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Abstract

The characteristics of turbulence created by a plunging breaker on a 1 on 35 plane slope have been
studied experimentally in a two-dimensional wave tank. The experiments involved detailed measure-
ments of fluid velocities below trough level and water surface elevations in the surf zone using a fibre-
optic laser-Doppler anemometer and a capacitance wave gage. The dynamical role of turbulence is
examined making use of the transport equation for turbulent kinetic energy (the k-equation). The
results show that turbulence under a plunging breaker is dominated by large-scale motions and has
certain unique features that are associated with its wave condition. It was found that the nature of
turbulence transport in the inner surf zone depends on a particular wave condition and it is not similar
for different types of breakers. Turbulent kinetic energy is transported landward under a plunging
breaker and dissipated within one wave cycle. This is different from spilling breakers where turbulent
kinetic energy is transported seaward and the dissipation rate is much slower. The analysis of the k-
equation shows that advective and diffusive transport of turbulence play a major role in the distribution
of turbulence under a plunging breaker, while production and dissipation are not in local equilibrium
but are of the same order of magnitude. Based on certain approximate analytical approaches and
experimental measurements it is shown that turbulence production and viscous dissipation below
trough level amount to only a small portion of the wave energy loss caused by wave breaking. It is
suggested that the onshore sediment transport produced by swell waves may be tied in a direct way
to the unique characteristics of turbulent flows in these waves.

1. Introduction

Plunging breakers have aroused great interest among coastal engineers for many years.
The classical form is characterized by the formation of an overturning jet, in which the front
face of the wave becomes vertical and the crest curls over and plunges into the water ahead
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with considerable force. Plunging breakers play an important role in dynamic equilibrium
of beaches. It is well known that waves that develop into plunging breakers tend to build
up beaches. In most situations, the milder and longer period swell waves following a storm
would transport sand from the offshore bars to be re-deposited on the foreshore, and in this
way the beach begins to recover from the storm attack. The physical mechanisms that allow
swell waves to move sediment onshore may also be used to advantage in shoreline protec-
tion. For instance, the U.S. Army Corps of Engineers has recently investigated the use of
suitable dredged material to construct feeder berms in the nearshore zone (McLellan 1990,
McLellan and Kraus 1991). Such berms are expected to behave similarly to natural bars in
their interaction with waves, and provide a sand source for the beach profile during periods
of accretionary wave conditions. The study of plunging breakers clearly has important
engineering applications. Nevertheless, we still have only a vague understanding of the
fundamental nature of these waves.

Several investigators have studied plunging breakers under controlled laboratory condi-
tions. A qualitative description of the features of plunging breakers in the outer region of
the surf zone can be found in Peregrine (1983), Basco (1985) and Battjes (1988), among
others. Wave breaking is characterized by a sudden, violent transition from irrotational to
rotational motion, then several cycles of splash-up and plunge which transform the large-
scale, vortex motions into a turbulent bore. Basco (1985) hypothesized that the water body
pushed up by the overturning jet creates a secondary wave with new wave kinematics in
the surf zone. These observations suggest that the process of transformation from organized
wave motion into turbulent motion in a plunging breaker is fundamentally different from
other types of breakers. Hence, it is natural to expect that the turbulent flow created by a
plunging breaker might have certain unique characteristics that are associated with its wave
condition.

With the advent of laser-Doppler anemometry several investigators have measured the
velocity fields under plunging breakers. Some of the more detailed studies include Stive
(1980), Nakagawa (1983), Hattori and Aono (1985), Mizuguchi (1986), and Okayasu
etal. (1986). Stive (1980) measured two velocity components and dynamic pressure under
spilling and plunging breakers on a 1 on 40 slope. He concluded that the flow fields in the
inner surf zone are similar for different deep-water wave conditions. He also found that the
pressure distribution deviates from hydrostatic pressure under the breaking wave front and
the wave crest due to effects of vertical velocity.

Nakagawa (1983) measured three velocity components of water particles in a two-
dimensional wave flume using a tension-thread velocity meter. He concluded that the
transverse velocities are comparable to the vertical and horizontal velocities. Hattori and
Aono (1985) studied turbulence structures under spilling and plunging breakers where two
velocity components were measured using a split-type hot film anemometer. The turbulent
component of the velocity signal was extracted using Fourier analysis assuming that (1)
the wave-induced velocity is linearly related to the water surface elevation, and (2) the
turbulent velocity and the water surface elevation are not correlated. In both afore-mentioned
studies wave breaking was initiated at the edge of a horizontal shelf by a 1 on 20 slope in
front. In this way the position where the wave breaks is controlled; however, this may
impose an unnatural condition on the breaking process itself.
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Mizuguchi (1986) measured the spatial and temporal distributions of horizontal and
vertical velocity components in the outer region of a laboratory surf zone using a laser-
Doppler anemometer. Wave breaking was created by a plunging breaker on a 1 on 20 plane
slope. The flow fields obtained from this study represent some of the most detailed experi-
mental measurements of this kind. The organized wave-induced motion was obtained by
phase-averaging the velocity signal over forty successive waves, while the deviations from
the phase average were considered to be the turbulent fluctuations. Additionally, the water
particle acceleration and the vorticity fields were obtained from the measured velocity fields.
Similar experiments were conducted by Okayasu et al. (1986) for numerous locations
inside the surf zone. They also obtained the time-mean eddy viscosity from the time-mean
Reynolds stress and the vertical gradient of the undertow. They found that the mean
Reynolds stress and the mean eddy viscosity decreased with distance from the surface.

Previous studies of breaking waves have greatly improved our knowledge of the surf
zone, but the present state of the art is still far from satisfactory. There have been very little
applications of theory of turbulence in this field of research. Consequently, many basic
features of the turbulent flows and their effect on surf-zone dynamics are understood only
qualitatively. For example, turbulence transport has not been studied in a systematic manner
for different types of breakers. In the case of sediment transport modeling, it is essential to
predict the spatial and temporal variations of turbulent kinetic energy in order to model the
rates and direction of sediment transport. The distribution of turbulent kinetic energy is
described by the energy equation for the turbulence (the k-equation). For high Reynolds
numbers, the k-equation shows that the local time rate of change of turbulent kinetic energy
is due to convection by the mean flow, diffusive transport by velocity and pressure fluctu-
ations, turbulent energy production, and viscous dissipation. The relative importance of
these terms are important in turbulence modeling and must be determined, for some prob-
lems do not warrant the complexity of solving the full k-equation. Previously, Deigaard et
al. (1986) have modeled the distribution of turbulence under spilling and plunging breakers
using the k-equation. They neglected the horizontal advection and diffusion terms under the
assumption that horizontal gradients are small compared to vertical gradients. This approach
may be reasonable for spilling breakers. In a plunging breaker the temporal variations of
turbulence intensities over a wave period are much higher and there is a strong upward flow
underneath the wave front. Hence, in addition to diffusion of turbulence, convection of
turbulence by organized wave-induced flow plays a major part. In the present study, dynam-
ics of turbulence in a strong plunging breaker is studied through an experimental investi-
gation of the transport equation for turbulent kinetic energy. First, we present measurements
of turbulent kinetic energy and energy flux in a laboratory surf zone, and discuss how the
mean flow and the velocity fluctuations move turbulent energy under a plunging breaker.
We find that advection plays an important role in the transport of turbulence. It turns out
that turbulent kinetic energy is carried upward and landward by the mean flow under the
plunging breaker. If it is assumed that turbulent fluctuations are responsible for keeping
sediment in suspension, and the transport of sediment is given by the convection of the
fluid-grain mass, then suspended sediment transport superficially resembles turbulence
transport by mean flow, and there would be a generally shoreward directed suspended
sediment transport under the plunging breaker. We then examine the relative importance of
the terms in the k-equation. In order to gain an appreciation of the dynamical role of
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turbulence, it 1s useful to discuss a number of questions, such as (1) How is the kinetic
energy of the turbulence maintained? (2) How much turbulent energy is generated below
trough level? (3) How does turbulent energy spread downward? (4) How fast does tur-
bulent energy spread downward relative to its dissipation rate and how much energy is
dissipated below trough level? (5) How does turbulence transport differ between spilling
and plunging breakers? The analysis of these problems give us a picture of the dynamical
role of turbulence in these waves. This work is the first step in the long process of developing
turbulence models for the surf zone.

2. Experimental equipment and procedure

The measurements from which the present results were derived are partly used in a
previous study (Ting and Kirby, 1994). To prevent duplication of the description of details
just a brief account of the experimental equipment and procedure is given below.

The experiments were conducted in a two-dimensional wave tank located in the Ocean
Engineering Laboratory at University of Delaware. The wave tank was 40 m long, 0.6 m
wide and 1.0 m deep. The tank was equipped with a bulkhead wave generator, which
accepted an input voltage from an IBM PS/2 Model 30 286 computer. A plywood false
bottom was installed in this wave tank to create a uniform slope of 1 on 35. The slope was
sealed to the tank walls by inserting a polystyrene rod in between the edges of the slope and
the side walls, and then filling the gap with silicone.

A schematic diagram of the experimental arrangement and the coordinate system is shown
in Fig. 1. We shall use the following notations in this paper; { is the instantancous water
surface elevation, { is the mean water surface elevation, d is the local still water depth,
h=d+ [ is the local mean water depth, and the subscript b denotes the wave breaking point.
The still water depth in the constant-depth region was 0.4 m. The waves used in this study
were cnoidal waves. The wave height in the constant-depth region was 12.8 cm, and the
wave period was 5.0 s. The ratio of deep-water wave height H to deep-water wavelength
L, was 0.0023 based on linear shoaling. These conditions produced a strong plunging breaker
of height 19.1 cm at the breaking point (x, ="7.795, d, = 15.6 cm). Breaking point of the
plunging breaker is defined as the location where front face of the wave becomes nearly
vertical.

Water surface elevations and velocities were measured at seven locations along the
centerline of the wave tank; their exact locations are given in Table 1. The horizontal
distance covered by the measuring section was 3.1 m, extending from d=16.9 cm just

A .
] Mean water
X H level

Wave generator

Fig. 1. Experimental arrangement.
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Table 1
Experimental conditions

Wave conditions (the subscripts 0, h, b denote deep water, horizontal section and breaking point)

Hy (m) H, (m) H, (m) T(s) Ho/Ly X, (m) dy (m)

0.089 0.128 0.191 5.0 0.0023 7.795 0.156

Locations of measurements and water depths

x (m) 7.295 7.795 8.345 8.795 9.295 9.795 10.395
d (m) 0.169 0.156 0.142 0.128 0.113 0.096 0.079
h (m) 0.166 0.154 0.143 0.132 0.119 0.104 0.090

before wave breaking to d=7.9 cm in the inner surf zone. It was observed that H/h
approached a limiting value of 0.8 at x=10.395 m. Hence, this station may be considered
to be the beginning of the inner surf zone. Water surface elevation was measured using a
capacitance wave gage. Water particle velocities were obtained using a two-component
fibre-optic laser-Doppler anemometer (LDA) built by Dantec Electronics. The LDA was
a backscatter, four-beam laser system. It consisted of a 100 mW air-cooled argon-ion laser,
a transmitter, a 14 mm probe (focal length 50 mm, beam spacing 8 mm) and one frequency
tracker and shifter for each velocity component. However, only the green line (wavelength
514.5 nm) of the argon-ion laser was used because the laser did not have enough power to
operate the blue beams (wavelength 488 nm). Thus, horizontal and vertical velocities were
obtained by conducting the same experiment twice. The frequency trackers recorded a
velocity offset when tested in still water conditions. The estimated inaccuracies of the LDA
due to this velocity offset amount to +0.5 cm/s. The wave gage and the fibre-optic probe
were mounted on an instrument carriage which could slide along the top of the tank on two
rails. The probe was submerged in water during experiment, and the mounting mechanism
of the LDA was such that any desired vertical location in the flume could be reached.

Periodic waves were generated for a minimum of 20 minutes before data were taken.
Hence, the measured flow corresponded to a steady-state condition in the wave tank. Data
were taken by an IBM PS/2 Model 30 286 computer installed with a MetraByte DASH-
16(F) data acquisition board. Measurements consisted of time histories of wave plate
motion, water surface elevation, Doppler and lock detector signals. One hundred and two
successive waves were recorded with a sampling frequency of 100 Hz for each channel.
The wave plate motion was used later to synchronize the velocity time histories from
different probe locations.

The water was seeded with titanium oxide particles to scatter the laser light. The use of
scattering particles greatly improved the quality of Doppler signals and minimized signal
drop-out. During experiment, entrained air in the flow sometimes blocked the laser beams
resulting in signal drop-out. When signal drop-out occurred the tracker was not locked to
the frequency of the Doppler signal and the Doppler frequency was held at the last measured
value. These events were detected by a built-in lock detector whose logic state would change
from HIGH to LOW during signal drop-out. In order to reduce the influence of aeration on
the velocity measurements, velocity signals that were associated with a LOW state were
not used in data analysis. Because of this, the number of velocity measurements that were
actually used in computing a phase average were less than one hundred and two. The
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percentage of signal drop-out depended on seeding condition and measuring location; it
was between 5% and 40% at the trough level inside the surf zone. However, we have
sampled such a large number of waves that there were always enough realizations to achieve
stable wave and turbulence statistics (see Ting and Kirby, 1994). The organized wave-
induced flow was found as the phase average of the instantaneous velocity field, while
deviations from the phase average were considered to be turbulent velocity fluctuations.
For a detailed description of the experimental procedure the interested reader is referred to
Ting and Kirby (1994).

3. Turbulence transport equation

In the analysis of fluid-sediment interaction the turbulent kinetic energy is important in
determining the turbulent mixing coefficient and thus the turbulent mass transport. The
turbulent mixing coefficient may be written as the product of a length scale and a velocity
scale. A physical meaningful velocity scale is \/1: where k is the turbulent kinetic energy.
Therefore, the determination of the temporal and spatial variations of turbulent kinetic
energy is of utmost importance in the calculation of sediment transport. The distributions
of k may be determined by solving the the energy equation for the turbulence. For high
Reynolds numbers ( this will be discussed), the k-equationreads ( see Tennekes and Lumley,
1972)

% | ok 3 (1 T i = S — s )
v = T T\ Y . —uw.'u’'S..— $:.8
at ax; ax, \p up Tu w'u'S;—2vs;s;
where
1 ——, 1
k= 5 w'u!, k= 3 w'u' 2)

S is the mean rate of strain, defined by

1 (%q; o
Si=z|—+— 3
) (ij ax,-) )
and s, is the fluctuating rate of strain, defined by
1 (0w, ou/’
== —+—L 4
) (axj Bx,-) )

In Eq. 1, the tilde is an operator to take a phase average, # is time, x; (j =1,2,3; x; = x, x; =y,
x3=2) are the coordinates of a Cartesian frame with z extending positive upward from the
still water level, ; (j=1,2,3; &, =i, ii,= 0, #;=Ww) are the components of phase-averaged
velocity, #;' and p’ are the fluctuating parts of velocity and pressure, p is density, and v is
kinematic viscosity. In the Reynolds averaging process, the instantaneous water particle
velocities u; are separated into the sum of an organized and a turbulent contribution, i.e.,
u;=i;+u;. The organized wave-induced flow (mean flow), #, includes both the orbital
wave motion and the undertow.
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Eq. 1 shows that the local time rate of change of turbulent kinetic energy is due to
convection by mean flow, diffusive transport by pressure and turbulent fluctuations, tur-
bulent energy production, and viscous dissipation. Much insight about surf-zone dynamics
can be gained from a detailed analysis of Eq. 1. At the present time, it is believed that the
main part of production of turbulent kinetic energy takes place in the surfaceroller, spreading
of turbulent energy is primarily due to convection ( Svendsen, 1987). It is also thought that
the rate of dissipation of turbulent energy is high in the surface roller, whereas only a small
portion of the energy loss in the breaking wave is dissipated below trough level. These
statements require experimental confirmation. The convective transport and the production
terms may be found from the instantaneous velocity measurements, and we will study them.
On the other hand, it is more difficult to obtain the diffusive transport terms. Because of
this, in turbulence modeling turbulent diffusion is often assumed proportional to the gradient
of k (Rodi, 1984), i.e.

TP\ v, %
—(uj'k' +u ’—’)=i— (5)
p/ o

where v, is the eddy viscosity and o is an empirical diffusion constant. It can be seen that
measurements of the terms of diffusion require three velocity components of water particle
as well as the dynamic pressure of turbulence. The pressure—velocity correlation terms are
especially important. They exchange energy between components of turbulent fluctuations,
and contribute significantly to the diffusion of turbulent kinetic energy. Since we did not
measure the Reynolds stresses and the dynamic pressure, the present study is somewhat
inconclusive in determining the nature of turbulent diffusion.
The viscous dissipation term 2v5,5;, is determined from velocity measurements making
use of the theory of isotropic turbulence ( Tennekes and Lumley, 1972), i.e.
2vs;5; 'Y’
vss;=15v (Fx?)

(6)

Eq. 6 is substantially accurate because the small-scale eddies contribute most to the dissi-
pation of energy and the small-scale structure of turbulence is very nearly isotopic if the
Reynolds number is large. The Reynolds number is defined as Ul/ v, where U and [ are the
velocity and length scales of the large eddies. The magnitude of Reynolds number necessary
for local isotropy to exist is of the order of 10° (Tennekes and Lumley, 1972). Taylor
hypothesis is used to determine the turbulent velocity gradient from the single anemometer,
i.e.

332 (7)

Taylor hypothesis states that if #, > u,’ the temporal fluctuations at a fixed point could be
assumed due to the passage of a frozen turbulence pattern past that point, hence the con-
vective derivative could be replaced by the local time derivative. In breaking waves, the
turbulent velocities created by the large-scale motions are so large that this condition is not
satisified. However, the energy of the small eddies is very much smaller than that of the
large eddies, and most of the energy dissipation is associated with small eddies in the inertial
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and viscous subranges which have large strain rates. Additionally, the small eddies are
convected by the large-scale turbulence as well as the organized wave-induced flow. Hence,
it may be necessary to separate the small-scale turbulence from the large-scale motion when
applying the Taylor hypothesis. In this analysis, turbulent fluctuations contributing to the
dissipation of energy are extracted from the turbulent velocity fluctuations u,’ by numeri-
cally filtering away frequencies below the inertial subrange, while the advective velocity
carrying the small-scale turbulence is obtained from the measured velocity signal u; by
filtering away frequencies in the inertial and viscous subranges. It is realized that this is an
approximation and the results obtained using it must be interpreted with caution; this will
be discussed more fully later.

One further approximation, unrelated to the Taylor hypothesis, is used to obtain the
energy flux gradients in x. We assume that the wave is of permanent form such that we can
use the transformation

dk 1oak (8)
ox; C or

w'k 1wk )
x  C o

7

where C=Vg(H+h) is the wave celerity of finite amplitude long waves. This assumption
is good in the inner surf zone where the shape of the broken wave is almost constant, so
that the time scale of change in the wave form is much longer than the sampling time
interval of 0.01 s. This approximation is not so good in the outer, transition zone where the
broken wave is rapidly evolving. It is noted that the propagation speed C was crudely
estimated from the time it took for the breaker to travel from one wave gage location to the
next wave gage location and it was found that finite amplitude wave theory predicted the
wave celerity much better than linear theory for this wave condition.

4. Results and discussion
4.1. Turbulence transport

Experimental results are presented in Figs. 2 through 6 for different stations in the surf
zone. In each figure, the temporal variations of surface elevation and velocity measurements
over one wave period are plotted for four different probe depths. The graph line symbols
for different probe depths are consistent from top to bottom: solid ( ), dash (-—-),
dashdot (— - — - — yanddot (----- ).

Figs. 2a—2c show the phase-averaged water surface elevations, horizontal velocities and
vertical velocities at breaking [ (x —x,) /h, = 0.0, h/h, = 1.0]. Local wave height H is 19.1
cm, wave set-up { is —0.25 cm, and mean water depth % is 15.4 cm. The wave height to
water depth ratio H/h is 1.24, which is considerably larger than the value of 0.78 for spilling
breakers. This difference is dynamically significant because similar trend is observed
throughout the surf zone. It will be shown that the ratio H/ h relates to the dynamics of surf-
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(a)

Fig. 2. Phase-averaged surface elevations and fluid velocities at (x—x,)//,=0.0, A/hy=1.0; (z—{)/h=
—0.2435 (—), —0.5032 (= — —), —0.7630 (— - — - — ), —0.9253 (----- ).

zone turbulence in important ways, and it is a measurable quantity which can be used to
distinguish different types of breakers.

Fig. 2b shows that the phase-averaged horizontal velocities are nearly uniform over the
water depth, which is to be expected of waves with small water depth to wavelength ratios.
Horizontal velocities are approximately 0.35C under the crest and —0.1C under the trough.
The time-averaged horizontal velocity is seawards; it is about —0.02C at the trough level
and the magnitude of the undertow decreases downward. The vertical velocity is large under
the steep front of the shoaling wave (Fig. 2c). The maximum upward velocity beneath the
wave front is close to 0.2C and the maximum downward velocity under the back face of
the wave is about —0.05C at the trough level. The time-averaged vertical velocities are
downwards, and average about —0.001C in the region between the trough level and the
bottom boundary layer. The fluid motion under the wave is not turbulent.

The jet from the overturning wave front plunges into the front face of the original wave.
The plunging point is located slightly seaward of the next measuring point [(x—x,)/
h,=3.571, h/h,=0929]. At x=(x—x,)/h,=3.571, the wave height is 15.1 cm, wave
set-up is 0.1 cm, mean water depth is 14.3 cm, and wave height to water depth ratio is 1.06.
The falling jet forms a splash when it touches the water, the impact of the jet also pushes
up a wedge of water to create a new wave. Both the new wave and the original wave are
clearly seen in Figs. 3a-3c. In this initial stage the air tube formed by the closing of the jet
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Fig. 3. Phase-averaged surface_elevations, fluid velocities, turbulent Kinetic energy and energy flux at (x—x,)/
ho=3.571, h/h,=0.929; (z— ) /h= —0.2867 (——), —04965 (— — —), =0.7063 (~ - — - — ), —0.9161

on the water surface is still visible and the jet is plunging into the water. It can be deduced
from Figs. 3b and 3c that the impinging jet is deflected downward and backward. It is noted
that the instantaneous velocities in the jet could be much larger than the phase-averaged
velocities.

The phase-averaged turbulent kinetic energy and energy flux are presented in Figs. 3d-
3f. Because the transverse velocity component was not measured, the turbulent kinetic






