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Appendix C

Wave Reflection Tests

This Appendix outlines the wave reflection tests that were undertaken to determine the

efficiency of the wave dissipation beach installed in the wave flume.

C.1 INTRODUCTION

The dissipation beach was installed across the end of the flume to reduce wave reflections.

It was constructed using a smooth 5m wooden ramp at a slope of 1 in 10 to which a series

of vertical mesh sections and a coarse rock bed were added to aid in wave dissipation

through turbulent loss. The wave dissipation beach is shown in Plates C.1, C.2 and C.3.

The energy dissipation system consisted of three sections (refer to Plates C.1, C.2 and

C.3). The first section consisted of a series of near vertical mesh sections through which

the waves pass unbroken. As the waves passed through the 10mm steel mesh they were

dissipated due to an increase in turbulence over the total depth of the wave. The second

section consisted of a series of four flexible plastic mesh sections which were designed

to move under the oscillatory action of the waves. This section dissipated waves through

turbulent loss and the transfer of mechanical energy to the mesh. The third section of the

dissipation beach, which was located on the top section with a shallow water depth, was a

rock bed. Waves broke onto this bed which effectively dissipated the kinetic energy of the

wash. Holes were drilled into the beach above the rock bed so that any wash still present

would fall through the beach and be able to return to the top of the tank via the 100mm
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Plate C.1 Wave dissipation beach from the front.

Plate C.2 Wave dissipation beach from the side.
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Experimental Procedure – Section C.2

Plate C.3 Wave dissipation beach from the back.

diameter pipe installed under the sand bed (refer to Section 3.1.2).

C.2 EXPERIMENTAL PROCEDURE

To determine the wave reflection coefficient of the dissipation beach a two-dimensional

wave spectra was calculated using the Maximum Likelihood Method (MLM) [Young,

1994]. This method requires that an array of wave gauges be setup with known polar (an-

gles and distances) geometry. The MLM attempts to determine the directional spectrum

which has the maximum likelihood of conforming to the limited number of cross-spectral

estimates. The energy from a given angle is evaluated by minimising the influence from

all other components. Minimisation is achieved through the use of a Lagrange multiplier

[seeYoung, 1994, for further details]. A MATLAB function was provided by Prof. Ian

Young to enable the calculation of the directional spectra from an array of wave gauges.

The array dimensions were designed so that the greatest directional resolution would

be along the flume in the direction of both the incident and reflected wave energies. Inci-

dent wave energy is the energy due to waves generated by the wave paddle while reflected
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wave energy is the wave energy being reflected from the wave dissipation beach. Plate C.4

shows the probe setup for the reflection tests. All probes were located on the centreline

of the flume with a probe spacing in the direction of wave travel (from left to right) of

100mm which is much less than the peak wavelength of the waves (refer to Table C.1).

The array was located 14.8m from the wave paddle (9.7m from the start of the sand bed)

and 10.5m from the dissipation beach (at the end of the sand bed).

Plate C.4 The setup of the directional array for the wave reflection tests.

Figure C.1 shows a typical two-dimensional wave spectrum, that was measured via

the array of probes and calculated using the MLM algorithm. The direction waves travel

away from the wave paddle was defined as zero. As would be expected, Figure C.1 shows

that most of the spectral energy is travelling away from the paddle with only a very small

level of energy moving back along the flume towards the paddle.

Once the two-dimensional wave spectrum had been estimated a ratio was calculated

to determine the reflection coefficient as a function of the wave frequency. The incident

wave spectrum was defined as the frequency spectrum from the zero direction while the

reflected spectrum was defined as the spectrum travelling from a direction of 180 degrees.
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Figure C.1 A two-dimensional surface wave spectrum measured from the wave array.

This ratio is given as:

Φr(f) =
SI(f)

SR(f)
(C.1)

whereΦr is the wave reflection coefficient;SI is the incident wave energy spectrum

(m2/Hz); SR is the reflected wave energy spectrum (m2/Hz) andf is the surface wave

frequency (Hz).
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Table C.1 The wave reflection tests undertaken to test the efficiency of the dissipation

beach.

Test ID Wave type fp(f) Hs(H) Lp(L) Test Time
Hz m m minutes

R01 irregular 1.0 0.087 1.373 21.6
R02 irregular 0.8 0.082 1.867 21.6
R03 irregular 1.2 0.072 1.023 21.6
R04 regular 1.0 0.113 1.373 20.0
R05 regular 0.8 0.072 1.867 20.0
R06 regular 1.2 0.110 1.023 20.0

C.3 RESULTS AND DISCUSSION

This section presents the results of the reflection tests. Six wave reflection tests were

undertaken using the setup shown in Plate C.4. Table C.1 list the tests undertaken. The test

used to produce the two-dimensional spectrum shown in Figure C.1 is listed in Table C.1

as Test R03. Six tests were undertaken three with irregular waves and three with regular

waves. The irregular waves conformed to a standard JONSWAP spectrum (γ = 3.3).

The depth of water in all tests was 300mm and the sampling frequency was 10Hz. In

Table C.1fp is the peak wave frequency (Hz), Hs is the significant wave height (m) and

Lp is the wavelength corresponding tofp (m). The terms shown in brackets are the regular

wave equivalents. The test time relates to the period of time over which the waves were

sampled.

Figures C.2, C.3 and C.4 show the reflection coefficient for the irregular wave tests of

R01, R02 and R03 shown in Table C.1. There is very little energy being reflected from the

wave dissipation beach in any of these tests. Reflected spectral energy for the frequencies

near the peak frequency is less than 10% of the incident wave spectral energy. Away from

the peak frequency there is a substantial percentage of energy being reflected, however,

the value of the spectral energy across these frequencies is very small. From the irregular

wave tests presented in Figures C.2, C.3 and C.4 there is less than 10% of wave energy

being reflected across the frequency range of the generated surface wave spectrum.
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Figure C.2 Results of the wave reflection tests R01.
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Figure C.3 Results of the wave reflection tests R02.
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Figure C.4 Results of the wave reflection tests R03.
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Undertaking a MLM reflection analysis on regular waves is slightly incorrect as it is

a spectral method. It is impossible to produce perfect regular waves in the flume as all

waves generated will not be exactly the same and their shape will be effected by the water

depth. Hence, the waves generated will show some spectral attributes such as a slight

range about some peak frequency value and a number of harmonics due to their shallow

water cnoidal shape.

Figures C.5, C.6 and C.7 show the reflection coefficient for the regular wave tests of

R04, R05 and R06 shown in Table C.1. As with the irregular waves there is very little en-

ergy being reflected from the wave dissipation beach in any of these tests. Reflected wave

energy for the frequencies near the peak frequency is less than 10% of the incident wave

spectral energy. There is a number of harmonics present within the spectra for the regular

wave tests. As discussed above, these harmonics are due to the very cnoidal shape that

regular waves exhibit in the shallow water. These harmonics were not present within the

irregular wave spectra. As with the irregular reflection tests there is a substantial percent-

age of energy being reflected at those frequencies which lie outside the peak frequency

range, however the value of the spectral energy across these frequencies is very small. In-

terestingly when a harmonic peak extends above approximately 1×10−4 m2/Hz there is

a corresponding drop in the reflection coefficient to below 10%. From the data presented

in Figures C.5, C.6 and C.7 there is less than 10% of wave energy being reflected by the

regular waves.

C.4 SUMMARY AND CONCLUSION

A series of wave reflection tests were undertaken to determine the efficiency of the wave

dissipation beach installed across the end of the wave flume. It is the conclusion of the

wave reflection study that the wave dissipation beach works very well over the range of

wave frequencies investigated. The dissipation beach is highly efficient at dissipating

wave energy with less than 10% of the incident wave energy being reflected back along

the wave flume.
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Figure C.5 Results of the wave reflection tests R04.
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Figure C.6 Results of the wave reflection tests R05.
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Figure C.7 Results of the wave reflection tests R06.

197



Appendix C – Wave Reflection Tests

198



Appendix D

Wave Measurement Probes

This appendix outlines the calibration procedure and the experimental tests undertaken

to determine the accuracy of the wave measurement probes used by this study. The cali-

bration procedure summarised in this appendix was undertaken before each experimental

test, while the accuracy tests were undertaken in the initial startup phase of the experi-

mental component of this body of research.

To measure the time series of the surface waves, a set of five surface penetrating

resistance wave probes were used (refer to Plate C.4, page 192). The probes had a mea-

surement range of 250mm and output voltages in the range of±5 V . The probes were

linked to a data logging computer via an analog-to-digital board. The time series data of

the water surface elevation was written to the computer screen and to file via data acquisi-

tion software written using theVisual DesignerTM suite (copyright 1993-1997 Intelligent

Instrumentation). Before each test the probes were calibrated using 5 data points over a

range of 250mm, checked for stability and zeroed. Due to some high frequency electrical

noise being evident within the time signal of the preliminary set-up tests, a high frequency

single pole resistance-capacitance filter was applied to the output of each probe. This fil-

ter removed signal noise above a frequency of 60Hz and consisted of a capacitor of value

0.22mF and a resistor of 12kΩ. The wave probes were sampling at a frequency of 8Hz

to reduce aliasing effects.

199



Appendix D – Wave Measurement Probes

D.1 WAVE PROBE CALIBRATION PROCEDURE

Before any of the experimental work was started, a series of 50mm increments were en-

graved onto the probes’ shafts and software using theVisual DesignerTM suite (copyright

1993-1997 Intelligent Instrumentation) was written to display the raw probe voltages.

This made calibrating the probes more consistent and convenient.

Prior to each experimental test the wave probes were calibrated according to the fol-

lowing procedure:

1. The water level in the wave flume was set to the desired depth and allowed to settle;

2. All probes were moved up till they were at the bottom 50mm calibration increment

and the voltage output recorded;

3. The probes were then moved down to the next 50mm increment and once again

the output voltage was recorded;

4. The previous step was repeated until the probes had been moved through their

250mm measurement range;

5. The voltages and heights were plotted and a straight line fitted to the output data

recorded from each probe;

6. The slope determined from the straight line fit for each probe was recorded and

entered into the data logging software;

7. The probes were moved until they showed a zero output (i.e. a zero voltage output);

8. The probes were left recording the flat water surface for 10 minutes to ensure that

the output was stable;

Figure D.1 presents typical results for the calibration of the wave measurement probes.

The magnitude of the linear correlation coefficient (R2) shown in these figures was a

typical observed value. The slope and offset of the probes calibration were affected by the

temperature of the water and hence were not constant during the 12 month experimental
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Figure D.1 A typical result for the calibration of the wave measurement probes where sub-

plots (a) to (d) represent probes #0 to #3. Please note probe #4 is not shown.

phase. This problem was overcome by ensuring that the probes were calibrated prior to

each test being undertaken.

D.2 WAVE PROBE ACCURACY TESTS

Initially this study was going to attempt to use the wave probes to determine the change

in wave dissipation rates along the flume due to the formation of ripples. Hence, the work

presented in this section was undertaken on the wave probes to try and determine their

measurement accuracy. However, the change in the water surface due to ripple formation

and subsequent wave dissipation was not included in this thesis, but might be reanalysed

and published in the future.
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A series of runs were undertaken to test the accuracy of the wave probes. This was

done by testing the probes against each other in a series of specific experimental tests.

All tests presented below all used an irregular surface wave condition with a standard

(γ = 3.3) JONSWAP spectral shape, a peak frequency of 1Hz and a significant wave

height of 0.1m.

D.2.1 Probe Test #1

Probe test #1 was undertaken to determine how well the probes recorded waves compared

to each other across the flume. For this test the probes were placed at a distance of 7m

from the wave paddle across the flume in the configuration shown in Figure D.2. The test

time was 25 minutes and 30 seconds with the surface wave time series being sampled at

8Hz which gave a spectral estimate with 190 degrees of freedom using a spectral window

of 128 data points.

Theoretically all the probes in this test should of given the same results, however, this

was not the case. Figure D.3 shows the results recorded for each probe. As shown, Probe

#1 gave the highest results while Probe #0 gave the lowest. There is a trend of decreasing

significant wave height right to left across the wave flume. The average of the 4 probes is

0.103m with a fluctuation of 0.015m across the flume.

It is unclear from probe test #1 if there is a real variation in wave height across the

flume or if it is inaccuracies of the wave probes that are showing up in the tests.

D.2.2 Probe Test #2

Probe test #2 was undertaken to determine how well the probes recorded waves compared

to each other along the flume. For this test the probes were setup at a distance of 7m from

the wave paddle along the flume with the probes being positioned as close as possible to

each other, as shown in Figure D.4. The test time was 25 minutes and 20 seconds with

the surface wave time series being sampled at 8Hz which gave a spectral estimate with

190 degrees of freedom using a spectral window of 128 data points.

The results of probe test #2 are presented in Figure D.5. Please note that only three
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Figure D.2 Schematic showing the wave probe setup for probe test #1 (all dimensions

shown are inmm).
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Figure D.3 Spectra measured from probe output for probe test #1.
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probes were used for this particular test.

As can be seen in Figure D.5 the variation in significant wave height for test #2 is

much smaller than for test #1. The average significant wave height for the three probes

was 0.107m with a fluctuation of 0.003m.

The results of this test when viewed in respect to the results of probe test #1 above

suggests that there is a pronounced fluctuation of significant wave height across the wave

flume. In probe test #1 there was a substantial fluctuation in the output from the probes,

however, this was not present in the results shown for probe test #2. This indicates that

the observed fluctuation was due to a variation in the water level across the flume and not

due to a fluctuation in the probes output.

D.2.3 Probe Test #3

To test the above result, that there was a fluctuation of significant wave height across the

flume, a third test was established and run. For this test the waves were run continuously

for 1 hour and 11 minutes while four sub-tests (a to d) were undertaken. Waves were run

for a period of 5 minutes before the first test being recorded.

The test used four wave probes at locations across the flume similar to probe test #1.

Probe tests #3a and #3b were recorded at a distance of 10m from the wave paddle while

tests #3c and #3d were run at a distance of 15m from the wave paddle. The probe

positions across the flume were reversed after approximately 15 minutes of recording.

Each of the four sub-tests will be discussed in turn as part of this section.

Probe test #3awas setup across the flume, as shown in Figure D.6, some 10m from

the wave paddle. The run duration was 14 minutes and 23 seconds with the water surface

sampled at 8Hz, giving a spectral estimate with 110 degrees of freedom (spectral window

of 128 data points).

The results of probe test #3a are shown in Figure D.7. Once again we see the trend

of decreasing significant wave height as we move right to left across the wave flume. The

average of all four probes is 0.104m with a fluctuation of 0.009m across the flume.

Probe test #3bwas also located 10m from the wave paddle, however, the probes
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Figure D.4 Schematic showing the wave probe setup for probe test #2 (all dimensions

shown are inmm).
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Figure D.5 Spectra measured from probe output for probe test #2.
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Figure D.6 Schematic showing the wave probe setup for probe test #3a and #3c (all dimen-

sions shown are inmm).
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Figure D.7 Spectra measured from probe output for probe test #3a.
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were reversed across the flume as shown in Figure D.8. The run duration was 14 minutes

and 22 seconds with the water surface being sampled at 8Hz, giving a spectral estimate

with 110 degrees of freedom (spectral window of 128 data points).

The results of probe test #3b are presented in Figure D.9. Again we see the trend of

decreasing significant wave height across the flume in Figure D.9, however this trend is

smaller than that shown in Figure D.7. The average of all four probes is 0.101m with a

fluctuation of 0.005m across the flume.

Probe test #3cwas exactly the same as for probe test #3a, however, the probes were

located at a distance of 15m from the wave paddle. The wave probe set up across the

flume is shown in Figure D.6. The run duration of probe test #3c was 14 minutes and

34 seconds with the water surface being sampled at 8Hz, giving a spectral estimate with

110 degrees of freedom (spectral window of 128 data points). The results of this test are

shown in Figure D.10.

The same trend as was shown at a distance of 10m from the paddle (refer to Fig-

ure D.7), can also be seen at a distance of 15m from the paddle (refer to Figure D.10).

Again we see the decreasing significant wave height across the flume. The average of all

four probes is 0.104m with a larger fluctuation of 0.018m across the flume.

Probe test #3dwas exactly the same as for probe test #3b, except the probes were

located at a distance of 15m from the wave paddle, not 10m. The wave probe set up

across the flume is shown in Figure D.8. The run duration of probe test #3d was 14

minutes and 34 seconds with the water surface being sampled at 8Hz, giving a spectral

estimate with 110 degrees of freedom (spectral window of 128 data points). The results

of this test are shown in Figure D.11.

The results once again show that there is a trend of decreasing significant wave height

as we move from right to left across the flume. The average of all four probes, shown in

Figure D.11 is 0.010m with a fluctuation of 0.007m across the flume.

The overall conclusion of probe test #3 is that there is a definite fluctuation of signifi-

cant wave height as we move from the right to left across the flume. This fluctuation is not

always constant so there may also be some slight inaccuracy in individual wave probes as
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Figure D.8 Schematic showing the wave probe setup for probe test #3b and #3d (all dimen-

sions shown are inmm).
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Figure D.9 Spectra measured from probe output for probe test three B.
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Figure D.10 Spectra measured from probe output for probe test three C.

well. However, the results suggests that the fluctuation of the water surface height across

the flume is substantially larger than the measurement error of the individual probes.

D.3 SUMMARY AND CONCLUSION

This appendix outline the calibration procedure and a series of tests to determine the

accuracy of the wave measurement probes.

The calibration procedure was presented in Section D.1. This procedure was under-

taken prior to each experimental test being undertaken. The procedure worked very well

and provided a consistent calibration method during the 12 month experimental period of

this research project.
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Figure D.11 Spectra measured from probe output for probe test three D.

The accuracy of the wave measurement probes was discussed in Section D.2. It was

determined that the probes have a measurement error less than the fluctuation of the water

surface across the flume which was in the order of 5 to 20mm. These fluctuations were

most probably due to the wave paddle being slightly out of alignment with the walls of

the flume which caused slight wave reflections from the sides of the flume to be present

in the wave spectrum. Appendix C discusses the test undertaken to determine the wave

reflections in the flume. As shown in Figure C.1 (page 193), there is a substantial spread

of energy present in the two-dimensional spectrum. This was not of major concern to the

experiments undertaken as part of this research, but it does make using the water surface

record to determine wave dissipation rates problematic. From probe test #2 it can be

concluded that the measurement error of the individual probes is in the order of 0.003m,
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hence, only dissipations greater than 3mm can be measured.

On the whole the use of the wave measurement probes allowed this study to mea-

sure the water surface time series with the required accuracy for the experimental tests

undertaken.
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Appendix E

Ripple Measurement System

This appendix presents extra details of the ripple measurement system (refer to Plate E.1)

designed by the author and constructed by the technical staff in the School of Civil and

Environmental Engineering, The University of Adelaide. Details will be presented as a

series of drawings and photographs.

Plate E.1 The X-Y positional table of the ripple measurement system designed and devel-

oped by this study.
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E.1 THE POSITIONAL TABLE

The X-Y positional table consists of two carriages mounted on an existing instrument

trolley that was able to be moved along the wave flume (refer to Figures E.1 and E.2).

The two carriages are called the primary and secondary carriage which relates to the

direction they travel across the sand bed. As was outlined in Chapter 3 the axis along the

flume in the direction of wave travel was defined as the primary axis while the secondary

axis was defined as the axis across the flume normal to the direction of wave travel. Each

carriage is driven by a 5mm lead screw connected to a 1.8◦ step motor and mounted on

stainless steel shafts and linear bearings. A 5mm lead screw moves the nut 5mm in the

along shaft direction for every revolution.

Figures E.1 and E.2 show the plan and front views of the ripple measurement system.

As can be seen in Figure E.2 the laser displacement sensor is encased in a clear water tight

perspex tube and is located under the water surface. Figure E.3 presents a more detailed

drawing of the secondary carriage, while Figure E.4 presents a detailed drawing of the

primary carriage.

The plates shown in this appendix show a number of different views of the ripple

measurement system.
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Figure E.2 The front view of the ripple measurement system (all dimensions shown are in

mm).
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Figure E.4 The primary carriage of the ripple measurement system (all dimensions shown

are inmm).
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Plate E.2 The primary carriage of the ripple measurement system.
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Plate E.3 Two views of the linear bearing support of the secondary carriage of the ripple

measurement system.
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Plate E.4 The top view of the ripple measurement system.
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Plate E.5 The top view of the ripple measurement system.
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Plate E.6 The primary carriage of the ripple measurement system.
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