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Abstract
In this paper we report on the laboratory invesiige of breaking water waves. Measurements ofver
levels and instantaneous fluid velocities were cmbted in water waves breaking on a sloping beathima
glass flume. Instantaneous water levels were medsiging capacitive waves gauges, while the
instantaneous velocity flow fields were measuradgigideo techniques together with digital corrielat
techniques. The instantaneous velocity flow fieldse further analyzed to yield turbulence intepsiti
turbulent kinetic energies and vorticity.

Keywords: breaking waves, digital correlation image velogtim (DCIV), velocity flow fields, turbulence
intensities, vorticity.

1. Introduction

The coastal regions (surf zone) of the oceanstaemcterized by breaking waves, in which the wanergy
is converted to turbulence and currents. Thesailemice and currents are responsible for the er@sidn
sometimes destruction of coastlines and coastadtsiies. With the view to protecting harbors andate
coastal structures, break-water structures sutiheadolos are frequently used. The equations desgrthe
processes occurring in breaking waves are hightyimear and are often intractable. The analysihef
interaction of waves with break-water structurefirgther complicated by the complex geometries #nat
involved. Therefore, in order to predict the effeot breaking waves, a number of averaged quastgiech
as mass and momentum fluxes, radiation stress aad mater level to name a few, are defined and af se
equations based on these averaged quantitieseapeefitly used.

Turbulence is recognized as irregularly fluctuatamgl unpredictable motion which is composed

of a number of small eddies that travel in the entrr Turbulence is ubiquitous but its measuremastriot
been easy. It is natural that, in spite of theidifty involved, turbulence has attracted the aitenof
engineers and physicists because of its practigabitance in applications such as weather foraugsti
aeronautical engineering, etc.

Understanding mixing is especially important foeac models designed to predict global circulation,
climate change, pollutant dispersal and primargpotivity. Without turbulence and the mixing it cas,
we would not have the same ocean that we do nowindeed the same climate. Turbulent mixing brings
nutrients into the surface layer from below so fflahkton can grow. Turbulence near the surfadeediby
surface winds and cooling, transmits heat in artcbbthe ocean to create the reservoir of heatghaérns
climate. Turbulence in the bottom layer affectsdeposition, resuspension and movement of sedinagwlts
creates micro-environments for the small creattirasform the basis for life in the oceans. Forabeve
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reasons and more, an improved knowledge of fluithdyics of breaking is vital to better understamesaa
interactions from micro to global scalégd|ville et al, 2002Banner and Perregrine,199A treatment of
turbulence naturally leads to a discussion abaiissics of the flow (usually velocity) and theg@lation to
the flow Reynolds numbd®e. Various investigators have used different contige measuring techniques
like laser Doppler anemometry (LDA) and particleage velocimetry (P1V) to get a real insight inte th
mechanics of breaking wavé@siv & Lagemaa,200® Chang and Liu, xxmeasured the kinematics of the
breaking waves and found that the velocity of tlaewparticles in the wave crest exceeded the whase
velocity 1.7 times.

With increasing knowledge of the breaking procesathematicians and computational physicists aldseeh
proposed several mathematical models to describalence. A common problem is that for accurate
representation of the physical phenomenon, the heapeations have to contain non-linear terms, and
therefore it is necessary to use empirical relatitvat can only be obtained through experimérddder &
Trowbridge(2005measured the wave generated turbulence in thesnef and developed a model that is
able to reproduce the production and dissipaticiidiulence during wave breaking.

The objectives of the present series of experimamtso provide greater insights, especially inupper parts
of breaking waves, and to examine the interactiomaves with submerged obstacles. These experiinenta
results are being used to calibrate wave modelsldpgd using computational fluid dynamics integitatéth
object models developed using a physics enGimler et al. [1. In this paper we report on experiments
using regular two-dimensional waves breaking otaagslope beach in a glass walled flume. The wgloc
flow fields at various positions along the flumereveneasured using digital correlation image vel@tmn
(DCIV). By tracking the motion of neutrally buoyagpeirticles, as well as bubble structures withindtest of
the wave, we were able to measure velocities wadl the crest of the wave. The validation of this
measurement method and further results can be fiouadvender et al. [2, 2] The experimental setup for
this purpose is as follows: a longitudinal secdithe flume was illuminated with a strobed lighest, and
the aeration/bubble structure and illuminated pkesiwere imaged using a progressive scan CCD eamer
connected to a frame grabber residing in a PCedithages are captured and downloaded to the frame
grabber using standard TV rates. While a particiubane is being acquired (or exposed), the previame

is downloaded to the frame grabber. By means afigue strobing of the light sheet, two video imagethe
aerated and seeded flow, which are separated etijna few milliseconds (less than one frame tirae,
captured. The instantaneous velocity field is mietéh by subdividing each image into smaller subgesaand
then cross correlating the sub image in one vidamé with the corresponding sub image in the sevaeb
frame. The mean and fluctuating velocity fields abtained by means of phase ensemble averagieg. Th
estimates of these instantaneous and fluctuatitogties together with preliminary analysis of éneraged
vorticity will be presented.

The organization of the paper is as follows: SecH@rovides the necessary equations and defisitsed
in the data analysis. Section 3 gives details efekperimental setup and computational procedarekthe
results are provided in Section 4.

2. Theory
In this section the basic equations and definitibias are used in the analysis of the experimelatta is
provided. In the study of turbulent flow involvipgriodic waves there are two types of averagingisha
used. The first is phase ensemble averaging. $taa average of a quantity at a particular poinpfase)
within the wave cycle. This is achieved by measuthre relevant quantity at a particular phase efwave
over a number of wave cycles. This type of avergqgiill be denoted by angle brackets. The second ofp
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averaging is time averaging. This is the average avull wave cycle of the phase-ensemble averaged

guantity and will be denoted by means of an over ba

2.1 Turbulence fluctuations and ensemble average
The turbulent flow velocity can be described asra sf the averaged velocity and the fluctuating
component :

u(x y,z.6,t)=(u(x y,z6,t) +u(xy,z6.1) 1)

where u,(x,y,z,6,t) = (ux(x, Y, z,&),uy(x, y,2,6,t)u,(x Y,z H,t)) is the measured velocity,
(u;(x, v,z 6,t))is the phase-ensemble averaged velocity#{xl y, z,6,t) reflects the instantaneous

turbulent fluctuations X(y,2) represents position within the flume relativestome chosen coordinate system
ando represents the phase within a wave cycle.

The phase-ensemble-averaged velocity is calculadied):

i=N-1

(u (x,y,2, H,t)> = % Dy, (x,y,2,6,t) (2)

i-0

where N is the number of samples captured at &pkat phase.
The turbulent fluctuation is usually quantified twe turbulent intensity, which is the root meanasguof
fluctuation, and computed as follows:

\/<ui’(x, Y,z 0,t)2> = \/%i:'f(ui (x y,z6,t)-u(,(xy,2, 0,t)>)2 (3)

i=0

In the remainder of the paper the primed turbuwethdcity components will be used to represent tdue r
mean square values of the turbulent fluctuationgivan by equation (3).

2.2 Turbulent kinetic Energy

The phase-ensemble -average turbulent kinetic gr{@¥E) per unit mass is defined as follows :
(k) :%(u'x2+u;,2 +uf) (4)

Now in measurements were only two componemtaiidu,) are measured, turbulence in the surf zone can
be estimated as suggesteddwendsen(1987andLiiv & Lagemaa(2002gas follows:

o =2>2(u? +u?) 5)

2.3 Vorticity
Vorticity of a fluid is an important factor in fldidynamics and mechanics and is a natural way to
describe turbulence. Certain coherent featurégrbtilent flows are visible in the vorticity field,
even though the velocity field may appear to badatit’. Vorticity is a measure of rotational spm i
a fluid and is mathematically defined as the céithe velocity field. In physical terms, the vaity
of a parcel of fluid is the curl of the velocityefd:
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- - ou - _(du
o=0xg=i M- +j(%_a“zj+k oy _ou, (6)
dy o0z 0z 0x ox oy

where thex, y andz indices denote the respective orthogonal direstaomdi, j andk are the unit
basis vectors for the three-dimensional Euclidgmts R, andu is the vector fieldu, Uy, Up),
and are functions of the variabbes/, andz (which denote the respective orthogonal directions)

A vortex can be described as a fluid structure plogsesses circular or swirling motion. Therefore,
vorticity (the curl of the velocity field) repressrthe skeleton of the flow field and the principal
guantity to define the flow structur&i(m et al, 1995; Wu et al, 2006.

If we consider a two-dimensional fluid flow in tlkez plane, the vorticity component, which points in
the y -direction is given:

w = ou, 0du, @)
Y9z ox

The vorticity fieldw is computed with the derivatives of each velociiynponent (Wand u).

Several numerical schemes exist for performingdhlsulation. The central difference method is

the mostly adopted method especially when dealiiiyg IV measurements affected by a non-
negligible noise level and is used here to estimatgcity as follows :

a):[Uvaj+1)‘UXG'j‘1X)_[UZG'*L1)‘UZG'*Lj)j 8)

20z 2AX

whereAx andAz are the x and z-grid spacing, respectively anél,p=ux (i AX , jAz) andi andj are

integers.

3. Experimental Setup

The experiments were conducted in a glass-walleddlin the Coastal Engineering Laboratory at
CSIR, Stellenbosch, South Africa to study the waraof the 2-D flow fields during the breaking
process. For this purpose, regular waves were gatein the wave flume. Vertical and horizontal
velocity components under strongly plunging bregkiraves were measured using what
Govender et al.,(200Zalled digital correlation image velocimetry (DGIV

Figure 1 shows a schematic of the flume. The flisregpproximately 20 m long, 0.5 m wide and has a
beach slope of 1:20. At one end of the flume israputer-controlled wave maker. The waves were
generated using a piston type wave paddle manuéthy HR Wallingford that is equipped with an
active wave absorption control system . The wavkemhas a maximum paddle stroke of 0.8 m and is
designed for water depths of up to 0.75 m. Compigarg documentation of wave maker specifications
and wave generation mechanism may be found]in

At the other end of the flume a beach covered gitarry stones absorbed any wave energy
remaining after breaking. Waves of frequency 0.7aHd having a wave height 0.16m in the flat
section of the flume were used. This resulted ptuaging wave which broke approximately 4.5m
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from the still water mark on the beach. Beforernteasurement procedures were initiated, the
waves were allowed to run for 30 min to ensuredstestate conditions were reached.

Surface displacements were measured using caagiive gauges which were sampled at rate
of 20 kHz for 2 minutes giving a total of 2400 sdegpfor each probe. These three probes are
labeled R, P, and R in Figure 1. These three probes were initiallyated at distance 2.50 m, 4.65
m and 7.25 m from the still water mark on beachpeetively and was moved in steps of 10cm
across the flume to measure the instantaneous leatds. The breaking point of the wave was
determined by visual observations and by examiaiptpt of wave height versus position along
the flume.

Experimental range = 8.5 m

P, P> Ps3

Piston type Probe position from SWL mark (m) : |7.25m 4.65m 2.50 m
wave generator

AN
0.48 m

_Station lo 5.6 3.75 2.75 0 (SWL mark)
i30

10.4m | 9.4 m

Fig. 1 Schematic of the wave flume showing mearm@nt stations and their location from the SWL n@arkhe
beach. Water levels were measured every 10 cmtbgesxperimental section starting at the positiodicated
by probe positions, P P, and B, covering a range of about 8.5 m from the SWL m¥&ocities were
measured at stations marked, 1, 2, and 3, locabe@55 and 2.75 m, respectively from the swl mahe
wave breaks in the vicinity of station 2.

The experimental setup for velocity measuremergfidsvn in Figure 2. A longitudinal section of ttenfie
was illuminated with a strobed light sheet. Theewatas also seeded with partially expanded polgsgr
beads. Pairs of images, separated a few milliseadriie beads and aeration due to breaking wetsersul
by strobing the light sheet at the end of one viame time and again at the beginning of the n&kte
time between flashing of the light sheet corresptontthe time between the images in each pair. The
instantaneous velocity field is then obtained usiagh pair of images.

A trigger pulse from the generator made it possibleapture images at a particular wave phaseuin o
experiment we captured images at twenty equallgespavave phases. At each wave phase a number of
image pairs were captured over number of wave sydleis enabled ensemble averaging to be conducted

Fluid velocity measurements were conducted aththeetstations marked 1, 2, and 3 in Figure 1, which
were located 5.60 m, 3.75 and 2.75 m respectiveiy the still water mark on the beach. In thisgrap
we report on measurements for station 2.
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Fig .2 : Schematic of experimental setup for thd\D@easurement system used for studying turbulémeeter
waves breaking in a flume.

The instantaneous velocity field from each image was obtained as follows:

At a given pointi(j) in the first image an interrogation window of<®2 pixels centered &tj) was
placed. The sub-image contained within this intgatmn window was then cross correlated with a
corresponding sub image in the second image. Thitiquo of peak in the cross-correlation-result gize
measure of the displacement of the beads and ati@estructures between the subimages. Dividieg th
displacement by the time between images givesdlaeiy at the pointi(j) in the images.The
interrogation window was moved in regular steppiils vertically and horizontally) across the emti
image to obtain the velocity flow field over thetiem image. The cross correlation was implementzdgu
the Fast Fourier Transform (FFT) and the positioiithie peak in the cross correlation was estimafigal
sub pixel resolution. Figure 3 illustrates the abpvocedure.

4. Results

4.1 Water level measurements

Figure 4 shows a sample of the instantaneous Jetels at three positions along the flume,
corresponding to near the generator, near the lp@iak and in the breaking region. It is evident
from the figure that has the waves move from deeghallow water (due to the sloping bottom)

the wave profile changes from being sinusoidaldim¢p more peaked at the crest while the troughs
become drawn out.
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Fig. 3. Numerical processing flow-chart of Fougenss-correlation procedure for DCIV measurements.

(Willert & Gharib, 1991; Wengt al, 2001 )
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The variation of the wave height (mean verticatatise from the bottom of the troughs to the top
of the crests) is shown in Figure 5. The wave hamgtreases has the waves move into shallow
water, reaching maximum at which breaking occuhe Wave height decreases thereafter. The

reason for the increase during pre-breaking istduke fact that the wave speex= @ (where

h is the local water depth aigds gravitational acceleration,) decreases as thes/move up the
slope. However, since the energy flux is constidwetwave height has to increase. The decrease in
wave height after breaking is due to loss of wawergy due to breaking.
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Figure 5 Waveheight measurements as a functiorsterite from the still water line (SWL) mark on theach, for a
0.7 Hz plunging. Crest® (), Troughs (+), Wave Height (x) and Mean Waterélg) . The breaking point for the
wave is at 4.5 m from the SWL mark.

Figure 6 shows a closer view of the variatio®®W/L across the flume. Clearly there is a
lowering of the mean water level before breakiradled the set-down, and a rising of the mean
water level after breaking, called the setup. lnrbal ocean the setup can translate to a few
meters. A higher mean water level in the surf zomgpled with high levels of turbulence and
currents will result in greater amount of erosion gediment transport.
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Figure 6. Mean Water Level (MWL) along the flume.
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6.2 Velocity measurements

Our imaging setup can view only a small sectiothefwave at any time. In order to conduct measunéme
over the entire wave we imaged the wave at tweqinaky spaced phase positions as follows: we begin
with phase 0 and image a 38 cm section of the wage a number of cycles, then we move to phasell an
repeat the above measurement. This is repeatddllipinases are covered. Recall that each imagjeiica
represents two imaged space a few millisecondg.aidhimages were then analyzed to obtain the
instantaneous velocity flow fields. The instantausewelocity fields were further analyzed to extract
turbulence intensities, turbulent kinetic enerdiBSE) and vorticity.

Figure 7 shows images of the wave correspondidgcansecutive phases, but captured from different
wave cycles.These images correspond to phasestE#i(exright), 11, 12 and 13(extreme left)

Figure 7: Image of waves corresponding to phasen(feft to right) 13, 12, 11 and 10 at station BtéN
that the left edge of each image corresponds &n3ffom the still water mark on the beach.

The instantaneous velocity field correspondinghase 13 is shown in Figure 8. Clearly we are able t
measure velocities over the entire image includiirgaerated portion of the waves, which is notiptess
using techniques such as LDA. The wave phase spsied a mean depth corresponding to the middle of
the images associated with station 2, is 1.32nfis.ifistantaneous velocities in the upper part@ttave

are approximately a factor of two greater thanphase speed. Phases 10 to 13 are the phases icontain

the most dynamic part of the wave. We will therefshow results pertaining to these phase positides.
9
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phase ensemble-averaged flow fields for phase d3 arare shown in Figure 8(a) and (b), respectively
Figure 9 shows the horizontal and vertical turbaéemtensities for phase 12. Figure 10 shows thigcaé
structure of the horizontal and vertical turbuleimgensities. From these figures it is clear thathighest
levels of turbulence occur in the crests of theavaihe turbulence intensities are approximatelyaofie
order of magnitude as the phase velocity.
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Figure 9. Phase-ensemble average horizontal vglatgtation 2 for (a) Phase 13 (b) Phase 12 .
The continuous lines in the graphs shows the waofigs.
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Figure 10. Colour plots of phase-ensemble avefagédiorizontal turbulence intensity’ (b) vertical turbulence intensity

W' for phase 12. The colour code shows the magnifittee mean turbulence intensity with a peak valtabout 80 cm/s
inside the crest.
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Fig 11. Vertical structure of phase ensemble-ayetaurbulent intensity , at x = 20 cm for (a) korital and (b) vertical
The position z = 15 cm correspondthéostill water line (SWL).

6.4 Turbulent Kinetic Energy(TKE)
The computed TKE for phase 10 to 13 are shownguri 12. Once again high TKE values are
observed near the front face of the wave. Thisoregf high TKE values corresponds to what is

called the wave roller. The wave roller is a bodl§iud that rides on the front face of the wave.
1
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Figure 13 shows the vertical structure of TKE d¢cted positions within each image. Peak TKE
values of 7000 cfts? are observed in the crests, while a value of atdwd® cni/s’ are observed
near the bottom of the wave.
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Fig 12. Turbulent Kinetic Energy for phases (fraaft to right)13, 12, 11 and 10.
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Fig. 13. Vertical structure of phase ensemble-ayetaturbulent kinetic energy, at (a) x = 35 cmgbase 13
(b) x = 20 cm for phase 12.

6.5 Vorticity

Figure 14 below shows the a colour plot of variatod vorticity for phases 10 to 13, while Figure
14 (a) and (b) show the vertical variation of vdtti at selected positions within the images of
phase 13 and 12, respectively. Positive vorticitiicates motion in clockwise rotation and the
direction is into the plane of the figure while a&ge vorticity indicates anticlockwise rotation
with direction out of the plane of the figure. Nelae front face of the wave vorticity is in the
order of 80 &, while in the rest of the wave it is negligible.
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ts"im
Fig 14. Vorticity of the phase ensemble averagddoity flowfields corresponding to phases 13 to 10
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Fig 15. Vertical structure of vorticity at (&)= 35 cm for phase 13 and (b) x = 20 cm forgehh2

7. CONCLUSIONS
The results of an experimental study of water wdreaking in a laboratory surf zone have been
presented. Fluid velocities were measured by tracttie motion of almost neutrally buoyant particles
as well as aeration structures formed by breakiages. Velocity measurement for one position along
the surf zone was provided. The instantaneous iieleevere further analyzed to yield turbulence
intensities, turbulent kinetic energies. Peak tlghce intensities and turbulent kinetic energiesewe
found to occur in the crest of the breaking waves

Coherent features were examined via vorticity camajens of the phase-ensemble averaged velocity
flow fields. High rotation rates were found to ocoear the front face of water break waves, while i
the rest of the wave vorticity was found to be mmiai.

The data presented in this paper represents aaus&jof measurements that spans the entire water
column. These measurements will be valuable fadatbn of mathematical and computational fluid
models of surf zone turbulence. Further resultsftbe present series of experiments will be pubtish
in the near future.
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