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Abstract 
Knowledge of the coastal morphology is critical for coastal safety. Unfortunately, knowledge is limited 

when it comes to sediment transport under irregular breaking waves. In this thesis it is aimed to improve 

the understanding of suspended sediment concentrations under regular plunging breaking waves. The 

variation of the sediment concentrations over time and the cross-shore direction is studied, as well as 

the relation with the water velocities and the net sediment transport. Empirical models are used to 

describe the concentration profiles of the sediments. 

 

Experiments were executed for two months in the CIEM wave flume in Barcelona (Spain). Over a bed 

development time of 90 minutes a transverse suction system is used to determine the sediment 

concentrations in the water. Other measuring equipment was used to measure water velocities, bed 

development and more. Data from especially the transverse suction system is used for analysis. 

 

The sediment concentrations decrease from high concentrations in the water at the top of the breaker bar 

to a less high concentration in the water at approximately 3 meters from the top. Beyond 3 meters from 

the top of the breaker bar the concentration decreases rapidly and hardly any sediments are found higher 

in the water column. Over the height the concentrations in general decrease, of course. However, just 

before and after the breaker bar higher concentrations can be spotted high in the water column, most 

likely caused by the water velocities and wave actions at these points. The suspended concentrations are 

also compared to the net sediment transport and show places were sheet flow can occur With empirical 

models it is possible to fit a function on the suspended sediment data. The parameters of these models 

show expected trends when looking over the cross-shore position. However, over time there is hardly 

any trend visible. A timespan of 90 minutes seems not enough to see substantial changes in the 

development of the models parameters. 

 

The thesis gives with figures and clarification a better insight in the concentrations of suspended 

sediments under regular plunging breakers. However, to get more accurate results, additional research 

is necessary.   
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1 Introduction 
Coastal engineers use models to evaluate the safety of the coast. These models play therefore a 

significant role in the safety of our coastal region and their accuracy is of great importance. When it 

comes to sand transport in the coastal region, the models often use the understanding of fundamental 

processes in combination with measurements of sediment displacements. However, these processes and 

measurements are usually based only on laboratory experiments where identical (or regular), non-

breaking waves are repeated continuously (University of Aberdeen, 2014). Since sand transport in 

coastal regions is in reality subjected to constantly changing breaking waves, the models representation 

of the real world, and thus their accuracy, is limited. 

 

The Sinbad project, which involves researchers from the universities of Aberdeen, Liverpool and 

Twente, is trying to solve this shortcoming in accuracy and improve the models. It is researching the 

interaction between sand transport and non-identical (or irregular) breaking waves by doing large-scale 

wave experiments. In May and June 2014, experiments were done at the wave flume of the Catalonia 

University of Technology in Barcelona (Spain). In these experiments the sediment transport is observed 

in conditions of regular breaking waves. The breaker type used in these experiments where the plunging 

breaker type. In paragraph 2.1 this breaker type is explained. 

 

1.1 Scope 
The entire Sinbad project focusses on sand transport in conditions of irregular and breaking waves. This 

thesis, conducted for the Sinbad project, concurs with this, but will contain only a small part of the goal. 

Only regular, plunging breakers are of interest in this thesis. Furthermore, instead of researching all 

components of the sand transport, here only the suspended sediment concentration over the water height 

will be analysed. 

 

Even within regular waves randomness occurs. This randomness will make it difficult to draw solid 

conclusions, since there are too many variables that can cause an observed trend. To make sure 

conclusions can be drawn, there are two ways to analyse the data. First of all averaged data will be used 

to smoothen out large outliers. Second, empirical models are used to describe the sediment profiles. 

These models have less variables and are therefore better suitable for analysis. The empirical models 

will be further explained in paragraph 2.4. 

 

1.2 Research goal & questions 
In this thesis it is aimed to get a better understanding of the sediment concentration due to regular, 

plunging breakers. The research goal is stated as: 

 

Improve the understanding of suspended sediment concentrations under regular, plunging waves. 

 

To reach this goal, a question needs to be answered: 

 

How are suspended sediment concentrations affected by regular plunging breaking waves? 

 

This research question is directly related to the research goal. Answering this question is rather 

complicated, since a lot of different processes will still influence the sediment concentrations under 

regular plunging waves. A few sub questions will lead the research in the right direction: 

a) How are sediment concentrations related to water velocities and the net sediment transport? 

b) Which empirical model describes the sediment concentration profile most accurate? 

c) How are sediment concentrations varying along the cross-shore profile and over time? 

 

Answering the rather specified sub questions will result in a better understanding of sediment 

concentrations. The answers on the different sub questions will together answer the main question. When 

this main questions is answered, the goal is reached. 

 



Suspended sediments under plunging waves | Mick Poppe 

 

 

Page 6 of 49 

1.3 Research method in brief 
To do analyses with sediment concentrations, it is firstly important to find these concentrations. 

Therefore experiments are done at the wave flume of the Catalonia University of Technology in 

Barcelona. During these experiments regular, plunging waves are created which will suspend sediments. 

With suction nozzles water is sucked from the flume at different heights and by determining the amount 

of sediment in the sucked sample, the concentration in the water can be calculated. Therefore a 

concentration profile for the water can be drawn. 

 

The sucked samples will be collected at different places and different times. Because of this, it will be 

possible to see the variability of this concentrations over time and place. Analysing this variability will 

make it possible to answer the research questions. 

 

1.4 Thesis outline 
In the next chapter, chapter 2, necessary background information is given for this thesis. Plunging 

breakers (paragraph 2.1), the effects of waves on sediments (paragraph 2.2), the transverse suction 

system (paragraph 2.3) and the empirical models (paragraph 2.4) are explained in this chapter. In chapter 

3 the research method is explained, with a distinction between the experiments themselves (paragraph 

3.1) and the data analysis (paragraph 3.2). Then, in the fourth chapter, the results of the sediment 

concentrations are discussed. The development of the bed (paragraph 4.1) and the suspended sediment 

concentration (paragraph 4.2) are found in this chapter. In the fifth chapter the results of the empirical 

models are discussed. First the best model is found (paragraph 5.1), then the Rouse model (paragraph 

5.2) and the exponential model (paragraph 5.3) is discussed. Critical side notes on the results are given 

in the discussion in chapter 6. This report is then finished with a conclusion in chapter 7. 
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2 Theoretical framework 
In order to execute the experiments in a proper way and, just as important, to perform a correct analysis, 

it is necessary to have some background information about wave breaking, sediment transport, the 

nozzle suction system and empirical models. This background information is provided in this chapter. 

 

2.1 Plunging breakers 
Waves can break upon the shore in different ways, depending on the wave and shore properties. One of 

the main breaker types is the plunging breaker, which is characterized by its arch shape (The Open 

University, 1989). Since wave speed depends on the water depth, the top of the wave (or wave crest) 

will travel faster than the water underneath when approaching the shore. At some point the wave 

becomes unstable and starts turning over. Then the tip of the wave, the wave jet, plunges into the trough 

in front of the wave. In Figure 1 a plunging in the Barcelona wave flume is shown. The time in seconds 

is given in the figure, together with the wave direction in the top left picture. The blue line indicates the 

movement of the original wave crest. 

 

T = 0.0 T = 0.2 T = 0.4

T = 1.0

T = 1.6T = 1.4

T = 0.8T = 0.6

T = 1.2  
Figure 1: Wave movement over time (T in seconds). The blue line indicates the original wave crest 

In Figure 2 some important processes in the wave are schematized. With the two figures the plunging 

wave properties are further explained.  

 
Figure 2: Wave action during plunge (left) and directly after plunge (right) 
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When the wave plunges, a part of the wave jet is penetrating the water surface and another part is 

reflected of the water. In Figure 1 this is visible from T=0.4 seconds. Water from the wave trough will 

also be splashed up due to the impact of the plunge. This is hardly visible in Figure 1, but is schematized 

in Figure 2. The effect is similar when tossing a rock in the water; due to the impact of the rock the 

surrounding water will splash up. 

 

The splash up of both the reflected jet and the trough water will partly be overtaken by the wave crest, 

what happens at T=0.8 seconds. When this splash up hits the water surface again after the wave crest, it 

will create a disturbance area which can be seen clearly at T=1.2 to T=1.6 seconds. Furthermore, air is 

taken in with the penetrating wave jet, what will also boil up when the wave crest passed. This air boil 

up is also part of the disturbance.  

 

A part of the splash up also stays in front of the wave crest, creating a so called surface roller. This 

surface roller will become smaller and partly integrate back into the wave from T=1.0 to T=1.6 seconds, 

until it disturbs the wave crest again and causes it to plunge again. From then, small plunges will 

continue until the beach. In this small scale plunging no clear processes can be further distinguished. 

 

2.2 Sediment action 
The movement of water particles, which can be caused by waves or, on a larger scale, by currents, can 

produce a shear stress on the sediment bed. Because of this, sediment can be displaced and the bed 

profile can change significantly. Figure 3 illustrates some of the main processes in the water. With the 

help of this figure it is attempted to describe the effect of the wave on the sediments. 

 

 

 
Figure 3: Wave effect on sediment 

So sediments are put into suspension due to shear stresses on the bed. These shear stresses can be created 

in multiple ways. Two of these ways are: 

 Circular movement wave jet: when a wave plunges, a lot of energy is dissipated over a small 

distance. The wave jet will continue in the water and it will make a circular movement to the 

back. This circular movement will result in shear stresses at the bed and will put sediments into 

suspension. 

 Wave oscillatory motion: water particles tend to move onshore when the wave crest passes, 

while water particles will move offshore when the wave trough passes. This causes a circular 

(or orbital) motion over the height of the water. This motion will decrease over the depth, but 

in shallow water the motion is still noticeable at the sediment bed. This causes an alternating 

onshore and offshore water movement at the bed, the so called oscillatory motion (The Open 

University, 1989). The shear stresses of this movement cause sediments to be transported over 

the bed from one side to another, creating ripples on the bed. In Figure 3 this can be seen at the 

right side of the figure. When the oscillatory motion increases in strength due to an increasing 

wave strength, more sediments will be transported in the on- and offshore motion, creating 
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larger ripples. At some point, with an increasing oscillatory velocity, sediment will not be rolling 

and sliding over the bed anymore (The Open University, 1989). Instead of this, sediments will 

suspend and will travel with the flow just above the bed, again on- and offshore. This so called 

sheet flow, which can be seen on the left of Figure 3, creates a small layer just above the bed 

with very high sediments concentrations. The sand in this Sinbad experiment require a velocity 

of approximately 100 cm/s to have sheet flow. 

 

When sediments are put into suspension, they are subjected to all the flows in the water. The timing and 

location of the sediments is crucial for the sand transport, since water flows change continuously over 

time, place and strength. Such a change is, for example, noticeable when a wave runs upon the shore. 

The wave speed will decrease and therefore the wave height have to increase according to the law of 

conservation of energy. For the wave to increase in height, it needs to take in water from below. This 

also causes sediments to go into the wave. When the wave plunges, it will cause new flows and 

distributes sediments further in the water. For the timing and location the wave skewness is also 

important. This is the phenomena that the onshore movement of the wave crest is much more powerful 

than the offshore movement of the wave trough. However, the onshore movement is also shorter than 

the offshore one. 

 

In this paragraph, the focus was on the so called wave induced flows. However, when looking on a larger 

scale, also current induced flows can be distinguished. These are simply put the average wave flows 

over a longer time. It turns out that waves create an onshore flow relatively high in the water column 

and an offshore flow, the undertow, low in the water column. This can also be seen in Figure 3. In this 

thesis, those current flows are of most interest, since the concentrations that are collected are also a result 

of multiple wave periods.  

 

2.3 Transverse suction system 
To measure the sediment concentration in the water above the bed, a transverse suction system is used. 

This measuring equipment makes it possible to collect average sediment concentrations at a certain point 

in the water (Bosman, Van der Velden, & Hulsbergen, 1987). Water and sediments are sucked from the 

flow with the help of nozzles and pumps. With the concentration in the collected sample the true 

concentration in the flume can be calculated. In Figure 4 the measurement frame used during the 

experiments can be found. The six suction nozzles are marked with white circles. 

 

 
Figure 4: Measuring frame with the suction nozzles on the right side (original photo by Van Der A) 
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The measurement frame with the nozzles would, during waves, be under water. Each of the six nozzles 

is connected with a tube to a peristaltic pump at the top of the frame. Water and sediments are pumped 

up from a nozzle and are released into a bucket. From the sample in the bucket the weight of water and 

the weight of sediment is measured, so the concentration in g/L can be determined. Also the time is 

notated to determine whether the nozzle intake velocity is high enough. With the help of a calibration 

factor the flume (or true) concentration can be calculated from the sample concentration. More detailed 

information about the measurement with the transverse suction system can be found in Appendix C: 

Measuring procedure and measuring form. 

 

2.3.1 Calibration factor β 

To calculate the true sediment concentration, the sample concentration need to be multiplied with the 

calibration factor β. The equation for β is: 

 

 
𝛽 = 1 +

1

3
arctan (

𝐷50
𝐷𝑟

) (2.1) 

 

In this equation D50 describes the sediment size and Dr is a constant of 0.090 mm (Bosman, Van der 

Velden, & Hulsbergen, 1987). Since the sediment size during the experiments was constant (see 

paragraph 3.1.1), β is constant. 

 

2.3.2 Requirements of transverse suction system and its error sources 

In order to use the transverse suction system, Bosman et al. (1987) state two important requirements: 

 Nozzle orientation: to make sure the nozzle collects the sediments from the flow, it should be 

projected normal to the main (or ambient) flow direction. Since flows in the flume travel mainly 

over the length of the flume, the nozzles should be projected perpendicular to this. As can be 

seen in Figure 4, the nozzles in this experiment satisfy this requirements. 

 Intake velocity: because of the fact that the nozzle is projected normal to the ambient flow, water 

and sediments will naturally not stream into the nozzle. To overcome this, the intake velocity 

should be at least three times the peak ambient flow velocity. Bosman et al. (1987) state that in 

small flumes a suction velocity of 1.5 m/s is sufficient to meet this requirement. Larger wave 

flumes have much higher peak velocities, but since these velocities only appear for a relatively 

short time, a suction velocity of 1.5 m/s is also sufficient in larger flumes. It will lead to a small 

systematic error, but this is negligible compared to the total error. 

 

These two requirements should be met in order to use the transverse suction system. However, even 

then, still substantial errors can occur. Some general error sources are: 

 Suction errors: when water and sediments are sucked from the flow, the nozzles or the tubes can 

be partly or fully blocked with sediments or pollutants from inside the flume. This can make a 

sample useless. More often the blockage is only for a short time and the sample collection can 

continue after a few seconds. However, the collection is disturbed so there is still an error 

present. 

 Processing errors: to measure the amount of sediments inside the collected sample, water have 

to be drained, sediments are poured from one cup into another, water is added again and the 

samples are dried. In all of these steps sediments can be lost, creating an error. 

 Random errors: since wave actions are somewhat random, there are pollutants in the flume and 

there are other random sources, conditions in the flume are not always exactly similar. This 

create a random error which can’t be avoided. 

 

The three error sources described above are significant, but can hardly be avoided. However, when 

enough samples are taken, the substantiality of these errors will go down. Furthermore, when the 

collected data is critically examined, outliers can be excluded and data is still very usable for further 

analysis. 
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2.4 Empirical models 
Sediment concentrations in grams per litre are collected at different heights in a water column. By 

combining these different concentrations, a graph can be made where the height is plotted against the 

concentration. This is a so called sediment concentration profile. Often the concentration is plotted on a 

logarithmic scale. Three examples of concentration profiles can be found on the left side of Figure 5. 

 
Figure 5: Sediment concentration profile (left) with exponential model (middle) and Rouse model (right) 

In the figure the concentrations of three runs are displayed. In general, the concentrations at each height 

are very much alike. There is only a small concentration decrease at 350 mm height for the green line 

and a small decrease at 200 mm height for the blue line. To do an analysis with these runs, they can be 

compared to each other and to other runs on different locations. With a few runs this is not a problem, 

but when more runs are compared, it will become harder to analyze.  

 

To make analysis possible, even with a lot of concentration profiles, empirical models can be used. 

Empirical models are formulas that describe the concentration profile. The variables of such a formula 

can be compared to each other and so it is possible to compare different runs on a quantitative way. For 

concentration profiles, two empirical models are generally used. These are the exponential model and 

the Rouse model (Aagaard & Jensen, 2013). The exponential model can be seen in the middle of Figure 

5, while the Rouse model is found on the right. 

 

Before describing each of the models, it is worth noticing that the models are rather sensitive to outliers. 

The blue and green line both have a small outlier as can be seen in the left graph. This strongly influences 

the course of the exponential functions, as can be seen in the middle figure. In most cases the Rouse 

function will be less effected by outliers, as is also the case with this example. The Rouse lines in the 

right graph of Figure 5 are fairly similar. To limit the effect of bad fits of the two models, data cleaning 

is of high importance. This will be further explained in paragraph 3.2.  
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2.4.1 Exponential model 

The exponential model describes the concentrations profile with a straight line on the logarithmic scale. 

This straight line suggests that there is homogeneous turbulence in the water and sediments are therefore 

more evenly distributed over the height. This occurs around the breaker zone and here it is expected that 

the exponential model gives a better fit. The equation for the exponential model is: 

 

 
𝐶(𝑧) = 𝐶0 exp (−

𝑧

𝑙𝑠
) (2.2) 

 

In this equation z is the height with respect to the bed, C0 is the reference concentration near the bed and 

ls is the so called decay length. A higher ls will lead to a steeper slope, so the amount of sediments higher 

in the water column will increase. A higher C0 will result in a shift of the function to the right, which 

means that there is a higher concentration at the bottom. 

 

The exponential model will be fitted on the different concentrations by varying both the reference 

concentration as the decay length. A best fit is found when the total horizontal deviation is at its lowest. 

In previous Sinbad experiments exponential reference concentrations varied between 0.2 and 5.5. The 

decay length varied between 0.1 and 5.5 (Van Til, 2014). These experiments were conducted in similar 

conditions. 

 

2.4.2 Rouse model 

Another possibility to describe the concentrations profile is with the Rouse model. This model plots the 

concentration with an increasing steepness, as can be seen on the right of Figure 5. At places with lower 

mixing over the height, so before and after the breaker bar, this model will most likely describe the 

concentrations with greater accuracy. The equation that the Rouse model uses, is: 

 

 𝐶(𝑧) = 𝐶𝑎(𝑧𝑎/𝑧)
𝑛 (2.3) 

  

In this formula z is again the height, Ca is the reference concentration at the bed of a height za above the 

bed (normally 0.01 meter) and n is the Rouse suspension number. A lower n will increase the steepness 

of the fit and therefore increase the amount of sediments higher in the water column. An increasing Ca 

will again lead to a shift of the model to the right, so to a higher concentration near the bottom. 

 

With the Rouse model the reference concentration and the suspension number are both varied to find 

the best fit, while za is fixed at 0.01 meter. Again a best fit is found when the horizontal deviation is at 

its lowest. In the previous Sinbad experiments the reference concentration varied between 0.3 and 15, 

while the suspension number stayed between 0 and 1.0.  
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3 Research design 
Now the theoretical framework is presented, it is necessary to provide some information about the 

experiments before going to the results. In this chapter the most important conditions and properties of 

the experiments and the experiment equipment is therefore presented. 

 

3.1 Experiments 
During the months May and June 2014 experiments were conducted in the CIEM wave flume in 

Barcelona. In 24 experiment days, 72 runs of 15 minutes were performed on 12 locations (6 runs per 

location) in the wave flume. The measuring equipment used for this thesis was fixed on a moveable 

frame, so measurements could be taken at different cross-shore positions and at different heights.  

 

3.1.1 Experiment set-up and conditions 

In Figure 6 the initial set-up of the CIEM wave flume is shown. The flume has a total length of 100 

meters (however the effective length is smaller), a height of 5 meters and a width of 3 meters. Inside of 

the flume the following things can be found: 

 Fixed beach: at the very end of the beach a 18 meters long fixed beach is found. 

 Sand beach: against the fixed beach a 20 meter long bed is created with a height of 1.35 meters 

and a D50 of 0.24 meters. 

 Sloping beach: before the 20 meters sand beach, a sloping beach is created with a slope of 1:10 

and a D50 of again 0.24 meters. The total length of the sloping beach is 13.5 meters. 

 Wave paddle: at the very beginning of the flume the wave paddle is found. This is used to create 

the waves. 

 

All distances in the flume and this report are measured from the wave paddle in resting position. The 

measuring line shown in Figure 6 indicates the distances from this wave paddle. 

 

 
Figure 6: Global overview wave flume with distances in meters 

When the beach was created, the flume was filled with water and approximately 7 test runs of 15 minutes 

were conducted, while the frame was at the end of the beach. After this, the flume was drained and the 

formed bed profile was smoothened and then drawn on the flume wall. This bed profile formed the basis 

for all the experiments. More information about the creation of this bed can be found in Appendix A: 

Creating the starter bed. 

 

For one series of experiments, so for six runs, two days are reserved. On the first day, 6 runs of 15 

minutes are executed. At the beginning and after every second run, the bed profile is measured. The 

height of the moveable frame is, if necessary, adjusted before every run. It is aimed to keep the distance 

between the bed and the measuring equipment. After the 6 runs, the flume is drained on the same day. 

On the second day the bed profile is restored to the one drawn on the wall. The flume is then filled again, 

also on the second day, so the flume would be ready for the experiments of the following day. 

 

The wave properties during the experiments were as followed: 

 Wave period: 4 seconds 

 Wave height: 0.85 meters 

 Water depth: 2.55 meters 

 

Test waves, which were conducted before the first run of the day, had a wave period of 4.6 seconds and 

a height of 0.60 meters. They continued for 5 minutes. Waves break at approximately 55.5 meters.  
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3.1.2 Measuring program 

As stated before, measurements are taken over 24 experiment days. In Table 1 the measuring program 

of the experiments is given. Only days where runs were conducted are given in the table. The next 

working day the bed was restored to the start position. 

 
Table 1: Measuring program 

Date Runs Position 

19 May ‘14 1 to 6 51.0 meters 

21 May ‘14 7 to 12 60.0 meters 

23 May ‘14 13 to 18 55.5 metres 

27 May ‘14 19 to 24 57.0 meters 

2 June ‘14 25 to 30 54.5 meters 

4 June ‘14 31 to 36 59.0 meters 

6 June ‘14 37 to 42 56.0 meters 

11 June ‘14 43 to 48 58.0 meters 

13 June ‘14 49 to 54 56.5 meters 

17 June ‘14 55 to 60 63.0 meters 

19 June ‘14 61 to 66 55.0 meters 

25 June ‘14 66 to 72 53.0 meters 

 

3.1.3 Measurement equipment 

On the moveable frame many instruments were installed. Instruments of interest for this thesis are 

especially the transverse suction system and the ABS. Besides those, also data from the ADV’s and the 

profile measurements are used. The nozzles of the transverse suction system and their distances, the 

ABS and the ADV’s can be found in Figure 7. The profile measurement equipment is  not visible. 

 

 
Figure 7: Relevant measuring equipment on frame (original photo by Van Der A) 

The transverse suction system is already explained in paragraph 2.3. By sucking water samples from the 

flume to buckets at the top, average sediment concentration can be found. These sample concentrations 

can be used to calculate the true flume concentration. 
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The acoustic backscatter system, or ABS, is also marked in Figure 7. The four sensors the system has 

all sent an acoustic signal and measure the reflection. The amount of the signal that is reflected is a 

measure of the amount of disturbances in the water. When the signal is reflected of the bed, the reflection 

is much higher and therefore the distance from the sensor to the bed can be determined. Since the 

distance from the ABS to each of the nozzles is known, the distance from the nozzles to the bed can also 

be calculated. It is this distance that is of interest in this thesis. 

 

The acoustic doppler velocimeter, or ADV, is used to measure water velocities at a single point in the 

flume. Because three of them were used, the velocities at three point are known. Only the maximum, 

minimum and average water velocities are used in this thesis to explain the sediment concentration 

profiles found with the transverse suction system. 

 

Profile measurements are used only for displaying purposes and to calculate the net sediment transport. 

This net sediment transport is also compared to the sediment concentration profiles to check for 

similarities. 

 

3.2 Data analysis 
After the experiments are conducted, the data is analyzed. First of all, the sample concentration is 

converted to the true flume concentration by using equation 2.1. After this, the distance above the bed 

can be calculated with the data from the ABS. The next step is, before starting with the analysis of the 

data, the cleaning of the data. 

 

3.2.1 Data cleaning 

The data cleaning can be separated in two parts, namely the cleaning on a quantitative basis and the 

cleaning on a qualitative basis: 

 Quantitative cleaning: quantitative cleaning is done mostly by two requirements. First of all, the 

nozzle should be located at least 10 mm above the bed. This is necessary to be able to use the 

empirical models that are described in paragraph 2.4. Second, the minimum suction velocity 

should be 1.5 m/s, as described in paragraph 2.3.2. When these requirements aren’t met, the data 

is excluded from the analysis. 

 Qualitative cleaning: the data that comes through the quantitative cleaning is subordinated to 

the qualitative cleaning. Here, all concentration profiles of one location are plotted together with 

the exponential and Rouse fit. Also notes of abnormalities that were taken during the 

corresponding runs are gathered. All abnormalities in the plots of the profiles of the fits are 

compared with the notes and if there is a reason to doubt the outcome of the sample, this data is 

also excluded from the analysis. Of course, this qualitative cleaning is rather subjective. The 

cleaning of the experiment data can be found in Appendix D: Cleaning the experiment data. 

 

3.2.2 Analysis of the data 

The data that remains is used for analysis purposes. This data is compared to velocity measurements and 

net sediment transport. Also the data is fitted to the empirical models and the results of the fits are 

discussed. Furthermore, the data is compared to the data of the previous Sinbad experiment.   
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4 Research results: sediment concentrations 
Now that both the theoretical background and the research method are clarified, the results of the 

experiments and the analysis of these result can be presented. This is separated over two chapters, this 

one and the next one. In this chapter sediment concentrations are discussed, while in the next chapter 

the empirical models are found. Notice that the data used is already cleaned. More about data cleaning 

can be found in paragraph 3.2.1 and Appendix D: Cleaning the experiment data. All the concentration 

profiles of the experiments can be found in Appendix E: Concentration profiles for all locations. 

 

4.1 Bed forming 
Soon after the first wave plunges in the wave flume, sediment clouds can be spotted in the water. It are 

these sediment particles that are sucked by the transverse suction system. Together with sediments that 

are transported as bed load, the sediments can change the bed profile substantially. In Figure 8 the 

development of the bed profile can be seen in combination with the horizontal water velocities 

measurement with the ADV’s. In this figure the positive velocities are in onshore direction, whereas the 

negative velocities are in offshore direction. Notice that the cross-shore position is the distance from the 

wave paddle, as explained in paragraph 3.1.1. The velocities are taken at an average height of 150 mm 

above the bed. 

 
Figure 8: Changing bed profile with water velocities 150 mm above the bed 

When looking at the bed profile, there are a few things that attract attention: 

 Growing breaker bar: the breaker bar grows from 1.65 meters above the flume bottom to 1.87 

meters above the flume bottom in 90 minutes. Furthermore, the top of the breaker bar shifts in 

the same time about 0.8 meters onshore. Water velocities are very important for sediment 

transport, since the transport is proportional to the water velocity to the third power (𝑞𝑠 ≡ 𝑢3). 

Looking at the water velocities around the breaker bar, it can be seen that high positive velocities 

exist offshore of the breaker bar. These onshore velocities are higher than the offshore velocities, 

and therefore an onshore movement of sediments is expected here. Just onshore of the breaker 

bar negative velocities dominate near the bottom and most likely transport sediment offshore. 

Both the velocities onshore and offshore of the breaker bar create a growing breaker bar, since 

both velocities transport sediments towards the breaker bar. The velocities are a result of the 

wave action in this area, as explained in paragraph 2.2. 

 Smooth breaker bar: the breaker bar seems much smoother than the area’s onshore and offshore 

of it. This might also be explained by the velocities. Around the breaker bar water velocities are 

rather high in relation with the area onshore. High velocities can, as stated before, transport 
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more sediments. This makes it therefore possible to smoothen out ripples or other 

discontinuities. When looking onshore of the breaker bar, first bigger ripples and then smaller 

ripples occur. This is also expected since the water velocities are decreasing closer to the shore. 

No velocity measurements are available offshore of the breaker bar, but the ripples there suggest 

that the velocities are lower than around the breaker bar. 

 Breaker trough: the valley behind the breaker bar, the breaker trough, gets deeper when the time 

passes, creating a steeper slope at the onshore side of the breaker bar. When looking at the water 

velocities at this point, it can be seen that, at the bottom, the velocities are always offshore. This 

is the so called undertow. This undertow keeps moving sediments from this trough to the breaker 

bar, while no offshore flow is present to transport sediment back. It seems like this causes an 

increasing valley.  

 

While the water velocity just above the bed is important for the bed forming, it is important to notice 

that there are many other processes that influence the sediment transport. 

 

4.2 Suspended sediment concentrations 
The concentration of sediments in the flume will vary over time and place. Figure 9 shows the average 

sediment concentration in the flume. Since on each location six runs are conducted, the average sediment 

concentration exist of the average value of these six runs. This method disregards the effect of time, but 

makes the concentration less sensitive for outliers. 

 

In the upper plot of Figure 9, the concentration is plotted together with the locations of the nozzles in 

the flume. These locations are indicated with a white triangle. As can be seen, nozzles are located closer 

to each other nearer to the bed. The bottom plot of Figure 9 shows the concentration again, but now with 

the bed. The blue line indicates the initial bed, while the red line indicates the bed after six runs. The 

two plots are separated from each other to keep it orderly. 

 

The colour spectrum of the sediment concentration is plotted on a logarithmic (log10) scale. For 

convenience for the reader, the colourbar on the right side displays the concentration in grams per litre. 

 
Figure 9: Sediment concentrations in the flume (logarithmic scale) 
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Around the breaker bar the highest sediment concentrations are found, from 5.36 g/L near the bottom to 

1.43 g/L at the highest nozzle. The lowest concentrations are measured at the beginning and the end of 

the measuring area, with a concentration near the bottom of 0.22 g/L and a concentration at the highest 

nozzle of not more than 0.06 g/L. The mean concentration near the bottom is 1.33 g/L and at the highest 

nozzle 0.67 g/L. Note that these numbers are sensitive for measurements errors and are only presented 

here to show the order of magnitude of the concentrations. 

 

According to the measurements, concentrations of 1 g/L or more are mostly limited to an area of 

approximately four meters wide. Away from the breaker bar this concentration is only reached at the 

bed. Three meters away from the top of the breaker bar in either direction there are hardly any sediments 

in the water. The effect of the breaking wave therefore seems to be rather local.  

 

Instead of focusing on the amount of sediments, it is also possible to focus on the spreading of the 

sediments only. In Figure 10 it is aimed to underline this spreading by dividing all the concentrations by 

the concentrations near the bed. 

 
Figure 10: Deviation of sediments to the lowest nozzle 

When looking over the height of a water column, the general trend is, of course, a decreasing 

concentration over the height. However, it can also be noticed that in parts of the experiment area the 

concentration seems to increase over the height after it has partially decreased. This is rather unusual, 

because for sediments to be higher in the water column it need to have more energy. Since lower particles 

doesn’t seem to have that energy, this phenomenon can only be explained when the particles are not 

transported only from the bottom up, but also from the side or from the top down. This is further 

discussed in the next paragraph. 

 

The increase of concentration can also be a result of air in the water. The collapsing wave brings small 

air bubbles in the water, which are sucked by the transverse suction system. The collected sample will 

therefore have a relative high amount of sediments. Checking the discharge of the nozzles, it turns out 

that the increase at 58 meters can’t be explained by this fact. However, the top nozzles at 55.5 meters, 

55.0 meters and 54.5 meters have an discharge that is almost 10 percent lower than the average discharge 

off the top nozzles. However, the increase in concentration of the highest nozzle over the second highest 

nozzle is over 10 percent at both 55.0 as 54.5 meters. At 55.5 meters the second highest nozzle gives a 

higher concentration than the highest nozzle. So the increase in concentration can’t be explained by the 

fact that there are water bubbles pumped up by the transverse suction system. 
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4.2.1 Concentrations related to water velocities 

When the sediment concentrations are related to the water velocities, it might be possible to find some 

indications why the concentrations are high at certain points and lower and others. In Figure 11 the 

sediment concentrations are therefore plotted together with the mean, maximum and minimum 

velocities. In the upper plot white triangles indicate the location of the ADV’s. Note that they are located 

over a greater height then the concentration measurements. The highest concentration measurements 

don’t correspond to the highest velocity measurements. 

 
Figure 11: Velocity measurements 

According to Figure 9 and more importantly Figure 10, there are two places that are interesting for their 

distribution over the height: 

 58 meters – 63 meters: at a cross-shore flume position of 58 meters the concentration is higher 

at the highest nozzle than at the one below. If looked closely, it can be observed that this trend 

extends all the way to the last measuring location at 63 meters. This trend might be explained 

when the velocities are taken into account. Looking at the mean velocities, which is tantamount 

to the current flows, onshore velocities are found higher in the water column, while offshore 

velocities are found near the bed. Especially onshore of the breaker bar this is the case. Since 

the highest concentrations are found at the top of the breaker bar, it is very good imaginable that 

the sediments are transported from this breaker bar to the shore, explaining the relatively high 

concentrations high in the water. Since near the bed there is a dominant offshore flow instead 

of an onshore one, sediments that are found lower in the water are maybe more a result of local 

turbulence and sink down from above. In additions, the sediments that are in the plunging wave 

are also distributed higher in the water column again, which maybe also contribute to the 

relatively high amount of sediment higher in the water column. 
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 53 meters – 55 meters: in the area between 53 meters and 55 meters it can also be seen that 

concentrations tend to increase high in the water column. Around 55 meters, so around the top 

of the breaker bar, this effect is best visible, and it decreases the further it gets away from the 

breaker bar. It would be expected that, similar to the first place of interest, there is an offshore 

flow high in the water column that spreads the sediments from the breaker bar offshore. 

However, looking at the mean velocity measurements, no such trend can be observed. Actually, 

if there is a trend at all, the opposite is true. Maybe the high concentrations from 53 to 55 meters 

are not so much current induced (from the mean velocities), but more wave induced (indicated 

by the maximum and minimum velocities). Perhaps that sediments are put into suspension in 

the wave trough (minimum velocities), and move onshore again in the wave crest (maximum 

velocities). Since the onshore velocities are greater higher in the water column, maybe more 

sediments are transported high in the water, what would explain the increase in concentration. 

This however wouldn’t explain the fact that the concentration seems to decrease away from the 

breaker bar. 

 

When comparing the water velocities to the sediment concentrations of Figure 9, there are some 

interesting relations: 

 High concentrations breaker bar: the high concentration around the breaker bar may be 

explained with the help of the maximum and minimum velocities. High onshore velocities occur 

at the sea side of the breaker bar, moving sediments towards the top. The high offshore velocities 

at the coast side of the breaker bar, most likely caused by the plunging wave here, also moves 

sediments towards the top of the breaker bar. Both flows are probably responsible for high 

concentration at the breaker bar. Because there are also high offshore velocities at the sea side 

of the breaker bar, also high concentrations can be found at the sea side of the breaker bar higher 

in the water column. 

 Low measured concentration offshore: at 51 meters, there are high offshore velocities, but the 

amount of sediment in the water is limited. It is possible that high velocities start just before this 

point and therefore sediments are not distributed over the water column very good yet, but this 

can’t be controlled since no velocity measurements are taken from before 51 meters. Another, 

more likable, explanation is that the velocities here are so high that sheet flow occurs. With the 

sand used during the experiments, sheet flow occurs at a velocity of approximately 100 cm/s 

(Van der Zanden, 2014). In Figure 8 and Figure 11 it can be seen that at 51 meters the velocity 

overtakes 100 cm/s, so sheet flow is possible. 

 

4.2.2 Concentrations related to net sediment transport 

The distribution of the sediments is, to a certain level, explained with the help of the velocity 

measurements. The next step is to compare the sediment concentrations to the net sediment transport to 

find relations between these two. This is interesting, because eventually it is the net transport that is 

more important for the coastal safety. In Figure 12 the net sediment transport is presented. The transport 

is calculated by using the initial and final area under a bed profile measurements and check how much 

sand is missing.  

 
Figure 12: Sediment transport in the flume (Sinbad, 2014) 
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In the figure it can be seen that net transport rates vary along the cross-shore position. Before 

approximately 54 meters in the cross-shore position the net transport is directed onshore, while after this 

point it is directed offshore. In Figure 13 only the mean transport is shown in combination with the 

sediment concentrations. With this figure the concentrations are compared with the net transport. 

 
Figure 13: Sediment concentrations with mean net transport 

There are three points of interest when looking at the net sediment transport: 

 Maximum transport: around 51 meters in the cross-shore position the maximum transport is 

found. Notable is the fact that there is hardly any sediment measured in the water here. Initially, 

this is against expectations since there should be a lot of sand in the water to have a high 

transport. However, as suggested in the previous paragraph, it is also possible there is sheet flow 

at this location because of the high velocities. The  high sediment transport contributes to the 

suggestion of sheet flow around this point. Since the onshore velocity is higher than the offshore 

velocity, more sand would be transported onshore. 

 Zero transport: at approximately 54 meters there is no transport, but there are a lot of sediments 

in the water. From both sides sediments are transported to this point, what could be the reason 

of the high amount of sediments here. The sediments could pile up, making the bed grow rather 

fast. However, in the water itself the sediments can perhaps also pile up, causing rather high 

concentrations here. 

 Minimum transport: around 57 meters the minimum transport (or maximum transport offshore) 

occurs. The fact that a lot of sediment occurs here can again not be explained by the high amount 

of sediments in the water. The water velocity reaches here almost the 100 cm/s according to 

Figure 8, so perhaps sheet flow is possible here. Those high velocities are likely caused by the 

plunging wave around this point. On top of that, there is an always negative velocity here, the 

undertow. This undertow can maybe transport a lot of sediments offshore. 
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5 Research results: empirical models 
Empirical models to describe the sediment concentrations have only a few variables and are therefore 

more suited for further analysis. In this chapter the exponential and Rouse model are applied on the 

concentration data of the experiments.   

 

5.1 Fitting the models 
The two empirical models can be fitted on a sediment concentration curve, as explained in paragraph 

2.4. The fitting process for the exponential and the Rouse model is quite similar, by simply varying two 

parameters and see when the total deviation is minimum. For the exponential model the reference 

concentration and the decay length are varied, while for the Rouse model the reference concentration 

and the suspension number are varied. Both models are fitted like that on all the data.  

 

5.1.1 Fitting to all data 

Figure 14 shows the correlation coefficient of both models. On the x-axis the cross-shore position in the 

wave-flume is plotted, while on the y-axis the time can be found. Since there are 6 measurement of 15 

minutes on each location, a total of 75 minutes is measured on each location. Every time the transverse 

suction system is used, the models can be fitted on the collected data. The figure therefore presents fits 

from all the runs.  

 
Figure 14: Correlation coefficient Exponential and Rouse model 

Looking at the figure, there are a few things that meets the eye: 

 Good fit: in general both models fit rather good. This makes sense, since there are only 

maximum six points that need to be fitted to. Therefore this rather good fit is somewhat 

misleading, since fewer points will automatically lead to a higher correlation, while the 

reliability of the data will decrease. 

 Lower correlation: on a position of 55 meters at 30 and 60 minutes, on 56,5 meters at 60 minutes 

and on 58 meters at 30, 60 and 75 minutes both models have clearly a lower fit. Looking at the 

regarding runs in Appendix E: Concentration profiles for all locations, it can be seen that all of 

these runs have an increasing concentration at the highest few nozzles. For both models it is 

impossible to simulate this, so a decreasing correlation here is expected. 

 



Suspended sediments under plunging waves | Mick Poppe 

 

 

Page 23 of 49 

In Figure 15 the difference in correlation can be found. Between approximately 54 meters and 58 meters 

the Rouse model scores relatively much better, while the exponential model scores better at the 

beginning and the end of the measuring area. Since the exponential model normally fits better in 

turbulence areas and the Rouse model in less turbulence areas, it was expected that it is the other way 

around. Maybe the increase of concentration higher in the water column, extensively discussed in the 

previous chapter, has something to do with this. Perhaps the exponential model fits worse because of 

this increasing concentration and therefore scores less. 

 
Figure 15: Correlation difference between the exponential and the Rouse model 

The average correlation coefficient for the exponential model is 0.88, while for the Rouse model this is 

0.90. This means the Rouse model is, in general, a little better suitable for the data used in this analysis. 

Looking at Appendix E: Concentration profiles for all locations, it also looks like the Rouse model gives 

a better fit, even if the difference in correlation is rather small. 

 

5.1.2 Excluding the top nozzle for fit 

Since both models cannot take an increasing concentration into account, it’s worth looking at the model 

fit without the highest nozzle. In Figure 16 the correlation coefficients are plotted without the top nozzle. 

 
Figure 16: Correlation coefficient without top nozzle 

As can be seen, the correlation increased substantially, especially on the places that used to have an 

increasing concentration at the top nozzle. However, since the amount of points that is fitted on 

decreased, the reliability of the results is less. 
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Looking at the difference in correlation in Figure 17, it can be seen that the exponential function now 

scores better than the Rouse function. Only around 57 meters the Rouse model scores substantially 

better. 

 
Figure 17: Correlation difference without top nozzle 

The average correlation coefficient of the exponential model is 0.96. From the Rouse function this is 

0.93. Both of the correlation coefficients are higher than with the top nozzle , but since less points were 

used for fitting, this only makes sense. 

 

5.1.3 Best empirical model 

It can be concluded that both empirical models give a rather high correlation coefficient, but the fact 

that there are only a few points to fit against takes some of the reliability away. When all data is 

considered, the Rouse model gives a better fit and is therefore used for further analysis of the reference 

concentration and the suspension number. However, when the top nozzle is excluded from the fit, the 

exponential model fits better. The difference in the results between all data and the data without the 

highest nozzle is rather high. Therefore also the parameters of the exponential model will be analysed 

with the data without the top nozzle.  

 

5.2 Rouse model with all nozzles 
The Rouse model fits best when all nozzles are considered. Both parameters of the model, the reference 

concentration and the suspension number, can be separately checked for trends over the time or place. 

The exact values of the parameters can be found in Appendix F: Parameters of empirical models. 

 

5.2.1 Rouse reference concentration 

The reference concentration is a parameter in the empirical model that describes the concentration near 

the bottom. In Figure 18 the reference concentration is plotted over place and time, in combination with 

the concentration of the sediments. To make a better comparison possible, the concentrations are not 

plotted as distance to the flume bottom, but as distance to the flume bed. Furthermore, plots have again 

a logarithmic scale, similar to the ones in paragraph 4.2. 

 

In the figure it can be seen that the reference concentration is, in general, quite as it would be expected. 

Around 56 to 57 meters in the cross-shore position the reference concentration is high, corresponding 

with the concentrations as founded in the wave flume. Offshore from here, a decreasing concentration 

is found. Also the reference concentration is decreasing here, however faster than expected. Onshore the 

decrease of the reference concentration is also visible, with an exception for the measurements taken at 

45 minutes. 

 

In time the reference concentration hardly changes. The peaks and valleys that occur in the plot make it 

hard to distinguish any trends. Those outliers are most likely a result of some randomness in the collected 

data. If looked closely, it can be said that the reference concentration decreases a little over time. From 

51 to 55 meters and from 58 to 63 meters this is visible because there is more ‘blue’ coming through in 
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the bottom graph of Figure 18 when the time passes. Between 55 and 58 meters the amount of ‘red’ 

seem to decrease over time. But because of the outliers this trend can simply be apparent. 

 
Figure 18: Rouse reference concentration for all nozzles (logarithmic scale) 

5.2.2 Rouse suspension number 

The suspension number is a parameter that describes the amount of mixing of sediments over the water 

column. As stated in paragraph 2.4.2, a decreasing suspension number will lead to an increasing 

steepness of the fitted line. This means that a lower suspension number will correspond with a higher 

concentration higher in the water column. 

 

In Figure 19 the Rouse suspension number is given in the bottom plot. The colours are plotted 

logarithmic again, similar as with the reference concentration. Since for the suspension number the 

distribution over the water column is important and not, as with the reference concentration, the amount 

of sediments, the sediment deviation to the lowest nozzle is also plotted to compare the suspension 

number to. Instead of the distance to the flume bottom the distance to the flume bed is plotted. 

 
Figure 19: Suspension number (Rouse) for all nozzles (logarithmic scale) 
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At locations with relative high concentrations higher in the water column, low suspension numbers are 

expected, while areas with relatively low mixing high numbers are expected. This is also what is visible 

in Figure 19. Offshore there are relative little sediments in the water column, what results in a high 

suspension number. From 52 to 55 meters there is more sediment in the water column, with a lower 

suspension number, what is also the case for around 58 meters. Between 55 and 58 and after 58 meters 

in the cross-shore position the mixing is less again, resulting in a higher suspension number. 

 

So over the length of the flume the suspension numbers are rather good comparable with the sediment 

concentrations. When looking at the suspension number over the time, it is again rather subjective to 

randomness and therefore not very suitable for analysis. However, there are two places that are worth 

looking at more: 

 58 meters: at 58 meters a decreasing suspension number is visible over time. This place is 

located in the breaker trough. An increasing mixing over the time makes sense at this place, 

since the wave plunges around this point. In time the plunging strength increases, what also 

results in an increasing mixture. However, the trend visible can also merely be the fault of 

randomness. The same goes for 56 to 58 meters, where, in general, also a decreasing suspension 

number is visible. 

 52 meters – 56 meters: between 52 and 56 meters it seems that the mixing extends from 55 

meters at the start towards 52 to 54 meters after 75 minutes. Since around 52 meters the breaker 

bar starts growing and around 55 meters the top of the breaker bar is located, the increasing 

breaker bar might influence the amount of mixing here. The increasing breaker bar will make 

the wave steeper and increases the velocities in the water and can therefore put more sediments 

into suspension. 
 

5.3  Exponential model without top nozzle 

The exponential model fits better when the data of the top nozzle is ignored. Both parameters of the 

exponential model, the reference concentration and the decay length, will be analyzed in this paragraph 

without the data of the top nozzle. Parameters of the exponential model can be found in Appendix F. 

 

5.3.1 Exponential reference concentration 
In Figure 20 the reference concentration of the exponential function is presented. In the top plot of the 

figure the sediment concentration is plotted from the bed until the second highest nozzle. The bottom 

plot shows the reference concentration. The colours of both plots are on a logarithmic scale again, to 

overcome the large range in concentrations. 

 
Figure 20: Reference concentration (exponential) without top nozzle (logarithmic scale) 
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The reference concentration for the exponential model is quite similar to the one of the Rouse model. 

This is positive, because the excluding of the top nozzle shouldn’t influence the reference concentration 

substantially. What is noticeable, however, is the fact that the reference concentrations without the 

highest nozzle are in general less high. This is against expectations, since the lack of the top nozzle tends 

to move the whole exponential function to a higher concentration. In this case the opposite is true. 

 

Again some random peaks and valleys occur in the figure, on similar places as with the Rouse fit. This 

variability in the data and makes it also with this figure hard to say something about trends over time. If 

there is a trend visible, it is similar to the one visible with the Rouse function. In this case there also 

seems to be a slight decrease over time. This doesn’t seems logical, since the plunging strength increases 

over time. Water velocities will increase as a result of this, putting more sediments into suspension. An 

decreasing reference concentration contradicts this.  

 

5.3.2 Exponential decay length 

The second parameter of the exponential function is the decay length. A greater decay length results in 

a higher concentration higher in the water column. The opposite was true with the Rouse suspension 

number and therefore the graphs of the two would also be somewhat opposite. In Figure 21 the decay 

lengths of the exponential function can be found. The top nozzle is excluded from the analysis. The 

colour scales of the bottom plot is logarithmic again. 

 
Figure 21: Suspension number (exponential) without top nozzle (logarithmic scale) 

Now the top nozzle is excluded, a smaller part of the water column is fitted on the model. But even with 

this, the graph of the exponential suspension number is rather comparable with the one of the Rouse 

function. Around 52 to 55 and 58 meters again a lot of mixing takes place in comparison with the rest. 

Between 52 and 55 meters there is again an increasing mixing over time and the same can be spotted 

around 58 meters. 

 

Actually, what is noticeable is the fact that the graphs are so similar. They both show the same trends, 

but opposite from each other. Around 58 meters and around 54 to 55 meters significant difference was 

expected since on these places the sediment concentration increases significant higher in the water 

column. However, comparing the two graphs no big differences can be found. It seems there is some 

more mixing around 52 to 54 meters in the exponential decay length. Furthermore, there is a small peak 

from 55 to 56 meters around 60 minutes in the exponential plot, that is not so visible at the Rouse plot. 

But both of these points don’t seem to have a direct relation with the higher concentration higher in the 

water column.  
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6 Discussion 
Results are presented in chapter 4 and 5, but there are some side notes about these results. In this chapter 

some discussion about the results is given for a more critical look. This discussion will include the 

experiments itself, the cleaning of the data and the analysis of the results. 

 

6.1 Sample collection 
During the experiment themselves, there are multiple error causes: 

 Human mistakes: since a large part of the experiments with the transverse suction system is 

done by hand, mistakes are made on a regular basis. Buckets need to be drained, samples are 

moved over three different cups and samples are moved over more than 50 meters. Even the 

most careful people will lose sediments when doing over 400 samples. Therefore all the samples 

should be checked on their reliability. And even then it is hard to find outliers since all samples 

are subjected to randomness in the wave flume. 

 Flume irregularities: in the wave flume irregularities occur on the walls, bottom and, more 

importantly, the bed. Before every measurement location the flume is drained, the bed is 

restored and the flume is filled again. It turned out that the restoring of the bed is, in general, 

quite good. Small irregularities are present, but these are not substantial. However, when filling 

the flume again, bed deformations sometimes took place because of the erosion the water had 

on the restored bed. 

 Contaminated water: since the flume water was contaminated with paint particles, leafs, twigs 

and other, collected samples consisted of more than only sediment particles. Therefore the 

sample randomness increase. It happened that a twig was stuck in the tube, what can of course 

influence the sediment suction. When samples are drained some contamination is drained with 

it because they float on the water, while other particles have a greater density than water and 

stay with the sediment sample. 

 Suction problems: since the bottom suction nozzles were located close to the bed, it happened 

that they were caught in a sand ripple or buried under the growing bed. Therefore nozzles 

sometimes missed (a part of) a run. The top nozzle sometimes felt dry during a wave trough, 

what decreased the effective suction time of that nozzle. Furthermore, the effect of air bubbles 

in the water due to the plunging of the wave might influence the measurement. 

 

The irregularities in the sample collection lead to a large random error in the collected samples. 

 

6.2 Cleaning the data 
The large error in the samples makes the data cleaning even more important. However, to clean properly, 

it is important that mistakes and abnormalities are reported on the measurement form as much as 

possible. Effort is made to do this, but since different people helped with the usage of the transverse 

suction system and they all have a different perspective on abnormalities, it was sometimes hard to clean 

the data with a proper motivation. 

 

Even without the failed notation, still randomness occur in the collected sample and a critical look on 

the samples is necessary. It is difficult to decide which samples should be excluded from the analysis. 

What makes it more difficult is the fact that there are only a few samples per run and therefore excluding 

one sample can seriously influence the results of that run. 

 

Since the data cleaning is rather subjective and very sensitive, there is a large uncertainty in the cleaned 

data. 

 

6.3 Amount of data 
To get a larger certainty, more data is required. The contour plot in the previous chapters are used to 

draw conclusions from, but in fact show trends that can differ a lot when more data is collected. At the 

begin and end of the measuring area measurements are located far from each other, what makes it rather 

risky to show the data in a contour plot. On top of that, over the height the distribution of suction nozzles 
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is not even and therefore the trends visible over the height can also be misleading. However, since it 

was otherwise not possible to draw any conclusions at all, it was necessary to display the results in this 

way. The contour plots of the velocity measurements can also be misleading. Measurement equipment 

was only located on three different heights on each measuring position, which makes the contours rather 

unreliable. On top of this, data of the last measurement location, at a cross-shore position of 53 meters, 

was not yet available at the time this thesis is written and is therefore excluded from analysis. 

 

A maximum number of six samples were available for fitting on the empirical models, but often even 

less than this. Sometimes only three nozzles were available and this makes the fits therefore not always 

reliable. 

 

To verify the data collected with the transverse suction system, data could be compared with other 

measurements equipment, such as the ABS. However, this was to advanced to be included in this thesis. 

 

6.4 Comparison with previous experiments 
The experiments for the data used in this report is the second of three experiments in the wave flume in 

Barcelona. The upcoming experiment is rather different from this one, but the previous one is very 

similar. In the previous experiments the conditions and measuring equipment were almost similar, but 

instead of measuring over a period of only 90 minutes and at 12 different locations, data was collected 

over a period to 365 minutes and at rather random locations throughout the flume. 

 

Data of the previous experiments was reported by Van Til (2014). Data from this report was used for 

comparison with the current experiments. To start, it is important that the profiles of the bed are similar. 

In Appendix G: Data from Van Til (2014) the bed development of the previous experiments can be 

found. Bed development is rather comparable with the bed development found in the experiments of 

this report. However, an exact mach couldn’t be found. The crest in the previous experiments was 

located approximately 0.5 to 1 meter more onshore.   

 

In the previous experiments there were also some increasing concentrations found higher in the water 

column. There were some interesting similarities and differences concerning this: 

 58 meters: around 58 meters high concentrations are measured higher in the water column 

during the experiments of this thesis. At 58 meters this was also the case for Van Til (2014).  

 Beyond 58 meters: at 58.5 meters there is a measurement where the concentration isn’t 

increasing over the height and the same goes for around 61 meters. During the experiments from 

this thesis, however, an increase in concentrations was also found here. 

 Few runs: only 8 runs where taken under similar conditions as the current experiments, so a 

detailed comparison is not possible. 

 

In the previous research the results were also fitted with both the exponential and the Rouse function. In 

Figure 22 the reference concentration and the suspension number of both the exponential and the Rouse 

model are found. The six runs that were taken on every the positions are all put in the graphs. With red 

dots the current research is presented, while the previous research is presented with blue dots: 

 Exponential reference concentration: in the top left the reference concentrations of the 

exponential function are plotted together. There is quite a lot of variance in the reference 

concentration of the current research, but, as can be seen, the reference concentration of the 

previous research follows the same trend. In the middle of the research area the reference 

concentration is clearly higher than at the beginning and the end. 

 Rouse reference concentration: the reference concentration of the Rouse function, which can be 

seen at the top right of the figure, has more spreading that the exponential one, but in this 

function it is also visible that the concentration is low at the start and higher in the middle of the 

experimentation section. It decreases again at the end. The values of the previous research show 

a similar trend, although some randomness occurs. 
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Figure 22: Comparison of empirical models 

 Exponential decay length: at the bottom left the decay length of the exponential function is 

visible. There is hardly a trend visible here, but if looked closely the decay length seems to 

increase around 55 to 58 meters in the cross-shore position. Before and after this the decay 

length is lower in general. In the previous research no such trend is visible. There are only a few 

values available, what makes it even harder to find a trend. What can be said is that the values 

are around the same order of magnitude. 

 Rouse suspension number: the Rouse suspension numbers can be found on the bottom right. 

The general trend here seems an increase of value towards the coast. However, there is quite a 

lot of variance in the data so this can’t be said with much confidence. The previous data lies 

close to the current data, but it is hard to find a general trend with these points because of the 

large variance. 
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7 Conclusion 
To improve some of the knowledge of sediment concentrations under breaking waves, 6 runs of 15 

minutes on 12 different locations were conducted under large-scale waves. Suspended concentrations 

where collected around the breaker zone with a transverse suction system, together with data of 

velocities, bed profile measurements and more. The collected data is cleaned, plotted and fitted on 

empirical models to make it better interpretable and draw better conclusions. The sub questions that 

were given in the first chapter of this thesis can now be answered. 

 

How are sediment concentrations related to water velocities and the net sediment transport? 

According to the data, high concentrations of sediments can be found at the top of the breaker bar, also 

higher in the water column. Seen from here, concentrations, in general, decrease away from the top of 

the breaker bar, over the length of the flume as well as over the height. Concentrations remain rather 

high approximately three meters on- and offshore of the top of the breaker bar, but then decrease rapidly. 

Over the height an increase in concentration is found just before and after the top of the breaker bar. 

Water velocities are high around the breaker bar, what can be the reason of the high concentrations here. 

The increase in concentration over the height before and after the breaker bar seems also somewhat 

related to the water velocities. Water flows from the top of the breaker bar going onshore can create 

higher concentrations onshore of the breaker bar, while the higher concentrations offshore of the breaker 

bar are somewhat mysterious. High velocities in combination with high sediment transports suggest that 

there is sheet flow at the onshore and offshore feet of the breaker bar, while zero transport around the 

top of the breaker bar is in accordance with high concentrations, what can mean that sediments boil up 

at this point. 

 

Which empirical model describes the sediment concentration profile most accurate? 

When the empirical models are fitted on the collected data, it turns out that, in general, the Rouse model 

describes the data a little better. Only at the sea side of the breaker bar the exponential functions gives 

a better fit. Since both models have trouble describing the observed increase of concentration over the 

height, the models are also fitted when this increase is excluded from the data. Then, it turns out, the 

exponential model fits better than the Rouse model. Only just onshore of the top of the breaker bar the 

Rouse model still fits a little better. 

 

How are sediment concentrations varying along the cross-shore profile and over time? 

The Rouse parameters for all data and the exponential parameters for only the decreasing show similar 

trends when comparing them over place and time. For the reference concentration, which describes the 

sediment concentration near the bottom, high values are found around the top of the breaker bar and 

values decrease comparable with the distribution of sediments. Not a lot of difference is found between 

the two models, since the exclusion of data higher in the water column doesn’t change the concentration 

near the bottom substantially. Random peaks and valleys make it difficult to see a trend over time. There 

is a small decrease of concentration visible, but this is the opposite of what would expected and can 

therefore merely be a result of the peaks and errors. 

 

The other parameters, for the Rouse model the suspension number and for the exponential model the 

decay length, describe the amount of mixing over the height. Both models show low mixing before and 

after the breaker bar and high mixing at the breaker bar. Also in the breaker trough a lot of mixing is 

found. In the time there are some trends visible around the breaker bar, which show an increase of 

mixing over the time. The Rouse model and the exponential model both show a lot of similarities. 

 

The experiments were conducted for the Sinbad project. The data in this report is only a small part of 

all the data collected during the experiments. The combination with the other data from this experiment 

and the data from the previous and the upcoming experiments will together form a large database. Let’s 

hope this database will be used extensively by the right people so that, when the Sinbad project comes 

to an end, coastal safety models will improve a little and the coastal area will become a more natural 

environment with a higher level of safety. 
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Appendix A: Creating the starter bed 
To repeat the experiments, it is important to have the starter bed, the bed that was drawn on the wall and 

was restored before each experiment, correct. Therefore the waves that were created after creating the 

initial bed and the starter bed itself are shown in this appendix. 

 

The initial bed is presented in Figure 23. This is the bed that was created before the flume was filled for 

the first time and therefore no waves influenced the bed. Notice that the x-axis given here is the distance 

to the wave paddle. 

 
Figure 23: Initial bed profile 

In the main text is stated that approximately 7 runs of 15 minutes where conducted to create the starter 

bed. Before these runs, however, another run of 10 minutes was conducted. The exact properties of all 

the waves and their length can be found in Table 2. 

 
Table 2: Wave properties before starter bed 

Wave 
Wave height 

[m] 

Wave period 

[s] 

Water height 

[m] 

Duration 

[min] 

1 0.60 4.00 2.55 10 

2 0.85 4.00 2.55 15 

3 0.60 4.00 2.55 5 

4 0.85 4.00 2.55 15 

5 0.85 4.00 2.55 15 

6 0.85 4.00 2.55 15 

7 0.85 4.00 2.55 15 

8 0.85 4.00 2.55 15 

9 0.85 4.00 2.55 15 

 

After running this wave, the bed was smoothen and the bed profile was drawn. The resulting bed profile, 

after filling the flume again, can be seen in Figure 24. On the x-axis is again the distance to the wave 

paddle presented. 

 
Figure 24: Starter bed before very first run 
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Appendix B: Details measuring equipment 
To repeat the experiments conducted in this research, it might be helpful to give further details about 

some of the equipment used in this thesis. Successively the transverse suctions system and the ABS are 

discussed. 

 

Transverse suction system 

The nozzles of the transverse suction system have an intake diameter of 3 mm and a length between 100 

and 450 mm. Nozzle one to four, so the lowest four nozzles, have two right angles in them, whereas 

nozzle five and six are straight. This can also be seen in Figure 7 on page 14. 

 

The tube between the nozzles and the pumps is divided in two sections. The first section has a diameter 

of 4 m and the second of 8 mm. The length of the both sections differs per nozzle. A more flexible tube 

is installed at the pump, as can be seen in Figure 25. These tubes have a diameter of approximately 8 

mm and a length of approximately 0.5 meter. From the pumps there goes an approximately 1.5 meter 

long tube with a diameter of 8 mm to the 15 liter buckets the water is collected in. All tubes are connected 

with each other with couplings. 

 

 
Figure 25: Pumps used during the experiments 

In the figure, pump 6 can be seen bottom left, pump 5 above this one and then pump 4 to 1 right of these 

in decreasing pump number. Each pump number is corresponding with the nozzle number, whereby 

nozzle 1 is the lowest nozzle and nozzle 6 the highest. The brand names and the rounds per minute (rpm) 

the pumps were adjusted to can be found in Table 3. 

 
Table 3: Pump details 

Pump Pump type Rpm (approx.) 

1 Watson-Marlow 603S 121 

2 Watson-Marlow 603S 105 

3 Watson-Marlow 603S 128 

4 Watson-Marlow 504S 100% 

5 Watson-Marlow 503S 160 

6 Watson-Marlow 503S 157 

  

Acoustic Backscatter System 

The ABS used in this experiment is the AQUAscat 1000L with sensors of 1Mhz, 2Mhz, 3Mhz and 

4Mhz. The 1Mhz sensor was turned off during the experiments, since it could interfere with other 

measuring devices. More information about this system can be found on the website of AQUAscat 

(2013). 
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Appendix C: Measuring procedure and measuring form 
To make sure the measurements were conducted in a constant, organized way, a step-by-step procedure 

is created. In this appendix this procedure can be found. Furthermore, the measuring form that was used 

during the experiments is added.  

 

Before the run 

1. Plug in the pumps and check whether they work 

2. Verify that pump 5 and 6 are set to pump water up (and not the other way around) 

3. Check if the buckets are clean and clean them otherwise 

4. Connect the tubes to the buckets 

5. Write down the date, time, run number, cross-shore position and the elevation of the frame on 

the measuring form 

During the run 

6. Start the pumps one minute after the start of the waves (to make sure sediments are already in 

suspension) 

7. Notate any abnormalities during the run 

8. If a pump is blocked  reverse for 7 seconds and continue. When this doesn’t work, stop the 

pump. Notate the event anyway 

9. When the bucket is full, stop the pump 

After the run 

10. Pump back the water that is still in the tubes 

11. Notate the time the pump has pumped 

12. Weigh the amount of water in the bucket 

13. Drain the excess water back in the flume 

Away from the flume 

14. Notate the label of the aluminum cup on the measuring form 

15. Notate the weight of the cup 

16. Empty the remaining water and sediments through a sieve in the aluminum cups. Rinse the 

bucket extensively to make sure all the sediments are out 

17. Rinse the sieve to make sure no sediments remain behind 

18. Drain the excess water from the aluminum cups 

19. Dry the cups in the oven at ±80 degrees Celsius 

20. Clean the buckets 

21. When the sediments are dry, weigh the cups with the sediments 

22. Put the sediments in a labeled plastic bag for grain analyses 

23. Clean and dry the cups 

24. Clean and prepare the working space for the next run 

25. Digitalize the collected data 

 

The measuring form used during the experiments is shown in Figure 26. At the top left corner some run 

constant data can be filled in. In the middle, the suction time and the amount of water can be notated. 

To the right of this, data from the volume meter can be filled in, although this is not used during these 

experiments. After this, the label of the cup, the mass of the cup and the mass of the cup with the dried 

sediments can be written down. On the far right, the grain analysis label can be filled in. Finally, at the 

bottom there is space to make notate any abnormalities. 
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Figure 26: Measuring form used during the experiments  
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Appendix D: Cleaning the experiment data 
Before the data can be used for analysis, it is important that the data is thoroughly cleaned. In this 

appendix the cleaning of the in the experiment collected data is presented. The data is cleaned in three 

different stages, namely based on the height above the bed, the suction velocity and the qualitative 

cleaning. But first of all, an overview is given of all the data that is collected. 

 

Experiment data 

During the experiments the aim was to use all the suction nozzles. However, sometimes nozzles got 

blocked and it was impossible to use the collected sample for a nozzle. Since it was not always possible 

to clear a blocked nozzle after the run, it happened that a nozzle was blocked for multiple runs. 

 

To give an idea of the amount of useful samples, Table 4 gives for all the runs the useful samples.  

 
Table 4: Usefull samples during experiments 

Nozzles available Runs 

6 nozzles (all) 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28, 29, 

30, 31, 32, 33, 34, 38, 39, 43, 44, 45, 46, 47, 48, 55, 56, 57, 58, 59, 60, 61, 63, 

64, 65, 66, 67, 69, 70, 71, 72 

5 nozzles 12, 21, 22, 23, 24, 35, 36, 37, 40, 41, 42, 62, 68 

4 nozzles 49, 50, 51, 52, 53, 54 

 

In most of the runs all nozzles gave useful samples, as can be seen in the table. However, for 19 of the 

72 runs not all nozzles could be used. More importantly, in run 49 the lowest two nozzles got blocked 

and couldn’t be used for the runs during that day, so until run 54. 

 

Height above bed 

The samples from Table 4 are subordinated to the data cleaning process. The first cleaning state, where 

is checked that the height of the nozzles is height enough, is very straight forward. The data that is 

collected should have an average height of at least 10 millimeters above the bed in order to use the 

empirical models described in paragraph 2.4. For 6 samples it was calculated that the average height 

was less than 10 mm above the bed, as can be seen in Table 5. All these samples were excluded from 

further analysis. 
Table 5: Samples collected too close to the bed 

Run number Nozzle Height above bed [mm] 

8 1 (lowest) 3.64 

11 1 (lowest) -19.25 

11 2 (second lowest) 5.75 

32 1 (lowest) -0.07 

61 1 (lowest) 2.54 

67 1 (lowest) -8.95 

  

Suction velocity 

With the remaining data the suction velocity is checked. As stated in paragraph 2.3.2, the minimum 

suction velocity should be at least 1.5 m/s. When looking at the collected samples, not all data meets 

this requirement. In Figure 27 the average nozzle velocities are plotted. In the figure can be observed 

that 5 samples should be excluded from analysis. However, not all of these samples are excluded. 
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Figure 27: Average suction velocities 

In Figure 27 the average suction velocity is plotted. This is calculated by measuring the amount of water 

that is discharged during a run and the time the pump was on. Normally, this will lead to the suction 

velocity, but when a pump doesn’t give water all the time, this average suction velocity is a bit 

misleading. 

 

When the pumps are turned on, the discharge can be disturbed on a number of ways. First of all it is 

possible that the nozzle is blocked. In an attempt to clean the nozzle the flow is reversed for a couple of 

seconds and is then continued. Sometimes this helps and unblocks the nozzle, but it will slightly 

influence the average suction velocity. However, this influence is ignored since the suction time is 

normally over ten minutes and the reversed flow is therefore negligible. What can influence the average 

suction velocity substantially is when a nozzle is partially above the water. The highest nozzle 

sometimes gets above the water in the wave trough and is therefore only sucking water a part of the 

time. 

 

Every sample with an average suction velocity lower than 1.5 m/s is checked. When it turned out the 

average suction velocity is lower because of the fact that the nozzle is above the water sometimes the 

sample is checked if the value is given is realistic. If this is the case, the sample is still  kept for analysis. 

 

The average velocity of in total 5 nozzles was too low. Two of them were excluded from further analysis, 

as can be seen in Table 6. Three, the sixth nozzle of run 29, 30 and 65, gave an too low average velocity 

but are still included in the data. 
Table 6: Samples with average velocity too low 

Run number Nozzle Average velocity [m/s] 

20 1 (lowest) 1.39 

21 4  1.30 

 

Qualitative cleaning 

The last step is to qualitatively clean the remaining samples. This is done by looking at the data and 

search for outliers. Of course, this is rather subjective and there is no way to do this flawless. At one 

hand it is preferred to exclude as many outliers as possible, but on the other hand you want to keep as 

much data as possible for further analysis. It is this assessment that has to be made for all data. 
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Keeping this in mind, the data is cleaned. For here, only an overview of all the excluded data is provided. 

In Appendix E: Concentration profiles for all locations, all concentration profiles are given. In these 

figures the data that is excluded from further analysis is also given. In Table 7 the excluded samples are 

given. 

 
Table 7: Excluded samples from qualitative cleaning 

Run Nozzle Run Nozzle Run Nozzle 

1 2 47 2 66 6 

13 1 48 4 69 4 

15 1 57 1 70 1 

18 2 58 1 70 3 

18 4 61 5 70 6 

19 1 65 1 71 1 

25 1 65 2 71 4 

  

Remaining data 

The remaining data is used for further analysis. For completeness, an overview of all the data is given 

in Table 8.  
Table 8: Usefull samples for analysis 

Nozzles available Runs 

6 nozzles (all) 2, 3, 4, 5, 6, 7, 9, 10, 14, 16, 17, 26, 27, 28, 29, 30, 31, 33, 34, 38, 39, 43, 44, 45, 

46, 55, 56, 59, 60, 63, 64, 72 

5 nozzles 1, 8, 12, 13, 15, 19, 20, 22, 23, 24, 25, 32, 35, 36, 37, 40, 41, 42, 47, 48, 57, 58, 

62, 66, 67, 68, 69 

4 nozzles 11, 18, 21, 49, 50, 51, 52, 53, 54, 61, 65, 71 

3 nozzles 70 
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Appendix E: Concentration profiles for all locations 
To make it possible to track all the data and check plots that are made in the main report, all concentration 

profiles are provided in this appendix. Per measuring location the concentration plot and the fitted 

exponential and Rouse function is provided. In Figure 28 an overview is given off all the measurement 

locations in the flume and the corresponding run. 

 
Figure 28: Overview measuring locations and the corresponding run numbers 

In the following figures the data per location is given. In the top right of each figure is displayed on what 

location the data is measured. Here also a legend can be found. On the left of the figure the flume 

concentration profile is plotted. In the middle the exponential fit is plotted, whereas in the bottom right 

the Rouse fit is plotted. 

 

Notice that there is sometimes a triangle in the most left figure. This indicates data that is excluded from 

the analysis based on the qualitative cleaning described in Appendix D: Cleaning the experiment data. 

 

 
Figure 29: Profile data run 1 to 6 (x = 51,0 m) 
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Figure 30: Profile data run 7 to 12 (x = 60,0 m) 

 

 
Figure 31: Profile data run 13 to 18 (x = 55,5 m) 
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Figure 32: Profile data run 19 to 24 (x = 57,0 m) 

 

 
Figure 33: Profile data run 25 to 30 (x = 54,5 m) 
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Figure 34: Profile data run 31 to 36 (x = 59,0 m) 

 

 
Figure 35: Profile data run 37 to 42 (x = 56,0 m) 
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Figure 36: Profile data run 43 to 48 (x = 58,0 m) 

 

 
Figure 37: Profile data run 49 to 54 (x = 56,5 m) 
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Figure 38: Profile data run 55 to 60 (x = 63,0 m) 

 

 
Figure 39: Profile data run 61 to 66 (x = 55,0 m) 
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Figure 40: Profile data run 67 to 72 (x = 53,0 m) 
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Appendix F: Parameters of empirical models 
For future result comparison, the values of the reference concentrations and the suspension numbers are 

given in this Appendix. For every run, both the Rouse and exponential parameters are given for both all 

nozzles as the top nozzles excluded. The parameters are given in Table 9. When ‘(all)’ is displayed in 

the top row, this means all data is included for these values. By ‘(no top)’ the top nozzle is excluded. 

 
Table 9: Parameters of empirical models 

Run Rouse 

Ref. 

conc. 

(all) 

Rouse 

Susp. 

number 

(all) 

Exp. 

Ref. 

conc. 

(all) 

Exp. 

decay. 

length 

(all) 

Rouse 

Ref. 

conc. 

(no top) 

Rouse 

Susp. 

number 

(no top) 

Exp. 

Ref. 

conc. 

(no top) 

Exp. 

Decay. 

length 

(no top) 

1 0,495 0,407 0,265 0,414 0,464 0,376 0,280 0,346 

2 0,871 0,549 0,401 0,266 0,790 0,499 0,410 0,249 

3 0,611 0,426 0,339 0,346 0,569 0,388 0,352 0,303 

4 0,868 0,593 0,409 0,216 0,828 0,566 0,424 0,196 

5 0,691 0,508 0,352 0,267 0,633 0,461 0,363 0,245 

6 0,847 0,539 0,382 0,285 0,753 0,481 0,390 0,269 

7 1,922 0,557 0,839 0,282 2,155 0,617 0,949 0,204 

8 2,213 0,585 1,330 0,158 2,238 0,594 1,397 0,139 

9 5,380 0,849 1,941 0,128 5,469 0,859 1,991 0,123 

10 3,883 0,784 1,220 0,185 3,627 0,750 1,252 0,176 

11 2,469 0,664 0,959 0,220 2,142 0,591 0,987 0,205 

12 1,982 0,571 0,839 0,268 2,205 0,622 0,948 0,203 

13 10,408 0,640 3,441 0,295 11,029 0,666 3,892 0,225 

14 8,036 0,404 3,891 0,507 6,928 0,341 3,937 0,485 

15 6,229 0,368 2,740 0,796 6,834 0,401 3,052 0,549 

16 4,805 0,421 2,260 0,487 5,070 0,445 2,493 0,353 

17 3,955 0,287 2,318 0,761 3,795 0,270 2,435 0,602 

18 3,709 0,303 2,074 0,786 3,240 0,249 2,101 0,737 

19 8,206 0,737 1,905 0,311 14,085 0,953 2,650 0,181 

20 15,000 0,874 3,722 0,172 15,000 0,886 4,594 0,128 

21 15,000 0,677 15,000 0,075 15,000 0,675 15,000 0,075 

22 3,293 0,422 1,299 0,731 5,943 0,656 1,808 0,285 

23 11,176 0,798 2,561 0,259 15,000 0,931 3,539 0,152 

24 1,447 0,160 0,993 2,289 2,084 0,300 1,184 0,675 

25 2,571 0,262 1,616 0,812 2,912 0,320 1,842 0,434 

26 2,947 0,255 1,937 0,776 3,097 0,280 2,095 0,498 

27 2,117 0,197 1,663 0,730 2,009 0,167 1,705 0,611 

28 1,828 0,171 1,321 1,409 2,104 0,232 1,475 0,652 

29 1,933 0,197 1,267 1,532 2,871 0,358 1,581 0,465 

30 2,466 0,286 1,457 0,778 3,151 0,396 1,763 0,354 

31 3,760 0,733 1,864 0,125 3,736 0,729 1,898 0,120 

32 4,591 0,710 2,999 0,100 4,462 0,683 3,013 0,098 

33 7,563 0,791 2,095 0,210 6,448 0,718 2,110 0,207 

34 2,360 0,552 0,997 0,301 2,175 0,513 1,034 0,272 

35 3,795 0,712 1,379 0,198 3,479 0,668 1,421 0,186 

36 2,003 0,464 1,239 0,256 2,059 0,485 1,352 0,192 

37 15,000 0,578 9,969 0,131 15,000 0,565 10,262 0,125 

38 15,000 0,503 7,815 0,252 15,000 0,492 8,334 0,226 

39 15,000 0,540 5,854 0,334 15,000 0,531 6,160 0,304 

40 8,017 0,428 3,810 0,451 6,684 0,351 3,866 0,430 

41 15,000 0,488 11,036 0,159 15,000 0,468 11,342 0,150 
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42 15,000 0,682 12,193 0,076 15,000 0,680 12,378 0,075 

43 1,821 0,366 1,132 0,397 1,869 0,381 1,233 0,283 

44 1,652 0,285 1,054 0,639 1,877 0,349 1,211 0,344 

45 1,385 0,231 0,905 0,986 1,769 0,341 1,083 0,405 

46 1,164 0,272 0,826 0,525 1,188 0,284 0,896 0,354 

47 1,028 0,211 0,673 1,276 1,477 0,377 0,895 0,344 

48 0,905 0,111 0,710 3,321 1,543 0,350 0,911 0,423 

49 15,000 0,734 8,347 0,108 15,000 0,733 9,225 0,098 

50 15,000 0,771 5,473 0,150 15,000 0,778 6,291 0,122 

51 15,000 0,725 4,369 0,231 15,000 0,728 5,997 0,159 

52 5,366 0,431 1,906 0,787 8,147 0,571 2,389 0,432 

53 3,096 0,376 1,180 1,131 10,635 0,801 1,911 0,310 

54 10,315 0,718 1,984 0,434 15,000 0,860 3,211 0,202 

55 2,013 0,801 0,721 0,147 2,187 0,846 0,760 0,134 

56 3,334 0,893 0,900 0,155 3,489 0,916 0,942 0,144 

57 2,764 0,887 0,850 0,136 3,165 0,957 0,905 0,123 

58 5,327 1,145 1,519 0,082 5,468 1,160 1,528 0,081 

59 2,443 0,859 0,853 0,129 2,587 0,891 0,881 0,122 

60 1,001 0,568 0,526 0,200 0,938 0,529 0,538 0,189 

61 2,270 0,165 1,867 0,908 2,104 0,115 1,956 0,581 

62 2,722 0,194 2,355 0,599 2,717 0,192 2,519 0,388 

63 1,728 0,065 1,625 2,033 1,750 0,076 1,709 0,927 

64 2,019 0,176 1,563 0,977 2,063 0,188 1,670 0,601 

65 2,920 0,276 1,465 1,440 9,065 0,677 2,417 0,304 

66 3,939 0,386 2,120 0,414 3,939 0,386 2,120 0,414 

67 1,803 0,181 1,609 0,571 1,740 0,148 1,652 0,476 

68 4,461 0,380 2,414 0,476 4,137 0,344 2,523 0,403 

69 2,291 0,225 1,930 0,513 2,228 0,199 1,995 0,397 

70 2,548 0,221 2,064 0,480 2,548 0,221 2,064 0,480 

71 1,679 0,065 1,495 3,586 1,742 0,082 1,541 1,917 
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Appendix G: Data from Van Til (2014) 
In this appendix the figure can be found that was collected during the previous Sinbad experiment by 

Van Til (2014). Figure 41 is taken from his report and put into this appendix. No figures of Van Til 

(2014) are found in the main report. 

 

 
Figure 41: Bed development by Van Til (2014) 

 


