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Abstract 

A comprehensive experimental study has been carried out to measure the velocity 

field of waves breaking on two types of beach. The measurement technique of 

Particle Image Velocimetry (PIV) has been used throughout to measure the full-

field, instantaneous velocity distributions. This technique is described in some 

detail with particular attention paid to the errors inherent when using PIV in 

this application. The first type of beach studied has a mild slope, typical of 

sandy beaches. PIV measurements have been carried out on 1:30 and 1:100 plane 

sloping beaches with monochromatic waves. The measured internal kinematics are 

compared to those predicted by the Boussinesq- and Serre-type wave models, with 

some good agreement. However, there are some significant differences in the near-

surface region of the wave crest which tend to increase as the waves propagate up 

the beach. In addition to these theoretical comparisons, the Integral Properties of 

the waves on the 1:30 slope are calculated from the PIV measurements. The second 

type of beach examined is typical of a shingle beach. In addition to being steeper 

than the previous case, these beaches are also profiled, representing the shape 

of the beach formed under storm conditions. Two profiles have been modelled 

and three different monochromatic waves have been measured on each. The wave 

breaking processes are described and velocity measurements from each wave on 

both beaches are shown. Furthermore, a near-bed velocity comparison between 

the three waves at various positions along each beach has also been carried out in 

order to explain any potential on-shore and off-shore sediment motion. 
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Chapter 1 

Introduction 

1.1 General Background 

Modern coastal engineering has now attained a greater profile throughout the 

world with an increasing awareness of environmental issues. The broadcasting on 

television news, year in and year out, of the devastating effect storms have on 

coastal towns and cities around the world has brought new public awareness to 

the problem. There is now a very strong worldwide research community dealing 

with these problems, with field and laboratory experiments as well as numerous 

numerical models derived with greater complexity and speed as computer tech-

nology increases. 

The first thought of most people when you mention beaches is of their holidays. 

They often fail to recognise the importance of the beach as the first line of defence 

to the sea. Whilst recreational reasons are important to maintaining beaches, 

indeed for many parts of the world it provides the main source of income to the area 

through tourism, it is only one of many reasons to protect coastlines and prevent, 

where possible, erosion. The disposal of waste and the use of sea-water as a cooling 

medium for nuclear power stations through outflow pipes also causes concern; the 

sea kinematics in coastal areas being important for determining exactly where the 

effluent will end up, with effects on local wildlife, and possible pollution of a beach 
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used for human recreation. The importance of coastal engineering was ironically 

highlighted at the 23rd International Conference on Coastal Engineering in Venice, 

Italy, where on the first day of the conference the city was flooded. Figure 1.1 

shows a photograph of St. Mark's Square on that day. 
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Figure 1.1: St. Mark's Square, Venice, 5th Oct. 1992. 

1.2 Aim of Present Study 

The general stimulus for this work is the ongoing requirement for detailed velocity 

measurements on all types of beach. Particle Image Velocimetry (PIV) is the 

only measurement system capable of providing a spatial velocity distribution at 

an instant; all other techniques give temporal distributions at a point. With 

these latter techniques, in order to build up a picture of the whole flow field, 

an experiment has to be performed many times with the measuring probe in an 

array of positions. This process is subject to error and turbulent phenomena 
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cannot be described accurately. Basco (1985) said "A general understanding of 

the mechanisms and processes governing the mean flow field just after breaking 

remains one of the outstanding unsolved problems in fluid mechanics." If one 

is to try and remedy this situation an accurate knowledge of the internal wave 

kinematics is required. In fact, the general hydrodynamics of waves approaching 

breaking on a beach is still not fully understood. 

There is an increasing requirement for accurate morphodynamic models by coastal 

engineers for local authority or national government sponsored projects. Coastal 

engineering projects, eg. beach nourishment or sea-wall construction, are on such 

a large scale that mistakes are very expensive. At the present time there is no 

universally applicable model, essentially because individual elements to its design 

are not adequately understood. Neither wave nor sediment transport models have 

reached a stage where they can be used reliably in all but a handful of situations. 

It is the purpose of this project to provide accurate velocity data, using PIV, from 

two types of beach slope, in order to provide a sound basis for the validation of 

existing numerical wave models or the establishment of new ones. 

The first beach type considered in this study, is typical of a sandy beach, ie. having 

a mild slope. There are a number of theoretical models for this type beach for 

two reasons; firstly the large number of sandy beaches around the world provides 

a practical stimulus and secondly, because of its relatively close approximation 

to waves propagating in a constant depth of water without any reflected wave 

components - a situation which is better understood. The aim of this study, with 

relation to mildly sloping beaches, is two-fold; firstly to provide detailed velocity 

data and compare the measured internal wave kinematics with values predicted 

by the Boussinesq- and Serre-type models and secondly to calculate the so called 

"Integral Properties", described in sections 1.3 & 4.5.3, from the spatial velocity 

distributions generated by PIV. 

The second beach type considered is typical of a shingle beach. These have a 

steeper mean slope than sandy beaches due to the fact that they consist of larger 

diameter material; the increased friction between individual beach particles allows 
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a much steeper slope to be tolerated. This part of the study follows on from 

experiments carried out by Powell (1988) to measure the dynamic response of 

shingle beaches to wave attack in simulated storm conditions. Two of the resulting 

profiles have been modelled for velocity measurements in this study. The object 

of this part of the study is, once again, to provide accurate velocity data for waves 

breaking on this type of beach and examine the internal kinematics in order to 

explain the sediment movement which generated the particular beach profile. 

1.3 Terminology and Definitions 

There are several terms and definitions commonly used in coastal engineering 

which should be described before proceeding any further. These are mainly de-

scribed in Basco (1985), Battjes (1988), Peregrine (1983) and Svendsen & Jonsson 

(1980). 

Dealing first with the basic wave definitions, as shown in figure 1.2. Here the wave 

crest and trough are labelled, with the difference between them being the wave 

height, H. The elevation, i, is the difference between the height of the surface at 

a point and the Mean Water Level (MWL). The Still Water Level (SWL) is the 

height of the water when still, and this is not necessarily the same as the MWL. 

If we consider the symmetrical wave in figure 1.2 approaching a uniformly sloping 

beach; as the wave runs into decreasing water depth it slows, shortens and steep-

ens. This process is termed shoaling. The wave profile also adopts horizontal and 

vertical asymmetries during shoaling, as shown in figure 1.3. 

As the wave continues to propagate towards the shoreline these asymmetries grow 

and the front face of the wave becomes increasingly steep. The breaking point 

is defined to be the point where the front face of the wave becomes vertical. In 

spilling breakers this is normally the point of maximum wave height, but this 

is not necessarily the case for plunging breakers. There are four distinct types 
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Figure 1.2: Definition diagram for wave parameters 

of breaking wave, proposed by Galvin (1968, 1972), mainly based on physical 

appearance, they are: 

Spilling Breakers: White water appears at the wave crest and spills down 

the front face, sometimes preceded by the projection of a small jet. 

Plunging Breakers: Most of the wave's front overturns and a prominent jet 

falls near the base of the wave, causing a large splash, the so-called splash-up. 

Surging Breakers: These are slightly turbulent standing waves against the 

beach face with turbulence generated from the bottom boundary shear, 

which is a function of bottom friction. 

Collapsing Breakers: These are similar to plunging breakers except that the 

jet begins at a lower elevation than the crest. 

The type of breaker formed on a beach depends mainly on the beach slope and 

wave steepness; where the wave steepness is defined to be the ratio of wave height 
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Figure 1.3: Horizontal and vertical asymmetries in shoaling waves 

to wavelength, H/L. Battjes (1974) correlated these breaker types with the surf 

similarity parameter, e, as defined in equation 1.1 

tan a 

= H/L. 
	 (1.1) 

Where a is the slope of the beach and the subscript denotes the deep water value. 

In general, on smooth impermeable slopes spilling breakers occur for e < 0.4. 

Plunging breakers occur when 0.4 < e < 2.0. Above e = 2.0 surging breakers 

are evident. So for steep waves on a shallow sloping beach spilling breakers are 

formed and for flatter waves on a steep slope surging breakers are formed. Plunging 

breakers being the intermediate case. 

The coastal region is also split up into different zones, the most commonly accepted 



SWL 

classification is that of Svendsen et al. (1978), subsequently used by Stive (1980) 

and Basco (1985) and shown in figure 1.4. 

Outer Surf Zone 	 Inner Surf Zone 	 Run-up Zone 

Rapid Transition 	 Slow Transition 

Figure 1.4: Definition diagram of the surf zone, following Svendsen et al. (1978) 

The outer surf zone starts from the break point and finishes when the initial rapid 

transition in wave shape has finished, forming a propagating bore (Peregrine & 

Svendsen, 1978). The inner surf zone extends over the region where the wave 

profile is quasi-steady. As the bore approaches the water line it collapses and 

the motion continues in the form of a thin sheet of water that rushes up the 

slope to the point of maximum run-up, and then back again, the so-called swash 

(Battjes, 1988). The reduction of wave-height in the inner surf zone causes a 

rather large rise in the mean sea level, this is termed the set-up. Consequently 

the larger the incoming wave the larger the set-up. If one considers an irregular 

wave train breaking on a beach the mean water level will vary with a period much 

greater than the wave periods, this slow oscillation of the MWL is termed surf 

beats (Roelvink et al. (1992), Roelvink (1993)). Guza & Thornton, (1981) have 

measured wave set-up on a natural beach finding that the set-up at the shoreline 

was 0.17 times the significant wave height in deep water. The significant wave 

height H8  is the average height of the highest 1/3 of all the waves in a given 

spectrum. Adopting the approach of eg. Draper (1963) and Tucker (1963) one 

can define the root-mean-squared wave height, Hr , as the standard deviation of 

the wave elevation, o, or the square root of the zeroth spectral moment, 

as shown in equation 1.2. 

'After the experiments carried out on profiled beaches, discussed in detail in Chapter 5, the 

author was made aware of an alternative, and perhaps more widely used, definition of Hrms , 

ie. Hrms  = 2v'o. This has the effect of equating H3  with H. 
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Hr r,/ 	 (1.2) 

If one adopts the assumption that the wave heights within the spectrum have a 

Rayleigh distribution (see, eg. Sarpkaya & Isaacson (1981)) then it can be shown 

that H3  = 4o, hence the relations given in equation 1.3. 

Hs=4a4J=4Hr  H=\/Hr  (1.3) 

In the experiments presented in this thesis only regular waves have been used and 

consequently there is no surf beat phenomenon. Outside the surf zone there is a 

small depression of the MWL, this is termed the set-down. One should deal with 

the wave set-up and set-down in some detail, this is because they both occur due 

to changes in the so-called radiation stress. The concept of the radiation stress 

was introduced in series of papers by Longuet-Higgins & Stewart (1960,1961,1962 

& 1964) as the excess flux of momentum due to the waves, and has become one 

of the most important parameters in breaking wave dynamics. In determining 

the sediment concentration profile for the local sediment transport rate Dally & 

Dean (1984) said that "The local gradient in the onshore radiation stress 5S1ôx 

appears to be the most important parameter in the problem because it drives the 

on/off-shore mean currents, and it is an indicator of the amount of sand placed 

in suspension by breaking induced turbulence." Svendsen and Jonsson (1980) give 

a simple mathematical introduction to the radiation stress. With reference to 

figure 1.5 if one considers the mean momentum (M) and total pressure (P) forces 

over the depth (h) from MWL to the bottom, horizontal equilibrium yields equa-

tion 1.4 

d(M+P) 
dx 	

+pgh tan a=0 	 (1.4) 

where a is the uniform slope of the beach. Adopting an undisturbed depth (D), 

say the Still Water Level (SWL), from which the total height (h) is now comprised 



z 

'l/dx)dx 

'/dx)dx 

e 

1-0 	 'N.J 	 x 
dx 

Figure 1.5: Forces with components perpendicular to the shoreline, following 

Svendsen & Jonsson (1980) 

of the undisturbed depth (D) plus the elevation to MWL (b), the excess normal 

stress (a) is defined by equation 1.5. 

M + P - pgh2 	 (1.5) 

Replacing h with D+b and tan a with —dD/dx in equation 1.4, yields equation 1.6, 

	

dS 	A
= —pgh-- 

	

ax 	ax (1.6) 

because for normal incidence (wave fronts parallel to the bottom contours) o 

equals the radiation stress S. From equation 1.6 one can see the dependence 



on the elevation of the MWL and the hydrostatic pressure. The radiation stress 

increases outside the surf zone when a wave approaches the coast, but then must 

decrease after breaking (assuming uniform bed slope), giving the characteristic 

set-down outside the surf zone, and set-up inside the surf zone (Stive & Wind, 

1982). The set-down tends to be small (about 3% of the local water depth h), 

and fairly unimportant, however the wave set-up can be as large as '-' 30% of the 

local water depth, and consequently of more importance. In general the set-up is 

approximately one order of magnitude greater than the set-down. 

The further development of the radiation stress is dealt with in some detail in 

section 4.5.3 where it is calculated for PIV experiments on shallow beaches. 

1.4 Literature Review 

Perhaps one of the most interesting aspects of fluid dynamics is that it encom-

passes a large number of different disciplines, including Mathematics, Physics and 

Engineering. Consequently there are a large number of publications in the field 

Dealing now with coastal engineering, Svendsen and Jonsson's (1980) book gives 

an excellent first introduction. Most of the definitions mentioned in section 1.3 

are obtained from this book and it sets out in a clear way many of the fundamen-

tal points of coastal hydrodynamics. There are essentially two different aspects 

to coastal engineering research; hydrodynamics and morphodynamics, concerned 

with wave and/or current motion and beach or coast profile evolution respectively. 

These are of course interconnected, with both the beach topography and incident 

wave climate having an effect on each other, a factor which is demonstrated in 

this study. However, these two aspects are now considered separately. 

One can further split hydrodynamics into two regions namely waves and currents. 

It is only waves that are considered in this study. One of the reasons for ignoring 

currents is that the experiments were carried out in a narrow wave flume, where 
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the wave motion is assumed to be two-dimensional, and the waves approach the 

beach normally. If the waves approached the beach from an angle a long-shore 

current is created which results in a horizontal circulation with water turning off-

shore in what are termed rip-currents. These have a substantial effect on the local 

sea-bed, especially on sandy beaches, where the rip-current carves a channel for 

the returning water. Rip-currents also occur when waves approach the beach from 

a perpendicular direction, however the horizontal scale of their separation is large 

when one considers experiments in a relatively narrow wave flume. Cross-shore 

currents can be divided into three categories, namely short-period wave driven 

currents, tidal and wind driven currents. The latter two are long period effects 

and have little effect on individual waves. In the surf zone there is a net flow 

offshore near the bed, termed the undertow, which is a product of the wave ac-

tion, and as such is considered in this study; see Hansen & Svendsen (1984) for 

a theoretical and experimental description of undertow. Longuet-Higgins (1983) 

describes theoretically and experimentally how the set-up helps to drive the under-

tow and proposes that the convergence of this current with the near-bed, on-shore 

directed current outside the breaker line, helps bar formation of the beach profile. 

Roelvink & Stive (1989) and Dean et al. (1992) also discuss bar generating pro-

cesses. There have been a number of publications on currents and wave-current 

interaction, mainly for deep water scenarios, notably Kemp & Simons (1983), 

Swan (1990 & 1992), Thomas (1990) and Skyner & Easson (1992). Sakai et al. 

(1988) performed a series of experiments to measure the wave height of waves 

travelling onto a uniformly sloping beach in the presence of an opposing current 

to establish a wave breaking criterion for this case. Simons et al (1992) have per-

formed a series of experiments with waves and currents crossing at right angles, 

and Hamm (1992) deals with waves travelling over a rip-current on a 1:30 sloping 

beach. 

Waves can be split into two categories, deep water and shallow water waves. It 

is shallow water waves which are considered in this thesis. There are several 

review papers, notably Peregrine (1983), Basco (1985) and Battjes (1988) which 

give a good introduction to various aspects of wave motion in coastal regions 

- 
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and have extensive reference sections. Dingemans (1994b) gives a comprehensive 

account of water wave propagation, paying particular attention to the Mild-Slope, 

Boussinesq-type and Korteweg-de Vries (KdV) equations. Daily et al. (1985) 

considers the wave height variation across the surf zone, this being important for 

considering the wave energy flux due to the rapid decrease in potential energy 

with reduction in wave height as the waves break. Thornton and Guza (1983) 

also deal with wave height transformation in the surf zone in a field study. 

The most accurate velocity measurements made before PIV, used the technique 

of Laser Doppler Anemometry (LDA). This approach measures the temporal vari-

ation of the velocity at a point, with the inherent problems of wave repeatability 

already mentioned in section 1.2. Stive (1980), Mizuguchi (1986) and Griffiths 

et al. (1992) provide good examples of this type of experiment on plane slop-

ing beaches. Although a relatively new technique, PIV has already established 

itself as a powerful fluid flow measuring system. Adrian (1991) gives a very good 

overview of the technique in various flow regimes. There are numerous papers 

dealing with water wave dynamics. Gray & Created (1988) and Skyner et al. 

(1990) consider deep water breaking waves, and papers by Quinn et al. (1993), 

Powell et al. (1992) and by Created et al. (1992a) deal with waves breaking on 

beaches. Created et al. (1992b) gives a brief review of the technique as applied 

to coastal engineering processes. 

The development of numerous numerical models of increasing complexity requires 

high quality experimental results for verification. PIV experimental results have 

been compared to a fully non-linear, time-stepping model developed by Dold 

& Peregrine (1986) for deep water breaking waves and have shown remarkable 

agreement (Skyner et al., 1990). Results from the experiments carried out on a 

1:30 plane sloping beach, presented later, have been used in a comparison with 

Boussinesq- and Serre-type models carried out by Brocchini et al. (1992) with 

good agreement. 

A number of numerical models have been developed; some of the more promising 

approaches have been examined by Klopman (1988). An extensive paper by Dean 
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& Perlin (1986) intercompares many wave theories with laboratory and field ex-

perimental data, but limits itself to near bottom kinematics. The first example of 

a Boundary Element system for computations of overturning waves was developed 

by Longuet-Higgins & Cokelet (1976) and several programs of this type have sub-

sequently been developed, notably Vinge & Brevig (1981) and Dold & Peregrine 

(1984). Reinecker & Fenton (1981) developed a numerical model for steady water 

waves using a Fourier approximation; this has the benefit of making no analytical 

approximations and results, even for high waves, compare very well. Analytical 

methods, eg Stokes' expansions (Schwartz, 1974 and Cokelet, 1977) , and cnoidal 

(Fenton, 1979), only provide solutions in a limited domain of application, and still 

do not compare very well with experiment (Wang & Le Mehaute, 1980). There 

are several problems which have not been overcome in dealing numerically with 

waves on beaches. No theory can deal explicitly with the effect of backwash from 

the previous breaking wave. The boundary integral approach works well for sin-

gular breaking waves up to the point when the spout of the breaker touches the 

trough in front. Here the calculations break down due to the boundary, at the 

free surface, being broken, so for waves on beaches one can only look at cases 

where the waves before the incoming plunging breaker do not break. As the mean 

shingle beach slope is so steep ( 1 : 7) when compared to that of sandy beaches 

(' 1 : 30), the backwash component is very strong. This means that comparison 

with wave theories which ignore backwash is of little value. The theoretical as-

pects of this work are looked at in greater detail, in sections 4.5.3 & 4.2.2, when 

the integral properties for waves on shallow slopes are calculated, along with a 

comparison with Boussinesq- and Serre-type models. 

It is the understanding of morphodynamics which is the underlying goal for coastal 

engineering, i.e. to accurately predict beach profile evolution due to erosion or 

accretion given the beach material characteristics and the local hydrodynamics. 

This situation is still a long way off, keeping the sea where you want the sea to be 

and the land where you want the land to be is notoriously difficult; one might, in 

a rather tongue-in-cheek manner, term this the Canute principle. At present the 

understanding of the separate areas of hydrodynamics and sediment transport is 

13 



not advanced enough to accurately deal with their interaction. The accuracy of 

PIV data should improve the knowledge of the hydrodynamics of waves on beaches 

and this should provide a better insight into sediment suspension and transport. 

An intercomparison of existing coastal profile models is given in Hedegaard et 

al. (1992). The two companion papers Southgate & Nairn (1993) and Nairn 

& Southgate (1993) deal with beach profile modelling, the former paper being 

involved with wave and current modelling and the latter concerning the sediment 

transport and beach profile evolution. Stive et al. (1992) looked at this problem 

with respect to shore nourishment, a common process in replenishing beaches 

affected by erosion. However, the size of material and where it is placed has a 

large effect on its success. This is generally an expensive engineering program 

and one has to make sure that the nourishment is not washed away in the next 

big storm. There are numerous papers dealing with different aspects of sediment 

transport. In the 23rd International Conference on Coastal engineering in 1992 

there were 39 papers presented on the subject, notably Basco et al., Creed et al., 

Dean et al., Pedersen et al., Villaret & Latteux and van Rijn & Kroon. 

14 



Chapter 2 

Particle Image Velocimetry (PIV) 

2.1 Introduction 

Although there are a number of institutions around the world who now use PIV 

as a matter of course, it is still relatively new when compared to Laser Doppler 

Anemometry (LDA), and as such warrants detailed description. This is given 

in sections 2.2 & 2.3. However, a brief introduction to the processes involved is 

considered useful. 

PIV is a two-stage process exploiting fairly simple processes. The first stage is the 

photographic recording of the seeded flow field which is illuminated in a pulsatile 

manner. In this way multiple images of each of the seeding particles are recorded 

on the film. The second stage is the analysis of the PIV negative. Here a low-power 

Helium-Neon laser probes the negative point-by point across the imaged flow field. 

The multiple images of the seeding particles cause interference forming Young's 

fringes in the focal plane of a lens. The separation of these fringes is inversely pro-

portional to the separation of the particles, and their orientation is perpendicular 

to the orientation of the particles. The measured displacement of the multiple 

images of the seeding particles yields the average velocity at that point, as the 

photographic magnification and the time interval between illumination pulses is 

known. 
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Although PIV is a relatively new technique it is nevertheless well documented, and 

has been applied in numerous fields. A good initial account is given in Adrian 

(1991) and Gray (1992). The book titled "Flow Visualization and Image Analy-

sis" (1993), edited by Nieuwstadt, contains contributions from most of the main 

institutions working with PIV and associated flow measurement techniques. It 

covers both advances in the technique itself and many practical applications. Hy-

drodynamic applications have already been cited in section 1.4. 

2.2 PIV Equipment 

2.2.1 PIV Illumination System 

The illumination of the flow in all of these experiments was provided by the scan-

ning beam method. This has proved to be the best system for fluid flows of this 

size and velocity (Gray et al., 1991). The dependence on the size and typical ve-

locity of a flow field is such that the combination of magnification and illumination 

period should cause the separation of the multiple images on the film to be be-

tween 30 and 300 pm. The scanning beam method has been used to measure flows 

up to 12.5 ms -1  in particle jets (McCluskey, 1992a). A diagram of the scanning 

beam illumination system developed and used for this study is shown in figure 2.1. 

The beam from a continuous wave (CW) 15W Argon Ion laser enters the system 

at the bottom left of the box. A high-quality beam-steering mirror reflects the 

beam up through an achromatic telescope arrangement, collimating the beam, 

to hit the eight sided rotating mirror. This mirror, whose rotation speed can be 

adjusted very accurately in the range 12 - 250 rps, scans the laser beam along the 

parabolic mirror. The parabolic mirror reflects the beam up into the flow field in 

• vertical, collimated pseudo light-sheet. The parabolic mirror is constructed from 

• machined plate of Aluminium, 20mm thick. The reflecting surface is made by 

optically coating a thin strip of perspex and carefully sticking this to the parabolic 
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Figure 2.1: The Scanning Beam Illumination System. 

face of the Aluminium plate, using double-sided adhesive tape. 

The telescope arrangement uses achromatic lenses because the beam from the 

Argon Ion laser has nine wavelengths, consequently achromatic lenses can focus the 

beam much better than conventional lenses. The multiple wavelengths are formed 

by transitions from several excited states of the singly ionised Argon atom (Yariv, 

1985): the most predominant one has a wavelength of 488 nm . Although it is 

possible to select a particular wavelength output, with an etalon for example, this 

is not desirable for this application because of the corresponding power reduction. 

It is possible, and probably more common, to make a telescope arrangement with 

two convex lenses, as shown in figure 2.2A. However, this has two drawbacks, 

namely the quite large physical separation of the lenses (equal to f 1  +f2 ) and the 

fact that the beam converges to its minimum beam waist at the focus of the first 

lens. The beam at this point is at its most intense and consequently at its most 

dangerous. A further consequence of this second point, although not applying to 

this power of laser, is that the power may be so large at this point as to ionise 
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the air. This was observed for pulsed Neodymium:YAG (Yttrium Aluminium 

Garnet) lasers with a power of 200mJ/pulse (McCluskey, 1992b). To prevent 

this happening and to reduce the space between the two lenses for the same 

magnification, the second lens should be concave. This gives the beam diagram 

shown in figure 2.2B. 

Focal Plane 
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Mimi 
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Figure 2.2: Telescope arrangements 

The individual optical components are mounted on accurately turned spacers from 

the side walls, which are made from 8mm Aluminium sheet, this holds all the 

components correctly in the optical axis. All the component holders are made of 

aluminium and, along with the side plates, are black anodised to reduce dangerous 

laser reflections. Laser safety is an important factor when using a 15W laser, or 

any other Class 4 laser. Several steps have been taken to ensure the laser beam 

is enclosed all along its pathlength so that no accidental exposure occurs. These 

are described in section 3.2.2. 



2.2.2 PIV Analysis 

The PIV analysis system at The University of Edinburgh was developed initially by 

Callum Gray (Gray & Created, 1988) and subsequently updated by David Skyner 

and Tom Bruce. It employs the Young's fringe technique where the autocorrelation 

function, z), over a small interrogation area on the PIV negative, is calculated. This 

is now described in section 2.2.3. 

2.2.3 Autocorrelation Function Calculation 

Consider the simple optical system shown in figure 2.3. In the framework of the 

PIV analysis system we will consider the object to be a small interrogation area 

of the negative. This is coherently illuminated by a laser source and the func-

tion f(x, y) is the two dimensional amplitude distribution of the transmitted light 

field. The image is formed in the focal plane of the lens. The lens performs a 

Fourier transform of the amplitude distribution, forming a complex image ampli-

tude distribution, F(u, v), where u and v are spatial frequencies. However, it is 

the modulus squared, ie. the intensity of this distribution which can be detected. 

In this case a CCD (Charge-Coupled Device) camera is located in the image plane 

and the digitised intensity distribution, ie. I F(u, v)12, is passed to a computer. 

Turning now to a general mathematical description of correlation (Klein & Furtak, 

1986) we can say that if correlation is the degree to which two functions "match-

up" as they are moved relative to each other, then, for the general case of two 

complex functions (fi & f2), we can define the cross correlation as 

fi ® f2 J fi (x')fl(x' - x)dx' 	 (2.7) 

Substituting x" = - x we get 
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Figure 2.3: PIV Analysis System imaging set up 
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In two dimensions the cross correlation from equation 2.7 becomes 

fi 012 f J fi (x', y')f(x' - x, - y)dx'dy' 

When Ii & f2 are the same function (fi = 12 = f) then we have the autocorrelation 

integral, denoted thus 

(2.10) 

The Fourier transform of z) can now be evaluated. From equation 2.8 we get 

 II 	I! 

F[f1 0 f2] = f.ffi(X+X")f2 (x )dx e_z21rUxdx 

=  L
00 '00 

]_ f
i (x + x")et2dx]f2* ")  

(x dx 

(2.11) 

(2.8) 

(2.9) 



f oo 

00 	 II

= 	Fi(u)f(x")dx 
 

= Fi(u)[ I f2(xh')e_22rdx"]* 
J -00 

= Fi (u)F(u) 	 (2.12) 

where * denotes the complex conjugate. Returning to the special case of autocor-

relation we have 

	

F[z)] = .;T[f ® 1] = IF(u)12 	 (2.13) 

Taking the inverse Fourier Transform gives 

= .T 1 (IF(u)1 2 ) 	 (2.14) 

The relationship shown in equation 2.13 is called the Wiener-Khintchine theorem. 

Considering the PIV analysis system once again we can see from equation 2.14 

that the autocorrelation function £ over a small interrogation area is simply the 

inverse Fourier transform of the intensity distribution IF(u)1 2  which was passed 

to the computer from the CCD camera. This is carried out numerically using a 

fast Fourier transform (FFT) routine. 

2.2.4 The PlY Analysis System 

The layout of the current system is shown in figure 2.4. 

The beam of a low power Helium-Neon laser passes through a spatial filter to 

remove high-frequency noise from the Gaussian beam profile. This is then colli-

mated into a 1mm diameter beam, which hits the developed PIV negative mounted 

on a computer driven micro-translator. The intensity distribution of the Young's 
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Figure 2.4: The automated PIV Young's fringe analysis system. 

fringes is formed on the CCD array of a CCD video camera. The digitised image 

is passed to a PC (personal computer) via a framegrabber, and the autocorrela-

tion function is calculated, as described in section 2.2.3. The peaks representing 

the most correlated image pairs are detected, the self correlation peak having 

been removed, and their separation and orientation are recorded. The computer 

moves the negative onto the next interrogation position where the process is re-

peated until the whole flow field is analysed. In this way the average particle 

displacement per interrogation area is calculated for the entire negative. When 

this is coupled with the accurate knowledge of the illumination pulse interval and 

the photographic magnification, the velocity field for the flow is obtained. The 

analysis time per point is about 2s, when the high-resolution 64x64 2-D FFT is 

calculated on a 486DX PC, operating at 33 MHz. 

There have been attempts to perform the second Fourier transform optically, 

thereby cutting out the calculation time for a mathematical FFT. Moraitis (1988) 

gives quite a good overview of initial attempts and the various approaches used. 

Jakobsen et al. (1992) have achieved excellent results using an optically addressed 
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Spatial Light Modulator (SLM). 

2.3 PIV Methods 

2.3.1 PIV Photography of the Flow 

The first stage in PIV is the photographic recording of the illuminated flow field. 

There are a number of criteria to be evaluated if optimal results are to be obtained. 

For the time being we shall consider the case of the wave tank without a beach 

profile installed. The scanning beam illumination system is located beneath the 

wave tank and illuminates a im long section of the flow, only 2 - 3mm thick. A 

camera is mounted in front of the flow field on a tripod, as shown diagrammati-

cally in figure 2.5. 

In these experiments a 15W Argon ion laser is the light source. This powerful 

laser is required for two reasons. Firstly, only a thin sheet, approximating the 2-D 

limit, in the flow is required. This is best obtained with a laser source. Secondly, 

as it is the side scattered light off very small seeding particles, illuminated for very 

short times, that is recorded, a very powerful source is required. 

The main parameters to be optimised for the best results are the magnification 

of the imaged flow field and the scan period of the laser beam. These factors 

are selected to ensure that the separation of the multiple images of the seeding 

particles are far enough apart at the lowest velocity to be resolvable, but not 

too far apart at the highest velocity that the multiple images fall outside the 

interrogation area of the analysing laser beam. This effect is shown in figure 2.6. 

It has been found that the minimum resolvable particle separation on the film is 

30 rim, for particles of about 7 im on the film, the maximum being 300 pm; an 

effective resolvable dynamic range of 10. In calculating initial values for both the 
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Figure 2.5: The apparatus set-up for PIV photographs 

magnitude and scan period, it is advantageous to have an approximate knowledge 

of the maximum velocity likely in the flow field. This estimate need only be quite 

rough as a test film is always taken to fine tune these parameters. In the experi-

ments performed in this study the maximum velocity was estimated by manually 

timing the progress of the crest of the wave across one 3m zone of the wave tank. 

The velocity data in the analysis system is calculated using equation 2.15, 

(2.15) 

where M is the magnification, T the scan period and i3 the displacement as 

measured on the analysis system. C is a system specific constant for converting 

the displacement measured on the analysis system from the CCD camera pixel 

units, to metres. As the magnification is usually governed by the size of the flow 
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Figure 2.6: Maximum and minimum particle separations 

to be measured, it is the scan time which is usually adjusted. However, this often 

has a limited range and if the estimate of the period calculated from equation 2.15 

is outside this range, then the magnification may have to be compromised in order 

to optimise the dynamic range resolvable. 

A further consideration is seeding particle size. The seeding should be small 

enough to follow the flow, with little or no relative motion to it, but large enough 

to be resolved on the film. Also one should remember that the larger the particle, 

the more light it scatters. In all of these experiments, Conifer pollen was used as 

the seeding material, this is approximately 70 ,um in diameter, scatters light very 

evenly and is very nearly neutrally buoyant in water. 

The camera is now mounted on a tripod and placed in the correct position as 
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determined by the chosen magnification. Location of the camera is important; a 

careful alignment technique is employed to ensure the camera is horizontal and 

perpendicular to the wave tank. The camera is raised on the tripod until the 

cross-hairs in the viewfinder intersect with the water surface. The camera is then 

rotated until it is perpendicular to the wave tank. This is achieved by aligning the 

camera with its reflection in the glass wall of the tank. The camera is then tilted 

to align the horizontal cross-hairs in the viewfinder with the water surface. With 

the camera now leveled, it is lowered 0.2m and centered on a location mark on the 

tank wall, again the camera is adjusted to be perpendicular using the reflection 

technique just mentioned. There are small cross shaped location marks every 0.2m 

along the tank at the water level and at a depth of 0.2m. These marks are very 

important as they are the only way of ensuring that you can match the position of 

the measured flow field back to the original. If no registration marks are recorded 

the estimate of exactly where in the flow a measured velocity occurred is prone to 

high levels of inaccuracy. This point will be mentioned further when an analysis 

of the sources of error is carried out in section 2.4. The reason the camera is 

lowered from the still water line is to ensure a clear view of the underside of the 

water surface, where the illumination sheet intercepts it in the middle of the tank, 

is maintained for the whole cycle of the wave including the trough. 

The next step is to select the camera shutter speed and lens aperture. The shutter 

speed should be short enough that the flow field does not significantly change in 

that time span, but long enough to allow at least two, but preferably four or 

more, scans of the laser beam. If the shutter speed was too low to assume the 

flow field did not change, then the scan rate would have to be increased with a 

corresponding change in magnification. The shutter speed of a camera is selected 

in discrete steps, whereas the scan time can be varied continuously. This means 

that a non-integer number of scans is more than likely. This does not pose a 

problem because with the scanning beam system a non-integer number of scans 

means that one part of the flow will have N multiple images and another part will 

have N-i. As long as N-i is greater than two, then fringes will still be obtained 

in this region. 
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The aperture of the lens is set with several parameters in mind. In general, the 

smaller the aperture the greater the depth of field, 5z, (see equation 2.16) and 

the smaller the lens distortion. However, a small aperture vastly reduces the 

amount of light entering the lens. A second reason for a wider aperture is the 

increased resolution of small particles due to the diffraction limit of the lens. The 

diameter of the image is determined by the diameter of the object, ie. the seeding 

particle, the magnification and the point response function of the lens. If the lens 

is diffraction limited then the point response function will be an Airy distribution 

whose diameter is given in equation 2.17 (Adrian, 1991) 

Sz = 4(1 + M 1
) 2f 2 A 	 (2.16) 

d = 2.44(1 + M)fA 	 (2.17) 

where M is the magnification, f is the f-number of the lens (defined as the ratio 

of the focal length:aperture diameter) and A is the wavelength. If we substitute in 

typical values for these variables, ie. M = 0. 1, f = 4 & A = 488 nm we find (from 

equation 2.17) the minimum particle size is 5.3km. As the conifer pollen we 

are using as a seeding material is typically 70tm in diameter, it is easily resolved. 

Although increasing the aperture increases the effect of lens aberrations, this is a 

very small effect for a good quality lens. Tests have been carried out (Gray, 1989) 

and setting the aperture one stop down from its maximum appears to be the best 

compromise; in this case f4. 

The film used, like all the photographic equipment, is of the highest quality. Kodak 

T-Max 400 ISO was used for these experiments in the 120 format. The camera 

is a Hasseiblad 500 EL/M fitted with a flat field 80mm Carl Zeiss lens. The high 

quality of this equipment is required to reduce errors to a minimum. This is fully 

discussed in section 2.4. 

Focusing the camera on the light sheet is not as straight forward as one might 
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think. In practise, three focus positions, one either side of the apparent correct 

focus position, are tried on the first test film. In addition to the focus position 

being tested, the magnification of the set-up is recorded by photographing a reg-

ular grid placed in the light sheet in the wave tank. The magnification, for use 

in equation 2.15, is measured on the developed negative using a travelling micro-

scope. In this procedure four lines of ten grid cells are measured and the average 

grid cell dimension is calculated. 

A further practical requirement for taking PIV photographs is that the laboratory 

has to be blacked out. This may be difficult in a large facility where a number of 

people work, or which has large or inaccessible windows. The laboratory used in 

this study was specially designed for total blackout. 

The exposed film has to be developed before the analysis phase. This is done in 

the standard way, using Kodak T-Max developer and Amfix fixer. Push processing 

was occasionally required when the laser power dropped, as happens from time 

to time, for various reasons such as the end mirrors of the laser cavity needing 

cleaning. 

2.3.2 PIV Negative Analysis Procedure 

As mentioned in section 2.1 the analysis system employs the Young's fringe method. 

The system at Edinburgh has been developed to a stage of a commercial package 

and as such is now used by the whole group as an easy to use, but very powerful 

tool. Refer back to figure 2.4 for a diagram of the optical part of the system, 

and to section 2.2.2 for a description of the system. In this section the actual 

procedure for analysing a PIV negative and the initial processing of the raw data 

will be described. 

Dealing first with the analysis procedure: the PIV negative is loaded into the 

perspex holder of the apparatus. Care is taken to ensure that the film is horizontal 

in the holder. In practice this means the negative is placed on its side so that 



the straight edge of the film rests on the accurately machined edge of the holder. 

It is at this stage that the purpose of the reference crosses on the tank, first 

mentioned in section 2.3.1, becomes apparent. These crosses are the only sure 

way of obtaining accurate position information. The laser beam of the analysis 

system is located on the reference mark in the centre of the negative, for which 

an absolute x- and y- coordinate is known. Analysis is then carried out relative to 

this point thus ensuring the positional integrity of the velocity data. The reference 

mark coordinates, magnification and scan time can be input into the system so 

that the displacements measured are output in SI units: Analysis is carried out 

on a regular, rectangular grid of points, usually 1mm apart on the film. 

There is one major factor still to be dealt with. The analysis system measures the 

displacement of the particles on the film by finding the most correlated particle 

separation. This results in two peaks in the autocorrelation plane, produced by 

the optical and numerical Fourier transforms, described in section 2.2.3. However, 

the most correlated particle separation is that of zero displacement, corresponding 

to self correlation. This is of no use and is so big that it swamps the desired signal 

peaks, and so has to be removed. This is done in a combination of ways; the first, 

and most straightforward, is to set the height of the autocorrelation peak within 

a small radius of the origin to zero. The radius must be set carefully to ensure 

that the Gaussian self-correlation peak is entirely removed, otherwise the edges, 

caused by the incorrect cut-off of this peak, may be larger than the displacement 

peaks and would therefore be incorrectly detected. This is shown in figure 2.7. 

The second way of removing the self-correlation peak is to record the halo function 

of the diffraction pattern caused by the size of the individual particle images. The 

halo is recorded by taking a series of 40 fringe patterns with the PIV negative 

randomly orientated for each pattern. This is subtracted from the autocorrelation 

plane before the peak location routine is run. Unlike the first approach, this 

procedure does not blindly set everything within a specified radius of the centre 

to zero. This is beneficial when there are areas of low velocity magnitude in the 

flow; because the signal peaks formed in these areas may overlap the edges of 

the self-correlation peak. Subtraction of the halo function leaves the signal peaks 
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Figure 2.7: Zero-radius selection 

exposed and resolvable, whereas they would be set to zero with the previous 

method (Gray, 1989). 

These two functions are only important if the dynamic range of the flow is quite 

large and incorporates near zero velocities. This was the case for some areas of 

the flows encountered in this study. The technique of image shifting superimposes 

a known shift velocity on the flow, which is large enough to ensure that the 

maximum velocity opposing the shift velocity is still big enough to be comfortably 

resolved. Examples of results from hydrodynamic experiments using an image 

shifting system include Bruce & Easson (1992) and Morrison & Created (1992). 

Such a system was not available for this study and consequently has not been used, 

however, it is recommended that in future projects of this sort image shifting is 

incorporated. 
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Once the zero radius has been set and the halo recorded, if necessary, the analysis 

can proceed automatically. The analysis rig steps through the specified grid at 

a rate of 1 point every 2 seconds. There is a facility to mount up to four 120 

negatives in the holder which can then be analysed automatically, allowing the 

system to be run with minimum human intervention. 

The final phase of analysis is the initial processing of the raw data. A program, 

written by David Skyner and Tom Bruce, allows the user to edit the data file to 

remove spurious vectors from areas above the water surface or below the beach, 

or any vectors which are obviously wrong when compared with the surrounding 

flow. An example of the raw data obtained from the analysis of one negative is 

shown in figure 2.8 
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Figure 2.8: The raw data produced by the automated PIV analysis system 

A second inherent problem in this type of PIV analysis is also evident in figure 2.8, 

that is there is a 180° directional ambiguity in the possible orientation of the 

velocity vectors. This is due to the fact that the system cannot tell which of the 

multiple images was the first or the last. This can be seen in the figure from the 

obvious discontinuity of two sections of the flow. At the analysis stage a preferred 

alignment of the vectors can be selected, in this case to the right, in order to 

make post-processing easier because one can reverse the direction of a block of 

vectors, rather than have to individually reverse 50% of the vectors randomly 

placed throughout the flow field. This directional ambiguity does not really pose 

a problem in this particular application, because one knows a priori the direction 
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of the velocity vectors under the crest of the wave. They must be aligned with the 

direction of propagation of the wave. All the other vectors can then be aligned by 

continuity. Although this was done manually, it did not introduce operator bias. 

There are many instances when the direction of the flow is not known, in highly 

turbulent flows for example. In these cases image shifting once again solves the 

problem. If one calculates the shift velocity to be greater than the maximum 

velocity opposing the direction of the flow, then all the vectors in the flow must 

point in the same direction as the shift velocity. Subtraction of this shift velocity 

at the post-processing stage reveals the true structure of the flow. Once again 

refer to Bruce & Easson (1992) and Morisson & Created (1992) for examples of 

flow measurements using image shifting. A similar outcome is obtained when one 

has a flow where the mean velocity is large and mostly unidirectional, but the 

turbulent structure within that flow is of interest. In this case the mean velocity 

is subtracted to reveal the turbulent structure. McCluskey et al. (1993) performed 

some experiments in a small scale wind tunnel to measure the turbulence of air 

flow past a grid. 

Once the spurious vectors have been removed and the direction of the vectors 

checked, one is left with a detailed and accurate record of the velocity distribution 

of the flow. 

2.4 Inherent errors in the PIV technique 

2.4.1 Introduction 

If PIV is to be a useful tool for measuring fluid flow then an estimate of the errors 

inherent in the technique must be made. Work has been carried out on this topic, 

initially by Cray (1989) and subsequently by Quinn et al. (1993) for the current 

application. Keane & Adrian (1990, 1991) describe the optimisation of the various 

parameters of the technique in some detail. 
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In the following sections the principle uncertainties involved in different aspects of 

the Ply process are considered. As the majority of this work was performed by a 

combination of the authors in Quinn et al. (1993), only those sections appropriate 

to the measurement of waves on beaches will be described. However, knowledge 

of the dependency of various parameters is essential for the understanding of the 

technique and so all points will be at least outlined. A summary of all the error 

contributions is given at the end of the section. 

2.4.2 Error Analysis 

Considering equation 2.15 for the calculation of the velocity from the measured 

displacement of the particle images, there are three empirical constants. These are 

the analysis system calibration factor, C, the photographic magnification, M and 

the illumination scan time, T. They can be measured directly and uncertainties 

assigned accurately. These errors can be made to be small; down to within 0.1% 

of their associated value. 

The main source of error in the velocity comes from the measurement of the 

displacement, D. The uncertainties associated with D arise from both the photo-

graphic recording of the flow and the subsequent analysis of the developed nega-

tive. These are now dealt with separately in detail. 

Uncertainties in the Photographic Recording of the Flow 

Sources of errors inherent in this phase of PIV fall into two categories: the as-

sumption that the seeding particles faithfully follow the fluid motion; and the 

characteristics of the optical recording system. The effect of the former is min-

imised by appropriate choice of seeding particle. 

The characteristics of the optical recording system will be system specific, de- 

pending on the configuration and components used, and factors such as optical 
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distortion of the imaged flow, 3-D velocity components in the flow, limited reso-

lution etc. These will combine to provide a net error in the recorded flow. These 

errors can be divided into systematic and random errors. 

• Systematic Errors 

- Distortion of image flow field due to: 

* Geometric distortion by the camera lens. 

* Refractive index changes between the measurement zone and the 

camera. 

* Perspective. 

* Out-of-plane velocity components. 

• Random Errors 

- Distrtion of particle images due to: 

* Grain noise. 

* Adjacency. 

* Shrinkage. 

The effects of the systematic errors do not change between measurements and, 

in principle, their effects can be measured and accounted for in the final mea-

surements. Some of these errors can be minimised by the choice of high quality 

photographic equipment and materials. 

An estimate of the individual effect of the various random errors cannot be made, 

but their overall effect can be evaluated by making a set of artificially produced 

PIV negatives to be analysed. This is dealt with in more detail later, when 

considering the analysis system calibration. 
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Limitations of the Analysis Method 

The Young's fringe analysis system measures the mean particle displacement 

within a small localised region of the developed negative. This is achieved by 

taking the autocorrelation of the amplitude transmission distribution across the 

local region of film, by means of optical and computational Fourier Transforms. 

There are several sources of error arising from this process: 

The limited quality of the Fourier transforming lens will introduce some 

distortion to the resulting power spectrum. In addition to this, noise will be 

introduced by the refractive index and film thickness variations across the 

negative. 

Quantisation errors associated with the digitised power spectrum data, and 

rounding errors in the numerical calculation of the autocorrelation function. 

The influence of random correlation noise in determining the centroid of the 

signal peak. 

The effect of the discrete and random sampling of an effectively continuous 

flow by the randomly distributed particles. 

The first and second points are functions of the quality of the components and their 

influence can be minimised by appropriate choice of equipment. The third and 

fourth points are more fundamental in nature and are due to the manner in which 

the flow velocity information is represented on, and measured from, the recording 

medium. These last two points have been addressed by means of a Monte Carlo 
.simulation of the PIV process, described in detail by Gray (1989). The study took 

into account variations of the parameters involved in PIV, primarily the seeding 

concentration and velocity gradients across the probe region. A more extensive 

study, using similar simulations along with an analytic treatment, has been carried 

out by Keane and Adrian (1990, 1991). 
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Seeding concentration levels and velocity gradients have a variable error contribu-

tion across the PIV negative, these two points are now dealt with individually. 

It was found (Gray, 1989) that there was a rapid decrease in error as the seeding 

concentration varied from 3 to 10 particle pairs per interrogation region, but 

beyond that there would be little significant reduction in errors. This result is 

similar to that found by Keane and Adrian (1990, 1991). 

The larger the particle displacement the higher the chance of the multiple particle 

images falling outside the interrogation region. The effect of this is to artificially 

reduce the seeding density, and introduce a bias to selecting smaller displacements. 

This is an important effect and causes an error which varies with displacement 

gradient across the interrogation region. Keane and Adrian (1990, 1991) found the 

systematic bias to introduce errors varying linearly with displacement gradient. 

The error, relative to the maximum velocity, varies from 0-5% over a range of gra-

dients from 0.00-0.08. Here we define the displacement gradient to be the change 

in displacement across the whole interrogation area. The definition favoured by 

Keane and Adrian (1990, 1991) is half of this. 

The effect of a large velocity gradient across the interrogation area is to spread 

the displacement peak in the autocorrelation plane over a larger area, hence re-

ducing its height. This increases the random error associated with the velocity 

measurements. In addition, the probability of a random correlation peak being 

selected also increases, introducing an upper limit to the velocity gradient in the 

flow which will still yield correct velocity measurements. This problem mani-

fests. itself by producing vectors of random magnitude and orientation which have 

no continuity with any of the surrounding vectors, and are easily identified and 

removed. 
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Analysis System Calibration 

The influence of the random errors mentioned in section 2.4.2, combined with the 

sources of errors in the analysis phase, can be estimated by making a series of 

artificially generated PIV negatives. These can be formed most conveniently by 

accurately plotting a random pattern of groups of N dots where the dot size and 

the spacing within the groups are specified. Photographing the printed output 

produces a transparency with a known particle displacement. The whole negative 

is analysed to obtain an estimate of the variation from this known displacement. 

A series of negatives with different particle displacements were analysed and the 

relationship with the measured displacements was linear. The calibration constant 

was found with an uncertainty of only 0.1%. 

2.4.3 Uncertainties Arising in Water Wave Measurements 

Equipment Selection 

To minimise the effect of errors high quality photographic equipment is used. The 

camera used was a Hasseiblad 500 EL/M fitted with a Carl Zeiss 80mm, f 2.8 flat 

field lens. 

Photographic Distortion 

The distortion due to the camera lens can be measured by photographing a regular 

grid. At the corners of the developed negative the distortion was found to be at 

worst 1.5%. The effect of the lens distortion and the refraction at the tank walls 

conveniently oppose each other, so that there is a combined distortion which is 

almost exactly constant with variation in image height. The variation from the 

mean has a standard deviation of only 0.3%. 
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One must remember that these errors due to distortion and refraction have their 

maximum values at the edges of the field of view, and typically the area of interest 

is placed at the centre of the field of view where these, already small, errors are 

further diminished. 

Scanning Beam System Errors 

There is a possibility of a small uncertainty in the illumination interval with the 

scanning beam system, due to subsequent illuminations of a given particle being 

at different positions in the measurement zone, and hence different phases of the 

scan cycle. If the averaging areas for each PIV interrogation are small compared 

to the total sheet length, then these errors are very small (Gray et al., 1991). In 

this particular application the error is always less than 0.25%. 

A further problem which is more likely to arise with the scanning beam system 

than with beam expansion is the flatness of the resulting sheet. Variations from 

a plane result in the effective magnification being different in different regions. 

Typically the sheet is flat to within +3mm, which results in a .3% error if the 

camera is positioned im away. The effective thickness of the sheet is about 2mm 

which gives a random magnification error of 0.1%. 

Seeding 

In the water wave studies carried out at Edinburgh, conifer pollen has been found 

to be the most successful seeding material. This is i-.' 70jim in diameter and, 

when wet, has approximately the same density as the water, having a very small 

tendency to float, with typical rise velocities of the order of 0.25mms'. As typical 

flow velocities for laboratory waves are around lms', this represents an error of 

about 0.025%. As the maximum accelerations in water waves are of the order g, 

the acceleration due to gravity, the relative motion of the water and the particles 

will not deviate significantly from the stated error. 
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Out-of-plane Motions 

Out-of-plane motion can produce errors in the region of about 20% if that mo-

tion is of the same order as the in-plane motion, (Sinha, 1988). However, in the 

application to measuring water wave velocities in a 2-D wave flume the 3-D com-

ponent is minimal, assuming cross-waves are not generated; thereby reducing the 

error to a negligible amount. This factor was verified by exposing the negative 

for a complete cycle of a sine wave. The resulting circular traces on the negative 

indicated little, if any, out-of-plane movement. Care must be taken to reconsider 

these assumptions when, for example, measurements are made of the turbulent 

flow field following wave breaking. 

2.4.4 PIV Errors for Waves on Beaches 

Having addressed the considerations general to the measurement of water wave 

kinematics with PIV, this section focuses on the particular application of waves 

breaking on sloping beaches. 

There are several problems which have arisen during these experiments, these sub-

divide into those associated with PIV, with illumination cost, and the flow field 

being studied. They can be summarised as follows: 

Areas of high velocity variation in small water depths. 

Water aeration due to breaking waves. 

Dynamic range limitations. 

Attenuation of the laser beam through the water below the beach. 

Contrast. 

Light losses at optical components. 
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Wave repeatability for intercomparison of different wave phases. 

Deformation of the transparent plastic under wave attack. 

These aspects are now dealt with in some detail. 

Velocity Gradients. 

It is possible to make an assessment of the systematic and random errors due to 

velocity gradients in the waves measured, given the general dependencies discussed 

in section 2.4.2. Figure 2.9 plots an overall probability distribution for the velocity 

gradients present in twelve representative flow fields measured in the study. By 

reference to the systematic errors discussed in section 2.4.2, the expected system-

atic biasing and random variation of the results can be estimated for the whole 

data set. The bulk of the distribution is centered around 0.01, with associated 

errors of about 0.6% and 0.3%, respectively. However, it should be noted that in 

water waves the main areas of interest normally have the highest velocities and 

velocity gradients. 

A particular velocity gradient probability distribution is plotted in figure 2.10 for 

one of the waves known to have especially high velocity gradients. In this case 

the systematic and random errors can be estimated to be about 3.0% and 2.0%, 

for the extreme displacement gradient of 0.05. 

In this type of study the problem of velocity gradients becomes more severe as the 

water depth becomes smaller, if the photographic magnification remains about 

the same. The water depth in the backwash in front of an incoming breaking 

wave is only about 30mm, at our experimental scale. This corresponds to a depth 

of 3mm on the film, which is only three interrogation intervals. The area just in 

front of the breaking wave has high accelerations as the velocities change from 

mainly horizontal in the backwash to strongly vertical in the front face of the 

breaking wave. These areas of high velocity gradient are, therefore, very difficult 

to measure accurately. 
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Figure 2.9: Probability distribution of velocity gradient for 12 representative flow 
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Figure 2.10: Probability distribution of velocity gradient for an extreme flow field 
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Water Aeration. 

The flow in the post breaking zone is highly aerated. The regions of air and white 

water cause significant signal drop-out. In general, only the areas of the backwash 

which have relatively constant velocities and where the air bubbles have risen to 

the surface will give reliable results. 

Dynamic Range. 

The dynamic range of the PIV system also imposes a limitation on the technique. 

The system at Edinburgh has a dynamic range of ' s-' 10. By using image shifting 

techniques, as described in section 2.3.2, the measurable velocity range could be 

chosen to include zero velocities, with an accompanying increase in errors if the 

original maximum velocity was still to be resolved. Image shifting systems are 

required for measurements where the direction of the flow is not known a priori, 

eg. for turbulence measurements past cylinders or through grids, etc. However, for 

the application to waves travelling along a wave flume the direction of the velocity 

vectors is aligned with the propagation direction under the crest of the wave and 

the direction of other velocities in the flow are determined by continuity. This 

type of study, therefore, is particularly well suited to the Young's fringe analysis 

system as the inherent directional ambiguity in taking the autocorrelation does 

not pose a problem. 

Beam Attenuation through water. 

The quality of the water greatly affects the attenuation of the laser beam and the 

contrast of the illuminated seeding particles. It was found that with clean water 

the beam intensity was reduced by 35% over the whole water depth of 750mm, but 

this attenuation increased to about 75% when the water quality was poor. This 

problem necessitates that the path length in water be minimised and the water to 

be changed regularly if illumination requirements (and therefore costs) are to be 
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Optical Component Reflection Coefficient 

Beam steering Mirror 95% 

Beam collimating Lenses 1% & 6% 

Rotating Octagonal Mirror 80% 

Parabolic Mirror 73% 

Tank Wall 20% 

Table 2.1: Reflection coefficients for the optical components. 

kept as low as possible. This will be an important factor in large facilities where 

water quality is not good, or the water can not be changed easily. However, the 

underlying requirement for successful PIV photographs is good contrast between 

the seeding particles and the background, and it is this contrast which decreases 

with a reduction in water quality. 

Light losses from Laser to Wave Flume. 

The photographic recording phase of the PIV process requires a high intensity, 

collimated light source. This is generally provided by a high power laser; in these 

experiments a CW 15W Argon ion laser is used. Light losses due to optical 

components in the beam path must be minimised if laser costs are to be kept 

down. The reflection coefficients for the optical components in the beam path 

have been measured by an intensity meter, and are shown in table 2.1. 

The light losses due to the rotating mirror, parabolic mirror and the walls of the 

tank are quite considerable. However, very little can be done to improve these due 

to their design. The rotating mirror's surface is diamond machined, not optically 

coated. Any optical coating would tend to dissociate itself from the octagon under 

high speed rotation. The parabolic mirror is made by optically coating a long, 

thin strip of perspex and then attaching this to a machined aluminium parabola. 

Optically coating perspex is not as successful as coating glass, and bending the 
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perspex into a parabola will cause some small deformation of the reflecting surface. 

The losses incurred due to the tank walls are due mainly to the thickness of the 

glass. This thickness cannot be compromised due to mechanical loadings. The 

losses over the beam path mean that, in this case, the intensity of the beam is 

reduced from 15W to 4.2W at the bottom of the tank. Assuming good water 

conditions, the intensity of light falling on the seeding particles at the crest of 

the wave will be 2.7W. The transmission coefficient of the transparent plastic 

coating for the beach (see section 3.3) is good when clean. However, as the pollen 

used as seeding material is slightly less dense than the water, it tends to float, 

over a period of many hours. The seeding that passes under the beach, therefore 

tends to coat the underside of it. This greatly reduces the transmission factor of 

the transparent strip. As the beach is long, cleaning the underside of the strip 

is difficult. In general, the transparent plastic is replaced frequently: typically, 

every two or three days. 

Wave Repeatability. 

In order to obtain velocity measurements all along the beach, the velocity fields 

of several PIV negatives must be joined together. This can only be done if the 

wave repeatability is good. The triggering of the camera is computer controlled 

to record four phases, each separated by 1 , of each wave at each position. To 

test the wave repeatability, a fifth phase was recorded. The first and fifth phases 

should be identical. The maximum horizontal velocity component in each of these 

two waves differed by only 1.5%. 

Deformation of Beach Covering. 

The transparent plastic used to cover the gap in the beach necessary for optical 

access, is overhead projector transparency (in roll form). This is inexpensive, 

readily available and has good optical properties. It is, however, very flexible - a 

factor essential for its use on complex beach forms. In the unsupported region that 
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forms the gap up the middle of the beach the plastic may deform. To minimise this 

effect it is carefully attached to the beach, with lengths of double sided adhesive 

tape, maintaining tension across the gap. The deflection should not introduce 

any significant effect to the laser beam's transmission, as the plastic is very thin, 

refraction effects appear to be negligible. By examining the wave profiles as they 

propagate along the beach, there does not seem to be any deformation in the wave 

front near the middle, suggesting that any deflection of the plastic is small enough 

not to affect the waves. The observation of how evenly the wave fronts behave 

while breaking is a good indicator as to how level the beach is across the tank. 

2.4.5 Summary of Errors and Uncertainties 

The errors and uncertainties identified in the application of PIV to the measure-

ment of wave kinematics on sloping beaches are summarised in table 2.2. The 

percentage errors given refer to the typical errors relative to the maximum veloc-

ity measured in the particular flow field. 

2.4.6 Conclusion 

The combined systematic and random errors relative to the maximum velocity 

in the flow, for PIV measurements of water waves varied mainly with particle 

displacement gradient across a small interrogation region on the negative. With 

a low displacement gradient of about 1% the combined error was found to vary 

from 1.2% to 2.0%, depending on the variation of further systematic errors, such 

as photographic distortion. With an extreme displacement gradient of 5%, the 

combined error varied from 5% to 6%. These two displacement gradients corre-

spond to typical and extreme cases for the present study of waves on beaches, 

with the higher gradient occurring at shallower water depths near the breaking 

point. In addition to the errors associated with the PIV measurements there was 

an additional wave repeatability error of 1.5% between the first and last recorded 
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General Area Particular Factor Random 

Error 

Systematic 

Error 

Fringe analysis Analysis calibration factor 0.1% 

Water wave studies Illumination interval 0.2% 

Photographic magnification 0.3% 

Photographic distortion 0.0%-0.3% 

Illumination plane flatness 0.0%-0.3% 

Illumination plane thickness 0.1% 

Scanning-beam time effect 0.0%-0.2% 

Seeding not following flow 0.1% 

Waves on beaches 

(PIV errors)  

Velocity gradients 0.3%-2.0% 0.6%-3.0% 

TOTAL (PIV)  0.5%-2.0% 0.7%-3.9% 

Waves on beaches 

(Other errors) 

Wave repeatability 1.5% 

Table 2.2: Individual errors for PIV applied to waves on beaches. 

phases of the wave. The inherent accuracy of the technique, as has been shown 

here, is one of its main advantages. 
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Chapter 3 

Experimental Facility and Beach Construction 

3.1 Introduction 
11 

The experimental facilities developed in Edinburgh over the last few years have 

been custom built for optical flow measurements. A wave tank, designed by 

Skyner (1992), was constructed, with the author's help, during the first part of 

this project. It's base and walls are made from 25mm thick glass to allow com-

plete optical access. The PIV illumination and analysis systems were as described 

in Chapter 2, with the illumination system and general laser supply optics being 

designed and installed by the author. A detailed description of the experimental 

facilities and the construction of the various beach profiles to be used is given in 

the following two sections. 

3.2 Experimental Facility 

3.2.1 The Wave Tank 

As the main measurement technique to be used in the flume requires photograph-

ing the flow field it was desirable to reduce the number of tank supports to a 
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minimum by maximising the length of the glass sections in between. The largest 

commercially available glass plate with a thickness of 25mm is just over 3m in 

length. This meant that the wave tank was built in three 3.25m long sections, 

making a total length of 9.75m, the internal width of the wave flume is 0.4m and it 

has a still water level of 0.75m. It is the water depth which is the main parameter 

governing the thickness of the glass. The thickness was selected based on the fact 

that the maximum deflection of the glass with the standard water depth should 

be 0.5mm. In addition to this it was checked that the forces on the glass sections 

were well within the manufacturers guidelines if the tank was overfilled. The main 

supporting members of the tank are box section mild steel. These hold accurately 

adjusted lengths of Aluminium angle which in turn hold the glass in place. A full 

description of the tank construction is given in Skyner (1992). A sketch of the 

wave tank is given in figure 3.1. The wave tanks and laser illumination systems 

have all been made in the workshops of the Physics or Mechanical Engineering 

departments, from designs of the research personnel. 

/Wove Maker 
	

Settling Chamber 

Measurement Zone 

Figure 3.1: The wave tank 

As can be seen in figure 3.1 there is a deeper section at the wave maker end. This 

is to allow the introduction (or extraction) of a current, the settling chamber at 

the other end being the other current output (or input) point. As no current was 

used in these experiments this deeper section was blocked off using a ramp from 

the bottom of the wave maker to the surface of the beach at its foot, thus avoiding 

a sharp step between the foot of the beach and the base of the tank. The wave 

maker is a hinged absorbing paddle made by Edinburgh Designs Ltd based on an 

initial design by Salter (1982). It has a force and velocity transducer built in to 

measure the reflected wave component on the wave maker and subtract this from 



the outgoing wave signal. The wave maker is driven by an Acorn Archimedes 

computer which is also used to provide a trigger signal for the camera shutter, so 

that the desired phases of the wave are photographed. 

3.2.2 PIV Equipment 

The two sections furthest away from the wave maker form the measurement zone 

of the tank. The PIV illumination system, described in Chapter 2, is mounted 

on rails below this part of the tank to facilitate illumination of any part of the 

measurement zone. The laser is located in an adjacent laboratory and the beam 

is deflected by several high quality mirrors to the PIV illumination system. These 

mirrors are attached to special mounts designed so that the angle of the mirror 

can be finely and accurately adjusted. For reasons of laser safety the beam is 

enclosed all along the beam path and each of the beam-steering mirrors (on its 

mount) was enclosed in an anodised aluminium box specifically designed by the 

author for the purpose. These boxes allowed access to adjust the mirror mount 

and also provided a light-tight plate for fastening the 1" Copper tube used to 

enclose the beam. A telescopic beam enclosure was built and attached to the 

front of the PIV illumination system to allow movement of the system without 

exposing the laser beam. Alignment of the rails under the tank was carried out 

with great care to ensure that they were parallel to the tank, and level so that 

the laser beam introduced from the wave maker end of the tank would always 

hit the small deflecting mirror at the entrance to the scanning beam system (see 

figure 2.1). 

The best method of deflecting the beam around the laboratory is currently to use 

high quality laser mirrors, although enclosing the beam is seldom easy. Copper 

tubing is used to enclose the beam and as the beam path travels across the floor 

of the lab, a "sleeping policeman" has been constructed to cover this. Although 

the optics are well aligned, transfer of the beam from one experimental set-up to 

another often requires slight adjustment of the beam-steering mirrors. The use of 

fibre optics to introduce the laser source to the illumination system is the obvious 



next step, although there are problems which have to be overcome. The high laser 

power required for PIV cannot easily be tolerated with mono-mode fibres. In a 

recent test at Edinburgh a 3.0pm mono-mode fibre melted when 4W of laser power 

was launched into it (Earnshaw, 1993). The problem with using multi-mode fibres 

lies in recollimating the emerging beam, an important requirement for PIV. 

3.3 Beach Construction 

As mentioned in Chapter 1, the main part of this project was to examine the effect 

of shingle beach profiles on an incoming wave field. An important part of this is 

the ability to model the beach profiles accurately from the coordinates supplied 

by HR Wallingford. There is one further requirement placed on beach design as 

PIV is to be used. This is due to the fact that the laser beam illumination enters 

the tank through the bottom and consequently has to pass through the beach. 

For this reason a transparent strip running down the centre of the beach has to 

be incorporated. The beach is made in two longitudinal halves, separated by a 

1cm gap. The gap is then covered with thin transparent plastic. This enables the 

shape of the beach to be maintained whilst providing the optical access necessary. 

3.3.1 Beach Support Structure 

As several beach profiles were to be modelled, a common supporting structure was 

designed. This was based around two pairs of fibre-glass "I" beams approximately 

3m long, one pair in each of the two measurement sections of the tank. Fibre-

glass was used because of its strength and weight, coupled with the fact that it 

does not corrode in water. All the metal attachments were made from anodised 

Aluminium and the fastenings were all stainless steel. The beach was supported 

in three places; at the foot, mid-point and at the top. The top support rested 

on rails on the top of the tank and the height of the beach could be varied via a 

length of screwed rod. This support is shown in figure 3.2. 
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Figure 3.2: The adjustable top support (Vertical Section) 

The supports at the foot and mid-point were fitted into "U" channel grooves in 

the side of the tank, between the panes of glass at the main support members of 

the tank, as shown in figure 3.3. 

All the supports were made of anodised Aluminium. The height of these two 

supports could be varied continuously over the whole height of the tank. They 

were held in place by tightening them against the main tank supports. This was 

achieved by constructing the cross support in five sections, the three middle ones 

being separated by a length of screwed rod. One of these sections had an anti-

clockwise thread cut into it so that if the middle section was turned both the end 

sections would move out (or in). These three sections were made of 1" diameter 

Aluminium rod, the two outer ones being where the "I" beams were attached, 

thus the mid-point support acted as a pivot and the gradient of the beach either 

side of it could be different. 
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Figure 3.3: A plan view of the beach mid-support in the tank 

The support at the foot is held in place in the same way as the mid-point support 

but it has two Aluminium plates that extend into the tank, each with a slot cut in 

them, where the "I" beams are attached. This was to accommodate the different 

horizontal component of length when the beach slope was altered. 

Great care was taken to ensure that these supports were installed at the correct 

height and were horizontal. This was achieved by partially tightening the support 

in approximately the correct place and then moving it such that one side was 

at the correct height. The other side was then gently tapped into place until 

the horizontal, indicated with a spirit level, was reached. The support was then 

tightened further and the height and level re-checked. 
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3.3.2 Beach Surface Installation 

There were two distinct types of beach modelled in this study, namely plane slop-

ing beaches and profiled beaches. Both of these used the supporting structure 

described in section 3.3.1, however, the beach surfaces had to be mounted differ-

ently. For the plane sloping beaches the surface was mounted directly onto the I 

beams, being held in place with a series of mounting blocks at 750mm intervals, 

this is shown in figure 3.4. 

Figure 3.4: A section through the beach showing the attachment blocks 

The mounting blocks had a "D"-shaped plastic "lock" which was intended to allow 

the easy installation or withdrawal of the beach surface. The surface would have 

small sections of interlocking Aluminium angle attached to the underside which 

would simply slot into place. A rod connecting the locks on each "I" beam would 

turn them to hold or release the beach surface. Unfortunately, the tolerances of the 

machining were too fine and although this worked satisfactorily after manufacture, 

they would not turn well enough to be used once they had been anodised. For 
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this reason the beach was screwed down onto the interlocking angle, which was 

already locked in place. 

On the profiled beaches an elaborate adjustable supporting structure was built. It 

was this structure that was attached to the "I" beams with the mounting blocks 

shown in figure 3.4. This structure is common to the two beach profiles used for 

measurements. Individual vertically adjustable supports can be placed at a large 

number of discrete locations on a length of Aluminium flat bar running the length 

of each "I" beam. These positions are separated by 4.0cm, however, the height can 

be continuously adjusted to accommodate the error in horizontal position from 

that stated in the supplied beach profile coordinates. Once again great care was 

taken to ensure these individual supports were at the correct height and horizontal. 

Figures 3.5 A & B show cross-section and side views, respectively, of the profiled 

beach supporting structure, a photograph of which is shown in figure 3.6. 

The beach surface for both the plane and profiled beaches was made from 10mm 

thick "coplast" plastic sheet. This is flexible enough to follow gentle curves in 

the beach profile, but rigid enough not to bend under wave motion. In the more 

complicated profile areas, in and above the swash zone, 3mm thick perspex was 

used. This was carefully bent into shape with a hot-air gun. Additional support 

for the beach surface was provided by lengths of anodised Aluminium "T" section 

which connected the tops of the adjustable supports at the pivot bar shown in 

figure 3.5. 

Photographs of one of the beaches are shown in figures 3.7 & 3.8, where one can 

also see the scanning laser beam and photographic set-up, in addition to this is a 

diagram shown in figure 3.9. 

54 



Beach Surface 
Pivot Bar 

Screwed Rod Supports 

Aluminium Flat Bar 

Support Bracket 

I Beam 

Tank Wall 

Cross-section of Profiled Beach Construction 

Beach Surface 

Supporting T Bar 

Screwed Rod Supports 

Aluminium Flat Bar 

Support Bracket 

I Beam 

Side View of Profiled Beach Construction 

Figure 3.5: The profiled beach supporting structure 

3.3.3 Experimental Facilities at The University of Flo-

rence 

The tank at Edinburgh is only 9.75m long, and this is too short to allow very 

shallow beaches to be used. In order to make measurements on a 1:100 beach slope 

the 50m wave flume of Florence University in Italy was used in a collaborative 

study. Dr. Marco Petti of Florence University had carried out a series of tests 

with wave gauges to measure the surface profile elevation at different positions 

along the beach for both regular and irregular waves, however, it was desired to 

use PIV for velocity measurements of regular waves. The wave tank and the wave 

gauge layout for the PIV experiments are shown in figure 3.10. 
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**4 

Figure 3.6: The profiled beach structure 

In order to perform the PIV experiments, a 15W laser with its associated electronic 

and cooling systems, and a PIV scanning beam illumination system were taken 

to Florence. However, the bottom of the wave flume in Florence is not made of 

glass so the laser beam could not enter the tank in the normal way. To overcome 

this problem a special 2.4m section of the beach had to be constructed. This PIV 

beach section is shown diagrammatically in figure 3.11. The beach section had a 

perspex window along its front side which allowed the laser beam in through the 

side of the tank, under the beach surface. A 900mm long mirror mounted at 45°, 

inside the beach section, reflected the laser beam up through a transparent strip 

in the beach surface into the tank. The PIV beach section was designed by the 

author and built by the department technicians in Florence. 

As there is no PIV analysis system at the University of Florence it was not possible 

to analyse the results as experiments proceeded. An initial test film was sent to 
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Figure 3.7: A profiled beach 
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Figure 3.8: A profiled beach 
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Figure 3.9: The profiled beach 
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Figure 3.10: The 50m wave flume at Florence University 

Edinburgh for analysis to check the quality of the results. However, the formation 

of Young's fringes by the PIV negatives was checked in Florence on every film by 

shining a low power Helium-Neon laser through the negative and displaying the 

transmitted light field on a paper screen. This proved a crude but effective system 

of ensuring the PIV negatives would be analysable on return to Edinburgh. 
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Chapter 4 

Waves Breaking on Mildly Sloping Beaches 

4.1 Introduction 

In this chapter the experiments carried out on 1:30 and 1:100 beach slopes are de-

scribed and the results presented. These two slopes are classified as gently sloping 

and are typical of sandy beaches. It is for these two cases that some theoretical 

comparisons can be made. For the reasons indicated in section 3.3.3 the experi-

ments on the 1:30 and 1:100 sloping beaches were carried out at the universities 

of Edinburgh and Florence, respectively, and are now dealt with separately. 

4.2 Experiments on .a 1:30 Plane Sloping Beach 

4.2.1 Introduction 

A 1:30 plane sloping beach was installed in the two measurement sections of the 

9.75m wave flume at The University of Edinburgh. Due to the restricted length 

of the flume a 1:30 beach does not reach the bottom of the tank. As we have 

a hinged paddle (Salter, 1982) rather than a piston-type wave maker, the water 

depth cannot be altered significantly, so a ramp was installed from the bottom of 
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the wave maker to the foot of the beach, 3m away, as shown in figure 4.1. The 

water depth at the foot of the beach was 0.19m and as the waves were so small, 

(T = is, H = 0.032m, L = 1.25m) the arrangement was deemed, if not ideal, 

then at least satisfactory. The ratio of d/L is 	1/7, where d is the still water 

depth at the foot of the beach and L is the wavelength. This ratio falls between 

the deep water and shallow water classifications which are d/L - 1/2 and d/L 

1/20 respectively, making the experimental set up acceptable. 

Wave Maker 

l:Po 	2!Pos. 3Pos. 
I 	I 	I 	I 	I 	I 	I 	I 

02 02 	12 	1.8 2.4 
I 
 32 

Figure 4.1: The wave tank showing the 1:30 beach and PIV measurement posi-

tions. 

Although the PIV illumination system can produce a pseudo light sheet im long, 

only 0.6m was used in these experiments to obtain a bigger magnification ratio. 

At a photographic magnification of approximately 1:10 a water depth of 18 cm 

will appear as 18mm on the film, however, near the breaking point the mean water 

depth is much lower, resulting in a substantial decrease in the number of 1mm 

diameter interrogation regions on the negative. The velocity gradient across each 

interrogation zone also increases with decreasing magnification (see section 2.4), a 

major problem considering that this is the area of highest accelerations. Neither 

of these two effects are desirable and consequently the field of view was reduced. 

PIV measurements were taken at five positions along the beach approaching the 

breaking point (see figure 4.1) and four phases of the wave were recorded at each 

of these positions. The first phase was taken a period of 12s after the wave maker 

was activated to allow the wave field to become established. 
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4.2.2 The Boussinesq- and Serre-type Models 

The Boussinesq- and closely related Su-Gardner or Serre-type, models have been 

studied in some depth following the failure of other shallow water wave models 

to deal with hydrodynamics up to and including the surf zone. Brocchini et al. 

(1992) gives a good introduction to these models and compares them with various 

sets of wave height and velocity data. Dingemans (1994a) gives an overview of the 

different approaches currently being used by several European institutes. In this 

he explains the test scenario of a submerged breakwater on which all the models 

are tried. Liberatore & Petti (1992) and Beji & Battjes (1993) describe exper-

iments on such a breakwater to compare with the models. Dingemans (1994a) 

emphasises the importance of modelling the frequency dispersion accurately if the 

wave height distribution behind the breakwater is to be modelled correctly; in 

fact it is the recently improved frequency dispersion terms which have revitalised 

this relatively old model. Brocchini et al. (1992) have shown comparisons of their 

models with velocity data provided by the author with some favourable results. 

Derivation of the Boussinesq and Serre equations is outwith the scope of this 

thesis. The equations for the velocity distributions used have been derived by 

Maurizio Brocchini and Michele Drago of Snamprogetti Sp.A, Italy, following on 

from Peregrine (1967), and it is their Boussinesq- and Serre-type models (termed 

simply Boussinesq and Serre hereafter) which have been used to provide the com-

parisons shown later in this chapter. However, if one looks at the general nature 

of these equations there are some substantial limitations on the region of their 

applicability. The Boussinesq equations are derived from the continuity and Euler 

equations shown in equations 4.18 & 4.19. Not only do they adopt the relatively 

standard assumption that the flow is irrotational, inviscid and incompressible, but 

the Boussinesq model is only valid for mildly non-linear waves in shallow water. 

Specifically they are confined to the limit shown in equation 4.20, 

 au 	077  1 a a2  Ou h2  82 u 
9t + 
	+ 	

= 2 9t 	ôx2 - 	 (4.18) 
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5i 	8 

at ax =0 	 (4.19) 

= 0(p 2 ) << 1 	 (4.20) 

where c = a/h i p = kh, a being the wave amplitude, k the wave number and 

h the water depth. Using the same approach as Su & Gardner (1968) the Euler 

equations can be expanded up to the order O(fp 2 ) yielding the Serre equation 

(equation 4.21) which is valid up to the limit given in equation 4.22. 

Ou 	8u 	87 	oh a Ou h2  a 82 ü 	87 a Ou + 	+ g— = h -[ --] + --[--] + h —-[-  -]

lox at 49X at 

2 	0 02 u 	h 2  (9 82u - ()2} +hi[—] + --—[u— 	
Ox 	

(4.21) 

= O(P) <1 
	

(4.22) 

Therefore, the Serre equations are valid for higher waves although they are still 

confined to shallow water. The way both models deal with the velocity field is 

the second and perhaps more important shortcoming. To start with, both are 

one-dimensional models; only the depth-averaged horizontal velocity component 

can be explicitly derived by the models. If one is to obtain a velocity distribution 

vertically up through the wave, for the horizontal component, then a separate 

formula has to be used. The generally accepted approach is to impose a parabolic 

velocity profile; the equation used in this study is shown in equation 4.23 (Broc-
chini et al., 1992) where z is the vertical coordinate, the bottom being defined as 

z —h, and the subscript denotes the second partial derivative with respect 

to X. 
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h2 	 z 2  

	

U(Z) = ü - 	+ 6-ü - z(hü) - 
2
-ü 	 (4.23) 

The only way of gaining any vertical velocity components is to take the divergence 

of equation 4.23, resulting in equation 4.24 with third order partial derivatives in 

X. 

h 2 z 3 _ 

	

w(z) = —( hü) - z[ü - 	+ (u) + 	± 	(4.24) 

The purpose of this study is to examine how good the parabolic distribution is 

when compared to actual measurements. This is done by calculating the depth-

averaged mean horizontal velocity components and their second order spatial 

derivatives every 5 cm along the wave from the PIV vector maps. These val-

ues are used in equation 4.23 and the resulting parabolic profile compared with 

the actual measured profile. The assumption here is that the best fit parabolic 

profile will be obtained by using the actual depth-averaged horizontal velocities 

rather than those predicted by the Boussinesq and Serre models. Alternatively, 

if the models predicted the depth-averaged velocity distribution perfectly, would 

they then provide a perfect vertical profile of velocity? In section 4.2.3 these com-

parisons are shown together with two test cases where the Boussinesq and Serre 

models have been run. In the latter case the distribution of the depth-averaged 

horizontal velocity components are compared with the experimental values and 

then the resulting vertical velocity profiles are shown. 

The method of calculating the parabolic profiles is as follows: the depth-averaged 

horizontal velocity is calculated for every column of vectors on a PIV velocity 

plot, see figure 4.2 for example. The distribution of the mean velocities can then 

be plotted, eg. figure 4.3, in order to calculate the second derivatives, u and 

(hu). 

Because the standard deviation in calculating the mean velocity for every column 

of vectors was the same order of magnitude as the difference between the means 



at adjacent positions, the actual values of ü could not be used to calculate the 

second derivatives by a straightforward differencing method; this would give vastly 

erroneous values, especially when one considers the small value of dx (= 0.01). 

In order to smooth out this essentially statistical fluctuation, a fifth order least 

squares polynomial or a fifth order spline curve was used to calculate ü2,, and 

(hu); this is also shown in the graphs of the mean velocity distributions and as 

the fit is so good it is not thought to introduce any significant errors. To underline 

this point the distributions of ü1, and ü, are shown in the same figures and these 

can be seen to be, in general, smoothly varying quantities confirming the validity 

of the approach. The profiles could then be calculated from equation 4.23. 

4.2.3 1:30 Beach Results 

The results are presented for all positions of one phase of the wave in the following 

format: the PIV vector map is shown then the graph of mean horizontal velocities 

(u) and the 1st and 2nd spatial derivatives (fi x  & u) and finally a set of twelve 

small graphs showing the calculated parabolic profile with the measured data. 
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Results from Position 1, Phase 4 
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Figure 4.2: PIV vector map: Position 1, Phase 4 
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Figure 4.3: ü, (u) & (u), Distributions: Position 1, Phase 4 
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Results from Position 2, Phase 4 
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Results from Position 3, Phase 4 
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Results from Position 4, Phase 4 
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Figure 4.13: Comparison of parabolic profile with data: Position 4, Phase 4. 
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Results from Position 5, Phase 4 
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Figure 4.16: Comparison of parabolic profile with data: Position 5, Phase 4. 
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Boussinesq and Serre Model Comparisons 

Having shown how equation 4.23 fits a parabolic profile to the measured data, it 

now seems logical to see how well the Boussinesq and Serre models can predict 

the depth-averaged horizontal velocity. 

The Boussinesq and Serre models developed at Snamprogetti, Italy, have been 

run for the third and fifth measurement positions, the vector maps of which are 

shown in figures 4.8 & 4.17. The depth-averaged horizontal velocities predicted 

by the models, along with those calculated from the measured data, are shown 

in figures 4.18 & 4.19. The subsequent velocity profiles, calculated in the same 

fashion as before, are shown in figures 4.20 & 4.21. 
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Figure 4.17: PIV velocity vector map: Position 5, Phase 3 
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4.2.4 Comments 

In general the comparison of a parabolic profile calculated from experimental val-

ues agreed fairly well with the measured profiles. The agreement was particularly 

good near the bed. Although the use of a least squares polynomial to calculate 

iixx and (hii) xx  appears satisfactory for the vast majority of cases, there were very 

occasionally errors that arose due to fitting a polynomial approximation at the 

edges of the data, as can be seen, for example, at x = 1.20m in figures 4.10 & 

4.20. 

There was a consistent overestimate of the measured velocity by the parabolic 

profile in the near-surface region of the crest of the wave, which appears to get 

worse as the wave steepens. The degree to which this discrepancy increases with 

non-linearity is dealt with in section 4.4. One can briefly envisage one of the 

problems: equation 4.23 is derived assuming the same range of validity as the 

Boussinesq model ie., it includes terms of order (kh) 2 , but ignores those of order 

(a/h)(kh) 2 , however, as one approaches breaking a/h = 0(1) and so the neglected 

terms are of the same order of magnitude as the included ones. 

The trough phase of the wave showed good agreement, in general, between the 

measured and parabolic profiles. There were, however, a small number of profiles 

exhibiting some noticeable scatter of the measured profile (see, for example, x = 

2.60m in figure 4.16), this is most probably due to turbulence generated by wave 

breaking being transported back offshore in the undertow. It is perhaps worth 

noting that a parabolic profile cannot incorporate turbulence effects which may 

have a significant effect on, say, sediment transport (Nielsen, 92, 94). 

The comparison of the Boussinesq and Serre model predictions of the depth-

averaged horizontal velocity with the measured values shows an overestimate of 

the peak velocity by the Boussinesq model and a very close estimate for the Serre 

model at the first position shown. In the second position, further up the beach, the 

Boussinesq still overestimates the peak value but the Serre now underestimates it. 

In both positions the models provided a slightly sharper mean velocity distribution 
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than that given by the measurements. This underestimation by the Serre model 

is perhaps counter-intuitive considering that it is derived to a higher order than 

the Boussinesq model and therefore should more accurately predict this steeper, 

more non-linear wave. 

The velocity profiles calculated from the Boussinesq and Serre model predictions 

did not show particularly good agreement. This is due to the difference between 

the predicted and measured spatial distributions of the depth-averaged horizontal 

velocity, and manifests itself by a shift along the x-axis of the models' profiles with 

respect to the experiment's. The shape of the curves predicted by the models is 

similar to that of the experimental profiles, but still tend to overestimate the 

curvature of the parabola leading to an overestimate of the near-surface velocity 

in the crest region. This indicates the sensitivity of the variable ü, because small 

differences in the predicted and measured distributions of ü can lead to large 

differences in the parabolic profile. Only the near-bed velocities were adequately 

modelled on a consistent basis. 

4.3 Experiments on a 1:100 Plane Sloping Beach 

The wave tank at Edinburgh is too short to use for beaches with gradients of the 

order of 1:100, so the 50m wave flume at the University of Florence was used in 

a collaborative study. Monochromatic waves with a period of 3s and a height of 

0.1m were used. The wave maker was of the piston type and although it was fitted 

with an absorbing system this was found to be inappropriate for regular waves on 

such a shallow beach slope. A zero-up-crossing wave gauge analysis found that 

the repeatability of the waves was better with the absorbing system switched off. 

This was thought to be due to the fact that the short-wave reflection off such 

a shallow beach slope is very small and the main reflection in the tank is due 

to a combination of two processes. The first is the generation of low-frequency 

waves by the waves breaking on the beach (Watson & Peregrine, 1992, Watson 

et al., 1994) and the second is the seiching motion induced in the tank. Both of 



these components have very long periods (of the order of tens of seconds) and the 

absorbing system has difficulty coping with these low-frequency reflections and in 

general it was found to be trying to over-compensate for them, creating a wave 

field which was less repeatable than when the system was switched off. 

The scan length of the PIV illumination system used in these experiments was 

0.5m. Measurements were taken at four positions in the custom built beach sec-

tion (described in section 3.3.3) for two water depths, effectively doubling the 

measurement zone to 4m in length, or the number of measurement positions to 

eight. Due to technical practicalities it was impossible to trigger the camera from 

the computer controlling the wave generator, as is normally done in Edinburgh. 

The triggering was provided by the voltage variation induced in wave gauges as 

the crest of the waves passed. The voltage variation could be carefully adjusted, 

by varying the depth of the wave gauge and/or its gain, to just provide enough 

of a voltage pulse to close a relay switch, triggering the camera. The gauges were 

separated by a quarter of a wavelength and were adjusted so that the crest of the 

incoming wave would trigger the camera to photograph the same phase of the pre-

ceding wave in the measurement zone, see figure 4.22. The circuit to trigger the 

camera included a switch so that an individual wave could be selected to trigger 

the camera. The particular gauge to trigger the camera was selected by manually 

connecting each one in turn, from a distribution board, into the circuit. 

Wave Gauges to trigger Camera 	
Underwater 

Direction of Wave Propagation 	/ Mirror 

I 	,Beach 

I 	I 	I 
I 	 I 	 • 	 I 	 I 
I 	 I 	 U 	i 	 I 

Position 1 I Position 21 Position 31 Position 4 1  

Figure 4.22: The PIV Measurement Section and Camera Triggering Wave Gauges. 

This method, coupled with the degree of unrepeatability of the waves, did not 

provide adequate continuity between different measurement positions at suppos- 



Figure 4.23: Two Waves at Nominally Identical Phases. 

edly identical phases. It is the wave repeatability, however, due to the different 

phases of the long waves, that is the major contributor to this problem. There 

were several occasions when two exposures were taken of the same phase at a given 
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position, and they appear markedly different, even to a casual observer. Figure 

4.23 show photographs of two waves nominally at identical phases. 

For this reason it was impossible to calculate wavelength averaged properties, only 

velocity characteristics from individual measurements can be shown. 

4.3.1 1:100 Beach Results 

For brevity, vector maps and parabolic profiles are shown for only four examples of 

a 3s wave breaking on a 1:100 beach, representing crest and trough phases before 

and during breaking, at Positions 1 and 5. The method of calculating the parabolic 

profiles is the same as in section 4.2.3 with the exception that for the two crest 

phases a fifth order spline fit was used rather than the fifth order polynomial to 

obtain (u) and (hu) as this provided a better fit for these sharper distributions. 

The results are presented in the same format as in section 4.2.3, ie. the PJV vector 

map is shown then the graph of mean horizontal velocities and the smooth/polynomial 

fit together with their first and second derivatives (for the crest phases) and finally 

a set of small graphs showing the calculated parabolic profile with the measured 

data. 
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Figure 4.26: Comparison of parabolic profile with data: Position 1, Phase 1. 

(h 23 . 45  = 0.220m; h 2390  = 0.216m; (dx = 0.05m, dh = 5.00 x 10 4 m)) 
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Figure 4.32: Comparison of parabolic profile with data: Position 5, Phase 1. 

(h 25 . 60  = 0.199m; h26 .05  = 0.195m; (dx = 0.05m, dh = 5.00 x 10 4 m)) 
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Results from Position 5, Phase 3 
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Figure 4.35: Comparison of parabolic profile with data: Position 5, Phase 3. 
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4.3.2 Comments 

The benefit of the longer tank is particularly evident here because there is an 

adequate depth of water in the breaking zone to allow accurate measurements 

with PIV. Consequently, it is the breaking zone which is the focus of attention of 

this analysis. The main features of these graphs are summarised as follows: 

There are larger discrepancies between the measured data and parabolic 

profiles than were evident on the 1:30 beach where a detailed analysis in the 

breaking zone was impossible due to the particularly shallow water depth in 

this region. This is most probably due to the higher degree of non-linearity 

in the waves in the breaking zone than farther down the beach and is shown 

in section 4.4. 

Due to the aerated region in the breaker shown in figure 4.30 there will be 

an underestimate of the measured value of the depth-averaged velocity as 

Ply cannot measure in this area obscured by bubbles. This is evident from 

the peculiar shape of the mean velocity distribution shown in figure 4.31 and 

gives rise to the disagreement in the slope of the parabola at the x = 25.8m 

position in figure 4.32. 

The mean horizontal velocities in the trough zones are much more scattered 

than in the 1:30 case due mainly to the increased turbulence in the breaking 

zone. This manifests itself not only in fitting the polynomial to the mean 

velocity data, but also in the comparison with the parabolic and actual 

velocity profiles. 

4.4 Velocity Discrepancies under the Crest 

There is a marked discrepancy between the calculated parabolic curve and the 

iiieasii red \-alties of the horizontal \elOCit Y (0111 I)OIleIiI 111 the ilea rl11'faC(' region 



under the crest; as has been noted in Sections 4.2.4 & 4.3.2. Since this discrepancy 

increased as the wave travelled up the beach it was decided to quantify the degree 

to which they differ with respect to the ratio a/h. Using this parameter one can 

use data from both beaches despite having different wave conditions on each. 

The discrepancy or error, E, has been calculated using equation 4.25; where 

Upara1  is the ith velocity component according to the parabolic profile and Umeas 1  

is the corresponding measured component, with N being the number of measure-

ments. 

E = 
1 N  (Upara2  - Umeas 1 ) 2  

- 	 (4.25) 
Urneas N j0 

The error has been calculated in this way for crests recorded at all five measure-

ment positions along the 1:30 beach and from the first measurement position on 

the 1:100 beach (see section 4.3.1). Figure 4.36 shows the average error E as a 

function of a/h on logarithmic axes with the straight line indicating a least squares 

best fit. 

One can see from the "log e  - loge " plot in figure 4.36, that the discrepancy between 

the parabolic and measured profiles appears to increase logarithmically up the 

beach for increasing non-linearity. Calculating the equation of the straight line 

from the graph, one obtains the relation shown in equation 4.26. 

loge  E = 3.11 log(a/h) + 0.68 	 (4.26) 
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4.5 Integral Properties 

4.5.1 Introduction 

Further to the comparison of vertical velocity profiles from PIV data with wave 

model predictions is the calculation of the integral properties introduced in sec-

tion 1.3. These wavelength-averaged functions, such as the radiation stress and 

mean energy flux have received much attention (Longuet-Higgins (1974), Longuet-

Higgins & Fenton(1974), Longuet-Higgins (1975), Cokelet (1977), Stive & Wind 

(1982) and Klopman(1990)). As mentioned earlier, it is the derivatives of the ra-

diation stress with respect to x and y which are among the most important factors 

in coastal engineering, driving the cross-shore and long-shore currents respectively 

(Daily & Dean, 1984); ie. F —OS/,9x is the driving force in the momentum 

equation. 
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It is the intention of this analysis to use the PIV data from the 1:30 beach to 

calculate the following integral properties: radiation stress S (equation 4.27), 

mean energy flux F (equation 4.28) and mean momentum flux S (equation 4.29). 

The equations given below are based on those in Klopman (1990), following on 

from Longuet-Higgins (1975), for surface waves in the case of a non-zero Eulerian 

flow, ie. the horizontal velocity, at any level below that of the trough, averaged 

over one wavelength does not have to be zero; this is Stoke's second definition of 

phase velocity. They are derived exactly only for waves propagating in a constant 

depth of water, however, Copeland (1985) shows that these unaltered equations 

can provide accurate (within ±2%) solutions on slopes up to 1:3, at least as 

far as the spatial mean value of S is concerned. For this reason their use to 

calculate values from the data measured on the 1:30 slope is thought to be valid. 

S = 4T - 3V + ud' - 2ü1 	 (4.27) 

F = C(3T - 2V) + u(I + pCd') - 2CüJ 	 (4.28) 

S = S - 2C1 + pd' (C2 + gd') 	 (4.29) 

In equations 4.27, 4.28 & 4.29 77 is the surface elevation, C is the celerity or phase 

velocity of the wave, p is the water density, g is the acceleration due to gravity, h is 

the mean water level, Ob  is the mean squared bed velocity, ü is the mean horizontal 

velocity at any elevation below trough level and d' is the average water depth from 

the still water level, ie. the depth at x + . T is the mean kinetic energy, V is the 

mean potential energy and I is the mean wave momentum, defined as follows: 

"1 1 T = 
 J

—p(u2  + v 2 )dz 	 (4.30) 
Zb 2 



V=J
77  

pgzdz 	 (4.31) 

I=Lpu'z 	 (4.32) 

where zb is the depth at the bed and q is the mean sea level; the overbar denotes 

averaging over one wavelength. 

The data provided by PIV takes the form of a discrete grid of velocities so the 

integral signs in equations 4.30, 4.31 & 4.32 are replaced by summations, resulting 

in equations 4.33, 4.35 & 4.36, 

1 

	

T = 	p(u 2  + v2 )Sa 	 (4.33) 
x ZZ 

x+A 77 

	

V 	E E pgza 	 (4.34) 
X Z7 

1 x+\ 77 

- 	
> 	pgz 2 S1 	 (4.35) 

s 

1 X+A 77  
I 	i 	puSa 	 (4.36) 

S 

where SI is the length of one grid cell, and 5a is its area. 

It is the detailed velocity data provided by PIV which makes it desirable for 

calculating the integral properties; however, two problems have occurred with its 

implementation. The first of these drawbacks concerns the fact that, by definition, 

these properties are calculated by averaging over one wave period or wavelength. 

As PIV provides a spatial distribution of the velocity field, intuitively one would 

average over the wavelength rather than the period. This has one main drawback, 
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namely that it is the spatial derivative of the radiation stress which is desirable 

because it drives the cross-shore currents, so a detailed distribution of the radia-

tion stress with respect to x is required, a factor not satisfied by averaging over a 

wavelength. Previous experiments to measure the radiation stress have relied on 

point-measurement techniques which, although suffering from low spatial resolu-

tion velocity data, have the benefit of being able to average over a wave period at 

a particular point (Stive & Wind, 1982, Rapp & Melville, 1990). In an attempt 

to minimise this problem a combined "space-phase" average has been carried out; 

as four phases of the wave were recorded at each measurement position the inte-

gral properties have been calculated from a quarter-wavelength contribution from 

each phase, thus reducing the extent over which the average is calculated by a 

factor of four. Obviously, if more phases had been recorded this space could be 

further reduced, and this is a recommendation for future PIV experiments aimed 

at calculating integral properties. 

The second of the problems incurred was the step-like representation of the free 

surface caused by the fact that PIV data is produced in the form of a discrete 

grid of points. In order to improve this rather unrealistic representation of the 

free-surface, the corners of each "step" are joined, and velocities are extrapolated 

into the resulting triangle, as shown diagrammatically in figure 4.37. 

4.5.2 Integral Properties Program and Test Case 

A program to calculate the integral properties from PIV data has been written 

by the author, named INTPROP, based on the above equations. In order to test 

how well INTPROP performed it was tested with two numerical models before 

applying it to experimental data. The test involved using INTPROP to calculate 

the integral properties for the velocity field of an 11th order wave, generated by 

a program written by Chaplin (1980) . This program, based on stream function 

theory (Dean, 1965), has the same data format as PIV measurements, ie. a 

discrete grid of velocities. These values were then compared to those calculated 

by a program written by Klopman (1990) utilising the Fourier approximation 
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Figure 4.37: The "Step-like" free-surface generated by PIV Analysis. 

method of Rienecker & Fenton (1981), with the same wave characteristics. The 

test case was a 0.8 s wave, with a wave height of 0.1m in a constant water depth of 

0.75m. The results of the comparison are shown in table 4.1, with the percentage 

difference being calculated from equation 4.37. 

intprop - k1opman 
difference = x 100 	 (4.37) 

mt prop 

At first glance some of these comparisons do not seem particularly good, and 

there are two possible reasons for these discrepancies; firstly the free-surface is not 

adequately represented, and secondly, the discrepancies may be due to the fact 

that the calculations are based on data from two different numerical models, with 

different inherent assumptions and properties. The main terms in the calculation 

of the radiation stress and mean energy flux, equations 4.27 & 4.28 respectively, 
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Property INTPR OP 

+ Chaplin  

Klopman Difference (%) 

Mean Sea Level 0.749 0.750 0.13 

Potential Energy 5.019 5.771 14.98 

Kinetic Energy 5.737 6.033 5.16 

Wave Momentum 8.210 8.942 8.92 

Radiation Stress 7.936 6.849 13.67 

Wave Energy Flux 9.714 8.867 8.72 

Momentum Flux 4106.40 4107.18 0.0002 

Table 4.1: Integral Property Comparison 

are the potential and kinetic energies. One can see from table 4.1 that the kinetic 

energies from both models show quite good agreement, but the potential energies 

exhibit larger differences. The main cause of the discrepancies between both 

the radiation stress and the mean energy flux are mainly due to this difference in 

potential energy. As the potential energy is a function of the free surface elevation 

it seems logical to check the two surface profiles first. Both programs yield the 

nearly identical values for the mean water level. The maximum and minimum 

elevations according to Klopman's program are 0.058m and -0.042m, respectively. 

The step-like data from Chaplin's program ranges from -0.05m to 0.05m, however, 

INTPROP makes the following assumption in creating the smoother free-surface: 

no velocity measurement will be obtained from a grid cell with less than half 

its height in the fluid. This corresponds to the situation, at the PIV negative 

analysis stage, where the interrogating laser beam falls on the free surface and 

only a small part of its area is in the flow, this normally causes signal drop-out. 

For this reason the maximum and minimum water surface elevations generated 

by the INTPROP program are 0.055m and -0.045m respectively, which is 0.003m 

lower than Klopman's values resulting in a 6% underestimate of the potential 

energy, reducing the discrepancy between them to about 6.3%, which is more 

acceptable. 
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As a large proportion of the differences between various properties shown in ta-

ble 4.1 can be ascribed to the fact that two different wave models are being used, 

it was decided to proceed and use INTPROP to calculate integral properties from 

PIV data. 

4.5.3 Integral Properties of waves on a 1:30 Beach 

The integral properties were calculated for the 1.0s waves on the 1:30 plane sloping 

beach. The method of "space-phase" averaging, described in section 4.5.1, was 

used to limit the spatial extent over which the average was calculated, to 0.26m 

and 0.25m depending on the position on the beach. The wavelength was calculated 

at several different positions along the beach by looking at the zero-up-crossing 

points from the complete set of vector maps. It was found that the wavelength 

near the foot of the beach was 1.04m reducing to about im half way along the 

beach. This provided the two averaging ranges mentioned above. As the quarter-

wavelengths of the waves on the 1:100 beach were greater than the length of the 

measurement region (ic. )/4 > 0.5m) and "phase-matching" between adjacent 

measuring positions was not accomplished, the integral properties could not be 

calculated for this beach. 

Figure 4.38 shows the variation of the mean water level in relation to the still 

water level; the characteristic set-down approaching the breaking point is evident. 

The radiation stress, mean energy flux and momentum flux are shown in Figures 

4.39, 4.40 & 4.41 respectively. 

Although the distribution of the momentum flux is remarkably linear, there ap-

pears to be some considerable scatter on the graphs for the radiation stress and 

the mean energy flux. However, the scatter is mainly restricted to two regions, 

with the same set of five points having significantly lower values than the others 

in both graphs (these are marked as crosses on the figures.) One has to look, 

therefore, at the main factors from which the radiation stress and mean energy 
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Figure 4.38: Variation of the mean water level calculated by INTPROP. 
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Figure 4.39: Radiation Stress Distribution (+ denotes a sub-set of values with 

significant differences. Refer to text for details.) 
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Figure 4.41: Momentum Flux Distribution 
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flux are calculated, namely the potential and kinetic energies; these are shown in 

Figures 4.42 & 4.43 respectively. 

Figure 4.42: Potential Energy Distribution (+ denotes a sub-set of values with 

significant differences. Refer to text for details.) 
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One can see from figure 4.42 that the five points with significantly lower values of 

radiation stress and mean energy flux have substantially larger potential energies 

than the rest. This would indicate an inaccurate representation of the free surface, 

a factor which has already been acknowledged as a shortcoming in using data in 

the form of a discrete spatial grid. In fact, on closer inspection of the data it was 

found that for these cases the trough phase was represented by a straight line at 

the minimum elevation level; ie. it did not have a concave free-surface line which 

would reduce the difference from the mean sea level and consequently reduce the 

potential energy. 

4.5.4 Comments on Integral Property Calculations 

The use of PIV data to calculate the radiation stress, mean energy and momentum 

fluxes has been shown to be at least possible, and the distribution of the mean 

momentum flux shows good linearity with position along the beach. The scatter 

evident in the radiation stress and mean energy flux distributions has been mainly 

attributed to errors in the potential energy caused by problems associated with 

accurately specifying the free-surface from the "step-like" profile produced by 

PIV. If one was able to input the surface profile separately, from a wave gauge at 

each measurement position, the scatter would almost certainly be substantially 

reduced. The "space-phase" averaging technique appears to work and one can 

assume that any scatter due to this approach would be substantially reduced if 

more phases were recorded resulting in a smaller averaging domain. This would 

also enable the calculation of the derivative of the radiation stress with respect to 

X. 
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Chapter 5 

Waves Breaking on Steep, Profiled Beaches 

5.1 Introduction 

The second type of beach examined in this study was that of steep, profiled 

beaches. This work was stimulated by experiments to measure shingle beach 

profile response to wave attack (Powell, 1988). Those experiments were carried 

out in the wave basin at HR Wallingford where various spectra of the JONSWAP 

type were allowed to impact normally on a shingle beach initially inclined at 1:7. 

The waves were created from three 5m absorbing wave boards and were chosen to 

represent different storm conditions. The beach profile was measured after every 

500 waves using an automated tactile probe which was mounted on a rig above 

the beach. The rig was stepped in an offshore direction and at each step the probe 

was lowered until it touched the beach when the height was recorded. It was then 

retracted and stepped onto the next position. It was found that the beach had 

reached a state of dynamic equilibrium after about 3000 waves. 

In general, storm conditions create a beach profile which has a bar near the wave 

breaking point, a relatively flat surf zone and a steep scarp just above the mean 

sea level formed by the run-up; this is shown in figure 5.1. 

In these experiments great care was taken in choosing a suitable beach material, 
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Figure 5.1: The general beach profile formed in storm conditions 

to accurately represent the motion of the shingle beaches. There are three main 

features to consider in this selection, namely: 

The permeability of the shingle beach. 

The relative magnitudes of on-shore and off-shore motion; these should be 

constant. 

The threshold of motion should be correctly scaled. 

These criteria have been considered separately in Powell (1988) and coal particles 

were found to have the correct density and diameter for a model scale of 1:17. The 

coal particles chosen have a mean diameter (D50 ) of 3.2mm and a specific gravity 

of 1:3.9. 

From the numerous tests carried out at HR Wallingford, three profiles were se-

lected for experiments at The University of Edinburgh for velocity field measure-

ments; initially reported in Powell et al. (1992). Parameters from the wave spectra 

used to generate these three beach profiles are shown in table 5.1. 
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Profile Tmean () T 0 k (s) H329  (in) Steepness (Hstg /A mean ) 

1 1.17 1.35 0.106 0.05 

2 1.16 1.33 0.085 0.04 

3 1.20 1.38 0.068 0.03 

Table 5.1: HR Wallingford Wave Spectra Parameters 

As the area of interest of the beach was seaward of the scarp, it was possible to 

work at a larger scale (1:10) than the experiments at HR Wallingford. The waves 

chosen for the present study were monochromatic waves whose frequency matched 

the mean frequency of the appropriate spectrum and whose height was derived 

from the significant wave height, shown in table 5.1, according to the relations 

given in equation 5.38 following on from equation 1.3. 

H/Hr 	 Hr 	 (5.38) 
4 

The use of monochromatic waves may seem a little unrealistic at first, however, this 

choice was made mainly due to the fact that PIV produces a spatial distribution 

of the velocity field at an instant, and so measuring a constantly varying wave 

field as in a JONSWAP spectrum, would provide results which would he difficult 

to interpret. One further consideration is that although the beach still reacts to 

individual waves, the average effect of the spectrum has resulted in a stable profile, 

hence our use of the mean wave frequency. 

The measurement of bi-chromatic and tn-chromatic waves on beaches is currently 

under investigation in order to represent a more realistic wave field. This is an 

important next step because using monochromatic waves excludes the possibly 

significant effects of wave grouping and surf beat. 

Due to time limitations only two beaches were modelled (Profiles 1 and 2 in 

table 5.1), however, the three different wave conditions were measured on each. 
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Profile Frequency(Hz) Wave Height(m) 

1 0.655 0.063 

2 0.660 0.050 

3 0.640 0.040 

Table 5.2: Wave Parameters used in the Edinburgh Experiments. 

The wave parameters, now Froude scaled to a factor of 1:10, are shown in table 5.2. 

The two profiles that were modelled and the one caused by wave number 3 are 

shown in figure 5.2 along with the initial 1:7 slope. 
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Figure 5.2: Three Beach Profiles & Initial 1:7 Slope 

It is worth mentioning here the main characteristics of each of the beaches shown 

in figure 5.2. The first point to note is the horizontal position of the shoreline 

(intersection of the beach with the still water line (SWL)) with reference to the 

initial 1:7 slope. One can see that for Profile I it has advanced up the beach and for 



Profile 3 it has moved offshore, while, for Profile 2, the position of the shoreline has 

remained essentially unchanged. Dealing first with Profile 1: this erosion of the 

shoreline is characteristic of the steep, energetic waves. The wave momentum after 

breaking is considerably greater than the other two waves and has resulted in the 

relatively long surf zone from the break-point at the offshore bar to the scarp face. 

This means that in the up-rush material will be pushed towards the scarp tending 

to build it up and move it further shorewards, and in the backwash material will 

be dragged back towards, and eventually beyond the bar. Both these processes 

tend to move the shoreline backwards. Now considering Profile 3, we have a build-

up of material at the shoreline resulting in an offshore movement of the shoreline. 

Whilst only really speculating what may be happening, because this profile was 

not modelled at Edinburgh, if one looks at the profile in relation to the initial 

1:7 slope it seems that the formation of the bar and scarp has occurred from a 

relatively localised scouring of the area in front of the bar which has piled material 

up in the region of the shoreline. This has created a steep offshore face to the bar 

forcing the waves to break at this particular point, and as the waves are smaller and 

they have a steeper slope to climb, the distance between the top of the bar and the 

face of the scarp is relatively small, allowing only a small run for the backwash to 

return material in an offshore direction. Profile 2 therefore, seems to be a balance 

between these two erosive and accretive processes. As the period of each of the 

waves is approximately the same (the maximum difference is 3%) it is the wave 

height variation causing either erosion, stability or accretion of the shoreline. One 

should remember here that this description assumes only monochromatic wave 

impact. (The detailed characteristics of the different JONSWAP spectra used to 

generate these three profiles are unknown to the author.) 

Shingle beaches differ greatly from sandy beaches due to the different size of the 

material they consist of. As shingle is larger and heavier than sand a much steeper 

slope (1:7) can exist when compared to that of sandy beaches (1:100-1:30). This 

means that waves break much more abruptly on shingle beaches and one does 

not get the kind of travelling breaking waves favoured by surfers, typical of very 

shallow sandy beaches exposed to large wave attack; generally formed from the 
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long fetch associated with oceans rather than seas. A further consideration of a 

larger beach material is how it packs together. Not only does the larger material 

increase the friction of a beach but it also creates relatively large gaps between 

the individual elements. Daily et al., (1985) conclude that bottom friction plays a 

negligible role in wave decay when compared to shoaling and breaking, although 

this was for a sandy beach. 

Thornton & Guza, (1983) derive an equation for the energy decay due to bottom 

friction, expressed as a fraction of that due to wave breaking, in the inner surf 

zone, which is shown in equation 5.39. 

	

Ef - cj g' 	15 By3 	
(5.39) 

	

- 3 7rf 	23tan/3 

Where cf & €b are the energy dissipation rates due to friction and breaking re-

spectively. Cj is the friction coefficient, J is the average wave frequency (a narrow 

band spectrum is assumed), B is the fraction of foam on the face of a wave, -y is 

an adjustable parameter linking the maximum height of a periodic wave in a given 

depth of water (ie. Hmax  = -yh) and / is the angle of the beach. Using values 

typical of the Torrey Pines Beach Data Set Cj = 0.01, f = 0.07Hz, 3 = 0.02, 

= 0.42 and B = 1 (fully developed bores) the fraction of energy dissipation due 

to bottom friction was found to be less than 3%. For the smooth beach models 

used in the tests at Edinburgh this fraction will be further reduced because of the 

steeper slope. However, on a real shingle beach where the material size ranges 

from about 10 - 60mm D50  the proportion of energy disspated by bottom friction 

may increase dramatically, especially in the swash zone; despite the steeper slope 

decreasing the B7 3/ tan ,@ term in equation 5.39 by approximately an order of 

magnitude. 

Turning now to the increased permeability of shingle beaches when compared to 

sandy ones, we find two main phenomena. Firstly, the real-time draining of the 

run-up and backwash into the beach above the Mean Sea Level (MSL), this has the 

effect of reducing the extent of the run-up and the amount of water returning in 
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the backwash, with a corresponding reduction in associated sediment movement. 

The second phenomenon is the out-flow of water further down the beach, which 

may assist the movement of material, particularly in the offshore direction. Having 

started the project and encountered a number of practical difficulties in building 

beaches with optical access for the laser beam, it was decided that construction 

of a permeable beach was beyond the scope of this study and indeed time factors 

prohibited the intended examination of friction effects. Given that this type of 

measurement has never been applied to waves on beaches it seems reasonable 

to first examine the main effects of beach shape on the internal kinematics of 

monochromatic waves. Further study to include irregular waves, roughness and 

permeability effects are certainly to be recommended. 

5.2 Experiments on Profiled Beach 1 

On Beach 1 measurements were taken at six adjacent positions of each of the three 

waves. Four phases of each wave were recorded at each position. In this way a 

complete flow field all along the beach was obtained for four phases of the three 

waves. 

5.2.1 Wave Breaking on Profile 1: A Description 

Plunging breakers were formed for each of the waves measured on Profiled Beach 

1, as is shown in the photographs in figures 5.3, 5.4 & 5.5. 

These photographs, and the corresponding ones for Profiled Beach 2, are from PIV 

negatives and one can clearly see the multiple-images of the seeding particles, 

particularly in the backwash, spout and even the spray of the photograph in 

figure 5.3. This is one of the advantages of the PIV technique used: that the 

data recording medium can provide a photograph displaying the qualitative flow 

pattern; and the analysed negative provides a quantitative velocity map. 
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Figure 5.5: Wave 3 Breaking on Profile 1: f=0.64 Hz, Hz=0.040m 
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The fast flowing backwash can be seen clearly on all these photographs and this 

is an important characteristic of steep beaches and one which makes numerical 

modelling extremely difficult. The scarp provides a surface which abruptly stops 

the run-up and returns it offshore, this is emphasised in these experiments by the 

impermeability of the beach. On a real shingle beach there would be substantial 

in-flow into the beach above the MSL which would reduce the amount of water 

returning in the backwash. This high degree of beach reflectivity produces short-

wavelength reflected waves which travel back offshore; this can be seen in some of 

the velocity vector maps in Sections 5.2.2 & 5.3.2. 

5.2.2 Velocity maps for Profiled Beach 1 

The three waves will be dealt with separately and four velocity vector maps are 

given as examples for each wave. The breaking crest and backwash phases are 

given for all the waves with the remaining vector maps representing different 

phases and positions along the beach. Starting with Wave 1 (T = 0.655s, H = 

0.063m); figure 5.6 shows the trough phase at Position 3. 

Figure 5.7 shows the crest at the next measurement position. There are quite a 

number of missing vectors in this figure, for two reasons. Firstly the exposure was 

slightly too low, as was the seeding density resulting in the patchy appearance 

of the central area and the space at the top right. The second reason, and this 

is evident on a number of vector maps from this beach and Beach 2, is due to a 

combination of near-zero velocity and high accelerations, the latter of which causes 

an unacceptably high displacement gradient across the small PIV interrogation 

area (see section 2.4.2). This is normally evident near the bed in front of the 

in-coming crest where the strongly negative horizontal velocity in the trough of 

the previous wave, reverses through a region of mainly vertical motion and then 

adopts a positive horizontal velocity under the crest; as can be seen near the beach 

on the right hand side of figure 5.7. 

The plunging breaker formed at Position 6 is shown in figure 5.8 where the in- 
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Figure 5.6: Wave 1: Position 3: Phase 2 

teraction with the strong backwash component can also be seen. The preceding 

phase is shown in figure 5.9, showing the fully formed backwash. 

Moving on to Wave 2 (T = 0.66s, H = 0.050m), figure 5.10 shows the trough phase 

at Position 3, where once again the detail of PIV velocity data is demonstrated. 

One can note the reduction in the maximum velocity (absolute value) at this 

position between Waves 1 & 2, figure 5.6 shows the corresponding phase at Position 

3 for Wave 1 whose maximum velocity magnitude is 0.208 ms -1  compared to the 

0.185 ms-1  of Wave 2. 

The crest phase at Position 4 is shown in figure 5. 11, which also shows the expected 

velocity differential between corresponding phases of different amplitude waves at 

the same position. The maximum velocity measured in Wave 1 (figure 5.7) is 

0.243 ms-1  and for Wave 2 it is 0.227 ms -1  
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Figure 5.12 shows Wave 2 breaking at Position 6; unfortunately there is more 

signal drop out due to a combination of PTV-related factors, such as photographic 

exposure, seeding density variations and the high dynamic range of this flow. 

However, the interaction of this wave with the backwash of the previous one and 

the magnitude of the velocities near the tip of the breaker are still shown. The 

fully formed backwash is shown in figure 5.13. 
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The problem of resolving very low velocities is shown clearly in figure 5.14 for 

Wave 3 (T = 0.64s, H = 0.040m) at Position 2, which is otherwise a very detailed 

vector plot. 

The crest phase at Position 4 is shown in figure 5.15; as with the the previous two 
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Figure 5.12: Wave 2: Position 6: Phase 3 

waves we can verify that the maximum velocity has once again reduced with the 

amplitude of the wave. 

Looking at the maximum velocity measured in the plunging breaker shown in 

figure 5.16 one can see that it actually exceeds that of the larger waves. However, 

in this case vector values were obtained closer to the tip of the plunging breaker. 

The turning of the backwash into the front face of the wave is also shown clearly. 
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Figure 5.14: Wave 3: Position 2: Phase 3 

In figure 5.17 the interaction of the backwash and the incoming wave is shown 

very clearly. 
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5.3 Experiments on Profiled Beach 2 

Measurements were made at five positions along the beach of the three wave 

conditions listed in table 5.2. At each measurement position four phases of each 

wave were recorded. 
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5.3.1 Wave Breaking on Profile 2: A Description 

The actual form of the breaking wave varies considerably between the two beaches 

and, to a lesser degree, between the different waves. On Profile 2 surging breakers 

are formed, to some extent, for all three waves examined. Only the smallest wave 

shows any real overturning, and even this is very low on the face of the wave. The 

breaking crests from each wave are shown in the photographs in figures 5.18, 5.19 

& 5.20. 

The formation of the, perhaps expected, plunging wave is suppressed by the fast-

flowing backwash from the previous wave and breaking occurs where the incoming 

wave and backwash meet, ie. near the bottom of the wave, just offshore of the top 

of the bar. The broken wave then surges up the beach where it is almost totally 

reflected by the steep face of the scarp. The substantial backwash component 

is further emphasised by the short length of the surf zone, when compared to 

Beach 1, terminated by the steep faced scarp just above the SWL. The effect of 

this scarp is to rapidly halt the run-up, resulting in the backwash being formed 

very quickly after the wave has broken. The interaction of the backwash and the 

incoming breaker half way along the surf zone leads to the formation of a standing 

wave (see figure 5.21) being driven by the incoming wave and the reflection off 

the near-vertical face of the scarp. This interaction causes a greater than normal 

return flow which prevents the formation of plunging breakers, by forcing the 

wave to break lower down its face in the region where the backwash meets the 
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incoming wave. This general method of breaking is adopted by all three waves, 

although the smallest, Wave 3, does show a degree of overturning, as can be seen 

in Photograph 5.20, but this is still confined to the bottom of the wave. Recalling 

Profiled Beach 1, which has a relatively long surf zone, the increased length of run-

up gives time for the incoming wave to break before the backwash is completely 

formed, resulting in the observed plunging breakers. 

The formation of a "standing wave" in the surf zone will be affected greatly by 

multi-frequency waves, not only because they all, by definition, have different 

periods but also because they will break in different positions. 
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Figure 5.18: Wave 1 Breaking on Profile 2: f=0.655 Hz, H=0.063m 
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Figure 5.19: Wave 2 Breaking on Profile 2: f=0.66 Hz, H=0.050m 
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Figure 5.20: Wave 3 Breaking on Profile 2: f=0.64 Hz. I1=0.040m 
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Figure 5.21: "Standing Wave" formation in the Surf Zone 

5.3.2 Velocity maps for Profiled Beach 2 

Once again only a small selection of the sixty vector maps available are presented; 

four from each wave. Apart from the crest and backwash at breaking, there are two 

others representing different phases at different positions on the beach. Dealing 

first with Wave 1, figure 5.22 shows the crest phase near the foot of the beach. 

In figure 5.23 the crest has just passed through the measurement zone and the 

rear face of the wave is shown. The transition from the dominant negative vertical 

velocity, under the zero-down-crossing, to the negative horizontal velocity in the 

trough can be seen clearly. 

Figure 5.24 shows Wave 1 breaking in the surging manner described in sec- 

tion 5.3.1. As on Profiled Beach 1, the very high accelerations, where the thin 

131 



0.00 

-ale 

-0.20 
E 

-a30 	 - 

-a40 	 = 

........... 2,  
-  -0.50 	 Vmax - 0.267 rn/s 

	

.. ... ..... . ... . ... . .. 	
I 

aee 	ate 	0.20 	a30 	a40 	a50 	a60 

Position (in) 

Figure 5.22: Wave 1: Position 1: Phase 3 

layer of fast-flowing backwash meets the in-coming wave, create a velocity gradi-

ent which is too high for PIV to resolve; consequently there are no measurements 

in this area. 

The backwash from this wave is shown in figure 5.25 and the reflected turbulence 

can be seen as a smoothly varying fluctuation superimposed on the main returning 

flow. 

Turning our attention to Wave 2, we can see the crest phase at the foot of the 

beach in figure 5.26. One can see evidence of a reflected wave from the deformation 

of the free surface around x = 0.42m and the orientation of the group of vectors 

below. 

The rear face of the wave at position three is shown in figure 5.27. 
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The breaking wave is shown in figure 5.28. Although the form of the wave is 

similar to that of Wave 1 it breaks slightly further up the beach in shallower 

water, as would be expected considering it has a smaller wave height than Wave 

1. 
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The corresponding return flow at Position 5 can be seen in figure 5.29, once again 

showing the turbulence caused by breaking being returned back into the flow. 
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Finally we consider Wave 3. Figure 5.30 shows the crest phase at Position 2 and 

figure 5.31 shows the front face of the wave at Position 4. Here one can see the 

transition from strongly negative horizontal flow, through a region of dominant 

positive vertical velocity, to the positive horizontal velocity associated with the 

incoming crest. 
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Figures 5.32 & 5.33 show the breaker and backwash respectively in Wave 3. This 

is the only one of the three waves which displays any significant overturning of the 

front face. One must assume that this is due to the weaker backwash component 

from this smaller wave. 
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5.4 Near-bed Velocity Inter-comparisons 

The actual movement of sediment by the wave kinematics is determined by the bed 

shear stress r (Simons et al., 1992, Sleath, 1987) which is given in equation 5.40 

(Sleath ,1987,1991), 

dU 
T = PC 

ay (5.40) 

where c is the eddy viscosity given in equation 5.41 (for the case of no current) 

and U is the horizontal component of velocity at the bed. 

c=vl 
	

(5.41) 

In equation 5.41, v' is the root mean squared (rms) fluctuation of the vertical 

velocity component and 1 is the turbulence mixing length. In the vicinity of the 

bed I cx y, however, the constant of proportionality can vary. The normally 

quoted value is 0.4 in clear water, even in combined waves and currents (Kemp &c 

Simons (1982, 1983). However, Sleath (1990) found that for oscillatory flow the 

constant was between 0.1 and 0.2 over most of the boundary layer. Given that 

the velocities closest to the bed in the vector maps shown in this and the previous 

chapter, start near the top of the boundary layer not at the bed itself, r cannot be 

calculated accurately. A further point to consider is the nature of the boundary 

layer itself. As the experiments to measure the velocities have been carried out 

on a smooth beach the boundary layer is most likely to be laminar. However, the 

experiments which generated the profiles modelled (Powell (1988)) were carried 

out on a movable beach with relatively large material sizes; this could easily create 

a turbulent boundary layer and would definitely create a thicker one. For these 

two reasons the calculation of bed shear stresses is not appropriate, however, one 

could look at the near-bed maximum magnitudes of velocity, above the boundary 

layer, to give an indication of the differences which give rise to beach movement. 
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The approach here is to examine the maximum and minimum velocities which 

occur under the crest and the trough respectively, for the three waves measured. 

This is really only possible because the frequencies of the waves are so close to-

gether that the crests and troughs of all three waves occur in approximately the 

same place. There is, however, occasionally a slight mismatch and so to min-

imise this effect and to reduce the influence of any localised turbulence present, a 

horizontal average is carried out for each row of vectors, throughout the vertical 

profile of each wave, over 5 to 10 columns of vectors. For example, to provide the 

profile from Wave 3 in figure 5.36, each row of vectors in figure 5.15 is averaged 

from x = 2.00m to x = 2.10m. 

The figures are split into four separate graphs; the first shows the average profiles 

of the horizontal component of velocity for all three waves. The other three 

graphs show the individual average profile for each wave + 1 standard deviation 

(eg. figure 5.35). The latter gives an idea of the local uniformity of the flow and, in 

some cases, helps indicate the top of the boundary layer, as the flow above it tends 

to have less fluctuation: see, for example, Wave 2 in figure 5.44. The influence 

of the boundary layer can be clearly seen in a number of the figures where the 

velocity reduces sharply near the bottom of the profile: eg. figures 5.36, 5.44 & 

5.47. 

Once again we shall give the comparisons from the two beach profiles separately 

and then comment on both at the end. 

5.4.1 Near-bed Velocity Inter-comparisons for Profiled 

Beach 1 

The locations on the beach where the intercomparisons are carried out are shown 

in figure 5.34. 

Figures 5.35 to 5.41 are given with reference to the positions shown in figure 5.34. 
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Figure 5.41: Velocity comparison on Beach 1. Position: Trough 4. (h = 0.06m) 
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5.4.2 Near-bed Velocity Inter-comparisons for Profiled 

Beach 2 

In the same way the velocity comparisons from the positions marked on figure 5.42, 

are shown in figures 5.43 to 5.48. 

05 	
Profile I  

Profile 2 
Profile 3 	 Crest 5 

Crest 4 

0.0 	
Crest 3 

SWL 
Crest I 

Position Cm) 

Figure 5.42: The Positions of the Velocity Intercomparisons on Beach 2 

5.4.3 Comments on the Near-Bed Velocity Intercompari- 

I411 

Dealing first with the general features observed for both beaches, one can see that 

where the beach height is almost identical for the three profiles (See Crest 1 in 

figure 5.34 and Crest 3 in figure 5.42), the near bed velocities under the crest 

are remarkably similar for all three waves: see figures 5.40 & 5.46. The same is 

also true for Trough 3 on figure 5.34 shown in figure 5.39. As one might expect, 

the maximum differences between the three waves occur where there is a distinct 

difference in height of the three beach profiles; for example, figure 5.48, at Crest 

5 shown in figure 5.42. 
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Figure 5.44: Velocity comparison on Beach 2. Position: Crest 2. (h = 0.42m) 
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Figure 5.45: Velocity comparison on Beach 2. Position: Trough 1. (h = 0.42m) 
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Figure 5.46: Velocity comparison on Beach 2. Position: Crest 3. (h = 0.34m) 
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Figure 5.48: Velocity comparison on Beach 2. Position: Crest 5. (h = 0.18m) 
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If one tries to examine the relative magnitudes of the positive and negative hori-

zontal velocities, associated with the crest and trough phases of the wave, with the 

purpose of trying to describe the on-shore and off-shore movement of sediment, 

one runs into the problem that it is easier to move sediment down the slope, in 

the offshore direction, than it is to move it on-shore. The degree to which this 

is true depends on the local slope of the beach and consequently varies along its 

length. An equilibrium profile is reached when the relative on-shore and off-shore 

sediment motions balance all along the beach. Looking at Crest 2 and Trough 1, 

which occur at identical positions on Beach 2 (in figure 5.42), one can see that the 

magnitudes of the positive and negative near-bed velocities for each wave match 

almost identically. If we assume that the relative on-shore and offshore motions of 

Wave 2 (which is matched to Beach 2) balance then one can interpret the smaller 

velocities of Wave 3 as being below the threshold to induce sediment movement 

one way or the other and the larger velocities of Wave 1 to cause offshore sedi-

ment motion because, although the relative magnitudes of positive and negative 

horizontal velocity are about the same, it is easier to move sediment down the 

slope than it is to move it up. 

An interesting factor of the formation of surging breakers on Beach 2 due to the 

very thin, fast-flowing backwash is that the near-bed velocity at breaking (Crest 

5 on figure 5.34) is lower than the previous position (Crest 4 on the same figure) 

because of this interaction with the backwash. As the surf zone on Beach 1 is wider 

and plunging breakers are formed, the horizontal near-bed velocity increases to 

a maximum at breaking (figure 5.40). Another point to note here is that the 

maximum magnitude of the backwash, at Trough 4 in figure 5.34, is once again 

almost exactly the same as under Crest 3. 

One can also compare the velocities from the same waves at similar horizontal 

positions on the two different beaches. Examining the crest and trough positions 

shown in figures 5.34 & 5.42 one can see that Crests 1 and 2 on Beach 1 are at 

the same positions as Crests 3 and 5 on Beach 2, respectively: these comparative 

positions will now be termed Locations 1 and 2 respectively. The first thing to 

notice is that at Location 2 on Beach 2, the waves are approaching breaking; 
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which is not the case for this location on Beach 1. One would therefore expect 

significantly different velocities for the waves at this location on the two beach 

profiles; indeed, all the waves show a significantly smaller near-bed velocity on 

Beach 2 due to the larger backwash component. The velocities in the near-surface 

region are also smaller on Beach 2 although, with the exception of Wave 1, these 

differences are not as marked as in the near-bed region. One may infer from this 

that the breaking evident on Beach 2 is triggered by the interaction with the 

fast-flowing backwash of the previous wave rather than directly from the beach 

shape. Going further offshore to Location 1, one can still find a smaller near-bed 

velocity component for Beach 2 suggesting that the backwash is still having an 

effect on the incoming wave, however, the near-surface velocities are very similar 

for all three waves. 
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Chapter 6 

Conclusions 

6.1 Main Conclusions 

With reference to the aims set out in section 1.2, the following conclusions have 

been made: 

General: The ability of PIV to obtain accurate and detailed velocity mea-

surements of waves breaking on beaches has been clearly shown. The only 

real problems which arose in this study, were from areas of near-zero veloc-

ity and/or high acceleration; both of these problems can be dealt with using 

image shifting techniques or adjusting the photographic magnification. In 

larger-scale waves, the increased aeration of the water during breaking, may 

limit the extent of the measurement region. 

Theoretical Comparisons on Mildly Sloping Beaches: An examination of the 

way that the Boussinesq and Serre models deal with the vertical profile 

of the horizontal component of velocity has been carried out on 1:30 and 

1:100 plane, sloping beaches. In general the parabolic equation governing 

the velocity profile was found to be satisfactory, especially near the bed. 

However, the near-surface velocities were consistently over-estimated in the 

crest region. The discrepancy between the profiles of measured and modelled 
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values, in this near-surface region, increased logarithmically as the wave 

travelled up the beach; ie. with increasing wave non-linearity. 

Boussinesq and Serre Model Velocity Predictions: The spatial distribution 

of the depth-averaged horizontal velocity has been predicted, at two posi-

tions on the 1:30 beach, by the Boussinesq and Serre Models (developed 

by Brocchini & Drago of Snamprogetti SpA, Italy). The predictions agree 

quite well with the measured values. However, the sensitivity in calculating 

the second spatial derivative of the depth-averaged velocity, as required to 

produce a vertical profile of velocity, means that even a small difference in 

the prediction of the depth-averaged velocity can cause a large difference in 

the calculated near-surface velocity. 

Integral Property Calculations from PIV Measurements: The calculation of 

the radiation stress, mean energy flux and mean momentum flux from PIV 

velocity data has been carried out. The mean momentum flux decreases 

linearly up the beach. There is some scatter evident in radiation stress and 

mean energy flux distributions, although the magnitude and general trends 

for both are in agreement with Stive & Wind (1982). It is proposed that this 

scatter is due mainly to the discrete "step-like" representation of the free 

surface caused by analysing the PIV negatives on a regular grid of points. 

This introduces a relatively large error in the calculation of the potential 

energy. 

Wave Kinematics on the Profiled Beaches: The two beach profiles produced 

two different types of breakers, namely surging and plunging, from the same 

initial wave conditions. The proposed reasons for this are discussed in some 

detail, with the length of the surf zone, the impermeability of the beach and 

the fact that regular waves were used, being the main factors involved. A 

number of velocity vector maps are shown from both beaches for all three 

waves and the magnitudes of their near-bed maxima are compared at several 

positions. It was found that the near-bed velocities were very similar at 

positions where the height of all three beaches were approximately the same, 

and there were significant differences at other locations. The influence these 
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differences might have on the local area of the beach, ie. whether erosion or 

accretion is occurring or not, is discussed. 

6.2 Future Recommendations 

6.2.1 PIV Considerations 

Image Shifting: This technique, which was briefly mentioned in the text, 

should be used to resolve zero and near-zero velocities (effectively improv-

ing the measurable dynamic range); and to overcome the problem of direc-

tional ambiguity. Indeed, the author has already used such a system in the 

measurement of waves breaking over a submerged breakwater (Petti et al., 

1994). 

Video/Digital PIV: The next major step forward will be the transition from 

film-based to video-based PIV, when one can capture and store full-field 

PIV images at a high frame rate. Only recently has a CCD video camera 

been available with a resolution capable of imaging very small seeding par-

ticles in the scale of flow measured here. This camera has a 2048 x 2048 

pixel CCD array, which is suitable for this scale of PIV, however, the fact 

that it produces such large images (in terms of computer memory - each 

frame is approximately 4.5 Mbytes) still limits the temporal resolution of 

the system at the moment. Fast computers installed with video-cards hav-

ing large amounts of memory would seem to be the best way of addressing 

this problem. The advent of digitised PIV images, formed either directly 

from a CCD camera or scanned into a computer from a photograph or nega-

tive, has already realised software capable of analysing an image at 18 points 

per second, which compares rather favourably with the 2s per point system 

described in this thesis. The ability to obtain a higher temporal resolution 

while maintaining the same spatial resolution would certainly be a major 

advantage. 
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6.2.2 Hydrodynamic Considerations 

Beach Roughness and Impermeability: Whilst the main effect on the incom-

ing wave field is the shape of the beach, the effects of beach roughness and 

permeability need to be examined, particularly when considering shingle 

beaches. 

Irregular Waves: The use of hi-chromatic or tn-chromatic waves, on both 

types of beach, would seem a logical next step to provide a more realistic 

wave field; indeed this is already being undertaken. If the limited temporal 

resolution of taking PIV pictures can be overcome then irregular wave spec-

tra could also be measured. In the mean time it has been shown that for 

the calculation of the integral properties more phase positions need to be 

recorded in order to reduce the horizontal domain over which averaging is 

carried out; this would enable the spatial derivative of the radiation stress 

to be calculated. 

Bottom Boundary-layer Measurements: As was pointed out in section 5.4.3 

the bed shear stress could not be calculated from the PIV measurements 

made because penetration into the boundary layer could not be determined. 

However, at a much larger magnification it should be possible to measure 

the boundary layer velocity distribution with PIV. Care should be taken 

to make sure the characteristics of the boundary layer to be measured are 

representative of the boundary layer at full scale. 
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