
CHAPTER 39 

Wave Velocity Field Measurements over a Submerged Breakwater. 

Marco Petti,1 Paul A. Quinn,2 Gianfranco Liberatore3 k William J. Easson4 

Abstract 

The main focus of the experiment was to observe and measure large-scale 
vortices generated by breaking waves over a submerged breakwater. These flow 

structures are important in sediment transport due to their ability to trap sedi- 
ment particles negating their normal settling velocity. The technique of Particle 

Image Velocimetry (PIV) was used to measure the spatial distribution of velocities 

at an instant; an approach which is essential for measuring coherent structures 

in the flow. Experiments were conducted in the 50m flume at The University of 
Florence which was fitted with a 1:100 beach, wave elevations, as well as velocity 

fields, were measured. 
The paper deals with the experimental details and a display of the velocity 

and vorticity maps obtained using PIV. 

Introduction 

There is considerable interest in the use of submerged breakwaters for coastal 

protection purposes, but there is little information on the efficiency of such struc- 

tures due to the poor knowledge of the local hydrodynamics. Consequently there 

are no analytical or numerical models (Kobayashi & Wurjanto, 89) which can 

fully describe the processes involved, and so experimental data is still valuable 
(Arhens, 89, Van der Meer, 90, Petti & Ruol, 91, 92). This study attempts to 
examine the velocity fields of waves breaking over submerged breakwaters, pay- 
ing particular attention to the formation of large scale vortices formed by the 
breaking waves. These play a major part in sediment transport because sediment 
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particles can become trapped in vortices thereby losing their normal settling rates 
(Nielsen, 92, 94). Consequently how far these vortices travel and the time they 

take to decay is of significant interest. A further aspect to consider is the effect 
localised scour, due to large scale vortices, has on the stability of the structure. 

This paper concentrates on the experiments carried out and the initial results 

found, which are presented in the form of velocity and vorticity maps. 

It is the technique of Particle Image Velocimetry (PIV) which is possibly the 
most novel aspect of this work; as it provides a spatial distribution of velocities 
at an instant it is ideal for measuring coherent structures. Previous experiments 
have used point measuring systems such as directional micro-propellers (Petti & 

Ruol, 1992) or electromagnetic velocimeters (Mizutani et al, 1992). This approach 
has the drawback that as only a time history of the wave velocity is obtained at 

a single point, coherent structures in the flow, such as large scale vortices, tend 

to get averaged out. 

Particle Image Velocimetry (PIV) 

A review of PIV is given by Adrian (1991) and an introduction to the process in 
a coastal engineering context is given by Greated et al (1992). Further references 
to work using PIV in this publication include Quinn et al (1994) and Earnshaw 

et al (1994). In order to avoid duplication I refer you to those papers for a brief 

overview of the processes involved. 

The only additional point relating to these experiments was that the technique 

of image shifting was used (Bruce et al, 1992, Earnshaw et al, 1994). Without 
going into detail this allows us to measure zero and near-zero velocities and re- 

solves the 180° directional ambiguity inherent with the autocorrelation method of ^ 

PIV analysis; it is analogous to frequency shifting in Laser Doppler Anemometry 

(LDA). 

Experiments 

Experiments were carried out in the 50m flume at The University of Florence, 

which was fitted with a 1:100 sloping beach. For this study a submerged break- 

water was installed about 26m from the wave maker and 22m from the foot of the 

beach. The breakwater was constructed of perspex with an Aluminium support 
structure and was 13.6cm high and 26 cm wide at the top, with an offshore facing 

slope of 1:3.5 and a shoreward facing slope of 1:1.5. The wave flume is shown 
in Figure 1 and the positions of the breakwater, PIV measurement section and 

wave gauges are indicated. 
PIV was used to measure the velocity fields and a set of 16 parallel-wire 

resistance-type wave gauges were used to measure the surface elevations of the 

waves. The 15W Argon ion laser, PIV illumination system and photographic 

equipment were brought over from The University of Edinburgh for this collabo- 

rative study. The laser light sheet required for PIV has to be introduced into the 
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Q®©®©©®®®(§>©©©®©®     Wave Gauges 

Dimensions In cm 

Figure 1: The Wave Flume at The University of Florence. 

Test No. Period, T0 (s) Wave Height, Ho (m) Ursell No. 
1 
2 
3 

2 
3 
4 

0.10 
0.10 
0.14 

19.2 
47.0 
89.3 

Table 1: Wave Parameters 

water from below the beach surface. As the bottom of the flume is not made of 
glass, a special section of the beach had to be built. This allowed the laser sheet 

in through the side of the flume, below the level of the beach and reflected it off 

an underwater mirror vertically up through a transparent strip in the beach into 

the flow. This is shown in Figure 2. 
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Figure 2: The PIV Beach Section 

Three regular waves were used whose parameters are shown in Table 1. These 
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were chosen to break before, over and behind the structure. The waves were 
generated by a absorbing piston-type wave maker, in a water depth of 0.42m. 

PIV measurements were made at four positions around the breakwater and four 
phases of each wave, were recorded at each position, the phases being separated 
by 90°. 

Wave Gauge Results 

Figure 3 shows typical surface elevation records from gauges 1, 3, 5 & 7 for the 
3s wave; Figure 4 shows the same for gauges 9, 11, 13 & 15. There are a couple 

of points worth noting here, firstly that gauge No. 1 is in constant depth water 
(h0 = 0.42m) and secondly that gauge No. 11 is just in front of the breakwater. 
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Figure 3: Wave Heights (T = 3s) 
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The first thing to notice from gauge 1 is that solely monochromatic waves are 

not being produced. There is definite evidence of a second wave being generated, 
and judging from the subsequent gauges this is a free wave, although it is at least 

of a much smaller amplitude than that of the main one. One can ascribe this 

generation of a free wave to the relatively high non-linearity of these waves. The 

Ursell numbers, calculated from Equation 1 are shown in Table 1; the values for 

the 3s & 4s waves being particularly high. It is perhaps not too surprising to see 
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Figure 4: Wave Heights (T = 3s) 

this kind of instability from a wave maker trying to generate sinusoidal waves, 
Osborne & Petti (1994) give a more detailed description of this phenomenon. 

U0 = (HoLD/hl (1) 

Gauges 9 and 11 show significant reflected high-frequency waves, particularly 
in the troughs, with gauge 11 also showing the maximum wave elevation, of 

about 0.1m, due to its position just in front of the breakwater. In addition to 

this, one can also see (from Figures 3 & 4) how the phase celerity decreases as the 

waves approach the breakwater. Gauges 13 h 15 show diminished wave height 

and increased high frequency components following breaking, with evidence from 
gauge 15 of some frequency recombination as the wave crests have increased in 

height and sharpened in profile. 

With the generation of a free wave and a measured reflection coefficient value 
of about 10%, there was a noticeable variation of wave heights at all the wave 

gauge positions. A zero-up-crossing significant wave height analysis from all 16 

wave gauges was carried out and this gives a good indication of the scatter in 

wave heights. This zero-crossing analysis is given for all three waves in Figure 5 

Although there is some significant scatter of the wave heights one can see 

the general trend of increasing wave height towards the breakwater, located just 
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Figure 5: Zero up-crossing significant wave height distribution. 

after gauge 11, and a decrease following breaking. The maximum waveheight 

was recorded at gauge number 10 for the 2s wave, this is due to the fact that 
the wave has already started to break by the time it reaches gauge 11. There is 
further evidence of post-breaking recombination of frequency components with 
the increase in significant wave height after the initial decrease due to breaking. 

This is particularly so for the 4s waves. 

PIV Results 

Due to the large number of measurements taken only a small set of the 48 

velocity vector maps can be shown here. As the focus of the paper is the mea- 

surement of vortices generated by the breaking waves, only one example of a 
wave breaking on the front face of the breakwater is shown. The other results 

are presented, by means of velocity and vorticity maps, for the positions behind 
the breakwater. The convention of positive vorticity indicating an anti-clockwise 

rotation has been adopted throughout. 

Figure 6 shows a 2s wave breaking on the front face of the breakwater. It 

is interesting to notice that the wave is breaking where the wave meets the fast 

flowing backwash, returning over the breakwater, and not at the top of the wave 

as one might expect.  This formation of a localised bore on the structure gives 
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rise to small waves which travel in the offshore direction. 
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Figure 6: Vector map: 2s wave: Phase 4: Position 2. 

Considering now the 3s wave, Figures 7, 9 & 11 show velocity maps for 
the first three phases at position three, with Figures 8, 10 k, 12 showing the 
corresponding vorticity maps. 

Phase 1 shows a positive vortex down near the bottom of the breakwater in 

an area particularly sensitive to scour, (Liberatore, 92) . Phase 2 shows a large 

region of negative vorticity near the surface to the right caused by the overturning 
of the wave that has just broken, sweeping upwards the positive vortex that was 

located near the foot of the structure in the previous phase. A small negative 

vortex is also being shed by the top corner of the breakwater. The third phase 
shows that the main negative vortex of the previous phase has reduced to a ring of 
smaller vortices and the positive vortex has now either dissipated or been carried 
back over the structure. 

If we now look at position 4 (shorewards of position 3) for the 3s wave we 

can see from Figures 13 & 14 that at phase 4 there is still a significant negative 

vortex. This is most likely to have been generated by the previous wave and has, 

therefore, persisted for about 5s and moved about 0.55m from the rear of the 

breakwater. 

Turning our attention now to the 4s waves, Figures 15 & 17 show veloc- 

ity maps for phases 2 & 3 at position 3, with Figures 16 & 18 showing their 
corresponding vorticity maps. 
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Figure 7: Vector map: 3s wave: Phase 1: Position 3. 

Phase 2 shows negative vorticites near the top right and on the top corner of 

the breakwater, the former being generated by the overturning breaker. There is 

a positive vortex above the rear toe of the structure in a similar position to the 

positive vortex shown at the same phase and position for the 3s wave. In phase 3, 

however, we can see that the large negative vortex has been swept into the next 

position and all that remains are two positive vortices near the bed and surface 

and a positive vortex being generated at the top corner of the structure as the 
flow returns back over the breakwater. 

Moving on to the final position, Figure 19 shows the velocity maps for phase 
2 again and Figure 21 shows the same for phase 4. Figures 20 & 22 show their 
vorticity maps, respectively. Phase 2 occurs just after the wave has broken and 

there is still some aeration of the flow near the surface, particularly near the cen- 

tre of the figure. It has the greatest magnitude of vorticity values of any of the 

waves, with large negative vortices near the surface on the right of Figure 20 and 

near the bed on the left. Two phases later we can see that both negative vortices 

have persisted with the main one, centred about 27.09m in Figure 22 and the 

second one located on the left hand side of the flow. 
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Figure 8: Vorticity map: 3s wave: Phase 1: Position 3. 
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Figure 9: Vector map: 3s wave: Phase 2: Position 3. 
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Figure 10: Vorticity map: 3s wave: Phase 2: Position 3. 
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Figure 11: Vector map: 3s wave: Phase 3: Position 3. 
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Figure 12: Vorticity map: 3s wave: Phase 3: Position 3. 
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Figure 13: Vector map: 3s wave: Phase 4: Position 4. 
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Figure 14: Vorticity map: 3s wave: Phase 4: Position 4. 
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Figure 15: Vector map: 4s wave: Phase 2: Position 3. 
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Figure 16: Vorticity map: 4s wave: Phase 2: Position 3. 
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Figure 17: Vector map: 4s wave: Phase 3: Position 3. 
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Figure 18: Vorticity map: 4s wave: Phase 3: Position 3. 
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Figure 19: Vector map: 4s wave: Phase 2: Position 4. 
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Figure 20: Vorticity map: 4s wave: Phase 2: Position 4. 
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Figure 21: Vector map: 4s wave: Phase 4: Position 4. 
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Figure 22: Vorticity map: 4s wave: Phase 4: Position 4. 
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Conclusions 

The main focus of this study is to demonstrate the scale and significance of 
large scale vortices generated by waves breaking over a submerged breakwater. 

The ability to do this lies in the use of PIV as the measurement system, due to 

the fact that these flow structures are only measurable with a technique which 

records the spatial distribution of velocities at an instant. The detail of these 

measurements is apparent and a thorough analysis of the data is now called for. 
However, one can get an initial impression, from the results presented (eg. Fig- 
ures 7-10 showing phases 1 & 2 of the 3s waves at position 3), of the importance of 
including vortex generation and interaction in the formulation of sediment trans- 
port numerical models. One such model is the Discrete Vortex Model described 
in Pedersen et al, 1992. 
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