical jet type gives a large spray volume but fewer drops than other types of wave
impact. After the impact, the wave jet moves upward along the wall surface with the wave
runup motion. The vertical jet formed into a stable flat sheet. The vertical velocity of the
jet is reduced until it arrives at the stationary point due to gravity. Afterwards, the vertical
jet falls. During the rising process, the tip of the jet becomes unstable with the reduced
vertical upward velocity, which leads to the formation of ligaments and drops (see Figure
7). When the tip develops spanwise undulations, "cell" pattern structures are formed.
When the "cell" pattern of the VJ front is stretching, the liquid film becomes thinner until
a hole is formed in the centre (see Figure 8). Afterwards, the rim tears from the "cell”,
resulting in the ligaments paralleled to the VJ front. The ligament breakups and forms drop
with diameters similar to the ligaments (in order of 10 mm). At the same time, the
streamwise rim of the cell breaks up into drops, whose diameter (3 mm) is much smaller
than the diameter of the drops from the spanwise ligaments.

The drops are mainly generated by two mechanisms: one is from the stretching of the cell
structure located at \VVJ front, and the other is the breakup of the ligaments that teared from
the thicker rim of the VJ front. Based on the observations, the drop generation process is
similar to the rim disintegration model of the idealized liquid sheet breakup identified by
Strapper and Samuelsen (1990). Firstly, surface tension forces decrease the free edge of
the liquid sheet into a thick rim which eventually breaks up into ligaments disintegrated
from the free jet; Following the ligaments breakup, the generated droplets continue to fly
upwards, remaining attached to the receding surface by thin threads that also rapidly break
up into rows of droplets.

Flip-through wave impact

Figure 9 shows the experimental observations of FT at FOV1. Fine droplets entered into
FOV1, followed by ligaments distributed spanwise along the front edge of the water spray
sheet. The water jet front shows a finger pattern, which is in line with the observations of
Watanabe and Ingram (2016), who detailed studied the droplet size distributions of sprays
produced by flip-through type wave impact on a vertical wall. The streamwise ligaments
further break up into relatively larger droplets. The fine drops are formed directly after the
wave impact with an order of 1 mm. The drops generated from the breakup of ligaments
located at the tip of the spray are less than 10 mm, which is roughly equivalent to the
ligament diameter.
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Figure 6 Top: side view of types of wave impact at the time the wave crest hits
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Figure 7 Flat sheet generated by the vertical jet impact on the wall in FOV4

From the observation, the flip-through type impact generates the most drops in the spray
compared with the other two impacts. This finding is in line with Watanabe and Ingram
(2016). For the drops formed, two types of drops with different generation mechanisms
were identified. Strapper and Samuelsen (1990) indicated that the relative velocity of
air/liquid is the main factor influencing the ligament formation and breakup process. The
higher relative velocity further stretches liquid membranes and streamwise ligaments,
resulting in smaller droplets. Therefore, increasing the relative velocity changes the
breakup mode from the cellular breakup to the stretched streamwise ligament breakup.



Figure 8 Ligament formation for a VVJ impact in FOV4

This breakup mode change is observed from the drops generated from VJ impact and FT
impact. The former is a cellular breakup, and the latter is stretched streamwise ligament
breakup.

In this study, there is no detailed measurement of the droplets of FT impact within the four
FOVs. As stated previously, xf of FT is in a very narrow range with 0.05 ho. The water
depth is fixed at 0.5 m, and xf is 0.01 m in front of the wall. Therefore, it is very sensitive
to changes in water depth. It was found that after 2-3 tests due to the wave spray, the water
level in the flume will drop a certain millimetre, which results in the changes of the real
xf. Therefore, the repetition of FT impact is not as good as others. Only the FT tests for
FOV 1 (in Figure 9) are correctly generated, but for other FOVs, there is no FT generated
correctly for further droplet analysis.

Air-pocket wave impact

AP impact is generated by a plunging breaking wave. An air pocket is formed between the
wavefront and the wall at the moment of impact. For the AP type of wave impact, fine
droplets are observed before the wave impacts the wall. A jet forms at the wavefront when
the plunging wave approaches the wall. The jet is continued to develop and behaves as a
free-fall jet or sheet in the end. Figure 10 shows the pre-impact moment of the plunging
breaking wave.

A pattern of the finger jets is observed in the front and the surface of the plunging breaking
wave, which is in line with the reported observations in the literature (e.g., Van meerkerk
et al., 2020). Watanabe et al. (2005) detailed discussed the generation mechanisms of the
finger pattern at the wavefront of a plunging breaker: when the plunging breaker starts to
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break, the wavefront becomes unstable and forms a counter-rotating vortex. The vortex
contributes to the finger pattern at the tip and local risen and depression on the surface of
the waves. Due to Rayleigh-Taylor instability, the finger jets in front of the tip start
forming flapping sheets in ambient air.

In this study, the observed flapping sheet is bent upwards when it closes to the wall. The
change in the direction of the flapping sheet can be explained by the presentence of the
vertical wall. The air pocket forms when the nearly breaking wave closes to the wall. The
air within the air pocket is depressed by the wave. Then the air within the pocket escapes
through the gap between the wall and the wave. The air flows perpendicular to the wave
tip surface, which finally alters the direction of the flapping sheet. The escaping air exerts
a shear force on the flapping sheet, which triggers the further development of Rayleigh-
Taylor instability (Dias et al., 2018), and leads to the flat sheets breaking up into much
finer finger jets or directly into drops in the end. Therefore, many fine drops are observed
before the wave impacts the wall. The size of the drops is in a scale of the wavelength due
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to Rayleigh-Taylor (R-T) instability. Van meerkerk (2021) reported similar observations
using the same facility.

After the wave impacts the wall, the horizontal momentum of the wave is deflected
upwards, which results in upwards and downward jets. The upwards jet continues to break
up into droplets. The generation mechanisms of the droplets from the upwards jet are
similar to FT impact.

Droplet and ligaments

After the wave impacts the wall, the runup wave deflected upwards and formed a water
sheet. A spray cloud consisting of detached ligaments and droplets is located above the
water sheet. The upward motion of the water sheet is affected by gravity force and air drag
force. The water sheet starts to fall when the gravity force is dominated. At this moment,
the ligaments located at the upper edge of the water sheet are fully detached. The falling-
down water sheet contains most of the volume of the water. The detached ligaments will
continue to go upward but slowly till they approach a stationary status. Then ligaments
start to fall. During the falling down process, large drops are formed. The diameter of the
drops is in order of the ligament diameter. Herein, the maximum height of the water sheet
hst is defined with respect to the sea bed bottom. The droplets and ligaments generated
above hg will be affected by the wind sensitively. Table 2 listed the measured hg of all
tests of VVJ and AP impacts in FOV4, the maximum vertical jet velocity of each impact
Vjmax, and the averaged jet front velocity Vjf in FOV1. It can be seen that the water sheet
of VJ impact has the highest h;.

For the three AP impacts, there are, in total, about 6600 droplets and ligaments detected
accurately. dsp of the droplets is 10.8 mm, the corresponding droplet size when the
cumulative percentage reaches 50%. The total number of tracked droplets accounts for
98.1% of the total droplets and ligaments but only takes 9% of the total spray cloud
volume.

Table 2 maximum height of the water sheet measured in this study

hst hst | Vimax % Vijf L dso Varop Narop

(m) h_o (mfs) m (m/s) \/ﬂ (mm) % Ngrop + Nisga.
V-1 1.83 | 3.66 | 8.42 3.8 | 7.26 1.48 No No No
V-2 1.84 | 3.68 | 7.65 3.46 | 6.54 1.33
VJ-3 1.81 | 3.62 | 7.7 3.48 | 6.2 1.27
AP-1 148 | 2.96 | 16.4 7.41 | 9.89 2.02 10.8 9.05 98.1%
AP-2 146 | 2.92 | 14.72 | 6.65 | 10.7 2.18 %

AP-3 147 [ 2.94 | 13.99 | 6.32 | 10.5 2.14

For AP impacts, water sheets build up unstable and further break up the water sheet front
into ligaments and droplets. Thus, hs of AP impacts are not as high as VJ, but the formed
ligament and droplets will contribute to a spray cloud.
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The maximum rising height of droplet and ligament Hgrop in @ windless environment is
predicted using a basic projectile motion equation with air resistance (see Equation 1).
Since the dominant motion of the wave impact spray is rising upwards, only the vertical
velocity of the droplet is considered. By integration of Equation (1), Harop Of each tracked
droplet and ligament in the tests are calculated,

dv
m— = —mg —kv? 1
o g )

where m is the droplet/ligament mass,  is a constant equal to 0.5p4C,,, in which 4 is
the projected area of the droplet, p is the air density, C, is the drag coefficient proposed
by Kelbaliyev and Ceylan (2005).

Figure 11 shows the maximum height of the droplets (red circle) and ligaments (black
cross) versus the measured equivalent droplet diameter. Y-axis is expressed as non-
dimensional droplet height Harop/H by introducing using measured wave height, and X-
axis is non-dimensional equivalent droplet diameter d/dso. It can be seen that both
ligaments and droplets show a similar trend. However, the droplets/ligaments with small
sizes go higher than the large ones.

140
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+  Ligament
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+ +
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(:1,"(:15D

Figure 11 Estimated maximum rising height of measured droplets and ligaments
from AP impacts.
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Discussion

In this study, wave impact-induced spray is filmed by a high-speed camera. For large
droplets and ligaments, the detection and tracking accuracy is high. However, for small
droplets, the tracking accuracy is influenced much by illumination. Therefore, LED sheet
light is not recommended to measure the drops or ligaments with a highly reflected
surface. Instead, the back-light method, also named the shadowgraphic technique, is
suggested in the future study, which can provide a bright, even illuminated background,
and the drops will be recorded between the backlight and the camera. So the drops will be
shown as darker dots in FOV.

The focused wave generation approach can resemble different types of wave impact by
shifting the focal point xf. However, for FT type impact, xf is very sensitive to the water
level compared to the other impacts (e.g., AP and VJ). Therefore, carefully checking the
water level before each test is suggested.

This study measured the maximum water sheet height hst of VJ and AP impacts. The
vertical jet velocity of each impact was measured as well. The Vjmax and wave celerity
ratio is around 6 for AP and 3 for VJ. These ratios align with the impulsive and non-
impulsive wave conditions defined using the impulsiveness parameter h* (EurOtop,
2018). Thus, h* could be a potential candidate to calculate hs using the metocean
conditions, the same for Hgwp. In the figure, hy from more wave impacts should be
investigated by varying water levels and focal points in the experiments.

Meanwhile, the applicability of using a basic projectile motion model to calculate Harop
needs to be verified by experiments. For example, for a sea spray cloud formed from wave
impacts, lighter droplets and ligaments may be affected a lot by the wind. Figure 12 shows
a simple sketch of the spray cloud under the wind effect. Xst and Xmax indicate the range
of the sea spray cloud travel distance, which are needed to be calculated by using a given
wall configuration and the metocean condition.

Ligaments with a size around two times dso were found at very high positions. More efforts
need to study the droplet size distribution, including the ligaments by elevation. The
distinction between ligaments and droplets is circularity (roundness). In this study, there
are some ligaments found in FOV4. Due to the limited positions of the HS camera, the
breakup of some ligaments is not measured. However, they are believed to break up in the
end. Also, the air stress increases when considering the wind effect, and the instability will
be triggered more quickly than in the small-scale lab environment. Based on AP impact
observations, the escaped air flow within the air pocket triggered the R-T instability, and
many fine drops were formed. On a large scale, the breakup process will be different on
at large scale. The wind (airflow) will also accelerate the breakup and atomization process
of the ligaments. The scale effect and the wind effect on the formation of ligaments and
droplets will be further investigated.
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The wave impact pressure is directly related to the shape of the wave before impact
(Hattori et al., 1994). Based on the current study, droplets and ligaments are related to the
wave impact types. A relationship can be built between the wave impact pressure and the
characterization of the droplet in a future study.

Wind direction
- —
— — L ZHuropmax

hst

Figure 12 Travel distance of spray cloud under the wind effect.
Conclusion

This paper presents droplet generation mechanisms of three wave impacts (vertical jet,
flip through an air pocket). The droplets and ligaments generated by the air pocket impact
are further analyzed. It is found that the volume of droplets takes less than 10% of the
spray cloud volume, but the quantity of the droplets is about 98% of the sum of droplets
and ligaments for AP impact. The relative velocity of air/water is the main factor
influencing the ligament formation and breakup process. For air pocket impact, this
influence is observed obviously. Rayleigh-Taylor instability is triggered, resulting in a
finger pattern water sheet located at the wave tip before the impacts. The characteristics
of drops, e.g., droplet velocity, droplet size distribution, and the maximum height of
droplets and ligaments, can be used to estimate the influence of wind on the overtopping
amount and distance at the rear side of the structure.
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